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UNCERTAINTIES IN GAS DISPERSION
AT THE BRUCE HEAVY WATER PLANT

A report prepared by Drs. E. Alp and A. Ciccone, Concord Environmental
Corporation under contract to the Atomic Energy Control Board.

ABSTRACT

There have been concerns regarding the uncertainties in atmospheric dispersion
of gases released from the Bruce Heavy Water Plant (BHWP). The concern arises
due to the toxic nature of H2S, and its combustion product S02. In this
study, factors that contribute to the uncertainties, such as the effect of the
shoreline setting, the potentially heavy gas nature of H2S releases, and
concentration fluctuations, have been investigated. The basic physics of each
of these issues has been described along with fondamental modelling
principles. Recommendations have been provided on available computer models
that would be suitable for modelling gas dispersion in the vicinity of the
BHWP.

RESUME

Les incertitudes quant à la dispersion dans l'atmosphère des gaz libérés par
l'usine d'eau lourde de Bruce (BHWP) sont une cause d'inquiétude, en raison du
caractère toxique du H2S et de son produit de combustion, le S02. Dans la
présente étude, on a étudié les facteurs contribuant à ces incertitudes, par
exemple l'effet de la configuration du littoral, la teneur en gaz lourds des
émissions de H2S, et les fluctuations des concentrations. Les éléments de
physique élémentaire régissant ces questions sont décrits, de même que les
principes fondamentaux de leur modélisation. Des recommandations portent sur
les modèles d'ordinateurs qui conviendraient à la modélisation de la
dispersion des gaz au voisinage de l'usine d'eau lourde.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the
statements made or opinions expressed in this publication and neither the
Board nor the author assumes liability with respect to any damage or loss
incurred as a result of the use of the information contained in this
publication.
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UNCERTAINTIES IN GAS DISPERSION
AT THE BRUCE HEAVY WATER PLANT

1. INTRODUCTION

1.1 Background

There have been concerns regarding the uncertainties in atmospheric dispersion
of gases released from the Bruce Heavy Water Plant (BHWP). The concern arises
due to the toxic nature of H2S, and its combustion product SO2.

The primary issues are related to "persistence" of the gas due to

the shoreline setting, which influences the dispersion characteristics of
the atmospheric boundary layer in the vicinity of the BHWP under certain
meteorological conditions,

the potentially "heavy gas" nature of H2S releases, and

• the effects of macro and micro features of the topography in the area on
dispersion.

Possible secondary issues are

concentration fluctuations in the atmosphere, which could result in high
short-duration concentration peaks, and

fugitive emissions of H2S from wastewater discharge or plant equipment.

The Atomic Energy Control Board (AECB) wishes to establish an independent
scientific viewpoint on these issues based on state-of-the-art knowledge. The
present study has therefore been commissioned to review the literature on the
primary issues mentioned above, in particular on modelling the dispersion taking
into account the physical setting and the nature of the releases.

1.2 Objectives of the Study

The objectives of the study are to examine the physical phenomena of interest
that would affect atmospheric dispersion in the vicinity of the BHWP and to
provide information on available models for estimating dispersion of H2S and S02
in this area. The lakeshore environment in which the BHWP is located requires
special attention due to the thermal internal boundary layer (TIBL) effects that
can influence dispersion. Furthermore, under certain conditions, such as
accidental releases from a pipe break or a storage tank rupture, H2S_can_behave
as a heavy gas, which again may require special treatment. Information is also
required regarding available models dealing with gas persistence in special
topography which exists on typical farming properties such as open fields
interspersed with trees and buildings. Fugitive emissions may also be important
but are considered to be outside the present scope.

1.3 Outline of the Report

After this brief introduction, the geophysical setting of the BHWP is described
in Section 2, providing information on significant terrain features and
dispersion climatology. Sections 3 to 6 present information on TIBLs, dense gas
dispersion, concentration fluctuations, and effects of topography, respectively.
The information in each section is organized to present first the current
understanding of the physics of the situation, followed by a description of the
basic approaches to modelling the situation, and a discussion on the available
computer models. References specific to each section are presented at the end
of each section. (General references are presented at the end of the report).
A discussion on the importance of the above situations for potential releases
from the BHWP is presented in Section 7, with recommendations for specific models
which can be used for each situation where available, and also recommendations
on specific model development alternatives where appropriate models are not
currently available.



2. GEOPHYSICAL SETTING OF THE BRUCE HEAVY WATER PLANT

The BHWP is within the Bruce Nuclear Power Development site, located on the
eastern shore of Lake Huron between the towns of Kincardine and Port Elgin,
Ontario (Figure 2-1). The terrain surrounding the site is very complex. There
are wooded areas and farmland in a zone within about 4 km from the lake. Beyond
this is a sharp-rise cliff about 30 m in elevation, with a slope of about 45°
(Figure 2-2) . The land surface above the cliff is generally flat with occasional
rolling landscape.

The dispersion climatology of the area has been studied by Tarn (1986) in a year-
long meteorological measurement program.

In a shoreline site like Bruce, the conditions of most interest for analysis of
dispersion are during onshore winds. Tarn (1986) found that about 401 of the
winds were onshore, with an overall average speed of 13 km/h (3.6 rn/s). An
onshore wind near the ground surface could be as a result of either a strong
synoptic (large scale) onshore wind, or weak synoptic winds coupled with large
lake-ground surface temperature differences (lake colder than ground surface -
see Section 3) . In about 25% of the days with onshore winds, the latter
situation was thought to be dominant, resulting in a "lake breeze" condition.
These situations occurred during the warmer months. A lake breeze is
characterized by an onshore wind near the ground surface and a reverse return
flow at higher elevations. From a dispersion point of view, a lake breeze
situation may lead to pollutants being brought back to the emission point by the
reverse flow.

A thermal internal boundary layer (TIBL) was observed on 30% of the daytime
onshore-wind hours, indicating convective conditions above the ground and stable
conditions above the lake water surface. The significance of a TIBL for
dispersion is that an elevated release above the TIBL will first travel in a
stable (low turbulence) air mass, thus travelling relatively long distances
without much dilution. When the pollutant intersects the top of the TIBL, it
will be brought down to ground level quickly by the large turbulent eddies'within
the convective layer, with the potential of causing relatively large
concentrations at ground level (see Section 3). The terminology in the study
report is not sufficiently clear to indicate what fraction of total time a TIBL
was observed, and what was happening the other 70% of the time. Also, it is not
clear what fraction of the TIBL situations were caused by lake breezes or other
mesoscale activity. An hour-by-hour re-analysis of the original data may shed
some light to these issues.

At a location within about 1 km from the shore (the "station site")/ the average
frequency of calm winds was found to be 10.4%. At a second location about 4 km
inland on top of the cliff (the "Information Centre site"), the calm frequency
was 2.1%.

More detailed information on the frequency of occurrence of wind directions and
the average wind speed for each of those wind directions are provided in Tables
2-1 and 2-2, respectively. The predominant wind directions are NW to N, and S
to SW, with higher winds occurring generally from westerly directions.

Atmospheric stability frequencies by month, based on data from the Wiarton
weather station (59 km away, 13 km inland) are given in Table 2-3. Applicability
of this information to the Bruce site may be questionable and should be further
investigated.

In onshore wind situations where a TIBL is present, the TIBL height characterizes
the extent of the atmospheric layer within which the pollutant will be allowed
to disperse. Average TIBL height information from Tarn (1986) is presented in
Table 2-4. At about 1 km from the shore, the monthly-average hourly TIBL height
varies between about 50 and 300 m. The data are not sufficient to establish mean
TIBL heights and shape for the area.



FIGURE 2-1 District Surrounding Bruce Nuclear Power Development, 50 Mile Radius
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FIGURE 2-2 Access to Site Areas
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TABLE 2-1 Percentage Frequency of Occurrence (%) of Surface Wind Directions at the Station Site During the
1984—1985 Bruce Dispersion Climatology Study

Wind
Direction

N
NNE
NE

ENE
E

ESE
SE

SSE
S

SSW
SW

WSW
W
WNW
NW

NNW

CALM

TOTAL

Jul
84

6.8
6.6
1.6
0.5
1.1
1.4
0
0.3
7.7

12.1
21.1
5.5
3.3
2.5
9.(T
1.4

19.1

100.0

Aug
84

7.4
12.4
2.7
2.0
1.2
0.9
2.3
1.1
6.5
14.7
10.7
3.4
1.6
2.5
6.1
3.6

20.9

100.0

Sept
84

8.9
3.7
3.1
0.7
1.7
3.5
5.8
6.9
11.4
10.8
8.9
2.1
2.5
3.9
4.8
11.7

9.6

100.0

Oct
84

9.2
7.4
3.5
3.9
7.8
7.1
12.4
5.2
5.7
4.6
6.0
1.8
0.5
0.4
4.1
4.4

16.0

100.0

Nov
84

10.8
3.3
2.6
0
1.1
0
2.8
13.2
16.3
9.5
7.9
5.3
6.0
6.1
5.0
8.6

1.5

100.0

Dec
84

0.8
0.4
0
0
0
2.3
8.4
9.2
13.3
2.3
7.6
11.4
16.B
12.6
6.5
5.0

3.4

100.0

Jan
85

13.2
4.3
2.8
1.7
0.9
3.1
2.2
3.1
9.1
4.1
1.7
7.9
8.4
12.0
9.6
13.7

2.2

100.0

Feb
85

1.9
1.6
1.8
5.7
3.9
3.9
1.3
3.9

12.2
13.0
3.7
9.5
10.6
4.9
12.2
3.0

6.9

100.0

Mar
85

4.2
5.2
3.9
7.1
8.2
3.1
2.5
3.7
11.3
12.1
7.5
3.4
1.2
2.4
11.4
4.3

8.5

100.0

Apr
85

5.4
1.0
1.8
3.5
5.2
4.0
4.6
5.1
10.8
18.8
5.6
2.6
4.0
4.6
10.8
3.6

8.6

100.0

May
85

14.7
3.1
3.4
2.3
1.8
3.9
4.2
3.8
6.4
19.8
3.4
2.3
1.9
3.6
6.9
6.3

12.2

100.0

Jun
85

11.9
0.6
0.4
1.1
1.8
2.8
1.8
3.8
6.5
9.5
7.6
5.2
4.3
8.1
9.5
8.7

16.4

100.0

Average

7.9
4.1
2.3
2.4
2.9
3.0
4.0
5.0
9.8
11.0
7.6
5.0
5.1
5.3
8.0
6.2

10.4

100.0



TABLE 2-2 Average Surface Wind Speed (km/h) by direction at the Station Site During the 1984-1985 Bruce
Dispersion Climatology Study

Wind
Direction

N
NNB
NE
ENE
E

ESE
SE

S SE
S

ssw
sw
wsw
w
WNW
NW

NNW

AVERAGE

Jul
84

7.0
8.6
3.0
1.0
4.3
4.4
—
5.0
3.2
5.9

10.5
8.9
7.2
3.7
8.0
10.4

5.7

Aug
84

10.2
9.6
5.7
3.3
3.9
5.1
4.6
5.7
6.1
7.6
11.1
9.2
5.7
5.2
6.0
8.7

6.7

Sept
84

10.6
8.5
6.4
5.8
3.7
8.4
6.2
8.5
10.2
13.3
13.4
11.5
6.9
6.6
10.7
11.0

8.9

Oct
84

8.9
7.3
3.6
4.5
4.7
6.5
10.0
7.5
9.0
13.5
12.6
14.8
11.7
10.5
11.3
17.3

9.6

Nov
84

14.4
20.9
15.2
-
4.5
—

12.0
10.9
10.3
12.9
14.0
17.6
14.3
15.6
12.5
14.3

13.5

Dec
84

8.0
4.0
-
-
-

14.2
9.1
6.8
8.1
8.3
25.2
22.5
13.3
11.2
16.7
17.5

12.7

Jan
85

19.0
18.4
11.7
8.1
2.7
5.1
3.4
7.6
5.6
5.9
6.8
16.4
14.5
15.0
14.3
15.8

10.6

Feb
85

12.5
12.0
9.7
5.4
6.4
10.2
4.0
6.0
10.3
14.7
17.1
13.6
12.1
10.2
17.7
15.7

11.1

Mar
85

14.9
11.4
7.5
7.2
11.6
10.4
9 . :•.
7.8
11.5
14.1
16.3
15.2
11.1
10.7
17.8
14.7

12.0

Apr
85

11.7
8.0
6.8
7.5
7.2
10.1
9.0
7.1
10.0
16.1
19.0
16.5
14.9
10.7
16.3
13.0

11.5

May

6
1
6
2
3
4
5

10
9

11
19
20
3
4
5
4

7

85

.5

.0

.5

.7

.0

.9

.1

.4

.8

.7

.8

.0

.0

.0

.0

.0

.3

June

6
2
1
3
4
3
5
8
8

12
13
11
5
3
7
7

6

85

.7

.3

.0

.4

.3

.5

.7

.2

.1

.6

.1

.1

.4

.9

.2

.1

.5

Average

10.
9.
7.
4.
5.
7.
7.
7.
8.

11.
14.
14.
10.
8.

12.
12.

9.

9
3
0
9
1
5
2
6
5
4
9
8
0
9
0
5

6



TABLE 2-3 Frequency Distribution of Pasquill Stability Categories Expressed in Percent Per Month

A

B

C

0

E

F

Year

3.7

8.8

11.6

60.6

6.9

8.4

Jan

0.6

3.2

9.3

79.5

3.9

3.5

F«b

2.8

5.6

9.5

69.5

5.7

6.8

Mar

4.3

9.0

11.4

59.7

6.5

9.1

4.4

10.3

13.2

57.2

6.3

8.5

5.0

11.6

13.6

50.8

8.0

11.0

Jun

7.0

13.9

13.6

42.3

9.3

13.9

Jul

7.3

13.4

13.1

41.1

11.8

13.2

Aog

6.0

12.4

13.4

45.5

9.6

13.2

Sep

4.6

13.4

12.1

54.2

7.3

8.5

Oct

1.4

6.7

12.0

67.3

6.7

5.8

Nov

0.6

4.3

10.7

77.1

3.7

3.6

tec

0.3

1.9

7.9

82.3

4.2

3.5



TABLE 2-4 Average Depth (m) of Thermal Internal Boundary Layers at the Station Site During the 1984-1985
Bruce Dispersion Climatology Study.on the Onshore Flow Days

Tl»« (hour)

Jul 84

Aug 84

Sept 84

OCt 84

Nov 84

Dec 84

J»n BS

r«b 85

Mar 85

Apr 8S

Nay 85

June 85

AVERAGE

0 1 2 3 4 5 6 7

140

120 120

1 4 0

130

125

140

145

180 160

110 130

137 137

B

250

200

1 4 0

120

230

60

160

170

IBS

150

166

S

2 8 0

230

2 0 0

125

285

1 2 0

65

so
155

215

180

170

173

10

265

250

255

ISO

275

260

95

160

165

215

185

1 8 5

2 0 7

11

2 6 0

2 7 0

2 8 5

170

2 8 0

2 6 5

1 2 0

1 4 5

185

205

195

205

215

12

245

270

315

225

235

305

135

165

195

195

185

215

224

13

255

2 6 5

3 0 0

275

2 3 5

2 9 0

1 5 0

1 6 5

2 0 0

190

IBS

2 0 0

2 2 6

14

2 5 0

2 5 5

2 7 0

295

2 1 0

2 0 5

1 4 0

1 4 5

1 9 5

1 8 0

185

1 9 5

2 1 0

15

2 4 0

2 4 5

2 7 0

255

2 0 0

Î 2 0

1 3 0

1 3 0

2 1 0

175

1 8 0

1 9 0

155

16

2 4 0

2 2 5

2 1 5

2 3 0

2 3 0

1 4 0

1 8 0

1 6 0

1 6 0

1 5 5

194

17

215

2 0 0

15S

150

2 0 0

1 2 0

1 8 0

1 5 0

1 5 0

1 2 5

165

18

1 3 0

1 4 5

1 2 0

1 2 0

2 3 0

1 1 0

115

1 2 0

2 0 5

1 7 0

1 4 6

19 20 21 22 23

7 0

1 4 0

1 1 0

1 8 0

125

AVERAGE

220

210

225

190

230

225

IIS

135

175

175

1 8 0

170



It should be noted that it is the joint occurrence of wind direction, wind speed
and stability, together with mixed layer height, which is of most importance in
dispersion studies. Joint frequency of occurrence information for these
parameters for the Bruce site could not be identified during the present study.
There is available 2.5 years' of quality assured meteorological data measured on
site from a 50 m tower. However, full analysis of this data set for the above
parameters have not yet been undertaken.

3. THERMAL INTERNAL BOUNDARY LAYER

The transport and diffusion of gaseous material released near a shoreline
environment has been receiving greater attention because of the growth in the
number of power plants and industries located near these coastlines. The BHWP
is located in such an environment. One of the complex processes which occurs
near a land/water interface is the development of a convective boundary layer
known as the Thermal Internal Boundary Layer (TIBL), which originates at the
land-water interface and increases in height with distance. The interaction
between the TIBL and a plume from an elevated source near a shoreline source
effects the distribution of ground-level concentrations (GLC'S) as well as the
location of the maximum. The concept of the TIBL and its effect on dispersion
are discussed below.

3.1 TIBL Dynamics

Internal boundary layers are generated near a shoreline due to two physical
differences between the land and water: surface roughness and temperature.
Roughness over water is typically less than roughness over land and mechanically
generated turbulence (i.e., surface shear stress) over land is substantially
greater than over water. With an onshore flow, a mechanically generated internal
boundary layer develops due to the change in surface shear stress.

A convective internal boundary layer forms due to differences between land and
water temperatures and typically dominates the mechanically generated boundary-
layer. As an air mass is advected over a cool water body surface, the air mass
is cooled from below via conduction with the water's surface which results in a
more stable stratified air mass. As the marine air mass crosses the shoreline,
it reacts, first in the lowest layers (near the surface) then at the higher
levels, to the discontinuity in temperature. The adjustment is accomplished via
turbulence which acts as a transport mechanism for the surface heat over the
land.

The TIBL interface generally slopes upward from the shoreline until a downwind
distance where it reaches an "equilibrium height" which would be the height of
the inland mixed layer height. Studies (Raynor et al., 197 9 and Lyons et al.,
1983) have shown that TIBL's tend to grow faster with marginally stable over-
water conditions than with intense stable over-water conditions. This is
because with a weakly stable marine air mass, the over-land thermals have less
resistance to rise than within a stronger stable air mass. This implies that
TIBL's can be classified according to over-water stability lapse rates (i.e.,
30/3z, gradient of potential temperature in the vertical) (Figure 3-1) . For very
stable over-water conditions, the TIBL growth begins at the shoreline and
continues until an equilibrium height is reached. For near-neutral over-water
conditions, the TIBL grows out of the marine neutral layer with some initial
height h0.

3.2 TIBL Height Predictions

The TIBL height has been treated, analytically, by several authors as a steady-
state horizontally inhomogeneous mixed layer (Venkatram, 1977; Gamo et al.,
1983) . The two dimensional mixed layer energy equation can be written as
(Venkatram, 1977):
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FIGURE 3-1 TIBL Cases Over Water and Land
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uaQ? = (ITè),, ôTè),. (3-D

where :
h = height of the mixed layer (TIBL) at location x measured

from the shoreline,
Un = mixed layer mean wind speed
9m = mixed layer mean potential temperature (K), and

(w'8')O/i
 = turbulent heat flux at the surface and at the TIBL

heights, respectively.

Venkatram (1977) assumes that the vertical velocity is small compared to the
entrainment velocity. Using a simplified entrainment hypothesis, Venkatram
(1977) relates the temperature jump at the inversion to the TIBL depth (h) and
the temperature gradient above the TIBL by

A60 = Fyh, (3-2)

where F is an entrainment fraction, 7 is the potential temperature gradient in
the stable air mass, and A9 is the temperature jump across the TIBL. Venkatram
(1977) later shows that the temperature difference between the mixed layer
potential temperature and the water surface potential temperature can be
expressed as

6m - Qw = y h il-F) . (3-3)

In addition, the ratio of the surface heat flux to that at the TIBL height has
been shown to be constant (Brett, 1973; Venkatram, 1988),

= -T.. (3-4)
T-2F

Substituting (3-3) and (3-4) into (3-1) results in

hdh =
 7 r ° _ ^ , (3-5)
Y(1-2F) Um'

Venkatram also equates the surface heat flux to C9U»(81-0W) where u* is the land
surface friction velocity, Cg is a heat transfer coefficient, and 8} is the
potential temperature over land. Upon integration and assuming C0=u,/Um,
Venkatram's original TIBL equation is obtained:
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YU-2F)
(3-6)

The above expression for a TIBL assumes that the internal structure of the
boundary layer is dominated by buoyancy and that the layer is well mixed,
producing uniform potential temperature profiles. SethuRaman (1982) shows that
the well mixed assumption does not always hold true. For strongly stable upwind
conditions, a low-level super-geostrophic jet is usually found over large water
bodies. This layer tends to retain its characteristics for appreciable downwind
distances from the shoreline in spite of convective conditions over land.

Gamo et al. (1983) derived an alternative expression for TIBL heights based on
a mixed layer theory. Gamo et al. assumed that the heat flux decreases linearly
with height :

U
86 (x) _
dx

8H(x,z)
dz

(3-7)

where H is the heat flux. The right side of Equation (3-7) is integrated with
the boundary conditions H=H0(x) at z=0 and H=0 at z=h(x) as:

86 (x) = H0(x)
dx pcpUh{x)

(3-8)

The change in potential temperature with respect to TIBL height is defined as

- S (3-9)

where S is the stable temperature gradient over water and above the TIBL.
Substituting (3-9) into (3-8) results in

h[x)8h(x) =
pcpSU

Ho (x) dx (3-10)

which upon integration yields,

(3-11)

where h0 is the initial height of the TIBL at the shoreline. Assuming that the
surface heat flux is constant with respect to inland distance and that ho(0)=0,
(3-11) becomes
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h = (3-12)

Lyons et al. (1983) further modified (3-12) by introducing various parameters
such as solar insolation and elapsed time since sunrise to parameterize the
surface heat flux. In addition, Lyons et al. evaluated the height of the TIBL as
a function of xR by using regression analysis to determine the value of R. Based
on four TIBL cases, Lyons found R=0.61. From previous analytical and dimensional
approaches, a value of R=0.5 seems a better value. The above analysis and others
(Plate, 1971; Weisman, 1976), lead to a simple description of the TIBL as:

h (x) = Ax112 (3-13)

where A is a constant for given surface and meteorological conditions and varies
from site to site.

Hsu (1986) evaluated the value of A using pertinent field data from three
experiments carried out near the shorelines of France, Sweden and Japan. Using
regression techniques, Hsu (1986) found A=1.91±0.38 with all experimental data
falling within the 95% confidence limits. The effect A on the TIBL is shown in
Figure 3-2. A larger value of A will generate a rapid increase in the TIBL and
cause fumigation of a plume emitted into the stable air mass to occur very close
to the source and shoreline. A smaller A will generate a shallower TIBL and
fumigation will occur further away from the source.

3.3 Shoreline Dispersion Modelling

The following briefly describes different coastal fumigation models that have
appeared in the literature with discussion of their similarities and differences.

3.3.1 Lyon and Cole's Shoreline Model

The Lyons and Cole (1973) model divides the downwind dispersion region into three
zones as shown in Figure 3-3:

Zone I: Undisturbed dispersion (x1)
Zone II: Plume Fumigation (x2)
Zone III: Plume Trapping (x3)

In Zone I, the elevated plume is emitted into a homogeneous stable layer and is
described by the basic Gaussian model;

z\ He) = 2nUoyaozs
exp

-y2 exp -2-— + exp-

2oL 20%
(3-14)

where He is the effective plume height and ays and crzs are the standard
deviations for plumes spreading in a stable layer (Figure 3-3). These spreads
are calculated via the familiar Pasquill-Gifford curves for various stability
classes.

Zone II applies to regions where the plume contacts the TIBL and is entrained
into TIBL. The beginning (xB) and the end (xE) of Zone II are shown in Figure
3-3. Lyons and Cole (1973) assume the start of fumigation occurs at the point
where h=Ho - 2.15a, and ends at h=He + 2.15az. This encompasses over 96% of the
plume and is similar to Turner's (1970) approach for fumigation.
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FIGURE 3-2 TIBL Variation
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FIGURE 3-3 Vertical Plume Geometry with the TIBL

VERTICAL PLUME GEOMETRY

STABLE LAYER ALOFT
CLASS "S'

TURBULENT
LAYER

CLASS %{/

LID HEIGHT X



16

The important feature of the Lyon and Cole model is that the concentration below
the TIBL in Zone II is vertically uniform with a Gaussian profile in the lateral.
GLC's in Zone II are found using

where p = (h(x) -He)/oz and ayf is the horizontal spread in the fumigation zone
Lyon and Cole (1973) represent this horizontal spread as

where the correction factor He/8 is needed to represent the dispersion in a TIBL.

In Zone III, the plume is assumed to be trapped with a varying TIBL lid height
as an upper boundary and concentrations are assumed to be uniform in the
vertical. The concentration within Zone III can be calculated as

C(x,y,z=0) = °—— exp-̂ - (3-17)

Cole and Fowler (1982) describe the CRSTER Shoreline Fumigation Model (CSFM)
which is a modified version of the US EPA CRSTER model incorporating a refinement
to. the Lyon and Cole (1973) shoreline model. The CSFM assumes that the plume
entering the TIBL is from a stable layer and is completely mixed instantaneously
in the vertical. Unlike the Lyon and Cole model, the dispersion within the
fumigation zone is treated differently. CSFM assumes that the plume is gradually
eroded by the TIBL such that different segments of the entrained plume disperse
differently.

CSFM uses GyS to determine the lateral spread of the plume at the point of
intersection with the TIBL. Virtual point sources Qj_ with initial spreads ays
are introduced from the intersection point (h=He - 2.15(JZS) to the end point
(h=He + 2.15azs) every 200 m. The centreline concentrations (Cj) at downwind
distances (Xj) are the sum of all plume segments entrained into the TIBL upwind
fOf Xj

Cj - ± Cn , (3-18)

and

Cn = Zl . (3-19)
n r^=~ U h{x)
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The coefficient cryfij represents the horizontal dispersion coefficient for plurr.e
seg-er.t i as it reacr.es receptor x, ar.d is deterrr.ir.ei by the -arir.e statiiity and
the TIBL. The segment emission rate (Q,) is calculated as

= 0 dp
(3-20)

where x< represents the downwind distance for plume segment i.

CSFM also accounts for elevated releases within the TIBL using a simple plume
penetration theory based on Holzworth (1978) two-staged plume rise model. Plume
rise above the TIBL is calculated as per Briggs (1975).

3.3.2 Misra Shoreline Fumigation Model (MSFM)

Misra (1980a) developed a model for coastal point source applications based on
conservation of mass. The two key differences between the MSFM and CSFM are:

I The plume fumigates everywhere at the interface between stable air and the
TIBL. The three zone approach is reduced to a stable zone and a
fumigating zone.

II After the plume intersects the TIBL, the plume is assumed to be dispersed
based on the parameters of the TIBL (i.e., convective velocity scaling)
and not on the derived stability cyf of each plume segment.

The dominant mechanism is assumed to be plume entrainment, and the plume
dispersion into the TIBL is assumed to be:

F (x v) = C (x v h) U ~ + K ^Cs (3-21)

where Fe is the entrainment flux through the TIBL interface, Cs(x,y,h) is the
concentration distribution along the top of the TIBL, Us is the wind speed at the
TIBL height (h) and Kzs is the diffusion coefficient in the stable layer defined
as

v - 1 d _2 (3-22)
K" ~ "2 Tt °" ' ( '

where CTZS is the vertical standard deviation or spread of a plume after time t.

Misra (1980a) defines (x',y') as being points located on the TIBL interface
(h(x)) at some downwind distance x' which is less than x (Figure 3-3). An area
source exists at each of these points such that the source strength is given as
dQ(x',y',h) = Fe(x',y')dx'dy' . The dispersion into the TIBL is assumed to occur
from the elevated area source coincident with the intersection of the plume and
the TIBL. The contribution (dC(x,y,0|x',y',h (x')) to the ground level
concentration (GLC=C(x,y,0)) within the TIBL by dQ(x',y',h) is given as
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dcu,y,oix'.y',h> =
Uj2TÎoAx,x')h(x)

e x p_
2a

(3-23)

which assumes an instantaneous well mixed distribution in the vertical and a
Gaussian distribution in the lateral, a,, (x,x') refers to the incremental growth
between x' and x. The total concentration becomes the integration of the (3-23),

C(x,y,0) = fdC[x,y. 0\x',y',h[x')) . (3-24)

The source strength is provided by the concentration field of the plume within
the stable layer which is coincident with the top of the TIBL,

CAx'.y'.h) =
2nUBaysats

exp --
2ai 2oys

(3-25)

Using (3-22), (3-25) in (3-21) and assuming t=x/Us, the source strength at x',y'
is given as

dCHx'.y'.hlx')) = CAx',y',
h (x1) -H.

azsdx'dy' (3-2 6)

Substituting (3-26) into (3-24) yields the fumigation GLC,

exe ( ' *"
(3-27)

where

pix1) = h{x') -ho{x')
ozAx>)

(3-28)

and

°ye ~ °yix') + (3-29)

Misra (1980a) and van Dop et al. (1979) both derive (3-27) from slightly
different angles. They differ in the interpretation of a, <x,x') (Venkatram,
1988). Misra (1980a) assumes that the spread within the TIBL is independent of
the initial spread within the stable layer,



19

oy (x, x') = oi.(x-x') (3-30)

where subscript "c" refers to convective conditions within the TIBL. van Dop et
al. (1979) uses quadrature to determine the effective spread,

Venkatram (1988) noter that (3-31) reduces to the correct form when the lateral
spread in the TIBL is the same as in the stable layer. This would occur under
large-scale wind meandering of the plume or super-geostrophic conditions where
convection does not affect the growth of the spread. Here, (3-27) reduces to

C{x,y,0) =
(x)

exp (3-32)

which is very similar to the Lyons and Cole (1973) model for Zone II (3-15) .
Note that if h >> he (plume is released below the TIBL) , the error function (erf)
becomes unity and (3-32) reduced to the plume trapping equation as per Zone III
(3-17) .

Misra (1980a) uses similarity theory to obtain diffusion parameters both above
and within the TIBL. The lateral and vertical spreads in a stable layer are
assumed to be dominated by the turbulence generated by the plume and not the
atmosphere which is reasonable since atmospheric turbulence in a stable layer is
low (Panofsky and Dutton, 1984). This suggests that the plume spreads in a
stable atmosphere are proportional to the plume rise. Misra (1980a) gives the
lateral and vertical spreads as

°yo=t
1 1
3 t 3

1 1
3 t 3

"
4 . 5

(3-33)

is the
is the

Brunt-
stable

where a1# a2 and a3 and experimental determined constants, N
Vaisalla frequency (-g/6 d0/dz)o>5, F0 is the buoyancy flux, Us
mean wind speed, and t is the travel time (x/Us). The value of 4.5/N is the time
limit for the plume to level off (Briggs, 1975) .

Convective scaling is used to determine the lateral spread within the TIBL (ay) .
In a convective region a characteristic convective velocity (Misra, 1980b) is
defined as
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The variable w« is a function of heat flux and TIBL height and is independent of
downwind distance. Misra (1980a) presents the following formulae for lateral
spreads,

1(;ihH - (3"35)
3 {~U~J X

These formulae can be used with (3-31) or (3-30) . The above parameterization has
been successfully applied by Weil and Bower (1984) and Weil (1988) for dispersion
within convective boundary layers.

3.4 Available Computer Models

The above mathematical models are available through various agencies in the US
and Canada. MSFM has been adopted in the Ontario Ministry of Environment small
scale dispersion model (GAS) as a sub-module within the code (OME, 1990) . A
variation of the model is also available from the US EPA and is known as the
Shoreline Dispersion Model (SDM). Both modelling packages require various hourly
input meteorological data including temperature, stability conditions, wind speed
and direction and mixed layer depth. In addition, water temperature and the
location of the source relative to a shoreline is required.

CSFM is also available from the US EPA but is not a regulatory code nor is it
suggested for use by the EPA. It has been superseded by the SDM model.

The US EPA have another model known as the Off-shore Coastal Dispersion (OCD)
model which is primarily used to assess off-shore sources such as drilling rigs
and large ships. The model includes a shoreline fumigation model which is very
similar to the CSFM modelling approach.

All the US EPA models use Pasquill-Gifford dispersion coefficients to calculate
plume dispersion above the TIBL and within the TIBL. The MSFM uses the
similarity theory to determine spreads which is consistent with the GAS modelling
package. In addition, all models use the Briggs (1975) plume rise formulae for
stable conditions.

The height of the TIBL is also treated differently by each of the models. The
MSFM and SDM use the Venkatram (1977) approach to calculate TIBL heights while
the OCD uses linear empirical formulae to calculate the TIBL.
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4. DENSE-GAS DISPERSION

Depending on release conditions, gases may behave very differently from buoyant
or neutrally buoyant gases if their density is larger than the density of the
surrounding atmosphere. Considerable research has been done related to
atmospheric dispersion of dense gases and a recent review by Britter (1989)
provides excellent insight into the basic processes that govern dense gas
behaviour.

4.1 Formation of Dense-Gas Clouds

The density of the cloud results not only from the properties of the material
released, but also from the methods of storage and of release. Most cases of
interest are covered by the following broad categories:

1. materials with a high molecular weight compared with that of air (e.g.,
chlorine (Cl2)/ hydrogen sulphide (H2S), sulphur dioxide (S02));

2. materials with low molecular weight that may be at a low temperature
(e.g., cold methane evolving from the boiling of refrigerated liquefied
natural gas (LNG) following a spill onto a warmer surface);

3. materials with low molecular weight and whose vapour at the boiling
temperature is less dense than the environment, but which, as a result or
the release type, produce a cloud including material droplets. The cloud-
borne droplets increase the cloud density, as does the cooling resulting
from their subsequent evaporation (e.g., ammonia (NH3) ) ; and

4. materials in which a chemical transformation takes place as a result of
reaction with water vapour in the ambient atmosphere (e.g., nitrogen
tetroxide (NjO,,), hydrogen fluoride (HF) ) .

Some typical storage arrangements and conceivable release mechanisms are shown
in'Figure 4-1 (taken from Fryer & Kaiser 1979) . The releases may be categorized
as coming from either pressurized or nonpressurized (typically refrigerated)
storage conditions. Releases that result from a catastrophic vessel failure are
idealized as instantaneous, whereas those from a pipe break would be continuous.
Development of a typical dense gas plume is shown in Figure 4-2 in case of an
accidental release of a dense gas from pressure-liquefied storage. The dense gas
will form a ground-hugging plume which will be transported downwind and spread
laterally under the influence of gravity. The larger droplets in the two-phase
release may fall to the ground and form a liquid pool which will continue
evaporating and contributing to the plume.

The source specification for pressurized releases requires the consideration of
the amount of liquid carried into the cloud, and the amount of air entrained into
the cloud, as a result of the release type. This is relatively straightforward
for a single-phase gaseous release. For liquid or two-phase releases there is
less agreement on source-term models (Hanna & Drivas 1987) . Released liquid may
also fall to the underlying surface and boil or evaporate over a prolonged
period.

The evolution of a dense-gas cloud arising from the release of a fully
refrigerated, nonpressurized liquid is determined by heat transfer to the liquid.
Liquid release into a bunded region will initially produce a large source flow
that will decay with time as heat transfer from the underlying surface decreases.
In the absence of a bund or other liquid-constraining structure, the liquid will
spread over an increasing area, producing source flow rate of gas that increases
with time until most of the liquid has boiled off.
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FIGURE 4-1 Some Conceivable Release Mechanisms (Fryer & Kaiser, 1979)
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FIGURE 4-2 Development of a Typical Dense Ga3 Plume
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4.2 Physical Processes in Dense-Gas Dispersion

The density difference between the release material and its environment
introduces some major effects with regard to dispersion problems.

The velocity field produced by the horizontal density difference, in a
gravitational field, is an additional transport mechanism to that provided by the
ambient flow. This self-generated flow produces a wide and low-lying cloud with
an increased horizontal, and reduced vertical, extent when compared with a
similar release having no density difference. Furthermore, the cloud edge may
move some distance against the wind.

The velocity shear introduced by this velocity field leads to a vortex head at
the leading edge and to a gross intermingling of the two fluids and eventually
to turbulence generation and consequential turbulent mixing and cloud dilution.
This mechanism of dilution is of primary importance when the self-generated
velocities are large compared with the mean environmental velocity. In addition,
turbulence generated from this flow near rigid boundaries provides a mechanism
for cloud dilution.

Frequently, it is the ambient turbulence that is responsible for cloud dilution,
be it locally generated or advected from upstream. The variation of density in
the vertical direction will, in a gravitational field, be stably stratified, and
turbulence and turbulent mixing can be significantly reduced or entirely
inhibited. This effect can extend to the atmospheric turbulence in the windflow
over the cloud, as well as to the cloud itself. The stable low-lying cloud may
also modify the atmospheric velocity profile locally.

The inertia of the released materials is directly dependent upon the density of
the material. However, when the density difference is small compared with either
density, the influence of the density difference on the inertia is small and may
be neglected. This may not be valid close to the source, but cloud dilution will
eventually allow this assumption. Under these conditions, the density difference
fre'quently appears as g' = g [ (p-pa) /p a], where g is the acceleration due to
gravity, and p and pa are the density of the cloud and of the ambient fluid,
respectively.

4.3 When is a Cloud a "Dense Gas"

The effects described above emphasize the difference between dense-gas dispersion
and the dispersion of nondense, or "passive", pollutants. It is obvious that the
density difference is not the sole variable determining whether the release
behaves as a dense gas. A very small release or release rate into a strong wind,
or alternatively a release over a large source area, may be considered
effectively passive. A continuous source of volume flow rate qçr with source
density difference characterized by g'Q may be considered effectively passive
near the source when

ig' Qqo/D)
1/2 /U < 0.15- , (4-D

where D is the source dimension and U is the ambient velocity (Britter & McQuaid,
1988). A ground level release which does not satisfy this criterion will tend
to form a pool of gas which will behave like a dense cloud. A higher level
release which does not satisfy this criterion will tend to sink towards the
ground if it overcomes any initial upward momentum which may be present in case
of a vertical jet release.
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For an instantaneous source of release volume Qo and implied source dimension
QQ* , the criterion for passive behaviour becomes

Vl/2/f7< 0.2 . (4-2)

The form of these criteria emphasizes the importance of the ambient velocity in
describing the flow. In the latter criterion, a halving of the wind speed is
equivalent to a 64-fold increase in Qo.

Some distance downwind, the ground-hugging plume has sharp, well-defined
edges when (g'h)-/2 » u,, and the lateral concentration profile approaches a
Gaussian shape when (g'h)1/2 « u,, where g' and h characterize the plume density
difference and depth. They are defined such that g'h = /x

0 g[ (p-pa)/pa]dz. The
criterion (g'h)1/2/u, ^ 1 apparently demarcates buoyancy-dominated flows from
those dominated by turbulent diffusion (as regards lateral growth). Note that
u, is the friction velocity for the turbulent boundary layer incident upon the
plume.

It should be emphasized here once more that the type of releases for which the
above criteria are valid are releases with characteristics similar to these
depicted in Figure 4-1.

The density difference will reduce mixing between the plume and the environment,
but the larger top surface area of the plume across which mixing takes place will
enhance plume dilution. Observations show that these two effects can often
produce a decay of the maximum, ground-level concentration very similar to that
for neutrally buoyant passive plumes. The ground-level concentration is not as
strongly influenced by the density difference as is the plume shape.

Concentration fluctuations, as a ratio of the maximum mean concentration, are
reduced when the plume ia dense.

4.4 Dispersion Modela for Dense Gases

There are probably in excess of 100 analytical or numerical models currently
available that purport to describe the dispersion of dense gases. Recent reviews
(Blackmore et al. 1982, Wheatley & Webber 1985, Hanna & Drivas 1987) describe
those models that are widely used. The reviews do not, however, provide a
technical assessment of the models. Such an assessment, both in terms of the
incorporated physics and an objective validation of the several relevant model
outputs, is still lacking (Mercer 1988) .

An early approach to modifying conventional Gaussian dispersion models was found
to be inadequate when experimental results became available in the 1970s. Their
use had, in part, led to uncertainty in predictions of nearly two orders of
magnitude (Havens 1980) . Subsequent model development has been along two
distinct lines.

The first approach, referred to as three-dimensional models, addresses the
Reynolds-averaged, three-dimensional, time-dependent conservation equations. The
most common of these use empirical K-theory for turbulent closure. Havens et al.
(1987) compared the four best-known models and highlighted the numerical
difficulties associated with the transient, variable aspect-ratio problem (thus
rejecting two models) and the uncertain application of the turbulence submodels
used (thus rejecting a third). The remaining model (see Chan 1983) showed some
agreement with a limited data base. Recent use in the modelling of field
experiments of NH3 and HF spills (Chan et al. 1987b) shows gross qualitative and
quantitative differences, though these may be due to inappropriate thermodynamics
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rather than poor fluid mechanics. Chan et al. (1987a) noted that the modelling
of a few minutes of real time took several hours of CRAY-1 computer time.

Incorporation of a more advanced turbulence model (k-e) has been attempted. The
future of these models is uncertain. Deaves (1985) concludes that for three-
dimensional modelling, "there will be very few cases in which its expense could
be justified", and Betts & Haroutunian (1988) stress the "severe numerical
problems that can be encountered".

The second and simpler approach is basically an integral formulation, with any
variations of the cloud or plume in the vertical or lateral direction integrated
out and, if appropriate, later reincorporated through empirically determined
profiles; this is a common approach for many applied problems in fluid mechanics.
Though limited in their flexibility, they have only a small number of adjustable
constants, whose effect may be easily interpreted physically. They are also
computationally inexpensive. Hanna & Drivas (1987) list over 40 models.

These models can be further classified into three groups:

(i) Box models : These assume a well-mixed cloud which is transported by the
mean wind as a cylinder (e.g., OME dense gas model);

(ii) Similarity models: These utilize similarity profiles in the vertical and
lateral directions to resolve the distribution of concentration in space
(e.g., COBRA, Alp and Matthias, 1991; HEGADAS, Colenbrander and Puttock,
1983; DEGADIS, Spicer and Havens, 1985); and

(iii) Shallow-Layer models: In these models, variations in the cloud are
integrated out only in the vertical and the remaining differential
equations are solved in the lateral and along-wind directions (e.g., SLAB;
Ermak, 1990) .

The integral models incorporate three specific effects:

1. the cloud spreads horizontally under its own negative buoyancy.

2. there is dilution of the cloud by mixing with the ambient environmental
flow, and

3. the cloud is advected by the ambient flow.

Horizontal spreading is modelled with a gravity-current-head formula, such that
the edge velocity is Uf = K(g'h)

1/2 with the coefficient K given a value near
unity.

The buoyancy-driven flow will eventually be altered by the ambient flow and
turbulence. Typically, this is anticipated to be when (g'hp'Vu, = 1.

Subsequent horizontal spreading is modelled as a passive release.

The dilution of the cloud is modelled using an entrainment velocity approach,
such that the volume growth rate of the puff or plume section is given by

ueAe + utAt , (4-3)

where ue and ut are edge and top air entrainment velocities, respectively, and
Ae and At are the relevant edge and top entrainment areas, respectively.

The edge entrainment velocity is typically scaled with Uf, and the edge
entrainment coefficient ue/Uf used in models is typically quite large (0.6-0.9).
These large values are based on results from field and laboratory experiments of
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instantaneous releases of unity aspect ratio, and their applicability to other
situations has already been questioned.

The increased horizontal area of clouds with negative buoyancy produces a large
surface area over which top entrainment takes place. Various correlations have
been used (Hanna & Drivas 1987), and they are generally of the form

(4-4)

Coefficients of a = 0.40 (=von Karrnan's constant) and b = 0.125 may be deduced
from laboratory experiments, and this (or an equivalent correlation) has been
successfully used in the more frequently met models (e.g., Colenbrander &
Puttock, 1983; Spicer & Havens, 1987). The use of an incident, and therefore
independent, u» is a simple but superficial treatment. The local u, will depend
upon the density stratification locally and immediately upwind.

The modelling of the cloud movement downwind is based either on entrained
momentum or, more simply (and valid away from the source), on the ambient wind
speed at a height representative of the cloud depth.

Although further development is required, models based on the above approach,
together with a suitable profile description, satisfactorily reproduce many
aspects of field and laboratory experiments.

Incorporation of heat transfer and other gross thermodynamic effects is
straightforward.

Few models are able to treat transient releases, particularly the near-source
region, where the released gas may form a growing cloud at the source until the
release rate is equal to that carried downwind. Progress is limited by
uncertainty about the relevant mixing mechanisms.

A recent version of HEGADAS, the HGSYSTEM, incorporates most known aspects of
dense gas dispersion (McFarlane et al., 1990).

Integral models are, in general, not suitable for situations in which topography
or buildings are present. As three-dimensional models may also be unsatisfactory
a pragmatic alternative would be a shallow-water model, if developed
sufficiently.

4.5 The Influence of Buildings and Obstacles

The principal effects of structures on dense-gas dispersion are:

1. to divert the cloud or plume by altering the background, ambient flow and
by interacting with the buoyancy-influenced cloud,

2. to enhance dilution as a result of increased levels of turbulence, and

3. to produce a time lag for the dispersion of material entering the near-
wake of the structure.

None of the available models can treat these effects in a satisfactory manner,
although some data are becoming available to start building of models to address
these situations.
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4.6 The Influence of Topography

Variations in the elevation of the underlying surface will influence the
buoyancy-generated motion of the dense gas. Topography, in the form of general
slope, isolated hills, or more complex terrain, will alter or divert the cloud
or plume. The topography may enhance plume dilution and divert the plume away
from regions of elevated terrain. Alternatively, the dense plume may be
channelled into valleys or low-lying areas and then be protected from the
diluting influence of the ambient flow.

Topographic features that are small compared with the size of the release may be
considered in much the same way as buildings or structures but without any
substantial flow separation unless the topography is very abrupt.

When a topographic feature is large compared with the scale of the release, the
topography reduces to a local slope.

When the wind is upslope, the cloud widens and its dilution is enhanced. When
the wind is downslope, the cloud is narrower and the dilution is decreased. The
variation of the lateral growth of the plume results from an effective summation
of the wind and the buoyancy-induced motion down the slope. The entrainment is
influenced by the velocity shear and will therefore be enhanced by an upslope
wind and reduced by a downslope wind. The ambient velocity required to reverse
a downslope flow of a plume or cloud is a weak function of slope and is typically
twice the downslope flow under calm conditions (Turner, 1973). In the case of
cross winds, Hall et al. (1982) found that the dilution is not greatly affected.

The scouring of dense gases from low-lying areas by the ambient flow has not been
addressed.

4.7 Surface Roughness and Atmospheric Stability

There are no specific studies concerning the influence of surface roughness or
atmospheric stability on the dispersion of dense gases. From available data,
Britter & McQuaid (1988) conclude that the effects of surface roughness and
atmospheric stability are less, as regards downwind concentrations, than for a
similar passive release. Both effects reflect the link between u« and U. Thus,
the various model formulations will, by introducing correlations in terms of u,
and/or U, produce roughness and atmospheric-stability effects that may be quite
spurious.
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5. CONCENTRATION FLUCTUATIONS IN THE ATMOSPHERE

Concentration fluctuations in a plume are a result of two physically distinct
atmospheric processes. The first is related to small scale mixing and the second
to large scale atmospheric motions (Figure 5-1).

Small scale mixing occurs within a marked volume of fluid or plume. Here parcels
of fluid from various origins (i.e., contaminated and clean air) intermingle with
each other to generate fluctuations in concentration at points relative to the
centre of mass or centreline of the plume. These fluctuations are analogous to
turbulent velocity or temperature fluctuations in a turbulent flow and are
generally termed "in-plume" fluctuations.

The second process reflects the concentrations at a position which is fixed
relative to the source. Here, fluctuations occur due to the varying relative
distance between plume-centreline and the fixed position. The plume is
physically moved by the large scale motions of the atmosphere and this has been
termed "meandering".

The two processes can be superimposed onto each other to describe the atmospheric
process of dispersion. Under high winds and neutral stability conditions, an
elevated plume from a point source does not generally meander but stays in a
well-defined "cone" shape as it travels downwind. Dispersion is a result of
small-scale mixing. Meandering is most apparent under stable, low wind
conditions where the plume oscillates in the cross-wind direction but does not
spread very rapidly. Generally, the plume meandering component dominates the
fluctuations from small sources at travel times less than one Lagrangian time
scale (t < TL) and the in-plume component dominates from broad sources at all
times or from small sources at large travel times (t » TL) .

Concentration fluctuation models can be classed as follows (Hanna, 1984a):

1) K-models;
2)- Empirical Gaussian models;
3) Similarity models;
4) Meandering plume models;
5) PDF models;
6) Statistical models; and
7) Second order closure and large eddy simulation models.

The first three adequately handle in-plume conditions, the fourth and fifth are
primarily for meandering while the last two are capable of handling both.

Referring to Figure 5-2, the instantaneous concentration at a measurement point
can be expressed in terms of a time average and an instantaneous deviation about
this time average:

c = + c' (c > 0) (5"1)

where :

c = instantaneous concentration
c = time average over period T
c' = instantaneous deviation from the time average
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FIGURE 5-1 Schematic Representation of Small and Large Scale Mixing

Source \
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FIGURE 5-2 Typical Time Variation of Instantaneous Concentration of a
Contaminant in a Plume

Intermittency : fraction of time non-zero concentration is present at the
measurement point

T-t
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The time-average concentration is defined by the integral

7 = T / t ° d t (5"2)

which is typically predicted with the aid of traditional dispersion models.

For instances when the plume (i.e., non-zero concentration) is present at the
measurement point/

+ p (c >0 only) , (5-3)

where subscript p denotes in-plume or "conditional" values.

There is a relationship between unconditional (total) and conditional (in-plume
only) statistics. By definition, the intermittency, y, is the fraction of time
when concentration is non-zero, and P(c) is the probability that the
concentration c(t) exceeds c; thus, the unconditional and conditional cumulative
distribution functions are coupled via,

P(c) = y V O ' cfcO , {5_4)
= 1 ) c < 0 ,

where PD(c) is the conditional cumulative distribution (cdf).

Further, the probability distribution function (pdf) is p(c) = - dP(c)/dc, so
that

Pic) = ypp(c) + (l-y)fi(c) (cfcO) ,

= 0 (c < 0) ,

where the dirac function (5(c)) is the result of the discontinuity in p(c) at the
origin. The n-th concentration moment is defined as

~c" - f c"p (c) de (5-6)
Jo

and the unconditional and conditional n-th moments are related via,

F 5 = y^f . <5-7)
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The first central moments or means are related via,

c = yc^ , (5-8)

and the fluctuating components are

c1 = c - c c i O ,
(5-9)

_
= c - cp c > 0 ,

Using (5-7) , the second cen t r a l moment or variance i s ,

c72 = T c ^ T P = -i~c% * Y ( 1 - Y ) C J (5-10)

and the concentration intensity is,

i2 = il + (1 ~ Y) (5-lla)
Y Y

or

Y = '•l + x (5-12b)
i2

where :

i2 = ^râ/ë2 (5-12a)

and

j2 = ^2-/^-5 , (5.12b)

Similar relationships between higher-order moments can also be derived.

In the following sections, unconditional intensity will be discussed and
subsequently how to obtain conditional intensities.

5.1 Unconditional Concentration Fluctuation Models

The following describes models which predict the unconditional concentration

variances (c ' 2) or intensity (i).
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5.1.1 K-Models

As mentioned above, concentration fluctuations can be regarded in a similar
context as turbulent velocity fluctuations where the instantaneous concentration
is given by Equation [5-1].

In the same fashion as for turbulent kinetic energy, a conservation equation can
be constructed for the mean square concentration fluctuation (c ''') or variance.
The conservation equation contains an advection term, a production term which
contains the product of the flux and ics mean gradients, a divergence or
diffusion of the flux term, and a dissipation term which represents the smoothing
out of fluctuations by molecular action:

QA + Op + QD + 0. = ° < 5~ 1 3>

advection:

Q = uo
 dc'2 (5-13a)

production :

Q = 2!F?l£ + 2 ^ 1 ^ (5-13b)
p dy dz

diffusion:

QD = JL (V
rP1) + -A (PcK) (5-l3c)

dissipation:

(5-13d)- «ter * m
where v' and w' are the fluctuation velocity components in the y and z
directions, respectively, and D is molecular diffusivity. As in the turbulent
velocity fluctuations in a boundary-layer, gradients along the x-axis (along-wind
direction) are assumed small as compared to gradients in the lateral and vertical
directions, and molecular diffusion is assumed negligible.

Csanady (1967, 1973) and subsequently Netterville (1979) considered the solution
to the above with various simplifications and assumptions:

i) The turbulent flux of the mean and the variance are described by a
gradient-transfer relationship with a common value of eddy diffusivity
(K) .
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ii) The distribution of c ' 2 i s self-similar in the -x-direction as is c. This
implies a universal_function of y/L where L is a length scale associated
with the spread of c.

iii) The dissipation rate of c ' 2 is assumed to be proportional to c ' 2/T d,
where T^ is the dissipation time scale which increases linearly with
distance.

The above assumptions change the conservation equation to:

0 dx y 3y2 * dz2 y\dyj z\dzj Td

where the first and second terms on the right hand side are diffusion, the third
and fourth terms are production and the last term is dissipation.

The above shows that variance production is greatest near the source where the
mean concentration gradients are the largest. These gradients decrease with
downwind distance indicating that the production term becomes negligible.

Assuming that Ky = Kz = K (constant) and that production and dissipation levels
are small, the solution to the above is equivalent to a Gaussian crosswind
distribution (Csanady, 1973) . Assuming that the vertical and cross-wind spreads

(CTy and az) are proportional to y/Kyt and yjKzt respectively, further

manipulation of (5-14) leads to,

(7V/2 = ( Ô 1 / Z exp (-y2/4o2) exp (-z2/4o|)

(5-15a)
—?2 I / 2 i—7ï\ 1/'2

or i = -^=A- = C— exp (y2/4o2) exp (z2/4o2)

where subscript o refers to centreline values, and

c = c;exp(-y2/2o2) (exp (-zz/2a\) (5-15b)

is mean concentration.

The above shows that the fluctuations decrease at a slower rate than the mean
concentration in the crosswind direction which subsequently maximizes the total
concentration intensity (i) at the plume edges.

5.1.2 Empirical Gaussian Model

The above Gaussian formula forms the basis of the model developed by Wilson et
al. (1982a, b) and Wilson (1982, 1986) to simulate concentration fluctuations
from a continuous source. The model is ideally suited for in-plume fluctuations
and does not directly deal with meandering.
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The initial model proposed by Wilson et al. included a pair of point sources
above and on either side of the plume axis which generated the variance source
strength. This was done to account for the off-axis maximum in total variance
production. Subsequently, Wilson and Simms (1985) revised this assumption to
include a single variance point source above the plume axis. The following
assumptions form the basis of the model:

1.

2.

3.

4.

5.

The variation of c ' 2 in the cross-wind and vertical directions is a
result of diffusion alone (using the same diffusivity as per the mean
concentration c") .

Crosswind and vertical profiles of the variance are self-similar and only
a function of the downwind distance.

The variance originates from a point source above the plume centreline
where most

gradients.

of is observed to be produced due to the strong c~

Surface dissipation of c ' 2 is approximated by an image sink with a
strength equal to a fraction of the variance source.

The variance flux is not a conserved quantity like mass and decays with
downwind distance due to dissipation by molecular diffusion. This "along-
wind" dissipation is simulated based on a balance between local advection
and dissipation.

The Gaussian plume equation for c ' 2 is then

exp - _ _,2

2 0,

-ctexp -
2o|

(5-16)

where q is the variance source strength, a is the sink strength parameter and hv
is the variance source height given as

JL| .*» (5-17)

where h is the height of the plume centreline and $ is a constant.

Wilson et al. (1982b) argue that the upward displacement of the variance source
term, above the release height, is reasonable because the zone of maximum c ' 2

production will drift upward as_ surface reflection flattens the mean
concentration profile and reduces dc/dz near the ground. The above formulation
is reasonable since fluctuation levels are, intuitively, strongly dependent on
the source size (laterally and vertically) and turbulent scale near the source,
and weakly dependent on source size further downwind.

The variance source strength (q) was developed from the conservation equation (5-
14) and wind-tunnel observations showing advection in balance with dissipation.
Wilson et al. (1982b) show that the ratio of q to Q (mass emission rate) has a
functional form
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(5-iSa)

(5-18b)

A, = /H . (5-18O

where C1; C2, C3, and C^, are wind-tunnel derived constants, d is the source
diameter, H is the mixing layer depth and Lw is the average turbulent length
scale felt by the plume. The term Xo is a virtual origin which accounts for near
source production. Wilson (1982) suggests

= 0.6 h exp |- \-g (5-19)

as an appropriate formulation for turbulent length scale.

The above constants (a, <f>, Clf Co, C3 and C4) were derived by Wilson via
systematic curve fitting to the wind tunnel data of Fackrell and Robins (1982a,
b). Here, the mean concentration is given as

c = znayazu
exp exp - (5-20)

Using (5-20) and (5-16), the unconditional intensity (i2) can be evaluated.

5.1.3 Similarity Models

Similarity models are presently not well developed due to a lack of field data
required to derive the generalized dimensionless relationships. Chatwin and
Sullivan (1979) considered the relative diffusion of instantaneous puffs of
dimension CT0 in explaining concentration fluctuations with the aid of similarity
theory.

Neglecting the effect of molecular diffusion, Chatwin and_S.ullivan show that
after a travel time t, the order of magnitude of c and c '2, for a cloud of
initial size ao, are Q/o

3 and Q2/(TO
3C73, respectively, in the bulk of the cloud

where Q is the total emission and G = a(t) is the mean current cloud dimension
at time t after release. The asymptotic value for the concentration intensity
(i) has an order of magnitude of

3/2

c{t) )
r (5-21)
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where c0 is the initial cloud concentration and c is the cloud concentration at
t.

Chatwin and Sullivan (1990) subsequently compared scalar concentration
fluctuation distributions from a variety of different shear flow fields including
jets, wakes and boundary layers. They found that a simple relationship between
mean and variance (i.e., c and c ' 2) was evident. They derive the relationship
as

-c) (5-22)

where $ and a are constants. Using experimental data, they found that a ranged
between 1.52 and 1.0 9 with a mean of 1.25 and (3 ranged between 0.12 and 0.72 with
a mean of 0.33. The apparent robustness of (5-22) makes this formulae extremely
appealing and simple to use. Further work is required to express the constants
as a function of stability.

5.1.4 Meandering Plume Model

Much of the work today on meandering plumes has its foundations on the work
carried out by Gifford (1959) which dealt with concentration fluctuations brought
about by oscillations or meandering of the instantaneous plume. This is often
the dominant contribution to concentration fluctuations observed in field
experiments. The concentration distribution within the instantaneous plume
relative to its centreline is assumed to be constant. Gifford assumes that the
plume is made up of a series of discs in the plane normal to the mean wind

direction. Gifford decomposed the total variance c '2 into a variance c l2:

which represents relative or instantaneous component of the disc centre and c ' 2_

which is the variation of the displacement of disc centres from a fixed axis or
the meandering component, i.e.,

c« = T? + ~P* (5-23)

The above assumes that there are no in-plume fluctuations within the
instantaneous plume.

The variance for the above under isotropic conditions was given as

c x p

(2nu)2 0^(20^ + 0^) ((oj» + o2r))

where O"y| and aym are instantaneous and meandering dispersion parameters.

Progress in further development has been hindered due to a lack of information
regarding the dispersion parameters. Boundary layer theory does provide an
estimate for these parameters under neutral and stable conditions (Hanna, 1984a;
Nappo, 1983; Lee and Stone, 1983; Wyngaard, 1982; Lamb, 1982) . Under neutral
conditions the dispersion parameters in the crosswind directions are
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°y = Oyo + V7* ta (5-25a)

Oyr = Oyo + qt 2(eo y o)
2 / 3 [jfor t > tj (5-25b)

ô r = C2et
3 [far t > fcj (5-25c)

where ayo is the initial source size, E is the dissipation rate, v'
 2 is the

crosswind velocity fluctuations, t is travel time and d,, C2 are constants. The
time t1 is the point where the influence of ayo is no longer important.

After a sufficient amount of time or distance, the instantaneous plume dispersion
will be equivalent to the meandering component. Lee and Stone (1983) show,
theoretically, that this will occur at t = C3 TL where TL is the Lagrangian
integral time scale.

Peterson and Lamb (1992) used a variation of the above meandering plume model to
predict observed concentrations in a field experiment which covered a range of
stability conditions. The model predictions were within a factor of 2 for means,
peak-to-mean, intermittency and intensity during stable conditions. The
meandering plume model is ideal for stable conditions when the plume is narrow
and lateral motions dominate. Peterson and Lamb (1992) show that their model is
not accurate for intermittency and peak-to-mean predictions for convective
conditions. The lack of agreement is attributed to the model not having
sufficient information on the large scale structure of the turbulence in the
vertical.

There is sufficient experimental evidence that justifies further development of
the meandering plume model. Specifically, more work is required in developing
dispersion parameters under various atmospheric conditions.

5.1.5 Probability Density Function (PDF) Models

PDF models are based on the premise that the concentration fluctuation pdf is
directly related to the turbulent velocity pdf. The individual air parcels
follow straight line trajectories prescribed by the turbulent wind field which
is similar to Gifford's meandering plume model. This techniques is valid for
travel time (t) less than the turbulent Lagrangian integral time scale (TL), and
for averaging times (TA) larger than TL.

Defining all variables as functions of sampling time (ti) and averaging time (t2)
(i.e., c = cfti, t2]), the crosswind integrated ground'level concentration over
sampling time Ts and averaging time TA = 0 is

cr[T-0] -1%1%., -{wB - w0
_, o]

(5-26)

where ws is the vertical velocity which will bring a parcel of air to the ground
in a straightline trajectory from an effective stack height (hs) , .(i.e., ws =
- Uohs/x), w0 is the average vertical velocity over sampling time Ts, and aw is

the standard deviation of the vertical velocity fluctuations ( w' 2 )^.
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Venkatram (1984) derives a formula for concentration fluctuations with the aid
of a log-normal distribution and subsequently averaging over the sampling time
(S) . The two-dimensional form is given as:

= A4 ° t [ r s , o ] { a l l s . T S ] /

, O) cl[S, T5]

where aL
2 is the variance of the natural log of the concentration (ln(c[Ts, 0]),

cv
2 is the crosswind turbulent velocity of fluctuations (v'2), and vs and ws are

the velocities required to bring a parcel of air from the source to the receptor.
The ratio Ow

2 [S,Ts]/aw [S,0] is based on an exponential autocorrelation and
given as

oils, rj

where sampling time (S) is much greater than the averaging time (Ts) and Tz is
the vertical Lagrangian time scale. A similar equation can be used for the
lateral velocity variance. The above ratio can be related to the velocity ratios
in 5-27 via

oils, r.] _( aiis.o] _ V 2
 (5_29)

oi [re,o] [dis, Te]

The ratio of turbulent velocity fluctuations (LHS) in (5-29) is the square of the
ratio of the turbulent kinetic energy at large time scales (> Ts) to the
turbulent energy at small scales (< Ts) . This leads to an analogy with the
meandering plume model. The ratio represents the portion of the turbulent
spectrum which generates plume meandering to the spectrum which generates
relative diffusion (Hanna, 1984a) .

This model is best suited for determining fluctuations from small size elevated
sources when Ts > TL.

Equation 5-27 relation can be transformed to the concentration intensity (Mage,
1975) via:

4=r = i 2 = exp(o!(rs, 0)) - 1 . (5-30)

5.1.6 Statistical Models

Statistical or Monte Carlo numerical models follow the trajectory of thousands
of air parcels from which a concentration pdf can be determined. Durbin (1980),
Lamb (1982) and Sawford (1983), followed pairs of parcels, while Lee and Stone
(1982) and Kaplan and Dinar (1988) followed a single parcel. Sawford applied a
two-point covariance formula between parcel locations at time tx and t2 to
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calculate the concentration intensity from the numerical model runs. His results
show that at large times (t > T L), the intensity approaches a constant value.
This asymptotic value was reported to be a power function of ratio of the
Eulerian length scale (LE) to the source size (o0)

i a
r \l/3

(5-31)

Hanna (1984a) suggests a good fit to the model results is

i = 0.56 I ^
0.3

(5-32)

and subsequently generalized the intensity as

o.56
0.3

exp

03 I (z -
exp (5-33)

The above equation is applicable to t > TL and is thus a solution to the in-plume
concentration field.

5.1.7 Numerical Models

Numerical solutions to the concentration fluctuation equation (5-14) have been
carried out with the aid of second order closure models of diffusion (Sykes, et
al., 1984; Lewellen, et al., 1986) . Here, the variance is predicted directly.

In these models, the third order terms (e.g., (w'c'2)) are parameterized by
assuming that they are proportional to the gradients of the second order terms.
Second-order closure models require much computer time and the results are
questionable under convective conditions when transport is dominated by large
eddies.

Large eddy simulation (LES) models have been exclusively used in computational
fluid dynamics and are extremely computer intensive. The principal objective is
to numerically simulate atmospheric diffusion such that the results have
sufficient spatial and temporal resolution to estimate concentration fluctuation
statistics (Lamb, 1982). The LES approach is actually a "surrogate" field study
under controlled conditions to generate enough data for testing of the simpler
models described above.

5.2 Conditional Concentration Statistics

The variability of the concentration at a receptor is the result of two
mechanisms which are distinguished according to the relative size of the plume
to the turbulent eddies (i.e., meandering and in-plume). Generally, the
occurrence and distribution of zero concentrations is determined by the large
eddies while statistics of non-zero concentrations are determined by smaller
eddies. While this connection is obviously not precise, it suggests that there
might be more order in conditionally sampled statistics for 'which zero
concentrations are ignored (roughly speaking, 'in-plume' statistics).
Conversely, the intermittency (by convention the fraction of non-zero
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concentrations) should reflect variations due to the large-scale inhomogeneous
features of the concentration field.

As the plume meanders, it will pass over a fixed receptor for only a fraction,
Y, of the time. It is not the mean concentration c or its variance c ' 2 that is
important in determining the peak concentration but rather the mean cs and
variance that cp'

2 occurs when the plume -is present over the receptor. These
are called the "conditionally averaged" mean and variance. Most plume dispersion
models predict the unconditional mean c and not the conditional value co and
similarly, the models and formulae presented above deal with the unconditional
variance or intensity rather than the conditional.

The conditional and unconditional statistics are coupled via the intermittency
factor (5-7) but an appropriate pdf is required to determine the peak
concentrations. A number of pdf s have been proposed and applied including the
exponential, log-normal and clipped-normal (Figure 5-3) .

Exponential

Csanady (1967), Barry (1975) and Hanna (1984b) have shown that the exponential
distribution,

PD(.c) = ~ exp(-c/cl) (5-34)

provides reasonable agreement with measured data within 100 m. Wilson (1982)
suggest that this pdf is most appropriate for strongly intermittent (Y << D
concentrations where events are likely uncorrelated due to long periods of zero
concentrations, i.e., meandering conditions. It is of interest to note that with
an exponential pdf, c ' 2 = cp

2 which results in ip = 1 under all conditions.
This results in Y being a function of i only;

y - _ 2 _ , (5_35)

Loqnormal

Csanady (1973), Gifford (1972), Wilson (1982) support the use of the log-normal
distribution,

1
QXP (5-36)

where cpm is the in-plume median concentration and cpL is the in-plume
logarithmic standard deviation. These parameters are related to conventional in-
plume statistics via,



45

FIGURE 5-3 Conditional, Exponential Log-Normal and Clipped Normal PDF's

Exponential (Ham, 1984)

P(c)
Loo-normal (WDton. 1988)

C«pp«d Normal CL»weD»n and Syfcct, 1988)

(1-B)
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F" = CP . (5-37a)
- " (l+ij)

1/2 '

apL = [ln(l + ip
2)]1/2 (5-37b)

Both Csanady and Gifford suggest that a parcel of contaminated air experiences
a series of mixing events on dilutions which are statistically independent or
random. Sawford (1987) comments that the log-normal is often used to describe
the long-term variations from an extended area source, such as an urban area,
where the main dilution mechanism is ventilation due to the mean wind which is
generally found to be log-normal.

The above discussion suggest that the log-normal distribution is best suited for
in-plume fluctuations while the exponential is most appropriate for meandering
plumes. It is evident that intermittency is the key in determining parameter
whether the concentration at a receptor displays an exponential or log-normal
distribution.

Clipped Normal

Lewellen and Sykes (1986) provide some theoretical support for the clipped normal
pdf. They argue that a rational choice of pdf for a given data set is that with
the maximum entropy (minimum information) which satisfies the known physical
constraints. The constraints they choose for concentration fluctuations are:
no negative concentrations, a specified mean and variance, and a finite
intermittency. They require 7 to be a function of the fluctuation intensity i
only to avoid any additional independent parameters. Sawford (1987), Dinar et
al. (1988), Mylne and Mason (1990) and Bara et al., (1992) found that the clipped
normal fits their data sets better than the exponential.

The clipped normal is a normal Gaussian pdf for c > 0 with the integrated
probability of negative concentrations being transferred into a dirac function
at c = 0 to represent the intermittency effect. The function is specified in
terms of two parameters u0 and oo as

(5-38a)

(5-38b)

where u and aa are numerically determined from given values of c and c'2,
i.e.,

exp - 1 ^ + uoY (5-39a)

c/2 = uoc
(5-39b)
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If the conditional pdf is an exponential, it is completely specified by c

with 7 freely chosen, the uncondition pdf becomes a function of two parameters.
For both the log-normal and clipped-normal distributions, two parameters fully
specify the conditional statistics; in the case of the clipped normal
distribution, these two parameters also determine the intermittency.

Sawford (1987) compared the first four central conditional moments of the above
distributions to 6 sec average concentrations taken during neutral and unstable
conditions. The exponential distribution gives a reasonable upper limit to the
measured distribution but overpredicts the 3rd and 4th moments as well as the
frequency of the higher concentrations. The log-normal distribution gives an
adequate representation of the data over a wide range but appears to have the
opposite curvature to the trend in the data at the upper end. This leads to over
estimates of the 3rd and 4th moments. The clipped-normal gives reasonable
representation of the entire data including the frequency of high concentration
but cannot predict the y adequately. This is in contrast to work carried by
Mylne and Mason (1990) and Dinar et al. (1988) who show a good correlation
between predicted and observed y under similar atmospheric and release
conditions.

5.3 Available Computer Codes

Concord Environmental, on behalf of the Ontario Ministry of Environment (OME)
developed a concentration fluctuation model (Ciccone and Alp, 1991). The model
was developed as an add on to the OME small-scale dispersion model GAS and is
based primarily on the woxk carried by Wilson (1986) and Hanna (1984b). The
model was evaluated against field data and was found to be suitable for cross-
wind distances of ay from the centreline and up to a 1 km from the source.
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6. EFFECTS OF TOPOGRAPHY

Topographical features such as ridges and valleys affect both the dispersion and
transport of elevated plumes. These features also control the boundary-layer
thermal and roughness characteristics which in turn influence atmospheric
stability.

Buildings or structures can be viewed as terrain objects which can alter the
transport and diffusion of plumes but on a smaller scale. Flow fields near
structures vary widely with building geometry and wind direction. These flow
fields will affect plumes which are released immediately around the building.
The size or physical scale of such a plume is typically less than the
characteristic dimension of the building (i.e., height or length). Building
effects will not be as significant for a plume which has travelled a long
distance. The plume will have dispersed and grown to a size comparable to the
mixed layer height which is typically orders of magnitude greater than a
building. The effect of any obstacle (i.e., bluff or structure) will be
dependent on the difference between the length scales of the plume and the
obstacle.

The following section will describe the effects of macro-features (or complex
terrain) and micro-features (or structures) on plume travel and dispersion.

6.1 Macro-Effects

Flow over complex terrain can be influenced by synoptically driven flows (large
scale flows driven by horizontal pressure gradients), locally driven flows and
interaction between large and local flows (Dickerson, 1980).

6.1.1 Synoptical Flows

Terrain features interacting with synoptic flows can result in channelling, wakes
and speed-up of winds.
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Channelling results when near neutrally stratified large scale flows are diagonal
tc a valley or set of ridges ar.d the lower elevation winds begin to flow parallel
to the ridge of valley (Figure 6-la) . Channelling can also refer to an increase
in wind speeds when winds are forced through a narrow opening such as a mountain
pass.

At high Reynolds number flows, a large scale wake can be generated due to the
modification in turbulence in the lee of the obstacle. This results in randcir.
vortex shedding off the obstacle (Figure 6-lb). A recirculation zone (cavity)
of low wind velocity and high turbulence can extend 10 to 15 length scales
(height) downwind and 2 to 2.5 length scales upwind of an obstacle such as a
ridge (Yahalom, 1972) . Beyond the cavity region, the wake will increase in its
physical extent but the velocity deficit and turbulence difference from the
incident flow will diminish.

Under neutral atmospheric stability conditions, flow approaching an isolated hill
will speed up as the flow moves off the crest (Figure 6-lc) . Speed-ups car. be as
great as 60% depending on the configuration of the hill. When the atmosphere is
stably stratified and the synoptic flow encounters a ridge, a number of possible
situations can arise. These include lee waves and hydraulic jumps on the lee
side of a ridge and stagnation zones in front of the ridge.

Lee waves occur as the stable air mass encounters a ridge and rises up over it
'(Figure 6-2a). The wave will have a certain frequency and amplitude which can
extend a large distance downwind. Hydraulic jumps (Figure 6-2b) are created when
the flow accelerates just over the crest on the lee side and then is forced to
slow down as it travels further down the leeside slope. The occurrence of a
hydraulic jump is determined by the Froude number which is a measure of the
relative magnitude of inertial to buoyancy forces. Stagnation zones are created
upstream of a ridge if the air flow has insufficient energy to move up and over
the ridge (Figure 6-2c) . This type of event leads to adverse air quality since
a plume may either impinge on the ridge or enter the stagnation zone ar.d
accumulate pollutants.

6.1.2 Locally Driven Flows

Some flows in complex terrain are generated purely by thermal means, independent
of the synoptic-scale winds. The forcing mechanisms occur from local pressure
gradients created by surface heating or cooling.

During a clear night with light synoptic-scale winds, long-wave radiative cooling
results in a surface temperature inversion. If the surface is sloped, the near-
surface air which is cooler and more dense will move downhill (Figure 6-3a).
These winds are called drainage or katabatic. The velocity of such winds is
typically of the order 1 m/s or less. During the day, with significant solar
radiation heating, the air near the surface is typically heated and rises up the
side of the slope. These winds are termed upslope or anabatic (Figure 6-3b).

6.1.3 Interaction Between Flow Systems

The interaction between different flow systems will change the characteristics
of the wind and turbulence fields. For example, turbulent wakes generated from
adjacent peaks overlap forming a new flow region which will be virtually
independent of the synoptically driven flows. As a general rule, the zones of
interaction between two flow regions, whether both are synoptic, local or
combined will result in enhanced turbulence or flow deformation. This implies
an increase in plume mixing with ambient air and a decrease in concentrations.
However, the interaction between flows may change the path of the plume forcing
the plume to travel to areas were large concentrations may occur. The effect of
any interaction must be viewed as individual situations.
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FIGURE 6-la Wind Direction Change due to Presence of Valley

Upper Wind

Channeled Wind

FIGURE 6-lb Flow Past a Three-Dimensional Bell-Shaped Hill for
a) neutral and b) highly stratified flows. Dashed line shows
regions of separated flow (Hunt et al., 1979).

FIGURE 6-lc Region of Flow and Typical Changea in the Mean Velocity
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FIGURE 6-2a Lee Waves, Cloud and Rotor Flow to the Lee of Sierra Nevada
Mountains (Atkinson, 1981).

FIGURE 6-2b Hydraulic Jump (Atkinson, 1981)
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FIGURE 6-2c Blocking and Stagnation Flow.
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FIGURE 6-3a Katabatic (downslope) Flow and Its Associated Condition
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FIGURE 6-3b Anabatic (upalope) Flow and Its Associated Condition
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6.2 Flow Field Modelling

Wind field modelling over complex terrain is highly complex but is required to
determine the impact of the plumes on elevated terrain. There are typically
three approaches to wind field modelling:

i) Objective analysis where the wind components at required locations are
obtained via a weighted interpolation of observed data.

ii) Diagnostic methods use some or all of the governing equations to solve for
the wind field assuming a steady state solution over a short time period
of an hour. These methods typically use Lagrangian multipliers to ensure
consistency of mass and momentum.

iii) Prognostic methods utilize numerical solutions to solve the simultaneous
turbulent equations for the conservation of mass, momentum, energy and
water vapour together with the thermodynamic equations of state. These
models will produce wind and temperature fields and their changes with
time.

The selection of model depends on the particular application and available
meteorological observations. Avissar et al. (1990) provide a description of the
operating ranges of wind field models and their applicability.

These wind field models operate on a mesoscale level to incorporate the effects
of complex terrain as well as other geophysical variations such as water bodies
and urban centres. These models are usually tied in with highly complex chemical
models to predict the concentrations in various areas.

6.3 Dispersion Modelling Over Complex Terrain

The intricacy of dispersion models range from simple modifications of the
Gaussian plume model to three dimensional numerical solutions which can account
for the spatial variations of the wind and turbulence structure of the flow. The
following is a brief account of the various mathematical representations of the
various approaches.

6.3.1 Potential Flow

Potential flow solutions are limited to nonstratified, inviscid flows and can
only be applied to near-neutral stability conditions where there are no adverse
pressure gradients which result in separation (Figure 6-4).

The advantage of potential flow theory is its ability to provide some idea on the
effect of rugged terrain on ground-level concentrations without having to resort
to complex numerical computations.

Consider a plume segment whose vertical extent is given by the height between the
surface and the lowest streamline. This segment contains a certain mass of
chemical, and occupies a volume Vo. (Figure 6-4). Neglecting diffusion across
streamline boundaries, the vertical extent of the plume segment is reduced and
the lateral extent of the plume is increased as it passes over the top of the
ridge. The segment also speeds up as it approaches the ridge, with its forward
portion moving faster than the rear, resulting in a stretching of the plume
segment. As the volumes are maintained (Vo = V^) through this deformation
process, so are the chemical concentrations as the plume segment passes over the
hill. The implication of this simplified flow model is that concentrations are
virtually unaffected, even though the plume centreline is closer to the ground
as it passes over the hill. Real flow over obstacles is more complex and ground-
level concentrations do change due to the presence of an obstacle. The above
illustrates that there are compensating factors involved where the effect of an
obstacle may not be as drastic as first thought.
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FIGURE 6-4 Potential Flow Streamlines Past a Hemisphere (Egan, 1975)

Hemisphere
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Egan (1975) allows for a conceptual separation of the effects of kinematics
(stream tube contraction) and the effects of altered turbulent diffusivities.
The modified ground-level, plume centreline Gaussian equation (including surface
reflection is given as:

-(T) heff)
2

where subscript f denotes "flat terrain" values;

(2ïïCyazu) f = the volume flux rate of pollutant along the steam-line
expressed with "flat terrain" spread statistics and horizontal
velocity;

Dy, Dz = Oy/a.yf-, a2/ozf, the ratios of the complex terrain vs. fiat
terrain spread statistics due to differences in turbulence
levels;

T| = (z-ht/heçf) where z is the local height of the plume, ht is the
local height of the terrain, and heff is the effective source
height; and

Ç = (ô4V9z)0/ (9¥/3z) the ratio of the average vertical gradient of
the stream function at the effective stack height to the
gradient at the plume centreline over the surface.

The parameters Ç and Dz are assumed constant over plume depth. For flat terrain,
Dy, D , T), and Ç are equal to unity and the equation reduces to the standard
Gaussian equation. For an infinite ridge (two-dimensional flow), Ç " T[ and if
Dy, Dz equal to unity, the deformation of the flow field has little effect on
ground-level concentrations. For three-dimensional flow, because the flow may
distort in the third dimension, T| is not necessarily equal to Ç.

For a sphere with a radius a, T| - heff/3a, Ç - 2 heff/3a, and if Dy = Dz = 1, the
concentration becomes:

C = —. ——r-exp
(7i ayazu)f

(0.5hBft)* (6-2)

The calculations are based on the assumption that the effects of the sphere on
the concentrations are accounted for by dividing the effective stack height by
two.

This can be. thought of as allowing the plume to approach the surface of the
sphere to within half the effective stack height. The analytical expressions for
potential flow solutions to complex flow situations provide useful insights into
the effect of simple terrain features on the concentrations.

To account for the plume height reduction that occurs as the plume approaches and
passes over a terrain feature, a terrain adjustment factor, Ta, is used which is
loosely based on potential flow theory. The basic terrain-adjusted Gaussian
equation for ground-level concentrations beneath the plume centreline is of the
form:
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C = 0 (6-3)

where Ta is a terrain correction factor used to adjust the effective stack
height, he = r.

The value of Ta may take on many functional forms. A value of Ta = 1 means that
the plume conforms perfectly to the underlying terrain. The half-height method
(Hoffnagle et al. 1977) adjusts the plume height so that the plume does net
approach the terrain any closer than half the plume height calculated for flat
terrain. A variable height method (Lott 1986) has also been applied by Alberta
Environment (1988):

Ta = l-(hc/hgff)

and
ef£

(6-4)

Ta= R

where ht is the height of terrain above stack base, and R is a function of
stability class:

Pasquill Stability Class

R

A

0.8

B

0.7

C

0.6

D

0.5

E

0.4

F

0.3

If the plume is much higher than the terrain, a simpler approach is often usad.
The plume remains at a constant height and the difference between herf and the
elevation of the receptor above stack base is used (i.e., Ta = (hgje-h- ) /he:- = , ) .
The mixing height is assumed to follow the terrain heights.

These "height adjustment" Gaussian-based models are commonly used for generating
long-term averages or for regulatory screening purposes. They assume that the
horizontal pollutant transport in complex terrain is along straight-line
trajectories. The various approaches are shown in Figure 6-5. A detailed review
of how rugged terrain is handled in the simple Gaussian models is given in
McVehil (1988) .

Another way to account for terrain effects is to adjust the sigma values to one-
half class more unstable for neutral and stable conditions (Hoffnagle et al.
1977). This increases the plume spreads for complex terrain areas and has some
basis in observational data.

6.3.2 Stable Situations

Under stable conditions, for plumes that do not rise above the top of a hill,
high concentrations on hillsides can occur due to plume impingement or streamline
depression where the plume is pushed closer to the surface than would occur in
flat terrain. This condition of plume impingement is not addressed in the simple
methods addressed above. Studies on this specific situation have been extensive
due to the potentially high concentrations that can result (Hunt et al., 1979;
Strimaitis et al., 1988).

To estimate whether a plume will impinge on a hill, the concept of a dividing
streamline was developed representing a division between two regions of flow that
occur with stable flow around an terrain obstacle (Hunt et al. 1979 and Snyder
et al. 1985). Rowe (1980) shows mathematically that below the dividing
streamline, the flow has insufficient energy to travel over the terrain feature
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FIGURE 6-5 Various Plume Height Adjustment Approaches
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and must pass around it in a horizontal plane. A stagnation streamline exists
below the dividing streamline but. not above it (Figure 6-6) .

The concept of the dividing streamline can be illustrated and predicted using the
Froude number.

Fr =

Tz\
75777 (6-5)

where

T
g
ht

ae
Tz
U
N

temperature;
acceleration due to gravity;
height to top of terrain;

potential temperature gradient;

wind speed; and
Brunt Vaisalla frequency.

The Froude number can be interpreted as a ratio of inertial to buoyancy forces
in a fluid. The height of the dividing streamline, hd, is given by

hd = hc (6-6)

This equation assumes a uniform upstream velocity profile and a consistent
density gradient.

The dividing streamline provides for a conceptual framework called the two-layer
or split plume method for modelling in such situations. The split plume method
allows for the portion of the plume above the dividing streamline to go over the
hill, and portions of the plume below this point to go around it. (This is
illustrated in the LIFT and WRAP components of the plume shown in Figure 6-7).
For dispersion below hd (i.e., the "WRAP" component), the flow is restricted to
travel in horizontal planes toward or around the sides of the hill, as shown in
Figure 6-8 and in WRAP of Figure 6-7. Concentrations on the "impact" side of the
hill, i.e., its upwind face, are given by

c(d, zr) .co{d, zr) =.
QP(8d)

az (d) ud
exp -0.5

zr-h(
+ exp -0.5 (6-7)

where Q is the emission rate, d is the distance from the source to the hillside
receptor, zr is the receptor elevation (above the base of the hill), u is the
wind speed, .<Jr is the vertical standard deviation of the plume concentration
distribution at distance d, he is the effective plume height (above the base of
the hill) , and P (8d) is the probability density function of wind direction 8 over
an hour averaging time. If P(9d) is Gaussian, we have

\/27t
exp -0.5 e - e (6-8)

where 0 is the mean wind direction and OQ is the standard deviation of 8 in the
hour.
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FIGURE 6-6 A Schematic Diagram of a Stable Flow Streamline Across a Terrain
Obstacle (Rowe, 1980)
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FIGURE 6-7 .Idealized Stratified Flow About Hills (Venkatram, 1986)
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FIGURE 6-8 Plume Dispersion in the Region of Horizontal Flow (from Egan, 1984)
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For receptors around the side of the hill, the horizontal distance s of the
source to a receptor is

s = d + (6-9)

as illustrated in Figure 6-8. The plume is reflected by the hill and the
concentration at the receptor is computed by treating the vertical distribution
of plume material below hd as a source distribution and integrating the response
function (or Green's function) from the hill base to hd. The integration gives

c(s, zr) =

hd

r co(d, z)

o \/2n a'z

exp -0.5 zr-z exp -0.5 dz

(6-10)

where c0(d, z) is given by (6-7), and

(a'.,)2 = a2z{s) - a]{d) (6-11)

The portion of the plume above hd is treated by the "LIFT" algorithm, in which
plume material, as shown in Figure 6-7, is assumed to travel up and over the
hill, the horizontal dispersion is enhanced, and the material is fully reflected
from the hill surface. In this region, concentrations are computed by
integrating the response function from hd to infinity, i.e.,

c(s, Qd, zp)
2 P(0d) co(d, z)

yf2n a'
exp -0.5

z-hr
dz (6-12)

where zp denotes the elevation of the ground surface (above the base of the
hill), and co, a'z and s were previously defined.

For the LIFT algorithm, a'z can be defined in £ way to enhance vertical
dispersion through a terrain factor 1, i.e.,

to'.) 2 = -aUd) (6-13)

where

X = PPC (6-14)

for zp > he, and

T = 1 - (1 - PPC)
zP~hd (6-15)

for zp < he, where PPC is the plume path coefficient, which is about 0.4-0.5
(Hanna et al., 1984).
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6.4 Available Computer Models

The U.S. EPA has presently only five models that can be used where the height of
the terrain exceeds the height of the emission stack: VALLEY, COMPLEX I, COMPLEX
II, RTDM (1987), and CTDM (1989). Only the latter, however, incorporates the
WRAP and LIFT models. Much R&D activity is in progress to improve both
theoretical and actual performance of dispersion models in complex terrain. In
particular, the U.S. EPA has sponsored model development efforts for stable plume
impaction on high terrain (Lavery et al., 1982), and the U.S. DOE has sponsored
the Atmospheric Sciences in Complex Terrain program (ASCOT), in which tracer
experiments in very rugged terrain have been performed with the objective of
understanding the wind transport pattern near the surface (Dickerson and
Gudiksen, 1980) .

6.5 Micro-Effects

As discussed above, micro effects refers to terrain obstacles such as buildings,
small cluster of trees, etc.

Most research to date on building-plume interaction has been for elevated
releases in the vicinity of buildings (Weil, 1992, Huber 1984). In these
scenarios, the plume is virtually the size of the stack diameter and is orders
of magnitude smaller than the building. A principal finding of the various wind
tunnel and numerical studies is that the building will increase the dispersion
aspects of the plume.

For plumes which have travelled some distance such that it has diffused to the
size of the boundary layer, which is typically an order of magnitude or greater
than the structure, then the effect of structure on plume dispersion will be
minimal. If the vertical concentration profile within the boundary-layer is
uniform, the concentration within the recirculation zone with be the same as the
ambient since no chemical mass is being added to the system. If the vertical
profile is not uniform, the maximum concentration at ground-level would be
similar to the concentration at the top of the structure. Here, it is assumed
that the elevated plume parcels would be immediately brought to ground level.

The main feature of flow around a building is an aerodynamic distortion zone
which consists of a displacement zone, a cavity region and a far wake region
(Figure 6-9) . The displacement zone is an area of displaced flow around the
building. The cavity is a quasi-steady recirculation zone immediately on the lee
side of the building. The far wake is a zone of reduced wind velocity and
increased turbulence. The wake effect will eventually dissipate with downwind
distance and return to windward conditions. The general characteristics of the
flow pattern are as follows.

i) A standing vortex is created in front of the structure at the face of the
structure. The size and strength of this vortex depends on the incident
wind profile and building geometry.

ii) The interaction of the incident flow with the standing vortex results in
a horseshoe vortex which wraps around the building.

iii) Separation zones are created at the leading edges of the structure where
the flow cannot turn fast enough to follow the physical path of the
structure (i.e., wall and roof). A recirculation zone is created at these
separation points. The flow may re-attach itself to the structure or at
some downwind distance.

iv) In the lee of the structure, a pair of vertical vortices exist which
interact with the main flow near the top of the structure and trail off
downwind as an elevated counter-rotating pair. The size of the cavity is
strongly influenced by building geometry and where the re-attachment of
the separation zones occurs.
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FIGURE 6-9 Model of Flow Near a Sharp-Edged Building in a Deep Boundary Layer
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v) A wake is characterized by turbulence enhancement and a velocity deficit
or excess. An excess can occur if the incident flow is diagonal to the
structure. The rate of decay of the turbulence is a function of downwind
distance and building height.

The OME's GAS model (OME, 1990) has a module to handle building wake situations.
This module is currently being updated by CONCORD (Ciccone, 1993).
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7. DISCUSSION AND CONCLUSIONS

The present study has examined the state-of-the-art knowledge and mathematical
models on the issues which are thought to be significant with respect to
uncertainties in gas dispersion in the vicinity of the BHWP. Information has
been presented in this report on these aspects, with a full chapter dedicated to
each aspect. A discussion will now be provided as to the importance of each
aspect with respect to the BHWP, and available mathematical models which can be
used to address the issues.

7.1 Dense Gas Effects

Let us first start with the issue of whether dense gas effects will be important
for releases from the BHWP.

Dense gas effects will certainly be important if H2S is released from its
pressure-liquefied state in case of an accidental rupture of a pipe or vessel
containing liquid H2S.

For releases from the flare stack (which are relatively routine), however, the
answer is not that straightforward, requiring a closer examination of typical
release conditions.

At the source, it has been described in Section 4 that, when the parameter
(g'Oqo/D)

 1/3/u is less than about 0.15, the source will behave like a passive
source. The parameter g'0 is a normalized density difference term which is
positive only when the density of the released material is larger than ambient.
Since the BHWP releases are flared releases, the ignited release has been shown
(Edwards, 1992) to produce relatively large buoyancy fluxes, which implies a
density of the initial plume less than the ambient. Therefore in this case, the
release is not expected to behave like a dense gas near the source. Also, it is
difficult to envisage a situation where an initially buoyant plume will revert
to a plume which starts behaving like a dense gas at some distance from the
release point.

If the release fails to ignite, however, the situation may change significantly.
Depending on the initial concentration, temperature and other flare exit
conditions, the release may or may not exhibit dense gas characteristics. A
quantitative analysis of this situation is beyond the scope of the present study.
It is suggested that a more rigorous quantitative estimate be pursued in a future
study.

In cases where dense gas effects are important, such as in accidental releases
of H2S from storage, it is suggested that either the SLAB model developed by
Lawrence Livermore National Laboratories (Ermak, 1990), or the HGSYSTEM model
(McFarlane et al., 1990) be utilized. These are the most up-to-date models, with
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considerable validation work to support their., and are also widely used by the
industry and governments in Europe and North America.

7.2 TIBL Effects

During on-shore winds, occurrence of TIBLs in the vicinity of the BHWP has been
well documented (Tam, 1986) . A TIBL is characterized by highly convective
conditions over land within the TIBL, with stable conditions over water and also
above the TIBL. Releases of H2S (and S02) from the BHWP will almost certainly
be affected by the presence of a TIBL and these effects should be accounted for
in any dispersion study for the plant.

For high level releases, such as from the flare stack, the plume will first
travel in the stable layer aloft, and then intersect the TIBL at some downwind
location. The distance from shore of this intersection will depend on source
conditions, and meteorological factors such as wind speed, surface heat flux and
lake surface temperature. At the intersection, sections of the plume will be
rapidly brought down to ground level by the convective eddies within the TIBL,
thus causing relatively high concentrations at the surface.

In order to estimate time-average (as opposed to instantaneous) concentrations
at ground level receptors, it is suggested that the OME's GAS model (1990) which
incorporates Misra's Shoreline Dispersion Model (MSDM, Misra, 1980a,b) be used.
With this model, if appropriate hourly meteorological data are available, it is
also possible to estimate frequency of occurrence of adverse conditions due to
TIBL effects. Note that dense gas effects cannot be handled with this model.

For low-level releases within the TIBL, the situation can be modelled using any
convective dispersion model. Again, the OME GAS model will be suitable for this
purpose, when dense gas effects are not important.

If dense gas effects are significant at the high-level source, then the jet
portion of a model like HGSYSTEM, or CONCORD'S GASCON model (Alp et al., 1990),
should be coupled with a TIBL model. Furthermore, a dense gas model may still
be needed within the TIBL. Such a combination of models does not currently
exist, but its development is conceptually straightforward. Validation of such
a model will present difficulties due to lack of appropriate data.

When dense gas effects are important for low-level releases within the TIBL, the
dense gas models suggested in the previous section, such as the HGSYSTEM or SLAB
models, can be used.

So far our discussion has concentrated on TIBLs which form during periods of
onshore winds and when the ground surface heat flux is such that relatively more
convective conditions form over land than over water. A different situation may
sometimes occur again during onshore winds, but when the lake surface temperature
is warmer than the air mass above (typical winter situations) and when the ground
surface heat flux is not sufficient to cause convective conditions over land
(when there is snow cover or nighttime situations) . In this case a type of
internal boundary layer will develop over land such that within the boundary
layer the atmosphere will be stable (low turbulence) and the layer above the
boundary layer will have relatively high turbulence. Under these conditions,
high level releases will likely remain aloft and disperse within the turbulent
layer above the internal boundary layer. Since the boundary layer is stable,
these plumes will not be brought down to the surface, thus leading to very low
ground-level concentrations. Low-level releases, on the other hand, will
disperse within the stable boundary layer, and can be analyzed using stable
boundary layer dispersion models, such as the stable module in the OME's GAS
model or CONCORD'S GASCON model. The difficulty here will be in the accurate
estimation of the stable internal boundary layer height.
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7.3 Effects of Macro and Micro Topography

For both high- and low-level releases from the BHWP, the micro topography effects
(such as effects of buildings, groups of trees) will likely be insignificant at
distances where the plume has grown to a size comparable to the mixed layer
height. This distance depends on the source conditions, meteorological
conditions, and also the size and orientation of the micro topographic features.
The significance of these effects can be investigated using results of model
applications to BHWP releases taking into account the TIBL and other effects
described in the sections above.

Low-level releases, such as fugitive emissions, will be influenced by building
effects in the near vicinity of these releases. Releases from the flare stack
will be unlikely to be affected by the plant structures and buildings.

The macro topography of the area near the BHWP includes a sharp-rise bluff about
4-5 km from the snore. The bluff will influence the wind flow (Figure 7-1), and
therefore the trajectory and dispersion pattern of any releases from the BHWP,
unless the plume rise is so large that it escapes the disturbance created by the
bluff.

Under neutral or convective conditions over land, the presence of the bluff is
not likely to influence the dispersion upstream of the bluff, unless the winds
and the slope of the bluff are such that a vortex forms just ahead of the bluff.
Such a vortex may lead to increased pollutant concentrations near the foot of the
bluff. It is difficult to estimate the presence and the effects of such a vortex
with available models, unless a full numerical simulation is attempted.

During negative heat flux situations (e.g., stable, nighttime), the plume from
an elevated release may impact the bluff, resulting in high concentrations on the
bluff. The likelihood of such a situation can be investigated using a model such
as CTDM (1989) described earlier, taking into account the source conditions,
atmospheric conditions, and the height of the topographical feature. The
shoreline will be a complicating factor in this modelling effort.

Again under negative heat flux situations, katabatic, or drainage, winds may
develop, causing a downslope movement of any pollutant impacting on the side of
the bluff, thus bringing the pollutant down to the foot of the bluff and the low-
lying areas.

7.4 Concentration Fluctuations and Persistence

In previous sub-sections (7.1 to 7.3), we have discussed the potential effects
of density, TIBL and topography on releases from the BHWP. Most of the
discussion focussed implicitly on mean, or time-average, concentrations. A
"time-average" refers to averages over 15 minutes to about an hour, and the
models mentioned so far are all designed to predict these "time-averages".

An important consideration in issues related to especially odours and health
effects is concentration peaks which could occur during the period of this "time-
averaging" . •

In the absence of significant dense gas effects, and when mean concentrations are
low such that no odour or health effects might be expected on the basis of mean
concentrations alone, the frequency of occurrence and duration of fluctuating
higher-than-average concentrations needs to be investigated to address the
persistence issue. Concentration fluctuation models presented in Section 5 are
designed to be used with appropriate time-average models, and will provide
estimates of likelihood of exceedance of prescribed concentration levels at a
receptor point, given a mean concentration.

The concentration fluctuation model which has been developed by CONCORD for the
OME can be used for this purpose (Ciccone and Alp, 1991) .



FIGURE 7-1 A Schematic Picture of an Onshore Flow Pattern in the Bruce Area, Showing the Potential Effects of
Topography (from Tarn, 1986)
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7.5 Fugitive Emissions

Although examination of fugitive emissions from leaks or from the wastewater
discharges is not part of the present scope, some discussion will be useful in
the context of uncertainties in gas dispersion in the vicinity of the BHWP.

Leaks from valves and flanges frequently occur in chemical plants. If the source
strength is known, the dispersion models already discussed (such as the OME's GAS
model, OME, 1990) will be sufficient to describe the downwind dispersion. The
difficulty is in estimating the source term accurately; however guidelines do
exist for order-of-magnitude estimates.

Emissions of H2S from the wastewater discharge can also be handled using existing
dispersion models, again when the emission strength is known. Estimation of the
emission rate can be made using available mass transfer correlations. OME's
TOXICGAS model (Rooney and Alp, 1988), which has been developed specifically for
such applications, is suitable for this purpose.

7.6 Summary of Recommendations

The following is a summary of recommended models and other future actions:

1. For non-dense high-level releases (e.g., a flared release) from the BHWP,
the' MSDM model which is part of the OME's GAS model (see Section 3.4; OME,
1990) is recommended. For low-level releases (e.g., dilute fugitive
releases), again the OME GAS model has the appropriate modules for
estimating dispersion.

2. For dense gas low-level releases (e.g., a large accidental release of H2S
from a pipe break or storage tank ruvoture) within a TIBL, the SLAB (Ermak,
1990) or HGSYSTEM (McFarlane et al.," 1990) models are suitable. For dense
gas high-level releases (e.g., in case of ignition failure for a large H2S
release through the flare), however, some computer model development will
be required based on existing conceptual and mathematical models, to
couple a dense gas jet model with a TIBL model.

3. The effect of the bluff can be investigated using a combination of the
OME's GAS model (OME, 1990) and the CTDM (1989) model. Special treatment
will be required for any drainage flow effects, or the formation of a
vortex at the front of the bluff.

4. The aspect of concentration fluctuations is a major issue in the context
of persistence. The OME model (Ciccone and Alp, 1991) is recommended for
this purpose.

5. Fugitive emissions can be handled, at least in an order-of-magnitude
manner, using existing dispersion models such as the OME's GAS model and
emission factors. For emissions from wastewater discharges the TOXICGAS
model (Rooney and Alp, 1988) is suitable.
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