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ABSTRACT

A wind tunnel test over a 1:5000 scale model of the terrain in the
vicinity of the Colstrip Power Plant, Rosebud County, Montana was performed.
The tests were conducted under stable stratification and a tracer gas
was released at two effective plume altitudes (381 and 476 m prototype)
approximately 5.2 m (26 km prototype) upwind of Badger and Garfield
Peaks. The resulting ground level concentration patterns were measured
to assess the validity of the EPA Valley Model assumption of plume
impaction on elevated terrain.

The results of the study showed the Valey Model overpredicts
ground level concentrations at Badger and Garfield Peaks by a factor
ranging from 1.7 to 98.0 for the wind tunnel tests corresponding to
Pasquill Gifford Stability Category E. Comparison of the Plume Dispersion
Characteristics with the Pasquill Gifford Curves showed that the horizontal
plume spread (cy) was one category more stable then the vertical plume
spread (oz) and both dispersion parameters were indicative of a stable

plume.
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Wind-Tunnel Investigation of Plume Dispersion
and Transport over Complex Terrain
for Colstrip Power Plant--Stable Stratification
1 INTRODUCTION
The Colstrip Power Plant (CPP) is located in Rosebud County, Montana
about 20 km north of the Northern Cheyenne Indian Reservation. At the
present time Montana Power Company (MPC) and Puget Sound Power and Light
(PSPL) have a coal-fired power plant with two units operating for a
total capacity of 716 MW (gross). MPC, PSPL, Washington Water Power,
Portland General Electric and Pacific Power and Light have requested
permission to build and operate two new units at Colstrip with an added
capacity of 1400 MW (net). In order for construction of these new units
to be permittéd these companies have had to demonstrate that ambient air
quality would not be significantly deteriorated and also that air
quality standards would be met.
A numerical modeling effort by Region VIII EPA (Denver, Colorado)

showed that the Class I increment for SO, of 25 ug/m3 would be exceeded

2
on Badger and Garfield Peaks under stable stratification unless very
stringent emission reductions were effected by the utility group. The
model used by EPA which is referred to as the Valley Model (Burt, 1976)
is recognized as being conservative (i.e., predicts high) since it
assumes thaf the plume centerline does not rise with the terrain but
remains at a constant altitude and impinges on encountered high terrain
for stable stratification. In spite of the conservativeness of the
numerical model MPC has tentatively agreed to meet the emission limita-
tions as estimated with this model with the option to revise the emission

limits based on the results of a more sophisticated modeling effort

which is the subject of this report.



Hence, it is the purpose of this study to evaluate the validity of

the Valley Model assumption of plume impaction on elevated terrain
through physical modeling in a wind tunnel and develop appropriate
correction factors for the Valley Model. Specifically the goal is to
simulate Pasquill Stability Class E and measure the resulting concentra-
tions at Badger and Garfield Peaks on a 1:5000 scale model of the terrain
in the vicinity of CPP. The results desired are: 1) determine whether
the plume inpinges on or goes over the terrain, and 2) determine a
correction factor to modify the Valley Model prediction to account for
enhanced dispersion in rugged terrain and/or added plume rise due to
streamline movement over the terrain.

Included in this report are 1) summary and conclusions,
2) description of the similarity requirements for modeling the stable
boundary layer, 3) experimental methods, 4) discussion of the results
of the stable boundary-layer simulation, and 5) evaluation of the

plume transport and diffusion patterns over the scale model.



2 SUMMARY AND CONCLUSIONS

Wind-tunnel tests of the transport and diffusion of plumes released
at two effective plume altitudes (381 and 476 m, AGL--prototype) were
conducted using 1:5000 scale models of the terrain for two wind
directions (325 and 349°). The terrain model was constructed of alumi-
num sheets so that the surface could be cooled and thereby generate a
stable boundary layer. In addition to cooling the terrain surface, the
approach boundary layer was developed naturally over a 10.4 m upwind
fetch of cooling plates. A second series of tests were conducted with-
out the terrain model with a flat tunnel floor. These cases were
to be used to compare the transport and dispersion patterns with and
without the terrain.

To document the flow field a series of velocity and temperature
profiles were taken along and lateral to the center of the wind-tunnel
test section over the modeled terrain. The flow stability was measured by
computing a Froude number which relates full-scale and model conditions.

A series of ground level and aerial concentration measurements were
obtained at the location of Badger and Garfield Peaks in addition to
another series of measurements at an intermediate location between the
plant site and the high terrain. Photographs of all simulated conditions
were obtained to document the plume transport characteristics.

The following summarizes the results of the study.

PY The velocity and temperature profiles were indicative of a
stable boundary layer. Each test condition was categorized by a
Pasquill-Gifford Stability Class. The method of categorization entailed
equating Froude numbers in model and prototype over an equivalent layer

and assigning a stability class to the wind-tunnel results based on



Froude number catégories for the atmosphere. Two cases of
Pasquill-Gifford E and one of D stability were simulated when the
modeled terrain was present. Without the terrain both cases were classed
as an E stability with one case on the borderline of D.

. The plume dispersion parameters (oy and oz) were dependent
on the Froude number and hence the simulated stability class. The hori-
zontal dispersion values (oy) for those cases classed as E stability
clustered around the Pasquill-Gifford E and F 1lines whereas the
corresponding vertical dispersion results (oz) fell along the Pasquill-
Gifford D and E 1lines. The oy values for the cases classed as
D stability (or close to D) fell along the Pasquill-Gifford E and
F lines whereas the o, values fell along the D 1line. In general,
the vertical dispersion coefficients were found to be one stability
category less stable than the horizontal dispersion coefficients. This
result is expected since the roughness in the model and prototype will
enhance vertical mixing.

e The plume rise, as measured by the average of the center of
mass and height above ground of the peak value, did not remain at a
constant altitude with respect to mean sea level but tended to rise
with the terrain. The ratio (h/H) of plume height above ground level
(h) to initial release height (H) ranged from 0.36 to 0.71 for the 7.6
cm (381 m prototype) releases and 0.65 and 0.82 for the 9.5 cm (476 m
prototype) releases. For the same cases the Valley Model would have
used ratios for respective release heights of 7.6 and 9.5 cm equal to
0.06 and 0.25 for the Badger Peak predictions and 0.14 and 0.32 for
the Garfield Peak predictions.

L The ratio of maximum centerline concentration to maximum

ground level concentration ranged from 1.0 to 3.75 for the 7.6 cm



(381 m prototype) releases and from 1.5 to 98.0 for the 9.5 cm (476 m
prototype) releases. As expected, the lowest ratios (1.0 and 1.5) were
observed for the case that was classed as D stability. For neutral
conditions the vertical spread rate is greater and the plume becomes
uniformly mixed. Using Brigg's (1974) plume equations respective wind
speeds of 15.2 and 9.7 m/s are required to obtain plume altitudes of 381
and 476 m. At these speeds the concentration levels on Badger and
Garfield Peaks are less than 1 ug/ms. For the stable cases (E stability)
the ratio of maximum centerline to maximum ground level concentration

as predicted by the Valley Model would be nearly equal to 1 for the
Badger and Garfield Peak predictions. The observed ratios in the wind
tunnel varied from 1.7 to 98.0.

In conclusion the results of this study show that the Valley Model
overestimates ground-level concentrations for E stability on Badger
Peak by a factor of 1.7 for a 381 m effective plume altitude and 5.34
for a 476 m effective plume altitude. For the Garfield Peak predictions
(E stability) the Valley Model overpredicts by a factor of 3.75 for a
381 m effective plume altitude and 98.0 for a 476 m effective plume

altitude.



3 WIND-TUNNEL SIMILARITY REQUIREMENTS
The basic equations governing atmospheric and plume motion
(conservation of mass, momentum and energy) may be expressed in the

following dimensionless form (Cermak, 1974):

3 (p*u¥)
%~ I =0 3.1
9t ax; ? :
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—x » 1 1 00 1k =
atr Y] oxt [ u_ ] 2€5 5185 %
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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
conditions 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 = uo/(LoQO)

3) Equal gross Richardson number: Ri = ATogLo/Touo2



4) Equal Reynolds number: Re = uoLo/vO

5) Equal Prandtl number: Pr = (vopocpo)/ko

6) Equal Eckert number: Ec = uoz/[Cp (AT)O]
o

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
important 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.

. Neglected Parameters

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

possible since the viscosities of the transport fluids are at most

different by a factor of ten and the length scaling is 1:5000. This

inequality is not a serious limitation. The Reynolds number related to

the stack exit is defined by

ulb

Re = _S_
s

Y
S

Hoult and Weil (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
ReS = 28 if only the buoyancy dominated position of the plume trajectory
is considered. Hoult and Weil's study was in a laminar cross flow

(water tank) with low ambient turbulence levels and hence the rise and

dispersion of the plume would be predominantly dominated by the plume's



own self-generated turbulence. These arguments for Reynolds number
independence 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

homogeneous turbulence

l(t) = 2w J J R(£)dEdt 3.4
0 0

which can be simplified to (see Csanady, 1973)

[[H]
1

o2 (t)

for short travel times; or,

2
= ! - M
o, (t) 2wt (t-t)) ; 3.6

for long travel times where

[}
t0 = J R(t)dt 3.7
0
is an integral time scale and

o

I TR(1)dt 3.8
0

1
Y ST
[0}

is the center of gravity of the autocorrelations curve. Hence for

geometric similarity at short travel times,

2 2 .2 2
L e e O £
2, | 2, | .22
CH (.71, [i, x71,

or,



(1.1 = [i.]1_. 3.9

N G M L X I
I, [w—"‘Tt(,(t-tzl)]p
[, [t e-tpull [l Al
) [ii]p [to(t-tl)/uz] ) [L i A]
p

if it is assumed t1 << t, to/u = A and t/u = L. Thus the turbulence

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

scaling if (1Z)m = (12)p or,

L A

m m
2= 2 3.10

p P

An alternate way of evaluating the similarity requirement is by

putting 3.4 in spectral form or (Snyder, 1972),

-}

— 2 S
2 _ 2,2 sin wnt _ 2.2
o, = W't I F ( ) [———— p— ——] dn = w'"t’I 3.11
0
where
® sin mnt 2
I = f F (n) [==——] dn
0
FL = Langrangian spectral function.

The quantity in brackets is a filter function the form of which can be
seen in Pasquill (1974). In brief for n > %— the filter function

virtually unity.

. 1
is very small and for n < 10t
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For geometric similarity of the plume the following must be true:

2 2 2.2 2,2
EE _ [cz]m _ fw''t I]m ) [L 1zI]m
2 2 —— - 2.2
Lp [Gz]p [W,ZtZI]p [L 1ZI]p
or
2
[i)1]
—— = 1 3.12.
(1,11,
If [i ] = [i_]_ the requirement is I = I_. For short travel
z'm z'p m p

times the filter function is essentially equal to one; hence,
Im = Ip = 1 and the same similarity requirement as previously deduced
for short travel times is obtained (equation 3.9).

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
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 oy and o, values obtained in the wind tunnel were compared with
those quoted as being representative of atmospheric dispersion rates
(Slade, 1968). If the model oy and o, values compare well for the

corresponding atmospheric flow the inference is that Reynolds number

independence was achieved.
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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 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*
(Re), = 5 > 75,
s
or assuming kS = 30 z,
zou*
Re = > 2.5.
z z
0

In this relation kS is a uniform sand grain height and Z, is
the surface roughness factor. Rez values were computed and will be
o

discussed in section 5.

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. 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 26 km in the horizontal
and 1.0 km in the vertical. Hence the earth's rotation may effect
plume transport and dispersion but was neglected for this study.

Since the purpose of this study was to evaluate the validity of the
Vallgy Model calculations on elevated terrain and the Valley Model does

not consider Ro influences, neglecting this parameter is justified.
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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.

] Relevant Parameters

Since air is a transport medium in the wind tunnel and the

atmosphere, near equality of the Prandtl number is assured. The stack

Froude number is defined by

Fra = a
vgyD
where
y = Pa “Ps
Pa

Although Fra does not specifically appear in the list of similarity
parameters it can be thought of as a modified Richardson number for the
stack gas. Thus, if Fr is set equal for model and prototype, the
following relation between model and prototype velocity is obtained:

/2

1/2
p (D Y)p

@), o

(ua)

From this equation it can be seen that for typical atmospheric flows

(on the order of 5-10 m/sec) low speeds (0.1-0.2 m/sec) in the wind
tunnel will be required (assuming Dm/Dp = 1/5000 and Ym/Yp = 2.7).
Quantitative measurements at these speeds especially of the turbulence
quantities are difficult to obtain. Consequently it was decided to not
model the plume rise for this study. Instead the gas was released at two

effective plume altitudes as specified by MPC.
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For simulating stable atmospheric conditions equality of the
Richardson number between model and prototype is required. The bulk

Richardson number is defined by

Ri

However since measurements of Au at low wind speeds are subject to
large errors abetter similarity parameter is the gross Richardson num-
ber which is the square of the reciprocal of an atmospheric Froude

number defined by

Fr =
where
u(z) = velocity at height :z
6(z) = potential temperature at z
eo = potential temperature at z = 0
T = average temperature between z and z = 0

For similarity of two stable flow fields

Fr = Fr
m

The Fr categories used to define stability classes in the wind tunnel
which correspond to those in the atmosphere are discussed in section 5.
To summarize, the following criteria were applied for the stable
boundary-layer simulation:
1) Frm = Frp

2) Similar geometric dimensions



3)

4)

14

Sufficiently high Reynolds number to insure fully turbulent
flow field and scaled plume geometry
Equality of dimensionless boundary condition (i.e., velocity

and temperature profiles).
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4 EXPERIMENTAL PROGRAM

4.1 Summary

The objective of this study is to evaluate the transport and
diffusion of a plume released upwind of Garfield and Badger Peaks for
Pasquill stability E. To meet this objective a 1:5000 scale model of
the terrain extending from the Colstrip plant site (approximately 3 km
upwind) beyond the peak in question was constructed. A stable boundary
layer was developed naturally over the scale topography and tracer gas
releases were made in the wind tunnel at two effective plume altitudes
(381 m and 476 m in the prototype). The initial stage of plume rise
was not simulated because 1) a direct simulation would have required
unreasonably low tunnel operating speeds, 2) the model stack exit
Reynolds number would have been below the critical value for similarity,
and 3) the initial stage of plume rise was deemed unimportant since the
peaks are 26 km from the source.

The model operating conditions are given in Table 4.1 and for
reference the full-scale plant conditions are numerated in Table 4.2.

A total of 10 tests were conducted in the wind tunnel. The run numbers,
terrain configurations, Froude numbers, Richardson numbers, and release
heights for each test are given in Table 4.3. The results from Runs 1
and 2 will not be discussed or presented since they were exploratory in
nature and as such, inconsistencies in the data were observed.

All tests were conducted in a similar manner. A stable boundary
layer was established over the model or flat tunnel floor and measure-
ments of velocity and temperature were made directly upwind of the
source. The profiles were analyzed to assess whether the desired

Richardson number had been achieved. Once the desired value was obtained
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numerous velocity and temperature profiles were made along the center
of the test section and lateral to the test section centerline.

After completing the velocity measurements a metered quantity of
gas mixed to be neutrally buoyant (density of air) was allowed to flow
from a release probe at a speed close to the ambient wind speed. Aerial
and ground level distributions of the resulting plume were made at two
locations, one about half way between the source (12 km) and the other
on the high terrain.

To qualitatively document the flow pattern the plume was made
visible by passing the gas mixture through titanium tetrachloride prior
to emission from the release probe. Stills (color and black and white)
and motion pictures of the tests in Table 4.3 were obtained.

A more detailed description of every facet of the study will now
be given.

4.2 Scale Models and Wind Tunnel

. Scéle Model

A 1:5000 scale model of the topography in the vicinity of the
Colstrip Power Plant (CPP) for two wind directions (349 and 325°) was
constructed to be positioned in the meteorological wind tunnel. The
topographic strips that were constructed are shown in Figures 4.2-1 and
4.2-2. Also shown in the Figures are various reference points from
which velocity and concentration measurements were obtained. These
points will be referred to in the results section of the report.

Construction of the topographic model entailed a two-step process.
The first step involved constructing a styrofoam model out of 1.3 cm
thick styrofoam sheets (corresponds to a 61 m full-scale contour

interval). United States Geological Survey maps were enlarged and used
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as patterns from which the styrofoam was cut. The roughness elements on
the styrofoam terrain model consisted of the 1.3 cm contour interval
steps. The second phase of construction entailed constructing a wood-
ribbed frame as shown in Figure 4.2-3. The frame had wood supports
approximately every 30.5 cm which were cut to conform with the terrain
elevation. Next, thin aluminum foil was placed on the styrofoam model
and molded in 30.5 cm wide strips to fit the terrain contours. Once a
strip was molded it was placed onto the wood frame and fastened. This
procedure was repeated uhtil a 1.22 x 1.83 cm section was complete. A
picture of a completed section is shown in Figure 4.3-2. As can be seen,
holes were cut in the ribs at the bottom to allow for circulation of
air underneath the aluminum topographic simulated surface. Next, fans
were positioned underneath the aluminum surface to enhange the airflow
beneath the model. This is also shown in Figure 4,2-3, This hollow
platform was then placed on the cooling plates that are permanently
installed in the wind tunnel and the fans were activated to enhance the
heat transfer from the surface and thereby keep a fairly uniform sur-
face temperature distribution along the aluminum topographic surface

of the model.

Since a scale model of the power plant and stacks were not
constructed for this study, no scale model was required. The release
probe that was used to emit the tracer gases is shown in Figure 4.2-4.
A thermistor was built into the probe in addition to a thermistor fas-
tened to the upwind side of the probe. This was done so that the
temperature difference of the gas exiting the probe and approaching the
probe could be monitored to assure that a neutrally buoyant plume was

being released. As an additional check on this neutral buoyancy, visual
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observation of the gas being emitted from the probe was made. If the
gas was positively or negatively buoyant, an upward or downward initial
trajectory to the plume was immediately evident.

. Wind Tunnel

The meteorological‘wind tunnel (MWT) shown in Figure 4.2-5 was used
for this study. This wind tunnel especially deéigned to study atmo-
spheric flow phenomena (Cermak, 1958; Plate and Cermak, 1963), incorpo-
rates special features such as an adjustable ceiling, a rotating turn-
table, temperature controlled boundary walls, and a long test section
to permit adequate reproduction of micrometeorological behavior. Mean
wind speeds of 0.1 to 39.6 m/s in the MWT can be obtained. Boundary
layer thicknesses up to 1.2 m can be developed naturally over the down-
stream 6.1 m of the MWT test section. Thermal stratification in the
MWT is provided by the heating and cooling systems in the section
passage in the test-section floor,

For this study no vortex generators or boundary-layer trips were
installed at the entrance since a very shallow boundary layer was
desired. To develop the stable boundary layer a set of 12 Roll-Bond
aluminum panels were placed approximately 10 cm above the tunnel floor
10.4 m directly upwind of the terrain model. The plates were positioned
high enough such that they were at the same altitude as the aluminum
shell model. This enabled a smooth transition from the aluminum plates
to the model to be maintained. One of the Roll-Bond plates was used as
a ramp at the beginning of the test section. A three-dimensional sketch
of the tunnel configuration is shown in Figure 4.2-6.

The Roll-Bond aluminum panels and the permanently installed cooling

plates were connected to the facility refrigeration system and cooled to
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approximately -8.3°C for all tests. The free-stream air (air entering
the test section) temperature was varied to obtain the desired thermal
stratification. During all tests the fans which were built into the
terrain model were running to enhance the heat transfer from the model
surface insuring that a stable boundary layer would be maintained.

4.3 Flow Visualization

The purpose of this phase of study is to visually assess the
transport of the plumes released from two effective plume altitudes over
the terrain downwind of the CPP. The data collected consist of a series
of photographs of the smoke emitted from the probe for the different
release heights and stratificatiogs set in the tunnel. The photographic
tests are numerated in Table 4.3

The smoke from the release probe was produced by passing the
required gas mixture through a container of titanium_tetrachloride
located outside the wind tunnel and transported through the tunnel wall
by means of a tygon tube terminating at the probe inlet. The plume was
illuminated with high intensity lamps and a visible record was obtained
by means of black and white photographs taken with a supergraphic
camera (lens focal length 135 mm) and color slides taken with a Pentax
camera (focal length 50 mm). The shutter speed for the black and white
photographs was 1/20 of a second and for the color slides 1/30 of a
second. The black and white and color photographs were taken at an
angle perpendicular to the tunnel such that the field of view would show
the plume being transported over Garfield or Badger Peak. The camera
setup for each camera is shown in Figure 4.3-1. A series of 16 mm
motion pictures were taken of all tests. A Bolex movie camera was used

with a speed of 24 ft per second. The movies consisted of taking an
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initial close-up of the smoke release after which the camera was moved
parallel to the tunnel from the smoke release down to the high terrain.

4.4 Gas Tracer Technique

The purpose of this phase of the experimental study is to provide
quantitative information on the transport and dispersion of the plume
emitted from the probe over the elevated terrain and at an intermediate
location. To meet this goal a comprehensive set of concentration
measurements were taken. ‘The data obtained included ground level
samples, a horizontal array of samples elevated above the ground and an
array of samples along the center of the tunnel in the vertical direc-
tion. In total approximately 25 samples were obtained in one complete
crosswind pattern. For each run the sampling rake which had attached
to it all of the sampling ports previously described was positioned at
two locations, one intermediate to the high terrain and one on the high
terrain. A photo of the sampling rake is shown in Figure 4.4-1. The
test procedure consisted of: 1) setting the proper tunnel wind speed,
2) releasing a metered mixture of tracer gas (ethane) and nitrogen of
the required density (that of air) from the release probe, 3) withdraw
samples of air from the tunnel at the locations designated in the sam-
pling rakes, and 4) analyze the samples with a flame ionization gas
chromatograph (FIGC). A photograph of the sampling system and gas
chromatograph is shown in Figure 4.4-2. The location of the various
sampling positions relative to ground level and the position at which
the rake is placed is listed in Table 4.4.

The procedure for analyzing air samples from the tunnel was as
follows: 1) a 2 cc sample volume drawn from the wind tunnel is intro-

duced into the flame ionization detector (FID), 2) the output from the
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electrometer (in millivolts) is sent to the Fluid Dynamics and Diffusion
Laboratory (FDDL) dedicated minicomputer system, 3) the analog signal
is converted to a digital record at a rate of 208 values per second
which are then averaged in groups of 16, 4) a digital record is inte-
grated and an ethane concentration determined by multiplying the inte-
grated signal (mvs) times a calibration factor (ppm/mvs),5) the ethane
concentration is stored in the computer for subsequent use, and 6) a
summary of the computer analysis (ethane concentration, peak height,
integrated voltage, etc.) is printed out on the remote terminal at the
wind tunnel. Prior to any data collection a known concentration of
ethane is introduced into the FID to determine the calibration factor.
This factor is input into the computer for use in converting the data.
The FID operates on the principal that the electrical conductivity
of a gas is directly proportional to the concentration of charged par-
ticles within the gas. The ions in this case are formed by the effluent
gas being mixed in the GC with hydrogen and then burned in air. The
ions and electrons formed enter an electrode gap and decrease the gap
resistance. The resulting voltage drop is amplified by an electrometer
and fed to the FDDL computer. When no effluent gas is flowing, a carrier
gas (nitrogen) 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. Since the chromato-
graph 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
computer program which integrates the effluent peak also subtracts out the

zero drift.
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The total system error will be discussed in Appendix B. The lower
limit of measurement (approximately 2 ppm) is imposed by the instrument
sensitivity and the background concentration of ethane within the air in
the wind tunnel. Background concentrations were measured and assumed to
be the values at the extreme edges of the plume. These values were
subtracted from all data quoted herein.

The wind-tunnel concentration data for all tests in this report are
presented in the following dimensionless form

quH2

xoV

K

where yx 1is the observed concentration and Xq is the source strength
of the tracer gas. The tracer gas source strength was measured
during the period of measurement and the appropriate observed value was
used in tabulating the data.

The concentration data was computer processed to obtain the center
of mass (Z) and the standard deviation (cz or oy). The parameters
were determined by numerically integrating the following equations over

the height (and width, where appropriate) of the concentration profiles:

h
Q= J Kdz
0
h
Z = 1/Q [ zKdz
0
h
ozz = 1/Q J (2-232 Kdz
0

The numerical integration was obtained using the trapezoidal rule.
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When interpreting model concentration measurements it is important
to remember that there can be a considerable difference between the
instantaneous concentration in the plume and the average concentration
due to horizontal meandering in the atmosphere. In the wind tunnel, a
plume does not generally meander due to the absence of large-scale
eddies. Thus, it is found that field measurements of peak concentrations
which effectively eliminate horizontal meandering should correlate with
the wind-tunnel data (Hino, 1968). Since the primary purpose of this
study is to compare plume characteristics either with or without terrain
or maximum aerial and.ground level values, the question of time averag-
ing is not important. This assumes that these ratios do not vary when
large-scale eddies are added to the plume motion.

4.5 Velocity and Temperature Measurements

Mean and turbulent velocity measurements were performed to
1) quantitatively assess the flow patterns over the simulated terrain
and flat tunnel floor, 2) monitor and set flow conditions, and 3) docu-
ment the approach conditions in the wind tunnel. Temperature measure-
ments were also taken so that the characteristics of the thermal boundary
layer could be obtained. Instrumentation used for this study included
1) one Thermo-Systems, Inc. (TSI) 1050 series anemometer, 2) a TSI Model
1210 hot-film sensor, 3) a Model 1800 LV Datametric Linear Flow Meter
and Probe, 4) a Matheson Linear Mass Flow Meter and Controller for
velocity calibration, and 5) a Yellow Springs, Inc. Precision Thermistor
and telethermometer. Since all tests were conducted under stable
stratification detailed temperature measurements were required. The
techniques used to obtain the velocity datawith this assortment of equip-
ment and thé data processing techniques will now be discussed in more

detail.
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° Hot-film Anemometry--Principle of Operation and Calibration
Technique

The transducer used for measuring velocities for this study was a
Model 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 has the capability 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 by the anemometer or in equation form (see Hinze, 1975),

2 .
IRy = mak (T - T ) Nu 4.1

where
I = current through wire
k = heat conductivity of gas

£ = length of wire

Tw = temperature of wire
Tg = temperature of gas
Nu = Nusselt number
Ty - T %
= F(Re, Pr, Gr—T——g— v 3)
g
Re = Ei
g
C u
g
ga(r - 1)
Gr = 5 L
v T
g g

d = diameter of wire

R = operating resistance of wire
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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'SSReO'5 .

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

GrPr < 10'4.

Alternately buoyancy may be neglected when

Gr < Res.

The temperature dependence of the electric resistance of the wire

is assumed to follow the ensuing relation

2
= Ro[l + bl(Tw - To) + b2(Tw - T ) +...]

RH o)

where bi are temperature coefficients. Normally the higher order

terms are neglected and

R, =R [1+b (T - T)].

w 0

Substituting the appropriate relations yield the following equation
2

I Rw 1
ﬁ = A + B(pcu) 4.2
W c
where
RC = resistance of wire at calibration temperature
Pe = density of air at calibration temperature
Tk
A = —L 0.42(pr)02
b,R
17
T2k
_ f 0.33.d4,0.5
B = bR 0.57(Pr) (EJ .
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For this study A, B, and u were obtained by calibrating the wire over
a range of known velocities and determining A, B and n by a least-
squares analysis. Since the wire is calibrated at fixed temperature

and the wire will be placed in a stratified environment a method for
correcting the voltage output of the wire was developed. At each
measurement point in the wind tunnel the ambient temperature and
resistance of the wire were measured. The instantaneous velocity was

then calculated using the inverse of equation 4.2, or

Isz 1/n
T |[Rx " A
u = &|W a
T B 4.3
C

—
1l

the measured ambient temperature

~
il

a the measured wire resistance at ambient temperature.

Calibration of the hot film was performed with the Matheson Linear
Flow Meter (MLFR). A special flow chamber was attached to the MLFR
with a specially constructed orifice which gave a uniform velocity
profile upon exit. With this device velocities over the range of 0.09
to 2 m/s could be obtained. Accuracy of this system is quoted to be
1 percent of full-scale range or *0.02 m/s. Typical calibration curves
are shown in Figure 4.5-1. A calibration was performed at the
beginning of each day's measurement. The errors due to drift in the
wire are assessed in Appendix B.

After the wire was calibrated, the desired flow condition was set
in the wind tunnel. The free-stream velocity was monitored with the

Model 800 LV Datametric Flow Meter and Probe. Once the desired
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condition at the reference height was obtained the Datametric setting
was recorded and used to monitor and set the tunnel conditions for all
remaining tests. During all subsequent velocity measurements care was

taken to ensure the Datametric probe reading remained constant.

. Data Collection

Velocity and temperature profiles were measured at various locations
with and without the terrain. The number and exact location varied from
test to test. For the initial series of tests, profiles were taken at
locations A, B, C, D, G, H, I, J, K, L, M, N, and at O (see Figure 4.2-6).
This seri?s of profiles consisted of four profiles across the approach
to the model and four at the end of the test section lateral to the
test section. It also included six profiles down the center of the
tunnel. This series of data was not collected for each run because
the approach flow and lateral variation was deemed to be invariant when
the model was changed to the various wind directions. Hence, the most
detailed information was collected for the first wind direction. The
manner of collecting the data was as follows: 1) the hot film was
attached to a carriage along with a yellow spring thermistor, 2) the
bottom height of the profile was set to be 0.64 cm, and 3) a vertical
distribution of velocity and temperature was obtained using the vertically
traversing mechanism which gave a voltage output corresponding to the
height of the wire and thermistor above the ground, 4) the signals from
the hot film and potentiometer device indicating height were fed directly
to a Hewlett-Packard Series 1000 Real Time Executive Data Acquisition
System, 5) samples were stored digitally in the computer at a rate
of 500 samples/second, and 6) the computer program converted each voltage

into a velocity (m/s) using the equation 4.3. Also, input was the cold
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resistance and temperature at the level so that the appropriate
correction as discussed above could be made. At this point the program

computes several useful quantities using the following equations:

u'2 = N%I--§ (ui - ﬁ)z
i=1

where N is the number of velocities considered (typically a 15-second
average was taken, hence 7500 samples were obtained). The mean velocity
and turbulence 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. The temperature data were recorded by typing the
indicated temperature from the Yellow Springs thermistor on the computer
sheet at the remote terminal. To compute Richardson and Froude numbers
a program had not been developed prior to conducting the test. Hence,
this data were entered manually into the file for subsequent analysis.

To check the temperature distribution on the surface of the
aluminum shell model a thermistor was placed at 16 points on the
model. The temperature of each point and the relative location is shown
in Figure 4.5-2. The mean temperature for the 16 points is 12.2°C, the
high value 15.0°C, the low value 9.0°C and the standard deviations 1.7°C.

All measured temperatures were within two standard deviations of the mean.
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5 STABLE BOUNDARY-LAYER RESULTS

5.1 General

A stable boundary layer was developed over the simulated terrain
and flat tunnel floor as described in Section 4. As discussed in
Section 3 the requirements for similarity of the flow between laboratory
and field are equality of the Froude number (or Richardson number), a
sufficiently high Reynolds number, undistorted length scaling, and
equality of dimensionless boundary conditions. To assess whether
similarity was achieved measurements in the field are desirable to
compare with the wind-tunnel results. Froude number data can be
obtained from an on-site meteorological tower which is instrumented
with wind speed and direction at 93.3 and 34 m and temperature at 90.6
and 31.4 m, AGL. Boundary conditions such as approach temperature and
velocity profiles are not available and thus representative data from
other locations must be considered when assessing these similarity
parameters.

The goal of this study was to simulate in a wind tunnel Pasquill
E-stability for two effec;ive plume altitudes. Hence a criteria relating
Froude number (or Richardson number) to Pasquill category is needed.
The method used to classify stability at the CPP (D, E, or F)} is shown
in Table 5.1 and is similar to that recommended in AEC Safety Guide 23.
The method shown is based primarily on a temperature difference with
critical wind speed cutoffs. In the wind tunnel temperature difference
alone is not a good indicator of stability (this probably holds true
for the atmosphere also). Hence a Froude number categorization was

derived from Table 5.1 using the limit of temperature difference and



30

wind speed. For example for E stability the highest FrTl) would be
obtained using a %g— of 1°C/100 m and a wind speed of 10 m/s or,
Fr, = —20 = 5.9.
T 9.8
553-.01 93.3

The categories are presented in Table 5.2 and were obtained by insuring
that FrT categories for each stability do not overlap.

For velocity and temperature profiles collected in the wind tunnel
FrT was calculated over the scaled interval of field measurement (93.3
and 34 m) to compare with Table 5.2 and to give an indication of the
equivalent Pasquill category simulated.

The bulk Richardson number is also an indicator of stability and

is defined by

Ri = £8102 5.1
T (Au)
where
AT = the temperature difference between the level Az
Au = the wind speed difference between the level Az
Az = the height difference between measurement points
T = the average temperature over Az.

To estimate the relation between Pasquill categories and the bulk

Richardson number the work of Golden (1972) was employed. Golden

1)For atmospheric flows the FrT is defined by

A . . .
where Z%- is potential temperature, up the velocity at the top of the

tower, and Zp the height above ground level of U«
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presents curves which relate the Pasquill category to surface roughness
(zo) and Monin-Obukhov length scale (L). The bulk Richardson number
range for E stability can then be estimated using the following

definition for Ri

z ¢

Ri = B2 ‘ 5.2
L

®a
where
. = 2 %2
m in 22/21
Zys2y = top and bottom height of velocity and temperature

measurement at meteorological tower

L = Monin-Obukhov length scale

¢H = 0.74 + 4.7 zm/L

¢m = 1.0 + 4.7 zm/L-

s

If it is assumed that the surface roughness (zo) around CPP is equal
to 0.5 m, the curve in Golden relating Pasquill category as a function

of z, and L shows the range of 1/L for E stability is approximately
0.005 < 1/L < 0.015-

From equation 5.2 the equivalent Ri range for E stability becomes
0.11 < Ri < 0.16.

The Ri was calculated as a function of z for all velocity profiles
collécted in the wind tunnel. Thus two methods are available for relat-
ing the wind tunnel stratification to a corresponding Pasquill-Gifford
category. The FrT values are the most reliable in that experimental
errors influence the values the least (see Appendix B--Error Analysis).

To assess the flow characteristics in the wind tunnel the velocity

profiles were analyzed to obtain Zgs u*, 1/L, n and ReZ . The
o



32

values of Z u* and 1/L for each profile were estimated by finding
the Zs u*, and 1/L which gave the best fit (by least squares) to the
following equation which is characteristic of atmospheric (Businger,

1972) and wind-tunnel flows (Cermak, 1974):

+ 4.7z

The root-mean-square error (e) between predicted and observed velocity
was computed to assess the goodness of fit.
The power law exponent was computed by fitting the data by least

squares to the following equation:

The power law exponent varies with stability in the atmosphere as
given in Table 5.3. For assessing the similarity of the velocity pro-
files in the tunnel and field for corresponding stabilities this table
should be referred to.

The turbulent Reynolds number ReZ was computed for each profile
and was used to assess whether the flow 3as fully turbulent. For fully
turbulent flows Rez > 2.5 (Schlichting, 1968; Sutton, 1953). The
u, and zg values 3sed for computing ReZ were obtained from the
least squares analysis as discussed above. °

5.2 Analysis of Velocity and Temperature Measurements

This section will discuss the velocity and temperature measurements
obtained for each test enumerated in Table 4.3,

° 325° Wind Direction and Frp=3.3

For this test the plate temperature in the wind tunnel was

approximately -8.3°C and the free-stream air temperature (air entering
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the test section) was 40°C. The Datametrics setting was 160 SFPM.

Table 5.4 summarizes the mean velocity, turbulence intensity, tempera-
ture, Froude number and bulk Richardson number versus height for each
profile. The profiles at locations A, B, C, and D were taken directly
upwind of the model lateral to the flow over Roll Bond cooling plates
(see Figure 4.2-6) and profiles L, M, N, and O were taken lateral to
the flow at the end of terrain model.

Table 5.5 gives a summary of the analysis of each profile. The
estimated values for Z s 1/L, u*, ReZ and n for each profile are
tabulated and were computed using the unations discussed in Section 5.1.
The surface roughness ranged from 0.07 cm to 22.2 cm with a mean value
of 0.3 cm. The extreme values occurred on the high terrain at the end
of the model where the assumption of horizontal homogeneity is least
valid and is a necessary requirement for the log-linear relationship
for velocity profiles to be valid. The average friction velocity (u*)
was computed to be 4.2 cm/s. The average turbulent Reynolds number is
9.0, well above the limit of 2.5 for fully turbulent flows to exist.
The power law exponent (n) for the profiles ranged from 0.36 to 0.62
with an average value of 0.50. These high values of n are character-
istic of a stable boundary layer and such values have been observed
in the atmosphere(Touma,” 1977 and Sutton, 1953).

To visually assess the flow characteristics over the model,
Figures 5.2-1 through 5.2-3 were prepared. Figure 5.2-1 shows the
dimensionless velocity profiles along the center of the model. As
can be seen the upper-level velocity was nearly constant for all pro-
files and ranged from 0.95 to 1.0 m/s. A speed-up in velocity close

to the ground is noticed at site L--taken on Garfield Peak.



34

The turbulence intensity profiles are shown in Figure 5.2-2.
Close to the model surface the turbulence levels are highest. Overall
the turbulence intensity values are low and range between 1.5 and
7.8 percent. The Froude number, Fr, was plotted versus height in
Figure 5.2-3 for the profiles taken along the center of the tunnel.
Near the surface the Fr values are largest indicating a less stable
layer exists than aloft. This less stable layer is created by enhanced
mixing due to the roughness of the surface which would also be character-
istic of the prototype conditions. Above 5-8 cm the Fr values become
nearly constant and approach a value of 2 at all locations. Using FrT
as a stability indicator this case would be classified as a Pasquill E
using the criteria adopted in Section 5.1 (Table 5.2).

° 325° Wind Direction and an FrT = 1.9

For this test the plate temperature in the wind tunnel was set at
-8.3°C and air entering the test section was maintained at 40°C. The
Datametrics setting was 167 SFPM. Table 5.6 gives the mean velocity,
turbulence intensity, temperature, Froude number and bulk Richardson
number versus height for each profile. A total of ten profiles were
obtained for this test; three lateral to the flow immediately upwind
of the terrain model (locations A, B, and D); three lateral to the
flow at the end of the terrain model (locations K, L, and M), and
the remainder along the center of the model (G, H, I, and J). The
profiles taken at locations A and M were also along the center of the
test section.

Table 5.7 gives a summary of each profile. The surface roughness

computations gave values of Z, ranging from 0.05 to 0.70 cm with a

mean value of 0.36 cm. The Monin-Obukhov length-scale values are
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all positive with an average value of 0.63 m. The friction velocity
ranged from 3.2 to 8.1 cm/s with an average of 4.8 cm/s and the turbu-
lent Reynolds number ranged from 1.1 to 27.7 with an average of 13.0
(above the critical value of 2.5 for fully turbulent flow). The power
law exponent ranged from 0.32 to 0.67 with an average of 0.50. This
range is indicative of a stable boundary layer.

The velocity profiles taken along the center of the model are
plotted in Figure 5.2-4 and show a similar pattern to those discussed
for the 325° wind direetion. The upper level velocity ranged from 0.82
at the approach to the terrain and increased to 1.15 m/s upwind of
Badger Peak. The turbulence intensity versus height is plotted in
Figure 5.2-5 for the profiles taken along the center of the model.
Above 10 cm the turbulence levels are low (~2 percent) for all locations
whereas below 10 cm values as high as 15 percent are observed. The
high turbulence near the ground is created by the mechanical mixing
induced by the rough surface features.

The Fr variation with height along the center of the test section
is shown in Figure 5.2-6. Fr profiles at A', H', and I' show a nearly
constant value (~2) above 2 cm. At the higher terrain locations (J'
and L') the Fr values increase at all heights but the greatest
increase is near the ground. Based on Fr this case would be classed
as Pasquill E on the border of a Pasquill F.

° 349° Wind Direction and Frp = 6.3

The wind tunnel conditions for this test were a -8.3°C plate
temperature, a 57°C temperature for the air entering the test section
and a Datametrics setting of 230 SFPM. Table 5.8 lists the mean

velocity, turbulence intensity, temperature, Froude number and
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Richardson numbers versus height for all profiles. A total of eight
profiles were obtained for this test: six along the center of the test
section (A', G', H', I', J', and M') and two off the centerline on
either side of M' (profiles K' and L'). Figure 4.2-6 shows the relative
location of each profile. Table 5.9 summarizes the computed values of
Zg 1/L, u*, ReZ and n for each profile.

The surfaceoroughness ranges from 0.01 to 0.47 cm with an average
of 0.25 cm. The Monin-Obukhov length scale values are all positive
with an average value of 0.7 m. The average value for u* is 8.3 cm
and for Rez 17.2 (above the critical value of 2.5). The power law
exponent ranged from 0.31 to 0.52 with an average of 0.39. The expo-
nents are lower than the other two cases previously discussed sugges-
tions this case is less stable as the Fr and Ri data confirm.

Figure 5.2-7 shows the velocity profiles along the center of the
tunnel at locations G', H', I', J', and L'. The upper level velocity
u_ varies from 1.7 m/s at G' to 1.4 at I' and J'. The variation is due
in part to a slight drift in the tunnel conditions during the test
(i.e., the Datametrics was reading high for the profile taken at G'and
H'}. Figure 5.2-8 shows the turbulence intensity values plotted versus
height for each profile. Close to the ground ix is high (10-15 per-
cent) whereas aloft ix is significantly lower (1-3 percent).

The Froude number variation with height is plotted in Figure 5.2-9.
As can be seen the Fr values for this case are significantly higher
than the previous two cases with upper level (10-40 cm) values
ranging from 2.4 to 4.7. At lower.levels ( < 10 cm) values as high as

15 are observed. Based on Fr and the discussion in Section 5.1 this

case is on the borderline of being a Pasquill D. In fact, the FrT
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values for this case range from 5.4 to 11.3 with most being above the
cutoff of 5.9 for E stability.

° Flat Terrain and FrT = 1.8

For this test the floor temperature was approximately -6.7°C and
the air entering the test section was maintained at 56.7°C. The Data-
metrics setting was 190 SFPM. Table 5.10 gives the mean velocity,
turbulence intensity, temperature, Froude number and Richardson number
versus elevation for the profiles collected at sites A', G', I', and L'.
These profiles were located along the center of the tunnel.

Table 5-11 summarizes the results of the zo, 1/L, u*, ReZ and
n calculations for each profile. The surface roughness for thgs case
ranged from 0.86 to 1.5 cm with a mean of 0.92 cm. The mean values for
L, u*, ReZ , and n were respectively 2.7 m, 8.9 cm/s, 56.7 and 0.27.
In general? the L and Z, values seem unrealistic and may be caused
by a stagnate zone or flow reversal region over the plate surface. The
stagnate region caused the velocity profiles to exhibit an irregular
shape as shown in Figure 5.2-10 and hence the log-linear equation would
not fit the velocity data well. If the profiles are carefully inspected
an uncharacteristic decrease in velocity near the tunnel floor is evi-
dent particularly at sites I' and L'. A flow reversal may have occurred
at I' and L' but would not be recorded on a single hot-film sensor.
This reversal was not noticed while testing was in progress but, if
present, will effect the dispersion patterns close to the surface of
the tunnel.

The turbulence intensity versus height is shown in Figure 5.2-11.

A slightly higher level of turbulence is noted near the ground but

overall the values are low and above 10 cm range from 1.3 to 2.4 percent.
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The Fr variation with height is shown in Figure 5.2-12. Overall the
Fr values are almost constant with height and range from 0.5 to 3.1.
Based on the FrT value, this case would be classed as Pasquill E
but the flow irregularities near the tunnel floor may produce unreasonable
ground level concentrations.

. Flat Terrain and FrT = 4.6

The tunnel floor was set at -6.7°C and the air entering the test
section was 56.7°C for this test. The Datametrics setting was 215 SFPM.
Table 5.12 gives the mean velocity, turbulence intensity, temperature,
Froude number and Richardson number versus height for the profile
collected at locations A', G', I', and L'. The results of the detailed
analysis of each profile are given in Table 5.13. The estimated surface
roughness (zo) ranged from 0.2 to 1.4 cm with an average of 0.7 cm.
The average values for L, u*, Rez and n were 1.7 m, 8.7 cm/s, 45,
and 0.70. The Z and L valuesoagain seem unrealistic and are
explained by the shape of velocity profiles plotted in Figure 5.1-13. A
stagnate air layer of about 2 cm depth is prevalent at location L'.
The remaining profiles show no stagnate layer but the profiles at G
and I' have uncharacteristic shapes. Above 5 cm the profiles are
almost linear and below 5 cm they are also linear with a smaller slope.
The turbulence intensity profiles are shown in Figure 5.1-14. The ix
values are generally higher near the surface with a maximum value of
12.8 percent at site L'. Above 5 cm the turbulence is low and ranges
from 2.9 to 6.1 percent.

The variation of Fr with height is shown in Figure 5.1-15.

The Fr values are generally higher near the ground and are nearly

constant above 5 cm. The range of Fr values above 5 cm is 1.6
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to 3.8. Based on FrT of 4.6, this case would be classed as Pasquill E.
However, the dispersion pattern near the ground may be affected by the
irregular flow field and care should be exercised when evaluating the

concentration measurements.
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6 ANALYSIS OF PLUME DISPERSION PATTERNS

6.1 Wind Tunnel Results

The photographic data provides qualitative information concerning
the plume transport over Badger and Garfield Peaks. Figures 6.1-1
through 6.1-5 show the plume visualizations with and without the terrain
for the two release heights studied. As can be seen the more dense
portion of the plume remains above ground level for all cases studied,
suggesting that plume impaction on elevated terrain does not occur.
More detailed visual information can be obtained by viewing the motion
picture of each test studied.

Quantitative information on the plume characteristics was
obtained by analyzing the concentration data. The analysis will discuss
these key factors: 1) horizontal and vertical dispersion rates (oy and
cz), 2) height of maximum (Zmax) and mean (Z) concentration above

ground level, and 3) maximum centerline (K and maximum ground-level

)
(Kg) concentration. These parameters were calculated for all tests and
are tabulated in Table 6.1. Each factor will be discussed in more detail.
e Horizontal and Vertical Dispersion Rates
The horizontal dispersion coefficient (oy) was computed using
the measured concentration data at the 10.5 cm height (samples 10,11,12,
13,21,14,15,16,17) and the vertical coefficient (GZ) was computed
using samples 5,12,19,26,21,22,23, and 24. The computed values (model
and prototype) are enumerated in Table 6.1. Values were computed even
when the tracer gas sampling rake was not positioned directly in the

center of the plume. The values which may be most effected by rake

positioning are indicated in the table.
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Since the spread of a plume versus distance is a direct indication
of stability, the cy and o, values obtained in the wind tunnel have
been scaled to prototype dimensions and plotted in comparison with the
Pasquill-Gifford Diffusion Curves (PGDC) for the atmosphere. Figure 6.1-6
shows a plot of the vertical spread (cz) for the cases with an Fr of
2.2 or less in comparison with PGDC. The o, values for the terrain
cases (325 and 349° wind directions) are between the Pasquill-Gifford
(P-G), D and E 1lines at the intermediate location (G or G') and
fall on the E 1line at the far distance (L or M'). For the no-
terrain case the data at G' falls along the P-G D 1line whereas at
L' the data falls between D and E stability. If o, alone were
used as a stability indicator the P-G category would be between D and
E for the cases with an Fr of 2.2 or less.

Figure 6.1-7 shows the g, data for the no-terrain case with
Fr = 2.7 and the 349° wind direction with Fr = 3.9. For these cases
it is evident that the vertical spread is characteristic of a neutral
(D stability) atmosphere. Thus the o, values correlate directly
with Fr. As Fr increases the vertical dispersion becomes greater.

The o, values for the cases with Fr < 2.2 are shown in
Figure 6.1-8. The terrain case data are close to E stability at the
intermediate location (G or G') and F stability at the far dis-
tance (L or M'). For the flat terrain cases the data fall on or
below the P-G F 1line. An overall classification for these cases based
on the horizontal dispersion is between a P-G category E and F.

The 349° wind direction case with Fr = 3.9 is shown in Figure 6.1-9.
The horizontal spread follows the P-G E 1line. The flat terrain case

with Fr = 2.7 1is also shown in Figure 6.1-9. The P-G category based
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on cy appears to be an F at the far distance (L) and is between
E and F at the intermediate location (G).

In summary it appears that the horizontal dispersion coefficients
observed in the wind tunnel are indicative of a stable atmosphere for
all Fr cases. The cy values seem to be weakly dependent on Fr
and correlate well with a P-G category between E and F for locations
G and F at location L. The vertical dispersion coefficients are
generally one P-G category less stable than the horizontal coefficients.
For the cases with Fr = 3.9 and 2.7 the vertical coefficients followed
the P-G neutral (D) line whereas for the cases with Fr < 2.2 the
spread was close to the P-G E 1line.

A question that may be raised here is why the vertical spread is
one stability category higher than the horizontal spread. As discussed
in Pasquill (1974) the PGDC for o, were based on a surface roughness
of 3 to 10 cm. At Colstrip the roughness is at least 1 m and possibly
10 m. Pasquill (1974) presents a curve (reproduced in Figure 6.1-10) that
shows the correction factor to multiply the o, for a 10 c¢cm roughness by
to obtain the o, representative of the roughness at a particular site.
As can be seen from the curve, the o, for stable conditions (or any
other stability for that matter) could be from 1.4 to 1.1 times higher
than the standard o, values. In general, the factor decreases with
downwind distance. This is reflected in the wind-tunnel results by the
o, values clustering around D or D-E stability at G or G' and
moving to E at M or M'.

) Height of Plume above Ground Level

From an analysis of the concentration data tabulated in Appendix A

the center of mass above ground level and height of maximum concentration
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was obtained. The center of mass Z was found using the equations and
procedures given in Section 4.4. Since a finite sampling grid was
employed the probability of positioning the rake directly in the center
of the plume was small. However, it is felt that the center of mass at
one vertical location is indicative of the overall height of the plume.
A second indicator is the height of the maximum observed concentration
Zmax' Figures 6.1-11 through 6.1-18 show the height of the maximum
concentration and center of mass plotted on terrain cross sections in
relation to the initial release height. The Z and Zmax values were
both plotted to give a visual estimate on the range of the expected
height for the plume centerline. These two values (7' and Zmax) dif-
fer the most when the rake was not positioned directly in the center of
the plume or when the maximum value was close to ground level.

For estimating concentrations on elevated terrain an important
parameter is the plume height above gound level. Since Z and Zma

X

are both indicators of plume height (h), hereafter h will be set

Z+Z
max

2

to the initial release height for location G (or G') and L (or

equal to Table 6.2 summarizes the ratio of the plume height
L'). This table should be referred to in the ensuing discussions.

Figure 6.1-11 shows the plume rise range (Z » Zmax) for the case
with Fr = 1.5, a 349° wind direction and 7.6 cm (381 m in prototype)
and 9.5 cm (476 m in prototype) release heights. The case corresponds
to a P-G E stability and may be on the borderline of being an F
stability. At point G' the ratio of the plume height to release
height (%J is 0.74 and 0.84 for H = 7.6 and 9.5 cm, respectively.
It is apparent that the plume has lost altitude relative to ground

level due to the rising terrain and converging streamlines which are
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characteristic of flow over hills. The ratios at L' are 0.47 and

h
H
0.65 for the 7.6 and 9.5 cm release heights.

The plume rise range for Fr = 3.9, a 349° wind direction (toward
Badger Peak) and the two release heights is shown in Figure 6.1-12.
This case is close to being classed as a P-G D (neutral) or slightly
stable (D-E). At point G' the plume height relative to ground level
is about equal to the initial release height (% = 1.09 and 0.92 for
the 7.6 and 9.5 cm release heights, respectively). At point L the
plumes pass close to the ground (%-= 0.36 and 0.5 for H = 7.6 and
9.5 cm, respectively). This is due to the increase in vertical spread-
ing associated with neutral or slightly stable conditions; more of the
plumes reach the ground thus lowering the center of mass and the maxi-
mum centerline concentration. In fact at L the maximum value recorded
was at ground level for the 7.6 cm release. The actual maximum was
probably above ground level but not recorded due to the finite sampling
grid.

The plume rise range for the 325° wind direction, an Fr = 2.0
and a 7.5 and 9.6 cm release height is shown in Figure 6.1-13. This
case corresponds most closely to a P-G E. The plume heights above
ground level at location G are close to the initial release elevation
with (%) = 0.97 and 0.86 for the 7.6 and 9.5 cm release heights. The
plume height relative to ground level decreases slightly at L with
% = 0.71 and 0.82 for the high and low release height, respectively.

The plume rise results from the flat terrain case with Fr = 2.2
are shown in Figure 6.1-14. A slight increase in the height relative to
the initial value was obtained for the test with h 1.09 and 1.21 at

H
G and 1.28 and 1.11 at L for the 7.6 and 9.5 cm release heights.
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This is due in part to the center of mass (Z) being consistently
higher than the maximum concentration (giving an h larger than H).
Some of the plume irregularities for this case are due to the
inconsistencies observed in the flow field as discussed in Section 5.

Figure 6.1-14 shows the flat terrain results for Fr = 2.7. It
is apparent from the figure that Z and Zmax differed significantly
from one another. This is due to the observed occurrence of parcels
of the plume being broken off due to large-scale eddies giving the plume
a nonsymmetric appearance. These eddies sometimes gave higher values
of concentration either above or below the main body of the plume.
Hence, the center of mass was either above or below the maximum concen-
tration depending on whether the puffs occurred above or below the
plume. The plume rise ratios for this test were 1.36 and 1.40 at
location G' and 1.11 and 1.61 at location L' for the 7.6 and 9.5 cm
release height, respectively. Again the irregularity in the dispersion
results are explained by the flow field as discussed in Section 5.

° Maximum Ground-Level and Aerial Concentrations

Table 6.1 gives the maximum aerial and ground-level concentrations
observed during the wind-tunnel tests. These data have been analyzed
to obtain information on 1) the ratio of maximum to maximum ground-level
concentration, 2) the ratio of maximum ground-level concentration with
and without the terrain present, and 3) the ratio of computed (Gaussian
model) and observed (wind tunnel) maximum centerline concentrations.

Ratio of Maximum to Maximum Ground-level Concentration

A parameter of importance for assessing concentrations at ground
level is the ratio of maximum (KH) to maximum ground-level (Kg) con-

centration at a given downwind location. For elevated terrain situations
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this ratio (KH/Kg) approaches 1 as the plume centerline approaches

the ground. If the ratio is greater than 1 the implication is that the
plume center is elevated above the terrain. At sufficient downwind
distance, the ratio approaches 1 simply because the plume becomes uni-
formly mixed throughout the mixing layer. In general the ratio approaches
1 faster as the atmospheric stability goes from stable to unstable.

Table 6.3 summarizes the ratio of KH/Kg for the data collected
in the wind-tunnel tests. Also indicated in the table are the associated
Froude number, Richardson number, and downwind distance. Some general
trends can be deduced by referring to the table.

First the ratio KH/Kg decreases as downwind distance increases
for a given release height. This is the expected trend since more
effluent reaches the ground as o, and downwind distance increase.
Second, the ratio increases at a fixed distance as the release height
increases. This again is the expected trend since less effluent reaches
the ground at a given distance when the plume height is increased. In
general the ratios are less when the terrain is present for a similar
case (nearly equal Froude number) than when the terrain is absent.

This implies the terrain enhances vertical mixing such that higher con-
centrations are observed at locations such as G (or G'). Also the
plume center approaches the ground thereby increasing the ratio.

Another factor that should be considered in assessing the ratios is
that the ground-level samplers on the model are some height above the
ground (due to the sampling probe diameter or due to the probe being
slightly elevated). The sampling probe diameter was approximately
1.6 mm which means the sampling height was approximately 0.8 mm above
ground level. In some cases the probe recording the maximum concentra-

tion was elevated as high as 3 mm. Table 6.1 gives the height above
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ground level of all maximum values. To estimate whether this factor
would significantly reduced the measured values--that is, if a ground
level sample were measured what would the value be--consider the

following equations derived from Turner (1968):

2 L (2, (2, Y
Kg S 2mo g )°XP _E'( g ) * eXP"\ g ) 6.1
y z z z
2 2
_ H 1({h
Ko ® T exp[——2-<8——) ] 6.2
y z z
where
Kg = the predicted value at sample height (zg)
K0 = the predicted value at z = 0.
The ratio
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then gives the estimated correction factor that the measured data should

-~

be multiplied by. Table 6.4 gives calculated values for KO/Kg for
various cz, zg, and h. As can be seen for z = 0.079 the error for
the range of h and o considered is negligible (all ratios close

to 1.00). For z = 0.3 cm the error becomes significant only for large
h and small o,- For these cases the values at the ground will be
small anyhow. Based on this discussion no correction due to ground-
level probe alignment was made.

Ratio of Maximum Ground-level Concentration (dimensionless) with
and without Terrain

Table 6.5 summarizes the ratio of maximum observed ground-level
concentration with and without the terrain present. The ratio

[Kg)w/(Kg)wo] is computed using terrain case results (349 or 325°
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wind direction) and the no-terrain case results that have the most
similar Froude numbers. The table shows that the ground-level concen-
trations are higher with the terrain present for all except one case.

An explanation for this anomaly is that both cases (with and without
terrain) have maximum ground-level concentrations close to the back-
ground values in the wind tunnel. Hence both values can have a large
error due to fluctuations in the background concentration. The remaining
data show the expected trend of higher concentration when the terrain is
present. When planning the program it was intended to use this data to
predict the maximum value expected when the terrain is present. Since
flatland diffusion model results are fairly accurate the prediction at

L or L' was to be modified using the ratios in Table 6.5. However,
since the stability conditions were not exactly the same (which to
obtain in the wind tunnel would have required an unreasonable time and
a better approach was developed as described below) and flow irregulari-
ties were observed for the flat terrain cases, this data will not be
used to estimate concentrations on Badger or Garfield Peaks. Instead
the ratio KH/Kg as discussed earlier will be used in the manner
described in Section 6.2

Observed and Predicted Maximum Concentrations

In order to assess whether the dispersion in the wind tunnel is
similar to that in the atmosphere, a comparison of the maximum predicted
and observed concentrations was made. The prime assumption here is that
the Gaussian model for flat terrain will give representative estimates
of maximum concentrations that can be expected in the atmosphere. A
comparison of the wind-tunnel results with the predicted maximum concen-

tration was made since the maximum centerline value (KH) should be
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relatively insensitive to the shape of plume. Ground-level values on
the other hand would be more sensitive to the plume shape and proximity
to the ground.

The equation for predicting the maximum concentration is

2 2
K, = _ﬂ__[1+exp z(ah—)‘] 6.4
Z

H 210 o
y z
where H 1is the release height and h the plume height above ground

level (assumed equal to H). Since the oy and o, dispersion rates
did not follow the same stability category in the wind tunnel, cy and
o, were classified independently according to where the observed data
fell on the PGDC. The data were classified by the location of the oy
and o, values at G (or G') in relation to the PGDC. Table 6.6
shows the ratio of observed and computed centerline concentration and
the associated P-G classification for oy and o, As can be seen from
the table at location G or G', the ratio is between 0.77 and 1.13 for
all cases where the maximum value was most likely observed. At L or
L' the ratio ranges from 1.09 to 2.02 for all cases where the maximum
was observed. The reason the ratio increased at L or L' 1is because
the plume lost altitude with respect to ground level (H < h) and the
reflection term in equation 6.1 becomes significant.

In summary the comparison between observed and computed
concentrations is favorable suggesting the results in the wind tunnel

give similar results to those that can be expected in the atmosphere.

6.2 Modification of Numerical Model
The numerical model used to estimate ground-level concentrations

on Garfield and Badger Peaks is referred to as the Valley Model (Burt,
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1977). This model makes use of the following equation from Turner (1968)
integrated over a 22.5° sector.}

2 2
1 1/z-h
oy mm = g [ F(E ][exp (5
y z y z

If a dimensionless concentration is defined as

+ exp

SIS

x(x,y,z,h)uﬂ2

K(x’y,z’h) = Q

then equation 5.1 reduced to the following for y = 0 and z = 0:

2 2
- _ H 1/h
KO = K(X,0,0,h) = ppe exp [- 7(6—-) J. 6.6

y z A

For 'y =0 and z = h the following equation results

e

The ratio of KH to K0 is the same as the ratio of Xy (centerline

2

K. = K(x,0,h,h) = 2"? = [1 + exp
y z

concentration) to X (ground-1level concentration) and represents the

“dilution between the plume centerline and ground level. In equation

y ]
3]

For plume impaction (i.e., h = 0) the ratio is equal to 1 and when the

form
1 +

6.8

Q

plume is slightly elevated (i.e., h = oz//ib the ratio is less than 1

indicating that the ground-level concentration is larger than the

1The integrated equation will not be used here since the only difference
in the equation is a constant which would drop out in the final
analysis.
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centerline value. The latter case occurs due to the reflection term

(exp w%(%ﬂl)z) in equation 6.1. When h is sufficiently large with
respect t;: c, the ratio (KH/KO) quickly approaches infinity.

Using equation 6.8, the ratio of KH/Ko versus H and o, can
be computed and will give the same ratios as if using the Valley Model.
To correct the ratio due to improper assumptions for flow over rough -
terrain the results of the wind-tunnel test were used. Although the
source characteristics were not simulated in the experiment the flow
field and atmospheric stability were. As discussed in section 6.1 the
plume geometry was similar to what is expected for corresponding full-
scale conditions. Since KH/Ko is only a function of H/oz (that 1is

if a normal distribution is assumed) and H/oz (or H/oy) in model

and prototype are assumed equal, then

(&), - (&),

The Valley Model was used to calculate the expected l-hour average
ground-level concentrations under conditions similar to those modeled
in the wind tunnel (see Appendix C for computer listings). The estimated
concentrations (Xv) were corrected based on the wind-tunnel results.

The following equation was used to correct the Valley Model results:

S 6.9
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where
X = the corrected concentration

the Valley Model prediction

>
i]

v

NIEN

( )= the centerline dilution computed from equation 6.8
o’p

)

1
K
(T(E) = the centerline dilution ratio observed in the wind
g/m  tunnel for a similar stability and plume height

Table 6.7 gives the Valley Model 1-hour average concentration values
computed using actual meteorological data at CPP for E stability. Also
in the table are the corrected concentrations based on the results of the
wind-tunnel tests. Two effective plume altitudes (381 and 476 m) were
simulated in the wind tunnel; hence, to estimate the centerline dilution

\K

K
[(.ﬂ) ] for intermediate altitudes a linear interpolation was used. The
g/ m

following two linear equations were developed--one for Badger and one
for Garfield Peak--using the KH/Kg values in Table 6.3:

® Garfield Peak:

(Z—H-) = 0.992H - 374.2 6.10
g/ m
® Badger Peak: for 381 < H < 476
(-l-(Kli) = 0.0383H - 12.90. 6.11
g/m

The corrected concentration was then obtained by computing 1) (—K-H—>
m

K
“

g

from equation 6.10 or 6.11 as appropriate, 2) (K_) from equation
°/p

6.8, and 3) Xe from equation 6.9.

1
)Ko and Kg are assumed equal for wind-tunnel observations.
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The maximum Valley Model prediction is 44.93 ug/m3 for Badger Peak
on 7/26/75 at 2400. After applying the appropriate corrections the
maximum concentration becomes 12.5 ug/m3 for Badger Peak on 5/18/76 at
0600. The corrected values for the Garfield Peak predictions are all
less than 5.0 ug/ms.

Table 6.8 gives the Valley Model coéputed concentrations using
hypothetical meteorological data and corrected concentrations based on
the wind-tunnel results for neutral stratification. Only one test
(Badger Peak) was run in the wind tunnel with neutral stratification
but as the results in Table 6.8 show even the Valley Model estimates
are less than 5 ug/ms. This table is presented to show that even
though the centerline dilution (KH/Kg) is close to 1.0 (implies
plume impaction) the resulting concentrations are low because high winds

are required under neutral stratification to obtain plume rise values

of 381 and 476 m.
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TABLES



1)
2)
3)

4)

5)
6)

7)

1)
2)
3)
4)
5)
6)
7)

8)
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Table 4.1 Summary of Model Parameters for Wind Tunnel Tests

Parameter

Release Probe Diameter - D (cm)
Release Height - H (cm)
Volume Flow Rate - V (cm3/s)
Gas Mixture (%)

Nitrogen

Ethane
Ambient Velocity at H - Ups (m/s)
Wind Directions

Tower Top Froude Number - Fr

at Site A T

Table 4.2 Summary of Prototype Parameters for Colstrip Power Plant

Parameter

Stack Height - hs (m)

Stack Diameter - D (m)

Exit Velocity - u, (m/s)

Exit Temperature - Ts (°K)

Base Elevation of Stack (m, MSL)
Elevation of Badger Peak (m, MSL)
Elevation of Garfield Peak (m, MSL)

Effective Plume Altitude for
E Stability - H (m, AGL)

1.42
7.6 and 9.5

18.5 to 38.0

O o
[SSe.]

0.32 to 0.81
325, 349 & Flat Terrain

1.8 to 6.5

210.9
11.0
30.3
361
989.9
1348.2

1315.9

381, 476



Table 4.3 Summary of Wind-Tunnel Tests

Model

Fr Ri Release Height H Release Model Velocity
Wind e @ e e Model Prototype Volume Flow at H
Run# Terrain Direction 10 cm 1.9¢cm 10 cm ~1.9 cm (cm) (m) (ce/s) (m/s)
3 IN 325 2.0 3.3 0.49 0.15 7.6 381 18.5 0.38
4 9.5 476 18.5 0.40
5 IN 349 1.5 1.9 0.75 0.20 7.6 381 32.9 0.32
6 9.5 476 32.9 0.34
7 3.9 6.5 0.12 0.11 7.6 381 38.0 0.71
8 9.5 476 38.0 0.81
9 ouT N/A 2.7 4.6 0.16 0.11 7.6 381 27.8 0.58
10 9.5 476 27.8 0.64
11 2.2 1.8 0.27 0.25 7.6 381 27.8 0.49

12 : 9.5 476 27.8 0.57

8S
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Table 4,4 Sampling Grid Coordinates for:

a) Flat terrain runs at site L'with Fry = 4.6

Location# Y{cm) Z(cm)
1 -47.0 0
2 -31.8
3 -16.5
4 -8.9
5 0
6 6.4
7 14.0
8 29.2
9 44.4 0
10 -47.0 14.6

i1 -31.8
.12 -16.5

13 -8.9

14 6.4

15 14.0

16 29.2

17 44 .4 14.6
18 0 6.6
19 9.2
20 11.7
21 14.9
22 19.3
23 24 .4
24 0 29.5

b) Flat terrain runs at site G' for FrT = 1.8 and 4.6
and at site L'with FrT = 1.8

Location# Y(cm) Z(cm)
1 -47.0 0
2 -31.8
3 -16.5
4 -8.9
5 0
6 6.4
7 14.0
8 29.2
9 44 .4 0

10 -47.0 10.5
11 -31.8
12 -16.5
13 -8.9
14 6.4
15 14.0
16 29.2
17 44 .4 10.5
18 0 2.5
19 5.1
20 7.6
21 10.8
22 15.2
23 20.3
24 0 25.4
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Table 4.4 (continued)

c) 325° wind direction runs at site L with FrT = 3.3
Location# Y(cm) Z(cm)
1 -47.0 -3.2
2 -31.8 -3.2
3 -16.5 -1.6
4 -8.9 -1.0
5 0 0
6 6.4 0.6
7 14.0 0
8 29.2 0.3
9 44.4 -1.6
10 -47.0 10.5
11 -31.8
12 -16.5
13 -8.9
14 6.4
15 14.0
16 29.2
17 44.4 10.5
18 0 2.5
19 5.1
20 7.6
21 10.8
22 15.2
23 20.3
24 0 25.4
d)  325° wind direction runs at site G with FrT = 3.3
Location# Y(cm) Z(cm)
1 -47.0 0.3
2 -31.8
3 -16.5
4 -8.9
5 0 0.3
6 6.4 0.6
7 14.0 1.3
8 29.2 1.6
9 44.4 1.6
10 -47.0 10.8
11 -31.8
12 -16.5
13 -8.9
14 6.4
15 14.0
16 29.2
17 44.4 10.8
18 0 2.8
19 5.4
20 7.9
21 11.1
22 15.6
23 20.6
24 0 25.7
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Table 4.4 (continued)

e) 349° wind direction runs at site M' with Frp = 1,9 and 6,5

Location# Y(cm) Z{cm)
1 -47.0 0.2
2 -31.8 0.2
3 -16.5 0.5
4 -8.9 0.8
5 0 0.0
6 6.4 1.5
7 14.0 1.5
8 29.2 3.4
9 44 .4 2.4

10 -47.0 11.0
11 -31.8
12 -16.5
13 -8.9
14 6.4
15 14.0
16 29.2
17 44 .4 11.0
18 0 3.0
19 5.6
20 8.1
21 11.3
22 15.7
23 20.8
24 0 25.9

f) 349° wind direction runs at site G' with Fr,, = 1.9 and 6.5

T
Location# Y{cm) Z{cm)
1 -47.0 0.5
2 -31.8 0.2
3 -16.5 1.5
4 -8.9 1.5
5 0 0.5
6 6.4 0.8
7 14.0 1.5
8 29.2 0.8
9 44 .4 1.5
10 -47.0 11.0
11 -31.8
12 -16.5
13 -8.9
14 6.4
15 14.0
16 29.2
17 44.4 11.0
18 0 3.0
19 5.6
20 8.1
21 11.3
22 15.7
23 v . 20.8
24 0 25.9
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Table 5.1 EPA Stability Criteria for Colstrip Power Plant

Potential Temperature

Pasquill Category Lapse Rate Wind Speed
A8/Az (°C/100m) Range
(m/s)
AD 0
D -0.1 < 77 < 1.0 0= ?
A6
E 1< 35<5 0 - 10
AB
F 5 < '-A—z 0 -6

Table 5.2 Revised Stability Criteria Based on Froude Number for
Colstrip Power Plant

Pasquill Category Fr%)range
D o + 5.86
E 5.86 »~ 1.57
F 1.57 >0
1)
Ut
FrT = where U is wind speed at top of tower
[a 88z
T Az



Table 5.3 Example of Power Law Exponent Variations with Stability from a) Touma, 1977 and b) Sutton, 1953

a) Touma, 1977

Stability Missouri® Missouri® Kansas?® Kansas® Towa® Texas® Michigana Missourib
Class 1973-74 1974-75 1973-74 1974-75 1973-74 1973-74 1975-76 1973-74
A 0.103 0.099 0.124 0.091 0.104 0.120 0.109 0.111
B 0.079 0.092 0.145 0.103 0.101 0.123 0.085 0.119
C 0.082 0.080 0.152 0.122 0.114 0.128 0.078 0.104
D 0.115 0.144° 0.199 0.172 0.188 0.174 0.116 0.136
E 0.271 0.273 0.341 0.282 0.313 0.331 0.261 0.272
F 0.423 0.385 0.480 0.412 0.466 0.562 0.425 0.242
G 0.504 0.417 0.506 0.452 0.444 0.624 0.516 0.447
Terrain Rolling Rolling Rolling Rolling Rolling Rolling Hilly Rolling

aStability class based on a AT of 10 to 60 m.
bStability class based on a AT of 10 to 90 m.

b) Sutton, 1953

- o
AT = T, 0, - Te, °F) 1

0to 2 0.32
2 to 4 0.44
4 to 6 0.59
6 to 8 0.63
8 to 10 0.62
10 to 12 0.77

€9
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Table 5.4 Velocity Profiles for 325° Wind Direction and Fr,
location A
z u i T Fr Ri z
(cm) ws) (perdent) °K) "
0.62 0.089 5.73 288.5 s N
1.31 0.160 4.09 291.0 5.49 o 0.5
1.96 0.229 4.06 293.5 3.30 o ”:l
2.58 0.269 4.51 295.0 3.12 012 f.:e
5.10 0.334 5.10 298.0 2.46° 059 J':ﬂ
10.19 0.414 5.58 300.5 1.99 o.sf 7
20.55 0.657 7.21 305.5 1.86 033 “'i’f
140.67 0.954 2.48 309.0 1.81 0% 2.3
Location B
0.64 0.173 4.82 291.5
1.20 0.245 7.35 294.0 5.29 010 093
1.93 0.301 6.51 295.0 5.18 o7 l'?
2.57 0.352 3.51 297.0 419 04 2
5.08 0.432 5.00 300.0 3.38 0.2 368
10.16 0.511 4.61 302.0 2.64 03 7'3:
20.38 0.586 4.09 305.0 1.92 1S e
40.67 0.836 1.78 309.0 1.92 o4 .3
Location C
0.6 0.168 5.94 201.5 )
1.28 0.233 7.25 294.0 5.03 o1 o
1.90 0.307 4.86 296.0 4.68 008 l'i7
2.54 0.344 5.57 _257.0 4.50 o8 220
5.07 0.369 7.58 299.5 2.97 333 368
10.16 0.398 6.82 302.5 2.01 s 73
20.34 0.621 9.26 306.0 1.96 0% 167
40.68 0.969 1.73 309.5 1.97 o1 9.3
Location D
0.63 0.129 5.16 290.0
1.26 0.179 4.99 201.5 5.01 o3 oot
1.91 0.207 4.24 293.0 3.86 o4 Lis
2.53 0.242 4.84 294.3 3.47 0.3 -
5.09 0.328 4.24 298.0 2.64 042 >-ee
10.16 0.509 5.77 303.0 2.36 038 73
20.28 0.763 7.09 307.0 2.23 020 .ot
40.66 1.015 2.25 310.3 1.94 ¥ 3930
Location H
0.63 - -- 280.3
1.28 0.159 5.92 290.7 4.60 - “_
1.90 0.204 4.05 201.7 4.25 0'“_, ii
255 0.251 4.19 203.0 3.86 o1 2
5.08 0.392 3.85 298.0 3.02 020 :Z:
10.16 0.461 2.07 301.5 2.20 ::: “:m
20.34 0.578 3.98 304.3 1.79 o2 29,51
10.68 0.950 2.48 308.7 1.85

3.3



65

Table 5.4 Velocity Profiles for 325° Wind Direction and Frp = 3.3

(continued)
Location |
Z w ix T Fr Ri :m
{cm) (m/s) {percent) (°K)
0.64 0.081 6.79 289.3
.00 0.92
1.28 0.109 6.35 289.3 6.76
0.17 1.58
1.903 0.148 6.48 290.5 3.87
0.0R 2.23
2.55 0.198 5.31 291.5 3.69
0.14 3.67
5.07 0.367 3.47 296.3 l.08
0.71 7.32
10.16 0.474 3.46 301.2 2.26
n,87 14.66
20,32 0. 606 1.01 304.2 1.87
: 0.22 29,32
40.66 0.981 2.51 309.0 1.89
Location J
0.64 0.083 .84 288.5
0.17 0,03
1.30 0.115 5.80 289.3 4.36
0.20 1.59
1.92 0.142 6.01 290.0 3.71
0.16 2,22
2.54 0.182 6.31 201.2 3.27
0.16 3.66
5.07 0.310 6.18 294.3 2.9
0.35 7.32
10.16 0.483 3.92 300.5 2.32
0.50 14.67
20.34 0,645 2.94 304.5 1.94
0.26 29.34
40.67 0.986 2.07 309.2 1.86
Location L
0.64, 0.190 4.42 293.0 0.14 0.92
1.28 0.229 . 4.02 294.0 7.83 0.13 1.58
A 1.92 0.270 4.64 295.0 6.16 0.08 2.22
2.55 0.329 4.37 296.3 §5.38 0.16 3.68
5.11 0.480 4.61 300.3 4.04 0.04 7.35
10.17 0.542 4,28 302.5 2.94 0.48 14.67
20.34 0.685 2.64 305.5 2.34 0.26 29.34
40.068 1.003 i.11 309.5 2.13
Location ¥
0.63 0.132 : 5.67 293.5
0.35 0.92
i.28 0.157 4.17 294.5 5.42
2.31 1.60
1.9 0.104 4.02 295.0 4.32
0.23 2.25
2,57 0. 198 2.74 296.3 3.52
0.25 3.68
5.08 0.268 2.51 297.8 2.95 N
0.46 7.28
10.17 0.384 1.83 301.5 .27
0.42 14.68
20.37 0.537 2.29 304.5 1.95
. 0.26 29.37
40.69 0.863 1.60 308.8 1.90
Location N
0.64 0.085 6.97 291.0
0.70 0.92
1.27 0.104 S.76 292.2 3.24
;L7 1.84
2.57 0.131 4.87 294.5 2.07 .
5.32 3.69
5.09 0.150 6.64 296.8 1.41
0.62 7.34
10.17 0.246 3.52 300.2 1.35
0.29 14.66
20.31 0.459 6.35 304.2 1.52
0.13 29.31
40.64 0.872 2.84 307.5 i.85
lLocation O
0.62 0.146 8.21 288.5
1.89 1.37
2.58 . 0.181 6.18 292.0 2.86
0.45 3.70
5.10 0.234 4.81 293.5 2.37
0.43 7.34
10.16 0.359 2.90 297.5 1.99
0.48 14.66
20,33 0.549 2.83 302.7 1.75
0.87 29,33

40,65 0.758 1.68 308.5 1.45
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Table 5.5 Summary of Similarity Theory Analysis of Velocity Profiles
for the 325° Wind Direction and an Fr at 10 cm (Location A)

of 2.0
. -1 Re; e
Location zo(cm) 1/L{m ™) u*(cm/s) 20 (cm/s) n
A 0.243 2.8 3.6 5.7 1.9 0.54
B 0.133 1.0 4.3 3.7 2.1 0.36
C 0.246 1.2 4.9 7.9 6.2 0.39
D 0.370 1.9 4.9 11.9 3.4 0.51
H 0.481 1.2 5.4 17.0 3.9 0.49
I 0.540 1.8 5.0 17.7 3.4 0.62
J 0.512 2.3 4.4 14.7 2.5 0.62
L 0.176 1.6 4.7 5.4 2.8 0.41
M 0.068 6.4 1.9 0.8 1.1 0.47
N 22.204 -17.7 -1.1 - 1.1 0.59
0 0.252 2.4 3.1 5.1 3.8 0.44

Average 0.300 2.3 4.2 9.0 3.1 0.49




Table 5.6 Velocity Profiles for 349° Wind Direction and Fr
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Location A
z n x T Fr ri z,
(cm) {m/s) {percent) (@3}
0.64 0.050 7.69 284.6
0.28 1.16
1.0 #.153 7.76 291.6 1.85
. 0.13 2.20
2.54 0.218 4.75 294.1 2.09
0.67 3.67
5.09 0.288 6,36 298.0 1.78
G.88 7.34
10.18 0.343 5.64 299.6 1.47
0.6l 14.68
20.34 0.497 6.79 364.0 1.35
: 0.28 29.32
40.61 0.820 2.08 308.5 1.44
Location B
0.63 ©¢.208 4.50 292.5
0.37 0.88
1.20 0.240 4.82 294.5 5.84
0.10 1.50
1.84 0.297 3.73 296.0 5.20
0.28 2.17
2.53 0.332 2.87 297.5 4.44
4.09 3.63
5.02 0.407 3.54 299.5 3.53
1.47 7.28
10.13 0.470 2.75 301.7 2.60
0.49 14.63
20.30 ©.549 5.46 304.2 1.93
0.33 29.29
40.62 0.845 2.48 308.7 1.81
Location D
0.63 - - 284.6
1.27 0.101 4.15 288.5 1.73
0.18 1.54
1.85 0.148 2.64 290.5 1.96
‘ 0.62 2.18
2.47 0.174 3.67 292.5 1.55
0.77 3.59
5.01 0.236 3.37 296.0 1.59
0.41 7.206
10.10 0.385 5.02 301.5 1.56
0.33 14.60
20,27 0.584 5.84 305.5 1.53
2.03 29.28
40.62 0,765 3.61 308.7 1.33
Location G
0.65 0.132 6.97 291.0
0.07 0.95
1.32 0.219 5.90 293.5 4.69
0.07 0.95
1.32 0.219 5.90 293.5 4.69
0.11 1.59
1.90 0.277 2.98 295.5 4.20
0.24 2.17
2.46 0.308 2.54 296.75 3.85
0.61 3.64
5.15 0.371 3.08 299.5 2.88
0.45 7.33
10.06 0.444 3.29 301.¢0 2.35
0.72 14.62
20.38 0.552 3.22 303.5 1.87
0.25 29.33
40.59 0.893 3.00 308.0 1.8%
Location H
0.63 0.073 15.11 289.5
0.67 0.86
1.13 0.084 14.16 290.0 4.04
0.24 1.52
1.99 0.127 18.82 291.5 2.87
0.39 2.23
2.49 0.148 11.86 292.5 2.55
0.21 3.64
5.09 0.267 11.24 296.0 2.37
0.19 7.31
10.10 0.483 2.22 301.5 2.33
0.35 i4.61
20.30 0.645 2.95 304.25 2.02
0.35 29.28
40.58 0.916 1.43 308.25 1.82
Location I
0.63 0,099 10.71 288.5
.28 0.94
1.33 0.128 15.58 289.5 4.37
- 1.58
1.86 0.128 7.85 291.5 2.40
a.10 2.16
2.48 0.160 8.60 292.0 2.5%
0.14 3.64
5.11 0.339 4.66 297.0 2.63
0.34 7.32
16.09 0.477 2.40 301.0 2,20
0.58 14.58
20,25 0.596 3.29 303.5 1.85
0.31 29.38
40.90 0.923 2.94 308.5 1.77

T

1.9
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Table 5.6 Velocity Profiles for 349° Wind

Direction and FrT

(continued)
Location J
z u tx T Fr Ri H
(em} (m/s) (percent) K n
0.62 0.083 5.78 287.5
0.06 0.85
1.14 0.158 12.40 289.5 3.85
0.99 1.47
1.85 0.226 17.35 291.25 5.10
0.12 2.19
2.56 0.284 14.17 293.0 3.59
0.06 3.65
5.01 0.546 4.25 298.5 3.76
0.50 7.25
10.08 0.646 3.25 301.5 2.88
0.53 14.83
20.87 t0.774 3.22 304.0 2.257
0.20 29.67
40.65 1.150 1.21 308.5 2.128
Location K
0.64 0.194 4.57 291.0
0.05 0.39
1.20 0.277 4.86 293.0 6.67
.10 1.43
1.83 0.333 3.88 204.5 5.79
2.46 0.335 3.76 295.5 4.737
0.32 3.61
5.08 0.425 3.23 293.5 3.53
0.34 7.30
10.10 0.551 2.75 301.75 2.814
0.33 14.65
20.40 0.733 2.30 305.2 2.34
0.32 29.41
40.74 1.011 1.70 309.0 2.05
Location L
0.63 0.208 6.34 291.75
0.24 0.91
1.26 0.247 6.18 293.5 6.43
0.10 1.54
1.86 0.300 6.18 295.0 5.43
0.14 2.17
2.51 0.328 6.15 295.5 5.06
0.09 3.62
5.02 0.521 3.64 299.5 4.29
0.24 7.26
10.09 0.677 1.22 303.0 3.39
1.17 14.60
20.28 0.761 0.89 305.5 2.48
0.37 29.28
40.61 1.027 1.16 309.5 2.10
Location M
0.65 0.215 3.83 291.5
0.16 0.94
1.30 0.268 1.32 293.5 6.42
0.29 1.56
1.86 0.299 4.79 295.0 5.12
- 0.19 2.16
2.48 0.322 4.91 295.5 4.81
0.22 3.60
5.02 0.446 1.n 299.5 - 3.61
1.53 7.27
10.11 0.498 0.97 302.0 2.57
0.38 14.64
20.36 0.645 0.46 304.5 2.15
0.26 29.352
40.59 . 0.958 2.35 308.5 2.00

1.9
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Table 5.7 Summary of Similarity Theory Analysis of Velocity Profiles
for the 349° Wind Direction and an Fr at 10 cm (Location A)

of 1.5
. -1 Re e
Location zo(cm) 1/L(m ™) u*(cm/s) z, (em/s) n
A 0.40 2.4 3.4 8.9 2.7 0.64
B 0.08 1.6 3.4 1.8 3.7 0.32
D 0.73 1.0 5.1 24,3 2.3 0.58
G 0.18 1.6 4.0 4.7 3.6 0.42
H 0.70 1.4 5.4 27.7 4.0 0.67
I . 0.57 1.4 5.1 19.0 4,1 0.60
J 0.55 0.6 8.1 29.1 4.9 0.63
K 0.08 2.5 3.7 1.9 1.1 0.38
L 0.27 0.6 6.6 11.7 3.8 0.41
M 0.05 2.7 3.2 1.1 2.0 0.35
Average 0.36 1.6 4.8 13.0 3.2 0.50

1)The value for viscosity was taken to be 0.153 cmzs-l.
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-}

Location A

Wind Direction and FrT

i

2 " x T fr Ri Zu
(cm) (m/s) {pereent) °K)
0.04 0.287 8.31 296.5
0.07 0.89
1.20 0.358 6.63 298.5 8.70
0.14 1.54
1.93 0.423 7.66 301.0 6.48
0.08 2.20
2.49 0.472 9.11 302.0 6.08
0.21 3.63
5.08 0.573 9.31 304.5 4.65
0.12 7.34
10.19 0.861 5.91 310.5 3.88
Location G
0.64 0.369 13.44 299.5
0.06 0.93
1.30 0.430 12.36 300.5 14.87
0.06 1.5§
1.83 0.485 11.35 301.5 11.32
0.32 2.17
2.54 0.512 9.85 302.5 8.89
0.21 3.66
5.06 0.635 5.61 306.5 5.54
0.21 7.36
10.28 0.822 5.57 311.0 4.09
0.24 14.83
20.85 1.080 7.44 316.0 3.24
0.18 29.54
40.84 1.689 1.10 326.5 2.85
focation U
0.65 0.479 B.53 300.5
. 0.09 0.92
1.26 0.551 7.75 3n2.78 12.63
1.82 1.55
1.89 0.565 7.91 304.5 9.25
0.07 2.19
2.53 0.627 8.27 305.75 8.25
0.08 3.66
5.09 0.824 3.93 309.5 6.34
: 1.03 7.39
10.30 0.893 4.92 312.5 4.35
.19 14.82
20.50 1,132 6.72 316.0 3.50
0.1§ 29.55
40.94 1.728 1.67 324.5 3.09
Location 1
0.66 0. 160 9.50 298.0
0.02 1.02
1.50 0.310 13.74 300.0 7.40
0.13 1.69
1.90 0.343 10.96 301.5 5.94
0.03 2.17
2.47 0.442 9.77 303.25 5.82
. 0.06 3.63
5.1¢0 0.730 5.12 309.5 4.95
2.68 7.04
9.41 0.769 2.22 312.5 3.54
0.2¢ 14.26
20.54 1.000 3.38 316.5 2.83
0.18 29.52
40,79 1.433 1.93 322.0 2.55
Location J
0.64 8.198 14.94 295.5
) 0.14 0.92
1.27 0.237 15.74 296.5 8.14
0.16 1.56
1.90 0.288 13.02 298.5 5.41
0.05 2.17
2.47 0.376 12.22 300.5 5.08
0.07 3.61
5.06 0.661 6.11 307.5 4.40
6.21 7.43
10.44 0.882 2.48 313.5 3.47
0.36 14.84
20.34 1.043 2.49 316.5 2.78
0.26 29.35
40.70 1,418 1.69 322.24 2.39
Location K
0.64 0.400 11.33 300.5
0.02 0.93
1.30 0.5590 10.09 302.7s 12.71
0.12 1.59
1,93 0.604 6.92 304.5 9.87
0.16 2,22
2.54 G.654 6.10 306.5 8.06
0.06 3.66
5.08 0.888 4.70 310.5 6.50
G.28 7.38
10.29 1.055 2.14 315.25 4.65
0.34 14.72
20.26 1,198 2.37 317.5 3.587
. 0.37 29.00
40.49 1.486 1.24 322.% 2,78

6.5
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. T
(continued)
Location L
z u x T Fr Ri 2,

(cm) (w/s) {percent) °K)
0.64 0.419 10.77 301.5

0.06 6.92
1.28 0.494 9.27 303.0 14.00

0.11 1.58
1.92 0.551 6.94 304.75 10.02

0.04 2.22
2.56 0.651 8.51 306.5 8.78

0.08 3.69
5.10 0.891 3.77 312.0 6.37

0.72 7.37
10.22 0.969 1.97 314,75 4.52

0.33 14.80
20.57 1.132 1.99 317.5 3.45

0.24 29.49
40.67 1.507 0.36 323.0 2.85

Location M
' 0.64 0.349 7.91 299.25

0.03 0.95
1.34 0.481 5.22 301.5 11.08

1.21 1.60
1.90 0.496 3.75 303.0 8.39

0.04 2.20
2.54 0.579 4.14 304.5 7.61

0.12 3.68
5.12 0.777 2.74 310.0 5.46

0.66 7.4}
10.30 0.863 2.99 313.0 3.93

0.20 14.78
20.41 1.113 3.48 317.0 3.23

0.23 29.47
40.88 1.517 1.11 323.0 2.72

6.5
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Table 5.9 Summary of Similarity Theory Analysis of Velocity Profiles
for the 349° Wind Direction and an Fr at 10 cm (Location A)

of 3.9
Location zo(cm) 1/L(m_1) u* (cm/s) Rezol) (cm;Z) n
A 0.56 -0.58 15.4 56.4 14,7 0.40
G 0.01 6.9 3.0 0.2 1.6 0.37
H 0.25 2.9 5.1 8.3 5.2 0.31
I 0.41 0.7 9.5 25.5 5.3 0.52
J 0.47 0.6 10.1 31.0 5.8 0.52
K 0.12 0.4 8.9 6.7 2.6 0.31
L 0.11 0.7 8.2 5.9 4.7 0.31
M 0.08 1.7 6.4 3.4 2.8 0.34
Average 0.25 1.7 8.3 17.2 5.3 0.39

1)The value for viscosity was taken to be 0.153 cmzs-l.



73

Table 5.10 Flat Terrain Velocity Profiles for Fr

Location A’

T

2 u ix T Fr Ri z
(cm) (/) (percent) I45) b
0.61 0.034 15.43 292.9

.28 0.89
1.24 0.077 10.45 295.4 1.71
0.28 1.5
1.91 0.127 8.18 298.6 1.75
0.23 2.18
2.51 0.182 6.25 301.9 1.84
0.13 3.63
5.08 0.379 5.46 307.5 2.30
0.20 7.29
10.13 0.591 4.98 314.1 2.18
0.38 14.63
20.32 0.775 4.56 318.2 1.88
0.61 29.34
40.63 0.961 3.84 321.6 1.57
Location G’
0.64 0.083 9.29 292.8
0.18 0.89
1.22 0.138 ) 6,74 295.5 2.89
0.08 1.52
1.85 0.240 5.16 297.7 3.00
0.10 2.16
2.51 0.330 4.53 303.3 3,07
0.33 3.12
3.84 0.405 3.95 307.6 2,72
0.13 4.45
5.11 0.465 5.38 308.8 2.07
0.20 6.27
7.62 0.556 5.37 311.0 2.52
0.64 3.44
10.16 0.602 6.20 312,7 2.28
0.46 12.52
15.24 0.689 5.40 314.9 2.05
0.53 17.68
20.35 0.753 5.09 316.3 1.89
0.64 23.95
27,97 0.842 4.44 318.4 1.74
0.51 33.96
40.74 1.003 ‘3,48 321.8 1.63
R 0.79 50.22
61.04 1.213 3.18 327.5 1.48
2.31 70.71
81.38 1.294 3.02 330.0 1.32
Location f
0.64 0.061 12,39 203.0
) 0.13 0.91
1.24 0,131 8.05 296.2 2.53
10.29 1.58
1.91 0.137 7.02 297.9 2.02
0.08 2.21
2.54 0.214 . 5.93 300.3 2.37
0.03 3.2
3.81 0.288 4.63 304.4 2.2
0.18 4.42
5.08 0.363 3.91 307.0 2.23
0.13 6.27
7.62 0.527 5.32 311.3 2.38
0.20 8.84
10.16 0.618 4,93 313.4 2.32
0.43 12.55
15.27 0.707 3.41 315.6 2.08
1.04 17.70
20.37 0.756 3.68 317.2 1.87
0.30 23.98
27.97 0.887 3.03 319.4 1.81
0.89 33.93
40.63 0.991 3.00 321.9 1.61
0.51 50.57
61.93 1.220 2.58 326.0 1.51
8.81 71,22
81.38 1.266 2.87 329.2 1.31
Location L'
0.64 0.016 22,98 289.5
18.11 0.89
1.22 0.021 20.82 291.8 0,474
. 0.81 1,52
1.91 0.043 13.52 293.5 0.695
0.76 2.18
2.51 0.055 12.14 295.0 0.70
0.18 3.12
3.84 0.143 8.64 298.1 1.23
0.18 4.42
5.08 0.239 5.83 302.0 1.58
0.18 6.27
7.62 0.398 4.49 307.6 1.80
0.10 8.84
10,19 0.577 4.97 311.7 2.06
N 0.46 12.55
15.24 0.690 3.68 315.3 1.90
0.46 17.68
20.37 0.77% 3.86 317.2 1.78
0.30 23,95
27.94 0.896 3.48 319.2 1,72
0.86 33.91
40.63 1.006 3.04 321.9 1.54
0.48 50.55
61.90 1.256 2.46 326.7 $.46
23.34 71.22

81.43 1.281 2,51 329.2 1.26
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Table 5.11 Summary of Similarity Theory Analysis of Velocity Profiles
for Flat Tunnel and an Fr at 10 cm (Location A) of 2.2

é

Location zo(cm) 1/L(m—l) u* (cm/s) Rezo (cm/s) n
A 0.855 0.34 8.6 48.1 4.7 0.22
G 0.486 0.54 7.3 23.2 2.3 0.14
I 0.830 0.35 8.8 47.7 4.7 0.18
L 1.511 0.23 10.9 107.7 9.1 0.53

Average 0.92 0.37 8.9 56.7 5.2 0.27
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Table 5.12 Flat Terrain Velocity Profiles for Fr., = 4.6

Location A’
z u ix T Fr Ri m
(cm) (n/s) (percent) °K)
0.69 0.154 6.52 296.8
0.13 0.97
1.30 0.210 7.35 298.6 5.21
. 0.10 1.57
1.91 0.265 7.10 300.2 3.61
25.83 2.21
2.54 0.261 7.35 302.2 3.34
0.13 3.15
3.86 0.353 7.82 304.5 3.26
0.91 4.45
5.1} 0.388 9,14 307.3 2.74
0.10 6.30
7.65 - 0.579 6.45 311.4 2.92
0.28 8.84
10.16 0.657 6.72 313.5 2.72
0.15 14.66
20.52 0.950 4,63 317.8 2.54
0.51 29.31
40.64 1.176 3.33 321.9 2,06
Location G'
0.61 0.170 ©oaT 208.2
0.05 0.89
1.24 0.257 a.24 300.0 6.79
0.08 1.58
1.91 0.343 4.32 302.8 5.30
0.03 2.21
2.54 0.458 3.17 305.0 5.34
. 79.93 3.15
3.86 0.455 5.59 306.7 4.06
0.15 4.47
5.13 0.510 4.97 307.8 3.80
1.07 6.32
7.67 0.540 T 5.29 309.0 3.18
1.09 8.86
10.16 0.576 4.4 310.8 2.76
0.30 14.66
20.35 0.767 5.80 314.2 2.35
0.25 29.34
49.64 1.108 3.36 319.0 2.13
Location I'
0.66 0.047 9.87 294.0
0.05 0.94
1.27 0.141 5.92 296.7 2.90
1.27 0.160 5.96 298.3 2.61
8.15 1.57
1.91 0.217 4.83 300.6 2,73
0.05 2.18
2.46 0.300 3.63 302.8 3.05
0.05 3.07
5.76 0.454 3.13 306.3 3.36
0.18 4.42
3.1 0.526 5.23 308.4 3.18
0.91 7.37
10.21 0.59 4.23 311.2 2.42 -
0.51 14.71
20.37 0.736 4.60 314.4 1.98
0.23 29.34
40.59 1.122 2.88 319.6 1.94
Location L'
0.66 0.024 12.75 290.3 1.07 .94
1.27 0.034 11.45 291.8 0.932 1.65 1,57
1.93 0.050 12.49 293.7 0.866 5.48 2.21
2.54 0.058 11.44 294.8 0.808 0.15 5.68
5.11 0.214 6.12 299.3 1.62 0.13 7.37
-
10.21 0.597 4.02 309.8 2.27 0.36 14.68
0.2
:0.29 0.800 3.45 314.3 1.99 0.66 29.29

10.61 0.956 2.98 316.8 1.61
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Table 5.13 Summary of Similarity Theory Analysis of Velocity Profiles
for Flat Tunnel and an Fr at 10 cm (Location A) of 2.7

é

Location zo(cm) 1/L(m_1) u* (cm/s) Rezo (cm/s) n
A 0.573 0.90 8.0 30.0 5.8  0.53
G 0.197 1.20 5.6 7.2 3.8 0.42
I 0.644 0.38 8.7 36.6 4.8 0.77
L 1.364 -0.11 11.9 106.1 11.6 1.09

Average 0.69 0.59 8.6 45.0 6.5 0.70




Table 6.1 Summary of Concentration Measurements

Velocity @ zmax z o] [+]

o Fr/Fr Distance/Location H 'Release X Model Prototype Model Prototype Zg K Model yPrototype Model ZPrototype
Description T (m) (ecm) Height (cm/s) H (cm) (m) (cm) (m) (cm) g (cm) (m) (cm) {m)
FLAT 2.2/1.8 2.45 / G' 7.6 0.49 0.500 7.6 380 9.0 450 0.079 0.018 7.3 364 3.1 152

Terrain 9.5  0.57 0.666 10.8 540 12.1 605  0.079 0.005 6.9 346 4.4 217
5.49 / L' 7.6 0.49 0.323 10.5 525 9.06 303 0.079 0.070 8.8 440 3.9 195
9.5 0.57 0.357 10.5 525 10.51 526 0.079 0.037 1l.1 555 3.6 185
2.7/4.6 2.45 / G 7.6 0.58 0.325 10.5 525 13.2 660  0.079 0.007 7.3 364 4.2 208
9.5 0.64 0.320 10.5 525 16.1 805  0.079 0.001 8.1 407 4.4 2191
5.48 / L 7.6 0.58 0.131 6.6 330 10.3 516  0.079 0.059 11.4 570 6.2 3123
9.5 0.64 0.159 14.6 730 15.9 796 0.079 0.015 11.3 565 7.1 354°
349° Wind  1.5/1.9 2.45 / G 7.6 0.32 0.498 5.6 280 5.7 284 0.079 0.172 12.1 603 2.4 1215 3
Direction ' 9.5  0.34 0.442 8.1 405 7.8 392 0.500 0.025 10.0 502 2.4 119}
5.49 / M 7.6 0.32 0.168 3.0 150 4.1 206 0.079 0.099 12.2 608 2.6 127123
9.5 0.34 0.539 5.6 280 6.7 332 0.079 0.101 14.9 745 2.8 140°
3.9/6.5 2.45 / G 7.6 0.71 0.198 8.1 405 8.4 420 0.079 0.046 11.4 572 3.3 16312
9.5 0.81 0.509 8.1 405 9.4 470 0.078 0.070 9.1 457 3.7 1851
5.49 / M 7.6 0.71 0.143 0 0 5.4 270 0.079 0.143 18.2 907 3.5 1753
9.5 0.81 0.234 5.6 280 5.3 265 0.079 0.159 18.5 926 3.5 173°
325° Wind  2.0/3.3 2.24 / G 7.6 0.38 0.159 7.9 395 6.8 340 0.300 0.060 10.1 505 3.0 148!
Direction 9.5 0.40 0.918 7.9 395 8.7 435 0.300 0.009 6.8 340 2.0 97.
5.28 / L 7.6 0.38 0.435 5.1 255 5.7 287 0.079 0.116 10.5 523 2.7 134
9.5 0.40 0.588 7.6 380 8.0 398 0.079 0.006 10.1 505 2.6 128

1High probability maximum value (Ky)} was missed.
High probability maximum ground level value (Kg) was missed.
Joy data questionable.
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Table 6.2 Height of Plume (h)l) Relative to Release Height (H) at

Locations G and L

H h h .
Description FrZ) (cm) ﬁ'@ G H L
FLAT Terrain 2.2 7.0 1.09 1.28
9.5 1.21 1.11
2.7 7.6 1.56 1.11
9.5 1.46 1.61
349° Wind Direction 1.5 7.6 0.74 0.47
9.5 0.84 0.65
3.9 7.6 1.09 0.36
9.5 0.92 0.57
325° Wind Direction 2.0 7.6 0.97 0.71
9. 0.87 0.82

y/ + 7
1) h= BaX  and is the plume height above ground level

2
2) Fr calculated at 10 cm height for location A
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Table 6.3 Ratio of Maximum Aerial Concentration (Ky) to Maximum
Ground-Level Concentration (K,) and the Associated
Model and Full-Scale Conditions

Fr Ri H Distance K

e @ e e Model Prototype Model Prototype Kﬁ
Description 10 cm -~1.9 cm 10 em ~1.9 cm (cm) (m) (cm) (km) g
FLAT 2.2 1.8 0.27 0.25 7.6 381 2.45 12.3 27.78
terrain 5.49  27.5 4.61
9.5 476 2.45 12.3 133.2
5.49 27.5 9.65
2.7 4.6 0.16 0.11 7.6 381 2.45 12.3 46.43
5.49 27.5 2.18
9.5 476 2.45 12.3 320.0
5.49 27.5 10.60%*
349° Wind 1.5 1.9 0.75 0.20 7.6 381 2.45 12.3 2.89
Direction *
(Badger Peak) 5.49 27.5 1.70
9.5 476 2.45 12.3 17.64%
5.49 27.5 5.34
3.9 6.5 0.12 0.11 7.6 381 2.45 12.3 1.36*
5.49 27.5 1.00
9.5 476 2.45 12.3 7.27
5.49 27.5 1.47
325° Wind 2.0 3.3 0.45 0.15 7.6 381 2.24 11.2 2.65*
Direction
(Garfield Peak) 5.28 26.4 3.75
9.5 476 2.24 11.2 102.00
5.28 26.4 98.00

*Observed Ky significantly different than maximum K.
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Table 6.4 Predicted Correction Factor (KO/Kg) for Ground-Level

Measurements as a Function of o,, zg

and h

h(cm)

o, (cm) zg (cm) 0 2 4 6 8
2.0 0.079 .0008 .0000 0.9980 0.9940 0.9880
3.0 0.079 .0004 .0002 0.9997 0.9990 0.9990
4.0 0.079 .0002 .0002 1.0000 0.9998 0.9994
2.0 0.300 .0113 .0000 0.9675 0.9169 0.8531
3.0 0.300 .0050 .0023 0.9961 0.9852 0.9703
4.0 0.300 .0028 .0021 1.0000 0.9965 0.9916
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Table 6.5 Ratio of Maximum Ground Level Concentrations (Dimensionless)
with and without Terrain for Similar Stabilities (Froude

Numbers)
(K ) /(K )
.. (Fr..) (Fr..) 07w " 07Wo
Description T'w T wo H (cm) G L
349° Wind 1.9 1.8 7.6 9.56 1.41
Direction
9.5 5.00 2.73
6.5 4.6 7.6 20.86 2.42
9.5 70.00 10.60
325° Wind 3.3 1.8 7.6 3.33 1.66
Direction

9.5 1.80 0.16
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Table 6.6 Comparison of Maximum Observed Dimensionless Concentration

with that Predicted Using the Gaussian Model

Pasquill
Fr gategoiy (KH)observed/(KH)calculated
Description T y Z H (cm) G L
Flat terrain 1.8 F D-E 7.6 0.90 1.62.
9.5 0.77 1.14
4.6 E D 7.6 1.12 1.09
9.5 0.71* 0.85
349° Wind 1.9 F D-E 7.6 0.90 0.84*
Direction
9.5 0.51* 1.73
6.5 E D 7.6 0.69* 1.19
9.5 1.13 1.24
325° Wind 3.3 F D-E 7.6 0.24* 2.02
Direction
9.5 0.90 1.75

*Values for which maximum observed value (KH)observed was more
likely missed due to sampling grid spacing or location.
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Table 6.7 Valley Model Computed Concentrations with Associated Model
Input and the Corrected Concentration Based on Wind-Tunnel
Results for E-Stability (Gas Temperature Equal 361°K and

o, = 125 m)
Z
SFack Exit G=Garfield Effect?ve KH ) H X 1)

Wind Speed B=Ba§ger A Plume Height-H (K_) (——) < 3

Date Hour m/s Point ug/m m g/m °o/p ug/m
5/16/75 0600 5.3 G 19.83 388 10.70 .91 1.7
6/06/75 0600 5.8 G 18.83 380 3.75 .93 4.7
7/26/75 2400 1.4 B 44.93 483 5.60 .93 7.5
9/21/75 2200 4.8 B 24,65 394 2.21 .96 10.8
9/23/75 0300 5.3 B 22.83 387 1.92 .98 11.8
0400 5.8 B 21.11 ’ 382 1.71 .98 12.2

9/30/75 0700 1.9 G 26.38 474 96.0 .07 0.5
3/04/76 0200 1.4 G 19.09 521 98.0 .70 0.3
0500 5.3 G 18.36 403 25.6 0.89 0.6

0900 5.8 G 17.35 398 20.6 .89 0.8

5/18/76 2100 5.3 B 22.89 385 1.81 .98 12.5

8/21/76 0600 5.8 B 21.22 379 1.6 .93 *
10/29/76 2000 5.3 ‘B 22.64 390 2.0 .91 11.0

2100 5.8 B 21.02 305 1.9 .98 *

4/01/77 2300 5.3 G 19.09 396 18.6 .90 0.9
8/06/77 0100 1.0 G 21.40 532 98.0 .95 0.4
0/05/77 0600 5.3 G 20.12 385 7.72 .92 2.4
9/23/77 2100 5.3 B 22.71 389 2.0 0.91 10.8
12/15/77 1600 2.9 ‘B 33.35 436 3.8 0.89 7.8

*plume height below range of wind-tunnel observation.

1)For H values above 476 m the ratio [(EH

) ] for H = 476 m was used.
m



Table 6.8 Valley Model Computed Concentrations with Associated Model Inputs and the Corrected Concentration
Based on Wind-Tunnel Results for D Stability (Gas Temperature Equals 361°K; o, = 240m)

Receptor

Height above Effective Plume Height Wind Xy KH Xe

Description Base - Zr Plume Height above Receptor Speed €@ 211 m 1 hr Av%rage ' 'S 1 hr Average
(m) H - (m) h (m) (m/s) (ng/m>) ofp \'g/m  (ug/m)

Hypothetical 359 476 117 9.7 0.74 0.91 1.47 0.46
Data - Toward
Badger Peak 359 381 22 15.2 1.05 1.00 1.00 1.06
Hypothetical 326 476 150 9.7 0.75 0.89 * *
Data - Toward
Garfield Peak 326 381 55 15.2 1.05 0.98 * *

*Not tested in wind tunnel.

¥8
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Figure 4.2-2 Topographic Map of the Area Modeled in the Wind Tunnel
for the 325° Wind Direction (Garfield Peak)
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Figure 4.2-3 Picture of Wood Frame and Attached Fans
to which the Aluminum Sheets were Fixed
that Conform with the Topography
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Figure 4.2-4 Picture of Probe from which Smoke and Trace Gas were
Released



AUXILIARY

/ INTAKE
/ s _ | ;
! l| REFRIGERATION 8 POWER 1
55 "" HEATING COILS -~ el ROOM
., 5 i AIR TEMP. 93°— 4°C | ———1a5 [/ ! , '
| i AIR FLOW ( VEL.0.6-36m/s) | ~~-- -He s WTNY :
%, i -y ~ N :
l 2 é,‘,', 5 T ROTATABLE |]
B N & REFRIGERATION CONTROL - _ VANES ﬁ
UNIT 150 tons ROOM I §
T 2\ . !
A ) 1
N ¢
L +4 183  UPWIND ROUGHNESS ELEMENT ——t 206|548, | —AUXILIARY |
& V67l TEXHAUST
\\\\\\ 55 I | l \
S p - —10 e 12 / BUILDING MODEL
L COOLED FLOOR BOUNDARY HEAT SOURCE TURNTABLE
—55-—— v OR SINK, 0°—149°C !
27 TEST SECTION |
PLAN o
EA 47.4 o=t
RETUR ADJUSTABLE CEILING FOR
i ,— RETURN  DUCT LONGITUDINAL PRESSURE CONTROL
: { |
l SCREENS —1— PR T oA gkl tufmbe Fp— PR g AUXILI ARY
> , ] N EXHAUST
55 PPy oojoglog| s
——Jﬂ_‘—__—
’L’
7/

) 4 )
P77 PIPP7T77777777727777 7777777777777 7777 77777777 777777777 77777 777777777777 7777777777777777777777777. //l(// 77777, ///A(/I//ll////l

MOVABLE VANES

BUILDING MODEL

Figure 4.2-5 Meteorological Wind Tunnel. Fluid Dynamics and Diffusion Laboratory,
Colorado State University

06



ol

6.10m

Aluminum -shell Model

10.36m —=
_l

1.74m X 0.86m Cooling-
Plates (Total of 11)

Air Circulation
Holes

Bottom View of Model
Section Showing Placement

of Circulation Fans.

0.30m (Typ)

l—086m+
[ Y |

Ramp
( Cooling-Plate)

Figure 4.2-6 Three-Dimensional Sketch of Wind-Tunnel Configuration

for the Stable Boundary-Layer Tests

16



1.82m—=

Meteorological

Wind Tunnel

| & € l

Movie Camera © o

Traverse T R

n_‘_l

r—-——-—-‘-— e - —— :1--——-4——-§ —-<———~¢--—-<———<--7
/ /
/ ,i: 3.73m " /
/ 4x5 BW 4x5 BW /

/ [535mm 35mm&—-

/]

[////[////Ff////////////////

Figure 4.3-1 Camera Setup for the Stable Boundary-Layer Tests of Colstrip Power Plant

Z6



95

Figure 4.4-1 Photograph of Sampling Rake used to
Withdraw Gas from the Wind Tunnel
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Figure 4.4-2 Photograph of Flame Ionization Gas Chromotograph and Gas
Sampling System
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Figure 6.1-1 Plume Visualization for 325° Wind Direction (Badger Peak).
Frp = 3.3 and a Release Height of a) 7.6 cm (381 m prototype),
b) 9.5 cm (476 m prototype)




Figure 6.1-2 Plume Visualization for the 349° Wind Direction (Garfield
Peak), Frp = 1.9 and a Release Height of a) 7.6 cm (381 m
prototype), b) 9.5 cm (476 m prototype




Figure 6.1-3 Plume Visualization for 349° Wind Direction (Badger Peak),
Frr = 6.5 and a Release Height of a) 7.6 cm (381 m prototype),
b) 9.5 cm (476 m prototype)
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Figure 6.1-4 Plume Visualization for Flat Terrain, Frp = 4.6 and a
Release Height of a) 7.6 cm (381 m prototype), b) 9.5 cm
(476 m prototype)
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Figure 6.1-5 Plume Visualization for Flat Terrain, Fry = 1.8 and a
Release Height of a) 7.6 cm (381 m prototype), b) 9.5 cm
(476 m prototype)
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Appendix A

Tabulation of Concentration Measurements



Concentration Results for a 325° Wind Direction, 0.076 m Release Height, Location G, Fr = 2.0

DATA FOR ETHANE TRACER GAS BACKGROUND CONC: 8.60 MV-SEC
CAL. FACTOR: .270 (PPM METHANE/MV-SEC) GAS FACTOR (PPM ETHANE/PPM METHANE): 0.533
VELOCITY (M/SEC): .38
SOURCE STRENGTH:  .850E+05
STACK DIAMETER: .142E-01
EXIT VELOCITY: .117E+00
LOCATION RAW - NON-D IMENS | ONAL DILUTION
DATA CONCENTRATION FACTOR
(MV-SEC) COEFFICIENT (K) (c/co)
] 72.1 .126E-01 .108E-03
2 61.7 .106E-01 .900E-04
3 58.4 .990E-02 .8LOE-0L4
4 75.7 .133E-01 .114E-03
5 231.1 .442E-01 .377E-03
6 314.1 .607E-01 .517E-03
7 191.7 .364E-01 .310E-03
8 27.0 .366E-02 .310E-04
9 7.4 0 0
10 10.2 .318E-03 .300E-05
n 9.1 . 100E-03 . 100E-05
12 8.6 0 0
13 28.4 .394E-02 .3L0E-04
14 306.7 .593E-01 .505E-03
15 810.7 . 159E+00 .136E-02
16 478.4 .934E-01 .795E-03
17 12.1 .696E-03 .600E-05
18 173.1 .327E-01 .279E-03
19 161.7 .304E-01 .259€-03
20 809.1 . 159E+00 .136E-02
21 53.2 .886E-02 . 760E-0L4
22 11.9 .656E-03 .600E-05
23 11.0 .480E-03 . 400E-05
24 9.7 .220E-03 .200E-05
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Concentration Results for a 325° Wind Direction, 0.076 m Release Height, Location L, and Fr = 2.0

DATA FOR ETHANE TRACER GAS BACKGROUND CONC: 7.00 MV-SEC
CAL. FACTOR: .270.(PPM METHANE/MV-SEC) GAS FACTOR (PPM ETHANE/PPM METHANE): 0.533

VELOCITY (M/SEC): .38
SOURCE STRENGTH: .850E+05

STACK DIAMETER L152E-01
EXIT VELOCITY: .117E+00
LOCATION RAW NON-D I MENS | ONAL DILUTION
DATA CONCENTRATION FACTOR
(MV-SEC) COEFFICIENT (K) (c/co)
1 158.0 .300E-01 .256E-03
2 281.1 .545E-01 .464E-03
3 590.3 .116E+00 .988E-03
L 530.4 . 108E+00 .920E-03
5 248.1 .479E-01 .4O8E-03
6 59.9 .105E-01 .900E-04
7 18.1 .221E-02 . 190E-04
8 12.5 .109E-02 .900E-05
9 7.0 0 0
10 8.9 .380E-03 .300E-05
11 8.5 .300E-03 .300E-05
12 39.7 .650E-02 .103E-04
13 167.1 .318E-01 .271E-03
14 798.4 . 157E+00 .134E-02
15 493 .6 .967E-01 .824E-03
16 55.9 .972E-02 .830E-04
17 45.9 .773E-02 .660E-04
18 2050.1 .LOGE+00 .3L46E-02
19 2194.0 .435E+00 .370E-02
20 1691.8 .335E+00 .285E-02
21 321.6 .625E-01 .533E-03
22 16.3 .185E-02 . 160E-04
23 9.2 .L40E-03 .4L00E-05
24 10.5 .700E-03 .600E-05
25 41.1 .678€-02 .580E-04

6Z1



Concentration Results for a 325° Wind Direction, 0.095 m Release Height, Location G, and Fr = 2.0

DATA FOR ETHANE TRACER GAS BACKGROUND COND: 9.90 MV-SEC
CAL. FACTOR: .270 (PPM METHANE/MV-SEC) GAS FACTOR (PPM ETHANE/PPM METHANE): 0.533

VELOCITY (M/SEC) ..40
SOURCE STRENGTH: .850E+05

STACK DIAMETER: .142E-01
EXIT VELOCITY: .117E+00
LOCATION RAW NON-DIMENS | ONAL DILUTION
DATA CONCENTRATION FACTOR
(MV-SEC) COEFFICIENT (K) (c/co)
] 14.7 . 149E-02 .800E-05
2 16.4 .202E-02 .110E-04
3 17.3 .230E-02 . 130E-04
b 23.6 .426E-02 .230E-04
5 38.6 .891E-02 .490E-04
6 23.6 .L26E-02 .230E-04
7 17.7 .242E~-02 . 130E-04
8 10.6 .220E-03 . 100E-05
9 10.5 .190E-03 . 100E-05
10 9.9 0 0
11 10.3 .124E-03 . 100E-05
12 10.2 .900E-04 . 100E-05
13 351.3 . 160E+00 .578E-03
14 2456.8 . 760E+00 .414E-02
15 1593.9 .192E+00 .268E-02
16 26.5 .516E-02 .280E-04
17 13.1 .990E-03 .500E-05
18 31.6 .674E-02 .370E-04
19 L24 2 . 129E+00 .701E-03
20 2996.2 .918E+00 .500E-02
21 848.8 .261E+00 . 142€-02
22 32.4 .699E-02 .380E-04
23 12.2 .710E-03 .400E-05
24 13.5 .112E-02 .600E-05
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Concentration Results for a 325° Wind Direction, 0.095 m Release Height, Location L, and Fr = 2.0

DATA FOR ETHANE TRACER GAS BACKGROUND CONC: 9.60 MV-SEC
CAL. FACTOR: .270»(PPM METHANE/MV~-SEC) GAS FACTOR (PPM ETHANE/PPM METHANE): 0,533

VELOCITY (M/SEC): .40
SOURCE STRENGTH: .850E+05

STACK DIAMETER:  .142E-01
EXIT VELOCITY: .117E4+00
LOCATION RAW NON-DIMENS I ONAL DILUTION
DATA CONCENTRATION FACTOR
(MV-SEC) COEFFICIENT (K) (c/co)
] 21.9 .382E-02 .210E-04
2 15.8 .193E-02 .110E-04
3 30.3 .640E-02 .350E-04
4 19.4 . 304E-02 .170E-04
5 13.8 .130E-02 .700E-05
6 10.4 .250E-03 . 100E-05
7 10.9 .400E-03 .200E-05
8 9.6 0 0
9 9.9 .900E-04 . 100E-05
10 12.9 .102E-02 .600E-05
11 12.3 .840E-03 .500E-05
12 102.8 .289E-01 .158E-03
13 L2k, 7 .129E+00 .703E-03
14 1553.1 .479E+00 .261E-02
15 966.6 .297E+00 .162E-02
16 121.6 .348€E-01 .190E-03
17 35.6 .807E-02 . 440E-04
18 301.8 .907E-01 .495E-03
19 1552.0 .479E+00 .261E-02
20 1902.6 .588E+00 .321E-02
21 913.1 .281E+00 .153E-02
22 32.7 .717E-02 .390E-04
23 12.5 .900E-03 .500E-05
24 10. 4 .250E-03 . 100E-05
25 16.4 .217E-02 .120E-04
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Concentration Results for a 349° Wind Direction, 0.076 m Release Height, Location M', and Fr = 1.5
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= 1.5

Concentration Results for a 349° Wind Direction, 0.095 m Release Height, Location G', and Fr
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Concentration Results for a 349° Wind Direction, 0.076 m Release Height, Location G', and Fr = 1.5
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Concentration Results for a 349° Wind Direction, 0.095 m Release Height, Location M', and Fr = 1.5
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Concentration Results for a 349° Wind Direction, 0.076 m Release Height, Location G', and Fr = 3.9
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Concentration Results for a 349° Wind Direction, 0.076 m Release Height, Location M', and Fr = 3.9
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Concentration Results for a 349° Wind Direction, 0.095 m Release Height, Location G', and Fr = 3.9
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Concentration Results for a 349° Wind Direction, 0.095 m Release Height, Location M', and Fr = 3.9
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Concentration Results rur Flat Terrain 0.076 m Release Height, Location G, and Fi = 2.7
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Concentration Results for Flat Terrain 0.095 m, Location G, and Fr = 2.7
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Concentration Results for Flat Terrain 0.076 m Release Height, Location L, and Fr = 2.7
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Concentration Results for Flat Terrain 0.095 m Release Height, Location L, and Fr = 2.7
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Appendix B

Error Analysis
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Error Analysis

This appendix includes the basic equations and calculations of
uncertainty intervals for the experimental data using the technique
outlined in Kline and McClintock (1953). The basic theorem for

calculating uncertainty intervals, WR is

"If R in a linear function of n independent variables each
of which is normally distributed, then the relation between
the interval for the variables W;, and the interval for the
result WR, which gives the same odds for each of the
variables and for the result is

( SR )2]1/2 |

+ ol .
v n
n

2
[ ar IR
W = [(avl wl) * (avz wé)

This equation will be used to calculate uncertainty intervals for the

2

relevant measured and calculated quantities.
° Velocity Measurements

Consider the calibration equation for velocity

2 1/2
E Sl [Y]1/2
RyRy - R))- A

B

where A, B and n are the calibration constants discussed in

section 4.5, E is the voltage output from the anemometer and R anc

H

Ra are the hot and cold (at ambient temperature) resistance of the

wire. The error equation for u can be derived to be the following

i 2 2 2 2
Yo L(ﬂ_ﬁ__) <W_A) +(W_BY) (w.l w)
u nY RH(RH - Ra) B B n n
21/2
2
WR E
+ a 2
RyB(Ry - R)



150

The average constants and estimated errors based on four calibrations
of the same wire are as follows:

Ry

8.9975 Q

Ra = 5.9975 + 0.01 @
A = 0.1499 = 0.0013
B = 0.06369 + 0.0012
n = 0.556 £ 0.006.

The errors in A, B and n were estimated by taking half of the root-
mean-square error between the different calibration runs. The error in
Ra is based on the accuracy Ra can be measured on the anemometer.
The WE value represents the resolution of the anolog to digital con-
verter used to process the data.

Substituting the above values into the equation gives the

following relative error as a function of velocity

u(m/s) Wu/u
0.05 0.26
0.10 0.18
0.20 0.13
0.40 : 0.09
1.00 0.06

The above results show that at low speeds the errors become very large
whereas at free stream conditions the error is on the order of six
percent. It is anticipated that the error in turbulence intensity is
of the same order as u.
PY Nondimensional Concentration
The following equation defines a nondimensional concentration

K as used to display the data in this report
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2
(X - XBG) u H

Xg V
where
X = measured concentration
Xpg = background concentration
u = wind speed
X, = source strength
V = volume flow rate
H = height of release probe.

The error equation for K is

2 W 2 W2 \2 241/2
W W , W W
_K. = ___X_._ -+ XBG + XQ + _ﬂ) +<—v—)
K X = Xpg X = Xpg X5 u v

The scatter in calibration constants for calculating X and the

measured source strength was on the order of three percent, or

Wy
~ = 0.03
Wy

—2 = 0.03.
Xo

The average background concentration was observed to be 1.27 ppm ethane

with a root-mean-square variation of 0.62 ppm, or

W

X
—BC _ .49,

XBG

The flowmeter used for regulating the volume flow was calibrated

with a soap bubble technique; hencé, the largest errors are associated

with the setting of the float reading. The estimated error for V is

WV = *1.6 cc/s .
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Using the operating conditions for Run #3 (u = 0.38 m/s, V = 18.5 cc/s)

the following equation results

W 2 2

K _ 0.03 .49 2 2 2
< /= W~ + (0.03)" + (0.09)" + (0.09)

1 - BG - 1
X BG
When X >> XGB this reduces to

W

K _
< = 0.13.

However, if x = 2 Xpg

"y

X - 0.51

Hence concentrations close to the background value can have large errors
whereas concentrations much larger than the background have a maximum

error of 13 percent.

° Richardson Number

The defining equation for the Richardson number is

T2 - T1(2, = 2;)
2

Ri =
(U2 - Ul)

Assuming that the temperature and velocity are the major error

contributors, the following equation results

W WT 2 WT 2 2Wu 2 2W 2
Ri 2 1 2

Ri T2 - T1 T2 - T1 Au Au

Consider a typical case with

Ty

T

293.5 ¢ 0.1

291.0 = 0.1
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u; = 0.229 * 0.030

u 0.160 £ 0.024 .

2
Substituting gives the following error for Ri

Ri
Ri

= 1.12.
Thus it is evident large errors in Ri can be expected at low speeds
where Au is on the same order as Wu'

® Froude Number

The defining equation for Froude number is

u(z)

] g}TZ - Tll
T A

Fr =

Again assume u and T are the parameters contributing the significant
error. The error equation for Fr becomes

W W 2 wT ’ wT 2
ez [(..e) (_1____2__) (l__l_)]
Fr u 2 T2 - T1 2 T2 - T1
Using the same parameters as above with 1z = u, gives the following

error

= 0.15.

Hence for evaluating stability Fr 1is a more useful quantity since

the expected error is significantly less than the error for Ri.
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Appendix C

Valley Model Computer Outputs

(To be included in final report)
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0.0 kkksekbwn

o cr e g g

TS _1-1V (2% HR. ESTIMATES)

oL T T
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0.0 0.0
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0.0 0.0 0.0 0.0 0.0 0.0 0.0 * _._ * 0.0 0,0 0.0 0.0 0.0 0.0 0.0
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0.0 0.0 : '
0.0 0.0 0.0 0.0 BRIG.E BRIG.F_DMIX DONNT __STAR F_WIDTH
- ) 0.0 Al kRS 1200, 100, i.00 0.
0.0 0.0
0.0 0.0 0.0 0.0 __BRIGUN _ STACKS___ SEP
Rt AR Y+ DY B | ) TUa33g, 27 B2,
0.0 0.0 0.0 :
. " 0.0 VV MEAN WIND SPDS(MPS) VvV 0.0
—0.0 1240000 2,50000 ° "3,80000775,30000 " 7.80300 11.20000 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0
AIR Y GAS T DIAM GAS V FLOW
257, 36l. 7.3 30.31276.8
0.0 0.0
’ 0.0 190.9
0.0 .
070 . o 0.0
B £
0.0 0.1 :
0.0 0.0
0.0
0.0 0.0
D XM 8.125KM  16.250KM 24.375KM 32.500KM 40.625KM 4B8,T50KM
secetecee escstaces sssctaove svestecos sesetenes’
- 0.0 TT__RELDCATET2/3TNCH T DOWN ’ .
RURLe LONG-TERM MCDE. 0.0 . 0,9/ 0.1 SLOPING TERRAIN CONCEPT.

291



————— s

_0.0

0.0

KELULAIE 273 _INCH UP={ 0.0
1
2000 N 8.0

0.0

. . . N 0.0

0.0 0.0

e : i 0.0

0.0 COLSTRIP UNITS TII - 1V

0.0

IP POWER PLTS

UNITS [-IV (24 HR. ESTIMATES) “3? b4y l976
0.0 (\~__>

. Ny 6.0 0.0
HLIFE= 24,00 HRS. CCNCTR CORPCTD TO STD COND VIA FACTOR 1.000. MAX ruuAno 158, DEG. NORTH TOWARD TOP. PLOT 183.632
0.0 : 0.0
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' * 460,60% SOR ELEV_ CCORDX COGROY STK HT _ QUGM/SEC)__FIXO OH
0.0 7 $x3832x4¢” 0,0 32450F7 460,007 80,007 211.N 1.S200€ 02 rerery
0.0 0.0 .
0.0 0.0 0.0 0.0 BRIG.E BRIG.F DMIX OMNI _STAR F_WIDTH
TTUTTTTTeL.0 187,562 e0%¥ 1200, 103. 1,00 0.
0.0 0.0
0.0 - 0.0 0.0 0.0 BRIGUN  STACKS __ SEP __
030 7T TR ; - 3388, 2783,
0.0 0.0 0.0
0.0 VV MEAN WIND SPDS(MPS) VV 0.0
0.0 5.8000072.50000 7 73,80000 7 5.39000 77,8000 11.20000 0.0
0.0 0.0 0.4 0.0
0.0 T T T 0.0 }
AIR T GAS T DIAM GAS vV FLOW
. 254, 3bl. 7.3 30.21276.8
) N 0,0-
0.0 173.5
0.0 .
0.0 - - . 0.0
0.0 1.4
0.0 o 0.0
0.0 :
0.0 ) 0.
0 KM 8.125KM "16,250KM 24.375KM  32.500KM 40.625KM 48.7SOKM
seoeteses ossestenes assnstecee veacteces serotaves essoteanse
" TTUTTTT 000 T __RELOCATE 2737 INCHTOOWN - o
RURL, LCNG-TERM MODE. 0.0 0.0--/ 0.5 SLOPING TERRAIN CONCEPT.

121!



Yot - Vel VeV
RELOCATE 2/3_INCH UP=/ 0.0 y
0,0 0.0
0.0
- 9.0 - S 0.0
- ; 0.0 0.0
R __0.0 . ; . 0.0
’ 0.0 CGUSTRIP UNITS 111 - IV
0.0 0.0

0.0

0,0
COUSYR{P POWER PLTS

UNITS 1-1V (24 HR. ESTIMATES) MAY 13,1976
0.0 0.0 ~
0.0

TTTTTTU T 0.0 050 N 0.0
HLIFE= 264,00 HRS. CONCTR CORRCTD TO STD COND VIA FACTOR 1.000. MAX TOWARD 180. DEG. NORTH YOWARD TOP. PLOT 228.932
0.0 0.0
. g g e 675 — _
0.0 0.0 . 0.0
- S 9.0 .00 . __
T ) e [ 6.0 0.0 0.0
0.0 0.0
0.0
T - TTTTTTTUTTTTTT0L0 T U000 0,07 6.0
0.0 0.0 '
0.0 #ssssrees 0,0 MULTIPLY PRINTED VALUES BY
— - T T TT4TCCORD ¢ 1.0€-01 TO GET CONC. IN UG/M3
0.0 0.0 0.0 0.0 0.0 0.0 0.0 —e. * 0.0 0.0 0.0 0,0 0.0 0.9 0.0
* 460,60% SOR ELEV__ COORDX _ COOROY _STK HT Q(GHISEC) " FIXD_DH
T 0.0 T keneerere 00T 3245.FT7 460,00 60.00 T 211.M 1.92908 02 L T
0.0 0.0
0.0 0.0 0.0 0.0 BRIG.E BRIG,F_OMIX OMNI _STAR F_WIDTH
- - h 0.0 1740 ddsadeT 120007 1007 T1.00 0.
0.0 0.0
0.0 0.0 . . 0.0 .. 0.0 _BRIGUN . STACKS  SEP
- 030 " TTTTTOTO - 26645, -T2 B3,
0.0 0.0 0.0
0.0 VvV MEAN WIND $PDS{MPS) VvV 0.0
0.0 5.30006“2 ‘50000 ~3.80000 ~ $,300007 7,80000 11.20000 0.0
0.0 _ 0.0 . _.0.0 0.0
T 0.0 T 3.6 - 0.0 -
[ AIR T GAS T DIAM GAS V ‘FLOW
290. 361, 7.3 30.31276.8
2.0 h 0.0 .
0.0 0.0
228.9 :
030 ’ P 0.0
0.0 0.0
D.0 6.0
134.9
0.0 0.0
0 KM B.125KM 16.250KM 24,375KM 32,500KM 40,625KM 48.750KM
seaetsose seantinee -...0.... --..4'.... ..-.'.... ....0-...
i 86,2 T__RFLOCATE 2/3 INCH DOWN 7 ]
RURL, LONG-TERM MODE. 0.0 21.5--/ . 0.0 SLOPING TERRAIN CONCEPT.

S91



0.0
o 0.0
o 0.0
0.0 0.0 0.0 0.0
. . 0.0
0.0
TN 0.0 . )
0.0
0.0

RURL, LCNG-~TERM MOCE.

0.0 Y Al 0." ... 0.0 _ . . e s -
RELGCATE 273 INCH up~/ ¢
W
0.0 L 0.0 b e e e e e
0.0
- 0,07 T T T T T T
0.0 0.0
00— e e
0.0 COLSTRIP UNITS LII - IV
0.0 0.0
0.0 , 0.0 e

0.0

0.0
0.0 0.0
- 0.0 0.0
0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0
0.0 . .. . .o -
0.0 0.9 0.0 0.0 .
0.9 0.0
0.0 shasssss (0,0
* COORD = o
0.0 0.0 0.0 ¢ _._ * 0.0 0.0 0.0 0.0 0.0
o ® 460,60%

'COLSTRIP POWER PLTS

UNITS I-1V 124 HR. ESTIMATES)-AUG 21,1976
0.0 . 0.0 : 0.0 R O
0.0

0.0

HLIFE= 24.00 MRS, CONCTR CORRCTD TO STO COND VIA FACTOR 1.000. MAX TOWARD 180. DEG. NORTH TOWARD TOP. PLOT 212,225

MULTIPLY PRINTED VALUES 'BY "™ -
1.06-31 TO GET CONC. IN UG/M3

0.0 0.0

SOR ELEV COORDX CDORDY STK HMT Q(GM/SEC)  FIXD DH —

0.0 seestsdes 0,0  3245.FT _460.00 60.00 211.M 1.9200E D2  #*%sxx
0.0 . 0.0

0.0 " 0.0 0.0 0.0 BRIG.E BRIG.F DMIX  DMNI STAR F WIDTH ~~~7

2.0 168 ##+sv44+ 1200,  100. 1.00 0.

- 0.0 : 0.0

0.0 ‘ 0.0 0.0 0.0 . BRIGUN ~ STACKS ~ SEP —

0.0 0.0 2622, 2 83
0.0 0.0 -

0.0 VV MEAN WIND SPOS(MPS) VV 0.0 T e
5.80000 2.50000 3.80000 5.30000 7.80000 11.20000 - 0.0
0.0 0.0 T e T T T
0.0 3.9 0.0
AIR T GAS T DIAM GAS V FLCW
. 291. 7361, 7.3 30.31276.8 77
0.0 0.0
0.0 0.0 o e
- 212.2 " i R
0.0
0.0 0.0 ; T T
: 0.0
128.2 e
0.0 . 0.0 _
0 KM 8.125KN  16.250KH  24.37T5KM 32.500KM 40.625KM 4B.TSOKM' _
seaetasee ssestacve ssaetuose cosetenes sssotrcce cssctenas
82.8 - __RELOCATE 2/3 INCH DOWN :
0.0 2i.5--/ 0.0 SLOPING TERRAIN CONCEPT,
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. . . 0.0 -- 0.0 0.0 [
RELOCATE 273 INCH UP~/ 0.0 1 :
oo - 0,0 : 0.0 ° T R
0.0
e i e 0.0 Y -
0.0 0.0
e e e 0.0 ¢ 0.0 1 T e e
0.0 COLSTRIP UNITS 151 - 1V
_ 0.0 0.0
o 0.0 6.0 T __ T, oo mmommmm mme
~———"COLSTRIP POWER PLTS
CUNITS I-IV (24 HR, ESTIMATES) 6cr 29,1976 )
e 0.0 0.0 o 0.0 T
0.0 0.0 0.0 . . 0.0
B HLIFE= 24.00 HRS. CCNCTR CGRRCTD TO STD COND VIA FACTCOR 1.000. MAX TOWARD 180. DEG. NORTH TOWARD TOP. PLOT_226.430
0.0 : ’ 0.0 s T
0.0 : 0.0
0.0 ’ 0.0 0.0
T . 0.0 0.0 : - Tt
0.0 0.0 0.0 0.0
0.0 0.0
e e — . . 6.0 _ O
0.0 0.0 0.0 0.0 .
0.0 0.0
T - ‘0.0 #ssxdsxte 0,0 © MULTIPLY PRINTED VALUES BY ™~
i ® CCCRD * ' Lt.0E-01 TO GET CONC. IN UG/M3
0.0 0.0 0.0 0.0 0.0 0.0 0.0 % _._ % 0.0 0.0 0.0 0.0 0.0 0.0 0.0
s - et t * 450,60% : SOR ELEV "CCORDX “CODROY STK HT "QIGM/SEC) FIXD OH ~
0.0 sxexx3xes 0,0 3245.FT 460.00 €0.00 211.M 1.9200f 02 LR
0.0 0.0 .
e - - 0.0 0.0 0.0 0.0 BRIG.E BRIC.F DMIX OMNI  STAR F WIDTH ~—
0.0 179.#s%%s4% 1200, 100, 1.00 0.
0.0 - 0.0
— e T oo . - 0.0 0.0 0.0 0.0 BRIGUN  STACKS =~ SEP ~7 7
0.0 0.0 2821. 2 83,
0.0 0.0 . ) 0.0
T - 0.0 VV MEAN WIND SPDS{MPS) VV 0.0
0.0 5.30000 2.50000 3,80000 5.30000 7.80000 11.20000 0.0
TTTTTTTTTT 000 T 0.0 0.0 T oe,0 7 T T
0.0 3.1 0.0 ‘
AIR T GAS T OIAM GAS V FLOW
- - 282. 736k, T.3 30.31276.8 T
) 0.0 0.0
0.0 0.0 .
Tt 226.4 . -
0.0 0.0
o ) o 0.0 0.0 oo T T e
0.0 0.0
e ~ 131.0 o ) e
0.0 0.
0 KM 8,125KM 16.250KM 24.375KM 32.500KK  40.625KM 48.750KM
- N sesstsese sasetesce senetocec escotsace sovatucee esoctecae T “"
. 83.0 __RELOCATE 2/2 INCH DOWN ’
RURL, LCNG-TERM MODE. 0.0 20.2--/ 0.0 SLOPING TERRAIN CONCEPT,
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0.0

_ HLIFE= 24,00 HRS.

0.0°

0.0

© 0.0

S

0.0

0.0

0.0 /== 0.0 0.0 i . e
RELOCATE 2/3 INCH uP-/ ¢ .
0.0 0.0 7~ Tt T S
0.0
. S RuQ T e e e e e
0.0 0.0
- - 0.0 e m e e
0.0 COLSTRIP UNITS ITII - 1V
0.0 0.0 -
. - 0.0 R e
P -~"COE$TR)IP‘PUHER PLTS
UNITS 1-1V (24 HR, ESTIMATES)(OCT 2911976/
0.0 ~ 0.0 0.0 e o Lo
0.0 0.0 ) 0.0
CONCTR CORRCTD TO STD COND VIA, FACTOR 1,000. MAX TOWARD 180. DEG. NORTH TOWARD TOP. PLOT 210.202
o0 ¢ . ' _€l0eclc
0.0 0.0
: 0.0 0.0
’ 0.0 0.0 - ) T Tt T
0.0 0.0 0.0
0.0 0.0
0.0 . - — U,
0.0 0.0 040 0.0 .
. 0.0 0.0
0.0 #xtsdssex 0,0 N TUUUUTTC O MULTIPLY PRINTED VALUES BY - '~ —
% CGCPD # ' 1.,0€~01 TO GET CONC. IN UG/N?
0.0 0.0 0.0 * _._ % 0.0 0.0 0.0 0.0 0.0 0.0 0.0
’ * 460,60¢ "SDR ELEV 'COORDX “CDORDY STK HT QIGM/SEC) FIXD DH™——
0.0 #*#+ss288%x 0,0 3245.FT_ 460.00 60.00 211.N 1.9200€ 02 sekure
0.0 0.0
0.0 © 0.0 0.0 0.0 BRIG.E BRIG.F DMIX OMNI  STAR F WIDTH ~ "~
0.0 174, 48206885 1200, 100, 1.00 0.
0.0 0.0 :
0.0 0.0 0.0 . BRIGUN STACKS = SEP T T
0.0 0.0 2821, 2 83,
0.0 0.0
0.0 VV MEAN WIND SPDSIMPS) vV 0.0 CoTT T e
80000 2.50000 3.80000 5.30000 7.80000 11.20000 - 0.0
0.0 0.0 ’ T 0.0 Tt T
0.0 3,3 0,0
AIR T GAS T DIAM GAS V FLOW
R 282. 3sl. 7.3 30.31276.8
0.0
0.0 0.0 i R
210.2 .
. 0.0
0.0 0.0 CTTTTh T
. 0.0
124.3 _ i
0.0 . 0.0 i . :
0 KM 9.125KM  16.250KM 24.375KM 32,500KM 40,6525KM  4B.750KM _
seastoses sevetevse voseterss covstecns cosntoces sasetesan T
19.6 __RELDCATE 2/3 INCH DOWN °
0.0 20.0~=/ 0.0 SLOPING TERRAIN CONCEPT.
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0.0

0.0 -
_RELOCATE 2/3 INCH uP-/

0.0

0.0

0.0

0.0
HUIFE= 24.00 HRS. CONCTR CORRCTD TO SYO COND ViA

0.0
0.0
) 0.0
T T 0.0 770407 040 0.0
- - o o 0.0 ~
. N 0.0
0.0
e i 0a0
0.0

77T RURLY LONG-TERM MODE.

0.0
0.0
0.0 0.0
0.0
) 0.0 0.0
0.0
0.0 0.0 0.0
0.0
0.0 0.0
0.0
0.0 a.0
0.0

0.0 VV MEAN W
5.30000 2.50000 3.800

0.0
0.0

0.0
oK

£.0 0.0
0.0 :
0.0
0.0 - o o
v"
N 0.0 -
0.0 .
0.0

0.0

UNITS I-1V (24 HR, ESTIMATES)
0.0 0.0

FACTOR 1.000.

MAX TOWARD 158. DEG.

0.0

COLSTRIP UNIYS IIL = IV .

-7 TCOLSTRIP POWER PLTS

(E:fif Lsr?r

- 0.0 -
NORTH TOWARD TOP. PLOT 150.863

0.0
0.0 e
0.0 0.0
0.0
0.0 0.0 _ ] L L
0.0
0.0
0.0 0.0 ) o _u L
0.0 0.0 :
*xsesases 0.0 MULTIPLY PRINTED VALUES BY
* COORD ] o 1.0E-01 TO GET CONC. N UG/M3
* _._ * 0.0 0.0 0.0 0.0 0.0 0.0 0.0
% 460,60 SOR ELEV COORDX COORDY STK WT QUGM/SEC) FIXD OH
seneseass 0,0  3245.FT 460.00 60,00 211.M 1.9200E 02 “srs0n
0.0 0.0
0.0 0.0 BRIG.E BRIG.F OMIX DMNT STAR F WIDTH
0.0 - 185.%¢xsx45% 1200, 160. 1.00 L
0.0 o
0.0 0.0 BRIGUN  STACKS  SEP
0.0 . ) 3032, 2 e3. e
0.0 0.0
INO SPOS(MPS) V¥V 0.0
00 5.30000 7.80000 11.20000 _ . 0.0 . .
0.5 0.0
0.0 L. .00 L . e s
AIR T GAS T DIAM GAS Vv FLOW
212, 36l 7.3 30.31276.8 -
: o _0.0 . o N
190.9 S
0.0
- —— e 0.0 - - - - —_ -
1.6
e e 0.0 - - e =
0.0
M Bo125KM  16.250KM 24,3T5KM 32.500KM 40.625KM 4B.750KM

seostacac sesotioes sonetaser sesstoces seartacoa nlan.l.‘...

0.0 —.RELOCATE 2/3 [NCH DOWN
0.0-=/ 0.6
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/== 0.0 0.0

. — e e e —
0.0 . ’ 0.0
— ; S Qg T e e ¢ e e o e e e e e
0.0
R [N 0.0 - e 0.0__ e e et e

0.0 ) 0.0
0.0 e o .. COLSTRIP_UNITS_ ITI = [V,

0.0

0.0

0.0 0.0
.. __ _ COLSTRIP_PONER PLTS_
UNETS t=IV (24 HR, ESTIMATES) AUG 6,1977
0.0 0.0 0.0
0.0 0.0 h

s

e e e - v . S e 4 e e - D060
CONCTR CORRCTD TO STD COND VEA FACTOR 1.000. MAX TOWARD 158. DEG. NORTH TOWARD TOP, PLOT 214.016

HLIFE= 24,00 HRS,
0.0 0.0
o 2% - 2T | 18 . - e
0.0 © 0.0 0.0
0.0 0.0
e e 0e0 . 0.0 - 00 00 S
0.0 o 0.0
0.0 B .
e e e e 000 040 0.0 0O
0.0 0.0
0.0 ¢s2sksdxs 0,0 MULTIPLY PRINTED VALUES BY
— — e e — - L * COORD # . _1.0€E~01 TO GET CONC, IN UG/HM3Y __ ___ _

0.0 ’ 0.0 “0.0

0.0 T 0.0 0.0 0.0 ¢ _._ * 0,0 0.0 0.0 0.0 0.0 0.0 0.0
* 460,60% SOR ELEV COORDX COORDY STK HT QIGM/SEC) FIXD OM

0.0 sesdessss 0,0 _ 3245.FT_ 460,00 _60.00 _211.M 1.9200€ 02 T

0.0 0.0
0.0 0.0 0.0 0.0 BRIG.E BRIG.F DOMIX DMNI  STAR F WIDTH
e e e . 0.0 o . 32l sesssess 1200, 100,  1.00 0.
0.0 0.0 o
0.0 0.0 0.0 0.0 BRIGUN  STACKS  SEP

0.0 0.0 . 2689, ... 2 83

0.0 VV MEAN WIND SPDSIMPS) VV 0.0

.1.00000 2,50000 3.80000 5.30000 7.80000 11.20000_ _ _ . . 0.0 L e e e

0.0 0.0 ' 0.0
0.0 _ . . 0.0 . . 0.0

e e e e e e e O e GAs T DIan GASTV FLON T
288, 36%. 7.3 30.31276.8
e e e e e n090 . . . e 880 g e

0.0 S N .

0.0 , 0.1

0.0 R ©__ 0.0 . B
i ’ 0 KM 8.125KM 16.250KM  24.375KM 32.500KM 40.625KNM  48,750KM
seestenss srssbosse coasteree ssestunse seceteses sasoteacs
0.0 __RELOCATE 2/3 INCH DOWN

" 0407 T 0.0--/ 0.1 SLOPING TERRAIN CONCEPT.

0L1



LT

- el 0.0 Co4-- 0" 0.0 } L e
RELOCATE 273 INCH uP-/ { ) .
T e e 0.0 . 0.0 - e —
0.0
o o g ; e B e
0.0 040
3
S S, 0.0 : 0.0 e e
0.0 COLSTREP, UNITS I61 - IV
o ) 0.0 0.0 :
SR 0.0 - 0.0 T oo
: .-~ COLSTRIP POWER PLTS
_ : UNITS §-IV (24 HR. ESTIMATES) SEPT 5,1977
T S e e e 0.0 0.0 0.0 (. I
0.0 : , 0.0 0.0 e 0.0
o HLIFE= 24.00 HRS. CONCTR CORRCTD TO STD COND VIA FACTOR 1.000. MAX TOWARD 158, DEG. NORTH TOWARD TOP. PLOT 201.247
0.0 0.0 B
0.0 0.0
0.0 , 0.0 0.0
T e s e 0.0 0.0 : R
0.0 0.0 0.0 0.0
0.0 0.0
- ; 0.0 . - e e e e e
0.0 0.0 0.0 0.0
. -~ 0.0 0.0
e e e 0.0 ##saxsess 0.0 " MULTIPLY PRINTED VALUES BY ~~ "~
* COCRD * 1.0E-01 TO GET CONC. IN UG/M3
0. 0.0 0.0 0.0 0.0 0.0 0.0 * _._ # 0.0 0.0 0.0 0.0 0.0 0.0 0.0
T T S e e * 460,60% SOR ELEV ' COORDX COORDY STK HT ~QIGM/SEC) FIXD DH™™
0.0 *xaersaes 0,0  3245.FT 460.00 60,00 211.4 1.92008 02  #ssess
0.0 0.0
T T rmme s C 0.0 0.0 0.0 0.0 BRIG.E BRIG.F DMIX  DMNI STAR F WIDTH ~~————
0.0 174.¥#sss2%% 1200,  100. 1.00 0.
0.0 0.0
T T e e © 0.0 0.0 0.0 0.0 BRIGUN . STACKS™ "'SEP ~
0.0 0.0 2e22, 2 83
0.0 .0 0.0
T T T e c 0.0 VV MEAN WIND SPGSIMPS) WV 0.0 - —
0.0 5.30000 2.50000 3,80000 5.30000 7.80000 11.20000 0.0
Tt T T T T - 0.0 0.7 .. h Tt e, T T T T
0.0 0.0 ‘ 0.0 :
AIR T GAS T DIAM GAS Vv FLCW
- - — ©291.7 3&l. 7.3 77 30.31276.87T
0.0 0.0 : .
0.0 201.2 .
- T e e e 0.0 . TooT T T
0.0 0.0
S e 0.0 2.1 . T T
0.0 0.0
0.0 ) ) .
0.0 0.7
0 KM B.125KM 16.250KM 24.375KM  32.500KM 40.625KM 4A.750kM

ssestases sosetorss sssstosss cosetosses scectance sasetioas

0.0 —_RELOCATE 2/3 INCH DOWN
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0.0°
RELOCATE 2/3 INCH UP~/

0.0

0.0

n.o 0.0 _ e e e e
’ ¥ :
.“ .
0.0 T T -
0.0
TTTTTTTTTTTo.0
0.0
—TT0.0 7T T T
0.0 _ COLSTRI
0.0 = *

T 0.0
UNITS 1-1V (264 HR. ESTIMATES) SEPT 23,1977
by . ; v

-~ COLSTRIP POWER PLTS

P OUNITS III - IV

040 0.0 0.0 i T e
0.0 . 0.0 0.0 . T 0.0
HLIFE= 24.00 HRS. CONCTR CORRCYD TO STD COND VIA  FACTOR 1.000. MAX TOWARD 180, DEG. NORTH TOWARD TOP. PLOT 227.063
o 0.0 ’ : 0.0~ e I
0.0 0.0
0.0 0.0 0.0
- . 0.0 . 0.0 ) ’ ’ T T s
0.0 0.0 0.0 0.0
0.0 0.0
e o e 00 . - . ] . e e e e
0.0 0.0 0.0 0.0 : ; .
0.0. 0.0 .
- 0.0 *#ssdered 0,0 C o MULTIPLY PRINTED VALUES BY "~~~
. * COORD #* : 1.0E-01 TO GET CONC. IN UG/M3
0.0 0.0 0.0 0.0 0.0 0.0 0.0 _e. * 0.0 0.0 0.0 0.0 0.0 0.0 0.0
T - * 460,600 ' SOR ELEV ™ CCGRDX COCRDY STK HT ~ Q(GM/SEC) FIXD'OH —~—
0.0 s#x#esssss 0,0 3245.FT 460,00 60.00 211.M 1.9200€ 02 LTI 2]
. 0.0. 0.0 .
: - 0.0 0.0 0.0 0.0 BRIG.E BRIG.F DMIX DMNI STAR F WIDTH -~~~
0.0 176, éssad¢4% 1200, 100, 1.00 0.
0.0 : 0.0
T - T 0.0 0.0 0.0 0.0 SRIGUN STACKS SEP T
0.0 0.0 ) 2778, 2 83,
0.0 0.0 0.0 .
— " 0.0 VV MEAN WIND SPDSIMPS) VV 0.0 : - ) T
0.0 5.30000 2.50000 3.80000 5.30000 7,80000 11.20000 - 0.0
T Teg0 T T b 0.0 0.0 o T 0.0 T
0.0 3.2 0.0 .
A AIR T GAS T DIAM GAS V FLOW
- T . | 284, 361. 7.3 30.31276.8 )
0.0 0.0 .
0.0 0.0 )
. - ; 221.1 = . R, .
0.0 : 0.0
T - 0.0 0.0 - T T - T T
0.0 . 0.0
L X 131.9 e _
0.0 0.0
0 KM 8.125KM  16.250KM 24.375KM 32.500KM 40.625KM 48.TS50KM
sesetesse osnstenes sssetinee svastesses snsetacae seastinne
: 83.8 __RELODCATE 2/3 INCH DOWN .
RURL, LONG-TERM MODE. 0.0 20.5--/ 0.0 SLCPING TERRAIN CONCEPT.

CLT



e e 0.0 R Al POl ——
RELOCATE 2/3 INCH UP=-/ N / .
Tt T o T - 0.0 b 0.0 ) - T
0.0
e e e e 0.0 S e e Vg T e e e
0.0 0.0
i
TSSTIITITIT e e m e 0.0 . - 0.0 o ToT T e e -
0.0 COLSTRIP UNITS I11 - 1V
e 0.0 0.0 )
0.0 e R Y TP e e e
. - "COUSTRIP.POWER PLTS
e UNITS I-IV (24 HR. ESTIMATES) NOV 22,1977 }
0.0 0.0 0.0 Y SR [
0.0 0.0 0.0 o c 0.0
e — —__ ... HULIFE= 24,00 HRS. CCNCTR CORRCTO TO STD COND VIA FACTOR 1.000. MAX TOWARD 158. DEG. NORTH TOWARD TCP. PLOT 228.609
0.0 0.0 7 . T T
0.0 0.0
0.0 0.0 0.0
i - . 0.0 0.0 — e e
0.0 0.0 0.0 0.0
0.0 0.0
o e =l 0.0 . e e e
0.0 0.0 0.0 0.0
- 0.0 0.0
ToTrm T o e o I 0.0 #%kssdex¢ 0.0 7T UMULTIPLY PRINTED VALUES™BY ~——~——
. * COORD * 1.0E-01 TO GET CDONC. IN UG/M3
0.0 0.0 0.0 0.0 0.0 0.0 0.0 =« _._  * 2,0 0.0 0.0 0.0 0.0 0.0 0.0
TTTTTT T o T T T T * 460,60% ™ SGR ELEV "'CGCRDX “COORDY STK HT ~ QIGM/SEC)  FIXD DH
0.0 *x#ax3x2x (.0 3245.FT 460,00 60.00 211.M 1.%200€ 02 b bl
' 0.0 0.0
ToTTTTmr T o T 0.0 0.0 0.0 0.0 BRIG.E BRIG.F DMIX OMNI STAR F WIDTH =~ = —
0.0 276 %*%sxexx% 1200, 100. 1.00 0.
. 0.0 0.0
- T - 1 0.0° . 0.0 . . 0.0 - T 0.0 BRIGUN  'STACKS SEp T T
0.0 0.0 3272. 2 B83.
0.0 0.0 0.0
T T T - 0.0 VV MEAN WIND S5PDS(MPS) vV 0.0 - T oo T -
0.0 1.90000 -£0000 3.80000 5.30000 7.80000 11.20000 0.0
T UTIUTTOLO T T o : 0.0 0.0 T T Y Y
0.0 0.0 0.0 i
AIR T GAS T DIAM GAS V FLOW
T - 260. 361, 7.3 ~ 30.31276.8"
0.0 0.0 ’
0.0 228.6 '
e e - . 0.0 3 T G
0.0 0.0
- - ) 0.0 o 0.3 T o " T T T
0.0 0.0
0.0 e
0.0 0.1

0 KM

sevatence swastasee saestocee svsetsoes vnosstoses sosetrcas
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L - 0.0 == ~0 N 1Y R
RELCCATE 2/3 INCH UP=/ )
- s 0.0 . 0.0 T s -
i ) 0.0
i e 0.0 - e . e g = _—
0.0 0.0
e 0.0 e . P — U
0.0 _ COLSTRIP UNITS III - IV
e mm————— e a e e . . 0.0 ) 0.0 .
g we S e g e meee
, o . - COLSTRIP POWER PLTS
. : UNITS I-1V (24 HR. ESTIMATES) DEC 15,1977 \ :
S TR a0 “ ovo o ) DEC i
0.0 : 0.0 . : 0.0 _
n .HLIFE= 24,00 ¥RS. CCNCTR CORRCTD 70 STD COND VIA FACTOR 1.000. MAX TOWARD 180. DEG. NORTH TOWARD TOP. PLOT 333.459
00 . : . QwaRD TOP. PLOT 333.439
0.0 _ 0.0
0.0 S 0.0 , 0.0 :
e . 0.0 0.0 e e e
2.0 0.0 0.0 0.0
0.0 0.0
e e e : 00 - . - - -0 e —
0.0 0.0 0.0 0.0 - -
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oI e 0.0 ##skatvry 0.0, : " MULTIPLY PRINTED VALUES BY —— ———
* COORD * , 1.06-01 TO GET CGNC. IN UG/M3
0.0 0.0 0.0 0.0 0.0 0.0 0.0 = _._ ¢ 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS S T = o * 460,60% " SOR ELEV™'CODRDX COORDY STK HT QIGM/SEC) ™ FIXD'DH -
0.0 ®#esassse 0,0  3245.FT 460.00 60.00 211.H 1.9200E 02  *esese
. 0.0. 0.0 . :
- - 0.0 0.0 0.0 0.0 BRIG.E BRIG.F OMIX  DMNI STAR F WIDTH ~ .~~~
2.0 225.%4seeext 1200,  100. 1.00 0.
‘ 0.0 - .0
T e g 0.0 - 0.0 0.0 ©© BRIGUN  STACKS SEP 777
0.0 0.0 2864. 2 a3
0.0 : 0.0 0.0 :
T © 7 0.0 VY MEAN WIND SPDSINPS] VWV 0.0 T T
0.0 2.90000 2.50000 3.80000 5.20000 7.80000 11.20000° 0.0
g . : 0.0 0.0 e e — —
0.0 1.3 0.0
; AR T GAS T DIAM GAS V FLOW
T e e © T 280, 261 T 7,37 30.31276.8 T
0.0 0.0 .
0.0 0.0 _
- ; 31,5 S e e e
0.0 ‘ - 0.0
- o T 0.0 0.0 T T e
0.0 . 0.0
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