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Corrections and Additions

p. 5, .21 - H' = (h'-h)/%

p. 9, £.7 - "full distance" should be "fall distance"
2.10 - |F|u4 should be |F|t 4

p. 11, bottom - 1300" should be one mark to the right om "g" scale

p. 16, 2.9 - "35 m/sec" should be "3.5 m/sec”

p. 25, eq. (12} - " = M 4n the denominator should be " + "
eq. (14) - "F" should be gy

£.11 - "£" ghould be "F"
p. 29, 2.1 - "4 /3" should be "3/2"
2.8,9 - "3" should be "2"
- Ty = " " 1"
p. 36, £.5 h, = 1.52," should be "h + 1.58,
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1.0 INTRODUCTION

This is a simplified approach to the caleulation of ground level

" concentrations of effluents from small industrial and fuel burning installa-

tions. It is intended to serve as a first approximation to a very complex
process. DBecause each stack, building, and terrain configuration is
different, actual ground concentrations may frequently differ from the
values calculated here by a factor of two. Noﬁetheless, this procedure should
be useful for determining whether ambient air quality standards are likely
to be met, exceeded, or only marglnally obtained. Tt also predicts the
locations where the highest and most frequent ground concentraticns are
likely. Sampling at several such locations is very advisable, unless

the predicted concentrations are quite low. In addition, consultation
with a speclalist in air pollution metecrology may be desirable in the
long run, espécially in marginal or unique situations.

The procedures given here were designed especially for source heights
of less than 100 m; some of the simplifications made are not valid for large
emissions. In the few cases where more than arithmetic formulas are
necessary, simple nomograms are provided. It is important to note that

all lengths are in meters (m) and velocities are in meters per second

(m/sec) in these formulas; this avoids needless reiteration of the formulas
for different units. Appendix B provides all necessary conversion factors.
Chapter 2 gives a method for calculating the effective height of a
plume of effluent, 1f it escapes the "downwash" effect of the stack and
Euildings, and }6r predicting the occurance of downwash. The latter is

e common occurance with small emissions, and greatly increases ground

concentrations in the immediate vieinity downwind of the source. If
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downwash is avoided, it is important to make a reasonable estimate of the
plume's effective height, as this greatly affects the maximum ground
concentration. Chapter 3 simplifies somewhat the "classical” methods for
predicting ground concentrations, for both elevated sources and ground
sources, and gives correction factors for various averaging periods up

to 24 hours. Chapters U and 5 outline ways to extend the above pro-
cedures to predict the average ground concentration and total deposition
of yarticulates over extended periods, 30 days to a year. Chapters 6,
and 7 note important features of diftusion at sites that are not flet

and rura’ that differ from the classical diffusion medel, and
supgrests means of accountiﬁg for them,

Jurther guidance can be found in the ASME "Recommended Guide for
the Prediction of the Dispersion of Alrborne Erfluents" (195€, presently

being revised).
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2.0 ELEVATED SOURCE Ok GROUND SOURCE?

The answer to this question can mean either a zero concentration or
a very high concentration of effluent al the ground in the nelghborhood of
an emission. Does the plume keep 1ts dictance from the groundand if so,
what is its effective height - or, is the plume brought to the ground
very near the squrce? The Juiter can happen if the efflux velocity is too
low, the stack is too short, or the emission is denser than air. Downwash
of the plume due to terrain is also possible, particularly if there is an

escarpment upwind of the source, but this case is relatively rare.

The aﬁswer to the above question can depend on the wind speed, as will
be seen below. It also can depend on the location of the stack relative to
buildings and the wind direction. The great vuriety of possible building
geometries gives ample reason for not expeetlng great accuracy from the

following "rules~of-thumb."
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2.1 Stack Aerodynamic Effect: ‘_,_f{,_\,
—D—

An effluent emitted vertically from a stack cen rise due to its momentum
or can be brought downward by the low pressure in the wake of the stack.
Which occurs depends on the ratio of the efflux velocity, Vs to the
crosswind velocity, u. Make the following computation, where D is the

inside stack diameter and h.S is the source height above the ground:

h' = h_ + 2(vs/u - 1.5)D . (1)

It is suggested that this be done for the following values of u: 1, 2.5, 4.5,
7, and 10 m/sec. The efflux velocity can be determined from direct
megsurement, from the emount of forced draft, from the rate of the process
and relative proportions of its gaseous product (thermal expansion should

be taken into account), or from visual or cinemstographic estimates (if

there are visible tracers in the effluent.) Building and stack measurements
can be made directly, taken from drawings, or scaled from photographs.

All dimensions should be converted to meters, and vy and u should

be in meters per second, as these units are used throughout this guide.

Conversion factors are given in Appendix B

If the effluent is emitted from a non-vertical stack or vent, set
ht = h .
-]

2.2 Bullding Effect:

If the effluent is emitted from a stack or vent on or near a building,

1t may be brought downward by the flow of air over and around the tuilding.



=
e

i

LDuUuUOU

-

VLUl LU UuvLuUUuLUULULUOUUUULUUUU LU

Lgtﬂ b equal, the lesser of the building Height, hb' or the building
width perpendicular to the wind direction, Vi If h' is less than

(h'b +'1.5-2$) and the point of emission iz on the roof, anywhere within
A /% of the building, or within 321: directly dowvnwind of the building,
the plume can be considered to be within the regional of building
influence, If this is not the case, set h" = h' and go on to

Section 2.3. If the plume is within the region of building influence,

there are several possibilities:

(1) If h' is less than (h.b + 0.5 ﬂb), part or all of the effluent
is likely to circulate within the serodynamic "cavity™ that forms in the
lee of the building (see the sketch below.) This cavity usually begins
at the upwind edge of a flat roof or at the eres; of & pitched.roof
{unless the.crest is parallel to the wind). It grows to a height of
about (1:1.b + 0.5 i’.b) and & width a little greater than w_, and extends
over all lee sides of the building and downwind 2 to 3.5 ‘Q'b‘ Thus,
effluents in the cavity region may affect persons on the ground and
in the building. One must especially consider the placement of intake
vents providing ventilation within the building. Following sre some
rough guidelines for estimating the concentration (x) experienced in
the cavity region. Let y = XQ/(u Q_ba), where Q is defined in Section
3.,1. If H' > 0.35, K is generally 1 or less throughout the cavity.

I H' < 0,35, X is typically 1.5 and at most is 3.0, except on the
side of the building vhere the effluent is emitted (for instance, the

roof). Here, K can range up to 100, The concentration along the axis
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of the plume can be roughly approximated by x = hQ/(use), where s is
the distance from the source measured along the axis. The airflow near
buildiﬁgs is complicated and it is difficult.to predict the trajectory
of the plume axis, For example, in the cavity within Eb‘/h of the roof,

the flow is usually upwind.
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{2} If n' > h s compute h" = 2 h' - (.»H) + 1.5 % b)

(2)

1] 1t L . :
If ht < ‘n.b, compute h h 1.5 ﬁb

(3) If n" is greater than ,Qb/Q, the plume remains an elevated

source. Go on to Section 2.3.

If h" is less than ¢ .D/E, treat the plume as a ground source

2

with an initial cross-sectional area A = “Qb ' Go on to Chapter 3.

The ebove rules reduce to a simpler form in the case of a squat
building, i.e. when h'b < Wi if n' > 2.5 hb, the plume escapes the

region of bullding influence and h" = h'; if h' < 1,5 h'b’ the plume down-
vashes into the building cavity (see (1) above) and also becomes a ground
source with A = hb2 (see (3) above); for inbetween values of h', the plume

remains elevated and h" = 2 h' = 2,5 h (see (2) above).

“f -
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2.3 Buoyancy Effect:
“~\;f the procedure just given in Section 2.2 indicates that the plume
is still ;Eévazs?, the plume height can be signiiicantly altered by buoyancy if
the density of tﬁéﬁfoluent differs from the density of the ambient air hy more
than 1%. This is neax\'iz}-ﬁlmxg true, unless the effluent is more than 98¢ air

and its temperature is within 5°F of the ambient temperature; in this lattex

—,

case, 1t is permissible to set h = h'', where h is-the effectlve source heipht,

amd go on to Chapter 3. -

1

To determine whether an effluent is heavier or lighter than air, calculate
A= &T + A. + A \e? where AT is the temperature contribution to the relative
density difference, A. is the molecular weight contribution, and A is the
liquid water contribution (after evaporation occurs). A = -(cpo/cp) (aT/T),
where cpo is the specific heat capacity at constant presure of the effluent,
c, is the specific heat capacity of air (cP = 0.24 cal/egm -°K).
AT . is the. difference between the effluent and ambient temperatures, .
and T is the ambient absolute temperature (°K = °C + 273").
For the products of combustlion of the hydrocarbon fuels, (cpo/cp) = 1.
Except in arctic winters, 288°K = S518°R is an adeqimnte approximation for T,
If AT.is not convenient to measure, an alternative expressionis¢3q= -QH/(MO cD-T),
where Qq 1s the amount of dry heat emission carried by the effluent -
(not latent heat) and M is the mass flux of the effluent (if Q is in

cal/sec, ¢ should be in cal/em - °K, T in °K, and M_ in em/sec),
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A = (1 - 28.9/mo), where m is the mean molecular weight of the effluent

(l/mo is the sum of the fraction, by weight, of each component gas times the

inverse of its molecular weight). For Products of combustion of the
hydrocarbons, Am is negligible compared to AT as long as at least
10% of the heat of combustion is carried by the effluent as dry heat,
Finally, Aw‘= 8 Qw/Mo’ where Qw is the estimated mass flux of liquid
water in the effluent; Qw/Mo is Just the fraction by weight of liquid
water in the effluent, Except for scrubbed or washed plumes, Aw is usuall
negligible., (When there is water vapor present in the effluent, it is
also possible to get a temporary increase in buoyancy due to latent heat
release if condensation occurs; in practice, the condensation stage is
usually short-lived for small emissions and all water soon evaporates.)
If A is positive, the ﬁlume is denser than air (negatively buoyant)
and may fall to the ground very near the source; the next section applies
in this case. If A is negative, the plume is lighter than air {buoyant)

end may rise significantly; go on to Section 2.3.2 in this case.

2.3.1 Dense Plumes:
If A » O the plume is heavier then air, and may fall to the ground

rather close to the source if u < 0,22 C Y 8 A4 D, vhere C is given by

Urban Site Rural Site
Dy u < 3.5 m/sec 3 5
Day > 3.5 m/sec 5 10
Night , > 3.5 m/sec 7 15
Night , u < 3.5 m/sec 10 35
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If u is greater than the above value, set the effective source height
equal to h" (i.e. h = h") and go on to Chapter 2. If u is less than
the sbove, the plume falls to the groﬁnd at a distance roughly egual to
L.5 hs u/ J"E'ETB downwind of the source, and should be treated a&s a
éround source (h = 0) with an initial cross-secticnal area A = 0,2 hs2'

The éxception t0 this rule is the rural source at night when u < 3.5 m/sec;
in this case, the full distance is limited to approximately 100 | Fl 1/h,
where F is defined in the next section, Therefore, in this particular case

/h) <0.2 hs; ir

treat the plume as ashove only if (h5 - 100 |F| 1
(hS - 100/ F| uh)> 0.2 hs but is less than 0.5 % b? in association with a
building, treat it as a ground source with A =2b2. If neither of these

conditions hold, treat it as an elevated source with

B =h, = 100 [Fll/h

Complete sbsence of wind does not imply that the effluent reaches
the ground with an infinite concentration, since the plume does mix
with air es it falls. To ellow for this, in this caleculation procedure
consider that there is an "effective minimum wind speed" equal to
] F/hsl 1/3. If this speed is greater than 0,22 C g A D, the density
effect may be neglected altogether; set h = h" and go on to Chapter 3.
Since very lowwind 3peeds may be of great concern in the case of
dense plumes, the féllowing very rough guideline is offered for estimating

the frequency of low winds:
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Terrain Type Frequency of u < 1 m/sec
Flat 2 to 5%

Rolling : 5 to 10%

Billy 10 to 20%
Mountain region 20 to 30%
Mountain sheltered 30 to k0%

These low winds occur predominantly at night.
For the Frequency of winds less than 1 m/sec, multiply the above frequencies
by ug, vhere u is the upper limit in m/sec. Obviously, the nature of the

site has a strong influence here,

2.3.2 Buoyant Plumes;:

If A < 0, the effluent may rise appreciably owing to its buoyancy,
resulting in substantially reduced concentrations at the ground. To

<P

determine this rise, first calculate

F=aa22,604 Mo, ( 3

where Mo is the mass flux of effluent in kgm/sec. An alternative
expression for effluents in which molecular weight and liquid water

do not contribute significantly to 4 is
F=3.T-10_5QH_, (k)

where the dry heat emission, QH' is in cel/sec (Appendix A gives conversion
factors for other units)., This expression is quite adequate for unwashed

effluents reasulting from the combustion of hydrocarbon fuels.

- 10 =
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During the day, or at night when the wind speed u is greater than

3.5 m/sec, the effective source height of a bLuoyant plume is anproximated

by

A.nomogram is provided below for calculating 21 I

u is less than 3.5 m/sec, calculate the effective source height with

h=n"+21F

2/3/u

2/

{

ho=h"+ 9 /3, {
X . ) W 1/3
A scale is given below for calcuiating 19 F .
1 - 2000 - Hn
: g
1000 -
] -
1.5 ; 300
- :
54 300 7 _i
i 9
100 ]
2,5 ]
100 - 1
34 ; |
] 30 ﬁ
- 1
b 30 |
5 ] 10 5
. L] -!
1
G 10 J -
.- s ]
4 ]
9+ 3 'l
10~ ) o 1 -
b 21 773, T
F 1 10 30 100 300
r{ 4: 1 bt - L] I' 1 % PR I I -‘ . L1 )
10w1/3 20 30 40 50 s0 79 80 90 loo '
- 1] =

5 )

3/u. During the night whe-
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3.0 ESTIMATING GROUND CONCENTRATICNS

3.1 Simple Diffusion Models:

The main simplifications made in the diffusion models given here is
that the plume cross-section at any point is taken to be reptangu]ar and
to contain a uniform conceniration of effluent. As in most diffusicn models,
the variation of wind speed with height Is neglected; the horizontal trans-
port rate of the effluent is taken to be constant throughouvt the pluwe,

equal to the mear wind speed, u. Thus, the volumelrie flow rateo ol muse

material through any plane intersecting the vlume at right anglew 15 u

-

. times the cross-sectional area. Since it is also assumed that there is

no depletion of any cowmponents in the offluvent, the concentratlon witlhin
the pilume at any yoint downwind is Jjuct ., divided by the volumetric I'iow
rate past that point, where @ is the nass flow rate ¢f the substanece in

question.

Sinece the volunetric flow rate islin mﬁfsec with the units recommended
here, i1 @ is expressed in kgm/sec the resulting units of X, the concentra-
tioh; are kgm/mj. To convert this to gm/ms, multiply by LOE. To convert
to ug/mﬁ, maltiply by 109. To convert thg concentration of a gas to ppm,
miltiply by LO6 times (Qh/mo), where m_ is its molecular weight. An alternative

method to get X in ppm is to express @ as 106 times (T/TO) fimes the volume

flow rate of the component gas in mj/sec.

3.2 Difffusion Coefficients and Stability Classes:

A basie feeture of diffusion in the atmosphere is that the cross-

sectional area of plumes always grows with distance downwind. This feature

-12 0
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will be described in the models here by means of the plume half-widtih, Ry’
and the plume half-depth, Rz’ which are given as functions of distance In
Appendix D. The reader will note that two setu of values are given in tkis
appendix; one for rural sites and one for urban sites. This is done because
diffusion is considerably enhanced in urban areas, where atmospheric
turbulence is increased by air flow over buildings and by greater Lhermal
convection than over the countryside. The urban values for Ry.and Rz

should be used if the area within 10 stack heights or 10 building heights

of the source s mostly built up.

R. and Rz are also functions of the ﬁtability o1 the atmospihere. This
is accounted for in a rough way by means ol stability classes, ranging
from very unstauble (Class A) to very stable (¢lass ¥). The nosi appropriate
stability class depends somewhat on cloudiness, but most strongly depends
on the wind speed and whether it is day or night. The following tabtle

gives Lhe best average stabilily clans [or different wind speeds.

Table 1 - Stability Classes

Wind speed, m/sec 1 . 2.5 4.5 7 "
Pay A B C D D
Night F B D D D

The values for Ry and Rz given in Appendix D apply best to 30 minute
averages. For other averaging times, correction factors for ground concen-

tration are suggested in Section 3.5.

- 13 -
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ITn cities end near prominent terrain there are special situations which
require modification of the general diffusion models given below in Sections 3.3

and 3.%. TFor these cases, consult Chapters 6 and 7.

Since wind speed strongly influences the étack aerodynamic effect, the
buoyancy effcct, and the rate of diffusion, 1t is suggested that the
procedures in this chapter be carried out for at least five different
wind speeds: 1, 2.5, 4.5, 7, and 10 m/sce. If estimates of the frequency
of occurrence are needed, consult Chapter 4 for information on wind speed

frequencles.

It should be cautioned that the procedures developed in this chapter
are based on averagc rates of diffusion In various conditions. However,

the diffusing power of the atmosphere varles considerably even at a given

wind speed and time of day; therefore, ocecasional 30-minute average

concentrations twice those computed here should be anticipated.
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3,3 Ground Concentrations from Ground Sources

If the procedure detailed in Chapter 2 predicts that, for the
circumstances and wind speed given, the plume becomes a ground source,

the following equation approximates the ground concentration downwind

of the cavity region:

= Q
X*SrA+28 R °* (,T)
Yz

where A is the initial cross sectional plume area as specified in
Chapter 2, The question of units for y and Q were discussed in
Section 3.1. To make a calculation for a specific point downwind,
such as at the property line, consult Appendix D for values of
Ry and Rz_appropriate to the site (rurel. or urban), distance, and
stability class., To allow for atmospheric diffusion between the source

height and the ground, asssume a minimum distance downwind equal to hs'

For ground source, the highest ground concentrations generally
occur at low wind speeds, especially at nighttime, when the growth
of Ry and Rz is more limited. (For the frequency of winds less than
1 m/sec, consult Section 2.3,1). If the plume is not a ground source

at very low wind speeds, as reckoned by Chapter 2, the highest ground

concentration generally occurs at the lowest wind speed which does render

the plume a ground source (if this is greater than 10 m/sec, it may be

regarded as extremely infrequent),
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3. Ground Concentrations from Elevated Sources:

If the procedure detailed in Chapter 2 predicts that, for the cir-
cumstances and wind speed given, the plume rewains elevated, the following

equation approximates the ground concentration downwind of the source:

when R <h, X=0

(&)

X = Q
when R_>h, T2uR (h+ R ) ’
z ¥ %

where h is the effective source height of the effluent as calculated in
Chapter 2. If the effluent is buoyant (A < 5), use Eq. (6) for h for
nighttine, u <35 m/sec cases (stability classes E and ¥) and use Eq. (5)
for h for all other cases (stability classes A, B, C, and D). Units for

¥ and ( were discussed in Section 3.1, and values for Ry and Rz appropriate
to the site (rural or urban), distance downwind, and stability class are

given in Appendix D.

Note that no ground concentration occurs until the bottom of the

plume reaches the ground (R = h). The maxlmun ground concentration occurs
z.

at the distance that RZ = h, and is given by

X=(§3)W , (9)

where RZ/Ry 15 the ratio of the plume depth to the plume width at the distance

where R_ = h. A graph of Rz/Ry versus R 1is given in Appendix D. For small

effective sourge heights, R_/Ry ranges from 0.6 to 0.9

at urban sites. The range of this ratio is somewhat greater tor

larger value of h and at rural sites, but the most important

-1 -
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variable in Eg. (9) by far is h?. One cen see that an incresse in

effective source height cen reduce ground concentrations considerably.

If the plume is an elevated source at all wind speeds, in general
the highest ground concentrations occur in "A" and "B" stability classes
Tor small buoyancy and in "C" and "D" classes Tor large buoyancy. The
maximum concentration can oceur at a distance as near as Lh in "A" conditions,
and occurs progressively at larger dictances in more stable conditions
At rural sites, 1l h is greater than 40 m, small or zero
ground concentration results in "I'" conditions since Rz/Ry < 0.2, 1If

h > 100m,small or zero concentration alse results in “E" conditions. 7ero X ean

also occur at welun zites in B-F conditions 17 h is sufficiently large (see Chan, 6).

5.5 Effect of Averaging Time:

The values of Ry and Rz given in Appendix D are based orn observed
diffusion patterns after averaging Lhe concentration at each grid poiht over

approximately 30 minutes. For longer averaging pericds, the plume boundaries

will be more “"smeared," and the average ground concentration is correspondingly

less. This is due mostly to shifts in wind direction, although gradual changes
in the mean wind speed will affect the diffusion pattern also. Thiz effect
is less pronounced at urban sites, since small shifts in wind direction

less affects the concentration pattern from a wide plume than from a narrow

rlume.

Conversely, for averaging periods shorter than 30 minutes there will

be "peak" periods of higher ground concentration, since the 30-minute average

itself is the result of some "smearing." The "peak" short period concentration

“1T T
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is likely to be particularly high when A and B stability conditions prevail,
since plume "looping" is commonly observed in unstable conditions. For
ground sources and for elevated sources in stable (E and F) conditions, the
peak concentrations are not-so much greater, since at least the vertiecal
fluctuations of plumes are damped out in these cases, either by the presence
of the ground or by the stable stratification. For an cievated plwee, the
"peak" ground concentration pattern shifts closer to the source than the
30-minute average ground concentration pattern, by roughly a factor of

2 in the case of a 1 minute peak.

Figure 3 shows the‘approximate ratios of peak or longer term ground
concentrations to the 30-minute averuge ground concentration. To estimate
the worst concentration to be expected over averaging times other than
30 minutes, multiply the values of X computed in Sections 3.3 or 3.4 by
the appropriaste ratio from Figure 3. As was cauticned at the end of

Section 3.2, on infrequent occasions values of X might reach twice those

computed here.

10.
8]

2b
1,0
[ 0.8

A
L 0.6
Minutes : o4
. L L 0,3

Figure 3 « Maximum y (relative to 30 min,) vs. averaging time.
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4.0 LONG TERM AVERACE CONCENTRATICONS

The ground concentration averaged over a month or more naturally
depends strongly on the wind direction frequency. Normally, it is not more
than 5% of the maximum 30-minute average concentration; however, in valleys
vhere "channeling"” of the wind occurs it may reach higher values along the
valley axis., It may also depend & lot on the wind speed frequency, especially
if downwmeh oceurs. Thus, the first stop in estimeting long term average
concentrations iz to obtain elimatoloplesnl. information about the wind, eisher
at the emission gite or at the place with wind records likely to be rost
representative of the site, Normally, this nlace would be the nearest
to the site having approprimte records; however, in rough topography or
near large bodiec of water, care should be ﬁadc to get records from a
rlace situatod simiiarly to the site, .IT the emicsion site is in a valley,
it would be beut 1f the wind records come fron a vallcy of similar orientation
and depth, somevhere in the general arca, rather then from the nearest hillton,
The wind information should be from within 50 milcs ol the site (100 miles

if the region 1is sparsely populated.)

-

The primary colleection polnt for wind records in the United States is
the National Weather Records Center (chcrél Office Building, Asheville, N. C.
28801). Ten-year summaries of the frequency of wind speeds, by direction,
are available for major city airports for ten cents each. In addition,
unpublished summaries can be obtained for many smaller cities and many
military bases for the cost of reproduction (currently $5.50 each). Sumaries
can be tabulated for almost any other airport, according to hov detailed a

wind record is kept, but tasbulation may cost several hundred dollars.

- 19-
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Wind speed frequencies in the United States are commonly grouped
according to certain ranges of mph., To interpret these statistics in
terms of the five wind speeds suggested for ecalculations here, use the

Tollowing approximate correspondences:

1 m/sec = 0 to 3 mph
2.5 m/sec =4 to T mph
L.5 m/sec = 8 to 12 mph
7 m/sec = 13 to 18 wph

10 m/sec 19 to 31 mph

Winds are labeled according tc the directicn they tlow {vrom, not towards.
If one ic eoncerned with the long term concentraticn produced SEE ol a source,
then he would wunt to find the frequency of §NW Winds. It ic cuctomary tc
tabulate wind difection statistics lor sixteen sectors of wind direction,

each 22 1/2° wide (N, NMNE, NE, ENE, ¥, etc.).

For a first estimate of the long tesm ground concentration, follov
the procedures in Chaupter 2 using the average wind speed; uce the
average wind speed for each sector of wind directicn,-if possible, If
the plume turns out to be a ground source, the long term value of X in a

o . N
22 1/2° wind sector is given by

%=Lt —2:28 (10)
100 u(A+x Rz)
vhere x is the distance downwind of the source, A is the initial cross
sectional area as determined in Chapter 2, and f is .the percentage
frequency that the wind blows towards that sector over the period being

considered (year, season, or month)., If the plume turns out to be an

- 20 -
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elevated source, the approprinte formula is

x _ f 2.5 (2, ( ]
= , ‘
100 ux(h—!-Rz)

with‘X = C when Rz < h; £ iz the same as above and h is the effeetive
souirce height as determined in Chapter 2 (for buoyant sources, use

Eq. {5) for h). One may use thc values of i, for the "CY stability
class, namely, Rz L 0,09 x ot rural sites and Hz = 0,25 % at urban sites.
However, one should anticipate that the actual patlern of X ve. x will he
mich more smeared out than the pattofn glven vy thiz erude calculatimm,
since it ignorg variations in wind cperd and stability. Thus, the

maximm X will be less than calculated by thic method, but near-in

and far-cut values will be greater thon ealculatod.

A mueh improved estimate can he made i the froquency of cach wind
speed class is available. One nuy then go through the proeedure in
Chapter 2 and usc Eg. (10) or (1l), whichever is appropriate, for

-

u=1, 2.5, 4.5, 7, and 10 m/sec (using the correnprndences sugpented

above)., I only the mean wind specd is svallahle, the Treguency i

various winds can be estimated from Figure % . One mey divide the vrind
into more than Five categories, il desired. The appropriate stability olans
should be used for the caleculation of Hz at cach wind zpeed, kevping in

mind the relative "frequeney" of the day und nighl categorics. For an
annual average, day and night arc each weighted 504, but f'or shorter averages
this weighting will depend on the scason and the latitude (ronsult & cunrise-

sunsct table in any almanac). For sone uites ccparate wind speaed statisties

lor day and night my be available; use of these will lmprove the caleulation.

-21.
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For buoyant, elevated sources, remember that Eq. (5) applies to stability
categories A, B, C, and D and Eq. (6) applies to categories E and F. After
the statistics have been sub-catggorized as mﬁch as possible (by sector,
wind speed, time of day, etec.), ty contribution of each sub-category is
calculated by Eq. (10) or (11), lekting f be the frequency of that
sub=category, and the results are summed for each sector. Be sure that

the sum of f's for all subecategories totals % 100,

In the case of urban sites, it is advisable to consider the possiblity
of nighttime trapping in computing the nighttime contribution to .

The effect is to limit the value of (h + Rz) (see Chapter 6)., The spécfal
effects due to nearby terrain features, diécuased in Chapter T, rarely
affect the long=term average conecentration significantly.

The above procedures are designed to estimate the average long-term
ground concentration pattern. If it is desired to eétimate the "worst
ever”" long~term concentration likely to occur is a given wind sector, it is
best to go back to wind speed summaries for each year and find the peried
wlth the greatest frequency of wind in the given sector. If these summaries

are not available, use the following, rather crude, guidelines: (1) in

scme years, the frequency of wind towards any one sector can be 1,5 times

average annual value; (2) in some months, the frequency of wind towards

any one sector can be two times the aversge value for that month; (3)
monthly average frequancies of wind may be as great as 1.5 times the annual
averasge in sectors of high frequen¢y and two times the annual average in

sectors of low frequency.
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5.0 LONG~TERM AVERAGE DEPOSITICN OF PARTICULATES

This guide is primarily concerncd with the concentration of gases and
gerosols in the air close to the ground. In the ease of dust, or rarticulates,
onc may also want Lo estimate the amount of depcsition over a subsienticnl
veriod of tiwe. The perocedure uced 15 sindilor to that used {or detorminine
long-term average concentrations, excoept Lhat one must tuke into acecunt

the settling velocity, v . Direct measuruments of w_ are besl; tor ingtuneo,
. -

[

LE 1t were pocnible to sample some of the effluent and keep it agitate) until
it could te veleased in atill surccundings, such as indeorn, vne could tceoly

time the fall oi the dust cloud to inter v . I Lhir procndure in loo

(ifficult, cne chould d-tommine the dlamcter (D) of the pardicles in microng

(u) and approxiwate W by the [ellowing lormulas:

L

) L= o
v.o=3 o+ W > p DAL D < TO
- .
v,o=2 7 uDAFD> 7Oy ,

AN / s . . ;
vhere v i in mfree und the particuiate deneisy p 1o in gn/fem” (veluer of ¢

L
Yo

range from 2 to 0 g cnf Ao most minerals ),
3 &

in moot cases, o cuange of purticle sizes dis prewent.  Tn this caue, one
may use a value of LA appropriate to the mean diameter, hut should erneet
the actunl patltern of deposition to te more "smeared out" wus 4 funetion
of dictance {rom the source thgn caleulatod., Alterastively, one may want
to divide the rate of particulate elfflux ¢ inte several diffevent ranges

of particulate cizes, each with different values of w_, then susorimpose
=]

the finul results.  This would be highly advizalils 17 Lhe pariicle density

c. D distributlon hars more than once moede.

_zh_
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For a ground source the deposition rate can be approximated by

t 2.5 v, Q

( 12 )
xp = {153 ) ulA=x R )

where £ is the percentage frequency of wind into the particular sector being
considered, as before. For an elevated source if u is greater than 2 C w ,
where C 1is given in a table at the beginning of Section 2.3.1, use

f 2.5 ws Q
= (e ) Tams R | (13)

vhen R > h and Xp = 0 when R < h. For an elevated source if u is less
than 2 C LA the maximum deposition rate is given by

F 2.5 Q
_)

5 s ( 1k )
100 xs

Xp = ¢

where xs =-(u/ws)h. Deposition begins at a distance x = 0.5 X s attains
the above value in the range 0,75 x, £ x SXos and declines to near zero st
x = 2 X (linear interpolation gives adequate estimates of Xp for inter=-

mediate distances).

For & buoyant, elevated plume, if f is less than 0.3 wSQ

u h'", buoyant
plume rise should not be taken into account, as the particles may fall out of
the plume before it rises much; in this case, let X, = (u/ws)h" (i.e., use

h" instead of h).

If Q is expressed in gm/sec, the calculated dépoéition rate is in

gm/me—sec. To get the total deposition over a 30-day period in gm/m2,

- 25 .
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multiply x, by 30 - 2k « 60 + 60 = 2.59 - 106. to get the deposition
over a 365=-day period in gm/m2, multiply Xp by 3.1L . lOT. To get the
long term average deposition rate, one uses the same procedures as in the
preceeding section, except with the above formulas, For instance, the
crudest estimate can be made by using the class "C" stability category
for determining Rz and the mean wind speed at the site for u. Naturally,
this method yield more compact deposition pattern and a higher maximum
deposition rate than a more reelistic analysis using several ﬁind speeds,
corresponding stability categories, and appropriate frequencies of
cccurrence. Variable factors such as static electricity and re-

suspension affect ws for some particulates, so one must not trust these

simplified calculations too far.

- 26 -
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6.0 SPECTAL CONSIDERATIONS IN CITTES

Diffusion is more rapid in urban surroundings than in rural areas
because of the mechanical turbulence produced by wind flow over tuiléings
and the convective turbulence generated by loss of building heat. I
the area within 1lO-stack heights or building heights of the source is
mostly bullt-up, consider the site to be urban. This mzans, first of all,
that the urban values of Hy and Hz cshould be used in the formulations

given in Chapter 3,

In addition, it is prudent to recognise thut vhe nighteirce diffuzion
of effluents from low sources differs markedly in the clly from that in
rural areas, especially in the "B" and 1l'l-"’ cutegorics. The reascn iz thodi
a shallov mixing layev dcvelopes over a cily al night, due to the "heut
islund"effect, vhile the air over the countryside becom:s relatively ctable
and unmixed throughout. Thus, offluents from Joo sourees initially diffuse
mach faéter in tﬁu city.‘ Thig leads to higher maximus poncentrﬁticns from
elevuted (but low) sources, because the ffluent reache:s the ground facter
and with lecs laterul difTucien.  Ifowever, at greator distances the urban
plume becomes more diffusc, thus ground concentralions are lower. When
the effluent reaches the top of the nighttime wrban mizing layer, at
height H, its vertical diffusion virtually ceases, bui it continues to
sprecad laterally. The concentrations from ground sources 8Te less at
urban sites than at rural sites at all distances dovnwind of the source,
On the other hand, if the effective source height of an elevated source
is sufficiently above H, nighttime diffusion is more like that at rural
sites, because the stability and turbulence structure of the air above i

1s not medified nearly as much as the lover layer as it moves over the city.

-7 -
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Thus, it is important to take H into account in E and F conditions.

An estimate of its median value is given by

H =l.0m ﬂo /P . . (15 )

when P 1s the metropolitan area population, The probability of'a given

value of H being exceeded is approximately 100% -':'LJ.-I-(H/-I{)h). In the case of & highly
elongated city, such as a valley city, P should be multiplied by the factor &7 e=

longationwhen the wind is along the mejor axis of the city, and should be divided

by the same factor when the wind is across the city.

For a ground source, the calculation for E and ¥ conditions is made
exactly as in Chapter 3 except that Rz cannot exceed H (Rz < H). This is
called a "trapping" model. Thus when the R, given by FigureD,3 excceds H,

inctead of Ig. (T7) use

X = w(A + 2 Ryﬂ) (16 )

Similarly, for an clevated source, I h < Il assume that the plume is
"trapped.” The same diffusion formula (Eq. 8) is used except that (h + RZ)
never exceeds H. As before, X = 0 wl_'len Rz< h. In the case of a buoyant
source, Eq. (6) is used to determine whether h < H. If this h turns out

to be less than or equal to H, recalculate h using Eg.(5); if this second

calculation of h yields h > H, set h = H.

-~ 28 -
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If b > (4/3)H, then you may assume that the plume does not reach
the ground until it hes drifted ocut of the elty, and treat it the same

as & rural source. In other words, use the rural curves for R and Rz

in E and F conditions.

In cases where h 1s Just'abofe H, the real sitwation is rather
ambiguous since the bottom of the plume mey get mixed down into the
mixing layer, while the top of the plume remalns aloft. One way to "hedge
the bet" 1s to treat 3(h/H - 1)Q the same us s rural source of height h
and to treat /1 - 3(h/1 - 1) /e the'samu as a "trapped" urban source

with h = H, then superimpose the two conceniration patterns.

- 29 .
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T.0 SPECIAL CONSIDERATIONS NEAR PROMINENT TERRATN

Prominent terrain can have a great effect on dirrusion; but there are
so many possibilities and so few defimdtive data that only a few, rather
oversimplified guidelines can be suggested here. Adverse effects on
diffusion from an elevated source can be expected whenever the terrain
fises higher than 1/4 the effective source height at a distance where
(h - ht) <R, <h, vhere h_ is the height of the terrain above the source
site elevation. In general, terrain has much less effect on diffusion from

a ground source, so this will not be discussed.

If a terrain rise is downwind of the source, in neutral and wnstable
conditions (A=B-C-D) the plume tends to "ride up" the slope, while losing
part of its effective stack height relative to the ground. In this case,
the value of h computed in Chapter 2 should be reduced by h, or by n/2,
whichever 1s the smellest reduction. Then proceed to Chapter 3. However,
in stable conditions (E-F), the plume tends to maintain & constant elevation,

80 the value of h computed in Chapter 2 should be reduced by ht'

If the terrain, or for ihat mat£er, a structure, rises above the
effective source height (htl> h), there is the possibllity that the plume
will impinge it in E or F conditions, resulting_in very high concentrations.
@his occurrance 1s relatively infrequent. If f 1s the frequency of the
nighttime wind direction towards the 22 l/2°-sector in question, the
frequency of inpingement during E-F conditions ecan be estimated by
5. f(Ry/x), vhere Ry 18 the plume half-width at the distance Gownwind
of the obstruction and x is that distance. TFor instance, 1f the freguency

of "F" condltions 1s 10% of the time, the nighttime frequency of wind

..'30..
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towerds the sector of nearest abutment of a broad rise of terrain is 2%
(vind favers the "grain" of the terrain, rarely going across it), and the
abutment occurget x = 2 ¥m, the frequency of "F" condition impingement

is at most (0.10)5. (0.02) (90m/2000m) = 0.0Us54, Actually, the frequency
of low speed win@s towards terrain rises 1s lower than that of higher winds.

The concentraticn experienced during impingement is given by

X=H%E . | (17}
If there 1s a terrain rise upwind of the source, and the average slope

of the rise above the spurce site exceeds 2%, there is the possibility

of downwash induced by the air flowing down‘over the terrain drop. In

the case of ﬁn abrupt drop, it 1s possible to get a "cavity" effect, i.e.

a counter-rctating eddy, just as in the wake of a building. Unfortunately,

these effects are difficult to predict. They are commonly simileted by

means of wind tumnel modeling at present. Large tunnels, such as those

at New York University and Colorado State University, are required, which

involves conslderable expense. An alternative to modeling is the release

of neutral buoyancy balloons or smcke from the site at the effective stack

height during dovm-terrain winds. This should be carried out over a good

range of wind speeds and in both in clear and cloudy weather; nighttime runs

are not as important, since alr flow tends to be more horizontal then.

Many effluent sources are located in valleys, where water and rail

transportation are more available., However, diffusion is poorest in valleys,
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due to the above effects during cross-valley flow and to nighttime trapping
of the effluent in the valley if h < ht' In the low wind speed, nighttime
case (E-F conditions), there.is usually a "drainage" wind of the order of
1m/sec flowing down the valley. The plume stratifies at beight h and travels
with the drainage wind, diffusing very little in the vertical and spreading
horizontally until it impinges on both velley walls, At the distance

where 2 Ry equals the width of the valley at height h, Wh, the highest
concentration the valley walls could experience would be X = Q/(E u RZ Wh).
In the morning, "break-up fumigation" brings the effluent down to the valley
floor when the stable layer is eroded from below by the heating of the ground.
The average concentration experienced throughout the valley in this case is

=TT ’ . (18

where Q is the nighttime effluent relesse rate, u is the nighttime drainage

wind speed, h 1s the nighttime effective source height, and W is. the average
width of the valley up to height h.

-
Sove

Y
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APPENDIX A: SYMBOLS AND DEFINITIONS

Units Refer to
Symbol Definition Used Coctlon
A Initial cross-sectional area of a ground 5
Plume. m 2.2, 2.5
A,B,C,D,E,F Stability classes or "conditions" - An —_ 5.2
. adaptation of the Pasquill stability categories.
c Zpecific heat ecapacity (at constant pregsure ) cal/gm-oc 2.5
P of air = 0.2k, '
cpo Specific heat capacily of' effluent. cal/b -QC
D Inside stack diametor. m 2.1
b Particle diamete.r, W )
L Percentage frequency of uindo(nr 1 ocertain —_ L, s
range of wind) into a 22 1/2° sector of
wind direclion,
I ;
F Buoyaney flux parameter (nee g, 3 and ). m [aec”’ 2.3
a Gravitational acccleration = 9.8, - mfseq“ 2.3
h Effective cource heipht (ufter stack acroe m 2.3
dynasic, bullding, aml huoyancy effeets have
vern accounted for).
h' Plume height aiter siach dcsrodynarde erfect m 2.1
is accounted for.
" Plume height aftep bullding effeet is account- 1 2.2
el Tor.
h.b ~Bullding height. : il 2.2
h_ Source height above the ground. . m 2.1
ht Terrain height above the source gite m T
elevation.
1 Helght of urban nighttime rixing laye: o 5
(cce Bq. 15).
¥ Dimensionless concentration coelficient in _— 2.2
cavity region,
' The lesser of h, or wb. r1 2.2
m Mean molecular weight of the effluent. — 2.3
M, Mass eff'lux of the offluent. : kem/sec 2.3
P Metropolitan area population. —— 6
Q Source strength of a component of the
effluent; gas kgm/sec 3.1
particulates. mm/sec 5

- -
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Symbol

APPENDIX A (continued)

Definition

Dry heat emission cerried by the effluent.
Plume half-width.

Plume half-depth.

Distance from source along plume axis.
Ambient albsolute temperature = 288,

Difference hetween effluent and ambicnt
temparatures.

Wind speed at source helght or at an open
location.

Average efflux veloeity {volume Fflow ratc
i area).

Building width perpendicular to the wind

dircetion.

Settling velacity of meticulates.

Average width of 4 valley Trom the [loers o

Lo hoight h.

Width of a valley at height h.
Distance dowmwind of the scwcee.
== (u/ws)h, or if F oL '..-'ﬂz u h",

= (u/un)h".

= (eflluent dencity - wir density) = air density

o Temperuture diffccence conb.dbution to A.

Molecular weight dilf'e ~cnee contriiulion
Lo A :

Liquid uate. conlribution bto A (after
cooling due te ovipoadion),

Concentration of a component of the
eifivent .

Deposition rate ol pacticulutes.

Units lefer Lo
Used Section
cal/cec 2.3
m 3.2
m 3.2
m 2.2
’K 2.3
°K 2.3
m/scc 2.1,k
/o 2.1
m 2.2
'l'n/‘.'..'.‘ Qe :\

I T

Il T

I 3.2
18 E)
— 2.7
—— 2 _3,
— A
- 2.3
kgm/mJ 5.1
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ead/gn=°C

APPENDIX B:

ca.l/svo = U, 185 witt
= 1.00 B’I‘U/lb-"?

watt = 1 joule/sec = 1 kgm-me./sec

3

-35 -

CONVERSION FACTCRS

1 watt = 0.239 cal/nec
cal/g:r-"c

1 BTU/1be°F = 1.00

IT
10°

= 3.28 £t Lt =0305m o
103m = 0.621 mi lmi=1.6L. 10
sec = min/60 = hr/%600 = day/86,%00 = 30 days/2.59 - 10° - yr/3.1h .
- 7z
L Lgn = 107 gm = .'I.O,O mgm = 109|1gm C
kgm = 2.2 1b 1 1b = 0,454 kxgm
°K = 1.8°R 1°R = 0.555 °K
°i = %0 ¥ 273 °R = °F + 460
_3 .
cal = ! gpamecalorie = 10 7 kilograMecalorie
cal = 7.0039T7 BIU 1 BTU = 252 cal
m/see 23,28 rt/see 1 ft/see = Q.05 1,/ nae
mfsec = Z.24 mph 1 mph = O. ll-ll-"f m/ 5o
1 kgn/sge = 59( 1rm/hr I ten/hr = £.252 kge/scc
ken/m’ = 100 (24 /m_jprm 1 ppm = 107 m /?h)*cg'n /m
v = (m /24 Ymgm; o
gm/sge = 7.93 1b/hr 1 1b/hr = 0.126 gu/feg
em/m= = 2.85 ton/mi< 1 ton/m? = 0.35 gn/e’
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APPENDIX C: SUMMARY OF EQUATIONS

Chapter 2 - Elevated or Ground Source?
Stack serodynamic effect: h' = h_+ 2D(vs/u - 1.5).

Building effect: applies only if stack is on or near building
or is within 3 !Z.b downwind and h'< h_ = 1.5 k’b, where
Ly ® lesser of b Or W ; if not, h" = h'.
If h'< h.b + 0.5 sLb, high concentrations may occur in building
"eavity;" see Section 2.2(1).
' "o oopt o :
If b'> h_, compute h" = 2b (n, + 1.5 lb)
t (LI :
If h'< b, compute h" = h 1.5.1b ,
If h" < \L{b/2, treat plume as ground source with A = V-b , skip

"Buoyancy effect.”

Buoyancy effect: (to calculate A and F; see Section 2.3)
1£ A > 0O and u >0.22 € /g AD, plume is elevated source with
h = h" (table of C values given in Section 2.3.1).
If A>0 and u ¢ Q22 C ,ET}S', plume becomes a ground source at
x = 4,5 hs u /'/—g_ﬁ—D-with A1= 0.2 hsz. "Minimum effective
wind speed" equals F/hﬂ | /3.
(If source is rural and 100 { F \1/1&< 0.8 h ; see Section 2.3.1
for details). '
If A <0, plume is an elevated source,
n=h" +20 F2/3/uin A, B, C, and D categories
h=1n" + 19 Fl/3 in E and F categries

- 36 -
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Chﬁpter 3 = Estimating Ground Concentration

Q
(7))
ulA + 2 Ry H;T

Ground source: y =

Elevated source: y= 0 when Rz<‘h

n 2] .
X FwE TR . "hemR >h (8)
Y zZ
R Q
x:-ﬁim atRz'—'-‘h(max. X)- (9)

Chapter 4 « Long Term Average Concentrations

f 205 Q,
100 u{A + x R;} (10 )

Ground source: X =

Elevated scurce: x

0 when R < h
2.

Sor o )
X = Tﬁﬁ-:—;ﬁ%ﬁwf—ﬁ—\ “when Rz >h . { 11 )
. )

Chapter 5 - Long Term Average DNencsition of Particulates

Ground Bource-or elevuled s~ n'we with u » 2 C Wyt

Xp = Vo Xa wiere x is long term average concentration.,

Elevated source with u < 2 ¢ v,

x = (u/ws)h, unless F < 0,3 ws2

s u h"; then

" < <
X, = (u/w, )n". Max. Xp occurs vhen 0.75 x < XX,

and given by

£ 2.5
XD = )?Q ( 1k )
100 x © :
- T -
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APPENDIX D: DIFFUSION COEFFICIENTS

A, B, C, D, E, and F are the stability classes (see Section 3.2). Follow-
ing are analytical expressions for the plume half-depth, Rz, and the plume
half-width, Ry, as functions of the downwind distance, x. Figures D.l to

D.b show these functions, and Figure D.5 gives the ratio of Rz Lo Ry versus X,

Rural Sites

A R, = 0.25 x R, = 0.28 x// 1 + 0.0001 x

B R = 0.15 x R = 0.20 x/ /1 + 0.000L x

c R, = 0.10 x/,/ 1 +0.0002 x R, = 0.1h x/ ., "1 + 0,000 x

D R_ = 0.07 x/ 71 +0.0015 x R, = 0.10 x/ /1 + 0.000L x

E R = 0.04 x/ (1 +0.0003x) R, = 0.07 x/ /'L + 0.0001 x

F R = 0.02 x/ (1 +0.0003 x) R, = 0.05 x/ / 1 + 0.0001 x

Urban . Sites

A-B R, = 0.30 x /1 + 0,001 x R, = 0.k0 x/ "1+ 0,000k x

c R =0.25 x R, = 0.28 x/ /1 4 0.000% x-
D R, = 0.18 x/ /. +0.0003 x R, = 0.20 x/ ~1 + 0,000l x
E-F *R_ = 0.10 x/,/ 1 + 000154 R, = 0.1k x/ 1 + 0,000k x

»
For a ground source or an elevated source trapped beneath the urban

nighttime mixing layer, (Rz + h) never exceeds H {see Chapter 6 for details),

- 38 .



Y00

o

14

CLOUUU

O

-

U

%

COCCLUOLO

APPENDIX D {continued)

The following approximations for Rz/Ry are adequate (+ 20%) for computing the

maximum ground concentration from an elevated source with an effective

height h:
Suitable only if
Stability R /R h is less.than
Rural A 0.9 . 300m
c 0.7 300 m
D 0.6 4O m
E 0.5 CWom
P 0.3 30 m
Urban A-B 0.9 300 m
c 0.9 300 m
D 0.9 300 m
b d N 0.6 100 m
*a

Max. X proportional to Rz/Ry only if h is less than H/2.

-39 &
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APPENDIX E: BASES OF RECOMMENDATIONS

Stack Aerodynamic Effect (Sec. 2.1):

The formula h' - h_ = 2(Vé/u - 1.5)D is based partly on wind tunnel
observations of Sherlock and Stalker (1941) which showed. that downwash
(negative rise) occurs when vs/u is less than abouf 1.5 and thet the
plume downwashes about one stack diameter at vS/u = 1, For high values
of vs/u, it is a conservative form of equation (5.2) recommendeé in
Briggs (1969) for momentum rise; 2(vs/u)D approximates the plume rise

at the point where it is equal 1.7 times the downwind distance, =0

essentially represents the very close-in plume rise, Buoyancy is neglected

in this stage, since it does not cause a doubling of the plume rise until

a distance xI 10 u vS/(-g A}

Building Effect (Sec. 2.2):

The method suggested here'fér accounting for the building effect
is an interpolation of séveral rules=of-thumb respecting air flow around
buildings. It is generally accepted that a building has very 1i£tle effect
on the airflow at 2-1/2 building heights above the ground and above.
On the other hand, the aerodynamic cavity downwind of a sharp—édged
building developes to roughly 1-1/2 building heights. It developes
higher ovér a very wide (i.e. squat) building, but the plume also has
more distance in which to rise out of the cavity in this case, This
method does allovw some close-in plume rise to be considered with respect
to escaping the cavity;-however, it should be conservative since it

does not allow for the lower wind speed near the building, which

- 45-
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promotes greater rise. The cavity height may be less than 1-1/2
! [+]

building helghts in the case of pitched or rounded roofs.

For a squat building, this method assumes that if h' <-1.5 hb,_the
plume behaves as if it were a ground source of initial area A = hb2'
This gives concentrations in approximate agreement with those measured
by Meroney snd Yang. (1977 ) near the end of the cavity, The velues of
x within the cavity adjacent to the building were estimated from measurements
around cubes and rectangles by Halitsky (1968). ZEquation (2) is a linear
interpolation formula giving h™ = h' when h' = 2.5 h, end h"‘= 0.5 hy
when k' = 1,5 hb’ thus giving a x of the same order as that given for
n %),

For tall buildings, vy replaces hb as the characteristic cavity width

a ground source (h' < 1.5 hb’ A

end height above hb' It is assumed that a roof level plume is not pulled

a2ll the way down to the ground within the cavity if hb > 2 W3 hence, h"

is no more than 1.5 wa below h'.

Meroney and Yang (1977 ) found that atmospheric stability had only a
slight effect on concentrations immediately downwind of a building, so

this effect is neglected here,

Buoyancy Effect (Sec, 2.3):

The calculation of the relative density difference, A, is straightforward.
It is e simple superpostion of temperature, molecular weight, and latent
heat contributions. It is assumed that the gffluent will mix with many
times its volume of air, so that 4 will become very small {excevot perhaps

very close to the source); A times g times the total mass flux of the plume

-4 -
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{which is mostly air) represents the total flux of buoyant force carried
by the plume. This also explains why the ratio of specific heats appear
in the AT term. For Aw,,it ié assumed that =21l liquid'water in the plume
evaporates close to the source; for sméll.emiasionst observations of

"steam" plumes. indicate that this. is almost always the case.

Dense Plumes (Sec., 2.3.1):

The pecommendations in this section are based on an analysis of
wind tunnel observations by Bodurtha (1961). It'was assumed that the
scurce diametef D was much smaller than hs, so that only the total fluxes
coming from the source were important in determining the distance at

which the plume falls to the ground, x Then Xy depends only on hs' u, and

dl

the fluxes of momentum and buoyancy ejected from the stack. Dimensional

analysis then indicates that xd/hs is a function of u/v gAD and v D/ (u hs).

When values of xd/hS were plotted against these dimensionless ratios, no
clear trend with w_ D/(u hs) was seen. There were a few anomalously low
values of xa/hS at low values of this ratio, but the stack Reynold's

number was also very low in these cases, and could have been responsible
(poorly developed turbulence would result in a more compact plume, which
would fall faster). A strong trend with u/ v gAD was seen, and this was

approximated by

xd/hs = 4,5 u/ /gAD

The effect of the negative density is ignored if x_, is greater than

d
the distance at which the maximum concentration would occur anyway
(i.e., at R, = h). The values of C given in 2,3.1 approximate x/Rz at

small distances

-7 -
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The initial eross-sectional area A = 0,2 h32 wag taken from Bodurtha's
estimates of "dilution," the square of the ratio of plume dismeter at contact
with the ground to stack diameter. The low efflux veloecity (i.e., low
Reynold's number)} runs were Omitted; These &id show considerably less
dilution, consistent with the more rapid fall observed in these cases,

The fall distance limit for stable conditions, 100 |F|l/h,,i5 based

on equation 4,25 of Plume Rise (Briggs, 1969) applied to an isothermal
temperature gradient. Usually, when u < 3.5 m/sec at night the stratifica-
tion is stronger than this and the plume fall is less, The upward initial
momentum of the plume is not taken into account, but its effect is Lo make

the final plume height still higher,

The  "effective minimum wind speed" is based on the idea that the
initial plume dilutibn when it contacts the ground, u(0.2 hsg), should be
at least that of a negatively buoyant plume falling a distance hs in completely
calm surroundings, Datas from a medeling experiment by Rouse, Yih, and Humphreys
: . 1/5 . 5/3 . .
(1952) suggest that thi- is 0.2 |F] b hence the effective minimum

wind speed equal to ]F/hs!1/3.

The frequency of winds less than 1 m/sec is teken from Figure 4, The
estimate of frequencies of winds less than 1 m/sec assumes no correlation
between the components of horlzontal wind speed and uniform probability

distribution within each component in this range.

=48
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Buoyant Plumes (Sec. 2.3.2):

For the definition of the buoyancy flux, F, see Briggs (1969) or (1970).
Equation (5) is a compromise between equations (22) and (26) of Briggs
(1970), which give a plume rise Ah = 21 F3/h/h vhen F < 55 and Ah =39 F3/5/u
vhen F< 55,‘ This simmlified formula, Ah = 21 F2/3/u, also gives a very

good fit to plume rise data listed in Table 5.1 of Brigss (1969).

Equation (6) is based on equation (5.7) of Briggs (1969) (same as
Eq. 18) of Briggs 1970). It is applied assuming that wind speed times

the potential temperature gradient equals 10(m/sec)(°C/100m). It should be

- pointed out that, close to the ground, large nighttime wind speeds are

associated with small potential temperaﬁure gradients and vice versa,
so that the resultant plume rise is relatively unaffected by variations
in the meteorology, particularly since it depends only on the 1/3 power

of the above variasbles.

-9 -
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Simple Diffusion Models (Sec. 3.1):

It is standard practice to approximete the distribution of material

with off-axis distance in a plume with a Gaussian shape. The main simpli-

_ fication adopted here is a rectangular plume with uniform concentration

within its boundaries (at a given distance) and zero concentration without.
As e best compromisé, it was decided to set the plume half-width and depth,
Ry and Rz, each equal to /2 = 1.25 times the lateral and vertical standard
deviations describing the Gaussian shape, cry and O, Thus the edge of the
"rectangular approximation" is set where the off-axis concentration
(laterally'or'verticaliy) is exp(-n/4) = 0.L4 times the axial concentra-
tion. With this value, the rectangular and Gaussian models give the

same axial concentrations for & ground source or for an elevated source

at great distancéa.(Rz>>h),,both for short periods and for long term
averages, For an elevated source, the maximum short period concentration
and long term concentration given by the rectangular model are-l.bT and i.03
times those given by the Gaussian model, respectively. The values of c,

at which the maxima occur are 1,13 and 0.80 times those given by the

Gaussian model, respectively.

Diffusion Coefficients and Stability Classes (Sec, 3.2):

The stability classes used here are adaptations of the six Pasquill
stabllity clesses which are in wide use, However, these are more crude
in that variability in insolation and cloudiness has been left out,
"Moderate" insolation in the day and about 50% cloudiness at night

are assumed, and only the wind speed and whether it is day or night are
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used to determine these categories. Thus, in a giveﬁ 30 minute period,
under very cloudy or very clear ékies the present sfability elassification
scheme is less than the Pasquill scheme by about one=half a stability class.
Even with a more exact scheme, the rate of diffusion observed in a given
period is often what one would expect in the next class over. As a

result of this uncertainity,. the distance at which the maximum ¥ Crom an elevated

source occurs might be over or underwredicted by a factor of 2 or 3. Yowever,

the error in the predicted maximum y is not so serious, since it depends on the

ratio R,/Ry, and this generally does not rhanre drastically from9R? stabilityclass

to the next.
The valnes of R, and Ry riven in Anpendix D are analytical

approximations to existing, published curves for oy and gz versus ¥, The

- ecurves for rural sites predominantly follow the curves given by Pasquill as

published in Meteorology and Atomic Energy (1968), being very good approximations

in the range 100m < x <10,000 m. The cnly excepticns are the "A"and"B" curves

for Rz’ ﬁhich‘approximate the Pasquill values only when Uz < 100 m, Beyond

this point, the functions recommended approximate the curves given by the

ASME guide (1968) lebeled "very unstable" and "unstable," which lie con-
siderably below the.Pasquill "A" and "B" curves. The ASME curves are
based on diffusion observations from a 100 m high source, while the
Pasquill are based on ground scurce data, so0 it seems likely that the

former are more relevant when cz> 100 m.

The curves for urban sites are based on the analysis of a diffusion
experiment in St. Louis by McElroy and Pooler (1968), These data
indicate much more rapid diffusion than at rural sites in comnarable

stablility conditions. The functions for Rz given here attempt to
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approximate the reported values very closely over the range of measurement
(from x = 600 m to 1T km). The functions for Ry given here agree with

the réported values on the average, but more crudely epproximate them
within some atability classes than in others, Note that for the B, C, D,
and E classes, the urban values given for Ry start out being twice‘the
respective rural values, but asymptotically approach the rural velues

at great distances.

Ground Concentrations from Ground Sources (Sec 3.3):

The geometric assumptions leading to equation (7) have already been
stated, except that s linear addition of the initial plume area and the
area due to atmospheric diffusion alone is assumed, after Gifford (Culkowski,

1067).

Ground Concentrations from Elevated Scurces (Sec. 3.4):

The simple geometric assumptions leading to equations (8) and (9)

have elready been stated.

Effect of Averaging Time (Sec. 3.5):

Information on this effect over short periods is incomplete, so
the suggésted correction factors shown in Figure 3 are provisional, i.e.,
better than ne correction, but not as good as they could be, TFor con-
venience, they all are shown as power laws of the averaging time. The
ratio is held at unity in the 30 to 60 minute range, as the diffusion
models given in this chapter are based on this renge of averaging times;
there is reason to expect less variation within this range, as it is near

a ninimum in the meteorologieel énergy spectrum,

- 52 -
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The peak concentration for aversging times shorter than 30 minutes
is due mostly to variations caused by furbulent eddies within the
planetary boundary layer. Except for gstable conditions, these cause
vertical as well as horlzontal fluctuations, which is why larger power _
laws are indicated for elevated socurces. The =2/3, ~1/2, and «1/3
power laws are approximations to those recommended for elevated sources
by the ASME Guide (1968) for #ery unstable, unstable, and neutral con-
ditions. For ground sources, observetions of Ramsdell et al. (1970)
and Cramer et al. (1959) in the daytime fit power laws ranging from =0.2
to =0.67 for averaging times ranging from 3 seconds up to 5 minutes, bu%
generally range between =1/3 and =1/2 for intermediate averaging times,
Figure 3 arbitrarily assigns the larger power to the A=B classes and the
smaller poﬁer to C-D, as the data contain insufficient stﬁbility_informa-
tion. The Cramer et al, nighttime observation are fit adequately by =
=1/6 power law, so this is assigned to E and F conditions. It shéuld

apply about as well to léw level elevated sources, since there is little

vertical meander in these stability conditions.

The concentration drop-off for averaging times longer ;han one hour
is due mostly to shifts in the mean wind direction due ﬁo changes on the
synoptic scale. Less dropeoff is indicated for the urban source because
of the greater initial diffusion. The =1/6 power law is a good fit to the
curves of Wipperman and of Meade, both reported by Slade (1968}, The
-1/3 power law give a factor of 3 reduction in concentration over 24 hours,

as recommended by the ASME Standard APS-1 (second edition). A factor of
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4 to 5 reduction 1s reported by Clarke 22:2&- {1970), but this is for
large, elevated sources, where the change of plume rise over a 2h-hour

reriod would further reduce the average'concentration at any one point.

Long Term Averagg;Conceﬂtration (Sec, L,0):

" The basic method given in this chapter is. an elaboration of standara
calculation techniques, which‘assume‘uniform long term aversge concentration
at a given distance within eachlwind direction sector., The factor of 2.5
which eppears in equation (10) and (11) is just the inverse of 27/16, wﬁich
assumes 16 equal sectors. For simplicity, in equation (10) it is assumed
that a receptor at x = 0 éxperiences the full building downwash concentration
over 2.5 sectors of wind direction. Figure L was derived simply by plotting
the wind speed frequencies for the cities ligted in the various éerrain

groups, The curves appeared to be very well ordered by the terrain type.

Long=-Term Average Deposition of Particulates (Sec. 5.0):

The basic procedures here are similar to those of Chapter L, except
for the inclusion of settling velocity. The formulas given for v are good

approximation to Fig. 5.4 of Meteorology and Atomic Energy (1968), based on the

fall of spherés. The formula for D < TO p is just en expression of Stoke's law.
Equations (12) and (13) simply assume that Xp = ¥g X Equation (14) aséumes
that, in the case of fast falling particulates, the maximum depositién

rate occurs at a distance x, = (u/ws)h. The shape and magnitude of the
deposition approximate cross wind integrated rates measured by Stewart {1968)
and Hege (1961), The criterion for choosing equation (13) or (14) selects

the formula which gives the greatestmeximum.
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The particles are assumed to fall out before buoyant plume rise s
complete if the vertical velocity of the rising plume is less than
w_ at the point that the rise is (1/2) h". The "2/3 law" of vnlume rise

is used in this calculation, such as is given bv Brimmrs (1972).

Special Considerations in Cities (Sec. 6.0):

The basic model for the effect of the urban nipghttime mixing layer is
adequately.explained in the text. The estimate of H was obtained from
data summarized by Lﬁdwig EE.EQ:(1958)’ by assuming that the temperature
difference between the city and the surrounding countryside (the "heat
island") is approximated'by H times the notantial tenperat-rr sradiens
near the ground outside the city, This assures a nearly a:liabatic Japée
rate within the mixing layer. Using this assurr inrn 2nd heat conservazion,
the heat flux integrated across a city should he rromortinnal to ”2. The
heat emission per capita does not vary muchlfrom eitr to cityy the inteqraﬁed
heat flux is pronortional o Plla (nopulation digrributed in 2 dimensions)
ang H = Pl/h. This prediction gave a mnod Tit tn the lata, The scattér

defined by the probability distribution given in the text is partly due

to variations in sisbility and wind speed, which affeci H also.

The assumption that plume escapes the niahtﬁimu mizing layer entirely
if h > (3/2)H is based on the observation (Briggms, 1972) th..- :hﬁ hottom
of a visible, rising plume is about half wavy hetween the top of the stack-
and the plume centerline. If the stack tor is somewhere near /7 and the
plume rises to {3/2)H, then almost all the plume should imbed in the

stgble air above H.
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A very similar model (capping from above) applies in the case of
inshore fumigation, which sometimes occurs at coéstal ingtallations
when the wind blows from a cocl bedy of watef~towards warmer land,

This is called a "lake breeze" or "sea breeze." Such air coming off
the water is usually stable, so an elevated Dlume'levels‘off and stratifies‘
within it. The land heats ﬁp the air in contact with it and a mixing
layer developes, eventually reaching the stratified plume and mixing
i1t downward. A model for this case has not been included here because
.
the wind speeds are moderately high, so the resultant ground concentrrations

are usually no worse than in other conditions for small sources (this is

not true for large sources, however),

Special Considerations Near Prominent Terrain (Sec. T.0):

Recammendation that h by reduced by u@ to a factor of2  when higher
terrain is encountered by the plume in A-B-C-D conditions is based on insmection’
of streamlines computed by Stumke (196L) for flow-up various kinds of terrain
steps. A potential flow model was used; thls usually simulates the apr—oach

streemlines well for the neutral case., In unstable conditions, the tendency

‘to "ride up" over terrain steps is likely to be slightly cnhanced,

The impingement frequency calculation for E-F conditions simnly
assumes that the flow is horizontal, and nnly one streamline in a given
horizontal plane impinges on the obstacle., . If the plume expands to

include that streamline, then it impinees also.
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The possibility of terrain downwash 1f upwind ht/x > 0,02 is-

mentioned in light of the experience at the Conemaugh power plant in southwest

Pennsylvania. On a few occasions the plume was cbserved to descgnd to
the ground almost immediately. This occurred when it was cloudy

(1.,e. probably neutral) and the wind was from the scutheast. The only
unﬁsual feature in this direction is a ridge about 200 m higher than the

plant and about 10000' m awey (Schiermeier, 1972).

The valley fumigation model is essentially described in the text.

_Acknowledgement: This research was performed under an agreement between

the Atomic Energy Commission and the National Oceanic and Atmospheric
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