LY

i
]

EOROLOGY

AND
ATOMIC
ENERGY

LEGAL NOTICE

TS regost was pregured as &3 000Ut of Governmert spoascred work. Netther e United
Sates, 207 the Commission, Sor KRy Peysce acting on behalf of the Comraiasston:
A.Iamn, y or or implied, with respect o the acce-
of e tn this report, or that the wee
dqmw method, or procese disclosed th this report may not ixfrisge
privemly owasd rights; or
B. Assumee say liahilities With respect to the vee ol uhm:—dm trom the
80 of exy iRioTEAtion, EPPATStNS, Bethod, oF process dlaciosed ia this report.
As wsed in the above, ‘‘persoe acting an behel! of the Commissicn’ includes sy ems-
ﬁvy-a of e or of such \ 0 the exient thet
or T of the of sach contractar prepares,
wcwﬂnml\ wmmnmwaw
itk (e or ks

736 002

2bbb




The meteorological tower at the Brookhaven National Laboratory, showing an occasion when

experimental smoke went three different directions.
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AEC 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 those 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 out-
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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Foreword

The science of meteorology has many assignments in a modern techni-
cal age, ranging from the measurement of winds miles above the sur-
face of the earth to the prediction of rainfall days in advance of its
occurrence. Of the numerous 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 particles released into the atmosphere are
subjected to all the complex whirls 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 for the Atomic Energy Commission has been applied in many
localities to predict or to reduce the concentration of materials as
varjed as dust, condensation nuclei, and sulfur dioxide. It is to be
expected that additional information obtained from future programs
will be equally valuable not only to the atomic energy industry but also
for wide application throughout our industrial areas.

F. W. Reichelderfer
Chief, Weather Bureau
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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
limited volume, a situation always hazardous, but also that these
machine:: could produce materials more dangerous than their original
constituents. It was therefore desirable to determine what would
happeri 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 may vary through ranges at least as great from test-tube
experiments {o 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, Advisory Committee
on Reactor Safeguards, U.S.A.E.C.
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Introduction

The use of weather information to promote health and safety must be
nearly as old as 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 interval. Since radioactive
wastes may be several orders of magnitude more toxic than the usual
industrial effluents, it is necessary and desirable toknow quantitatively
what changes in air and ground concentrations result trom the variation
in atmospheric dilution capacity. '

This requirement for quantitative diffusion estimates enormously
-complicates the problem. The dilution efficiency of the atmosphere

3
g
<
&S
o)




30bb

xii METEOROLOGY AND ATOMIC ENERGY

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 “1id”) may be the primary dilution control, or a small scale
topographical feature (e.g., wind channeling by mountains) may 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 of the items first considered
when a new facility is contemplated. If a site can be chosen at random,
the meteorologist may be able to select 2 favorable climate for con-
struction, living conditions, and atmospheric diffusion. i, as is more
likely, the geographical 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 will 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 handies small amounts of low-level radioactive material would
probably not require any meteorological information, whereas a plant
engaged in the production .of large amounts 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 of atmospheric diffusion. Data on these ele-
ments, to the proper scale, are notordinarily 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 methods
and suggestions for the collection, analysis, and use of meteorological
data. :

e et s P e
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Air Pollution Aspects of the Atomic Energy Industry

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-
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

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 is' reduced. Time
is the only significant factor which will reduce

" radiocactivity. Half of  some particular radio-

" igotopes “are ‘4altered in less than 1 sec, but

" other isotopes’ ‘may have half lives of centuries."

" Rarely do’ wastes from' qther industries continue
to maintain their original characteristics over

an extended period of time. Usually any hazard.

which might result from their release would

.\\'
o
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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,
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 of ge-
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, chemists, or
engineers. Criteria for the permissible con-
centrations in air, or dosages, are usually de-
termined by health physicists. Meteoroclogy de-
termines the conditions under which a given
source can lead to concentrations or dosages
exceeding the permissible limits. ' ’

A tremendous effort is being exerted fo obtain
a better understanding of the biological effects
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.
Even a general lmowledge of radioactivﬁyuﬂ

"its extremely toxic effects reveals why the

atomic energy industry must make intensive use
of meteorology. Nevertheless, it is worth'while
for the meteorologist to seek for himself e
numerous ' publications. and other educatfonal
media available in order to acquire knowledge
. . B : P
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of the terms, tolerances, and techniques usedin
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 working familiarity with the fun-
damentals 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 will 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 u;'gé'nt £

requirement for meteorological advice.

2.1 Mining and Ore Handling Facilities.e In

mining, transporting, and storing raw uranium
ores, workers are protected from exposure to
the dusts and from prolonged contact with the
ore. Although the level of radioactivity is low,
large concentrations of materials may give off
sufficient rays to damage human tissue if inti-
mate exposure to them is prolonged. Radon, a
decay product from the radium present, may.
also be hazardous, especially when inhaled.
Radioactive dusts result during drying, crush-
ing, grinding, sieving, and packaging operations.

Airborne materials are kept to a safe level
by good industrial 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 a facil-
ity of this type should seldom be necessary.

736

2.2 Feed Plants. The, chemical processing
of the prepared uranium ore for the production
of its brown oxide (UO,) presents the ordinary
problems of chemical industries which use toxic
solvents and extracting solutions and compli-

cated equipment. Processes involve solution of

uranium compounds in many different ways with
the precipitation, extraction, and filtration of
the collected salts. Dusts, mists, and fumes
are satisfactorily controlled with industrial air

cleaning equipment. Because of the high mone- -

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 henﬂuoride }

' ’material for gaseous diffusion plants, fluorine

and hydrogen fluoride must be used in large
amounts. If the concentrated acid is spilled ac-
cidentally, sufficient heat is produced by hydra-
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 will
usually not be required for a feed plant; how-
ever, records of wind velocity and possibly
temperature gradient may be desirable.

2.3 Gaseous Diffusion Plants. Gaseous dif-
fusion plants for separating fissionable U** from
natural uranium are not considered to have an
effluent during normal operations.

The hazard of a gaseous diffusion plant asa
source of air pollution lies in the potential leak-
age of uranium hexafluoride in large amounts.
The gas is very corrosive when traces of mois-
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-

njum isotope is of less significance than the
extremely irritative chemical eﬂects due to
the element fluorine. : -

Elaborate precautions are taken in the plping
and equipment to prevent accumulation of. su
ficient U in a geometrical configuration
could become critical and start an un
chain reaction.

Since these plants are nsua.ny very.

meteorological program to provide lnformﬂm :

for construction may be feasible. Such a pro-
gram would be designed to provide basic data
on wind movement to aid in assessing the

014
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Fig. 1.1 —Air cleaning equipment for a beryllium machining facility installed at the base of a

50-ft stack (Oak Ridge).

movement of effluent generated during unusual
conditions.

2.4 Machine Shops. When shaping and form-

ing metals which are alpha emitters, such as

. uranium, or which are quite toxic, such as

beryllium, dusts and fumes may be produced.

Dry and wet machinery operations are handied

by separate exhaust systems, with the working

area of each machine enclosed in a plastic high

velocity hood. Chips and large-diameter par-

- ' ticles are removed by inertial or centrifugal

R devices; then smaller particles maybe removed

- by self-cleaning oil filters and filter paper. An

_air cleaning installation for a machine shop is

- shown in Fig. 1.1. These devices will usually

~ control any contaminant so that meteorological
tracing is unnecessary.

Metallic uranium dust or sma.ll chips exposed

( to the air have been known to ignite spontane-

B ‘ously and burn with the formation of oxide

736 019

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 e
within the shops, and at times outside, toen-. .=~
sure that tolerable levels of contamxnauon gg% .
not exceeded. e

2.5 Laboratories. Atomic laboratoriu difs>
fer from the usual industrial and collem re-
search laboratories mainly in the special f&
cilities required to protect workers from radis
tion and to prevent radicactive contamiinatitn®
from being releaséd to the air or water in suf<:
ficient concentrations to be at all harmﬁll '

Bulk shielding, ranglng from rubber ‘-W
for alpha emitters to many feet of lead or coi
crete for gamma and neutron sources, may b¥:
required for direct radiation protection. In ad&:
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dition, the exhaust system for an atomic labo-
ratory contains filters to prevent the release

of fine particulates to the air. A common ar- "

rangement utilizes a filter, or filters, in the

line from each hood or other working enclosure

Fig. 1.2—Typical hood vents on laboratory 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
(Fig. 1.2)..

An alternate installation of an exhaust system
utilizes a roughing filter of glass fibers or
similar material on each laboratory hood with
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 radicactivity 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 not be exceeded. However, if

~any uncertainty exists as to the amount of
:radioactivity being released, in addition to

other precautions, certain laboratory opera-
tions producing airborne materials are some-
times scheduled to take advantage of favorable
meteorological conditions. The requirement for
a “meteorological program for a laboratory

"aloné will depend on the size of the laboratory

and on the levels of the “hot” materials handled.

" A minimum precaution for locations handling
. .- moderate and high activity materials would

‘seem to be continuous recording of wind di-
. rection and speed.

2 6 Particle Accelerators. The highest en-

: ergy radiation generated anywhere inthe atomic’

energy program is -produced in the particle .

- accelerators, such as the cyclotrons, synchro-
_. cyclotrons, and linear accélerators. These ma-

chines produce intense beams of high energy
. particles which can give rise to airborne con-

tamination, although the amount is relatively

< gmall and usually insufficient to require con-
.'sideration of exterior weather conditions.

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 inner sur-
S faces of the machine. When the target tank is
I - 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.

2.T 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 consists es-

sentially of fissionable fuel, moderator (if a-

thermal reactor), controls, and the supporting‘
structures. Cohen has stated:

Beactors can be made outofabewﬂ&ring vu'hty,-
of materials. A reactor can use natural pure. -
UBS, plutonjum, U, which is made from or
any mixture of theso elements as fuel. The fuel ‘may "
be a metal, oxide, sait, oralloy;mayhohbricatedtn:‘ :
the form of pills, plates, powders, prisms, Tods, or’
threads; or may be liquid. The reactor may cotitatn™’
graphite, or water, or heavy water, or beryllimm, or
a number of other compounds as moderators to:slow:"
down the neutrons, or it can be built without modera- -
tors at all. It will, in addition, contain jackets and "
structures made of any isotope of nearly 100 ele- °

/36 016
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Fig. 1.3—Plastic’bag used to prevent the spread of
_ airborne contamination when moving parts of a cy-
clotron for maintenance (Oak Ridge).‘

. ments, The heat can. be ;removed wlt.h air, water, oil,

- liquid metals, or anything else imaginable. The core

can be homogeneous or heterogeneous; it can be sur-
-rounded by a reflector, by a breeding blanket, by both
_orby mit.her. the variety of each of these adjuncts is
as great as that of the core. The reactor core can be
" spherical, cylmdrical flat, divided, or shaped like a
pair of waterwings; and it can be as small as a foot-
ball or as large as a six-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 or tamped earth. In addition, it may operate hot
or cold, and at low or high pressures.

There are two 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 parts 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 poisons
over large areas, over large numbers of people,
and at distances tens and even hundreds of
miles from the reactor is the problem that is
of concern. K
There are certain secondary effects also of
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 anadditional problem. The.
use of sodium as a primary reactor coolant"
introduces an additional radioactive hazard plus:
a chemical one. H graphite is used as a mod=
erator, there is the possible danger tlat un-
expected energy release could cause a. serloun

- graphite fire. Beryllium is highly toxic, and its

dispersion would be an additional toxic hazard.
Finally it is known that aluminum, zirconinm,a )
uranium, and thorium can react violently witiv: A
water under certain conditions, but whether
is reasonable to assume -conditions for explo~:
sive reaction is a question under study at: th!f
present time. =

it is convenient to dlsting\nsh between sonct .
fuel reactors and liquid fuel reactors whes:: -
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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 Hanford reactors, the “swimming
pool” reactors, and the submarine reactors. In
fact, all the large reactors which now exist
‘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.

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, combining fuel and mod-
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- =
" large cross section and ‘'short half life of A%

lease to the atmosphere. The Raleigh Research
Reactor provides for holding up the gaseous
fission products until they have decayed to
permissible levels.

If a solid fuel is used, the metal must be
protected from oxidation and corrosion by a

jacket that is a good heat comductor, has low:
neutron absorption, and has high corrosion re-

sigtance, such as aluminum. Jacketed fuel slugs

are shown in Fig. 1.4 being inserted 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
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‘fuel reactors, excluding uncontrolled m
. reactions. The first source .is an 1lnpé

" vorable location. At the reactor of the Brodk'-”"'
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be released without the melting, burnlng or )
va.porization of the fuel. S

There. are three sources of a.lrborne con-
tamination connected with the operation cf soltd

or failure of the jacket which pi 4 )
fuel elements. Even a pinhole leak_ £5
will admit oxygen to the surface of the ursnl
The uranium will readily oxidize a.t . )
perature, and particles of uranium oddi
contain an amount of fission products prop
tional to the neutron flux and the irradhﬂ .
time will be carried out by the coolant. Ths
Oak Ridge graphite-uranium reactor has: an
elaborate filter installation to prevent particles
of larger than submicron size from escaping in
case of an accidental slug rupture, s
The second source of airborne contaminatlm
in normal reactor operation is induced activity
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 may be circulated in a closed
loop, as has been postulated in designs for
proposed power reactors. The Materials Test-
ing Reactor at the National Reactor Testing
Station in Idaho with its tall stack for exhausting -
cooling air is shown in Fig. 1.5. Air is a sec~ :
ondary coolant for this reactor. The amount of
activity formed in the coolant may be deter-
mined for each element. It depends on the
average neutron flux, the absorption cross sec=
tion for the element (thermal or total, depending
on energy spectrum of the neutrons), the nums
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 of the isotope formed. The relativel ‘{

means that for short irradiation time almost
all the activity in air will come from the AW
which normally comprises about 0.93 wt.% d(’ :

- the air. Permissible concentrations of radio-

activity may be achieved by diluting the coolant R
and by placing the point of discharge in a fa~7* "’

haven National Laboratory, Long Island, the”™
stack of the air cooled reactor is over 300 % - -
above the surface. The volume of air flow for '
cooling the reactor is about 300,000 cu ft/min. :

If the intake air is not filtered or if in flow.. '
through ducts to the reactor the air picks up )
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dusts of various kinds, the dusts become ir-
radiated in the reactor and contaminate the
cooling air stream with radioactive particulates.
For this reason the sizes and’ locations of air
intakes are carefully selected. Usually the in-
coming air is filtered, and provision is made
to prevent dust in air passageways or ducts.

terials, in the amount of moderating or shielding
substances, or in the temperature could resuit
in uncontrolled power excursions.

)i § the reactor coolant fails or is not adequate
controls are provided to shut down or “scram”
the reactor as rapidly as possible; however, if
the reactor is not “scrammed,” hot spots will

‘?'_‘;*4*"‘- """‘Bé‘ﬁ"f"‘c?e‘s xSl xqzsz,“‘% Rl

Fig. 1.5-—Materials Testing Reactor at the NRTS with a tall stack for discharging cooling air. o

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.

I 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 controls

“were to fail or were intentionally overridden,

or if large amounts of a neutron absorbing ma-

terial were suddenly withdrawn from the operat-

ing reactor. In some cases injudicious altera-

“tions in the geometrical arrangement of ma-

736 U019

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, as high
temperature heat transfer media has given rise
to considerable experimental work in this field.
It has been found that it is possible to work
safely with such metals up to quite high tem-
peratures; however, imperfections in pipes,
valves, pumps, welds, or fittings can cause 8
fire that is difficult to control and which gen-
erates toxic fumes of oxides and hydroxides. 1
the liquid metal has been irradiated, the tumes
will also be radicactive and may becotpef
airborne contamination hazard. As a safety
measure, the practice of enclosing all’ plpel.
and fittings in a helium blanket hasbeenadoptod
by some workers.

Earthquakes, flash floods, andtornadoet,; 3
natural phenomena which could conceiva
damage a reactor, causing an uncontrolled re-
lease of radioactive matter intothe atmosphere.
However, reactors which otherwise might pos:
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Fig. 1.6 —Fission product activity after immediate reactor shutdown or total disaster (Hunter

and Ballou).

sibly run away are designed with safeguards so
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:.3, event has an energy of 1.0 Mev, the
contained activity at a time t seconds after
shutdown will be given by

10P
A=o™

736 0620

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

Hence a 1-megawatt reactor at 1000 sec after
shutdown would contain

10 x10° 10’
A= 1000)™ =398 - 2.5 x 10° curies

I a reactor runaway occurs during a “clean”
start-up or from a very low power, the fission -

products present will be generated during the

power excursion. In this case a decay factor of -
£ 2 applies, and the relative amounts of vola- .

tile and total fission product activity may be
estimated from the work of Hunter and Ballou.®

Figure 1.6 shows the contribution of the
individual elements in percentage of gross ac-
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tivity of the remaining fission products at
various times after slow neutron fission of
U™, 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 shutdown (or
total disaster). Two “thumb rule” approxima-
tions 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 fission products.

In the event of a reactor disaster, it seems
unrealistic to expect all the contained activity
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 with 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 radicactive hazard on meteorological

data and estimations. Later in this report
methods for estimating alrborne radiation haz-
ards from the meteorological’ standpoint will

- be discussed.
z 8 ‘Chemical Processing Plants. The cheml- :

cal plants which handle irradiated reactor fuel

are. potentlally very hazardous eourcea of air
contamination. The fission of the uranium pro-
_ duces a multitude of highly radicactive isotopes.
At Hanford accordmg to the “Eighth Semi-

annual Report of the Atomic Energy Commis-
sion,” radioactive materials are handledintons,
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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 as 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-
cipally of the noble gases Xe'®® and Kr® and the
halogens I'*! and Br®. Of these elements, the
one 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 oﬁ-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
use 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-

‘tinuous use because of the requirement for

considerable low temperature cooling when the
llghter gases, such as krypton, must be ab-

S sorbed from a large volume of effluent.

Without previous experience, it is difficult
for nuclear physicists and chemists to predict
the activity of the off-gas for a particular dis-

- solving, even: if the -amounts of radioactive

isotopes in the fuel can be theoretiea.lly estic
mated. Some of the noble gases ‘may escape'
from the fuel prior to the dissolving, and more

" than insignificant quantities of the potentially.‘__
' gaseous effluent may remain liquid. '

The output of stack effluent from a chemieel
plant is not likely to be continuous and uniform.

T e e ———————-
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Fig. 1.7— Precipitron, filter house, and duct work for the hot stack of a chemical processing

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-
lines or valves 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 p in diameter. Figure 1.7
shows the complex installation of air cleaning
equipment typical of 2 hot stack. Particulates

/36
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may also be removed by deep bed sand filters
somewhat similar to those used in water filtra-
tion plants. -
Supplementing the system for off-gases, a
separate system for the ventilation air of the
cells is usually installed. This air is also
scrubbed and filtered before it goes up the
stack in the event that a leak or failure releasel
activity into the cell.
Chemical plants may be required to separa&
special isotopes of high activity in conjunctidn -
with the processing of reactor fuel. As a_ réi
sult, off-gases may contain many timesthit
activity that would occur during normal proce
sing. Such separation operations may produee
added hazards should there be operationdl
error, equipment failure, fire, or some othés
catastrophe.
In addition to the radiocactive material in the’
off-gases from chemical plants, there maybe
varying amounts of solvent vapors, ammonla,

022
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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, may become primary air
contaminants. R

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
may 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.”

As 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 figsionable material which also
has poteritial value. These residues are highly
radioactive and hazardous. From an environ-
mental standpoint such wastes are particularly
important because certain isotopes in the waste
residue will be highly radicactive for decades.
It is customary to store high-level and valuable
radioagtive waste residues in undergroundtanks,
pending development of feasible and economical
treatments and possible recovery methods.

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

736 023

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 contaminate 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 areas 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 Hanford 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 two 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 usedinthe clean-
up of the gases of combustion, care must 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 sites rely

. entirely on burial or storage.

In salvaging normal uranium from wastes

" (such as contaminated work gloves and garments

and absorbent paper sheets), the wastes are
burned in special furnaces, leaving a residue
from which it is possible to salvage the small
amount of contained uranium. Since the opera-
tion must be as inexpensive as possible to pay
its way economically, expensive and elaborate
air cleaning devices are not usually a ‘part of
the installation. Such an operation may be a
source of airborne contamination if considerable
amounts of material are handled and if small
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active particulates or gases are formed in the
combustion process.

Although the use of the atmosphere as a dilu-
tent is certainly not new, the toxicity of the
effluent from the various atomic energy instal-
lations, the uncertainty of the cumulative bio-
logical effects, and the experimental nature of

the machines producing the fission products is
such as to impose rigid standards on the
amount of material that may be released. It
seems certain that as additional knowledge and
experience is obtained the possibility of en-
vironmental hazard created by installations
handling fissionable materials will decrease.
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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-sgite
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 installations.

On such large projects.it may be necessaryto
furnish climatological data for prospective bid-
ders, Bseasonal 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 freeze-thaw
cycle frequency and annual wet-bulb tempera-
ture frequencies and ranges. Such data can be

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 begins operations
involving radioactive materials, meteorological

~ services may be required under the following

conditions:

1. If there is a continuous or intermittent
source of radiocactive 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. I 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 this

" reason would be at -the larger AEC areas,
" where facilities are added from time to time. - “

quickly and ea.suy obtained from a site mete---

orologist.
Experience has shown that on-site adaptation
and emphasis of the standard forecasts of

temperature, precipitation, and wind will enable
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4. I there is a need for meteorological ob-
servations for documentation and historical
purposes. These records may be used in con-
junction with testing and experimentation, inthe
preparation of administrative reports, or in the

. event of legal action arising from alleged ra--

13

-diation exposure.



14 METEOROLOGY AND ATOMIC ENERGY

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
is 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 on moni-
toring instruments. Meteorological recordsand
instruments provide additional clues whentrac-
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 oftende-
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 so 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,
.., variation due to “rain-out.”

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

736

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-
termining the behavior of a particular kind of
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, such 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 routine forecasting for the

control of radioactive effluents are ‘Brook--
haven!®® and Hanford.® The scheme for esti-> *

mating probable ground concentrations at Brook-:
haven was based on O. G. Sutton’s diffusion
theories and on empirical relations and’ certain:
micrometeorological variables (prlmarﬂy"-
gustiness and the wind speed) at the _Si-lt
level.":*-132 A geries of templates was-pre- -
pared for a wide range of weather cm_dﬂlons

which give the mean value of the dose rate:
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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 means 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 co'.ld 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
evaluated, it became evident that the curtail-
ment of reactor operations due to meteoro-
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-day dos-
ages have been computed from the past me-
teorological and stack output records, but a
forecast is prepared only when there is a
chance of exceeding the permissible radiation
limits.

At Hanford a somewhat different forecasting
procedure has been used. Teletype reports,
instrument records from the 410-ft tower, and
pilot-balloon observations four times daily have
been used to arrive at the “least dilution” fac-
tor®® which is likely to occur during a par-
ticular plant operation.

In planning for any new atomic energy area
or in reconsidering the requirements of an es-
tablished area, the decision on the scope of the
required meteorological program is fundamental
to economical operations and safety. This is

" especially true where metecrological control of
operation is being considered. In most instances
the use of reliable air cleaning devices, suffi-
ciently high stacks, or isolated sites will be
more economical and much more satisfactory
than operating a program only during favorable
meteorological conditions. '

Atomic energy plants should consider me-
teorological control only as a last resort since:

1. It is usually not economical.
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2. Considerabledifficulty 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, may create unforeseen problems.

S. 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 down of such
equipment for repairs during periods of good
conditions.

3. The conducting of experiments of brief
duration that are particularly hazardous and
which involve a risk of releasing harmful air-
borne wastes.

4, Situations where the control of the long
period cumulative risk is desired.

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 chart
preparation, is likely to be required. Although
the cost of employing these persons may be
feasible for one shift, as a rule plant operations
are continuous, and consideration must begiven
to providing meteorological personnel to cover
nights, weekends, holiday periods, etc. Thus the

cost of a program for meteorological control:

may be found to be prohibitive for many plants..
When considering meteorological control, it

~ should not be overlooked that climatic data can
be used for routine scheduling of plant opera-
tions. At some sites it may be found that poorest
diffusion conditions nearly always occur during

a particular part of the day, and it may be
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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 me-
teorological consultation, of operating criteria
based on direct readings of wind and/or tem-
perature gradient instruments. 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-

esses to avoid undesirable atmospheric con-
centrations. :

The uses of meteorology in the operation of
an atomic energy site, as listed here, are based
on actual applications at the several national
laboratories, production areas, ana the reactor
testing site, However, the few items mentioned
by no means exhaust the current uses or the
possible applications of meteorology. At each
location the mutual exchange of ideas and the
accumulation of experience continually results
in the discovery of new ways of using meteoro-
logical information.
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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 give quantitative
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 gquestions may
arise:

1. What types of observations are required ?
What meteorological elements must be con-
sidered? What features of these elementsare
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

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 observations be
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 will 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 mass of air and that of water.
Knowledge of the principles of hydrodynamics
is as important to the meteorologist as to the.
hydraulic engineer. Suppose that in a volume of
clean air some polluting source has placed an:
amount of foreign material. In the atomic en=:
ergy industry the material may be highly radio-:
active and poisonous far beyond substances.
usually encountered in industry, and the source
could be a stack, a leaking container, or a run~
away reactor. For the time being, let us con-_ .
sider that the foreign material occurs as a puff.

. Of course, if the material is heavier than air it

17

will settle, but suppose that it consists of a gas::
that has the same density as air or that it con~-
sists of particles with negligible settling ve-:
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SYMBOLS INDICATE POSITIDNS AT S-HR INTERVALS
DATE INDICATES 0000 GCT POSITION i

Fig. 3.1 —Trajectory analysis for an at.omic bomb cloud from a test at the Nevada Proving

Grounds (List!14),

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 will be
determined by the location of the volume.

Primarily in air pollution problems we must
determine the horizontal transport of contami-
nants. Qur 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 passing by. Usually
it is assumed that measurements at one point
in the volume are sufficient to determine the
movement of any material being transported by
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-
jectory analysis may be shown as arrival times
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at consecutive points on a map. An example of

. a trajectory analysis 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 is .

little interest in air after it passes beyond
wind instruments or in trajectories. In thecons:
struction of an airport runway, it is bardly
necessary. to- consider that an air volume

being sampled by the instruments; -however; > "
this is not true in air pollution work. Ona level .
plain with no obstructions, wind instruments ati

a single point will usually be sufficient for the

estimation of trajectories. Wind data from wir

station where wind flow is obstructed in one
way or another must be carefully interpreted.:-

030
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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 in which it is con-
tained encounters and passes over a wedge of
denser air, or the colder air may run under the
volume- and lift it. Also, in some cases where
the air is flowing downhill, it may move out
over colder air as shown in Fig. 3.2.

WARMER AIR

29 voLume

Fig. 3.2—Cool air moving down a slope can move
out over cold, more dense air so that the trajectory
of material in the cool air is affected.

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
mountain 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
cases such as this. We need to know the depth

of the cold air. In complicated instances tra-
jectories may have to be estimated from the
behavior of airborne tracers, such as fluo-
rescent particles.!! :

. Channeling may occur when the general wind
pattern 18 across a valley but not at a right
angle to it. The surface wind direction may
turn parallel to the valley as shown in Fig. 3.3.

4. DEFORMATIONS

As the air mass is transported, it will be
subject to changes in shape as it encounters

736 031

o

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

PLAN VIEW

VERTICAL SECTION

— T—— P g —
\\ VALLEY //'

VERTICAL SECTION
Fig. 3.4—Schematic diagram showing effects of ter-
rain on wind flow. Arrows are proportional to wind
speed. - : R A

the other hand, if the volume expands vertically
or horizontally at the expense of its longitudinal
dimensions, wind speeds within it will be less;:
as, for example, in'crossing a valley (see ¥ig.:

3.4). : : - T )
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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 winds 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. WIND ROSES

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 to esti-
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 planetary scale,
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 clockwise from north
with north as 360° (or 0°). Thus a southwest
wind is at the 225° position on the circle.]

6. LOCAL WINDS

The most important local winds from the
viewpoint of air pollution are likely to be ther-
mally produced. Outstanding are the sea-breeze
and valley-slope circulations.
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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 inflow 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 is a rela-
tively high intensity of solar radiation; however,
a weak general pressure gradient is required

MILES PER HOUR

) -5 6-15 -30 >30
Y - (.

[+] 5 10 15 20 2% 30

PER CENT FREQUENCY
Fig. 3.6 —Annual wind rose for two-year period, June

1950 to May 1952. Wind at 20-ft level. Radial lines
show direction from which wind blows (NRTS).

to permit formation of a true sea breeze

Thus, in tropical regions one might expect the

sea breeze to occur throughout the year, where-

ag in temperate latitudes the sea breeze 15
most frequent during spring and summer. Or<
dinarily, the sea breeze begins early in the

day with relatively low wind speeds and attalne‘ ~

its maximum about 2 p.m. Its depth intem-
perate latitudes is usually less than 2000 ft.

As the sea breeze penetrates inland, its speed -

and depth are reduced considerably. Speeds

032
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measured 10 to 15 miles inland may be about
one-half the value at the coast 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 land breeze
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 winds
caused 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 will be
warmer 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 ina
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
winds are primarily up-valley, and the opposing
northeasterly winds, the nocturnal return, flow
down the valley. = -
A very localized feature, but one which can

result in. rapid distribution 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. 3.8. '

A coastal location may be subjected to a
combination of sea breeze and up-slope winds.
The effects which produce local winds also

735

| =

033

T
perrey A1
”'” !]‘.lum

!

ARG

MIDOLE OF NIGHT LATE NIGHT TO MORNING

Fig. 3.7 —Idealized representation of the circulation
which might be expected in a typical valley (Defant®).

oo

Fig. 3.6—The heating of ane side of a valley while
the other gide is relatively shady may produce over-
turning of the air in the valley. e o

A

combine with the effects of the largeseﬂe

pressure systems to increase or decrease. - -

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—Annual wind speed profiles showing that
winds near the surface are stronger during the day
and winds aloft are stronger at night. The observa-
tions were made at Oak Ridge® September 1948 to
August 1950.

Hanford it was shown®' 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 moving air aloft
. 18 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. 3.9).

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
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primary concern. In'the preceding parts of this
chapter, with an entire air mass in mind, we
have considered motions whichare hondiffusive.
Con_sidér now those which may be regarded as
diffusive. Sirice a-mathematical approach to the
diffusion process is given in the chapters to
follow, we will consider thesubject 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 when smooth flow
is interrupted by objects. The four examples show
the effect of wind speed on eddy format‘on (Sherlock
and Stalker'™),

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 diffusionis

of great interest and practical significance.

However, our knowledge is limited by the tech-

nical difficulties in collecting observational®

data. The study of eddy motions by instruments
i greatly 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 levels
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 estimate quan-
titatively the effects of convection on airborne
material is limited. From observations of clouds
and smoke and from the experiences of glider
pilots, it appears that convective “cells” take
various forms. The classical Bénard cell of the
laboratory has fluid rising in the central section
and then descending. Such cells 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
Bénard 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. Scorer!%) 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 Bénard cell and air motion accordingto 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 Roughness. Keeping all other
factors constant, the contribution to the diffusive
power of the atmosphere which is due to-me-
chanical turbulence - is relatively larger over
rough surfaces than when the surface is smooth.

Ground types can be ranked according torough-
ness almost completely intuitively, and the
roughness can be checked experimentally with
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 most part in industrial problems,
roughness is dealt with without assigning a
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Fig. 3.11 —Comparison of circulation in a Bénard

cell with air motion according to the bubble theory.

(a) Circulation in a Bénard cell (cross section). (b) .
Convection bubble.

- numerical value (such as the micrometeorologi-

cal parameter “roughness” length) to surfaces
and objects. It is considered indirectlyinterms
of its effects on the coefficients of the diffusion”

VLB

8.4 Gustiness. Gustiness, usually referring
to a variability in the force of the wind, is_
physical evidence of eddy motion, as is the
swinging from side to side of a wind vane. With.
gusts due to mechanical eddies, the greater the
mean wind speed the greater the mean ampli-,,
tude of the gusts.
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9. EFFECTS OF MIXING PROCESSES
If material is released as a puff, the diffusive
action of a particular eddy depends upon its

TIME MEAN
WIDTH OF CLOUD

x DIRECTION OF MEAN
WIND= TIME MEAN
AXIS OF CLOUD
INSTANTANEOUS

AXIS OF CLOUD

INSTANTANEOUS
WIDTH OF CLOUD

Fig. 3.12—Instantaneous width of a cloud froma con~
tinuous source vs. the time mean width.%
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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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any continuous source, since a time interval is
considered instead of an instantaneous 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 3.13
shows schematically relative concentrations
across the mean width as obtained by time
averages, and Fig. 3.14 shows ground concen-
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|— AVERAGE TURBULENCE ]
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DISTANCE DOWNWIND FROM STACK

GROUND LEVEL CONCENTRATION

Fig. 3.14—Ground concentrations over a sufficient
time interval downwind of a stack(elevated continuous
source).
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Fig. 3.15—Representative variations of winddirec .
tion form the 10-sec mean for the windtrace types

(Lowry™).

trations over a sufficient time interval (30 mln ' ..
or more) downwind from a stack. '

The variations of wind direction “from the .
mean for the wind trace types are shown' tﬂ* - -
'Fig. 3.15. Note the similarity of these curves
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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.

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 and 0.65°C/
100 meters.

If the lapse rate is such that it shows no
change of temperature with height, itis isother-
mal. A stratum with an “inverted” (or positive)
gradient, in which the temperature increases
with elevation, is designated an inversion (Fig.
3.16).

Of particular interest is the unldue atmos- -

pheric lapse rate which perimts a parcel of air

to be displaced from one level toanother so that'
the parcel always has the same density as its

environment: (assuming unsaturated air and that
changes of temperature within the parcel take

place without an exchange of heat with its sur-

roundings). Since a- change of state, i.e., of the

temperature, pressure, and density, of a gas is .

said to be adiabatic if it takes place without
heat being supplied or withdrawn, the lapse rate
referred to is known as the dry adiabatic lapse
rate or sometimes as just the adiabatic rate.

Numerically, it is equal to a decrease with ele-
vation of 1°C/100 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 is
displaced upward from a level at which it has
the same temperature and pressure as the sur-
rounding atmosphere will undergo a decrease
of temperature corresponding to the adiabatic
rate and will have a higher temperature than
its environment at the new level. It will be of
lower density than the surrounding air, and the

\\
DRY
X" apiABATIC
NORMAL \

ISOTHERMAL

ALTITUDE —

INVERSIONS \

TEMPERATURE —=

Fig. 3.16 —Temperature profiles illustrating the nor-
mal lapse rate, an isothermal lapse rate, and inver-
sions. The dashed line is the dry adiabatic lapse rate.

force of buoyancy which results will tend to
cause the volume to continue to ascend. In like
manner, if the parcel should be displaced down-
ward, it will have a lower temperature than its
surroundings and will 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 unstable.
On the other hand, if a lapse rate is less than
dry adiabatic, a parcel of air displaced upward
will have a temperature lower than its sur-
roundings or, if displaced downward, a tem-
perature higher. In this case, buoyancy forces
tend to restore the parcel to its original level,'

and the atmosphere is said to be stable. H the
lapse rate is exactly dry adiabatic, the aif is”
neither stable nor unstable, and conditions are
said to be neutral (Fig. 3.17). (The neutral’

lapse rate is often referred to as “average”.
conditions. This may give an incorrect im’pres-;f '
sion since measurements show that in a conti-
nental area the temperature proﬂles in the
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Fig. 3.17—Effects of lapse rate on displaced air volumes. (a) Unstable lapse rate. (b) Stable
lapse rate. (c) Neutral lapse rate. :
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lower layers are most frequently superadiabatic
by day and isothermal or inversions at night.)

As water changes phase from a vapor to a
liquid, heat will be released; and, ifthe water
i8 condensing in a rising volume of air, the rate
of cooling of the air will be changed. The lapse
rate produced, which is less than the dry adia-
batic, is known as the moist or pseudoadiabatic
lapse rate. However, in air pollution problems
it is seldom necessary to consider the lifting of
air high enough to produce condensation by
adiabatic cooling. -

When dealing with conditions near the sur-
face, e.g., in stack effluent problems, it is
usually considered that condensation 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 are nearly
equal to the dry adiabatic are observed to
moderate elevations.

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

12. DIURNAL EFFECTS

Figure 3.20, drawn from actual data, shows
the changes in the temperature profile which
may be expected to occur on a typical day with
light winds and few clouds. During the middle
of the day (note’ 0900 and 1500 hours), the lapse
rate is superadiabatic. The superadiabatic rate
will be nearly constant because of the mixing
action of the convective currents which are
automatically generated. Additional mixing due
to turbulence created by wind does not greatly
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change a superadiabatic profile when there is
strong surface heating. During the day the air
is heated initially by molecular conduction at
the surface, but that heat is transported to a
considerable height by convection. However,

MAXIMUM
HEIGHT OF
PENETRATION

OF MIXINGZ’<

TURBULENCE INVERSION

ALTITUDE =t

LAPSE RATE

\ DRY ADIABATIC
LAPSE RATE
BEFORE MIXING

TEMPERATURE ——w=

Fig. 3.18—Development of a turbulence inversion.

ALTITUDE ——b

BEFORE
MIXING

7z
TEMPERATURE —»

Fig. 3.19—Eﬂect.d‘ gentle mixing on a nocturnal
temperature inversion.

superadiabatic lapse rates are usually main- .
- tained only in the lowest few hundreds of feet,

occasionally reaching 1000 to 2000 ft over bare
ground in midsummer. The midafternoonprofile
is similar to that of midmorning, except that it
is displaced toward warmer temperatures. - .
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As the sun sets, the ground begins to cool
rapidly; as 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 will
continue to become more pronounced. Other

factors remaining the same, still air will con-

tain the most intense, although ghallow, inver-
sions. Above such inversions the air win cool
slowly.

At sunrise, heating at the surtace begins .

immediately, and a shallowbut gradually deepen-

ing superadiabatic layer develops (0800). Con-
vective eddies are soon established in this -

layer; thus, by the time it is a few hundred feet
thick, stack effluent may be brought to the
ground and mixed within the layer to produce
high ground cencentrations. This particular pro-
file is said to produce ‘fumigation” conditions

and is discussed in greater detail in Chap. 5.

Thereafter, the profile becomes, for all practical
purposes, superadiabatic.

Figure 3.21 shows similar data obtained at
Qak Ridge, Tenn., but, in addition, the frequency
of the various lapse rates and profiles is illus-
trated. The general diurnal trend is quite simi-
lar, although the higher, drier regime at the
Idaho station results in higher values of both

‘the daytime superadiabatic lapse rate and the

nighttime inversions. This figure also shows
that the large diurnal range of lapse rate de-

.creases rapidly vlth increasing height above

Figure Szzmmetemperatnredtﬂermco
between 100 ft and § £t for a winter and 2 sum-
mer month. Jn July, surfsce heating begim

about sunrise, or shortly before, mm_

about 2 hr thchnpenhweuthetvoh"hu
the same._'nm;,-a few minutes mrmd, a_

superadiabatic - hpu rate is embuqhed. 'l‘ln
strongest lapse. rste occurs about midmorux,
before stroag Comvective currents or mixing
occurs. During the latter part of the nbrnhw
after convective currents are established, the
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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 as superadiabatic as any
other time during the day. With enough heating,
convective processes are inadequate for main-
tiining a constant lapse rate. Cooling at the
ground begins before midafternoon, and, for
most of the remainder of the afternoon, the
lapse rate gradually decreases. In the example
shown, inversion conditions are established
about 1 hr before sunset. In a shallow layer
near the ground, the most intense inversion
will occur in the evening since the air is still
relatively warm 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 twice as long
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 periods

during colder months. At a continental station’

with pronounced seasonal effects, a maximum
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 conditions will be the
rule.during daylight hours.

In addition to the seasonal effects directly'

caused by the.solar angle, there is also an im-
. portant. effect. which is caused by the lag in the
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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 conditions are just the
opposite. Although the lack of sunshine greatly
favors inversion conditions during winter, in
northern continental latitudes there is also
much more windy, cloudy weather than in sum-
mer. For the United States as a whole, spring
months have the least number of inversion
hours, whereas fall months 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 diffusion. Since they are rarely
considered separately or measured directly,
they will be mentioned briefly.

14. RADIATION SURFACES

Surfaces also differ greatly in their ability to
radiate heat. Snow is an especially good radia-
tor and for all practical purposes may be re-
garded as 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 its conductivity and specific
heat. In general, highly porous dry materials
have low conductivity, whereas materials con-
taining the most water have the highest specific

- heats. The combined effects of these properties

are -most evident in the minimum temperatures
observed over various surfaces. Other con-
ditions being equal, minimum temperatures
should be slightly lower over freshly fallen
snow and dry sandy soll than-over humus, ice,

or concrete St
N
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16. PHASE CHANGE OF SURFACE WATER

R is possible to observe superaiiiabatic gra-
dients during the early morning hours, the time
when air is usually especially stable, under the
following combination of circumstances:

1. When there is a low, heavy overcast last-

16.2 Cities and Other Built-up Arveas. In-
vestigations*!+!® have shown that cities or large

industrial areas do indeed produce significant

ing throughout the previous day and continuing -

through the night.

2. When a mass of freezing air is brought in
over a wet and relatively warm surface.

3. When wind speeds are light (between 4 and
8 mph).

The air very near the ground is warmed by
the latent heat of fusion given off as the water
on the ground freezes. Figure 3.25 shows a
temperature profile obtained under the con-
ditions described.

Evaporation, as on the day following a heavy
rain, will also exert a cooling effect that may
be significant. The cooling effects of evapora-
tion are likely to be more pronounced during the
daytime. Evaporation at night:is primarily a
- fanction of wind speed; thus its effects on the
temperature profile are somewhat masked.

16.1 Vegetation. The daily range of tem-
perature is smaller over vegetation. Neither
Iapse nor inversion conditions are as pronounced
as over bare ground.

1000

NORMALLY STRONG

- INVERSION WITH
- DRY GROUND
I 500 |— -4
4
w
b o
OCT. 12, 1954

|
LY ]
TEMPERATURE, °F

I

40

SUR.

Fig. 3.25—The heat of fusion as surface water fi'e;zes
can produce a superadiabatic (unstable) lapse rate in

a layer of air that might otherwise be completely

stable.

temperature effects and conseqnently have a
different temperature profile than exists over :
the surrounding countryside. Built-up ‘areis
freonently cause instability up to about three
times roof height in otherwise stable air. This
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temperature ranges because the minimum tem-
peratures are lower. Cold air tends to drain;
thus inversion intensities are increased (Fig.
3.28). The effect can be very pronounced even
though the valley is not deep and the slope of its
sides is gentle.

496° 50.4°0 )
Q 50. 4° —
1//// 5° // 81 500
/ 800
Tnyyy

O TESTING STATION // 3//// MEAN OO
SEA LEVEL
ELEVATION
IN FEET

Fig. 3.28—Cold air drains to lower elevations, pro-
ducing colder temperatures on the valley floor and
intensifying temperature inversion conditions. An ac-
tual temperature distribution resulting 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 drains 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 temperature profile
on one side of a high hill may be greatly dif-
ferent from that on the other.

16.5 Altitude. The greatest diurnal effects
are likely to be observed on level plains and
large plateaus which are high above sea level.
The drier less dense air favors strong surface
heating during the day a.nd maximum radiation
at night.

16.6 Advection. Marked changes inair tem-
perature, humidity, and turbidity may result

from the large scale horizontal transport of
warm or cold air masses. If a warm air mass
moves over a cool surface, the air will become
more stable, and, conversely, if a cool volume
moves over a warm surface, it will become more
unstable. When air moves over a warmer sur-
face, the heating effects are promptly carried
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 Surfaces. 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 resuit in high concentrations at the
ground is important when radicactive materials
are involved. Here we consider very briefly
the kinds of precipitation and the stability con-
ditions under which precipitation occurs. (For
further information see Chap. 7 on wash-out and
deposition of radicactive debris.)

‘In practically all instances precipitation is
the result of air being lifted. Lifting 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
hand, when there are convective currents, ver-
tical . velocities can be comparatively lnrge
Since precipitation falls when the cloud parti-.
cles become so large that theycannotbenp-'
ported by the upward-directed currents,: dmp
sizes in a shower are usuauyhnertlnnthou:
in a steady rain. Table 3.1 shows the variation
in drop sizes from fog, a stable condiﬂon, to
cloudburst, perhaps the most nnstable. B ;

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 dust concentration, test period August 4 to August 28,
1953. ——, lapse and inversion. ——, inversion, light winds. ---, lapse, light winds. ----,
lapse, strong winds.

When estimating the effects of precipitation thundershower. Furthermore a sudden shower

on ground concentrations, the type of precipi- calculated to bring dangerous amounts of air-
borne material to the ground is not likely to

Table 3.1 —Variation in Drop Sizes* occur when diffusion conditions are poor.
Popular name Diameter, mm - 16.9 Dust. Some atomic facilities are un-
' usually sensitive to atmospheric dust, e.g.,
:zt‘og g'gl air-cooled reactors. Dust can harm a reactor
Drizzle 0:2 in various ways, but perhaps the most important
Light rain 0.45 » agpect is that in passing through a reactor it
Moderate 1.0 can become radicactive and radjocactive air-
Heavy rain 1.5 . borne particles may resuit. It is customary to
Excessive rain 2.1 - : include air cleaning devices, such as filters
‘ : Cloudburst s.0 - and precipitrons, in a design to clean the air
T - before it enters a reactor. Where the air is
- ® Data taken from Humphreys. particularly dusty, the expense of operating air

: cleaning equipment increases. Some observa-

. tation, rate of fall, and the lapse rateassociated  tions of dustiness are available from Weather
: with such precipitation should be taken into. Bureau offices in instarices when dust restricts
account. The effect. of the fine winter rain of visibility; however, dustiness must often be

Seattle is quite different from that of a Miami inferred from state of ground and wind data.
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Where quantitative information on dustiness is
required, special observations must be taken at
the site. Average dust concentrations run from
0.05 to 0.5 mg/m?® in a rural or suburban dis-
trict to 0.2 to 0.5 mg/m? for industrial dis-
tricts.? Amounts of dustiness decrease signifi-
cantly with elevation above surface. The results
of a series of measurements using a 250-ft
tower are shown in Fig. 3.29.

Troublesome dustiness is often not entirely a
meteorological problem but results when the
ground surface is broken up by activity, suchas
site construction. Dustiness can be, and is,
controlled by the planting of shrubs and grass
and by surfacing roads, parking lots, etc.

Although the preceding material has discussed
the various meteorological parameters sepa-
rately, and mostly from the standpoint of nomen-
clature, these variables are inextricably inter-
related and often complex. The interested reader
is referred to the Bibliography for additional
information. This list, although not complete,
should serve as a useful guide.
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Tribunal, 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. Air 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-
ports: A Meteorological Survey of the Oak Ridge
Area, Report ORO-99, Weather Bureau, Oak Ridge,
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, Hanford Works, Richland, Wash., 1950,

110 pages.

736 049

Dusts and Other Aerosols

1. Dust and Other Airborne Particulates. Valuable
information is contained in the following publica-
tions: Handbook on Air 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, 3168 pages; ‘‘Micromeritics, The
Technology of Fine Particles,’”” J. M. Dallavalle,
Pitman Publishing Corp., New York, 1948.

2. AEC Handbook on Aerosols, U. 8. Atomic Energy
Commission, Washington, D. C., 1950. Chapter 2,
General Meteorological Principles, Wendell M.
Latimer.

Instrumentation and Observations

1. ‘‘Meteorological Instruments,’” W. E. K. Middle-
ton and A. F. Spilhaus, The University of Toronto
Press, Toronto, Canada, 1953, 286 pages.

2. Manual of Surface Observations, Circular N, U. 8.
Department of Commerce, Washington 25, D. C.,
150 to 200 pages.

Earth Physics, Including Meteorology

Transactions, American Geophysical Union, published
bimonthly by the American Geophysical Unionm,
Washington 5, D. C., papers and discussions on
meteorology, hydrology, oceanography, ete.

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 American Me-
teorological Society. . .




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 and diminishes with tilne 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 resuits
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.
Rather, 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 interest to the atomic energy industry.

The original objective, that of a brief pres-
entation, has been abandoned. Even so it has

T The distinction between diffusion, as of fluid (atr)
parcels, and dispersion, as of particulate matter sus-
pended in the atmosphere, such as smoke clouds, is
sometimes made, but it will not be made here.
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not been possible to do justice to all phases of
the diffusion problem, with its multiplicity of
approaches and many ramifications. In particu-
lar, emphasis has been placed on the presenta-
tion of final results, with references serving
instead of proofs; mathematical details can, of
course, be found in the original papers. Fortu-
nately several excellent general diacussions 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 emphasgizing mathe-
matical formulations and derivations have been
given by Calder!® and Frenkiel,’® and Sutton’s
recent text'® contains much valuable material
along this line. The discussions of Hewson,™
Davidson,’2 and Holland® empnasize 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 Background: Fickianand Non-
Fickian Diffusion. Historically, the earliest
meteorological theory of diffusion was presented
independently by Taylor'¥ and Schmidt,!®® who
derived the following differential equation of the
problem: ' B
d _ 9o

X 8 ax
@ E("#E) *5("5)
where X is the concentration of some quantity
expressed, for example, in grams per cubic
centimeter. Kx, Ky, and Kg are coefficients of
diffusion in the x-, y-, and z-directions, called
“ austauch-koeffizienten” or “exchange coeffi-'
cients,” by Schmidt. This austauch theory of
diffusion is rooted in still earlier ideas, based

+ 2 (x. "—") :,;(4.._1)

e
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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 Fourier’s law of heat
conduction, one may state Fick’s law of mo-
lecular diffusion, diffusion of material is in the
direction of decreasing concentration and is
proportional to the concentration gradient, and
also Fick’s equation,

(4.2)

where the constant of proportionality, d, is the
molecular diffusivity. Since Eq. 4.1 is a gen-
eralization of Eq. 4.2, Richardson'® refers to
Eq. 4.1 as 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 1826.
Richardson noticed that, if the eddy diffusivity,
K, is evaluated by fitting observations to Eq.
4.1, the resulting K 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 Fickian theory is not di-
rectly prepared to cope since the dispersion 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 so on until its ultimate dis-
persion throughout the whole of the atmosphere
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by the large-scale cyclonic and anticyclonic
currents. This circumstance led Sutton!3¥1%
and, more recently, Frenkiel®*® to develop
their “statistical” theories of turbulent diffu-
sion, following Taylor’s statistical theory of
turbulence.'*

In the paragraphs which follow, the salient

features of both the K theory and the statistical
theories of diffusion will be summarized. It
should be clearly understood that these do not
represent fundamentally conflicting viewpoints
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 approaches
have not yet been entirely resolved, as discus-
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 diffusion of
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, as in stack
meteorology.

R

1,2 The K Theory. The term “K theory” aé: -

tually describes a wider class of atmospheric
problems than diffusion, including evaporation
and, in fact, the atmospheric transport problem
in general. It is a well developed theory of st-
mospheric turbulence, of which a concise ac-
count has been given by Sutton.!*® The present
discussion is restricted to applications of K

" theory to atmospheric diffusion, the earliest ex-
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ample of which is to be found in the work of
Roberts.!%

From the standpoint of turbulent diffusion,
the total instantaneous meteorological wind vec-
tor is thought of as being divided into two parts:
a mean part, which does not contribute to the
diffusion phenomenon, and a turbulent part,
which does. Thus one writes

vV=V+Vv (4.3)

where V 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-
fusion study.

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.

X(x; = 2
3.2, ~ (grt)% (KK Kz)%

1 /x? yz z!)
X exp [_E(K_,(+K_y+_l(—; (4.4)

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 =1, and V=W = 0. For
simplicity, the coordinate axes are affixed to
the center of the cloud 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 = X — Git. Furthermore, if the origin of
the cloud is at point (¢,n,¢) instead of (0,0,0),
one has (x — £)? 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 %, power
of time, and the concentration through the cloud
follows a Gaussian distribution. For noniso-
tropic diffusion, characterized by

Kx = Ky = K,

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

ie.,

K":Kx:Ky:Kz

the symmetry is spherical, and Eq. 4.4 becomes

__Q - (_ L’_) (4.5)
X(x.y.2:t) = (zxn% P \ ikt :

where r* =x?+ y? + 2!

Both equations satisfy the differential equation
of Fickian diffusion (Eq. 4.1) and the boundary
conditions .

X—-0ast—0,r>0

X—-0ast —-e
as well as-the continuity condition
[Jo[ xaxdydaz=q (@

These results do not represent a working the-
ory of diffusion until the K values are deter-
mined. Also, solutions corresponding to other
sourcetypes 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
as the lower layers of the atmosphere. In truth,
although these solutions have been of great help
in 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 a2 pronounced shear of the mean wind, both
in direction and magnitude. The wind must in-
crease from gzero at some level at or very near
the ground to a value, at several thousand feet

in elevation, characteristic of the free atmos-
phere, which is relatively uninfluenced by the.
presence of the ground surface. Moreover the .

presence of the ground itself, with its varying
geometrical properties, must influence diffu-.
sion, as must the pronounced variation of the
vertical thermal structure of the air near the
ground, from neutral or unstable values during

o
9))
o

(4.8) "
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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. R was
suggested by Schmidt that the increase of the
mean .wind velocity, G, with height near the
ground might be approximated by a power -law

- z\m - .
a=10 (2_‘) m3>0 (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 Ertel* that the eddy dif-
fusivity must also vary with height

z 1-m
Kz = Ky (z—l) (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 30 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, i.e., for Eq. 4.1 with

X _
TR 0 (4.10)
and
aX
2y (Ky a—y—) =0 (4.11)
and neglecting

-] axX
ox (K ax)
by comparison with

L
ax

the diffusion equation becomes
ax 8 [ X
Ux bz (‘z g)

This equatlon may be used to compute diffus!on
from a continuous infinite line source oriented

(4.12)
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cross-wind along x =z =0. A solution to Eq.
4.1 subject to the boundary conditions

X —-0asx —w (4.13)

)
K,% — 0 as z — 0 (zero flux at ground)

fo"ux dz =Q
x:uoa(x:z=0

(continuity condition)
(condition for a source)
was given by Roberts for the case where Eqs.

4.8 and 4.9 apply. His solution, as stated by
Sutton,'® is

-9 L 8
Xx2) “FT(S) |(m—n + 2)7 Kx
T »(m~n+2)
_Wmz
X exp [ (m—n+2) le] (4.14)
where S=(m+1)/(m-n+2),n=1-m,and T

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 as
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 atmos-
phere; and the aerodynamic theory of rough
surface flow can be directly applied. This the-
ory gives the well-known logarithmic veloclty
profile law, that o E
= !.‘ m z___3+

ll» X P < .(4.15)

where W, = ¢ /P, P i8 -air density (const'mﬁf
7o is the (constant) eddy stress defined by Pm ‘
dtl’s formula :
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du

da
=2 %%.
T =pl dz

(4.16)

1 is Prandtl’s mixing length (“mischungsweg”),
k is von Karman’s universal constant, equal
(see Montgomery™:!!?) to 0.43, and z,, the
“roughness length,” is a geometrical parameter
_ proportional to the height of the roughness ele-

ments of the ground surface. Figure 4.1, after
Deacon,” gives typical z, 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,
Instead, Calder!® used the approximation

a
T=w,q (w.z)

za
U=wWeq | —
- (zo)

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

e p B (2)2°B

(smooth flow) (4.17)

(rough flow)

z (4.18)

and

Ky(2) -( )62°'B L R R TR )

The new parameters have the values:

_ 1

B=17 a

S=v (smooth flow) (4.20)
1 2/(1+a)

e={=
J

B=

8=z (rough flow) (4.21)
1

(q"?

where v is the kinematic molecular viscosity of

air and q and q’ are determined by reference to

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

" (4.173)

laws expressed by Egs. 4.18 and 4.19, and the
boundary conditions in Eq. 4.17a, is

={Q exp [~ ;2B g2av1/le/a) j2aB(g, gy
x 2,29(1-B) x]} {(20 + 1)klat1)
x [( /a) 6203](a+1)/(2ﬂ+1)

x I [(a +1)/(2a + 1)] uf z "”‘

x x(@ /@)™ (4.22)
where
_20B+2B-1 @13

2a +1

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

1.5 Effect of Thermal Stability. Extensionof
Calder’s theory to nonadiabatic thermal strati-
fication is based on Deacon’s “generalized ve-
locity profile” formula

oW |2 -
T [ o 1] (4.24)
which reduces to a logarithmic law for g —1

and expresses the effect of varying thermal
stratification by varying values of 8. Thus

g>1 for thermal instability

B=1 for neutral conditions (adiabatic lapse-
rate)

g<1 for thermal stability

Figure 4.2 indicates the variation of 8 with sta-
bility, according to Deacon. As a result of Eq.
4.24 it follows that

K,(2) = kw,z (i)s (4.25)

Calder solved the system of Eqs. 4.12, 4.183,
4.24 and 4.25, expressing the effects of shear, -
surface roughness, and stability, finding (rel-
erence 32, p. 174) that

{Q IR Es dl w-l)]}
x |wa k“""’/" ffta)n plta

-1 <
x x{1+a)/n z31-:9)/111 . {4.26)

wheren=2+a-ﬂ.

(54
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( Zy, CM
, wind 100 (0.25 cm/sec)
lght |- g0
long grass € 6.0 7 turnip field (1)
.- 60-70 cm | wheat field (1)
8tro *
_ng=_ 40 long grass land (1)
downiand short grass land (1)
- mer 2.0 \open grass land (2)
downland ) \ steppe {6)
-winter ‘0 fallow land (1)
\Gotﬁngen aerodrome (1)
mowngrass ___ [~ 0.8 (4.5 cm/sec) ’
(length 3 cm) - 0.6 -

close cropped grass (2)

- 0.4 —\snow (1)

o sROW (3)

mMOWn grass — 0.2

(length 1.5 cm)
te—cricket field (4)
m;:':i::w 0.t (65 cm/sec)
|— 0.08 —
— 0.06 —
feo—— sand (5)
—0.04 ~
sun baked sandy ‘
alluvium
b~ 0.02
0.0t
(850 cm/sec)
—~0.008 -
smooth snow on -0.006 -
prepared short ———e=i
grass area -0.004—
—0.002 —
0.001

smooth mud flats

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) Laikhtman, 1944.

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

% _8 V.28 (g &
e 3y (Ky 8y)+82 (Kz bz)

For a point source located at the ground, Calder
(according to Davidson,® see also Calder®) de-

(4.27)
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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 (J4:08m)
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~
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(8sm - 8o.2m) °F
(uym/seC)?

Fig. 4.2—The variation of g with stability (Deacon).
O, short grass surface; zy = 0.27 cm. A, from Sver-
drup’s observations over snow; zy = 0.25 ¢cm.

Davies®® 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

=8 Xy, 8 ax
o—ay(xy 8y)+OZ(K‘82)

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, i.e., in the x-direc-
tion. Knighting® gives a useful general mathe-
matical discussion of the diffusion equatiom in.
the form

P_(azl'm 8_x)=§_)£+ﬂ8_x
8z 9z

(4.28)

ot ox -_“'29.)

The mathematical achievements of the K the- .
ory are certainly impressive, but its practical
utility is clearly limited. The various velocity .
profile expressions are not valid to very great
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heights, and thus the diffusion formulae can be
expected to hold over very modest horizontal
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
variable velocity profile should not be expected
to 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.

1.8 Statistical Theories. In his basic and
very helpful work, Taylor'® 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, the rate at
which diffusion takes place depends on the vari-
ance, xt =yi = z%, of the wind velocity fluctua-
tion distributions according to the formula

yi=2(w)? f;dr [] Re(s)ds (4.30)
The components of the fluctuations in the x-,y-,
and z-directions are v’, v’, and w’, and Eq. 4.3
again applies; ¢ denotes time interval, t is time
and must be chosen sufficiently long to give Eq.
4.30 a2 meaning; R;, the Lagrangian autocorre-
lation coefficient, is defined by

R, - w’(t) u'(t + &) (4.31)

[T9H

Assuming that the mean concentrations with-
in a diffusion cloud are distributed according 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:

Xwyat = ,y,)% exp( 2 y,) (4.32)

As in Egs. 4.4 and 4.5, the coordinate axes are
. imagined tobe affixed tothe center of the cloud,

which is translated with the speed @ of the mean

wind. '

.n ui(

In the nonisotropic case, i.e., where
(@) = (v)? = (w)?
= 0 P
fo = ng = sz
one has, corresponding to Eq. 4.4,

-2
(21!_)3(’_(1:’ v 2%

xe,m[_l(x_ﬁy_ﬂzi)]
22 A

(4.32a)

Notice that Eqgs. 4.32 and 4.5 are equivalent if

y? = 2Kt (4.33)

Frenkiel®® points out that, as 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. Gifford®® for an attempt along this
line).

Reasoning dimensionally, Sutton, in 1932, pro~
posed the following expression for R;:

where v'ls the kinematic viscosity of air andn
is a number varying between zero and 1, usually
defined by reference to the followtng velocity
profile law: _ :
n/(2-0) S
- : (4.39) -
2 .
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For this choice of Ry, Eqs. 4.30 and 4.32 yleld
the instantaneous point source equation

Q
X(x,y.2,t) = 7%CT (ut)3(2-0)/2
)
X exp [-C 0 _n] (4.36)

Sutton 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 v by comparison with
(u)%. I C? is defined by

——171-n
n e
c?= av [11_)—] (4.37)
(1-n)(2-n)anl 4

it develops, since for the isotropic case xI= ;i,
that

= 1 -n

x2= EC’(ut) (4.38)

For the nonisotropic case, separate values of
the autocorrelation are defined using (u’)?, (v')?,
and (w')!, and the result is that C = Cx and that

2 _ 4vn '(FT?]"n 39
Cy (1-n) (2-n) " L o? (4.39)
and
r 1-n
- 40 G?]
CTmeE-mer | @ (440

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

Q _
74Cy CyC,(Tt)3(2-n)/2

X(x,y,z,t) =
e (X 2\]
X exp [— (at)® (a + -gy- + 6;7)] (4.41)

Sutton considered that the ground would act

as a perfect reflector of diffusing partleles and .

accounted for it in his theory by using the
“method of .images”; ‘the result of this is to
double the right -hand side of Eqs. 4.36 and 4.41
for a source located at the ground. The effect
- . of ground surface roughness is' also accounted

. for by replacing » by a quantity Sutton'? calll
the ma.croviscosity, N, where
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'but are diffusing parcels of air, wandering .at

N = w,z (4.42)

The effect of thermal stability is presumably
introduced into Sutton’s theory through the defi-
nition of the number n in Eq. 4.35. He describes
n as follows: “Invery turbulent air n approaches
zero and in conditions of low turbulence n tends
toward its upper limit of unity. In ... conditions,
corresponding to a small gradient of tempera-
ture in the vertical, the value of n is a.pproxi-
mately Y,.”

Sutton’s formulation is thus able to satisfy,
in principle, most 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 U is assumed to be
constant, but Sutton'*? 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-Fickian Theories of Richardson,
Lettau, and Bosanquet. (a) Richardson’s Dis-
tance-Neighbor Theory. Richardson, as a re-
sult of his observation of the tremendous varia-
tion of K with scale, to which we have already
referred, was led to introduce his “distance-
neighbor” theory of turbulence.!?® He illustrates
the essential point in the following way:'* Sup-
pose seven people live on a road at certain

- ‘intervals, perhaps like these:

i

A BC DE F G

How are they fixed for neighbors? Richardson
considers the * average number of neighbors
per unit length.” Take Mr. A, lay off a scale

‘from his house and count how many neighbors
"he has between 1 and 2 units, between 2 and 3,

3 and 4, andsoon. Repeat for Messrs. B, C,
etc. Then take for each range of separatlon L,
(ofOto1, 1 to2, etc units) the average num-
ber of neighbors, P. Richardson’s “distance-

_ neighbor ‘graph” is then a graph of L vs, P.. H

the objects under consideration are not people

random, the graph of P vs. L will- change with
time, uitimately becoming & straight line paraly
lel to the L-axis (neighbors equally common:at |
all distances, i.e., parcels distributed at rans

La o - Cg et
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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

9P _ » 9P
-z (443

and was able to deduce that
F(L) = oL"” (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 o, in the range 10 cm <L<10° cm varies
between 0.1 and 15, a far 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, i.e.,
upon scale. -

(b) Lettaw's Shearing Advection Theory. Let-
tau™ considers that the difficulty -with the
Fickian Eq. 4.1 lies in its failure to take into
account “shearing advection,” i.e., the separa-
uon 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, Kapp, which turns out to be related to
the ordinary eddy-diffusivity, K, by

: Kapp:x+xz:(x:xxo)
(x —xy)
=kwe (2 + 2g)|]1 + (4.45)
(z+z.)ln(z;’o)

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

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)
is that shearing advection is an additional ef-

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.3®

(¢) Bosanquet and Pearson’s Theory for Ele-
vated Sources. 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 near the
ground. ’

- Q h ¢
X = @nh pquxt °F (' px 2q’i’) (4.46)

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 lateral diffusion 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 solutions .

from which, by the process of integration with

respect to one or more of the coordinate direc-
tions and time, other diffusion formulae for ~

more complex sources may be built up, in the
same way as is done in heat conduction theory.
The sources most often encountered in practical
applications are
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Source type _Application

Continuous point
Continuous line
Instantaneous volume

Smokestack, vent
Array of stacks or vents
Explosion

Another class of useful formulae involves certain
geometrical properties of any of these results,
hamely, 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 distributiondownwind 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) Isotropic

_ Uy + 2%

X(x,y,z) = 4—”%, exp [ “Kr (4.47)

(b) Anisotropic

-
(x,y,2) 4ﬂr(Ksz)%

(E+2)]

i §
"e"p[”Tr Ky Kz

Frenkiel:

. had Q
X =
(X.y »Z) 3,
' J; (2ryD)"
(X - ut)? +y?+ 2?
2y?

X exp [— ] dt  (4.49)
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Sutton: (a) Isotropic

2Q y? +h?
Y™ ¥ o (- Irps) 40

(b) Anisotropic

Xy = el
(x,y) ~ 7CyCzlx 2-n

X exp [- xB-2 (L * (—:7)] (4.51)

2.2 Continuous Line Source Formulae. I 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
gources 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:
source

Continuous infinite crosswind line

X =
X,z
2(mu Vxt + z”y’

X exp (— _E_z_’____) (4.52)
4K Vxi + 2

Sutton: Conmtinuous infinite elevated crosswind
line source, (a) Isotropic )

Q h
x =. -_ 4.53
) = % Cix (2-0)/2 =P ( ct xz‘“) ( , ).
(b) Anisotropic
2Q h?
Xy = ———~  _exp[———— 4.54
® = ez Y ( ct xz-n) “.59

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

2.3 Instantaneous Volume Source Fomulae
The approximation of the point source is a goéd
estimation of the concentration distribution
downwind of a burst or explosion provided the
distance from the scene of the explosion isgreat
enough. The effect of the size of the source on
close-in concentrations may be large, however,

and this has been studied by several writers by .
integrating the various instantaneous point - -
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source equations over infinite and finite initial
volumes,

Kellogg®® 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 having a uniform distribution of mate-
rial, obtaining

X, .. =Qav KY* [ _(Rer)t/axt _ g-(R-TI}/4Kt
(rt) == 3rg e

. % r {eﬁ[(r-fR)

(4Kt (4Kt)%

(r—R)
+ erf m }) (4.55)

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

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

tistical theory
Qav { f R + r]}
( »t) =— vy
i (zy')“ (259"
(R~ r)’]
=

vi\%1
'Qav(y ) —{exp =
2n/ r

wE) e

Holland® 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 far enough
to produce the required volume source at point
(0,0,0) and at t = 0. The initial distribution of
material in this volume source formula is of
course Gaugsian, Defining the distance upwind
to the virtual source, x,, by

i (2Q/x (o))z/s(z-n)

“\ s

(4.57

where x(0) is the central ground concentration
at ingtant t = 0, Holland obtains the formula

Q

- #C’(x. +ﬁt)3(z'ﬂ)/2 T ' o | :

X exp [- E’(_x,—:ﬁT)T‘;] (4.58)

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-
ford®® 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

QU3 = Q(O)(l +b, o’) o (4.59)

where 0 isdistance 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

2bfe -2 /121 /b))

X (r.t)= =
rH=Q 7%(2b, + 3b,) [(zb,yul)%
+ _3?*” — + _r’b, 1] (4.60)
(2y%b, + 1)*  (2y, +1)"

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, Rpgay, is

1
_(by=Dby\*
Rmax= ( b;D, ) (4.61)
Furthermore the radius, R, of the initial cloud
containing a fraction Q — Q(R) of the total ma-
terial Qis given in terms of the central concen-
tration, Q(0), by

%
Q- QR) = Q(o)[ﬁ}; P(2b,R%3)

+ : % _z , P(2b,R,; 5)] (4.62)

* when P(x;k) is the chi-square probability func-

tion for k degrees of freedom.

2.4 Formulae for Some Geometrical Prop-

erties of Effiuent Clouds. In practical work it -

is often more convenient to use a formula which

expresses only a certain geometrical property

of the concentration distribution. Those most
often used are the maximum ground concentra-
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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 and height of theoretical plumes
is infinite. Such formulae are much simpler
than the complete equations, containing as they
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 dmax, and
the maximum concentration there is xmpax. For
the isotropic case

Instantaneous point source:

1/(2-n)
2h? .
dmax = (§‘C—z) (4.63)
2
X max = '2—9%— (4.64)
(fer)"
Continuous point source:
h2 1/(2-!1)
dmax = (E’) (4.65)
2
Xmax = em?h’ (4.68)

Continuous, infinite crosswind line source:

9h? 1/(z-n)
dmax = (?-) (4.87)
= 2 4.68
Xmax = Gerys ha (4.68)

For the ,nonisbi_ro‘pic case, fhe‘ most widely
used formula is that for the maximum concen-
tration from a continuous point source

-2 G
Xmax = grb® C,

Formulae for the plume width and height from
a continuous point source may be writtenby de-

fining the “boundary” of the plume as the point

. at which the concentration falis to p per cent of

its axial value. For Sutton’s continuous elevated

source theory, the following equations are easﬂy
demonstrated:
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| (4.69) ‘

s

Cloud width, 2y,, continuous point source:

2y, = 2(ln 1%0) Cyx(2-0)/2 4.70)

Cloud height, z,, continuous point or infinite line
source: .

\ |
7 = (m 1%9) C,x(2-0)/2 @.11)

2.5 The Effect of Stability on Diffusion. 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 will describe
the diffusion if /2Ky =~ 0.1 cm™" and Ky/Kg ®
10.

2.8 Special Applications of Sutton's mory;
Certaln problems a.rlse in practice wblch re-
quire corrections to, or variations upon, the

" diffusion equations that have been presented. In
" this section a number of these useful apecul

results will be listed. Most of these have. beq

_ given by nouand,“ in terms of Sutton’s theory,
although in each case the general idea could be

applied to one of the n.ltemtlva tormuhuons{ap
the diffusion: problem Clearly each of mtq
lowing topics is worthy ofan uteuedlndlvidng
discussion, the presentation of which cannot. be
attempted here. Including the ‘equations - will,
however, make this enumeration of thooreﬁeal
results on diffusion fairly complete. ;
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(a) Total Integrated Dosage (TID) at the Ground
Dowmwind of an Instantaneous Elevated Point
Source. This is the maximum amount of air-
borne material to which a point at the ground
may be exposed as the result of the passage of
a cloud of diffusing substance. Integration of

Eq. 4.36 (right side doubled) with respect to

t{= x/G), with y = 0 and z = h, gives

__2 —h? .
TID = 7CR@yT B exp[E;(ﬁ—t)r.j] (4.72)
Alsp
TIDgax = 1‘,:—"%'5 @.13)
and
h! 1/(2-n)
d(ma.x dosage) (C ) (4.719)

The integrated dosage from an instantaneous
source is, in other words, identical in form with
the concentration from a continuous source (cf.

Egs. 4.50, 4.65, and 4.686).

(b) 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, Holland® 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
Sutton’s Eqs. 4.50 or 4.51. For “large down-
drafts” of velocity W, x = hii/W, and x* = Ve +nl.
For downdrafts in the lee of large buildings,
x’ = x + h. Such deformations would be expected
to be accompanied by extraordinarilylarge val-
ues of Cy and C,. Situations of this type have
probably produced the majority of 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.

(c) Concentration During a “Fumigation” Con-
dition. The term “fumigation” was introduced
by Hewson™ to describe the mixing downward to
the ground of effluent material which has ac-
cumulated aloft during a period of thermal sta-
bility; such an oc¢currence 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-

1and® integrates Eq. 4.51 between 0 and = with
respect to z and distributes the resultingamount
of material uniformly through a layer of depth
H, obtaining

.75)

X = Q
" (2n)% CyuHx(2-n)/2

Average concentration over a long periodof
time, from a continuous elevated source:

0.02Qf ( —h? )

Xav= 1%4C, ix (2-n)/2 exp Cixi (4.78)

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 for Radioactive 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:

t\ - (singleisotope of known half
exp (—0.693 T) life)

t\? [short lived mixed fission
t
actor operafing for ;

products (as from a power
t\~%2
&)
tended period)]

excursion))
where T is the half life in seconds, t ls""thoz'\
elapsed time in seconds between the completion

[long lived mixed ﬁsslon'v
products (as from'a re-
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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
radicactivity of the source strength Q is known.
Note that in the case of a continuous scurce t
may be represented by [(x/u) + the containment
time 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 elseby direct or indirect measurement, usu-
ally the latter. In fact, to this extent, all exist-
ing theories are partially empirical, at least in
actual practice. It is true that Calder’s devel-
opment of the K theory via the mixing-length

Recently, Lettau” has summarized present
knowledge of vertical eddy-diffusion coefficients
by means 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, ¢, 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
conditions have enabled Sutton'®? to determine
that Ky = 1.6 x10'cm?/sec and K, = 10%cm?/sec.
The distance from the source for these meas-
urements was 100 meters and G =5 m/sec.
Various other measurements of eddy diffusivity,
K, have been obtained by measuring heat and
moisture transport. For example, Taylor*? es-
timated the magnitude of K tobe between1 x 10?
and 3 x 10 cm?/sec from observations of fog
over the Grand Banks. These all roughly con-

Table 4.1 —K and L Values (Richardson!?)

K, cm?/sec L,cm Source of measurements
3.2x10° 1.5 x10 " W. Schmidt; anemometers at 2, 16, and
32 meters
1.2 x 10% 1.4 x10'  Akerblom; anemometers at 21 to
305 meters
6 x 10% 5x 10 Taylor and Hesselberg; pilot balloons
at 100 to 800 meters
108 2x10° Richardson; manned and unmanned
balloons
5 x 10% 5 x 10% Richardson; volcanic ash
10M 10* Defant; diffusion due to cyclones re-

garded as deviations from the
general circulation

hypothesis for the special case of flow over
certain types of terrain can be evaluated inde-
pendently of direct physical measurements; and
good verification has been obtained. Neverthe-
less, in practice, some empiricism will nearly

always be employed in determining the appro- -

priate parameters. For this reason the prob-

lem of evaluating these various parameters

needs some elaboration.

3.1 Parameters of the K Theory. (a) Con-
stant K. Richardson’s values'® of the eddy dif-
fusivity, K, are given in Table 4.1. It is with
these measurements that Richardson discovered
the law K = 0.2 L% to which reference has been
made, L being the length scale to which the K
value applies, analogous to a mixing length.
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firm the order of magnitude of the above esti-
mates of K, :

(b) Variable K. The parameters of Calder’s
theory are evaluated by means of Eqs. 4.17a
and 4.19 and Fig. 4.1. It has been found neces-
sary to introduce a factor 4, the so called “zero
point displacement,” into Eq. 4.17a, namely,

z - d)"

e

“This is done to account for the effect of packlng
of certain types of roughness elements at the
surface, such as long grass, which displaces the

effective surface upward a distance d, so far as
the surface turbulence is concerned;d is afunc-

, (4.77) |

T=w,q’ ( :
. e
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Fig. 4.3—Diffusion diagram. Each point of the A, { plane determines a diffusion coefficient
(cm?/sec). In molecular diffusionA = free path and ¢ =~ mean molecular speed; d = X { 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 ¢ =~ mixing velocity; owing to the
variability of these elements,D = A ¢, 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 (£2/A) and time terms (A/¢) (Lettau), ——, 1-10 km for ordinary
turbulence. o, 1—10 km for cumulus convection. 8, 1—10 km for cumulonimbus convection.
C, 10-25, 35—-45, and 80—100 km. x, horizontal gross austausch of the general circulation.

i, 0—1 km. +, 25—-35 km. —, 45-80 km,

tion, moreover, of wind speed. Calder’s exam-
ples of values of q’ and a 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 Cy, Cy,
and Cz; the turbulence parameter n; and the
macroviscosity N. According to the theory,
these are completely determined by Eqgs. 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 (u’)?
and (v_’)’, 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

2 2
™Y )

where @ 18 the instantaneous angular deviauon _
of the horizontal wind direction from the mean:

windandcist.hestanda»rddeviauon;!oro<zo.°;bm

~

Otan g ~tanogg

W

A

Thus an approximation to Eqs. 4.39 and 4.40 15"

Cy=Ch 1-n@-n)o"
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providing a means for obtaining diffusion co-
efficients from readily obtainable measurements
of 9, the instantaneous deviation from the mean
wind direction. For flow over aerodynamically
rough surfaces, the kinematic viscosity, v, would
be replaced by the macroviscosity, N

3.3 Experimental Determinations of Sutton’'s
Parameters: Effect of Sampling Time. Hol-
land® has studied the question of the Sutton pa-
rameter values, using data obtained over rough
hilly terrain (Oak Ridge, Tenn.). His main con-
clusions about n are that (1) the wind profile in-

- Table 4.2— Values of a and q (Calder!'?)t

Long grasst Short grass#$
z, cm u, cm/sec @ u, cm/sec o q
200 500 500
300 556 5§31
500 624 0.220 4.14 574 0.153 6.01
1,000 (715) (0.205) (4.42) (632) (0.1486) (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.
tw, = 49.5 cm/sec, d = 30 cm, 2, = 3 cm.
$§w, = 33.3cm/sec,d =0, z = 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 formula for the vertical varia-
tion of C (as corrected by Wanta's?)
C = C(0) — 0.0422 log,q z (4.80)
applying to adiabatic conditions. The value of
C(0) is 0.18. This value was obtained by extra-
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..
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 afunction of source height and of atmospheric
stability conditions. All these values of Cy, Cyg,
i and n are essentially related to the very few

published estimates and suggestions in Sutton 8

papers.

Table 4.3—Sutton’s Value for C? as a Function of
Stack Height, (h), and Stability Parameter (n)

.” The basic values of C? .

- stable conditions) show more unlformlty of n;

C? (at various h values
(meters)], (meters)"

n h=25 h=50 h=75 h=100

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

Moderate in- 0.33 0.006 0.004 0.003 0.002
version

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 atany given value of the vertical tempera-

‘ture gradient; (2) n values determined experi- .

mentally are, in general, greater than Sutton’s
suggested values (Table 4.3); and -(3) daytime ob-
servations (or observations under neutralor un-..

with height (see Table 4.4). - i a%h
Using observed values of wind gustiness and
values of n for various stabilities, Holland cal- .
culated Cy, Cy,and G;. The results of this work .
are summanzed in Fig. 4.4, and the Cy valuu‘
he found are compared with Sutton’s -values in
Fig' 4.5. . P Lo PR
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Table 4.4—n from Average Wind Speed Profiles The differences between the values of Sutton

: (Oak Ridge) and of Qak Ridge are interpreted by Holland as
. — being due to the following facts: (1) the Oak
- Day Night Average Ridge observations represent 15-min samples

of the wind gustiness, whereas Sutton’s are
. ;g :: ‘;:o“ﬁ " ’3'3 z g': g'g :: 3'; g'i z 8'2 based on 3-min values; (2) the Oak Ridge wind
10010400 ft 0.2t00.5 081009 05to0y  5peeds are much less than those used by Sutton;
and (3) the terrain at Oak Ridge is rougher.
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The lateral diffusion coefficient, Cy, has also
recentlybeen studiedby Friedman,® employing
the equation

%= &) (3]

I-n)@2-n\@ ot (4.81)

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

SOor—T— 71T T T T 1T 1

»
(o]

ROUND HILL
n =026

n=038 —
n=068

SUTTON
n=025

n=033
n=0.50

[V
[o]

HEIGHT, METERS

0.04 042 0.20 0.28 036
LATERAL VIRTUAL DIFFUSION COEFFICIENT, (METERS)#%

Fig. 4.6 —Lateral virtual diffusion coefficient, 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 = 0.006 p “2(10 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 stability conditions are
estimates only.

In confirmation of the effect of terrain rough-
ness on the lateral diffusion coefficient, Cy,
Wilkins at the National Reactor Testing Station
has found the value Cy = 0.061 at a height of
250 ft for U = 6.2 m/sec and n = 0.37. Terrain
at that site is remarkable for its smoothness.

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 suitable interpolation formu-.
lae. Unfortunately, reliable measurements of
concentrations are very rare. Some, made at
Brookhaven National Laboratory (BNL) by Lowry
et al.,’" 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, Cgz, and n, to be de-
termined given measurements of concentrations
X at various downwind points (x,0,0) 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 as follows.

For the case of y =0 (downwind concentra-
tions), rearranging Eq. 4.51 and taking loga-
rithms gives

- -
3@ x2 ") = logyy CyCy

Ol

logyg (

_ 0.4343n?
C!l xZ—n

(4.83)
This is a linear equation in certain functions of
the variables, in which Cy and C; appear as co-
efficients, say of the form
y=a+bz (4.84)
provided nis regarded as known or defined. The
variation of n is, however, small, supposedly
between zero and 1, suggesting the following
procedure: assign various values to n over (and
if necessary, beyond) its theoretical range, per-

form for each assigned value the usual linear
least-squares curvefitting calculations,and ex-.". . . -
amine the resulting series of standard errors:. -
i there is 2 minimum standard error:value

corresponding to some value of n, this value-of
n and the corresponding value of Cyand Cy aré
regarded as best fits to the data, -~ 1> 2z 2
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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
meteoi'ological conditions and cases represent-
ing stable conditions, depending on whether the
temperature difference (T, — Tyy’) lies be-
tween —1.0 and —1.4°C or is less than —1.0°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, Cy = 0,75, C, = 0.63, Cz/Cy = 0.83
(77 observations)

Eddy mean concentrations:
n=1,Cy =23, C; =5.5, Cz/Cy = 0.239
(for n = 0.4, Cy = 2.3, C; = 0.60, Cz/Cy 0.260)
(77 observations)

These values require some comments. Fig-
ure 4.7 shows the variation of the standard er-
ror of the least-squares fits 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 is
evidently bounded by the presence of the ground,
but this is not true of the lateral eddy motion.
Thus over alonger 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 is
not unlike that of increasing the stability. This
is also shown by the “coefficient of isotropy,” -
C;/Cy, 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 notdirectly com- .
parable with those determined from the defining
equations. There are several good reasons 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 muchthe same.
Even so, the parameter values derived for the
peak concentration data are not unreasonable.

5. THE RELIABILITY 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 commonlogarithms of relative concentration,
X /Q, interpretation of the standard error values
is particularly convenient. If all the variability
of the measurements is attributed to the con-
centrations, then, for example, a standard error
value of 0.5 means that 68% (one standard error
unit) of the observed X values lay ‘within 1§
times the value predicted by Sutton’s tlwory and.
95% lay within an order of magnitude. The’vo_rk'
of Holland™ shows somewhat better agr‘ eént;
however, the measured and computed concentra
tions were for relatively short (<500" meters
distances. Of course, all the variability my not-
(as has been noted) be blamed upon the' coiiceh
trations themselves; but certainly most -of it
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must be, and the measurements give some idea
of what to expect in practical applications of
Sutton’s formula. -

The point source formulae of Bosanquet and
Pearson (Eq. 4.46) and Roberts (Eq. 4.48) were
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.

_Theory
Sutton (n = 0.4) 0.497
Bosanquet and Pearson 0.534
Roberts 0.564

This result is not surprising inasmuch as, con-
sidered purely as an interpolation formula, Sut-
ton’s is the most adjustable of the three.

The above results are notdefinitive, and many
more observational comparisons need to be
made; but there is no reason to doubt that they
fairly represent the general level of accuracy
to be expected of diffusion estimates from the
various formulae, particularly in working field
conditions.
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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 may merge effluent (see Fig.
1.2), better agreement may be achieved by the
use of the continuous line source equations,
Eqgs. 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
Eqgs. 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 Tables 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,® and these are
shown schematically in Fig. 5.1, along with

WIND - . )
.z - »;‘ . ’
! RN T
} et NN Tt
\\\ r—\v‘\w ) W:\;\‘ "fju"‘ ’ ..
. R

TEMPERATURE —»

STRONG LAPSE CONDITION (LOOPING)

$ HEIGHT—

(7]

t e
R i

\

sy e .
SUR. -

TEMPERATURE —=
WEAK LAPSE CONDITION (CONING)

\ S g o ey
—
\
\
[y

"TEMPERATURE —»
INVERSION CONDITION {(FANNING)

S HEIGHT ==

(2]

f h
':_ \\ »’” N o Rt i
\
4 N rmﬁg___
¥ \
SUR. >
TEMPERATURE —=

INVERSION BELOW, LAPSE ALOFT (LOFTING)

AJ . et
A AR
\ . -

A 3o,
N AR X o
Y O A A i s . .
\ - - > N

TEMPERATURE —»
LAPSE BELOW, INVERSION ALOFT (FUMIGATION)® . -

S HEIGHT —

(7}

: : SRS
Fig. 5.1 —Schematic representation of stack gas bes- -
havior under various conditions of vertical stabﬂity.
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&

the general form of vertical temperature dis-.:
tribution causing the behavior. These classifi--
cations are mostly applicable to single and :

more or less isolated stacks. e
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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-
adiabatic (very unstable) temperature lapse
rates. The stack effluent, if visible, appearsto
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 (be-
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.

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

stack level, the effluent may travel for many
miles with very little dilution. The concentra-
tion within the stream varies inversely as the
wind speed, but the distance that it travels is
directly proportional to wind speed, the varia-
tion in wind direction, and the duration of this
type of flow pattern. Since fanning is usually
associated with surface inversions, it is mostly
a nighttime condition. It is favored by light
winds, clear skies, and snow cover. The con-
dition can persist for several consecutive days -
in winter in some climates, especially at .
higher latitudes. - o

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 following cir-
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 radlo-
active wastes that may radiate harmful.ly 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 varia.bility 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 {1

mph or less) will remove effluent sufficiently: . .
fast to prevent accumulation for most stacks ..

regardless of discharge rate. Also, slnee’ﬁls
tendency is far greater for the plume to sprn.dﬂ"
horizontally than vertically, there is- littlé:
likelihood that such anaccumulation would ¢atisé
the plume to spread downward to the grouna
long as the inversion persists. .-

The theoretical treatment of ‘diffusion ia
the most uncertain ground under these ‘condi!
‘tions. The assumption of isotropy is prohab!;m
in error, and the horizontal diffusion, altl_;om‘
much less than for unstable regimes, is 1arger:
than the vertical spread. Under these circums<:: :
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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
of 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 toinversionand 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 will prevent
the effluent from reaching the ground, diffusion
computations would not often be required. How-
ever, if the air concentration above the- inver-

sion is of interest, an approximation could be

obtained by assuming the inversion top to be an

impermeable surface and, choosing the stability

parameters appropriate to the layer above.the
- inversion, computing concentrations at the in-

version top. The height, b, in t.hls instance would

be the distance the eﬂecttve stack height ex-
. tends above the inversion top. Since the inver-
sion would not be completely impermeable,
these values would be extremely crude.

1.5 Fumigation. This condition occurs at
the time when the nocturnal inversion is being
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“height of the stack. In some places inversion

longed periods in deep layers of rndiwonﬁos :

" ‘inversion does not always break grnd\itly“!ﬁ

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 also 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 long owing
to the previous presence of fanning conditions)

. by thermal eddies in the lapse layer. The zone

of strong concentration shown by shading in
Fig. 5.1 is that portion of the plume that 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,“ using a
355-1t 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 has
been used at Brookhaven to compute exposures
from the reactor stack effluent. Concentrations
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 tumigation
concentrations is given by Holland" and is
discussed in Chap. 4, Sec. 2.6c.

The duration of fumigation conditions may
vary widely from place to place. It will depend
upon the rate of deepening of the lapse layer as
the nocturnal inversion dissipates and upon the

“lids” are known to persist for several days.
Fumigation conditions .may persist for pro- .

1t should be pointed out that the*

the manner that results in the C
is likely that in'some climatasﬁumigiﬁoq :
ditions occur almost daily, whoreu
they would occur only rarely. -

For stack planning it is well to deteriithe,ff
possible, the frequency, duration, and severity
of fumigations as well as wind directions at
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Fig. 5.Z—Scbemat1c illustration of inversion breaks. Top: type 1, probable funﬂganm; in-
version breaks from ground upward; Middle: type 2, no fumigation; inversion breaks from
top down. Bottom: type 3, fumigation doubtful; combination of types 1 and 2 or indeterminate,

Temperature recorder traces are on left; corresponding vertical distributions are on right.

the time they may occur. This, of course, re-
quires suitable instrumentation, the most im-
portant component of which is continuous meas-
urement of temperature at two or more levels
above the ground. An example of how the fumi-

gation type of inversion break is identified at
the NRTS® follows.

Temperature tracest at the time of "crbss-

over,” or change from inversion to lapse, can .

fTemperatures are recorded on 2 Brown Elect”roh‘-“

ik strip chart recorder with multipoint markings.
Note that this method would not be possible with a

temperature difference recorder such as is used for - ‘

some meteorological towers.
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be used as an indication of the nature of the
inversion break and hence as an indication of
the likelihood that a fumigation will occur. The
crossovers are separable into three types, ex-
amples of which are illustrated in Fig. 5.2,
along with schematic drawings of three stages
of the corresponding vertical temperature gra-
dient configurations.

(NRTS).

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 ¢rossover 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 very short 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 the ground re-
sists movement; thus a shear zone is introduced
at the top of the inversion layer. The turbulent
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mixing in the shear zone destroys the inversion
more or less gradually, depending on wind
speed, as the shear zone works downward. A
phenomenon similar to this was first remarked
by Durst*? (1933) and also has been observed by
Gifford® (1952). Gifford associated the dissipa-
tion of the surface inversion with the lowering
of an upper (turbulence or subsidence) inver-
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Fig. 5.3~ Looping conditions. Wind speed 7 mph. 0945 MST, Apr. 9, 1952 SUR32 s 36 38

(11

’ TEMPERATURE, °F

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 balloon
soundings and from instruments mounted on a
250-ft radio tower. The dashed line on the
temperature gradient graphs. represents the

" dry adiabatic lapse rate.

2. BROOKHAVEN WIND TRACE TYPES

A system for the classification of diffusion
conditions used at Brookhaven is based on
characteristics of wind direction fluctuations,
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surl L | { | | Fig.5.7a— Fumigat.on conditions. 0746 MST, Apr. 11,1952. Note how eddies
32 34 36 38 in the lapse layer have begun to penetrate the smoke-bearing layer, as evi-
TEMPERATURE,°F  donced by streamers extending downward from the concentrated plume (NRTS).
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* Table 5.1 —Wind Direction Trace Classifications and Related Conditions (Smith)
Angular . E Average
. width ‘Type of Stability stack-height Time
Type of trace uu-buleme condition’ wind, m/sec of day Season Remarks
. A >80 Largely Great . 1.8 09001500 Uncommon The stronger the
. thermal instability only in winter  lapse the
(convective) ' greater the
wind speed
possible be-
- fore trace be-
. : comes type B
B; 45°-90° Largely Great 3.8 0900-1500 Mostly Same as above
thermal instability - only summer
B; 15°-45° Thermal and Moderate 7.0 0600 —-1800 Any Generally as-
: mechanical instability (occasionally sociated with
_night with brisk winds
steep lapse) and moderate
i . . . iapse
(o] >15* Mechanical Moderate - 10.4 Night (or day Any Typical trace
stability with heavy " under over-
: cloud cover) - cast skies and
) neutral lapse
. e . rate
D 0°~-15° None Great 64 ‘Mostly night Any Typical inver-
stability . sion trace

as traced by a continuous wind recording in-
strument whose vane is exposed at the 355-ft
level. The five major wind trace types are il-
lustrated in Fig. 5.8. According to Smith!*? and
Singer!’! 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 355-ft level on
the Brookhaven tower. Note that in Figs. 5.9
and 5.10 the plnmes are looping, and in Figs.
5.11 and 5.12 they arefanning. Nopictures were
.made during type C wind trace conditions, but

this would correspond to the coning type plume.

The “gustiness” clagsifications offer a simple
" and economical tool for diffusion climatology
_surveys. In using the method elsewhere, how-
*~ever, the following potiits should be remembered:

1. There are pattérns of smoke behavior that
..cannot be detected by inspection of a wind di-

rection trace (i.e., lofting and fumigation).
2. More than one pattern of effluent behavior
may occur for a given “gustiness” type.

3. The traces may differ considerably with
characteristically different terrain or climate,
with different 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 and density, and nearness
of obstacles. When the effluent is ejected at

high velocity and/or is buoyant with respect to -

its surroundtngs, it may be expected to rise

some distance above the stack. K the efﬂue_ntft
. is dense or cold or contains particles: largu;g

than about 1 p, it may be expected to settle.”
Unless the effluent rises at least a short dis-

" tance above the stack top, it will often “crawl”

down the lee side of the stack. Nearby obstacles
may cause an eddy which will result in “down-
wash” or 4 sweeping downward of the effluent
plume. In this fespec‘t very short stacks or
roof vents are particularly affected, and efflu-

736 -078
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TYPE B'

‘T.T“ W

Fig. 5.8—Wind direction trace types (Singer and Smith).

ent from them must be diluted to a tolerible _
concentration level ‘before it is ejected. In an .
installation of this type, where the vents extend -

only a few. feet above the roof of a large build-

ing, smoke studies have shown that with wind
velocities above -3 .to 5 mph the effluent is
spread across the roof and comes to the ground

very close to.the building itself. It spreads

laterally along; the leeward edge of the building
in meclmnically induced eddies. The wholeé lee-
ward edge of the roof has been noted to become

a line source of smoke in a neutral or slightly ",
unstable atmosphere. A drawing of this type of

behavior is shown in Fig. 5.13.

736 079

.Several rules of thumb have evolved from

- wind tunnel studies and field investigations to
- allow for the various nonmeteorological effects

on plume behavior. Sherlock and Stalker!*® have

" found that, while effluent témperature is not =
particularly important in preventing downwash

due to eddies in the lee of isolated stacks, the

X downmh does not occur to any appreciable ex-
"-‘tent a8 long as the wind velocity does not-exceed

the stack. draft velocity. In general, the turbu-

.lence generated by obstacles will not cause -
‘.. downwash if the stack is at least 2, times the - - ..

height of any structure located within 20 stack
lengths of the stack. o
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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).

Fig. 5.10—Smoke behavior with wind trace type A (or B,) and very light winds. Thermal
eddies bring strong concentrations to the ground very near the stack (BNL). '

736 080
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[
\3

v

Fig. 5.11 —Smoke behavior with wind trace type D. Note how the plume may travel long dxs-
tances in a temperature inversion without appreciable dilution (BNL).

LR

. ‘ Fig 5.12—Smoke behavior in stable conditions. Note that the vertical spread of the plume is
: negligible but that meandering causes horizontal spreading (BNL).

. 736 081
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= /2

Fig. 5.13— Schematic representation of the effluent behavior near a building when released
from short stacks in a light wind.
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4. EFFECTIVE STACK 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-
tept involves both meteorological and nonmete-
orological 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 investigations 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 to suppress
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 several industrial 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

736 083

given by the equations

hy max = &1 Q“vs (S,l)
1+0, 43 —
8
A graphical solution tn this equation (Helmers
is given in Fig. 5.14. The maximum rise due to
temperature difference is

!1)

hy{max = 6.37¢ — 2 (5.2)
UST‘ o
where
2 -
_ 2,4 @
Z=InJ*+ 3 2 o

u? ( T ve T
J=- 0.43‘/——’——0.28 8 ‘)+1
VQvg gG g A

g = acceleration due to gravity (ft/sec/sec)
u = mean wind speed (ft/sec) '
vs = stack draft velocity (ft/sec)
Q =gas emission rate at temperature T,
(ft¥/sec)
T, = effluent temperature (°C)
T, = ambient air temperature (°C)

A=Ty,~T, (°C)
J,Z = parameters for calculating thermal rise
(Bosanquet'?)

G = gradient of potential atmospheric tem-
perature (°C/ft)

The maximum rise of the plume cannot always
be used for the height of release in diffusion
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 is g!venby

: QA
hey =AB.37g ;;,E Z

YQvs

x = 3.57 X
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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 Davidson® from
Bryant’s!? wind tunnel experiments. It does not

N T T 1T T 1 111 rrrTTtTr il

»
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Fig. 5.15—Bosanquet 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

Ah= d(?)“ (1 ’,i,;r) (5.8)

where d is stack diameter, Ah is the rise of the
plime 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 horizontal
and not the maximum height attained by the
plume. Thus the value of the rise computed by
Eq. 5.6 can be added to the stack height for sub-
stitution in diffusion equations. As might be
expected, this formula gives somewhat lower

effective stack heights than those given by the

Bosanquet formula,

Holland® found from a study of plumes from
three stacks 160, 180, and 200 ft tall that the
Bosanquet formula gave estimates that were
too high and that the Bryant-Davidson formula

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 2 tempera-
ture inversion was present. Holland’s first ap-
proximation formula for his data based on
average conditions, is .

Ah=

1.5vgd + 3x10%Qy ¢ "‘”(5 7
u i : Ve

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

Table 5.2 —Stack, Effluent, and Meteorological
Parameters for Effective Stack Height
Investigation by Holland

X-10 X-10 Watts Bar
pile steam plant steam plant

Stack height, ft 200 180 160

Stack orifice 5% 9 14
diameter, ft

Exit velocity, 45 5 M
mph

Exit tempera- 180 400 350
ture, °F

Volume emis-~ 110,000 27,200 300,000
sion rate,
cu ft/min

Heat emiasion 830,000 710,000 6,600,000
rate, cal/sec :

Wind speeds:* .
1-6 mph 4 19 69
7-15 mph 4 14 24
16-21 mph 3

Temperature 10 18 42
lapse*

Temperature

inversion*

<% Number of observations. -

pheric bressnres and’ emuent densl
effluent velocity (v,) varies conslderably‘ visﬂl
such values, however, for any ﬂxeddischn.rgo :
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Fig. 5.16 —Height that plume rises above stack for various stack diameters, effluent and wind

rate and stack ‘diameter. Assuming a specific
volume (reciprocal of density) of 12.4 cu ft/Ib
of air at 30in. Hg (approximately sea level) and
32°F, it can be shown that

_:0.962DT, _ DTy ’ computed vy
"= 4dp  @p _ (5.8) P s
where D is the &ischa}ge rate in pounds per v; “_8:09 X 10“; (cu ft/m_) -

second and Pis atmospherlc pressure ininches
of mercury. This expression is valid when the
effluent is mostly (ventilating or cooling) air,

736 (g5

-~ cuble feet per mimute, stack exst velocity ‘be:

' speeds, and temperatures. Ah/d = (v,/w)'*4{1 + (AT/T,}] (Bryant and Davidson).

as in the case of most atomic energy plants.
.- Pigure -5.17 i1s a graph of Eq. 5.8 thatmba“

used to determine the effluent velocity.
~When stack emission is known in te

where v, is in meters/sec and d is in moter"“‘
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Fig. 5.17 —Stack draft velocity for various stack diameters, effluent and wind speeds, and
temperatures. v, = 0.962DT,/d*P.

6. CHOOSING THE PROPER STACK The smallest feasible stack dlametert is'10ft;
. as determined by limitations of the exhanst

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

1t is determined that an eﬁective stack height
of 300 ft is needed to maintain tolerable ground
concentrations in the environs of a plant near’ varymvemly as d‘ 8, thus the ,m.uest feuibl“hq.
sea level that will discharge 200 Ib/sec of ef- = diameter is desirable trom the standpoint of eﬂgoﬁv"é
fluent at a temperature of 500°F (960° Rankine). -stack height ‘

36 0sg .
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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 Tg/P = 960/30 inter-
sects D/d? = 200/100 = 2 at a point where v, =
62 ft/sec. On Fig. 5.16 AT/Ts = 450/860 =
0.47 intersects vg/u = 62/12 ~ 5 at a point
where Ah/d = 14. Multiplying by d = 10 gives
Ah = 140 ft. The required stack height then is
160 ft.

It should be noted here that a frequency tabu-
lation of inversion heights may show that a
large number of inversion conditions may be
avoided by choosing a sufficient stack height.
At certain locations extension of the stack height
might avoid 80 to 90% of 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 i8 common practice to mix suffi-
cient air with the effluent to dilute it to a tol-
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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
ground concentrations are concerned, the ad-
dition of air into the stack for dilution purposes
is hardly worth while.

Dilution in the stack is beneficial in instances
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.
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Behavior of Explosion Debris Clouds

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 situation.
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 examine
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 gaseousand/or
particulates from suchanoccurrence.. 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.
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1. NUCLEAR WEAPON CLOUDS

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 which have
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 remains in
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-
cussging the debris clouds, it is possible to di-
vide the detonation of nuclear weapons intothree
classes:

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

2. Surface burst (fireball intersects the sur-.
face).
3. Subsurface burst (underwater or under
ground). -

In an air burst, theﬁsslonproductsmoi '
the most concern. Table 6.1 gives the total -
gamma activity® of these products from the. .
detonation of a nominal bomb (20,000 tons o(
TNT equivalent, 2 x 10 calories, or fission of -
1 k8 of U!”) .

After an air burst the solid materhl inthe
cloud consists of the remains of the bomb casing
and auxiliary equipment, which are vaporizedby
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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

detonation Activity, curies
1 min 8.2 x 10'
1hr 6.0 x 1¢0?
1 day 1.3x 10°
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. Ancther consequence of the in-
jection of large amounts of soil into the fireball
is that the soil particles serve as 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 gases
begins to accelerate upward, attaining a maxi-
mum upward velocity of about 300 ft/sec 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.!%!.1¢

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 10,000 ft after the cloud stabilizes.
This normally occurs when the cloud enters the
base of the stratosphere, about 30,000 to 40,000
ft in temperate latitudes. but mayoccur 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 no
surface material is brought into the cloud. The.

visible part of the stem in this case is princi~,

pally composed of a water cloud which forms in-
the wake of the ascending bubble, although sig-"
nificant radioactivity is alsopresent. For lower-
air bursts the shock wave and thermal heating .
tend to dislodge more soil 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
dust 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
ofr tower burst, on the other hand, would have a
_ -+ continuous dark column of falling dirt and de-
~ bris reaching from the ground to the mushroom
- 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
HISTORY. '

. After stabilization the subséquent configura-
tion of the cloud is determined principally by
the nature of the wind field-which moves and
diffuses 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 horizontally and vertically
and cause an apparent increase 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 appears to 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 within a radius of 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 observationor prog-

_nosis most representative of conditions atburst

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 O (a transparent
overlay may be used).

4, From O, lay off a vector corresponding to
a 1-hr movement of the mean wind in the 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 leass
than 5000 ft thick. In that event, lay off the ap- .
propriate fraction of 1-hr movement, e.g., if .

the lowest layer is 2000 ft thick, lay off 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. -
the 1-hr movement of the mean wind in the next.
higher layer; label the endpoint B. Repeat this -
process for each succeeding 5000-ft layer to -

the top of the cloud (or the base of the strato-
sphere if the cloud height is unknown). :

- 8. Draw lines from O extending through points
A, B, C, etc. In Fig. 6.2 the vector OF indicates
the direction of the resultant wind actingona

0S0
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NAUTICAL MILES

WIND DATA
LAYER DIRECTION  SPEED
0- 5000 140°* 5KTS
$000 - 10,000 150 10
10,000 - 15,000 190 13
15 000 20,000 230 17
20,000 - 25,000 250 26
25,000 - 30,000 260 30

Fig. 6.2—Example of a fall-out plot.

particle which fell at a constant speed from
30,000 ft to the surface. The point F isthe sur-
face position of a particle which fell at the rate
of 5,000 ft/hr from 30,000 ft. 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.g., the locus of particles
which fell at the rate of 10,000 ft/hr can be
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 would be between
__this line and line OABC...F).

" 7. Determine the particle sige range to be '
‘considered '(a typical density for atomic debris’

is about 3), and from the right-hand scale of
Fig. 6.3 find the proportion of each vector OA,
OB, etc., corresponding to the smallest and
largest particles considered (50p and 150u 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,
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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 for
each 7 miles distance from the burst site. ‘

The fall-out diagram can also be used to
indicate where fall-out is likely to occur at
specified times following the burst. Each of the
lines OA, OB, OC, etc., can be marked off in

. the number of hours necessary for parﬂeles to
reach the ground. For example, in Fig. 6.3,

particles which fell in 6 hr from 30,000t would

_be at F, particles which fell in 1 hr wouldhe ‘on

the line OF at one-sixth of the distance to’ P

_those in 2 hr at two-sixths the distance, etc.

Similarly the point E represents the location’ ‘of
particles which fell in'5 hr from 25,000 ft, and

_one-fifth the distance represents 1 hr of fall.

Each of the lines OA, OB, OF, etc., ca.nbe
treated similarly, and isochrones of fall-out
time after burst can be constructed.
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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. I the winds are changing with
time, a second diagram can be drawn for con-
ditions (observed or forecast) about 6 hr later
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Fig. 6.3 —Fall velocity as a function of particle size
and density (Stokes’ 1law) (USWB).

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 conse-
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
tests. ’
If precipitation is occurring at the time of
detonation, it may be assumed that a large pro-

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, as determined from.
the dashed curve® in Fig. 6.3. As a rough

guide, the average diameter of drizzle droplets

is 100 to 400 u, and rain droplets range upward
from 400 u.

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; i.e., 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-
sectories 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 geostrophic approxi-
mationt is preferable to more complex tech-
niques since it is difficult to evaluate all the
nongeostrophic accelerations £t

In the United States, with its relatively de : )
network of upper-air stations, the average ers

ror in the after-the-fact trajectory computa-

uonslstoundtobeaboutzd%otthetotallength .
of the trajectory. oy

YObtainedfrom 2 weather mapby mem of a cons
venient transparent scale that is used to estimate wind
speed.: from isobar spacing.
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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 ordinary
molecular diffusion. The extent of the diffusion
depends not only on the characteristics of the
turbulent eddies of the atmosphere but also on
the time and space scale under consideration.
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Fig. 6.4 —Lateral distribution of debris after two
days, assuming an effective diffusion coefficient of
10* cm?/sec.

As the cloud grows, larger and larger eddies
become diffusing 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 Fickian diffusion coefficient of
roughly10® cm?/sec will serve to describe the
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 only be approximated

by any simple diffusion laws. Figure 6.4 shows
the lateral distribution of debris which might
be expected at a given level a.fter two days

.4.1 Large-scale Effects. Shea.r is oneof the

lmportant factors that reduces ground concen~

trations of atomic debris at distances bundreds
or thousandsb!mﬂes!romtheemlosmﬂf”
", for example,.the from’
plosion were initially confined to a cylindri

column 1 mﬂelndiameterandSOOOfthlghaﬁd"
if the vector difference in the wind at the top ~ -
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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
that might be scavenged by rain would be only
about 1% of that which would be scavenged if
the entire column moved along the same path, .
i.e., 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 distnncea 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 lowest 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 stability;
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 sources in the
same manner that was used for stack plumes,
but there are several reasons why this is not
possible. There are no photographsor observa-
tions of such clouds made during various me-
teorological conditions; in fact no “reactor

disaster” clouds have ever occurred. It is
tempting to draw conclusions about reactor ex-»

'plosions from experience with atomic weapons,

However, the results can hardly be expected tp _
apply to the relaﬂvely low-order explosinn o{_a.
reactor. Chemlca.l ‘'warfare experimnts 3
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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
building 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 nodifference

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

() Cloud Héight. 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.
Sutton'*® 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

2(3m + 2p)Q 1/lp+(3m/2))

9CpprCla (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 explosion, Cp is 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.
. Sutton suggests that C might be about 0.45
‘(meters)”® and m about ¥, values which apply
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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,
6 = 0, — azp where g 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=1anda =10"% °C/
meter.

Machta!®! 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 “
1M 29’
Moz 8z
H= ToM 8M loge 25 (a0), + oM (6.19) -
M oz 8z M oz
where H = maximum height of the cloud

M = mass of the cloud

(1/M)(8M/8z) = constant percentage rate of en= -
trainment per unit increase in'

height - e

(A0)o = initial excess in potential tem- -

perature of the cloud over the
environment

3479z = lapse rate of potential tempera-
ture

>
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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
107° ¢cm™! and which is greater with increased
turbulence) and, second, in the potential tem-
perature lapse rate of the air. For a standard
atmosphere this lapse rate is about 3.5°A/
kilometer, and for an isothermal atmosphere
it is 10°A/kilometer. 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, cooling due to radiation is omitted,
a factor which may be highly important in the
first few seconds after an explosion. Further-
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 Zmax, the height of cloud rise at
night, use the formula

ey

— (6.11)
2cpp7% C6a
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where Qj, = heat liberated (calories)
Cp = specific heat at constant pressure
(0.25 calorie per gram per degree
centigrade)
p = air density (grams per cubic meter)
03 = gradient of potential temperature
(degrees centigrade per meter)
C = diffusion coefficient [(meters)®]; C
varies from 0.3 for stable to 0. Gfor
unstable conditions

To compute volume of cloud at Zmyx use the
formula

W = M‘ . Va (6.12)

where A6, = initial excess temperature above
ambient (degrees centigrade)
A8y = Zmax 9, 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 ;.4

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 the western
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

VA max 2.62
Aby = Aa,( )
where A8y = Zp .93 from Eq. 6.11

Zmax = Zmax from Eq. 6.11
Zg = assumed stabilization height

and (2) computing the required volume from
the relation

(8.14)
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Fig. 6.6 —Surface concentrations for release at ground level, average conditions (wind speed,
11 mph; C?, 0.033; n, 0.25). 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 puff) muitiply by the num-
ber of time units necessary to make the continuous source equal to the instantaneous source.
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Fig. 6.7—Surface concentrations for release at 50 meters, average conditions (wind speed,
11 mph; C?, 0.02; n, 0.25). Comparison with Fig. 6.6 shows that the increased height of re-
lease does not markedly affect concentrations at large distances from the source. 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 puff) multiply by the number of time units necessary to
make the continuous source equal to the instantaneous source. '

where 48, = Zmax 0, from Eq. 6.11
AO, = AO, from Eq. 6.13
VN = VN from Eq. 6.12

Although the preceding method is one of ap-
proximation only, when it is used to calculate
a hypothetical event, it is probably as accu-
rate as 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 sharp exploslon'
smoke clouds or puffs may be ejected as smoke
rings, or toroidal circulations, tha.t may rise .

5.2 Surface Concentratim or Dosages. .
and large, interest in the cloud from a reactor .
disaster is limited to the ground concentrauonl
or ground dosages. ‘The gaseocus portions
the cloud are brought to the ground levels by
air motions (diffusion), whereas particulate .
portions of the cloud may also be brought to

the ground levels by gravitational settling. .

7%
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Fig. 6.8 —Surface concentrations for release at 300 meters, average conditions (wind speed,
11 mph; C?, 0.01; n, 0.25). In comparison with Figs. 6.6 and 6.7, the greatest effect of the in-
creased source elevation is near point of release. 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
puff) multiply by the number of time units necessary to make the continuous source equal to

the instantaneous source.

STATUTE W'LES )

o

Fig. 6.9 —Successive instantaneous surface concentration patterns from a release at 50 me-
ters, average conditions (wind speed, 11 mph; C?, 0.02; n, 0.25). Isolines give instantaneous
volume concentrations {(per cubic meter) per umnit source strength (grams, curies, etc.) at
about 8 min, 23 min, and 53 min, respectively, from time of burst or release.

During periods of precipitation, collection by
precipitating elements may increase the down-
ward transport. In this section discussion will
be limited to the ground concentrations or

dosages in nonprecipitating w"e’ather, and cloud .

‘depletion by deposition on the ground will be
neglected. - ' o
Chapter 9 gives a nomogram which solvesthe

~ most commonly used diffusion equations. The

‘application of any diffusion theory in the scale
of interest, namely, 1 to 10 miles from the

source, probably indicates only orders of mag-
nitude- since there has 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 discussed here, but
rather it is desired to show how the downwind
concentrations or dosages vary according to.
some of the physical features of the finitial-
cloud and weather conditions. Sutton’s approach::
will be used in this presentation. . iv i L
Sutton’s formula yields the instantaneous :

" (3-min average) concentration. The dosage, the. .

concentration multiplied by time, may thus be::
obtained by integrating the concentration during
the time over which the dosage is desired. In
particular, the total dosage during the passage
of a cloud over an observer is of greatest inter--
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Fig. 6.10 —Surface concentrations for release at 50 meters, stable conditions (wind speed,
4 mph; C?, 0.003; n, 0.33). Comparison with Fig. 6.7 shows the much greater concentrations
or dosages, except near the release point, that occur in stable conditions. 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 puff) multiply by the number of time units necessary to make the con-
tinuous source equal to the instantaneous source.
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Fig. 6.11 —Surface concentrations from volume source at 50 meters, stable conditions (wind
speed, 4 mph; C?, 0.003; n, 0.33). Source is 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 puff) multiply by the number of time units neces-
sary to make the continuous source equal to the instantaneous source.

est, which in theory 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

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

1 Thus, if the instantaneous source emitted 6 g of
gaseous matter and if the continuous’ source concen~:
trations are based on an output at the rate of 2 g/sec,
then the dosage from time zero to infinity for the in-
stantanreous source is found by multiplying the con-
tinuous source concentrations by 3.
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Figures 8.6 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 of typical ground dosages and concentra-
tions which one may expect from the theory. It
is 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).

736

2. No wind shear.

3. Horizontal and vertical diffusionare 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 units 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, i.e., 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 from the moving airborne cloud, are of

sufficient importance to merit a separatetreat- .

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-out
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-out process, which is of greater
interest industrially, is applicable to airborne
matter entirely below the bases of precipitating
clouds. Fortunatély, 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; i.e., 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 expressed

as follows: '
1,0 T

F =3P ACp (1Y)

where p, is the density of the air, v is the ve-
locity of the particle through the air, A is the
cross-sectional area of the particle, and Cp is
the drag coefficient, which is a function of the
Reynolds number
m:ﬁfl (1.3)
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where r is the radius of the particle and u is
the dynamic molecular viscosity coefficient of
the air. Combining Eqs. 7.1 and 7.2 gives

p - 47A ReCp (1.3)
r 4

For a particle falling at terminal velocity, this
drag force will be equal and opposite to the
gravitational force

G = Vglop— pa) (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

v = 3Veglop — pa)r (7.5)
uA(ReCp)

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 as fol-
lows:

Streamline motion Cn = 24
(10 < Re < 2) D " Re
Intermediate motion . _,, 40
(2 < Re < 500) D~ ™" " Re
Turbulent motion Cp = 0.4

(500 < Re < 10%)
For streamline motion, Eq. 7.5 then reduces

to

v= vg(pe _pa)r

e (1.8)

If the parficles are spherical, the expfeésions

for V and A can be substituted, -and the result"

. is the Stokes’ law equation

v 232’%%‘) ) X))

This - equation’ would be appucabie to sbhe;‘ical
.particles smaller than about 400 u radius ex-
cept that for very small.particles, or at high

. altitudes where: the air density is very low,
the velocity would be increasedby Cunningham’s

correction 1 + K(A/2r), where A is the mean
free path of the air molecules and K is a con-
stant equal to approximately 0.86 for air.

736
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For turbulent motion, Eq. 7.5 reduces to

v = zvg - pﬂ.) (7.8)

P ACp

which, for a spherical particle, gives

v = ‘ / Brg(pe - pa) (7'9)
3p8CD .

Substituting numerical values and assuming

Pp — Pa ~ pp gives

v=77.1‘/£"_r;
pa

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

(7.10)

_ URe
- iR

v (7.11)

and assuming a spherical particle, Eqs. 7.5 and
7.11 can be solved for r

_ ‘s/ 3u’Re’Cp
32pa g(pp - pa)

The procedure to use would be to take various
values of the Reynolds number, compute Cp,
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.

In all the above general formulae for all

(7.12)

rates, there is a termAACD/V or the recipro-
cal. If the value of r is chosen such that it.
would give a sphere of volume V, the cross-.
sectional area A can be expressed as some.
factor K times the area of the circle with:

radius r. Or this factor K can be regarded as

..a correction to the drag coefficient, Cp. - For;

streamline motion (Stokes’ law) experimental

determinations with crushed quartz and coke.
show that the factor would be approximately 1.5..
Therefore the fall velocity for these irregular.

particles would be %; the fall velocity for an
equivalent sphere. For ellipsoidal bodies in
the Stokes’ law range, one may refer to Fig.
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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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Fig. 7.1 —Ratio of terminal velocity of ellipsoid with
axes a, b, and ¢ 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/cm® has been °

assumed. The two straight lines show the fall
rates calculated according to Stokes’ law for
temperatures of 0° and —58°C, which are the
temperatures used for the 10,000- and 40,000-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 strike and
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 in 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 Ranz,'** who
has summarized many of the findings to date.
Additional calculations of collection efficiencies
were made by Glauert* and Brun and Merg-
ler.

(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 tothe 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 may define a “velocity of deposition” as: -

vg = (humber of particles deposited per unit:

area per unit time) x (integrated volume con--
centration over the unit area)™!. The velocity"
of deposition, v;, will equal the fall velocity

o
)
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Fig. 7.2—Theoretical settling velocity for spherical particles of specific gravity 2.5 accord-
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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 ground,
the concentration does not change appreciably
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Fig. 7.3 —Collection efficiencies for cylindrical col--

lectors. pp = particle density, Vy = speed of particle
relative to cylinder, u = coefficient of viscosity, D¢ =
diameter of cylinder, Dp = diameter of particle (Ranz).
(1) F. Albrecht, Physik. Z., 32: 48(1931). (2) W. Sell,
Forsch. Gebiete Ingenieurw., 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 cm/sec,
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) Adsorption 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) Diffusion onto
Surfaces. This process, in a sense, is 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, may act as a sink. The availability of
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.

(b) Condensation on Grass Surfaces. 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

e ! I 1

[
l
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SV =(PpVo/1800) 20,

Fig. 7.4 —Collection efficiencies for spherical col-
lectors. Same as Fig. 7.3 except D, = diameter of
sphere (Ranz). (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 Ingenieurw., 2, Forschungsheft 347, August
1931.

ground. A theoretical treatment by Chamber-
lain, assuming the vertical diffusion of mo-
mentum and the gas to be analogous, ylelds 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 surface on
which the condensation occurs. Chamberlain
and Chadwick? reported a field experiment
which confirmed this order of mgnltude o( the

velocity of deposition.

1.3 Modification of Diffusion Formula .f.or
Dry Deposition. Chamberlain®® has shown that
Sutton’s formula for a continuous point source
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originating at height 2z = 0 may be modified to
yield the _air concentration X as follows:

N ) 2Q, - (_ 4vgx°/2)
.("'y'”’ urCyCyx2-0 nurkCy

55

z

X exp (— E!Z;Fi) (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 is8 deposited in the above
model per unit time and per unit area as

2Qyv 4v x2n
Rate of dep. = g (— _g_)

anCyC x2s ° nurC,

v
X exp (— E;;zq) (7.14)
Of interest is the settling velocity which will

produce the maximum deposition at a given
distance x from the source,

4 -n/2

- ur2C,xn
e (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 Xx), using rea-
sonable values for the ditfusiou and stability

factors, lie within the range suggested byactual

experimentation. .

A simpler procedure than the one above is to -
assume .that all the diffusing particles are

settling unlformly with a veloclty v. This ve-
locity might be determined by Stokes law, by
some other suitable formula, or by recourse
_ to observation. The effect of this settling is to
tilt the axis of the plume (from a continuous
point source) downward so that it intersects
the ground at an angle 9, where v/¥=tan g,
This. angle will be rather small, in general.
Thus we may approximate the elevation, z’, of

the plume above the ground at each distance x
downwind by

z’=h-xtan 9 ~h—x0 (7.16)
Then Sutton’s continuous elevated point source
formula becomes

(7.17)

s

, __ 9
Xy = aChx2™n exp[ Cix2-n

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 (Xx,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

Lo
Ymax = ——mm——— 7.
2e,,’6cyx2-(n/2) ( 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 source
(Q in grams).

2. EFFECTS OF WASH-OUT DURING
- PRECIPITATING WEATHER

.. 3.1 Particulate Products. There are four

- means by which a precipitation element (rain+

drop, snowflake, etc.) may act as a collector of
particnlate matter during its descent B )

1. Pa.rticle inertia
2. Interception’ ..
''8. Electrostatic attraction _ .
.4. Random molecular motion, or Brownian
" diffuston e

As a further means of preclpitation elements
sweeping out atmospheric particulate impu-’
rities, one may include the possibility of the’
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particles acting as nuclei during the process
of formation of the precipit‘\tion element. This
latter possibility at the present appears to be
too remote to warrant further attention. Of the
four mechanisms listed above, the inertia ef-
fect is probably predominant, the interception

Recent investigations into the mechanism of

_coalescence of water droplets'!’ has shown

that the flow field around a falling drop results
in other drops of equal mass being drawn in
radially behind the leading drop and then falling
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 Drops of Radius r (Langmuir)

r,Ap ]
S,u 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
2400 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  0.540

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 collectionefficiency
" 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,” in which he
attempts to spanthe 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'®indicates
that additional factors must be considered for
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 or drizzles
and on the other end with cloudbursts. An
ordinary rain might involve raindrops of the
diameter of 1 mm.

~J

operate for a distance of 40 diameters behind
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 u,
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 to whether impaction’
between particles and raindrops results in col-
lection, their experimental evidence supporting'
Langmuir’s collection efficiency appears to‘ :
indicate that collection does occur. SR

(o) Particle Interceptwn. This. means of pre-;

cipitation elements collecting aerosol particles: - .. .

depends upon the fact that the center of gravity
of the aerosol may follow the streamline around
the falling raindrop (that is, be inertialess),
but the edges of the two bodies intersect and
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collection is achieved. Figure 7.5 shows the
collection efficlency as a function of the pre-
cipitation rate and particle size. It should be
noted that the collection efficiency due to inter-
ception becomes significant only when the par-
“ticle size is of the same order of magnitude as

] | i !

—]
DIAMETER OF AEROSOL PARTICLE
OF UNIT SPECIFIC GRAVITY 25u]

l
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Fig. 7.5—Percentage of removal of particles in a
cloud according to particle size and rate of rainfall.
For SO, and I, the removal process is due to absorp-
tion onto the droplets since the vapors are water-
soluble (Chamberlain).

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-
all.!% From simple geometrical considerations
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
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the total cross section of the collector rather
than only the mid-point.

2.2 Gaseous Products. Gaseous producta
may be washed out of the atmosphere by dif-
fusion of the gas to raindrops in which they are
soluble (in a sense, the reverse of the evapora--
tion of raindrops). The problem of computing
the fraction of the gas which is washed out ina
unit of time depends on two factors: first, the
flux of the gas onto a raindrop of a given size

2.0
P T T T 01T 1]
3
51.5-—-—-
5 SPHERE
a8
=
w10 [— ]
>
é CYLINDER
2 05— —
u
w
A0
o 0.2 04 06 0.8 1.0
Dp/Dc

Fig. 7.6 —Efficiency of collection or impaction. Dp
and D. are diameter of particle and sphere or oyl-
inder, respectively.

(which depends on the rate of diffusion of the
gas into water, the fall velocity of the rain-
drop, and the kinematic viscosity of air, as
well as the concentration of the gas) and,
second, the distribution of raindrops for agiven
rate of precipitation. Results of such com-

. putations for two gases, SO, and I,, are included

in Fig. 7.5, which shows that the rate of re-
moval lies in the range computed for particles
of unit speciﬁc volume and radii of 2 and 3 u.

2. 3 Modzﬁcahon of Diffusion Formula ﬁ)r
Scavenging. “Chamberlain?! has shown that Sut
ton’s formula for a continuous point source

" originating at z =0 maybemodlﬁedtoyielﬂ '

the air concentraﬁon X as follows

2Qo Ax) -
X(x,y.2) = —YC:;r exP( )

s

zz BEREE 148
Eyfx—z.;) exp (‘ Ei—xz“i) (7.19)
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Fig. 7.7—8urface air concentration, no fall-out or wash-out, using Sutton’s formula and as-
suming: release at ground level; wind speed, 11 mph;C,,0.21(meters)!*%; C,, 0.12(meters)'*;
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.
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Fig. 7.8—Surface air concentrations modified by dry fali-out, using Sutton’s formula and as-
suming: release at ground level; wind speed, 11 mph; C,,O.zl(meters)"'; Cg, 0.12(meters)!*8;
n, 0.25; deposition velocity, 4 cm/sec. Comparison with Fig. 7.7 shows a decrease in eoncen-
tration near the center of the cloud of about one order of magnitude due to dry fall-out. Iso-
lines 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 instantaneous source. . S

The underlined term is the new factor which
results from the removal of part of the cloud
by scavenging. A, sgoportion of cloud removed
per second, is the ordinate of Fig. 7.6 and de-
pends on the particle characteristics and on
the rate of precipitation as described above.
The effect of scavenging by precipitation, al-
though superficially similar to deposition by
fall-out, is different in that the removal of
matter from the cloud is derived from the en-
_tire depth of the cloud as opposed to only the
ground level for dry deposition by fall-out.
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One may also determine the amount ofthe
contaminant which is deposited in the above -
model per unit time and per unit area as . -

Rate of dep. = —dS - ehx/u
| P arhc, a2
).( exp | — 25’,:2’!\

Of inierest is the scavenging rate (fraction ot
the cloud removed per unit time) which will

(1.30)
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A : Fig. 7.9—Surface air concentrations modified by precipitation wash-out, using Sutton’s for-

- mula and assuming: release at ground lcvel; wind speed, 11 mph; C,, 0.21(meters)!%; C;,
0.12(meters)!*!; n, 0.25; percentage rate of removal by precipitation, 6 x 10~ sec!. Com-

parison 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/sec, etc.) for a

continuous point source. For instantaneous point source dosages (due to passage of a unmit

puff) multiply isoline values by the number of time units necessary to make continuous source

equal to instantaneous source.
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Fig. 7.10—Ground deposition due to dry fall-out, using Sutton 8 formula and assuming: re-

lease at ground level; wind speed, 11 mph; Cy,0. 21(meters)i-¥; : C,,0.12(meters)*%; n, 0.25; dep-

osition velocity, 4 cm/sec. Comparison with Fig. 7.8 indicates that the area depositionis’

about one order of magnitude smaller than the surface air concentration. 1solines give ground

. deposition perunit time in units of area deposition (per square meter) per unit source strength oyl
(grams/sec, curies/sec, etc.) for a continuous paint seurce. For instantaneous point source :
depositlon (total deposition due to the passage of a unit palf) muitiply by the number of time-

uinits neoessarytomaketheconunum aoumeequaltothemstanmneou source. .

" produce the maximum deposition at a giveh
distance x from the source, which is

A=—"*
X

L

and again for the distances from 1 to 10 miles
i and for reasonable wind speeds (say 10 mph),

where w is the deposition rate (gram per square

- the maximum value for A is readily obtained
from particles about 5 p and over with rea- meter per second) for a steady source (Q in
sonable rates of rainfall. grams per second) or total deposition (gram-
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Fig. 7.11 —Ground deposition due to wash-out by precipitation, using Sutton’s formula and
assuming: release at ground level; wind speed, 11 mph; Cy, 0.21(meters)!'%; C 3, 0.12(meters)' ‘%,
n, 0.25; percentage rate of removal by precipitation, 6 x 104 sec™’. Comparison with Fig.
7.10 shows that wash-out deposition is about an order of magnitude greater than the dry fall-
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 necessary to make the continuous source equal

to the instantaneous source.

per square méter) for an instantaneous source
(Q in grams).

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
Deposition = @ (7.22)
Continuous point source:
S Q
Deposition = (7.23)

(27)% Cyﬁx( 2-n)/2

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 airborne
cloud resulting from the removal of this ma-

terial. It is interesting to note that, aside
from the hazard due to inhalation of airborne
radioactivity having a strong biological affinity,
Eqgs. 7.19 and-7.21 can represent for long-
.lived gamma emitters the conditions of greatest
hazard for locations at large distances fromthe
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 ready_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 cqncentrations (or dosages) from the
moving airborne cloud caused by fall-out and
wash-out. Figures 7.10 and 7.11 are examples

of ground concentrations due to fall-out and -
wash-out, respectively. It can be seen that the -
deposition of appreciable amounts of long-lived .
activity could present a serious contamination -

problem.
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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. Furthermore 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 measure-
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 comparabie to, or greater than, the di-
mensions of the cloud. In both cases the total
dosage is calculated by integrating the dose
rate with respect to time.

99

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 state
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 plus
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 computing air-
borne concentration which have been out!inedz
in previous chapters should suffice to inﬂicntq,
the range of possible dosages for given sourée
conditions. The upper limits of surface depo-
gition density and total external gamma dosage
can be obtained with the least uncertainty since
the space and time integrations in these two
cases render the results 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 in 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
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 flux 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

1r
Dp = (0.5)(0.64) 53~ 1 0™ Mev/m"
Po [~
x Po Xgdt (8.1)
o, xe

where DB = beta dosage in roentgens per second
Xp = concentration, at the receptor, of
beta energy in million electron volts
per second per cubic meter
p = atmospheric density
p, = atmospheric density at sea level

t = time measured from the release

I xp is given by Sutton’s formula and sea
level atmospheric density is assumed, this

leads to the “Total Integrated Dosage” (TID)
formulae of Chap. 4
K
0.64Qp exp (- Ez‘;i:;)
Dp= (8.2

7UCy Czd>™ (6.8 x 10'*Mev/m%/r)

where Qp = 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 tota.l dosage 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 computed from the
actual (not virtual) origin. Diffusion and decay
during the cloud passage over the receptor are
neglected in this formula; i.e., the dose rate
has been integrated with respect to x/u, rather
than t, from - to =, whereas t has been held
constant at d/U. This amounts to an assumption
that the travel time of all particles is the same
and equal to d/0 during passage over the re-
ceptor. The error introduced by this assump-
tion is small compared to other uncertainties
in the diffusion theory.

I Qg in Eq. 8.2 is replaced by 3Qg /3t (Mev/
sec?), the rate of release from a continuous
source, Dp, is replaced by the corresponding
continuous dose rate 8Dp/9t (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'*¢ ,

Qp = 4.8 x 10" E_(t/t;)""* (Mev/sec)

where Er = nuclear energy release in mega-
watt-seconds (1 Mw-sec equals 10%
joules)
t; =1 sec (this dimensional parameter
will be understood in subsequent
formulae) .

Thus

i W1 ey

DB(r/Mw-sec) = [(4 8 x lo“Mev/sec)(Mw-lec)"»

_hl
| X (0 84)3 g(0.21) exp (w)]
X [(6 8 x lo“uev/m'/r) :
X 1GyC, a(2-oHQ. 21)].; . :

2. EXTERNAL GAMMA D(BAGE FROM
- AIRBORNE -CLOUDS

This problem, although straightforward ln
principle, is perhaps the most involved mathe-
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matically of the various cloud dosage prob-
lems. Instructive approximate solutions have
been obtained by previous investigators under
various assumptions. Luckow, Widdoes, and
Mesler®” assumed uniform concentration in a
cioud whose dimensions were. determined by
Sutton’s formula, completely neglecting absorp-
tion. Taylor'® 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.
Fitzgerald, Hurwitz, 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 as 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, nor has any considered
multiple-scattering build-up.

In the present treatment all particles of the
cloud have been assumed to pass the receptor
with the mean wind velocity, and only isotropic
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 cloud would
be approximately the same as that absorbed

. in air. This is -the product of the time integral
“of the total energy flux, ¢ (Mev/m?/sec), and

the mass absorption coefficient, um(m’/g) The
dosage is then

Dg(Mev/g) = by J;' bat

Aasumlng sea level air density and converting

" to roentgens

1r ' .
'DG(r)-"‘BSXIO“Mev/m f ¢ dt

whe're p. = linear absorption coefficient for
gamma radiation in air at sea level (meter™).
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for meteorological problems, it can'bé rep-

The flux from each infinitesimal volume
element; dV, of the cloud would be, in the ab-
gsence of an intervening absorbing medium,
. 1‘.i;:=e£,\,

Xg dv
¢= 4nr?
’ R ,&.;-.«f‘".»;
where x; =rate of gamma energy emisbl&
per unit volume in million electron
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

[XG exp (pqar)] dV
4nr?

d¢,=

In an absorbing and scattering medium, the
flux due to the direct ray alone wouldbe further
attenuated by scattering

{XG exp [- (uy + ps)r]} av
4zr?

dey =

where g is the linear scattering coefficient
(meter”!). When the scattered radiation from
the volume element, dV, arriving at the re-
ceptor from all directions is added, the flux
finally becomes .

d6 = [BrXg exp (z— ur)] dv
4nr

where By = multiple-scattering build-up factor, .
a complicated dimensionless function of yir and
the gamma energy. K = total absorption-scat-
tering coefficient M, + ks (meter™?). u 1s about
0.01 meter™! in air for gamma energies of the

order of 0.5 to 1 Mev. 1/i1, the mean free path, °

is therefore about 100 meters in the present
application. By has been tabulated by Gold
stein and Wilkins."* In the range of intére

resented approximately by the formula -
RS S
Br=1+ur +'F

The attenuatlon factor will be denoted in ths K

f!ollowing discusslon by
Glr) = Br ex:; (o ur)
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where r? = (d - 0t + x)? + y? + 2z? 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
4he release; and U and t have their usual
meaning. Then the gamma dosage becomes

D Fe
G = 47 x 6.8 x 10'"Mev/m’/r

x_l;f"

x G(r) dx dy dz dt

f X G(x,y,z t)

Assuming isotropic diffusion, the “concentra-
tion factor” Xg would be

Ry
X g(Mev/m?/sec) = [QG{“—"‘P - ozh) ]

)
(5o

where Qg =gamma source strength in million
electron volts per second, cor-
rected for decay
z = height above ground in meters
o = Cc@t)2 /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. Z. Holland to be published elsewhere),

Dg=A [~ [Jy(a) exp (- B)]

x [ £ 6 1) dt] sds (8.4)

’ Ha
where A = 70%(6.8 x 10°°Mev/m’/r)
Jo(a) = zero order Bessel function of a

B = (8 + n)/o?

r?=(d-at)? + 8
s=J?—+_zl'

f(t) = the decay function
Qo = initial source strength in million elec-
tron volts per second

Thus the problem is essentially reduced to
the following:
1. Integrating the dosage 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 s.

3. GAMMA DOSAGE NOMOGRAMS

3.1 Power Excursion. A short-lived nu-
clear reactor power excursion of 1 Mw-sec
would result in the" production of radioactive
fission products which would emit approxi-
mately 4.8 x 10! t~1-2! Mev/sec of gamma
energy with an average energy of 0.7 Mev/
dis,'® where t is in seconds. This formula
overestimates the source strength for t <10
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 dosages are desired

and since the concomitant variation of the
attenuation factor between t = 0 and t =1 sec
can generally be neglected in the ranges of
distances and wind speeds of meteorological
interest, the lower time limit w.ll be taken as
1 sec. Thus

Q= 4.8 x 10" Qg

where Qg = nuclear energy release in mega-
watt-geconds and f(t) = t~1-3!

A nomogram for computing integrated cloud'-
gamma dosages in the case of expulsion’ to

the atmosphere of the fission: products result-

ing from a reactor power excursion has been'

developed by the following steps: i

1. Performing the time integration of the
attenuation-decay factor for a selection of
values of 8, d, and U sufficient to permit
graphical integration to two place accuracy. :It

was found that for d > 2000 meters the ratio -
of this integral to s G(s) cr' “n"‘ is inde}-' S

pendent of d and U. -
2. Preparing curves irom which the distribu-
tion factor could be computed to better than two
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significant figures as a function of (s - h)?/o?
and 2sh/o®.

3. Integrating the product: with respect to s
and computing dosages for Qg =1 Mw-sec and
for a selection of values of d, h, ¢, and @ cor-
résponding to “average” meteorological con-
ditions. These conditions and the resulting dos-
ages are summarized in Table 8.1.

103

were attached to the o 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 Products,
and Average Conditions

h, c, q, d, o, D¢,

meters n (meters)?’2 meters/sec meters meters r/Mw-sec
0 0.25 0.20 3 30 3.9 6.4

300 22 5.1 x 1072

3,000 221 2.35 x 104

30,000 1,654 3.52 x 10~7

50 0.25 0.15 5 300 22 1.96 x 1072

563 38 1.07x 1072

3,000 166 3.88 x 10~4

30,000 1,240 7.45 % 1077

200 0.25 0.10 7 300 15 2.74 x 107°

3,000 110 1.43x 1074

4,380 154 1.31 x 164

30,000 827 1.73 % 10~¢

500 0.25 0.08 9 300 12 1.57x 10~4

3,000 88 5.56 x 10°%

16,000 382 4.05 x 108

30,000 661 1.73x 107%

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 as a function of h,
d, and .

5. The height of a nondiffusing point source

of strength. Qg giving the same total gamma
dosage as that computed for the cloud was de-
termined graphically, and this “equivalent point
source height” h’ was graphed as a function of
ogand 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 a function
of h and o only, alignment nomograms for
computing ¢ from either Sutton diffusion pa-
rameters or Fickian (e.g., Roberts) parameters
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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
to about #20%.

(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 Qg(Mw-sec),
at a distance d (meters) from the origin, given
the height of rise h (meters), the wind speed ,
(meters/sec), and the Sutton diffusion parame- .
ters C[(meters)™ /2] and n, the procedure ie as
follows: ’

1. Place a straightedge through d on ‘the
d +xy scale and n. Mark the point of lnter-
section on the d '“Vz scale.

2. Place the straightedge through this point
on the d'2™™/2 gcale and C. Mark the inter-
section on the ¢ scale.
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Fig. 8.1 —Cloud gamma dosage, power excursion products (Holland).
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3. Align the straightedge parallel to the
vertical axis through this point on the 0 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
point. (The abscissa is the dosage for a 1 Mw-
sec source and a 1 meter/sec wind speed.)

be determined. Lay the straightedge through
the point on the ¢ scale representing ‘/4 the
initial cloud diameter (see Eq. 6.12 for one
method of obtaining cloud size) and follow
steps 1 and 2or 1a, in reverse, tofindx,on -
the d + x, scale, or X,/U on the (d + X,)/U scale, -
respectively. The value of xy thus determined
can then be added to the values of d for which.
dosages are desired. This addition is made
only at step 1 or 1a. The value of d used in

Table 8.2—Meteorological Parameters for Sample Cases

C, meters®/? [, meters/sec
Case 'n h=0 50 200 500 h=0 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 conditions 0.20 0.50 0.20 0.15 0.10 7 10 12 13
Strong wind conditions  0.25 0.20 0.15 0.10 0.08 15 22 30 35
Trapping (o = 0.75h) 5 7 9

5. Displace the point found in step 4 along
the lines of constant d, a distance equal to the
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/QE.

6. Lay the straightedge through D/QE from
step 5 and Qg 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 ﬂssion .

products assumed to. escape.

If the Fickian diffusion coeiftcient K is given,

the procedure is the same except for steps 1
and 2. In this case substitute step la, below,
f6r 1 and 2.

_ la. Lay the straightedge through the travel
time d/@ on the (d+xo)/ﬂ scale and K’ to de-
termine o. :

(b) Nomogrizm' Application', Virtual Source.
Since about 80% of the cloud is contained within
a sphere of diameter 4.3 ¢, X, the virtual
source correction (see Chap. 4) can readily

736 117

- were released.

- from the origin depending on the height of rige

step 4, representing the decay attenuation dis-
tance, must be measured from the actual origin.

(c) Power Excursion Cloud Dosage Varia-
bility. I o exceeds 2000 meters, 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/m?®/r using 4.8 X
10'* Qg @@/d)"* as the source strength. It
will be noted that this dosage, received by a
person at the surface, is !4 that which would be
received in the absence of the ground.

However, in this case, as well as that of
h > 500 meters, it can be seen by inspection of

. the nomogram that a power excursion of at
" least 2000 Mw-sec would be required to pro-
duce a cloud gamma dosage as largeaslrat -
any distance even if all the fission products B

-The. dosage reaches a maximum at a distanoe .

of the cloud and the wind speed. The
_for distances less than those given by the outeg
curves in the upper right of Fig. 8.1 {(d=10,
30, 100 meters) are smaller than those )
these curves owing to the short exposure: time
during the approach of the cloud at theae sm&ll
distances

It can be seen that elevated clouds beham
essentially as point sources when o is less
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than about h/5. The maximum dosage (or mini-
mum equivalent point source height) for a cloud
of given strength and elevation occurs wheno is
3h/4, i.e., when the cloud width is 3h. When o
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 ¢ at the
origin was taken as o = 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-
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ping case was designed to approximate a situa-
tion in which diffusion is confined to downward
motion, and the horizontal spread is alsoc limited
(as by a valley). In this case 0 was held to
3h/4 to maximize the dosage, and computed
dosages were doubled to take into account
downward reflection.

It will be noted (Fig. 8.2) that when h = o

increasing the volume of the initial source .

significantly decreases the dosage at small
dlstances, the reduction reaching a factor of'.'
about 12 at d = 30 meters in the stable case. .
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 3000
meters for the stable case.

Increasing atmospheric stability results ln
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 10* 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 dosages 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 =23x 10t P[t'“‘ - (t, + t)'°""] (8.5)
where P = previous steady power of the reactor

in kilowatts
= time after shutdown in seconds
ty = duration of steady operation in sec-
onds

K t, is greater than a few months, this can be
approximated by

Qg = 2.3 x 10!pt™ % (8.6)

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 integrand by a constant
(d/4)~°?! for each integration but taking account
of the shortened approach path at small 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 speed correction factor (u)~%"
was incorporated in the graph as 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
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(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 1
(meters/sec), and the Sutton diffusion parame-
ters C[(meters)®/2) and n, the procedure i as
follows:

1. Place a straightedge through d on the d +
Xy scale and n; mark the intersection on the
d(2-n)/2 geale.

2. Place the straightedge through this point
on the d2-0/2 geale and C; mark the inter-
gection on the ¢ scale.

3. Align the straightedge parallel to the
vertical axis through this point on the ¢ 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 al-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 .

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 Fig. 8:1 scales are included to per-

mit the use of Fickian diffusion coefficients or

the computation of virtual source corrections

Xo. Instructions for these computations are
given in Sec. 3.1a, step la, and Sec. 3.1b.

(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 spread of
dosages between the stable and unstable cases
{as defined in Table 8.2). In stable conditions
dosages exceeding 3 x 10~® 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/kw are found only at
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
10~ r/kw for h =50 meters; 8 x10™ for h =
200 meters; and 3 x 10~° 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 this case follow the same procedure as that
for the steady power case up to step 4, then use
the dashed curve marked KC to obtain the
dosage per kilocurie for E = 0.7 Mev and © =
1 meter/sec. To obtain the gamma dosage in
roentgens, this should be multiplied by

—0.693 d
a5 o (205839)
uT 6.7
0.70
where Q; = initial source strength in kilocuries

E = gamma ray energy in million elec-
tron volts

T = half life in seconds

d = distance of the receptor in meters

U=mean wind speed . in meters per
second

(d) Continuous Release of Fission Products.
The KC curve of Fig. 8.3 may also be used in
this same manner for continuous source prob-
lems (except for the continuous emission of
fission products as they are formed, in which
case Fig. 8.1 is applicable); substitution of the
emission rate dQ;/dt, in kilocuries per hour,
for Q; yields the gamma dose rate, inroentgens
per hour, dQ;/dt may require a further cor-
rection for decay if there is an appreciable
holdup time prior to release to the air.
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(e) Dosage Conmtours. Uf it is desired to
compute dosages for locations other than di-
rectly under the axis of the cloud (y =0),
these values can be obtained for any distance
y from the x axis by substituting /y? + nt for
h on the nomogram. Computation of a sufficient
number of these values for various distances
will permit the ready construction of isodose
lines.

4. EXTERNAL GAMMA DOSAGE DUE TO
SURFACE DEPOSITION

The dose rate 1 meter above an infinite,
horizontally uniform deposit of 1 curie/m? of
fission 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 period of time -

Dy=3x10" * xgat

8ecC curip

whnere X4 is the surface deposition in curies
per square meter. X4 can be represented as
X, f(t), where X, is the deposition factor, a

- function only of the initial source strength and

deposition parameters, and f(t) is the decay fac-
tor. Then

j;:’ Xq dt = X, f: £(t) dt

where t; is ordinariy the travel time preceding
deposition d/U and t; may be chosen according
to the specific problem under consideration.
Thus for f(t) =t"', as in the case of the

products of a short-lived nuclear enercy ex- - :

cursion, t; may be taken as lnflnity-

1 d -§.21 .

On the other hand, for f(t) =t™*!, as in the
case of thefission products of a reactor operat-
ing at a steady power for a long time,

.8
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) ; 1(t) dt = 5 [tg-" - (%)m] - (8.9)

which increases without bound with increasing
values of the upper limit t,.
“For exponential decay f(t) = e and

ft.’ f(t) dt = 1 (e~M/E _ ¢-M
d/a A

or

T (e-0.693d/GT — ¢-0.693t,/T)

0.693 (8.10)

where T ir the half life of the radioactivity.
This always has a finite value for t, = =, 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 be used.

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 sec/m} of mixed fis- ..

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 fission
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”7 curies/m? of mixed fis-

. 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 hr after
the incident. This can be compared with calcu-

lations of fall-out to estimate the skin beta

dosage.
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Graphical Solutions to Atmospheric Diffusion Problems

Because of the values that the variables and
parameters assume, numerical evaluations of
diffusion equations are fairly tedious. Further-
more, since in most cases the use of tables of
logarithms cannot be avoided, direct numerical
calculations will ordinarily produce a degree
of accuracy far 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 Pearson’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 (sta-
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 diffusion theory. Applicability and
limitations of the various theoretical treat-
ments are also -given in Chap. 4, and use of
the graphical solutions is not advisable unless

-the: user has, knowledge of the limitations

presented.
'Gifford*"*® has given an alignment chart that

-i8 most useful in the numerical evaluation of
‘any diffusion formula of Sutton’s type, and this
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graph is reproduced here as Fig. 8.1. Further-
more, formulae like those of Frenkiel 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, -
C?=0.2, and T = 2 m/sec.

Solution on Fig. 9.1: 1. Align (most conven-
iently with a transparent straightedge) x =
1000 meters, scale I, with n, scale II, locating
a point on the reference scale, R;.

2. Align this point with C?, scale I, locating
a value of {, scale IV.

3. Align the stack height h, scale V, with
the value of f obtained in step 2, on scale VI
(C.P.S. = continuous point source), locating a
point on the reference scale, R,.

4. Align this point with U, scale X, andﬂnd
that X/Q =1 x 107, gcale XII.

The light guide lines (a), (b), (c), and (d) on
Fig. 9.1 illustrate this problem. If the laterg.l
ground concentration at a given distance 'y :
from the point below the cloud axis had been-
required, the steps would be the same, except:
that instead of using h, scale V, thevn.lmr’ :
y’+h’onscaleVIwouldbeused L

To calculate the maximum concentratlna,
Xmax, find a line through h, scale V, tangent'
scale VIII, locating a point on R,. Then aligh
this point and U, scale X, and read Xmax/!
from scale XII. The product of this and the:
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emission rate is the desired maximum ground
concentration. Table 9.1 lists the alignments,
in their proper order, by means of which the
most commonly occurring diffusion problems
may be solved. Points on three scales are
aligned at each step; two of which are known,
either from the conditions of the problem or
from a previous step. The unknown quantity
in the final step is in each case the quantity
desired. The mathematical considerations in
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find the eddy peak concentration (for looping *
conditions) 'as défined in Chap. 5. Obtiin'the -
value of {, scale IV, i.nthcsumway(atepol
andz), but use (x’+n’)‘/' msteadotxlfthele
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#

{ Table 9.1 — Program for Solving Meteorological Diffusion Problems on Fig. 9.1t

table bow to solve probiams Dot appearing spectfically ta 1. In particular, the sourve strength, Q, can obvicasly be found by the -

mdmhﬂbnmﬂoumubdvﬂhhomm7.uvu-nob~rvdxndAMx/Q
thmrw-hnduuonulﬂplubythmformwmm ) )

1 The symbol (t) means *‘find a tangent to.’’
1 A problem of this type is given as a text example.
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Necessary alignments
{symbols refer to cor-
Sourvce type Equation Quantity sought Symbol responding scales, Pig. 9.1) Remarks
- Instantaneous 4.383 Ground conoestration L P R, -H-I; R,—IV-IN; Use P = x3 + 2, scale
point source XI-IX~VI VE(D
at the ground 4.368 Conoentration at a beight b X(y ) R, -N-§ R, -IV-III; Use? =xteyte i,
- X1-IX-V1 scale VI;(1)
N Instantaneous 4.368 Ground concentration Xixy) R,-0-L R, -IV-0L; Use P =xd+y + 1,
elovated point Xi-x-vi scale VI;(1)
. source at & 4.63 Distance of the max. [ . Ry—()IX-V; R, IV -I00; s
S height h ground concentration R,-T1-1
. 4.64 Max. ground concen- Xnax X-)x-v ]
tration
4.50 Integrated ground B, ~lI-I; Ry -IV-1III; Cf. text
concentration Ry~VII-VI; X11-Rg -X
- Continuous point 4.5 Downwind concentration X(x,0) R,-O0-L; R -IV-III; 1
source at the at height b Ry~VIII-V; XII -Ry -X
ground 4.50 Ground concentration at X(x,y) Ry-lU-L; Ry ~IV-TI; Use h = y, scale V; (1)
lateral distance y Ry-VIII-V; XII -Ry -X .
from cloud axis
4.50 Concentration at height Y(x,y) R-O-1; R -IV-II; Use P = y' + b, soale
h and lateral distance Ry~VII-VI; XII -Ry —-X VLI (D)
v ’
Continuous 4.50 Downwind ground X(x,0) R, -I-1; Ry -TV -IIT; t.1
elevated point concentration Ry -VIII-V; XII -Ry -X
source at a 4.66 Ground concentration at X(x,y) R,-I-I; R, -IV-1I; Use 8 = 3! + I, scale
height b 1ateral distance y Ry—VIO-VI; XII-R; -X v (D
from cloud axis
4.65 Max. ground concen- X max Ry-()VII-V; XII -Ry X [ ]
tration
4.50 Distance of the max. [ . Ry—()VIII-V; R, —IV-III; t
concentration © Ry-O-l
4.50 Distance downwind a x X1l -R,-X; Ry ~-VIIl -V; Two values of { are
given concentration R;-IV-II; B, -0 -1 defined by the 3nd
- will occur alignment, which
leads to two valuss
of x
4.50 Distance from cloud y R,-1I-§ R, ~IV-II; Uy =P -Mow
R axis y a given con- XI1-R;-X; Ry-VII-V1 find y
centration will occur
4.50 n, given the downwind a Xl -Ry ~-X; Ry—-VIII -V;
concentration Ry-IV-II; R, -0 -
4.50 n, given the concentra- B Xl1-Ry-X; By ~VIII -VI;
tion at a lateral dis- Ry-IV-IO; Ry -1 -1
tance y from cloud axis
4.50 C?, given the downwind XI1~Ry —X; Ry—VII -V
concentration R,-0-§ R~-IV-I
4.50 Cl, given the concentra-  C? XII -Ry ~X; By —VHI -VI;
tion at a lateral dis- R -0-L R -IV-Im
tance y from cloud axis
Continuous in- 4.53 Downwind concentration X(x) R, -II-1; Ry -IV-II; t
-finite cross- at height b Ry~ VII-V; XHI -Ry ~X
wind line source R
.1 at the ground . o o S
.. Continuous - 453 . Dowmwind ground con- Xx) Re-0-5 By -IV~-II;
infinite cross- centration . , R, -VI-V; XIN -n,-x
wind elevated 4.68 Max. ground conocen- X ez l.-chl-V; -n,-x :
at a height h 4.67 Distance of the max. [ - . Rg— (t)Vﬂ-V;l.-N-llla, -
concentration ’ R -0O-1
4.53 Distances downwind a x XII ~Ry-X; Be ~VI.-V;
given concentration - Ry =TV R~
- 4.53 B, given the downwind' »-
. cooosntrstion. - -
4.53 C?, given the downwind c -
\ concentration : - l.-l!-l:].—l'—ll'
- 1 Many other pr ) can be. sol ‘mlwmh_hnoamnvﬂlbw!mthm-ﬂuh




114 METEOROLOGY AND ATOMIC ENERGY

differ 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 (fit + xo) instead 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
Fig. 9.1. Since Sutton’s equations are related
to Robert’s, if n =1 and

C:x%™® = 4—55 = 4Kt

where C2x22=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 II and for C? to substitute (4K/6) on
scale III. ‘

Certain of une 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

Q ( z?
= —exp |~ ————
X 7Cy C gix2 8 Cix?™®

Thus it is only necessary to obtain the solution
to Eq. 4.50, using C? = 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 Egs. 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 maximum deposition equation
(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

has been included in this chapter as Fig. 9.7.-

1.4 Maximum Concentrations from Continu-
ous Point Source., Figure 9.2 is an alignment
chart for finding X max from a continuous point
source which is more convenient for this pur-
pose than Fig. 9.1. The precedure is as fol-
lows:
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_RC
Xmax ~ geth? Cy

1. Align U, scale I, with h, scale II.

2. Find a perpendicular to this line through
Q (units per second), scale IV. I isotropic
diffusion is assumed, the value of yi,., which
this locates on scale III is the required one..

3. I nonisotropic diffusion is assumed or if
the Brookhaven wind trace types are used (see
Chap. 5), align the point found on scale III with
Cz/Cy, or am, scale V, and read xpax, 8cale

"VL

The Brookhaven standard values for a'm for
type A, B, C, and D.wind traces have been
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 C?, scale II.

3. Find a perpendicular to this (conveniently
by sliding an ordinary drafting triangle along
the straightedge) passing through P (percentage
of central plume concentration), scale IV, and
read 2y, or z¢.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 2y, =
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
sxtended values may-be obtained.

For h =100 meters, n = 0.25, and T =10 m/
sec, C = 0.094. :

4. INSTRUMENTALLY DETERMINED DIF-
FUSION PARAMETERS

4.1 Stabilify Parameters. The stability pa-
rameter, n, can be solved by Fig. 9.5, given
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Fig. 9.3 —Nomogram for solving Sutton's cloud height and width equations.
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Fig. 9.4 —S8utton’s coefficient of diffusion {C) as 2 function of source elevation (h), stability
(n), and wind speed (u).
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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 i8 an
alignment chart for evaluating Eq. 4.79, from
which diffusion coefficients can be determined
from the oscillations of a wind vane. The
procedure is as follows:

1. Align @, scale I, with n, scale I, locating
a point on Ry.

2. Align n, scale II, with 05 (standard de-
viation of vane oscillations) scale IMI, locating
a point on R,.

3. Join Ry and R,, and read C} 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.)
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5. DEPOSITION

Of considerable interest is the maximum

deposition that will occur at a given distance .

x, for a constant rate of fall-out or wash-out. . ‘
For dry deposition the equation is S

Qqn 1

[ T e— e
dry max” o e Cyx(2-n)/2

and for wash-out deposition

Q. 1

wra.ln max ~ t‘he ny (2-n)/2

.
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. i
Figure 9.7 can be used to solve the above

equations by the following steps: '
1. Aligning x and n and marking a pointon R,
2. Aligning the point on R with Cy, and read-

ing the resulting value of WR max- To obtain .
the dry deposition maxima, compute WR maex 80d -

multiply by n/2.




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
may deem necessary... {(3) to govern any ac-
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
are as yet imperfectly understood; it is being
developed at an unprecedented rate without
benefit of the years of experience gained in
other large industries; ... and it promises to
be vitally important in the future of mankind.
All these reasons justify a resolute effort to
keep it a safe industry for its workers and its
neighbors.”

As 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 hazards resulting from planned routine
release of radioactive material to the air.

Many reports of this type have been prepared
in the last few years for review by members
of the AEC and the Advisory Committee on
Reactor Safeguards (formerly the Reactor Safe-
guard Committee). Meteorological material has
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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 down
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 hazard
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 hazard 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 hazards 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 should be
integrated to whatever extent is necessa.ry
into the entire hazard analysis. Obviously,:a
health physicist and a reactor engineer. wm
have to provide much of the requifed ‘

tions, dosages, or amounts ot de
be used to advantage. :

The worst possible dlffusion sitnation, al-
though not necessarily the maximum haszard,
results from a ground release of contaminant
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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 may 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-
quired 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 hazard” 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 persons. In
this connection it may be necessary to con-

sider and compare hazards from external gam-. -
ma and beta radiation to 'the problems of in- -

gestion and inhalation of radicactive products.

Perhaps the -practical approach is to take .
--several possible cases that are representative -
‘but pessimistic and discnss them with candor.
The choice of diffusion parameters for solv- -
ing specific problems should be consistent with - &
the meteorological conditions under considera-

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
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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 conditions rarely
occurs. Similarly, the combination of -poor dif- -
fusion and strong winds, which might quickly « -~
transport the cloud to an important area before
there is much radioactive decay, is rare.: '~

Simplifying assumptions with regard-to_ the
release of material, the shape of the cloud, and
initial concentrations within the cloud are usu-
ally necessary, but for the sake of additional )
safety it is desirable that the assnmptions err:
on the pessimistic side.

Reports may be -prepared which have to
serve as a site and reactor proposal as well as
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 will often be
found that averages of the various elements
mask important anomalous conditions - (e.g.,"
persistent inversion conditions). These can be
treated separately when they relate to ﬂle'
problem under consideration.

The basis of the meteorological estimates
the tabular data, should be kept available for
review and use. Experience has shown that:
routine program of analyzing and summarizing
the meteorological records as they become

given most attention .
1. Whatwmbethenatnreotther T
cloud before the diffusion begins?_
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a. From where will the cloud -enter the

atmosphere ?
(1) A stack?
(2) Building openings or outlets ?

_ (8) A demolished building or enclosure?

b. What will be the type of source?
(1) Instantaneous ?

(2) Continuous ?

c. What (and how much) radicactivity may
be released? (If the source is not in-
stantaneous, give rate of emission.)
(1) Fission products (mainly short or

long-lived)?
(2) Irradiated material ?

d. What will be the physical composition
of the cloud, especially with regard to
particulates which will fall 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?)

What are the meteorological conditions

chosen for estimating the effects of dif-

fusion?

a. Wind speeds ?

b. Diffusion parameters?

How will the cloud diffuse in the atmos-

phere ?

a. In the case of the instantaneous source.’

(1) What will be the approximate:di
mensions of the cloud at various

distances ? What will be the changes.
in concentrations near the ¢roundns ¢

it moves outward from the: lource
(2) Assuming no ra.dioactivedeca :
will be the maximum groundeoneen_

trations along the line traveroed by:

the center of the cloud ?

(8) Considering wind gpeed, how'vlll
radioactive decay affect doaages ‘at -

the ground?

6. What are the significant motooroloclul

b. In -the case of the continuous point
source. (The treatment may be similar
to the instantaneous point source ex-
cept that exposure might be figured on
the basis of the duration of the emis-
sion rather than on the tune requlred
for cloud passage.) :

4. How significant is fall-out and the scav-
enging action of precipitation? ~
a. What will be the hazard from particu-

‘lates at various distances as the ra.dio-
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?

d. What will be the ground deposition?

(1) Due to fall-out?
(2) Due to the scavenging action of
precipitation?

5. How representative are available meteoro-
logical data? .
a. What is the period of record? (At least

5 years of data should be considered,
if available.) .

b. If the observing station is not onnthc‘ B

site, how does its location differ. from i
that of the site? .

c. What significant differences, it any,
exist between meteorological conditions
at the observing station and the llt;

conditions?
a. Wind.
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(7) Will a trajectory away from the
site rise, descend, curve, or follow
a straight line because of topog-
raphy?

. Stability.

(1) What is the frequency of unstable
and stable conditions?

(a) Annually?
(b) 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?

. Precipitation.

(1) What are the normal monthly and
annual totals, and what extremes
have occurred?

(2) Are there significant variations?

(a) Seasonally?
(b) Diurnally?

(3) What is the monthly and annual
snowfall ?

(4) What are the greatest amounts of
precipitation recorded for various

time intervals, such as 1 hr, 1 day,
etc.?

(5) What is the average duration of
precipitation?

(6) What is average duration of -the
intervals between occurrences of
precipitation? S

d. Severe weather.

(1) What are the posslbmtles ofﬂoods?

(2) What are the possibilities of wind
storms (i.e., severe thunderstorms,
gusts, tornadoes, and hurricanes)?

. Miscellaneous (where significant for

special designs).

- (1) What natural atmospheric dustiness
conditions prevail?

(2) Do rapid temperature changes occur
which might make automatic cont.rol
difficult?

. Are meteorological conditions taken tnto

consideration in the scheduling of opera-
tions? Are adverse meteorological con-
ditions being avoided by scheduling with
respect to seasonal condition, time of day,
etc ? Will scheduling be done on the basis
of climatology, forecasts, or the actual

weather conditions as observed at the
time of the operation?




Meteorological Equipment and Records

The meteorological equipment and techniques
of particular interest in 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. Only by orderly
tabulation and proper summarization can this
information be reduced to a meaningful and
digestible form. A sound analysis program is
required if one is not to be faced with thousands
of feet of wind record and reams of tempera-
ture values, all comparatively meaningless
until condensed into the appropriate averages,
frequendies, or correlations.

Included in this chapter are soxhe of the
special meteorological record forms and sum-
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.at several of the larger AEC sites

maries which have proved useful in the prepa-
ration of diffusion climatologies.

1. EQUIPLIENT

In the early stages of the development, both
of the atomic energy industry and the applica-
tion of rmeteorology 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 instru-
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 instruments
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. v

The following description of instruments; and
installations is not exhaustive; the bas '
quirements of meteorological lnstru'me,_
are well known, and only the m
techniques will be described here
ment described has been utilized gucces

represents field-tested techniques;
by manufacturer’s name, of .1
ments is for illustration only &
every instance other sources of supp
performance dre available. .
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title of “micrometeorological network” and is
here used to refer to automatically operated

weather stations strategically placed through-.

out a plant site. These stations usually meas-

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 ls

likely 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 with a
hand operated aspirating fan. The shelter at
Oak Ridge, shown in Fig. 11.2, also contains
wind recording ¢ Juipment. »

A cc.apletely electrical wind ., stemn is more
easily installed and maintained, but suitable
power lines are not always available at mitro-

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.3:* Another type called
the Aerolog (Friez Instrument Division Bendix

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 installed, pens inked, etc.

On the ‘second, instruments are checked.

The number of micro-net stations is deter-
- ‘mined by the size of the area of interest, the_

irregularity of terrain,’ the accessibility of 1o
cations, and the® amount of meteorologied

formation - ‘available from other aources I

some lnstances atr flow .has beal shldt

leys, or in among trees and other vegetaﬂm.

Micro-net ‘stations are by no
nent. A micro-net station may be take out
service when condltions _at the ‘location:
satisfactorily understood in’ ‘terms ol “cop

tions at the central weather station, or } i may
be allowed to remain because of its usefulness
in connection with a radioactivity monitoring
program. Frequently micro-net stations have
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~this type of tower, which is basically a- com

-ings and other-obstructions.

obtained from two levels where aspirated:e

radioactivity monitoring instruments installed
and :the maintenance of the station is a joint
.responsibility of the health physics and me-

~.teorology offices.

“With or without micro-net stations ,hny atomic

,;_energy area with a meteorological’ program

requires a centrally located, permanent me-
teorological station with excellent exposure for

" “4nstruments. This station serves as the control

ppoint for the micro-network and will provide
the long series of records needed for rigorous
climatic studies.

2. METEOROLOGICAL TOWERS

For the continuous observations of the vertical
gradient of temperature and wind that are
necessary for diffusion estimates, a tower or

-pole is required for supporting the instruments.
"The first meteorological 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 purposes. . -

The later Brookhaven tower was modeled after
this facility. Since such special installations -
are quite costly, an attempt is usually made to
adapt existing structures to dual purposes or
to provide acceptable but leass expensive instal-
lations. Figures 11.3 and 11.4 show the radio
tower used for meteorological purposes at NRTS
and a high pole used as a tower at Oak Ridge.
The NRTS tower is conveniently located with
respect to the weather station in which .are
housed the recording devices. Its height is 250
ft, the identical height above ground as the tops
of the tallest stacks. For most industrial sites, -

ercially avaﬂzble, prefabricated

The temperature data from this tower
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Fig. 11.1 —Typical micro-net station at NRTS with wind, temperature, and .preciplt_ation
measuring instruments.

. b .

Fig. 11.2— A micro-oet station at Qak.

- 736 14p
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Fig. 11.3—Meteorological instrumentis installed on.
a radio tower at NRTS, Amwshd:catethernohn

easily be built in 2 small workshop. * ,.- * S ements

o 3

Several meteorological towers, outstandtngly within cylinders, .

the towers at Hanford,!* Brookhaven,” andthe 80 that radiation from the ground will M ”4?‘55@
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: COMPLETE
AEROVANE
TRANSMITTER

trate. A close-up of such shields extending
down from the ends of beoms on the Brook-
haven tower is shown in Fig. 11.8.

A tower installation for research such as
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 facllities.
The towers are equipped with two-men eleva-
tors as well as ladder systems.

The instrument panel at Brookhaven is shovn
‘in Fig. 11.10. [From right to left on this panel
" are two temperature recorders, two tempera-'

“nism which permits the charts to be operawd
"at the normal speed or high speed, and 14 twip.
Esterline-Angus wind recorders. Next ‘to the " a
panel board is a wind vertical gradlent re- .
corder developed especially for Brookhaven and
constructed by Bendix Friez. Adjacent to it is
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“rawindsonde), which 1is -used by the Wuﬁer
" Buredu and by the military. ‘weather - servleés

- Also, existing" electronic -sounding ‘@ .
- 18 not designed for efficiently obtainlngmv
low levels as required in air pollution studies:
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Fig. 11.6 — Instrument panel at NRTS central weather
station, showing two wind recorders, microbarograph,
and the electronic temperature recorder.

tation. (Ordinarily, with a single theodolite the
balloon is aséuxned to rise at a given rate; but
vertical currents, particularly on a hot day,
can change the rate considerably.)

The disadvantage of ordinary pilot-balloon
observations is that they cannot be made when
. visibility is - ‘poor, and single theodolite obser

vations cannot be made during precipitation
In addition, soundings. are terminated as :bal
loons enter clouds ‘and‘are carried-out:of 8

by strong winds. Electronic eqrﬂpmen

B

overcomes these disadvantages but is veryy,_,
pensive for' routine use at- lndustx-i_nl? '

Upper wind soundings are primarily of in-
terest where forecasting may be required or
where it is desirable to correlate local ‘wind

736 143

' matlon on 1oca.l air trajectorles’
: conditions L

conditions with the flow patterns on upper air ‘
charts. Such sounding data may also have cli-
mtic significance where there is the pos- -
slbl;lty oi'eﬁeouve stack heights consldernbly S

4. TEMPER.ATURE SOUNDING EQUIPMENT

Lo
.,

4.1 Wzresondes. Not all atomic energy ta-
cilities require a meteorological tower, and
only a few should ever ‘require a sounding
program for obtaining temperatures and winds
above the top of a meteorological tower. Blimps - -
have been used to lift ceramic resistance-tem-
perature elements (thermistors) to elevations'
up to about 1200 ft. Average sounding heights
range from 700 to 800 ft. .

With all tethered blimps, ‘the lift tncreases'“
with the wind speed. Blimps tend to fly almost
directly overhead in very light or in strong -
winds but at a lower angle in moderate winds. -
A blimp holding 600 cu ft of helium has been -
found to give the best all-around performance o
at NRTS, which is nearly 5000 ft above
level.

One or two observers per vatch are
cient for an observational program in¢
soundings. With suitable equipment, such
mooring -mast and track (Fig. 11.12), 0

avold- !nhn-y %0 ‘persofne) ‘Hhd i
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SUPPORT ARM—-

‘RAIN SHlE;D-)
D ¢ A

e ; BLOWER .
AIR DUCT : A .

* THERMOMETER PROBE

- 0
N o o INNER SHIELD
~ POSITION OF
" PROBE SPACER
COMPLETE 7 ;
ASSEMBLY DOUBLE-OUTER SHIELD

- STUFFED WITH SPUN-
"GLASS INSULATION AND
WRAPPED WITH REFLEC-
TIVE ALUMINUM SHEETING

DOUBLE SQUIRREL CAGE
WITH STAGGERED LOUVRES
TO PREVENT DIRECT SOLAR
RAYS FROM STRIKING INNER
ASSEMBLY .

|

BOTTOM VIEW
WITHOUT BOTTOM
PLATE

lollowtng precautions are uken- (1) no .ound
ings are taken beneath, or-near, dark turbnlant
. clouds; (2) the universal pulley which guides
the cable trom the winch to the balioon:1is:
grounded; and (8) the bumpisgromdodbetore
it is touched if it is suspected of being charged.
 For some special observations, when a tower .
is not awailable, it may be feasible to secure &
blimp with multiple tethers to hold an instru-.
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Fig. 11.8 —Instrument booms on the Brookhaven tower.

METEOROLOGICAL EQUIPMENT AND RECORDS

pivoted and drawn into the platforms for servicing (BNL).

Thermobm shields are below the
ends of the booms. Three Aerovanes are also shown. The counterweighted booms can be

GRADIENT

MATCHED

LEVEL

THERMOHM

150’

*

AEROVANE | oo aNE | THE Rmorim | THERMORM| LEVEL
* * * * 440
* - - * 355
* - - *

STACK 355'
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| Fig. 11.11 —NRTS pilot-balion station. .~ - - = o
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soundings are required and captive blimp equip- : .
ment is not available, airplane soundings may  curacy. Modern temperature meunrﬁc toch-
be used. A light aircraft with properlyinstalled - niques use -potentiometer recorders
temperature measuring equipment can operate mocouples or servobalanced Wheatstone
very effectively. An airplane can obtain sound- with resistance bulbs. Bothsystemsare
ings under windier conditions and, of course, of accuracies of 40.1°F when properlyd
can reach higher elevations than the blimps. and properly used. Resistance thermomtqu”,
Another method worthy of consideration is the give trouble-free operation and are desirable 7
use of helicopters.!® for many industrial observational programs::.

Radiosondes are probably not feasible for a A commercial resistance thermometer element
routine sounding program at an industrial site. ~ will retain its calibration indefinitely, and the
Since both the transmitter and balloon are ex-  response characteristics which, in practice,
pended, the cost.of soundings is likely to be are slower than for thermocouples are a¢
prohibitive. Also, a radiosonde is not designed - an advantage in many applications. (For
to give the detailed low-level information re. . meteorology measurements of temperatur
quired for air pollution studies. Nevertheless ference resistance bulbs chonld be
radiosondes can be modified as has been done )
by Gifford"™ and can be used in a limited way
in snrveys ‘of short. dunuon SRS

B3y

power is -available and where t.ecunclu d :
42°F and 5% relative humidity are satisfactory, fétences in ‘n-a.mnnnm
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' .The most important factor affecting the ac-
mncy of temperature measurements is the
monre. Much experimental work has ‘been
;dons in. this field to arrive at a satlsiactory
= M for a resistance: bulb, thermocouple,
i M-in-ghn thermometer, which will
nM»J“ radiation and which will not change
the. mmodmwwmltum
¥ Al .nearly every investigator has worked
)0n design. The small mass.of a ther-
etion; is 3 factor which makes adeth

'mmnmsumum 1.7, An

- WRCMBTESROLOGY AND ATOMIC ENEROY

mdmupum-ummeu
'ﬁonum 11.13. The outside shield is of

} of standard desun 8o that preeise tem-
» measurements may be compared. Giil’s

~ aspirator and shield, if ventilation were fur-
"nished by an individual blaver. seems to be
very sound.

5.2 Thermistors. In addition to .ewnered

blimp temperature soundings, other uses have
been made of radiosonde type thermistors.
The output can be linearized by using the out-
put of an unbalanced Wheatstone bridge to

compensate for the nonlinearity of the ther-
mistor element. Adequate design information
for this type of circuit is given by Beakley.’
A mobile indicator using a linearized ther-
mistor is described by Myers.*

The stabllity of thermistors used in the
regular radiosonde instruments is quite good.
A group of 10 were calibrated at intervals of
8 months, and there were only two which had
shifted by more than 0.2°F.

5.8 Low Speed Anemometers. 8Since very
lJow wind speeds may be of prime importance
at many sites, the conventional generator-
anemometer, whose ' starting speed is about
2 mph, may not be satisfactory. This diffi-
culty has been overcome by such instruments
as photocell and. bot wire anemometers.

Beckman and Whitley, Inc., 8an Carlos, Calif.,
have produced for the commercial m.rket a
light-weight plastic cup anemometer,'™* using
a photocell transducer to reduce drag and a
mr-dischrger relay type !reqmcymo-
ter to smooth tho output of pulses. The in-

. - strument appears to be well designed and is
" __available in a-¢ or battery powered modsls.
~.The. starting speed of the anemomster is 0.8

A. photocell anemometer developed at Oak
Ridgs is a coaversion of a standard Navy type




METEOROLOGICAL EQUIPMENT AND RECORDS 137

12" LENGTH OF 15 0.0. x §' T o

FROSTED PLEXIGLASS TUBING 6-32 CENTERING 86RE'§

5"x6" x 9" METAL BOX
WITH COVER GASKETS

IRON CONSTANTAN

12" LENGTH OF 3" 00t {' T L €
ALUMINUM TUBING THERMOCOUPL

OUTLET FOR
\ LEADS

7\

|}~ water BoTTLE

RUBBER JHEMOCOUPLES

GASKET WET DRY
= SIS IITIIIS i R
=31~ T —RUBBER

4 BOLTS — $h— CENTERING

EVENLY #—BI—\ STOPPER SCREW

SPACED jI=- M=

HHO v POWER PLUG
TO BLOWER MOTOR

POWER PLUG
SECTION A-A
cC ¢+ 2 3 4 5 6
lowad |1 |
INCHES
FASCO
NO. 50745 INTAKE SIDE
BLOWER OF BLOWER
e 4
EXHAUST OUTLET
SECTION B -8

Fig. 11,14—Thermocouple psychrometer aspirator
unit.

conical cup anemometer (Instruments Corpora-
tion, #428), which replaces the gearing and
contacting 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 in the center tap lead. Holland
and Myers® and Gill® have used these afr-
meter instruments with considerabie success.
“In" the former case linear recording was ac-
complished by utflizing a tapped slide wire in
“the potentiometer recorder. Gill photographed
= panel of meters at minute intervals w*eb-
tain records. TR

A similar type of work has been dofe by
Stewart and MacCready'* in linearizing the

736 149

— MUSLIN WICK THRU GLASS ]

TuBE SECURED, TO "weT” u
tA

THERMOCOUPLE LEAD

‘Enghnd tor ue mthe claeslc#

Hwov 'Pdvza LY ¥
TO BLOWER MOTOR .-

BLOWER -
EXHAUST o

output of a hot wire anemometer by an unalogue
circuit using biased diodes. i SARS

Further efforts are needed to produce In
instrument which will have both the -excellent
low speed characteristics and stability:of the
Hastings thermopile and a linear output'ior
remote recording. SR

A summary of the capabilities of heated
thermistors as anemometer elements has bééd
given by Gerhardt, Jehn, and Staley.®

5.4 Bivanes. The general principle
vane mounted so that it can rotate about:both
the vertical and horizontal axes is quite simple, "
but the actual production of a fast-responsé
light-weight vane which is suitable “for -ci
tinuous operation and for remote record!ng
a difficult problem.

The bivane dates back to 1927 when
Taylor used a light-weight instrument
structed by W. H. Dines. The ‘design:'W
proved, ‘and the Porton vane was P
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improved design in terms of their response
and aerodynamic characteristics.

6. TELEMETERING
in the course of the extensive survey of the
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’s® 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. Additional print-
ers could be connected with no change in the
equipment, using normal teletype communica-
tion facilities. Some experience had beengained
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 line. The union of the
digital converter and the stable d-c amplifier

to cover. the range trom 9 t0 /99.7% relativ

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 de-
veloped at Oak Ridge. It is heated to 40°F in
the winter to prevent freezing and holds 1 in.
of rain. It automatically dumps when 1.00 in.
has accumulated and is also dumped at mjd-

" night to provide daily totals.

A provision has been made to punch IBM
cards automatically after the system has been
in use for a long enough period to prove its
dependability. The final automatic data system
aimed at will 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.

7. CALIBRATION FACILITIES

7.1 Temperature and Relative Humidity. One
of the operations which is essential to success-
ful micrometeorological measurements is pe-
riodic calibration checks of the instrumentation.
A well-gtirred 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 may be obtained
by circulating air over various salts. (The
Handbook of Chemistry and Physics, Chemical
Rubber Publishing Company, lists suitable salts

made possible the assembly of a system which .-

performed the function originally desired. In

the period that followed (1950-1952), opera- .- ing
tional experience with the Manning, Maxwell,

and Moore “Microsen” amplifier was accumu-
lated; and appropriate transducers were de-

signed and tested for an industrial network.

At the present time a system is installed :
the Weather Bureau Office at Oak Ridge ! which
will be the permanent data collecting system
for wa. area. This “Weather Information Te-
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“cialized instrumentation in the field of mic:

meteorology is found in the work




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 ‘conventional manner; or with a time-lapse
motion plcture camera (a.s at Brookhaven and
Argonne National Lnboratory), the following
techniques - have also been. employed or are
under development ’

1. Concentrations have been mensured vlth
photoelectric light-ecatterlng meters _or den-
sitometers. 4%

2. Concentratione are estimated by a nnoro-

.metric technique whereby ofl fog, which is of

itself fairly fluorescent, is eampled 'tth [
transmission tluorometer.

3. Fluorescent particles have been releaeed
at a controlled rate and collected either on
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Fig. 11.15—Temperature calibration equipment used for meteorological instruments at Oak

_Crozier and. Beely, ’

'oibnckgroundrendingeduetorehtive

with fluorescent particle behavior.'
concerned with national detenee a.nd are

"ment and techniqnes are available in
Perklne al.;

‘difficulties ‘are encountered ‘in its use

undetermined atmoshperic impurities, ete
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Fig. 11.16 —Test section, Consolidated Edison windfu.nnel. College of Engineering, 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 published in the Bulletin
of the American Meteorological Society.

736

Actual release of effluents is of particular
value where the terrain is very irregular or
where buildings disturb air flow since in such

instances theoretical estimates may be greatly

in error.

In industry generally there has been much
success with monitoring devices, such as de-
veloped by Thomas,!** for very low concen-
trations of the sulfur-containing gases such as
sulfur dioxide, hydrogen sulfide, and the mer-
captans. Those and other devices, nsmentioned
by Thomas (and Magil'®?), may be
pollution experiments. :

* 8.2 Wind Twomel Techniques.
has been made on the use of wind

niques for -estimating effluent belgvior Bohr ,
the wind tunnel has been most.useful for study-.

ing air flow near buildings and similar obftruc- .
tions. In the wind tunnel at New York University
(Fig. 11.16), { there are facilities for controlling.
the wind velocity and the vertical temperature
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Fig. 11.17—Daily weather record.

profile. Wind tunnel techniques for air pollution

investigations have been described by von Ho-

henleiten and Wolf,!** Rupp et al.,'*’ Bryant,!’
Leverett et al.,” Hewson,' Rouse,'** Strom,'*

Davidson,™ and Halitsky et al.’®
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9. METEOROLOGICAL RECORDS

A record systéin should be designed to 4EL-
commodate the most comprehensive of ‘the
planned meteorological programs. The amolmt

pei]
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Fig. 11.18 —Daily 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 will usually be required in con-
nection with diffusion estimates, examples of
these types of records will be given the most
consideration.

8.1 Daily Records. Althoughalmostanydata
sheet can be devised to contain the measured
data, a particularly convenient one is the
Weather Bureau Form 1001B. Figure 11.17
‘shows this form as adapted by the Weather
Bureau Office at Oak Ridge to contain stability
data (cols. 10, 12, and 13). This form has the
advantage of wide usage and ready adaptability.
Furthermore, since engineering and human
comfort data are usually expected from a me-
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teorological program, these data can easily be
recorded (daily maximum, minhnum, degree
days, rainfall, etc.).

Another daily record form successlully nsodf
at the Knolls Atomic Power Laboratory.is
shown in Fig. 11.18.

9.2 Monthly Records. Bere agﬂn
Weather Bureau form, Form 738-1,"
and can contain much information

sirable for interpretation of radloactlvg
toring records or environmental studies, &




143

METEOROLOGICAL EQUIPMENT AND RECORDS

U S. DEPARTMENT OF COMMERCE, WEATHER BUREAU

LOCAL CLIMATOLOGICAL DATA

~a3

[TLRLTT N (T ]

-aneosresgzansassa2RLARARRNARR

CHRANESRRRS ISP RRRRN RO E KON R

TURTE |

UCERREUTELOSTENRARRE SRR UL

AngjinBuey
ve|3s|pey su)0g

al.

ADGUST 195,
Zestern  Standerd time weed

e o bl R R AR SR B MR T b e i
IEEesadiaasesidadiind i

SacooNoaxNaEXO aamaaannaacaann aq
amEcAaNQARNCcANaAaRAQROGaan IDDDDDﬂm

- ~m '_

1

Symbels send i columns 18-19

d a |l

i ] Pt o

ATION: (la.}

+ « ssprumg ‘91”171“1-‘2w."’ml..‘s,‘.l.l-l!é n m “ m h
L I ] m m,_mb.m
(swinorm pue h.mmh.mw !
_ amoy) o ~ 11 w
1
g 3 s..!_nu.-un-n..:u......:..-unnnuu-:-n-._mu 2 hhwhw u
TR
m u_m v..aumuuunuwummm.Znu.unu.uuoscvﬁun_
Bl(x7 g | T T . &
peeds obeseay =13 533 2333332« A3 TARIATTRIIRIRT 31 m 1
[ o
3 bunransg S[ABABZUNRZ>HUN“ RRAAR G =R g g = byt o
a|—— - & u.mu unnu
. g L] .MOocoooooooooooooooco000000000000_ M. 9”.8.
A = B hge |
i [ E el mm
o ?.::..._o».svo7ouooauo”ﬁoou..ooonooao.w..oomoooODD -Mﬁ m . Wm
7 4 09) W0L 4 LR . . . d L ﬂ M e .M s
: (.60 o) (e < m
o Ih.-ﬂ'ngs 00000000 QCLIOOROO000 0000000 CC OO — 26“) oceoco “
- !— - -L " a4
|iE amedeq * 39357112097 T4335°93 393393535450 hmP vy
= 1y ' 3
N soeeaY 14 @R ORHEL RN SRENERCR R AU BUIURB RS, _m ,w:mmﬂm £}
-~ HeZs
Al SN O R3S G 3355 IVITNTIR 5B 8S5 S RS 2R wwm?ﬂmmmw
: a8
SR BEARBELR BB LSRR AR URS eagneryRERugEH . mm mumum
m. *a ~[-nnvnersagznnenecee RANIRERERRALY ! mWn
*
\
P . f '

M ~naveor0e2INNIRRRRNR

789 10o]Nnlaw

suding ot

+05

dh

.0

.19

P. M Hou

4516

T
T .2 0 22

HE)

I

<05
-
T
T

10
T
O
-

TuT2

10

Rt

A M Hour ending &t
7] 819

« [ s5]e

L

o

-05

0 a0 R
23

11213

-

Date

xz_.zseveomuuuuwunmnmmanuaunaaw-

camel o pubiivhed

Sepasste | memding subsoriptions shouid be eust t e Supt. of Devuments, Government Puintioy

Subscription Price: 80 custs put pess

|
m,
]
i
]
1
i
1
!
l
{
i
i
;

made peysbie i the Trassuser of the United Sisles Ramitiences snd ssempondence

Fig. 11.19 —Monthly meteorological summary.




144 METEOROLOGY AND ATOMIC ENERGY

U. 8 DEPARTMENT OF COMMENCE WRATHER BUREAU

STATION METEOROLOGICAL SUMMARY

OAX RLITGE, TEMNESSED, AREA STATIONS MAY 1954 _
. - . X-10 K-28 Y-12

TEWPLRATURE PRECI®  wIND TEMPERATURE PRECIP  WIND TEMPERATURE PRECIP  wIND
WAX MIN AVG DP OD CO Ml PREC SNW PD AV MAX MIN AVG DP DD CD M1 PREC SN PD AV MAX MIK AVG DP DD CD M1 PREC SNw PD AV
1 79 64 7266 0 0 16 2 0 32 1 82 62 1266 0 O [ 2 3 1 Bl Y 72262 © ¢ 1 &0
? B2 63 1366 0 C © 37 9 o3 2 M 83 % 60 O O 3 1 78 2 %6 62 1460 0 © ic 60
3 66 o4 556310 0 O 43 N e 3 60 64 5760 A O 103 11 ee 3 68 48 5763 A O 12 %
4 55 3P &7 39 I8N O & [ 16 an 4 59 39 45 28 15 O L] 15 71 4 SR 36 47 26 )a 0 2
5 67 36 48 41 17 0 13 [ s T8 5 86 37 %2 2713 0 0 2 52 5 65 39 SC 28 1% 0O 12 2
6 6 38 58 50 11 0 1% [ 9 19 6 71 37 % 4011 O ° 2 et 6 69 37 333712 0O 10 2%
T 81 52 57% B 0 7 2% 10 5% 7 63 51 5T 5 A 0O 27 0 77 T 82 52 ST a9 A O 10 50
8 63 42 324212 0 © 2 13 3e 8 56 &1 S5 2611 O 1 6 69 B 66 ac 532912 0 13 33
9 62 45 58 a1 1) C 5 [ & 58 % 67 46 5729 B O s e W 9 65 48 56 31 9 O 12 o8
13 63 30 5] 60 1 013 0 e 23 10 66 37 %2 2813 O [ 2 se|f10 65 371 5129 1 o 3 1e
11 69 38 S 45 11 0 15 [ 16 s 11 10 390 %5 3210 © o 2 seff 1l 71 3¢ %534 10 o 12 1n
12 69 &3 %6 48 © O 14 0 (3] 12 73 &1 ST a3 & 0 0 2 a3 12 71 &1 %6 a0 9 O 11 2
13 56 52 % 521311 0 0 50 2 9 13 59 52 58 43 9 O 27 3 96 13 SA 52 5% 4% 10 0 2 96
1& %5 51 %3 5032 0 © 73 2 7 1a 56 50 53 49 12 © 50 3 72]f1e %6 %1 sas111 o 2 63
15 64 52 58 % 7 0 6 [ 2 1e 1S 66 &h 57T A7 8 O [ EIN 1 15 88 %1 50 49 8 O 2
16 77 &7 62 58 3 0 13 o 10 27 16 TR A5 82 AR 3 O o 9 oa 16 78 &6 62 31 3 O 10 2%
17 71 56 67 57 0 0 la 0 10 3y 17 A0 31 66 &R 0 O 0 10 53 17 80 55 68 51 O © 1n »
18 73 57 6564 O O }a 21 021 18 75 %5 6563 0 O 21 o s2jf1a 72 %5 e6s 58 1 o [t}
18 67 &9 58 52 7 0 @ 7 12 2y 19 6R &M 5P 38 7 O S 3T ) 19 69 46 58 61 7 O 12 2%
2C 60 AR 54 4311 © 17 1 16 38 20 62 45 58 30 11 O© [ 16 6|20 83 46 $5 3310 © 132
21 88 42 5% aY 10 U 15 [ 122 21 69 40 5% 2210 O [ 2 s2ll21 68 39 sa 2911 © 2 13
22 71 &2 ST 4% B 0 16 ¢ 3 2y 22 74 a1 58 3 7 0© [ 2 4822 70 &1 5838 71 0O s 17

23 77 47 6252 3 015 [ 2 2w 23 18 e6 8238 3 O [ 2 s8|}23 18 a6 6239 3 © 3 22 -
26 I8 47 83 56 2 018 o 9 18 24 83 AT 6% 47 O 0 [ 2 & 26 BRI a7 6547 0 O 11 18
25 ®3 54 6960 0 O 1s o w27 25 85 Sa 70 48 0 O 0 11 aallzs 85 s 7205 0 o 10 23
26 80 8s 7258 0 O 13 ° 10 N 26 83 61 725 0 O '3 11 ar|1 28 Aa 63 14 5 0 o 11 30
27 83 61 7262 0 D18 0 7 1% 27 A1 59 71 % o0 © o 2 s || 27 8s 59 1289 0 0O 8 13
28 78 68 7266 0 O 12 0 10 as 28 81 64 T3IE5 0 O 7 11 es]|2a a0 es 73 s; o 0 11 &3
29 K0 66 7365 O 012 19 10 28 29 S 62 7483 0 O 23 11 as|f29 ms 65 7562 0 o© n 2
30 8+ &1 T30 0 L ID [ 2 29 30 89 60 7547 0 O [ 3 o84130 -89 60 7552 .0 O 3 2
31 88 &1 1587 0 O 18 0 e 34 31 R0 %8 e 80 0 © 0 9 || 31 92 50 1658 © 1 10 20
___Zrevelling Direction W __Avgk Speed 3,7  J[ Prevalling Pirection W AvgSpeed 57 ||  Prevailioc Direction W v Ovesd 3.b

X-10
TURK: (°F) HEATING DEGREE DAYS (bess 65°): PRECIPITATION: (Iu.)
Aversge moothly 60, Total this month {gz Total for the mosth 2%
Departure from normal 6,0 Departure from normal Departurs from normat o
Highest 68 . on n "ual(n‘keolulyl) 3602 Grestest in 24 hours  1.50 o 23
Lowest . 34 on 5 Sessonal deperture from <hOk tm'ﬂ;nd&m—
u.fszs w& 0 COOLING DEGREE DAYS (base 7£°): Gureatest in 24 hours an
Max. 90" or above o Total this month . g MM“:W oo
Min. 32° or below [ trom normal Detes of ~
. Sesscoal total {since Jan, 1) (4
Min. O° o1 below [] - H Rest Glase
K-2%
TEMPERATURE: (‘7] TING DEGREE DAYS (bess 65°): PRECIPITATION: {In.)

- Aversge monthly GL Toa i o 276 Tota) for the mooth 3.06
Departure from normal  -3.2 Departure from normal 154 from normal 1,22
Highest % on n Seascnal total (since July 1) 3619 Greatest in 34 hours 1.40 oo 2-3
Lowest 7 on  5,6,10 Seasonal departure from normal -151 Tm&':nd.rdl -

Mar 327 balow O COOLING DEGREE DAYS (base T5°): Grmetant in 34 hours on
Max 90° or above 1 Total this month ] M:op&k:‘mnd on
below [} Departure from normal Duten of —
“I: g?u“hdov [:] Seascnal total {since Jan. 1) [ Kot Glaze
Seascnal deperturs from normal
Y-12
TEMPERATURK: (°F; HREATING DEGRET DAYS (base 65°) PRECIPITA
Average monthly 61.2 Fotal this month X s Yol fov the month
” om n Seascnal total (sinoe July 1) 3661 Girvadast in 34 hours
lowest 35 o 5 Seascasl departure from norsal . &1'3:
Max. 32° o below 0 COOLING DEGREE DAYS (base 757 e
Maz 90 or above 1 Fotal this meomth i 1 Glvsatent depth oo ground
Min 32" ot below o Depatture from sormal of - Hall
Min 0" or below o Seascmal tokal (since Jan. 1)
Seascwal depestare from acrsel
TEMPERATURE

DD Besting Degree Days (68%) r

CD  Cooling Degree Duys (157 m .

m Hours of wversion AV Avg. Wind 8psed tenths mph. .
Fig. 11.20 —Machine processed sumu.ary of micro-net data.

736 156




METEOROLOGICAL EQUIPMENT AND RECORDS

M3 Temperature and Hmmdnty

Pme Rldge (019) Oak Rxdgc, Tenn. :

145

Fig. 11.21 —Punch 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 summarized
data is in the form of a wind rose, an ex-
ample of which was shown in Fig. 3.3.

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 sufficient 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: “A Mete-
orological Survey of the Oak Ridge Area,” Re-

~J
[ép)

- tabulation, the entire body of record nmst'

port ORO-99; “Summary of Meteorological Data
Taken at Argonne National Laboratory, Du Page
County, Illinois;” and “The Climatology of
Stack Gas Diffusion at the National Reactor
Testing Station,” Report IDO-10020, Waste Dis-
posal.

9.3 Data Handling. A glance at any of the .
above publications will show that the hand ;-
processing of the many correlations, sum- '
maries, etc., can be an expensive and time - .
consuming clerical task. Hand tabulation has .
the additional disadvantage that, if new con-
ditions arise demanding a different type o! e

reworked.

The obvious answer is machine pro'ees’slbj '
of data. Considerable success, at - rehtivaly o
low cost, has been achieved by using pnnchr :
cards. Many .large installations will -
have machine ‘units that can easily handle the :
meteorological data, and the various compnln
specializing in machine processing of data are
usually available to advise in the design and
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‘operation of a punch card program. The Weath-
er Bureau has rather comprehensive data proc-
essing facilities and can often assist in de-
signing programs. Information on these services
.can be obtained by writing to Chief, U. S.
Weather Bureau, Washington 25, D. C.

. An additional problem may arise at the
larger multiple-station sites 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

736

station can be placed in one 3- by 5-in. file
drawer.

Although many meteorological programs for
the atomic energy industry will be limited in
scope and of relatively short (2 to 4 years)
duration, others eventually become part of the
operational management of the site.This is
particularly true at large sites, changing ex-
perimental facilities, and near populated areas.
Much time and effort can be saved by designing
a meteorological program with equipment and

records that will serve the future, as well as.

the immediate, meteorological requirements.

2D
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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 separate
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 “diffusion clima-

tology.” Categories 1 and 2 of the outline are

sometimes prepared as sepirate reports. With-
in each category the items listed should be
consideréed as minimal. Other items may be
added, depending on the nature of the plant
and its environment. The degree of treatment,

~ . of course, will depend largely upon the availa-
bility of data. Since it is' often desired to

isolate some atomic energy plants, locations

" are often: chosen for which meteorological ob-
‘servations are not available.’ In hilly or moun-

tainous country or near large bodies of water,
large differences in weather conditions, par-
ticularly in the diffusion parameters, may

159
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exist over short distances. 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 of

their magnitude. The frequency and duration L

of ground fog, smoke, and/or low visibility
may be 8o related to diffusion. A good indicator.
is also the occurrence of ground frost. At
locations remote -from stations with meteoro-'
logical records, this element may be the only
information available since these data can be’
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. Vertical temperature gradient (radio-

sonde or other temperature sounding

data).

(1) The diurnal regime and seasonal
variations.

" (2) Local effects of geographic features.

(3) Effects of weather and ground con-
ditions.

(4) Frequency distribution at successive
levels (i.e., surface to 100 ft, 100
to 200 ft, etc.).

. 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).

. 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,
cross sections, etc.).

(2) Effects of geography and topography
on climate.

. Summaries of mea.sured elements (these

should include normals or the average
maxima, minima, means, and expect-
ancies of extremes).

(1) Temperature.

(2) Humidity (relative humidity and wet-

bulb temperature).
(3) Surface winds.
(4) Barometric pressure.
(5) Precipitation.

2. SOURCES OF CLIMATIC DATA

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, loose
dirt, moist, wet, frozen, snow cover,
etc.).

(2) Fog, haze, and smoke. (Frequency,
duration, and seasonal distribution.)

(3) Cloudiness.

- (4) Blowing snow or dust, dust devils,

(5) Ground frost.

. Weather and concrete.

(1) Excessive drying rates (windand low
humidity).
(2) Freeze-thaw cycles.

. Human comfort, heating and air con-

ditioning.

(1) Effective temperatures (wind, tem-
perature, and humidity).

{2) Degree days.

(3) Tropical days.

. ‘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.

. Special summaries for specific prob-

lems. Special problems may require
data or summaries not covered above.

‘Such requirements should be antici-

pated as far in advance as possible and

- the necessary information obmined A

Cumtological data may be nsmnyobhlnod
..from or through the U. §. Weather: e

Fulfill . most preliminary. site ovalngﬁonsm'

‘basic engineering design requirements, Atpre-
.zgent, -there-are some-12,000 observing stations
-in :this - country; -:most -of them are under:
.supervision- of the U. 8. Weather: Bureau, but

some are -operated by other federal agencies .
and by -various industrial concerns {in -com- :

736 160
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Fig. 12.1 —Climatological stations of the Weather 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 Published Data from the Weather Bu-
reau. As a routine public service, the Weather

Bureau publishes the following current cli- -

matic summaries:

(a) Climatological Data. Monthly and annual
by sections (states): For each of about 11,000
observing stations in the United States (Fig.
12, 1), monthly and -annuzl summarles are pub-
lished .which conta.in such items as average
and extreme temperatures ‘degree days; fre-
quencies of temperatures above or below certain
important thresholds; total monthly precipita-
tion; greatest amount of precipitation in a
24-hr period; number of days when precipita-

736 161

'tions) are - pubuehed for each !tatlen,

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 normalf are given for monthly
mean temperatures and total precipitation. The
data for the period through 1930 are also sum-
marized by decades in the Climatological S8um:
mary for the United States (Bulletin W)

) Local Climatological Data. - Monthly 453
annual by stations: For about 300 Weathe: 'Qu- ;
reau ofﬁces, -annual, - monthly, 0 L

include the same items as above plus;

period of woord used in computing these means is
not homogeneous, but they can be evaluated to soms
extent by reference to the station index which gives
the number of years of record. C e
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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 sky 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 record;t and average
monthly temperature, precipitation, and snow-
fall for entire period of record.t

(c) Climatological Data National Summary.
To summarize the climatological data pre-
sented in the local climatological data pub-
lications 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, and least
precipitation and departure from normal pre-
cipitation; for each of the about 250 Weather
Bureau stations, average pressure, tempera-
ture, precipitation, wind, sky conditions, and
relative humidity statistics; the total-heating
degree days for each station for the month,
season, and long-term mean; all severe storms,
together with estimated property damage and

a brief description of each storm during the
month maximum river. staae data during flood
periods on all main rivers; monthly pressure,
temperature, relative humidity, and average
wind direction and speed at various levels for

1 Except where the period of record exceeds 50
years. In these cases the latest 5 decades are shown.
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" States are also included.

"Center, and photographic enlargements:g

upper air radiosonde stations; and solar ra- ) )
diation data for -some 72 locations in the 7
United States. Eleven climatic charts are also
routinely published. (2) Annual: yearly summary
of the material presented in the monthly cli-
matological data national summary, with the
addition of the following items: total evapora-
tion and wind movement by months for some
280 different locations, excesgive precipita-
tion (short duration rainfall) for various sta-
tions, and a more complete breakdown . of
severe storms.

(d) Daily River Stages at River-gauge Sta-
tions 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 (U. 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.

(t) Reports of the Chief of the Weatker Bu-

- reau and the Meteorological Yearbook. The

first of these publications covers theyearse from
1895 to 1934; the second covers the years from
1985 to 1949. They contain various climatologi-
cal data for all first-order stations for each
year.

(g) Climate and Man (1941 Yearbook of Agri-
culture). This book reviews the weather of
each state and presents some statistical data
for many individual communities. Forty-uve
climatological charts for the .

(h) Climatological Record Books’ (U $
er Bureau). These were prepared by
tirst-order stations and -contain ;20-
maries of data by element (most ‘observed ele-
ments). Microfilm copies of all
are on file at the National Wea!

tinent pages mbefurnlsheduponrequ:

(1) Maximum Station Precipitation’ (Wuﬂwr
Bureau Technical Paper No. 15). ‘This report
presents the maximum ®tation precipitation .

162
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for 1, 2, 3, 6,.12, and 24 hr by months for all
recording type rain gauges 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 England States,

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 in many cases, especially for the U. S.
Naval or Air Force bases, climatological re-
ports may have been prepared. These may be
usually obtained through the U. S. Weather Bu-
reau.

(b) Air Pollution Investigations. Many cities
are now conducting thoroughair pollution studies
in which meteorology is one important phase.
Reports have been prepared for Los 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.

(c) Academic Instztuhons 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 meteorological -

or climatological surveys -in their .localities

" and have published some excellent . reports.

For example, some of the basic meteorological
work on the Los Angeles smog problem was
performed by members of the Meteorology
Department of the University of California.
These reports are usually available at all
large technical or meteorological libraries.
These university meteorological departments
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. ords which are required tor R

. should also serve as a good source of meteoro-
logical help and assistance for many atomic

energy problems.

(d) AEC Reports. Atomic energy areas v,witb
already existing meteorological programshave,
for the most part, summarized all the available
meteorological data or climatological reports
for their respective areas. These groups:can
also offer much help in advising new .groups
who are faced with atomic energy meteorologi-
cal problems for the first time. . ... 50wt o7

(e) Meteorological Journals. Many ¢
logical studies are published in various meteo-
rological journals, three of which are“the
“Bulletin of the American Meteorological 8o-
ciety” and the “Journal of Meteorology,” pub-
lished by the American Meteorological Society,
8 Joy Street, Boston, Mass., and the “Monthly
Weather Review,” published by the U. §. Weath-
er Bureau. S

(f) Bidbliography. A comprehensive survey of
meteorological literature, including climato-
logical publications, is carried out by the
American Meteorological Society and published
in “Meteorological Abstracts and Bibliography
Information on this publication can be ob
by writing: American Meteorological Socte
Office of the Executive Secretary, 3 Joy »
Boston 8, Mass.

present time is being placed on IBM.
cards,T tabulated and published in one
sources listed above, it should be .realls
that this program has only been under wa;
some five years and that many of the.old

1953.
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are precipitation wind roses and temperature
inversion tabulations. In the former, all hourly

observational IBM cards when precipitation

was observed are first sorted out, and then a
wind rose is prepared. These wind tabulations
may 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 Methodjs' of Obtaining Meteorological In-
formation and Assisiance. All the Weather

" Bureau climatological publications routinely

issued which have been described above may
be purchased directly from the Superintendent

~of Documents, Government Printing Office, or
" 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 may 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, D. C., should be contacted.




Selected Equations, Parameters, and Conversion Factors

A.1 GENERAL NOMENCLATURE

X = concentration (grams per cubic meter, curies per cubic
meter, etc.)
Q = source strength (instantaneous; grams, curies, etc.)
= emission rate (continuous; grams per second, curies per
second, etc.)
= emission rate (continuous line source; grams per second
per meter, etc.)
Cy Cy, C, = diffusion coefficients [(meters)" /’] in the x, y, and z
planes, respectively
C = generalized diffusion coefficient{(meters)® /] for isotropic
turbulence, i.e., C=Cx=Cy = Cy
n = nondimensional parameter associated with stability
X, ¥, 2z = 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)
§ = mean wind speed (meters per second)
h = height of source or, alternatively, height of plume

A.2 CONCENTRATION

Continuous point source (see Chap. 4, Sec. 2.1):

_ 2Q ( y2 + h!)
x(x,y) - vC!;—;;!-n exp -EQ:E

(Note that Q is doubled to allow for reflection by the ground.)
Instantaneous elevated point source (see Chap. 4, S8ec. 1.8):

~ 2Q x1+y+h?
Xxy) ~ 7%C(@t)¥Fm/2 OXP [' CEy) ™

Continuous infinite elevated crosswind line source (see Chap. 1, Bec.
2.2):

_ 2Q ‘ ( h?
X@) = ghcuxGm/: P\ c?-n)
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o | A.3 FINITE VOLUME CORRECTION : )

Instantaneous source (see Chap. 4, Sec. 2.3):

(at)e = (——L—éc(’ ))x/s(z-n) (ground source) -

Continuous source:

= (2__Q/x (0)) e (ground source) . ‘ )
7CH

where x, or (t), = distance upwind from a real source required to pro- .
duce the required volume at the point (0,0,0) and

t=0
x(0) = central concentration

A.4 FORMULAE FOR SPECIAL CASES
Instantaneous point source (see Chap. 4, Sec, 2.4):

2h? \1/@-n)
anne = (33)

2Q
Xmax = (2/3 en)%h’

TID = __i__!_zQ exp |~ =T h
nCtu(ut)*™ Cémt)™

2Q

neth?

TDpax =

h2 1/(2-n)
dmax dosage = (@)

where dp,,x = distance, downwind from the source, of the maximum con-
centration
Xmax = concentration atd .
TID = total integrated dosage (see Chap 4 Bec 2. Ga)

Continuous point source (see Chap. 4, Secs. 2. 4 2 Ga, and 2.6c):

h? 1A2-n)
dmax = ('é'!’)

2 : ‘
Xmax = m—?—]? {anisotropic, multiply by (C./Cy)] n
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Y
2y, = 2(ln 12—0) Cyx-MA

]

_ Q
Xfumigation conc. (211)% Cyﬁnx(z—n)/z
0.02Qf h?
Xav. conc. over long period = % Czﬁx(z-ni/: exp (— C‘sz-n)

where p = per cent of axial concentration
2y, = cloud width
2z, = cloud height
H = height of inversion
f = wind direction frequency (per cent)

A.5 PLUME RISE FROM EXHAUST STACKS

vg\!! AT
Ah (Bryant-Davidson) = d(f) (1 + 'ﬁ)

Ah (Holland) = 1.5 vgd + 3 x 104 Qx

where Ah = rise of plume above stack (feet)
d = stack diameter (feet) ‘
vg = stack draft velocity (feet per second); in Holland equation
(miles per hour)
u =mean wind speed (feet per second); in Holland equation
(miles per hour)
AT = stack gas temperature excess over ambient (°C)
T = stack gas temperature (°C)
QH = heat emission (calories per second)

A.6 CLOUD RISE AND CLOUD VOLUME (see Chap. 6, 8ec. 5.1b)

2 - Qn 0.218
max (zc,,pnxc'og) o
A8
=t
Yy " 28, Vo
2.62 .
AO, = AO, (zz ) ’
8
Ag .
=2 :
Yp Af, M
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where Qp, = heat liberated (calories) )
cp = specific heat at constant pressure, 0.25 cal/g/°C
p air density (grams per cubic meter)
= gradient of potential temperature (degrees centigrade per ‘
: meter) : o -
' C =diffusion coefficient [(meters)#]; C varies from 0.3 for
stable to 0.6 for unstable conditions
Z nax = height of rise of night cloud
VN = volume of night cloud (cubic meters)
Vg = volume of cloud at the ground (cubic meters)
A@, = initial excess of temperature above ambient (degrees cen-
tigrade)
Afy = Zmax8i , the decrease in temperature excess (degrees cen-
tigrade)
A6y = temperature excess at stabilization height for day cloud
(degrees centigrade)
Zg = assumed stabilization height
Vp = volume of day cloud (cubic meters)

A.7T GROUND DEPOSITION
Dry fall-out (see Chap. 7, Sec. 1.3):

9
“dry-max = 2eﬂ9ﬁcyx2'(n/l)

Wash-out (see Chap. 7, Sec. 2.3):

Q

@ rain -max = err%ny"(“/’)

where w = deposition rate (grams per square meter per second) for a
steady source (Q in grams per second) or total deposition (grams per
square meter) for an instantaneous source (Q in grams).

Total instantaneous wash-out, instantaneous point source (see Chap. 7,
Sec. 2.4):

= 9Q
7CY(ut)*-n

Total instantaneous wash-out, continuous point source (see Clnp 1
Sec. 2.4): I T aiemn

= ———-—Q———
(27)ACyux(®-n)/?

where w = ground deposgition (grams per squn.re meter “curfes
square meter, etc.).
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A.8 PARAMETERS

C? [(meters)®) As a Function of Height (h) and
Stability Parameter (n)

h, meters

”

n 25 50 75 100

Large lapse rate 0.20 0.043 0.030 0.024 0.015

Zero small tem- 0.25 0.014 0.010 0.008 0.005
perature
gradient

Moderate in- 0.33 0.006 0.004 0.003 0.002
version

Large inversion 0.50 0.004 0.003 0.002 0.001

A.9 CONSTANTS AND CONVERSION FACTORS

m = 3.1416

e=2.7183

1 curie = 3.7 x 10" dis/sec

1r=1esu/0.001293 g of air

1r =6.77 x 10* Mev/m? (air at 0°C and 760 mm Hg)

1r =5.24 x 10" Mev/g (air)

1r = 2.083 x 10° ion pairs/cm? (air, standard conditions)

1 r = 83.8 ergs/g (air)

1 mile = 1.6093 kilometers = 5280 ft

1 ft = 0.3048 meters

1 meter = 6.214 x 10~ mile

1 mph = 0.4470 meters/sec

1 Btu = 252 calories

1 cfm = 4.72 x 10~ m%/sec

1g=0.0022 b

1 g/cm?®=62.43 Ib/cu ft

1 liter = 0.0352 cu ft

1 Mw-sec = 10* joules

1 Mw-sec = 108 ergs

1 Mw-gec = 6.24 x 10" Mev :

Fission product decay energy (8and y, where 8 = y) = 8,2t~ 1.2
Mev/sec/fission . '

Concentration to dose rate for radiative equilibrium (sea-lev_el denaity):'

e
s _ 1 curie/m® x 8.7 x 10" dis/sec curie X E (Mev/dis) -
1 curte/m" = 6.77 x 101" Mev/m® r .

= 0.547E r/sec

1 curie sec/m*=0.547Er .
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