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ABSTRACT

North American Weather Consultants contracted with Colorado State
University to conduct a fluid modeling investigation of the effects of
topographic generated wakes, eddies and downwash upon the plumes emitted
from stacks at the ASARCO smelter, Hayden, Arizona. The purpose of the
study is to determine whether the existing 305 m (1000 ft) stack at the
smelter is above or below the '"good engineering practice'" (GEP) stack
height. The GEP height is defined in a proposed Environmental Protection
Agency regulation.

The wind tunnel tests were conducted using state-of-the-art wind
tunnel testing procedures. Visualization and concentration measurements
of the simulated plume from stacks ranging in height from 91 to 349 m
were obtained. For each stack height three wind speeds and one wind
direction with and without the scale model of the upwind topography were
studied. The results of the tests show that the maximﬁm ground level
SO2 concentration exceeds the applicable National Ambient Air Quality
Standard for stack heights up to and including 349 m. In addition the
maximum concentration is at least 40% in excess of that without the
terrain present for all stack heights studied. Hence the existing 305 m

stack is below the GEP height.
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1 INTRODUCTION

ASARCO Incorporated operates a large smelter in Hayden, Arizona.
A 305 m (1000 ft) stack was installed at the site as a means of reducing
ground level concentrations. Construction of this stack began in 1973.
Since the construction of the stack, a regulation was promulgated which
limits credit for a stack height to be the '"good engineering practice"
stack height. The GEP height is defined and explained in Section 123
of the 1977 Clean Air Act Amendment for stack height (Public Law 95-95)
and proposed revisions to the regulations posted in the Federal
Register, Volume 44, Number 9 (Friday, January 12, 1979, pages 2608-
2614). The definition is

""the height necessary to insure that emissions from the stack

do not result in excessive concentrations of any air pollutant

in the immediate vicinity of the source as a result of

atmospheric downwash, eddies and wakes which may be created

by the source itself, nearby structures or nearby terrain

obstacles and shall not exceed as appropriate: 1) 30 meters,

for stacks uninfluenced by structures or terrain; 2) H, =

H + 1.5 L where Hg = good engineering practice stack height,

H = height of structure or nearby structure, L = lesser

dimension (height or width) of the structure or nearby

structure,..., 3) such height as an owner or operator of a

source demonstrates through the use of a field study or

fluid model is necessary to ensure that emissions from the

stack do not result in an excessive concentration of any air

pollutant in the vicinity of the source."
Items 1) and 2) of the above definition do not apply since the limiting
factor is a hill that is within 800 m of the stack. This hill is north-
east of the smelter and at a height of 858.2 m MSL (2815 ft) - 193 m above
the base of the 305 m stack. Hence a fluid modeling investigation was
initiated by ASARCO to quantify the eftect of the upwind topography upon
plume transport and dispersion as well as define the GEP stack height.

For assessing the GEP stack height by a fluid modeling

investigation the regulation defines excessive concentration as follows



"a maximum concentration greater than an ambient air quality

standard, due in part or whole to downwash, wakes, or eddy

effects and which concentrations is at least 40 percent in

excess of the maximum concentration experienced in the absence

of downwash, wakes or eddy effects produced by the nearby

structures or terrain."

This report presents the experimental methods and wind tunnel
similarity criteria used to quantify the effect of the upwind
topography and ultimately determine whether the existing 305 m stack is
above or below the GEP height. The results of the study are divided
into two sections: 1) velocity, and 2) plume transport and dispersion.
The velocity results are presented to document the flow field within
the wind tunnel and to establish that the flow field is representative
of a similar full scale case. The plume transport and dispersion results
include a series of photographs with and without the upwind terrain
as well as maximum ground level concentrations with and without the
upwind terrain. This latter information was used to assess whether the
305 m stack is above or below the GEP height.

A complete set of photographs and a motion picture supplements

this report.



2 SUMMARY AND CONCLUSIONS

The effect of the topographic generated (specifically, the 193 m hill)
wakes, eddies and downwash upon the plumes emitted from stacks of varying
height was studied in a wind tunnel. Scale models (1 to 1920) of the
stacks and terrain were constructed and positioned in the CSU Environmental
Wind Tunnel. A metered quantity of gas was released from the stacks and
the resulting concentration distributions were measured. One test run
consisted of a fixed stack height (91, 200, 250, 305 or 349 m), a set
wind speed (9.3, 15.6 or 22.1 m/s) and a terrain configuration (with or
without the upwind terrain). A total of 30 full scale simulations was
set in the tunnel from the above variables.

Concentration tests were used to assess whether the 305 m stack was
above or below the GEP stack height as well as to establish the dispersion
patterns in the wind tunnel. A complete set of photographs and motion
pictures was obtained to qualitatively assess the effect of the upwind
terrain upon the plume transport and dispersion. Velocity measurements
were taken to document the flow field in the wind tunnel and for
comparison with the profiles expected for the atmosphere.

The results of the measurement program can be summarized as follows:

. The horizontal and vertical dispersion parameters

observed in the wind tunnel compared favorably with
those expected for a similar stability and surface
roughness in the atmosphere.

® The maximum ground level SO, concentrations with the

terrain present were predicted to be 4.25, 1.68, 1.19,
1.01 and 0.69 ppm for respective stack heights of 91,

200, 250, 305 and 349 m.



] The percentage increase in maximum concentration with
the terrain present as compared to the maximum without
the terrain was observed to be greater than 40 percent
for all stack heights studied.

° The velocity profiles in the wind tunnel compare
favorably with those expected for the ASARCO
smelter vicinity.

In conclusion the results above clearly demonstrate that the wakes,
eddies and downwash generated by the upwind topography adversely affect
the dispersion of the plume from the existing 305 m stack. The effect
is of such a magnitude that 1) the applicable National Ambient Air
Quality Standard (NAAQS) is exceeded, and 2) the percent increase in
ground level concentrations due to the terrain is greater than
40 percent. Items 1 and 2 above are necessary criteria that must be
met according to the stack height regulations before ASARCO can receive
credit for that portion of their new stack that is ''good engineering
practice'". The results of the study also show that the GEP stack height

is above 349 m the tallest stack height studied.



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, 1971; Snyder, 1972):

3(p*u?)
dp* + 1 = 0, 3.1
ot ax¥
i
ou* Ju?* LQ
-t * 1 - L0 kR =
T T [u ] 265 519K
j o
AT
ap* oLogo AT*o*§
T oaxF T 2 8%z
i T u
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24y % T,
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* % *
uoL axkaxk ij
and )
BT* |, e 3TH X Yo 52T+
% 3 * * Yy K
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3 e KT S vo 1 u02
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Yoxr VWY Y lgTol o] ¢ 3.3
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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/v°

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

6) Equal Eckert number: Ec = uoz/[Cp (aT) ]
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 length scaling is 1:1920 and unreasonably high
wind tunnel and stack exist speeds would be required. As will be
discussed, this inequality is not a serious limitation.
The Reynolds number related to the stack exit is defined by
ulb
Re = 2

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
Re, = 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 argumehts 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

E it
o2(t) = 2w'? J f R(E)dEdt 3.4
z 0.0

which can be simplified to (see Csanady, 1973)

o2(t) = w'2t2 = i2x? 3.5
z z
for short travel times; or,
2 - 2 - .
for long travel times where
o
t, = I R{t}dr 3.7
° 0

is an integral time scale and

1 L]
ty = . [ TR{t)dr 3.8
o

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

geometric similarity at short travel times,



(021, (L1, [12x?]
[o71, [L21, [i7x%1,
or,
[i,1p = [, 3.9

For similarity at long travel times

R L Gl ™

N e U N L
o 3y [eGe-t)/®], D7 AL
[2], [t,(t-tp)/u],  [Li2 Al

if it is assumed t; << 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 (iz)m = (iz)p or,

L A

A . o
L A
p p

3.10

An alternate way of evaluating the similarity requirement is by

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

[+

2 _ 1242 sin mt = w'2¢2
oy w'4t JO FL(n) [— i ] dn = w'ét4l 3.11
where
® t
_ sin mt,,
0
FL = Lagrangian 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 is

very small and for n < %6— virtually unity.

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

——

2 2 242 2:2

o fogly | e, DG,

2 2 - 2:2

ol eren) (51,1

or

[i%1]

Z L 3.12
[211,

If [iz}m = {iz]§ the requirement is Im = IP’ For short travel
times the filter function is essentially equal to one; hence,

I, = 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 the
ambient Reynolds number (hence wind velocity) decreases the range (or
energy) of the high frequency end of the spectrum. Fortunately, due to
the nature of the filter function, the high frequency (small wavelength)
components do not contribute significantly to the dispersion. There
would be, however, some critical Reynolds number below which too much of
the high frequency turbulence is lost. If a study is run with a Reynolds
number in this range similarity may be impaired.

To evaluate whether geometric similarity of the plumes was achieved
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for this study the cy and o, values obtained in the wind tunnel were
compared with those quoted as being representative of atmospheric
dispersion rates (Pasquill, 1976). If the model oy and o, values
compare well for the corresponding atmospheric flow the inference is
that Reynolds number independence was achieved.

The ambient flow field affects the plume trajectories and
consequently similarity of this field between model and prototype is
required. The mean flow field will become independent of Reynolds number
if the flow 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

ksu*
(Re)k = =5 > 75.
s
or assuming ks = 30 z,
zou*
Rez = > 2.5.
o

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 6.

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

the earth's rotation on the flow field. In the wind tunnel equal Rossby
numbers between model and prototype cannot be achieved. The effect of
the earth's rotation becomes significant if the distance scale is

large. Snyder (1972) puts a conservative cutoff point at 5 km for
diffusion studies. He states that for length scales above this value

the Rossby number should be considered. For this particular study, the
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maximum range over which the plume is transported is 13 km in the
horizontal and approximately 1 km in the vertical. Hence, the earth's
rotation may affect plume transport for similar full scale conditions
but was neglected for this study.

When equal Richardson numbers are achieved, equality of the Eckert
number between model and prototype cannot be attained. This is not a
serious compromise since the Eckert number is equivalent to a Mach
number squared., Consequently, the Eckert number is small compared to
unity for laboratory and atmospheric flows.

° Relevant Parameters

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

atmosphere, near equality of the Prandtl number is assured.

Equality of plume transport will be assured if the following
conditions are met (Snyder, 1979):
1)  Fix effluent Reynolds number as large as possible -
preferably above 300.

2) Match the following parameters in model and

prototype
u
R:...?..
u
T
Us
Fr =
vgyD
v = Pa™Ps
a
A = D/h

Implementing the above scaling criteria would give the following relation

between model and prototype velocities:
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D 1/2
= .
)y = (ur)p D
P
and for D /Dp = 1:1920
(ur)m = 0.0228 (ur)p.

The range of ambient free-stream velocities to be simulated range from
9 to 24 m/s* or 0.21 to 0.57 m/s in the wind tunnel. Since the tunnel
is hard to control at these low speeds and Reynolds number effects may
become important, a distorted scaling technique was employed. The
technique involved neglecting the plume buoyancy thus requiring equality
of only the velocity ratio (R). An alternate technique of relaxing thé
density ratio (y) -equality was also considered but the wind tunnel
speeds were still found to be less than 1 m/s.
The justification for neglecting plume buoyancy (Fr = «) is:
1) the wind tunnel speeds can be set at any reasonable
value - maintained at approximately 3 m/s for all
tests,
2) the stack Reynolds numbers can be maintained at values
exceeding 300 for the majority of the tests,
3) atmospheric turbulence will quickly dominate the rise
of the plume since the velocity ratios are all below
2 and the ambient turbulence intensity levels are high
(> 10%),
4) the assumption is conservative in that the plume rise
without the upwind terrain will be less resulting in
higher ground level concentrations,

5) Huber (1978) recommended this procedure.

*See Taylor (1979) for discussion and justification of
test wind speeds.
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In summary the following scaling criteria were applied for this

study
1) Rm = RP ; R = us/ur.
usD
2) Res > 300 ReS =5
3
u*z0
3) Re. >2.5 ; Re =
z z )
o o a

4) Similar geometric dimensions.

5) Equality of dimensionless boundary conditions.
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4 EXPERIMENTAL PROGRAM

4,1 Summary

The objective of this study is to evaluate the adverse aerodynamic
effect of the nearby terrain obstacles upon the transport and diffusion
of the plume emitted from the ASARCO stacks. To meet this objective a
1:1920 scale model of ASARCO stacks and topography was constructed and
placed in the CSU Environmental Wind Tunnel. A neutral boundary layer
was developed naturally over the topographic surface and tracer gas
releases were made through the model stacks simulating wind speeds of
approximately 9, 15 and 22 m/s.

The model operating conditions are given in Table 4.1 and for
reference the full-scale plant conditions are enumerated in Table 4.2.
A total of 33 tests conditions was simulated in the wind tunnel. The
run number, terrain configuration, stack height, velocity ratio and
wind speed for each test are given in table 4.3,

All tests were conducted in a similar manner. A neutral boundary
layer characteristic of the smelter vicinity was established and
measurements of velocity were made at 13 locations with and 13 without
the upwind terrain present. The profiles were analyzed to 1) assess the
effect of the terrain upon the flow field, 2) to verify that the boundary
layer was representative of the site, and 3) document the wind tunnel
flow characteristics.

After completing the velocity measurements a metered quantity of
buoyant gas was allowed to flow from the model stacks and the wind
tunnel was adjusted to simulate the desired ambient wind speed.

Aerial distribufions of the resulting plume were made at four locations

for select cases with and without the terrain to document the dispersion
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patterns in the wind tunnel. For all tests at least 48 ground-level
samples were obtained to establish the maximum ground level concentration.

To qualitatively document the flow pattern the plumes were made
- visible by passing the gas mixture through titanium tetrachloride prior
to emission from the stacks. 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

A topographic model with equal vertical and horizontal scales of
1:1920 was designed and constructed for study in the CSU Environmental
Wind Tunnel (EWT) shown in Figure 4.2-1. The model was constructed by
cutting styrofoam sheets of 0.64 cm thickness to match contour lines on
a topographic map enlarged to the 1:1920 scale. The wind direction
modeled in the tunnel was approximately 51° true azimuth--the
direction of the 858.2 m (2815 ft, MSL) hill directly upwind of ASARCO's
tall stack. A map of the modeled terrain is shown in Figure 4.2-2 and
represents a 7.0 by 25.8 km area (3.66 by 13.44 m in the tunnel). The
ASARCO stack was positioned 6.3 m (12 km in prototype) from the
beginning of the terrain model. A picture of the complete terrain model
looking up- and downwind is shown in Figure 4,2-3.

Two terrain configurations were employed: the first with the
upwind terrain present (Figure 4.2-3) and the second without the terrain
upwind of the stack. A 1.22 m ramp was used as a ktransition from the
tunnel to the model for both cases. For the fIaﬁ upwind terrain case
the ramp rose 11.4 cm and for the terrain case the ramp rose 15.2 cm,

A 3.8 cm trip and twenty evenly spaced 30.5 cm high epliptic spires
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were used to stimulate the boundary layer for the no-upwind terrain
case. The spire-trip arrangement is shown in Figure 4.2-4.

The 1:1920 scale was chosen so that sufficient topography upwind
and downwind of the smelter could be included. The approach terrain
was modeled beyond Lee Mountain to a location where a low point in the
undulating terrain was found. The required downwind fetch was chosen
to be approximately 12 km since the maximum concentration for a 305 m
stack could occur at that distance.

A scale model of the stacks for the R§R flue and converter flue
as well as for tall stacks of 200, 250, 305 and 349 m prototype height
were constructed of Plexiglas. A diagram for each stack is shown in
Figure 4.2-5 and a photo of the model stacks is shown in Figure 4.2-6.
A sharp edged orifice was used in all stacks (as indicated in

Figure 4.2-5) to insure that the flow upon exit was fully turbulent.

4.3 Flow Visualization

The purpose of this phase of the study is to visually assess the
transport of the plumes released from the ASARCO stacks. The data
collected consist of a series of photographs of the smoke emitted
from the stacks for the different tests enumerated in Table 4.3.

The smoke was produced by passing compressed air 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 stack inlets. 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
127 mm) and color slides taken with a Canon Fl camera (focal length
28 mm). The shutter speed for the black and white photographs was

1/25 of a second and for the color slides 1/30 of a second. The black
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and white photographs are actually a composite of five superimposed
pictures taken consecutively. This procedure was performed to obtain
an average plume trajectory and not lose the detail of the turbulent
motion as happens at longer shutter speeds. The black and white and
color photographs were taken at an angle perpendicular to the tunnel
such that the field of view extended from the stack to approximately
9 km (4.9 m in the model) downwind.

A series of 16 mm motion pictures was taken of all tests. A
Bolex movie camera was used with a speed of 24 frames per second. The
movies consisted of taking an initial close-up of the smoke release
after which the camera was panned from the model stack(s) to approximately

9 km downwind in the prototype.

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 ASARCO stacks with and without the upwind terrain
present. Specifically this phase must demonstrate the magnitude of the
SOz concentration produced with the terrain present and also the ratio
of maximum concentration with and without the terrain. To meet this
goal a comprehensive set of concentration measurements was 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 direction.

An array of 69 sampling tubes was run into the tunnel under the
model terrain and fastened to brass tubes having outlets at the model
surface. The location of these points is shown in Figure 4.4-1. To

sample all 69 points it was necessary to take two independent runs
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using the same tunnel and stack settings, since the sampling device
had only 50 sample retention chambers. A sampling rake shown in
Figure 4.4-2 with 50 tubes in the vertical and 50 in a vertically
traversing horizontal array was also used for the four runs indicated
in Table 4.3, A vertical distribution of the plume was obtained using
15 of the sampling tubes at four downwind locations. Thereafter a
horizontal distribution was obtained at the height of maximum
concentration using 15 of the sampling tubes. The coordinates of the
horizontal and vertical'samples for each run are given on the graphs
which will be discussed in Section 6.2.

The test procedure consisted of: 1) setting the proper tunnel wind
speed, 2) releasing a metered mixture of source gas (ethane-nitrogen-
helium and methane-nitrogen-carbondioxide*) of the required density
(that of air) from the release stacks, 3) withdraw samples of air from
the tunnel at the locations designated, and 4) analyze the samples with
a flame ionization gas chromatograph (FIGC). Photographs of the sampling
system and gas chromatograph are shown in Figure 4.4-3. The samples were
drawn into each syringe over a 45s (approximate) time and consecutively
injected into the FIGC.

The procedure for analyzing air samples from the tunnel was as
follows: 1) a 2 cc sample volume drawn from the wind tunnel is introduced
into the flame ionization detector (FID), 2} the output from the
electrometer (in microvolts) is sent to the Hewlett Packard 3380
Integrator, 3) a digital record is integrated and an ethane concentration
determined by multiplying the integrated signal (uvs) times a

calibration factor (ppm/uvs), and 4) a summary of the integrator

*Methane mixture was used only for the converter stack. Data from
these tests were not analyzed or reported herein since they were
not essential for determining GEP stack height,
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analysis (ethane concentration, peak height, integrated voltage, etc.)

is printed out on the integrator at the wind tunnel. Prior to any data
collection a known concentration of propane is introduced into the FID

to determine the calibration factor.

The FID operates on the principle that the electrical conductivity
of a gas is directly proportional to the concentration of charged
particles within the gas. The ions in this case are formed by the
effluent gas being mixed in the FID with hydrogen and then burned in air.
The ions and electrons formed enter an electrode gap and decrease the gap
resistance., The resulting voltage drop is amplified by an electrometer
and fed to the HP3380A integrator. 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
inéreases above this zero shift in proportion to the degree of
ionization or correspondingly the amount of tracer gas present. Since
the chromatograph? used in this study features a temperature control on
the flame and electrometer, there is very low zero drift. In case of
any zero drift the HP3380A which integrates the effluent peak also
subtracts out the zero drift.

The lower limit of measurement (approximately 0.5 ppm or an
equivalent SO, concentration of apprdximately 0.04 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 subtracted from all data quoted herein.

The wind-tunnel concentration data for all tests in this report

are presented in the following dimensionless form

2A Hewlett-Packard 5700 gas chromotograph was used in this study.
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where x is the observed concentration, X is the source strength
of the traqer gas and R = us/ur. The tracer gas source strength was
measured during the period of measurement and the appropriate observed
value was used in tabulating the data.

To determine a corresponding full-scale concentration from the
model X values the K-model (Km) is set equal to K-prototype (Kp).
Equality of these two parameters can be verified by considering the

equation for conservation of mass, or,

o], - [Spoe], -

)y
m (Hb)

can be rearranged to give

Since (dy) (dy) and (dz) (::)m , the equation
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that (-g—bi) = (;b—) yields the following equation which is used in
I p
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this report to calculate prototype concentrations
L 4.2
The concentration data were computer processed to obtain the center
of mass (z) and the standard deviation (oz or ay). The parameters

were determined by numerically integrating the following equations over

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

o

Q = J Kdz 4.3
0
z = (I/Q‘); zKdz 4.4
0
UZ2 = (1/Q*)J (z-2)2 Kdz 4.5
0

The numerical integration was obtained using the trapezoidal rule.

To determine the averaging time for the predicted concentrations
from wind-tunnel experiments the dispersion parameters--cy and o,
for the undisturbed flow in the wind tunnel were compared to those
used for numerical modeling studies in the atmosphere. The dispersion
rates used in the atmosphere are referred to as the Pasquill-Gifford
curves and are given in Turner (1969) and modified values are'given in
Pasquill (1974, 1976). The results of this comparison as discussed
in Section 6 showed that the ay and o, values in the wind tunnel
compare (when multiplied by the length scaling factor 1920) with those
expected for the atmosphere. Hence the method used for converting
numerical model predictions to different averaging times should also

be used for converting the wind-tunnel tests., The EPA guideline series
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for evaluating new stationary sources (Budney, 1977) conservatively
assumes that the Pasquill-Gifford cy and o, values represent 1-hour
average values. To convert to a 3-hour concentration the document
recommends multiplying the l-hour value by 0.9 + 0.1 and if aerodynamic
disturbances are a problem the factor should be as high as 1. Huber

(1979) recommended using the wind-tunnel predictions of SO,

concentration as a 3-hour value. To be consistent with EPA recommendations
the results presented herein will be assumed to represent 3-hour average

S0, concentrations.

4.5 Velocity and Temperature Measurements

Mean and turbulent velocity measurements were performed to
1} monitor and set flow conditions, and 2) document the flow conditions
in the wind tunnel. 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 type 120 Equibar pressure meter and
pitot tube, and 4) TSI model 1125 calibrator for velocity calibration.
Since all tests were conducted under neutral stratification no detailed
temperature measurements were required. The techniques used to obtain
the velocity data with this assortment of equipment and the data
processing techniques will now be discussed in more detail.

L 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.
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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 - -
I RH wzkg(Tw Tg) Nu 4.6
where
I = current through wire
kg = heat conductivity of gas
2 = 1length of wire
TW = temperature of wire
Tg = temperature of gas
Nu = Nusselt number
Ty~ T %
= F(Re, Pr, Gr, ——T“*“g', 33
g
Re = %9
g
. c i
Pr = L
k
g
gd3(T, - T))
Gr = .................._.........._g...
varT
g B8
d = diameter of wire
R,, = operating resistance of wire

H
For most wind-tunnel applications an empirical equation evolved by
Kramers as reported in Hinze (1975) is adequate for representing Nu
for a Reynolds numbér range‘O.Gl < Re < 1000, or

2

<33 0-5

0 0
Nu = 0.42 Pr + 0.56 Pr Re

Free convection from the wire can be neglected for Re > 0.5 when
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GrPr < 107",
Alternately buoyancy may be neglected when
Gr < Red .
The temperature dependence of the resistance of the wire is assumed
to follow the ensuing relation

= - _ 2
RH = Ro[l + bl(Tw To) + bz(Tw To) + ...

where bi are temperature coefficients. Normally the higher order terms
are neglected and

R, = R +b (T, -T)I.

Substituting the appropriate relations yields the following equation

IZRW n
R - R °C A+ B(pcu) 4.7
w C
where
Rc = resistance of wire at calibration temperature
Pe = density of air at calibration temperature
wkkf
A = 0.42(pr)0-2
bR
0
wlk
- f 0.33.4d
B = blRo 0.57(Pr) (u)

- 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 calibration temperature of the wire
is nearly equal to the temperature in the wind tunnel no corrections
for temperature were applied and the following equation was used to

calculate the instantaneous velocity:
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Calibration of the hot film was performed with the model 1125 TSI
calibrator and a type 120 Equibar pressure meter where the following

relation applies:

2ApRTa
Pa

which gives the following error equation

2 2
9 W W
"1 sp) (1 Pa) +1 T
u 2 Ap 2 P, 2 Ta

where Wi are associated errors for each component (Ta’ Ap, ect.).
The predominant factor for this case is the differential pressure
measurement. Instrument specifications on the type 120 Equibar pressure

meter are an accuracy of 3% of full scale readings which gives the

following
W W
WAP Ta P,
Full Scale Reading  (mm Hg) (C) (mm Hg)
.01 + 0.0003 1 .1
.1 + 0.003 1 .1

The lowest calibration point was Ap = 0.001 mm Hg. The error at the

low velocity is

2| =

= 0.15 for u = 0.525 m/s.

The highest calibration point was Ap = .07 mm Hg. The error at the

high velocity is

= 0,02 for u = 4.38 m/s

:l‘:i
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A typical calibration curve is shown in Figure 4.5-1. A calibration
was performed at the beginning of each day's measurement.

After the wire was calibrated, the desired flow condition was set
in the wind tunnel. The free-stream velocity was monitored with the
type 120 Equibar pressure meter and pitot tube. Once the desired condition
at the reference height was obtained the pressure meter setting was
recorded and used to set and monitor the tunnel conditions for all
remaining tests. During all subsequent velocity measurements, care was
taken to ensure that the pressure meter reading remained constant.

o Data Collection

Velocity profiles were measured at 13 locations. The profiles
were taken at locations shown in Figure 4.4-1.

The manner of collecting the data was as follows:

1) the hot-film probe was attached to a carriage,

2)  the bottom height of the profile was set to 0.0127

meters,

3) a vertical distribution of velocity was obtained
using a vertically traversing mechanism which gave
a voltage output corresponding to the height of the
wire above the ground,

4)  the signals from the anemometer and potentiometer
device indicating height were fed directly to a
Hewlett-Packard Series 1000 Real Time Executive
Data Acquisition System,

5) samples were stored digitally in the computer at a
rate of 208.3 samples per second, and

6) the computer program converted each voltage into a
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velocity (m/s) using the equation

g2 ‘ i/n
— B A
RyRy-R.)

B

At this point the program computes several useful quantities using the

following equations:

N
i o= = 1L u
N‘icl i
1 N s
| - -
DR = RN CRED
i=1

where N is the number of velocities considered (a 30 second average
was taken, hence 6016 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 tumnel on a

remote terminal.
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5 VELOCITY MEASUREMENTS

Velocity measurements were obtained to: 1) establish the correct
operating speeds in the tunnel, 2) assess the representativeness of the
wind tunnel velocity profile in comparison to those observed in the
atmosphere, and 3) document the flow conditions in the wind tunnel. To
meet this objective a total of 34 vertical profiles of horizontal wind
speed and turbulence intensity was obtained. Nine profiles were taken
at the location of the tall stack. Four free-stream velocities were
set for the profiles taken with the upwind terrain present and five
were set without the upwind terrain. This series of profiles was used
to check the variation of the velocity and turbulence field with free-
stream velocity. Figure 5.1-1 shows the profiles without the terrain
present and Figure 5.1-2 the profiles with the upwind terrain present.
As is evident, the profiles remain nearly constant down to a free-stream
velocity as low as 1 m/s. Since all tests were conducted at free-stream
velocities greater than 3 m/s, Reynolds number independence of the flow
field is inferred by these results. The remaining 24 profiles consisted
of 12 profiles taken at similar locations with and without the terrain
present., The locations are shown in Figure 4.4-1. For each terrain
configuration six profiles were taken down the center of the tunnel
test section and six lateral to the test section.

To assess the flow characteristics in the wind tunnel and to aid in
comparing to atmospheric flows the velocity profiles with a reference
velocity approximately equal to 3 m/s were analyzed to obtain the
surface roughness factor (zo), the displacement height (d), the
friction velocity (u,), the turbulent Reynolds number (ReZ ), and the

[¢]
power law exponent (n). The estimated values for each profile with
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and without the terrain are given in Table 5.1 and 5.2 respectively. The

values of z, and u, were determined by finding the z, and u,

which gave the best fit (by least squares) to the following equation
which is characteristic of atmospheric (Businger, 1972) and wind tunnel
flows (Cermak, 1971):

z-d

The expected value for zZ, in the vicinity of the ASARCO smelter can be
estimated by referring to Table 5.3 from Engineering Science Data Unit,
1972, The site can be characterized somewhere between '‘desert" and
"very hilly or mountainous areas' depending upon location which gives an
expected z, Tange of 0.04 to 200 cm. For wind tunnel similarity the
model Z, should equal the atmospheric value divided by the scale
factor of 1920. This results in desired values for a model z, from
0.0002 to 0.52 mm. As can be seen from Tables 5.1 and 5.2, the range
of values for the wind-tunnel profiles was from 0.00 to 7.44 mm without
the upwind terrain present and from 0.00 to 29.60 with the upwind terrain
present. In general the results cover the range expected and show wide
variation depending upon terrain complexity upwind.

The power law exponent was computed by fitting the data by least

squares to the following equation:

q
uo-[E
Counihan (1975) presents the following equation for estimating n as a

function of Z,

n = 0.096 logigz, *+ 0.016(10g;czo)2 +0.24,

where z, is in meters. Using the expected z, range of 0.0004 to
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2.0 meters for the site gives an expected n range of 0.10 to 0.27.
The exponent for the velocity profiles in the tunnel ranged from 0.09
to 0.42 without the upwind terrain present and from 0.07 to 0.60 with
the terrain. In general the exponent was greatest when high topographic
features were directly upwind and lowest for profiles taken on a hill or
rise. Overall the values observed in the tunnel for n and z, are
reasonable for similar atmospheric flows.

The turbulent Reynolds numbers in Tables 5.1 and 5.2 range from
0.00 to 131.9 without the terrain present and from 0.00 to 5013 with
the terrain present. The majority of the estimates of Rez exceed the
critical value of 2.5 as discussed in Section 3 and implie: Reynolds
number independence was achieved. Reynolds number independence is
also inferred due to the close agreement between the atmospheric and
laboratory dispersion rates as discussed in Section 6.2.

A representative boundary layer thickness was estimated from the
velocity profile taken 0.91 meters upwind of the tall stack location
(designated by x = -0.91, y = 0) when the upwind terrain was removed.

The boundary layer thickness is assumed to be the height where the free-

stream value is reduced by 10 percent. Assuming a power law wind profile:

Rearranging ¢ can be calculated as follows:

(o)
]

zm(O.Q)l/n

where z_ = 0.61 and n = 0.14. The 8-value computed for this profile
is 0.29 m in the model or 552 m in the full scale. The atmospheric

boundary layer for neutral stratification and flat topography is
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typically taken to be 600 m {Counihan, 1975). The boundary layer
thickness is generally greater than the 600 m over rough topography as
is the case for the wind tunnel which can be inferred by referring to
profiles that will be discussed below.

Pigurés 5.1-3 and 5.1-4 show the respective velocity profiles
without and with the upwind terrain taken down the center of the tunnel
(y = 0). The profiles were taken at x = -0.91, 0.91, 1.83, 2.74, 3.66
and 4.57 m with x = 0.0 being the tall stack location. The profiles
at the tall stack location are plotted in Figur&s 5.1«1 and 5.1-2
and were briefly discussed above. In general the shape of the velocity
profiles for x greater than 0.91 m are similar with and without the
terrain as is reflected by the near equality of the power law exponents
for corresponding profiles in Tables 5.1 and 5.2. At x = -0.91 m the
profile with the terrain present is flatter than that without the
terrain since the former was taken on a hill. At the tall stack location
{(x = 0, y = 0) the velocity with the terrain (Figure 5.1-2) is reduced
below 16 cm compared to that without the upwind terrain (Figure 5.1-1).
The reduction is due to the close proximity of the upwind terrain
obstacle.

The respective turbulence intensity profiles taken along the
center of the tunnel without and with the upwind terrain are shown in
Figures 5.1-5 and 5.1-6. The profiles show a general increase in
turbulence intensity when the upwind terrain is present. This increase
is most pronounced for those profiles taken at the plant site (x = 0,

y = 0) as shown in Figures 5.1-1 and 5.1-2. Below 16 c¢m the turbulence
intensity is two to three times greater when the upwind terrain is

present.
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Velocity profiles were taken across the tunnel at the location of
the plant site (x = 0) for y = -1,68, -1.22, -0.61, 0.61, 1,22 and
1.68 m. The respective profiles without and with the upwind terrain
are shown in Figure 5.1-7 and 5.1-8, The profiles at y = -1.68, -1.22
and -0.61 show the greater decrease in velocity with the upwind terrain
present, This is due to the higher terrain feature upwind of these
measurement sites as is evident by referring to Figure 4.2-3 (top
picture left side). The profiles without the upwind terrain (Figure
5.1-7) show the uniformity of the tunnel flow between -1.22 and 1.22 m.

The corresponding longitudinal turbulence intensity profiles taken
without and with the upwind terrain are shown in Figures 5.1-9 and
5.1-10. The extreme increase in turbulence with the upwind terrain is
noticible for those profiles taken at -1.68, -1.22 and -0.61m - -
the locations directly downwind of the highest terrain features. There
is a slight increase in turbulence for those profiles on the other side
of the tunnel (y = 0.61, 1.22 and 1.68 m) but the increase is much less
since no significant terrain features were directly upwind.

In summary the velocity profiles show that the boundary layer in
the wind tunnel is well established and is characteristic of a full
scale rough terrain site. The profiles also show the expected trend of
decreased velocity and increased turbulence in the wake of a terrain

obstacle,
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6 PLUME TRANSPORT AND DIFFUSION RESULTS

6,1 Visualization

The visualization of plume dispersion from the model stacks was
performed to qualitatively assess the downwash effects of the upwind
terrain, Figures 6.1-1 through 6.1-5 show the visualization with and
without the upwind terrain for the high velocity ratio tests associated
with each stack configuration. In all cases there is a dramatic
difference between the photo with and without the upwind terrain. The
terrain acts to mix the effluent quickly to the ground and spread it
more in the vertical. This increased vertical spread when the terrain
is present is evident in the photographs.

In summary the photographic results demonstrate qualitatively that
the terrain has an adverse effect on plume dispersion for a stack as high
as 349.4 m. The effect on ground level concentrations will be

discussed in the following section.

6.2 Concentration Measurements

The purpose of this phase of the study is to quantify the
magnitude of the SO, concentrations downwind of the smelter stacks.
This was done by releasing a metered quantity of tracer gas (ethane)
from a scale model of the stacks in the envirommental wind tunnel.
The resulting concentrations were measured with and without the upwind
terrain present to comply with the EPA Stack Height Credit Regulation
requirement (Huber, 1979). Normally for an existing source to be able
to raise their stack heights to a GEP stack height, the owner or operator
(ASARCO) must first demonstrate that air quality standards or PSP
limits are exceeded and second that the maximum concentration with the
upwind terrain is at least 40 percent in excess of that without the

upwind terrain.
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Hence this section of the report will discuss 1) the wind tunnel
dispersion characteristics, 2) ground level concentrations, and 3)
implication of results on GEP stack height.

L Dispersion Characteristics

To determine whether the wind tunnel dispersion parameters (cy and
ez} agree with those for the atmosphere, the vertical and horizontal
concentration profiles were analyzed to determine cy, o, and z as
discussed in Section 4.4. The model values were then scaled to prototype
values by multiplying by the length scaling factor (1920). The results
for each vertical and horizontal profile are tabulated on the profile
plots which are given in Figures 6.2-1 and 6.2-2.

The atmospheric values for oy and o, are often assumed to
follow the Pasquill-Gifford curves as given in Turner (1969). However,
Pasquill (1976) has recommended a different method for computing these
parameters. For cy Pasquill recommends the following formula for
sampling times up to one hour

ay = iy x £(x)
where f£(x) is defined as follows

x(km) 0.1 0.2 0.4 1,0 2.0 4.0

f(x) 0.8 0.7 0.65 0.6 0.5 0.4
For this study only the intensity of turbulence in the longitudinal
direction i_ was measured; i, was not. It will be assumed here

X Yy

that iy & ix‘ For g, Pasquill (1976) recommends using the Turner

Workbook curves when the surface roughness is 3 cm. For other roughness

he recommends using nomograms or equations in Pasquill (1974). The

equations used here for o, are
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where x is in kilometers and the constants were derived from Pasquill
(1974) for the indicated surface roughness values.

Figure 6.2-3 shows the expected Uy dispersion rates for the
atmosphere with iy = 0.1 and 0.2 in comparison to that observed in
the wind tunnel. Consider first the no-upwind terrain cases. At 0.5
km the cy values show a variation with stack height. The highest Gy
corresponds with the lowest stack height. This is expected since cy
is proportional to turbulence intensity and the turbulence intensity
decreases with height. At 2, 5 and 9 km the Gy values for each stack
height agree with one another and indicate a lateral turbulence intensity
of 10% or less. This suggests that the turbulence field effecting the
lateral dispersion is nearly constant with height over the depth of the
plumes studied. At 9 km-the Gy values are less than those at 5 km.
This may possibly be explained by\the terrain configuration at this
location. The plume is traveling up a converging drainage basin (Smith
Wash) which is probably inducing a convergence in the stream lines and
hence a narrowing of the plume. The case with the terrain present shows
a greater cy at all downwind locations beyond 0.5 km. This result
reflects the increased turbulence in the wake of the upwind terrain.
Overall these results suggest that the variation of ay with downwind
distance is representative of similar atmospheric dispersion rates.

Figure 6.2-4 shows the expected variation of o, for the atmosphere
using z, = 10 cm and 100 cm in comparison with that observed in the
wind tunnel. The wind tunnel o, values compare closely with those

expected for a 1 m surface roughness. The o, values for each stack
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height without the upwind terrain agree closely except at 0.5 km. The
tallest stack shows the highest 0,5 2 result that is anticipated by
Pasquill (1976). Since the upwind terrain acts to increase the surface
roughness, the o, values for this case are higher than those without
the upwind terrain.

The vertical concentration profiles in Figure 6.2-1 show the nature
of the plume spread as a function of downwind distance, stack height and
with and without the upwind terrain. Figures 6.2-1c and 6.2-1d show the
respective vertical concentration profiles without and with the upwind
terrain for a stack height of 305 m. The greater vertical extent of the
plume and rapid mixing toward the ground when the terrain is present is
evident in Figure 6.2-1d. The horizontal concentration profiles taken
at the height where the maximum concentration in the vertical was observed
are shown in Figure 6.2-2. Several features are observed: 1) the general
increase in spread with downwind distance, 2) a slight decrease in
plume»spread with stack height, and 3) an increase in plume spread when
the upwind terrain is present (Figure 6.2-2d).

L] Ground-level Concentrations

The ground level concentration measurements are summarized in two
forms as outlined by Huber (1979). The maXimum measured concentration
at each horizontal array location was identified for each run and a plot
of the maximum ground-level concentration versus downwind distance
(nondimensionalized with a hill height equal to 193 m) was made.

Figures 6.2-5 through 6.2-9 show the plots of dimensionless
concentrations K(?‘izﬁa versus i/HT. Each figure has the
corresponding resultso(fiked stack height) for the cases run with and

without the upwind terrain. A second series of graphs was also
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prepared. Huber (1979) requires that '"two to four lateral ground-level
profiles including one at the position of maximum ground-level concentration"
be prepared. Correspondingly two lateral profiles for each run indicated

in Table 4.3 were prepared and are presented in Figures 6.2-10 through
6.2-14. The implications of these figures will now be discussed.

Figure 6.2-5 show a plot of K versus x/HT for the 91.4 m stack
with and without the upwind terrain present. The dimensionless maximum
concentration without the terrain is 65.6 x 1075 and occurred at
x/HT = 14.3. It is evident from the figure that the maximum concentration
with the upwind terrain was not observed and occurred closer to the plant
than measured in the sampling network. A conservative estimate of the
maximum concentration is 95.4 x 10”5 based on some results by Huber
(1976) for diffusion in the wake of a building. Huber found that for
h/Hb = 1.2, and R = 0.7 the maximum dimensionless concentration was
K = 95.4 x 107> and occurred at x/H = 3.

The longitudinal ground level profiles with and without the upwind
terrain for a stack height of 199.7 m are shown in Figure 6.2-6. The
maximum concentration of K = 15.2 x 10™° occurred at 19.4 with the
upwind terrain present and a maximum of 8.5 x 1075 was observed at
x/HT = 36.4 without the upwind terrain present. These results clearly
demonstrate the effect of the upwind terrain; namely to increase the
maximum concentration and cause it to occur closer to the plant site.

Figure 6.2-7 shows maximum longitudinal ground level concentrations
with and without the upwind terrain for a stack height of 249.6 m. The
maximum dimensionless concentration with the terrain present was observed
at x/Hp = 19.4 tobe K=8.2x 1075, The maximum value without the

terrain is K = 4.1 x 10”5 at x/HT = 36.4.
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The longitudinal profiles with and without the upwind terrain for
a 305.3 m stack and 3 velocity ratios for each terrain configuration are
shown in Figure 6.2-8. The maximum dimensionless concentration increases
as velocity ratio decreases from 1.6 to 1.0. This is due to the
associated decrease in plume rise with decreasing velocity ratio and
corresponding increase in concentration. When the velocity ratio changes
from 1.0 to 0.7 the concentration decreases indicating the decreasing
plume rise effect is not as significant as the dilution due to increased
wind speed. For R = 1.57 with the terrain present the maximum X
value is 7.4 x 1075 at x/H; = 14.7 without the terrain and R = 1.63
the maximum K is 4.9 x 1075 at x/HT = 62.14. Similar results are
evident for the other velocity ratios.

Figure 6.2-9 shows the maximum longitudinal concentration profiles
with and without the terrain for a 349.4 m stack and three velocity ratios
for each terrain configuration. For this stack height the maximum K
values show a consistent increase with decreasing velocity ratio, Again
the maximum concentration with the upwind terrain is considerably higher
than that without the upwind terrain and for a comparable velocity ratio.
Also the maximum occurs closer to the plant when the terrain is present.

The two horizontal ground level profiles at the downwind location
of the two highest concentrations are plotted in Figures 6.2-10 through
6.2-14, These results are presented to document the horizontal
distribution of the plume and to show that the maximum concentration
was indeed measured. These figures in general show that a representative
maximum concentration was obtained for each run. In some cases the
distribution was irregular and can be explained by the irregularity of

the terrain.
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® Implication of Results on GEP Stack Height

For ASARCO to receive credit for the 305 n stack two criteria must
be met according to the EPA Stack Height Credit Regulation. They are
1) for a nonattainment area (as is the smelter vicinity) the source must
demonstrate that NAAQS limits are exceeded, and 2) the maximum concentration
with the terrain must be at least 40 percent in excess of that without
the upwind terrain. These criteria must be met for the old plant
configuration (R&R and converter flue stacks) as well as the present
configuration (305 m stack). Table 6.1 presents the necessary information
from the wind tunnel evaluation to assess whether these criteria are
met.

For the old plant configuration with the 91 m stack the maximum
S0, concentration is 4.25 ppm with the terrain and 3.03 ppm without the
terrain giving a ratio of Xw/xwo = 1,40 or a 40% increase due to the
presence of the terrain. The measured concentration with the upwind
terrain is also in excess of the 3-hour NAAQS limit of 0.50 ppm
(1300 pg/m3). Thus for the old plant configuration criteria 1 and 2
above are met., It is apparent thut the existing 305 m stack also meets
both criteria. The maximum concentration with the terrain is 1.01 ppm
which exceeds the NAAQS and the ratio of maximum concentration with and
without the upwind terrain ranges from 1.35 to 1.68 depending upon
ambient wind speed.

In summary the results of the wind tunnel test show that the
existing 305 m stack conforms with the requirements of the stack
height regulation in that the stack is not above GEP. 1In fact the
results in Table 6.1 show that the GEP height is at least 349 m - the

tallest height investigated.
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Table 4.1. Model Parameters
Parameter Con- Tall Stack
R&R verter
Flue Flue 1 2 3 4
1) Stack height h(cm) 4.76 3.97 10.4 13.0 15.9 18.2
2) Stack Inside Diameter -~
D(em) 0.406 0,254 0.310 0.267 0.272 0.267
3) Exit Velocity - ug
(cm/s) 149 137 - 376 507 489 507
90 91 225 304 293 304
59 68 159 214 207 214
4) Stack Reynolds number -
Reg 403 232 777 902 887 902
244 154 465 541 531 541
160 115 329 381 375 381
5) Volume Flow - V(cm3/s) 19.32  6.92 28.41
11.67 4.61 17.00
7.67 3.46 12.00
6) Exit Temperature - TS(K) 293 293 293
7) Molecular weight of -
ms(g) Stack gas 28.9 28.9 28.9
8) Molecular weight of -
ma(g) Air 28.9 28.9 28.9
9) Source Strength xo(%)
(a) Methane - 15.0 -
(b) Ethane 10.2 - 10.2
10} Reference height Zh {cm) 30.5
11} PFriction velocity u,
(m/s) 0.15
12} Surface roughness z,
(mm) 0.17
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Table 4.2. Parameters for ASARCO smelter at Hayden,

Arizona
Parameter R&R Converter Tall
Flue Flue Stack
1) Stack Height - h(m) 91.46 76.22 304.9
2) Stack Inside Diameter - D(cm) 7.62 4.88 5.18
3) Stack Outside Diameter - Do(m) 9.15 5.79 9.76
4) Stack Base (ft, MSL) 2224 2123 2182
5) Exit Velocity - us(m/s) 5.15 4.54 15.18
6) Volume Flow - V (m3/s) 234.9 85.0 319.9
7) Exit temperature - Ts(K) 394.1 344.1 380.7
8) SO, Emission Rate - Qg(g/s) 5669 1680 7348
9) S0, Source Strength* - Xo{ppm) 9282 7602 8834
10) Ambient temperature - Ta(K) 300 300 300

*For ambient temperature and standard pressure
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Table 4.3. Summary of Visualization § Concentration Tests!)

Ambient Velocity (m/s)
Upwind Stack Height Velocity Ratio at 585 m, AGL (1213 m,

Run  Terrain h(m) R MSL)

12) Out 91.5 (76.22) 0.50 (0.46) 9.89 ( 9.99)
2 0.30 (0.30) 16.37 (15.00)
3 0.20 (0.23) 24.91 (19.98)
42) 199.7 1.25 9.16

5 0.75 15.31

6 0.53 21.68

7 249.6 1.69 9.16

8 1.01 15.31

9 0.71 21.68

102) 305.3 1.63 9.16

11 0.98 15.31

12 0.69 21.68

13 349.4 1.69 9.16

14 1.01 15.31

15 0.71 21.68

16%% In 91.5 (76.22) 0.32 (0.30) 14.83  (14.99)
17%% 0.20 (0.18) 24.56 (24.93)
18%* 0.13 (0.15) 37.37  (29.97)
19%+ 199.7 0.97 11.85

20%* 0.58 19.80

21%% 0.41 28.04
22%% 249.6 1.48 10.47

23%* 0.89 17.50
24%* 0.62 24.79

252) 305.3 1.57 9.49
26 0.94 15.87

27 0.66 22.48
28 349.4 1.63 9.49

29 0.98 15.87
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30 349.4 0.69 22.48

31* 91.4 (73.2)  0.48 (0.44) 10.25 (10.36)
32% 199.7 1.213) 9.493)

33% 249.6 1.63 9.50

*No pictures were taken for these cases.
**Concentration data for these tests were not analyzed since

the ambient conditions were not comparable to the no
terrain cases.

1)The numbers in parenthesis are the converter flue parameters.
2)Runs for which horizontal and vertical distribution of plume
were obtained at four downwind locations.
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Table 5.1. Summary of velocity profile characteristics
without the upwind terrain present

X y Zo u* d Re el) e 2)
m @ () (@s) (m) o n o "
0.00 -1.68 0.000 0.060 1.23 0.00 0.11 0.178 0.228
0.00 -1.22 0.000 0.095 1.09 0.00 0.13 0.100 0.176
0.00 -0.61 0.169 0.161 0.76 1.81  0.22 0.059 0.167
0.00 0.00 0.069 0.142 -0.21 0.65 0.14 0.020 0.028
0.00 0.61 1,390 0.206 0.67 19.09 0.35 0.153 0.350
0.00 1.22 0.122 0.154 1.05 1.25  0.27 0.137 0.348
0.00 1.68 0.000 0.041 1.26 0.00 0.09 0.169 0.230
-0,91 0.00 0.168 0.148 -0.87 1.66 0.14 0.041 0.041
0.91 0.00 1.890 0.205 -0.71 25.83 0.23 0.045 0.075
1.88 0.00 7.440 0.266 -4.59 131.94 0.21 0.028 0.049
2.74 0.00 1,940 0.205 -2,06 26.51 0.19 0.017 0.024
3.66 0.00 0.072 0.131 -1.16 0.63 0.12 0.025 0.020
4,57 0.00 3.580 0.216 0.34 51.55 0.42 0.018 0.262
*y = 0,15 cm?/s

1) the root-mean-square error (m/s) between log-law and
observation

2) the root-mean-square error (m/s) between power-law and

observation
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Table 5.2. Summary of velocity profile characteristics with
the terrain present
* * 1) 2

x y z, u d Rezo n ezo e )
(m) (m) (mm)  (m/s) (cm)

0.00 -1.68 20,40 0,294 -3.,59 399.84 0.36 0.052 0.078
0.00 -1.22 100.00 0.752 -10.40 5013.33 0.60 0.215 0.263
0.00 -0.61 43.50 0,558 -4.59 1618.20 0.52 0.205 0.284
0.00 0.00 11.20 0.345 -2.31 257.60 0.318 0.131 0.165
0.00 0.61 29.60 0.382 -8.25 753.81 0.27 0.037 0.065
0.00 1.22 0.14 0,228 1.09 2.13  0.29 0.137 0.393
0.00 1.68 0.00 0.084 1.12 0.00 0.12 0.200 0.218
-0.91 0.00 0.00 0.102 -1.75 0.00 0.07 0.062 0.064
0.91 0.00 4.05 0.256 -3.41 69.12 0.20 0.058 0.074
1.88 0.00 5.00 0.260 -5.41 86.67 0.18 0.027 0.056
2.74 0.00 1.23 0.208 -2.09 17.06 0.17 0.033 0.032
3.66 0.00 0.00 0.105 0.53 0.00 0.109 0.053 0.062
4,57 0.00 1.18 0.208 0.71 16.36 0.34 0.027 0.205

*y = 0.15 cm?/s
1) the root-mean-square error (m/s) between log-law and
obervation

2) the root-mean-square error (m/s) between power-law and

observatio

n
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Terroin description of oreo within several kilometres upwind of site
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Table 5.3.

Values of the surface roughness parameter z (Esbu, 1972)



Table 6.1.

Summary of ground-level concentration measurement results for ASARCO wind
tunnel modeling experiments

Maximum Observed Equivalent SO, Concentration (ppm)**

Stack Height (m) Wind Speed (m/s)* With Terrain (a) No Terrain (b) Ratio (a)/(b)
91 10.1 4.25%%* 3.03 1.40%*
200 9.3 1.68 0.95 1.72
250 9.3 1.19 0.61 1.94
305 9.3 1.01 0.60 1.68
15.6 0.57 0.42 1.35
22.1 0.51 0.33 1.52
349 9.3 0.69 0.27 2.52
15.6 0.51 0.25 2.08
22.1 0.62 0.26 2.41

*Approximate free-stream velocity at 585 m above the stack base.

**Equivalent SOz emissions -- 91 m stack:

200 ~ 349 m stacks:

R&R flue 5669 g/s (9282 ppm)

7348 g/s (8834 ppm)

***The maximum concentrations for 91 m stack with terrain occurred too near the stack to be

detected in receptor grid and is conservatively estimated to be this value based on

Huber (1976).

0s
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FIGURES
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Figure 4.2-2. Map showing area modeled in wind tunnel.
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Figure 4.2-3. Photographs of model terrain for the 51° true
azimuth looking (a) upwind and (b) downwind
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Figure 4.2-4,

Photograph showing 30.5 cm spires, 3.8 cm
trip and approach ramp used for developing
the boundary layer of the no-upwind terrain
tests.
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Figure 4.2-5. Photograph of model stacks used for GEP
evaluation.
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Figure 4.4-2. Photograph showing the sampling rake used to
obtain the horizontal and vertical concentration
profiles.
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Figure 4.4-3. Photographs showing (a) the tracer gas sampling
system and (b) the gas chromatograph, integrator
and sampling system set-up.
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Photographs of plume behavior without (a)
and with (b) the upwind terrain present for
stack height of 91.5 m for the R&R flue and
73.2 m for the converter flue.
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Figure 6.1-2. Photographs of plume behavior without (a)
and with (b) the upwind terrain present for
tall stack height of 199.7 m.
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Figure 6.1-3. Photographs of plume behavior without (a)
and with (b) the upwind terrain present for
a tall stack height of 249.6 m.
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Figure 6.1-4. Photographs of plume behavior without (a)
and with (b) the upwind terrain present for
a tall stack height of 305.3 m,
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Figure 6.1-5. Photographs of plume behavior without (a)
and with (b) the upwind terrain present for
a tall stack height of 349.4 m,
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Dimensionless concentration K versus lateral distance (y/Ht) with and without
the upwind terrain at the two downwind locations of maximum concentration for a
stack height of 349 m and velocity ratios of (a) 1.63, (b) 0.98, and (c) 0.69.
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