WORKBOOK OF
ATMOSPHERIC DISPERSION ESTIMATES

D. BRUCE TURNER

Air Resourees Field Rescaveh Office,
Environmental Science Services Administration

U. 5. DEPARTMENT OF HEALTH, EDUCATION, AND WELFARE
Public Health Service
Environmental: Health Service
National Air Pollution. Control Administration
Cincinnati, Ohio
Revised 1970



The ENVIRONMENTAL HEALTH SERIES of reports was established to re-
port the results of scientific and engineering studies of man’s environment: The com-
munity, whether urban, suburban, or rural, whore he lives, works, and plays; the air,
water, and earth he usos and re-uses; and the wastes he produces and must dispase of
in a way that preserves these natural resources, This SERIES of reports provides for
professional users a contral source of information o the intramural research activitics
of the Centers in the Buresu of Disease Provention and Environmental Control, and
on their cooperative activitios with state and local agencies, research institutions, and
industrial organizations. The general subject aren of each report is indicated by the
Iotters that appear in the publication number; the indicators are

AP — Air Pollution
RH — Radidlogical Health
UTH — Urban and Industrial Health
Triplicate tear-out abstract cards are provided with reports in tho SERIES to
Incilitate information retrieval. Space is provided on the cards for the user's accossion
number and additional key words.

Reparts in the SERIES will be distributed to requesters, as supplics permit, Re-
quests should be directed to the Center identified on the title page.

81 printing May 1970

Public Health Service Publlcation No. 999-AP-26



PREFACE

This wmkl\ook presents. some computational techniques currently used by scien-
tists working with af persion problems. Because the basic working equa-
tions ere goneral, Lhe\r application to specific problems usually requires special care
and judgment; such considerations are illustrated by 26 cxample prol This
Workbook i intendod 1t an a1d 1o meteorologists and air pollnunn scientists who are

required to estimate atmospheric concentrations of contaminants from various types
of sources. It is not intended as & complete do-it-yourself manual for atmospheric
disporsion estimates; all of the numerous complications that arise in malcing hest esti-
mates of dispersion cannot be so easily resolved. Awareness of the possible complex-
mes can enable the user to appreciate the validity of his “first approximations” and
to realize when the services of a professional air pollution meteorologist are required.
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ABSTRACT

Db workbook presets methods of practcal aplication o th binormal con-
tinuous plume dispe lel to estimate concentrations of air pollutants. Estimates
of dispersion are thoso of Pasauill as restated by Giford. Emphasia is on the eatima:
tion of concentrations from continuous sources for sampling times up’ to 1 hour. Some
of the topics discussed are determination of eflective height of emission, extension of
concentation catimate to longer sampling interals, invesion brak-lp. fumigation
concentrations, and concentrations from area, line, and multiple sources. Twenty-six
example probléms and thai soutions are ven. Som graphical aids o computation
are include

vil






Chapter 1 — INTRODUCTION

During recent years methods of estimating at-
mospheric dispersion have undergone considerable
revision, primarily due to results
measurements. In most dispersion probloms the
relovant_atmospheric layer is that nearest tho
ground, varying in thiclness from several hundred

thousand meters. Variations in both
thermal and mechanical turbulence and in wind
velocity are greatest in the layer in contact with
the surface, Turbulence induced by buoyancy forces
in the atmosphere is closely related to the vertioal

wu’r

tempereture structure, When temperature decreases
with height at a rate higher than 5.4°F per 1000 ft
(1°C per 100 moters), the atmosphere is in un-

rate or increases with height (inversion), vertical
motions are damped or reduced. Examples of typ-
ical veriations in temperature and wind speed with
height for daytime and nighttime conditions are
illustrated in Figure 1.1
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Tha transfer of mamanmm upwerd or down-
ward in the atmosphere related to stability;
when tbe atmnuphue is un.mbla, usually in the

rd motions transfer the momentum
"deﬁcwncy" due to eddy friction losses near the
emh’ surface thronzh a relatively deep layer,
to increase more slowly
with height lhan at nlght (except in the lowest few

{variation of wind with beight). Bxauples of thets
octs on tha resulting wind profile are shown
mum 12,

WIND SPEED, m/sec

Exemples of variation of temperature and wind speed with height (after Smith, 1963).

As wind apeed increases, the efluent from a

xt) by turbulence is
persion process.

a major factor in the dis-

The procedurea presented hers to estimate at-
mospheric dispersion arc applicable when mean wind
eed and ditection can be determined, but meas-
urements of turbulence, such as the standard de-
viation o wind disstion uctuations, ao not uvnu-
1f sucl ents are at hand, techni
ok S motioe Ty Pasquill (mm) are hkaly
to give more accurate results. The diffusion param-



eters presented here are most applicable to ground-
Tevel or low-lovel releases (from the surface io about
meters), although they are commonly applied at
iugher elevations without full e i
It is assumed Lhat stal

tions and speeds are required, neither the variation
of wind spoed nor the variation of wind direction
vith height i the mixing layer are taken in

unt. This usually is not a problem in nEutml or
natable (ag, daysime) Ssitons, b oo iy
over-cstimations of downwind Camenlruuonx in
stable conditions.
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ATMOSPHERIC DISPERSION ESTIMATES



Chapter 2 — BACKGROUND

For a number of years estimates of concentra-
tions were calcula er from the equations of
Sutton (103) wuh the atmosphrie dispersion
parameters n, or from the equations of
Bosanquet (1936) Sith the dispersion parameters
p and g

Hay and Pasquill 1957) havo presented axper
mental cvidence that the listribution of
spreading particles from an o devatod poink 12 16-

tod tandard deviation of the wind cleva-
tion xngle, e, ot the point of release. Cramer (1957)
derived a diffusion equation incorporating standard
deviations of Gaussian distributions: for the
distribution of material in the plume across wind
in the horizontal, and v, for the vertice Qistribution
of material in the plum ppendix 2 for prop-
ertles of Gauseian disti ese statistics
o xatea b the samdmnd deviaticns of agioiuth
angle, o, and elevation angle, oy, calculated from
wind ' measurements made  witl irectional
wind vane (bivane). Values for diflusion param-
cters based on field diflusion tests were suggested
by Cmmel ctal. (1958) (and also in Cramer 1959
and 1950b). Hay and Pasquill (1959) also pre-

ants from records of wind fluctuation. Pasquill
(1961) “has tarther propesed a melbod for est-
mating diffusion when such detailed wind data are
not available. This method expresses the height
and angular spread of a difusing plume n terms of
mote commonly observed weather parameters. Sug-
gested curves of height and angular spread as a
function of distance downwind were given for sev-
eral “stability” classes. Giflord (1961) converted
Pasquill’s values of angular spread and height into
standard deviations of plume concentration distri-
bution, o, and w,. Pasquill’s method, with Giflord’s
conversion incorpozated, is used in this workbool
(see Chapter 3) for diffusion estimates.

Advantages of this system aro that (1) only two
disperson parameters are required and (2) results

f most diffusion experiments are now being re-
ported in termas of the standand deviations of plume
mread. More fisk disperson experimens

onducted

hxhty 1f the dispersion parameters from a specific
d to

Background

than thase suggested in this workbook, the param-
eter values can be used with the equations given
here.
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Chapter 3 — ESTIMATES OF ATMOSPHERIC DISPERSION

is chapter outlines the basic procedures to
«d in maling disporsion estimetos as sug-
by Pasquill (1961) and modifed by Gifford

DINATE SYSTEM

the systom considerod boro tho orig
| level
1e x- axia oxtending horizontally in the direc:

the mean wind. The y-axis is in the hori-
plane perpendicular to the x-axis, and the
extonds vertically. The plume travels along
allel to the x-axis, Figure 3-1 illustzatos the
2ate system.

SION EQUATIONS
2 concentuation, x, of gas or acrosols (parti-
35 than about 20 microns diameter) at X,y,z
continuous source with an effective emission
H, is given by equation 3.1. The notation
o depict this concentration is x (xy,2H).
e height of the plume centerfine when it

<

becomes ossentally Jovel, and s the sum of the
physical stack height, h, and tho plumo rise, Al
R ollowing_osstmptions :

sproad has a Gaussiam distribution (see Appondix
2) in both the horizontal and vertical planes, with
standard deviations of plume concentration distri-
bution in the horizontal and vertical of v, and o,
respestively; the mean vind spoed aflcting tho
plume is u; the uniform emission rate of pollutants
£2'Q; 'and ‘total veflaction of the plume takes place
at the earth’s surface, i.e., thero is no deposition
or reaction at the surface (sec problem 9).

e |2 ]
J e[+

[E3Y)

o v whero o s the base of matural logarlthias
8 ety ey 0 2713,

(x,0,0)

(x-y.0)

Figure 3-1. Coordinate system showing Gaussian distributions in the horizontal and vertical.



Any consistent set of units may be used. The most
common is:

x (gm™) or, for radioactivity (curies ra)

Q (gsec™) or (curies sec™

u (msec)

oy, Hixy, and z (m)
‘This equation is the same as squation (8.35) p. 203
of Sutton (1953) when o's are substituted for Sut-
ton's parameters through equations like (8.27) p.
286. For ovaluations of the exponential
Eq. (3.1) and those that follow, see Appendix 3.
X @ mean over the samo time interval as the time
interval for which the s and u are representative,
The values of both o, and o, aro evaluated in torms
of the downwind distance, x.

Eq, (3.1) is valid where diffusion in the direc-
tion of the plume travel can be neglected, that is,

no diffusion in the x direction.

This may be assumed if the release is continuous
o if the duration of release is equal to or greator
than the travel time (x/u) from the source to the
location of interest.

Tor concentrations calculated at ground level,
i,z = 0, (see problem 3) the equation simplifies
tor

w[-+2)]

(3.2)

JH) - —
x o) = — L

o [—5(2)]
Where the concentration is to be calculated
(

along the centerline of the plume (y — 0), (sce
problem 2) further simplification results:

ﬁ““ *%(,i) ](a.x)

. For a ground-level source with no effective plume
rise (H = 0), (seo problem 1):

X (x00;H) =

1 (5000) = -2 @)

EFFECTS OF STABILITY

The values of o, and o, vary with the turbulent
structure of the atmosphere, height above the sur-
face, surface roughness, sampling time over which

sented, and the effect of distance from the source is
considered in the graphs determining the paramelor
values. Values for o, and «, are cstimated from the
stability of the atmosphere, which is in tum osti-
mated from the wind speed at o height of about
10 meters and, during the day, the incoming solar
radiation or, during the night, the cloud covor (Ps-
quill, 1961). Stability categories (in six classcs)
are given in Table 3-1. Class A is the most un-
stable, class ' the most stablo class considered h
Night rofers to the period from 1 hour before sunsot
our after sunrise. Note that the neutral
class, D, can be assumed for overcast conditions
during day or night, regardless of wind speed.

Table 3-1  KEY TO STABILITY CATEGORIES
. oy o
st 10 Wwws:ma
e Strong Moderate  Slight =4/8 Low Cloud Cloud
< 2 A AB B
23 AB B c E F
35 B BC c D E
56 c (2] 0 0 D
> 6 c 0 D 0 0

The noutral class, D, should be assuned for overcast conditons during.
day or ight.
“Strong” incoming solar radiation corresponds
to.a solar altitude greater than 60° with clear skics;
i esponds to a solar altitude
from 15° to 35° with clear skies, Table 170, Solar
Altitude and Azimuth, in_the Smithsonian Meto-
orological Tables (List, 1951) can be used in detor-
mining the solar al i
incoming solar radiation and should be considercd
along with solar altitude in determining solar radia-
tion.” Incoming radiation that would be strong

hourly meteorological observations hased on the
above mothod has been suggested (Tumor, 1961).,
. These methods will give reprosentative indica-
Lions of stability ovor open country or rural arens,
but are less reliable for urban areas, This diffor.
ence is due primarily to the influcnce of the

average building height, with a stable I
(Duckworth and Sandberg, 1954; DeMarrags, {?z‘é'iv)"

ATMOSPHERIC DISPERSION ESTIMATES



Some preliminary results of a dispersion expeti-
ment in St. Louis (Pooler, 1965) showed that the
dispersion over the city d\umg the daytim behaved
somewhat like types B a 0 night experi-
Tent o varisd with distanice Hetween types Dand E.

ESTIMATION OF VERTICAL AND
HORIZONTAL DISPERSION

Having determined the stability class from
oo 1, one can eveluat the estimates of «, and
o, as a fanction of downwind distance from the
source, x, using Figures 8-2 and 8-3. These values
of , and v, are reprosentative for a sampling time
of sbaut 10 mim.m For estimation of concentra-
ions fo s soo Chaptor 5. Figures
5.2 and 3.3 apply atrietly only o opon level conntry
and probably underestimate the plume dispersion
potential from low-level sources in built-up areas.
Although the vertical spread may be less than the
values for class F with very light winds on a clear
night, quantitative estimates of concentrations are
nearly imposible for this condition. With very light
winds-on a clear night for ground-level sources free
of topographic influences, frequent shifts in wind

plume horizontally, For elevated sources under
these extremely stable situations, significant co
contastons uaunly do not seach round level until
the stnbility chan,

table lnyer emzmg above an unstable layer

(se0 problem 6). Noto that Eq. (3.5) assumes nor-
mal or Gaussian distribution of the plume only in
the horizontal plano. The same result can be ob-
tained from the foliowing equation where uy, is an
effective dispersion_ parameter because \2r L —
2.5066 L and 0.8 =L, — 2.51 L.

2 H) - Q ,L(J *
X Gz H) = %u["‘" - u’)

(3.6)
forany z from 0 to L

forx 2. . is where v, — 0.47 L
The valug of m, = 0.

EVALUATION OFF WIND SPEED

For the wind speed, u, a mean through the
tical oxtent of the |>l|vme Shoold b used. This
would be from the hoi — 2 5, through H 4
e 0 courat, 1f 3 oy s grester fhan H them the
wind can be avnmgad from the ground to H +- 2 o,.
However, the “surface wind” value may be all that
is available. The surface wind is most_applicable
1o surface or low-level emissions, especially under
stablo conditions.

PLOTS OF CONCENTRATIONS
AGAINST DISTANCE

"o gain maximum insght ito 2 difuon prob-
Jem it i often desirabl to plot centasine con
trations against distance downwind. A conveniont.
procedure is to determine the ground-level center-
Tine or a number of downwind di

tenth the pluma contorine concontration at the same
distanco. When one-tenth the plume centerline
concentration extonds o the 5Lnl.|le laycr at height

, it is reasonable to assume tha ution
starts being affected by the i e following
method is suggestod to tako caro of this situation.
Allow «, to increaso with distanco to a value of
L/2.15 or 0.47 L. At this distance x;, the plume is
assumed to have a Gaussian distribution in the
vertical. Assume that by the time the plume travels
bvio thisfar, ., the plume has become uniformly
dmmhuted b

hslghl (se0 Tigure 3.
than % x,,the Soncemastian for any height betweon
the ground and L can be caleulatod from:

x (xyzH) =
vy
(T) ] (3.5
for any z from 0
for x >2 xu; xi,is whem @ =047L

Estimates

tances and plot those valucs on log-log graph paper.
By connecting the points, one may estimata con-
contrations for_intermediate downwind distances
(see problem 6).

ACCURACY OF ESTIMATES

Because of a multitude of scientific and techni-
cal limitations the diffusion computation method

but not intalliblo predicions. In the wstable and
stable casos, severalfold erroy stimate of ay
cen oceur for the hm.m trayel distances, Tn somo
cases the o, may be expected to be correct within

fctor of 3. howaver. Theso are: (1) all stabilitos
for distanco of travol out to a few hundred moters;
(2) neutral to moderately unsteble conditions for
distances out ta a few kilometers; and (8) unstable
conditions in tho lower 1000 meters of the atmos-
phero with a marked inversion above for distancos
outto 10 kim or more, Unceraintes i the est-
are in general less than those of oy
The ground-lovel cantarlin concontrations for these
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Figore 32. Horzontal dispersion coeficient as a function of downwind distance from the source.
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Figure 34.  Variations in concentration in the vertical beneath a more stable layer.

three cases (where a, can be expected to be within PLOTTING GROUND-LEVEL
2 fctor of 2) should be correct within a factor of 3,  CONCENTRATION ISOPLETHS
including errors in o, and u. The relative confidence N .
in the v's (in decreasing order) is indicated by the Often one wishes to_determine the_locations
heavy lines and dashed lines in Figures -2 and 3.3, where concentrations equal or exceed a given mag.-
nitude. First, the axial position of the plume must
Fptimates of H, theeflecive hoight of theplume,  bo determined by e masas wind eraiin or
ay b error because of uncertainties in the est plotting isopleths of ground-level concentrations,
f aH, the plumo rise. Also, for probiems  the relationship hetwemn prountleony centorling
e fre stimates of concantration at a specific  concontrations and ground- sl <l oes) concentra-
paint, the difficulty of determining the mean wind ns can be used:
over a given time interval and consequontly the
u of the x-axis can cause considerable un-

m

locai
certa

GRAPIIS FOR ESTINATES OF DIFFUSION

To avaid repotitious computations, Figure 3.5 10 g ™ isoploth at an x
(A through F) gives relative ground-lovel concen.  of 600 m, under stability type B, whore the ground.
trations times wind specd (x u/Q) against down-  level conterling. concentration at this distance is

istances for various effective heights of emis- X 10 g m™,

its to the vertical mixing for cach sta-
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Figure 35A, xu/Q with distance for various heights of emission (H) and limits to vertical dispersion {L), A stability.
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DISTANCE, kn

Figure 3-58. xu/Q with distance for various heights of emission (H) and limits to vertical dispersion (L), B stability.
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and limits to vertical dispersion (L), C stability.

Figure 3-5C. xu/Q with distance for various heights



Figure 3:5D.  xu/Q with distance for various heights of emission (H) and limits to vertical dispersion (L), D stability,
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“igure 3-5F. xu/Q with distance for various heights of emission (H) and limits to vertical dispersion (L), F stability.
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From Table A-1 (Appendix 8) when exp

"] — 0.345, y/u, = 146

From Figure 3 2 rm alabxhty B and x = 600 m, o,
Therel = (146) (92) — m mezem,

This is the d\stsnw of tho 10 isopleth from the

x-axis at a downwind distance of 600 meters.

This can also be determined !mm'

- fewpeem ] o

The position corrosponding to the downwind dis-
tance and off-axis distance can then be plotted.
After a number of points have been plotted, the
conesnation isopeth may be drawn (ae problems
and 26). Figures 3-6 and 8.7 give ground-level
1sople!hs o 0/ for various stabilities for sources
- -1 eters. For e'xam lB
mcat,e the 1n-“ g m* mplem rosulting fror
Fround-lovel soures of 70 g sec™ tmder B stability
conditions with wind speed 2 m sec™’, one must
first dotermine the corresponding value of xu/Q since
ibis i the quantity graphed in Figuro &6, x0/Q —
10 x 2/20 — 10, Thereforo the xu/Q isopleth
in Figure 8.68 having a.velus of 101 mr corte:
sponds to a x isopleth with a value of 10 g m™.

AREAS WITHIN 1SOPLETHS

Figurod- gives avas within ioplethe of ground-
level concentration in terms of x u/Q for a ground-
level source for various stability categories (Gifford,
1962; Hilamoier and Gifford, 1962). For the exam-
ple just given, the area of the i
(107 m* x u/Q isopleth) is about 5 x 10* meter?,

CALCULATION OF MAXIMUM
GROUND-LEVEL CONCENTRATIONS

Figura 3-9 gives the distance to the point of

mum_concentration, y u/Quw, a8 a function of
effective hoight of omigsion and stability class
(Martin, 1965). This figure wae prepered from
graphs of concontration versus distance, as in Fig-
ure 8.6 The maximum concentzation can bo deter-
mined by finding x u/Q as a function of effective
cmission height_and stability and mulhplymg by
Q/u. Tn using Figuro 3-9, the user must ke

mind that the diapersion at highor levels may difer
considerably from that determined by the a,’s and
/s used hore. As noted, however, sinco o, genor-
ally decreases with height and u increases with

*In" donotes natural Iogorithms, o, to the base .

Estimates

‘height, the product u o, =, will not change appreci-
ably. The greater the offoctive height, the more
hkuly it is that the stability may not be the same

ground to_this hmghl With the longer

vl ttamens. s ay tot its o miion
cancantrations, for stablo condytions (Typos E or
), the stability may change before the plume

ravels the entire distance.
REVIEW OF ASSUMPTIONS

The preceding has been based on these as-
sumptions, which should be clearly understood:

(i) Continuous emission from the source or
emission times equal to or greator than travel times
to the downwind position under consideration, so
that, (hﬂusmn in the direction of transport may be
noglec

(i ) The material diffused is a stable gas or
aerosol (less than 20 microns dismeter) which re-
mains suspended in the air over long periods of time.

(iii) The equation of continuit

R
xudydz (39)
0 -

i fulfilled, i.e., none of the material emitted is re-
movod from the plumo g3 it moves dovawind and
there is complete refiection at the groun

9 Tho mean wind diecton speifes the
and » moan wind apsed epretentativo of
Hho ditusing layor is chocon
(v) Excapt whero spccifically mentioned,

plume constituents are distributed nomul[y in bud\
the cross-wind and vertical direction:

vi) The o's given in Figuros 3-2 and 3-3 ropre-
gent time periods of about 10 minutes.
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Chipter
GENERAL CONSIDERATIONS

In most problems one must estimate the cffec-
tive stack height, H, at which the plume becomes
essentially lovel. Razely will this height correspond
1o the physical height of the sack b 1 the plume
i caught in the turbulent wake of the stack or of
buildings in the vicinity of the stack, the effluent
vill be mixed apidly dowiard toward the sround
(acrodynamic downwash).
s e tosutont et & i
factors and metcorological factors influence the rise
of the plume, The emission factors are: velocity
of the effluent at the top of the stack, v,; tempera-
ture of the efffuent at the top of the stack, T.; anc
diamoter of e siack opening, . The ‘moteorolog-
ical factors nfluoncing plumo v aro wind spocd,
u; temperature of the air, T.; shear of the
Shced with. height, du/ds; and atmospheric sta-
bility. No theory on plume rise tales into account
all of these variables; even if such a theory were
available, measurements of all of the parameters
would seldom be available. Most of the equations

recent review

respe
formulas_of Davidson-Bryant 11949). Holland
(1958), Bosanquet-Carey-Flalton (1950), and Bo-
sanquet (1057) all give gencrally satisfactory ro-
sults in the test situations. The ex) nmams con-
ducted by Moses and Strow involved

from a stack of less than 0.5 meter dmms(el vtack
gas exit velocities less than 16 m sec™, and eflluent
temperature ot more than 85°C higher than that
of the ambient ai

The equation of Holland was developed with
oxperimental data from larger sources than those
of Moses and Sirom (stack diameers from L7 to
4,3 meters and stack Oempem es from 82 to
2o 'C); Folland’s equation is sod i the solution

f tho problems givon in this workbook. This eque.
ion A'lequemly underestimates the offoctive hoight
of emission; therelore its use often providos a slight
“safety” factor.

‘Holland’s equation is:

a =l Toa) (41)

(154 2.68x 10 p

where:
H — the rise of the plume above the stack, m

Eflective Height

4.— EFFECTIVE HEIGHT OF EMISSION

v, = stack gas exit velocity, m sec™

d = theinside stack diameter, m

u = wind speed, m sec™

p = atmospheric prossure, mb

T, = stack gas temperature, °K

T, = air temperature, °K.

and 268 x 10 i constant having units of mb~

Holland (1953) suggests that  value between
1.1 and 1.2 timos the AH from the equation should
be used for unstable conditions; a value between
8 and 0.9 times the AH fram the equation should
be uscd for stable conditions.
e the plume rise from a stack occurs over
istance downwind, . (4.1) should not be
xpphed within the first few hundrod meters of the

EFFECTIVE HEIGHT OF l:MlSSlON AND
MAXIMUM CONCENTRATION

If the effective heights of emission were the
same under all atmospheric conditions, the highest
ground-level concentrations from a given source
would oceur with the lightest winds. Generally,

wover, emission conditions are such that the ef-
fective stack hoight s on inverse function of wind

between the dilutior
effect of height of emission. This critical wind speed
will vary vith stability. In order to determine the
eritical wind speed, the eflective stack height as a
function of wind speed should first he determined.
The maximum concentration for each wind speed

graph paper, curves can be duawn for cach stabilty
Jass; the critical wind spocd corresponds to the
point of highest maximum concentration on the
Doivo (see problom 14).

ESTIMATES OF REQUIRED STACK HEIGHTS

Estimates of the stack height required to pro-
duce concentrations below a given value may bo
made through the use of Figure 3-9 by obtaining
solutions for various wind speeds. Use of this figuro
considers maximum concentrations at any distance
from the source.

In some situations high concentrations upon the
property of tho emitter aro of Jittle concern, but
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maximum concentrations heyond the ])m):erty Jine
are of the utmost importance. For first a) ima-
tions it can b assumed, that the masmut concen-
tration occurs where \/Z o, — H and that at this
distance the o's are related to the maximum con-
centration by:

~ 0117Q
W e

0y 0,5 “2)
Knowing the source strength, Q, and the concen-
tration ot to be exceeded .y, one can detormine
the necessary u, v, for a given wind speed. Figure
4-1 shows « o, as a function of distance for the
savious stablity classs. The value of o o and o
design distance, x, (the distance beyond which x is
lose-than some’ pro-dotermined vaue), wil dele-
imin a ol on this gaph icding ety cl

or m een classes. r this stnl“hLy

abili

T o

height for this wind sp
mated by H = V2 o (300 problom 15). Since Ea,
(4.2) is an approximation, the resulting hAIghL
shiuld be used with T, (3.8) %o onsure that
moximam concantration s ulfcintly low. 1t
enongh 3s known about the proposed souxce o
allow use of an equation for effective height of
emission, the velation between aH and u can be
determined. The physical stack height required at
tho wind speed for which H was dotermined is H —
The same procedure, starting with the deter-
ation of o o5, must be vsed with other wind
speeds to determine the maximum required physical
stack height (see problem 16).

EFFECT OF EVAPORATIVE COOLING

When effluent gases are washed to absorb cor-
tain constituents prior to omission, the gases are
cooled and become saturatod with water vapor.
Upon rclease of the gases from the absorption tower,
further cooling duc to contact with cold surfaces
of ductwork or stack is likely. This cooling causes
condensation of wator droplets in the gas stream.
Upon release of the gases from the stack, the water
droplets evaporate, withdrawing the latent heat of
vaporization from the air and cooling the plume.
The rosulting negative buoyancy reduces the effec-
tive stack height (Scorer, 1959).

EFFECT OF AERODYNAMIC DOWNWASH

“The influence of mechanical turbulonce avound
a building or stack can slgluﬁmntly nIL the ef-
i is s rue wit
high winds, whon the henefcial sfeot of high stack-
gas velocity is at a minimum and
Gmittod nearly horizontally. The ro
flow surrounds an isolated nilding, generally to at

Teast twice its height and extends downwind 5 to 10
times its height. Building the stack 2.5 times the
height of the highest building adjacent to the stack
usuelly overcomes th
(Hawkins and Nonhebel, 1955). Ensuring that the

n
haa beon gained through wind bunnel sudies (Sher-
lock and Lesher, 1954; Strom, 1955-1956; Strom,
et al, 1957; and thtsky, 1962). By use ui models
of huilding shapes and stacks, one may determine
the_wind speeds required to cause dowmwash Tor
various wind directions. With a wind tunnel the
‘meteorological variables most easily accounted for
are wind speed and wind direction (by rotation of
the model within the tunnel). The emission factors
that may be considered are the size and shape of
the plant building; the shape, height, and diametor
of the stack; the amount of emission; and the stack-
gas velocity.

Through wind tunnel studics, tho critial wind
speeds that will cause downw various d
rections can be determined for a given set of plint
fzctors. The averago number of hours of downwash
per year can then be cnlc“lated hy dsbelm\mng the

4 spoods groater than the criticn
speeds for e ion eriock ang. Lesher,
1954) if dlmutnlogwal data yepresentative of the
site are availal

aximum downwﬂsh about & rectangular struc-
ture oocura when he diraction of the wind Ia &
angleof 48 dogrocs rom tho major axs of the struc-
e minimum do curs witl low
salel o tho major il the stvueture (Sheriock
ind Leshor, 1950).
Halltsl(y 11951 1963) hns shnwn that the efflu-
t roofs frequently
ﬁnws in a dilechion uppnsiw m that of the free
rie wind, owing to counter-flow along tho
Yoot i the turbulent wako above tho building. In
addition to the effect of aerodynamic downwash
upon the relsose of aix pollutants rom stacks and
buildings, one must also consider the eflects of aero-
dynamic downwash whon exposing meteorological
instruments near or upon huildings.

Where the pollution is emitted from a vent or
opeing on & bullding and ia immadiately nf
enced by the turbulent wake of the building, the
pollution is rapidly distributed within this furbu-
Tent wake. To account for mixing in the turbulent
wale, ono may assume binormal distributions of
concentrations at the source, with horizontal anc
vortical standard deviations of o, and oy, The
standard deviations are related o the width and
height of the building, for example, letting 4.3 oy,
cqual the width of the building and 2,15 o, equal

ATMOSPHERIC DISPERSION ESTIMATES






the height. Valuos other than 4.3 and 2.15 can be
used. When these values are used 97% of the dis-
fribution is included within these limits, Virtual
distances x, and x, can be found such, that at x,

d a o These x's will diffor
Vith stabiity, Eagaations applicable go point sources
can then be used, determining =, as a fnction of
x + % and w, as & function of x -+ X
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Chapter 5— SPECIAL TOPICS

CONCENTRATIONS IN AN INVERSION
BREAK-UP FUMIGATION

A surfaco-base inversion may be dliminated by
m upward transfer of sensible heat from the
ound surface when that surface is wnrm!r len
&e ovorlying air. This situation accura when the
ground io being warmed by solar radiation or when
air flows from a cold to a relatively warm surface.
In either situation pollutants previously emitted
sbove the surface into thestable ayer will be mixed
vertcally when they sre reach he thermal
s, and ground eyel concontrgtions can incroaco.
s ‘proces, called “fumigation” was described by
Heweon and Gill (1944) nd Hewson (1945). Equa-
with these con-
ve been given by Holland (1953), Hew-
son (1955), Gifford (1960a), Bietly and Hewson
(1962), and Pooler (1965).

To estimate ground-level concentrations under
inversion break-up fumigations, one assumes that
the plume was initially emitted into a stable layer.
Therefore, a, and s, characteristic of stable condi-
tione must be selected for the particular distance
of concern, An equation for the ground-level con-
centration when the inversion has heen eliminated
toa beight h is:

xr (xy,0;H) =

Q [fp 1
—~ Var exp (—05p) dp
:7va,,,uh,

(5.1)

oo [~ (2]

where p =

and oy is discussed below.

Values for the integral in brackets can be found in
most statistical tables. For example, see pages 273-

o the (umxgamxl concentration is near its

w
‘maimu
1 vy \*
o[-
(62)
(63)

o (x,y,0H) =

h—H+20=h+ aH 4 20,

Special Topics

A difficulty is encountered in estimating a rea-
Sonubln value for the horizontal dispersion since in
mixing the stable plume thruugh a vcrhml depth
some additional horizontal s oceurs_(see
problem 12). If this aproading 2 |gnnm and the
oy for stable conditions used, robable Teslt
would be estimated cnncenmuons higher than ac-

suggested by Bierly nnd Hewson (ISGZD that the
edge of the plume spreads outward with an ang

of 16°, the oy for the inversion break-up fumigation
equals the o for stable conditions plus one-eighth

2 which the aoncentration falls o 1710 that at the
centerline (at a distance of 2.15 v, from the plume
center)

oy 218 0y (stable) + H tan 15
e 218

— o (stable) - /8 (5.4)
A Gaussian distribution in the horizontal is as-
sumed.

1 SoukoaRy of
STABLE PLUME

o

=He2o [

e —
215 Oy H ton 15° 1

[
21 "'V(mw““nm

Flgure 5.1 Dizgram showing assumed height, b and o5
during fumigation, for use in equation (5.2)

Eq. (5 4) should not be applied near the stack,
for if the inversion has liminated to a height
sufficient to include the ume, the emission
o taking place under nstable bt stale conditins.
Therefore, the nearest downwind distance to be
conidered for an estimate of fumigation cunm
trations must be great enough, based on the time

required to eliminate the inversion, that this por-
tion of the plume was initially emitted into stable
air. This dietance is X == ut., where u is the mean
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wind in the stable layer and t is tho time required
to_climinate the inversion from h, the ph
height of the stack to hy (Eq. 5.3)

tu is dopendent upon both the strength of the
inversion and the rate of heating at the surface.
Pooler (1965) has derived an expression for esti-
mating this time:

50 hh

G b ( z ) (55)
time zequired for the mixing layer to
develop irom the tap of the stack to the
top of the plume, sec

== ambient air density, g m™

¢, specific heat of air at constant pressuro,

P

R net rate of sensihle heating of an air
column by solar radiation, cal m™ sec™*
E0_ vertical potential tomperatur gradient,
°Km™ "ﬁ+ T (the adiabatic lapse
rate)
by = helght of base of the h\v!mon sufficient
he above the plume
h = physical height of lhe sthk.
Note that hy —h is the thickness of the layer to be
hoated and (2524 is tho average height of the
layer. Althnug,h R depends on season, and dloud
cover and varies continuously with time, Pooler has
used a value of 67 cal m™ sec™ as an average for
fumigation.

Hewson (1945) also suggested a method of esti-
‘mating the time required to eliminate an inversion
to a height z by use of an equation of Taylors
(1915, p. 8):

v

AR 8

t — time required to eliminate the inver-
sion to height z, sec

2 = height to which the inversion has been
eliminated, m

K = eddy diffusivity for heat, m® sec™

Rewniting to compare with Eq. (5.5),

he — 11’

= LA

where:

(5.1)

Hewson (1945) has suggosted a value of 3 m* sec™
for K.

PLUME TRAPPING

Plume tapping occurs whon the plume is
trapped botween the ground surface and a stable

layer aloft. Bierly and Hewson (1962) have sug-
gested the use of an equation that accounts for
multiple eddy reflections from both the ground and
the stable layer:

x (%,0,zH) ~

R —
T o

o [~ +(2=2)]

_pr_%( 2+H—2 NL)'

+"p_‘%( z~—-H:—2NL)‘
bop— (22200 ) s

where L is the hmght u( the stable layer and J = 3
or 4 is sufficient e the important reflec-
tions. A gaod lppm)umuuen of this lengthy equa-

tion can be made by nssummg no effect of the stable

layer until Ky 047 L (see Chapter 3). It is as-

sumed that at this distance, x;, the stable ]ayc.r
at

begins to Sneet the  vertical distibution o that
the downwind distance, 2 xi, uniform vertical mix-
g has takon place and tho Tollowing souation con
be used:

\/z,?,nu b [_%(,LJ ]
(69)

Tor distances betwoen x;, and 2 x; the best appro
‘mation to the ground-lovel centerfine concentration
is that road from a straight line drawn between the
concentrations for points x;, and 2 x;, on a log-log
plot of ground-Iovl centerline concentration 23 a
function of distance

x (xiy,ziH) =

CONCENTRATIONS AT GROUND LEVEL
COMPARED TO CONCENTRATIONS AT THE
LEVEL OF EFFECTIVE STACK HEIGHT
FROM ELEVATED CONTINUOUS SOURCES

There are sevoral interesting relationships be-

tween ground-level cancentrations and concentra-
tions at the level of the plume centerline. One of

ATMOSPHERIC DISPERSION ESTIMATES



these is at the distance of maximum concentration
! the ground. As a rough approximation the maxi-
m ground-level concentration occurs at the dis-

tance where v, = 7 H. This i is

accurately. The ostimate of this path is usually in-
croasingly difficult with shorter release times. Dr
can also be given in curie sec m™ if Qy is in curies.

better for unstable canditions than for stable
conditions. With this approximation, the ratio of
an(.m\k.muan at plumo centerline to that at the
und is:

X 0H)
X000 P—— )
2\
— (10 + exp— 05 (2 V2)*]
- exp — 0.5 (V2)*
5 (10 00182)
- 0.368
- 1.38

This caleulation indicates that at the distance
of maximum ground-level concentration the concen-
tration at plume centerline s greator by about
one-third.

It s lso o intoest to doterin tho xolation-
ship between o, and H such that the concentration
A bround-Jovel at @ given distanee fyom ihe sourco
i the some as the concentration at plume level.
This condition should occur where:

_%(%)_ L[La +exp— L(3,,}1)]

e value H/o, = 110 satisi this exprossion,

which can be written as o, — 0.91 H (soo problem
10).

TOTAL DOSAGE FROM A FINITE RELEASE

The total dosage, which is the intogration of
concentration over the time of pacsage of a plume
‘pu, can be obtained from:

D Gy ) = 2 exp [ 5 (L )]

o [ ) ]
1o Dy — total dosage, g see m
it Qe P release, §

The o's should bo representativo of the time
period over which tho releaso takes place, and care
should be taken to consider the x-axis along the
trajectory or path of the plumo or puff travel. Large
errors can easily occur if the path is not. known

(6.10)

Speclal Toples

CROS i (CONCENTRATION
The ground-level crosswind-integrated concen-
tration is often of interest. For a continuous ele-
v.ned source this concantration is dotermined from
. (3.2) integrated wlth respect to y fram ~~ to
" (Gifford 1960a) giviny

__2a_ -
s =20 [_T &) Lo

n experiments the ground-level cross-
wind-integrated concentration is often determined
at particular downwind distances from a crosswind
ling or are of sampling messurements made at this
distance. When the source strength, Q, and average
Wwind speed, u are known, e, can be eatimatod ine
directly even though no measurements were made
in the vertical. If any of the tracer is lost through
reaction or deposition, the resulting o, from such
cstimates will not xepresent the vertical dispersion
(see problem 18).

ESTIMATION OF CONCENTRATIONS FOR
SAMPLING TIMES LONGER THAN A
FEW MINUTES

Concentations dicctly downyind froma soutce
docrease with sa of a
Iarger o dui b incteased moandor of wind direction.
Stewart, Galo, and Crooks (1958) reported that
this decrease in concentration follows a ano-A
power Iaw with tho sampling time. for sampling
periods from about 3 mintes to about half an hour.
Cramer (1969) indica this samo power la
applis for smpling times from  seconds Go 10

. Both of these studies wore based on ob-
Servations taken noar the height of relose, Gifford
(1960h) indicates that ratios of peals to moan con-
centrations are much highar than those given by
the above pover law where observations of concan-
trations are made at heights considerably diflerent
from the hoigh, o releaso or considerably romoved
from the plume axis, He also indicates that for
increasing distances from an elevated source, the
ratios of peak to average concontrations absorved
at ground lovel approach unity. Singer (1961) and
Singer, et al. (1968) show that ratios of peak to
mean concentrations depend also on the stability
of the atmosphere and the type of terzain that the
plume is passing ovor. Nophebel (1960) roports
that Meade deduced a relation betwoen calculat
concentrations a¢ ground lovel and the sampling
time from a study of published data on ateral ancl
vertical diffusion coefficients in_steady vin
These relations are shown in Table 5-1.




Table 51 VARIATION OF CALCULATEO GONCENTRATION
WITH SAMPLING TIME
Ratio of
Calculated Concentration.
Sempling Time to 3miute Concentralion
3 minutes 100
15 minutes 082
1 hour 061
3 hours 051
24 hours 036

This table indicates a power mlation with time:
x that these estimates were based
wpon published dispersion coefficients rather than
upon sampling results. Information in the refer-
ences cited indicates that effects of sampling time
are exceadingly complex. If it js necessary to esti-
mate_concantrations from a single sourca for the
tims intervals greater than a fow minutes, the best
estimate apparently can he obtained Iro;

—r

vhere , is the desired concentration estimato for
he sampling time, t,; x is the concentration esti-
nate fot the shotser spling fia, f (probatly
thout 10 minutes); and p should be between 0.17
wd 0.2. Eq. (5.12) probably would be applied
nost appropriately to sampling times less than 2
ours (see problem 19).

(512)

ESTIMATION OF SEASONAL OR ANNUAL
AVERAGE CONCENTRATIONS AT A
RECEPTOR FROM A SINGLE POLLUTANT
S0URCE

For a source that emits at a constant rate from
sour to hour and day to day, estimates of seasonal
or annual averags concentrations can be made for
any distance in any direction if stability wind “rose’
data aro available for the period under stady. A
wind rose gives the frequency of occurrance for
cach wind direction (usually to 16 points) and wind
speed class (9 classes in standard Weather Bureau
use) for the period under consideration (from 1
month to 10 years). A stability wind rose gives the
same type of information for each stability class.

1f the wind directions are taken to 16 points and
it is assumed that the wind directions within each
sector are distributed randomly over a period of a
month or a season, it can further ho assumed that
the effluent is uniformly distributad in the bori-
zontal within the sector (Holland, 1053, p. 540).
The upproprl-ta equation for average concentration
ig then eitl

(514)

depanding upon whether  stablo nyer aloft is af-
o ung the distributio
s cstimation of x for o particalar dm:chml
and Gomaning dhtoncs san- b aceormplihe
choosing a mprp.smtuhve wind apesd for ouch speed
class and solving the appropriats equation (5.13 or
5.14) for all wmd spood closkes and tablien. Noto
t to the NNE

for a given direction and distance by summing all

the concentrations and weighting each one accord-

ing to its fleq\)mcy lnr the particular stability and

wind spe ired, a different effectivo

height of mmmon csn be used for various wind

speeds. The average concentration can be expressed
by:

2 0,
(o) = = = (22ULON
s VI o s ( s )

~ 5]

where § o S, N) is the frequency during the pericd
interest that the wind is from the direc-
Gon 6, for the stabilty condition, S, and
wind speed class N.
ous s the vertical dispersion parameter evaluated
t the distance x for the stability condition S,
uy is the representative wind speed for class N.
Huis ﬂm, enmiva haight of ralease for the wind

(5.15)

Wham mb.my wind rose information cannot bo
obtained, & first-order approximation may b made
of seasonal or annual average concantrations by
using the appmp)lﬂu wind rose in the same man-
ner, and assuming the nentral stability class, D,

nly.

METEOROLOGICAL CONDITIONS
ASSOCIATED WITH MAXIMUM
GROUND-LEVEL CONCENTRATIONS

1. For ground. sources maximum concentra-
tions occur vnth stable conditions.

ATMOSPHERIC DISPERSION ESTIMATES



2, Tor elevated sources maximum “instantanecus”
concentratione occur with unstable conditions
when portions of the plume that have undergone
little dispersion are brought to the ground.
‘These occur close to the poi
s oxder of 110 3 stack neights). Theso con-
centzatians are usually o lttle goneral interent
because of their very short duration; they car
not bo estimated from the material Dcecoted Io
this workl

TFor elevated saurces maximum concentrations

for time periods of a few minutes

unstable conditions; although the concentra-

tions fluctuate considerably under these cundy
i a

o
(from 1to 5 ack ‘heighta downwind) and the
conmntrahun dmps off rapidly downwind with
increasing

For e:evmd sources maximum concontrations
for timo poriod of about hlf an hows can cecur
fumigation conditions when an_unstable
Tayer increases varically o mix downward &
plume proviously discharged within a_stable
Inyer. With small aH, the fumigation can occur
clase to the source but will be of relatively short
duration. For large AH, the fumigation will
oceur some distance from the stack (perhape 50
to 4 t can persist for a longer time
interval. (:oncenmuonmnmmbly Tower than
those asmocated with fumigatons, but of sg-
occur with nou unstable

oo whon the “aporson wpward
veraly Imitod by the arisvence of & more stable
lnyet ‘abovo the plume, for oxample, an inversion.

lor stable cnndmuns the maximum neen-
mtmns at ground-level from elevatod &
aro lose than Hhosn cccurzing under wnstable

‘maximum ground-level cancentrations for stable
and unstablo conditions is only a factor of 2
for effectivo heights of 25 meters and a factor
of 5 for H of 75 m. Bocause the maximum
cceurs at greate diatancss, concentrations that

ow the rnaxlmum but 0 sgnificant can
A becomes increas-
ingly slnificant, il amissions aso coming from
more than one source.

CONCENTRATIONS AT A RECEPTOR POINT
FROM SEVERAL SOURCES

Somotimes,ampocially for mulilo sourcs, it i3

canvenient ta consider the receptor as
g of the diflusion coardinate. systom.

Special Topies

source-receptor geometry can then be worked out
merely by drawing or visualizing an x-axis oriented

crosswind distances of cach a0
ronin. Ao pontod out by Gillord (1059), e con-
centration at (0, 0, 0) from a source at (x, y, H)
finate system with the x-axis oriented up-
same s the concentration at (x, ¥, 0)
from a saurce at (0, 0, H) on a coordniate system
with the x-axis downwind (Figoro 5:2). The total
concentration ie then given by summing the indi-
Vidual contributions from each sourco (s6c problem

L)
;
(0,000 h
:
OWHWIND {rn0)

Figure 5-2. Comparison of source-oriented and receptor-
oriented coordinate systems.

It is often difficult to dotermine the atmos-
‘pheric conditions of wind dircction, wind speed, and
stability that will result in tho maximum combined
concentrations fi 0 or more sources; drawing
isoploth of concentration for various wind speeds
and atabilities and orienting these according to
wind dirocton i one apEroath.

AREA SOURCES
In_dealing with diffusion of air pollutants in
arcas having large numbera of sources, e.g, a8 in

urban areas, there may be too many sources of most
atmospheric contaminants to consider each source
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individually. Often an approximation can be mada
by combiniing all of the emigsiona in a given arca
and treating this area ne a eource having an initial
horizontal standard deviation, oy, A virtual di-
nce, X, can then be found that will give thie
standacd deviation. This is juet tha distance that
will yield the appropriate valuo for o, from Figuro
8.2, Values of x, will vary with ewbilty. Then
equations for point sources may be used, determin-
ing a, a8 a function of x + X,, a slight variation of
the suggostion by Tolland (1953). This procodure
e area source as a crosa-wind line source
Vith s mevimal diatribution, a fairly good approxi-
mation for the distribution acrosa sn srea source.
Tho initnl atandard dovation for 4 square srun
source can be approximated by o, = /43, where
it Tomgeh oF o si3e of the srea (s probiem

0 emisaions within an area aro lmm varymg
ftoctive stacle heights, tho variation
proximated by using a er. o e the
mean effective hoight of release s, e atanderd
deviation of the initial vertical distribution of
sourcee. A virtual distance, x,, can be found, and
t source equations used for estimating concen-
trations, determining o, as a function of x - Xa.

TOPOGRAPHY

der_conditions of iregular topography tho
diee application of  standard dispersion equation
is often imval somo situations the bes
sble to a6 witbout the et of i sihe
axperiments is o otimato.the upper limit of he
Gomcentrations Hkely to otar,

For example, to calculate concentrstions on a
hillide downwind from end facing the sourco and

boutthe effective source height, the oquation
o meentrations ot ground Jlevel fro ound-
level source (Iiq.

counter the hillside. Under unstable conditions the
flow is more likely 1o risa over the hill (see problem
21).

With downelope flow when the receptor is at a
lower elevation than the sonrce, a likely assumption
is that tho ﬂow pm-nllell the slope; i.e., no allow-
ance is m the difference between ground-
{evel elevations at the source and &t the receptor.

Wi stoop ridgo or bluff restricts the hori-
zontal dxspersmn, the flow is likely to bo parallel
10 euch a bluff. An assumption of complete reflec-
tion at tho bluff, similar to reflection at the
ground from an clevatod eource, ia in order. This
may be accomplished by using:

X (x,y,05H) -mim [,%(L)]
roo =220 |} [ [+
(ﬁ%)‘]i

B ot the distance from the x-axis to the restrict-
and the positive y axis is defined to be in
the dmcmn of the bluff,

“Tho sestiction o horizona) disperion by v valley
sides is somewhat analogous to_ restriction of the
vortical dispersion by a stable layer aloft. hen
the o, becomes grent enough, the concentrations
can be assumed to be uniform across the width of
the valloy and the concentration calculated accrd-
ing to the following cquation, where in this case ¥
ia the width of the valley.

(u—.) ] (5.17)

[ S, [_IT

@ Yu

(5.16)

LINE SOURCES

down
enumng infinito ling suuws. when Lhe wind o
tion it
Towiting squation (12) . 164 of i (1932)

; H K
x(x,y,ﬂ,ﬂ)—mexp - T‘) ]

(5.18)

© q i the source strength per unit distance,
for oxarmple, § sec™ m 1. Note that the horisontal
dispersion parameter, o,, does not appear inthis
aquation, sinca it is samumad that atara dispersion
from one segment of the line is compansated by di
persion in the opposite direction from ud]uctml
sogmanta. Alao y doos not appoar,sics concantra-
at a givon x is the sumo for any value of y
eoe problem 23).

Concentrations from infinite line sources when
the wind is notperpendicular to tho line can be
opproximated. If the anglo et the wind direc-
tion and line source is g, the equation for concen.

tration downwind of the line gource it

[ 1 (H)?
[

(5.19)
This equation should not be used where # ia los:
than 45°.

Xy OH) — 29
sing \/2n o, u
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When ostimating concentrations from finite line
sources, one must account for “edge effects” cased
Dy the end of the line source. These effects will of
conrse extend to greater crose-wind distances o5
the distance irom the source increases. For concen-
wrations from a finite line source oriented cross-
wind, define the x-axis in the direction of the mean
wind and passing through the receptor of interest.
The Jimits of the line source can be defined as ex-
tonding from y, to y, where y, is loss than o
cquation for concentration (from Sutton's (1932)
equation (11), p. 154), is:

e [-4(2)]

x (x,0,0;H)

Pa

- —0.5 p*) dj 5.20)
Vo exp (—0.5p") dp (5.20)
P

whars p, =Ly = 2

The value of the integral can be determined from
tahulations given in most statistical tables (for ex-
ample, sec Burrington (1953), pp. 272-276; also see
problem 24).
INSTANTANEOUS SOURCES
“Phus far wo have considered only sources that
Lt i or for ti i 1

t0 or greater than the travel times from the source
to the point of interest. Cases of instantaneaus re-
loase, as from an explosion, or short-term releases
on the order of seconds, are often of practical con-

cquation that may be used for estimates of concen-
tration downwind from a release from height, H:
1

x (xy,0H) = —————(2')?/,%;’ reab

(2] [ 2]
(The numerical value of (2r)** is 16.75.)

(521)

Special Toples

 The symbols havo the usual meaning, with the
important excoptions that Q: represonts the total
mass of the relesse and the o's are not those evol-
uated with respect to the dispersion of 2 continuous
source at a fixed point. in space.

In Eq. (5.21) the o's refer to dispersion sta-

tistics following the motion of the expanding puff.
ho o, is the standard devistion of the concentra-

tion distribution in the puff in the downwind direc-

tion, and t is the time after release. Note that

there is no dilution in the downwind direction by
i mainly serv

puff, as shown by exemination of

involving o, Wind speed may influenco the

persion indirectly because the dispersion parameters

e, 03, and o, may be functions of wind speed. The
f rce are less

stantaneous sources. Tl
The problem remaing to make

tes of o, Much loss is known of diffu-
n in the downwind direction than is known of

a
sion, may be approximated by finding a virtual
distance to give the appropriate initial standard
eviation for cach direction. Then o, will be deter-
tmined as a function of X + %, o @ a function of
% 4 X, and a 38  function of X + X,

Table 52 ESTINATION OF DISPERSION PARAMETERS FOR
QUASHINSTANTANEOUS SOURCES (FROM SLADE, 1965)
= 10m o
Unstable 0B W 2
Neutral 4 s w9
Very Stable 13 05 7
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Chapter 6 — RELATION TO OTHER DIFFUSION EQUATIONS

Most, other widely used diffusion equations are
veriant forme of the ones presented here. With re-

spect o ground level concentrations from on ele-
ated source (Ba.

X (6y,0H) = T,Qw.u exp [—l %’)']

] @2

Other well-lnown equationx can be compared:

Gkl e

qx) ] ind [’* (1)

where p and q are dimensionless diffusion coeffi-
clents,

exp

Bosauquet and Pearson (1935)
x (xy,0;H) =

Sutton (1947):
X M) e e o [~ =
H*
( + T)] (6.2)

where n is a dimensionless coustant and C; and C;
are diffusion coefficients in m"

Calder (1952):

X (v M) = gt oo |~
y
(- “)] (63)

where a — % the ratio of horizontal eddy velocity
to vertical eddy velocity, k is von Karman's con-
stent approximately equal to 0.4, and ve —

where z, is a Toughness paramoter, m.

Other Equations

NOTE: Cnlder wrote the equation for the con-
centration at (x, y, z) from a ground-level source.
For Ba. (6.3) 3 i astumed that the concentration
at ground lovel from an levatod source is the same
as the concentraton at an elevated point from a
ground-level source.

Table 6-1 lists the expressions used in these
equations that are equivalent to o, and o, (con-
tinuous source) in this paper.

Table 61 EXPRESSIONS EQUIVALENT T0 o AND o IN
VARIOUS DIFFUSION EQUATIONS.
Equation o -
Bosanquetand Person ax VIpx
1 B
Sutton Ikl Nk z
Calder _VZakux ——‘/Z_z“‘ x
REFERENCES
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Chapter 7 — EXAMPLE PROBLEMS

The following 26 example problems and their
solutions illustrate the application of most of the
techniques and equations presented in this work-
book.

PROBLEM 1: It is estimated that a burning
dump emits 3 g sec™ of oxides of nitrogen.
‘What ie the concentration of oxides of nitrogen,
averaged over approximately 10 minutes, from
this source disectly downwind at. 1 distance of

3l on un overcast night with wird speed of
7 m sec™? Assume this dump to be a point
groundtlevel aource with o eftctive rise

SOLUTION: Overcast_ conditions with a wind

apeed of 7 m sec™ indicate that stability clasa D
is most. npplxcable (Statement, bottom of Table
3-1). Forx — 3 km and stability D, o, = 190 m
from Figure 32 and v — 65 m from Tiguro 5.3,
Eq, (5.4) for estimation of concentrations di
rectly downwind (y — 0) from a ground-le
Tourte s applcables

e 3 __
X (K0050) = 2R = 750 (08) 7
= 1.1 % 10 g m" of oxides of nitrogen.
PROBLEM 2: 1t is estimated that 80 g soc of
aulfur dioxide is being omitted from a petro
oliery Trom . avesage elecive helght of 60
meters. At 0800 on an overcast winter morning
with the surface wind 6 m sec”, what is the
promdlovl coneanration direetly
from the rofinery at a diatance of 500 meters?
SOLUTION: For overcast conditions, D cla sta-
bilty apples With D stabily at x =500 m,
=38 e, = 165 m. Vo Ko (33):

% (50,0;H) ;,’Qu—“exp - %)]

80 .
~ g gsy e O 108 (60/185))
— 637 x 107 exp [—0.5 (3.24)°]
The exponential is solved using Table A-1 (Ap-
pendix 3).
=637 x 10 (5.26 x 10™)
xo=8.3 x 10 g m of 80,
PROBLEM 8: Under the conditions of problem
, W the concentration af the same dis-
tance downwind but at a distance 50 metera
from the x-axis? That is: x (600, 50, 0; 60) — 7
SOLUTION: Using Eq. (3.2):

X (Y, 0H) ==
-]

Example Problems

m[-+6)

@

All but the exponential involving y has been
found in the pmcedmg problem. Therefore:

x (500 50,0;60) —3.3x 107
exp [—05 (5 0/36) i

.3 10 (0.381)

=13x107"gm™of SO,

PROBLEM 4: A power plant bums 10 tons per
hour of coal containing 3 percent sulfur; the
effluent is released from a single stack. On a
sunny summer afternoon the wind at 10 meters
above ground is 4 m sec” from the northesst
The moming radiosond, taken at @ nearby
‘Weather Bureau station has indicated
frontal inversion aloft will limit the vordest
‘mixing to 1500 meters. The 1200-meter wind is
from 30° at 5 m sec™, The effcctive height of

concentration and what is the concentration at
this point?

SOLUTION: To determine the source strength,
tho amaunt;of sulfur bumed it 10 tons hr+ x
2000 Ib ton" x 0,03 sulfur — 800 b .
Sultur haa a molecular weight of 52 and com-
bines with 0, with a molecular weight of 32;
therefore for every mass unit of sulfur bured,
there result two mass units of SO,

64 (malccular weight of S0,)

32 (molecular waight of sulfur)

600 1b b (463.6 1b™)
3600 sec hr
161 g sec™ 0f SO,

Q—

On a sunny summer aftemoon the insolation
should be strong. From Table 3-1, strong inso-
Jation and fm sec winds yield clase uub:hty
From Figure 5, the distance to 4 ¢ of
concentration is 1 km for B s,

leure 3-3 at this distance ¢, = 110 m.

than 047 L. Thereforo, at this dis-

fance, the limit of mixing of 1500 moters will

not affect the ground-level concentration. From

Figure 2-9, the meximum xu/Q for B sabilty
and this effective height of 160 m is 7.5 x

u x 107 x 161
R
= 2.8 x10 g m™ of SO,

PROBLE! For the power plant in problem 4,
O hat dstanee docs the maximum ground:

a5



level concentration accur end what is thia con-
centration an an overcast day with wind spead

SOLUTION: On an overeast day the stability
class would be D. From Figure 3-0 for D sta-
bility and H of 150 m the distance to th point
of maximum ground-level concentration is 5.6
km, and the maximum xu/Q is 3.0 x 107
3.0x 107 x 161
T

Xnax =
—11x10 gm~

PROBLEM 6: Tor the conditions given in prob-
lem 4, draw a graph of ground-level centerline
Gulfur dioxide concenration with distance from
100 moters to 100 km. Use log-log graph paper.

SOLUTION: The frontal inversion limits the mix-
ing toL. = 1600 mates, The distance at which
5. — 047 L =706 m is x, = 5.5 km. At dis-
e o thar i, B, (3. s 0 S ecion
late concentrations:

x (%,0,0;H) =

At distance equal to or gles'er than 2 x,, which
is 11 km, Eq. (3.5) is
Q

00H) = —=
R Y =
Sohmens jor the equations are given in Table

values of concentration aro plotted

m.nn distance in Figure 7-1.

Table 7-1  CALCULATION OF CONCENTRATIONS FOR

VARIOUS DISTANCES (PROBLEM 6)
%0 o 3
o s ] ok

% Wer |- L0l
% W, o[-0

03 4 52 3 50 373x10°  29x10"
05 4 85 51 294 133x10%  38xI0°
08 4 129 8 177 029 23x10°
10 4 1857 10 1% 0397
20 4 295 230 085 0810
30 4 425 365 041 0919 .
55 45 720 705 021 0978 21x10-

op L ¢
M I
110 45 1300 1500 69x10
30 45 3000 1500 30x10
100 45 8200 1500 L1x10"

PROBLEM 7: For the conditions given in prob-
lem 4, draw a graph of ground-level concentra-
tion versus crosswind distance at a downwind
distance of 1 km.

SOLUTION: From problem 4 the ground-lovel
conterline concentration at 1 km is 2.8 x 104
g m™. To determine the concentrations at dis-
tances y from the xeaxis, the ground-level con-
terline concenuacim ‘must be multiplied by tho

factor exp [ - :,g

— 157 meters acx =1 km. Values for this
Computation are given in Table 7-2.

Table 7-2  DETERMINATION OF CROSSWIND
CONCENTRATIONS (PROBLEM 7)

T 2wl d@)] e

CONCENTRATION OF 55, 3 2>

A
&l

0
SOMIMIND BISTRCE, b

Figure 7-1. Concentration as a function of downwind
distance (Problem 6).

=100 064 0815 23x10°
=200 127 0446 13x10°
=500 191 0161 45%10°
=400 255 387x107 11x107
=+ 500 318 637x 107 18x10 ¢

These concentrations are plotted In Figure 7-2.

PROBLEM 8: For the conditions given in prob-
lem 4, dotermine the position of the 10~ g m™s
ground level sopleth, and determine its arca,

SOLUTION: From the solution to problem 6, the
graph (Figure 7-1) shows that tho 107 g m-3
isoplsth intersects the x-axis at approximately

= 350 meters and x ~— 8.6 kilometers,

ATMOSPHERIC DISPERSION ESTIMATES



concentaaTion. o

%
CROSSHIN DISTANCE [y v

Figure 7-2. Concentration as & function of crasswind
distance (Problem 7).

The values necessary to determine the isopleth
half widths, y, are given in Table 7-3.

Table 7-3  DETERMINATION OF ISOPLETH WIDTHS
(PROBLEM 8)

o, erl Gsopiot
B xe o
05 83 38x10° 0283 16 1%
08 129 23x107  43x102 250 3B
100157 28x10% 3Ex10¢ 289 407
20 205 14x10% 7M4x10% 230 69
30 45 71xl0v Lazxlon 1% 82
40 500 AOX10F 0280 187 %02
50 670 24107 0417 132 68
60 780 18x10¢ 0856 108 82
70 80 l4xio® 0714 0 7
80 980 11x10~ 0909 [V

The orientation of the x-axis will be towsrd
225° close to the'source, curving more toward
210° to 215° azimuth at greater distances be-
causo of the change of wind direction with
height, The isoploth is shown in Figure 7-3.

Since the isopleth approximates an ellipse, the
area may be estimated by = ab where a is the
semimajor axis and b is the semiminor axis.

,_“l‘_nz—ﬂ_,m,;m

b =902

A () = x (4125) (902)
11,7 x10°m*

or A == 117 km?

Examplo Problems

4

Figure 7-3. Location of the 10 g m™* ground-level iso-
pleth (Problem 8).

PROBLEM 9: For the conditions given in problem
4, determine the profile of concentration with
height from ground level to z — 450 meters at
X = 1km, y — 0 moters, and draw a graph of
concentration against height abave groand.

SOLUTION: Eq. (3.1) is used to colve this prob-
lem. The exponenti olving y is equal to 1.
At x = 1 km, o, = 167 m, o = 110 m. (From
problem 4).

__a 11 asriorgme
e T TR (0 E T OOX e

Values for the estimation of x(z) are given in

PROBLEM 10: For the conditions given in prob-
lem 4, determine the distance at which the
‘ground-level centerline concentration equals the
centerline_concentration at 150 meters above
ground. Verify by computation of x (x.0.0)
and y (%,0,150).

SOLUTION: The distance at which concentra-
tions at the ground and at plume height are
equal should occur where o, = 091 H (Sco
Chapter 5). For B stability and H — 150 m,
5, = 0.91 (160) == 136 m occurs at X = 1.2 k.
At this distance o, = 181 m.



Table 74 DETERMINATION OF CONCENTRATIONS FOR
VARIOUS HEIGHTS (PROBLEM 9)

He) e[ ] e it
0.397 136 0397 0794 278x10~
0.552 164 0.261 0813 285x10~
0714 191 0161 0875 3.06x 10~
0860 218 0099 0953 334x10~
0.964 245 0.0497 1014 355x10°
10 273 00241 104 358x 107
0864 300 L1Ix10—* 0975 341x10~
0860 327 477x107 0865 3.03x10
0714 354 19010 0716 281x10°*
0553 1.94x10~
0397 139x 10~
0261 9.14x10~
0161 564x10
0093 326x10
0050 1.75x10°
450 273 00241 545 355x1077 0024 8A0x10-*

Those values are plotted In Figuro 74.

| { | | |
L e T B T T
CONCENTRATION, 5 3
Figure 7-4. Concentration as a function of height (Prob-
lem 9).
Verifying:
X600 = exp [— T

— AL — L (160
= w181 (180) 4 P

—4.88x 107 exp [— 3 (1.10)%])
— 4.88x 107 (0.546)
—27x 10" gm

X (x,0,150) = 5—% —gexp [*7

Troon
exp 7%(%)]
o)

—244x10% {10+ exp [—% (2vz1)=]}

2.44 %107 (L0 + 8.70 x 10%)
=244 x 10 (1.087)
~2.7x10% gm

yH

+exp [*T

T2 181 ( 1s| 1136) 7

PROBLEM 11: Tor the power plant in problem 4,
what will the maximum ground-level concentra:
tion be beneath the plume centerline and at
ehat distance wilt our on a loa night with
wind speed 4 m sec?

SOLUTION: A clear mgm with
sec™ indicates I stability conditions. From Fig-
ure 3-9, the maximum concentration should
occur at a distance of 13 km, and the maximum
Xu/Qis 17 x

xu Q

oax = XL x Lo
x Q m

ind speed 4 m

7x 10 x 151
T

— 6.4 x107 gm of SO,

PROBLEM 12: For the situation in problem 11,
what would the umigation concantation bo e
next m at this point (x — 18 km) when
Eupumdmhnhc lapso rates exiend to_include

of the plume and it is assomed that wind
spoed and clrection remain unchanged?

SOLUTION: The concentration during fumiga-
tion conditions is given by Eq. (5.2) with the
expanential invalving y equal to 1. in this prob-
lem.

o (100H) ——— &
e € )= Varwenh
For th stable conditions, which were assumed
t0 bo class E, at x — 13 kun, o, — 620 m, and

+
From the horizontal spreading suggcsted by Eq,
(B.4):

ATMOSPHERIC DISPERSION ESTIMATES



v = oy (stable) + H/8 — 520 + 19 = 539
15

1
X V2 4 (539) 330

85 x10% g of SO,
Note that, the fumigation concentrations under
these conditions are about 1.8 times the maxi-
mem ground-level concentrafions that occurred
during the night (problem 11).

PROBLEM 13: An air sampling station is located
_ atan azimuth of 203° from a cement plant at a
distance of 1500 meters. The cement plant re-
leases fine particulates (less than 15 microns
diameter) at the rate of 750 pounds per hour
from a 30-meter atack., What is the contribution
from the cement plant to the total suspended
particulate concentration at the sampling sta-
tion when the wind is from 30° at 3 m sec on
a clear day in the late fall at 16007
SOLUTION: For this season and time of day the
€ class stability should apply. Since the sam-
pling station is off tho plume axis, the x and y
distances cau be calculated:
x = 1500 cos 7° — 1480
y = 1500 sin 7° — 183
The source strength is:
- 3 gaect 4
Q= 7501b hr x 0128 FERT = 945 g sec
At this distance, 1489 m, for stability C, oy =
m, o, — 87. The contxibution to the cancen-
tation can be calculated from Eq. (3.2):

M) —— 8 e [— L (L)
X (6y0H) = ——=m exp [ T\
1 s
o[- 2]
94.5 183 \*
T EnE P [*0'5 ( 150) ]
30 \*
op [4415 (W) ]
945
2 x 107
ap [—0.5 (0.345)°)
— 7,68 x 10~ (0.475) (0943)
=384 x10gm™
PROBLEM 14: A proposed source is to cmit 72 §
sec™ of SO, from a stack 30 meters high with
& diameter of 1.5 meters. The effiuent gasea are
tted at a temperature of 250°F (394°K)

with an exit velocity of 13 m sec™t, Plot on log-
log paper a graph of maximum ground-level

g

exp [—0.5 (1.22)?]

‘Example Problems

concentration as a function of wind speew. or
stability classes B and D. Determine the crit-
ical wind speed for these stabilities, ie. the
wind speed that results in the highest concen-
trations. Assume that the design atmospheric
pressure is 970 mb and the design ambient air
temperature is 20°C (203°K).

SOLUTION: Using Holland’s offective
height equation:

vod
u

atack

AH —

[1.5 +268x107p

— A8 454 268x10% (970)

(-—739‘3;,4233 ) (15)]

19.5
— 298 5426 (-394 ) 15 ]
=295 115426 (0250) L5

19.5
- [15+10]

_ 195 (2.5)

u

The effective stack heights for various wind
speeds and stabilities are summarized in Table
-5

Table 75 EFFECTIVE STACK HEIGHTS (PROBLEM 14)
Class 0 Class B
u af Nl LI5aW, b LIS aH,
mseesm n n n
05 976 1276 122 122
10 33 78 56.1 861
15 326 626 E43 675
2 24 544 281 581
3 163 53 187 37
5 93 398 13 3
7 70 370 80 380
10 49 19
2 24 324

By use of the appropriate height, H, the maxi-
mum_concentration for each wind speed and
stability can be determined by obtaining the

9



maximu xu/Q as o fartion of H and sabilty
from Figure 3-8 and multi

pnxte Q/u. The comp\lhunns are !ummum.ed
in Table 7-8, and platted in Figure 7-5.

T L e T

3
T

s

MATIMUN S0, CONCENTRATION, § m-3

L1
el
N0 SPEED, m sc
Figure 7-5. Maximum concentration as a function of
wind speed {Problem 14).

Tabla 76 MAXIMUM CONCENTRATION AS A FUNCTION OF
WIND SPEED (PROBLEM 14)

T W T,
Class

msee m L L
B 05 M22 B0xI0* M4 LISxI0
10 81 20x10° 72 14dx107
15 675 3lx10° 48 L4gx10<
2 881 4lx100 3 14Bx10~
3 487 57x107 2 137x10%
5413 78xi0¢ M4 L1210
7 3O 87x10% 103 B96xI0
0 05 1276 A44xI00 M 630x10~
10 788 142l0* 72 L02x10
15 626  24710F A8 119x10-
2 544 35x100 %6 126x107<
3 63 5Ixl0* 24 122x107
5 308 73xI10° 144 L05x10
7 @0 82X10 103 84510
10 39 94x10° 7.2 877xI0
20 24 11X 36 3%x10

The wind specds that give the highest maximum
concemttions fﬂr sach sabilty ae, from Fig-
ure 7-5: B 1.

PROBLEM 16: A propased pulp processing plant
is expected to emit 34 ton per day of hydrogen
sulids from a single stack. "The cumpany prop.
erty exiends a minimum of 1500 moters trom
the proposcd location. The nearest recoptor

is a small town of 500 inhabitants 1700 metors
mortheast of the plant. Plant managers havo
decided that it is desirable to maintain
concentrations below 20 pob (parts per hylhnn
by volume), or approximately 29 x 10 g m

from the_propased location toward this town
between 10 and 15 per cent of the time. What
height stack should be erected? It is assunod
that a design wind speed of 2 m sec™ will he
sufficient, since the efective stack rise will be
quite great with winds less than 2 m sec™,
Other than this stipulation, as:
physical stack height and offective stack height
are the same, to incorparate ¢ light ity
facts
sow’nou: The source strength is:
Q10001 day" x 453.6 g 1h =
86,400 sec day
From Eq. (4.2):
_0117Q 0.117 (5.25)
b xeu T (29x100) 2
—1.06x10'm*
At a design distance of 1500 meters (the limit
of company property), s, o = 106 x 10° gives
a point from Figure 4-1 about 0.2 from Class C
to Class D along the line x — 1500 m. From
Figure 3-3, o, — 80 for this stability.
H =~ V2 o, = 113 meters

PROBLEM 16: roblem 15 assume that the
stack diamote is £ be 8 f, the temperature of
the offluont 250° F, and the stack gas velocity
45 ft sec, From Holland's equation for effec-
tive stack height and the method used in prob
lem 15, determine the physical stack height
required to satisty the conditions in problem 15.
In estimating AH, use T, — 68°F and p — 920
mb.

= 5.25 g sec™

SOLUTION: _First determine the relation between
AH and u from Holland's equation.
vy = 45 It sec™ = 13.7 m sec™
de=8 it 244 m
T, = 250°F = 121°C = 394°K
T, = 88°F — 20°C = 203°K
P =920 mb

vd oy T
AH = m [1,54-2.68){10 P T, rl]

- W[ 15+ 268 x 107 (920)

394-203
a0 (2.44)]

ATMOSPHERIC DISPERSION ESTIMATES



aaa

[1.5 + (2.46) 0.256 (2.44)]

33.4
S (154 150)

- 102
u

The relation between o, , and 1 is:
0.117Q _ 0.117 (5.25) _

xa 28x10°

2123100
v

The required computations using Figure 4-1 are
summerized in Table 7-

Table 77 REQUIREO PHYSICAL STACK HEIGHT AS A
FUNCTION OF WIND SPEED (PROBLEM 16)

Stabilty to

u M oo Go ot op
msctm me 1500 m n
05204 424%10¢ 09fromAtoB 190 269 65
10102 212x10* 06fromBtoC 120 170 68
15 68 141x10* 09fromBtaC % 136 68
20 51 L06x10+ 02fromCtoD 76 108 57
25 4l 848x10" OdfromCtoD 64 61 S0
30 34 7.06x10° 0GfromCtoD 86 79 45

50 20 420x10° 0 42 6 40
70 15 303x10* O5fomDtcE 34 48 33
100 10 212x10° E 8 0 3

150 7 141x10° 05fomEtoF 23 3 2%

Tho requied physical hlght s 68 meters.

PROBLEM 17: A dispersion study is being made
over relatively open terrain with fuorescent.
perticles whose size yields 1.8 x 10 particles
per gram of tracer. Sampling is by membrane
filters through which 8 x 10~ m* of air is drawn
each minute, A atudy involving a 1-hour release,
which can be considered from ground-level, is to
take place during conditions forecast to be
slightly unstable with winds 5 m sec™. It is
desirablo to obtain a particle count of at least
20 particles npon membrano filters located at

0 km from the plume centorline
he sampling arc 8 Jum from the source. What
ahwld the total release be, in grama, for this

SOLUTION: The total dosage at the sampler is
determined by the total sample in grams divided
by the sampling rate:

. ay 20 particles
De (@ 56 1) = 7 5 T particles ¢

Examplo Problems

Dy = 7,41 x 107 g sec m™
The total dosage is gis

" Q ()
D (xy00) = 2o [~ 3 () ]
whero Qi the total relesso in grams.
Thorcfore Qq — 7202 De

1 v \*
e |~
Tor slightly unstable conditions (Class C) at
x == 8 km, oy = 690 m, o, = 810 m; y =~ 2000 m,

iven in g sec m™ from

Qo 5.(690) 310 (141 x 10°0)
000

P [~ \Te0

249
T Texp (0.5 (280)°]
249
149 x 107
Q1670
No correction has bocn made for the facts that

the release is for 1 hour and the standard devi
tions represent time perioda of 3 to 15 winutes.

PROBLEM 18: A .el-se of 2 kg of fluorescent
pmmles d on the results of the
utation in )n'obl m 17. The cnndmum are
clm C stability and wind speed 6 m The
swind-integrated ground-level dmge slong
tho 8- are i detormined from the samplors
along this arc to be 8.2 x 107 g sec mt, What

is the effective o, for this run?

SOLUTION: The crosswind-integrated dosage is

given
2 g [4 s () ]
Veran o
Since the source is at ground-level, the expo-
nential has a valve of 1. Solving for o,

Dowi =

2@
V2r Doyt 0

0,==389 M



PROBLEM 19: At a point directly downwind

15-minute
m™. What would you estimate the 2-hour con-
centration to be at this point, assuming no
change in stability or wind velocity?

SOLUTION: Using Eq, (5.12) a and letting k =
min, s — 2 hams, and p = 0.2

_Tﬁ (3.4x107)

3.4x107
TT2m

84x 107

—16x107gm™

Letting k 15 min, s — 2 hours, and p — 017
15 ) 4 ~

(W) 34x10

(3.4 x107)

X

gnn

-M_:“xm-sgm.‘

‘The 2-hour concentration is esummd to be
hetween 1.6 x 10 and 2.4 x 10~

PROBLEM 20: Two sources of SO, are shown as
points A and B in Figure 7-6. On a sunny
summer afternoon the surface wind is from 60°
at 6 m sec™’. Source A is a power plant emitting
1450 g sec™ S0, from two stacks whose physical
height is 120 meters and whose AH, from Hol-
land"s seqnnunn is AH (m) = 638 (m? sec”)/u

9 ree B is a refinery emitting 126 g
seet 50, from an offective height of 60 meters.

The wind measured at 160 meters on a nearby

TV tower is from 70° at 8.5 m sec™. Assuming

that the mean direction of travel of both plumes

is 245°, and there are no other sources of S0,
what is the concentration of SO, at the receptor
shown in the figure?

SOLUTION:  Culeulato the oflctive height of
Source A using th abservd wind spaed at 160
me
sH=38 63
- 0. 463 183m
Qu = 1450 g sec™

Qu = 126 g sec

Por a sunny summer aiternoon with wind speed
6 m sec™, the stability class to be expected is C.
The equation to be used s g, (8.2):

} SouRce &
in
aain

Figure 7-6. Locations of szu;)rces and receptor (Problen:

a2 [ (2]

1 H \¢
exp [“ () ]
For Source A, x = 24.6 km, y — 8.4 km
oy == 1810 m, o, = 1120 m, u = 8.5 m sec™
oxp [—0,5
183 )’
1120
“W;::W oxp [—0.5 (4.64)%]
exp [—0.5 (0.164)?]
—2.67x10%) (211x10°) (0.987)
o= 56 1070 g
For Source B, x — 13.0 km, y — 4.0 k.
oy = lI)B{)m,n,—GAOm, u = 7.0 m sec™
4000 \*
=300 G P [~o,5 (o) ]
<[ 60 \*
05 (o) ]

exp [—0.5 (3.81)*]

1450
X T1810 (1120) 85

a0 )
(3415 ]e"p [4’5

oxp

1%
T48 x 107
exp [—0.5 (0.0938)*]
—8.5x 10 (7.04 x 10) (0.996)
xn=6.0x 10 gm~
X=xa + xu=0.56x10" + 6.0 x 10~
—6.6%107gm =

ATMOSPHERIC DISPERSION ESTIMATES



PROBLEM 21: A stack 15 meters high emits 3 g
sec of a particular air pollutant. The sur-
rounding_terrain is relatively flat except for a
rounded hill about 3 km to the northeast whose
crest extends 15 meters above the stack top.
What is the highest 3- to 15-minute concentra-
tion of this pollutant that can be expected on

toward the hill at 4 m sec™? Assume that AH.
is less than 15 m. How much does the wind
have to shift so that concentrations at this point
drop below 1077 g m~*?

SOLUTION: A clear night with 4 m sec” in
cates class E stability. Eq. (3.4) for ground-
level concentrations from a ground-level source
is most applicable (See Chapter 5). At 3 km
for class E, o, = 140 m, o, — 43 m.

e _ 5

oy oy =140 (43) 4
x=3807x 10 gm™

To determine the crosswind distance from the
plume centerline to produce a concentration of
10~ g m Eq. (3.8) is used:

y— [ 2 I 2600 ]”’

x=

x ®y.0)

397x10 |~
= [ 2 —10-] (140)

= (21n307)"/* 140
— (2% 5.98)"* 140
—3.46 x 140
— 484 m.
484
o0 — 01614
0=19.2°

tan 0 =

A wind shift of 9.2° is required to reduce the
concentration to 1077 g m™,

PROBLEM 22: An inventory of SO, emissions
‘has been conducted in an urban area by equare
areas, 5000 ft (1524 meters) on a side. The
emissions from one such area are estimated to
be 6 g sec™ for the entire area. This square is
composed of residences and a fow emall com-
mercial eatablishments. What is the concentra-
tion resulting from this area at the conter of the
adjacent square to the north when the wind is
blowing_from the south on a thinly overcast
night with the wind at 2.5 m sec? The average
effective stack height of these sources s assumed
to be 20 meter

SOLUTION: A thinly overcast night with wind
epoed 2.5 m sec indicates stability of class E.

Example Problems

(1t may actually be more unstable, since this is
ina built-up area,) To allow for the area source,
let oy0 — 1524/4.3 = 354, For class E the vir-
tual distance, %, — 8.5 km. For x — 1624 m,
= 28.5. For x + %, =10,024 m, o, — 410 m.

e [-+(E)]

PR L
0@ 25 |72
— 6.54x 107 (0.783)
x=61x10" gm™

PROBLEM 23: An estimate is required of the
total hydrocarbon concentration 300 meters
downwind of an expressway at 1730 on an over-
caet day with wind speed 4 m cec™’. The ex-

x

carbons.

SOLUTION: The expressway may be considered
a6 a continuous infinite line source. To obtain
a source strength g in grams sec”t m™, the num-
ber of vehicles per meter of highway must be
calculated ard multiplied by the emission per
vehicle.
Vehicles/meter =

Flow (vehicles hour™)
Average spoed (miles hour) 1600 (mmile ")

8000 O
gy 126 %107 (vehicles ™)
q = 1.25x 107 (vehiclesm™) x 22107

(g cec™ vehicle™)
q = 2.5 107(g gec™ 1)
Under overcest conditions with wind speed 4 m
sec stability class D applies. Under D, at x —
300 meters, o, = 12 m. From Eq. (5.18):

X107
07 (12) 4
— 4.2 107 g m™ of total hydrocarbons.

PROBLEM 24: A line of burning agricultural
‘wasto can' be considered a finite line source 150
m long. 1t is estimated that the total emission
of organice is at a rate of 90 g sec™!, Wha is the
3- to 16-minute concentration of organics at a

conter of the line when the wind is blowing at
3 m sect perpendicular to the line? Assume

53



that it is 1600 on & sunny fall afternoon. What
is the concentration directly downwind from one
end of the source?

SOLUTION: Late afternoon at this time of year
implies slight insolation, which with 3 m sec™t
vinds yllds atabiliy casa C. For C abillty
atx — 400 m, v,=45m,.n 6 m.

1= fiy =35y =088 %ctm
Eq. (5.20) is appropriate.
P 3
x,0,0;0) = —=
* (000 =50 VI

exp (—0.5p*) dp

167
2 (0.6) +

V2x(26)3
exp (—0.5p%) dp
== 6.14x 107 (0.91)
—56x107gm=

X (400,0,0;0) —

F‘m- a point downwind of one of the ends of the
line:

PRST RN B
+3.33
x (400,0,0;0) — 6.14 x 10~ . ﬁ

exp (—0.5 p*) dp
.14 x 107 (0.4995)
—3.1x107gm

PROBLEM 25: A core melt-down of a power ro-
actar that s been opariing for cver o veas
occurs at 0200, releasing 1. 10° cnries of
activity (1 second after tho accdent) into-the
atmosphere of the containment vessol. This
total activity can be expected fo decay according
to (_::) 04, It is estimated that about 5.3 x 10°
curice of this activity is duc to iodine-131, which
has  half-life of 8.04 days. The reactor building
is homispherically shaped with a radius of 30
metats, Assuime the leak rate of the building ia
0.1% day~

‘The accident has occurred on a relatively clear
night with wind speed 2.5 m sec™®. What is the
concentration in the air 3 kilometers d!recll
downwind from the source at 0400 due to all
redioactive material? due to iodine-131?

SOLUTION: Source strength = leak rate x ac-
tivity (corrected for decay)

0.001 day~
86400 sec day
— 1157 x 10 sec™?
Source strength of all products
Qu (curies sec™) = 1157 x 107 (15 x 10°)
[ t (sec) ] —02

t (sec)
—1.74x10% (7; ) —02

Leak rate —

To determine decay of materials with the balf-

life given, multiply by exp —LB-) where ¢
is time and L i halt-life,

Source strength of I,
157x 107 (5.3 x 104) exp

Qu (curies sect) =

(gt
T

For I, L — 6.95 x 10° sec

Q=618 x 10~ exp (W‘;%)

For a_clear night with wind speed 2.5 m
uss F appliee, Approximate the spreading af

the xenctor shell by 215 0 216 oo - e

radius of the shell —

Tho'virtunl distancos 1o ncesurt for i &

Xy = 250 m, X, = 560 m.

Atx — 3000 m, X + X, = 3250 m, 0, = 100 m.
X4 X, = 3560 m, o, — 29 m.

0) - Q
*000) = e~ T w26
= 4.4x10°Q
For concontration at 0400, 3000 m downwind
due to all radioactivity, t = 7200 seconds.

XA—“x 107 (1 74x10") (7200)-02
.66 x 1077 (0.17)

xa == 1.8 % 107 curies m™*

The concenﬂ'unan at 0400, 3000 m downwind
due to '

xi == 4.4 x 107 (6.13 x 10*) exp [—0.997 x 10~
(7200)]

ATMOSPHERIC DISPERSION ESTIMATES



27x 10" (1.0) The decay of 1'* is insig-
nificant for 2 hours
Xt = 2.7 % 107 curies m™

PROBLEM 26: A spill estimated at 2.9 x 10°
grars of unsymmetrical dimothyl hydrazine

6
dlarter bl sround the launch pad is sevetted
into squares 20 feet on a side to confine to as
small an area as possible any spilled toxicliquids.
In thiswpll oy ono such 20. by 20- foot area
ed. At the current wind speed of 2 m
ec", it is cstimated that the ovaporation rate
Will b 1100 5 ¢+ The wind diroction s pre.
dicted to be from 310°  15° for the next hour.
Table 7-§ gwcs the amergency tolerance limits.
for UDMH v

Table 78 EMERGENCY TOLERANGE LIMITS FOR UOMH
VAPOR VERSUS EXPOSURE TIME

Tine, Emergency Tolarance
inutes Linit, g m

5 L2x 107

15 86107

30 49107

60 25x 10

‘What area should be evacuated?

SOLUTION: Tvom Toble 3.1, the stabilty class
is determined to be ss F. This is not l paint.
source but a emoll area souice. Allowing 43 g0
to equal the width of the wetted area, 6.1 meters
(20 feet), o, meters, In Ahmmplmg to
determing the virtual d)smnm. %y, it is found to
be less than 100 meters, and will be appraxi-
mated by 40 meters. The release will take:

_29x10'g
TTTx 107 g se

2,64 x 10" sec — 44 min.

Therefore the concentration for an exposure
time of 1 hour (25 x 10 g m™) is of main
concern.

The equation for caleulation of downwind con-
centrations is Eq. (3.4):

X (%0,0;0) =
o x 4 x,.

% whezo oy is a function

Values of the parameters and of x are given in
Table 7-9, x

Example Problems

Table 7-9  DETERMINATION OF CONCENIRATION AS A
FUNCTION OF DISTANCE (PROBLEM 26)

bW W % e
0l 23 0.4 55 139

03 56 034 125 25

06 7 064 2 82x10
1 14 104 3 36x 10
3 2 304 93 7.0x10
6 37 6.00 175 27x10
10 a1 1004 275 14x10*

These values of y ar0 raphod as  function of x
in Figuro 7.7, The downwind concentration
draps below the critical value of 2.5 x 10
distance of 6.5 ke,

100

CONCENTRATION UDMH VAPOR, gm-3

Wik

OISTANCE, km

Figure 7. Canceslrntmn of UIJMH‘ as azrau)ncmn of down-

distance (Problem

Calentad widiy wilhin g given isplaly are
summarized in Table 7

The maximur width of the area encompassed
by an isopleth is about 140 meters from the
dawnwind position. Since the wind direction is
expoctod to bo from 310° 415 the sector at an
azimuth of 116° to 146°plus a 140-meter rectan-
gle on cither side should be evacuated.

Sce Figure 7-8.




Table 7-10  DETERMINATION OF WIDTHS WITHIN

ISOPLETHS (PROBLEM 26)

N XE X, o ylcenterine), _xlsopEl _y .
ok gn= e o, m
01 014 55 133 18 xI0" 355 X
05 054 19 L1 22x10% 215 8
100 104 3 36x107 6%x10% 231 80
20 200 6 131107 1%2xlo” 182 120
30 M 9 357x100 144 13
40 404 120 520x107 L1413
50 504 149 710 082 12
60 Go4 175 Bx100 039 68

!
/

SCALE. ke
0 T 2

Figure 7-8. Possible positions of the 2.5 x 107 g a
isopleth and the evacuation area (Problem 26)
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Appendix 1: ABBREVIATIONS AND SYMBOLS

Abbreviations

cal  calorie

g gram

°K  degrees Kelvin
m  meter

mb  millibar
sec  second

Symbols
a o of hnnmm eddy velocity to vertical
eddy ve

¢, specific heut at constant pressure

C, Sutton horizoutal dispersion parameter

C. Sutton vertical dispersion parameter

d inside stack diameter at stack top

Dy (x,y,0;H)  Total dosage

e 2.7183, the base of natural logarithms

{OSN) - requeney of wind direction for a given
tability and wind speed class

h phyucnl stack height

by height of the base of an inversion

H effective height of emission

H, offctive height of emission for a particular

K von Kammasls consart, approximately equal
10 0.
K eddy diftusivity
L twouses: L. the height of an air layor that is
weabively stable compered {0 the
layer beneath it; a
2 the halflife of a
materia
u  Sutton’s exponent
N an index for wind speed class
b threcuses: 1. Bosanquet’s horizontal disper-
sion paremeter
2. atmospheric pressure
3. a dummy variable in the equa-
tion for o Gaussian distribution.
q  twouses: 1. Bomqum vertical dispersion

adioactive

meter
2. emmsmn rate per length of a line

Q  emission rate of s source

Qr total emission during an entire rclease

R et rate of sensible heating of en air column
by solar radiation

s the length of the edge of a square avea source

S anindex for stability

L a short time period

Appendix 1

time required for the mixing layer to devdop
from the top of the stack to the top of the

a time period

ambient air teraperature

stack gas temperature at stack top

wind speed

2 mean wind speed for the wind speed class N.
horizontal eddy velocity

stack gas velocity at the stack top

a velocity used by Calder

vertical eddy velocity

distance downwind in the direction of the
mean wind

design distance, a particular dowawind dis-
tance used for design purposes

the distance at which o, — 0.47L

a virtual distance so that ox (x:) equals the ini-
tiel standard deviation, o

a virtual distanee so that oy (x,) equals the ini-
tiol standard deviation, o0

a virtual distanee so that o, (x,) equals the ini-
tial standard devintiun 0

crosswind diste

height above xmund Tevel

roughness peramete

the rate of change of potential temperature
with height

the rise of the plume centerline above the stack
top

two uses: 1. wind direction azimuth or sector
2. potential temperature

3.1416

ambient air density

the standard deviation of azimuth (wind direc-
tion) as determined from a wind vane or bi-
directional vane

the standard deviation of wind elevation angle
as determined from a bi-directional vane

the standard deviation in the downwind direc-
tion of a pufl concentration distribution

au initial downwind staudard doviation

the standard deviation in the crosswind direc-
tion of the plume concentration distribution
an initial crosswind standard deviation

the standard deviation in the vertical of the
plume concentration distribution

an effective o, equal to 08 L

on initial vertical standard deviation

the vertical standard deviation of the plume
concentration ab o particular downwind dis-
tance for the stebility, S.




¢ the angle between the wind direction and a

line source
¥ concentration
xew crosswind-integrated concentrtion
xo 8 ground-level concentration for design pur-

poses

inversion break-up fumigation cancentration

w  concentration measured over a sampling time,
t

Xuss Maximum ground-level (x:merlme concentm-
tion with respect to downwind dist

X concentration measured over a sampling time,
t

% relative concentration

X0 yelative concentration normalized for wind

T opeed

x GoyasH) - concentration at the point )
from ed source with
height, H.

X (x,0) the long-term average concentration at

istance x, for a direction © from & source,
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Appclull\ 2: CHARACTERISTICS OF THE
AUSSIAN DISTRIBUTION
ussian or normal distribution can be de-
mcted by the bellshaped curve shown in igure A-1
"he equation for the ordinate value of this curve i

] (an

Figure A-2 gives the ordinate value at any distance

from the conter of the distribution 1w)uch occurs

at ). This information is also give:

Figure A- gives the area under the o

from — ¥ {o & particular valne of p where p —
x—

y

o

Y

This avea is found from Eq. (A.2)

»
Aren (—  top)

exp (—0.5p) dp (A2

e A-4 gives the area under the Gaussian
f%e ‘wm —p to +p. This can be found from Eq.

+p
Avea (—p to +p) =

exp (—0.5 1) dp (A.3)

Figure Al The Gaussian distribution curve.
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Figure A2, Ordinate values of the Gaussian distribution.
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Appendix 3

Appendix 3: SOLUTIONS TO EXPONENTIALS

Expressions of the form exp [—0.5 A’] where
A is H/a, o /oy [requenuy must be evaluated.
Table A-1 gives B as a function ul A where B = exp
[ 5 At]. The sign and digits to the right of the

re to be considered as an exponx:m. of 10, For
xmple. if A is 3‘51 B s given 08 211E — 03
swhich means 2,11 x 1




2= 3527
2= 319°1
2= 32202
2z 31672
2 3artc
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Appendix 4:  CONSTANTS, CONVERSION
EQUATIONS, CONVERSION TABLES
Constants

— 278 L~ 06w

== 31416 L — 03183

20— 62832 L — 01502

1

V2r = 2.5066 0.3989

= 07979

(22)7* — 1575
Conversion Equations and Tables
T(°C) =~ 5/9 (T(°F) — 32)
T(°K) = T(°C) + 273.16
T(°F) = (9/5 T(°C) ) + 32
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