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A E C  Preface 

The emergence of a new technology reflects the integrated efforts of 
many men and women of science. This is certainly true for advance- 
ments in the atomic energy industry. The earliest phases of the de- 
velopment of nuclear energy were mostly in the fields of physics and 
chemistry, but as the program expanded it recruited knowledge from a 
wider spectrum of scientists. 

Meteorology, a member of the earth sciences, was asked to provide 
information that would be of assistance in the choice of favorable plant 
locations and in the evaluation of significant relations between meteor- 
ology and the design, construction, and operation of plant and facilities, 
especially thme from which radioactive or toxic products could be re- 
leased to the atmosphere. Under a continuing contract with the Atomic 
Energy Commission during the past six years, the Weather Bureau has 
carried out this study with great proficiency. 

The assembly of the information in the manual Meteorology and 
Atomic Energy is one of the many fruits of this effort. It is an aut- 
standing contribution by the staff of the Weather Bureau to the atomic 
energy industry. Furthermore, it is a product of cooperation between 
two governmental agencies of which each can be proud. 

The data in this manual are  of wide application and will have great 
benefit to the atomic energy industry as it goes forward. 

W. Kenneth Davis, Director 
Reactor Development Division 
U. S. Atomic Energy Commission 
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DISCLAIMER 
 

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



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



:\ 

? I-: 
f 

Foreword 

The science of meteorology has many assignments in a modern techni- 
cal age, ranging from the measurement of winds miles above the 8ur- 
face of the earth to the prediction of rafnfall days in advance of ita 
occurrence. Of the numerms applications of meteorology, none is more 
interesting and potentially more vital than the forecasting of the action 
of the atmosphere in diluting and dispersing foreign materials released 
into it. If there were no means of removing contaminants from the sur- 
face layer of air around a building or a plant, the atmosphere in that 
area would soon become intolerable for plant and animal life. Fortu- 
nately, gases and small particle6 released into the atmosphere are  
subjected to all the complex whir l s  and eddies that characterize the 
movement of air near the ground and are thus diluted and removed. 

The cleansing efficiency of the atmosphere, however, will vary from 
day to day or even from hour to hour. If remedial action is not taken 
under conditions of light wind and little vertical air movement, the con- 
centration of foreign material may rise to undesirable levels. Since it 
is not practical to artifically clean the air after material has entered 
it, steps must be taken to minimize the release of Unwanted gases or 
particles during periods when the dilution efficiency of the air is low. 

The meteorologist can assist in minimizing possible concentrations 
by his quantitative measurements of the diffusing properties of the 
atmosphere under various conditions of geography and climate. With 
these data at hand, production can be planned to reduce emissions. Tall 
stacks can be designed, or other means can be developed to maintain 
the purity of the atmosphere. 

Already the information gained through the intensive meteorological 
programs f o r  the Atomic Energy Commission has been applied in many 
localities to predict or to reduce the concentration of materials as 
varied as dust, condensation nuclei, and sulfur dioxlde. It is to be 
e-cted that additional information obtained from future programs 
will be equally valuable not only to the atomic energy industry but ale0 
for wide application throughout OUT industrial  area^. 

F. W. Reichelderfer 
Chief, Weather Burem 
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Preface 
Early in the development of atomic energy, it was realized that the 
required processing and production of radioactive and toxic materials 
could result in release to the atmosphere of significant quantities of 
these materials. Furthermore, it was seen that not only would the 
operation of nuclear reactors require the concentration of energy in a 
lipited volume, a situation always hazardous, but also that these 
machineti could produce materials more dangerous than their original 

- constituents. It was therefore desirable to determine what would 
happen to materials that purposely, or accidentally, became airborne. 
The meteorologist was asked to determine the distribution, in three 
dimensions, of effluents that could be released to the atmosphere. To 
do this it was necessary to consider air motions ranging from near 
the molecular scale to planetary magnitude. In addition, the release 
of material m a y  vary through ranges at least a s  great from test-tube 
experiments to the detonation of thermonuclear devices. 

In common with many aspects of the atomic energy field, the air- 
pollution problem is not simple. Nor can it be said that exact solutions 
to the travel, dilution, and deposition of atmospheric contaminants 
have yet been reached. However a number of useful mathematical 
treatments exist, and a considerable background of experience in the 
application of the more promising approaches has been obtained. 

It is the purpose of this publication to provide a summary of some 
of the meteorological techniques that are available and to describe 
their applications to the possible atmospheric pollution deriving from 
the use of atomic energy. 

Harry Wexler 

Chief, Scientific Services Division 
U. S. Weather Bureau 
Member, Advieory Committee 

on Reactor Safeguards, U.S.AE.C. 
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Introduction 
The use of weather information to promote health and safety must be 
nearly as old a s  man himself. The action of the prehistoric hunter 
watching the sway of grass and leaves inorder to circle downwind from 
a mammoth had exactly.the same purpose as the procedure followed by 
the architectural engineer when he reviews a meteorological summary 
before locating an exhaust stack downwind from a production complex. 
The methods differ but the object is the same, accomplishment of a 
mission with the least hindrance and greatest safety possible. Com- 
mon to both, and man's distinctive talent, is the ability to use intelli- 
gently the forces of nature. 

The use of weather information and meteorological advice by in- 
dustry for construction, transportation, marketing, and a host of other 
purposes is well established and constantly increasing. Although, from 
this standpoint, meteorology is very useful to the atomic energy in- 
dustry, it is the potential hazard from airborne radioactive materials 
and the use of meteorology to help minimize this hazard that has as- 
sumed the most importance. For this reason, and because the con- 
ventional uses of meteorology are rather well known, this publication 
will deal primarily with the uses of meteorology in the air-pollution 
aspects of the atomic industry. 

The capacity of the atmosphere to dilute the various gases, aerosols, 
and particles that may be released varies with season, time of day, 
and geographical location. The winter fogs of London, the early morn- 
ing smoke palls over most cities, and the Los Angeles smogs all occur 
when the structure and motions of the atmosphere do not permit rapid 
diffusion of contaminants. 

However, we know that London does not have"pea soup" fogs every 
winter, that some mornings are crystal clear even in the most indus- 
trialized cities, and that the Los Angeles smog does disappear. 

We have considerable qualitative evidence that'the dilution efficiency 
of the atmosphere varies Over a wide interva1:Since radioactive 
wastes may be several orders of magnitude more toxic than the usual 

what changes in air and ground concentrations result from the variation 
in atmospheric dilution capacity. 

This requirement for quantitative m i o n  estimates enormously 
complicates the problem. The dilution efficiency of the atmoepbere 

1 industrial effluents, it is necessary and desirable toknow quantitatively 
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depends essentially on the wind and temperature gradients. These 
gradients may vary vertically, horizontally, and with time. They may 
also change their relation to each other through the same three di- 
mensions. Major climatic regimes (e.g., the persistent West coast 
inversion “lid”) may be the primary dilution control, or a small scale 
topographical feature (e.g., wind channeling by mountains) m a y  pre- 
dominate. However, meteorological techniques for the evaluation and 
prediction of atmospheric diffusion exist, and these have been applied 
with considerable success. 

In the ideal situation meteorology is one ofthe items first considered 
when a new facility is contemplated. If a site can be chosen at random, 
the meteorologist may be able to select a favorable climate for con- 
struction, living conditions, and atmospheric diffusion. If, as is more 
likely, the geograp-hical location of the facility is fixed within narrow 
limits, the meteorological characteristics of the site can be examined 
and the facility designed to exploit favorable conditions and minimize 
those which might hinder operations. In either event it will usually be 
necessary to obtain meteorological data for the proposed location. 

The design and scope of a meteorological survey for the atomic 
energy industry w i l l  vary widely. The.requirement for precise and 
detailed meteorological information is directly proportional to the 
estimated magnitude of the pollution possibility, the size of the site, 
and the topography of the site location. A laboratory which occasion- 
ally handles small amounts of low-level radioactive material would 
probably not require any meteorological information, whereas a plant 
engaged in the production of large amount8 of very “hot” materials 
would need an elaborate and permanent network of stations constantly 
furnishing data. A large site, or,.one with complex topography, is 
likely to need more data than an operation in a single building on a 
level plain. 

The first step in a survey is to define the macrometeorological or 
gross weather conditions resulting from the geographical location. 
These features (average temperature, rainfall, etc.) can usually be 
approximated from the large body of existing climatological records. 
The second step is to obtain a knowledge of the fine-scale space-time 
variation of wind and temperature required for the qualitative and 
quantitative estimates qf atmospheric diffusion. Data on these ele- 
ments, to the proper scale, are not ordinarily available, nor, at present, 
can the few existing records be translated to other locations with the 
preciseness and detail required. It is usually necessary therefore to 
design a measuring program to provide this information. The third 
step is to analyze these data into categories typical of various pollution 
conditions and then, by considering actual operating factors, predict 
pollution concentrations. 

The following material discusses the application of meteorology to 
the air-pollution problem of the atomic industry and offers methode 
and suggestions for the collection, analysis, and use of meteorological 
data. 
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Air Pollution Aspects of the Atomic Energy Industry 
A 1 I- - 

. -  Meteorology is important to the atomic energy 
industry for engineering and- operational ap- 
plications common to industry generally, but, 
in particular, it is,important becauseof its use- 

produce its effects shortly thereafter. The ef- 
fect of radioactive damage to living organisms 
may be cumulative and insidious. In the case of 
toxic material, such as lead and other metals, 1. 

fulness when dealing with radioactivity in the 
atmosphere. Meterology must be used in esti- 
mating environmental exposure risks if radio- 
activity is released through tall stacks and labo- 
ratory type vents as part of a routine waste 
disposal procedure or when it is necessary to 
consider accidental releases under a variety of 
circumstances. An outstanding use of meteor- 
ology is in the estimation of the spread of con- 
taminants from a reactor disaster. 

1. THE NATURE OF RADIOACTIVE 
MATERIALS 

I 

Some of the radioactive materials to be found 
in nuclear reactors are the most potent poisons 
known. They are three million to two billion 
times as toxic as chlorine, the most potent poi- 
son commonly used by industry, and two million 
times as deadly as the cancer formers, benzi- 
dene and naphthylamine. 

Radioactivity cannot be detected by the human 
senses or by ordinary analytical techniques ap- 
plied to other industrial wastes; however, with 
proper instrumentation it can be readily meas- 
ured at significant levels. Also, it is virtually 
impossible to treat any given amount of an ele- 
ment so that its radioactivity ie reduced. Time 
is the only significant factor which will reduce 
radioactivity. Half of- some particular radio- 
isotopes are htered in less' ~IXU 1 sec, bat 
other isotopes may have w lives of centuries. 
Rarely do wastes from other industries continue 
to maintain their original characteristics Over 
an extended period of time. Ueually any hazard 
which might r e d t  from their release would 

or biologic infestations, the effects may be also 
slow; but usually detectable symptoms develop 
to reveal their presence in time to permit re- 
medial measures to be taken. If the victim re- 
covers, the recovery is substantially complete; 
whereas, in the case of a serious exposure to 
radioactivity, the damage is considered to be 
permanent, and there is the possibility ofge- 
netic changes whose full effects may not be 
apparent for several generations. 

Neither the meteorologist nor the atomic 
scientist works alone on problems dealing with 
the atmospheric dispersion of radioactivity. In- 
formation on the nature of the source must be 
furnished by nuclear physicists, chemieta, or 
engineers. Criteria for the permissible con- 
centrations in air, or dosages, are usually de- 
termined by health physicists. Meteorology de- 
termines the conditions under which a given 
source can lead to concentrations or dosages 
exceeding the permissible limits. 

A tremendous effort is being exertedfoobtain 
a better understanding of the biological effecta 
of radiation. Permissible amounts of radio- 
activity in the atmosphere will vary according 
to circumstances and to the interpretation of 
individual health physicists, and they may change 
as further knowledge is acquired through re- 
search. 

%en a general lmowldge of radioactivity.dl 
its extremely toxic effects reveals why 18e 
atomic energy industry must mpLe fnbnatb ew, 
of meteorology. Nevertheless, it ie wortti while 
for the meteorologist to m - k  fo r  himself Ukt 
numerous publications and ather edaca&d 
media availaMe in order to Pcqtllre lavon 

1 
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of the terms, tolerances, and techniques used in 
working with nuclear energy. At the same time 
it is obviously important that the nuclear sci- 
entists and engineers who will be responsible 
for structures, installations, and experiments 
should gain a worging familiarity with the fun- 
d a m e n w  of air pollution meteorology. 

2. SOURCES OF AIRBORNE CONTAMINATION 

Recognizing the level of toxicity, or radio- 
activity, encountered and the amounts of harmful 
material which could possibly be airborne, each 
type of facility w i l l  be described briefly with 
special attention being given to the gaseous 
waste disposal systems. Facilities may be di- 
vided into those which handle only low-level 
radioactive materials and those which handle 
high-level materials. The first group is pri- 
marily concerned with processing fissionable 
metallic elements, such as uranium, whereas 
the second is concerned with the products of fis- 
sion or of nuclear bombardment. Reactors and 
chemical processing plants for reactor fuel may 
be classified as outstanding potential sources of 
large amounts of high-level radioactive ma- 
terials. Therefore more information is pre- 
sented here for these types of facilities. 

Although the following discussion separates 
the various processes and/or devices that could 
release radioactivity to the atmosphere, it is 
more usual to have several sources of potential 
contamination at a single facility site. Such a 
situation will result in complex and interacting 
dispersion patterns and often dictates an urgent 
requirement for meteorological advice. 

2.1 Mining and Ore Hadling Facilities. In 
mining, transporting, and storing raw uranium 
ores, workers are protected from exposure to 
the dusts and from prolonged contact withthe 
ore. Although the level of radioactivity is low, 
large concentrations of materials m a y  give off 
sufficient rays to damage human tissue if inti- 
mate exposure to them is prolonged. Ftadon, a 
decay product from the radium present, may 
also be hazardous, especially when inhaled. 
Radioactive dusts result during drying, crush- 

Airborne materials are  kept to a safe level 
by good induetrial housekeeping and ventilating 
facilities and by the use of air cleaning equip- 
ment, such as cyclones, electrostatic precipi- 
tators, bag and diaphragm filters, and scrub- 
bers. Meteorological measurements for afacil- 
ity of this type should seldom be necessary. 

I 

ing, grhding, sieving, andp;aelraninnoper--. I 
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2.2 Feed Plants. The, chemical processing 
of the prepared uranium ore for the production 
of its brown oxide (Uq) presents the ordinary 
problems of chemical industries which we toxic 
solvents and extracting solutions and c0mpl.i- 
cated equipment. Processes involve Bolution of 
uranium compounds in many different mty~with 
the precipitation, extraction, and filtration of 
the collected salts. Duate, a t e ,  and fumes 
are satisfactorily controlled with industrial air 
cleaning equipment. Becawe of the high mae- 
tary value of the materials being processed, 
waste disposal systems are usually closed, and 
salvage procedures are in effect. 

In the preparation of the uranium hexaUuoride 
material for gaseous diffusion plants, fluorine 
and hydrogen fluoride must be wed in large 
amounts. If the concentrated acid is spilled ac- 
cidentally, sufficient heat is produced byhydra- 
tion or reaction to vaporize quantities of the 
liquid hydrogen fluoride. The uranium hexa- 
fluoride can cause lethal chemical burns and is 
extremely irritating, even in minute concentra- 
tions. 

An elaborate meteorological program wi l l  
usually not be required for a feed plant; how- 
ever, records of wind velocity and possibly 
temperature gradient may be desirable. 

2.3 Caseous Diffusion Plants. Gaeeaue dif- 
fusion plants for separating fissionable u2'& from 
natural uranium are not considered to have an 
effluent during normal operations. 

The hazard of a gaseous diffusion plant as a 
source of air pollution lies in the potential leak- 
age of uranium hexafluoride in large amounts. 
The gas is very corrosive when traces ofmoie- 
ture are present and will eat through most sub- 
stances, including glass. A leak could result in 
fine particles being formed in the air which 
would produce hydrofluoric acid in contact with 
moisture, as in the respiratory tract. With re- 
spect to toxicity, the radioactivity of the ura- 
nium isotope is of less significance than the 
extremely Irritative chemical effecte 
the element fluorine. 
Elaborate precautions are 

and equipment to prevent a 
ficient u'# in a geometrical 
could become critical and s 
chain reactim. 

meteorological program to provide 
for construction may be feasible. 
gram would be designed to provide basic data 
on wind movement to aid in assessing the 

since the= plants are u e u a ~ i v e r y  

I 
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3 %  Fig. 1.1 - A h  cleaning equipment for a beryllium machining facility installed at the baee of a 
50-ft stack (Oak Ridge). 

movement of effluent generated during unusual 
conditions. 

2.4 Muchine Shops. When shapingandform- 
inng metale which are alpha emitters, such as 
uranium, or which are quite toxic, such ae 
beryllium, dusts and tumes may be produced. 

~ r ~ r  and wet machineryoperationearehaadled 
by separate elrhauet systems, with the working 
area of each machine enclosed in a plastic high 
velocity hood. Chips and 1Prge-diameter par- 
ticles are removed by inertial or centrift@ 
devices; then smaller particles mayberemoved 
by self-cleaning oil filters and filter paper. An 
air clepntng inetallptlon for a machine shop ie 
shown in Fig. 1.1. These devices w i l l  usually 
control any contaminant 80 that meborological 
tracing ie unneceseory. 

Metallic uranlum dtlst or small chipsexposed 
to the air have been known to ignite spontane- 
ously and burn with the formation of aadde 

736 

fumes. A fire might require the evacuation of a 
building and perhaps the immediate area down- 
wind. The use of respirators probably would be 
required. 

Monitoring devices utilizing filters are used 
within the shops, and at times abide, to a-. 
sure that tolerable levels of conta 
not exceeded. 

fer from the usual industrial and 
search laboratories mainly in ths 
cilities required to protect workers 
tion and to prevent rad€oactim 
from beIra rel- to the air or water in 

2.5 Luborutories. Atomic laborat0 

. .  . -  
, .  

thesurramdingarea. .r* 

h l k  shielding, ranging from ribber 
for alpha emitters to many feet of lead or cdia 
Crete for gamma and neutron sources, 
required for direct radiation protection. 

015 
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dition, the exhaust system for an atomic labo- any uncertainty exists as to the amount of 
ratory contains filters to prevent the release radioactivity being released, in addition to 
of fine particulates to the air. A commonar- other precautions, certain laboratory opera- 
rangement utilizes a filter, or filters, in the tions producing airborne materials are some- 
line from each hood or other working enclosure times scheduled to take advantage of favorable *-- 

Fig. 1.2-Typical hood venta on laborato~ buildings 
(Oak Ridge). 

to its vent pipe in the roof. If the laboratory 
area is large, a regular forest of low vents 
may result, each with its own filter system 
(Pig. 1.2). 

An alternate installation of an exhaust system 
utilizes a roughing filter of glass fibers or 
similar material on each laboratory hood wltb 
a common stack preceded by a fine particulate 
filter. Such a system is difficult to balance so 
that all hoods have the proper ventilation. 
Usually unfilterable radioactivity from hoods 

is mixed with enough clean air before reaching 
roof vents that the permissible activity level 
specified by the industrial hygienist or health 
physicists will n d  be exceeded. However, if 

736 

meteorological conditions. The requirement for 
a meteorological program for a laboratory 
alone wi l l  depend on the size of the laboratory 
and on the levels of the “hat” materiale handled. 
A minimum precaution for locations handling 
moderate and high activity materiale would 
seem to be continuous recording of wiud di- 
rection and speed. 

2.6 Particle Accelerators. The highest en- 
ergy radiation generated anywhere in the atomic 
energy program is produced in the particle 
accelerators, such as the cyclotrons, synchro- 
cyclotrons, and linear accelerators. These ma- 
chines produce intense beams of high energy 
particles which can give rise to airborne con- 
tamination, although the amount is relatively 
small and usuaily-insufficient to require con- 
sideration of exterior weather conditione. 
As an example, momentary failure of target 

cooling apparatus or difficulties with the focus- 
ing beam can cause vaporization of the target 
surface, grossly contaminating the h e r  sur- 
faces of the machine. When the target tank is 
opened, this material can escape and become 
airborne. Plastic bags (Fig. 1.3) have been 
used to help control this hazard, as have ven- 
tilation methods common to chemical labora- 
tories handling radioactive materials. 

c 

2.7 Nuclear Reactors. The term “reactor” 
is here interpreted broadly to mean any as- 
sembly of fissionable material which can go 
critical, excluding weapons. Another definition 
is that a reactor is a device which is capable 
of producing a controlled self-sustaining nu- 
clear chain reaction and which collBjete es- 
sentially of fissionable fuel, moderator (if a 
thermal reactor), controls, and the supportine 
structures. &henm has stated: 

Reoctore can 
0fnuter io l e .A  
u=, plubnium, 
g n Y m i x b v e o i  
be e metal. oxide, salt, or WOY; may be t.bria9ted ID: 

-, or may be liquid. The reactor may 
graphite, or rrter, or heavy water, or 
enumberdoSherwmpamdseamoderatoreb&w- 
d o s S n t b d ~ o r i t C ~ & k l f J t  altbordmoden- 
torr, et all. It will, in odditfon, coataia Jaoieb rad 

. 
-8 6 Of Of m b  &- 
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ments. The heat can be,removed with air. water. oil. 
liquid metals. or anything else baginable. Ibe core 
can be homogeneom or haterogeneous; It can be sur- 
rounded by a reflector. by a breediug blanket, by both 
or by neither; the variety of each of these adjuncts is 
aa great aa that of the core. The reactor core can be 
spherical, cylindrical, flat, divided, or shaped like a 
pair of waterwings; and it can be as small aa a foot- 
ball or BB l a w  as a eix-room house. A reactor can 

736 017 

be built like a fine watch and shielded with rare metals 
or it can have no structure at all and be shielded with 
water %r tamped earth. In addition, it may operate hot 
or cold, and at low or high pressures. 

There are b o  main hazard problems of re- 
actors. The first problem is the possibility 
that the nuclear reaction will get out of con- 
trol, the power will rise to a very high level in 
an exceedingly 'short time, and parts of the 
reactor will melt or vaporize. The second 
problem is the fact that reactors store up fis- 
sion products, and fission products are ex- 
ceedingly poisonous substances. If these ex- 
tremely toxic materials are permitted to get 
out of the reactor enclosure, even in minute 
amounts, persons and other forms of life may 
be seriously damaged. 

Thermal reactors (atomic piles) appear to 
have a very low probability of getting out of 
control and causing blast damage. Fast re- 
actors (such as  the Experimental Breeder Re- 
actor) are perhaps more hazardous in this 
respect, but even in this case it would appear 
that the damage due to blast would be limited 
to the reactor and associated equipment. How- 
ever, it is conceivable that parte of certain 
reactors can vaporize. The real hazardresides 
in the possible poisoning effect of the fission 
products, plutonium, and uranium either by 
external body irradiation or by ingestion. 

The possibility of dispersing these poisone 
over large areas, over large numbersofpeople, 
and at distances tens and even hundreds of 
miles from the reactor is the problem that L 
of concern. 

There are certain secondary effects a h o f  
importance from a hazard point of view. If we 
have a highly radioactive liquid under high 
pressure, such as in homogeneous power re- 
actors, then there is M additional problem. The 
use of sodium as a primary reactor coolant 
introduces an additional radioactive haeardpltrs 
a chemical one. If graphite ie 
erator, there is the possible 
expected energy release could 
graphite fire. Beryllium is highly toric, and 
dispersion would be an additional toxic 
Finally it is known that aluminum, eir 
uranium, and thorium can react violentlyrtthflis 
water under certain conditions, but whether 
L reamnabbe to assume conditIoa6 for 
sive reaction is a question under adndy 
present time. 

It is convenient to distinguish between 
fuel reactors and liquid fuel reactors 

.f ', 
. ,  

.. 
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specific hazards are discussed. Good examples 
of reactors with solid fuel are the original 
Oak Ridge reactor, the Brookhaven reactor, 
the gigantic W o r d  reactors, the “swimming 
pool” reactors, and the submarine reactors. In 
fact, all the large reactors which now exlst 
have solid fuel. Examples of liquid fuel reac- 
tors are the Homogeneous Reactor Experiment 
at Oak Ridge and the Raleigh Research Reac- 
tor at North Carolina State University. I 

I 

Fig. 1.4-Jacketed or *‘canned” fuel slugs being in- 
serted in the Oak Ridge graphite reactor. 

A significant difference between the two types, 
as far as air pollution is concerned, is that in 
a liquid fuel reactor, combiningfuelandmod- 
erator in one solution, the gaseous fission prod- 
ucts are liberated from the fuel directly and 
must be diluted or allowed to decay before re- 
lease to the atmosphere. The Raleigh Research 
Reactor provides for holding up the gaseous 
fission products until they have decayed to 
permissible levels. 
U a solid fuel is used, the metal mastbe 

protected from oxidation and corrosion by a 
jacket that is a good heat conductor, hae low 
neutron absorption, and has high corrosion re- 
eistance, a c h  as aluminum. Jacketed fuel elugs 
are shom in F i g .  1.4 being imerted in the Oak 
Ridge graphite reactor. 

Since the radioisotopes are formed within the 
canned metal by fission of the uranium atom, 
no large amount of fission product activity can 

I 

be released without the melting, burning, or 
vaporization of the h l .  

tamination come!cfed with 
fuel reactors, excluding 
reactions. The first source is 
or fallme of the jacket which 
fuel elements. Even a pinhole 
will admit oxygen to the surface 
The uranium will readily oxidize Ot 
perature, and particles of 
contain an amount of fissi 
tional to the neutron flux 
time will be carried out by the coolant. Tbs 
Oak Ridge graphite-uranium reactor hoe 
elaborate filter installation to prevent particlee 
of larger than submicron size from escaping in 
case of an accidental slug rupture. 

in normal reactor operation is induced activitq 
by neutron irradiation of the coolant. The cool- 
ant may be used in a single-pass system, such 
as the air for the Oak Ridge graphite reactor 
or the water passing through the Hanford re- 
actors, or it m a y  be circulated in a closed 
loop, as has been postulated in designa fo r  
proposed power reactors. The Materiala Test- 
ing Reactor at the National Reactor Testing 
Station in Idaho with its tall stackfor exhausting 
cooling air is shown in Pig. 1 5. Air ie a m- 
ondary coolant for this reactor. The amount of 
activity formed‘ in the coolant may be deter- 
mined for each element. It depends 011 ths 
average neutron flux, the absorption cross sec- 
tion for the element (thermal or total, depending 
on energy spectrum of the neutrons), the numy 
ber of atoms of the element irradiated (which 
is determined by the time for a parcel of coolant 
to pass through the reactor core), the concen- 
tration of the element in the coolant, and the 
half life d the isotope formed. The relative1 

meane that for short irradiation time almost. 
a l l  the activity in air will come from the AY5 
which normally compris 
the air. Permis 
activity may be achieved 
and by placing the point 
vatoble location. At the 
haven National 
stackoftheair 
above the surface. The volume d 
cooling the reactor is about 300,OoO cu rt/mia. 
If the intake air is not filtered or if in flow 

through ducts to the reactor the air picks up 

There. are three sources 

The second source of airborne contaminati 

large cross section and ‘short half life of A‘+ f: 
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Fig. 1.5-Materials Testing Reactor at the NRTS with a tall stack for discharging cooling air. 

( - -  

If water is the coolant, the dissolved im- 
purities are often a source of great activity, 
but in normal reactor operation the cooling 
water is not a source of airborne activity. 

The third source of possible airborne activity 
from the operation of a reactor Is the rupture 
of a capsule or container of material inserted 
into the reactor for irradiation. Gases, vola- 
tile material, or  a chemically active material, 
such as sodium, could leak out if a container 
failed or could rupture the container if coolant 
failure allowed the temperature to rise con- 
siderably in the sample. 

If the fuel is liquid, in addition to rapid va- 
porization, leaks and auxiliary equipment failure 
may result in liberation of airborne contami- 
nation. 

Operating accidents could occur if additional 
fuel were suddenly dropped into the operating 
reactor, if safety interlocks on the cmt rob  
were to fail or were intentionally overridden, 
or if large amounts of a neutron absorbing ma- 
terial were suddenly w i m h - f r o m  the operat- 
ing reactor. In some cases injudicious altera- 
tions in the geometrical arrangement of ma- 
- 

form in the fuel elements and chemical reac- 
tions may be possible between the fuel and the 
coolant or moderator as a result of high tem- 
peratures. 

The attractiveness of liquid metals, such as 
sodium, potassium, and their alloys, a8 high 
temperature heat transfer media has given rise 
to considerable experimental work in thie field. 
It has been found that it is possible towork 
safely with such metals up to quite hightem- 
peratures; however, imperfections in pipes, 
valves, pumps, welds, or fittings can cpp88 a 
fire that is difficult to control andwhichgen: 
erates toxic fumes of oxides and hydrorider. I! 
the liquid metal has been irradiated, the mer 
wi l l  also be radioactive and may be& a 

airborne contamination hazard. A8 a 
measure, the practice of enclosing 
and fittings in a helium blanket haebee 
by some workera. 

EartbquaLes, flash aoode,andtornadaer 
natural phenomena which could caatcei 
damage a reactor, causing an uncontroll+ re- 
lease of radioactive matter into the atmosphere. 
However, reactors which otherwise might potq 
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Fig. 1.6-Fission product activityafter immediate reactor shutdown or tow disaster (Hunter 
and Ballou). 

sibly run away are designed with safeguards BO 

that they are shut down automatically if jarred, 
or if there is an electrical failure. 
In the event of a reactor disaster, an esti- 

mate of the magnitude of the contamination that 
may be released is required. 

The total activity which is contained as fis- 
sion products in a reactor has been given as a 
function of the reactor power by Mills."'The 
assumption has been made that the reactor has 
operated for a period sufficiently long that the 
fission products are formed as rapidly as they 
decay. If the further assumption is made that 
each d:::e, etzat has an energy of 1.0 Mev, the 
contained activity at a time t seconds after 
shutdown wi l l  be given by 

I 
10P 

A=oV;Z 

where A = activity in curies 
P = power in watts 
t = time in saconds 

Hence a l-megawatt reactor at 10o0 8 8 ~  after 
shutdown would contain 

10 x lo' - 10' - - = 2.5 x lo' curies 
A = (1000)0~~ .3.w * -  

~f a reactor runaway occurs during a "c188d" 
start-up or from a very low power, the fiesion 
products present w i l l  be generated during the 
power excursion. In this case a decay factor of 
rl** applies, and the relative amounts of vola- 
tile a d  total fission product activity may be 
estimated from the work of Hunter and B a l l a m  

Figure 1.6 shows the contribution of the 
individual elements in percentage of gross ac- 

- a -  

/ 

735 920 
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tivity of the remaining fission products at 
various times after ~low~neutron fission of 
U’’6. The upper two curves give the activity of 
the total and volatile fission products in terms 
of the percentage of the total fission product at 
1 sec after immediate reactor shutdawn (or 
total dleaster). ’lbo “thumb rule” approxima- 
dons may be stated for estimating the possible 
total amount of activity released. 

The first one is that 1 watt of reactor power 
produces 10 curies of activity at 1 sec or 1 cu- 
rie of activity after one day. 

The second is that for decay times of impor- 
tance meteorologically, 1 watt of reactor power 
produces 0.2 curies of volatile fissionproducts. 

In the event of a reactor disaster, it seems 
unrealistic to expect all the containedactivity 
to become airborne. Various estimates have 
been made of the percentage which would be 
condensed on the structural material and which 
would remain as  solid pieces too large to be- 
come airborne, but these are very speculative. 
It is usually assumed for the sake of conserv- 
atism in reactor environmental planning that 
50% of the total contained activity will become 
airborne. 

From the preceding discussion it can be seen 
that airborne radioactivity could originate from 
a reactor in routine operations through cooling 
processes, from relatively minor malfunctions, 
such as  slug ruptures or pipe leaks, or from 
complete reactor failure and dissolution. 

A meteorological program designed to meas- 
ure atmospheric diffusion parameters and for- 
mulate estimates of the travel, concentration, 
and deposition of airborne materials will pro- 
vide essential information for all these pos- 
sibilities. Actual experience wi.th routine emis- 
sions and accidental releases has shown that 
adequate meteorological information is vital 
from both health and economic standpoints. 
Postulated reactor failures usually base the 
area of radioacti4e hazard on meteorological 
data and estimations. Later in this report 
methods for estimating airborne radiation hae- 
arcis from the meteorological*’standpoint will 
be discussed. 

2.8 Chemical Processing Plants. The chemi- 
cal plants which handle irradiated reactor fuel 
are potentially very haeatdous sourcee of air 
contamination. The fission of the uranium pro- 
duces a multitude of highly radioactive isotopes. 
At Hanford, according to the “Eighth Semi- 
annual Report of the Atomic Energy Commis- 
sion,” radioactive materials are handled in tons, 

-. I: 

not merely in milligram or gram amounts. The 
irradiated slugs contain the unaffected part of 
the original uranium, the plutonium, and the 
fission products whose composition and activity 
depend on the neutron density and irradiation 
time. 

In the Hanford chemical plant, the slugs are 
dissolved and processed to separate the pluto- 
nium from the uranium and the fission products. 
The activity, handled by remote control, may 
contain tens of thousands of curies of radiation 
and also give off radioactive gases. Other fuel 
processing plants which do not handle a8 large 
total amounts of activity as the Hanford plants 
may still have a high rate of emission of radio- 
active gases if the dissolvings are  carried out 
as a batch process. 

The gaseous radioactivity liberated when 
spent metallic fuel is dissolved consists prin- 
cipallyof the noble gases Xe’” and Kra and the 
halogens I”’ and Bra*. Of these elements, the 
ont of primary concern is I”’ because of the 
greater relative abundance and the biological 
significance since the element concentrates in 
the thyroid gland. 

The radioactivity in the off-gases depends 
.upon the age of the irradiated reactor fuel, 
counted from the time the fuel was removed 
from the reactor. It is common practice to al- 
low a reasonable “cooling” period for radio- 
active decay before dissolving and thereby re- 
duce the activity in  the off-gas by a factor of 
10,000 or more. Aging is used in particular to 
reduce the iodine hazard. Of course, if it is 
required to recover short-lived products, such 
aging is ruled out. Other methods include the 
w e  of wet scrubbers with silver nitrate, special 
filtering systems, and meteorological control. 

Some work has been done on the use of acti- 
vated charcoal to absorb the noble gases. This 
technique has not been widely adopted for con- 
tinwus we because of the requirement for 
considerable low temperature cooling when the 
lighter gases, such a8 krypton, must be ab- 
sorbed from a large volume of effluent. 

without previous experience, it is -cult 
for nuclear physicists and chemists to predid 
the activity of. the off-gas for a particular die- 
solvlng, even‘if t h e - a m h t s  of radioacti#a 
isotopes in the hrel can be theoretically estir 
m a i d  Some of the noble- gises may e e e  
from the fuel prior to the dissolving, and m& 
than insigniffcant quadtities of the potentially 
gaseous effluent may remain liquid. 

The output of stack effluent from a chemical 
plant is not likely to be continuous and uniform. 
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Fig. 1.7-Precipitron. filter house, and duct work for the hot stack of a chemical proceasing 
plant (ORNL). 

With a single dissolving, the activity will rise 
rapidly to a peak and then subside. Following 
the dissolving, there may be a lingeringactivity 
from the dissolving vessel and from the internal 
contamination of the off-gas system. 

In hot chemical plants the actual processing 
must be carried on in sealed compartments, or 
“cells,” by remote control and behind much 
shielding to reduce the intensity of the radiation 
from the process. Most equipment is installed 
in duplicate to prevent clogged or leaking pipe- 
line8 or A v e s  from hindering the operation. 
It is considered good practice to provide a 
process off-gas system which will handle the 
gases and mists evolved in any of the process 
vessels. Studies made on the stack effluent of 
such systems have shown that almost all the 
effluent was either gaseous or of a particulate 
nature less than 1 I, in diameter. Figure 1.7 
shows the complex installation of air Cleaning 
equipment typical of a hot stack. Particulates 

I- 
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may also be removed by deep bed sand flltem 
somewhat similar to those used in water filtra- 
tion plants. 

Supplementing the system for oif-gases, a 
separate system for the ventilation air of the 
cells is usually installed. This air is also 
scrubbed and filtered before it goee up th? 
stack in the event that a leak or failure releaser 
activity into the cell. * i  

Chemical plants may be required to reporad 
special isotopes of high activity in conjunctiA . 
with the processing of reactor iuel. &I a rdi 
sult, off-gases may contain many timea 
activity ulat would occur during normalprdc 
sing. Such separation operations 
added hazards should there be 
error, equipment failure, fire, or 
catastrophe. 

In additfon to the radioactive 
off-gases from chemical plants, 
varying am&ts of solvent vapors, 
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nitrous oxides, mercury vapor, fluorine, hydro- 
gen fluoride, chlorine, and other toxic chemi- 
cals. These may be present in negligible a- 
mounts or, owing to equipment failure or 
accidental release, m a y  become primary air 
contaminants. ” I;‘> 

Here, too, meteorological advice has been of 
assistance. A different treatment is required 
for this type of operation, and Chap. 5 deals 
specifically with emissions from stacks and 
other elevated “point” sources. Even if the 
individual emissions are  of low-level radio- 
activity, any release of long lived material 
generates interest in the average (and atypical) 
wind and stability patterns for concentration 
build-up estimates. 

2.9 Waste Disposal Facilities. Radioactive 
wastes which are essentially liquid or solid 
m a y  require separate disposal facilities in ad- 
dition to those already mentioned. These fa- 
cilities include treatment plants for chemical 
residues, incinerators, sewage plants which 
handle radioactive wastes, and burial and stor- 
age areas for solid wastes. 

The disposal of radioactive or toxic wastes 
presents problems not yet completely solved. 
There are  two philosophies which are applied. 
These are “concentrate and contain” and “di- 
lute and disperse.” 

A s  examples of the first policy, we see the 
evaporation or segregation of liquid wastes 
followed by piping into tanks or underground 
cribs and the burial of contaminated solids or 
drums of liquid. Certain high-level wastes may 
be contained by concrete before or after burial. 
Adequate coverage is provided to shield against 
radiation at the surface, and burial grounds are 
selected with the advice of ground-water geolo- 
gists. 

Some residues from chemical processing of 
irradiated fuels have considerable value. They 
contain certain unspent fuel which is reclaim- 
able as well as fissionable material which also 
has potential value. These residues are highly 
radioactive and hazardous. From an environ- 
mental standpoint such wastes are particularly 
important because certain isotopes in the waete 
residue will be highly radioactive for decades. 
It is customary to store high-level and valuable 
radioaoCive waste residues in underground tanka, 
pending development of feasible and economical 
treatments and possible recovery methods. 

The tanks used for storing liquid wastes have 
been known to cause airborne 
particularly when steam jets 

736 

contamination, 
were used to 

923 

transfer material to the tanks or from one tank 
to another. Spray and mist formed during the 
jetting can be emitted directly from the air 
vents of the tank or can dry to form extremely 
small airborne solid particles which find their 
way into the air. Seepage from a leaking tank 
can con6minate the ground, and later harmful 
dusts can be relocated by surface winds to be- 
come a problem In  air pollution. 

At particular sites near the Atlantic and Pa- 
cific coasts, radioactive wastes are disposed of 
at sea by dumping in designated a r e a  in water 
off the continental shelf. It is the general 
practice to encase these wastes in a mixture of 
concrete, usually within steel drums. 

As an example of the second policy, we see 
the closely regulated discharge of liquid waste 
to rivers or streams. At W o r d  and Oak 
Ridge large retention basins are used to permit 
radioactive decay before liquids are finally re- 
leased. Of course, the discharge of gaseous 
wastes through stacks and vents is another ex- 
ample of the ‘‘ dilute and disperse” principle. 

A type of waste disposal which is really a 
combination of these h o  principles is the in- 
cineration of contaminated, combustible, solid 
material. The intent is to reduce the bulk to be 
stored as much as  possible and to dilute the 
effluent given off in combustion to safe concen- 
trations. The use of an oxygen atmosphere is 
sometimes resorted to in order to reduce the 
ash as  far as possible. 

Incineration may offer two possible sources 
of airborne contamination. Toxic or radioactive 
gases may be given off through the stack, or 
airborne contamination from incinerators may 
occur during the removal and ultimate disposal 
of the ashes. If scrubbers are  used in the clean- 
up of the gases of combustion, care muat be 
taken that radioactive liquid wastes difficult to 
dispose of do not result and create a new prob- 
lem. Since a good incinerator system for radio- 
active wastes is expensive, some &tee rely 
entirely on burial or storage. 

In salvaging normal uranium from wastee 
(such as contaminated work gloves and garmenta 
and absorbent paper sheets), the wastee are 
burned in special furnaces, leaving a residue 
from which it ie possible to salvage the smail 
amount of contained uranium. Since the opera- 
tion muet be aa inexpensive aa possible to pay 
its way economically, expensive andelabo& 
air cleaning devices are not usually a * d  
the installation. Such an operation may be a 
source of airborne contamination if considerable 
amounts of material are handled and if s d  
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3 active particulates or gases are formed in the 

Although the use of the atmosphere as  a dilu- 

the machines producing the fission products is 
combustion process. such a8 to impose rigid standards on the 4 

amount of material that may be released. It 
tent is certainly not new, the toxicity of the seems certain that as additional knowledge and 
effluent from the various atomic energy instal- 
lations, the uncertainty of the cumulative bio- vironmental hazard created by installations 
logical effects, and the experimental nature of 

experience is obtained the possibility of en- b- - 

handling fissionable materials will decrease. 

736 021 

. 
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Meteorology in Site Operations 

During the site selection and design phases of 
a plant, meteorological assistance must be based 
on past records, usually accumulated at stations 
not actually on the site. These preliminary 
advices will be averages and extremes that 
might be expected. 

After a location has been chosen and work 
has begun, current and forecast weather con- 
ditions become of immediate concern. On-site 
meteorological observations and forecasts have 
many applications to the operating program of 
an atomic energy site. Requirements may range 
from observations of the daily minimum tem- 
peratures to forecasts of radiation dosages 
from airborne clouds. 

1. SITE CONSTRUCTION 

The conventional uses of meteorology will be 
most important during the construction period 
at a site. Where the construction program is 
large enough and of sufficient duration, a me- 
teorological program may be justified for this 
reason alone. Such programs proved of value 
in the construction phases of the Savannah 
River and Portsmouth Area instai la t io~.  

On such large projects it may be necessary to 
furnish climatological data for prospective bid- 
ders, seasonal work scheduling, evaluation 
of time extension requests, or management 
analyses of work progress. Climatic data for 
construction programs may require information 
not commonly available, such as freeee-thaw 
cycle frequency and annual wet-bulb tempera- 
ture frequencies and ranges. Such data caa be 
quickly and easily obtalned from a site mete- 
orologist. 

Experience has shown that on-site adaptation 
and emphasis of, the standard forecasts of 
temperature, precipitation, and wind willenable 

_- -- 

a saving of time and material through appro- 
priate work scheduling. The site meteorologist, 
in contact with the various project engineers, 
can follow work progress and emphasize the 
elements most likely to affect operations (tem- 
perature and rain for concrete work; wind and 
freezing rain for steel erection, etc.). 

After an atomic energy site beginsoperations 
involving radioactive materials, meteorological 
services may be required under the following 
conditions: 

1. If there is a continuous or intermittent 
source of radioactive effluent present on the 
area or if there is a source potentially present 
to the extent that an atmospheric monitoring 
program is required. 

2. If there is a daily or occasional require- 
ment for weather forecasts. The forecast re- 
quirement may be divided into two categories: 
forecasts of diffusion conditions required for 
the control of stack effluent or in the event of 
a sudden release of radioactivity and forecasts 
for engineering and construction operations. 
Detailed forecasts, particularly of diffusion, 
require on-site weather observations for fore- 
cast preparation. 

3. If there are recurring requirements for 
climatic data from the area itself for locating, 
designing, and orienting facilities. Meteorologi- 
cal programs which could be justified for thie 
reason would be at the larger AEX areais, 
where facilitles are added from time to time. ' 

4. If there is a need for meteorological obl 
eervationa for documentation and historical 
purposes. These records may be used in con- 
junction wlth testing and experimentation, i a b  
preparation of ad-strative reports, or in the 
event of legal action arieing from allegedra- 

. dlation exposure. 
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5. If it is desired to conduct micrometeoro- 
logical research in diffusion, as at the Brook- 
haven National Laboratory. 

2. SITE OPERATIONS 

Disregarding meteorological control, which 
i g  discussed in Sec. 3, there are  numerous 
ways that the work of the meteorologists may 
assist other groups at an atomic energy site. 
Some of the ways which are particularly signi- 
ficant to the atomic energy industry are listed 
below. 

Health Physicists. 1. Obtain meteorological 
observational data for making correlations with 
background radiation or for determining or 
confirming causes of unusual readings onmoni- 
toring instruments. Meteorological records and 
instruments provide additional clues when trac- 
ing sources of radioactivity detected in radio- 
logical surveys. 

2. Receive estimates of groundconcentra- 
tions of stack effluents and estimated locations 
of concentration maxima. These are computed 
from diffusion formulae, using actual meteoro- 
logical observations at the site. 

3. Receive advice for locating monitoring 
instruments. Permanent locations are often de- 
cided on the basis of wind direction frequencies 
and on estimates of the distances from a stack 
where maximum ground concentrations are 
likely to occur. Mobile monitoring may require 
forecast information. If biological samples are 
collected, past weather records may be helpful. 
Sometimes it is desirable to establish a moni- 
toring station or to collect samples for control 
purposes. There meteorological information is 
used to.ensure little or no site influence. 

4. Receive assistance with regard to radio- 
active debris from bomb tests. A meteorologist 
is often helpful in anticipating the arrival of 
such debris 80 that anomalous readings on sen- 
sitive monitoring instruments do not cause 
alarm. Meteorological observations also ex- 
plain some of the variations in concentration of 
radioactivity which occur from bomb clouds, 
e&, variation due to "rain-out." 

Safety Engineers. The safety engineers w e  
meteorological data in a manner similar to 
health physicists when studying problema of 
airborne harmful materials that are nonradio- 
active, beryllium dust, for instance. 

Reactor Engineers. 1. Receive meteorologi- 
cal observations for incorporation into his- 
tories of reactor start-ups and tests. For 
example, air temperature and wet-bulb tem- 
perature may be important factors when de- 4- - 
termining the behavior of a particular kindof 
reactor during a certain period. 

2. Receive assistance in the preparation of 
technical reports, such as the reactor hazards 
analyses. 

3. Receive information on natural dustiness 
useful for designing air cleaning equipment. 

4. Receive meteorological data concurrent 
with malfunctions, euch as leaks and power 
excursions. 

Sanitary Engineers. 1. Use temperature rec- 
ords when studying the efficiency of sewage 
disposal plants. 

2. Use diffusion data if stream, well, or 
reservoir pollution from airborne material is 
possible. 

3. Use rainfall records where dilution by 
natural stream flow is used. 

Legal Officers. Legal officers use metero- 
logical records if there are claims of personal 
or property damage from exposure to airborne 
materials. Other uses of meteorological fore- 
casts or data will occur to the reader. 

3. METEOROLOGICAL CONTROL 

A meteorological program may be required 
if some operation requires forecasts for me- 
teorological control of stack effluent. Nearly 
always, and especially where air pollution is of 
concern, the words "meteorological control" 
mean stopping or slowing down plant operations 
during meteorological conditions which are 
estimated to produce above-tolerance ground 
concentrations. 

Two atomic energy sites where experience 
has been obtained in roatine forecasting for the 
control of radioactive effluents are Brook- 
h a ~ e n * ~ * ~  and Hanford." The scheme for  em-.. ' 
mating probable ground concentrations at B r 0 a t - d  
haven was based on 0. G. Sutton'e dWu6im 
theories and on empirical relatione and wrtabi 
micrometeorological variables (prlntarUyt#m- 
gustiness and the wind speed) at tIwSSS-R* 

pared for a wide range of weather caa&Uom;i 
which give the mean value of the doee rate. 

l e ~ d . " ~ ~ . ' ~  A ~ r f ~  of te- m-p#- 
L 

3 
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averaged for 1 hr over an area 1 kilometer by 
10 deg, extending from the chimney base out- 
ward for a distance of 15 kilometers. 

Since the radiation dosage tolerance for both 
on- and off-site locations was on a seven-day 
basis, the stack output for the previous six 
days Was converted by me& of the appropriate 
templates into radiation dosage values. A dif- 
fusion forecast was then made for the final day 
of the period and was converted into radiation 
values, and the forecaster C(T Id determine 
whether continuation of reactor operations would 
result in dosages higher than the specified 
maximum. 
As the experience at Brookhaven grew, as 

information and data relative to the dispersal 
of the stack activity was accumulated, and as 
the biological effects of the effluent were further 

2. Considerable difficulty may be encountered 
in stopping or restarting some atomic proc- 
esses. 

3. Success depends upon plant location, and 
for a given location favorable meteorological 
conditions might not be sufficiently frequent. 

4. Changes in the physical environment, such 
as the development of a nearby plant facility or 
community, m a y  create unforeseen problems. 

5. Dispersion forecasts may be in error, 
perhaps as much as 10 to 20% of the time, for' 
some operations. 

Nevertheless, in a few instances certain 
kinds of meteorological control may be advan- 
tageous and the most economical solution, par- 
ticularly where a meteorological program is 
already in operation. The types of control that 
may be desirable are as  follows: 

1. Scheduling of an auxiliary operation which 
can be conveniently conducted during favorable 
weather. 

2. The operation of special air cleaning 
equipment or a stack heater (for increasing 
effective stack height) only during poor at- 
mospheric diffusion conditions in order to save 
on operating costs, or the shutting d m  of such 
equipment for repairs during periods or good 
conditions. 

duration that are particularly hazardous and 
which involve a risk of releasing harmful air- 

4. Situations where the control of the long 

Ordinarily a routine program for predicting 
ground concentrations is relatively expensive. 
The services of a professional meteorologist, 
as well as one or more observers for cbprt 

is likely to be required. Althoueh 
the cost of employing these persone may be 

are continuoue, and consideration muet beglven 
to provfding meteorolo%cal to ~ e r  
nights, -hende, holi&y ths 
cost of a program for meteorowcal coatrd 
may be fw to be prohfMtive for - 

m e n  considering me*rowcal it 
sbould not be overlooked that climpttc data can 
be used for roufine schedulhg d plant opera- 

energy should me- tione. At some eitee it maybe found that POgreSt 
nearly occuT drving 

a particular part of the day, and it maybe 

evaluated, it became evident that the curtail- 
ment Of reactor operations due to 
logical conditions was sufficiently infrequent 
to warrant discontinuation of the regular fore- 
cast service. Accordingly, routine 24-hr fore- 
casts of radiation dosages were discontinued 
on Nov. 30, 1952. Since then the six-daydos- 
ages have been computed from the past me- 
teorological and stack output records, but a 
forecast is prepared only when there is a 

limits. 
At €Ianford a somewhat different forecasting 

procedure has been used. Teletype reports, bornewastes. 
instrument records from the 410-ft tower, and 
pilot-balloon observations four times dailyhave 
been used to arrive at the "least dilution" fac- 
tor" which is likely to occur during a par- 
ticular plant operation. 

near atomic energy area 
or in reconsidering the requirements of an es- 
tablished area, the decision on the scope of the 

to economical 'perations and safety. This is 
especially true where meteorologlcal control of 
operation is being considered. In most instances 
the me of reliable air cleaning devices, euffi- 
ciently high stacks, or isolated sites will be 
more economical and much more satisfactory 
than operating a program only during favorale 
meteorological conditions. 

teorological control only as a last resort since: 

chance Of exceeding the permissible radiation 3. The of experiments of brief 

cumulative risk is desired. 

In p-fng for 

required meteorolog'calProgram'Shmdamental female for me shift, 88 a d e  plant ope^^^ 

1. It is usually not economical. 
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possible to regularly avoid any releases during 
hours that are  likely to be unfavorable. (A dis- 
solving run at a chemical plant is one type of 
operation which could be scheduled only for 
certain hours .) 

Another possibility for inexpensive meteoro- 
logical .control is the formulation, through rne- 
teorological consultation, of operating criteria 
based on direct readings of wind and/or tem- 
perature gradient instrumenta. This informa- 
tion could be fed into recorders on a control 
panel and made immediately available to the 
operators, who could then regulate the proc- 

3 esse8 to avoid undesirable atmospheric con- 
centrations. 

The uses of meteorology in the operation of 
an atomic energy site, as listed here, arebased 

laboratories, production areas, ana the reactor 
testing site. However, the few items mentioned 

possible applications of meteorology. At each 
location the mutual exchange of ideas and the 
accumulation of experience continually result6 
in the discovery of new ways of using meteoro- 
logical information. 

on actual applications at the several national 

by no means exhaust the current usee or the - -  

a- -  
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Meteorological Fundamentals for Air Pollution Studies 

Each science eventually develops nomenclatures 
and methods of procedure applicable to its 
particular problems but not necessarily fa- 
miliar, at first glance, to persons trained in 
other disciplines. 

This section introduces and describes some 
of the more important meteorological factors 
directly related to air pollution. 

Other portions of this report givequantitative 
methods for evaluating the behavior of contami- 
nants introduced into the atmosphere. These 
methods require that certain properties of the 
atmosphere be measured. Given the numerical 
values to substitute into the equations, solution 
of the equations can provide diffusion esti- 
mates. 

Recognition of certain meteorological funda- 
mentals will assist in determining the require- 
ments for the various measurements, the va- 
lidity of the measurements, and the limitations 
of current diffusion theory. 

In practice, the following questions m a y  
arise: 

1. What types of observations are  required? 
What meteorological elements must be con- 
sidered? What features of these elemenbare 
significant? What types of instruments are 
necessary ? 

2. How many locations must’be used as ob- 
servation points? Can observations made at a 
single point provide the information? Is it 
necessary to consider the atmosphere in three 
dimensions 7 

3. What should be the duration of the period 
for which observations are considered? Should 
observations be limited to a particular time of 
day;: season, or meteorological condition ? 

4. How representative of a site are observa- 
tions made at some other location? What are 

the effects of distance, altitude, and terrain 
features ? 

5. How are observations affected by abnormal 
climatic conditions? When may observationsbe 
assumed to be average or typical? 

6. What are the effects of man-made objects 
on observations? 

Much meteorological experience is usually 
necessary to answer such questions, and some 
of them are  so complex that meteorologists 
themselves can answer only in general terms. 
It is impractical to present in condensed form 
all the meteorological fundamentals which are 
required to cope with the various problems 
which will be encountered. Rather it is hoped 
that this material wil l  introduce the basic con- 
cepts and make it easier to recognize the more 
important aspects of air pollution problems. 

1. TRANSPORT 

There are many similarities between the be- 
havior of a m a ~ ~  of air and that ofwater. 
Knowledge of the principles of hydrodynamics 
is as important to the meteorologist as to the 
hydraulic engineer. Suppose that in a volume Or 
clean air some polluting source bas placedan 
amount of foreign material. In the atomic en-. 
ergy industry the material m a y  be highly radiw 
active and poisonous far beyond WJbSgncee 
usually encountered in industry, and the sauce 
could be a stack, a leaking container, or a run- 
away reactor. For the time being, let us con-% 
eider that the foreign material occurs aa a@. 
01 cause ,  if the material is heavier than air it 
will settle, but suppose that it consists d a g a s r  
that has the same density as air or that it can- 
sists of particles with negligible settling ve-i 

, 
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Fig. 3.1-Trajectory analysis for an atomic bomb cloud from a test at the Nevada Proving 
Grounds (List'"). 

locities. Under these conditions that material 
will move as the volume moves. Its speed and 
direction will be the same as that of the vol- 
ume, and its position at some later time wil l  be 
determined by the location of the volume. 

Primarily in air pollution problems we must 
determine the horizontal transport of contami- 
nants. Our tools are wind vanes and anemom- 
eters, or perhaps balloons, which probe the 
atmosphere to determine the direction of move- 
ment and the speed of air paseing by. Usually 
it is assumed that measurements at one poht 
in the volume are sufficient to determine the 
movement of any material being transported by I 
it. 

2. TRAJECTORIES 

It is usually assumed that the trajectory of 
material is determined by the motion of the 
volume of air in which it is contained. A tra- 

I 
jectory analysis may be shown as arrival times 

at consecutive points on a map. An example of 
a trajectory d y s i s  for an atomic bomb cloud 
from a test at the Nevada Proving Grounds is 
shown in Fig. 3.1. For an industrial problem a 
trajectory analysis would probably include only 
the region that would be affected by pollution 
from the plant. 

3. EFFECTS OF OBSTRUCTIONS AND 
CHANNELING 

In many applications of meteorology there ie 
little interest in air after it pasees beyond 
wind instruments or in trajectories. In thecon- ; 
etruction of an airport runway, it is hardly*.% 
neceesary to consider that an air volume ie? 
being sampled by the instruments; lmwever,k 
thia is not ttue in air pollution work. h a  h e 1  
plain with no obstructioas, wind instrrunente at2 
a single point w i l l  usually be sufficient for the'-:f 7 

estimaticm d trajectoriees. Wind data from SLti 
station where wind flow L obstructed in one 
way or annother must be carefully interpreted. ., 

,~ 
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Obstructions are usually solid objects, such 
as hills or mountains, but may also be denser, 
colder, masses of air. Polluting material may 
be lifted as the air mass i n  which it is con- 
tained encounters and pasees Over a wedgeof 
denser air, or the colder air may run under the 
volume.and lift it. Also, in some cases where 
tfie air is flowing downhill, it may move out 
over colder air as shown in Fig. 9.2. 

physical objects. In.psing through a gorge or 
over a mountain range, it may be stretched,and 
as a result the wind speeds will be greater. On 

- f  

- -  

Fig. 3.3-Channeling of wind by a valley. 

Fig. 3.2-Cool air moving down a slope CEUI move 
out wer cold, more dense a i r  so that the trajectory 
of material in the cool air is affected. PLAN VIEW 

- 
= - -  

A The effect of obstructing masses of cold air 
is actually important in practice, e.g., a plant 
or laboratory may be on a hillside with a city 
below, or a plant may be in a valley below a 
m0unka.h slope and be subjected to wedges of 
cold air originating as the mountain slope cools 
at night. Note in Fig. 3.2 that a single wind 
vane at A might lead us to expect the pollut- 
ing material to arrive at B, when actually 
it will probably arrive at C. Wind vanes alone 
are inadequate to determine trajectories in 
caeee such 98 this. We need to knw the depth 
of the cold air. In complicated instances tra- 
jectories may have to be estimated from the 
behavior of airborne tracers, such as f l b  
rescent parti~les.  I" 

Channeling may occur when the general wind 
pattern is across a valley but not at a right 
angle to it. The surface wind direction may 
turn parallel to the valley 88 shown in Fig .  S.S. 

VERTICAL SECTION 

\ VALLEY / 

VERTICAL SECTION 

nfn m wind flow. Arrows am proportionrplto 
speed. 

the other hand, if the volume e 
or  horimntally at tbe 
dimeneioae, rind epe 
a8, for exampk3, inc 
9.4). 

4. DEFORMATIONS 

As the air maes is transported, it vill be 
mnbject to changes in sttape as it encarnters 

i 
. 
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Note in Fig. 3.5 how a mass of cold air can 
pour through a mountain pass to cause strong 
winds. The "Santa Ana" wind of Southern Cali- 
fornia and the Columbia Gorge wind8 are out- 
standing examples of this phenomenon in the 
United States. 

Fig. 3.5-As a cold air  mass pours through a moun- 
tain pass, strong winds are produced. 

5. WINDROSES 

Long periods of wind records may be sum- 
marized in a wind rose, such as the one shown 
in Fig. 3.6. The wind rose may be used toesti- 
mate the probability that material may move in 
a particular direction and at a certain range of 
speed. These summaries may be constructed 
for specific elevations, seasons, times of day, 
or meteorological conditions to provide data 
for specific problems. 

The configuration of a wind rose integrates 
the results of air currents on a planetaryscale, 
the passing of high- and low-pressure systems, 
and local winds. [Note that in standard practice 
winds are shown as  direction from which they 
occur and are  measured clocbisefromnorth 
with north ae 360" (or 0"). Thus a southwest 
wind is at the 225" position on the circle.] 

6. LOCALWINDS 

The most important local winds from the 
viewpoint of air pollution are likely to be ther- 
mally produced. Outstanding are the sea-breeee 
and valley-slope circulations. 

I 

3 6.1 Sea Breeze. In the case of the sea (Or 
lake) breeze, the strong heating of air over land 
(and the greater expansion of a column of air 
over land as compared with a similar volume 
over water) leads to an M o w  of air at the 
surface from sea to land, which, in turn, causes 
a return circulation aloft from land to sea. At 
night a reverse flow occurs. Principal among 
the factors which favor a sea breeze ia a rela- 
tively high intensity of solar radiation; however, 
a weak general pressure gradient is required 

a -  - 

< 
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Fig. 3.6-AnnAnnualwind row for two-year period, June 
1950 to May 1952. Wind at 2 0 4  level. Radial lines 
show direction from which wind blows (NRTS). 

to permit formation of a true sea breeee. 
Thus, in tropical regions one might expect the 
sea breeze to occur throughout theyear,nhere- 
a8 in temperate latitudes the sea breeze is 
most frequent during spring and summer. Or- 
dinarily, the ma breeze begins early In & 
day with relatively low rind speede and attains 
its maximum about 2 p.m. Ita degth in tem- 
perate latitudes is usually lese than BOO0 ft. 
As the sea breese penetrates inland, ita iipcmd 
and depth are reduced coneiderably. &me& 

736 932 
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measured 10 to 15 miles inland may be about 
one-half the value at the cdaet Line, and the 
depth is correspondingly reduced. The land 
breeze, the return flow from land to sea, be- 
gins about 2 hr  after sunset and continues until 
about 2 or 3 hr after sunrise. The landbreeze 
is not so well marked a wind phenomenon as 
the sea breeze, and its depth is only a few 
hundred feet. 

6.2 Valley-slope Circulations. Local win& 
cawed by differential heating of the terrain are 
often the dominant circulation over a site. Al- 
though valley-slope winds may occur over 
gently sloping terrain, they are most pronounced 
and frequent in mountainous areas. 

During the day the air over a slope willbe 
mrmer  than air at the same height over the 
valley. The rising of this warmer air creates a 
well defined wind up the slope. The reverse is 
true at night, and the cooler air over the slope 
flows downward into the valley. 

The essentially cross-valley-slope winds are 
an integral part of the larger and deeper circu- 
lation along the longitudinal axis of the valley. 
This wind too is caused by differential heating, 
this time between the air over the valley and 
that over the plain. Now it is the air within the 
valley that becomes warmer during the day 
and, rising, is replaced by a flow into the val- 
ley from the plain. During the night a reversal 
occurs, and air flows down the valley out to 
the plain. Figure 3.7 is an idealized represen- 
tation of the circulation which might occur in a 
typical valley. It should be noted that the slope 
and valley circulations decrease with height, 
disappearing entirely at about the height of the 
tops of the ridges forming the valley. The an- 
nual wind rose for the National Reactor Testing 
Station shown in Fig. 3.6 shows the great in- 
fluence of terrain winds. The southwesterly 
wind8 are primarily up-valley, and the opposing 
northeasterly winds, the nocturnal return, flow 
down the valley. 

A very localized feature, but m e  whichcan 
result in rapid dbtfibution of contaminants, is 
the heating of one side of a valley, as by the 
morning sun, while the other side remains in 
shadow. This may result in overturning of the 
air as shown in Fig. S.8. 
A coastal location may be mmjected to a 

combination of sea breeze and up-blope winds. 
The effects which produce local winds ale0 

I 

SUNRISE FORENOON 

NOON LATE AFTERN~ON 

EVENING LATE EVENING 

MIDDLE OF NIGHT LATE NIGHT TO MORNING 

Fig. 3.7 --Idealized representation of the circulation 
which might be expected in a typical valley (DefantO). 

Fig. 3.8-The heating of cine side of a valley 
the other side is relatively shady may produoe over- 
turning of tbe air in tbe valley. 

combine with the effects &-the largt, ecl~le 
pressure systems to increase or dscr 
wind speed and to alter wind direction. 
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7. EFFECTS OF SURFACE FRICTION 

The frictional drag of the earth's surface on 
the air moving over it results in a velocity in- 
crease with altitude from the surface upward. 
This increase of speed with height may vary 
according to a logarithmic or power law. At 
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Fig. 3.9-Aunual wind speed profiles showing that 
winds near the surface are stronger during the dfly 
and winds aloft are stronger at night. The observa- 
tions were made at Oak Ridge" September 1949 to 
August 1950. 

W o r d  it was shown8' that the wind profile is 
logarithmic about 93% of the time during day- 
light hours. At night such a formula is less 
applicable, probably owing to the thermal strati- 
fications of the air. 

During the day energy from m o d q  air aloft 
is rapidly brought to the ground by eddy motion. 
At night the eddies are damped out. Therefore 
surface winds are stronger during the day, and 
the winds aloft are stronger at night (Fig. 3.0). 

8. MIXING PROCESSES 

These motions may result in a change of 
location of material within an air mass, or they 
may result in the mixing of clean air with the 
material. The latter decreases the concentra- 
tion of material per unit volume and is of 

736 

primary concern. In'the preceding parts of this 
chapter, with an entire air b s s  in mind, we 

. 
have considered motions which are nondiffusive. 
Consider now those which may be regarded as 
diffusive. Since a mathematical approach to the 
diffusion process is given in the chapters to 
follow, we will consider the subject qualitatively 
here. A puff of material, .if actually injected 
into a volume of air, will seem to grow larger. 
This is due almost entirely to eddy motions. 
Molecular motion. also produces diffusion, but, 
compared to eddy diffusion, molecular diffusion 
is hardly noticeable at the scale in which we 
are interested. 
Eddy motions may result from mechanical 

effects, as when objects protrude into the vol- 
ume and interrupt smooth air flow (Fig. 3.10), 

Fig. 3.10-Mechanical eddies form whensmooth flow 
is interrupted by objecte. The four examples show 
the effect of wind speed on eddy format'on (Sherlock 
and Stuer'").  

from the effects of convective or thermal 
eddies due to unstable density stratification, or 
from the combined effects of both. Mechanical 
eddies may be favored or damped out by the 
vertical density gradient. 

8.1 Dimensions of Eddies. An eddy in the 
atmosphere can range in size from molecular 
dimensions to the diameters of great cyclonic 
storms covering large portions of the earth's 
surface. The effect of eddy sizes on dlfhreimis- 
of great interest and practical signincance. 
However, OUT knowledge is limited by the tech- 
nic& ctifficulties in collecting ~bservational" 
data. The study of eddy motions by instrument8 

* is greatry complicated by the three-dimensional 
character of the eddies and by the speed of' 
response necessary in instruments for their 
measurement. 

034 
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Vertical diffusive motions in the lower level8 
are  subject to the damping effect of the ground, 
but above 100 ft such motions are usually 
treated as though they were equal vertically 
and horizontally. (In other words, turbulence 
is now usually regarded as isotropic at the 
level of most stack tops. Further investigations 
.may modify this concept materially.) 

8.2 Convection. Our ability to estimatequan- 
titatively the effects of convection on airborne 
material is limited. From observations of cloud6 
and smoke and from the experiences of glider 
pilots, it appears that convective “cells” take 
various forms. The classical BBnard cell of the 
laboratory has fluid rising in the central section 
and then descending. Such cella form in liquid 
or air and are easily produced. They are  char- 
acteristic of a shallow layer of fluid with a 
pronounced vertical density gradient that is not 
disturbed by the effect of shear or by eddies 
due to other causes, and they maybe responsible 
for some of the regular patterns of clouds often 
observed. With proper shear, a single line of 
BBnard cells in a vessel becomes two rotating 
rollers oriented in the direction of the shear. 
Rising motions occur between the two rollers, 
with descending motions along the outer edges. 
Similar motions probably cause the so-called 
“cloud streets’’ (long parallel rows of clouds), 
seen sometimes over the open ocean. 

Glider pilots and some meteorologists (nota- 
bly R. S. Scorerloo) discuss another type of con- 
vection which, for want of a better name, is 
called the “bubble-type.” With this type, hot 
bubbles of air, which form because of unequal 
heating of the ground, rise independently; thus 
the descending motion is indefinite and is not 
easily detected. The pilots call the rising bub- 
bles and the column of air trailing the bubbles 
“thermals. ” The difference between circulation 
in a BBnard cell and air motion according to the 
bubble theory is shown in Fig. 3.11. Experience 
indicates that most natural convection combines 
features from both models. 

Convection may lift and disperse materialor, 
in the case of stack effluent, may bring it to the 
ground in concentrations higher than would 
otherwise be expected. 

8.3 Surface Kougkness. Keeping all other 
factors constant, the contribution to the diffusive 
power of the atmosphere which is due tome- 
chanical turbulence is relatively larger over 
rough surfaces than when the surface is smooth. 

C r y d  types can be ranked according torough- 
ness almost completely intuitively, and the 
roughness can be checked experimentallywith 
smoke; a wheat field is rougher than mown 
grass, and the grass is rougher than a snow 
surface. In atmospheric pollution work we are 
also interested in roughness due to terrain and 
objects, such as trees, walls, and buildings. 
For the moet part in industrial problems, 
roughness is dealt with without assigning a 

NO DEFINITE q’? . CIRCULATION 

/ 
HOT GROUND f 

(b) 

Fig, 3.11-Comparison of circulation in a B6nard 
cell with air motion according to the bubble tbeory. 
(a) Circulation in a B h a r d  cell (cross .section). (b) . 
Convection bubble. 

numerical value (such as the micrometeorologi- 
cal parameter “roughness” length) to surfaces 
and objects. It is considered indirectly i n t e r m  
of ita effects on the coefficients of the diffuaioia 
equatlOIU. 

<? 

8.4 Gustiness. Gustiness, usually referring- 
to a variability in the force of the wind, i8 
physical evidence of eddy motton, aa is the 
~ f r o m e i d e t o s i d e c d a w i n d v a n e .  oJu4, 
gusts due to mechanical eddies, the greater the I 
mean wind speed the greater the mean ampli-, 
tude of the gusts. 
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9. EFFECTS OF MIXlNG PROCESSES 

If material is released as a puff, thediffusive 
action of a particular eddy depends upon its 

AY 
TIME MEAN 

_L WlOTH O f  CLOUO 
I '  

AXIS OF QOUO 

INSTANTANEOUS 
wioin OF CLOUD 

\ I  \c AXISOF CLOUO 
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any continuous source, since a time interval is 
considered instead of an instantanem event, 
eddies of many sizes affect concentrations. 
Figure 3.12 shows schematically the instan- 
taneous width of a cloud from a continuous 
source vs. the time mean width. Figure S.13 
shows schematically relative concentrations 
across the mean width as obtained by time 
averages, and Fig. 3.14 shows ground concen- 

Fig. 3.12--InStantaneous width of a cloud from a con- 
tinuous source vs. the time mean width.= 

Fig. 3.14-Ground concentrations over a d i c i e m t  
time interval downwind of a stack (elevated continuow 
source). 

t 1 r  1 

Fig. 3.13-Concentrations across the time mean 
width. 

size relative to the size of the puff. If the puff 
is small, a large eddy may only transport the 
material from one part of an air mass to 
another, with a minimum of diffusion. However, 
since eddy sizes may range from a few centi- 
meters to thousands of meters, diffusion to 
some degree will begin almost instantly after 
the material is released into the atmosphere. 

Internal motions within an air mass must be 
considered somewhat differently when referring 
to the diffusion of material from a stack or 
vent, i.e., a continuous source. Some eddies 
are effective in producing diffusion of the 
smoke plume, and some move the plume in a 
serpentine fashion horizontally or vertically. 
In this case, to estimate concentrations down- 
wind, sampling time becomes important. For 
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Fig. 3.15-Representative variations of wind 
titm form the IO-sec meaa for the wind trace- 
(Lowryu). 

trations over a sufficient time inte 
or more) downwind from a stack. 

mean for the wind trace types are 6- id; 
Fig. 3.15. Note the similarity of these curvk '  

The variations of wind direction 
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to the curve for the relative concentrations 
across the time mean width from a continuous 
source. The relation between the wind fluctua- 
tions and the time mean concentrations down- 
wind from a source is inferred from these 
curves. 

- 1. 

. -  
10. TEMPERATURE PROFILES 

The diffusive capacity of an air  mass is 
strongly influenced by its vertical thermal 
structure. When the temperature of the air is 
plotted as a function of height above surface, 
the curve is conveniently referred to as a 
temperature profile. 

At a given pressure and specific volume, the 
temperature of a gas is inversely related to its 
density, and its acceleration due to buoyancy 
force is proportional to the difference between 
its density and that of the medium in which it is 
submerged. Buoyancy alone is not sufficient to 
account for the motions which actually occur, 
but the temperature profile, together with its 
associated buoyancy effects, is a necessary 
consideration when estimating concentrations of 
airborne material downwind from a source. 

The rate of decrease in the value of any 
meteorological element with elevation is usually 
referred to as its lapse rate. With a normal or 
standard lapse rate (e.g., U. S. Standard Atmos- 
phere), the rate that temperature decreases with 
height is specified as 3.5”F/1000 ft and0.65”C/ 
100 meters. 

If the lapse rate is such that it shows no 
change of temperature with height, it is isother- 
mal. A stratum with an “inverted” (or positive) 
gradient, in which the temperature increases 
with elevation, is designated an inversion (Fig. 
9.16). 

Of particular interest is the unique atmos- 
pheric lapse rate which permits a parcel of air 
to be displaced from one level toanother so that 
the parcel always has the same density as ite 
environment (ass& unsaturated air and that 
changes of temperature within the parceltake 
place without an exchange of heat with its sur- 
roundings). Since a change of state, Le., of the 
temperature, pressure, and density, of a gas is 
said to be adiabatic if it takes place without 
heat being supplled or withdrawn, the lapse rate 
referred to is hown as the dry adiabatic lapse 
rate or sometimes as just the adiabatic raie. 

(- 

Numerically, it is equal to a decrease with ele- 
vation of loC/10O meters and 5.4”F/1000 ft. 

If the temperature in the atmosphere de- 
creases at a rate greater than the adiabatic, 
the lapse rate is superadiabatic. With a super- 
adiabatic lapse rate, a parcel of air which ie 
displaced upward from a level at which it bas 
the same temperature and pressure as the sur- 
rounding atmosphere will undergo a decrease 
of temperature corresponding to the adiabaUc 
rate and will have a higher temperature than 
its environment at the new level. It w i l l  be of 
lower density than the surrounding air, and the 

ISOTHERMB 
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TEMPERATURE - 
Fig. 3.16-Temperature profiles illustratingthe nor- 
mal lapse rate, an isothermal lapee rate, and inver- 
sions. The dashed line is the dry adiabatic lapee rate. 

force of buoyancy which results will tend to 
cause the volume to continue to ascend. In like 
manner, if the parcel should be displaceddown- 
ward, it will have a lower temperature than its 
surroundings and wil l  tend to sink further. 
Therefore, when the lapse rate is more than 
the adiabatic, all vertical motions are acceler- 
ated, and the atmosphere is said to be unetable. 
On the other hand, if a lapse rate is lese tban 
dry adtabatic, a parcel of air displaced upward 
will have a temperature lower than ita sur- 
roundings or, if displaced downward, a tem- 
perature higher. In thie case, buomcy forces 
tend to restore the parcel to its origlnal 
and the atmosphere is said to be stable. 
lapse rate is exactly dry adiabatic, 
neither stable nor unstable, and conditi 
said to be neutial (Pi& 3.17). (The 
lapse rate is often referred to as “av 
conditions. This may glve an incorrect 
elon since measurements show that in 
nental area the temperature pr-8 
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lower layers are most frequently superadiabatic 
by day and isothermal or inversions at night.) 
As water changes phaee from a vapor to a 

liquid, heat will be releaeed; and, if the water 
is condensing in a rising volume of air, the rate 
of cooling of the air wi l l  be changed. The lapee 
rate produced, which is less than the dry,&- 
@tic, ie ]mown aa the moist or peeadoadiabotic 
lapse rate. However, in air pollutionproblems 
it is seldom necessary to consider the lifting of 
air high enough to produce condeneation by 
adiabatic cooling. 

When dealing with conditione near the sur- 
face, e.g., in stack effluent problems, it is 
usually considered that condeneation is not oc- 
curring within the stratum of interest even 
though there may be fog or precipitation. The 
actual lapse rate is compared with the dry 
adiabatic to determine stability. The error 
introduced is negligible. 

11. EFFECTS OF TURBULENT MIXING 

During windy weather, when the atmosphere 
is well mixed and clouds prevent incoming and 
outgoing radiation, lapse rates which arenearly 
equal to the dry adiabatic are observed to 
moderate elevations. 

Since the dry adiabatic rate k greater than 
that of the atmosphere generally at these 
heights, at the upper limit of the mixed layer 
there wil l  be a turbulence inversion (Fig. 3.18). 
Such inversions are common on the coast of 
California and are a factor in air pollution 
there. Unden strong inversion conditions gentle 
mixing hae the effect shown in Fig. 3.19. Any 
motion at the surface w i l l  tend to stir the air 
and make the noctural inversion deeper and 
lese intense. 

change a superadiabatic profile when there is 
strong surface heating. During the day theair 
is heated initially by molecular conduction at 
the surface, but that heat is transported to a 
considerable height by convection. However, 
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Fig. 3.18-Development of a turbulence inversion. 

12. DIURNAL EFFECTS 
TEYPERATURE - 

Figure 3.20, drawn from actual data, shows 
the changes in the temperahre profile which 
may be expected to occur on a typical day with 
light wiade and fen  clouds. During the middle 
of the day (note'O900 and 1500 burs), the lapse 
rate ie muperadiabatic. The mperadiabatlc rate 
will be nearly constant because of the mixing 
action a! the convective currents which are 
automatically generated. Additlo401 miring due 
to turbulence created by wind does not greatly 

spperadhbaMc lapse rates are ummlly main- 
tained only in the lowest few hundreds d fee4 
occrreionally reaching loo0 to 2000 it over bare 
grotmdinmideummer. Themidafternoanprofile 
ie similar to tbat of midmornfng, except thnt it 
ie dieplaced toavd warmer temperatures. - 
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Fig. 3.20-Temperature somdhgs on a day with clear sldee nnd ligM wlpds. 

As the sun sets, the ground begine to cool 
rapidly; 88 a result an intense but shallow in- 
version is formed (1830). Throughout the night 
the surface temperature will continue to de- 
crease; therefore the surface inversion wi l l  
continue to become more pronounced. Other 
factors remaining the same, still air wi l l  con- 
tain the most intense, although shallow, inver- 
sions. Above such inversiona the air wil l  cool 
slowly. 

At sunrise, heating at the surface begins 
immediately, and a shallow but graduallp deepen- 
ing supewhbatic layer develops (0900). Con- 
vective eddies are won established i~ this 
layer, thus, by the time it is a few hundred feet 
thick, stack effluent may be br-t to the 
ground and mixed within the layer to produce 
high ground cencentrationa . Thie particular pro- 
file is said to produce 9umigaUm" conditiaae 
and is dtacussed in greater detail in Chap. 5. 
Thereafter, the profile becomes, for all practical 
purposes, superadiabatic. 

I 
Figure 3.21 shears similar data obtained at 

W Ridge, Tenn., but, in addition, the frequency 
of the various lapse rates and profiles is illus- 
trated. The general dlornal trend is quite simi- 
lar, although the higher, drier regime at the 
Idaho statlonresulLsfnhigbervaiwsofboth 
the daytime sup6radi.batic lapse rate and tbs 
nighttime inversioas. This figure ale0 shora 
that the large d t d  range of lapse ratetde- 
creases rapidly with increasing height abow! 
theground. . 
Figure 8Jt d t k  h e  temperaturedi&wence 

between 100 €t&mlSftforaninterdrrrmp- 
mer moath. la ktr, SUtfiLcB heatla# 

about 2 hr t b e t e a p m & m a t t h e ~ ~ b t r  
about mmriIle, 0 8brtly 3lefm, and wltilim 

the same. few mbl*S**-'a 
eupemdlabtatk rate b e Tb;s 
etronged m- rate 0c-n w-32 
before etr- caa66tlve c u r r h  bt 
OCCIUS. Ducw-tb batter part odthaadming, 
after convective currents are estrbllehed, ttm 

b 
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lapse rate is less superadiabatic; however, it 
becomes more unstable again as surface heat- 
ing progresses. During the early afternoon 
surface temperatures reach a maximum, and 
the lapse rate may be a8 superadiabatic as any 
other time during the day. With enough heating, 
convective processes are  inadequate for main- 
t h i n g  a constant lapse rate. Cooling at the 
ground begins before midafternoan, and, for 
most of the remainder of the afternoon, the 
lapse rate gradually decreases. In the example 
shown, inversion conditions are established 
about 1 h r  before sunset. In a shallow layer 
near the ground, the most intense inversion 
will occur in the evening since the air is still 
relatively w m  with respect to the cooling 
ground. 

13. SEASONAL EFFECTS 

The difference between the amount of solar 
radiation received at the surface in summer as 
compared to winter is greater than is generally 
realized. On clear days in winter there is not 
only less sunshine per unit area because of the 
lower elevation of the sun but the duration of 
sunshine is much less. For example, at about 
45"N, the solar period is almost twiceaslong 
on June 21 as on December 21. A secondary 
effect of the elevation of the sun is that at low 
angles the sunlight must penetrate a much 
greater depth of atmosphere; thus there is 
much more opportunity for radiation to be lost 
owing to scatter and absorption by water vapor, 
dust, smoke, and other turbidity factors. 

Actual seasonal profiles are greatly affected 
by local conditions and will vary greatly;but, 
in general, the seasonal differences in solar 
radiation will favor longer inversion periode 
during colder months. At a continental station 
with pronounced seasonal effects, a -mum 
of only a few hours of definitely superadiabatic 
conditions will occur consecutively during mid- 
winter, whereas sometimes an unbroken period 
of inversion conditions will occur for several 
days. At the same station throughout summer 
months, superadiabatic conditione w i l l  be the 

In addition to the seasonal effecta directly 
caused by the solar angle, there is also an im- 
portant effect which is caused by the lag in the 

c rule.during daylight hours. 

heating of the atmosphere as a whole. This is 
illustrated in Fig. 3.23. It is easy to see by 
means of this diagram that, on the average, the 
strongest lapse rates occur during the spring, 
whereas the strongest inversions occur during 
late summer or fall. In spring there is likelyto 
be cool air over a warming surface, whereas 
after midsummer the reverse is true. 

From the preceding discussion of seasonal 
effects, it would seem that there would be more 
inversion hours during the colder months. Ac- 
tually, at most locations conditione are just the 
opposite. Although the lack of sunshine greatly 
favors inversion conditione during winter, in 
northern continental latitudes there is also 
much more wlndy, cloudy weather than in sum- 
mer. For the United States as a whole, spring 
months have the least number of inversion 
hours, whereas fall monthe have the most. It 
should be noted, however, that winter conditions 
favor the persistence of inversions. 

Other factors contribute to the modification 
of the thermal structure of the atmosphere and 
hence to the -ion. Since they are rarely 
considered separately or measured directly, 
they w i l l  be mentioned briefly. 

14. RADIATION SURPACES 

Surfaces a l ~ o  differ greatly in their ability to 
radiate heat. Snow is an especially good radia- 
tor and for all practical purposes maybe re- 
garded a~ a black body. The most pronounced 
inversions are likely to be found over snow sur- 
faces. Note the effects of snow shown in Fig. 
3.24. 

15. CONDUCTIVITY AND SPECIFIC HEAT 

Air temperatures above a surface are af- 
fected materially by i tsconduct ivi tyands~ifk 
heat. In general, highly porau, dry materials 
have low conductivity, whereas materials ccm- 
tahing the moat water have the highest specific 
heat8. Tbe combinedeftecte Obtheaepropertierr 
a m  most evident in the minimum temperaturea 
obaerwd over -iotas WffPcBs. Otber copr 
ditlone being qual, mlnlmum temperatPrer 
should be slightly lower over freshly fallen 
snow aud dry sandy soil than-over humus, ice, 
or concrete. * 3': 

* k' 
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Fig. 3.24-Bare grouud (a) VB. mow cover (b). 

16. PHASE CHANGE OF SURFACE WATER 

It is possible to observe superadiabatic gra- 
dients during the early morning hours, the time 
rbeo air is usually especially stable, under the 
folloring combination of circumstances: 

1. Wben there is a low, heavy overcast last- 
ing thr- the previous day and continuing 
eomtbenight. 

2. When a mass of freezing air is brought in 
ovem a wet and relatively warm surface. 
3. When rind speeds are light (between 4 and 

8 -1. 
The air very near the ground is warmed by 

the intent heat of h i o n  given off as the water 
QL the ground freezes. Figure 3.25 shows a 
temperature profile obtained under the con- 
dttiolre described. 

Wapontion, as on the day following a heavy 
rain, rill also exert a cooling effect that may 
be significant. The cooling effects of evapora- 
tion are likely to be more pronounced during the 
&yUme. at night is primarily a 

d rind epeed; thoe its effects on the 
temperptrne profile are somewhat masked. 

16.1 Vegetation. The daily range of tem- 
perature ie smaller Over vegetation. Neither 
lapsenor inversion conditions are as pronounced 
paoverboreground. 

16.2 Cities and Other Built-upAreas. In- 
ve~t iga t ions"~ '~  have shown that cities or large 
industrial areas do indeed produce significant 
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temperature effects and . 
different temperature pr 
the surrounding cormtrys 
freqasntly cause instability up to 
times roof height in otherwise stable air. ThLe 
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temperature ranges because the minimum tem- 
peratures are lower. Cold air ten& to drain; 
thus inversion intensities are increased (Fig. 
3.28). The effect can be very pronounced even 
though the valley is not deep and theslope of its 
sides is gentle. 

SEA LEVEL 
I ELEVATION I 

Fig. 3.28-Cold air draine to lower elevations, pro- 
ducing colder temperatures on the valley floor and 
i n t e ~ i f y h g  temperature inversion conditione. An ac- 
tual temperature distribution reeulting from drainage 
is shown (Hoecker"). 

: 
Convex topography (crests of hills or moun- 

tains) tends to decrease the daily and annual 
temperature ranges since cold air chains away. 
Slope stations are the least exposed to tem- 
perature extremes, but southern slopes receive 
much more and northern slopes receive much 
less radiation than nearby stations on a level 
surface. Consequently, the temperahe  profile 
on one side of a high hill may be greatly dif- 
ferent from that on the other. 

16.5 Altitude. The greatest diurnaleffects 
are likely to be observed on level plaine and 
large plateaus which are high above sea level. 
The-drier less dense air favors strong surface 
heating during the day and m a x l m b  radiation 
at night. 

16.6 Advection. Marked changes inairtem- 
perature, humidity, and turbidity may result 
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from the large scale horizontal transport of 
warm or cold air masses. If a warm air mass 
moves over a cool surface, the air wi l l  become 
more stable, and, conversely, if a cool volume 
moves over a warm surface, it willbecome more 
unstable. When air moves over a warmer sur- 
hce,  the heating effects are  promptlycarried 
to considerable heights. However, air brought 
over a colder surface is modified but little ex- 
cept in the lowest layers, but there the cooling 
effect may result in a strong inversion. 

16.7 Water Surybces. The surface tempera- 
ture of a large body of water changes very 
slowly. Diurnal effects are small. The tem- 
perature profile over such a surface is for the 
most part due to advection. Fog is sometimes 
the visible effect of a water surface on the air 
above it. A classic example is the fog of the 
Grand Banks which results when warm moist 
air passes over the cold currents. Steam fog, 
on the other hand, forms when cold relatively 
dry air passes over warm water. Weather 
forecasters around the Great Lakes predict 
snow showers, resulting from instability, when 
otherwise stable arctic air masses cross the 
unfrozen lakes. 

16.8 Precipitation. A precipitation condition 
which may result in high concentrations at the 
ground is important when radioactive materials 
are involved. Here we consider very briefly 
the kind8 of precipitation and the stability con- 
ditions under which precipitation'occurs. (For 
further information see Chap. 7 on wash-out and 
deposition of radioactive debris.) 

In practically all instances precipitation ie 
the result of air being lifted. Ldfting may take 
place when air is forced up over a mountain or 
over a wedge of cooler more dense air or when 
it rises through convective processes. When a 
stable air mass moves up a slope, the vertical 
component of velocity is likely to be deter- 
mined by the angle of the slope; on the other 

when there are convective currents, ver- 
tical velocities can be comparatively hrga. 
Since precipitation falls when the clod parti- I 

cles become 80 large 
ported by the upward 
sitas in a ehoner are 
in a steady rain. Table 3.1 shows the varirtion 
in drop eims from fog, a stable canditl 
clapldboret, - perhaps the mmt oastable; I 

Rates of rainfall are also related to atmos- 
pheric stability, though not in a simple way. 
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Fig. 3.29-Tower measurements of duet concentration, test period August 4 to August 28, 

lapse. strong winds. 
1953. --, lapse and inversion. -, inversion, light winds. --- , lapee, light winds. ----, 

When estimating the effects of precipitation 
on ground concentrations, the type of precipi- 

Table 3.1 -Variation in Drop Sizes+ 

Popular name Diameter. mm 

Dry fog 0.01 
Mist 0.1 
Drizzle 0.2 
Light rain 0.45 
Moderate 1.0 
Heavy rain 1.5 
Exceesive raln 2.1 
Cloudburet 3.0 

~ a t a  taken from ~ ~ p h r e y s . "  

tation, rate of fall, and the lapse rate rreaociated 
with such precipitation should be tPlren into 
account. The effect of the fine winter rain of 
Seattle is quite different from that of a Miami 
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thundershower. Furthermore a sudden shower 
calculated to bring dangerous amounts of air- 
borne material to the ground is not likely to 
occur when diffusion conditions are poor. 

16.9 Dust. Some atomic facil it ies are un- 
usually sensitive to atmospheric dust, e.g., 
air-cooled reactors. Dust can harm a reactor 
in various ways, but perhaps the most important 

*aspect is that in passing through a reactor it 
can become radioactive and radioactive air- 
borne particles map result. It is customary to 
include air cleaning devices, such a8 filters 
and precipitrons, in a design to clean the air 
before it enters a reactor. Where the air is 
particularly dusty, the expense of operating air 
cleaning equipment increases. Some observa- 
tiom of dustiness are availabie from Weather 
Bureau offices in inetances when dust restricts 
visibility; bowever, dustiness must often be 
inferred from state of ground and wind data. 
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Where quantitative information on dustiness fs logical Society. Boston, M u s . ,  1951, 1334 pages. 
required, special observations must be taken at Each subject treated by an outstanding authority, 
the site. Average dust concentrations run from and numerous references are listed. Includes see- 

tions on radiation (solar and long wave). atmos- 
pheric electricity (radioactivity in the atmosphere). 0.05 to 0.5 mg/m’ in a rural or suburban die- 

cloud physics, local circulations, climatology, at- trict to 0.2 to 0.5 mg/m’ for Mustrial dfs- 
tricts.* Amounts of dustiness decrease eignifi- maspheric pollution, etc. 
m u y  elevatbrl*ve SUrface. The 5. Meteorological Abstracts ad Bibliography, pub- 
06 a series of measurements using a 2 5 0 4  lisbed monthly by the American Meteorological 
tower are ehown in Fig. 3.29. Society. 3 Joy Street. Boston 8, Mass. Each issue 

Troublesome dustiness is often not entirely a except December con- abstracts of current 
meteorological problem but results when the meborological material and a cumulative amo- 
ground surface is broken up by activity, suchas ta&d bibliography on one subject. The December 

issue contains nunual cumulative indexes. Some 
SUbJects already treated are the following: h o e -  site construction. Dustiness can be, and is, 
pberic Pollution by Smoke and Gams, January 1950; controlled by the plantine of shrubs and grass 
Special Winde, July 1951; Urban Climates, July and by surfacing roads, parking lots, etc. 

Although the preceding material has discussed 1952; Statistical Theory of Turbulence, January 
the various meteorological parameters sepa- 1953; Turbulent Diffusion and Exchange, February 
rately, and mostly from the standpoint of nomen- 1953. 
clature, these variables are inextricably inter- 6. The Bulletin of the American Meteorological Soci- 
related and often complex. The interested reader ety. This ie the offlcial publication of the Soclety 
is referred to the Bibliography for additional ad is published monthly except July and Auguet. 

It serves as a medium for original papere and con- 
tributfone to the field of meteorology, with empha- 

information. This list, although not complete, 
sis onpractical applications. It alsocontains news. should serve a8 a useful guide. 
notes. reviews, etc., of interest to meteorologists. 

7. The Journal of Meteorology. also published by the 
American Meteorological Society (bimonthly). It 
transmite tbe results of original research and cir- 
culates to all professional and corporation mem- 
bers of the society. 

8. MeteorolqOcal Library. The Library, U. S. Weather 
Bureau, Washington 25, D. C.,  in special cases 
may be able to provide published material not 
otherwise obtainable. 

BlBLIoGRAPHY 

General Meteorology 

1. Weather Glossary, U. S. Department of Commerce. 
Weather Bureau, for sale by the Superintendent 
of Documents, U. S. Government Printing Off~ce, 
Washington 25, D. C., 299 pages. 

2. Smithsonian Meteorological Tables, published by 
the Smithsonian Institution; prepared by Robert J. 
List, 527 pages. 174 tables. 

3. Meteorological Textbooks: “CbneraJ Meteorol- 
ogy,” H. R. Byers, McCraw-Hill Book Company, 
Inc., New York, 1944, 645 pages. “Meteorology. 
Theoretical and Applied.” E. W. Hewson and R. W. 
Longley, John Wiley 0 Sone, Inc., New York, 1944, 
468 pages. “Descriptive Meteorology,” A. C. Wil- 
Lett. Academic Press, New York. 1944. 310 pages. 
‘lIntroduction to Physical Meteorology,” H. Neu- 
berger, ~enneylvania shte University, L#ate Col- 
lege. Pa.; 271 pugem. A text which colltaiaa much 
miscellaneou information not found e l m h e r e  is 
“Physical Climatology,*’ H. Landsberg. Peansyl- 

pages. The publication “DyunmIa Meteorology,** 
Bernhard Haurwitz. McGraw-Bill Book Company, 
Inc.. New York, 1941. 365 p~eee,  considers the 

Micrometeorologg 

1. “Micrometeorology,” 0. G. Sutton, McGraw-Hill 
Book Company, Inc., New York, 1953, 333 pagws. 
This is an outstanding source of information on 
diffusion theory. 

Harvard University Press, Cambridge, Mass., 
1950. 482 pages. For the most part only the flrst 
few meters above the surface are conafded;  but 
even so, this publication le of great practical 

2. cumate Near Grormd,,, Rradolf 

Air polIutioo 

1. ‘*Air p0ll-m A b a t e d  m.” PlbIhbBd 
vania SLate College, State College, Pa., 1947. 283 the Maaufpchuing Chemtetd A s ~ i a u o n ,  WMh- 

in%ao, D. C. Twelve -n publbbed repantely. 
Of p u l i a l a r  interest I s  Chrpter 8, Meteomlogy 
of Air Pollutla. by E. Nefl Helmerr. 89 pages. 

thermodynamics and hydrodynamics of tb0 atmw- 
*re. UOQOppbli.bedbptbe - 
F. Malone, published by the 

2. M a s o r o l o g i c d  Mollogra&On AtmoqIbric mllu- 

4. wornpendium of ~eteorologg, ** edited 
American Meteoro- lea&Jrs in air pollrrtion 

5 
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f 3. Air Pollution, Proceedings of the United States Dusts and Other Aerosols 
\ Technical Conference on-Air Pollution. Louis C. 

McCabe. Chairman, McGraw-Hill Book Company, 
Inc., New York, 847 pages. Nine articles by mem- 
bers of the meteorology panel. 

4. Proceedings of the Second National Air Pollution 
Symposium, sponsored by the Stanford Research 
Institute, Executive Heeadpuarters, Loa Angeles. 
Calif., 144 pages, 23 contributors. 

5. Air  Pollution in Donora, Pa., Public Health Bulletin 
No. 306. Federal Security Agency, Public Health 
Service, 1849. Of special interest is thechapter 
entitled Meteorological Investigations. 

6. Report Submitted to the Trail Smelter Arbitral 
Tribuual, Bulletin 453, United States Department of 
the Interior, Bureau of Mines, U. 8. Government 
Printing Office, 1944. For sale by Superintendent 
of Documents. Part II, Meteorological Investiga- 
tions in Columbia River Valley near Trail, B. C.. 
E. Wendell Hewson and G. C. Gill, pages 23-223. 
A monumental meteorological investigation for in- 
dustrial purposes. 

7. A i r  Pollution, A Bibliography, U. S. Government 
Printing Office. For sale by Superintendent of 
Documents, 448 pages. 

_ -  

Results of Meteorological Surveys 

Meteorological surveys of atomic energy sites: Me- 
teorological surveys have been made of all large 
Atomic Energy Commission sites. Of particular 
value for reference purposes are the following re- 
porte: A Meteorological Survey of the Oak Ridge 
Area,  Report ORO-99. Weather Bureau, Oak Ridp, 
Technical Information Service, Oak Ridge, Tenn., 
U. S. Atomic Energy Commission, 1953, 584 pages; 
and Meteorological and Climatological Investiga- 
tions of the Hanford Works Area, Report HW-19723. 
(Official Use Only). General Electric Nucleonics 
Department, W o r d  Works, Richland. Wash.. 1950. 
110 pages. 

1. Dust and Other Airborne Particulates. Valuable 
information is contained in the following publica- 
tions: Handbook on A i r  Cleaning, U. S. Atomic En- 
ergy Commission, Washington, D. C., 1952. 89 
pages. For sale by the Superintendent of Docu- 
ments, U. S. Government Printing Office, Wash- 
ington 25, D. C.; “Industrial Dust.” P. Drinker 
and T. Hatch, McGraw-Hill Book Company, Inc., 
New York. 1936, 316 pages; “Micromeritics, The 
Technology of F h  Particles.” J. M. Dallavalle, 
Pitman Publishing Corp., New York, 1948. 

2. AEC Haadbook on Aerosols, U. S. Atomic Energy 
Commission. Washington, D. C., 1950. Cha-r 2. 
General Meteorological Principles, Wendell M. 
Latimer. 

Instrumentation and Observation8 

1. “Meteorological Instrume~lts,~~ W. E. K. Middle- 
ton and A. F. Spilhaus, The University of Toranto 
Press, Toronto, Canada. 1953. 288 pages. 

2. Manual of Surface Observations. Circular N. U. 9. 
Department of Commerce, Washington 25, D. C., 
150 to 200 pages. 

Earth Physics. Including Meteorology 

Transactions, American Geophysical Union, publbbed 
bimonthly by the American Geophysical Union, 
Washington 5. D. C.. papers and discuesions on 
meteorology, hydrology, oceanography. etc. 

Foreign Sources 

Considerable information which might be of interest 
is contained in the publications of the Royal Mete- 
orological‘ Society. Meteorological papers in for- 
eign journals are reported in the Meteorological 
Abstracts and Bibliography of the AmericanMe- 
teomlogical Society. 
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An Outline of Atmospheric Diffusion Theories 

Qualitatively speaking, the notion of diffusiont 
in the atmosphere is not a particularly difficult 
one. Photographs in Chap. 5 on stack effluents 
illustrate strikingly the spreading of smoke 
plumes; and, in general, their characteristic 
behavior is not surprising, agreeing as it does 
with our intuitive idea of what ought to take 
place. In a puff or plume, smoke is relatively 
concentrated near the central portion; the con- 
centration quite evidently decreases toward the 
edges anddiminishes with t1-e or  with distance 
from the source. Reference to  the smoke pic- 
tures, furthermore, verifies that the windiness 
and degree of thermal stability of the lower 
layers of air  markedly affect this process of 
diffusion; and once again this is seen to occur 
in a way that is qualitatively very reasonable, 
high winds and unstable thermal stratification 
favoring rapid diffusion. The problem is to ex- 
press these facts quantitatively in a theory so 
that predictions can be made. 

An outline of the significant practical results 
of the various meteorological diffusion theories 
will be attempted in this chapter. Since there 
is no general agreement on a best theory and 
since several approaches are currently avail- 
able, the comparative advantages and short- 
comings of each will be discussed. No exhaus- 
tive treatment is, however, possible here. 
m e r ,  an attempt is made to collect and pre- 
sent concisely, and in a logical way, the results 
that appear to be germane to  those problems of 
greatest iaterest to the atomic energy iaduetry. 

The original objective, that of abriefpres-  
entation, has been abandoned. Even 80 it hae 

tThe dietinction betveea diffusion, ss of fluid (air) 
parcels, and dispersion. as of particulate matter SIS- 

pended ln the atmosphere. such as smoke clouds, I s  
sometimes made. hut it wi l l  not be made here. 

nat been possible to do justice to all phases of 
the diffusion problem, with its multiplicitJr of 
approaches and many ramifications. In particu- 
lar, emphasis has  been placed on the presenta- 
tion of final results, with references aerving 
instead of proofs; mathematical details can, of 
course, be found in the original papers. Fortu- 
nately several excellent general discwsioM of 
the atmospheric diffusion problem are available 
which provide rather complete coverage of just 
those areas that have had to be slighted in the 
present report. Treatments emphasieing mathe- 
matical formulations and derivations have been 
given by Cal&r" and Frenkiel,u and Sutton's 
recent contains much valuable material 
along this line. The discussions of H~WBOII,'' 
Davidsoqn and BoUandfi e m p w i e e  the prac- 
tical applicatiuns of the various theoretical re- 
sults, providing useful guidance for the field 
worker. 

1. THEORIES OF ATMOSPHERIC DIFFUSION 

1.1 Historical Backgrorad: h'ckiaand Non- 
h'ckicar I3ijj5&on. Historically, the earliest 
meteorological theory of diffusion was presented 
independently by Taylor'" and Schmidt,"' who 
derived the following differential equation of the 
problem: 

where x is the concentration d some quSnnty 
expred,  for errpmple, in erama per cub& 
centiarater. Kx, Kg, and KS are CoeffieLente d 
diffusion in the x-, y-, pod z-dircctioas, called 
"au&anch-koeffixienten" or ''- c d f k  
cients," by Schmidt. This lLuBtMch theom of 
diffusion is rooted in still earlier idem, based 

. 
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on Fourier's treatment of the conduction of 
heat, about which there is extensive literature. 
Fourier's theory of conduction was first applied 
to the case of diffusion by the physiologist Fick. 
Thus, by analogy with F d i e r ' s  law of heat 
conduction, one may state Fick's law of mo- 
lecular diffusion, diffsion of material is in the 
erecikjn of decreasing concentration und is 
proportional to the concentration gyadient, and 
alrleo Fick's equation, 

where the constant of proportionality, d, is the 
molecular diffusivity. Since Eq. 4.1 is a gen- 
eralization of Eq. 4.2, Richardsoniu refers to 
Eq. 4.1 aa an equation of Fick's type; both the 
above laws are commonly referred to as Fick- 
ian. The K's  in Eq. 4.1 are called "eddy diffu- 
sivities." 

Under this analogy with conduction theory, 
the problem of atmospheric diffusion becomes 
that of solving Eq. 4.1 with appropriate boundary 
conditions. Realistic meteorological conditions 
result in mathematical problems of considerable 
difficulty, some of which are not yet solved. Sev- 
eral meteorologists, principally Roberts, Cal- 
der, and Deacon, have been active in developing 
this so-to-speak generalized Fickian theory, 
which is often termed the "K theory of atmos- 
pheric diffusion." 

The Fickian analogy has been very fruitful in 
problems of atmospheric diffusion, as we will 
see; but it appears to contain a fundamental 
shortcoming, which was (characteristically) 
first pointed out by L. F. Richardson in 1926. 
Richardson noticed that, if the eddy diffusivity, 
K, is evaluated by fitting observations to Eq. 
4.1, the resulting E values vary from about 
0.2 cm'/sec for molecular diffusion to 10" 
cm*/sec for diffusion due to large-scale cy- 
clonic storms in the atmosphere. Thus the 
ability of the atmosphere to diffuse properties 
appears to depend fundamentally on the con- 
trolling scale of meteorological events, a con- 
tingency with which F'ichlan theory is not di- 
rectly prepared to cope since the diepersian of 
a concentrated cloud of particles may be suc- 
cessively affected by molecular agitation while 
the cloud is quite small, small-scale turbulent 
wind gusts when the cloud grows to a few me- 
ters in size, and 80 on until its ultimate die- 
persion throughout the whole of the atmosphere 

1 - 1  

by the large-scale cyclonic and anticyclonic 
currents. This circumstance led ~ u t t o n ' ~ " '  
and, more recently, Frenkiel"" to develop 
their "statistical" theories of turbulent diffu- 
sion, following Taylor's statistical theory of 

In the paragraphs which follow, the salient 
features of both the R theory and the statistical 
theories of diffusion will be summarized. B 
should be clearly understood that thesedonat 
represent fundamentally conflicting viewpoint6 
but rather are the logical results of emphasiz- 
ing different aspects of the diffusion problem. 
Nevertheless it is an interesting fact that cer- 
tain differences between the two approachem 
have not yet been entirely resolved, 88 diecue- 
sions at a recent international turbulence sym- 
posium clearly verify." 

Fortunately each theory has  its place in cur- 
rent meteorological practice. It may be said, 
arbitrarily but with some justification, that es- 
sentially in the atmosphere one faces diffusion 
problems on three characteristic scales. One 
scale, extending in length up to perhaps a kilo- 
meter, is exemplified by certain aspects of the 
chemical warfare problem, where precise in- 
formation on the concentrations close to sources 
at or near the ground is required. The second, 
which reaches out to perhaps tens of kilometers, 
is that of air pollution and stack and reactor 
hazard meteorology. A third, involving great 
horizontal distances up to continental limits, 
becomes important in treating the diffusiond 
an atomic bomb cloud. Now for certain source 
types and for relatively small distances, Cal- 
der's extension of the K theory will be seen to 
be most appropriate. For the very large scale 
problem, an adaptation of Roberts' theory has 
been used (see Chap. 6, Sec. 4). Sutton's sta- 
tistical theory, on the other hand, has been the 
one most generally applied to the intermediate 
scale, that of diffusion on a length scale of from 
hundreds of meters to kilometers, 88 in Stact 

1.2 The K Theory. The term "K theory"&- 
tually describes a wider class of atmospheric 
problems than diffusion, including evaporatioh 
and, in fact, the atmospheric transport problem 
in general. It is a well developed theory of at- 
mospheric turbulence, of which a concise ac- 
count has been given by Sutkm.iu The preeent 
discussion is restricted to application6 of K 
theory to atmospheric diffusion, the earliest ex- 

meteorology. .+i 
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METEOROLOGY AND ATOMIC ENERGY 

ample of which is to be found in the work of 

From the standpoint of turbulent difbion, 
the total instantaneous meteorological windvec- 
tor is thought of as  beingdivided into two parts: 
a mean part, which does not contribute to the 
diffueion phenomenon, and a turbulent part, 
which does. Thus one writes 

V = J + V ’  (4.3) 

where - 7 is averaged in time. It follows that 
V’ 0. Also, the mean wind,v, may be con- 
sidered to be horizontal for the purpose of dif- 

Roberts gave the following equation for the 
concentration distribution due to the instanta- 
neous release of a quantity Q of material re- 
leased at a time t = 0 from a point. 

fusion study. 

The z-direction is taken to be positive upward, 
and the x- and y-directions are conveniently 
chosen to be along and across the mean wind. 
Thus in this system V = E ,  and f = T= 0. For 
simplicity, the coordinate axes are affixed to 
the center of thecloud in the case of the instan- 
taneous point source. Equation 4.4 is often 
written in terms of X, the distance downwind the 
cloud travels during the time interval 0 to t, 
where x = f - iit. Furthermore, if the origin of 
the cloud is at point ( [ , q , g )  instead of (O,O,O), 
one has (x - t )2  in place of x2, and so on. 

Equation 4.4 expresses the diffusion of an in- 
stantaneous point cloud in an infinite homoge- 
neous atmosphere. The central concentration 
in the cloud decreases as the negative ‘/t power 
of time, and the concentration through the cloud 
follows a Gaussian distribution. For noniso- 
tropic diffusion, characterized by 

K, f K y f  K, 

the cloud will have ellipsoidal symmetry. For 
isotropic diffusion, characterized by equal val- 
ues of the eddy diffusivity in each direction, 
i.e., 

the symmetry is spherical, and Eq. 4.4 becomes 

(4.5) 

where r2 = x2 + Jr’ + Z’ 
Botb equations satisfy the differentid eguation 

of Fickian diffusion (Eq. 4.1) and the M a r y  
conditions 

X . -  0 as t - 0, r > 0 

X - O a e t - Q  (4.6) 

a s  well =.the continuity condition 

(4.7) 

These results do not represent a working the- 
ory of diffusion until the K values are deter- 
mined. Also, solutions corresponding to other 
source types likely to occur in practice, such as 
lines, areas, volumes, and continuous sources, 
need to be built up. These considerations will 
be temporarily deferred in favor of some fur- 
ther development of the basic theory. 

Equations 4.4 and 4.5, considered as formal 
consequences of Eq. 4.1 and the boundary con- 
ditions, cannot of course represent diffusion in 
a medium which is observed to be as complex 
a8 the lower layers of the atmosphere. In truth, 
although these solutions have been of great help 
i n  opening up the atmospheric diffusion prob- 
lem, they contain little that is different from 
the molecular diffusion model. The real at- 
mosphere, by contrast to the infinite homoge- 
neous one that was assumed, has certain im- 
portant characteristics bearing critically on 
diffusion. 

In the first place, the layers of air near the 
ground (to a height of several thousand feet) ex- 
hibit a pronounced shear of the mean wind, bath 
in direction and magnitude. The wind must in- 
crease from zero at some level at or very near 
the ground to a value, at several thausand feet 
in elevation, characteristic of the free ptmoe- 
phere, which is relatively uninnuenced by the 
presence of the ground surface. Moreover the 
presence d the ground itself, with its 
geometrical properties, must Wlueuce diffu- 
sion, as must the pronounced variation of the 
vertical thermal atracture of the air meartbe 
ground, from neutral or unstable values e 

052 
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the daytime to very stable values on clear calm 
nights. Consideration of these problems has led 
to the later developments of the K theory. 

1.3 Effect of Vertical Wind Shear. It was 
suggested by Schmidt that the increase of the 
mean .wind velocity, ii, with height near the 
ground might be approximated by a power -law 

(4.8) 

where the subscript 1 refers to some reference 
level. For the layer in which such a law ap- 
plies, it was shown by Ertelu that the kddy dif- 
fusivity must ale0 vary witb height 

(4.9) 

Equations 4.8 and 4.9 are known as the conju- 
gate power laws. The depth of the layer through 
which they will apply can be of the order of tens 
of meters at most (about SO meters, according 
to Ertel); this is the layer through which the 
vertical variation of the  stress is negligible. 
For the problem of two-dimensional steady- 

state diffusion, Le., for Eq. 4.1 with 

- -  a x  = o  
at 

and 

and neglecting 

by comparison with 

the diffusion equation beeomce 

(4.10) 

(4.11) 

(4.12) 

This equation may be wed to compute &ifhala0 
from a continuous infinite line source oriented 

cross-wind along x = z = 0. A solution to Eq. 
4.1 subject to the boundary conditions 

x -oasx-- (4.13) 

K, E - 0 as z - 0 (zero flux at ground) 

4 - n ~  dz = Q (continuity condition) 

x = (condition for a source) 

0X 

at x = z = 0 

was given by Roberts for the case where Eqs. 
4.8 and 4.9 apply. His solution, as stated by 
sutton.’s’ is 

where S = (m + l)/(m - n + 21, n = 1 - m, and I’ 
represents the gamma function. Equation 4.14 
takes into account the effects of wind shear near 
the ground and of the presence of the ground ae 
a barrier to the flux, but it considers neither 
varying conditions of ground roughness nor 
varying thermal stability. Thus it could be ex- 
pected to apply only over “aerodynamically 
smooth” terrain and at times of neutral thermal 
stratification (adiabatic lapse rate of tempera- 
ture). 

1.4 Effect of Varying Surface Roughness. It 
is perhaps not so important to distinguish be- 
tween flow over aerodynamically “smooth” and 
“rough” surfaces in the atmosphere as it is in 
airfoil theory. Rough flow is in principle char- 
acterized by the idea that the roughness ele- 
ments protrude through the laminar boundary 
layer, a few millimeters thick, next to the sur- 
face. It is doubtful whether a truly smooth type 
of flow ever exists in this sense in the atmoe- 
phere; and the aerodynamic theory of rougb 
surface flow can be directly applied. This the- 
ory gives the well-known logarithmic velocity 
profile law, that . r ‘r, 

. .  -.. >* 

where w* w, p l a  -air density (cmBtPI$), 
r0 is the(constant) eddy stress defined by Pran- 
dtl’s formula 

-:. i Ad ’&- 353 
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laws expressed by Eqs. 4.18 and 4.19, andthe 
boundary conditione in Eq. 4.17a, is (4'16) 

2 is Prandtl's mixing length ("mischungsweg"), 
k is von Karman's universal constant, equal 
(see Montgomeryn~"') to 0.43, and zg, the 
"roughness length," is a geometrical parameter 
pl;oportional to the height of the roughness ele- 
ments of the ground surface. Figure 4.1,after 
~eacon," gives typical e, values for various 
natural surfaces. 

Equation 4.15 has the advantage over Eq. 4.8 
that it contains parameters with clear physical 
meanings which can be evaluated independently; 
but it has not yet been possible to incorporate 
Eq. 4.15 directly into the solution of Eq. 4.12. 
M e a d ,  Calder" used the approximation 

a 
11 = w,q (y) (smooth flow) (4.17) 

u = w,q' (3 (rough flow) (4.17a) 

choosing q, q', and a so that Eq. 4.17 agrees 
most closely with Eq. 4.15. From this work, it 
follows that 

(4.18) 

and 

The new parameters have the values: 

where 

2 a B + 2 B - 1  
2Q -b 1 K =  (4.23) 

The effects of both wind shear and surface 
roughness appear in this result. 

1.5 Effect of Thermal Stability. Extension of 
Calder's theory to nonadiabatic thermal strati- 
fication is based on Deacon's "generalized ve- 
locity profile" formula 

which reduces to a logarithmic law for fl  - 1 
and expresses the effect of varying thermal 
stratification by varying values of 8. Thus 

8 > 1  for thermal instability 
B = 1 

B < 1 

Figure 4.2 indicates the variation of B with sta- 
bility, according to Deacon. As a result of Eq. 
4.24 it follows that 

for neutral conditions (adiabatic lapse- 
rate) 
for thermal stability 

1 B = -  
l + a  

b = v  (smooth flow) (4.20) 
KJz) = kw,% (t)' (4.25) 

Calder solved the system of Eqs. 4.12, 4.13, 
4.24 and 4.25, expressing the effects of shear, 
surface roughness, and stability, finding (ref- 
erence 32, p. 174) that 

8 = z ,  (rough flow) (4.21) X ={Q q@-l)/n,exp [e]} -qzn (BS-1) . 

air and q and q' are determined by reference to 
where Y is the kinematic molecular viecoeity of 

the velocity profiles of aerodynamic theory. 
Calder's solution of Eq. 4.12. subject to the 

1 

x k(l+a)/n nV+a)/n r t+a % 

x =(l+a)/n @-8)/n I-' ll 

(4.26) 
1 

=- 
(q')' 

. 
where n = 2 + Q - 8. 
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rived a formula which satisfies the boundary 
conditions and which reduces to the line source 
formula when integrated with respect to y, al- 
though it does not directly satisfy Eq. 4.27. 

. RICHARDSON'S NUMBER (J4:35y) 

-0.4 -0.2 -0.1 00.04 008 0.10 

long grass 
60-70 cm 

I: 
(1) 

0.9 i 0.0 

A 1 cricket field (4) 
MtWd Snow 

(65 cm/sec) surface aoe 0 
\ 

\ 
0 

\ 

0.7 
-1.0 0 + 1.0 

(&w - 8 0 . 2 ~ )  'F 
(U,YhEC)2 

sun baked sandy 
alluvium 

~ ~ ( * ~ ~  0.008 cm/Bec) 

smooth snow on 
prepared short 
grass area 

Fig. 4.2-The variation of p wlth stability (Deacon). 
0, short grass surface; z, = 0.27 cm. A, from Sver- 
drup's observations over snow; q = 0.25 cm. 

&viess also has discussed the three-dimen- 
sional problem and has given some results for 
area sources, applicable mainly to evaporation. 
He also has treated" the equation 

(4.28) Fig. 4.1-The roughness parameter of various sur- 
faces (Deacon). (1) Paeschke, 1937. (2) Rossby and 
Montgomery, 1935. (3) Sverdrup. 1936. (4) Best, 1935. 
(5) Bagnold, 1941. (6 )  Lailrhtman, 1944. a special case of Eq. 4.27 valid for large x, and 

obtained the solution for an infinite line source 
parallel to the mean wind, Le., in the x-direc- 
tion. K n i g h t e  gives a useful general mathe- 
matical discussion of the diffusion equatioa in 
the form 

Essentially, the K theory rests with this re- 
sult. Attempts to extend it to the more general 
case of the point source have not been success- 
ful. The diffusion equation governing the point 
source is 

** ,. %" 

(429) 

(4.27) . -  
The mathematical achievements of the K the- 

ory are certainly impressive, but its practical , 

profile expressions are not valid to very great 
- A  utility is clearly limited. The various velocity, C Y  For a point source located at the ground, Calder 

(according to Davidson,n see also Caldera) de- 

(- 
736 955 p: 



44 METEOROLWY AND ATOMIC ENERGY 

I' 

heights, and thus the diffusion formulae can be 
expected to hold over very modest horieontal 
distances only. Experience indicates that the 
lateral spread of a diffusing cloud is rarely 
more than about ten times 'its vertical extent. 
Consequently, results of the K theory utilizing a 
variabke velocity profile should not be expected 
t'o apply to distances greater than several hun- 
dred meters. Furthermore, these same results 
are limited tothe case of continuous cross-wind 
line sources located at the ground level. Within 
these limits good experimental verification'" is 
claimed for Eqs. 4.22 and 4.26. 

1.6 Statistical Theories. In his basic and 
very helpful work, Taylorl' considered the time 
history of representative parcels of air in a re- 
gion where the statistical properties of the 
turbulence are homogeneous and isotropic and 
proved the fundamental theorem, tire rate at 
which diffusion takes place depends on the vari- 
ance.3 = 9 = 3, of the wind velocity fluctua- 
tion distributions according to the formula 

(4.30) 

The components of the fluctuations in the x-, y-, 
and z-directions are u', v', and w', and Eq. 4.3 
again applies; 5 denotes time interval, t is time 
and must be chosen sufficiently long to give Eq. 
4.30 a meaning; Rs, the Lagrangian autocorre- 
lation coefficient, is defined by 

(4.3i) 

Assuming that the mean concentrations with- 
in a diffusion cloud are distributed accoeing to 
a three-dimensional Gaussian law (a proof of 
this was recently given by Ogura"'), Frenkiel@ 
gave the following equation for the concentration 
distribution from an instantaneous point source 
in an infinite region: 

(432) 

AB in Eqs. 4.4 and 4.5, the coordinate axe6 are 
I imagined tobe affixed tothe center of the cloud, 
which is translatedwith the speed ii of the mean 
wind 

In the nonisotropic case, i.e., where 
- - -  
( u y  * (v')' * ( w y  

A+? 

%E * Rs Y * RI,  

one has, corresponding to Eq. 4.4, 

Notice that Eqs. 4.32 and 4.5 are equivalent if 
- 
yz = 2Kt (4.33) 

Frenkie16' points out that, 88 a result, K is in 
effect an apparent turbulent viscosity(or, in our 
terms, eddy diffusivity), whose value is different 
for each value of time t. As Frenkiel indicates, 
Eq. 4.32 reduces to Eq. 4.5 when the time of 
diffusion t is very large. In other words, Fick's 
law can apply only at great distances from the 
source, i.e., after a large diffusion time. On 
the other hand, the same modifications must be 
considered in connection with the application of 
the statistical theory to atmospheric diffusion 
near the ground as were found to be so impor- 
tant in the extension of the K theory, namely, 
the effects of ground surface condition, wind 
shear, and thermal stability. Furthermore, in- 
formation on ?, or else on R ~ ,  is required, and 
very few observations of these have been re- 
ported (cf. Gifford6' for an attempt along this 
line). 

Reaeoning dimensionally, Sutton, in 1932, pro- 
posed the following expression for Rt: 

Y n  

= [ Y  +mi] (4.34) 

where Y ts the ldnematic viscosity of air and n 
is a number vprping betwmneero and 1 , ~ s u a l l y ' ~  
defined by reference to the following velocity 
profile law: 

736 056 



AN OUTLINE OF ATMOSPHERIC DIFFUSION THEORIES 

. .  - 

. 'l 

45 

For this choice of Rt, Eqs. 4.30 and 4.32 yield 
the instantaneous point source equation 

ht ton refers to C as a "virtual diffusion coef- 
ficient" and obtains its value by substituting 
Eq. 4.34 into Eq. 4.30, integrating, and ignoring 
terms of the order of Y by comparison with m. If C' is defined by 

4 P  
(1 - n) (2 - n) fin 

c' = (4.37) 

- -  
it develops, since for the isotropic case x2 = y', 
that 

(4.38) 1 - 
x' = ic40t)2-n 

For the nonisotropic case, separate values of 
the autocorrelation are defined using (u')', (v')', 
and o f , a n d  the result is that C Cx and that 

and 

Then Sutton's instantaneous point source equa- 
tion for the nonisotropic case is 

W o n  considered that the ground d d  act 
as a perfect reflector of diffusing particle8 and 
accounted for it in hie theory by the 
"method of images";*the result of thia ia to 
double the right hand side of Eqs. 4 3 6  and 4.41 
for a source located at the ground. The effect 
of ground Burface roughness is ale0 accounted 
for by replacing v by a quantity ~ ~ t t o n ' ~  crrll~ 
the macroviscosity, N, where 

N e w , %  (4.42) 

The effect of thermal stability is presumably 
introduced into Sutton's theorythrough the defi- 
nition of the number n in Eq. 4.35. He describes 
n as follows: "In very turbulent air n approaches 
zero and in conditions of low turbulence n ten& 
toward its upper limit of unity. In . . . conditions, 
corresponding to a small gradient of tempera- 
ture in the vertical, the value of n is approxi- 
mately x," 

Sutton's formulation is thus able to satisfy, 
in principle, moet of the desiderata of a theory 
of low-level atmospheric diffusion. It has been 
objected that Eq. 4.35 defining n is inconsistent 
with Eq. 4.36, for which lI is assumed to be 
constant, but Sutton'u maintains that the error 
introduced is small. Sutton's formulation has  
successfully, under certain meteorological con- 
ditions, predicted diffusion over distances up to 
several kilometers. Probably for this reason 
his theory is widely accepted in practice; and 
many formulae for special applications have 
been deduced from those given above. 

1.7 The Non-h'ckian Theories of Richardson, 
Lettau, and Bosanquet. (a) Richardson's Dis- 
tance-Neighbor Theory. Richardson, as a re- 
sult of h is  observation of the tremendousvaria- 
tion of K with scale, to which we have already 
referred, was led to introduce his "distance- 
neighbor" theory of turbulence.'u He illustrates 
the essential point in the following way:'u SUP- 
pose seven people live on a road at certain 
intervals, perhaps like these: 

, 
A E D E F G  . .  
How are they fixed for neighbors? Richatdaon 
coneiders the "average number of neighbors 
per unit length." Take Mr. A, lay off a acale 
from his houee and count how many neighbors 
he has between 1 and 2 units, between 2 and 3, 
3 and 4, and~so 011. Repeat for A&eers. 8, C, 
etc. Then take for each range of separation L, 
(of 0 to 1,1 to 2, etc., unite) the average nUm- 
ber of neighboru,P. RichPrdeoa'r "dimmce- 
neighbor graph'' then a graph of L va. P. If 
the object8 umber coneideration are not people 

'but are diffuw parcels of air, wandering 
random, the gnph M P VIB. L wi l l  chpnee.wi4Jt 
time,ultImately becomipe a 
lel to the L-rde (wigwore 
all dietrutces, Le., parcels 
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dom). The process has every appearance of the 
diffusion of the quantity P in L-space. Richard- 
son obtained as the governing differential equa- 
tion 

!E= a (F(L) E) 
at 0L 

and was able to deduce that 

F(L) mTL% 

(4.43) 

(4.44) 

thus anticipating a fundamental result of Kol- 
mogoroff’s theory of “locally isotropic turbu- 
lence” by some 15 years. The diffusion param- 
eter u, in the range IO cm L< IO’ cm varies 
between 0.1 and 15, a f a r  smaller range than 
that of K. 

Richardson’s theory has not lead directly to 
practical diffusion formulae, but it is mentioned 
for the deep influence it has had on later inves- 
tigators, such as Sutton and, more recently, 
Batchelor’ and Brier.‘‘ It was the first attempt 
to explain the fact that the diffusion phenome- 
non, rather unexpectedly, appears to depend on 
the degree of separation of the parcels, Le., 
upon scale. 

(b) Lettau’s Shearing Advection Theory. Let- 
taun considers that the difficulty with the 
Fickian Eq. 4.1 lies in its failure to take into 
account “shearing advection,” i.e., the separa- 
tion of air parcels owing to the action of the 
vertical wind shear characteristic of the sur- 
face layer. 

For adiabatic conditions consideration of the 
shearing advection term produces the following 
interesting definition of an apparent eddy-dif- 
fusivity, ICapp, which turns out to be related to 
the ordinary eddy-diffusivity, K, by 

where (x - xg) is the distance from the source. 
This result evidently explains observations of 
the spreading of smoke plumes which clearly 
indicate an increase in K with distance. Lettau’s 
shearing advection theory, unfortunately, leads 
to a differential equation for which general so- 

’ 
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lutions have not yet been found; but it appears 
to have illuminated a difficult point of the ear- 
lier K theories. 

The opinion of Priestley (reference 73, p. 442) 

fect to the increase in diffusivity with scale. If 
this is true, which seems reasonable, future 
advances in diffusion theory will have to ac- 
count for the points raised by both Richardson 
and Lettau. (See also a recent discussion by 
Davies?’ 

is that shearing advection is an additional ef- .. - 

(c) Bosanquet and Pearson’s Theory for Ele- 
vated Sprces .  With the exception of Sutton’s 
theory, which is readily adapted to elevated 
sources (e.g., stacks), the foregoing theories 
all result in diffusion formulae which apply to 
sources either at the ground level or else in the 
free atmosphere well above the surface layers 
of air. Reasoning statistically, and employing 
some dimensional arguments, Bosanquet and 
Pearson“ derived the following formula for the 
ground level concentration distribution due to 
a continuous elevated point source “,ear the 
ground. 

h 
X =  

This was the first formula that applied directly 
to diffusion from stacks and has consequently 
been very important in applications; p and q are 
vertical and lateraldiffusion coefficients. Equa- 
tion 4.46 is nearly identical with Sutton’s con- 
tinuous point source Eq. 4.51 for the special 
case of n = 0; in particular, the maximum 
ground concentrations predicted by each for- 
mula differ only by a constant factor. Note that 
the Bosanquet and Pearson formulation does not 
directly take into account atmospheric stability. 

2. EXTENSIONS OF THE POINT SOURCE 
FORMULAE 

The various formulae for diffusion from an 
instantaneous point source, Eqs. 4.4, 4.5, 4.32,. 
4.32a, and 4.41, represent fundamental solutione 
from which, by the process of integration wlth 
respect to one or more of the coordinate dlrec- 
tions and time, other diffusion formulae for  
more complex source8 may be hilt up, in tbe 
same way 88 is done in heat conduction theory. 
The sources most often encountered in practicrrl 
applications are 

\ 
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(- Application Suttm (a) Isotropic Source type 

Continuous point 
Continuous line 
Instantaneous volume Explosion 

Smokestack, vent 
Array of stacks or vents (4.50) 

y’ + h’ 

Another class of useful formulae involves certain 
geometrical properties of any of these results, 
namely, the maximum concentration and its loca- 
tion and the plume width or height. Finally, a 
group of special results and extensions involv- 
ing corrections for radioactive decay, ground 
surface deposition, diffusion in very stable at- 
mospheres, and many other important modifi- 
cations can be deduced; most of these latter 
have been given in terms of Sutton’s theory, 
which is the most widely used in practical ap- 
plications. 

2.1 Continuous Point Source Formulae. The 
various point source formulae may be inte- 
grated with respect to time to give equations 
for the concentration distribution downwind from 
continuous point sources. For continuous point 
sources, Q is the emission rate, expressed for 
example in grams per second. The atmosphere 
considered by Roberts and Frenkiel is always 
infinite; that of Sutton is semiinfinite, i.e., the 
ground is present. Sutton’s results are given 
for elevated sources at a height h above the 
ground. Thus in his formulae X is the ground 
concentration at a distance x, downwind, and y, 
crosswind, from the source at height h. The 
most important of the continuous point source 
equations are: 

Roberts: (a) Isotroptc 

(b) Anisotrofi’c 

(4.47) 

(b) Am’sohopic 

x exp [ - xn-2 (6 + $1 (4.51) 

2.2 Continuous Line Source Formulae. If the 
continuous point source formulae are integrated 
with respect to some direction, usually the y- 
direction (crosswind), equations describing the 
concentration distribution downwind of a con- 
tinuous line source result. In practice, line 
sources may be rows of stacks or of hood vents 
on laboratory buildings, or smoke screens, and 
so on. Some formulae which have been given 
are: 
Roberts: Continuous infinite crosswind line 
source 

) (4.52) (- 4K Jm 
Sutton: Continuous infinite elevated cros~lv id  
line source. (a) Isotropic 

(b) Anisotropic 

Units of Q = g/sec/meter, etc. 

2.3 Instantaneous Volume Source Formulae. 
The approximation of the point source ie a g d  
estimation of the concentration distributioa 
downwind of a burst or explosion provided the 
distance from the scene of the-explosion iegrerrt 
enough. The effect of the siee of the eourrrr,’op 
close-in concentration8 may be large, hoaevbk, 
and this has been studied by several writers by 
integrating the various iaetantaneous point 

I .  

. ‘ a .  
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48 METEOROUKiY AND ATOMIC ENERGY ,\ 
source equations over infinite and finite initial 
volumes. 

KelloggM integrated Roberts' instantaneous 
point source formula, Eq. 4.5, to produce the 
following equation for the concentration distri- 
bution due to an instantaneous spherical volume 
source baving a uniform distribution of mate- 
rial, obtaining 

- Qav ( 4 W n  ( e-(R+r)'/QKt - e-(R-r?/4Kt 
X(r,t) - 2ro 

PW r r + R) 
+-{erf (4Kt)s [b] 
Is]}) (4.55) 

where R is the radius of the volume source, and 
where Q is the source strength per unit volume. 

Similarly Frenkiel" integrated Eq. 4.32 and 
obtained a fully equivalent solution for the sta- 
tistical theory 

I. 
(4.56) 

Hollandm suggested the idea of a "virtual point 
source'' in connection with the volume source 
problem. This is an imaginary point source lo- 
cated upwind of the real source just f a r  enough 
to produce the required volume source at point 
(O,U,O) and at t = 0. The initial distribution of 
material in this volume source formula ie of 
caurse Gausslan. D e f i n e  the distance upwind 
to the virtual source, 4, by 

2q/x(o) 2/3(2-n) 
4 = (  r%cC' 1 (4.57) 

where ~ ( 0 )  is the central ground concentratm 
at instant t = 0,  Holland obtpine the formula 

2 9  X =  I &CC'(x( + t i p * ) f i  

(4.68) 
[ -ceq5@=] h* 

for an instantaneous volume source having a 
Gaussian distribution, in terms of Sutton's the- 
ory. 

Real distributions within a volume source are 
probably neither uniform nor Gaussian. Gif- ._ - 

for$' has studied more general initial distri- 
butions and has solved in particular the case 
where the initial distribution of material has a 
maximum at some distance from the center of 
the spherically symmetrical volume cloud, ac- 
cording to the equation 

Q(6) = Q(O)( 1 + b, 62) e&** (4.59) 

where 6 is distance from the center of the initial 
cloud. For this eccentric maximum initial dis- 
tribution, Gifford found the concentration dis- 
tribution, in terms of the statistical theory, to 
be 

X (r.t) = Q 

and indicated how more complicated volume 
source initial distribution may be treated. The 
distance of the initial maximum concentration 
from the center of the source, Rmm, is 

(4.61) 

Furthermore the radius, R, of the initial cloud 
containing a fraction Q - Q(R) of the total ma- 
terial Q is given in terms of the central concen- 
tration, Q(O), by 

when P(x;k) is the chi-square probability func- 
tion for k degrees of freedom. 

2.4 Formulae for Some Geomeh-ical Prop- 
erties of Efpirent Clouds. In pr-ical work it 
is often moreconvenient to use a formula which 
exprtm3es only a certain geometrical property 
of the concentration distribution. Those mollt 
often ~ e l  are the IIpB.lmum ground wncentro- 

- >- 
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tion, the distance of this from the source, and 
the cloud or plume "width" or "height." These 
latter are  defined in terms of some percentage 
of the central concentration since mathemati- 
cally the width &I height of theoretical plumes 
is infinite. Such formulae are much simpler 
than the complete equations, containing as t h q  
do less information. 

The following formulae have been obtained by 
differentiating and maximizing certain of Sut- 
ton's results. The distance of the maximum 
concentration downwind of a source is d-, and 
the maximum concentration there is x- For 
the isotropic case 

Instantaneous point source: 

Continuous point source: 

'(4.63) 

(4.64) 

(4.65) 

(4.66) 

Continuous, infinite crosswind line source: 

For the nonisoeopic case, the most widely 
used formula is that for the maximum concen- 
tration from a continuous point sourc,e . 

(4.6s) 

Formulae for the plume width and h e w t  from 
a continuous point source may be writhnby de- 
fining the "boundary" of the plume as the point 
a t  which the concentration falls to p per cent of 
its axialvalue. For Sutton's continuolle elevated 
source theory, the following equations are  easily 
demonstrated: 

Cloud width, ,?yo, continuous point source: 

(4.70) 

Cloud height, zo, continuous point or infinite line 
source: 

(4.71) 

2.5 The Effect of Stability on Dif@ion. Al- 
though in theory it is possible totreat the effect 
of atmospheric stability on diffusion, either by 
means of Sutton's n or Deacon's 8, verification 
of the theoretical formulations in stable atmos- 
pheres have not been obtained. This is due in 
part to the difficulty of making suitable meas- 
urements, but there is evidence that the prob- 
lem of diffusion under stable conditions is so 
unusual as to require a completely separate 
treatment. Photographs of diffusion from ele- 
vated sources under stable and unstable con- 
ditions are  shown in Chap. 5. It is evident that, 
as compared with unstable conditions, the effect 
of a stable vertical temperature stratification 
is to decrease the horizontal eddy diffusion and 
practically eliminate entirely the vertical eddy 
diffusion. 

Barad' has discussed diffusion under stable 
conditions and suggested that, because of the 
limited range of eddy sizes then, the K theory 
may be expected to apply more closely than in 
the case of neutral or unstable atmospheres. 
Barad suggests, from visual observations at 
Brookhaven, that either Eq. 4.48 or a nearly 
equivalent one which he derives w i l l  describe 
the diffusion i f  E/2Ky = 0.1 cm" and KY/K, w 
10. 

2.6 Special Applications of Sutton's Thew. 
Certain problems arise in practice which re- 
quire corrections to, 'or Wriati- upon, the 
diffusion equatiom that have bean presented. In 
this rectian a rmmber of these ueeful apodal 
results wi l l  be listed. mt of these have be& 
given by Holland," in terms d BPtton'r theory# 
althmghin each case the gemeral ideaoould .~  
applied to OIL8 of the alternauvm formUlaWt# 
fhe diffueion problem. clearly each of chis fgq 
lowing topice ie worthy of an srtesded 
diecutmion, the. presentatbm d which 
W t e d  here. Including the equrrtioprs 
however, & a h  this enumewatioll of theorettcal. 
results on diffusion fairly complete. 
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(a) Total Integrated Dosage (TID) at the Ground 
Dowmvind of an Instantaneous Elevated Point 
Source. This is the maximum amount of air- 
borne material to which a point at theground 
may be exposed as the result of the passage of 
a cloud of diffusing substance. Integration of 
Eq. 4.38 (right side doubled) with respect to 
t(= x/ii), withy = 0 and z = h, gives 

TID = n*n e=[cG$-n] (4.72) 

Also 

(4.73) 26 
~ m a x  = *eilh’ 

and 

(4.74) 

I 
The integrated dosage from an instantaneous 
source is, in other words, identical in form with 
the concentration from a continuous source (cf. 
Eqs. 4.50, 4.85, and 4.66). 

@) Maximum Ground Concentration During 
“Looping.” The term ‘looping” has been used 
to characterize a certain behavior of the plume 
from an elevated source which is common dur- 
ing typical daytime, light wind conditions (the 
Brookhaven type A conditions; see Chap. 5). 
During this condition the plume is deformed into 
a serpentine shape, doubtless as a result of the 
presence of larger thermal eddies in the lower 
layers. The result is that concentrations char- 
acteristic of the center of the plume may occur 
at the ground momentarily. To estimate these 
concentrations, Holland8’ has suggested substi- 
tuting the minimum distance from the source to 
the point of measurement, x‘, for x and assign- 
ing the value of 1 to the exponential terms in 
8utton’s Eqs. 4.50 or 4.51. For ‘large down- 
drafts”of velocity G, x = hiifi, and x‘ = m. 
For d o d t s  in the lee of large buildings, 
x’ = x + h. Such deformations would be expected 
to be accompanied by extraordinarily large val- 
ues of Cy and Cz. Situations of this type have 
probably produced the majorityof the ‘least di- 
lutions” reported by Church, “eddy peak con- 
centrations” reported by Gosline,and “down- 
wash” or ”blowdown” concentrations reported 
by steam power plant investigators, according 
to Holland. 
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\ (c) ConcentrationDuring a “Fkmigation ’’ Con- l 
dition. The term “fumigation” was introduced 
by Hewsonn to describethe mixlng downward to 
the ground of effluent material which has ac- 
cumulated aloft during a period of thermal sta- 
bility; such an occurrence is common after 
dawn, when the nocturnal ground temperature 
inversion is rapidly dissipated by warming due 
to the rising sun. To estimate this effect, Hol- 
land“ integrates Eq. 4.51 between 0 and with 
respect to z anddistributesthe resultingamount 
of material uniformly through a layer of depth 
H, obtaining 

(4.75) 

Average concentration over a longfieriodof 
time, from a continuous elevated source: 

where f is the wind direction frequency (in per 
cent) toward the location during the period. A 
similar idea was advanced by Lowry.” 

(d) Deposition of Particles. The effect of 
gravitational settling of particles (fall-out) and 
scavenging of particles by precipitation (rain- 
out and wash-out) is not always negligible, as 
has been assumed tobe the case in all the fore- 
going formulae. It is appropriate to mention the 
subject here since, in practice, it is dealt with 
as  a special application of the point source dif- 
fusion formulae; however, because the concept 
is so complicated it will be the subject in Chap. 7. 

2.7 Correction forRadiocrctive Decay. Com- 
puted concentrations may be corrected for de- 
cay in the case of radioactive effluents by mul- 
tiplying the source strength Q by the factors: 

exp (-0.893 $) (single isotope of known half 
life) 

[short lived mixed fissiaq 
products (aa from a power ’, 

excursion)] 

[long lived mixed mi*, -. 

where T is the half 
elapsed time in BWO& between the Completian 

062 
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of the nuclear incident and the passage of the 
cloud over the point for which the concentration 
is computed, and t, is a time in seconds after 
completion of the nuclear incident at which the 
radioactivity of the source strength Q is known. 
Note that in the case of a continuous source t 
may be represented by [ + the contafnment 
&e before release to air]. 

3. PARAMETERS AND COEFFICIENTS OF 
THE DIFFUSION THEORIES 

All theories of atmospheric diffusion contain 
certain parameters and coefficients which have 
to be evaluated by recourse to some hypothesis 
or else by direct or indirect measurement, mu- 
ally the latter. In fact, to this extent, all exlst- 
ing theories are partially empirical, a t  least in 
actual practice. It is true that Calder's devel- 
opment of the K theory via the mixing-length 

Recently, ~ e t t a u "  has summarized present 
knowledge of vertical eddy-diffusion coefficients 
by m e a h  of Fig. 4.3. His D is equivalent to K,, 
which, for the isotropic assumption, is equal to 
K. The eddy diffusivity, D, is taken as  equal to 
the product of a characteristic mixing length, A, 
and mixing velocity, g, by analogy with the defi- 
nition of the molecular diffusivity. 
Data for diffusion from continuous point and 

line sources at ground level in nearly adiabatic 
conditione have enabled Suttoniu to determine 
that KY = 1.6 x10'cm2/sec and K, = lOacm2/sec. 
The distance from the source for these metam- 
uremente was 100 meters and i1=5m/sec. 
Various other measurements of eddy diffusivity, 
K, have been obtained by measuring heat and 
moisture transport. For example, 'Paylor"' 88- 

timated the magnitude of IC to be between 1 x 10' 
and 3 X 10' cm'/sec from observations of fog 
over the Grand Banke. These all roughly con- 

Table 4.1 --K and L Values (Richard~on'~) 

K ,  cm'/sec L, cm Source of measurements 

3.2 x lo' 

1.2 x 10' 

1.5 x lo' ' W. Schmidt; anemometers at 2, 16. and 

1.4 x ld 
32 meters 

305 meters 
8 x 1 0 '  5 x lo' Taylor and Heeaselberg; pilot balloons 

at 100 to 800 meters 
Id 2 x IO' Richardson; manned and unmanned 

balloons 
5 x 1 0 1  5 x 10' Richardson; volcanic ash 
1 o" Id Defant; diffusion due to cyclones re- 

Akerblom; anemometers at 21 to 

garded 88 deviations from the 
general circulation 

hypothesis for the special  case of flow Over 
certain types of terrain can be e-valuated inde- 
pendently of direct physical measurements; and 
good verification has been obtained. Newerthe- 
less, in practice, some empiricism wi l l  nearly 
always be employed in determining the appro- 
priate parameters. For this reason theprob- 
lem of evaluating these various parameters 
needa some elaboration. 

3.1 Purumeters of the K Themy. (a) Con- 
stant K. mchatdson's valuesin of the dit- 
fusivlty, K, are given in "able 4.1. It is with 
theee measurements that Richardson discovered 
the law K = 0.2 Ls to which reference hoe been 
made, L being the length scale to which the K 
value applies, analogous to a mixing length. 

f irm the order of magnitude of the above -ti- 
mates of K. 

@) YudubZe K. The parameters of Calder's 
theory are evaluated by means of Eqs. 4.17a 
and 4.19 a d  Fig. 4.1. It has been found neces- 
epry to introduce a factor d, the so called %em 
poiat dieplaccrment," into Eq. 4.17% namely; 

- 
 hie is ioG to account for the effect of pac& 
of certain types of roughness elements at titi 
surface, such as long grass, which displaces the 
effective surface upward a distance d, 80 far aa 
the surface turbulence is concerned; d is a func- 

i. 

... .. . , 
:'3 
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A, CM 

,o-* $0-4 IO-' IO-* 10-9 I 40' IO* id co* io6 id io' id tog tom 

0 W e 
3 
0 

Fig. 4.3-Diffusion diagram. Each point of the A, g plane determines a diffusion coefficient 
(cm2/sec). In molecular diffusionk mean molecular speed; d = A g is fixed 
by the density and temperature of the atmosphere; consequently. the height variation of d is 
marked by a curve. In eddy diffusion. A mixing length and g LJ mixing velocity; owing to the 
variability of these elements, D = A g, and its variations with height are denoted by character- 
istic areas when the possible variability of D is narrowed by the consideration of limiting 
values of eddy accelerations (?/A) and time terms (A/g) (Lettau). -, 1-10 km for ordinary 
turbulence. 0 ,  1-10 km for cumulus convection. E, 1-10 km for cumulonimbus convection. 
C, 10-25, 35-45, and 80-100 km. x, horizontal gross austausch of the general circulation. 
e, 0-1 km. +, 25-35 km. -, 45-80 km. 

free path and t 

tion, moreover, of wind speed. Calder's ewm- 
ples of values of q' and Q over long and short 
grass plots are given in Table 4.2. 

3.2 Parameters of Sutton's Theory. This 
theory contains the diffusion coefficient Cx, Cy, 
and Cz; the turbulence parameter n; and the 
macroviscosity N. According to the theory, 
these are completely determined by Eqs. 4.35, 
4.37, 4.39, 4.40, and 4.42; but there are certain 
difficulties and limitations. 

In the first place, while measurements Of (3 
and (3, the mean-squared values of the tur- 
bulent wind speed fluctuations in the downwind 
and crosswind directions, are readily obtained 
from standard anemometer installations, meas- 
urements of w' depend on special instrumenta- 

tion and are not common. In the case of iso- 
tropic turbulence, with Cy = Cz, Holland" rea- 
soned that 

(4.78) 
-r 

where 0 is the instantaneous angular deviatlaa 
of the horieontal wind direction from the mom 
wind and u ia the standard deviatton; for 8 20: 

^ ,  
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. .  

providing a means for obtaining diffusion co- 3.3 Experimental Determinations of Sutton's 
efficients from readily obtainable measurements Parameters: Effect of Sampling Time. Hol- 
of 0, the instantaneous deviation from the mean land" has studied the question of the Sutton pa- 
wind direction. For flow over aerodynamically rameter values, using data obtained over rough 
rough surfaces, thekinematic viscosity, Y ,  would hilly terrain (Oak Ridge, Tenn.). His main con- 
be replaced by the macroviscosity, N. clusions about n are that (1) the wind profile in- 

Table 4.2-Values of a and q (Calderl'R 

Long grass$ Short grass4 
- 

z. cm u, c d s e c  Q 9' ii,cm/sec a q' 

200 500 500 
300 556 531 
500 624 0.220 4.14 574 0.153 6.01 

1,000 (715) (0.205) (4.42) (632) (0.146) (6.28) 
2,000 (803) (0.194) (4.61) (690) (0.140) (6.50) 
5,000 (917) (0.179) (4.91) (766) (0.132) (6.82) 

10,000 (1002) (0.170) (5.10) (824) (0.128) (6.97) 

t Values in parentheses are calculated; all others are observed. 
$ w, = 49.5 cm/sec, d = 30 cm, q = 3 cm. 
0 w, = 33.3 cm/sec, d = 0, q = 0.5 cm. 

The wind fluctuations to which the above equa- 
tions refer are, of course, a function of height 
as, consequently, are the diffusion coefficients. 
Sutton gives this formulafor the vertical varia- 
tion of C (as corrected by Wanta'") 

C =' C(0) - 0.0422 loglo z (4.80) 

applying to adiabatic conditions. The value of 
C(0)  is 0.18. This value was obtained byextra- 
polating downward to the surface the value of 
C found at 1.8 meters over smooth grassland 
using Eq. 4.37. 

Sutton"' states that "The virtual diffusion co- 
efficients Cy and C, depend primarily upon the 
value of n and the magnitude of the 'gustiness' . . . 
the diffusion coefficient (decreases) with height 
in consequence of the normal steady fall of tur- 
bulence with height.. .'' The basic values of C' 
as a function of atmospheric stability, as rep- 
resented by the turbulence index n, and of source 
height above the ground, h, have been derived 
from Sutton's work (Table 4.3). 

The extension of these coefficients was un- 
dertaken by Barad% and Hilst,' who give values 
as a function of source height and of atmospheric 
stability conditions. AU these valucs of Cy, Cr, 
ami n are essentially related to the very few 
published estimates and suggestions in Sutton's 
papers. 

Table 4.3-Sutton's Value for Cz a s  a Function of 
Stack Height, (h), and Stability Parameter (n) 

C2 [at various h values 
(meters) 1, (meters)" 

n h = 2 5  h = 5 0  h = 7 5  h = 1 0 0  

Large lapse rate 0.20 0.043 0.030 0.024 0.015 
Zero or  small 0.25 0.014 0.010 0.008 0.005 

temperature 
gradient 

version 
Moderate in- 0.33 0.006 0.004 0.003 0.002 

Large inversion 0.50 0.004 0.003 0.002 0.001 

dex of Sutton is, in  general ,  related to stability, 
but that a large scatter of the values of n is 
found at any given value of the vertical tempera- 
ture gradient; (2) n values determined experi- 
mentally are, in general, greater than mtton'e 
suggested values*(Table4.3); and (3)daytime ob- 
servations (or observations under neutral 
stable conditions) show more uniformity;. 

Usingobservedvalues of wind gustiness 

unt, ~ 

with height (see Table 4.4). 
? ? '  

values of n for various stabilities, H O W  cai-- 
culated C,, Cy, and C, . The resulta of thie work 
are summarized in Fig. 4.4, iurd the Cy valueg 
he found are compared with Suttoa's iralueeJq, 
Fig. 4.5. 
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Fig. 4.5-~ariation of cy with height (Bolland). 0, lapse. 0, neutral. 0. moderate inversion. 

,. 
Table 4.4-n from Average Wind Speed Profiles 

(Oak Ridge) 
The differences between the values d Sutt0n 

and of Oak Wdge are interpreted by Holland as 
being due to the following facts: (1) the Oak 

Day N 4 W  Average Ridge observation8 represent 15-min SamPlee 
of the wind gustiness, whereas Sutton'e are 

10 to 40 ft 0.3 to 0.4 0.3 to 0.7 0.3 to 0.5 based on 3-m values; (2) O& mdge 
25 to 100 ft 0.3 to 0.4 0.5 to 0.9 0.4 to 0-6 speeds are much leea than those by siltton; 

and (3) the terrain at Oak Ridge is rougher. 100 to 400 ft 0.2 to 0.5 0.8 to 0.9 0.5 to 0.7 
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The lateral diffusion coefficient, Cy, has also 
recently been studied by Friedman,” employing 
the equation 

(4.81) 

obtained by replacing v and n in Eq. 4.39 with 
values of the wind gustiness observed at Round 

50 

40 

v) a 

I-- 
I 5 20 
I 

! 

to 

0 

- 
ROUND HILL 

n = 0.28 

n = 0.38 - 
n = 0.68 

- 

0.04 0.t 2 0.20 0.28 0.36 
LATERAL VIRTUAL DIFFUSION COEFFICIENT, (MET€RSln4 

Fig. 4.6-Lateral virtual diffusioncoefficient. Cy, plot- 
ted against height (Friedman). 

Hill, Mass. N was evaluated by means of Eq. 
4.42. The roughness lengthat Round Hill equalled 
8.5 cm, and the stress was evaluated by the 
formula 

T O  = 0.006 P s ( l o  meters) (4.82) 

Friedman’s values are compared with Sutton’s 
in Fig. 4.6. The differences are at least in part 
attributable, according to Friedman, to the use 
of the macrovisicosity, to the fact that terrain 
at Round Hill is rougher than the ground of Sut- 
ton’s work, and to the fact that Sutton’s values 
for other than neutral atability conditions are 
eatimates only. 

In confirmationof the effect of terrain rough- 
ness on the lateral diffusion coefficient, Cy, 
Wilkins at the National Reactor Testing Station 
haa found the value Cy = 0.061 at a height of 
250 f t  for B = 6.2 m/sec and n = 0.37. Terrain 
at that site is remarkable for its smoothnees. 

4. SUTTON’S EQUATIONS AS INTER- 
POLATION FORMULAE 

- .  Many of the difficulties of diffusion theories 
could be by-passed simply by the use of diffusion 
observations and auitable interpolation formu- 
lae. Unfortunately, reliable meaeurementa of 
concentrationa are very rare. Some, made at 
Brookhaven National Laboratory (BNL) by Lowry 
et al.,8’ have been published, and it occurred to 
Gifford to use these in a direct attempt to de- 
termine the parameters of Sutton’s theory. 

The difficulty is that Eq. 4.51 contains three 
parameters, namely, Cy, C,, and n, to be de- 
termined given measurements of concentrations 
X at various downwind points (x,O,O) from the 
stack of height h. One way out is to obtain a dif- 
ferent equation involving only, say, C,, by inte- 
gration; then measure the “crosswind integrated 
concentration.” A few such measurements are 
being obtained, but the observational technique 
is not simple. A second possibility is the direct 
fitting of data to Eq. 4.51, which can be accom- 
plished a s  follows. 
For the case of y = O  (downwind concentra- 

tions), rearranging Eq. 4.51 and taking loga- 
rithms gives 

- 0.4343h2 (4.83) c i x 2 - n  

This is a linear equation in certain functions of 
the variables, i n  which Cy and C, appear as co- 
efficients, say of the form 

y = a + b z  (4.84) 

provided n is  regarded asknown or defined. The 
variation of n is, however, small, supposedly 
between zero and 1, suggesting the following 
procedure: assign various values to n wer (and 
i f  necessary, beyond) its theoretical range, per- 
form for each assigned value the usual linear 
least-squares m e  fitting calculations, and ex- 
amine the resulting series of standard errors; 
If there is a minimum standard 
corresponding to mmevalueofn, 
n and the correspanding value of ’cy 

’ 

736 068 



AN OUTLINE OF ATMOSPHERIC DIFFUSION THEORIES 57 

The BNL data are in the form of measured 
surface values of oil-fog smoke concentrations 
made at various distances up to about 5 km 
downwind of a 355-ft stack. Inspection shows 
that the observations may be grouped conven- 
iently into cases representing nearly neutral 
peteorological conditions and cases represent- 
ing stable conditions, depending on whether the 
temperature difference (Too# - T,,.) lies be- 
tween -1 .0 and -1.4”C or is less than -1.O”C. 
The BNL concentrations include values corre- 
sponding to three sampling intervals: 

(1) Peak concentrations: the highest reading 
during the passage of a smoke puff. 

(2) Average concentrations: the average con- 
centration while smoke was present. 

(3) Time-mean concentrations: the average 
concentration during the sampling period. 
Group (1) represents an average value of very 
short.duration, perhaps a few seconds, repre- 
senting the response of the sampling apparatus; 
(2) is an average of several minutes duration, 
and (3) may represent a 20- to 60-min average. 
Only groups (1) and (2), for near neutral con- 
ditions, contained enough data for the present 
statistical treatment. 

The significant results of the least-squares 
analysis appear in the tabulation below, where 
estimates of Cy, C,, and n from BNL concen- 
tration data for nearly adiabatic conditions are 
given: 

Peak concentrations: 
n = 0.4, C y  =. 0.75, Cz = 0.63, Cz/CY = 0.83 
(77 observahons) 

Eddy mean concentrations: 
n = I .  Cy = 23, Cr = 5.5, Cz/Cy = 0.239 
(for n = 0.4, Cy = 2.3, C, 
(77 observations) 

0.60, %/Cy 0.260) 

These values require some comments. Fig- 
ure 4.7 shows the variation of the standard er- 
ror  of the least-squares f i t s  as a function of 
assumed n value. For the peak concentration 
data, a minimum of n = 0.4 was determined, but 
for the eddy-mean data n = 1 was the minimum 
value. The explanation evidently lies in the 
structure of turbulence inthe lower layers. The 
vertical gustiness of the lower atmosphere ie 
evidently bounded by the presence of the ground, 
but this is not true of the lateral eddy motion. 
Thus over a longer and longer period of time the 
influence of larger and Larger lateral turbulent 

fluctuations will be felt; but the vertical turbu- 
lence should not be strongly influenced by sam- 
pling time. Thus the effect on measured con- 
centrations of increasing the sampling time ie 
not unlike that of increasing the stability. This 
is also shown by the “coefficient of isotropy,” 
C,/C,, which, for the peak concentration data 
was nearer to unity, the isotropic value, but for 
eddy-mean data was equal to between 0.24 and 
0.26. 

These parameter values are not directly com- 
parable with those determined from the defining 
equations. There are several good reasone why 
this is so. In the first place the oil-fog concen- 
trations contain all the sources of variability 
that were present, including any instrumental 
and calibration errors and so on, in addition to 
the variability produced by air turbulence. Fur- 
thermore, the method used for determining n is 
not really sensitive. As shown in the tabulation 
above, if n is selected to be 0.4,  a reasonable 
value, rather than the value 1 corresponding to 
the minimum standard error, in the case of the 
eddy-mean data, values of Cy and C, are altered 
radically but their ratio remains much the same. 
Even so, the parameter values derived for the 
peak concentration data are  not unreasonable. 

5. THE RELlABILITY OF DIFFUSION 
PREDICTIONS 

The standard error values given in Fig. 4.7 
provide quantitative information which bears on 
the controversial question, “How reliable are 
concentration predictions based on theoretical 
diffusion formulae?” Since Eq. 4.83 is in terms 
of common logarithms of relative concentration, 
X /Q, interpretation of the standard error values 
is particularly convenient. If all the variability 
of the measurements is 
centratione, then, for example, a standard er 
value of 0.5 means that 68%(one standard er 
unit) of the observed X values l a y w i t h  
times the value predicted 
954, lay within an order of 
of Hollandn showssomew 
however, the measured a d  computed 
UOM were for re4tively short (600- 
distances. Of course, all the variability 
(as has been noted) be blamed -- the 
trations themselves; but certainly moat tot lt 

c 
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Fig. 4.7-Standard error as a function of n value, 
BNL data, adiabatic conditions (Gifford). 

more observational comparisons need to be 
made; but there is no reason to doubt that they 
fairly represent the general level of accuracy 

The point source formulae of Bosanquet and 

also fitted to the BNL data by the same least- 
squares process. The resulting standard errors 
permit a comparison of these with Sutton’s for- 
mula. 

Pearson (Eq. 4.46) and Roberts (Eq. 4.48) were 1 

Theory Standard error value 

0.497 
0.534 
0.564 

Sutton (n = 0.4) 
Bosanquet and Pearson 
Roberts 

This result is not surprising inasmuch ae, con- 
sidered purely as an interpolation formula, Sut- 

must be, and the measurements give some idea 
of what to expect in practical applications of 
Sutton’s formula. conditions. I 

to be expected of diffusion estimates from the 
various formulae, particularly in working field 

I 
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Behavior of Stack Effluents 

Although most people have observed that smoke 
plumes from a chimney have a different ap- 
pearance at different times of day or during 
various weather conditions, it has been through 
the work of meteorologists that various kinds 
of plume behavior have been correlated with 
instrumental measurements of meteorological 
conditions. Stack emissions, except in rare 
cases, will usually be treated as continuous 
sources, and the continuous source equations, 
Eqs. 4.46 to 4.59, can be applied. Where sev- 
eral stacks are located together and more or 
less aligned or where multiple short stacks on 
a large building m a y  merge effluent (see Fig. 
1.2), better agreement may be achieved by the 
use of the continuous line source equations, 
Eqs. 4.52 to 4.54. 

Parameters for use with the various equa- 
tions may, if a sufficiently comprehensive me- 
teorological program exists, be computed from 
Eqs. 4.79 and 4.81. It is more likely, however, 
that adequate representation of these parame- 
ters will have to be obtained from considera- 
tions of the diffusion climate and the terrain of 
the site and reference to Tablee 4.3 and 4.4 
and Figs. 4.4 and 4.5. Other sources, many of 
which have been referenced in Chap. 4, may 
also be consulted for parameter information. 

Where the entire picture of .the effluent con- 
centrations is not required, the -“hot” spots can 
be quickly obtained from Eqs. 4.65 to 4.68 and 
plume dimensions from Eqs. 4.69 to 4.71. 

It has been found that the appearance of ef- 
fluent plumes from stacks is regulated largely 
by the vertical gradient of air density (as 
measured by the vertical gradient of air tem- 
perature) in the neighborhood of a stack. Since 
there are a limited number of configurations of 
the vertical temperature gradient that are likely 
to occur in nature, the kinds of plume behavior 
likely to be observed from any particular stack 

are also limited. Although some variations may 
be found, it is believed that there are five ma- 
jor types of plume behavior,a and these are 
shown schematically in Fig. 5.1, along with 

STRONG LAPSE CONDITION (LOOPING) 

WEAK LAPSE CONDITION (CONING) 

TEMPERATURE 

INVERSION CONDITION (FANNING) 

SUR1 ’\ 

TEMPERATURE- 
INVERSION BELOW, LAPSE ALOFT (LOFTING) 

3,s 

t .- 
L I‘, / 

LAPSE BELOW, INVERSION ALOFT 1 FUMIGATION) 

‘ “s- 
Fig. 5.1 -Schematic representation of stack &ae be- 
havior under various conditions of vert id  +ity. ~ 

, Y”.) 
---, dry adiabatic Lapse rate. 

, 7  
- - , 3 f ?  

the general form of verUcal temperature dte-,. 
tribution causing the behavior. These claeeifi-, J-  

cations are mostly applicable to single and 
more or less isolated stacks. 
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A description of smoke behavior and ac- 
companying meteorological conditions for each 
type is given below. 

1. PLUME TYPES 

1.1 Looping. Looping occurs with super- 
-tic (very unstable) temperature lapse 
rates. The stack effluent, if visible, appears to 
loop because of thermal eddies in the wind 
flow. Gases diffuse rapidly, but sporadic puffs 
having strong concentrations are occasionally 
brought to the ground near the base of the 
stack for a few seconds during light winds. 
This is usually a fair weather daytime condi- 
tion since strong solar heating of the ground 
is required. Looping is not favored by cloudi- 
ness, snow cover, or strong winds. Momentary 
looping concentrations may be computed by the 
technique described in Chap. 4, Sec. 2.6b. 
Longer period (e.g., 10 to 30 min) concentra- 
tions would be obtained from the continuous 
point source formulae with the parameters 
chosen to fit existing Stability conditions. 

1.2 Coning. This type of plume occurs with 
a temperature gradient between dry adiabatic 
and isothermal and may occur periodically @e- 
tween thermals) with a superadiabatic lapse 
rate. The effluent plume is shaped like a cone 
with the axis horizontal. The distance from the 
stack at which the effluent first comes to the 
ground is greater than with looping conditions 
because thermal turbulence, and hence vertical 
motions, is less. It usually is favored by cloudy 
and windy conditions and may occur day or 
night. In dry climates it may occur infre- 
quently, and, conversely, in cloudy climates it 
may be the most frequent type observed. Much 
of the development of diffusion formulae has 
been for stability conditions similar to this 
type of lapse rate; hence the continuous point 
source formulae should be expected to give 
good results with plume behavior of this type. 

1.S Fundng. Fanning occurs with tempera- 
ture inversions or near-isothermal lapse rates. 
This type of plume with ita very smooth, almost 
laminar, flow also depends somewhat on wind 
speed and the roughness of the terrain. Tbe 
stack effluent diffuses practically not at all in 
tbe vertical. The effluent trail may resemble a 
meandering river, widening gradually with dis- 
tance from the stack. Depending on theduration 
of the stable period and the wind epeed at the 

stack level, the 
miles with very 

effluent may travel for many 
little dilution. The concentra- 

tion within the stream varies inversely as the 
wind speed, but the distance that it travels ie 
directly proportional to wind speed, the varia- 
tion in wind direction, and the duration of thts 
type of flow pattern. Since fanning ie usually 
associated with surface inversfons, it is mostly 
a nighttime condition. It is favored by Ught 
winds, clear skies, and snow cover. Thecon- 
dition can persist for several consecutive doJre 
in winter in some climates, especially at 
higher latitudes. 

In most cases the fanning behavior of plumes 
is not considered an unfavorable condition for 
stack releases, even though the effluent under- 
goes little dilution after leaving the stack. The 
important feature is that an effluent of neutral 
bouyancy tends not to spread to the ground 
during inversion conditions. This situation might 
be unfavorable, however, in the followingcir- 
cumstances: 

1. Where the stack is short with respect to 
surrounding buildings or other objects needing 
freedom from pollution. 

2. Where the effluent plume contains radio- 
active wastes that may radlate harmfully to 
the ground. 

3. Where there is a group of stacks of vari- 
ous heights, giving an extensive cloud of ef- 
fluent. This is especially bad when long periods 
of calms occur.' 

4. Where lateral spread and variability of 
plume direction are restricted (as by a deep,. 
narrow valley) so that the wastes pass re-! 
peatedly over the same places. 

The likelihood that effluent will accumulate ' 
in the neighborhood of a stack during the in- 
version situation is smaller than one might 
expect. Wind speeds so light that they cannot 
be detected by ordinary wind instruments 0- 
mph or less) will remove effluent SufficientQir 
fast to prevent accumulation for most etachi 
regardless of discharge rate. Also, 
tendency is far greater for the plume 
horizontally than vertically, there 
likelihood that such anaccumulationwould 
the plume to spread downward 
long as the inversion persists. 
The theoretical treatment d 

the most uncertain ground lnrdei these 
tfons. The assumption of ieotropy L 
in error, and the horizontal diffusion, 
much less than for unstable regimes, is mrger' 
tban the vertical spread. Under these &cum 
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stances Eqs. 4.48, 4.51, 4.54, and 4.69 would 
apply. Barad’s choice of Kyand KZ (see Chap. 
4, Sec. 2.5) could be used. Following Barad’s 
reasoning and some comments by Sutton“* (for 
neutral conditions), the ratio of Cy/Cz = 3 
seems reasonable. This assumption is sup- 
ported‘by data presented by Holland.’’ Values  
6f Cy are  readily obtainable from wind vane 
fluctuations (Eq. 4.78),or values of Cy shown 
in Figs. 4.4 and 4.5 may be used. 

1.4 Lofting. This type of plume occurs with 
the transition from lapse to inversion and should 
thus be observed most often near sunset. De- 
pending upon the height of the stack and the 
rate of deepening of the inversion layer, the 
lofting condition may be very transitory or may 
persist for several hours. It has, infrequently, 
been found to persist throughout the night for 
the 250-ft stacks at the National Reactor Test- 
ing Station (NRTS), although its usual duration 
is 1 to 3 hr. The zone of strong effluent con- 
centration, shown by shading in Fig. 5.1, is 
caused by trapping by the inversion of effluent 
carried into the stable layer by turbulent eddies 
that penetrate the layer for a short distance. 
Except when the inversion is very shallow, the 
lofting condition may be considered as the most 
favorable diffusion situation. The inversion pre- 
vents effluent from reaching the ground, and at 
the same time the effluent may be rapidly di- 
luted in the lapse layer above the inversion. 

If sufficient meteorological instrumentation 
is available to detect lofting conditions, it can  
be used for “dumping” an effluent that would 
cause trouble during other meteorological con- 
ditions. Obviously the duration of lofting con- 
ditions depends on the rate of increase in depth 
of the nocturnal inversion and the height of the 
stack. Since this type of lapse rate wil l  prevent 
the effluent from reaching the ground, diffusion 
computations would not often be required. Bow- 
ever, if the air concentration above the inver- 
sion is of interest, an approximation c d d b e  
obtained by ,assuming the inversion top to be an 
impermeable Burface ami, choosing the stability 
parameters appropriate to the layer above the 
inversion, computing concentrations at the in- 
version top. The height, h, in this instance a d d  
be the dietance the effective eta& height ex- 
t e r n  above the inversidn top. Since the imer- 
eion would not be completely impermeable, 
these values would be extremely crude. 

1.5 Sbnigation. This condition occurs at 
the time when the nocturnal inversion is being 
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dissipated by heat from the morning sun. The 
lapse layer usually begins at the ground and 
works its way upward, less rapidly in winter 
than in summer. At some time the inversion is 
still present just above the top of the stack and 
acts as a lid, while convective eddies mix the 
effluent plume within the shallow lapse layer 
near the ground. This condition may ale0 de- 
velop in sea breeze circulations during late 
morning or early afternoon. Large concentra- 
tions are brought to the ground along the entire 
effluent stream (which may be quite laog owing 
to the previous presence of fanning conditione) 
by thermal eddies in the lapse layer. The eone 
of strong concentration shown by shading in 
pig. 5.1 is that portion of the plume t h t  has 
not yet been mixed downward. 

The fumigation deserves special attention in 
stack planning since it (1) provides a method 
whereby strong effluent concentrations can be 
brought to the ground, at least briefly, at great 
distances from the stack and (2) gives stronger 
sustained ground concentrations in the neighbor- 
hood of a stack than looping, coning, etc. During 
smoke experiments at Brookhaven,M using a 
3 5 5 4  stack, it was found that fumigation con- 
centrations averaged 20 times the maximum 
concentration computed by the Sutton equation 
over a period of about 15 min. This figure hpa 
been used at Brookhaven to compute exposures 
from the reactor stack effluent. Concentration8 
thus computed allow the severity of the fumiga- 
tion to vary with stack height and wind speed 
and thus should be sufficiently applicable to 
other stacks; however, a modification of the 
Sutton equation for the estimation of fumigation 
concentrations is given by Holland” and is 
discussed in Chap. 4, Sec. 2.6~.  

The duration of fumigation conditiout3 mpy 
vary widely from place to place. It wi l l  depend 
upon the rate of deepening of the lapee layer as 
the nocturnal invereion dissipates and upon the 
height of the &a&. In some plaees iwer&n 
“lids” are hewn to pereist for mora& 
Fhunlgation conditione 
longed periods in deep 
-It should be pointed 

the manuer 

d i U ~  occur 
they would occur tmly rarely. 

For etack planning it ie well t0 
possible, the frequency, duratlon, 
of fumigations as well as wind 

’ 

. . . ...._ . .. ___ .. 
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Fig. 5.2-Schematic illustration of inversion breaks. Top: t* 1, probable fumigation; In- 
version breaks from ground upward. Middle: type 2, no fumigation; inversioa breaks from 
top down. Bottom: type 3, fumigation doubtful; combination of types 1 and 2 o r  indeterminate. 
Temperature recorder traces are on left; corresponding vertical distributions are on right. 

the time they may occur. This, of course, re- Temperature tracest at the time of "cross- 
quires suitable instrumentation, the most im- over," or change from inversion to lapse, can 

ITemperatures are recorded on a Brown Electron- portant component of which is continuous meas- 
wement Of at twoor levels ik strip chart recorder with multipoint marldqgs. 
above the ground. An example of how the fumi- ~ o t e  that this method would not be -$ossible with a 
gation type of inversion break is identified at temperature difference recorder such as is ueed for 
the NRTS~* follows. some meteorological towers. 

f c 

-1 
736 074 
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( be used as an indication +of me nature of the mixing in the shear zone destroys the inversion 
inversion break and hence as an indication of more or less gradually, depending on wind 
the likelihood that a fumigation w i l l  occur. The speed, as the shear zone works downward. A 
crossovers are separable into three types, ex- phenomenon similar to this was first remarked 
amples of which are illustrated in Fig. 5.2, by Durst" (1933) and also has been observed by 
along with schematic drawings of three stages Gifford" (1952). Gifford associated the dissipa- 
o! the corresponding vertical temperature gra- tion of the surface inversion with the lowering 
dient configurations. of an upper (turbulence or subsidence) inver- 

Fig. 5.3-Lmping conditione. Wind speed 7 mph. 0945 YST, Apr. 9, 1952 SUR3* 34 36 ,~ 
(NRTS). TENPERATURE, OF 

Note that the type 1 inversion break passes 
through a stage corresponding to the fumigation 
condition since the inversion dissipation begins 
at the ground and works upward. The type 2 
break, on the other hand, goes through a stage 
corresponding to the lofting condition since the 
inversion apparently dissipates from the top 
downward. Type 3 is used to designate breaks 
that appear to be a combination of types 1 and 2 
or a crossover that occurs so rapidly that it is 
not possible to determine whether the inversion 
dissipates from the ground upward or from the 
top downward. If a fumigation accompanies this 
type of break, it must be of veryshort duration. 

Temperature measurements at more points 
in the vertical, particularly at a level above 
stack top, would serve better to indicate the 
nature of these inversion breaks. 

The type 2 break needs further qualification. 
Apparently it is caused by wind shear. The 
colder, stable pool of air near fhe ground re- 
sists movement; thus a shear zone is introduced 
at the top of the inversion layer. The turbulent 

735 075 

sion. Unfortunately, there are  not sufficient 
data to resolve the question at the present time. 
At the NRTS, at least, this type of inversion 
break is associated with stronger winds and 
occurs most often after sunrise. 

Photographs of each of the plume types are 
shown in Figs. 5.3 to 5.7, along with coincident 
temperature gradient data. These pictures were 
taken during smoke experiments by the Weather 
Bureau,@ using the 250-ft chemical plant stack 
at the NRTS. The smoke was made by two 
Army M-2 smoke generators. Temperature gra- 
dient data were obtained from tethered ballom 
soudings and from instruments mounted o n a  
1504 radio tower. The dashed line on the 
temperature gradient graphs represents t4e 
dry adiabatic lapse rate. 

2. BROOKHAVEN WIND TRACE TYPES 

A system for the classification of dl&teion 
conditione used at Brookhaven is based on 
characteristics of wind direction fluctuationrm, 
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. * r y  .z . * 
kq5 *:-- 4 Fig. 5.4-Coning conditions. Wind speed 12 mph. 1910 MST. Apr. 16, 1952 

1 Ja'd Jm 1 A 1 

- 
I \ 

Fig. 5.5-Fanning cmditiom. Wind sped 3 mph. 0722 LIST, Apr. 11. 1952 suR.tA 30 32 34 I 36 I 
(NRTS). TEMPERATURE, T 
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- SUR -FI I 1-1 Fig. 5.7a--Runigat on conditione. 0746 MST. Apr. 11,1952. ~ o t e  how eddies 
32 34 36 38 in the lapse layer have begun to penetrate the smob-bearing layer, M evi- 

denced by streamers extending downward fmm the concentrated plume RSRTS). OF 

I 

S .  

SUR. 
32 34 36 u) Fig. 5.7b--hunigation conditione. 0740 MSr.  The first streamer rerebed 

TEMPERATURE,.F the gromd about 2 min after the atmaIUerr, be* to descend (NRTS). , g 
: ,?& 
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Table 5.1-Wind Direction Trace Cheificatione and Related Conditione (smith) - Amrage 
width l P p e d  Stability stack-height Time 

Type oftrace t w t m b o e  d o n  wind,m/eec ofday seaeon Remarks 

A >SO* Lagely Great 1.8 0900-1500 Uncommon The etrongerthe 
thermal btability O d Y  &winter lapsethe 
(convective) greater the 

wind speed 
possible be- 
fore traae be- 
comes type B 

& 450-90* Largely Great 3.8 0900-1500 Mostly Same as above 
tkermal inetability OdY summer 

Bi 15'-46 Thermal and Moderate 7.0 0600-1800 Any Generally 88- 

night with brisk winds 
steep lapse) and moderate 

mechanical inatabilitJr (occaeionally sociated with 

lapee 
C >15* Mechanical Moderate 10.4 Night (orday Any Typical trace 

Stability with heavy under wer- 
cloud cover) caet skies and 

neutral lapse 
rate 

D o * - i s  NO- Great 6.4 Moatlynight Any Typical inver- 
stability sion trace 

as traced by a continuous wind recording in- 
strument whose vane is exposed at the 3 5 5 4  
ievel. The five major wind trace types are il- 
lustrated in Fig. 5.8. According to Smith"' and 
Singer"l these traces are typical of certain 
turbulence regimes, as shown in Table 5.1. 
Because of the relations shown in Table 5.1, it 
may be surmised that certain patterns of smoke 
behavior also are associated with the trace 
types. 

Figures 5.9 to 5.12 are pictures taken during 
smoke experiments at Brookhaven in 1949. For 
these experiments smoke from an Army M-1 

- generator was piped up to the 3 5 5 4  level on 
the Brookhaven toyer. Note that in Figs. 5.9 
and 5.10 the plumes are looping, and rn Figs. 
5.11 and 5.12 they arefanning. Nopictureswere 
made during type C wind trace coloditions, but 
this d d  correspond to the coning type plume. 
The ,,gustiness claasificcrtioas offer a simple 

and economical tool for *ion climatology 
surveys. In using the method elsewhere, how- 
ever, the following pohts ehouldbe remembered: 

1. There are patterns of smoke bebavlor Umt 
cannot be detected by insPe;Ction of awinddl- 
rection trace (Le., lofting and fumigation). 

2. More than one pattern of efauent behavior 
may occur for a given "gustiness" type. 

3. The traces may differ considerably with 
characteristically different terrain or climate, 
with dffferent wind instruments, or with instru- 
ments exposed at different heights above ground. 
For example, type D rarely appears, with ap- 
preciable wind speeds, at elevations below about 
50 to 100 ft. 

3. NONMETEOROLOGICAL FACTORS 

Some aspects of stack plume behavior may 
be traced to factors that are not meteorological, 
e.g., stack height, shape, diameter and draft, 
effluent temperature ind density, and nearness 
of obstacles. When the effluent is ejected at 
high velocity and/or is buoyant with respect to 
its surrouadhgs, it may be expected to riee 
mme disiance above the stack. If the effluqdj 
is dense or cold or contains particles largd$d 
than aboat 1 c1, it may be expected toeew:- 
Unless the eftluent rises at least a short ds- 
tance above the stackbp, it willoften"craw1" 
down the lee side of the stack. Nearby obstacles 
map cause an eddy which wi l l  result in udown- 
wa8h" or a rmepng downward of tbe ef!luent 
plume. In this respect very short stacks or 
roof vents are particularly affected, and efflu- 

. . .. -. . . - . . .  .... 
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TYPE A TYPE 8' 

ent from them must be diluted to a tolerable Several rules of thumb have evolved from 
concentration level before it L ejected.* In an wind b e l  studies and field invesUaUom to 
installation of this type, where the vent8 extend allow for the various nonmeteorol@cal effects 
only a few feet above the roof of a large build- on plume behavior. Sherlock and Stalker"ohave 
ing, smoke studies have shown that with wind faand tbat, while effluent temperature ie lzat 
velocities above 3 to 5 mph the effluent L prticularly important in preventing downwash 
spread across the roof and c o d e  to the ground to eddies in the lee of isolated etaCk8, the 
very close to the building itself. It spread6 . Qanaaeh does not occur to any appreciableex- 
laterally along, the leeward edge of the bullding nt long WJ vehityd-snot exceed 
i n  mechanically induced eddies. The d o l e  lee- the stack draft velocity. In general, the turbu- 
ward edge of the roof bas been noted to become lence generated by obstacles w i l l  not cause 
a line source of smoke inaneutralor  sl&tdty', dloranaosh if the stack ie at least2!4timea the 
unstable atmosphere. A drawing of this type of height of any structure located within 20 stack 
behavior is shown in pig. 5.13. lengths of the stack. 

736 079 
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_ -  

Fig. 5.9-Smoke behavior with wind trace type B, and strong winds. Thermal eddies are 
present, but the vertical motions are dwarfed by the rapid horizontal motion (BNL). 

2 

. .  . 

. .., 
i" 

Fig. 5.10-Smoke behavior with wind trace type A (or &) and wry light W i n d 8 .  T h e d  
eddies bring strong concentrations to the ground very near the stack (BNL). 
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Fig. 5.11 -Smoke behavior with wind trace type D. Note how the plume may travel long dis- 
tancee in a temperature inversion without appreciable dilution (BNL). 

Fig. 5.12- 
negligible 

--Q 
but 

noke behavior in stable conditione. Note that the vertical epree 
that meandering c a w s  horizontal spreading (BNL). 

i 

d of the 
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r -  I .  

- -  

Fig. 5.13-Schematic representation of the effluent behavior near a building when released 
from short stacks in a light wind. 

GAS RATE (01, I,  CU FT/SEC 

Fig. 5.14-Maximum velocity rise of plume,*Boeaaqust formula (Helmere). 
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4. EFFECTIVE STAFK HEIGHT 
$ 

The effective stack height is the stack height 
plus the height that the effluent plume initially 
rises above the stack owing to stack draft ve- 
locity and/or buoyancy of the effluent. The con- 
Cept involves both meteorological and nonmete- 
orolagical parameters and is a very necessary 
consideration for stack design. Gains in effec- 
tive stack height are desirable when they can 
be obtained practicably, and they must be con- 
sidered in making estimates of ground concen- 
trations by diffusion formulae. 

Most investigations of the past have not had 
to deal with the effects of effluent temperature 
and velocity together; therefore little informa- 
tion is available on the combined effects. In a 
practical sense, additional stack height is not 
needed except when wind speeds are low, and 
it is then that the effect of excess temperature 
of the effluent is greatest. Sutton"' finds from 
a theoretical treatment that the decrease in 
ground concentration due to heating varies in- 
versely as the cube of the wind speed. 

A rule of thumb frequently used to estimate 
effective stack height for low wind speeds is 
due to invecrtigations by O'Gara and Fleming."' 
It states that each degree Fahrenheit of smoke 
temperature above ambient air is equivalent to 
2% ft of extra stack height. 

. 

The atomic energy industry encounters situa- 
tions in which the effects of both temperature 
and velocity must be considered, and for this 
reason further investigations are  necessary. 
When meteorological parameters, such as ver- 
tical temperature gradient and wind speed, are 
taken into consideration as well, the problem 
becomes quite complicated. For example, the 
effect of a temperature inversion is tosuppress 
vertical motions; thus it might be expected to 
reduce the effective stack height. On the other 
hand, a hot effluent plume might be expected to 
rise higher if the stability of the air slows tur- 
bulent mixing of the plume with its environment 
since it would thus retain its buoyancy longer. 

The only attempt to take all,these parameters 
into account is that of Bosanquet et al.," whose 
theoretical equation has received some confir- 
mation at severallindustrial plants. Their model 
predicts that the effect of a temperature inver- 
sion will be to lower the effective stack height, 
but this part of the theory has not been tested. 
The maximum rise due to effluent velocity is 

4.77 JQve 
u u  

1 + 0.43 - va 
h",, = 

- 
A graphical solution to this equation Oielmers") 
is given in Pig. 5.14. The maximum rise due to 
temperature difference is 

where 

2 .A . 
J 

Z = Ln J ' + - - 2  

g = acceleration due to gravity (ft/sec/eec) 
u = mean wind speed (ft/sec) 

vs = stack draft velocity (ft/sec) 
Q = g a s  emission rate at temperature To 

To = effluent temperature ("C) 
T, = ambient air temperature ("C) 

(ftg/Elec) 

A = To - TI ("C) 
J , Z  = parameters for calculating thermalrise 

G = gradient of potential atmospheric tem- 

The maximum rise of the plume cannot always 
be used for the height of release in diffueion 
equations since the calculated rise may occur 
at a greater distance downwind from the source 
than the point for which the ground level con- 
centration is being computed. However, the path 
of the plume can be computed, and the height 
of the plume at some distance from the stack 
that is set by the conditions of the problem can 
be used. The rise at a distance x downwind of 
the stack due to stack gas velocity i 

(Bosanquet'*) 

perature ("C/ft) 

hv  max 
=hv- ( 1 - 0 . 8 7 )  

where x > -2  hv IILBX and the path 
for thermal rise in an adiabatic atmo 
given by the equations 

Qa & = 8.37g 2 
u 1  

X x = 3.57 - G 
U 
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where the relation between X and Z is shown in 
Fig. 5.15 (Helmers"). 
A simpler approach is afforded by an equa- 

tion empirically derived by Savideon" from 
Bryant's" wind tunnel experiments. It does not 

0 
0 40 20 30 40 50 60 70 Bo 90 lo0 

X 

Fig. 5.15-Boeanquet thermal rise parameters for an 
adiabatic atmosphere (Helmers). 

consider the effect of the vertical gradient of 
air temperature, but this does not eliminate it 
in favor of the Bosanquet formula since the ef- 
fect of air stability on effective stack height is 
not definitely known for all conditions. The 
Bryant-Davidson expression is 

A h  = tip)'*' (1 + c) 
Ts U 

where d is stack diameter, Ah  is the rise of the 
plume above the stack, and AT and T, are the 
excess and absolute temperature of the stack 
gas in similar units. Equation 5.6 is graphed 
in Fig. 5.16 for a wide variety of conditions. In 
developing the formula, the rise of the plume 
was taken a short distance from the stack at a 
point where the plume became almost horizantal 
and not the maximum height attained by the 
plume. Thus the value of the rise computed by 
Eq. 5.6 cpo be added to thestack height for sub- 
stitution in diffusion equations. AIS might be 
expected, this formula gives somewhat 1mr 
effective stack heights than those given by tbe 
Bosanquet for mula. 

Holland*' found from a study of plumes from 
three stache 160, 180, and 200 ft tall that the 
Bosanquet formula gave estimates that were 
too high and that the Bryant-Davideon formula 

i 

t 

gave estimates that, while conservative, fitted 
the data for some of the lower plume rises that 
were observed. He found also that plume rises 
in general were slightly less when a tempera- 

prcndmation formula for his data, based on 
average conditions, is 

hue inversion was present. Holland's first ap- - b  

, (5.7) 
1.5vsd + 3 x l m ~  Ah = 

U 

where u and ve are in miles per hour and QH ie 
in calories per second. This formula might be 
expected to give more accurate estimates within 
the range of conditions encountered by Holland; 
these conditione are given in Table 5.2. 

Table 5.2-Stack. Effluent, a d  Meteorological 
Parametere for Effective Stack Height 

Inveetigation by Holland 

x-10 x-10 Watta Bar 
pile eteamplant eteamplant 

Stackheight. ft 200 180 160 
Stackorifice 5'h 9 14 

diameter, ft 
Exit velocity, 45 5 34 

mph 

ture, 'F 

sion rate, 
cu ft/min 

rote. cd/eec 

Exittempera- 180 400 350 

Volume emie- 110,000 27.200 300,000 

6,600,000 Heat emiaeian 850.000 710,000 

wind epee&:* 
1-6 mph 4 19 69 

16-21 mph 3 

lapee* 

7-15mpb 4 14 24 

Temperature 10 18 42 

Temperature 16 51 
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Fig. 5.16-Height that plume rises above stack for various stack diameters, effluent and wind 
apeede, and temperatures. Ah/d = (~,/u)~~'ll + @T/T,)I (Bryant and Davidson). 

rate and stack'diameter. Assuming a specific 
volume (reciprocal of density) of 12.4 cu ft/lb 
of air at Soin. HIZ (approximately sea level) and 
32"F', it can be s b m  that 

vg = 

where D is the discharge rate in pcrrmde per 

of mercury. This expression ie valid when the 
effluent is mostly (ventilating or coaling) air, 

88 in the case d moat atomic energy 
P&ure 5.17 ie a graph of 
used to determine the e 

.When #tack emieei 
- cubic fee4 per minute, stack exit ve 

(6.8) c- bP bP 8 . -  - 
0.962M'a DTa 

U- 

E , r  

v, .. I 6.08 x lo-' x (cu ft/m 
d 

1 * second and P is atmospheric pressure ininches 

where vs ie in meters/eec a d  d ir in 

?% 085 
c 

m 

- _ _  - __-- 
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Fig. 5.17-Stack draft velocity for various stack diameters, effluent and wind speeds. and 
temperatures. v, = 0.962DTs/d*P. 

6. CHOOSING THE PROPER STACK 

An example of a possible use of Figs. 5.16 
and 5.17 is given below. Other uses w i l l  occur 
to the reader. 

It is  determined that an effective stack height 
of SO0 ft is needed to maintain tolerable ground 
concentrations in the environs of a plant near 
sea level that w i l l  discharge 200 lb/sec of ef- 
fluent at a temperature of 500"F(960°Rankine). 

I 

The smallest feasible stack diametert i s  
as determined by limitations of the 
fans. During times of plant operaflon 
pected that the average ambient tempera 
be MOP, average pressure 30 in. 

tsubetituiion of Eq. 5.8 Into Eq. 5.6 
VarpinWI'Wly 88 6";thUe tbe U d h t  fWib 

.etack hd@t. 
diameter is deeirable from tb~ standpint of 
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age wind speed 8 mph (about 12 ft/sec). What 
height stack is required to obtain the necessary 
effective stack height? 

Solution: On Fig. 5.17 TB/P = 960/30 inter- 
sects D/d2 = 200/100 = 2 at a point where vg = 
62 ft/sec. On Fig. 5.16 AT/TB = 450/960 = 
0.47 intersects vs/u = 62/12 = 5 at apoint 
where Ah/d = 14. Multiplying by d = 10 gives 
Ah = 140 ft. The required stack height then is 

( + 

1- 160 n. 
It should be noted here that a frequency tabu- 

lation of inversion heights m a y  show that a 
large number of inversion conditions m a y  be 
avoided by choosing a sufficient stack height. 
At certain locations extension of the stack height 
might avoid 80 to 90Sof the inversions. Only a 
thorough study of the local lapse rate could 
verify this. 

7. DILUTION WITHIN THE STACK 

As stated earlier, where exposure to effluent 
can occur before it has a chance to diffuse ap- 
preciably (such as may occur with short stacks 
or vents), it is common practice to mix suffi- 
cient air with the effluent to dilute it to a tol- 

erable concentration prior to release. For tall 
stacks, however, additional factors must be 
considered. First of all, the “natural” dilution 
from tall stacks is so great that, as far as 
g r m d  concentrations are  concerned, the ad- 
dition of air into the stack for dilution purposes 
is hardly worth while. 

Dilution in the stack is beneficial ininstances 
when the increased draft velocity thus obtainable 
serves to increase the effective stack height. 
This would be true if  the diluting air and effluent 
were of about the same temperature or if hot 
air were being mixed with the effluent to in- 
crease its buoyancy. Stack dilution may be ac- 
tually detrimental where air of ambient tempera- 
ture is added to hot stack gases since plume 
buoyancy is sacrificed. 

A note of caution must be interjected before 
leaving the subject of stack gases. The various 
formulae for plume rise and the methods of 
estimating plume behavior from meteorological 
observations are not exact, although they are 
reasonably good approximations. In particular, 
these approaches will more nearly represent 
mean, not instantaneous, conditions; hence short 
period spot observations may show considerable 
variation from predicted behavior. 

c 
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In the normal course of events the behavior of 
debris clouds created by explosions will be of 
little concern to the atomic energy industry. 
However, two situations, one of them actual 
and one postulated, exist where the rise and 
spread of explosion clouds can affect site op- 
erations. 

The actual occurrence would, of course, be 
the detonation of nuclear weapons and the re- 
sultant release and transport of radioactive 
debris across the various atomic energy in- 
stallations. Although the activity of the diffus- 
ing cloud is not of biological concern, it may 
still be sufficiently above background to play 
havoc with the normal readings of sensitive 
monitoring instruments. If it were not known 
that these anomalous readings resulted from 
explosion debris, considerable time and ex- 
pense might be required for on-site testing and 
tracing. Fortunately it is usually possible, with 
the use of meteorological data and forecasts, to 
predict when individual sites will be affected by 
nuclear weapon debris effects. Later in this 
section the formation, rise, and diffusion of 
weapon clouds will be discussed. The explosion 
of an atomic reactor is the postulated eituation. 
It is common practice in reactor hazard analy- 
sis to assume a combination of circumstances 
which might result in a nuclear incident with a 
release of material to the atmosphere. It is 
not within the scope of this report to examlne 
the manifold plausibilities that might lead to an 
explosion or the possible methods of release 
(vaporization and violent explosion, slow melt- 
ing and gradual leakage, etc.) of gaeeousand/or 
particulates fromsuchanoccurrenced However, 
if the formation of a cloud is assumed and 
some idea of its energy content is obtainable, 
estimates of the cloud behavior in the atmos- 
phere can be made. 

- 

I 

1. NUCLEAR WEAPON CL 

' .  

When an atomic weapon is detonated, the air- 
borne radioactivity in the cloud will consist of 
the fission products due to the fast neutron fis-- 
sion of the uranium or plutonium, the remaining 
uranium or plutonium which does not fission, 
vaporized metals or other materials whichhave 
been subjected to a high neutron flux during the 
detonation, and usually significant amounts of 
dust which also has induced activity. Most of 
the tremendous amounts of energy of atomic 
explosive devices is evolved in the form of 
heat, although some is emitted in the form of 
gamma rays and in the neutrons (which are ex- 
pelled within a short time) and some remainnin 
the radioactive energy of the fission products. 

The initial release of energy results in the 
formation of an intensely hot fireball which 
produces the thermal radiation and shock wave 
that are responsible for the great damage 
caused by the weapon. For convenience in dis- 
cussing the debris clouds, it is possible to di- 
vide the detonation of nuclear weapons into three 
claseee: 

1. Air bursts (fireball does not intersect the 
surface). 

2. Surface burst (fireball intereecta the BUT- 
face). 

3. Subsurface burst (underwater 05 

ground). 
In an air burst, the fission pr 

the most comer-n. Table 6.1 givee the total 
gamma a~tivlty" of tbase producte from the - 
detonation of a nominal bomb (20,000 toas 00 
TNT equivaient, 2 x 10" calories, or fission ad 
1 kg of U*'6). 

After an air burst the solid material inthe 
cloud consists of the remains of the bomb casing 
and auxiliary equipment, which are  vaporWby 
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the explosion and are condensed by cooling. 
Only relatively small amounts of soil or other 
surface material are sucked up into the atomic 
cloud by the violent updrafts created by the 
explosion. 
- However, for a surface burst the intersection 
of the fireball with the ground not only serves 
to induce activity on a large mass of soil but 

Table 6.1 -Total Gamma Activity of 
Fission Products 

Elapsed time since 
detonatf on Activity, curies 

1 min 8.2 x Id' 
1 hr 6.0X Id 
1 day 1.3 X I d  
1 week 1.3 x 10' 
1 month 2.3 X 10' 

also to eject the order of tons of debris from 
the earth into the atomic cloud, as the result of 
the intense thermal radiation which penetrates 
into the soil. Another consequence of the in- 
jection of large amounts of soil into the fireball 
is that the soil particles serve a8 condensation 
surfaces for vaporized material so that the re- 
sulting radioactive particles are much larger 
than is the case with air bursts. 

Subsurface bursts throw large amounts of 
soil or water into the atmosphere, much of 
which is radioactive. However, the resulting 
cloud is not carried nearly as high into the 
atmosphere as that from a surface or air burst. 

2. INITIAL STAGES OF CLOUD DEVELOP- 
MENT 

About 1 sec after detonation the fireball from 
an air or surface burst attains its maximum 
diameter, and after a short period of "hovering" 
the buoyant bubble of intensely heated gaees 
begins to accelerate upward, a#aining a mal- 
mum upward velocity of about 500 ft/eec within 
a few seconds. The ascent continues until the 
gases cool, by radiation, entrainment of ambi- 
ent air, and adiabatic expansion. to the tem- 
perature of the environment.'O'J" 
During its ascent the cloud evolves into the 

familiar mushroom shape. The mushroom top 
consists initially of a vigorous toroidal circu- 
lation which gradually decreases as the cloud 
rises and, for a nominal bomb, has a thickness 
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of about 10,OOO A after the cloud stabilizes. 
This normally occurs when the cloud enters the 
base of the stratosphere, about 30,OOO to 40,000 
ft in temperate latitudes. but may occur at some 
lower level if less initial energy is available. 

Fig. 6.1-Cloud from a typical atomic burst near 
stabilization, Nevada Proving Grounds, Apr. 22,1952. 

The time from detonation to stabilization is of 
the order of 5 to 15 min. 
The character of the trailing portion of the 

cloud, the stem of the mushroom, is dependent 
on the type of burst. For a high air burst the 
stem is practically nonexistent since almost 1u) 
surface material is brought into the clard. T 4 >  
visible part of the etem in thM case is prfnci-, 
pally composed af a water cloud which forme in. 
the vpke of the ascending bubble, although e&- 
ntficant radioactivity is also present. For loaer. 
air bursts #e shock wave antkthermal heatin# 
tend to dislodge more mil to be carried in the 
updrafts. Figure 6.1 shows a typical air burst 
cloud near stabilization. Note the evidence of 
the toroidal ring in the mushroom, as shown by 
the lesser density of the central portion of the 
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cloud. The detachment of the tenuous stem from 
the top is also typical of air bursts. The lower 
duet cloud extends to only about one-third the 
height of the stem; the remainder of the visible 
portion- is principally a water cloud. A surface 
08 tower burst, on the other hand, would have a 
continuow dark column of falling dirt and de- 
bris reaching from the ground to the mwhroom 
top. 

The configuration of the mushroom and stem 
is dependent upon meteorological parameters. 
Stable layers not sufficient to stop the ascent 
may result in a more rapid deceleration and 
broadening of particular parts of the cloud, and, 
more important, wind shears act to tear apart 
and in some cases actually detach certain por- 
tions of the cloud. 

3. INTERMEDIATE STAGES OF CLOUD 
fIIsTORY 

After stabilization the subsequent configura- 
tion of the cloud is determined principally by 
the nature of the wind field which move8 and 
difhmes it and by the size distribution and rate 
of fall of the particles. In the event precipita- 
tion was occurring, large amounts of activity 
would be scoured from the air by the scavenging 
action of the precipitation elements. 

The action of the winds is to transport the 
cloud approximately horizontally with the speed 
and direction of the prevailing wind at each 
level. Since in the atmosphere wind direction 
and speed vary from level to level, the result- 
ing wind shears tend to elongate the cloud 
greatly and often to break it up into several 
separate segments. Superimposed on the pri- 
mary movement of the cloud are the small- 
scale movements due to turbulent eddies that 
are too small to be measured by conventional 
techniques. Such eddies serve to diffuse the 
cloud segments both horizcmtally and vertically 
and cause an apparent increaee in diameter of 
the initial column. For the first 4 to 8 hr fol- 
lowing detonation, the horizontal rate of growth 
of the cloud at any one level appearsto be about 
3 mph. This horizontal growth, coupled with 
vertical, wind shear, and fall-out, results in a 
rapid deformation of the original cloud configu- 
ration. 

The deposition of activity in the immediate 
vicinity of the burst is largely dependent on the 
particle size distribution in the cloud. For an 
air burst, since the ball of fire does not inter- 
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sect the earth, relatively little extraneous ma- 
terial is sucked into the cloud and the resulting 
radioactive particles are small, with negligible 
rates of fall. At Nagasaki, a high air burst, 
only about 0.02% of the fission products were 
left on the ground withinaradiusof some 2000 ft 
of Ground Zero, and even a few minutes after 
the explosion, the area did not present a radia- 
tion hazard. At Alamogordo, where the detona- 
tion was from a tower, dangerous contamination 
existed for many hours after the burst. 

At slightly greater distances (up to approxi- 
mately 200 miles), the amount of fall-out also 
depends primarily on particle size, and the lo- 
cation of the fall-out is a function of the wind 
field through which the particles fall. (A dis- 
cussion of the fall velocities of the particles 
will be given later.) 

Some idea of the probable location of close-in 
fall-out from a burst can be obtained by con- 
structing a “fall-out diagram,” which graphi- 
cally integrates the effect of the wind field on 
the falling particle. A simple fall-out plot can 
be constructed as follows (see Fig. 6.2): 

1. Obtain the upper wind observation or prog- 
nosis most representative of conditions at  burst 
time (the complete wind observation is de- 
sirable; however, if necessary, the conventional 
coded PIBAL message can be used). 

2. Find the mean wind direction and speed 
in each 5000-ft layer from the surface to the 
top of the atomic cloud. 

3. Locate the site of the burst on an appro- 
priate map (1 in. = 10 miles is a convenient 
scale) and label this point 0 (a transparent 
overlay may be used). 

4. From 0, lay off a vector corresponding to 
a 1-hr movement of the mean wind inthe lowest 
5000-ft layer. (Since it is often convenient to 
use layers beginning at multiples of 5000 ft 
above sea level, the lowest layer may be less 
than 5000 ft thick. In that event, lay off the ap- 
propriate fraction of 1-hr movement, e.&, if 
the lowest layer is 2000 ft thick, layoff a vector 
corresponding to two-fifths of the 1-hr move- 
ment.) Label the endpoint of this vector A. - 

5. From A, lay off a vector corresponding to 
tbe 1-hr movement of the mean wind in the next. 
higher layer; label the endpointB. Repeat this 
process for each succeeding 5OOO-ft layer to. 
the top of the cloud (or the base of the strato- 
sphere if the cloud height is unknown). 

6. Draw lines from Oextendhgthroughpoints 
A, B, C, etc. In Fig. 8.2 thevectorOF indicates 
the direction of the resultant wind acting on a 

-c \ 
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Fig. 6.2-Example of a falldut plot. 

particle which fell at a constant speed from 
30,000 ft to the surface. The point F is the sur- 
face position of a particle which fell at the rate 
of 5,000 ft/hr from 30,000 A. Similarly, the 
line OAB.. .F represents the locus of all par- 
ticles which fell at this rate from various parts 
of the cloud. The locus of particles which fell 
at any other rate can be found by taking appro- 
priate fractions or multipliers of the vectors 
OA, OB, OC, etc. (e&, the locus of particles 
which fell at the rate of 10,000 ft/hr canbe 
found by connecting the midpoints of OA, OB, 
OC, etc.; all particles which fell at rates be- 
tween 5,000 and 10,000 ft/hr wouldbebetween 
this line and line OABC.. .F). 
. 7. Determine the particle size range to be 
considered (a typical density for atomic debris 
is about 3), and from the right-hand scale d 
Fig. 6.3 find the proportion of each vector OA, 
OB, etc., corresponding to the smallest and 
largest particles considered (50p and 150~  in 
the example shown). Lay off this fraction or 
multiple along each of the vectors and connect 
points for the largest, OA'B'C', and smallest, 

.II 
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OA"B"C", particles. The area enclosed rep- 
resents the computed fall-out area, uncorrected 
for diffusion. 

8. To make an approximate correction for 
small-scale diffusion, displace points A'B'C', 
and A"B"C", so as to make for the maximum 
increase in the fall-out area, about 1 mile f a r  
each 7 miles distance from the burst site. 

The fall-out diagram can also be USBd to 
indicate where fall-out is likely to occur at 
specified times following the buret. Each of the 
lines OA, OB, OC, etc., can be marked off in 
the number of hours necessary for particLee to 
reach the ground. For example, in Fig. 6.2, 
particles which fell in 6 hr from 30,OOOft voofd 
be at F, particles which fell in 1 hr wouldbe an 
the line OF at one-sixth of the distance to F, 
those in 2 hr at two-eixtbs the distance, etc: 
Similarly the point E represent8 the location d 
particles which fell in 5 hr from 25,000 R, rud 
one-fifth the distance represents 1 hr of U. 
Each of the lines OA, OB, OF, etc., canbe 
treated similarly, and isochrones of fall-- 
time after burst can be constructed. 

736 891 
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Although any fall-out diagram can serve only 
as a rough guide to where fall-out will occur, 
it is possible to modify the diagram to take ad- 
vantage of any additional information which may 
be available. If the wind8 are chan%ng with 
time, a second diagram can be dram for con- 
&Mons (observed or forecast) about 6 hr later 

I"" 

to M 1 0 0  
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Fig. 6.3-Fall velocity as a function of particle size 
and density (Stokes' law) ( U r n ) .  

and the fall-out pattern can be interpolated. If 
most of the debris is concentrated in the 
mushroom, greater activity should be expected 
in the area bounded by the appropriate vectors. 
For example, in Fig. 6.2, if the activity were 
confined to the layer from 20,000 to 30,000 ft, 
then fall-out would be expected in the area 
bounded by D'DD" and F'F" (plus the appro- 
priate diffusion corrections). Another conee- 
quence of the concentration of activity in the 
upper part of the cloud is the persistence of 
relatively high activity out to some distance 
from the burst site, corresponding to fall-out 
from the mushroom. Such occurrences have 
been observed following several of the Nevada 
teste. 

If precipitation is occurring at the time of 
detonation, it may be assumed that a large pro- 
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) portion of the activity will be scavenged by the 
falling precipitation elements. If the drop size 
of falling rain or drizzle can be ascertained, 
the area most likely to be affected by fall-out 
can be computed from the fall-out diagram. In 
this case the fall velocities appropriate to the 
droplets should be used, a8 determined from 
the dashed curveQ in Fig. 6.3. As a rough 
guide, the average diameter of drizzle droplets 
is 100 to 400 p, and rain droplets range upward 
from 400 p. 

4. LONG-RANGE CLOUD TRAVEL 

As the cloud of atomic debris is carried far 
away from the burst site, gravitational settling 
becomes of lesser importance since only the 
smaller particles remain and these can be 
considered to be in virtual colloidal suspension 
in  the atmosphere; Le., the small-scale eddy 
motions completely dominate the gravitational 
settling. 

The movement of the cloud is governed by 
the wind field. At any level the trajectory of 
the primary cloud, that portion of the initial 
cloud which moves approximately horizontally 
and is practically unaffected by diffusion or 
fall-out, can be computed by conventional me- 
teorological techniques from the upper air wind 
and pressure data. (Examples of computed tra- 
>ctories are shown in Fig. 3.1.) 

The most practical technique for computing 
trajectories is to assume that the flow pattern 
shown on any map remains unchanged for a 
period equal to the interval between maps and 
centered at map time. In general, it is better 
to use the actual reported wind data in prefer- 
ence to computing the wind from the pressure 
field. If it becomes necessary to use the pres- 
sure field, then the simple geoetrophicapproxi- 
mationt is preferable to more complex tech- 
niques since it is difficult to evaluate all tbe 
nongeostrophic accelerations. 

network of upper-air stations, the average 6 r i  
ror in the aiter-the-fact trajectory cogpiti- * 

tions is found to be about 20s of the w- length 
of the trajectory. 

In the United States, with its relatively 

1 ,  

tOWafnedfrom a weather mapby maw of a m ?  
venient transparent ecde that ie used ta estimate w i d  
speeds from i8obar epacfng. 
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In addition to the movement of the primary 
cloud, it is evident that the ever-present turbu- 
lent elements of the atmosphere will diffuse the 
debris both horizontally and vertically at a rate 
many orders of magnitude greater than ordlnary 
molecular diffusion. The elrtent of the diffuion 
depends not only on the characteristics ofthe 
turbulent eddies of the atmosphere but also on 
the time and space scale under consideration. 
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DISTANCE FROM CENTER OF CLOUD, KILOMETERS 

Fig. 6.4-Lateral distribution of debris after two 
days, assuming an effective diffusion coefficient of 
1d cmz/sec. 

As the cloud grows, larger and larger eddies 
become difhing  elements; thus the rate of 
growth increases. 

Horizontal and vertical wind shears coupled 
with fall-out and diffusion result in a very 
rapid spreading of the cloud, both in width and, 
even more markedly, in length. After a few 
days of cloud growth, the ordinary cyclones and 
anticyclones of the synoptic map may act as 
diffusing elements. 

At about two days following the burst, it is 
estimated that a Ficldan diffusion coefficient of 
roughlyl0’ cm*/sec will serve to describethe 
spread of debris which is observed at any one 
level in the atmosphere under average condi- 
tions. This spread is due to the combination of 
several processes and can onlybeappraxlmated 
by any simple m i o n  laws. Figure 6.4 ehowe 
the lateral distribution of debris whicb might 
be expected at a given level after two days. 

4.1 Large-scale Effects. S h y  is oneoftbe 
important factors that reduces g r d  caneem- 

and bottom of the layer were 20 mph, then the 
projection of the debris on the earth’s surface 
would be 100 miles long after 5 hr. Thus, neg- 
lecting diffusion, the concentration of debris 
thatmfghtbeecavengedbyrainwauldbeody 
about 1% of that which would be scavenged i 
the entire column moved along the same pth, 
Le., if the cloud remained vertical. Meteoro- 
logical trajectories have indicated that after 
24 hr the mushroom tops of atomic clouds have 
generally been spread out Over distances of 
much more than 100 miles. 

4.2 Small-scale Effects. Even in the event 
of a low-power explosion which might leave a 
contaminant only in the luweet 100 or 500 ft,  
the shear in such a layer would be important in 
determining the deposition pattern of the radio- 
active material. Sometimes large shears are 
found in the lowest few hundred feet of the at- 
mosphere, especially with thermal stabllfty; 
whereas at other times there is relatively little 
shear through such a layer, particularly when 
there is thermal instability or mechanical 
mixing induced by strong winds. 

5. REACTOR DISASTER CLOUDS 

For simplicity it would be desirable to deal 
with debris clouds, puffs, or other instantane- 
ously generated contamination Bources in the 
same manner that was used for stack plumes, 
but there are several reasons why this is not 
possible. There are no photographs or observa- 
tions of euch clods made during various me- 
teorological conditions; in fact no “reactor 
disaster” clouds have ever occurred. It L 
tempting to draw conclusions about reactor ex; 
plosione from experience with atomic weapoz18. 
However, tb result8 can hardly be e x p e u , W  
apply to the relatively low-order e-iolr d i  
rewtor. ~hemicrrl d e  e x p e y s %  

. . k. 
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can be envisaged. Even during stable meteoro- 
logical conditions the variety of cloud behavior 
is increased by such nonmeteorological factors 
as force or power of explosion, heat released, 
degree of confinement of the explosion by the 
tplildidg in which it occurs, and cloud composi- 
tion. 

5.1 Size of Source. All sources are initially 
finite volumes rather than points, but, if interest 
in the dosage or concentration is sufficiently far 
from the source, in theory there is no difference 
in the downwind concentrations between point 
and volume sources. Near the point of release, 
however, the exposure varies considerably ac- 
cording to the assumption about the initial size 
of the radioactive cloud. 

(a) Cloud Content. Any reactor disaster will 
emit gaseous contaminants, but not all need 
produce particulate matter. In the case of par- 
ticulate matter, the problem of removal by dep- 
osition and the hazard due to deposited ma- 
terial which remains in the same place (as 
opposed to the gaseous cloud which will be 
carried away by the wind) must be considered. 
A treatment of this subject is given in Chap. 7. 

(b) Cloud Height. As with the volume source, 
the influence of the cloud height becomes less 
important as the distance from the source be- 
comes greater. The range of cloud heights for 
reactor disasters may be between zero (es- 
sentially no rise) and a height somewhat less 
than atomic bomb clouds. 

If a contaminant is released over a period of, 
say, tens of minutes, it may be described as a 
continuous source,” in which case the height 

of rise can be estimated with the formulae 
given earlier for stack plumes. If all the ma- 
terial is released within a few minutes, the 
source is best described as an “instantaneous” 
one, in which case a different approach must 
be used. 

S ~ t t o n “ ~  uses his theory for diffusion from a 
point source for computation of the diffusion of 
heat in the cloud as it rises and determines the 
height at which the cloud is no longer warmer 
than its environment. The formula is 

16 

1‘- (6.9) 

where m = 2 - n (see Chap. 4 on diffusion theory 
for a definition of the stability parameter, n), 
p is air density, Q represents the amount of 

heat released in the explosioi., Cp fs the spe- 
cific heat at constant pressure for the gases of 
the cloud, C is the Sutton generalized coefficient 
of diffusion, and a and p are defined below. 
Gutton suggests that C might be about 0.45 
(meters)% and m about ‘A, values whichapply 

HEAT LIBERATED (SUTTON), CALORIES 

(08 109 IOM 10” 1dL ton 

I IO 100 IO00 
EXCESS TEMPERATURE OF CLOUD ( M A C H T A ) , ~  

Fig. 6.5-Height of rise of cloud of hot gases. 

to ordinary atmospheric turbulence for a cloud 
which moves horizontally. The applicability of 
the same turbulence factors for a cloud which 
moves relative to the air is questionable. The 
numbers a and p are derived from the relation, 
8 = e o  - aep where e stands for potential tem- 
perature, z for height, and subscript 0 denotes 
the potential temperature at the place where z=  
0. Figure 6.5 is a graph of Eq. 6.9 for the con- 
ditions listed above, and p = 1 and a = lo-’ “C/ 
meter. 

Machta*o’ has developed a formula for the 
maximum rise of a gaseous cloud based on a 
constant rate of entrainment of environmental 
air. It is written . 

where 

(l/M)(aM/Bz) = constant percentage rate of en- 
trainment per unit increase in 
height 

= initial excess in potential tem- 
perature of the cloud over the 
environment 

ae’/az = lapse rate of potential tempera- 
ture 

H = maximum height of the cloud 
M = mass of the cloud 

736 094 
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The atmosphere plays a role in two terms: 
first, in the rate of entrainment (which for 
cumulus clouds is estimated to be about 0.5 x 
lo-' cm-' and which is greater with increased 
turbulence) and, second, in the potential tem- 
perature lapse rate d the air. For a standard 
atmosphere this lapse rate is about 3.5"A/ 
kilometer, and for an isothermal atmosphere 
it L lO"A/kllometer. Equation 6.10 also is 
graphed in Fig. 6.5. A standard atmosphere is 
assumed, and the constant entrainment rate 
that was given above is used. 

Machta's formula gives a rise of several 
kilometers for cloud temperatures only a few 
hundred degrees warmer than the environment, 
and therefore it may be less applicable to 
clouds from low-order explosions. It is easily 
seen that cloud size is an important factor. 
Machta's formula would be more applicable to 
a very large cloud (say as large as an average 
cumulus congestus cloud, whose base may be 
some 3 to 5 miles across) in which a tempera- 
ture excess of 100°C would represent an enor- 
mous amount of heat energy. Also the entrain- 
ment rate assumed would be more likely to 
hold for a large cloud. 

One may criticize these formulae as  being 
very crude, but then the initial cloud tempera- 
ture (or heat release) will not be accurately 
known in an actual explosion. The formulae 
may be used to obtain an order of magnitude 
approximation of cloud rise and perhaps a 
qualitative notion of the sense and magnitude 
of the meteorological factors. Both formulae 
have given good approximation for the rise of 
atomic bomb clouds. 

The two theories are similar in that they 
deal with a gaseous cloud which rises because 
of its temperature excess over the environment, 
and the cloud cools by mixing with the en- 
vironment air and by adiabatic expansion. In 
both theories, coolingdue to radiationis omitted, 
a factor which may be highly important in the 
first few seconds after an explosion. F'urther- 
more, the density of the cloud is undoubtedly 
affected by the presence of solid matter. 

Considering the uncertainties involved, more 
convenient though less rigorous "height of 
rise" and cloud volume formulae applicable to 
reactor incidents may be stated as follows: 

To compute Z-, the height of cloud rise at 
night, use the formula 

( 

A < - -  4 

I-: 

(6.11) 

where % = heat liberated (calories) 
cp = specific heat at constant pressure 

(0.25 calorie per gram per degree 
centigrade) 

p = air density (grams per cubic meter) 
8L = gradient of potential temperature 

(degrees centigrade per meter) 
c = diffusion coefficient [(meters)%] ; c 

varies from 0.3 for stable to 0.6far 
unstable conditions 

To compute volume of cloud at Z- use the 
formula 

(6.12) 

where AB, = initial excess temperature above 
ambient (degrees centigrade) 

ABz = Z max e;, decrease in temperature 
excess (degrees centigrade) 

VG =volume of cloud at the ground 
(cubic meters); this volume might 
be that of the reactor room, a 
building, etc. 

VN = volume of the night cloud at Z,, 

For the daytime cloud the lapse rate of po- 
tential temperature in the free air will be near 
that at which the cloud is assumed to cool; 
thus the preceding formulae are not applicable. 
Instead a reasonable height of rise may be 
selected by assuming that the cloud will reach 
300 to 500 meters above the average base of 
fair weather cumulus clouds. (A height of 1500 
meters is assumed at Oak Ridge; in thewestern 
mountain areas a stabilization height of 2000 to 
3000 meters above the terrain would be more 
representative .) 

After a daytime stabilization height has been 
chosen, the volume of the cloud at this height 
may be obtained by (1) computing the tempera- 
ture excess at stabilization height from 

y 

where ABz = 2-8,: from Eq. 6.11 - 1  

L.2" 
Z- = Z- from Eq. 6.11 

Z, = assumed stabilization height 

and (2) computing the required volume from 
the relation 

(6.14) 

736 095 
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Fig. 6.6-Surface concentratione for relefase at ground 1evel.avexnge conditfone (wind speed, 
11 mph; C', 0.033; n. 0.25). Isolines give llnlte of volume conrrentratioa (per cubic meter) per 
unit eource strength (grama per aecond, curiee per eecond, etc.) for a continuoua point murce. 
For inatantaneous point eource doangee (due to the paasage of a unit puff) multiply by the num- 
ber of time unita neceesary to make the continuou muroe equal to the inetantaneoue source. 

Fig. 6.7-Surface concentratiane for release at 50 mebrs. average conditione (wind e m .  
11 mph; C', 0.02; n, 0.25). Comparison with Fig. 6.6 ehowe that the incraaeed height of re- 
lease doee not markedly affect concentratione at 1- diatancee from the source. Iaolinee 
give mite of volume concentration (per cubic meter) per unit source strength (grams per 
aecond, curies per eecond,etc.) for a continume point eource. For inetantaneoua point eource 
dosages (due to the paasage of a unit plrn multiply by the number of time unite neceaeary to 
make the continuous eource equal to tbe inatantaneoue source. 

where A 0 2  = ZmaxO; from Eq. 6.11 
AO, = A B S  from Eq. 6.13 
VN = VN from Eq. 6.12 

Although the preceding method is one of ap- 
proximation only, when it is used tocalculate 
a hypothetical event, it is probably ae accu- 
rate ae the uncertainties in estimating the 
amount of heat released, ground volume of 
the cloud, etc. 

Other factors which may influence strongly 
the height of rise but which also cannot be 
dealt with mathematically are initial cloud 
shape, cloud circulation, and the effects of 

inertia. For example, in a sinup explosion 
smoke clouds or pPrrs may be ejected as smoke 
rings, or toroidal circulations, that moy rim 
higher than if only buoyancy forces were&iot' ' 

tins. 
5.2 Sqiace Concentrations w Dosages. '8jr  

and large, intereet in the cloud from a reactor 
disaster ie iimited to tbe ground concentratio+ 
or ground dosages. The gaseeire p0rtiq-d 
the c l a d  are b r m  to the g r d  levels:.5fi 
air motions (diffusion), whereas particulate 
portions of the cloud may also be br-t to 
the ground levels by gravitotiollpl settling. 
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Fig. 6.8-wuface concentratione for release at 300 meters. average conditione (wind speed. 
11 mph, C’, 0.01; n, 0.25). In comparison with Fige. 6.6 and 6.7, the greateet effect of tbe in- 
c r e d  eource elevation is near point of release. Ieolinee give unite of volume concentration 
(per cubic meter) per unit eoulce strength (grams per second, curiee per second. e&.) for a 
continuous point eource. For instantaneous point source dosages (due to tbe passage of a unit 
pUrn multiply by the numher of time unite neceseary to make the continuous eource equal to 
the instantaneous source. 

Fig. 6.9-Successive inatantanewe surface concentration patterns from a release at 50 rne- 
ters, average conditions (wind speed. 11 mph; C’, 0.02; n, 0.25). Ieolinee give inetantaneous 
volume concentratione (per cubic meter) per unit ~ o u r c ~  strength (grams. curiee. etc.) at 
about 8 min, 23 min, and 53 min, respectively, from time of burst o r  release. 

During periods of precipitation, collection by 
precipitating elements may increase the down- 
ward transport. In this section discussion wi l l  
be limited to the ground concentratione or 
dosages in nonprecipitating weather, and cloud 
‘depletion by deposition on the ground will be 
neglected. 

Chapter 9 glves a nomogram which solvesthe 
most commonly used diffusion equations. The 
application of any diffusion theory in the 
of interest, nameIy, 1 to 10 miles from the 
source, probably indicates only order8 of mag- 
nitude since there hae been little or no verifi- 
cation of the formulae in this range of dis- 

tances. The particular values of the diffusion 
characteristics will not be discuesed here, but 
rather it is desired to show how tbe daanvind 
concentratione or dosages vary according to 
some of the phyeical feature6 of the HtId 
c l o d  and weather conditione. 8rrttan’~waech/ 
wi l l  be used in this preeentatlm. 2 , .:< >J 

Bpttoo’s formula yields tbe inaanEMeopa 
(3-min average) concentration. The doaage, the* 
concentration multiplied by ti&, may thprr 
obtained by integrating the concentration dam- 
the time over which the doeage is desired. Io 
m-, the t- dosryFe hinew paespge 
of a c l o d  over an observer is of greateet inter- 
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Fig. 6.10-Surface Concentrations for release at 50 meters. stable conditione (wind ~paed, 
4 m e ,  c2, 0.003; n, 0.33). Comparison with Fig. 6.7 shows the much greater concentrationa 
or dosages, except near the release point, that occur in stable conditions. Isolines give unite 
of volume concentration(per cubic meter) per unit source strength (grams per second, curies 
per second, etc.) for a continuous point source. For instantaneous point source dosages (due 
to the passage of a unit puff) multiply by tbe number of time units necessary to make the con- 
tinuous source equal to the instantaneous source. 

Fig. 6.11 -Surface concentrations from volume source at 50 meters, stable conditions (wind 
speed, 4 mph; C*. 0.003; n. 0.33). Source i s  initially spherical with a diameter of 30 meters. 
In comparison with Fig. 6.10, computations based on a finite volume show that the concentra- 
tions near the source are appreciably changed but at great distances they differ only slightly. 
Isolines give units of volume concentration (per cubic meter) per unit source strength (grams 
per second, curies per second, etc.) for a continuous point source. For instantaneous point 
source dosages (due to the passage of a unit plrn multiply by the number of time units neces- 
sary to make the continuous source,equal to the instantaneous BO-. 

est, which in tneory means integrating the con- 
centration at the given point from time zero to 
time infinity. Because of the mode of derivation 
of Sutton’s continuous source formula, as the 
superimposition of a series of puffs, the inte- 
gration of the concentration from zero to in- 
finity for the passage of a single puff in order 
to obtain the dosage is rendered very simple. 
If the concentration is given for a continuous 
source at any point downwind, one merely mul- 
tiplies this concentration by the number of 

736 

units of time required to make the amount of 
contaminant from the instantaneous source equal 
to that from the continuous source.? 

t Thus. If the instantaneous source emitted 6 g of 
gaseous matter and if the contiauoue 8ourc8 coneen- 
trations are heed on an outplt at tbe rata of 2 g/m, 
then the dosage from time zero to infinity for the in- 
stantamous mume is found by multiplying the ccm- 
tinuous source concentrations by 3.  

098 - 
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BEHAVIOR OF EXPLOSION DEBRIS CLOUDS 

. .I 

Figures 6.6 to 6.11 illustrate the ground con- 
centrations based on Sutton’s formulae for 
various types of sources under both neutral and 
stable conditions. The figures provide illustra- 
tions dr typical ground dosages and concentra- 
tions which one may expect from the theory. It 
L perhaps worth repeating that in actual situa- 
tions, relatively local areas may detect con- 
centrations at least an order of magnitude 
greater or less than that predicted from the 
theory. 

In translating these examples to practical 
problems, the assumptions listed on each ex- 
ample should be noted carefully. Additional 
assumptions are listed below: 

1. No rain-out or fall-out of debris from the 
cloud (this effect is treated in Chap. 7). 

2. No wind shear. 
3. Horizontal and vertical diffusion are equal. 
4. Wind speed for ‘‘average conditions” is 

11 mph, and for “stable conditions” (small tur- 
bulence) it is 4 mph. 

For a continuous source, given Q unite of 
matter (grams per second) or radioactivity 
(curies per second), then the isolines indicate 
concentrations near the ground in terms of the 
source Q in units (grams or curies) per cubic 
meter. Q is multiplied by the value of the 
isoline. 

For an instantaneous source (puff or explo- 
sion), the isolines give dosage values when 
multiplied by the ratio of the instantaneous 
source to the continuous source and the source 
strength, Le., Q (instantaneous)/Q (continuous) x 
Q (instantaneous). 

. -. , . .  
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Fall-out, Wash-out, and Rain-out from Airborne Clouds 

Although fall-out, wash-out, and rain-out are 
features of the behavior of airborne clouds, the 
treatment of these phenomena requires con- 
sideration of factors not common to uninflu- 
enced diffusion. Furthermore, the prolonged 
and possibly enhanced deleterious effects ob- 
tained from the deposition of radioactive ma- 
terial, compared to the relatively temporary 
effect f rom the moving airborne cloud, are of 
sufficient importance to merit a separate treat- 
ment. 

Deposition of material from an explosion 
cloud or a stack plume is conveniently divided 
into dry weather and precipitating weather con- 
ditions, with subdivisions for gaseous products 
and particulate products. Sutton's equation for 
diffusion can be modified to take into account 
the effects of deposition during precipitating 
and nonprecipitating conditions. 

Fall-out is used to designate deposition dur- 
ing nonprecipitating weather and includes the 
effects of both gravitational settling and im- 
paction. Wash-out is used to designate removal 
of material from the air due to capture by 
falling precipitation elements. 

Rain-out and wash-out have sometimes been 
used interchangeably in the literature, but in 
this publication rain-out is defined as removal 
due to association of the particulate or gaseous 
matter with the precipitation element prior to 
its descent. Except for the fact that rain-aut 
significantly increases ground deposition in the 
case of debris clouds from nuclear weapons, 
practically nothing is known about the process. 
Bomb clouds extend above the natural clouds, 
and they may in part mix with them for a pe- 
riod of time before precipitation occurs. In 
addition to the effects of turbulent mixing, 
rain-out may be assisted by condensation of 
water onto the particle or by absorption of gas 
into a water droplet. 

The wash-aut process, which is of greater 
interest industrially, is applicable to airborne 
matter entirely below the bases of precipitating 
clouds. Fortunately, this process is more easily 
investigated in the laboratory and is a little 
better understood. However, the wash-out proc- 
ess  also is immensely complicated, and only 
pioneering work has been accomplished to date. 

1. EFFECTS OF FALL-OUT (NO 
PRECIPITATION) 

1.1 Particulate Products. (a) Gravitational 
Settling. The rate of descent of particles in a 
gravitational field depends upon the balance 
between the resistance force of the atmosphere 
and the buoyancy force due to the weight of the 
particle. If the resulting fall speed is less than 
1 cm/sec, then the actual transport of the par- 
ticles in the atmosphere is largely controlled 
by the vertical turbulence; Le., the vertical 
atmospheric motions are much larger than the 
rate of descent of the particles. 

(1) Theory." The resistance force acting on 
a particle falling through air can be exptessed 
as fol1owr: 

(7.1) 

where pa is the density of the air, v L the ve- 
locity of the particle through the air, A is the 
cross-sectional area of the particle, and CD L 
the drag coefficient, which is afunctionoftbe 
Reynolds number 

2p aVr Re =- 
CI 
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FALL-OUT, WASH-OUT, AND RAIN-OUT FROM AIRBORNE CLOUDS 

( where r is the radius of the particle andp is 
the dynamic molecular viscosity coefficient of 
the air. Combining Eqs. 7.1 and 7.2 gives 

. 

(7.3) 

J 
For a particle falling at terminal velocity, this 
drag force will be equal and opposite to the 
gravitational force 

(7.4) 

where V is the volume of the particle, g is the 
acceleration of gravity, and Pp is the density of 
the particle. Eqs. 7.3 and 7.4 can be combined 
and solved for v 

(7.5) 

The relation between drag coefficient and 
Reynolds number has been empirically deter- 
mined and can be given for the entire range of 
particle sizes likely to be of interest a s  fol- 
lows: 

For turbulent motion, Eq. 7.5 reduces to 

which, for a spherical particle, gives 

89 . --- 

(7.9) 

Substituting numerical values and assuming 
Pp-Pa  "4 gives 

v = , , . l e  (7.10) 

This equation would be applicable to particles 
larger than 400 p radius. 
For intermediate motion the velocity cannot 

be expressed as  a simple function of the par- 
ticle radius, as  could be done for streamline 
and turbulent motion, and a different procedure 
must be used. Solving Eq. 7.2 for velocity 

(7.11) 

Streamline motion c -- 24 and assuming a spherical particle, Eqs. 7.5 and 
(lo4 c Re < 2) 

Intermediate motion 
(2 c Re < 500) 

Turbulent motion cD = o.44 r =  a (7.13) 
(500 < Re c I d )  

The procedure to use would be to take various 
values of the Reynolds number, compute CD, 
solve Eq. 7.12 for r ,  and substitute this value 
in Eq. 7.11 to obtain v. A graph of velocity vs. 
radius can then be drawn to obtain velocities 
for radii other than those computed. 

If the particles are spherical, the expressions In all the above general formulae for a l l  
for V and A can be substituted,and the result rates, there is a term ACD/V or the recipro- 
is the Stokes' law equation cal. If the value of r is chosen such that it 

would give a sphere of volume V, the cross- 
V =  2gr2bp - Pa) sectional area A can be expressed as some, 

(7.7) factor K times the area of the circle wia. 
radius r. Or,W factor K canberegardedaa 

This equation would be applicable to spherical a correction to the drag coefficient, C p  Pot,, 
.particles smaller than about 400 p radius ex- streamline motion (Stokes' law) experimenEPl 
cept that for very small particles, or at high determinatiane with crushed quartz and cake 

. altitudes where the air density is very low, sbow that the factor would be approximately 1.6. 
the velocity would be increasedby CuMingham'e Therefore the fall velocity for these irregular 
correction 1 +K(A/2r), where A is the mean particles would be '/s the fall velocity for an 
free path of the air molecules and K is a con- equivalent sphere. For ellipsoidal bodies in 
stant equal to approximately 0.86 for air. the Stokes' law range, one may refer to Fig. 

- Re 7.11 can be solved for r 
40 
Re CD = 0.4 i- 

For streamline motion, Eq. 7.5 then reduces 
to 

V =  vg@p - Pa)r 
(7-6) 

9P 

(1 
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7.1 for corrections to the fall speed of spheri- 
cal bodies. For turbulent motion these experi- 
mental determinations show that the factor K 
is about 1.2, and therefore the fall velocity 
would be reduced to about that of an equiva- 
lent sphere. For intermediate motion the factor 
K would presumably vary from 1.5 to 1.2 as 
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c- 
0 
0 

> 
W 

I 
v) 
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E 
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J 
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Fig. 7.1-Ratio of terminal velocity of ellipsoid with 
axes a. b, and c to velocity of a sphere with the same 
volume and density, Stokes’ law (Overbeck). The a 
axis is vertical. 

the Reynolds number increased through this 
region. 

(2) Results. Figure 7.2 shows a graph of 
fall velocity vs. particle diameter for the four 
altitudes 10,000, 20,000, 30,000, and 40,000 ft 
MSL. A particle density of 2.5 g/cm3 has been 
assumed. The two straight lines show the fall 
rates calculated according to Stokes’ law for 
temperatures of 0” and -58OC, which are the 
temperatures used for the 10,000- and40,OOO-ft 
computations, respectively. It can be seen that 
the fall rates approach Stokes’ law fall at the 
smaller particle sizes. Also, for large particle 
size, the graphs become straight lines in the 
region of turbulent motion, where the velocity 
is proportional to the square root of the par- 
ticle radius. 

Falling water drops generally would descend 
according to the laws for intermediate or tur- 
bulent motion. Calculations of the fall velocity 
for water drops show excellent agreement with 
observed velocity (Fig. 6.3) for drop diameters 
up to about 1000 p. Above this size there is a 

flattening of the drops, and therefore the drag 
coefficient is increased so that the fall velocity 
lags further and further behind that for an 
equivalent sphere. 

(b) Impaction on Vertical Surfaces. Particles 
which are carried by the wind may strikeand 
adhere to vertical objects which lie in their 
path, such as human beings, crops, and build- 
ings. However, it is apparent that the air cur- 
rents must pass around these obstacles; thus 
they carry at least a fraction of their particu- 
late contaminants with them. The fraction of 
the particles which are collected by the ob- 
stacle relative to the number which would pass 
through the area occupied by the obstacle if it 
were not there is called the “collection effi- 
ciency.” The greater the collection efficiency 
the greater will be the number of particles 
which approach the object. The collection ef- 
ficiency can be found either through direct ex- 
perimentation or through the use of a theory 
in which the trajectory of a particle is found 
and its departure from the air flow is ex- 
amined i n  the light of the presence of the ob- 
stacle. It must further be assumed that every 
impaction results in a collection. For the most 
part, the objects whose collection efficiencies 
have been determined are very regular, spheri- 
cal, cylindrical, etc. The results of some of 
the theoretical ,studies are given in Figs. 7.3 
and 7.4, taken from a paper by  ran^,'^' who 
has summarized many of the findings to date. 
Additional calculations of collection eff iciencies 
were made by GlauertM and Brun and Merg- 
1er.l6 

(c) Impaction on Horizontal Surfaces. Since 
there is no net downward air movement, the 
above theory for collection efficiency is not 
applicable for a horizontal surface. However, 
there is a downward (and upward) deposition of 
particulate matter due to the vertical turbulent 
movements of the atmosphere since the de- 
parture of the particles from the air flow lines 
permits deposition on horizontal surfaces. By 
analogy with the gravitational settling velocity, 
one m a y  define a “velocity of deposition” as: . 
vg = (number of particles deposited per unit; 
area per unit time) x (integrated volume con- 
centration over the unit area)”. The velocity 
of deposition, vg, will equal the fall velocity 



Fig. 7.2-Theoretical settling velocity for spherical particles of specific gravity 2.5 accord- 
ing to Stokes' law and aerodynamic theory. 
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when the latter greatly exceeds the turbulent 
motions of the atmosphere, but, in general, the 
two need not be the same. The value of the ve- 
locity of deposition should be related to the 
level at which the concentration is being meas- 
ured, but, in general, if attention is focused 
to the lowest few centimeters above the hound, 
the concentration does not change appreciably 
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Fig. 7.3 -Collection efficiencies for cylindrical col- 
lectors. p,, = particle density. V, = speed of particle 
relative to cylinder, j~ = coefficient of viscosity, Dc = 
diameter of cylinder, Dp = diameter of particle (Ranz). 
(1) F. Albrecht, Physik. Z.,  32: 48(1931). (2) W. Sell. 
Forsch. Gebiete Ingenieurn., 2, Forschungsheft 347, 
August 1931. (3) I. Langmuir and K. B. Blodgett, Re- 
port RL-225, General Electric Research Laboratory, 
Schenectady, N. Y. (1944-45). (4) H. D. Landahl and 
R. G. Herrmann, J. Colloid Sci., 4: 103(1949). 

with altitude. A few measurements of particles 
in the 1- to 100-p range indicate that the ve- 
locity of deposition (1) generally increases 
with increasing wind speeds (indicating greater 
turbulence) and (2) is of the order of 1 cmhec,  
or equivalent to the settling velocity of a par- 
ticle having a diameter of about 10 p.  It is 
established that the velocity of deposition is 
not always attributable to gravitational settling 
since deposition is shown to take place on both 
faces of a horizontal plate. 

(d) Adsoetion on Natural Aerosols. This 
process occurs and may result in increasing 
particle size and rate of fall. Investigation and 
understanding of the processes is still in the 
fields of chemistry and physics and will not be 
considered here. 

1.2 Gaseous Products. (a) Diftitsion onto 
Surfaces. This process, in a sense, ie the 

reverse of evaporation of water from a pond; 
the surface, if it reacts chemically with the . 
gas, is highly soluble for the gas, or absorbs 

the gas for deposition on the surface depends 
on the thickness of the laminar boundary layer 
next to the surface through which there is no 
atmospheric turbulence. 

This 
phenomenon might be considered to be analo- 
gous to the formation of dew and frost on grass 
or other surfaces that protrude above the 

. j 
the gas, may act as a sink. The availability of - -  

(b) Condensation on Grass Surfaces. 
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Fig. 7.4-Collection efficiencies for spherical col- 
lectors. Same as  Fig. 7.3 except Dc = diameter of 
sphere (Ram). (1) I. Langmuir and K. B. Blodgett, 
Report RL-225, General Electric Research Labora- 
tory,Schenectady,N. Y.  (1944-45). (2) W. Sell, Forsch. 
Gebiete Ingenieurn., 2, Forschungsheft 347, Augu6t 
1931. 

ground. A theoretical treatment by Chamber- 
lain, aseuming the vertical diffusion of mo- 
mentum and the gas to be analogous, yield8 a 
velocity of deposition for a typical weather 
situation of the order of 1 to 10 cm/sec at 2 
meters. It is assumed in these calculations 
that there is a perfect sink on the -face on 
which the condensation occurs. Chamberm 
and Chadwicbn reported a field experiment 
which confirmed this order of ibagnltwh of the 
velocity d deposition. 

Modification of Diffscsion #ormula for 
Dry Deposition. Chamberlain*' has shown that 
Sutton's formula for a continuous point source 

1.3 . 
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FALL-OUT, WASH-OUT, AND RAIN-OUT FROM AIRBORNE CLOUDS 

originating at height z = 0 may be modified to 
yield the air concentration X as follows: 

(- c-) 2 (7.13) 

The underlined term is the new factor which 
results from the removal of part of the cloud 
due to deposition. The quantity vg is the ve- 
locity of deposition, and, provided the settling 
velocity is much smaller than the horizontal 
wind, the settling velocity may be used in place 
of vg. The treatment of cases of appreciable 
settling velocities by Davies" and Baron, Ger- 
hard, and Johnstone' is more complicated. 

One may also determine the amount of the 
contaminant which is deposited in the above 
model per unit time and per unit area as 

x exp (- cT) (7.14) 

Of interest is the settling velocity which will 
produce the maximum deposition at a given 
distance x from the source, 

(7.15) 

and it turns out that for distances of interest 
(up to perhaps 10 miles) the values of vg (for 
maximum deposition at given x), using rea- 
sonable values for the diffusion and stability 
factors, lie within the range mggeeted byactupl 
experimentation. 
A simpler prodedure than the one above is to 

assume that all the diffusing particles are 
settling uniformly with a qlocity v. This ve- 
locity might be determined by Stokes' law, by 
some other suitable formula, or by recowm 
to observation. The effect of this eettllng io to 
tilt the axis of the plume (from a continuoue 
point source) doranward 80 that it intersects 
the ground at an angle 8, where v/a = tan e. 
Thie angle wlll be rather emall, in general. 
Thus we may approximate the elevation, z', of 

@3 

the plume above the ground at each distance x 
downwind by 

or 

Then Sutton's continuous elevated point source 
formula becomes 

The factor of 2 has been dropped since com- 
plete deposition is now assumed, rather than 
reflection. Equation 7.17 gives the ground con- 
centration at any point (x,y). The deposition 
rate is obtained by multiplying this by v, the 
settling velocity. 

Since maximum deposition, w ,  is an item of 
primary concern, this information can be com- 
puted at a distance x downwind by 

(7.18) 

where w is the deposition rate (gram per square 
meter per second) for a steady source (Q in 
grams per second) or total deposition (gram 
per square meter) for an instantaneous murce~ 
(Q in grams). 

2. EFFECTS OF WASH-OUT DURING 
PRECIPITATING WEATHER 

._ 
2.1 Particulate Products. There are  ftmr 

means by which a precipitation element (raid- 
drop, snowflake, etc.) may act aa a collector @ 
psrticulate matter during its descent: $ 1  

1 

1. Particle inertia 
2. Interception 
3. Electrostatic attraction I 

dutaeiirn 
-4. Random molecular motion, or 

As a further means of precipitation eleme-' 
m e p i n g  out atmospheric particulate imp- 
rities, one may include the possibility of thd' 

736 105 
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particles acting as nuclei during the process Recent investigations into the mechanism of 
of formation of the precipitq!tion element. This coalescence of water droplete"' has shown 
latter possibility at the present appears to be that the flow field around a falling drop results 
too remote to warrant further attention. Of the in other drops of equal mass being drawn in 
four mechanisms listed above, the inertia ef- radially behind the leading drop and then falliw 
fect is probably predominant, the interception down the wake and coalescing with the leading. 
is important only when radii of the particles drop. It is stated that this mechanism can 

Table 7.1-Collection Efficiency E For Drops of Radius S Falling 
Through a Cloud of Smaller Drop8 of W u r r  r (Langmuir) 

-. 
. 

rs cc 
I . s. cc 2 3 4 6 8 10 15 20 

15 0.092 0.269 0.500 0.643 
25 0.050 0.277 0.411 0.613 0.724 
40 0.205 0.394 0.510 0.690 0.782 
70 0.035 0.340 0.500 0.608 0.750 0.834 

100 0.133 0.418 0.564 0.660 0.793 0.862 
150 0.010 0.245 0.498 0.631 0.713 0.829 0.887 
200 0.085 0.326 0.564 0.684 0.756 0.859 0.908 
300 0.213 0.425 0.643 0.749 0.810 0.892 0.929 
400 0.040 0.303 0.500 0.698 0.793 0.849 0.919 0.950 
600 0.121 0.355 0.530 0.731 0.827 0.876 0.939 0.963 

1,000 0.140 0.358 0.535 0.738 0.834 0.886 0.944 0.966 
1,400 0.168 0.360 0.534 0.735 0.840 0.890 0.950 0.970 
1,800 0.117 0.288 0.456 0.680 0.800 0.865 0.935 0.965 
2,400 0.075 0.220 0.372 0.606 0.743 0.823 0.920 0.950 
3.000 0.050 0.170 0.306 0.546 0.690 0.785 0,900 0.940 

I 
are similar to that of the precipitation element, 
and little or nothing is known about the electro- 
static attraction by induction or charges and 
the effects of Brownian motion. 

(a) Particle Inertia. The collection efficiency 
of precipitation elements by the departure of 
the particle trajectories from the air flow 
lines has been largely determined by theory, 
although there has been some experimental 
verification by Gunn and Hitschfeld." Table 7.1 
is taken from Langmuir's paper:o in which he 
attempts to span the transition from aerodynamic 
flow around the precipitation (spherical) ele- 
ment for large droplet Reynolds number (>1500) 
to viscous flow for small Reynolds number 
(< 1). This table represents a useful first ap- 
proximation. Later work byMcCully'Osindicates 
that additional factors must be consideredfor 
precise calculations. In general, for rain, the 
larger the drop size the more intense the 
rain; thus on the small end of the raindrop 
scale one might be dealing with fogs ordrizzles 
and on the other end with cloudbursts. An 
ordinary rain might involve raindrops of the 
diameter of 1 mm. 

operate for a distance of 40 diametersbehind 
any given drop and for as  much as  10 diameters 
radially. Thus such a drop has a very high 
collection efficiency. Although this investiga- 
tion was limited to drop sizes very near 150 k,  
it is reasonable to assume the same mecha- 
nism will markedly increase the collection ef- 
ficiency for other drop sizes. 

The collection efficiency of snowflakes is 
not known. From the structure of the flake and 
from the findings of radioactive snow following 
atomic tests, it is probable that the efficiency 
is at least as high as that of typical raindrops. 
Hitschfeld and Gunn conclude that, although 
there may be a question as  towhether impactitxi 
between particles and raindrops results in col- 
lection, their experimental evidence mpporthg 
Langmuir's collection efficiency appears tci: 
indicate that collection does occur. , I  

(b) Particle Interception. This mean8 ofpre-- 
cipitation elements collecting aerosol particlea 
depends upon the fact that the center d gravity 
of the aerosol may follow the streamline around 
the falling raindrop (that is, be inertialeee), 
but the edges of the two bodies intersect and 
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collection is achieved. Figure 7.5 shows the the total cross' seqtion of the collector rather 
collection efficiency a8 a function of the pre- than only the mid-point. 

cipitaum rate and size* It should be 2.2 Gaseous Products. Gaseous products 
may be washed out of the atmosphere by dif- noted that the collection efficiency due to inter- 

fusion of the gas to raindrops in which they are ception becomes significant only when the par- 
size i' d the -' Order d magnitude as soluble (in a sense, the reverse of the evapora-. 

the fraction of the gas which is washed out in a 
unit of time depends on two factors: mst, the 
flux of the gas onto a raindrop of a given site 

tion of raindrops). The problem of compUting 
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0 0.2 0.4 0.6 0.8 t.0 Fig. 7.5-Percentage of removal of particles in a 

For So, and 1, the removal process is  due to abeorp- 

soluble (Chamberlain). 

cloud according to particle size and rate of rainfall. 
QP/& 

tion Onto the droplets since the are water- Fig. 7.fl-Efficiency of collection or impaction. Dp 
and D, are diameter of particle and sphere or oyl- 
inder, respectively. 

the precipitation element; thus in this case the 
fall velocity of the particle is significant, and 
deposition may not be greatly augmented by the 
precipitation process unless the precipitation 
element subsequently grows. 
Two ingredfents are necessary to determine 

the fraction of the particles which are scav- 
enged by falling precipitation elements: first, 
the collection efficiency and, second, the dis- 
tribution of precipitation element sizes as a 
function of the intensity of precipitation falling 
on the ground. Data for the first of these are 
available from Table 7.1, and for the latter they 
are available from the work of Best" or Marsh- 
a.'" From simple geometrical coneideratione 
and elaborate computations, one is able to 
prepare a chart, such as Fig. 7.6, which uses 
only the Langmuir collection efficiencies and 
Best's size distribution. The ordinate of this 
figure provides the percentage number of par- 
ticles per second removed by falling spherical 
precipitation elements. Collection efficiencies 
greater than 1.0 are obtained by considering 

(which depende on the rate of diffusion of the 
gas into water, the fall velocity of the rain- 
drop, and the kinematic viscosity of air, ae 
well as the concentration of the gas) and, 
second, the distribution of raindrops for a given 
rate of precipitation. Results of such com- 
putations for two gases, So, and 4, are included 

moval lies in the range computed for particles 
of unit specific volume and radil of 2 and 3 p. 

in Fig. 7.5, which shows that the rate of re- 

2.3 Modification of Formula j2h 
scuvengtng. chamberlainz1 has shown that 8at- 
ton's formuia for a continuow paint r r a ~ r l j i ,  
originating at z=Omaybemociifiedtoyielrg 
the air concentration X aa follows: / .  ** 

~ - ?  ad. . -  

- . , . ! : :;j  

- 
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Fig. 7.7-Surface air concentration, no fall-out o r  waeh-out, using Sutton's formula and 88- 

sum* release at ground level; wind speed, 11 mph; Cy, 0.2l(meter~)~"; C, , O.l2(1neters)~*~; 
n. 0.25; no fall-out or  precipitation scavenging. Isolines give units of volume concentration 
(per cubic meter) per unit source strength (grams/sec. curies/sec. etc.) for a continuous 
point source. For instantaneous point source dosages (due to passage of a unit puff) multiply 
isoline values by the number of time units necessary to make continuous source equal to in- 
stantaneous source. 

Fig. 7.8-Surface air concentrations modified by dry fall-out. using Sutton's formula and as- 
suming: release at ground level; wind speed, 11 mph;Cy, 0.2l(rneters)"'; C,, O.l2(rneters)'.'; 
n, 0.25; deposition velocity, 4 cm/sec. Comparison with Fig. 7.7 shows a decrease in eoncen- 
tratiaa mar the center of the cloud of about one order of magnitude due to dry fall-out. 160- 
lines give units of volume concentration (per cubic meter) per unit source strength (grams/-. 
curies/aec, etc.) for a continuous point source. For instantaneous point source dosages (due 
to pmspge of a unit puff) multiply ieolime valws by the number of time units necesmry to 
mate continuoue source equal to iMtantamoua BourcB. 

Tbs rmderlined term is the new factor which 
result8 from the removal of part d the cloud 
by scavenging. 4, &portion of cloud removed 
per second, is the ordinate of pig. 1.6 and de- 
pends on the particle characteristics and on 
the rate of precipitation 88 described above. 
The effect of scavenging by preaipitation, al- 
though superficially similar to deposition by 
fabout, is different in that the removal of 
matter from the cloud is derived from the en- 
ure deptb d the cloud 88 opposed to only the 
ground level for dry  deposition by fall-aut. 

One may ale0 determine the amount of the 
contamLnant which L deposited in tha above 
model per unit time and per unit area a8 , 
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Fig. 7.9-Surface air concentrations modified by precipitation wasb-out, using Suttan's for- 
mula and assuming: relea8e at ground 11 vel; wind speed, 11 m&, Cy, 0.2l(rneter~)~"; C,, 
O.l2(meter~)"~; n, 0.25; percentage rate of removal by precipitation. 6 x lo4 gec4. Com- 
parlson with Fig. 7.7 shows a decrease in concentration near the center of the cloud of about 
one order of magnitude due to scavenging action of precipitation. Isolines give units of volume 
concentration (per cubic meter) per unit source strength (grams/sec. curies/eec, etc.) for a 
continuous point source. For instantaneous point source dosages (due to passage of a unit 
puff) multiply isoline values by the number of time units necessary to make continuous source 
equal to instantaneous source. 

Fig. 7.10-Ground deposition due to dry fall-out, using &tton's formula and aaew-ing: re- 
lease at ground level; wind speed, 11 mph; Cg,0.2l(meters~'~~C,,0.l2(rneters)''';n.0.26;dep- 
osition velocity. 4 cm/ssc. Comparison with mg 7.0 indicates that the- area depositio%& 
about one order of magnitude smaller than the surface air concentration. Isolines give ground 
deposition per unit time in units of area deposition (per square meter) per unit BOUCCB otremgtb 
(grany&c, curies/sec, etc.) for a continuous pdnt .same. For htaatamm point oourcm 
deposition (total deposition due to the pmsepee of a unit multiply by the number ad time 
units necessary to malm the c o n t i n w  sou~c8 equal to tbe fastantaneow~ source. 

I =' ~ 

. c i  I 

produce the maximum deposition at a given 
distance x from the source, which ia 

A,& 
X 

and again for the distances from 1 to 10 miles 
and for reasonable wind speeds (say 10 mph), 
the maximum value for A is readily obtained 
from particles about 5 p and over with rea- 
sonable rates of rainfall. 

. *  

-re, too, the maximum de 
waeh-oat b of concern. Thi6 

_ _  
where w is the deposition rate (gram per 8q- -. r 

a >  
, -  meter per second) for a steady source (Q in 

grams per second) or total deposition (gram 
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Fig. 7.11-Ground deposition due to waeh-out by precipitation, using Sutton's formula and 
assuming: releaee at ground level; wind speed, 11 mph; C,, O.Pl(meters)'"; CI, O.lP(meter~)l.~; 
n, 0.25; percentage rate of removal by precipitation, 6 x lo4 secy'. Comparison with Fig. 
7.10 shows that wash-out deposition is about an order of magnitude greater than the dry fal l -  
out deposition. Isolines give ground deposition per unit time in units of area deposition (per 
square meter) per unit source strength (grams/sec, curies/sec, etc.) for a continuous point 
source. For instantaneous point source deposition (total deposition due to the passage of a 
unit puff) multiply by the number of time units 
to the instantaneous source. 

per square meter) for an instantaneous source 

2.4 Total Instantaneous Wash-out. For the 
limiting case of instantaneous deposition of an 
entire cloud or plume of airborne material, 
such as might occur in a sudden heavy rain 
shower, Holland" gives these formulae based 
upon Sutton's equations. 
Instantaneous point source: 

(Q in grams). 

Q - 
.Cz(iit)z-n Deposition = 

Continuous point source: 

(7.22) 

(7.23) 

Thus, using the equations appropriate to the 
assumed (or actual) conditions, estimates can 
be obtained of the hazard due to deposited ma- 
terial and/or the depletion of the 
cloud resulting from the removal of 

airborne 
this ma- 

necessary to make the continuous source equal 

8 

terial. It is interesting to note that, aside 
from the hazard due to inhalation of airborne 
radioactivity having a strong biological affinity, 
Eqs. 7.19 and 7.21 can represent for long- 
lived gamma emitters the conditions of greatest 
hazard for locations at large distances from the 
source. For this reason the total wash-out 
over some selected area is often a considera- 
tion of the "maximum plausible accident" in a 
reactor hazard analysis. 
A nomogram for the readp computation of 

maximum fall-out and maximum wash-out is 
contained in Chap. 9. It may be appropriate, 
however, to conclude this section with illustra- 
tions showing the effects of these phenomena. 
Figures 7.7 to 7.9 show the changes in the 
surface concentrations (or dosages) from the 
moving airborne cloud caused by fall-aut and 
wash-out. Figures 7.10 and 7.11 areexamples 
of ground concentrations due to fall-aut and 
wash-out, respectively. It can be seen that the 
deposition of appreciable amounts of long-lived 
activity could present a serious contamination 
problem. 

Y 
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I Radioactive Cloud Dosage Calculations 

A cloud of radioactive material released in- 
stantaneously into the atmosphere, spreading 
under the action of turbulent eddies and pos- 
sibly subject to settling or to wash-out by 
precipitation, could irradiate people downwind 
in the following ways: 

Externally: (1) during passage of the air- 
borne cloud and (2) after deposition of material 
on the ground or skin. 

Internally: (1) by inhalation of airborne ma- 
terial and (2) by ingestion of deposited ma- 
terial. 

Alpha, beta, or gamma radiation might be 
involved in each case. However, most routine 
process wastes or accidentally released fis- 
sion products would be primarily beta or 
gamma emitters. F’wthermore the range of 
influence of alpha emitters is in general so 
small and their half lives are so long that they 
can be treated in nearly all respects by the 
same computation methods as  would be applied 
to nonradioactive toxic agents. Therefore the 
present discussion will be limited to beta and 
gamma emitters. 

External beta radiation is received only 
from emitters located within a few meters of 
the receptor owing to the short range of beta 
particles in air. In clouds of the dimensions of 
several meters or greater, therefore, the ex- 
ternal beta dose rate is proportional to the 
local concentration of beta emitting atoms with- 
in the accuracy of the prediction, or meaaure- 
ment, of the concentration. Gamma radiation 
on the other hand has a mean free path in air of 
the order of 100 meters. In order to calculate 
the gamma dose rate, it is therefore necessary 
to integrate the radiation from a volume which 
may be comparable to, or greater tban, the di- 
mensions of the cloud. Inboth cases thetotal 
doeage is calculated by integrating the dose 
rate with respect to time. 

- 

External radiation exposure from an acci- 
dental release would be influenced by a number 
of factors, the knowledge of which would be 
very meager, at least for the first few critical 
hours following the incident. The amount and 
composition of the radioactivity, physical stab 
of the released material, initial temperature 
and volume of the cloud, and existing meteoro- 
logical conditions all would be unknown or 
difficult to determine. In addition, knowledge 
would be lacking on the location and movement 
of people in the path of the cloud and the 
shielding effects of clothing, buildings, etc. 
Given an estimate of the radiation dosage, 
there are further uncertainties of the degree of 
injury or damage implied. 

Internal exposure resulting from inhalation 
involves additional biological parameters, such 
as  breathing rate and retention and uptake of 
specific radioisotopes by various organs. In- 
ternal dosage due to ingestion of deposited 
material from the passing airborne cloud in- 
volves most of the preceding uncertainties plua 
factors concerning treatment of water supplies, 
uptake and reconcentration by plants and ani- 
mals, relocation by wind, etc. 

In general, the errors introduced by im- 
perfect knowledge of diffusion laws and pa- 
rameters are not likely to be large in relation 
to the other uncertainties of the problem. 
Presently available methods of 
borne concentration which have 
in previous chapters should suff 
the range of possible dosages for 
conditions. The upper Urnits of surface dew- 
sition density and total external gamma dosaee 
can be obtained with the least uncertainty since 
the space and time integrations in these two 
cases render the resuits least sensitive to 
assumptions regarding height of rise or dif- 
fusion. On the other hand, external beta and 
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inhalation dosages can vary by many orders of 
magnitude with relatively minor changes i n  the 
height of rise of the cloud, particularly at dis- 
tances, from the origin, less than about 10 
times the height of rise of the cloud. 

1. EXTERNAL BETA DOSAGE FROM 
AIRBORNE CLOUDS 

On the assumption that the cloud concentra- 
tion is essentially uniform over the range of 
beta radiation (roughly 1 to 10 meters for beta 
energies of 0.5 to 2 MeV), the energy absorbed 

f .- in a volume of air is equal to that emitted 
from the same volume. A human body would 
serve as  a nearly perfect absorber; therefore 
the total energy flu per unit area at the sur- 
face of the skin would be one-half that in air. 
The presence of the earth's surface intro- 
duces a further reduction with respect to the 
free air  radiation flux. This factor varies from 

at the ground to 1 at heights greater than the 
range of the beta radiation and has been com- 
puted by Taylor"' to average 0.64 for a man 
1.8 meters tall. The beta radiation dosage re- 
ceived at the surface of the body from a cloud 
of radioactive material released into the at- 
mosphere is then 

I.. 
where DB = beta dosage in roentgens per second 

xB = concentration, at the receptor, of 
beta energy in million electron volts 
per second per cubic meter 

P = atmospheric density 
p o  = atmospheric density at sea level 

t = time measured from the release 

If xB is given by Sutton's formula pnd sea 
level atmospheric density is assumed, this 
leads to the "Total Integrated Dosage" @'ID) 
formulae of Chap. 4 

where Q B  = total beta source strength corrected 
for decay en route in million elec- 
tron volts per second 

) d = distance of the receptor directly 
downwind from the point of release 
in meters 

The dosage would approach zero in the inte- - _  
rior of the body. 

Equation 8.2 describes the totaldosage during 
the passage of a cloud resulting from an in- 
stantaneous point source. If the " virtual origin" 
(Chap. 4) is used to approximate a finite initial 
volume, the decay must be computedfromthe 
actual (not virtual) origin. Diffusionanddecay 
during the cloud passage over the receptor are 
neglected in this formula; Le., the dose rate 
has been integrated with respect to x/a, rather 
than t, from -00 to O D ,  whereas t has been held 
constant at d/n. This amounts to an assumption 
that the travel time of all particles is the same 
and equal to d/U during passage over the re- 
ceptor. The error introduced by this assump- 
tion is small compared to other uncertainties 
i n  the diffusion theory. 

If QB i n  Eq. 8.2 is replaced by aQ,/at (MeV/ 
sec2), the rate of release from a continuous 
source, DB, is replaced by the corresponding 
continuous dose rate aDg/Bt (r/sec) at a dis- 
tance d downwind. 
For the special case of a reactor runaway, 

the beta source strength of the fission products 
is approximately"' 

QB = 4.8 X 10l6 Er(t/tl)-"" (Mev/sec) 

where Er = nuclear energy release in mega- 
watt-seconds (1 Mw-sec equals lo' 
joules) 

ti = 1 sec (this dimensional parameter 
will be understood in subsequent 
formulae) 

Thus 

Dg(r/Mw-sec) = 

x (0.64)Erd0'2') W (&)I 
x [(6.8 x ld%ev/m'/r) , ::?> 

This problem, although straightforward in 
principle, is perhaps the most involved mathe- > 
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matically of the various cloud dosage prob- 
lems. Instructive approximate solutions have 
been oMained by previous investigators under 
various assumptions. Luckow, Widdoes, and 
Meelere' assumed uniform concentration in a 
cfoud whose dimensions were determined by 
Sutton's formula, completely neglectingabaorp- 
tion. Taylorlu carried out the space integra- 
tion of the dose rate from the Sutton cloud, 
assuming simple exponential absorption, then 
multiplied by a time of passage determined 
from Sutton's formula and the wind speed, 
holding the decay constant at the central value. 
Mtzgerald, Hurarite, and Tonks" carried out 
the space and time integrations for a cloud 
passing without change, as in the present solu- 
tion, but without considering multiple-scattering 
build-up or decay during passage. All three of 
the above solutions were obtained only for a 
cloud release at the ground. Waterfield'" car- 
ried out the complete space-time integration 
for elevated as well a s  surface clouds, still, 
however, assuming exponential absorption and 
holding the decay constant during passage. He 
also presented a decay-integral correction fac- 
tor for the case f(t) = t-'." which tends to im- 
prove the accuracy at intermediate, but not at 
small (<300 meters), distances. None of the 
above workers has retained the decay function 
in the time integral, mor has any considered 
multiple-scattering build-up. 

The flux from each infinitesimal volume 
element, dV, of the cloud would be, in the ab- 
sence of an intervening absorbing medium, 

' i  . , t b  

X G  dV 
4ar d#=- 

' ,*..-:*r.r,? . .-.s, 
where x G =  rate of gamma energy emiooim- 

per unit volume in million electr-y 
volts per cubic meter per second 

r = distance between volume element 
and receptor in meters 

In an absorbing but nonscattering medium, 
the flux would be 

In an absorbing and scattering medium, the 
flux due to the direct ray alone wouldbe further 
attenuated by scattering 

where cis is the linear scattering coefficient 
(meter-'). When the scattered radiation from 
the volume element, dV, arriving at the re- 
ceptor from all directions io added, the flux 
finally becomes 

In the present treatment all particles of the 
cloud have been assumed to pass the receptor 
with the mean wind velocity, and only isotropic 

d# = [Br XG exp (- P ) ]  dV 
4ar' 

turbulence has been considered, but otherwise 
no simplifying assumptions have been made. 

The gamma energy absorbed per unit mass 
in the body exposed to a radioactive cloudwould 
be approximately the same as that absorbed 
in air. This is the product of the time integral 

"of the total energy flux, # @Sw/m'/sec), and 
the mass absorption coefficient, k(m*/g). The 
dosage is then 

Assuming sea level air density and converting 
to'roentgene 

where Br = multiple-scattering build-up factor, 
a complicated dimensionless function of Pr and 
the gamma energy. P = total absorption-scat- 
tering coefficient pa + cle (meter-'). p is about 
0.01 meter-l in air for gamma energies of the 
order of 0.5 to 1 Mev. 14, 
is therefore about 100 me 
application. Br hae been 

for meteorological problems 
resented approximately by the 

stein and willfae." In 

0' 
B r = l + W + -  7 p . 4  

me "attemiation tactor" will be den 
following discuseion by 

Br ~ X P  [- W) 
r' 

G(r) = where pa =linear absorption coefficient for 
gamma radiation in air at sea level (meter-'). 
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where rz = (d - Ot + x)' + f + z2 in the coordi- 
nate system with x and y the downwind and 
cross wind distances, respectively, of the re- 
ceptor from the center of the cloud; d is the 
distance of the receptor from the origin of 
the release; and is and t have their usual 
meaning. Then the gamma dosage becomes 

DG = pa 
4n x 6.8 x 10iOMev/ms/r 

5' 4- 1: 1: XG(x,Y,z,t) 

x G(r) dx dy dz dt 

Assuming isotropic diffusion, the "concentra- 
tion factor" X G  would be 

XG(Mev/mS/sec) = QG exp - - [ { [ (Z$h)21 
+e-[-+]} 

where QG = gamma source strength in million 
electron volts per second, cor- 
rected for decay 

z = height above ground in meters 
(I = C(ut)@-n)/2, a length , in meters, 

proportional to the cloud radius, 
according to Sutton's formula 

Then after some manipulation (the complete 
derivation will be included in a paper by 
J. 2. Holland to be published elsewhere), 

Pa% 
where A = 2ad(6.8 x 10iOMev/ms/r) 

Jo(u) = zero order Bessel function of u 
I3 = (8' + h2)/d 

S =  
f(t) = &e decay function 
Qo = initial source strength in million elec- 

tron volts per second 

Thus the problem is essentially reduced to 

1. Integrating the doeage with respect totime 
for each particle of the cloud, resulting in a 
point source dosage which is a function of the 
distance of passage s and the wind speed for 
each distance of the receptor downwind of the 
origin. 

2. Determining the distribution of particles 
as a function of s for each h and 0. 

3. Integrating the product of the point source 
dosage and the source distribution function with 
respect to 8. 

h, the following: . _ /  

3. GAMMA DOSAGE NOMOGRAMS 

3.1 Power Excursion. A short-lived nu- 
clear reactor power excursion of l Mw-sec 
would result in the production of radioactive 
fission products which would emit approxi- 
mately 4.8 x 10'~ t-"" Mev/sec of gamma 
energy with an average energy of 0.7 MeV/ 
&S,"~ wbere t is in seconds. This formula 
overestimates the source strength for t < l O  
sec; however, the time integral of the actual 
source strength from 0 to 10 sec is very nearly 
equal to the integral of the formula from 1 to 
10 sec. Since integrated dosage8 are  desired 
and since the concomitant variation of the 
attenuation factor between t = 0 and t = 1 sec 
can generally neglected in the ranges of 
distances and wind speeds of meteorological 
interest, the lower t i ae  limit w.11 be taken as 
1 sec. Thus 

. 

= 4.8 x 10'' QE 

where QE = nuclear energy release in mega- 
watt-seconds and f(t) = t"'" 

A nomogram for computing integrated cloud 
gamma dosages in the case of expuleion to 
the atmosphere of the fission products re 
ing from a reactor power excursion has 
developed by the following steps: 

I. performing the time integration of ti; 
attenuation-decay factor for a selection of 
values of 8, d, and U sufficient to permit 
graphical integration to two place accuracy. .It 
was f d  that for d>2000 meters the! ratio .- 
of this integral to s G(B) d-*.nUo*n is 
pendent of d and 8. . 

2. Preparing curves from which the distriba- a 

tion factor could be computed to better than tyo 
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significant figures a s  a function of (s - h)’/u2 
and 2sh/u’. 

3. Integrating the product.with respect to s 
and computing dosages for QE = 1 Mw-sec and 
for a selection of values of d, h, u, and ii cor- 
responding to “average” meteorological con- 
ditions. These conditions and the resultingdos- 
ages are summarized in Table 8.1. 

were attached to the cr scale of the h’ graph to 
permit computation of the dosage under arbi- 
trary meteorological conditions. 

8. An alignment chart for multiplying the 
resultant unit emission dosage by the actual 
source released in megawatt-seconds of inte- 
grated fission energy was attached to the dos- 
age scale of the point source dosage graph to 

Table 8.1 -Cloud Gamma Dosage. Power Excursion Producte. 
and Average Conditions 

0 0.25 0.20 3 30 
300 

3,000 
30,000 

50 0.25 0.15 5 300 
563 

3,000 
30,000 

200 0.25 0.10 7 300 
3,000 
4,380 
30,000 

500 0.25 0.08 9 300 
3,000 
16.000 
30.000 

3.9 
22 
22 1 

1,654 

22 
38 
166 

1,240 

15 
110 
154 
827 

12 
88 
382 
661 

6.4 
5.1 X lo-’ 
2.35 X lo-‘ 
3.52 X lo-’ 

1.96 x lo-’ 
1.07 x lo-’ 
3.88 x lo-( 
7.45 x lo-’ 

2.74 X lo-’ 
1.43 X lo-‘ 
1.31 X lG4 
1.73~ io4 

5.56 x io4 

1.73 x 104 

1.57 X lo-‘ 

4.05 X lod 

4. Dosages were computed for a point source 
of radiation passing at a large selection of 
heights by substituting h for s in the integrated 
attenuation-decay function and multiplying by 
appropriate conversion factors. ‘These point 
source dosages were plotted a s  a function of h, 
d, and E. 

5. The height of a nondiffusing point source 
of strength. QG’ giving the =,me total gamma 
dosage a s  that computed for the cloud was de- 
termined graphically, and this “equivalent point 
source height” h’ was graphed as a function of 
u and h. 

6. The h’ coordinate of the equivalent point 
source height graph was aligned with the h 
coordinate of the point source dosage graph. 

7. With the assumption that h‘ is afunction 
of h and u only, alignment nomograms for 
computing u from either Sutton diffusion pa- 
rameters or Fickian (e.g., Roberts) parameters 

permit a completely graphical computation of 
the final dosage. 

The resulting nomogram is shown in Fig. 8.1. 
It is designed to give dosage estimates accurate 

(a) Nomogram Instructions, Power Excursion. 
To calculate the dosage resulting from the re- 
lease of all fission products of a power ex- 
cursion of integrated energy of QE(Mw-sec), 
at a distance d (meters) from the origin, given 
the height of rise h (meters), the wind speed ti, 
(meters/sec), and the Sutton diffusion parame- 
ters C[(rneter~P’~] and n, the procedure ia 88 
foUOws: 

1. Place a straightedge through d on the 
d + q  scale and n. Mark the point of inter- 
section on the d2-’”F scale. 

2. Place the straightedge through thispoint 
on the d(2-n)/2 scale and C. Mark the inter- 
section on the u scale. 

to about 20%. 
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Fig. 8.1-Cloud gamma dosage. power excursion p m b  (Hol ld ) .  
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3. Align the straightedge parallel to the be determined. Lay the straightedge through 
vertical axis through this point on the 0 scale. the point on the 0 scale representing the 
Mark the intersection with the curve repre- initial cloud diameter (see Eq. 6.12 for one 
senting h (or a suitably interpolated point). method of obtaining cloud size) and fol lw 
The ordinate is h'. steps 1 and 2 or la, in reverse, to find 4 OIL 

4. Align the straightedge horizontally through the d + ~0 scale, or xo/U on the (d + x&b scah, 
this h' value. Mark the intersection with the respectively. The value of x, thus determined 
curve representing d or a suitably interpolated can then be added to the values of d for which 
point. (The abscissa is the dosage for a 1 h h -  dosages are desired. This addition is made 
sec source and a 1 meter/sec wind speed.) only at step 1 or la. The value of d used in 

c 

1 

Table 8.2-Meteorological Parameters for Sample Cases 
-. _. I- C, meters"/* 8. meters/sec 

Case n h =  O 50 200 500 h = O 50 200 500 

Average conditions 0.25 0.20 0.15 0.10 0.08 3 5 7 9 
stable conditions 0.50 0.05 0.03 0.02 0.01 1 3 6 9  
Unstable canditions 0.20 0.50 0.20 0.15 0.10 7 10 12 13 
Strongwind conditions 0.25 0.20 0.15 0.10 0.08 15 22 30 35 
Trapping (u = 0.75h) 5 7 9  

5. Displace the point found in step 4 along step 4, representing the decay attenuation dis- 
tance, must be measured from the actual origin. the lines of constant d, a distance equal to the 

C 

distance between the 1 meter/sec mark and 
that representing the wind speed U. (It will be 
noted that there are several differing wind 
speed correction scales for each d curve. The 
wind correction nearest to the point found in 
step 4 should be used, interpolating if neces- 
sary.) Lay the straightedge parallel to the 
vertical axis through this point to obtain D/@. 

6. Lay the straightedge through D/QE from 
step 5 and QE on the Q scale; the intersection 
on the D scale is the gamma dosage in roent- 
gens. Note that these dosages are computed. 
on the basis of releasing 100% of the fission 
products to the air. These values may be ad- 
justed to conform with the, postulated release 
by multiplying by the percentage of fission 
products assumed to escape. . 

If the Fickian diffusion coefficient K Le dven, 
the procedure is the same qcept  for steps 1 
and 2. In this cam eubeUtute.etep la, beloa, 
fbr 1 and 2. 

la. Lay the straightedge through the travel 
time d/i3 on the (d + %)/a scale and K to de- 
termine u. 

(b)Nomog~arn Applicaiion, Virtual Source. 
Since about QOR, of the cloud is contained within 
a sphere of diameter 4.3 0 ,  XO, the virtual 
source correction (see Chap. 4) can readily 

* *  

(c) Power Excursion Cloud Dosage Varia- 
bility. If u exceeds 2000meter8, it is possible 
to compute dosages, on the assumption of ap- 
proximate radiative equilibrium at each point 
of the cloud, by dividing the TID obtained from 
Eq. 4.72 by 1.36 x 10" Mev/ms/r using 4.0 x 
10'' Q E  (U/d)'~*' as  the source strength. It 
wi l l  be noted that this dosage, received by a 
person at the surface, is '/t that which would be 
received in the absence of the ground. 

However, in this case. as well BB that of 
h > 500 meters, it can be seen by inspection of 
the nomogram that a power excursion &-at 
least 2000 Mw-sec would be required to pro- 
duce a cloud gamma dosage as large as 1 r at 
any distance even if all the fission 
were released. 

from the origin depending on the 
of the cloud and the wind speed. 
for distances less than those given by 
curve8 in the upper right of Fi 
SO, 100 meters) are  smaller than 
these curves oaiag to the short e 
during the approach of the cloud at thew 
distances. 

essentially as point 

The dosage reaches 

It can be seen that elevated clouds be 

736 117 



106 

. -I 

0 w 
In 
& 
f 
b 
J 
a (3 

v) 
0 
0 

METEOROLOGY AND ATOMIC ENERGY 

." 

1 

l a '  

10-2 

10-3 

10-4 

10-5 

10-6 
10 io00 

d, METERS 
f0.000 

Fig. 8.2-Gamma dosage variability, power excursion. -, h = 0 (point source). --, h = 
200 meters (point source). 

than about h/5. The maximum dosage (or mini- 
mum equivalent point source height) for a cloud 
of given strength and elevation occurs when u is 
3h/4, i.e., when the cloud width is 3h. When u 
increases beyond about 2h (cloud diameter = 
8h), cloud elevation has no further effect on 
the dosage, given equal diffusion parameters. 

An idea of the values to be expected under a 
plausible variety of meteorological conditions 
can be obtained from Fig. 8.2. These values 
were obtained from the nomogram of Fig. 8.1, 
using the meteorological parameters in Table 
8.2. 

Except in the "trapping" case, computations 
were made for both a point source andan initial 
volume source for which the value of u at the 
origin was taken as u = 10 meters + 0.3h. The 
factor 0.3h corresponds roughly to the rate of 
cloud spread, with rise, given by Sutton's hot 
puff formula (Eq. 6.9) with C = 0.6. The trap- 

toopoo 

i 

- 

i 

ping case was designed to approximate a situa- 
tion in which diffusion is confined to downward 
motion, and the horizontal spread is also limited 
(as by a valley). In this case u was held to 
3h/4 to maximize the dosage, and computed 
dosages were doubled to take into account 
downward reflection. 

It wil l  be noted (pig. 8.2) that when h = 0, 
increasing the volume of the initial 8ourcB . 
significantly decreases the dosage at small 
distances, the reduction reaching a factor of 
about 12  at d = 30 meters in the stable ?e. 
The effect of a finite volume decreases at 
larger distances, and the point and volume 
source dosages become essentially the same 
at about 100 meters for the unstable case; 
1000 meters in the average case, and 3OOO 
meters for the stable case. 

Increasing atmospheric stability results in 
larger dosages at all distances, ranging from 
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a factor of about 2 at 30 meters (for an initial 
volume source) to about lo' at 30 km. 

For the elevated sources (h > 0) the dosages 
change less with variations in the meteoro- 
logical parameters. Trapping of course always 
gives the highest dosage. Of the others, the 
stable case results in the highest doeages at 
great distances; the strong wind case is the 
worst at intermediate heights and distances; 
and at greater heights the unstable cases with 
the resulting rapid spread of the cloud results 
in the highest dosages at small and inter- 
mediate distances. 

3.2 Steady Power Fission Products. In the 
case of a sudden dispersion into the atmosphere 
of the contents of a nuclear reactor which has 
been operating at a steady power level, the 
gamma source strength in million electron 
volts per second is 

QG = 2.3 X 10" P[t*2' - (b + t)"'"] (8.5) 

where P = previous steady power of the reactor 

t = time after shutdown in seconds 
to = duration of steady operation in sec- 

If to is greater than a few months, this can be 
approximated by 

in kilowatts 

onds 

without serious error.  In view of the slow de- 
cay rate it is justifiable, for the purpose of 
estimating hazards, to neglect decay during 
cloud passage in the space-time integration of 
the radiation flux from the cloud. A nomogram 
for this purpose was developed as follows: 

1. The point source dosages were computed 
for a selection. of values of d/U and h, replacing 
the decay function in the htegrand by aconstant 
(dh)"**' for each integration but takhgaccount 
of the shortened approach path at 8mall values 
of travel time d/u. 

2. This point source dosage was graphed as 
a function of d and h for unit wind speed. 

3. The wind spied correction factor @)4*n 
was incorporated in the graph a8 a set of 
sloping straight lines. 

4. This graph was substituted for the upper 
right graph of Fig. 8.1, and the resulting 
nomogram for steady-power computations is 
shown in Fig. 8.3 

(a) Nomogram Instructions, Steady Power. 
To compute the gamma dosage for the steady 
power case from Fig. 8.3, where the previous 
steady power is expressed in kilowatts, for a 
distance d (meters) from the origin, given the 
height of rise h (meters), the wind speed ii 
(meters/sec), and the Sutton diffusion parame- 
ters C[   meter^)^/^] and n, the procedure ia as 
follows: 

1. Place a straightedge through d on the d + 
q scale and n; mark the intersection on the 
d(2-n)/2 scale. 

2. Place the straightedge through this point 
on the d('-')/' scale and C; mark the inter- 
section on the u scale. 

3. Align the straightedge parallel to the 
vertical axis through this point on the u scale; 
mark the intersection with the curve repre- 
senting h (or a suitably interpolated point). 
The ordinate is h'. 

4. Align the straightedge horizontally through 
this h' value; mark the intersection with the 
curve representing d (or a suitably interpolated 
value). (The abscissa is the dosage for a 1 -kw 
previous steady power and 1 meter/sec wind 
speed.) 

5. The wind speed adjustment is as follows: 
Lay the straightedge parallel to the vertical 
axis through the point on the d scale (step 4), 
and mark the intersection with the 1 meter/sec 
wind speed line. 

6. Lay the straightedge horizontally through 
this point and mark the intersection with the 
line representing the wind speed 8. 

7. Lay the straightedge vertically through 
this point and mark the intersection with the 
D/Q axis. 

8. Lay the straightedge through D/Q from 
step 7 and Q; the intersection on the D scale 
is the gamma dosage in roentgens. Note that 
these dosages are computed on the basis of 
releasing 100% of the fission products to the 
air. These values may be adjusted to con- 
form to the postulated release by multiplying- 
by the percentage of fission products assumed 
to escape. 
As with pig. 8.1 scales are included to per- 

mft the use of Fickian diffusion coefficiente or 
the computation d virtual s m e  correction8 
q. Instructions for these computations are 
given in Sec. 3.la, step la, and Sec. 3.lb. 

(b) Steady Power Cloud Dosage Variability. 
The slower decay with distance results in a 
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maximum dosage at the distance of the maxi- 
mum ground concentrations. The wind speed 
variation, now acting in the same sense as the 
stability variation, increases the epread of 
dosages between the stable and unstable cams 
'(as defined in Table 8.2). In stable conditions 
dosages exceeding 3 x IO-' r/kw can occur as 
far as 20 km from the point of release or with 
an initial cloud rise of as much as 50 meters. 
Dosages greater than 1 r h a r e f o u n d o n l y a t  
distances less than 100 meters with a small 
initial cloud diameter and no height rise. 
Maximum gamma dosages anywhere at the 
ground for the elevated clouds are about 6 x 
lo4 r/kw for h = 50 meters; 0 x lo4 for h = 
200 meters; and 3 x for h = 500 meters. 

(c) Dosages for Specific Radioisotopes. The 
dashed curve marked "KC" in Fig. 8.3 is in- 
cluded to permit computation of the gamma 
dosage of a cloud of any specific radioisotope 
whose gamma energy is of the order of 0.5 to 
1 MeV and whose half life is large compared 
to the cloud passage time (e.g., 1 hr or more). 
In thie case follow the same procedure aa that 
for the steady p e r  case up to step 4, then we 
the dashed curve marked KC to obtain the 
dosage per kilocurie for E = 0.7 MeV and ii = 
1 meter/sec. To obtain the gamma dosage in 
roentgens, this should be multiplied by 

- __ 

-0.693 d 
Q i E e W (  UT ) 

0. ?a 

where Qi = initial source strength in kilocuries 
E = gamma ray energy in million elec- 

T = half Me in seconds 
d=distance of the receptor In meters 
E=mean wind speed in meters per 

tron volts 

eecond 

(d) Continuous Release of F5ssiorO Products. 
The KC curve of Fig. 8.3 may ale0 be w d  in 
this same manner for continuow source prob- 
lems (except for the continuous emiesion of 
fission products as they are formed, in which 
case pig. 8.1 is applicable); substitution of the 
emission rate dQi/dt, in kilocuries per hau, 
for Qi yields the gamma dose rate, inroentgens 
per hour. dQi/dt may require a further cor- 
rection for decay if there is an appreciable 
holdup time prior to release to the air. 

(e) Dosage Contours. If it ie desired to 
compute dosages for locations other than di- 
rectly under the axis of the cloud ( y = O ) ,  
these values can be obtained for any dietonce 
y from the x by e~bstituting Jm tor 
h on the nomogram. Computation of a epf[icient 
number of these values for varioue distances 
will permit the ready construction of tsodoee 
lines. 

4. EXTERNAL GAMMA DOSAGE DU& TO 
SURFACE DEPOSITION 

The dose rate 1 meter above an infinite, 
horizontally uniform deposit of 1 curie/mz of 
lission products giving off 0.7 MeV of gamma 
radiation is approximately 10 r/hr." This re- 
lation can be used with the deposition equa- 
tions, Eqs. 7.3, 7.6, or 7.7, to obtain an esti- 
mate of the dose rate near the ground. The 
resulting value is an upper limit to the dosage 
since it does not take into account either the 
finite size and inhomogeneity of the area of 
deposition or the probable shielding by surface 
irregularities. 

In order to obtain the total dosage, the dose 
rate must be integrated over a periodof time 

wnere Xd is the surface deposition in curies 
per square meter. xd can be represented as 
X o  f(t), where X, is the deposition factor, a 
function only of the initial 80urce strength and 
deposition parameters, and f( t )  is thedecay fac- 
tor. Then 

where & ie ordinarby the travel time preceding 
deposition dfi and may be choeen according 
to the specific problem under coneideratton. 
~ h p s  for f(t) = t-"", as in b case oi tbe 
product6 of a 8hort-Uved nuclear enem etx- 
cursion, 4 may be taken as infinit$c -.1. 

: 

On the other hand, for f(t) = t**", aa in the 
case of the fission products of a reactor operat- 
ing at a steady power for a long time, 
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(8.9) 

which increases without bound with increasing 
values of the upper limit t. 
'For exponential.decay f(t) = e-M and 

1 f(t) dt = (e-Mfi - e+) I: 
or 

(e-0.693dm - e-0.693t,/T) (8.10) 
0.693 

where T i p  the half life of the radioactivity. 
This always has a finite value for t2 = a, but if 
T is of the same order of magnitude as  (or 
larger than) the expected exposure time of 
individuals, a finite upper limit should b used. 

I 
5. INHALATION OR INGESTION DOSAGES 

The TID formula (Eq. 4.72) can be used to 
obtain estimates of the inhalation hazard. For 
specific isotopes, dosages calculated by this 
formula can be compared with maximum per- 
missible concentrations"' given in the National 

Bureau of Standards Handbook 52 for appropriate 
exposure times. As a rough rule it has been 
estimated by various writers that the inhala- 
tion dosage of 10 curie eec/ms of mixed fie- 
sion products would result in an internal radia- 
tion dosage equivalent to about 25 r. The major 
portion of the dosage is contributed by a selec- 
tion of biologically active radioisotopes com- 
prising about 10% of the total mixed fissicm 
products. 

Estimates of the probable hazard of ingesting 
contaminated food, etc., must be made by 
calculating the deposition density due to fall- 
out or wash-out, postulating some sequence of 
events leading to ingestion, and comparing the 
resulting consumption of 'radioactivity with the 
permissible limits givenin the NBS Handbook 52. 

- _  

6. BETA DOSE FROM SKIN DEPOSITION 

It has been estimated by Healy" that ap- 
proximately 3 x 10' curies/m2 of mixed fie- 
sion products from a nuclear power excursion 
deposited on the skin would produce a beta 
dose rate in the skin of 1 r/hr at 1 h r  after 
the incident. This can be compared with calcu- 
lations of fall-out to estimate the skin beb 
dosage. 

. .  . . -  
. .. 
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Graphical Solutions to Atmospheric Diffusion Problems 
9 

Because of the values that the variables and 
parameters assume, numerical evaluations of 
diffusion equations are fairly tedious. F'urther- 
more, since in most cases the use of tables of 
logarithms cannot be avoided, direct numerical 
calculations will ordinarily produce a degree 
of accuracy f a r  greater than that warranted by 
the diffusion theories themselves. Graphical 
aids would seem, consequently, to be par- 
ticularly desirable in diffusion calculations. 

Graphs for the evaluation of functions of the 
basic form of those derived from the Gaussian 
law (Chap. 4) have been given by Frenkiel" 
and Jahnke and Emde." Davidson" gives a 
very useful set of nomograms covering some 
of Calder's results; and some nomographic 
presentations of Bosanquet and Peareon's con- 
tinuous point source formula can be found in 
Falk et al." Sutton"' refers to a slide rule 
invented by Davies which solves the Sutton 
equation for certain discrete combinations of 
the meteorological parameters. The pages to 
follow not only give solutions to basic diffusion 
equations but also treat many useful modifi- 
cations. A wide range of variables and pa- 
rameters is allowable. 

The parameters of Sutton's theory, n (eta- 
bility) and C (diffusion coefficient), may be 
solved for on the basis of measurements by 
meteorological instruments, or they may be 
chosen as estimates from suggestions given 
in Chap. 4 on diffueion theory. Applicabilityand 
limitationa of the various theoretical treat- 
ments are also given in Chap. 4, and use af 
the graphical solutions is not advisable unless 
the user has knowledge of the limltaflon~ 
presented. 

Gifforh'*" has given an alfPnment chart tint 
is most useful in the numerical evaluation ad 
any diffusion formula of Sutton's type, and thie 

graph is reproduced here as Fig. 9.1. Further- 
more, formulae like those of Frenldel and 
Roberts can also be evaluated using suitable 
substitutions. 

1. THE SUTTON TYPE EQUATION 

The use of Fig. 9.1 is illustrated by the fol- 
lowing problem: 

Problem: Find the relative dilution, X/Q, at 
a point at the ground beneath the axis of a 
plume, 1000 meters downwind from a con- 
tinuously emitting stack which is 100 meters 
high. The parameters have the values n = 0.5, 
d = 0.2, andii = 2 m/sec. 
Solution on Fig. 9.1: 1. Align (most conven- 

iently with a transparent straightedge) x = 
lo00 meters, scale I, with n, scale II, locating 
a point on the reference scale, R1. 

2. Align this point with C2, scale III, locating 
a value of f ,  scale IV. 

3. Align the stack height h, scale V, with 
the value of f obtained in step 2, on scale MI 
(C.P.S. = continuous point source), locating a 
point on the reference scale, &. 

4. Align this point with 8, scale X, and find 
that X/Q = 1 x lo6, scale W .  

The light guide lines (a), @), (4, and (4 on 
Fig. 9.1 illustrate this problem. If the lateral 
pound concentration at a given distance y 
from the point below the cloud axis had baen 
required, the steps would be the 
that instead of using h, scale V, 
9 + h'on scale VI would be used. 
To calculate the maximum c 

X-, find a line through h, scale V 
scale Ym, locating a point on &. 
this point and 0, scale X, and r 
from scale XLI. The product ad thie and 
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emission rate is the desired maximum g r d  
concentration. Table 9.1 list6 the alignmenbs, 
in their proper order, by means of which the 
moBt commonly occurring diffusion probleme 
mpy be solved. Points on three scales are 
oltgnea at each step; two of which are IaLam, 
either from the conditions d the problem or 
from a previous step. The unknown quantity 
in the final step is in each caee thequantity 
desired. The mathematical considerations in 

tlm c 
t h e ~ p e p e t . "  

of the no- 

1.1 --period Peak Cw-. 
a e- rervrrrngement d tbs 
lined in tbs &ample problem above ia medd 
find the eddy concentrrrtlon (for ~OOPW 
M U - )  '98 def.Uw!d in chpp. 5. v t b s  
value o f f ,  scale IV, in the S a I Q a r o g ~ p 8 1  
and a), but twe (i + ha)% inetepd d x lithew 

I 
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GRAPHICAL SOLUIWNB TO ATMOSPHERIC DIFFUSION PROBLEMS 

Table 9.1-Program for Solving Meteorological Diffusion Problems 011 Fig. 9. l t  

11s . 

C m t h u w  
elevated polnt 
mra at a 
bight h 

4.38: 

4.30: 

4.38: 

4 .a 

4.64 

4.50 

4.50 

4.50 

4.50 

4.50 

4.66 

4.6.5 

4.50 

4.50 

4.50 

4.50 

4.50 

4.50 

4.50 

4.53 

4.53 

4.68 

4.87 

4 3  

4.m 

4.5s 

q-n-1; a , - ~ ~ - m ,  
XI-D[-Vl 

n,-n-1;a,-m-m; 
XI-IX-Vl 

4-n-I ;  n,-rv-m; 
XI-E-VI 

n,-(t)or-v; %-IV -mi 
n,-II-l 

xwtux-v 
4-11-1; a,-rv-m; cf. 

a,-n-I; 4 - n - m ;  
q-vm-n. rn-&-X 

q-vur-v; xn-4-x 

q - m - v ;  xn-q-x 

q-vm-vl; m-4-x n. (t) 

4-nn-v;  m-4-x  

I+vIII-vI; XII-q-x VI; (t) 

t 

Urn h = y. .u)e Vi (1) b-u-i; it, -Iv-m; 

4-11-1; n,-w-m; u r f  - $ * P , d e  

q-n-1; q-rv-m; t.1 

b-n-1; a,-w-m; U n I  -j+d.mad* 

~ - ( t ~ v m - V ;  xn-q-x I 

q-wm-v, n,-n-m; I 
n,-U-I  

m-q-x;q-vm-v; TwQ.. lm#dfU.  
h-rv-m; a,-n -1 dsflmdbytbosnd -- 

l e u l s t o t r o n b a  
C 4 X  

a,-n-I; n,-rv-m; u r j  =f-3ra 
xn-q-x; q-vm-Vl find g 

xn-4-x;  4-m -v; 
k-n-m;n,-n-r 

XIl-4-x; h-vm -n; 
n, -rv-m; a, -n -I 

m-ny-x; q-vm -v 
a,-n-i; a , -n-m 

xn-4-x;  4-vm -n; 
14-n-r; a,-nr-rn 

a, 4 - I ;  Ffq 4v-m. 
4-M-V;.m-%-X 

t 

4-a-1;q-Ilf-I& . 
4-wm-vs .m-4-x I 

4-WVn-V;l4-lv-mi I 

Xm-4-X; k-VU-Vi 5. 

*-vn-v; xm-B#-x 

& -11-1 

. .. a i .  ad- 
- .#* - - ,-,,. .u04-9 I - I . ~  -' 
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Mer appreciably. Then follow steps 3 and 4, 
but use the value of h, scale V, equal to zero. 

1.2 Instantaneous Volume Source. To solve 
the volume source formula, Eq. 4.58, follow 
_the same alignments as for the instantaneous 
point source, but use (Ut + q) inetead of Ut. 

1.3 Evaluation of Other Equations. Certain 
of the remaining diffusion equations that have 
appeared in the text may also be evaluated on 
F'ig. 9.1. Since Sutton's equations are related 
to Robert's, if n = 1 and 

where C2x2-" = f in Fig. 9.1, Eqs. 4.5 and 4.47 
are readily evaluated by the alignment schemes 
of Table 9.1. It is necessary to use n = 1 on 
scale 11 and for C2 to substitute (4K/U) on 
scale III. 

Certain of d e  nonisotropic equations may 
also be evaluated. For example, if one con- 
siders the downwind concentration (y = 0), Sut- 
ton's continuous point source equation (Eq. 
4.51) becomes 

Thus it is only necessary to obtain the solution 
to Eq. 4.50, using C2 = CyCz, and then to cor- 
rect the result by multiplying by (Cz/Cy). By 
this method Eqs. 4.48 and 4.51 both can be 
evaluated. 

The deposition formula, Eq. 7.6, can like- 
wise be evaluated since it is of the same form 
as Eq. 4.50. Note also that Eqs. 4.72 to 4.74 
are like Eqs. 4.50, 4.66, and 4.65. The user 
will undoubtedly discover further occasions 
for employing Fig. 9.1 with little difficulty. 
For example, the !naximum deposition equaMon 
(Eq. 7.7) is easily brought to the form of Eq. 
4.53 by the use of the factor (n/4e), although a 
more convenient graph for this specific purpose 
hae been included in this chapter as F'ig. 9.7. 

1.4 Maximum Concentrations fiom Continu- 
ous Point Source. Figure 9.2 is an alignment 
chart for finding X- from a continuous point 
source which is more convenient for this pur- 
pose than Fig. 9.1. The precedure ls as fol- 

. lows: 

f 

1. Align If, scale I, with h, scale II. 
2. Find a perpendicular to this line through 

Q (unite per second), scale IV. If isotropic 
diffusion is assumed, the value of x- which 
this locates on scale III is the required one. 

3. If nonisotropic diffusion is assumed or if 
the Brookhaven wind trace types are UBed (see 
Chap. 5), align the point found on scale III with 
Cz/C, or am,  scale V, and read x-, scale 
VI. 

The Brookhaven standard values for a m  for 
type A, B, C, and D wind traces havebeen 
indicated on scale V for convenience. 

- .  

2. PLUME SPREAD 

Figure 9.3 is an alignment chart for solving 
for the width and height of a plume at a given 
distance from the source. The procedure is 
as follows: 

1. Align x, scale I, with n, scale II, locating 
a point on R. 

2. Align this point with C or C2, scale IlI. 
3. Find a perpendicular to this (conveniently 

by sliding an ordinary drafting triangle along 
the straightedge) passing through P (percentage I - 
of central plume concentration), scale IV, and 
read 2y0 or zo. on scale V or scale VI. In the 
problem illustrated by the guide lines, x = 
500 meters, n = 0.5, C2 = 0.1, P = 10, and 2y0 = 
100 meters. 

3. EXTENSION OF SUTTON'S PARAMETERS 

Barad and Hilst' extended the diffusion coef- 
ficients given by Sutton for "average" con- 
ditions to cover a greater range of conditions. 
Figure 9.4 is a nomogram from which these 
&ended values may-be obtained. 
For h = 100 meters, n = 0.25, and B = 10 m/ 

sec, C = 0.094. 

4. INSTRUMENTALLY DETERPQNED DIF- 
FUSION PARAMETERS 

4.1 Stability Pummeters. The stability pa- 
rameter, n, can be solved by Fig. 9.5, given 
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GRAPHICAL SOLvTIONS TO ATMOSPHERIC DIFFIJEION PROBLEldS 

measured wind speeds at two levels above the 
ground, provided that they fit a power law 
wind speed profile. Align the ratio of the wind 
speeds on the right-hand scale with the ratio 
of the corresponding heights on the left. The 
required value of n is read from the center 
scale. 

4.2 Diffusion Coefficients. Figure 9.6 is an 
alignment chart for evaluating Eq. 4.79, from 
wNch diffusion coefficients can be determined 
from the oscillations of a wind vane. The 
procedure is as follows: 

1. Align ii, scale I, with n, scale E, locating 
a point on Ri. 

2. Align n, scale XI, with 08 (standard de- 
viation of vane oscillations) scale m, locating 
a point on &. 

3. Join R1 and &, and read C i  on scale IV. 

(There is at present not much agreement be- 
tween meteorologists as to the applicability of 
these instrumentally determined coefficients 
for substitution into the diffusion equation.) 

._: . -  

._. . .. ... . 
., -. ._- . 

5. D E m I O N  

Of considerable interest is the maximum 
deposition that wi l l  occur at a given dietonce 
x, for a constant rate of fall-out or naeh-oot. 
For dry deposition the equation is 

and for wash-out deposition 

. ~ .. 
j .:' 

Note that, although a different rate of deposition 
is required for each distance x to obtain the 
maximum deposition, this rate is constant over 
the interval 0 to x. 

Figure 9.7 can be wed to solve the above 
equations by the following steps: 

1. Aligning x and n andmarking a pointon Q. 
2. Aligning the point on R with Cy, and read- 

ing the resulting value of W R - .  TO obtain , . 
the dry deposition maxima, ~ o m p u t e w ~  mu pad 
multiply by n/2. ' 1  

....... .._.. "_".  
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Reactor Hazard Analyses 

The Atomic Energy Act of 1954 states that the 
Atomic Energy Commission is authorized to 
“prescribe such regulations or orders as it 
m a y  deem necessary ... (3) to govern anyac- 
tivity authorized pursuant to this Act, including 
standards and restrictions governing the de- 
sign, location, and operation of facilities used 
in the conduct of such activity, in order to 
protect health and to minimize danger to life 
or property.” In the July 1950 semi-annual 
report “Control of Radiation Hazards in the 
Atomic Energy Program” it was stated: “The 
atomic energy industry employs forces that 
a re  as yet imperfectly understood; it is being 
developed at a n  unprecedented rate without 
benefit of the years of experience gained in 
other large industries; . . . and it promises to 
be vitally important i n  the future of mankind. 
All these reasons justify a resolute effort to 
keep it a safe industry for its workers and its 
neighbors . ” 

A s  one step toward ensuring reasonable 
safety precautions, the AEC requires an analy- 
sis of possible accidents (or sabotage) that 
might occur to all new reactors contemplated 
by any group in the United States. These analy- 
ses mainly consider the reactor technology 
and the nuclear aspects of such incidents; 
however, meteorology is considered (1) to 
determine the degree of effort required to 
ensure adequate containment, by examination 
of the hazard produced by the release of fis- 
sion products to the atmosphere, and (2) evalua- 
tion of U r d s  resulting from planned routine 
release of rdioactive material to the air. 

Many reports of this type have been prepared 
in the last few pears for review by members 
of the AEC and the Advisory Committee on 
Reactor Safeguards (formerly the Reactor Safe- 
guard Committee).. Meteorological material- 

.-____ - .. . - 

been included in most of these reports, but 
for each one it has been included in a slightly 
different manner. It is impossible to set d& 
a standard format which could be used for 
all, but included in this chapter is a listing 
of items pertinent to a release of airborne 
radioactivity which should be considered for 
possible inclusion in a complete reactor haeard 
analysis. Not all reactor hazard analyses would, 
or should, contain all the elements listed be- 
low. The type of reactor, its design power 
level, the site locations, etc., must be con- 
sidered in fixing the scope of a haeatd analy- 
sis. Only a first presentation of a very high 
power reactor would require consideration and 
treatment of all items. Analyses for reactors 
at a site for which previous reports have been 
prepared may well refer to these reports for 
climatology, site description, etc., and deal 
only with items or b a r d s  unique to the de- 
vice under consideration. Standard computa- 
tional techniques (see Chap. 8 for one such 
technique) for radiation estimates can elimi- 
nate repetition of derivations and basic mete- 
orological data. 

The items listed in the outline should not 
be considered separately but rather ebouldbe 
integrated to whatever extent fe ne&eesary 
into the entire hazard analysis. Umiously, a 
health physicist and a reactor engin&r wil l  
have to provide muchofthe 
tion. 
Maps showing pupulation 

nerable installations, such as 
on which are given probable 
tions, dosages, or amounts of 
beueedtoabwntpge. 

though not necessarily the maximum hazard, 
results from a ground release of con- 

- 

* -  

The worst po@sible diffusion situation, 
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within a stable (temperature inversion) layer. 
The eddy diffusion rate for these conditions is 
very small. Wind speeds may be assumed to 
be very light, probably less than 5 mph, and 
vertical.wind shear may be quite pronounced. 
Also, under inversion conditions especially, a 
debris cloud could remain within a valley or 
follow the contours of a hill. If inversion con- 
ditions occur at a reactor site, it is realistic 
to consider such conditions in the disaster 
analysis. Wind trajectory analyses, superim- 
posed on maps of the area of interest, are 
most helpful in dealing with cloud behavior 
under inversion conditions. In some cases it 
may be shown that inversion conditions will 
produce potentially very dangerous situations; 
but in others it may be shown that under these 
conditions a cloud is likely to be channeled 
into a safe direction or, because of low wind 
speeds, the decay and slow movement may 
prevent serious damage. 

The greater the amount of energy released 
the higher the debris cloud will rise in the 
atmosphere, regardless of meteorological con- 
ditions. Obviously, the worst disaster m a y  not 
occur with the greatest explosion. One way to 
maximize the reactor cloud hazard would be to 
assume only the minimum amount of heat re- 
2uired to liberate all the fission products to 
the air. 

In dealing with a real reactor problem, it 
may not be feasible to determine the worst 
possible meteorological condition. The many 
variables which represent conditions that could 
actually occur might render the determination 
of a "maximum heard" impossible. For ex- 
ample, at a given location it might be impos- 
sible to determine the one combination of wind 
speed, rainfall,'diffusion conditions, and radio- 
active decay which would produce harmful 
dosages to the largest number of pereons. In 
this connection it may be necessary to con- 
eider and compare haearda from external gam- 
ma and beta radiation to the probleme of in- 
geetion and inhalation of ra$oactive products. 
Perhaps the practical Teach is to take 

. several possible cases that are representative , 

but pessimistic and discueJe them with cILI1QT. 
The choice of diffueim parameters for eolv- 

ing epecific problem should be canslstent with 
the meteorological conditio& under caneidera- 
tion. For example, sometimes the worst situa- 
tion may be thought to be one in which a debris 
cloud- drifts Over a reservoir or a center of 

c 
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dense population and a sudden thundershower 
washes down all the radioactive material. It 
should be remembered that a combination of 
poor diffusion and shower condition6 rarely 
occurs. Similarly, the combination of poor dif- 
fusion and strong winds, which might quickly 
transport the cloud to au important ar 
there is much radioactive decay, is r 

Simplifying assumptions .with r 
release of material, the shape o 
initial concentrations within the 
ally necessary, but for the sake 
safety it is desirable that the a88 
on the pessimistic side. 

serve as a site and reactor proposal as well 88 

a reactor hazard analysis. In this case more 
meteorological data will have to be included. 

The inclusion of a large volume of tabular 
meteorological data in the actual reactor re- 
port is not usually necessary or desirable. It 
will ordinarily suffice to describe the location 
of the meteorological station(s), the instru- 
mentation, and the types of data collected. The 
pertinent portions of the summarized and cor- 
related data can then be introduced pictorially 
as visual presentations (wind roses, frequency 
graphs, etc.), or as tables. It w i l l  often be 
found that averages of the various elements 
mask important anomalous conditions (e& 
persistent inversion conditions). These can be 
treated separately when they relate to the 
problem under consideration. 

the tabular data, should be kept a 
review and use. Experience has s h o w  
routine program of analyzing and 
the meteorological records a8 
available will permit the eaey 
clueion of additional data in 

Reports may be .prepared which 

The basis of the meteorologi 

BIDERATIONS PERTINENT 

1. what wi l l  
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a.From where will the cloud enter the 
atmosphere ? 
(1) A stack? 
(2) Building openings or outlets? 

. (S) A demolished building or enclosure? 
b. Whatwillbethetypeofsource? 

(1) Instantaneous ? 
(2) Continuous? 

c. What (and how much) radioactivity may 
be released? (If the source is not in- 
stantaneous, give rate of emission.) 
(1) Fission products (mainly short or 

(2) Irradiated material ? 
d. What will be the physical composition 

of the cloud, especially with regard to 
particulates which will f a l l  out of it? 

e. What will be the temperature of the 
cloud initially? 

f .  What will be the initial volume of the 
cloud when it reaches ambient pres- 
sure and temperature ? 

g. What will be the approximate shape of 
the cloud just after the disaster? How 
will its shape change with time? What 
is the initial shape assumed for the 
purpose of making diffusion estimates? 

h. What distribution of material is as- 
sumed in the cloud prior to diffusion 
(uniform, Gaussian, etc.) ? 

i .  How high will the cloud rise in the 
atmosphere? (What is the “effective 
height” at which diffusion Is asumed 
to begin?) 

long-lived) ? 

2. What are the meteorological conditions 
chosen for estimating the effects of dif- 
fusion? 
a. Wind meeds ? 

b. In the case of tbe continuous point } 
source. (The treatment may be similar 
t o  the instantaneous point source ex- 
cept that exposure might be figured on 
the bash of the duration d the emie- 
sion rather tban on the tlme required 
for cloud passage.) 

- -  

4. HOW Significant is fall-- pnd tbe 
e m  action of precipitation? . 
a. What will be the beard from parttcu- 

iates at various distances as the radio- 
active cloud passes? 

b. How will fall-out affect concentrations 
and dosages near the ground? 

c. How will the scavenging action of pre- 
cipitation affect concentrations and dos- 
ages near the ground? 

(1) Due to fall-aut? 
(2) Due to the scavenging acticm af 

precipitation? 

d. What will be the ground deposition? 

5. How representative are awilable me 
logical data? 
a. What ie the period of record? 

5 years of data should be consideweb, 
if available.) 

b. If the observing station is 
site, haw does its location 
that of the site? 

exist between meteorological 
at the observing etation and 

6. What are the significanb meteorol 

c. What significant differencea, if any, 

conditions? 
a. Wind. 

(1) What is the surface 
and speed distribution annnpllp 

b. Diffusion parameters? . naal vind rose)? 
3. How will the cloud diffuee in the atmos- 

phere ? 
a. In the case of the instantaneous aource.’ 

distances? What 
in concentrations 
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(7) Will a trajectory away from the 
site rise, descend, curve, or follow 

* 
a straight Line because of topog- 
raphy? 

b. Stability. 
(1) What is the frequency of unstable 

and stable conditions? 
(a) Annually? 
@) Seasonally? 

(2) How is stability affected by local 
conditions (i.e., valley effects, West 
Coast subsidence inversion)? 

(3) What is the average and maximum 
duration of inversion conditions? 

(4) What significant facts are known 
about the depth and intensity of 
inversions? 

c. Precipitation. 
(1) What are the normal monthly and 

annual totals, and what extremes 
have occurred? 

(a) Seasonally? 
(b) Diurnally? 

(3) What is the monthly and annual 
snowfall? , 

(4) What are the greatest amounts of 
precipitation recorded for various 

(2) Are there significant variations? 

time intervals, such as 1 hr, 1 day, 
etc.? 

(5) What is the average duration of 
precipitation ? 

(6) What is average duratlon d tbe 
intervals between Occurrences of 
precipitation ? 

d. Severe weather. 
(1) What are  the possibilities offloads? 
(2) What are the possibilities of wlnd 

storms (i.e., severe thunderstorms, 
gust 8 ,  tornadoes, and hurricanes)? 

e. Miscellaneous (where significant for 
special designs). 
(1) What natural atmospheric dustineee 

conditions prevail? 
(2) Do rapid temperature changesoccur 

which might make automatic control 
difficult? 

7. Are meteorological conditione taken into 
consideration in the scheduling of opera- 
tions? Are adverse meteorological con- 
ditions being avoided by scheduling witb 
respect to seasonal condition, time of day, 
etc ? Will scheduling be done on the basts 
of climatology, forecasts, or the actual 
weather conditions as observed at,' 
time of the operation? 

-. . 
.-.: :.:: . -\:  . 
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Meteorological Equipment and Records 
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The meteorological equipment and techniques 
of particular interest i n  connection with atomic 
energy are those necessary to obtain data per- 
tinent to atmospheric diffusion. A more de- 
tailed representation of the three dimensional 
structure of the atmosphere is required for 
this purpose than is needed for ordinary engi- 
neering purposes. 

Special equipment found at the larger atomic 
energy sites includes micro-net stations for 
additional surface observations of wind tem- 
perature and rainfall, meteorological tower 
facilities for continuous temperature and wind 
gradient information up to at least as high as  
the top of the plant stacks, and temperature 
and wind sounding equipment for periodically 
reaching levels above the top of the towers. 
At sites where meteorological research is 
conducted (as at Brookhaven, Hanford, and 
Argonne), special instruments for studying at- 
mospheric turbulence are also in use. 

Special meteorological records and methods 
of data tabulation are also necessary at sites 
where diffusion estimates are required. Many 
of the necessary parameters (wind direction 
deviation, temperature gradient, etc.) are not 
now commonly measured at the usual meteoro- 
logical installation. The multiplicity of pa- 
rameters and the necessity for several meteor- 
ological stations at a single site can lead to 
an amazing amount of raw data. Onlybyorderly 
tabulation and proper summarization can this 
information be reduced to a meaningful and 
digestible form. A sound analysis program is 
reclufred if one is not to be facedwith thousands 
of feet of wind record and reams of tempera- 
ture values, all comparatively meaningless 
d condensed into the appropriate averages, 
frequentles, or correlations. 

Included in this chapter are some of the 
special meteorological record forms and sum- 

E maries which have proved useful in the prepa- 
ration of diffusion climatologies. 

1. EQUIPLZNT 

In the early stages of the development, both 
of the atomic energy industry and the applica- 
tion of meteorology to this field, meteorologi- 
cal instruments and techniques for evaluating 
diffusion parameters were not readily avail- 
able from commercial sources. Early workers 
in  the field were forced to utilize standard 
equipment or to devise and hand-make inetru- 
ments for special needs. The situation is quite 
changed as of this writing, and very sensitive 
wind and temperature measuring equipment is 
readily available. However, the early necessity 
of using rugged heavy-duty weather instrument8 
was perhaps fortunate since methods were de- 
vised to interpret these records in terms of 
diffusion and this type of equipment is better 
adapted to the required continuous, all-weather, 
field use. 

Special types of measurements, and particu- 
larly meteorological research in diffusion, con- 
tinue to require much special equipment. 

The following description of fnetrume 
installations is not e 
quirements of meteor 
are well known, and 
techniques wi l l  be descr 
ment described hae been utilleed 
at several of the larger 
represents field-tested tec 
by manufacturer's name, 
mente is for illusbation 
every instance other 6our 
performance are available. 

1.1 Micro-Net StCrtiOns. The term 
net" evolved as a time saver from 
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title of “micrometeorological network” and is 
here wed to refer to automatically operated 
weather stations strategically placed through- 
out a plant site. These stations usually mea8- 
ure the surface values of wind, temperature, 
and precipitation. Typical micro-net stations 
are shown in Figs. 11.1 and 11.2. 

The white louvered shelter such as shown 
Ukely to house a hygrothermograph and liquid- 
in-glass thermometers. Generally there is a 
maximum and minimum thermometer and often 
standard wet and dry bulb thermometers witb a 
hand operated aspirating fan. The shelter at 
Chk Ridge, shown in Fig. 11.2, also cantaims 
wind recording c Juipmc-t. 

A ccApletely electrical wind - . .~tem is more 
easily installed and maintained, but suitable 
power lines are  not always available at micro- 
net station locations. The wind system shown 
in Fig. 11.1 uses a spring-wound recorder of 
the Esterline-Angus type and a mechanical 
linkage to the direction recorder. Most wind 
systems do not require an outside power source 
for wind speed. A spinning propeller or a set 
of cups is used to turn a generator. This pro- 
vides a voltage proportional to wind speed, 
which is recorded on a recording voltmeter. 

Some wind systems used for micro-net pur- 
poses use battery power.Ss*’ Another type called 
the Aerolog (Friez Instrument Division Ben& 
Aviation Corp.) produces pulses of air with 
a bellows to activate recording pens. 

Precipitation is measured at micro-net sta- 
tions by standard weighing rain gauges. 

When spring-driven clocks are used, It is 
customary to visit the micro-net stations twice 
weekly. On one visit, instrument clocks are 
wound, new charts inetalled, pens Inked, etc. 
On the’second, instruments a re  checked. 

The number of micro-net Stations isdeter-  

radioactivity monitoring instruments installed 
~ m d  &e maintenance of the station is a joint 
reeponaibllity of the health physics and me- 
t e o r o l e  offices. 

‘With or withoat micro-net etatiormay atomic 
energy area with a meteorologid program 
requires a centrally located, permanent me- 
teorological station with excellent exposure for 
lastrrunents. This station serves as the control 
point for the micro-network and wi l l  provide 
the long series of records needed for rigorous 
climatic studies. 

7 ,  

2. METEOROLOOICAL TOWERS 

For the continuous observations of the vertical 
gradient of temperature and wind that are 
necessary for dLffusion estimates, a tower or 
pole ie required for supporting the instruments. 
The first meteorolagical tower for the atomic 
energy industry was erected at the Hanford 
Works in 1944 and has operated continuously 
since that time. This tower, 400 ft high, was 
designed entirely for meteorological purpoees. 
The later Brookhaven tower was modeled after 
this facility. Since such special installations 
are  quite costly, an attempt ie usually ma&e to 
adapt existing structures to dual purposes or 
to provide acceptable but less expensive inetal- 

toner used for meteorological purposes at NRTS 
and a high pole used as a tower at Oak m. 

The NRTS tower is conveniently located with 
respect to the weather statim in which are 
haused the recording device 
ft, the identical height above 
of the tallest eta&. For mo 
this type of tower, which is 

rnOQ6. Figures 11.3 and 11.4 Show th? radio 

- 

be allowed to remain becauee of its 
in connection with a radioactivity monitoring The temperature data from thfe 
program. Frequently micro-net statione have obtained from two levels where as 
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Fig. ll.l--’Ippical micro-net station at M T S  with wind, temperature. and precipitation 
measuring Inetrumenta. 
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COMPLETE 
AEROVANE 
TRANSMITTER 

z : * r  

I .  

Fig. 11.5-The Aerovane. Bendix-Fries Company. 

trate. A close-up of such shields extending a small p e l  with the 
duwn from the ends of booms on the Brook- the recorder which @v 
haven tower is shown in Fig. 11.8. four different levels in 
A tower installation for research such as On the 

at Brookhaven (see Fig. 11.9) is far more 
elaborate than that required for an industrial 
installation. Nevertheless it is worth while to 
note some of the Brookhaven tower facilities. 
The towers are equipped with two-meneleva- 
tors as well as ladder systems. 
The instrument panel at Brookhaven is shown 

in Fig. 11.10. [-om right to left on this paeel 
are two temperature recorders, twotempera- 
ture difference recorders, the timing mecha- 
nism which permits the charts to 
at the normal speed or high speed, 
Esterline-Angus wind recorders. 
panel board is a wind vertical gradient re- 
corder developed especially for Brookhavenand 
constructed by Bendix Friez. Adjacent to it is 

I 
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conditione with the flow patterns on upper air 

on local air trajec 

4. TEMPERATURE SOUNDING EQUIPMENT 

cilitles require a meteorological tower, and 
only a few should ever require a sounding 
program for obtaining temperatures and winds 

perature elements (thermistors) 
up to about 1200 ft. Average 
range from 700 to 800 ft. 

With all tethered blimps, the lift 
with the wind speed. Blimps tend to 

found to give the best all- 
at NRTS, which is nearly 
level. tation. (Ordinarily, with a single theodolite the 

balloon is assumed to rise at a given rate; but 
vertical currents, particularly on a hot day, cient for an 
can change the rate considerably .) 

One or two 

loons enter clouds and 
by strong winds. Elec 
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Fig. 11.8-Imtrument boome on the Brookhaven tower. Thsrmohm ohlelda are below the 
ends of the booms. Three Aerovanee are also abeam. The counterareigMed boome aan be 
pivoted and drawn into the platforme for semictng (BNL). 
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Fig. 1l.lO-Inetrument panel at Erookhaven. 
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ment is not available, airplane soundtngs may 
be used. A light aircraft with properly inetalled 

very effectively. An airplane can obtain sound- 

curacy. Modern tempera 
. niques uoe -potentiometer 

rlth raeletraa bulbs. 

for many industrial obse 
A commercial resietance t 
will retain ite calibration 

Radiosondes are probably not feasible for a 
routine sounding program at an industrial site. 

radiosoadescanbemodif.hdasBbeendare 
by Giffordwpad can be owd-io a. limited way 
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a# gold togive 
w8m ud rldble re- 
tbie IlmMment hoe 

mda&hIlddraw& 
w IS 

thrn 1 -.-- b e8 
ahldard del8ign rotlmtpnidwtem- 

mea8uremenbmaybeco~GU'cr  
and Wld, if VsntllaUao were far- 

&bed by an krdivLdppl blower, 8eem to be 

5.2 Thmfs tors .  In addition to remered 
blimp temperature ktamdhga, otbbr 0888 bpve 
been made of radiosonde type thermistors. 
The output can be lineariced by using the aut- 
put of aa unbalanced Wheatstone bridge to 
compensate for the nonlinearity of the ther- 
mistor element. Adequate design inforoxation 
for this type of circuit ie given by Berrltley.' 
A mobile indicator using a linearized ther- 
mlmtor ie described by Myere." 
The stability d thermistors obed in the 

regular radiosonde instruments te quite good. 
A group of 10 were calibrated at interval6 of 
3 moathe, and there were only tao which hpd 

e 

. .  

shifted by more than O.2'P. 
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42' LENITM OF I f  0.0 I f T 

S"X6"I  9" METAL BOX 
WITH COVER GASKETS 

ALOTINUM TUB1 
CONSTANTAN 

MEMOCWPLES 

MUSLIN WICK THRU GLASS 

T H E R M O C O U ~ U  LEAD 
TUBE S E c u a E ~ T o  'WET' 

SECTION A-A 

0 1 2 3 Q S 6  

INCHES 

SECTION E-E 

Fig. 11.14-Thermocouple psychrometer aspirator 
unit. 

conical cup anemometer (Instruments Corpora- 
tion, #428), which replaces the gearing and 
contact$ng arrangement with a phototube and 
integrator. The device produces a smooth d-c 
output proportional to wind velocity. The start- 
ing speed is estimated to be 0.5 mph. 

Hastings Instrument Company has designed a 
series of heated thermopile anemometers which 
are quite sensitive and stable. Temperature 
compensation is introduced by an unheated 
thermocouple tn the center tap lead. Holland 
and Myers** and Gillu have used these air- 
meter instruments with consideratie BUCCBSS. 

''In- the former case linear recording was ac- 
complished by utilizing a tapped sUde wire in 
the potentiometer recorder. Gill 
a panel of meters at minute inter- WS~- 

A similar type of work has been done by 
Stewart and MacCreadyts' in linearizing the 

tain records. i<fip$ r 

FUONT VIEW 

output of a hot wire anemometer by an 
circuit using biased diodes. 

Further efforts are  needed 
instrument which will have bo 

remote recording. 
A summary d the capabtliti 

given by Gerhardt, Jehn, and Staley 

5.4 Bivcmes. The general prln 

but the actual production of a 
light-weight vane which is eul 

a difficult problem. 
The Mvane dates back to 

Taylor wed a llght-weight 
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improved design in terms of their response 
and aerodynamic characteristics. 

0. TELEMETERING 

in the course of the extensive survey ofthe 
microclimate of Oak Ridge, where up to 15 
stations were operated, it became apparent 
that a great number of man-hours were ex- 
pended in reading instrument charts and apply- 
ing corrections to obtain data for analysis. 
Consequently, a study was made in 1950 of a 
variety of equipment and methods which would 
facilitate data collection and processing; and 
a telemetering system seemed to be most 
promising. An advantage would be that less 
data would be lost if all recording were done 
at a central location where any malfunction 
would be caught during the working day. How- 
ever, at that time commercially available te- 
lemetering equipment was found to be lacking in 
regard to cost and speed of measurement. 

At this point Foster’sa announcement of a 
digital telemetering system called the “Metro- 
type” was made. This system seemed suitable 
for meteorological purposes. Any electrical 
signal could be read and printed in any chosen 
digital scale directly on a teletype or electric 
typewriter. 

This made available a commercial system 
which would read and tabulate. Each digit was 
printed at the maximum speed of the teletype- 
writer, taking about 160 msec. Additionalprint- 
ers could be connected with no change in the 
equipment, using normal teletype communica- 
tion facilities. Some experience hadbeengained 
with an industrial d-c amplifier manufactured 
by Manning, Maxwell, and Moore which would 
transmit a 0- to 5-ma electrical signal over 
20 miles of telephone h e .  The union of the 
digital converter and the stable d-c ampwr  
made possible the assembly of a system which 
performed the function originally desired. b 
the period that followed (1950-1952), opera- 
tional experience with the Manning, IUaxygll, 
and Moore “Microsen” ampliUer was accumu- 
lated; and appropriate traneducers were de- 
signed and tested for an industrial netrorh. - ,  

At the present time a system is installed .in 
the Weather Bureau Office at OakRidgewbich 
will be the wrmanent data collecting system 
for cna~,area. This”Weather Informatian Te- 

lemeter System” WITS) will provide a maxi- 
mum of 90 channels (9 stations, 10 channels - - 
each) which will use one telephone line from the 
printer to each of the remote stations. 

The rain gauge used is a pressure type&?- 
veloped at Oak Ridge. It is heated to 40’F in 
the winter to prevent freezing and b L d e  1 in. 
of rain. It automatically dumps when 1.00 in. 
has accumulated and is also dumped at mid- 
night to provide daily totals. 

A provision has been made to p c h  IBM 
cards automatically after the systembasbeen 
in use for a long enough period to prove its 
dependability. The final automatic data system 
aimed at wffl combine the collection of digital 
data, the card punching for statistical studies, 
and the filing of the digital data and the punch 
card summaries on microcards. 

- - c  

7. CALIBRATION FACILlTiES 

7.1 Temperature andRelative Humidity. One 
of the operations which is essential to success- 
ful micrometeorological measurements i e  pe- 
riodic calibration checks of the instrumentation. 
A well-stirred liquid bath with a precision 
thermometer (see Fig. 11.15) is not difficult 
to assemble; and yet it is capable of doing 
excellent work in the calibration of thermo- 
couples, resistance thermometers, and liquid- 
in-glass thermometers. 

Hygrothermographs can be calibrated by using 
an insulated box with circulation of the air 
over a heater or a coolant with some success. 
Constant-humidity atmospheres maybe obtained 
by circulating air over various salts. (The 
Handbook of Chemistry and Physics, Chemical , . 
Rubber Publishtna Commny. lists suitable salts j. ;, 
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Fig. 11.15-Temperature calibration equip 
Ridge (ORNL). 

8. DIFFUSION EXPERIMENTAL EQUIPMENT 

8.1 Controlled Releases of Smoke. In addi- 
tion to operating meteorological instruments, 
nearly all meteorological programs at atomic 
energy sites have included smoke experiments. 
Besides releasing smoke and photographing it 
in a konventional manner, or with a time-lapse 
motion picture camera (as at BrooLhaven and 
Argonne National Ialyatory), the following 
techniques have also beeh empioyed or ke 
under development: 

1. Concentrations have been measured with 
photoelectric light-scattering meters or den- 
sitometer e." *" e'' 

2. Concentrations are estimated by a !laor+ 
metric technique ahereby oil fog, which L of 
itself ,fairly nuorescent, is  amp^ rtth a 
transmission fluorometer! 

9. Fluorescent particlee have been released 
at a controlled rate and collected efther QI 

736 151 

filters or sticky surfaces. A microscope 
ultraviolet light is used for obs 
particles and counting. The fluor 
technique has been widely used 
practical applications. It ie imp08 
all the numerous reports 
with fluorescent particle 
concerned with ~t ional  

dtfficulthe ire encambred 
'ai -..-due 
ondstermined rrtmoshperic 
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F i g .  11.16-Test section, Consolidated Edieon wind tunnel, C o l l w  of Engineer@, New York 
University. An oil-fog smoke is issuing from the stack. 

5. An aluminum cylinder of argon was placed 
in an atomic pile and irradiated until it reached 
equilibrium. The radioactive gas was then re- 
leased into the pile-cooling air, and measure- 
ments were made by sensitive radiation in- 
struments. Since the ground concentrations are 
normally a factor of 1000 or more below tol- 
erance, it was considered safe to boost the 
output by a factor" of 10. 

6. At ANL the meteorological section has 
devised an experimental stack whose height, 
emission rate, and, eventually, effluent tem- 
perature can be'carefully measured and con- 
trolled. This stack has 'been erected near a 
meteorological tower instrumented to obtain 
temperature and wind profiles. Oil smoke emis- 
sions are recorded by a photogrammetric tech- 
nique. The coincidence of precise meteorologi- 
cal and stack data should enable some very 
useful investigations. A description of the stack 
installation is to be publiehed in the Bulletin 
of the American Meteorological Society. 

Actual release of effluents is of particular 
value where the terrain is very irregular or 
where buildings disturb air flaw since in such 
instances theoretical estimates may be greatly 
in error. 

In industry generally there has been much 
succes~ with monitoring devices, such 88 de- 
veloped by Thomas,"' for very low concen- 
trations of the sulfur-contafning gases such ILB 
sulfur dioxide, hydrogen sulfide, and the mer- 
captans. Those and other devices, mrnentbmed 
by Thomas (and Maell*"), may be 
pollution experiments. 

8.2 W i d  Tbmel T@c 
basbeenmadean theuse  
nips for estimating effluent be 
therfndtunnelbaebeenmoat z 

tlons. h the wind tunnel at New 
(Fig. 11.16), +&re are facilities for cantrolling 
the wind velocity and the vertical temperature 

i n g a i r f L O r = q p p r d  
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L.ai... 
D . n W h  (b&. 
WJO 1 4 9 1  *W 

Fig. 11.18-Ddly record sheet. 

and variety of data recorded will depend on the 
purpose of the installation and the number of 
stations established. Since, in the atomic en- 
ergy industry, the most complete meteorologi- 
cal program wffl usually be required in con- at the Knolls Atomic Power 
nection with diffusion estimates, examples of 
these types of records will be given the most o.t MdM,, Records. Here consideration. 

9.1 Dairy Records. Althaughalmost any data 
sheet can be devised to contain the measured of the entire form 
data, a particularly convenient one is the and would depend 
Weather Bureau Form 1001B. Figure 11.17 more usual tope 
ehaws this form as adapted by the Weather 
Bureau Office at Oak Ridge to contain stabilitp 
data (cob. 10, 12, and 13). This form baa the 
advantage of wide usage and ready adaptability. 
Furthermore, since engineering and human sirable for 
comfort data are  usually expected from a me- 

teorological program, these data can easily be 
recorded (daily maximum, minimum, degree 
days, rainfall, etc.). 

shown in Fig. 11.18. 

example of a 
Ridge is shorm 
m~chtne-procee 
AddiUDnal de 

toring re 
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3 .  M 3  Temperature and Humidity; ( 

Pine Ridfie (019) Oak Ridge,-Tc~. ~ 

Fig. 11.21-P1mch card tabulation and Microcard storage of meteorological data. 

more information is a necessity for the prepa- 
ration of a diffusion climatology. These needs 
are usually answered by special tabulations of 
wind data, by hours, by wind direction and 
speed for inversions, precipitation, specific 
operations, etc. The particular format should 
be devised to suit the requirements. A con- 
venient visual presentation of the summarked 
data is in the form of a wind rose, anex- 
ample of which was shown in Fig. 9.3. 

9.3 Cumulative Records. These data may 
be on an annual basis with cumulative averages 
prepared each year or when the length of 
record warrants, or they may represent the 
entire period of record. 

The format of the standard Weather Bureau 
annual summary, although well suited for gen- 
eral purposes, is not usually sufticient to 
present the diffusion climate of a site. A much 
more detailed examination is usually required. 
Various presentations have been made, and 
rather than attempt a lengthy description the 
reader is referred to the following: “AMete- 
orological Survey of the Oak Ridge Area,” Re- 

port ORO-99; “Summary of Meteorological Data 
Taken at Argonne National Laboratory, DuPage 
County, Illinois;” and “The Climatology of 
Stack Gas  Diffusion at the National Reactor 
Testing Station,” Report IDO-10020, Waste Dis- 
posal. 

9.9 Data Handling. A glance at any 
above publications will show that the 
processing of the many correlations, sum- 
mariee, etc., can be an expensive and time 
consuming clerical task. Hand tabulntion boe 
the additiod diaachmtage that, if new am- 
ditions arise demanding a different 
tabulation, the entire body of record 
rmrted. 
The obvious answer is mac 

d data. Considerable mccess, 
Loa wet, bas been achieved 
crude.Many large 
bave mpchine~rmtte 
meteorol*cal data, 
specialhhg In machine processing of data are 
wually available to adviee in the design 

. 
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operation of a punch card program. The Weath- 
er Bureau has rather comprehensive dataproc- 
essing facilities and can often assist in de- 
signing programs. Informationonthese services 
can be obtained by writing to Chief, U. S. 
*eather Bureau, Washington 25, D. C. 
An additional problem may arise at the 

larger multiple-station B i t e s  in the storage 
of data. An ingenious solution to this problem 
has been utilized at Oak Ridge. Figure 11.21 
shows examples of the "Microcard" data stor- 
age used at that station. Between 5 and 10 
years of complete meteorological data for a 

station can be placed in one 3- by 5-in. file 
drawer. 

Although many meteorological programs for 
the atomic energy industry wi l l  be limited in 
scope and of relatively short (2 to 4 years) 
duration, others eventually become part of the 
operational management of the s i t e . - !  ie 
particularly true at large sites, c- ex- 
perimental facilities, and near popdatd areas. 
Much time and effort can be saved by desfgnhq 
a meteorological program with equipment and 
records that will serve the future, as wellas 
the immediate, meteorological requirememts. 

f 
!. 

, .  

L. . .. - 

, .: . .  
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Climatological Data for Site Selection and Planning 

Prior to the construction and operation of 
atomic energy plants, climatic data may be 
required for site selection, planning, and plant 
design. The data are collected and analyzed in 
a survey report in such a manner that they 
will provide information useful for stack gas 
diffusion estimates and engineering and con- 
struction needs. 

An outline suggesting information to be in- 
cluded in the survey is given in this chapter. 
This is followed by a listing of sources of 
climatic data. 

1. SITE METEOROLOGICAL SURVEY 
REPORTS 

The outline that is given below is offered 
as  a guide in the preparation of meteorological 
survey reports for industrial plant sites and 
should be regarded as flexible. The major 
headings divide the outline into two eeparate 
categories, and a report would be expected to 
cover one or both of these categories. For 
example, a plant having no effluent source 
would not be concerned with "diffueion clima- 
tology." Categories 1 and 2 of the outhe are 
eometimes prepared 88 eeparate reports. With- 
in each category the items listed shouldbe 
considered as mlnfmal. Other iterne may be 
added, depending on the nature of the plant 
and its environment. The degree d treatment, 
of course, will depend largely upon the availa- 
bility of data. Since it is often desired to 
isolate some atomic energy plants, locotione 
are often chosen for rhichmboml@calob- 
servations are not available. In hilly or moan- 
blnoua country or near large W e e  d water, 
large differences in weather conditions, par- 
ticularly in the diffusion parameters, may 

exist Over short digtances. Existing meteoro- 
logical records, even if taken close to the 
chosen site, may not be representative. Often 
a few observations at the exact site, taken at 
times selected by a meteorologist, will be 
more valuable than any amount of speculation 
on the basis of data from a nonrepresentative 
station. 

At locations where records of wind and tem- 
perature lapse rate are not available, the 
diffusion microclimate can often be inferred, 
in a qualitative manner, from other data. 
Since minimum diffusion is usually associated 
with small air movement and atmospheric 
stability, other phenomena also associated with 
these conditions may give a rough picture of 
relative diffusion conditions, although not d 
their magnitude. The frequency and duration 
of ground fog, smoke, and/or ion visibility 

ie also the occurrence of gr 
locations remote from stations 
logical records, this element may 
information available since these 
owoined from agr 
~coloey of a site 

-4. ~Mffrreion 

. maps, cross eeetloa8, 

(3) Positions and represe 
nearest meteorological rtatioa6. 
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b. Vertical temperature gradient (radio- 
sonde or other temperature sounding 

(1) The diurnal regime and seasonal 

. (2) Local effects ofgeographicfeatures. 
(3) Effects of weather and ground con- 

dit ions. 
(4) Frequency distribution at successive 

levels (i.e., surface to 100 ft, 100 
to 200 ft, etc.). 

data). 

variations. 

c. Winds (surface and winds aloft data). 
(1) Diurnal and seasonal variations. 
(2) Wind frequencies (wind roses) for 

lapse and inversion conditions (or 
day and night). 

(3) Wind frequencies (wind roses) for 
precipitation. 

(4) Frequency and duration of calms. 
(5) Local wind circulations (mountain 

winds, sea breezes, etc.). 
(6)  Vertical wind structure (or com- 

parison of surface wind data with 
winds at stack level). 

d. Stack gas diffusion estimates. 
(1) Maximum ground concentrations (or 

least dilution factor) and the most 
frequent locations of concentration 
maxima. 

(2) Concentrations at various points of 
importance in the environs of the 
plant. 

(3) Areas affected during periods of 
poor diffusion. 

(4) Areas affected by morning fumiga- 
tions. 

2. Engineering climatology. 
a. Introductory material (probably not re- 

quired if categories 1 and 2 are com- 
bined into one report). 
(1) Important terrain features (maps, 

(2) Effects of geography and topography 

b. Summaries of meaeured elements (these 
should include nomnals or the average 
maxima, minlma, means, and eqpect- 
ancies of extremes). 
(1) Temperature. 
(2) Humidity (relative humldityand wet- 

bulb temperature). 
(3) Surface winds. 
(4) Barometric pressure. 
(5) Precipitation. 

cross sections, etc.). 

on climate. 

c. Summaries of observed elements (in- 
clude frequencies by seasons, if avail- 
able and if important to operations on 
the site). 
(1) State of ground (bare and dry, looee 

dirt, moist, wet, frozen, snow cover, 
etc .). 

(2) Fog, haze, and smoke. (Frequency, 
duration, and seasonal diatribution.) 

(3) Cloudiness. 
(4) Blowing snow or dust, dust devils. 
(5) Ground frost. 

(1) Excessive drying rates (windandlow 

(2) Freeze-thaw cycles. 
e. Human comfort, heating and air con- 

ditioning. 
(1) Effective temperatures (wind, tem- 

(2) Degree days. 
(3) Tropical days. 

f .  Especially adverse weather phenomena 
(include expectancies by months or 
seasons, past case histories of dam- 
age, and, where possible, suggestions 
for avoiding damage). 
(1) Destructive winds, tornadoes. 
(2) Excessive precipitation, floods. 
(3) Extreme or prolonged heat or cold. 
(4) Thunderstorms, lightning. 
(5) Hail storms. 
(6) Ice storms. 
(7) Sand storms. 
(8) Blowing or drifting snow. 

g. Special summaries for specific prob- 
lems. Special problems may require 
data or summaries not covered above. 
Such requirements should be antlci- 
pgted asfarinadvanceaspoesibleand 
the necessary information obtained. . 

d. Weather and concrete. 

humidity). 

perature, and humidity). 

2. 8OURCE8 OF CLWTIC DAT 

u-10gical data may be 
from or thrapgh the U. 6. 
adfi l l  *¶no& '.prelimlnarv 
.basic engineering design r 

in ithis country; most of them 
supervlston d the U. 8. W e a t k r  Bureau, <bat 
some are operated by other federal agencies 
and by variaue indumtrial concerns incan- 

- 3  
- 6  
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.- .. 
.:. r 
I. . L ,% 

. -  
.. . .1 .- 



I 

a -  

t -: 

- -- - ~ - - .-. -. - __  . 

140 - -a- , 
CLIMATOLCXICAL DATA FOR SITE SELECTION AND PLANNING 

Fig. 12.1 -Climatological stations of the Weatber Bureau. (Data included in the 1941 Year- 
book maps and tables.) 

nection with their local plant problems. Much 
of these data have been, or are being, routinely 
processed and published so that many requests 
may be immediately answered. Other requests 
may require special tabulations or analysis. 
It is the purpose of this section to describe 
briefly the various sources which are available 
and to suggest what procedure should be fol- 
lowed in requesting climatological data. 

2.1 W l i s h e d  Datu from the Weather Bu- 
reau. As a routine public service, the Weather 
Bureau publishes the following current cli- 
matic summaries: 

(a) Climatological Datu. Monthly andannual 
by sections (states): For @ach of about 11,OOO 
observing stations in tfe United States (Fig. 
12.11, monthly and annual summaries are pub- 
lished which contain such items h average 
and extreme temperatures; degrte days; fre- 
quencies of temperatures above or below certain 
important thresholds; total monthly precipita- 
tion; greatest amount of precipitatioll in a 
24-hr period; number of days whenprecipita- 

tion is 0.10 in. or more, 0.50 in. or more, and 
1.00 in. or more; total monthly snowfall; and 
maximum depth of snow on ground. The total 
daily precipitation and the daily maximum and 
minimum temperature are also included. De- 
partures from normalt are given for monthly 
mean temperatures and total precipitation. The 
data for the period through 1930 are also 

lostg-tenn'm6ane, rather thpn normals, a m  
period of record uaed in computing them memw ia 
not bomogemua. but they can be evaluated to mom 
exteat by reference to the atation Lndax whiob given 
the number of years of record. 

. 736 161 
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wind and average speed, fastest daily wind 
speed and direction, total hours of sunshine, 
average daily sky cover, occurrence of thun- 
derstorms, average, highest, and lowest monthly 
barometric pressure, and hourly precipitation 
amounts. (2) Monthly supplement summary: wind 
direction and speed occurrences, ceiling and 
visibility Occurrences, temperature and wind 
speed vs. relative humidity occurrences, hourly 
occurrences of various precipitation amounts, 
hourly occurrences of sky cover, wind, and 
relative humidity, hourly temperatures, and 
six-hourly observations of e& cover, pres- 
sure, psychrometric data, and wind. (3) Annual 
summary: a review of meteorological data for 
the current year by months for all the items 
published in the monthly summary plus a few 
additional items; means and extremes of these 
same meteorological variables for entire pe- 
riod of record; monthly and seasonal degree 
days for entire period of recoret and average 
monthly temperature, precipitation, and snow- 
f a l l  for entire period of record.+ 

(c) Climatological Data National Summary. 
To summarize the climatological data pre- 
sented in the local climatological data gub- 
llcations and to include other meteorological 
data which is of more importance when con- 
sidered nationally, both a monthly and annual 
national summary are also routinely published. 
(Prior to 1950 these data were published in the 
Monthly Weather Review.) Briefly, they con- 
tain the following information. (1) Monthly: con- 
densed climatological summary by states of 
the average, maximum, and minimum tem- 
perature and departure from normal tempera- 
ture records; the average, greatest, andleast 
precipitation and departure from normal pre- 
cipitation; for each of the about 250 Weather 
Bureau stations, average pressure, tempera- 
ture, precipitation, wind, s& conditions, and 
relative humidity statistics; the total bating 
degree days for each station for the month, 
season, and long-term mean; all severe etorms, 
fagethem with estimated property damage and 
a brief description of each storm duriag the 
month; maximum river d g e  data during flood 
periods on a~ main rims; monthly pressure, 
temperature, relative humidity, and aoerage 
wind direction and speed at various leveb for 

tExaept where the period of m o d  exoeeda SO 
years. In tbese cases the latest 5 decades M shown. 

736 

,) upper air radiosonde stations; and solar ra- 
diation data for some 72 locations in the 
United States. Eleven climatic charts are also 
routinely published. (2) Annual: yearly summary 
of the material presented in the monthly cll- 
matological data national summary, with the 
addition of the following items: totalevapora- 
tion and wind movement by months for some 
280 different locations, exceseive precipita- 
tion (short duration rainfall) for various sta- 
tions, and a more complete breakdown of 
severe storms. 

- c  

(d) Daily River Stages at River-gouge Sta-  
t ions on the Principal Rivers of the United 
States. This report is published annually and 
lists the daily and monthlyriver-gaugeobserva- 
tions. 

(e) Airway Meteorological Atlas for the United 
States (v. S .  Weather Bureau 1941). For a 
selected group of stations in the United States, 
this publication contains monthly surface wind 
rose charts, diurnal variation and seasonal 
percentage charts of fog, ceiling heights, visi- 
bilities, precipitation and thunderstorms, wind 
velocities, seasonal upper air wind roses and 
wind resultants for 9 levels, and altitudes of 
various types of clouds by months. 

(f) Reports of the Chief of the 'Weather Bu- 
reau and the Meteorological Yearbook. The 
first of these publications covers thayears from 
1895 to 1934; the second covers the yeara from 
1935 to 1849. They contain various zlimatologi- 
cal data for all first-order stations for each 
year. 

(g) Climate and Man (1941 Yearbook of Agn*- 
culture). This book reviews the weather of 
each state and presents some statistical data 
for many individual communities. 
cllmptologlcal charts for the 
States are also hcluded. 

er Bureau). These were 
first-order stations and 
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for 1, 2, 3, 6, 12, a?d 24 hr by months for al l  
( - recording type rain ga&es in the United States 

(eventually some 3000 records will have been 
summarized). It is divided into separate state 
reports, and the following ,have been published 
to date: Utah, Idaho, Florida, Maryland-Dela- 

-ware-District of Columbia, New Englandstates, 
New Jersey, South Carolina, Virginia, Georgia, 
and New York. The remaining state reports 
are being prepared for publication. 

Many other publications are available for 
specific problems but they are too numerous 
and specialized for individual listing here. 

2.2 Published Data from Other Sources. It 
is impossible to list all the climatological 
studies which have been prepared by some 
group for particular areas or points of interest 
in the United States, but a few such sources of 
reports follow. 

(a) Department of Defense Installations. Many 
military installations have taken meteorological 
observations at one time or another in the past, 
and i n  many cases, especially for the U. S. 
Naval or Air Force bases, climatological re- 
ports may have been prepared. These maybe 
usually obtained through the U. S. Weather Bu- 
reau. 

@) Air  Pollution Investigations. Many cities 
are now conducting thoroughair pollution studies 
in which meteorology is one important phase. 
Reports have been prepared for Lo6 Angeles, 
St. Louis, Chicago, Pittsburgh, Donora, Detroit, 
Cincinnati, etc. These reports may be origi- 
nally published in some technical journal or 
locally by an air pollution group or by some 
private investigator. They may be obtained 
usually through any large technical or mete- 
orological library. 

a -  - 

(c) Academic Institutions. At some 20 col- 
leges or universities (see Weatherwise, Vol. 6, 
No. 5, October 1953) in the United States, a 
meteorological unit has been established. Many 
of these schools have conducted meteorologicrrl 
or climatological surveys in their iocPllties 
and have published some excellent reports. 
For example, some of the basic meteorolagicrri 
work on the Los Angeles smog problem was 

b performed by members d the lldeteoroloey 
Department of the University ol California. 
These reports are usually available at all 
large technical or meteorological libraries. 
These university meteorological departments 

736 163 

should also serve a8 a good source of meteoro- 
Gical help and assistance for many atomic 
energy problems. 

(d) ABC Reports. Atomic energy usae with 
already existing meteorological programehpue, 
for the most part, ~ ~ ~ ~ i ~ i e e d  all the available 
meteorological data or c l i m a t o l ~ c a l  reporte 
for their respective areas. These gropps.can 
oleo offer much help in advMng-llev:grapps 
who are faced with atomic energy 
cal problems for the first time. 

(e) Meteorological Journals. 
logical studies are published in various 'hteo- 
rological journals, three of which are'-the 
"Bulletin of the American Meteorological'b- 
ciety" and the "Journal of Meteorology," pub- 
lished by the American Meteorological Society, 
3 Joy Street, Boston, Mass., and the "Monthly 
Weather Review," published by the U. 6. Weath- 
e r  Bureau. 

(f) BibZwgruphy. A comprehensive m v e  

American Meteorological 

by writing: Ame 
Office of the Exe 
Boston 8, Mass. 

2.3 Punch CardData. Although 

by the gooernme 
present time is 
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are precipitation wind roses and temperature 
inversion tabulations. In the former, all hourly 
observational IBM cards when precipitation 
was obgerved are first sorted out, and thena 
wind rose is prepared. These wind tabulations 
m y  be prepared for any specific hour or 
period of the day, depending upon the par- 
ticular problem being investigated. For the 
inversion study the twice daily radiosonde 
(upper-air) observations may be summarized 
to show the frequency of stable, unstable, or 
isothermal conditions at the observation time. 

2.4 Methods of Obtaining Meteorological In- 
formation and Assistance. All the Weather 

Bureau climatological publications routinely 
issued which have been described above may * ~ 

be purchased directly from the Superintendent 

library copies may be borrowed directly from 
most meteorological libraries. The local Weath- 
er Bureau offices throughout the country may 
also have additional publications or reports 
on their locality which m a y  be examined or in 
some cases borrowed for a short period of 
time. For more complete information on what 
government climatological material is avail- 
able, the Chief, U. s. Weather Bureau, Wash- 
ington 25, I). C., should be contacted. 

of Documents, Government Prmting Office, or 
- 4 -  

_. 
. .  
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X = concentration (grams per cubic meter, curies per cubic 

Q = source strength (instantaneous; grams, curies, etc.) 
meter, etc.) 

= emission rate (continuous; grams per second, curies per 

= emission rate (continuous line source; grams per second 

C,, Cy, C ,  = diffusion coefficients [(meters)"'*] in the x, y, and z 

c = generalized diffusion coefficient (meterep ''1 for isotropic 

n = nondimensional parameter associated with stability 
x, y, z = downwind, crosswind, and vertical coordinates measured 

from a ground point beneath a continuous source and 
from the center of the moving cloud in the instantaneous 
case (meters) 

t = time (seconds) 
E = mean wind speed (meters per second) 
h = height of source or, alternatively, height of plume 

second, etc.) 

per meter, etc.) 

planes , respectively 

turbulence, i.e., C = Cx = Cy = Cz 

A.2 CONCENTRATION 

Continuous point source (see Chap. 4, Sec. 2.1): 

xg ,y )  = a w n  (-.g) 
(Note that Q is doubled to allow for reflection by the ground.) 

Instantaneous elevated point source (see Chap. 4, 8ec. 1.6): 

2Q 

Continuous Infinite elevated crosenLnd line source (see Chap. 1, 8ec. 
2.2): 

X(X) - a$5(3&2-n) /2  exP 
2Q - 
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A.3 FINITE VOLUME CORRECTION 

Instantaneous source (see Chap. 4, Sec. 2.3): 

Continuous source: 

(ground source) 

where q or (Et), = distance upwind from a real source required to pro- 
duce the required volume at the point (O,O,O) and 
t = O  

x(0) = central concentration 

A.4 FORMULAE FOR SPECIAL CASES 

Instantaneous point source (see Chap. 4, 8ec. 2.4): 

2Q 
neiih2 

TD-= - 

where d- = distance,downwind fromthe source, of the maximum 
centration 

x- = concentration at d,, 
TID = total integrated dosage (see Chnp. 4, See. 2.6a) 

Continuous point source (see cbap. 4, BCE. 2.4, 2.6a, and 2.6~): 

736 166 
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where p = per  cent of axial concentration 
50 = Cloud width 
zo = cloud height 
H = height of inversion 

f = wind direction frequency (per cent) 

A.5 PLUME RISE FROM EXHAUST STACKS 

Ah (Bryant -Davidson) = dk) '*' ( + F) 

where Ah = rise of plume above stack (feet) 
d = stack diameter  (feet) 

(miles per  hour) 

(miles per  hour) 

vB = stack draf t  velocity (feet pe r  second); in Holland equation 

u = mean wind speed (feet pe r  second); in Holland equation 

AT = stack gas  temperature excess over ambient eC) 

Q, = heat emission (calories p e r  second) 
T = stack gas  temperature ("(2) 

A.6 CLOUD RISE AND CLOUD VOLUME (see Chap. 6,  

VN =% VG 

8eC.  

', ... ..,. 
. .  

, 
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1 where Qh = heat liberated (calories) 
c = specific heat at constant pressure, 0.25 cal/g/oC 

8; = gradient of potential temperature (degrees centigrade per 

C = diffusion coefficient [(meters)jC]; C varies from 0.9 for 

p = air density (grams per cubic meter) 

meter) - c  

stable to 0.6 for unstable conditions 

VN = volume of night cloud (cubic meters) 
VG = volume of cloud at the ground (cubic meters) 
ABi = initial excess of temperature above ambient (degrees cen- 

AB2 = Z-g, the decrease in temperature excess (degrees cen- 

AOS = temperature excess at stabilization height for day cloud 

Z- = height of rise of night cloud 

tigrade) 

tigrade) 

(degrees centigrade) 
Zs = assumed stabilization height 
VD = volume of day cloud (cubic meters) 

A.7 GROUND DEPOSITION 

Wash-out (see Chap. 7, Sec. 2.3): 

where w = deposition rate (grams per square meter per second) for a 
steady source (Q in grams per eecond) or total depoeition (grams per 
square meter) for an i n ~ t a n t a n ~ ~ s  source (Q in grams). 

Total instantaneous wash-out, instantaneous point source (see Chap. 7, 
Sec. 2.4): 

Q 
ad@t)'- 

W =  

Total instantaneous apehsut ,  continuous point m c e  (see Chpp. 7 
Sec. 2.4): -. . _ _  -~ 

w = A  
(2a 1% CJrGx("W 

where w = ground deposition (grams per e meter, curies 
square meter, etc.). P 
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A.8 PARAMETERS 

Cz [(meters)T As a Function of Height (h) and 
Stability Parameter (n) 

h, metere 
r . . 

n 25 50 75 100 

Large lapse rate 0.20 0.043 0.030 0.024 0.015 
Zen, small tern- 0.25 0.014 0.010 0.008 0.005 

perature 
gradient 

version 
Moderate in- 0.33 0.006 0.004 0.003 0.002 

Large inversion 0.50 0.004 0.003 0.002 0.001 

c 
" 

A.9 CONSTANTS AND CONVERSION FACTORS 

n = 3.1416 
e = 2.7183 
1 curie = 3.7 x 10'' dis/sec 
1 r = 1 esu/0.001293 g of air 
1 r = 6.77 x 10" Mev/ma (air a t  0°C and 760 mm Hg) 
1 r = 5.24 x 10' Mev/g (air) 
1 r = 2.083 x 10' ion pairs/cm' (air, standard conditions) 
1 r = 83.8 ergs/g (air) 
1 mile = 1.6093 kilometers = 5280 f t  
1 ft  = 0.3048 meters 
1 meter = 6.214 x lo-' mile 
1 mph = 0.4470 meters/sec 
1 Btu = 252 calories 
1 cfm = 4.72 x lo-' ma/sec 
1 g = 0.0022 lb 
1 g/cmJ = 62.43 lb/cu ft 
1 liter = 0.0352 cu ft 
1 Mw-sec = 10' joules 
1 Mw-sec = 10" ergs 
1 Mw-eec = 6.24 x 10" Mev 
Fission product decay energy (Band y ,  where B = y )  = S.2tt-1*21 

Concentration to dose rate for radiative equilibrium (eea-level deneityk 

1 curie/m - 

Mev/eec/fiesion 
__ - - _  

- 1 curie/m' x 3.7 x 10" die/sec curie x E (Mev/die) 

= 0.5473 r/eec 

1 curie aec/rn' = 0.547E r 

6.77 x Ids Mev/m' r 
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