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Corrections and Additions

p. 5, £.21 H' = (h'-h)/2
p. 9, 2.7 =~ "full distance" should be "fall distance"
2.10 - |F|Y4 should be |F|!

p. 11, bottom - "300" should be one mark to the right on "F" scale

p. 16, 2.9 - "35 m/sec" should be "3.5 m/sec"
p. 25, eq. (12) - " =" in the denominator should be " + "
eq. (14) - "F" should be "f"
2.11 - "f" should be "F"
p. 29, 2.1 -~ "4/3" should be "3/2"
2.8,9 - "3" should be "2"
- n = " " "
p. 36, 2.5 hb 1.52b should be hb + l.52b

.
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1.0 INTRODUCTION

This is a simplified approach to the calculation of ground level
concentrations of effluents from small industrial and fuel burning installa-
tions. It is.intendedito serve as a first approximation to a very complex
process. Becéuée eécﬁ stack, bullding, and terrain cqnfiguration is
different, actual gfdund concenﬁrations may frequentlj differ from the
~values calculated hefe by a factor of two. Nonetheless, this procedure should
be useful for detefminiﬁg whether ambient air quality standards are likely
to be met, ekceeded, or only marginally obtained. Tt also predicts the
locatiohs where the highest and most frequent ground concentrations a;e
likely. Sampling at several such locations is very advisable, unless
the pfedicted concentrations are quite low. In addition, consultation
with a specialist in air pollution meteorology 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; somé of the simplifications made are not valid for large
emissions. In the few cases where more than arithmetic formulas are
neceésary, simple nomograms are provided. Iﬁ 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 Tfor calculating the effective height of a
plume of effluent, if it escapes the "downwash"’effect of the stack and
buildings, and }6r predictiﬁg the occurance of downwash. The latter is

" a common occurance with small emissions, and greatly increases ground

concentrations in the immediate vicinity downwind of the source. If



dbwnwaéh is avoided, if is important to meke a réasonable estimate of the <;;>
plume's effecti&é helght, as this greaﬁly affects the maxirum ground
concentration. Chapter 3 simplifies somewhat the "classical"” methods for
predicting ground concentrations, for both elevated soufces and ground
sources, and gives correction factors for various averaging periods up

to 24 hours. Chapters L4 and 5 outline ways to extend the above pro-
cedures to predict the average ground concéntration and total deposition
of particulates over extended periods, %0 dayc to a year. Chapters 6,
and 7 note imﬁortant features of diffusﬁon at sites that are not flat

and rura’l that differ from the classical diffusion medel, and
sugrests means of accounting for then.
ITirther guidance can be found in the ASME "Recommended (uide for

the Prediction of the Dispersion of Alrborne Rffluents" (1968, presently

being revised).
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2.0 ELEVATED SOURCE OR GROUND SOURCE?

The answer to this qpéstion can mean elther a zero concentration or
a very high concentration of effluent al the ground in the neighborhood of
an emission. Does thé'plume keep 1ts distance from the grcﬁniand if so,
what 1is its effective height - or, is the plume brought to the ground
very near the source? The latter can happen if the efflux velocity is too
low, the stack is too short, or the emission is denser than air. Downw;sh
of the plume due to terrain is also ﬁossible, particularly 1f there is an

escarpment upwind of the source, but this case 15 relatively rare.

The answer to the above gquestion can\depend on the wind speed, as will
be seen below. Tt also éankdepend on the location of the stack relative to
buildings and the wind direction. The great‘vﬁriety of possible building
geometries gives ample reason for not expecting great aéﬁurécy from the

following "rulés-of-thumb."f



2.1 Stack Aerodynamic Effect:

Aﬁ effluent emitted vertically from a stack can 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, A to the
crosswind velocity, u. Make the following computation, where D 1s the

inside stack diameter and hS is the source helght 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, h.S,
7, and 10 m/sec. The efflux velocity can be determined from direct
measurement, from the amount of forced draft, from thé rate of the process
énd relative proportions of its gaseous product (thermal expansion should

be taken into account), or from visual or cinematographic 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 A 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

h':ha
S

2.2 Bullding Effect:

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

it may be brought downward by the flow of air over and around the building.

-



Lgtﬁ , €auel the lesser of the building height, h , or the building
width perpendicular to the wind direction, v,. Ifh' is less than

(nb + l.SQb) and the point of emission 18 on the roof, anywhere within
A /% of the building, or within 32b directly downwind 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, 1If the plume is within the region of building influence,

there are several possibilities:

(1) If n' is less than (hh + O.SZb), part or all of the effluent
is likely to circulate within the aerodynamic "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 crest of a pitched roof
(unless the crest is parallel to the wind). It grows to a height of
about (b, + 0.5 £,) and a vidth a little greater than w,, and extends
over all lee sides of the building and downwind 2 to 3.5 Jztf
effluents in the cavity region may affect persons on the ground and

Thus,

in ﬁhe building. One must especially consider the placement of intake

vents providing ventilation within the building. Following are some
rough guidelihes for estimaxingvthe concentration (x) experienced in
the cavity region. Let x = KQ/(u [ ba), vhere Q is defined in Section
3.1. If B' > 0.35, K 1s generally 1 or less throughout the cavity.

If H' < 0.35, K 18 typically 1.5 and at mﬁst is 3.0, except on the
side of the building where fhe efflﬁent'is emitted (for instancé,‘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/(usz), where s is
the distance from the source measured along the axis, The airflow near
buildings is complicated and it is difficult‘to predict the trajectory -
of the plume axis. For example, in the cavity within ,Qb/h of the roof,

the flow is usually upwind.
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(2) Ifn'> h, , compute h" =

If h' < h , compute h" =h' - 1.5 '}‘Lb

(3) If h" is greater than £ b/2, the plume remains an elevated

'source. Go on to Section 2.3.

If h" is less than £ b/2’ treat the plume as a ground source

2
with an initial cross-sectional area A = Q.b . Go on to Chapter 3,

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

region of building influence and h" = h'; if h' < 1.5 hb' the plume down-
weshes 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 hy (see (2) above).

-6 -




2.3 Buoyancy Effect:
“\\;f the procedure Just given in Section ?-2- indicates that the plume
is still ;EEVQES?, the plume height can be signiiicantly altered by buoyancy if
the density of tﬁéigffluent differs from the density of the ambient air by more
than 1%. This is nea;ibke}walgitrpe, unless the effluent is more than 987 air

and its temperature is within 5°F’of>ﬁhe ambient temperature; in this lattex

case, it is permissible to set h = h'', where h is*the effective source height,

and go on to Chapter 3. -

To determine whether an effluent is heavier or lighter than air, calculate
A = AT + A + A, where AT is the temperature contribution to the relative
) m w
density difference, Am is the molecular weight contribution, and Ah is the
liquid water contribution (after evaporation occurs). Ay = -(cpo/cp) (ar/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/gm -°K).

AT . is the. difference between the effluent and ambient temperatures, .

and T is the ambient absolute temperature (°K = °C + 275"),

For the . products of combustion of the hydrocarbon fuels, (cpo/cp) =1,

Except in arctic winters, 288°K = 518°R is an adeqiate approximation for T.

If AT is not convenient to measure, an alternative expressioniisAq:= -QH/(Mo Cp
where QH is 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, c_ should be in.cal/em - °K, T in °K, and M_ in em/sec),

'T);



Am = (1 - 28.9/mo), where mo is the mean molecular weight of the effluent
(1/mo is the sum of the fraction, by weight, of each component gas times the
inversé 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 usually
negligible. (When there is water vapor present in the effluent, it is
also possibie to get a temporary increase in buoyancy due to latent heat
release if condensaﬁion 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 (negaﬁively 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)

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

2.3.1 Dense Plumes:

If A > 0 the plume is heavier than air, and may fall to the ground

rather close to the source if u < 0.22 C Y & A D, where C is given by

Urban Site Rural Site
Day , U< 3.5 m/sec ' 3 5
Day u > 3.5 m/sec 10
Night , u > 3.5 m/sec T 15
10 35

Night , u < 3.5 m/sec



I? u is greatervthan the above value, set the effective source height
equal to h" (i.e. h = h") and go on to Chapter 3. If u is less than
the above, the plumevfalls to the ground at a distance roughly equal to
L,s hs u/ J“é‘Z‘B downwind of the source, and should be treated as a
ground source (h = 0) with an initial cross-sectional area A = 0,2 hsg.

The exception to 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 l/h,
where F is defined in the next section. Therefore, in this particular case
treat the plume as above only if (hS - 100 {F| l/h) <0.2 hs; if
‘(hs - 100/ F| ul‘)> 0.2 h_ but is less than 0.5% ,* in association with a

building, treat it as a ground source with4A=a2b2. If neither of these

conditions hold, treat it as an elevated source with

h=h_ - 100 | 7| L/H

Complete absence of wind does not imply that the effluent reaches
the ground with an infinite concentration, since the plume does mix
with air as it falls. To allow for this, in this calculation procedure
consider that there i1s an "effective minimum wind speed" equal to
’ F/hs‘ 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, thevfollowing very rough guideline is offered for estimating

the frequency of low winds:



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

Rolling : ’ 5 4o 10%

Hilly 10 to 20%
Mountain region 20 to 30%
Mountain sheltered 30 to Lo%

These low winds occur predominantly at night.
For the Frequency of winds less than 1 m/sec, multiply the above frequencies
by u2, where u is the upper limit in m/sec. Obviously, the nature of the

site hés a strong influence here.

2.3.2 Buoyant Plumes:
If A < 0, the effluent may rise appreciably owing to its bﬁoyancy,
resulting in substantially reduced concentrations at the ground. To

determine this rise, first calculate
F= «2.604 M (3)

where Mo is the masgss 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=3.7.207¢q , ' ()

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

effluents resulting from the combustion of hydrocarbon fuels.

- 10 =
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During the day, or at night when the wind speed u is greaier than
3.5 m/ser, the effective source height of a buoyant plume is anproximated

by

2/3

h=n"+21 7"/ | _ (5)

2/3

A nomogram is provided below for calculating 21 F /u. During the night

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

1/3 .
h=nt o9 P30 (6 )
" )
A scale is given below for caleulating 19 F‘/J.
1 4 2000 o IO,"“:
1
1000 -
1.5 : 300
, - 300 -
; 100 4
2,5 i
100 - ]
34 ;
i . 30 -
- -
LA 30 4 ‘
| .4 10
6 - 7 10 = h
74 ] 3 4
8 : -
] 3 -t ;
10“ 2 . 1 -
u 21 Fg/‘/u i
F 1 3 10 30 100 300 1009
L : L' b d (RN [} [ L I TS O T | : 1 LI S ' N
10r1/3 20 30 40 50 60 79 480 40 loo ‘ 200

whern



3.0 ESTIMATING GROUND CONCENTRATIONS

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 rectangujar and
to contain a uniform concentration of effluent. As in most diffusion models,
the variation of wind speed with height is neglected; the horizontal trans-
port rate of the effluent is taken to be constant throughout the plume,
equal to the mean wind speed, u. Thus, the volumetric flow rate of niupe
material through any plane interSeuting the plume at right angles 15 u
times the créﬁs—aectiona} area. Since it is also assumed that there ig
no depletion of any cowponents in the effiuent, the concentration within
the plume at any point downwind is Just 7, divided by the volumetric fiow
rate past that point, vhere ¢ 1s the mass flow rate of the substance in
question.

Since the volumetric flow rate is in mi/sec with the units recomended
hefe, i @ is expressed in kgm/sec the resulting units éf X, the éoncentra-
tion; are kgm/mi. To convert this to gm/mB, multiply by 105. To convert
to ug/mj, multiply by 109. To convert the concentration of a gas tc ppm,
muitiply by 106 times (EM/mO), where m is its molecular weight. An alternative
method to get>X in ppm is to express (} as 106 times (T/TO) t.imes the volume

flow rate of the component gas in mj/sec.

3.2 Diffusion Coefficients and Stability Classes:

A basic feature of diffusion in the atmosphere is that the cross-

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

- 12 _
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will be described in the models here hy means of the plume half-width, Ry,
and the plume half-depth, RZ, which are given as functions of distance in
Appendix D. The rcader will note that two sets of values are given in this
appendix; one for rural sites and one for urban sites. This is done because
diffusion is considerably enhanced in urban aréas, where atmospheric
turbulence is increased by air flow over buildings and by greater thermal
convection than over the countryside. The urban values for R and Rz

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

of the source is mogtly built up.

Ry and RZ are also functions of the stabtiility of the atmosphere. This
is accounted for in a rough way by means ol stability classes, ranging
from very unstable (Class A) to very stable (tlass ¥). The niost appropriate
stability class depends somewhat on cloudiness, but most strongly depends
on the wind speed and vhether it is day or night. The following table

gives the best average slability class for different wind speeds.

Table 1 - Stability Classes

Wind speed, m/sec 1 2

-5 L.s 7 0
Day A B C D D
Night F T D D D

The values for Ry and R? 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-



"TIn cities and near prominent terrain there are special situations which
require modification of the general diffusion models given below in Sections 3.3

and 3.4. Tor these cases, consult Chapters 6 and 7.

Since wind speed strongly influences the stack aerodynamic effect, the
buoyancy effecet, and the rate of diffusion, it is suggested that the
procedures in this chapter bé carried out for at least five different
wind specds: 1, 2.5, k.5, 7, and 10 m/sce. If estimates of the frequency
of occurrence are needed, consult Chapter 4 for information on wind speed

frequencies.

It should be cautioned that the ﬁrocedures developed in thlc chapter
are based on average rates of diffuslon in various conditions. However,
the diffusing power of the atmosphere varies considerably even at a glven

wind speed and time of day; therefore, occasional 30-minutc average

concentrations twice those computed here should be anticipated.

-1y -



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"S(A+2R% R °? (7))
Yy 2

where A 1s the initial cross secticnal 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.(rural or urban), distance, and
stability class. To allow for atmospheric diffusion between the source

height and the ground, assume & 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).

- 15 -



3.4 Ground Concentrations from.Elevated Sources:

If the procedure detailed in Chapter 2 predicts that, for the cir-
cumstances and wind speed given, the plume remains elevated, the following
‘equation approximates the ground concentration downwind of the source:

when R _th, X=0

X

- Q :
when R_>h, T2ulk (h+R ) ’
2 v Z

where h is the effective ‘source height of the effluent as calculated in
Chapter 2. If the effluent is buoyant (A < 0), use Fq. (6) for h for
nighttime, 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
X and @ were discuésed in Section 3.1, and values for Ry and RZ appropriate
to the site (rural or urban), distance dovnwind, and stability class are
given in Appendix D.

Note that no ground concentratjoh occurs until the bottom of the
plume reaches the ground (HZ = h). The maximun ground concentration occurs

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

R :

z %]
=05 ) W (
. |

\O
~—

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

where R == he A graph of RZ/Ry versus R, is given in Appendix D. For small
effective source heights, R_/Ry ranges from 0,6 to 0.9

at urban sites. The range of this ratio is somevhat greater for

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



variable in Eq. (9) by far is hg. One can see that an increase in

Qll> effective source height can reduce ground concentrations considerably.

If the plume is an elevated sourcé at all wind speeds, in general
* the highest pground concentrations occur in "A" and "B" stability classes
for small buoyancy and in "e" and "D" classes for large buoyancy. The
maximum concentration can occur at a distance as near as Ly in "A" conditions,
and ocecurs progressively at larger distances in nore stable conditions

~

At rural sites, i h is greater than 40 m, small or zero
ground concentration results in "I conditions since Rz/R < 0,2, If
y
h > 100m,small OF zero concentration also results in "E" conditions. Zero X can

also oceur at urlan sites in B-F conditions 17 h is sufficiently large (see Chan.,

5.5 Effect of Averaging Time:

The values of Ry and R7 given in Appendix D are based on observed
diffusion patterns after averapging the concentration at each grid point over
approximately 70 minutes. l'or longer averaging periods, the plume boundaries

"smeared," and the average ground concentration is correspondingly

will be more
Jess. This 1s due mostly to shifts in wind direction, althouvgh gradual changes
in the mean wind speed will affect the diffusion pattern also. Thié alffect

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

plume.

Conversely, for averaging periods shorter than 30 minutes there will

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

t

itself 1s the result of some "smearing." The "peak" short period concentration

\
v 1
by



is likely to be particularly high when A and B stability conditidns 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 vertical
fluctuations of plumes are damped out in these cases, either by the presence
of the ground or by the stable stratification. For an clevated plume, 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 & 1 minute peak.

Figure 3 shows the approximate ratios.of peak or longer term ground
concentrations to the 30-minute average ground concentration. To éstimate
the worst concentration to be expected over averaging times other than
30 miﬁutes, multiply the values of X computed in Sections 3.3 or 3.4 by
the appropriate ratio from Figure 3. As was cautioned ét the end of
Section %.2, on infrequent occasions values of X might reach twice those

computed here.

‘Minutes

- L 0,3
Figure 3 = Maximum ¥ (relative to 30 min,) vs. averaging time.-
- 18
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4.0 LONG TERM AVERAGE CONCENTRATIONS

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 concentrationj 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 yind speed frequency, especially
if downwash occurs. Thus, the first étop in estimating long teim average
concentrations is to obtain climtological information about the wind, either
at the emission site or at the place with wind records Likely to be wost
representative of the site. Normglly, this place would be the nearest
to the site having appropriate records; howe?er, in rough topography or
near large bodiles of water, care should be nﬁdc to gel records irom a
prlace situated similarly to the site. If the emission site 1s in a valley,
it would be Dbest 1T the wind records cowe fram a vallecy of similar orientation
and depth, somcwherevin the general arca, rather than from the nearest hilltop,
The wind information should be from within 50 miles of the site (100 miles

if the region 1s sparzely populated.)

The primary collection point for wind records in the United States is
the National Weather Records: Center (Iodoral OffTice Bullding, Asheville, N. C.
28801). Ten-year aummaries of the frequency of wind speeds, by direction,
are available for major city airports for ten cents each. In addition,
unpubllshed uummaries can be obtained for many smaller cities and many
military bases for the cost of reproduction (currently $5. 50 each).  Summariec
can be tabulated~for almogt gnyﬂother airport, according to how detailed a

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



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

Tollowing approximate correspondences:

0 to 3 mph

1 m/sec =
2.5 m/sec = 4 to 7 mph
4.5 m/sec = 8 to 12 mph

13 to 18 wph
19 to 51 wph

T m/sec
10 m/sec

il

i

Winds are labeled according to the direction they blow {rom, not towvards.
If one ic concerned with the long term concentraticn produced SSE of a source,
then he would want to find the frequency of NNW Winds. It ic cuztomary to

tabulate wind direction statistics for sixteen sectors of wind direction,

each 22 1/2° wide (N, NNE, NE, ENE, B, etc.).

Tor a first estimate of the long term ground concentration, folloy
the procedures'in Chapter 2 using the average wiﬂd speed;, uze the
average wind speed for each sector of wind directicn, if possible. IT
the plume turns out to be a grpund source, the long term value of X in a

22 1/23O wind sector is given by

¥ = £ - 2,5, 4, ( 10)
100 u(A+x R_)
where x is the distance downwind of the source, A is the initial cross
sectional area as determined in Chapter 2, and £ is the percentage
frequency that the wind blows towards that sector ovér the period being

considered (year, season, orvmonth). If the plume turns out £0'be an
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elevated source, the appropriate formula is

o) S
X = £ 22 Y ,( 11 )
100 u x(h-kRz)
with X = C when R? < h; £ iz the samc as above and h is the effecetive
source height as determined in Chapter 2 (for buoyant sources, use
fig. (5) for h). One may use the values of i for the "C" stability

.= 0.25 x at urban sites.

P

class, namely, Rz‘l>0.09 x at rural sites and |
However, one should anticipate that the actual pattern of X vs., x will be
much more smearced out than the pattern given by this crude caleulation,
sinece it ignors riations in wind cpeed and stability. Thus, the |

maximum X will be less than calculated by this method, but near-in

and far-out values will be greater than caleulated.

A much improved estimate can he made 1 the frequency of cach wind
speed class 1 available. One may then go through the procedure in
Chapter 2 and usc Iiq. (10) or (11), whichever is appropriate, for
u =1, 2.5, M.S, T, and LO m/sec (using the correspondences sugposhed
above ). If only the mean wind specd in available, the frequency of
various winds can be estimated from Figure % . One muy divide the wind
into more than five categorles, if desired. The appropriate stability class
should be used for the calculation of R? at ecach vind speed, kevuing in
mind the relstive "frequency" of the day and night cétegories. Tor. an
annual average, day and night are each weighted 50%, but for shorter averages
this welghting will depend'on'the-séamnn and Lhe latitude (consult a cunrise-

sunset table in any almanac). For some sites ceparate wind speed statisties

for day and night may be available; use of these will improve the caleulation,
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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-catqgorized as much as possible (by sector,
wind speed, time of day, etc.), fk_ 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 special
effects due to nearby terrain features, discussed in Chapter 7, rarely
affect the long=term average concentration significantly,

The above procedures are designed to estimate the average long-term
ground concentration pattern. If it is desired to estimate 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 period
with the greatest frequency of wind in the given sector, If these summaries
are not available, use the following, rather crude, guidelines: (1) in
some 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 average value for that month; (3)
monthly average frequencies of wind may be as great as 1.5 times the annual

average in sectors of high frequency and two times the annual average in

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

This guide is primarily concerncd with the concentration of gases and
aeroséls in the air close to the.ground. In the case of dust, or rarticulates,
onc may also want Lo estimate the amount ol deposition over a substonticl
period of tiwe. The procedure veed 1s siwmilar to that used {for (1(»31';rs‘t'm'i‘r*v.':.‘n;;:
long-term average concentrations, excoept Lhat one must tuke into acccunt

the settling veloclty, « . Direct measurcements of w are best; for inutance,

w2 [}

)

14t were possible to sample some of the effluent and kecp it agitated until
it could be veleased in still surroundings, such as indoors, vne could weraly
time the fall ol the dust cloud to Inter w o T Lhis procodure 15 too

Aifficult, one chould determine the diamcter (D) of the particles in microns

(1) and approximate w_ by the [ollowing Pormles:

-5 2
w.o=3 <1077 o D7 1D <70

&3

wo=2 1077 s DA D > 70 ,

where w_ i 'in m/ﬁcc und the pavticuiate dencity p iz in gm/em” (values nf o

range Trom 2 to 6 gm/cm5 For most minerals ),

In wost cases, a range of varticle gizes is present. Tn this case, one
nay use a value of v appropriate to the mean dianmeter, but should erpeet
the actual pattern of deposition to be more "smeared out'" as o function
of disctance from the source than calculated. Alternatively, one may went
to divide the rate of particulate efflux § into several different ranges
of partirculate fizes, each with dalfforent valucs of Vi then suneriimmose
the final results. This would he highly advicabile I the particle density

s D distribution has more than onc mode.,



For a ground source the deposition rate can be approximated by

f 2.5 ws Q

(12)
x = (155 ) ulA=x R)

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

f 2.5 Ws Q
Xy = ( 100 ) u x(h + Rz) (13)

when Rz> h and Xp = 0 when Rz < h. For an elevated source if u is less

than 2 C ws, the maximum deposition rate is given by

13 2.5 Q - '
Xp = ( =) = ( 14 )
D 100 X e ’

where x = (u/ws)h. Deposition begins at a distance x = 0.5 x_, attains
the above value in the range 0.75 X, L X SX s and dgclines to near zero at
x = 2 X (1inear interpolation gives adequate estimates of Xp for inter=-
mediate distances).

For a buoyant, elevated plume, if f is less than 0.3 ws2 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 xg = (u/ws)h" (i.e., use
h" instead of h).

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

gm/mg-sec. To get the total deposition over a 30-day period in gm/mz,
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multiply Xp by 30 « 24 « 60 ¢« 60 = 2.59 - 106. to get the deposition Gi;;
over a 365-day period in gm/me, multiply Xp by 3.1k « 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 resalistic analysis using several wind speeds,

corresponding stability categories, and appropriate frequencies of

occurrence, 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 -




6.0 SPECIAL CONSIDERATIONS IN CITIES

Diffusion is more rapid in urban surroundings than in rural areas
because of the mechanical turbulence produced by wind flow over buildings

and the convective turbulence generated by loss of building heat. IT

¢

[

the area within 10-stack heights or building heights of the source i
mostly built-up, consider the site to be urban. This means, first of all,
that the urban values of “y and Hy should be used in the formulations

given in Chapter 3.

In addition, it .is prudent to recognize that the nighttine diffuzion

of effluents from low sources differs markedly in the cily from that in
rural areas, especially in the "I" and "F" categorics. The reascn is thot
a shallow mixing layer developes over o clily at night, due to the "heut
islund"effect; while the ¢ir over the countryside beconss relatively stable
and unmixed throughout. Thus, effluents from lov gcurces initially diffuse
muach faéter in the city. This leads to higher maximum concentrétjons from
elevated (but low) sources, because the ¢fTluent reaches the ground faster
and with less lateral diffuvsion, lowever, at greater distances the urban
plume becomes more diffuse, thus ground concentralions are lower. When

the effluent reaches the top of the nighttims nrban mixzing layer, at

height H, its vertical diffusicn virtually ceases, butl it continues to
spread laterally. The ébncentratiohs from ground sources 8re less at

urban sites than at rural sites at all distances downwind of the source.

On the other hand, if the effective sourcexheight of an elevated source

iz sufficiently above H, nighttime diffusion is more like that at rural
sites, becausc the stability and turbulence structure of the air above i

is not modified nearly as much as the lover layer as it moves over the city.
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Thus, it is important to take H into account in ¥ and F conditions.

An estimste of its median value is given by

T{-=l.0m1/;C)/P . (15 )

vhen P is the metropolitan area population, The probability of a given

value of H being exceeded is approximately lOO%%(l+(H/ﬁ)h). In the case of a highly
elongated city, such as a valley city, P should be multiplied by the factor &f e-

longationwhen the wind is along the major axis of the city, and should be divided
by the same factor when the wind 1s across the city.

For a ground source, the calculation for E and F conditions is made

5 1S5

exactly as in Chapter 5 except that R, camnnot exceed H (RZ < H). Thi

called a "trapping" model. Thus when the R, given by FigureD,3 exceeds H,

instead of Eq. (7) use

x=uA+2R_yH) (16 )

Similarl for an elevated sourcc, 1 h < [ assume that the plume is
Y _

3
/

"trapped.” The same diffusion formula (Eg. 8) is used except that (h + R_

never exceeds H. As before, X = O when Rz< h. TIn the case of a bucyant

source, Eg. (6) is used to determine whether h < H. If this h turns out

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

calculation of h yields h > H, set h = H.
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If h > (4/3)H, then you may assume that the plume does not reach
the ground until it has drifted cut of the city, and treat it the same
as a rural source. In othér words, use the rural curves for Ry and R

in E and F conditions.

In cases where h is Just'ébd;é H, the real sltuation is rather
ambiguous since the bottom of:the‘plume may get mixed down into the
mixing layer, thle the top of the plume remains aloft. One way to "hedge
the Yet" is to treat B(h/H - 1)Q the same as a rural source of height h
and to treat /1 - 3(h/1 - l)_7Q the sam: as a "trupped" urban source

with h =LH, then superimpose the two concentration patterns.
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T.0 SPECTAL CONSIDERATIONS NEAR PROMINENT TERRAIN

-

Prominent terrain can have a great effect on diffusion, but there are
so many possibilities and so few defimitive 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
rises higher than 1/k the effective source height at a distance where
(h - ht) <R, <h, where 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 aﬁd unstable
conditioﬁs (A-B-C-D) the plume tends to "ride up" the slope, while losing
part of ites effective stack height relative to the ground. In thls case,
the value of h computed in Chapter 2 should be reduced by ht or by h/2,
whichever is the smallest reduction. Then proceed to Chapter 3. However,
in stable conditions (E-F), the plume tends to maintain & constant elevation,

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

If the terrain, or for that matter, a structure, rises above the
effective source height (ht > h), there is the possibility that the plume
will impinge it in E or F conditions, resultihg in very high concentrations.
This occurrance is relatively infrequent. If £ i1s the frequency of the
nighttime wind direction towards the 22 1/2O sector in question, the
frequency of inpingement during E-F condltions can be estimated by
5.  f(R y/x), where R_ 1s the plume half-width at the distance dowmvind
~of the obstruction and x is that distance. For instance, 1f the frequency

of "F" conditions is 10% of the time, the nighttime frequency of wind



towards the sector of nearest abutment of a broad rise of terrain is 2%
(wind favors the "grain" of the terrain, rarely going across it), and the
abutment occursat x = 2 km, the frequency of "F" condition impingement

is at most (0.10)5. (0.02) (90m/2000m) = 0.0k54, Actually, the frequency
of low speed winds towards terrain rises is lower than that of higher winds.

The concentration experienced durlng impingement is given by

X=m‘@§;—§; : (17 )

If there is 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 alr flowing down over the terrain drop. In
the case of an abrupt drop, it is possible to get a "cavity" effect, i.e.
a counter-rotating eddy, Just as in the wake of a bullding. Unfortunately,
these effects are difficult to predict. They are commonly simulated by
means of wind tunnel modeling at present. Large tunnels, such as those
at New York University and Colorado State University, are required, which
involves considerable expense. An alternative to modeling is the release
of neutral buoyancy balloons or smoke from the site at the effective stack
height during dowﬁ-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 air flow tends to be more horizontal then.

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

transportation are more available. However, diffusion 1s poorest in valleys,



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 height h and travels
with the drainage wind, diffusing very little in the vertical and spreading
horizontally until it impinges on both valley 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/(2 u R, 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 isv

X=E—fm ’ ( 18 )

where Q is the nighttime effluent release rate, u is the nighttime drainage
wind speed, h is thé nighttime effective source height, and W is the average
width of the valley up to height h.

-~
Ay

2
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APPENDIX A: SYMBOLS AND DEFINITIONS

Units Refer to
Symbol Definition Used Cection
A Initial cross-sectional "area of a ground 5
plume . m 2.2, 2.3
A,B,C,D,E,F Stablility classes or "conditions" - An — 3.2
adaptation of the Pasquill stability categories.
- . 0 .
. Opecific heat capacity (at constant prossure) cul/gm- C 2.5
X of air = 0.2k,
.o . . . O
Coo Specific heat capacity of elffluent. cal/em-C
D Inside stack diameter. m 2.1
Particle diameter. L 5
£ Percentage frequency of wind (or o certain — M, 5
range of wind) into a 22 1/2° gector of
wind dircclion. ‘
F Buoyanecy flux porameter (nee g, 5 and ). m[eec” 2.3
e Gravitational acecleration = 9,8, wisee” 2.3
h Effective cource hoipht (ufter stack acro- e 2.7
dynamic, bullding, and Twoyancy effcels have
been accounted for).
h’ Pluwe height after stack ncrodynamic etfect m 2.1
is accounted for.
h" Plume height after bullding effect is account- 1 2.2
el Tor. ,
m) Buillding height. n 2.2
h_ Source height above the ground. m 2.1
he)
ht Terrain height abvove the source cite n 7
elevation.
H Height of urban nighttime nixing layer it 5
(see Eq. 15).
e Dimensionlecs concentration coefficient in — 2.2
cavity region. ' '
‘ The legser of h, or w, . bus 2.2
yb - b b t el i
m Mean molecular weight of the effluent. — 2.3
M Mass efflux of the efTluent. kom/sec 2.%
P Metropolitan area population. ——s 6
Q Source strength of a component of the
efiluent; gas kgm/sec 3.1
particulates. om/sec 5
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APPENDIX A (continued)

Definition

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

Plume half-depth.

Distance from source along plume axis.
Amblent alLsolute temperature = 288,

Difference bhetween elfluent and anblent
temperatures.

Wind speed at source hClght or at an open
location.

Average efflux veloelty (volume Flow rate
< area).

Building width perpendicular to the wind
dircetion.

Settling veloclty of particulates.

Averapge width of a valley Treom the flocs

to height h.

Width of a valley at height h.
Distance downwind ol the source.

= (u/u_)h, oc if B < 0.5 v 2 u h",

(u/w_)h'".

= (effluent density - air density) - alr density

Temperature differeonce conlibution to A.

Molecular weight diffc - cnee contritution
Lo A :

Liquid wates contribution to A (alter
cooling due to evaporation),

Concentration of a component of the
el fluent.

Deposition rate of pacticulates.

Units
Used .

cal/sec
m

m

n/scc
m / oo

m

kgm o

[

m,/m"-see
&my



B:

i

. CONVERSION FACTORS

day /86,400 =

9} Lgm

30 days

10

- 3 '
10 7 kilogram

APPENDIX
1m= 3.28 Tt
103m 0.621 mi
1 sec = min/6GO = hr/3600
1 kgm = 10) gm = 106 mgm
L kgm = 7.2 1b
1 °K = 1.8°
U= 00+ 273
L cal =1 gramecalorie
1L cal = 0.00397 RiU
1 m/aoc =3,08 Lt/soc
1 m/sec = ¢.24 mph
1 gm/ug,c = 6’ ) ton/hr
1 m%n~—m /m;mm
1 gm/uec = 7 93 lb/hr
1 gm/m = 2.85 tnn/mJ
1 cal/see = 4,185 watt
1 cal/gn=°C = 1,00 BTU/1t=°F
1 watt = 1 Joule/ sec =

1 kgm-mg/sec3

-35-

=calorie
1L B

1ft =0.305m .
1mi=1.61 . 10”’m

/2.59 - 106 = yr/3.10 .

1 1b = 0,454 kgm

1°R

°R

C.555 °K

= °F + L&

It

J = 252 cal

1 ft/sec = 0300 nnae
1 mph = 0447 m/sec

1 tOI’l/h'f' = g 252 G /)L e
] ppm = 107 'm /PLL)kfmv m)

= (m /OHBmgm ‘m

e}
0.1 °O g/ e ee

1 1v/nr =

" o]

1 ton/mi“ - 35 gn/u
1 mtt = 0.239 cal/cec
1 BTU/1b=°F = 1.00

-
10°

cal/gmaoC

s



APPENDIX C: SUMMARY OF EQUATIONS

Chepter 2 =~ Elevated or Ground Source?
Stack aerodynemic effect: h' = h, + 2D(vs/u - 1.5).

‘Building effect: applies only if stack is on or near building
or is within 3 Qb downwind and h'< h = l.S,Qb, where
Uy = lesser of hb or W ; if not, h" = h"'.
If h'< hb + O.Si_b, high concentrations may occur in building
"eavity;" see Section 2.2(1).
If b'> h , compute h" = 2n' - (hy + 1.5 Q.b)
If h'<h , compute h" = h' - 1.5

b
If h" < Qb/2, treat plume as ground source with A = Vbz, skip

"Buoyancy effect."

Buoyancy effect: (to calculate A and F; see Section 2.3)
If A >0 and u >0.22 C }/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 fET[B} plume becomes a ground source at
x = 4.5h u//ghD with A = 0.2 h.% "Minimm effective

wind speed" equals | F/hs ! /3.

(If source is rural and 100 | F ‘1/h< 0.8 h ; see Section 2.3.1

for details).
If A <0, plume is an elevated source,
h=h" + 21 F2/3/u in A, B, C, and D categories

h=h" + 19 Fl/3 in E and F categries

- 3 -
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Chapter 3 = Estimating Ground Concentration

. Q
Ground source: ¥ = N Rv RAT (7))

Elevated source; x= 0 when R < h

1

Q

X= RS RCESDE when Rz > h (8)
Y Z
Rz Q
X=-R—;m atRz=h(m9~x.X)- (9)

Chapter L - Long Term Average Concentrations

i

Ground source: Y S T S (10)

100 ulA + x H7

Elevated source: y = 0 when R < h
%

S M e . A
X e TR when Rz >h . (11)

Chapter 5 - Long Term Aversge Dencsition of Particulates

Ground source or elevaled soncce with u > 2 C Wt

Xp = Vo Xs where x is long term average concentration.

Elevated source with u < 2 € v :

e
s

x, = (u/wq)h, unless F < 0.3 Ws2 u h"; then

x = (u/ws h"., Max. occurs when 0.75 xéj x<x

Xp

] _ 8

and given by
£ a5 :

Xp = = ")?% | (1)
100 x -



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.1l %o

D.h,show these functions, and Figure D.5 gives the ratio of RZ to Ry versus X,

Rural Sites
A R, = 0.25 x ~ R = 0.28 x// 1 + 5,0001 %
B R = 0.15 x R, = 0.20 x/ / 1+ 0.0001 x
c R_ = 0.10 x/,/ 1 +0.0002 x R, = 0.1k x/, "1 + 0.000% x
D R, = 0.07 x/ "1 + 70,0015 x R, = 0.10 x/ /1 + 0.0001 x
g R = 0.04 x/ (1 +0.0003 x) R = 0.07 x/ /1 7+ 0.0001 x
F R = 0.02x/ (1 +0.0003x) R, = 0.05 x/ ;1 + 0,000 x
Urban . Sites
A-3B R =0.30 x /1 +0.001 x R, = 0.40 x/ " 1 + 0,000k x
c R = 0.25 x R, = 0.28 x/ ./ 1 + 0.000% x-
D R = 0.18 x/ /1 + 0.0003 x R, = 0.20 x/, 1 + 0,000k x
E-F *R_ = 0.10 x/,/ 1+ 0.0015X R, = 0.1k x/ 71 + 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).
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APPENDIX D (continued)

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

maximum ground concentratlion from an elevated source with an effective

height h:
, . Suitable only if
Stability R /R h is less than
| ZA
Rural A 0.9 300 m
B 0.8 300 m
C 0.7 300 m
D 0.6 4o m
E 0.5 bom
F 0.3 30m
Urban A-B . 0.9 300 m
c 0.9 300 m
D ' 0.9 300 m
HUPLF 0.6 100 m
.
™

Max. x proportional to ]RZ/Ry only if h is less than H/2,
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APPENDIX E: BASES OF RECOMMENDATIONS

Stack Aerodynamic Effect (Sec. 2.1):

The formula h' - hS = 2(vs/u - 1.5)D 1is based partly on wind tunnel
observations of Sherlock and Stalker (1941) which showed that downwash
(negative rise) occurs when VS/u is less than about 1.5 and that the
plume downwashes about one stack diemeter at vs/u = 1. For high values
of vs/u, it is a conservative form of equation (5.2) recommended 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, so
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 for accounting for the building effect
is an interpolation of several rules-of-thumb respecting air flow around
buildings. It is generally accepted that a building has very little 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-edged
building developes to roughly 1-1/2 building heights. It developes
higher over a very wide (i.e. squaﬁ) building, but the plume slso has
more distance in which to fise out of fhé cavity in this case, This
method does allow sbme‘closeaiﬁ plume ;iéé to be considered with respect
to escaping £he cavity; however, it sh§u1d bé conservative since it

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

- hsa



promotes greater rise. The cavity height may be less than 1-1/2
’ o

building heights in the case of pitched or rounded roofs.

For a squat building, this method assumes that if h' <'1,5 hb,,the

2
-b -

This gives concentratioﬁs in approximate agreement with those measured

plume behaves as if it were a ground source of initial area A = h

by Meroney and Yang (197°) near the end of the cavity. The values of

x within the cavity adjacent to the building were estimated from measurements
around cubes and rectangles by Halitsky (1968). Equation (2) is a linear
interpolation formula giving h" = h' when h' = 2,5 h, and h".= 0.5 hy

when h' = 1.5 hb, thus giving a X of the same order as that given for

[t}
o3

a ground source (h' < 1.5 b, A

For tall buildings, w,_ replaces h_ as the characteristic cavity width

b b
and height above hb. It is assumed that a roof level plume is not pulled

all the way down to the ground within the cavity if h_ > 2 w_; hence, h"

b b}

is no more than 1.5 wb below h'.

Meroney and Yang (1970 ) found that atmospheric stability had only a
slight effect on concentrations immediately downwind of & building, so

this effect is neglected here.

Buoyancy Effect (Sec. 2.3):

The calculation of the relative density difference, A, is straightforward.
It is a 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 (excevt perhaps

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

- 46 -
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if

(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 4, term. For A , it is assumed that all liquid water in the plume

evaporates close to the source; for small emissions, observations of

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

Dense Plumes {Sec., 2.3.1):

The recommendations in this section are based on an analysis of
wind tunnel observations by Bodurtha (1961). It was assumed that the
scurce diameter 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 x_. depends only on hs, u, and

a4’ d

the fluxes of momentum and buoyancy eJected.from the sfack. Dimensional
analysis then indicates that xd/hs is a function of u/Y ghD and v D/(u hs).
When values of xd/hs were plotted against these dimensionless ratios,; no
clear trend with LA D/(u hs) wag seen. There were a few anomalously low
values of xd/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 = h,5 u/ /ghAD

The effect of the negative density is ignored if X4 is greater than
the distance at which the maximum concentration would occur anyway
(i.e., at RZ = h). The values of C given in 2.3,1 approximate x/RZ at

small distances

vl&7—
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The initial cross-sectional area A = 0,2 hsz was taken from Bodurtha's
estimates of "dilution," the square of the ratio of plume diameter at contact
with the ground to stack diameter. The low efflux velocity (i.e. low
Reynold's numbér) runs were ©Omitted. These did show considerably less

dilution, consistent with the more rapid fall observed in these cases.

The fall distance limit for stable conditions, 100 |F|1/h

, 1s 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 fallkis less. The upward initial

momentum of the plume is not taken into account, but its effect is to make

the final plume height still higher.

The'"éffective minimum wind speed" is based on the idea that the
initial plume dilution when it contacts the ground, u(0.2 hSQ), should be
at least that of a negatively buoyant plume falling a distance hS in completely
calm surroundings. Data from a modeling experiment by Rouse, Yih, and Humphreys

1/- 5/3
(1952) suggest that thi~ is 0.2 lFll/j b

,1/3

, nence the effective minimum

wind speed equal to |F/h_

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 horizontal wind speed and uniform probability

distribution within each component in this range.
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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/‘/u when F < 55 and Ah =39 V3/5/u

2/

when F< 55, This simplified formula, Ah = 21 F~ 3/u, also gives a very

good fit to plume rise data listed in Table 5.1 of Briges (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 temperature gradients and vice versa,
80 that the resultant plume rise is relatively unaffected by variations
in the meteorology, particularly sinqe’it depends only on the 1/3 power

of the above variables.
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Simple Diffusion Models (Sec. 3.1):

It is standard practice to approximate the distribution of material

with off-axis distance in a plume with a Gaussian shape. The main simpli-
fication adopted here 1s a rectangular plume with uniform concentration
within its boundaries (at a given distance) and zero concentration without.
As a best compromise, it was decided to set the plume half-width and depth,
Ry and Rz, each equal to / 7/2 = 1.25 times the lateral and vertical standard
deviations describing the Gaussian shape, oy and dz. ~Thus the edge of the
"rectangular approximation" is set where the off-axis concentration
(laterally or vertically) is exp(=n/4) = 0.LL times the axial concentra-
~tion. With thié value, the rectangular and Gaussian models give the

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

at great distances'(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 1.07 and 1.03
times those given by the Gaussian model, respectively. The values of o,

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 aré adaptations of the six Pasquill
. stability classes 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



used to determine these categories, Thus, in a given 30 minute period,
under very cloudy or very clear skies the present stabllity classification
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 ¥ from an elevatesd

source occurs might be over or undernredicted by a factor of 2 or 3. ‘owever,

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

ratio R,/R,, and this generally does not chanre drastically from©Ot®€ stabilityclass

to»the next,
The valnes of RV and R, riven in Appendix D are analvtical

approximations to existing, published curves for o, and o, versus ¥. The

Y
curves 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 oniy excepticns are the "A"and"B" curves
for Rz’ which approximate the Pasquill values only when oz < 100 m. Beyond
this point, the functions recommended approximate the curves given by the
ASME guide (1968) labeled "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 source data, so it seems likely that the

former are more relevant when oz> 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

stability conditions. The functions for RZ given here attempt to

il
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approximate the reported values very closely over the range of measurement
(from x = 600 m to 17 km). The functions for Ry given here agree with

the reported values on the average, but more crudely approximate them
within some stability classes than in others, Note that for the B, C, D,
and E classes, the urban values given for Ry gtart out being twice the
respective rural values, but asymptotically approach the rural values

at great distances.

Ground Concentrations from Ground Sources (Sec 3.3):

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

1967).

Ground Concentrations from Elevated Sources {(Sec, 3.4):

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

have already been stqted.

Effect of Averaging Time (Sec. 3.5):

Information on this effect over short periods is incomplete, so
the suggested correction factors shown in Figure 3 are provisional, i.e.,
better than no 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 range of averaging times;
there is reason to expect less variation within this range, as it is near

a minimum in the meteorological eénergy spectrum,

Ao



The peak concentration for averaging times shorter than 30 minutes
is due mostly to variations caused by turbulent eddies within the
planetary boundary layer., Except for stable conditions, these cause
vertical as well as horizontal fluctuations, which is why larger power »
laws are indicated for elevated sources., The =2/3, =1/2, and -1/3
power laws are approximations to those recommended for elevated sources
by the ASME Guide (1968) for very unstable, unstable, and neutral con=-
ditions., For éround sources, observations of Ramsdell et al. (1970)
and Cramer et al. (1959) in the daytime fit pcwer 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 power to C~D, as the data contain insufficient stability informe-
tion. The Cramer et al. nighttime observation are fit adequately by a
-1/6 power law, so this is assigned to E and F conditions. It should
apply about as well to low level elevated sources, since there is little

vertical meander in these stability conditions.

The concentration drop-off for averaging times longer than one hour
is due mostly to shifts in the mean wind direction due to changes on the
synoptic scale. Less drop-off 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 coﬁcentration over 24 hours,

as recommended by the ASME Standard APS-l1 (second edition). A factor of



4 to 5 reduction is reported by Clarke et al. (1970), but this is for
large, elevated sources, where the change of plume rise over a 2h-hour

period would further reduce the average concentration at any one point,.

Long Term Average Concentration (Sec. 4.0):

* The basic method given in this chapter is an elaboration of standard
calculation techniques, which assume uniform long term average concentration
at a given distance within each wind direction sector. The factor of 2.5
which appears in equation (10) and (11) is Jjust the inverse of 2m/16, which
assumes 16 equal sectors. For simplicity, in equation (10) it is assumed
that a receptor at x = 0 experiences the full building downwash concentration
over 2.5 sectors of wind direetion., Figure 4 was derived simply by plotting
the wind speed frequencies for the cities Iisted in the various terrain

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 ws are good

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

fall of spheres. The formula for D < TO u is Just an expression of Stoke's law:
Equations (12) and (13) simply assume that Xp = Vg X Equation (14) assumes
that, in the case of fast falling particulates, the maximum deposition

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 Hage (1961). The criterion for choosing equation (13) or (1k) selects

the formula which gives the greatestmaximum,
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The particles are assumed to fall out before buoyant plume rise =
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 plume rise

is used in this calculation, such as is given bv Briges (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 obhtainad from
data summarized by Ludwig et al.(1958), by assuming that the temperature
difference between the city and the surrounding countryside (tha "hest
island") is approximated by H times the potantial teoreravirs zradient
near the ground outside the city. This assures a nearlvy allabatic lapse
rate within the mixing layer. Using this assurviinn and heat conservavion,

-

. . . 8 -
the heat flux integrated across sn city should he rromnartionsl to 117, The

X . 1/2 . Y . . . .

heat flux is pronortional vo P /e (nopulatlon Aistrihutad in 2 dimensions)
Dl/h 3 i3 3 w1 rn

and H « [ « This prediction gave a gnod fit to the data. The scattar

defined by the probability distribution given in the texst is partly duc

to variations in stability and wind speed, which affect H also,

The assumption‘that plume escapes the nighttime mizing layer entirely
if h > (3/2)H is based on the observation (Brigps, 1972) th.." th: nottom
of a visible, risingjplume is about half‘way between the top of the stack
and the plume centerline, If the stack tor 1s somewhers near /7 and the

plume rises to (3/2)H, then almost all the plume should imbed in the

stable air above H.



*f

A very similar model (capping from above) applies in the case of
inshore fumigation, which sometimes occurs at coastal installations
when the wind blows from a cool body of water towards warmer land.
This is called a "lake breeze" or "sea breeze." Such air coming off
the water is usually stable, so an elevated ﬁlume levels off and stratifies
within it. The land heats up the air in contact with it and a mixing
layer developes, eventually reaching the stratified plume and mixing
it downward. A model for this case has not beeh included here because
the wind speeds are moderately high, 50 the resultant ground concerntrations
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. 7.0):

Recaommendation that h by reduced by up to a factor of 2 when higher
terrain is encountered by the plume in A-B-C-D conditions is based on insnection
of streamlines computed by Stumke (196L4) for flow up various kiﬁds of terrain
steps. A potential flow model was used; this usually simulates the aprroach
streamlines well for the neutral case. In unstable conditions, the tendency

to "ride up" over terrain steps is likely to be slightlv enhanced.

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

include that streamline, then it impinges also.



-

.

The possibility of terrain downwash if upwind ht/x > 0.02 is-
mentioned in light of the experience at the.Conemaugh power plant in southwest
Pennsjlvania. On a few occasions the plume was observed to descend to
the ground almost immediately. This occurred when it was cloudy
(i.e. probably neutral) and the wind was from the southeast, The only
unusual feature in this direction is a ridge about 200 m higher than the

plant and about 10000 m away (Schiermeier, 1972).

The valley fumigation model is essentially described in the text.
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