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ABSTRACT 

A topographic model with a scale of 1:650, of the Kahe Electrical 

Generating Plant {located on the island of Oahu, Hawaii} was tested in 

a wind tunnel in order to determine the nature of atmospheric transport 

of stack emissions for Units 9, 10, 11, 12, 13 and 14. Both oil and 

coal fired units were considered. The heights and configuration of the 

stacks were varied as were wind velocity and direction. Ground-level 

concentrations of tracer gas were measured for each combination of condi­

tions. Plume geometry and behavior were observed and recorded by means 

of still photographs and movies. 
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Physical Modeling of Atmospheric Transport 
of Stack Emissions at Kahe Electrical 

Generating Plant (Units 9, 10, 11, 12, 13, and 14) 
Oahu, Hawaii 

Volume I 

1. INTRODUCTION 

Hawaiian Electric Company, Inc. operates a power generating facility 

on the island of Oahu, which is known as the Kahe Electrical Generating 

Plant (KEGP). The plant is located west of Honolulu and adjacent to the 

ocean (see Figure 3-1). Due to increased demand for electricity, additional 

generating facilities are needed at the site. However, prior to construc-

tion, it must be demonstrated that National Ambient Air Quality Standards 

will not be exceeded. 

The purpose of this study was to determine ground-level concentrations 

of sulfur dioxide emanating from proposed units of the KEGP, namely Units 9, 

10, 11, 12, 13, and 14. This was accomplished through the use of physical 

modeling in the environmental wind tunnel facility at Colorado State University. 

Subsequently, a test plan was designed for a 1:650 model of the KEGP, its 

local surroundings, and the proposed units. For selected directions of 

gradient wind, the atmospheric transport of stack emissions in the vicinity 

of the KEGP was investigated. Concentrations of tracer gas (simulating 

sulfur dioxide releases at the plant site) were sampled over the model 

surface. Overall plume geometry and behavior were observed and recorded 

by photographing smoke released at the plant site. 

This report dis.cusses the criteria necessary for simulating plume 

transport and diffusion, the experimental methods, and the results of the 

velocity, concentration, and visual measurements. 
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The results of the concentration measurements for all test runs 

have been tabulated in Volume II {under separate cover}. Color motion 

pictures and still photographs were utilized to record plume behavior 

and are on file at Colorado State University and Stearns-Roger, Inc. 
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2. WIND-TUNNEL SIMILARITY REQUI~IENTS 

2.1 General 

Tne basic equations governing atmospheric and plume motion (conser-

vation of mass, momentum and energy) may be expressed in the following 

dimensionless form (Cermak, 1974; Snyder 1972): 

and 

dP* 
dt* + 

dU~ 
1 + dt* 

~ 
dX~ 

1 

+ [u)J 

-

d(p*U*.) 
1 

dX~ 
1 

dU~ 
* 1 u.~ J x. 

J 

= 

[8T L g J 000 

T u 2 
o 0 

d
2 * ui 
d~dX~ 

0, 

[L~:o] 2£. 'kn~~ 1J J 

LlT*g*6 
i3 

+ d (-u'~u'~) 
dX~ 1 J 

J 

+ _d _( -6 ' *u ' *) + [V 0 ] 
ax~ i uoLo 

(2.1.1) 

= 

(2.1.2) 

(2.1.3) 

The dependent and independent variables have been made dimensionless 

(indicated by an asterisk) by choosing appropriate reference values. 

For exact similarity, the bracketed quantities and boundary condi-

tions must be the same in the wind tunnel and in the plume as they are 

in the corresponding full-scale case. The complete set of requirements 

for similarity is: 

1) Undistorted geometry 

2) Equal Rossby number: Ro = u /(L n ) 
000 
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3) Equal gross Richardson number: Ri = !J. T gL IT u 
2 

o 0 0 0 

4) Equal Reynolds number: Re = u L Iv 
000 

5) Equal Prandt1 number: Pr = (v oPo Cp ) Iko 
0 

6) Equal Eckert number: Ec = u 2/[ C (!J.T)] o p 0 
0 

7) Similar surface-boundary conditions 

8) Similar approach-flow characteristics 

All of the above requirements cannot be simultaneously satisfied in 

the model and prototype. However, some of the quantities are not impor-

tant for the simulation of many flow conditions. The parameters which 

can be neglected for this study and those which are important will now 

be discussed in detail. 

2.2 Parameters Not Equal for Model and Prototype 

For this study equal Reynolds number for model and prototype is not 

possible since the length scaling is 1:650 and unreasonably high wind 

tunnel and stack exit speeds would be required. As will be discussed, 

this inequality is not a serious limitation. 

The Reynolds number related to the stack exit is defined by 

Re 
s 

= 
u D 

s 
V s 

Hou1t and Wei1 (1972) reported that plumes appear to be fully turbulent 

for exit Reynolds numbers greater than 300. Their experimental data 

show that the plume trajectories are similar for Reynolds numbers above 

this critical value. In fact, the trajectories appear similar down to 

Re = 28 if only the buoyancy dominated portion of the plume trajectory s 

is considered. Hou1t and Wei1's study was in a laminar cross flow (water 

tank) with low ambient turbulence levels and hence the rise and disper-

sion of the plume would be predominantly dominated by the plume's own 
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self-generated turbulence. These arguments for Reynolds number indepen-

dence only apply to plumes in low ambient turbulence or to the initial 

stage of plume rise where the plume's self-generated turbulence dominates. 

For similarity in the region dominated by ambient turbulence 

consider Taylor's (1921) relation for diffusion in a stationary homoge-

neous turbulence 

2 a (t) 
z = -2 Jt Jt 2w' 

o 0 
R(~)d~dt 

which can be simplified to (see Csanady, 1973) 

2 a (t) 
z 

,2 2 w t 
.2 2 
1 X 

Z 

for short travel times; or, 

2 2 
a (t) = 2w' t (t-t ). 

z 01' 

for long travel times where 

t = fa R(T)dT 
0 

is an integral time scale and 

tl 
1 Jo" TR(T)dT = t 

0 

is the center of gravity of the autocorrelations 

metric similarity at short travel times, 

[ a;] m [L2]m [ i;x2]m 
= = 

[ a;] p [L2]p [i;x2] p 

or, 

liz] m = [iz] P • 

(2.2.1) 

(2.2.2) 

(2.2.3) 

(2.2.4) 

(2.2.5) 

curve. Hence for geo-

(2.2.6) 



For similarity 

L2 
m = 

L2 
p 

= 

at long 

[O;]m 

[a;]p 

6 

travel times 

= 
[wf2t

O (t-tl )] m 

[w, 2to (t-tl )] p 

[Li; AJm 
[Li; A]p 

if it is assumed that t «t, t lu = A and tlu = L. Thus the turbulence 
o 0 

length scales must scale as the ratio of the model to prototype length 

scaling if (i) = (i) or, z m z p 

L A m m 
L = A 

(2.2.7) 

p p 

An alternate way of evaluating the similarity requirement is by 

putting 2.2.1 in spectral form or (Snyder, 1972), 

0
2 w,2t2 ~: 2 

= w,2t2I = FL(n) [si~:nt] dn 
z 

(2.2.8) 

where 

= 1: I FL(n) [Sin 1fntt dn 1Tnt 

FL = Lagrangian spectral function 

The quantity in brackets is a filter function, the form of which can be 

seen in Pas quill (1974). In brief, for n > ! the filter function is very 
t 

small, and for n < l~t virtually unity. 

For geometric similarity of the plume, the following must be true: 

= = = 



7 

or 

(2.2.9) 

the requirement is I = I • 
m p For short travel 

times the filter function is essentially equal to one; hence, I = I m p = I , 

and the same similarity requirement as previously deduced for short travel 

times is obtained (equation 2.2.6). 

For long travel times the larger scales (smaller frequencies) of 

turbulence progressively dominate the dispersion process. If the spectra 

in the model and prototype are of a similar shape then similarity would 

be achieved. However for a given turbulent flow, a decrease in the 

ambient Reynolds number (hence wind velocity) decreases the range (or 

energy) of the high frequency end of the spectrum. Fortunately, due to 

the nature of the filter function, the high frequency (small wavelength) 

components do not contribute significantly to the dispersion. There 

would be, however, some critical Reynolds number below which too much of 

the high frequency turbulence is lost. If a study is run with a Reynolds 

number in this range similarity may be impaired. 

To evaluate whether geometric similarity of the plumes was achieved 

for this study the cr and cr values obtained in the wind tunnel were 
y z 

compared with those quoted as being representative of atmospheric disper-

sion rates (Pasqui11, 1976). If the model cr and cr values compare well 
y z 

for the corresponding atmospheric flow the inference is that Reynolds 

number independence was achieved. 

The ambient flow field affects the plume trajectories and consequently 

similarity of this field between model and prototype is required. The 

mean flow field will become independent of Reynolds number if the flow 
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is fully turbulent. The critical Reynolds number for this criteria to 

be met is based on the work of Nikuradse as summarized by Schlichting 

(1968) and Sutton (1953) and is given by 

k u* 
= __ s__ > 75 

V 

or assuming k = 30 z s 

z u* 
Re 0 = z V 0 

In this relation k 
s 

surface roughness factor. 

0 

> 2.5 . 
is a uniform sand grain height and z is the 

o 

The Rossby number Ro is a quantity which indicates the effect of 

the earth's rotation on the flow field. In the wind tunnel equal Rossby 

numbers between model and prototype cannot be achieved. The effect of 

the earth's rotation becomes significant if the distance scale is large. 

Snyder (1972) puts a conservative cutoff point at 5 km for diffusion 

studies. He states that for length scales above this value the Rossby 

number should be considered. For this particular study, the maximum 

range over which the plume is transported is 5 km in the horizontal and 

approximately 1 km in the vertical. Hence, the earth's rotation may 

affect plume transport for similar full scale conditions but was 

neglected for this study. 

When equal Richardson numbers are achieved, equality of the Eckert 

number between model and prototype cannot be attained. This is not a 

serious compromise since the Eckert number is equivalent to a Mach number 

squared. Consequently, the Eckert number is small compared to unity for 

laboratory and atmospheric flows. 

2.3 Parameters Equal for 110del and Prototype 

Since air is the transport medium in the wind tunnel and the 
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atmosphere, near equality of the Prandtl number is assured. 

Equality of plume transport will be assured if the following 

conditions are met (Snyder, 1979): 

1) Fix effluent Reynolds number as large as possible--preferably 

above 300. 

2) Match the following parameters in model and prototype 
u 

R 
s = u 
00 

u 
Fr 

s = 
IgyD 

Pa-Ps y = 
Pa 

A = D/h 

Implementing the above scaling criteria would give the following relation 

between model and prototype velocities: 

and for 

= 

D ID = 1:650 m p 

The range of ambient free-stream velocities to be simulated is 5.6 to 

22.2 mls or 0.29 to 0.87 mls in the wind tunnel. Since the tunnel is 

hard to control at these low speeds and Reynolds number effects may 

become important, a distorted scaling technique was employed. The 

technique involved neglecting the plume buoyancy, thus requiring equality 

of only the velocity ratio (R). An alternate technique of relaxing the 
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density ratio (Y) equality was also considered but the wind tunnel speeds 

were still found to be less than 1 m/s. 

The justification for neglecting plume buoyancy (Fr = 00) is: 

1) the wind tunnel speeds can be set at any reasonable value--

maintained at approximately 3 mls for all tests, 

2) the stack Reynolds numbers can be maintained at values 

exceeding 300 for all of the tests, 

3) atmospheric turbulence will quickly dominate the rise since the 

ambient turbulence intensity levels are high (> 10%) in the 

wake of the terrain, and 

4) the assumption is conservative in that the plume rise will be 

less resulting in higher ground level concentrations than if 

buoyancy were simulated. 

In summary the following scaling criteria were applied for this 

study: 

1) 

2) 

3) 

R = R· R m p' 

Re > 300; s 

Re > 2.5; 
z o 

= u lu s 00 . 

Re s 

Re 

u D 
s =--

z 
o 

V s 

u*z 
o =--

V 
a 

4) Similar geometric dimensions. 

5) Equality of dimensionless boundary conditions. 



3. EXPERIMENTAL METHODS 

3.1 General 
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A 1:650 model of the Kahe Electrical Generating Plant and the 630 and 

1530 wind directions were constructed to study the transport and diffusion 

of effluent emitted from proposed new units under neutral atmospheric con­

ditions. Figure 3-1 shows the terrain areas modeled and associated wind 

directions. A total of six new generating units were considered (Units 9, 

10, 11, 12, 13, and 14). The location of these potential new units is shown 

in Figure 3-2. 

Each test was conducted in a similar manner. Measurements of wind speed 

and tracer concentrations were made at various locations to document the flow 

pattern. The tracer concentration measurements were made at ground-level to 

establish the expected maximum values. Measurements of ground-level concen­

tration were also made with and without the upwind terrain present for several 

plant configurations to establish the GEP stack height. A series of tests were 

also run with a flat tunnel--referred to as "Atmospheric Dispersion Comparability 

Tests"--to document the characteristics of the wind tunnel. The parameters 

associated with each run are in Table 3-1 and Volume II Table of Contents. 

A complete discussion of the experimental techniques follows. 

3.2 Scale Models and Test Facility 

Construction of the scale topographic model entailed the use of laminated 

styrofoam sheets cut along corresponding contours. United States Geological 

Survey maps were photographed and projected to provide the contour patterns. 

Ground-level sampling taps were installed at various locations for both the 

630 and 1530 wind directions. For the 1530 wind direction the sampling tap 

locations are shown in Figure 3-3. For runs 50 to 79 for the 630 wind dir­

e'ctions, the tap locations are given in Figure 3-4; and for runs 80 to 91, 

the locations are given in Figure 3-5. 
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The power plant buildings were modeled from drawings supplied by 

Stearns-Roger, Inc. The model of Units 9, 10, 11, and 12 is shown in 

Figure 3-6, and associated operating parameters for all studied units 

are given in Table 3-2. 

The complete model (including the power generating plants and 

topographic relief) were placed in the Environmental Wind Tunnel shown 

in Figure 3-7 for testing of neutral flow conditions. 

3.3 Gas Tracer Technique 

• Test Procedure 

The test procedure consisted of: 1) setting the proper tunnel wind 

speed, 2) releasing a metered mixture of source gas of the required density 

(that of air) from the release stacks, 3) withdrawing samples of air from 

the tunnel at the locations designated, and 4) analyzing the samples with 

a flame ionization gas chromatograph (FIGC). Photographs of the sampling 

system and gas chromatograph are shown in Figure 3-8. The samples were 

drawn into each syringe over a 300 s (approximate) time and consecutively 

injected into the FIGC. 

The procedure for analyzing air samples from the tunnel was as follows: 

1) a 2 cc sample volume drawn from the wind tunnel is introduced into the 

flame ionization detector (FID), 2) the output from the electrometer (in 

microvolts) is sent to the Hewlett-Packard 3380 Integrator, 3) the output 

signal is analyzed by the HP 3380 to obtain the proportional amount of 

hydrocarbons present in the sample, 4) the record is integrated and the 

methane, ethane, propane, or butane concentration is appropriately deter­

mined by multiplying the integrated signal (~v-s) time by a calibration 

factor (ppm/~v-s), 5) a summary of the integrator analysis--gas retention 

time and integrated area (~v-s)--is printed out on the integrator at the 

wind tunnel, 6) the integrated values and associated run information are 
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tabulated on a form, 7) the integrated values for each tracer are key 

punched into a computer along with pertinent run information, and 8) the 

computer program converts the raw data to a normalized prototype concen-

tration (NC) and equivalent full-scale S02 concentration (Xso ) and the 
2 

results are printed out in report format (see Volume II). 

The integrated values are converted as follows: 

where 

NC 

Xso 
2 

NC 

(X)m 

(X )m 
0 

I 

I BG 

CF. 
~ 

L 

u 
IX) 

(Xo)p 

V 

The calibration 

(3.3.1) 

(3.3.2) 

normalized prototype -2 = concentration (m ) 

= [(I - IBG)CF]i 

= tracer gas source strength in ppm 

= integrated value of sample for tracer i 

= integrated value for background sample 

= calibration factor for tracer i 

= model (m) and full-scale (p) length scales 

= model (m) and full-scale (p) free stream velocities (m/s) 

= full-scale source strength (ppm) at local temperature 
and pressure 

3 
= model (m) and full-scale (p) volume flow rates (m Is) 

factor was obtained by introducing a known quantity, X , 
s 

of tracer i in the FIGC and recording the integrated value, I , in pv-s. 
s 
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The CF
i 

value is then 

CF = • 
[

Xs (ppm) 1 
i IS (llV-S) i 

Calibrations were obtained at the beginning and end of each measurement 

period. The tracer gas mixtures were supplied by Scientific Gas Products. 

• Gas Chromatograph 

The FID operates on the principle that the electrical conductivity of 

a gas is directly proportional to the concentration of charged particles 

within the gas. The ions in this case are formed by the effluent gas being 

mixed in the FID with hydrogen and then burned in air. The ions and elec-

trons formed enter an electrode gap and decrease the gap resistance. The 

resulting voltage drop is amplified by an electrometer and fed to the 

HP 3380 integrator. When no effluent gas is flowing, a carrier gas (nitro-

gen) flows through the FID. Due to certain impurities in the carrier some 

ions and electrons are formed creating a background voltage or zero shift. 

When the effluent gas enters the FID, the voltage increases above this 

zero shift in proportion to the degree of ionization or correspondingly 

the amount of tracer gas present. 1 Since the chromatograph used in this 

study features a temperature control on the flame and electrometer, there 

is very low zero drift. In case of any zero drift, the HP 3380 which inte-

grates the effluent peak also subtracts out the zero drift. 

The lower limit of measurement is imposed by the instrument sensi-

tivity and the background concentration of tracer within the air in the 

wind tunnel. Background concentrations were measured and subtracted from 

all data quoted herein. 

1 A Hewlett Packard 5700 gas chromatograph was used in this study (shown in 
in Figure 3-8). 
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o Sampling System 

The tracer gas sampling system shown in Figure 3-7 consists of a series 

of fifty 50 cc syringes mounted between two circular aluminum plates. A 

variable-speed motor raises a third plate which in turn raises alISO 

syringes simultaneously. A set of check valves and tubing are connected 

such that airflow from each tunnel sampling point passes over the top of 

each designated syringe. When the syringe plunger is raised, a sample 

from the tunnel is drawn into the syringe container. The sampling procedure 

consists of flushing (taking and expending a sample) the syringe three 

times after which the test sample is taken. The draw rate is variable and 

generally set to be approximately 300 s. 

The sampler was periodically calibrated to insure proper function of 

each of the check valve and tubing assemblies. The sampler intake was con­

nected to short sections of tygon tubing which led to a sampling manifold. 

The manifold, in turn, was connected to a gas cylinder having a known con­

centration of tracer (-200 ppm propane). The gas was turned on and a valve 

on the manifold opened to release the pressure produced in the manifold. 

The manifold was allowed to flush for -1 min. Normal sampling procedures 

were carried out to insure exactly the same procedure as when taking a 

sample from the tunnel. Each sample was then analyzed for methane, ethane, 

propane and butane. Methane, ethane and butane were analyzed to insure 

that the tygon had not absorbed these hydrocarbons and was not "gassing" 

them off. Percent error was calculated and "bad" samples (error> 2 percent) 

indicated a failure in the check valve assembly and the check valve was 

replaced or the bad syringe was not used for sampling from the tunnel. A 

typical sampler calibration is shown in Figure 3-9. 
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• Center of Mass and Variance 

The concentration data for the Atmospheric Dispersion Comparability 

Tests (ADCT) were computer processed to obtain the center of mass (z) 

and the standard deviation (0 or 0). The parameters were determined z y 

by numerically integrating the following equations over the height (and 

width, where appropriate) of the concentration profiles: 

Q' = 

z = 

2 o = 
z 

~XdZ 
0 

1 
~ 

1 
~ 

~ zXdz 

0 

~ - 2 (z - z) Xdz 

0 

(3.3.3) 

(3.3.4) 

(3.3.5) 

The numerical integration was obtained using the trapezoidal rule. 

• Averaging Time 

To determine the averaging time for the predicted concentrations 

from wind-tunnel experiments the dispersion parameters o and 0 
y z 

for the undisturbed flow in the wind-tunnel were compared to those used 

for numerical modeling studies in the atmosphere. The dispersion rates 

used in the atmosphere are referred to as the Pasquill-Gifford curves 

and are given in Turner (1970) and modified values are given in Pasquill 

(1974, 1976). The results of this comparison as discussed in Section 4 

showed that the 0 and 0 values in the wind tunnel compare (when 
y z 

multiplied by the length scaling factor 650) with those expected for 

the atmosphere. Hence, the method used for converting numerical model 

predictions to different averaging times should also be used for conver-

ting the wind-tunnel tests. 
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The EPA guideline series for evaluating new stationary sources 

(Budney, 1977) conservatively assumes that the Pasquill-Gifford cr and 
y 

cr values represent I-hour average values. To convert to a 3-hour z 

value, multiply by 0.9 ± 0.1, and if aerodynamic disturbances are a 

problem, the factor should be as high as 1. 

Generally, steady-state average concentrations measured in the 

wind tunnel are thought to correspond to a 10- or IS-minute average 

in the atmosphere (Snyder, 1979). This line of reasoning is based on 

the observed energy spectrum of the wind in the atmosphere. This 

spectrum shows a null in the frequency range from 1 to 3 cycles per 

hour. Frequencies below this null represent meandering of the wind, 

diurnal fluctuations, and passage of weather systems and cannot be 

simulated in the wind tunnel. The frequencies above this null repre-

sent the fluctuations due to roughness, buildings, and other local 

effects and are well simulated in the tunnel. This part of the spectrum 

will be simulated in the tunnel as long as the wind direction and speed 

characteristics remain stationary in the atmosphere, which is typically 

10 to 15 minutes. At many locations, however, persistent winds of 

three or more hours may occur. For these cases, the wind tunnel averaging 

time would correspond to the atmospheric averaging time. For the more 

typical cases, the wind-tunnel results would have to be corrected for 

the large-scale motion using power law relations such as given by Hino 

(1968) or Turner (1970). 



3.4 Velocity Profiles 

• General 
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A single film sensor was used to obtain profiles of mean and longi­

tudinal turbulence intensity for each series of tests. The measurements 

were performed to 1) monitor and set flow conditions, 2) document the flow 

conditions in the wind tunnel, and 3) for use in calculating surface 

roughness, power law exponent, and Reynolds stress. Instrumentation 

used for this portion of the study included 1) a Thermo-Systems, Inc. 

(TSI) 1050 series anemometer, 2) a TSI Model 1210 hot-film sensor, 

3) a type 120 Equibar pressure meter and pitot tube, and 4) a TSI 

Hodel 1125 calibrator for velocity calibration. Temperature measurements 

were obtained using the same hot-film with TSI constant current temperature 

module. The variation in wire resistance versus temperature was obtained 

prior to measurement. 

The techniques used to obtain the velocity data with this assortment 

of equipment and data processing techniques will be discussed in more 

detail. 

• Hot-film Anemometry 

The transducer used for measuring velocities for this study was a 

1210 hot-film sensor. The sensor consists of a platinum film on a single 

quartz fiber. The diameter of the sensor is 0.0025 cm. The sensor nas 

the capacity of resolving one component of velocity in turbulent flow 

fields. 

The basic theory of operation is based on the physical principle 

that the heat transfer from the wire equals the heat supplied to the wire 
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by the anemometer or in equation form (see Hinze, 1975). 

where 

= TfQ,k (T - T )Nu g w g 

I = current through wire 

k = heat conductivity of gas g 

Q, = length of wire 

T = temperature of wire w 

T = temperature of gas g 

Nu = Nusselt number = F(Re, Pr, 

Re 
ud 

= 
V g 
C 11 

Pr = .....E.:....& 
k 

g 

3 gd (T -T ) 
Gr = 

w g 

\) 2T 
g g 

d = diameter of wire 

R = operating resistance of wire w 

T -T 
Gr w g !) 

T d g 

(3.4.1) 

For most wind-tunnel applications, an empirical equation evolved by 

Kramers as reported in Hinze (1975) is adequate for representing Nu for a 

Reynolds number range 0.01 < Re < 1000, or 

Nu = 0.42 PrO. 2 + 0.56 PrO.33ReO.5 (3.4.2) 

Free convection from the wire can be neglected for Re > 0.5 when: 

Gr Pr < 10-4 

Alternately, buoyancy may be neglected when: 

Gr < Re3 

The temperature dependence of the resistance of the wire is assumed 

to follow the ensuing relation: 
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R = R [1 + b1 (T -T ) + b
2 

(T -T ) 2 + ... ] wow 0 w 0 

where b
1 

are temperature coefficients. Normally the higher order terms 

are neglected and: 

Rw = Ro[l + b1 (Tw-To)] 

Substituting the appropriate relations yields the following equation: 

where 

R -R 
w c 

R c 
= 

= 

= A + B(p u)n 
c 

resistance of wire at calibration temperature 

density of air at calibration temperature 

1TR.k 
A = b Rf 0.42(Pr)0.2 

1 0 

For this study, A, B, and n were obtained by calibrating the wire 

over a range of known velocities and determining A, B, and n by a 1east-

squares analysis. Since the calibration temperature of the wire is nearly 

equal to the temperature in the wind tunnel, no corrections for temperature 

were applied. Hence, the following equation was used to calculate the 

instantaneous velocity: 

[
12 Rw _ J1/

n 
R -R A 

w c 
= 

B 
(3.4.3) u 
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Calibration of the hot film was performed with the Model 1125 TS! 

calibrator and a type 120 Equibar pressure meter where the following 

relation applies: 

u 
JZlIPR T 

= m a 
P 

a 

A calibration was performed at the beginning of each day's measurement. 

After the wire was calibrated, the desired flow condition was set 

in the wind tunnel. The free stream velocity was monitored with the MKS 

Baratron* and pitot tube. Once the desired condition at the reference 

height was obtained, the pressure meter setting was recorded and used to 

set and monitor the tunnel conditions for all remaining tests. During all 

subsequent velocity and concentration measurements, care was taken to 

ensure the pressure meter reading remained constant. 

• Data Collection 

The manner of collecting the data was as follows: 

1. The hot-film probe was attached to a carriage. 

2. The bottom height of the profile was set to the desired 

initial height .. 

3. A vertical distribution of velocity was obtained using a 

vertically traversing mechanism which gave a voltage output 

corresponding to the height of the wire above the ground. 

4. The signals from the anemometer and potentiometer device 

indicating height were fed directly to a Hewlett-Packard 

Series 1000 Real Time Executive Data Acquisition System. 

*For the preliminary tests, a Datametric Mass Flowmeter was used. 
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5. Samples were stored digitally in the computer at a rate 

of approximately 200 samples per second, and 

6. The computer program converted each voltage into a 

velocity (m/s) using the equation: 

u 

At this point the program computes several useful quantities using the 

following equations: 

N 
I L u = u. 
N i=l 

]. 
(3.4.4) 

N 
,2 I L -2 u = (u. - u) 

N-I i=l 
]. 

(3.4.5) 

where N is the number of velocities considered (a 3D-second average was 

taken, hence, 6000 samples were obtained). The mean velocity and turbu-

lence intensity at each measurement height were stored on a file in 

addition to being returned to the operator at the wind tunnel on a remote 

terminal. 

3.5 Flow Visualization 

The purpose of this phase of the study is to visually assess the 

transport of the plumes released from the stacks. The data collected 

consist of a series of photographs of the smoke emitted from the stacks 

for the different tests. 

The smoke was produced by passing compressed air through a container 

of titanium tetrachloride located outside the wind tunnel and transported 
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through the tunnel wall by means of a tygon tube terminating at the 

stack inlets. The plume was illuminated with high intensity lamps, 

and a visible record was obtained by means of black and white photo­

graphs taken with two supergraphic cameras (lens focal length 127 mm) 

and color slides taken with a Canon Fl camera (focal length 28 mm). 

The shutter speed for the black and white photographs was 1/2 of a 

second and for the color slides 1/2 of a second. Two supergraphic 

cameras were spaced 1.91 m apart with camera axis perpendicular to the 

wind flow axis. In this manner, the complete plume trajectory out to 

6 km full-scale could be photographed. 

A series of 16 mm motion pictures was taken of all tests. A 

Bolex movie camera was used with a speed of 24 frames per second. The 

movies consisted of taking an initial close-up of the smoke release 

after which the camera was panned from the model stack(s) to approximately 

6 km downwind in the prototype. 
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4. ATMOSPHERIC DISPERSION COMPARABILITY TEST (ADCT) 

4.1 Description of Model and Tests 

For these tests, the Colorado State University Environmental Wind 

Tunnel was used. The fully developed boundary layer was simulated 

following techniques recommended by Counihan (1969). At the beginning 

of the test section, a 7.6 cm trip was positioned, followed by 2 m high 

spires to achieve maximum boundary layer thickness. The spires were 

spaced at 91.4 cm center to center. Counihan (1969) showed that with 

o semi-elliptic spires and a 6 wedge, a fully developed boundary layer 

can be achieved within five to six boundary layer heights. The spire 

trip arrangement can be seen in Figure 4-1. The desired boundary layer 

height is 92 cm (giving a 600 m full-scale simulated depth at a 1:650 

scale reduction). Hence, the boundary layer should be fully developed 

within 4.6 to 5.5 m. On the surface of the tunnel 2.54 cm high, uniformly 

spaced roughness was placed. This configuration was chosen to give a full-

scale Zo value close to 1 m. 

For the GEP tests, the stack was to be positioned approximately 10 m 

downwind of the spires. Hence, velocity and concentration measurements 

were taken for the ADCT relative to this location. The stack for the ADCT 

was 15.4 cm high with an 0.77 cm inside diameter. The exit velocity was 

always set to be 1.5 times the exit velocity at stack top. 

Vertical and lateral profiles of concentration through the plume 

centerline at quarter intervals between the source and the planned 

study area were obtained. The vertical profiles were repeated for three 

wind speeds to check Reynolds number independence of the results and the 

invariability of the results with different test conditions. 



25 

Ground level concentrations were taken to compare with the standard 

Gaussian diffusion equation. 

4.2 Vertical Profile of Mean Temperature 

One vertical profile of the mean temperature T(OK) was taken at the 

stack location for the tunnel setup discussed in Section 4.1. The mean 

temperature profile shown in Figure 4-2a indicates a highly uniform 

isothermal layer representative of a neutral atmosphere. 

4.3 Vertical Profile of Intensity of Turbulent Temperature Fluctuations 

One vertical profile of intensivy of turbulent temperature fluctua­

tions was taken at the stack location and is shown in Figure 4-2b. 

Temperature fluctuations are on the order of 0.1 percent or less. The 

distribution of turbulent temperature fluctuations is shown to be uniform 

and low throughout the layer indicative of a neutral boundary layer. 

4.4 Vertical Profiles of Mean Velocity 

Three velocity profiles shown in Figure 4-3a were taken at the stack 

location to test for Reynolds number independence. The velocity profiles 

at free stream velocities of 83.1, 214.3, and 327.0 cm/s show no significant 

dependence over the range of Reynolds numbers used in these tests. 

4.5 Vertical Profiles of Turbulence Intensity 

Associated with the mean velocity profiles discussed above are 

corresponding vertical profiles of longitudinal turbulence intensity. The 

three turbulence intensity profiles taken at the stack location for free 

stream velocities of 83.1, 214.3, and 327.0 cm/s show no significant change, 

indicating that Reynolds number independence was achieved. 

No measurements of vertical turbulence intensity were taken during this 

testing. 
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4.6 Evaluation of Mean Velocity Profiles 

The surface roughness factor (zo), displacement height (d), friction 

velocity (u*), turbulent Reynolds number (Rez ), power law exponent (n), o 

and corresponding rms errors for the logarithmic and power law regressions 

--ezo and en respective1y--were determined for each profile by fitting the 

data by a least-squares formula using the following basic equations: 

and 

u 2.5 R.n z-d 
u* = Zo for d < z < 100 m + d 

for 

The results are given in Table 4-1. From the table average values of 1.587 

cm and 0.28 for Zo and n are observed. u* The average ratio of -- = 0.129. uoo 

The computed estimates of Rez range from 183. to 330.--well above the 
o 

critical value of 2.5 to insure fully turbulent flow. 

If Zo is scaled to full scale, a value of 10.3 m is obtained. 

u*2 
Counihan (1975) presents the following formula for computing ~ from zo: 

uoo 

u* This gives a value of 0.068 for the expected --. From Table 4-1, the 
uoo 

u* value of -- is 0.129 in poor agreement with expectation. Counihan's (1975) uoo 

results showed large scatter, however, and few results are available 

for field Zo of 10 m. The expected power law index can be predicted from 

Counihan (1975) as follows: 

n = 0.096 loglO Zo + 0.016 (loglO zo)2 + 0.24 

which gives an expected n of 0.26 in comparison to an average observed 

value of 0.28--good agreement. The boundary thickness observed in all 

profiles present a range between 50 and 70 cm. The desired thickness is 

92 cm to simulate a 600 m full-scale value. 
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4.7 Horizontal and Vertical Concentration Distributions 

Figures 4-4 to 4-6 show the vertical concentration distributions 

for respective free stream velocities of 1, 2, and 3 m/s. Also tabulated 

in the figures are the crz and z values computed by integration as 

described in Section 3.3 as well as the downwind and lateral distance. 

The horizontal concentration distributions are shown in Figure 4-7. All 

dimensions are given in prototype values. 

4.8 Ground-Level Longitudinal Profile 

As another test of the similarity of the wind tunnel and atmospheric 

dispersion in the absence of buildings or other large roughness features, 

ground-level measurements of concentration in the tunnel were made 

downwind of the 15.4 em (100 m full-scale) stack. The ground sampling 

grid for the cases with a wind speed of 1.0, 2.0, and 3.0 mls is shown 

in Figure 4-8. 
XUa 

Figure 4-9 shows the maximum -q- at each horizontal array location 

plotted versus downwind distance. For comparison the Pasquill-Gifford 

C and D curves from Turner (1970) are plotted. For all plots and ex-

perimental data, h is assumed to be 100 m--the height of the stack. 

This is approximately true since the exit velocity is 1.5 times the 

ambient velocity at stack top. From the figure it is evident that the 

observed concentrations are higher than either of the Pasquill C or D 

curves. The implications of this result will be discussed in the next 

section. 

4.9 Evaluation of Dispersion Comparability 

To determine whether the wind-tunnel dispersion parameters (cry and crz ) 

agree with those for the atmosphere, the vertical and horizontal concentration 

profiles were analyzed to determine cry and crz as discussed in Section 3.3. 
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The model values were then scaled to the prototype values by mUltiplying 

by the length scaling factor of 650. 

The atmospheric values for cry and crz are often assumed to follow 

the Pasquill-Gifford curves as given in Turner (1970). However, 

Pasquill (1974, 1976) has recommended a different method for computing 

these parameters. For cry Pasquill recommends the following formula for 

sampling times up to one hour: 

= iyxf(x) 

where f(x) is defined as follows: 

x(km) 0.1 0.2 0.4 1.0 2.0 4.0 

f(x) 0.8 0.7 0.65 0.6 0.5 0.4 

He gives the following equations for cr : 
z 

crz = 0.038xO. 72 for Zo = 10 cm 

and crz = 0.050xO. 68 for Zo = 100 cm 

where x is in km and the constants were derived from Pasquill (1974) 

for the indicated surface roughness. 

Figure 4-10 shows the expected cry dispersion rates for the 

atmosphere with iy equal to 0.14 in comparison to that observed in the 

wind tunnel. As can be seen, the results from the wind tunnel seem to 

follow the curve for iy = 0.14 quite closely. In close the observed 

values are higher than the calculated curve while at the far distance 

the values are slightly lower. In general, the results tend to confirm 

that the horizontal dispersion is similar to the atmosphere for a iy = 0.14. 

The iy value was not measured for the tests, but the ix was. From Figure 

4-3 it is evident that ix = 0.18 at stack top. Counihan (1975) reports 

that a typical ratio of ix to iy is 1.37. Using this ratio, an estimated 
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value of i = 0.13 for the wind tunnel. This agrees well with the value y 

determined to give a good fit to the dispersion results. 

Figure 4-11 shows the crz values observed in the wind tunnel in 

comparison to those predicted for a surface roughness of 10 to 100 cm. 

In general, the results tend to fall above the 100 cm line suggesting 

that the roughness is more than 100 cm. At the farthest distance, the 

Oz values are between the 10 and 100 cm surface roughness curves. In 

general, the results of both curves suggest that the dispersion in the 

wind tunnel is similar to the atmosphere for a surface roughness greater 

than 100 cm and a iy of 0.14. 

The EPA recommends (Huber, 1979) that the wind tunnel be shown to 

be comparable with Pasquill-Gifford C and D curves. These curves were 

developed assuming Zo = 3 cm and iy = 0.17 and 0.26 respectively. It is 

evident that the major reason for the disagreement between the observations 

discussed in 4.9 and the Pasquill C and D curves in Figure 4-9 are the 

assumed values for Zo and i y • The iy values in Turner are higher than 

often observed for neutral conditions. Pasquill (1974) reports on data 

collected at Porton, England, where iy ranged from 0.08 to 0.28. The 

value of iy increased with increasing instability. Low values were for 

neutral stability. Also shown in Figure 4-9 is a comparison of the 

observed X~a with that predicted using the cry variation for iy = 0.14, 

the crz values for a 100 cm roughness, and the following equation: 

XUa 1 [- ~ (a:) 2] = exp 
Q 7Tcryoz 
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As can be seen, the wind-tunnel data agree acceptably with this pre­

diction. Hence, the ground-level results in the wind-tunnel can be 

said to be representative of a neutral atmosphere if the neutral 

atmosphere has a iy of 0.14 and the surface roughness is close to 100 cm. 



31 

5. TESTS FOR THE 630 WIND DIRECTION 

5.1 Description of the Model and Tests 

For the 630 wind direction, the region shown in Figure 3-1 was 

modeled. For "terrain inn runs, the entire model was placed in the wind 

tunnel test section. The spire-trip arrangement was identical to the 

arrangement described in Section 4.1. The only change made in the "terrain 

out" runs was the replacement of the terrain upwind of the power plant by 

roughness elements as shown in Figure 5-1. 

5.2 Vertical Profiles of Mean Velocity 

• No Upwind Terrain 

Three vertical profiles of mean velocity were taken at increasing 

distances downwind of the stack. Table 5-1 contains the locations and 

identifying names of the profiles used in the associated graph. This 

table also contains the parameters of the best fit curves described in 

Section 4.6. 

The profiles are graphed in Figure 5-2. As the distance downwind 

increases the relative wind speed increases near ground level. The 

boundary layer appears to extend to 60-100 cm. 

• Upwind Terrain Present 

Three vertical profiles of mean velocity were taken with the upwind 

terrain in place. The profile identifications, location, and curve fitting 

parameters are given in Table 5.2. The profiles are plotted in Figure 

5-3. The only independent parameter not held constant in these profiles 

was the free stream velocity. The relative velocity is invariant above 

a height of 80-100 cm. This implies the boundary layer extends to this 

height at the stack. This agrees with the desired height of 90 cm 

discussed in Section 4.1. 
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5.3 Vertical Profiles of Turbulence Intensity 

• No Upwind Terrain 

Associated with the velocity profiles discussed in Section 5.2 are 

vertical profiles of longitudinal turbulence intensity. The profiles 

are shown in Figure 5-2. As distance downwind increases, the turbulence 

intensity near ground level increases. 

• Upwind Terrain Present 

Turbulence intensity profiles in this case are given in Figure 5.3. 

The invariance of the profiles with increasing wind speed demonstrates 

Reynolds number independence over the range of speeds studied. 

5.4 Ground-Level Concentration Measurements 

For these tests a tracer was released from various stacks. The stacks 

employed in each run are listed in the Table of Contents of Volume II and 

Table 3-1. 

The profiles of maximum measured concentration downwind of the 

release point are shown in Figures 5-4 to 5-11 for selected test results. 

The profiles are presented for both the terrain in and terrain out cases 

on the same graph for ease of comparison. The peak values and associated 

distances downwind are given in Table 5-3. For a 21 cm (136.5 m) stack, 

the addition of the upwind terrain consistently moved the peak concentration 

toward the stack. For example, at Unit 9 the peak moved from more than 

7.1 m (4.6 km) without the terrain present to 1.8 m (1.2 km) with the 

terrain (see Figure 5-4). Similar results can be observed for units 10, 

11, and 12 in Figures 5-5 to 5-7, respectively. 

At reduced free stream velocities, the peaks occur farther downwind. 

This can be seen in Figure 5-6 for Unit 11. The peaks without the upwind 

terrain occur at 7.1 m, 4.9 m, and 4.9 m (4.6 km, 3.2 km, and 3.2 km) 
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for respective windspeeds of 1.5 mis, 3.0 mls and 4.5 mls (9.1 mis, 18.1 

mls and 27.2 m/s) while the distances downwind when the upwind terrain is 

present are 2.3 m, 2.0 m and 2.0 m (1.5 km, 1.3 km and 1.3 km). At Unit 

12 the peaks move from 5.8 m (3.8 km) to 2.2 m (1.4 km), Figure 5-7. 

Also note that the magnitudes of the peak values for Units 11 and 12 

are significantly higher when the upwind terrain is included. 

If all stack heights are increased to 28 cm (182 m), the peaks occur 

farther downwind and are smaller. The effect of including the upwind 

terrain still decreases the distance downwind to the peaks. For example, 

at Unit 9, Figure 5-8, the peak moves from 5.8 m (3.8 km) to 1.8 m (1.2 

km); similarly for Units 10 to 12 in Figures 5-8 to 5-11. The reduction 

in the magnitude of the peak farther downwind is more noticeable when 

the stack is increased from 21 cm to 28 cm. The results for Units 11 

and 12 (Figures 5-9 and 5-10) show that the peaks are beyond the sample 

grid -- 6.9 m (4.5 km) downwind of the stack -- when terrain is absent. 

When the upwind terrain was included the peaks occurred 1 to 2 m (.6 to 

1.3 km) downwind of the source. 

5.5 Flow Visualization 

The visualization of plume dispersion was performed to qualitatively 

assess the downwash effects of the upwind terrain. Figures 5-12 and 5-13 

show the visualization with and without upwind terrain for representative 

test cases. The terrain causes the plume to be mixed to the ground more 

quickly and spreads it more in the vertical. The increase in stack 

height tends to maintain the plume above the ground for a longer time. 

This can be seen by comparing Figures 5-12 a) and 5-13 a). These results 

agree qualitatively with those obtained by concentration measurements. 
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6. TESTS FOR THE 1530 WXND DIRECTION 

6.1 Description of the Model and Tests 

For the 1530 wind direction the region shown in Figure 3-1 was modeled. 

The test runs are similar to those taken for the 630 wind direction. Tests 

were run with and without the upwind terrain present. When the upwind 

terrain was removed a smooth approach was put in place. A photograph of 

the tunnel set-up with the terrain is shown in Figure 6-1. 

6.2 Vertical Profiles of Mean Velocity 

• No Upwind Terrain 

Four vertical profiles of mean velocity were taken, two downwind and 

two lateral to the stack location as shown in Figure 6-2. Table 6-1 con­

tains the locations and the names of the profiles used in subsequent graphs. 

This table also contains the parameters of the best fit curves described 

in Section 4.6. 

The profiles taken downwind of the stack at two wind speeds are com­

pared in Figure 6-3 and are very similar for both wind speeds. The profiles 

at two wind speeds taken lateral to the stack over the ocean are compared 

in Figure 6-4 and are almost identical to each other. All four profiles 

are compared in Figure 6-5. 

• Upwind Terrain Present 

Ten vertical profiles of mean velocity were taken when the upwind 

terrain was in place. For a list of profile identifications, locations, 

and curve fitting parameters see Table 6-2 and Figure 6-2. 

The profiles lateral to the stack over the ocean are compared in 

Figure 6-6 for various wind speeds and downwind locations. The profiles 

taken upwind of the power plants under study, shown in Figure 6-7, also 

show an invariance with wind speed and a decrease in velocity near the 

surface due to the upwind topography. 
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Comparing the profiles across the tunnel, Figure 6-8 shows variation 

in the wind speeds near ground level. This is a terrain-induced varia­

tion. Similarly, as the distance downwind of the stack increases, the 

terrain induces variations in the relative velocities at reduced heights. 

As seen in Figure 6-9, the difference extends to approximately 60 cm. 

6.3 Vertical Profile of Turbulence Intensity 

• No Upwind Terrain 

Associated with the mean velocity profiles discussed in Section 6.2 

are corresponding vertical profiles of longitudinal turbulence intensity. 

The four profiles taken with no upwind terrain, compared in Figures 6-3 

and 6-4 are independent of wind velocity which implies Reynolds number 

independence. The profiles in Figure 6-5 show a fairly homogeneous 

boundary layer. 

• Upwind Terrain Present 

Turbulence intensity profiles in this case are given in Figures 6-6 

to 6-9. In general, the turbulence intensity near ground level has in­

creased downwind of the stack. This shows the effect of the local terrain 

on the flow field. The turbulence intensity has nearly doubled near ground 

level with the inclusion of the upwind terrain. 

6.4 Ground Level Concentration Measurements 

For these tests, a tracer was released from various stacks. The 

stacks used in each run are listed in the Table of Contents of Volume II 

and Table 3-4. The data obtained from the measurements are also given in 

Volume II. 

The profiles of maximum concentration downwind of the release point 

are shown in Figures 6-10 to 6-19. The profiles are presented with both 

the terrain-in and terrain-out in a single graph for comparison. 
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The first series of profiles are for a 2 em (136.5 m) stack with 

a 141 MW output. The peaks, similar to the results for the 630 wind 

direction, move toward the stack when the upwind terrain is added. 

For Unit 9, without terrain, the peaks occurred beyond the grid. 

When the terrain was included, the peaks were found between 0.8 and 2 

km (Figure 6-10). For Unit 10 (Figure 6-11), the only peak within the 

sample region was found for a 3.0 mls wind velocity with the terrain in. 

The peak occurred 1.3 km downwind of Unit 10. 

The peaks for both terrain in and out occurred within the sampling 

grid for Units 11 and 12, Figures 6-12 and 6-13. The concentrations 

were found to be higher when the upwind terrain was excluded. The 

inclusion of the terrain moved the peaks from beyond 2 km downwind to 

within 1.5 km of the release point. 

When the stacks are increased to 28 cm (182 m), the peak 

concentrations occur farther downwind. In all cases, the terrain-in 

concentrations are found to be larger than the terrain-out concentrations, 

however, in no case was the peak found for the terrain-out case. See 

Figures 6-14 to 6-17. 

In Figures 6-18 and 6-19, the results for Unit 9 with a 90 MW 

output are shown. With the 21 cm {136.5 m} and 28 cm {182 m} stacks, 

the distances downwind to the peaks lie at 1.4 km and 1.9 km respectively 

for all the different wind speeds with the terrain in; the distance for 

the terrain-out peaks lies near 2.2 km for both cases. 

6.5 Flow Visualization 

The visualization of plume dispersion was performed to qualitatively 

assess the effects of the upwind terrain on the plume's dispersion 
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characteristics. Figures 6-20 and 6-21 show the visualization with 

and without upwind terrain for representative test cases. Addition 

of the terrain clearly enhances the dispersion of the plume as shown 

in Figures 6-20 and 6-21. In addition, an increase in plume rise is 

noticed with the upwind terrain present. 
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TABLES 



Table 3.1. Model and Prototype Parameters for Each Test. 

Model 

Wind Dir. Free Vo1.Flow S.Strcngth Release Stack ,To1.F1ow Run Mt.J'/Unit Stream x10-3 Dia. Terrain 
(rn/s) (m3/s) xl04 (ppm) lit. (cm) 

(em) (r.13 / s) 

7 141/9 1530 /IN 1.5 0.190 15 21 .55 235.92 
141/10 1.5 0.190 10 21 .55 242.57 
141/11 1.5 0.190 10 21 .55 242.57 

8 141/9 1.5 0.095 15 21 .55 235.97 
141/10 1.5 0.095 10 21 .55 235.97 
141/11 1.5 0.095 10 21 .55 242.57 
141/12 1.5 0.095 10 21 .55 242.57 

9 141/9 3.0 0.095 15 21 .55 235.97 
141/10 3.0 0.095 10 21 .55 235.97 
141/11 3.0 0.095 10 21 .55 242.57 
141/12 3.0 0.095 10 21 .55 242.57 

10 141/9 4.5 0.095 15 21 .55 235.97 
141/10 4.5 0.095 10 21 .55 235.97 
141/11 4.5 0.095 10 21 .55 242.57 
141/12 4.5 0.095 10 21 .55 242.57 

11 141/9 1.5 0.095 15 28 .55 235.97 
141/10 1.5 0.095 10 28 .55 235.97 
141/11 1.5 0.095 10 28 .55 242.57 
141/12 1.5 0.095 10 28 .55 242.57 

12 141/9 3.0 0.095 15 28 .55 235.97 
141/10 3.0 0.095 10 28 .55 235.97 
141/11 3.0 0.095 10 28 .55 242.57 
141/12 3.0 0.095 10 28 .55 242.57 

13 141/9 4.5 0.095 15 28 .55 235.97 
141/10 4.5 0.095 10 28 .55 235.97 
141/11 4.5 0.095 10 28 .55 242.57 
141/12 4.5 0.095 10 28 .55 242.57 

Prototype 

S.Strength 
(ppm) 

33.64 
51.20 
51.20 

33.64 
33.64 
51.20 
51.20 

33.64 
33.64 
51.20 
51.20 

33.64 
33.64 
51.20 
51.20 

33.64 
33.64 
51.20 
51.20 

33.64 
33.64 
51.20 
51.20 

33.64 
33.64 
51.20 
51.20 

Free Stream 
(m/s) 

4.41 
4.41 
4.41 

8.82 
8.82 
9.07 
9.07 

17.64 
17.64 
18.13 
18.13 

26.46 
26.46 
27.20 
27.20 

8.82 
8.92 
9.07 
9.07 

17.64 
17.64 
18.13 
18.13 

26.46 
26.46 
27.20 
27.20 

~ 
N 



Model 

Wind Dir. Free Vol. Flow S.Strength Run MW/Unit Stream x10-3 
Terrain (m/s) (m3/s) 

x104 (ppm) 

14 60/12 1.5 0.0417 10 
15 60/12 3.0 0.0417 10 
16 60/12 4.5 0.0417 10 

14 70/13 1.5 0.3167 15 
15 70/13 3.0 0.3167 15 
16 70/13 4.5 0.3167 15 

14 22/14 1.5 0.534 10 
15 22/14 3.0 0.534 10 
16 22/14 4.5 0.534 10 

17 60/12 (missing) 
18 60/12 " 
19 60/12 n 

20 90/12 1.5 0.070 10 
21 90/12 3.0 0.070 10 
22 90/12 4.5 0.070 10 

20 40/14 1.5 0.0617 15 
21 40/14 3.0 0.0617 15 
22 40/14 4.5 0.0617 15 

23 90/12 1.5 0.070 15 
24 90/12 3.0 0.070 15 
25 90/12 4.5 0.070 15 

26 170/12 (missing) 
27 170/12 If 

28 170/12 " 
29 170/12 1.5 0.1417 15 
30 170/12 3.0 0.1417 15 
31 170/12 4.5 0.1417 15 

Release Staek Vo1.F1ow Dia. Ht. (em) (em) (m3/s) 

21 .38 111.3 
21 .38 111.3 
21 .38 111.3 

3.45 .93 749.00 
3.45 .93 749.00 
3.45 .93 749.00 

3.85 .41 124.27 
3.85 .41 124.27 
3.85 .41 124.27 

21 .47 154.19 
21 .47 154.19 
21 .47 154.19 

4.80 .70 138.61 
4.80 .70 138.61 
4.80 .70 138.61 

28 .47 154.19 
28 .47 154.19 
28 .47 154.19 

28 .63 292.40 
28 .63 292.40 
28 .63 292.40 

Prototype 

S.Strength 
(ppm) 

33.64 
33.64 
33.64 

16.46 
16.46 
16.46 

21.35 
21.35 
21.35 

33.64 
33.64 
33.64 

22.56 
22.56 
22.56 

33.64 
33.64 
33.64 

51.20 
51.20 
51.20 

Free Stream 
(m/s) 

9.48 
18.95 
28.43 

8.40 
16.79 
25.19 

8.26 
16.52 
24.79 

7.82 
15.64 
23.46 

7.98 
15.95 
23.93 

7.82 
15.64 
23.46 

7.33 
14.65 
21.98 

I 

.f::'­
W 



Model 

Wind Dir. Free Vol. Flow S.Strength Run MW/Unit Terrain Stream x10-3 
x104 (ppm) 

(m/s) (m3/s) 

32 223/12 1.5 0.1533 15 
33 223/12 3.0 0.1533 15 
34 223/12 4.5 0.1533 15 

35 223/12 1.5 0.1533 15 
36 223/12 3.0 0.1533 15 
37 223/12 4.5 0.1533 15 

38 141/9 1530 /0UT 1.5 0.095 15 
141/10 1.5 0.095 10 
141/11 1.5 0.095 10 
141/12 1.5 0.095 10 

39 141/9 3.0 0.095 15 
141/10 3.0 0.095 10 
141/11 3.0 0.095 10 
141/12 3.0 0.095 10 

40 141/9 4.5 0.095 15 
141/10 4.5 0.095 10 
141/11 4.5 0.095 10 
141/12 4.5 0.095 10 

41 141/9 1.5 0.095 15 
141/10 1.5 0.095 10 
141/11 1.5 0.095 10 
141/12 1.5 0.095 10 

42 141/9 3.0 0.095 15 
141/10 3.0 0.095 10 
141/11 3.0 0.095 10 
141/12 3.0 0.095 10 

43 141/9 4.5 0.095 15 
141/10 4.5 0.095 10 
141/11 4.5 0.095 10 
141/12 4.5 0.095 10 

Release Stack Vo1.F1ow 
Ht(cm) Dia. (m3/s) (em) 

21 .70 434.29 
21 .70 434.29 
21 .70 434.29 

28 .70 434.29 
28 .70 434.29 
28 .70 434.29 

21 .55 235.97 
21 .55 235.97 
21 .55 242.57 
21 .55 242.57 

21 .55 235.97 
21 .55 235.97 
21 .55 242.57 
21 .55 242.57 

21 .55 235.97 
21 .55 235.97 
21 .55 242.57 
21 .55 242.57 

28 .55 235.97 
28 .55 235.97 
28 .55 242.57 
28 .55 242.57 

28 .55 235.97 
28 .55 235.97 
28 .55 242.57 
28 .55 242.57 

28 .55 235.97 
28 .55 235.97 
28 .55 242.57 
28 .55 242.57 

Prototype 

S.Strength 
(ppm) 

51.20 
51.20 
51.20 

51.20 
51.20 
51.20 

33.64 
33.64 
51.20 
51.20 

33.64 
33.64 
51.20 
51.20 

33.64 
33.64 
51.20 
51.20 

33.64 
33.64 
51.20 
51.20 

33.64 
33.64 
51.20 
51.20 

33.64 
33.64 
51.20 
51.20 

Free Stream 
(m/s) 

10.06 
20.12 
30.17 

10.06 
20.12 
30.17 

8.82 
8.82 
9.07 
9.07 

17.64 
17.64 
18.13 
18.13 

26.46 
26.46 
27.20 
27.20 

8.82 
8.82 
9.07 
9.07 

17.64 
17.64 
18.13 
18.13 

26.46 
26.46 
27.20 
27.20 

I 

I 

J 

~ 
~ 



Model 

Wind Dir. Free Vol. Flow S.Szrength Run MW/Unit Stream x10-3 
Terrain (m/s) (m3/s) x10 (ppm) 

44 90/12 1.5 0.070 15 
45 90/12 3.0 0.070 15 
46 90/12 4.5 0.070 15 

47 90/12 1.5 0.070 15 
48 90/12 3.0 0.070 15 
49 90/12 4.5 0.070 15 

50 141/9 0630 /IN 1.5 0.095 16 
141/10 1.5 0.095 10 
141/11 1.5 0.095 10 
141/12 1.5 0.095 4 

51 141/9 3.0 0.095 16 
141/10 3.0 0.095 10 
141/11 3.0 0.095 10 
141/12 3.0 0.095 4 

52 141/9 4.5 0.095 16 
141/10 4.5 0.095 10 
141/11 4.5 0.095 10 
141/12 4.5 0.095 4 

53 141/9 1.5 0.095 16 
141/10 1.5 0.095 10 
141/11 1.5 0.095 10 
141/12 1.5 0.095 4 

54 141/9 3.0 0.095 16 
141/10 3.0 0.095 10 
141/11 3.0 0.095 10 
141/12 3.0 0.095 4 

'- i..--- -

Release Staek Vol. Flow Dia. Ht. (em) (em) (m3/s) 

21 .47 154.19 
21 .47 154.19 
21 .47 154.19 

28 .47 154.19 
28 .47 154.19 
28 .47 154.19 

21 .55 235.97 
21 .55 235.97 
21 .55 242.57 
21 .55 242.57 

21 .55 235.97 
21 .55 235.97 
21 .55 242.57 
21 .55 242.57 

21 .55 235.97 
21 .55 235.97 
21 .55 242.57 
21 .55 242.57 

28 .55 235.97 
28 .55 235.97 
28 .55 242.57 
28 .55 242.57 

28 .55 235.97 
28 .55 235.97 
28 .55 242/57 
28 .55 242.57 

Prototype 

S.Strength 
(ppm) 

33.64 
33.64 
33.64 

33.64 
33.64 
33.64 

33.64 
33.64 
51.20 
51.20 

33.64 
33.64 
51.20 
51.20 

33.64 
33.64 
51.20 
51.20 

33.64 
33.64 
51.20 
51.20 

33.64 
33.64 
51.20 
51.20 

Free Stream 
(m/s) 

7.82 
15.64 
23.46 

7.82 
15.64 
23.46 

8.82 
8.82 
9.07 
9.07 

17.64 
17.64 
18.13 
18.13 

26.46 
26.46 
27.20 
27.20 

8.82 
8.82 
9.07 
9.07 

17.64 
17.64 
18.13 
18.13 

.;-. 
V1 



Model 

Wind Dir. Free Vo1.F1ow S.Strength 
Run MW/Unit Stream x10-3 

Terrain (m/s) (m3/s) 
x104 (ppm) 

55 141/9 4.5 0.095 16 
141/10 4.5 0.095 10 
141/11 4~5 0.095 10 
141/12 4.5 0.095 4 

56 60/12 1.5 0.0417 16 
57 60/12 3.0 0.0417 16 
58 60/12 4.5 0.0417 16 

56 70/13 1.5 0.3167 10 
57 70/13 3.0 0.3167 10 
58 70/13 4.5 0.3167 10 

56 22/14 1.5 0.0534 10 
57 22/14 3.0 0.0534 10 
58 22/14 4.5 0.0534 10 

62 90/12 1.5 0.070 10 
63 90/12 3.0 0.070 10 
64 90/12 4.5 0.070 10 

62 40/14 1.5 0.0617 16 
63 40/14 3.0 0.0617 16 
64 40/14 4.5 0.0617 16 

65 90/12 1.5 0.070 15 
66 90/12 3.0 0.070 15 
67 90/12 4.5 0.070 15 

68 170/12 1.5 0.1417 16 
69 170/12 3.0 0.1417 16 
70 170/12 4.5 0.1417 16 

71 170/12 1.5 0.1417 15 
72 170/12 3.0 0.1417 15 
73 170/12 4.5 0.1417 15 

Release Staek Vol. Flow Dia. Ht. (em) (em) (m3/s) 

28 .55 235.97 
28 .55 235.97 
28 .55 242.57 
28 .55 242.57 

21 .38 111.3 
21 .38 111.3 
21 .38 111.3 

3.45 .93 749.00 
3.45 .93 749.00 
3.45 .93 749.00 

3.85 .41 124.27 
3.85 .41 124.27 
3.85 .41 124.27 

21 .47 154.19 
21 .47 154.19 
21 .47 154.19 

4.80 .70 138.61 
4.80 .70 138.61 
4.80 .70 138.61 

28 .47 154.19 
28 .47 154.19 
28 .47 154.19 

21 .63 292.40 
21 .63 292.40 
21 .63 292.40 

28 .63 292.40 
28 .63 292.40 
28 .63 292.40 

Prototype 

S.Strength 
(ppm) 

33.64 
33.64 
51.20 
51.20 

33.64 
33.64 
33.64 

16.46 
16.46 
16.46 

21.35 
21.35 
21.35 

33.64 
33.64 
33.64 

22.56 
22.56 
22.56 

33.64 
33.64 
33.64 

51.20 
51.20 
51.20 

51.20 
51.20 
51.20 

Free Stream 
(m/s) 

26.46 
26.46 
27.20 
27.20 

9.48 
18.95 
28.43 

8.40 
16.79 
25.19 

8.31 
16.62 
24.93 

7.82 
15.64 
23.46 

7.98 
15.95 
23.93 

7.82 
15.64 
23.46 

7.33 
14.65 
21.98 

7.33 
14.65 
21.98 

J:-. 
Q'\ 



Model 

Wind Dir. Free Vol. Flow S.Strength Run MW/Unit Stream x10-3 
Terrain (m/s) (m3/s) x104 (ppm) 

74 223/12 1.5 0.1533 15 
75 223/12 3.0 0.1533 15 
76 223/12 4.5 0.1533 15 

77 223/12 1.5 0.1533 16 
78 223/12 3.0 0.1533 16 
79 223/12 4.5 0.1533 16 

80 141/9 063 % UT 1.5 0.095 15.6 
141/10 1.5 0.095 10 

81 141/9 3.0 0.095 15.6 
141/10 3.0 0.095 10 

82 141/9 4.5 0.095 15.6 
141/10 4.5 0,095 10 

83 141/9 1.5 0.095 16 
141/10 1.5 0.095 10 

84 141/9 3.0 0.095 15.6 
141/10 3.0 0.095 10 

85 141/9 4.5 0,,095 15.6 
141/10 4,5 0.095 10 

86 141/11 1.5 0,095 16 
90/12 1.5 0.070 10 

87 141/11 3.0 0.095 16 
90/12 3.0 0.070 10 

88 141/11 4.5 0.095 16 
90/12 4.5 0.070 10 

89 141/11 1.5 0.095 16 
90/12 1.5 0.070 10 

Release Staek Vo1.F1ow Dia. Ht. {em} (em) (m3/s) 

21 .70 434.29 
21 .70 434.29 
21 .70 434.29 

28 .70 434.29 
28 .70 434.29 
28 .70 434.29 

21 .55 235.97 
21 .. 55 235.97 

21 .55 235.97 
21 .55 235.97 

21 .55 235.97 
21 .55 235.97 

28 .55 235.97 
28 .55 235.97 

28 .55 235.97 
28 .55 235.97 

28 .55 235.97 
28 .55 235.97 

21 .55 242.57 
21 .47 154.19 

21 .55 242.57 
21 .47 154.19 

21 .55 242.57 
21 .47 154.19 

28 .55 242.57 
28 .47 154.19 

---

Prototype 

S.Strength 
(ppm) 

51.20 
51.20 
51.20 

51.20 
51.20 
51.20 

33.64 
33.64 

33.64 
33.64 

33.64 
33.64 

33.64 
33.64 

33.64 
33.64 

33.64 
33.64 

51.20 
33.64 

51.20 
33.64 

51.20 
33.64 

51.20 
33.64 

Free Stream 
(m/s) 

10.06 
20.12 
30.17 

10.06 
20.12 
30.17 

8.82 
8.82 

17.64 
17.64 

26.46 
26.46 

8.82 
8.82 

17.64 
17.64 

26.46 
26.46 

9.07 
7.82 

18.13 
15.64 

27.20 
23.46 

9.07 
7.82 

.p.. 
-....,J 



Model 

Wind Dir. Free Vol.Flow S.Strength Run MW/Unit Stream x10-3 
Terrain (m/s) (m3/s) x104 (ppm) 

90 141/11 3.0 0.095 16 
90/12 3.0 0.070 10 

91 141/11 4.5 0.095 16 
90/12 4.5 0.070 10 

Release Stack Vol.Flow Dia. Ht. (em) (em) (m3/s) 

28 .55 242.57 
28 .47 154.19 

28 .55 242.57 
28 .47 154.19 

Prototype 

S.Strength 
(ppm) 

51.20 
33.64 

51.20 
33.64 

---~.- ......... -...... --..... - .. ~ .. --

Free Stream 
(m/s) 

18.13 
15.64 

27.20 
23.46 

+:-­
C» 
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Table 3-2. Full-Scale Test Parameters for Kahe Power Plant Study 

s02 S02 
Volume Source Emission Stack Exit 

Unit/MW/Type Flow Strength Rate Diameter Temperature 
(m3/s) (ppm) (g/s) (m) (OK) 

9/141/0i1 235.97 33.64 21.12 3.58 355.3 

10/141/0i1 235.97 33.64 21.12 3.58 355.3 

11/141/Coa1 242.57 51.20 33.05 3.58 355.3 

12/141/Coa1 242.57 51.20 33.05 3.58 355.3 

12/60/0i1 111.30 33.64 9.97 2.47 355.3 

12/90/0i1 154.19 33.64 13.80 3.06 355.3 

12/170/Coa1 292.40 51.20 39.84 4.10 355.3 

12/223/Coa1 434.29 51.20 59.17 4.55 355.3 

13/70/Gas Turbine 749.00 16.46 30.32 6.37 799.8 

14/22/Diese1 124.27 21.35 7.06 2.87 588.6 

14/40/Diese1 138.61 22.56 8.32 2.89 621.9 



Table 4-1. Summary of Mean Velocity Profile Data for Reynolds Number Independence Test 

z * u* 
File x y z 0 u d Re u - e e 
Name (em) (em) (em) (em) (em/s) (em) z n (em's) 

u n z 
0 00 0 

KAHE 5 0 0 0 2.3119 13.526 -4.0500 208.472 0.2659 85.94 0.1574 7.254 2.423 

KAHE6 0 0 0 1.1686 23.512 -2.0000 183.174 0.2911 214.32 0.1097 14.408 4.678 V1 
0 

KAHE 7 0 0 0 1.2556 39.434 -1.9250 330.089 0.2893 327.00 0.1206 26.597 8.923 



Table 5-1. Summary of Mean Velocity Profile Data With No Upwind Terrain Present and Mean Wind from 63° 

File 
Name 

z * x y z 0 u d Re n u 
(~m1_{~mJ __ (~lll>- (~m) ____-<clll/st (cm) z 0 (cmi s) 

u* 
uO) 

e 
n 

e z 
o 

KAHE 30 o o 0.94 1.4754 43.610 -2.4500 428.95 0.2436 307.69 0.1417 26.681 9.103 

KAHE 31 304 • 8 

KAHE 32 579.1 

o 

o 

o 0.0046 10.990 -1.0438 

o 0.0007 10.006 -0.2828 

0.337 0.1319 299.33 0.0367 5.512 3.307 

0.047 0.1138 318.16 0.0314 4.971 2.916 

VI .... 



Table 5-2. Summary of Mean Velocity Profile Data With Upwind Terrain Present and Mean Wind from 63° 

z * u* 
File x y z 0 u d Re n u - e e 
Name (em) (em) (em) (em) (em/s) (em) z (emis) u n z 

0 00 0 

KAHE 16 0 0 0.94 5.7797 14.560 -22.1250 561.016 0.2827 163.77 0.0889 12.578 2.593 

KAHE 17 0 0 0.94 5.2083 29.035 -16.5000 1008.153 0.2936 301.27 0.0964 24.529 5.148 \Jl 
N 

KAHE 18 0.2862 461.20 40.216 



Table 5-3. Peak Concentration Location Downwind of Stacks for the 630 Wind Direction and 141 MW Units. 

Terrain In Terrain Out 
Full-Scale [T]max Distance 

[Xl1oo/Q]max 
Distance 

Wind Velocity Downwind Downwind 
Stack Height (m) Unit (m/s) (m- x 107) (km) (m-2 x 107) (km) 

136.5 9 8.82 100 1.22 97 4.59* 

10 8.82 138 1.26 81 3.88 
17.64 159 1.26 143 2.41 
26.46 174 1.26 176 2.41 

11 9.07 139 1.49 104 4.64* 
18.13 197 1.27 151 3.15 
27.20 212 1.27 169 3.15 

12 7.82 226 1.34 117 4.71* 
15.64 228 1.34 185 3.22 VI 

23.46 268 1.34 216 2.48 w 

182.0 9 8.82 96 1.44 54 4.59* 
17.64 126 1.22 91 3.84 
26.46 129 1.22 123 3.84 

10 8.82 116 1.76* 53 4.63* 
17.64 161 1.48 74 3.88 
26.46 180 1.26 87 3.88 

11 9.07 106 1.49 56 4.64* 
18.13 163 1.49 105 4.64* 
27.20 178 1.27 117 4.64* 

12 7.82 137 1.84* 53 4.71* 
15.64 181 1.84* 71 4.71* 
23.46 199 1.34 105 2.48 

*Maximum occurred beyond the end of the sample grid. 



Table 6-1. Summary of Mean Velocity Profile Data With No Upwind Terrain Present and Mean Wind from 1530 

z * u* File x y z 0 u d Re n u e e 
Name (em) (em) (em) (em) (em/s) (em) z (em7s) u n z 

0 00 0 

KAHE 12 25.4 + 6.4 0.70 0.3024 24.531 -1.1438 49.454 0.1678 270.14 0.0908 17.247 6.642 

KAHE 13 25.4 + 6.4 0.70 0.1214 20.684 -0.5250 16.740 0.1872 316.09 0.0654 13.922 3.096 

KAHE 14 0 -114.3 0 0.0003 10.369 0.2125 0.021 0.0971 319.86 0.0324 7.577 3.889 VI 
+:--

KAHE 15 0 -114.3 0 0.0008 10.955 -0.0010 0.058 0.0922 305.19 0.0359 6.967 2.867 



Table 6-2. Summary of Mean Velocity Profile Data With Upwind Terrain Present and Mean Wind from 1530 

z * u* File x y z 0 u d Re n u e e 
Name (em) (em) (em) (em) (em/s) (em) z (emis) u n z 

0 00 0 

KAHE 01 0 -114.3 0 0.0019 5.855 0.1038 0.0742 0.1032 149.20 0.0392 5.186 5.255 

KAHE 02 0 -114.3 0 0 .. 0016 11.920 -0.0688 0.1271 0.0957 305.35 0.0390 7.826 3.726 

KAHE 03 0 -114.3 0 0.0001 13.273 0.2550 0.0088 0.0953 474.52 0.0280 8.483 4.623 

KAHE 04 25.4 + 6.4 0.70 0.3434 9.379 -2.4250 21.472 0.2352 147.47 0.0636 8.118 2.241 

KAHE 06 25.4 + 6.4 0.70 0.2793 292.50 20.154 
VI 

KAHE 07 25.4 + 6.4 0.70 1.0332 35.084 -4.1500 241.659 0.2721 454.50 0.0772 22.925 3.467 VI 

KAHE 08 379.7 + 12.7 0.70 0.0009 8.900 0.0963 0.0534 0.1343 290.55 0.0306 4.130 2.217 

KAHE 09 379.7 -114.3 0 0.0003 9.076 0.4600 0.0182 0.1085 289.90 0.0313 8.690 2.074 

KAHE 10 170.2 +114.3 0 0.0014 10.086 0.0416 0.0941 0.1009 263.77 0.0382 7.566 2.405 

KAHE 11 175.3 + 20.3 0.70 0.0000 5.472 0.4750 0.0000 0.876 284.44 0.0192 8.641 4.466 



56 

FIGURES 
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Figure 3-1. Areas Modeled for the 630 and 1530 Wind-Tunnel Studies 
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Figure 3-2. Location of Units 9, 10, 11, 12, 13 and 14 for Kahe 
Tests 
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Figure 3-3. 1530 Wind Direction Ground-Level 
Sampling Locations 
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Figure 3-4. 630 Wind Direction Ground-Level 
Sampling Locations for Runs 50-79. 
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Figure 3-5. 630 Wind Direction Ground-Level Sampling 
Locations for Runs 80-91. 



Figure 3-6. 
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Photograph of Model Units 9, 10, 11 and 12 
(left side of picture) 
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a) 

b) 

Figure 3-8. Photographs of a) Sampling System and 
b) HP Gas Chromatograph with HP 3380 Integrator 
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Sample II Integrated Output 
from GC (uv-s) 

1 205694 
2 203629 
3 202588 
4 204305 
5 204430 
6 203817 
7 204636 
8 204425 
9 204820 

10 202794 
11 202874 
12 203496 
13 197171 
14 203790 
15 202432 
16 202426 
17 202317 
18 200461 
19 200372 
20 201950 
21 201829 
22 201817 
23 199365 
24 201459 
25 200297 
26 200940 
27 200012 
28 200622 
29 ------
30 199445 
31 199914 
32 198845 
33 198725 
34 198899 
35 198898 
36 195163 
37 198945 
38 197443 
39 197502 
40 196235 
41 196938 
42 196890 
43 147606 
44 196634 
45 196964 
46 197027 
47 195721 
48 196414 
49 196934 
50 196582 

Calibration 197778 

Figure 3-9. Typical Sampling System Calibration 
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Figure 4-1. Photograph of Spire, Trip and Roughness Set­
Up for Atmospheric Dispersion Comparability 
Test (ADCT). 
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Figure 4-9. Comparison of Observed Xua/Q Values and 
Values Predicted Using 1) Pasquill-Gifford 
C and D Dispersion Rate and 2) Dispersion 
Rate for a Zo = 100 cm and iy = 0.14. All 
Cases for 100 m Stack. 
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Figure 5-1. Wind Tunnel Set-Up for a 630 Wind Direction 
Without Upwind Terrain 
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Versus Downwind Distance for a 136.5 m 
Stack and a 0630 Wind Direction. 
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Figure 5-6. Maximum Concentration (for Unit 11/141 MW) 
Versus Downwind Distance for a 136.5 m 
Stack and a 0630 Wind Direction. 
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Figure 5-7. Maximum Concentration (at Unit 12/141 MW) 
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Figure 5-8. Maximum Concentration (at Unit 9/141 t1W) 
Versus Downwind Distance for a 182 m 
Stack and a 0630 Wind Direction. 
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Figure 5-10. Maximum Concentration (at Unit 11/141 MW) 
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Figure 5-11. Maximum Concentration (at Unit 12/141 MW) 
Versus Downwind Distance for a 182 m 
Stack and a 0630 Wind Direction. 
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Figure 5-12. Flow Visualization for a 136.5 m 
Stack and a 11.75 mls Wind Speed 
a) With and b) Without Upwind 
Terrain for a 0630 Wind Direction. 

a) 

b) 
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Figure 5-13. Flow Visualization for a 182 m 
Stack and a 11.75 mls Wind Speed 
a) With and b) Without Upwind 
Terrain for a 0630 Wind Direction. 

a) 

b) 
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Figure 6-1. o Tunnel Set-Up for the 153 "Terrain In"Tests 
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Figure 6-10. Maximum Concentration (for Unit 9/141 MW) 
Versus Downwind Distance for a 136.5 m 
Stack and a 1530 Wind Direction. 
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Figure 6-11. Maximum Concentration (Unit 10/141 MW) 
Versus Downwind Distance for a 136.5 m 
Stack and a 1530 Wind Direction. 
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Figure 6-12. Maximum Concentration (for Unit 11/141 MW) 
Versus Downwind Distance for a 136.5 m 
Stack and a 1530 Wind Direction. 
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Figure 6-13. Maximum Concentration (for Unit 12/141 MW) 
Versus Downwind Distance for a 136.5 m 
Stack and a 1530 Wind Direction. 
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Figure 6-14. Maximum Concentration (for Unit 9/141 MW) 
Versus Downwind Distance for a 182 m 
Stack and a 1530 Wind Direction. 
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Figure 6-15. Maximum Concentration (for Unit 10/141 MW) 
Versus Downwind Distance for a 182 m 
Stack and a 1530 Wind Direction. 
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Figure 6-16. Maximum Concentration (for Unit 11/141 MW) 
Versus Downwind Distance for a 182 m 
Stack and a 1530 Wind Direction. 
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Figure 6-17. Maximum Concentration (for Unit 12/141 }fW) 
Versus a Downwind Distance for a 182 m 
Stack and a 1530 Wind Direction. 
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Figure 6-18. Maximum Concentration (for Unit 9/90 MW) 
Versus Downwind Distance for a 136.5 m 
Stack and a 1530 Wind Direction. 
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Figure 6-19. Maximum Concentration (for Unit 9/90 MW) 
Versus Downwind Distance for a 182 m 
Stack and a 1530 Wind Direction. 
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Figure 6-20. Flow Visualization for a 136.5 m 
Stack and a 11.75 a/s Wind Speed 
a) With and b) Without Upwind 
Terrain for a 1530 Wind Direction. 

a) 

b) 



110 

Figure 6-21. Flow Visualization for a 182 m 
Stack and a 11.75 mls Wind Speed 
a) With and b) Without Upwind 
Terrain for a 1530 Wind Direction. 

a) 

b) 
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