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Abstract. Plumes initially exhausted into stable air over water disperse slowly; vet after crossing a
coastline and travelling inland for a sufficient distance, the plumes interact with thermals rising from
the land and may be brought rapidly to the ground. Model studies of a typical power plant sited along
a lake shoreline were made to determine mixing-layer growth over the land and fumigation potential
of elevated releases. An atmospheric boundary-layer wind tunnel simulated water and land tempera-
ture differences and an initially ground-based inversion approach flow.

Nomenclature

Cp  Specific heat capacity

Dy Stack diameter

Fr Stack gas Froude Number (ga Va2/4yDs)
Frs  Upstream flow Froude Number (¥.2/gd)

g Gravitational acceleration

H Mixed-layer thickness

HR  Heating ratio (4T/46)

hs Stack height

Ahs  Added effective stack height

k von Karmén Constant

K Constant

& Scale ratio /1s/Ds

L;  Length scale, horizontal

L. Length scale, vertical

Lyo  Monin-Obukhov scale (—oCpTU*3/kgq)

P Pressure

q Heat flux

R Velocity ratio (Vs/Va)

Riz  Bulk Richardson Number (g(46/T) (6/Va2)
T Absolute temperature

AT Sea-land temperature difference

40 Vertical temperature difference over reference height L
U,  Friction velocity

Va Ambient wind velocity at reference height L.
Vs Stack velocity

% Distance

Zo Roughness height

a Length scale for height

2 Density
Ay Specific weight
X Concentration
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1. Introduction

When air blows over a cold water surface, the lower layers of the atmosphere are
cooled and an inversion develops to a depth of from 30 to 300 m. During an onshore
wind this stable marine layer is heated from below after crossing the coastline, creating
a superadiabatic lapse rate in the lower levels while retaining a stable condition above.
With increased distance from the shoreline, the heated region, or mixed layer, grows
vertically until the original stable layer is destroyed. If a tall stack associated with a
power plant that is located near the shoreline discharges into the elevated stable
layer, the plume initially disperses slowly as it moves downwind. At some point
inland, the mixing layer extends upward to the plume level. At this point, material
in the plume mixes rapidly downward to cause ‘fumigation’ and high concentrations
at ground level (Barrett, 1973; Lyons, 1970; Lyons and Cole, 1971, 1973; Lyons and
Olsson, 1973; Collins, 1971; Van der Hoven, 1967).

The determination of the spatial extent of the diffusion transition zone becomes an
important aspect of the environmental evaluation of industry, fossil-fuel power plants,
and nuclear reactors located at coastlines. In the following sections the properties of
thermally modified onshore flows are reviewed, and the heuristic methods utilized to
predict fumigation concentrations are considered. Finally anexploratory wind-tunnel ex-
periment incorporating the influence of land-water temperature differences is presented.

2. Properties of Onshore Flow Systems
2.1. OBSERVATIONAL EVIDENCE

The sea-breeze circulation consists of a landward current near the Earth’s surface and
a much weaker but deeper return flow aloft about two orders of magnitude smaller.
The horizontal scale of the circulation is about 30 to 50 km from the seashore land-
ward, but it varies with land-sea temperature contrasts, and the prevailing synoptic
situation. Magnitude of the horizontal velocity is around 10-20 ms™*, and that of
the vertical component is 10-20 cm s ™' (Fisher, 1960). Humphreys (1964, pp. 157-
159) estimated the scale of a sea brecze by using a simple model assuming hydrostatic
equilibrium and a constant temperature distribution. He predicted a horizontal scale
of about 50 km and a vertical scale of around 300 m — somewhat smaller than ob-
served. The scale of a sea breeze is determined by many factors, such as temperature
contrast over the sea and the land, stability conditions in the air, surface roughness of
the sea and the land, insolation, and cloud cover. Consequently, the magnitude of the
velocities is also a function of the above factors. A land breeze has a smaller scale
than a sea breeze. It is weaker over the sea because of smaller temperature differences
during the night and the dissipation of energy over the land’s rougher surface.

Moroz (1967) observed a lake breeze at a site on the castern shore of Lake Michigan.
The depth of onshore flow in a fully developed lake breeze at the lake shoreline was
about 750 m, and horizontal onshore velocities exceeding 7 m s~ were observed. The
region of onshore flow extended 25 to 30 km inland but did not reach 53 km for any
of the cases observed.
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Most recently Lyons (1970) has continued to examine lake breezes on the western
and southern shores of Lake Michigan. On two late summer days, inflow depths
ranged from 500 to 100 m, with peak inflow velocities of 6-7 ms~!. The breezes
penetrated inland more than 40 km. Lyons notes that in the warmer half of the year,
the lake-breeze circulation cell developed on almost half of the days, while stable
onshore flow associated with synoptic-scale pressure gradients occurred an additional
15% of the time.

2.2. ANALYTICAL TREATMENT

A sea-breeze circulation results from a temperature difference between land and sea
coupled with a pressure gradient. This may be understood by applying the circulation
theorem (for example, Hess, 1959, pp. 244-246). By taking a curl operation over the
two-dimensional equation of motion, a vorticity transport equation with a solenoidal
term —V (1/g) x V P is obtained. This forcing function produces a y-direction vorticity
component. It always exists unless —V(1/¢) and VP are parallel. In a sea-breeze
situation, pressure distribution is safely assumed to be hydrostatic, which means that
VP is directed vertically downward. The density over land has a smaller value than that
over the sea if height is held constant, because air over land is heated from the surface.
Therefore constant density lines decline in the vicinity of a shoreline, which is the
physical explanation for the existence of a solenoidal term — (1/g)x VP. Since
the governing equations are nonlinear, exact analytical solutions for the sea breeze
have not yet been obtained.

Haurwitz (1947) provided one of the earliest efforts in this field by using a circula-
tion theorem. He incorporated a viscosity term in the equations of motion; the term is
assumed to be proportional to, and opposite in direction to the local velocity. His con-
clusion was that the friction term in his model advances the time of maximum intensity
of a sea breeze; without the friction term, the maximum occurs when the temperature
difference between land and water decreases to zero.

The intensity of a sea breeze is influenced by many factors besides land-water tem-
perature difference. The important roles of gradient wind, topography near the coast,
and stability of the atmosphere were discussed by Wexler (1946).

The sea breeze, urban heat island, heated sea island, and heated mountain meteorolo-
gy are also described in Yamada and Meroney (1971).

The above review suggests that the following physical factors should be included in
any simulation of sea breeze circulation development:

(i) Appropriate expressions for eddy diffusivity including the effects of local
velocity and temperature.
(ii) Temperature distribution at the surface along the land and the water as gov-
erned by the energy balance equations.
(iii) Effect of wind shear.
(iv) The release of latent heat by condensation and evaporation.
(v) The effect of surface roughness change over land and sea.
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2.3. MODELING THE ‘ONSHORE’ WIND

When vertical motion of plumes takes place in an atmosphere with thermal stratifica-
tion, additional requirements must be met to achieve similarity of the atmospheric
motion. These requirements have been discussed by Cermak (1971), Yamada and
Meroney (1971), and SethuRaman and Cermak (1973). Similarity of the stably
stratified flow approaching the power plant over a body of water can be achieved by
requiring equality of the bulk Richardson number

40 9

for the laboratory flow and the atmosphere. In this expression, 46 is the difference
between mean temperature (potential temperature for the atmosphere) at the surface
and at the height 4, T'is the average temperature over the layer of depth d and g is the
acceleration due to gravitational attraction.

In order to simulate the phenomenon of fumigation resulting from destabilization
of the stable lake breeze, similarity must be attained for heat transfer from the warm
land surface to the atmosphere. The Monin-Obukhov length scale

L Ui
"% (kg/T) (q/eC,)

for similarity of the atmospheric surface layer provides a good gross parameter when
combined with the stack height /i, to form a dimensionless ratio A,/ L. In this expres-
sion, U, is the shear velocity (z,/0)"/?, 7, is the surface shear stress, ¢ is the average
air density, C,, is the average specific heat for unit mass, g is the surface heat flux and k&
is the von Karman constant (0.4). To obtain equality of /,/Ly for the laboratory flow
and the atmosphere, Ly, must be 400 times smaller for the laboratory flow than for
the atmosphere. This is accomplished by testing at a low velocity ¥, of about 0.5 m s™*
(this results in a low value for U,.) and heating the laboratory land surface to a high
temperature relative to the actual land surface (about 120°C) in order to make g large
compared to its value in the atmosphere.

Although one can thus obtain an order-of-magnitude estimate of laboratory simula-
tion conditions, it is expected that the Monin-Obukhov length scale may vary locally
as one moves inland from the shoreline. In addition, momentum and heat flux infor-
mation does not appear to be conveniently available for the field or model cases.

The similarity between the flow-generating mechanisms of sea breezes and flow over
‘urban heat islands’ suggests alternative parameters. Linear numerical analysis of
Olfe and Lee (1971a, b) and experimental and numerical studies by Yamada and
Meroney (1971) suggest the intensity of heating by the land surface may be character-
ized by a heating ratio

HR = (T;am'] = T;ea)z. ] -'[2'

(T:=L=_ z=:1)ovcrsca Lx
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Since the vertical-to-horizontal modeling scale is undistorted, the parameter reduces
to a single temperature ratio.

A survey was made of available meteorological data which typified ‘sea breeze
fumigation’ situations in the Great Lakes area (Lyons and Cole, 1971, 1973; Lyons,
1970; and Lyons and Olsson, 1973). Only two of four experimental realizations ap-
peared complete enough to estimate the required parameters Riz and HR. Table I
summarizes the field conditions considered and the resulting range of parameters
typical of fumigation. It would appear that laboratory values to examine are:

(HR), =13~ 1.9
(RiBulk)p= 1.25""‘“ 1.5 at Lz= ]20 m.

Laboratory conditions were chosen to simulate these situations as closely as pos-
sible. Table II lists the tunnel conditions and parameter values examined.

#* (Lz)m ~0.3 m.

TABLE 1
Fumigation conditions: Great Lake area
Reference Inversion Wind Tempera- Tempera- Tempera- L  Ris HR*
top (ms1) ture sea ture inland ture upwind (m)
(m) velocity surfaces z=I
(OC) (uc} (nc)
3 June 1966 ~ 100 ~5 10 21 19 100 1.51 1.89
12-13 August 1967 ~ 500 5-6 12 24 21 100 1.45 1.33
25 June 1970 ~ 500 ~6 11-13 16 ? 2 ? ?
(low level (~8km
mixing depth) inland)
~150
12-13 August 1973 ? 5-6 ? ? ? 2 ? ?
@ Lz'— 100 m.
TABLE 11
Wind-tunnel conditions for fumigation
(Vu)m [Twuwr)m (TH}m (Tlaml)m RiB HR®
(ms) (°C) (§®)] (°C)
0.6 0 (z=0) 38 127 (z=0)
4.5 (z=4.5m) 54 (z=4.5) 1.0 1.5
0.6 0 (z=0) 38 93 (z==0)
4.5 (z=4.5m) (z=4.5) 1.0 1.4
0.6 0 (z=0) 38 66 (z=0)
4.5 (z=4.5m) (z=45) 10 135
1.2 0 (z=0) 38 127 (z=0)
4.5 (z=4.5m) 54 (z=4.5) 025 1.5
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3. Occurrence and Prediction of Plume Fumigation

Sea breezes or lake breezes are accompanied by turbulent transition-zone fumigations.
The transition region begins at the shoreline and has the form of a wedge in which the
turbulent air slopes upward with distance inland. At the point where the top of this
wedge intersects an elevated plume, the contents of the plume will be mixed down-
ward, becoming distributed between the plume and the ground. Van der Hoven (1967),
Collins (1971), and Lyons and Olsson (1973) have examined dispersion near coasts.
Observations of turbulent transition zones have been made at Big Rock Point Nuclear
Plant (Hewson er al., 1963) on Lake Michigan, Millstone Nuclear Power Station
(Northeast Utilities, 1965) in Connecticut on Long Island Sound, and Humboldt Bay
Power Plant (Pabman et al., 1965) in California.

3.1. PLUME BEHAVIOR AS EMITTED INTO STABLE ATMOSPHERE

While a smoke plume quickly attains the wind speed in the horizontal direction, its
rise is determined by its vertical momentum and buoyancy. Numerous formulae
have been published to correlate field measurements of plume rise; none is universally
accepted, partially due to observational difficulties, and partially due to the fact that
some plumes never really appear to level off.

The AEC-1968 monograph by Slade suggests the following expressions (Equations
(5.19) and (5.20) rearranged in dimensionless form):

Ah R
Neutral — =100 + 1.5R
D, Fr
i sl RIZ T3
Stable with wind —~=1.63| —- | , (1)
D, FrRi
where
2 i
R= " Fre ——
| AT 5
g T
hy . g(dojdz)

Ri=i
D, T.(Ve[h)

Based on the work of Briggs (1969), one expects plume-rise predictions to be accurate
within +19%. However, experience is very varied and some calculators have been
conservative by a factor of five or optimistic by a factor of nearly two.

3.2. MIXING LAYER-PLUME INTERACTION

When a plume initially emitted into a stable environment intercepts a mixing layer
growing upward, ‘fumigation’ of the plume directly to the ground may occur. A
number of authors have suggested means to estimate the magnitude of the ground



MODELING OF ATMOSPHERIC TRANSPORT AND FUMIGATION AT SHORELINE SITES 78

concentration resulting from such behavior. As summarized by Collins (1971), one
method consists of determining the downwind distance at which a plume traveling
horizontally at the effective stack height first intercepts the growing mixing layer. As
a first approximation one may then assume that the maximum of the elevated plume
concentrations at the downwind location now occurs at ground level.

Alternatively one may estimate the concentrations assuming a uniform vertical
distribution throughout the layer of depth A :

Y Val " 1 H ,
— _—— Tf"z =t £y ‘\2)
0 (2m) o,
where from Figure A.2, Slade (1968), for stable flow (Pasquill stability Category F)
o, +
== 0.04 : 3
H (H) 3)

Lyons and Cole (1973) discuss a somewhat more complicated procedure which at-
tempts to correct for rate of plume entrainment and rate of spreading in the mixing
layer.

Van der Hoven (1967) has presented a graphical plot based on the report of Prophet
(1961) for determining the depth of the mixing layer as a function of initial overwater
stability and overland travel distance. An equation which fits his results is:

-
H=88 [-——, 4
VA0 Q)

where

x (m) = distance overland
H (m) = height of mixed layer
V, (ms™!) = mean velocity
A0 (°C) = overwater vertical difference in potential temperature within inver-
sion layer.

Although differing in detail, simple theoretical and empirical formulations developed
by Summers (1964) and Raynor et al. (1974) also display a one-half power dependence
upon fetch, and reciprocal velocity and overwater temperature gradient. These expres-
sions, however, require measurements of heat or momentum flux over the surfaces.

Dimensional analysis suggests that if the pertinent variables required to describe
mixing-layer growth are

f(x, H,V,A40,9,T, AT, 8) =0, )

where new variables listed are
T = absolute temperature
AT = land-water temperature difference
0 = characteristic height over which 46 and V, vary upstream.
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Then appropriate dimensionless parameters might be
H x AT A0S W, 2
s I\& 20"V Tv? (g5)12 ©)

X
=¥ (5, HR, Riy, Fra) :

Examination of the mixing-layer growth results for this wind tunnel study reveals
that initially H oc x°-® followed by H oc x°-*. The initial region corresponds to behavior
frequently observed for inner boundary-layer growth following a change of roughness.
The subsequent region confirms the conclusions reached by Prophet. In addition it is
found that H oc(HR)®. When these results are combined with Prophet’s conclusion
that Hoc (V, 40)7'/2, it is found that

H Tl
3=K(5) R ®i ), 7)
When this result is compared to Equation (4) for T~300°K, 6~100m, and g =
9.86 m s~ 2, it is found that K =~0.01. If the constant is based on measurements made
herein, K ~0.015.

Montgomery and Cain (1967) have compared the observed sulfur dioxide concen-
trations in the vicinity of a steam plant with those given by plume dispersion models.
They concluded that general dispersion models cannot accurately predict specific
pollutant concentrations at a particular station at a specific time, but they can predict
the range of concentrations likely to occur. In addition, the same mathematical
model using different diffusion coefficients may yield very different results, hence the
diffusion coefficients should be developed for the model at the particular site of appli-
cation (if possible).

4. Wind-Tunnel Experiment and Instrumentation

The use of a wind tunnel for model tests of gaseous diffusion by the atmosphere is
based upon the concept that nondimensional concentration coefficients will be the
same at contiguous points in the model and the prototype and will not be a function
of the length-scale ratio. Concentration coefficients will only be independent of scale
if certain similarity criteria are satisfied. These criteria are obtained by inspectional
analysis of physical statements for conservation of mass, momentum and energy.
Detailed discussions have been given by Halitsky (1963), Martin (1965), and Cermak
etal. (1966). Basically the model laws may be divided into requirements for geometric,
dynamic, thermic and kinematic similarity. In addition, similarity of upwind flow
characteristics and surface boundary conditions must be achieved.

For this hypothetical power plant study, geometric similarity is satisfied by an un-
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distorted model of length ratio 1:400. This scale was chosen to facilitate ease of
measurements, provide a boundary layer equivalent to 240-300 m for the atmosphere
and minimize wind-tunnel blockage. (The ratio of projected area to the area of the
wind-tunnel cross-section should not exceed 5%. The model of the power plant at a
scale of 1:400 produced a blockage of 2.7%.)

To summarize, the following scaling criteria were applied:

(1) Re=g,V,I.[p,>11000,

(2) Fr=g,V./4y Dy; (Fr),= (Fr),,

(3) R=VslV; R,=R,,

(4) (zo)m= (ZO)p‘

(5) Similar velocity and turbulence profiles upwind,
(6) HR=1.3~19,

(7) Rig=1.25~1.5.

It has been found that other turbulence scales such as intensities and spectral shapes
will generally be reproduced satisfactorily if the fourth and fifth conditions are main-
tained over a sufficiently long fetch (Cermak et al., 1966).

4.1. WIND TUNNEL

The meteorological wind tunnel (MWT) in the Fluid Dynamics and Diffusion
Laboratory, Colorado State University was used for the study. This wind tunnel,
especially designed to study atmospheric flow phenomena, incorporates special fea-
tures such as adjustable ceiling, rotating turntable, temperature controlled boundary
wall, and long test section to permit adequate reproduction of micrometeorological
behavior. Mean wind speeds of 0.06 to 40 m s™* (0.14 to 90 mph) in the MWT can be
obtained. Boundary-layer thickness up to 1.2 m can be developed over the downstream
6 m of the MWT test section. Thermal stratification in the MWT is provided by the
heating and cooling systems in the section passage and the test section floor. The
flexible test section roof on the MWT is adjustable in height to permit the longitudinal
pressure gradient to be set at zero.

4.2. TEST CONFIGURATION IN THE MWT

Only two wind approach angles were examined for the fumigation study — onshore
and 60° to the shoreline. A set of vortex generators were installed 0.6 m downwind of
the entrance to give the simulated boundary an initial impulse of growth. Between
1.8 and 12 m downstream, a set of 12 roll-bond aluminum panels were placed on the
tunnel floor. These panels were connected to the facility refrigeration system and
cooled to approximately 0°C. Fillets were installed in the bottom tunnel corners to
cover the plumbing connections and reduce resulting wake turbulence. From 12 m
to the end of the test section, a permanently installed set of electric heaters was used
to raise the aluminum floor temperature to a level prescribed by the heating ratio, HR.
An array of ground-level sampling tubes permitted concentration measurements
downwind to an equivalent field distance of 2400 m (see Figure 1).
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Fig. 1. Schematic diagram of model study of fumigation dispersion.

The model consisted of the power station, the stacks, and the auxiliary buildings
constructed from aluminum to a linear scale of 1:400 (see Figure 2). A basic flat topo-
graphy was reproduced by fixing the model to a 0.6 cm thick aluminum plate.
Aluminum was chosen to allow model heating during the onshore-breeze fumigation
study phase.

Metered quantities of gas were allowed to flow from ecach stack to simulate the
exit velocity and also account for buoyancy effects due to the temperature difference
between the stack gas and the ambient atmosphere. Helium and compressed air were
mixed in metered amounts to adjust the specific weight. Flow settings were adjusted
for pressure, temperature, and molecular weight effects as necessary. When a visible
plume was required, the gas was bubbled through titanium tetrachloride before emis-
sion. When a traceable plume was required, a high pressure mixture of Krypton-85
and air was used in place of the compressed air.
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Fig. 2. Power Plant, looking landward.
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Fig. 2b. Picture of the model of hypothetical shore-line Power Plant.
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4.3. VELOCITY, TEMPERATURE, AND CONCENTRATION INSTRUMENTATION

Thermal stratification in the MWT precluded straightforward use of a conventional
hot-wire anemometer system; hence, an eddy shedding system based on the Strouhol
shedding frequency of a cylinder in a crossflow was constructed (Hoot er al., 1973).
Measurement of temperature was made with a miniature thermistor (Fennel glass-
coated bead) system. Thermocouples mounted in the MWT aluminum floor were
used to monitor boundary temperatures and set electric heater controls.

After the flow was stabilized, a mixture of Krypton-85 of predetermined concentra-
tion was released from model stacks at the required rate. Samples of air were with-
drawn from the sample points on the wind-tunnel floor and analyzed. The sampling
and detection systems are described by Chaudhry and Meroney (1969). A sampling
grid of sample points was spaced on the wind-tunnel floor at suitable locations to
establish the plume axis and locate the points of maximum ground-level concentra-
tions. A reference sample point was located in the free stream, upwind of the model to
measure the background concentration in the tunnel. Concentration measurements
were made at various downwind distances at ground level. Count rates were corrected
to concentration in pico-curies and compensation was made for Geiger Mueller tube
dead time. Final results are reported in terms of V,x/Q which has dimensions of in-
verse length squared.

Interpretation of wind-tunnel concentrations in terms of an equivalent field
averaging time remains somewhat vague. In the absence of buildings, heating or rough
terrain, experience suggests an equivalent prototype averaging time of from 2 to
10min. However, in the presence of the above factors, it may be more appropriate to be

TABLE IIT
Stack emission parameters
Units Load Stack Stack Stack Stack Ve—=6.7Tms ! Ve=134ms!
velocity diam height gas temp R Fr R Fr
(ms1) (m) (m) O
1 Full 52 195 0.77 4.08 0.38 16.32
17 116
(4 stacks) & 1.6 183 24 5.21 0.12 20.84
2 Full 21.3 150 199 3.18 5.36 1.59 21.46
3.7 or
1 1.5 180 184 1.11 7.16 0.56 28.64
3 Full 11.9 198 1.77 4.00 0.88 15.84
5.1 120
] 3.7 184 0.55 15 0.28 20.62
4 Full 18.9 202 2.83 2.61 1.42 10.46
T3 180 %=
1 6.0 188 0.89 3.28 0.46 13.11
Note: Vap Vam # Unit 2 has two 3.7-m flues on top.

6.7 m s~1 (15 mph) 0.6ms!
13.4 m s~1 (30 mph) 1.2ms1
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conservative and use 20-30 min as a comparative value. Velocity V, and temperature
T may be considered to have similar time average significance.

5. Results and Discussion

The test program consisted of: (1) a qualitative study of the flow field around the
power plant by visual observation of the smoke plume trajectory from the stacks;
and (2) a quantitative study of gas concentrations produced by the release of Krypton-
85 from the stacks. The test conditions are summarized in Tables II and IIL

5.1. TEST RESULTS: CHARACTERISTICS OF FLOW

All experiments were carried out in the MWT over the range of conditions shown in
Table II. The atmospheric boundary layer was modeled to produce a velocity and
temperature profile equivalent to flow over an open lake. Figure 3 shows the initial

T(°C)
o ? IIO I? 20 30 40
. L} I I
40 4
£ Shedding Velocity iy
by Using Lissajous Figures o
35| O Shedding Velocity R -
by Reading Oscillation Periods
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30+ -
(Vg ) 0.5 ms™
(Vgl, =5-6 ms™'
251 -
zlem)
20F -
|5 |
10} -
3 _‘58& All Oscillation |
# E Damped
- /// * P
//#Hr__#..-""
0 g 1 1 1 1 1
[o] 0.25 0.50 075 100 1.25
V/ Vg

Fig. 3. Upwind mean velocity and temperature profiles: fumigation condition.
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upwind profiles of velocity and temperature. Turbulence was essentially absent as
evidenced by the behavior of smoke plumes released over the cooled model lake sur-
face. The profiles are conditioned by the heated land surface and the presence of the
building complex. Turbulent well-mixed surface flow grows beneath the capping
stable lake air. Figure 4 displays the eroding effect of unstable air. The small thermistor
temperature measuring device had a short time constant; thus the temperature fluctua-
tions displayed are an indicator of the intensity of turbulence.

Intensity and power spectral estimates of the various components of turbulence
have not yet been successfully obtained for the low laboratory speeds required for
simulation.

Figure 5 displays the boundary-layer growth for the three surface heating intensities
studied. Initially the region grows at a rate proportional to downwind distance to the
0.8 power. Subsequently beyond about 300 to 600 scaled metres, the growth rate is
proportional to downwind distance to the 0.5 power. The behavior of the initial region
corresponds to previous experience over slightly roughened surfaces. The later growth
rate corresponds to behavior noted by Prophet (1961) for sea- and lake-breeze
systems and by Deardorff et al. (1969) for a laboratory study with penetrative con-
vection of buoyant elements.

Ogawa (1973) reports an exploratory study of the lower sea-breeze layer in a wind
tunnel at New York University. The reported experiments had a maximum HR=1.35
and an upstream Rig=0.1. These are rather low compared to the prototype situation.
The height of the inversion base was reported to increase linearly with distance. It is
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Fig. 5. Growth of the mixing layer at various floor temperatures.
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Fig. 6. Flow visualization, fumigation, unit 1, wind angle onshore wind speed 6.7 m s 1, load full
and one-third, HR=1.5.

HR=1.4

HR=1.5

Fig. 7. Flow visualization, fumigation, unit 2 full load, wind angle onshore, wind speed 6.7 m s,
HR=1.5,1.4.
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probable that heating was not intense enough, and/or that the test section was not
long enough.

Ogawa found that dispersion beneath the inversion base was at a rate comparable
with dispersion in a fully unstable region. Vertical mixing of course is initially limited
by the inversion base; downstream, however, the plume did not appear to differ in
behavior from one emitted into a fully unstable region.

When the model is in place, the building complex wake displaces the inner boundary
layer upwards significantly. Thus the maximum ground-level concentration occurs
closer to the plant site than if all emissions were from an isolated stack.

5.2. TEST RESULTS: VISUALIZATION

The test results consist of photographs and movie sequences showing the nature of the
air flow and diffusion in the vicinity of the power station. The sequence of photographs
shown in Figures 6 and 7 shows side views of the behavior of a smoke plume released
from a stack for a direct onshore wind for full load at various land surface heating
rates. The more intense heating (HR=1.5) accelerates the mixed-layer growth and the
entrainment of the plume. A decrease in hypothetical load from full to one-third has
the same effect on the initial plume as does an increase in wind speed; however, the
character of the surface mixed layer remains the same.

The observed ‘touchdown’ distances evaluated from the flow visualization tests are
summarized in Tables IV and V. These distances represent locations where, by visual
inspection, the plume resides greater than 10% of the time. Once the plume intercepts
the inner boundary layer, the smoke is mixed downward at a rate which gives a lower
plume boundary angle of about 30 to 45°. Hence the plume is not brought immediately
to the surface after it enters the mixing layer as suggested by the simplified physical
model.

TABLE 1V
Test results: neutral

Units Nominal Velocity Full load + Load

wind (ms1) T T -
direction Touch- Maximum ground Touch Maximum ground
down = - —  down concentration
distanoe co'ncentratlon . distance s — -
Distance Magnitude Distance Magnitude
(m) (m) (m~2) (m) (m) (m=2)
—30° 6.7 450 2400 0.237x10—5 300 1800 0.350 < 105
1 13.4 150 1200 0.123x 10+ 400 600 0.316 x 104
2 0° 6.7 =2400 - 1800 - -
(150 m 13.4 1400 - - 600 - -
stack) —30° 6.7 =2400 2100 0.755x10—% 760 - -
134 550 2400 0.141 x10—¢ 550 2100 0.102x10*
3 —30° 6.7 900 - = 450 - -
134 400 1200 0.159x10~* 450 1200 0.287 x 104
4 —30° 6.7 =2400 - 1200 -

13.4 1800 1800 0.143 <105 1400 1800 0.813x10%
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5.3. TEST RESULTS: CONCENTRATION MEASUREMENTS

Twenty-five ground-level sampling locations were placed at distances equivalent to
300 to 2400 m downwind. Measurements of Krypton-85 activity at these locations
have been converted to equivalent x¥,/Q (m™~?). Typical results for various sources,
loads, wind angles, wind velocities, and surface heating rates are presented in Figures
8 and 9. The maximum measured concentration and its respective downwind location
for each situation are also given in Tables IV and V. For full load, Unit 2 maximum
concentrations occurred for a 150-m stack at —30° —i.e., 0.265x10”* (m™2). A
180-m stack provided enough additional plume elevation to reduce this to one-third
the level —i.e., 0.964 x 1077 (m™?). For a one-third load situation the 150 and 180 m
stacks develop ground-level concentrations of 0.380 x 10™* and 0.337 x 10™% (m~2),
respectively.

It is, of course, instructive to compare the measurements discussed here with the
results of calculations based on Section 3. Consider a test stack at full load, Unit 2:

R Fr Riz  Frs Va hs+A4h  Vaz)Q

(ms™)  (m) (m~2)
Neutral 3.18 5.36 0.0 ~ 6.7 234 0.357 < 10-7
Stable
(Fumigation) 3.18 5.36 1.0 0.39 6.7 212 0.785 x 10—

This may be compared with a maximum concentration from the model study of
0.755x 107° (m~?) for the comparable neutral case and 0.265x 10™* (m~2) for the

5.0
4.0F
3.0k
% %108
(ri?)
2.0
I.OF
O 1 1 1 L 1 1
6] 400 80O 1200 1600 2000 2400

x{m)

Fig. 8. Ground-level concentrations Unit 1, Full load, Angle=30", Neutral vs Model Sea Breeze,
Ve=6.Tms™1,
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Fig. 9. Ground-level concentrations Unit 2, Full load, Angle— - 30°, Neutral vs Model Sea Breeze,
Va=6.7ms1

comparable fumigation case. In each case the increased concentration may be attri-
buted to the accelerated mixing due to the aerodynamic turbulence generated by the
building complex. On the other hand, the differences may be largely due to short-
comings in the extremely simple analytical models used.

Although experience shows that highest ground concentrations usually occur
during fumigation (Slade, 1968), no effort has been made here to calculate the y,.,
which might occur during less frequent strong-wind conditions. Indeed it is not sug-
gested here that the calculations or cases studied have included the situation which
might produce a maximum fumigation concentration situation. Rather, conditions
were selected which represented only typical meteorological environments at coastal
sites.

Nevertheless, if one does estimate maximum ground-level concentrations for buoy-
ant plumes emitted from Unit 2, full load, by the methods outlined by G. Briggs
in Slade (1968), the measured and/or calculated concentrations exceed the strong-
wind condition maximum by an order of magnitude.

6. Conclusions

This investigation was undertaken to determine the dispersion of exhaust gases re-
leased from the stack of a typical power plant located along the shoreline of a large
lake or the ocean. On the basis of the experimental measurements reported herein, the
following comments may be made:
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(1) Plumes from all stacks are entrained into the surface mixed layer as it grows
over the land. This results in greater ground-level concentrations than found in the
equivalent neutral situation. The result is most severe for plumes released from the
shorter stacks.

(2) The highest ground-level concentration for any stack during the stratified con-
dition is three times greater than that occurring during the worst neutral flow situation.

(3) For taller isolated stacks, such as Unit 2 (Figure 9), vertical mixing may increase
ground-level concentrations to six times those occurring during the worst neutral
condition. This statement must be tempered by the fact that the neutral maximum is
itself not very large.

(4) Increasing the stack height for tall stacks such as Units 2 from 150 to 180 m
may reduce the ground concentration maximum by only one-third.

(5) Earlier mixing-layer equations based on the results of Prophet (1971) do not
appear adequate to predict behavior over the Great Lakes (Lyons and Cole, 1973),
or in this laboratory investigation. Prophet’s results are suspect since they do not in-
clude the influence of land-sea temperature difference.
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