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EXECUTIVE SUMMARY

The purpose of this report is to describe the fluid modeling (wind-tunnel) studies
conducted to verify that a 76.7 m stack height is creditable as “good engineering practice” (GEP)
stack height for Exxon’s FCC COB stack. Physical modeling of the atmospheric boundary layer
and the plume was used to make this determination. A 1:400 scale model of the construction
features of the Exxon’s Billings refinery and surroundings, including portions of the neighboring
Montana Sulphur Chemical Company and BGI/YELP facility and other offsite structures, was
placed in CSU’s environmental wind tunnel. Atmospheric transport of stack emissions from the
FCC COB stack was investigated using the scale model of the refinery and surrounding
structures. Ground-level concentrations of sulfur dioxide were determined with and without the
nearby upwind structures by sampling concentrations of a tracer gas released from the model
stack. Analysis of the results for various plant and meteorological conditions was conducted to

demonstrate the creditable stack height.

The results of the wind tunnel testing demonstrated that a 76.7 meter stack is creditable
as GEP. Excessive concentrations as defined in SIP Fluid Modeling Agreement were
demonstrated at this stack height. This demonstration was made without the consideration of

other background sources.
Testing was also conducted that showed a 40% increase in concentrations due to the

presence of nearby structures for stack heights up to 100 meters. Future work is required to fully

document whether the taller stack is creditable as GEP.
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1 INTRODUCTION

This report describes wind tunnel testing that was conducted to support Exxon's effort
to increase the Fluid Catalytic Cracker CO Boiler (FCC COB) stack height at the Billings
Refinery to the Good Engineering Practice (GEP) stack height. Increasing the stack height at the
Refinery is part of the Billings/Laurel SO, State Implementation Program (SIP) compliance plan.

Background
Exxon Company, USA, operates a petroleum refinery located in Billings, Montana, known

as the Exxon Billings Refinery. A dispersion modeling analysis performed by the Montana
Department of Environmental Quality (DEQ) demonstrated the presence of building downwash
associated with the Fluid Catalytic Cracker CO Boiler (FCC COB) stack and nearby structures
at the refinery. To avoid the downwash problem, Exxon and the DEQ determined that the
existing 63.4 m stack should be increased to the "good engineering practice" (GEP) stack height
of 76.7 m. The GEP stack height calculation was based on the dimensions of the structures
associated with FCC COB and the EPA recommended formula.

Accordingly, Exxon management proposed to raise the FCC COB stack to GEP formula
height as part of the Billings/Laurel SO2 State Implementation Program (SIP) compliance plan.
A technical support package for the refinery's proposal was submitted to the Montana
Department of Environmental Quality (DEQ), and they, in turn, requested review by EPA Region
VIIIL. In the Region VIII reply, they cited EPA rules which require "...sources wishing to raise
existing below-formula height stacks up to formula height provide evidence that the additional
height is necessary to avoid downwash-related concentrations raising health and welfare
concerns." One method the EPA stated that could be utilized was through the use of fluid (wind-
tunnel) modeling. While Exxon disputes the DEQ's and EPA's interpretation of the stack height
regulations, Exxon has proposed and the Department agrees that fluid modeling shall constitute
a valid and sufficient demonstration in support of the GEP formula height of 76.7 m for the FCC
COB stack. The procedures agreed to (i.e., SIP Stack Height Fluid Modeling Agreement) are
included in Appendix D.

ili ripti
The FCC COB stack is located in the process block known as the Fluid Catalytic Cracking
(FCC) Unit. The FCC COB stack is 63.4 meters tall with an inside stack diameter of 2.96 meters.
The existing SIP limit of FCC COB stack emission rate is 143 g/sec [Pechan, 1991]. The effluent
is emitted at 12.5 nv/s at about 497 K. The primary "nearby" structure ( 10 to 25 meters from the
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stack) which can produce plume downwash effects is composed of four solid components
imbedded in the lattice framework. The four imbedded components are the elevator (3.2 m by
5 m by 49.2 m), the regenerator (7.6 m in diameter and 30 m high), the reactor (6.1 m diameter
and 53.4 m high), and the fractionator (3.2 m in diameter and 45.3 m high). This structure was
used to establish the GEP formula stack height of 76.7 meters pursuant to 40 CFR
§51.100(ii)(2)(ii). A secondary "nearby" structure' (500 meters from the stack) which can
produce plume downwash effects is the co-generation facility boiler building ( 33.5 m by 38 m
by 38 m high). Other miscellaneous structures also surround the stack and are “nearby.” The
only significant terrain feature near to the refinery is an abrupt river bank that raises 23 meters to
a plateau located 750 meters north of the FCC COB stack. The minimum terrain feature height
which meets the 40 CFR 51.1(jj) definition of "nearby" is 26 meters thus this river bank cannot
be considered as "nearby" for fluid modeling purposes.

Fluid Model Testing Program
A wind-tunnel measurement program was conducted that was consistent with the
requirements in the SIP Fluid Modeling Agreement, as summarized below.
1. The emission rate for the FCC COB stack was set to the existing SIP limits of 143 gm/s,
as established in the E.H. Pechan & Associates, Inc. Report dated February 1991.

2 The representative area surrounding the FCC COB unit was simulated in the wind tunnel
by appropriate surface roughness elements (i.e., z, = 20 cm).

3. Representative meteorological conditions were used consistent with procedures in EPA's
Guideline for Use of Fluid Modeling to Determine Good Engineering Practice Stack
Height.

4. The 40% differential in ground level concentrations due in whole or in part to downwash

effects was determined by comparing the respective ground level concentrations
produced by (1) running the wind tunnel simulation using scale models of both the FCC
COB stack structure and its associated surrounding structures; and (2) running the
simulation using scale models of the FCC COB stack alone with nearby structures
removed.

p Contributions to an exceedance of the NAAQS/MAAQS for SO, were determined by
comparing the concentrations produced by the FCC COB wind tunnel simulations.

Presented in this report are the technical aspects, experimental methods and results for the
wind tunnel study designed to meet the above requirements. Section 5 of this report presents the
results of the GEP stack height evaluation.

for the purpose of a fluid model demonstration “nearby” structures are those that are within % mile of the FCC
COB stack.
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& TECHNICAL CONSIDERATIONS

2.1 imilari i i i iti

An accurate simulation of the boundary-layer winds and stack gas flow is an essential
prerequisite to any wind-tunnel study of diffusion from an industrial facility. The similarity
requirements can be obtained from dimensional arguments derived from the equations governing
fluid motion. A dertailed discussion on these requirements is given in the EPA fluid modeling
guideline (Snyder, 1981). ;

Based on past experience with GEP stack height and excessive concentration
determination studies (Neff et al., 1991, Petersen et al., 1993; Iwanchuk et al., 1992; Petersen,
1990a, 1990b, 1986, 1985; Greenway et al., 1981; Halitsky ef al., 1986) and the requirements
in the EPA stack height guideline (EPA, 1981; 1985), the criteria that were used for conducting
the wind tunnel simulation are summarized below.

Plume Trajectory Simulation Criteria

» Match velocity ratio,

R = ——V"
T (1)
» Match density ratio,
p
St ot & : 2
. @)

* Ensure that the stack Reynolds number exceeds 670 for buoyant plumes and 2000 for
neutrally buoyant plumes (Arya and Lape, 1990). If these criteria cannot be met, a trip
(i.e., turbulence enhancing device) should be installed in the stack to ensure an accurate
plume rise simulation. A trip was used for these simulations.

Airflow and Dispersion Simulation Criteria

» All significant structures and terrain within a 732 m (2400 ft) radius of the stacks (see
Figure 2) were modeled at a 1:400 scale reduction. This ensures that all major structures
of interest whose critical dimension (lesser of height or width) exceeds 1/20th of the
distance from the source are included in the model. Minor structures, such as guy wires,
and piping were not considered.

» The mean velocity profile through the entire depth of the boundary layer was represented
by a power law U/U, = (z/z.)" where the power law exponent, », is dependent on the
value of surface roughness, z,, through the following equation:

n =024 + 0.09 log,yz, + 0.016 (log,oz, ) . 3)

3
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* Reynolds number independence was ensured: the building Reynolds number
(Re, = U,H,/v,; the product of the wind speed, U}, at the building height, /A , times the
building height divided by the viscosity of air, v,) was greater than 11,000 and Reynolds
number independence tests were conducted.

» A neutral atmospheric boundary layer was established (Pasquill-Gifford D stability) by
setting bulk Richardson number (Ri,) equal to zero in model and full scale.

Using the above criteria and source characteristics specified in Table 1, the model test
conditions were computed for the Exxon FCC COB stack. The tables in Appendix A show model
and full-scale parameters for the FCC COB stack and wind speeds of 3, 5, 8, and 11 m/s (at a
7.6 m height at the Billings Airport). These are the wind speeds that were simulated during the
course of the study. All wind speeds are less than or equal to the 2 percent wind speed which is
discussed more fully in Section 2.5.

To make these computations, the following additional assumptions were made: 1) the
approach surface roughness length 0.2 m for all wind directions; 2) the surface roughness length
for the airport anemometer is 0.1 m; 3) the boundary layer thickness is 600 m; 4) the anemometer
height at the airport is 7.6 m.

2.2  Determination of GEP Stack Height
In the stack height regulation (40 CFR 51.1 (ii)), GEP stack height is defined as the

greater of:
“ (1) 65 meters, measured from the ground level elevation at the base of the stack;

(2) (I) for stacks in existence on January 12, 1979, and for which the owner or
operator had obtained all applicable permits or approvals required under 40
CFR Parts 51 and 52,
i, =2.6H (1)
provided the owner or operator produces evidence that this equation was
actually relied on in establishing an emission limitation:

(ii) for all other stacks,
=4 5L (2)
where
H, = good engineering practice stack height, measured from the ground-level
elevation at the base of the stack,

H = height of nearby structure(s) measured from the ground-level elevation

at the base of the stack,
L = lesser dimension, height or projected width, of nearby structure(s),

provided that the EPA, State or local control agency may require the use of a
field study or fluid model to verify GEP stack height for the source; or
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(3) The height demonstrated by a fluid model or a field study approved by the EPA,
State or local control agency, which ensures that the emissions from a stack do not
result in excessive concentrations of any air pollutant as a result of atmospheric
downwash, wakes, or eddy effects created by the source itself, nearby structures or
nearby terrain features.”

It should be noted that the selective application of Equation (1) has been remanded but
a revised regulation has not yet been provided. Equation (1) is essentially the formula specified
by Congress in the Clean Air Act. Equation (2) is a more restrictive formula (for tall-thin
structures) which simplifies to Equation (1) for structures that are wider than they are tall. EPA
(1985) makes it clear that the highest height resulting from the application of the formula to
multiple structures is formula height. Formula height is GEP unless a verification is required or
unless a higher height is demonstrated under kk(3).

To quantitatively determine the GEP height through wind tunnel modeling, the stack
height regulation defines an excessive concentration for sources seeking stack height credit where
the State or EPA has required the use of a fluid modeling study to verify the GEP stack height,
or for sources seeking stack height credit based on the aerodynamic influence of structures not
adequately represented by the formula. The definition is as follows (40 CFR 51.1 (kk) (3)):

“A maximum ground-level concentration due in whole or part to downwash,
wakes, or eddy effects that is at least 40 percent in excess of the maximum
concentration experienced in the absence of such downwash, wakes, or eddy

effects.”

The above definition may be appropriate for this study; however, the agreed upon
definition of an excessive concentration in the “Stack Height Fluid Modeling Agreement “ and
which also conforms to 51.1 (kk) (2) are as follows:

“ a maximum ground-level concentration due in whole or part to downwash,
wakes or eddy ejjects as provided in paragraph (kk) (1) of this section, except
that the emission rate specified by any applicable State implementation Plan (or,
in the absence of such a limit, the actual emission rate) shall be used ...”

Further, (kk) (1) states

“ a maximum ground level concentration due in whole or part to downwash,
wakes, and eddy effects produced by nearby structures or nearby terrain features
which individually is at least 40% in excess of the maximum concentration
experienced in the absence of such downwash, wakes, or eddy effects and which
contributes to a total concentration due to emissions from all sources that is
greater than an ambient air quality standard.”

In short, the 76.7 m stack height will be justified as GEP if the wind tunnel study shows (1) the
presence of ground level concentrations at certain locations which are at least 40% in excess of



Fluid Dywamizs and Diffusion Laboratony - (alorans State Hniorsly

maximum concentration experienced in the absence of nearby building effects (i.e., referred to as
the 40% test); and at the same locations (2) FCC COB emissions contribute to a total
concentration from all sources that is greater than an ambient air quality standard for SO,
(referred to as the ambient standard test).

2.3  Emission Rates

For creditable stack heights less than or equal to the formula GEP stack height of 76.7
m, the existing SIP emission will be used as established in the E.H. Pechan and Associates report
dated February 1991. This emission rate is 143 g/s. If a creditable stack height taller than formula
GEP is sought, a more stringent emission limit is required as specified in the Fluid Modeling
Agreement. At this time credit for a stack height taller than 76.7 m is not being sought and the
143 g/s emission will be used throughout the study.

2.4 Nearby Structures and Terrain

To evaluate the effect of the nearby structures, tests are first conducted with all significant
structures present in the model (referred to as “building in” tests). Next, the same meteorological
conditions are simulated with the nearby structures indicated in Figure 3 removed (referred to as
“building out” tests). For the structures to be considered nearby for wind tunnel modeling
purposes, the stack must be within %2 mile of the structure (see 40 CFR 51.1 (jj) (2)). The ratio
of maximum ground level concentration for the “building in” and “building out” tests are
compared to the 40 percent criteria previously discussed. The maximum ground level
concentrations from the building in tests are compared with an ambient air quality standard after
appropriate time scaling is applied.

Figure 3 shows the aerial view of the structures that were included in the model. All of
these structures were removed for the nearby building out tests when evaluating these wind
vectors. The justification for removing multiple structures is found in EPA guidance (1981) on
page 41 where it states to remove the building(s). In addition, 40 CFR 51.1 (ii) (3) states that
the GEP stack height is that height that avoids excessive concentrations due to the downwash of
nearby structures (plural). Multiple structures have been removed in previous GEP stack height
studies conducted by Petersen (1987; 1987) that have been approved by EPA.

The only significant terrain feature near the refinery is an abrupt river bank that rises 23
m above grade to a plateau located about 750m north of the FCC COB stack according to USGS
maps (see Figure 2). The minimum terrain feature height which meets the EPA definition of
nearby is 26 m; thus, the river bank feature is not nearby for fluid modeling purposes. Terrain
downwash effects were not considered in this study. Since terrain effects were not considered,
terrain outside the model area shown in Figure 2 was not considered in this evaluation. Terrain

6
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contours, however, were modeled within the area shown in Figure 2.

2.5  Test Wind Speed and Wind Direction

The EPA stack height guideline (EPA, 1981) indicates that the design wind speed be less
than the 2 percent wind speed (speed that is exceeded less than 2 percent of the time) unless it
can be demonstrated that higher speeds cause exceedances of NAAQS or PSD limits. The
2 percent wind speed was determined by analyzing meteorological data collected at Logan Field,
Billings, Montana, the site selected by DEQ for air modeling purposes (see Figure 1). The
analysis showed that the 2 percent speed based on meteorological data for the period 1965-1974
is 11 m/s. All concentration tests to justify the GEP stack height were conducted with speeds at
or below 11 m/s. Tests were conducted to determine the critical wind speed (i.e., that speed
resulting in the highest excessive concentration).

Wind speeds in the tunnel were set at a reference height of 400 m above stack grade. The
speed at this reference height is determined by scaling the 7.6 m airport wind speed up to the
freestream height, 600 m (Snyder, 1981) above ground level. At this height, is it assumed that
wind speeds at the site and at the anemometer location are the same (i.e., local topographic
effects are not important). Next, the wind speed at the reference height is calculated using the
wind speed at the freestream height and scaling down to the lower height using the following
power law equation:

A L Z Betfe; 20 Y%
Ur = Um (—r) = Uanem ( - ] (_r] (4)
z°° zanem z°°

where
U, wind speed at reference height (m/s),
z = reference height above plant grade (300 m),
U. = wind speed at freestream height (m/s),
20 = freestream height (600 m),
Usn = wind speed at 7.6 m height at the airport (m/s),
Zs - height above grade for U,,.,, (7.6 m),
n, = wind power law exponent at the anemometer (0.16),
n, = wind power law exponent at the site (0.18).

Tables in Appendix A provide the calculated results using the above equations. It should
be noted that the power law exponents were calculated using Equation (3) in Section 2.1 with z,
equal to 0.1 and 0.2 for the airport and site respectively.
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2.6  Surface Roughness Length

As specified in the protocol, a suburban target surface roughness length of 20 cm was
specified for the area surrounding the refinery model.

2.7  Background Concentration Determination
The evaluation in Section 5.3 shows that background concentrations are not needed to
justify the 76.7 m stack height. If a taller creditable stack height is sought sometime in the future,

a background concentration analysis will be required.
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3 EXPERIMENTAL METHODS

3.1  Model Construction and Coverage

From an on-site inspection of the refinery complex three wind directions were identified
as having the potential to create "excessive concentrations.”" These were the alignments of the
FCC COB stack with the Lattice Tower, with the Co-Generation Facility, and with the complex
structural group ENE of the stack. Figure 2 displays the extent of the modeled area on the
primary wind direction overlaid on a USGS topographic map. An aerial photograph of the field
site area is shown in Figure 32. Figure 4 shows the Lattice Tower offset and behind the FCC
COB stack at the field site. Figure 5 shows the complex structural group as seen from the Lattice
Tower at the field site (looking ~ENE).

Based on atmospheric data over the site area, the size of the concentration measurement
grid, and modeling constraints previously discussed, a model scale of 1:400 was selected. Since
the Environmental Wind Tunnel at Colorado State University has a 3.66 meter turntable this
allows for the reduced scale construction of all significant buildings within a 730 meter radius of
the plant stack. The tunnel test section can extend 6.4 meters downwind of the stack location
thus providing for scaled concentration measurements out to 2.5 km.

The buildings surrounding the plant stack were fabricated from Styrofoam and placed in
their appropriate locations on a 3.66 meter diameter, 0.63 cm thick masonite sheet. All roads and
railways were painted on this masonite sheet. Modeled upwind and downwind structural and
terrain features were also fabricated if their heights exceeded 1/20th the distance to the plant
stack. All significant topography changes within the modeled area were included on the model.
The model plant stack was adjustable in height from 63.4m to 100m. It was constructed from
brass tubing stock. The stack exteriors were scored to assist in creating turbulent flow
separation. An orifice, one-half the inside diameter, was inside the stack to ensure fully turbulent
exit flow. Roughness elements of 0.15 cm were spread over all model ground level surfaces to
ensure proper Reynolds number performance.

Figure 6 shows the 1:400 model of the FCC COB stack and the Lattice Tower placed at
the center of the turntable. Figure 7 shows a view of the model turntable looking past the FCC
COB stack and the Lattice Tower towards the Co-Generation Facility.

2 Note that the new co-generation facility is not present in either the USGS map or the aerial photograph.
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32 Boundary Layer Wind Tunnel

All model tests were performed in the Environmental Wind Tunnel (EWT) test facility at
Colorado State University (CSU). This tunnel has a 3.66 m by 2.13 m cross section, a 17.4 m
length, a wind speed range of 0 to 15 m/s and a flexible test section roof. A complete description
of this facility is provided in Appendix C. Appropriate boundary layer development techniques
were utilized to accurately represent wind conditions approaching the plant stack from all wind
directions. The project model was placed on a 3.66 meter diameter turntable located ~9 meters
into the test section. This placement provides sufficient upwind fetch, and a sufficient downwind
measurement zone. The zones upwind and downwind of the turntable area were modeled with
a generic roughness (chain rows every 15 cm on top of astroturf carpet) design to create the
desired model boundary layer.

3.3 Velocity Measurements

The techniques employed in the acquisition of velocity profiles are discussed in detail in
Appendix C including basic equations and errors associated with each technique. Single-hot-film
(TSI 1220 Sensor), cross-film (TSI 1241) probes and pitot-static probes are used to measure
velocity statistics. TSI 1125 Velocity Calibrator System and Pitot-static Probes are used for
velocity calibration.

The approach mean velocity and turbulent statistics profiles are obtained from velocity
measurement techniques. The approach mean velocity profiles for a suburban roughness
condition are regressed to find the best log-log and log-linear fit. The log-log regression will find
a power law exponent, p, such that;

U/U, = (zz,).
The log-linear regression;
Uh. = 2.5In{(z-d)/z,}
will find a best fit roughness length z,, friction velocity u., and displacement height d.

Velocity measurements obtained in this study are summarized and presented through plots
of vertical profiles of mean velocity, longitudinal and vertical turbulence. Each of the vertical
profiles of mean velocity are plotted on linear-linear and log-linear paper to display the best fit
regressions.

3.4  Plume Visualization Techniques

Techniques employed to obtain a visible plume are discussed in Appendix C. A Smoke
Generator System and a Video Camera System are used for plume visualization. Given a field
to model wind speed ratio of 2.35 (=[10.1 m/s)/[4.3 m/s]) and a model to field length scale ratio
of 400, then the time scale ratio between the model and the field is 1:170. Thus phenomena
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observed over the model in the wind tunnel will occur 170 times faster than observed at full scale.
If the TV tapes were replayed in slow motion (170 times slower than the recorded speed) the
observed plume trajectories and motions would appear realistic.

3.5  Concentration Measurements

Techniques employed to obtain the concentration data are discussed in Appendix C. A
oas chromatograph with flame ionization detector is used to measure gas concentrations. A
schematic of stack gas release, sampling, and analyzing methodology is included in Appendix C.

Concentration data are reported in terms of field scale normalized concentration, K,
where K, = (xUy/Q), [m?]. This normalized format is convenient because the concentration
results, ), [gm/m’], from a test at one particular combination of wind speed, (U;), [m/s], and
source mass flow rate, Q, [gm/sec], can be extrapolated to other (Uy), and Q, values provided
that flow physics, such as plume rise, remains the same. (Uy), is the field wind speed at the stack
height. The conversion from model units to field units is as follows:

K, =K, *(H,/H,)* [m?]; withK, = (Uy/Qp [cm?].

Xm 1S the source normalized model concentration (ppm),

(Uy). [cm/s] is model wind speed at stack height,

Q.. [ccs] is the model stack flow rate,

H,, [cm] is the model stack height, and

H, [m] is the field stack height.
Full scale concentrations for comparison with ambient standards was computed as follows;

Xa:K'_; Qp /(UH)p'

3.6 Flow R mpositi hni

An Omega mass flow controlling system was used to monitor and control all stack gas
flow settings. This system has six mass flow channels with full scale responses of 0.1, 1, 5, 10,
50 and 100 SLPM for gases with unity gas factors. Different gases will have different gas factors
and this must be taken into account when calculating the proper meter setting. The local
atmospheric pressure (~631 mmHg at CSU) must also be accounted for in these calculations.

During a visual plume test the proper plume flow rate and specific gravity is attained by
mixing metered quantities of Air (SG = 1) and Helium (SG =0.14). This gas mixture is then pass
through the smoke generator and then out the model stack. During a plume concentration test
a hydrocarbon gas must be in the source mixture so that measurements of sample concentration
can be made with a flame ionization type gas chromatograph. Depending upon many
experimental considerations, a hydrocarbon, either methane (SG = 0.55), ethane (SG = 1.04), or
propane (SG = 1.52) will be mixed with Helium (SG = 0.14), Nitrogen (SG = 0.967), or Argon
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(SG = 1.38). This mixture is passed directly into the model stack. Table 3, Stack Gas Flow
Settings and Composition, lists the settings and type of gas used to achieve the proper model
stack effluent discharge velocities and specific gravities.

37 : Rt o I bility (ADC) of the Test Facil

The EPA stack height guideline (EPA, 1981) requires that the wind tunnel testing facility
demonstrate atmospheric dispersion comparability by acquiring and documenting a set of velocity
and concentration profiles on a standardized stack plume released into a standardized model
boundary layer. This guideline outlines in detail the testing requirements for this comparability
demonstration. Appendix C is the documentation of this ADC testing program. From this ADC
testing program it is concluded that the wind tunnel boundary layer is representative of a 1:400
scaled Pasquill-Gifford open C to D dispersion category. Table 4 summarizes the measurements
that are required and that are discussed in Appendix C. |

12
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- RESULTS OF FLUID MODELING TESTS

The goals of this testing program were to determine and fully document the GEP stack
height for the FCC COB stack in complete compliance with the EPA Guideline. The required
tests are summarized in Table 4. The Study Protocol (Neff, 1995a) lists the conditions for each
type of data test that was to be performed in the original specification. The Atmospheric
Dispersion Comparability Test Series is fully documented in Appendix C (Neff, 1995b). It is
concluded in Neff, 1995b that the wind tunnel facility reproduces field plume behavior accurately
at the selected model scale of 1:400.

Table 2 lists all pertinent field and model parameter values for the stack plume tests. In
Table 2, under the heading of “Building Config.”, Qut refers to the removal of the all significant
structures, In refers to the inclusion of all structures.

The concentration test results from the “Wind Direction Determination Test Series” (as
defined in Table 2) indicated that the wind direction of 72° from the north produced the largest
excessive concentrations.

4.1 ind Profiles M men

To document the wind tunnel flow conditions, wind tunnel centerline wind profiles were
measured just upwind of the stack, 250 cm (1 km field), and 500 cm (2 km field) downwind of
the stack for a 5 m/s wind from 72°. Table 5 presents model and field equivalent values for these
profiles. These profiles were examined to determine the following model boundary layer
similarity parameters; the roughness length, the displacement height, the friction velocity, and the
power law index.

The left graph in Figure 8 displays the test data as symbols and the design power law
curve (index = 0.18) as a line. This graph shows that the two downwind model profiles are
representative of the field design power law index value of 0.18. The profile nearest the stack
displays the influence of building wakes in the refinery complex. The right graph in Figure 8
displays the mean velocity profile test data and the design log-lin law on log-lin coordinates. This
graph shows that the model profile is representative of the field design values of roughness length
equal to 0.18 meters, friction velocity equal to 0.49 meters/second, and a displacement height of
0.0 meters.

The left graph in Figure 9 displays the longitudinal turbulent intensity profile test data and
the EPA 1981 guideline suggested design curve. The guideline states that a model turbulent
intensity greater than this curve maybe too turbulent of a condition. The measured test data is
slightly less turbulent than the suggested curve and thus complies with the guidelines
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specifications. The right graph in Figure 9 displays the vertical turbulent intensity profile test
data. Tt is seen that the ratio of the vertical to longitudinal turbulent intensity near the ground is
~ 0.5 as suggested in Snyder, 1981. Figure 10 displays the a vertical profile of the Reynolds
stress divided by the friction velocity squared. It is observed that the magnitude of this profile
near to the ground is close to one, as EPA 1981 guideline suggests it should be.

Lateral velocity profiles (Y = £360, £240, £120, 0 meters) at four heights (Z; = 40, 60,
80, 120 meters) were taken at two downwind positions (X; = 0, 2000 meters) to document the
wind flow over the modeled area. These mean velocity and turbulent intensity data are presented
in Table 6. Graphs of the lateral mean velocity and lateral turbulent intensity profiles for both
downwind distances and for the heights of 10 cm model (40 meters field), 20 cm model (80
meters field), and 30 cm model (120 meters field) are presented in Figure 11. Here again it is
seen that the scaled model produces wake regions of low mean velocity and high turbulent
intensity.

4.2 k Plume Visualization

Model plant stack plume visualizations were performed. The visual records were
documented on the video cassette VHS tape. The camera position for these film sequences was
inside the wind tunnel, by the wall, slightly upwind of the plant stack, at a height slightly above
model ground level. Each test observes the plume trajectories from the plant stack down to the
end of the model turntable, approximately 1000 meters field equivalent distance.

The worst case wind direction decision with regards to “excessive concentrations” was
observed to be in the vicinity of 72° where a complex structural group was directly upwind of the
plant stack. VHS tape documents the 76.7 meter stack plume behavior for a 5 m/s wind at 72°
for both the structures “in” and structures “out” test cases.

43  Concentration Measurements

Concentration measurements downwind of the model plant stack were measured for the
tests listed in Table 2. Table 7 through Table 10 list the run conditions, the model and field
position of the concentration measurements, and the model normalized concentrations (source
and background adjusted ppm). These tables present the model data for the wind direction
variation test series (series 300 in Table 2), the wind speed variation test series (series 400), the
stack height variation test series (series 500), and the GEP stack height documentation test series
ground level measurements (1st part of series 700 in Table 2) respectively.

Table 11 through Table 15 list for the GEP stack height documentation test series (series
700 in Table 2) the run conditions, the model and field position of the concentration
measurements, the field normalized concentrations in [m™] for both buildings in and buildings out
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conditions, and field normalized concentrations predictions using the Pasquill-Gifford open C&D
dispersion parameters. These tables present the averaged ground level values, the vertical and
lateral profiles at downwind distances of 0.5 km, 0.9 km (at GLC,,,), 1.0 km, and 2.0 km
respectively. Table 8 through Table 11 also present the maximum ground level concentration
observed in each test and the percent increase in this maximum ground level concentration
between the runs with no buildings versus ones with buildings present, i.e. “excessive
concentration.”

The variation of ground level concentration (K in [m?] with U referenced to 400 meters
at the site) with downwind distance for stack heights varying from 80 meters to 100 meters is
presented in Figure 12 for both buildings in and buildings out configurations (test series 500 in
Table 2).

The variation of averaged ground level concentration (K in [m?] with U referenced to
76.7 meters at the site) with downwind distance for 76.7 meter stack height is presented in Figure
13 for buildings in, buildings out, PG category C, and PG category D configurations (test series
700 in Table 2). Figure 14 presents several averaged ground level crosswind concentration
profiles for both buildings in and buildings out configurations. Figure 15 through Figure 18
display the vertical and lateral concentration (K in [m™] with U referenced to 76.7 meters at the
site) profiles for buildings in, buildings out, PG C&D configurations (test series 700) at
downwind distances of 0.5 km, 0.9 km, 1.0 km, and 2.0 km respectively.

The variation of the vertical and lateral dispersion parameters with downwind distance for
buildings in, buildings out, PG C,D&E configurations is presented in Figure 19. These dispersion
coefficients were calculated via a fit of the data to the Gaussian dispersion equation.
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5 EVALUATION OF GEP STACK HEIGHT

5.1 jener

To ensure that the maximum creditable GEP stack height was obtained, a four-phase
measurement program was undertaken as summarized in Table 16. The phases are referred to
as: 1) worst wind direction tests (series 300 in Table 16); 2) worst wind speed tests (series 400
in Table 16); 3) additional stack height tests (series 500 in Table 16); and 4) GEP stack height
documentation tests (series 700 in Table 16). The purpose of the first two series of tests was to
find the wind direction and wind speed that produce the largest excessive concentration due to
downwash effects. For these tests, the formula GEP stack height was evaluated (i.e., 76.7 m),
since this was the maximum stack height for which Exxon is presently seeking credit. Ten wind
directions were specified during a visualization (no recording of this visualization was made) that
was conducted immediately preceding the quantitative testing. These wind directions were
evaluated at a 5 m/s wind speed which is less than the 2 percent wind speed (11 m/s). This speed
was selected since the stack exit velocity is low and past experience has shown that lower wind
speeds produce the highest concentrations for low exit velocity exhausts. For the wind direction
producing the largest excessive concentration, tests were next conducted at 3, 8 and 11 m/s to
find the critical wind speed.

The next phase of testing was for taller stack heights. Tests were conducted at
incrementally higher stack heights starting at 76.7 m until an excessive concentration (i.e., based
on the 40 % criteria) was no longer demonstrated. The stack height immediately below this point
is the GEP stack height using the 40% test alone. It should be noted that this testing was
conducted at the wind direction and speed previously identified as producing the largest 40%
excessive concentration (72 degrees and 11 m/s).

The final phase of testing was the documentation tests. For these tests, the test condition
associated with the stack height for which credit is being sought (i.e., 76.7m) was repeated three
times with and without the nearby buildings present. The maximum values for each similar case
were then averaged together to provide a final maximum concentration with and without the
structures present. These final values were then used to document the creditable stack height.
Also during this phase, horizontal and vertical concentration profiles were obtained so that the
plume dispersion characteristics could be documented. These results are discussed in Section 4.

The concentration data listings for each test in Table 2 are provided in Table 7 through
Table 10. The following sections discuss the results in more detail as they pertain to the
creditable stack height determination.

16



i Dypwamizs aned Dijffasion Laborating - Polorads State Wniversily

52 40% iv n i

One of the criteria needed to determine the creditable GEP stack height is the ratio of
maximum concentration with and without the nearby buildings. At the GEP stack height this ratio
must equal or slightly exceed 1.4, which is defined as an excessive concentration. To test against
this requirement, the maximum ground-level concentrations measured in the wind tunnel with and
without nearby structure in place (see Section 2.4 for description of nearby structures) were
compared. These concentration ratios’ were calculated for each of the 300 and 400 series
simulation listed in Table 2 and the resulting ratios are presented in Table 16. The table indicates
that the minimum excessive concentration requirement of 1.4 was achieved for all meteorological
conditions evaluated for the 76.7 m stack height except for the 27.5 and 338 degree wind
directions. The largest excessive concentration occurred for the 72 degree wind direction with
an 11 m/s wind speed.

Next, the 500 series tests were conducted at incrementally tall stack heights. These tests
were all conducted at the 72 degree direction and 11 m/s wind speed. Table 16 shows that the
1.4 concentration ratio (40% test) is slightly exceeded for stacks as tall as 100 m. Hence, based
on this criteria alone, a 100 m stack could be justified as GEP.

At this time Exxon is only seeking credit for a 76.7 m stack height. Accordingly, the 700
series documentation tests were conducted at this stack height. The wind speed selected for
conducting the documentation tests was 5 m/s. This speed did not have the largest concentration
ratio but it did have the largest maximum concentration with the buildings present. Hence this
case will give the largest concentration when making the comparison with an ambient standard.
The bottom of Table 16 shows that the average concentration ratio for this case is 1.79, which
is above 1.4. Hence, the 76.7 m stack is creditable based on the 40% test.

83 ien ndar rison T

The second requirement that must be met before the 76.7 m stack is deemed creditable
is that an ambient standard is exceeded at the same location as a 40 % excessive concentration
is shown. This demonstration can make use of the contribution due to other background sources.

First consider the maximum concentrations due to the FCC COB stack itself. The hourly
maximum concentration of 1033.7 ug/m’ was converted 3-hr, 24-hr and annual average SO,
concentrations using scaling factors provided in EPA-454/R-92-019, 1992. That EPA reference
states “ to obtain the estimated maximum concentrations for 3-, 8-, 24-hour or annual averaging
times, multiply the 1-hour (wind tunnel) value by the indicated factor:

3The concentration ratios were computed for all wind directions (300 series tests) by assuming that the maximum
concentration for the 72 degree wind direction building out case was nearly the same as it would have been for the other wind
directions.
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ing Tim Scaling or Multiplying Factors
3 hours 09 (x0.1)

8 hours 0.7(x0.2)

24 hours 0.4(x£0.2)

Annual 0.08 (£ 0.02)

The average multiplication factors were used in the analysis. The bottom portion of Table 16
shows the results of this analysis. The table shows that the 24-hr and annual NAAQS and
MAAQS are exceeded due to the FCC COB stack alone. Hence, an additional background
concentration is not needed to make this demonstration. Based on this result alone, a 76.7 m
FCC COB stack produces an excessive concentration and is a creditable stack height.

54  Summary
In summary, the above sections have demonstrated that a 76.7 m FCC COB stack height

is creditable as GEP. The results have shown that for a 76.7 meter stack the maximum
concentration with the structures present is 40% greater than that with the structures removed
and that NAAQS/MAAQS are exceeded with all structures present. The results have further
shown that a 100 m stack meets the 40% test. Future analysis may be able to show that
NAAQS/MAAQS are exceeded at this height when other background sources are considered.
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Source Parameters for Stack Being Evaluated

English Units
Typical
Source Stack Building Stack Stack Exit Exit Ambient Volume Exit Emission Rates
Description ID Height Height Base Diameter Temperature mperatu Flow Rate Velocity SO2
(ft) (f) (ft, MSL)  (ft) (deg F) (degF)  (cfm) (fpm) (Ib/hr)
Exxon FCC COB COB 175:2~-261:68-947.0 9.71 435.0 46.0 182,164  2460.0 1134.9
Metric Units N
Typical
Source Stack Building Stack Stack Exit Exit Ambient Volume Exit Emission Rates
Description ID Height Height Base Diameter Temperature mperatu Flow Rate Velocity S0O2 \ {
(m) (m) (m,MSL) (m) (deg K) (degK)  (m3/s) (m/s) (ars) N
Exxon FCC COB CcoB 5340 .- 76.7+~~ 288.7 2.96 497.0 280.9 86.0 12.5 143.0 E?
Notes: i \
Full Model E
Other Simulation Factors Scale \
1) Site Surface Roughness Length (m) 0.2 0.2 W
2) Anemometer Site Surface Roughness Length (m) 0.1 0.1 j §
3) Anemometer Height (m) 762 0.019 W
4) Length Scaling Factor 400 1 E E
Table 1 Source Parameters for Stacks Being Evaluated
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Concentration Measurement Test Plan -- GEP Tests

Full Scale Conditions Model Conditions

Stack Wind  Stack Vv Reference Reference
Run ID Stack D Direction Height Uanem® Building Zo Meas Speed Height
No. 1 2 3 (Deg.) (m) (m/s) Config (m) Type (cm3/s) (m/s) (m)
Testing Phase 1 — Worst Wind Direction Tests (Selected From Visualiz=tion)
301 COB 72 76.7 5.0 In 0.2 GL 230.02 4.00 1.00
302 cos i 76.7 5.0 in 0.2 GL 230.02 4.00 1.00
303 CcOB 67 76.7 5.0 in 0.2 GL 230.02 4.00 1.00
304 CcoB 32.5 76.7 5.0 In 0.2 GL 230.02 4.00 1.00
305 COB 275 76.7 5.0 In 0.2 L 230.02 4.00 1.00
306 coB 225 76.7 5.0 In 0.2 GL 230.02 4.00 1.00
307 COB 175 76.7 5.0 In 0.2 GL 230.02 4.00 1.00
308 coB 120 76.7 5.0 In 0.2 GL 230.02 4.00 1.00
309 CcOB 338 76.7 5.0 In 0.2 GL 230.02 4.00 1.00
310 coB 62 76.7 5.0 In 0.2 GL 230.02 4.00 1.00
311 coB 72 76.7 5.0 Out 0.2 GL 230.02 4.00 1.00
312 CcOoB 72 76.7 5.0 In 0.2 GL 230.02 4.00 1.00
Testing Phase 2 — Worst Wind Speed Tests
401 coB T2 76.7 3.0 In 0.2 GL 383.36 4.00 1.00
402 cesB 72 76.7 8.0 in 0.2 GL 143.76 4.00 1.00
403 CcoB 72 76.7 11.0 In 0.2 GL 104.55 4.00 1.00
404 coB 72 76.7 3.0 Out 0.2 GL 383.36 4.00 1.00
405 COB 72 76.7 8.0 Out 0.2 GL 143.76 4.00 1.00
406 CcoB 72 76.7 11.0 Out 0.2 GL 104.55 4.00 1.00
Preliminary GEP Stack Height Tests
501 coB 72 80.0 11.0 In 0.2 GL 104.55 4.00 1.00
502 CcoB 72 85.0 11.0 In 0.2 GL 104.55 4.00 1.00
503 CcOB 72 90.0 11.0 In 0.2 GL 104.55 4.00 1.00
504 CcoB 72 95.0 11.0 In 0.2 GL 104.55 4.00 1.00
505 coB 72 1000 11.0 In 0.2 GL 104.55 4.00 1.00
506 CcOB 72 80.0 11.0 Out 0.2 GL 104.55 4.00 1.00
507 coB 72 85.0 11.0 Out 0.2 GL 104.55 4.00 1.00
508 COB 72 90.0 11.0 Out 0.2 GL 104.55 4.00 1.00
509 coB 72 100.0 11.0 Out 0.2 GL 104.55 4.00 1.00
GEP Stack Height Documentation Tests
701 coB 72 76.7 5.0 In 0.2 GL 230.02 4.00 1.00
702 coB 72 76.7 5.0 In 0.2 GL 230.02 4.00 1.00
703 COB 72 76.7 5.0 In 0.2 GL 230.02 4.00 1.00
704 coB 72 76.7 5.0 Out 0.2 GL 230.02 4.00 1.00
705 coB 72 76.7 5.0 Out 0.2 GL 230.02 4.00 1.00
706 coB 72 76.7 5.0 Out 0.2 GL 230.02 4.00 1.00
707 coB 72 76.7 5.0 In 0.2 Hor/Vert 230.02 4.00 1.00
708 CcOB 72 76.7 5.0 In 0.2 Hor/Vert 230.02 4.00 1.00
709 COB 72 76.7 5.0 In 0.2 Hor/Vert 230.02 4.00 1.00
710 coB 72 76.7 5.0 In 0.2 Hor/Vert 230.02 4.00 1.00
711 coB 72 76.7 5.0 Out 0.2 Hor/Vert 230.02 4.00 1.00
712 coB 72 76.7 5.0 Out 0.2 Hor/Vert 230.02 4.00 1.00
713 CcoB 72 76.7 5.0 Out 0.2 Hor/Vert 230.02 4.00 1.00
714 coB 72 76.7 5.0 Out 0.2 Hor/Vert 230.02 4.00 1.00

27-Feb

* - Wind Speed at Billings Airport, 7.6 m anemometer height
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Table 2 Concentration Measurement Test Plan
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3 Visual 10f1 104.6 0.565 Air 49.5 51.8 10.0 25.8
? 3 2 of 2 1 7 Helium 50.5 52.8 5.0 36.1
5 Visual 10of1 143.8 0.565 Air 49.5 71.2 10.0 35.4
0 ~ 2 of 2 3 3 Helium 50.5 72.6 5.0 49.7
8 Visual 10f1 230.0 0.565 Air 49.5 113.9 10.0 56.7
T ¥ 20of 2 P ) Helium 50.5 116.1 5.0 79.5
11 Visual 10of1 383.4 0.565 Air 49.5 189.9 10.0 94.5
H

3 Conc 1 0of 1 104.6 0.565 Methane 97.3 101.8 10.0 70.0
x " 2 of 2 V. 3 Nitrogen 2.7 2.8 1.0 13.9
5 Conc 1 of 1 143.8 0.565 Methane 97.3 139.9 10.0 96.3
% X 2of 2 1] 2 Nitrogen 2.7 3.8 1.0 19.1
8 Conc 10of 1 230.0 0.565 Methane 97.3 223.9 100.0 15.4
" " 20f2 ¥ @ Nitrogen 2.7 6.1 1.0 30.5
11 Conc 1 0of 1 383.4 0.565 Methane 97.3 3731 100.0 25.7
¥ 8 20of2 2 E Nitrogen 2.F 10.2 1.0 50.9
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Table 3 Stack Gas Flow Settings and Composition
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Flaid Dywamezs and Diffusion Laboating - ulorads State Haivorsly
Hind Expineoring Lrsearch anad Abelication Sieciatints

Summary of Test Measurements as Required by EPA (1981)

Measurement Locations
Traverse No. of

Test Type Measured Quantity X y b4 Direction Tests
Atmospheric T 0 0 v z 1
Dispersion uv,uiuwiuuIu 0,L/2,L 0 v z 3
Comparability v Ui o,L v hi2,h,1.5h y 6
(ADC) C 1,2,3 v v y.2Z 3
Tests C v v 0 X,y 1
Documentation vuiuwiuuiu o,L/2,L 0 v z 3
with v Ui o,L v hi2,h,1.5h y 6
Buildings C 1,2,34 v v Y.z 4
Present c v v 0 X,y 3 repeats
Documentation c 1,2,34 v v Y,z 4
with C v v o] X,y 3 repeats
Buildings
Removed

Notation:

T — Ambient Temperature

(V) — Mean Velocity

U'lU — Longitudinal Turbulence Intensity

W'/U — Vertical Turbulence Intensity

UJU — Normalized Friction Velocity

C — Concentration

h — Stack Height

L — Length of Test Area from Stack

v — Variable

1,2,3,4 — Locations to be Determined

X — Longitudinal

y — Lateral

z — Vertical

'May be omitted if U is greater than 3 m/s

T e e o S R M L R R Tl T e o i S A, D A T S T T TSR TS|
Table 4 Summary of Test Measurements as Required by EPA (1981)
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Flaid Dywamizs and Difusion Laboratory - (Calorads State Hninerdly
i Enpinconing Research ane Hpblication Stecialists

4.0 21 51.0 16.5 0.02 1.0 90.5 51.0 16.5 -8.0
6.0 22 52.8 174 0.21 1.5 91.3 52.8 17.4 -92.7
8.0 2.3 51.7 18.1 0.38 2.0 96.5 51.7 18.1| -166.5
12.0 2.4 56.0 331 0.67 3.0( 100.7 56.0 19.1| -291.5
16.0 2.6 525 19.4 0.74 40| 1083 52.5 19.4| -320.3
20.0 20 49.8 20.3 0.97 50 1164 49.8 20.3| -419.6
30.0 3.6 383 19.7 1.50 75| 1524 38.3 19.7| -651.5
40.0 45 29.5 17.8 1.79 10.0{ 1809 295 17.9| -7775
60.0 6.4 18.6 11.2 1.44 15.0( 2720 18.6 11.2| -624.2
80.0 7.2 13.2 86 0.78 20.0| 3073 13.2 86| -3379
120.0 .7 11.0 85 0.70 30.0] 3268 11.0 85| -3043
160.0 8.1 10.4 8.3 0.77 40.0( 3442 10.4 83| -3334
200.0 83 8.6 8.1 0.82 50.0] 351.2 9.6 8.1| -354.6
240.0 8.6 33! 7.3] .70 30.0 264.4 33! 73! -302.2
320.0 9.3 6.4 5.8 0.40 80.0 3%4.2 6.4 59| -1753
400.0 9.6 55 4.9 0.27] 100.0] 406.5 5.5 49| -117.0
480.0 9.6 6.0 5.0 0.104 120.0] 409.0 6.0 5.0 -45.2

Fe(orences ﬁferences

| 400.0 L 0.491 7.61
.0 km Profile

ocatio

4.0 3.4 30.7 133 0.99 1.0| 1456 30.7 13.3| -430.5
6.0 4.0 26.6 119 0.98 18] 1707 26.6 11.9| -424.4
8.0 4.5 244 113 1.00 20} 191.2 244 11.3]| -432.0
12.0 5.1 215 10.0 0.93 3.0[ 2183 21.5 10.0| -402.5
16.0 5.4 18.5 8.7 0.77 40| 2276 18.5 9.7| -334.6
20.0 5.7 17.5 9.7 0.86 50| 243.2 17.5 9.7 -370.8
30.0 6.1 17.0 10.3 1.04 7.5] 2585 17.0 10.3| -450.6
40.0 6.4 16.3 10.0 1.04 10.0] 2699 16.3 10.0| -452.2
60.0 7.0 14.5 9.1 1.03 15.0| 2985 14.5 9.1| -446.4
80.0 74 13.7 9.1 1.21 20.0| 3136 13.7 9.1| -523.5
120.0 7.9 11.0 7.8 0.76 300 33438 11.0 78] -3315
160.0 82 9.9 15 0.80 40.0[ 349.7 9.9 75| -348.1
200.0 8.5 8.9 71 0.67 50.0] 358.7 8.3 7.1| -290.9
240.0 8.8 19 6.3 0.54 60.0] 3752 79 6.3| -2346
320.0 9.2 6.6 5.6 0.41 80.0( 391.2 6.6 56| -177.3
400.0 9.7 5.2 4.8 0.27] 100.0] 4118 5.2 48| -117.0
480.0 9.7 4.8 44| -002) 1200| 4123 4.8 44 10.2

Reicrences eferences
40001 947 I [__049] 100.0] 400.0]

2 km Profile

ocation = seie (2000

IELD VALUES (6 m/s at airg CVALUES =

4.0] 3.7 29.0] 13.5 0.93] 1.0/ 1555] 29.0] 13.5| -402.0
5.0 4.5 23.7 10.3 0.94 1.5 190.1 23.7 10.3| -406.8

8.0 5.0 209 9.3 0.79 20| 2104 208 93| -340.7
12.0 54 18.9 8.9 0.77 30| 2289 18.9 89| -3335

16.0 5.8 17.8 8.8 0.81 40( 2470 17.8 88| -350.1
20.0 6.0 16.6 8.6 0.76 50| 2546 16.6 86| -328.7
30.0 6.4 14.6 84 0.71 75| 2732 14.6 84| -3083

40.0 6.8 14.1 8.2 0.76 10.0| 288.1 14.1 8.2 -329.0

60.0 71 13.0 8.3 0.83 15.0f 3019 13.0 83| -361.2

80.0 TS 11.8 8.4 0.84 200 3105 119 8.4| -362.1
120.0 1.7 11.0 8.0 0.78 30.0] 32538 11.0 8.0] -339.0
160.0 8.0 9.8 74 0.72 40.0| 3408 9.8 74| -310.7
200.0 8.4 9.0 6.9 0.65 50.0| 356.9 9.0 6.9| -2834
240.0 8.7 7.8 6.4 0.56 60.0] 369.1 7.8 6.4| -2425
320.0 9.2 6.7 54 0.42 80.0] 390.1 6.7 54| -182.38
400.0 9.5 56 47 0.28) 100.0]/ 403.0 58 4.7 -122.1
480.0| 9.7 44| 3.8 0.03] 120.0] 412.7] 4.4 3.8 -12.6
References eferences
400.0] 9.4] | | 048] 100.0] 400.0]

e B T e S S CO SR, T T PERE 5 a0 WU SR AT
Table 5 Centerline Velocity and Turbulence Profile Data
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Flaid Dywamics and Diffusion Laboratory - (Coloads State Hniverity
Hind Engineering Lrsearck ana Abélication Skecialists

GEP Model IN - Lateral Velocity Profiles

Field Wind Speed (cm/s) at X = 0 km

} 0159 80

249| 233
261| 284 262| 243 | 244
il 252| 280| 292| 273| 275| 250| 282
276| 292| 312| 307 286| 268| 300

5.0/ 56| 6.1] 3.5 59| 5.5| 6.3
57| 6.2| 6.7 54| 6.2 5.7| 5.8
59| 6.6/ 6.9) 6.4 6.5/ 59| 6.6
6.5| 6.9| 7.3| 7.2| 6.7 6.3| 7.1

Field Wind Speed (cm/s) at X = 2 km

GEP Model IN - Lateral Turbulence Profiles

Field Long. Turb. Int. (%) at X = 0 km Model Long

“Z (m)|l=360} Bk :
#40 23] |21 191 -S4 17
%60 19| 17| 15| 24| 17
%80 18| 16| 16| 18| 16
#120: 17| 16| 15| 14| 16

Table 6 Lateral Velocity and Turbulence Profiles
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Flaie Dywamizs awe Digffusion Laboratory - (Colorads State Hniversily
Zind Enginecring Rrsearch and Abilication Sitecialists

348 40 87 10 71 82| 149 27 26 28 39 27 26 77
348 20 87 5 97| 135 115 45 57 58 57 46 54 88
348 0 87 o 100 139 90 57 77 69 55 52 61 84
348 20 87 5 7] 71 54 66 59 60 42 59 54
348 -40 87 -10 78 81 51 42 40 33 37 27 32 18
476 48 119 12 23701 236| 270] 119| 149 108| 117| 121| 101 174
476 24 119 6| 332| 354| 363| 185| 213| 162| 161| 246| 153| 261
476 0 119 o 319 380| 319 198] 237| 190| 205 259| 171| 306
476 24 119 6| 337 301| 266| 185 203| 170] 216] 208 172 229
478 48 119 2258 180k 74 . 142k 137) 2a3311.8029] . a301_n13)._ 153
600 64 150 16| 353| 349 328 210 250 155| 232 191| 126| 277
600 32 150 8| 485| 472| 478 317| 363| 290| 341| 352| 254| 428
600 0 150 0 415| 321 469
600 -32 150 8| 4611 402| 2386 353| 341] 301| a3e4| 332 273| 368
600 64 150 16| 296| 246| 226 192| 207 230| 244[ 196| 197 213
780 80 195 20| 319 352| 341| 251| 190| 186| 236| 203| 147| 267
780 40 195 10| 509 517| 545| 406| 360| 334| 450| 434| 314| 457
780 0 195 0 545| 552| 525 460| 448| 407| 483| 454| 342| 480
780 -40 195 10| 444| 437 418| 318| 369| 349 350| 351| 287| 314
780 -80 195 20| 299| 285| 264 212| 229| 209| 241| 207| 193] 200
952 80 238 20| 423| 467| 421 377| 380| 289| 378| 320| 256 386
952 40 238 10| 570| 590| 574| 489| 503| 394 527 480| 382| 522
952 0 238 0| 622] 620 607| 540| 535| 481| 555| 522| 436| 548
952 40| 238 10| 541| 536| 533| 478| 474| ae8| 474| 479| 408| 478
952 -80 238 20| 399| 385| 373| 317| 324 332| 321| 343| 269 316
1200 80 300 20| 463| 448| 450 390 405| 288| 433| 343| 277 411
1200 40 300 10| 549| 548| 546 494| 510 388| 520 481| 396| 517
1200 0 300 0| 585| 578 571| 535| 530 452| 539| 521| 462| 537
1200 40 300 10| 524| 515| 521| 490| 478| 451| 481| 475| 435| 482
1200 -80 300 20| 413| 411| 412 406| 371| 367| 351| 394| 335| 378
Row maximum values repeated from above

284] max 71] max 40 57 27 23 22 23 17 9 18 23
348 max 87| max 100 139] 149 57 77 69 60 52 61 88
476| max 119 max 337| 380 363| 198| 237| 190 216] 259| 172| 306
600| max 150 max 485| 472| 478| 353| 363| 301| a364| 415| 321| 469
780| max 195 max 545| 552| 545| 460| 448| 407| 483| 454| 342| 480
952| max 238 max 622| 620| 607| 540| 535| 481| 555| 522| 436| 548
1200 max 300 max 585| 578| 571| 535| 530| 452| 539| 521| 462| 537
aximum Value = 621.9| 620.4]| 607.0| 540.2| 535.3| 480.7| 555.0| 521.7| 462.2] 548.2
Field Dist. (m) to Max. = 952| 952 952 952| 952| 952| 952 952| 1200 952

AR . P e d TR P S N T RS A B e SRR T TR S M S S
Table 7 Conc. Data - Variation of Wind Direction - 5 m/s Wind
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Flaid Dywamezs and Diffusion Laboatory - (Colorads State Hniseraily

284 40 71 10 4 10 0 25 0 51 0 61
284 20 71 5 S 20 0 38 0 85 1 95
284 0 71 0 4 24 0 39 0 102 1 99
284 -20 71 -5 - 12 0 19 0 61 2 63
284 -40 71 -10 -4 3 0 11 0 23 1 27
348 40 87 10 5 32 3 70 3 119 5 128
348 20 87 5 7 69 5 140 6 216 9 214
348 0 87 0 7 71 -] 147 7 216 9 226
348 -20 87 -5 6 59 4 128 5 195 11 191
348 -40 87 -10 5 28 5 60 3 104 6 109
476 48 119 12 16 142 283 209 27 255 34 232
476 24 119 6 28 236 42 346 41 404 49 360
476 0 119 0 30 277 53 419 46 459 58 437
476 -24 119 -6 31 215 59 344 42 383 85 365
476 -48 119 -12 23 119 38 205 23 231 33 227
600 64 150 16 42 262 55 323 58 338 62 280
600 32 150 8 66 384 96 486 100 477 101 416
600 0 150 0 82 427 117 555 114 524 120 464
600 -32 150 -8 64 384 93 482 102 439 101 409
600 -64 150 -16 54 209 67 267 49 250 59 237
780 80 195 20 80 323 100 310 104 284 90 239
780 40 195 10 171 445 211 497 182 405 167 330
780 0 195 0 192 535 232 611 213 478 196 398
780 -40 195 -10 167 381 187 495 170 322 146 273
780 -80 185 -20 107 266 105 301 85 225 81 195
952 80 238 20 175 460 182 414 162 341 139 278
952 40 238 10 267 591 282 574 240 437 197 352
952 0 238 0 296 639 303 651 265 480 230 388
952 -40 238 -10 264 591 261 580 229 432 191 346
952 -80 238 -20 182 424 185 410 142 304 125 255
1200 80 300 20 264 499 236 421 195 323 156 248
1200 40 300 10 352 651 332 563 273 404 216 314
1200 0 300 0 392 698 356 614 294 429 231 340
1200 -40 300 -10 366 654 318 572 258 402 212 315
1200 -80 300 -20 267 524 244 442 196 320 159 251
Row maximum values repeated from above
284 | max 71| max 9 24 0 39 0 102 2 99
348 | max 87 | max 7 71 5 147 74 216 1 226
476 | max 119 | max 31 20 59 419 46 459 58 437
600 | max 150 | max 82 427 117 555 114 524 120 464
780 | max 195 | max 192 535 232 611 213 478 196 398
952 | max 238 | max 296 639 303 651 265 480 230 388
1200| max 300 | max 392 698 356 614 294 429 231 340
Maximum Value = 391.5 698.0]| 356.4 651.2| 293.8 523.8| 230.6 464.1
ield Dist. (m) to Max. = 1200 1200| 1200 952| 1200 600| 1200 600
Percent Increase = 78 83 78 101

R R R e A e e e T e e . L T e PO W i R M B W ot
Table 8 Conc. Data - Variation of Wind Speed - 72° Wind Dir.

Page 8 (tables)



Flid Dyamics and Djffusine Labonatory - Pulorads State Wiverscty
%- /a - . ,? {M/’(;E? 2- 5! .2.5

Dist.
476 48 119 12 2757200 23 134 8 82 8 43 4 32
476 24 119 8 48 293 37- 7 18 134 12 73 9 56
476 0 119 0 64 336 40 252 19 159 16 95 1 69
476 -24 119 -6 55 259 34 195 17 -1 =102 19 71 10 51
476 -48 119 12 40 185 23 =320 13 79 16 44 5 27
600 64 150 16 54 230 41 165 27 U914 26 80 13 63
600 32 150 8 92 338 79 266 54 195 39 131 30 104
600 0 150 Ol :3417E< 5882 99 317 56 218 45 143 42 124
600 -32 150 8] 104 332 74 265 53 190 43 143 3351 102
600 -64 150 -16 71 220 46 166 32 -4 32 84 22 57
780 80 195 20 84 273 70 £8212 63 H72 49 122 Bl 1N
780 40 195 10] 144 351 139 296 107 241 80 182 67 159
780 0 195 o 174 387] 150 340| 116 259 89 207 88 175
780 -40 195 10| 156 323] 120 269 94 215 83 182 78 151
780 -80 195 205103 - =224 72 LIH75 56 137 59 116 47 87
952 80 238 20 125 291 420- 00240101 112 5209 87 161 75 150
952 40 238 10 21861+ B4 duaT2 #3807 |0 146 1266 1329 213| 104 192
952 0 238 o[ 199 361 182" 11332 Ji-151 2691 130 - -238] 117 | 203
952 -40 238 -10| 181 323 | LeNb4- e 278 [ Pu 126 - 1234 ] - Al — 21— 109° 1 176
952 -80 238 20 132 239 99 192 87 166 81 151 73" 1 129
1200 80 300 201|Ce 2168 c :27512° 155 Ca2a4 0 146 L 218 - 1922 180}F 4091 173
1200 40 300 10 200 309] 189 287 170 251 163 228[% 1331 198
1200 0 300 o] 201 312] 192 290| 171 250 159 228 143 205
1200 -40 300 100571791 . 2284 J8 168 1053|5144 1224 437 2081 127 | 192
1200 -80 300 200 143 2151 120 189] 105 163| 106 165 97 146
1512 120 378 0116 590826 pi a4 L. 121 162] 103 139 88 133
1512 60 378 160 21727 7251 174-=2 231 167 -+ 20— 142—- 188 )+ 131 174
1512 0 378 o] 181 2601 182 241 161 214 156 200 143 188
1512 -60 378 5] 159 -+ 224] 146 , 199, 432 181 134. 175] 124 | 165
1512 -120 378 -30] 106 143 04 Lo A7 78 108 93 122 78 105
1704 120 426 301 1931 18216 - 126 17 167 11211188 98 129 88 120
1704 60 426 16 [52153% =297 1 0y 461+ 201 147 183| 134 168| 122 158
1704 0 426 Ol <7166T+ = 225[1 467, 210 1452 ~193[- 950 179} 1401 169
1704 -60 426 -15] 149 203] 142 181 130 166| 134 164| 123 155
1704 -120 426 -30] 110 151 100 128 86 112 97 125 85 111
[Row maximum values repeated from above
476 | max [ 119] max 639 3364 398 2520 187 1588| 185 948] 106 687
600 | max 150 max || 116.6 381.8] 988 317.4| 558 217.9| 445 1434| 416 1239
780 max 195| max | 1743 387.0| 1498 340.3| 1158 2592| 89.2 2069| 880 175.1
952 | max 238| max | 1993 360.5| 181.7 331.8| 1508 269.2| 1299 2380 1170 203.0
1200 max 300 max || 201.2 311.9] 1924 2895| 1706 251.4| 158.6 227.3[ 143.0 204.7
1512 max 378| max || 180.9 259.8| 1820 240.7] 1612 214.3| 1556 20001 1426 1877
1704 [ max 426| max | 166.1 2254| 166.8 210.4| 151.8 193.4| 150.2 1785| 140.1 169.4
Maximum Value = 201.2 387.0| 192.4 340.3| 170.6 269.2| 158.6 238.0| 143.0 204.7
Field Dist. (m) to Max. = 1200 1200 1200 952| 1200 952| 1200 1200
Percent Increase = 77 58 50 43

—
Table 9 Conc. Data - Variation of Stack Height - 11 m/s, 72° Wind
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Flacd Dymamics and Difusion Laboratsry ~ (Colorads State Wninerdity
Hind Engincering Frsearch and Abblication Stecialists

476 48 119 12 237 211 236 228 23 43 37 34
476 24 119 6 336 325 346 336 40 58 58 02
476 0 119 0 384 365 398 383 53 70 68 64
476 -24 119 -6 N7 280 324 307 40 63 59 54
476 -48 119 -12 215 169 201 195 18 42 33 31
600 64 150 16 342 341 351 345 52 75 Vs 66
600 02 150 8 478 450 462 463 104 115 116 112
600 0 150 0 498 472 542 504 129 146 147 140
600 -32 150 -8 453 403 465 440 129 161 144 145
600 -64 150 -16 297 263 284 281 59 101 77 79
780 80 195 20 408 381 403 398 105 110 120 112
780 40 195 10 563 547 539 550 192 196 207 198
780 0 195 0 612 578 632 607 235 261 263 253
780 -40 195 | -10 496 483 486 492 203 226 222 217
780 -80 195 -20 347 316 319 321 117 150 137 135
952 80 238 20 473 468 469 470 196 176 211 194
952 40 238 10 608 580 583 591 267 254 289 270
952 0 238 0 626 605 634 621 304 321 324 316
952 -40 238 -10 531 521 546 533 268 293 286 282
952 -80 238 -20 390 384 372 382 181 208 204 198
1200 30 300 20 485 497 481 488 250 231 277 253
1200 40 300 10 569 556 553 559 323 295 343 321
1200 0 300 0 573 558 563 565 338 344 351 345
1200 -40 300 -10 498 498 509 501 308 338 326 324
1200 -80 300 -20 400 379 382 387 246 265 251 254
1512 120 378 30 356 358 391 355 187 168 231 195
1512 60 378 15 471 468 467 469 296 209 327 299
1512 0 378 0 492 485 460 479 335 334 362 344
1512 -60 378 -15 411 396 383 397 290 312 303 301
1812 -120 378 -30 274 245 243 254 195 211 186 197
1704 120 426 30 322 328 328 326 185 168 219 191
1704 | 60 426 151 410 410 410 410 268 252 304 275
1704 0 426 0 437 435 417 430 322 309 333 321
1704 -60 426 -15 380 371 363 371 283 305 287 292
1704 -120 426 -30 261 245 241 249 202 216 189 202
[Row maximum values repeated from above
476| max 119| max 384 365 398 383 93 70 68 64
600| max 150| max 498 472 542 504 129 161 147 145
780| max 195 max 612 578 632 607 209 261 263 253
952| max 238| max 626 605 634 621 304 321 324 316
1200 max 300| max 573 558 563 565 338 344 351 345
1512 max 378| max 492 485 467 479| 335 334 362 344
17041 max 426 max 437 435 417 430]| 322 309 333 321
| | | |
aximum Value = 626.1 604.7 633.6| 621.5| 338.3 344.4 361.5| 344.5
Field Dist. (m) to Max. = 952 952 952 952 1200 1200 1200| 1200
Percent Increase = 80

e B R T o S TN BT AR o o 3 L 33 T e T I T i e T A R Tl A D S S N St
Table 10 Conc. Data - Ground Level Repeated Runs - 5 m/s, 72° Wind
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76.7m Stack GEP Documentation Tests

Averaged Ground Level Profiles

MKS References (CGS) IN_  OUT_

400 <Length Scale Href= 100.0 100.0
5.0 297 9 296 7 < Wind Speed at Heff Uref= 401.0 399.3
86.0 230.0 230.0 < Flow Rate PLindex 0.180 0.180

19.2 19.2 < Effectlve Stack Hei ht

HiIT=&) 1%

~~~~~~ }

(PPt DY

476 48 0 119 12 0 12 18 3 0 228 34
476 24 0 119 6 0 17 27 4 1 336 52
478 0 LN LT - a 31 5 1 383 84|
476 -24 o 119 5 0 17 | 25 4 1 307 54
476 -48 ol 19 -12 0 12! 16 3 0 185 31
600 64 ol =150 16 0 16 28 5 1 345 66
600 32 o 150 8 0 23 38 9 3 463 112
600 0 0 150 0 0 26 41 11 o 504 140
600 -32 0 150 -8 0 23 36 12 < 440 145
600 -64 0 150 -16 0 16 23 6 1 281 79
780 80 0 195 20 0 17 32 9 4 398 112
780 40 0 195 10 0 25 44 16 7 550 198
780 0 0 195 0 0 28 49 20 9 607 253
780 -40 0 195 -10 0 25 40 17 T 492 217
730 -80 off 185 20 0l 17 | 26 11 4 327 135
952 30 o 238 20 0 18 38 16 % 470 194
952 40 0 238 10 0 23 48 22 11 591 270
952 0 0 238 0 0 25 50 25 13 621 316
952 -40 0 238 -10 0 23 43 23 11 533 282
952 -80 0 238 -20 0 18 31 16 i 382 198
1200 80 0 300 20 0 16 39 20 11 488 253
1200 40 0 300 10 0 19 45 26 15 559 321
1200 0 0 300 0 0 20 46 28 A7 565 345
1200 -40 0 300 -10 0 19 41 26 15 501 324
1200 -80 0 300 -20 0 16 31 20 11 387 254
1512 120 0 378 30 0 11 29 16 10 355 195
1512 60 0 378 15 0 14 38 24 15 469 299
1512 0 0 378 0 0 15 39 28 17 479 344
1512 -60 0 378 -15 0 14 32 24 15 397 301
1512 -120 0 378 -30 0 11 21 16 10 254 197
1704 120 0 426 30 0 10 26 15 11 326 191
1704 60 0 426 15 0 12 33 22 15 410 279
1704 0 0 426 0 0 13 35 26 17 430 321
1704 -60 0 426 -15 0 12 30 24 15 371 292
| 1704 -120 0 426 -30 0 10 20 16 11 249 202
Row maximum values repeated from above
476 max 0 119 max 0 19 31 <] 1 383 64
600 max 0 150 max 0 26 41 12 3 504 145
780 max 0 195 max 0 28 49 20 9 607 253
952 max 0 238 max 0 25 50 25 13 621 316
1200 max 0 300 max 0 20 46 28 17 565 345
1512 max 0 378 max 0 6] 39 28 17 479 344
1704 max 0 426 max 0 13 a0 26 18 430 321
2500 0 0 7 14
4000 0 0 3 9
Maximum Value = 50.3 27.8
Field Dist. (m) to Max. = 952 1200
Percent Increase = | | 81

R e R R P R T 7, X LS TR PO e i T T Y N AT SEXT T N
Table 11 Normalized Conc. Data - GEP Ground Level Documentation
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76.7m Stack GEP Documentation Tests

Vertical and Lateral Profiles at 0.5 km downwind

ield Values (MKS Modei Values (CGS) || References (CGS) IN_ ouT
400 <Length Scale IN OuUT Href= 100.0 100.0
5.0 296.8 300.2 < Wind Speed at Heff Uref= 399.5 404.1
86.0 230.0 230.0 < Flow Rate PLindex 0.180 0.180
76.7 19.2 < Effective Stack Height
% - Ao “ﬂ«.—,,nx AR .Ag:' “ ¢ ‘*Gmxiﬁ' ’h i z
m) S8 (m -2) 1 (mA-2) 1 (m~-2) " (mA-2) | (ppm) " (ppm
500 0 0 125 0 0 21 31 5 1 384 61
500 0 16 125 0 4 26 50 23 2 623 278
500 0 32 125 0 8 40 80 99 26 987 674
500 0 48 125 0 12 59 109 93 81 1393 1146
500 0 64! 125 0 16 74 N 114 154 1447 1400
| 500 0 80 125 0 20 7 109 115 178 1346 1407
500 0 96 125 0 24 68 78 98 125 968 1203
500 0 112 125 0 28 51 49 Tl 54 606 875
500 0 128 125 0 32 31 26 42 14 322 519
500 0 144 125 0 36 16 15 25 2 181 309
500 0 160 125 0 40 7 6 10 0 74 123
500 0 176 125 0 44 3 2 4 0 29 49
500 0 192 25 0 48 1 1 1 0 8 16
500 0 208 125 0 52 0 0 1 0 3 7
500 0 224 125 0 56 0 0 0 0 1 2
500 0 240 125 0 60 0 0 0 0 1 0
500 0 256 125 0 64 0 0 0 0 1 0
500 0 272 125 0 68 0 0 0 0 1 0
500 0 288 125 0 72| 0 0 0 0 1 0
500 0 304 125 0 76 0 0 0 0 1 0
500 0 320 125 0 80 0 0 0 0 1 0
500 -300 80 125 -75 20| o 0 0 0 1 0
500 -276 80 128 -69 20 0 0 0 0 1 0
500 -252 80 125 -63 20 0 0 0 0 0 0
500 -228 80 125 -57 20 0 0 0 0 1 0
500 -204 80 125 -51 20 0 0 0 0 2 0
500 -180 80 125 -45 20 0 0 1 0 5 10
500 -156 80 125 -39 20! 1 1 3 0 14 31
500 -132 801 125 -33 20| 4 4 5 1 46 60
500 -108 80 125 -27 20 10 10 18 4 128 178
500 -84 80 125 -21 20 23 25 34 18 305 415
500 -60 80 125 -15 20 41 95 69 55 682 847
500 -36 80 125 -9 20 62 98 116 1198
500 -12 80 125 -3 20 76 102 112 170 1269 1367
500 12 80 129 3 20 76 108 109 170 1345 1342
500 36 80 125 9 20 62 90 82 116 1120 1009
500 60 80 125 15 20 41 69 57 855 852 698
500 84 80 125 21 20 20 38 24 18 474 293
500 108 80 125 2 20 10 16 9 4 196 108
500 132 80 125 33 20 4 < 2 1 68 22
500 156 80 125 39 20 1 1 0 0 19 3
500 180 80 7] 45 20 0 0 0 0 2 0
500 204 80 125 51 20 0 0 0 0 2 2
500 228 80 125 37 20 0 0 0 0 0 0
500 252 80 125 63 20 0 0 0 0 0 0
500 276 80 125 69 20 0 0 0 0 0 0
500 300 80 125 i1 20 0 0 0 0 0 0

L = RIS T o Sy w0 s S et e ]
Table 12 Normalized Conc. Data - GEP X = 0.5km Documentation
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76.7m Stack GEP Documentation Tests

Jedrra/ and Lateral Profiles at 0.9 km downwind (ai GLCmax distance)

Model Values (CGS) | References (CGS) IN_ ouT
IN OUT Href=  100.0 100.0
5.0 299.1 297.9 < Wind Speed at Heff Uref= 402.6 401.1
86.0 230.0 230.0 < Flow Rate PL index 0.180 0.180
19.2 19.2 < Effective Stack Height

i% T'k*10A8 K4 0A
mA-2) F(mA-2) T (mA-2)4 (mA-2) |"(pp ppm
900 0 0 225 0 0 26 50 24 12 613 302
900 0 16 225 0 - 26 53 32 37 658 396
900 0 32 225 0 8 27 55 42 30 675 513
900 0 48 225 0 12 27 55 50 47 676 623
900 0 64 225 0 16 28 51 52 61 625 638
900 0 80 225 0 20 27 46 49 65 563 603
900 0 96 225 0 24 25 38 43 56 473 530
900 0 112 225 0 28 22 30 36 40 370 444
900 0 128 225 0 32 19 22 28 23 273 345
900 0 144 225 0 36 15] 16 21 11 202 257
900 0 160 225 0 40 12 1 15 4 134 182
900 0 176 225 0 - 8 7 10 1 90 121
900 0 192 225 0 48 6| 4 6 0 52 77
900 0 208 225 0 52 - 2 - 0 31 54
900 0 224 225 0 56 2 % 3 0 16 34
900 0 240 225 0 60 1 1 £ 0 4 20
900 0 256 225 0 64 1 0 1 0 3 13
900 0 272 225 0 68 0 0 1 0 “ g
900 0 288 225 0 72 0 0 1 0 1 4
900 0 304 225 0 76 0 0 1 0 0 7
900 0 320 225 0 80 0 0 1 0 0 v
900 -300 80 225 -75 20 0 0 1 0 0 7
900 -276 80 225 -69 20 0 0 1 0 0 8
900 -252 80 225 -63 20 1 0 1 0 2 11
900 -228 80 225 -57 20 1 1 1 0 6 18
900 -204 80 225 -51 20 3 2 3 1 19 34
900 -180 80 225 -45 20 4 4 2 2 49 55
900 -156 80 22 -39 20 f: 8 8| 5 96 101
900 -132 80 225 -33 20 10 14 13 10 169 164
900 -108 80 225 -27 20 14 21 21 19 261 264
900 -84 80 225 -21 20 18 29 29 31 354 364
900 -60 80 225 -15 20 22 36 36 45 448 448
900 -36 80 225 -9 20 25 43 57 526
900 -12 80 225 -3 20 27 43 47 64 534 579
900 12 80 225 3 20 27 46 48 64 563 598
900 36 80 225 9 20 25 42 45 57 519 560
900 60 80 225 15 20 22| 37 37 45 456 460
200 24 80 225 21 20 18 29 30 31 357 374
900 108 80 225 27 20 14 21 22 19 264 268
900 132 80 225 33 20 10 14 14 10 175 143
900 156 80 225 39 20 7 9 7 5 105 87
900 180 80 225 45 20 4 L 3 2 54 43
900 204 80 225 51 20 3 2 2 1 23 21
900 228 80 225 57 20 1 1 1 0 8 10
900 252 80 225 63 20 1 0 1 0 3 6
900 276 80 225 69 20 0 0 0 0 0 6
900 300 80 225 75 20 0 0 0 0 0 6

Table 13 Normalized Conc. Data - GEP X = 0.9km Documentation
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76.7m Stack GEP Documentation Tests

Vertical and Lateral Profiles at 1.0 km downwind

ield Values (MKS Model Values (CGS) References (CGS) IN_ ouT_ |
400 <Length Scale IN OuT Href= 100.0 100.0
5.0 299.0 293.6 < Wind Speed at Heff Uref=  402.6 395.2
86.0 230.0 230.0 < Flow Rate PLindex 0.180 0.180
76.7 19.2 19.2 < Effective Stack Height
- ¥ ; 201 ”‘qG,, i R .. BT BN ‘i;a RO b
: 1l K*1046 | K*1046 1:K*1046 [ K*1046 | :
m cm) (cm) “(cm]| (mA-2) 1'(mA-2) {'(mA-2) (mA-2) | (ppm) | (ppm)"
| 1000 =g 0 250 0 0 24 47 24 14 584 305
1000 0 16 250 0 4 24 48 26 18 596 328
1000 0 32 250 0 8 24 49 34 28 607 422
1000 0 48 250 0 2 24 48 40 42 588 498
1000 0 64 250 0 16 24 45 43 52 559 539
1000 0 80 250 0 20 23 40 42 65 497 524
1000 0 96 250 0 24 21 33 37 48 408 466
1000 0 142 250 0 28 19 26 32 36 923 405
1000 0 128 250 0 32 17 20 26 22 243 329
1000 0 144 250 0 36 14 14 21 11 75 267
1000 0 160 250 0 40 11 9 16 5 116 205
1000 0 176 250 0 44 8 i 13 2 81 157
1000 0 192 250 0 48 6 3 8 1 43 105
1000 0 208| 250 0 &2 4 2 5 0 25 66
1000 0 224 250 0 56 <] 1 3 0 13 40
1000 0 240 250 0 60 2 1 2 0 8 23
1000 0 256 250 0 64 1 0 1 0 5 14
1000 0 272 250 0 68 1 0 1 0 3 10
1000 0 288 250 0 72 0 0 1 0 o 74
1000 0 304| 250 0 76 0 0 0 0 2 5
1000 0 320 250 0 80 0 0 0 0 1 <]
1000 -300 80 250 -75 20 0 0 0 0 3 5
1000 -276 80 250 -69 20 1 0 1 0 5 6
1000 -252 80 250 -63 20 1 1 1 0 9 9
1000 -228 80 250 -57 20 2 1 1 1 17 W
1000 -204 80 250 -51 20 3 3 3 2 34 35
1000 -180 80 250 -45 20 5 5 S 3 56 68
1000 -156 80 250 -328 201 8 8 81 7 98 107
1000 -132 80 250 -33 20|| 10| 13| 331 12 163 159
1000 -108 80 250 -27 201 131 19| 20| 20 235 247
1000 -84 80 250 -21 20| 17| 25| 26 30 306 330
1000 -60 80| 250 -15 20| 19| 33] 34 40 408 432
1000 -36 80 250 -9 20 22 40 49 496
1000 -12 80 250 -3 20 23 40 40 54 489 507
1000 12 80 250 3 20 23 41 41 54 511 510
1000 36 80 250 9 20 22 40 38 49 493 481
1000 60 80 250 15 20 19 36 35 40 449 433
1000 84 80 250 21 20 17 31| 31 30 379 383
1000 108 80 250 27 20 13 25 21 20 306 270
1000 132 80 250 33 20 10 18 16 12 225 198
1000 156 80 250 39 20 8 12 10 T 149 120
1000 180 80 250 45 20 5 7 6 3 89 70
1000 204 80 250 51 20 8 4 4 2 47 45
1000 228 80 250 St 20 2 2 2 1 20 23
1000 252 80 250 63 20 1 1 1 0 9 9
1000 276 80 250 69 20 1 0 0 0 4 6
1000 300 80 250 7S 20 0 0 0 0 2 5

Table 14 Normalized Conc. Data - GEP X = 1.0km Documentation

Page 14 (tables)



Flaid Dywamics and Diffasion Laboratory - Culoradts State Huivorsily
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76.7m Stack GEP Documentation Tests

Vertical and Lateral Profiles at 2.0 km downwind

Field Values (MKS) _ [Model Values (CGS) References (CGS) IN_  OUT |
400 <Length Scale ' IN_ OUT_ | Href= 100.0  100.0
5.0 i 299.7 298.7 ‘l < Wind Speed at Heff Uref= 403.4 403.4
86.0 | 230.0 230.0 < Flow Rate PLindex 0.180 0.180
76.7 | 19.2 19.2
m) = (m m]( " (cm) ¥ (cm) pm)
|

2000 0 0/ 500 0 0 10] 29 22 16 359 268
2000 0 16] 500 0 4 10] 28 22 16 349 267
2000 0 32| 500 0 8l 10 26 21 1 313 255
2000 0 48| 500 0 12 101 23 19 18 280 237
2000 0 64 500 0 16 9 20 18 19 249 221
2000 0 80| 500 0 20 9 18 17 19 224 205
2000 0 96| 500 0 24 8 16 15 18 191 190
2000 0 112 500 0 28 8 13 14 15 162 174
2000 0 128 500 0 32 7 11 13 13 138 158
2000 0 144 500 0 36/ 7 9 12 10 115 143
2000 0 160|500 0 40 6 8 10 7 95 125
2000 0 176] 500 0 44 5] 6 9 5 78 105
2000 0 192| 500 0 48 5] 5 7 3 58 89
2000 0 208/ 500 0 52 4 4 6 2 48 74
2000 0 224 500 0 56 4 3 5 1 34 59
2000 0 240 500 0 60 3 3 4 0 25 46
2000 0 256|500 0 64 3 1 3 0 18 33
2000 0 272 500 0 68 2 1 2 0 13 25
2000 0 288/ 500 0 72 2 1 2 0 10 19
2000 0 304/ 500 0 76 2 0 1 0 6 13
2000 0 320/ 500 0 80 1 0 1 0 4 9
2000  -300 80| 500 -75 20 3 2 2 2 25 30
2000 -276 80 500  -69 20 3 3 3 3 33 43
2000 -252 80| 500 -63 20 4 4 5 4 50 58
2000 -228 80| 500  -57 20 5 5 5 6 67 75
2000 -204 80| 500  -51 20 5 7 8 7 85 93
2000 -180 80| 500  -45 20 B 9 9 9 107 116
2000 -156 80| 500 -39 20 7 10 11 11 125 136
2000 -132 80 500  -33 20 7 12 13 12 149 159
2000 -108 80 500  -27 20 8 13 14 14 165 175
2000 -84 80| 500  -21 20 8 15 15 16 183 189
2000 60 80| 500  -15 20 8 16 17 17 199 203

2000 -36 80 500 9 20 9 0 18
2000 -12 80/ 500 g 20 9 18 17 19 217 204
2000 12 80 500 3 20 9 19 16 19 229 201
2000 36 80 500 9 20 9 19 17 18 230 204
2000 60 80 500 15 20 8 19 16 17 231 198
2000 84 80 500 21 20 8 18 15 16 221 186
2000 108 80| 500 27 20 8 17 14 14 204 169
2000 132 80 500 33 20 7 15 12 12 187 149
2000 156 80 500 39 20 7 13 10 11 159 124
2000 180 80 500 45 20 6 11 9 9 138 106
2000 204 80/ 500 51 20 5 10 7 7 118 86
2000 228 80/ 500 57 20 5 2 5 6 94 56
2000 252 80/ 500 63 20 4 B 4 4 70 45
2000 276 80| 500 69 20 3 4 2 3 51 30
2000 300 80 500 75 20 3 3 2 2 34 20

Table 15 Normalized Conc. Data - GEP X = 2.0km Documentation
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Summary of Maximum Concentration And Excessive Concentration Analysis

Stack Wind Stack Maximum Concentrations Concentration
Run No. ID Direction Height Uanem* Buildings In Buildings Out Ratio
Buidlings 1 (Deg.) (m) (m/s) C/Co c C/Co (o] In/Out
In Out (ppm) (ug/m3) (ppm) (ug/m3)
Worst Wind Direction Tests (Selected From Visualization)
301 312 COB 72 78.7 5.0 620.4 1031.9 3564 5928 1.74
302 312 COB 77 76.7 5.0 607.0 1009.6 3564 5928 1.70
303 312 CcoB 67 76.7 5.0 621.9 1034.4 3564 5928 1.74
304 312 COB 325 76.7 5.0 555.0 923.1 3564 5928 1.56
305 312 coB 275 76.7 50 480.7 799.6 3564 5928 135
306 312 coB 225 76.7 5.0 5353 890.4 3564 5928 1.50
307 312 coB 175 76.7 5.0 540.2 898.5 3564 5928 .62
308 312 cos 120 76.7 5.0 5217 867.8 3564 5928 1.46
309 312 coB 338 76.7 5.0 462.2 768.8 3564 5928 1.30
310 312 coB 62 76.7 5.0 548.2 911.8 3564 5928 1.54
31 312 coB 72 76.7 5.0 651.2 1083.2 356.4 592.8 1.83
Worst Wind Speed Tests
401 404 coB 72 76.7 3.0 698.0 1161.0 391.5 6512 1.78
402 405 coB 72 767 8.0 523.8 871.3 2938 4887 1.78
403 406 CcOB 72 76.7 11.0 464.1 7720 230.6 383.6 2.01
Additional Stack Height Tests
501 506 coB 72 80.0 11.0 387.0 643.7 20123347 1.92
502 507 COB 72 85.0 11.0 340.3 566.0 1924 3200 1.77
503 508 coB 72 90.0 11.0 269.2 4478 1706 2838 1.58
504 509 coB 72 95.0 11.0 238.0 395.9 1586 2638 1.50
505 510 CcOB 72 100.0 11.0 204.7 340.5 143.0 2379 1.43
GEP Stack Height Documentation Tests
701 704 coB 72 76.7 5.0 626.1 1041.4 3383 = 5627 1.85
702 705 CcOB 72 76.7 5.0 604.7 1005.8 3444 5729 1.76
703 706 CcoB 72 76.7 5.0 633.6 1053.9 3615 6018 175
Average 1033.7 579.0 1.79
Excessive Concentration Analysis Ambient Standard Test 40% Test
This analysis conducted using 700
series tests, 76.7 m stack height Maximum Concentration (ug/m3) Concentration Ratio
Averaging Time NAAQS MAAQS Wind Tunnel Criteria Wind Tunnel
1-hr 1300 1033.7 1.4 1.79
3-hr 1300 930.3 Excessive
24-hr 365 262 413.5 Excessive
annual 80 56 82.7 Excessive

* - Wind Speed at Billings Airport, 7.6 m anemometer height

R T X e SN T e T L R AR T T T W A N I TS SR R O T T e S e S e S SO
Table 16 Excessive Concentration Demonstration Test Results
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Figure 1 Wind Speed Distribution at Billings Airport
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Figure 2 Site Topography and Model Study Area Extent
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Figure 3 Aerial Photograph of Field Site
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Flaid D

Figure 4 Field Site Photograph - FCC COB Stack
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Flwer 2

Figure 5 Field Site Photograph - Structures ENE of Stack
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Figure 6 Model Site Photograph - FCC COB Stack
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Figure 7 Model Site Photograph - Looking SE over Entire Site
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Downwind Concenftration Profile
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Buildings OUT
Conc. vs Lateral Position at Ground Level
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Vertical Concentration Profile at X = 0.5 km

1
Buildings IN Buildings OUT PG-C PG-D
- o |
T 200
£
5
@
I
- SR TP e
) K S
i 100 > B % e
D<<E>] 1o
i il o
T
ok , e s manse
100 150 200

Normalized Conc. K[m*-2]*1046

Lateral Concentration Profile at Z=80m, X = 0.5 km

O
o

200
< e3to
e
£ 150
< [ Buildings IN
|§| }
x ! ® ) Buildings OUT [
€ 100 v 8 ch
ust PGD |
S
2

0 100 200 300
Field Lateral Distance (m)

Figure 15 Vertical and Lateral Plume Profiles at 0.5 km Downwind
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Vertical Concentration Profile at X = 0.9 km
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Figure 16 Vertical and Lateral Plume Profiles at 0.9 km Downwind
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Vertical Concentration Profile at X = 1.0 km
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Table A-1

Full and Model Scale Similarity Parameters
Anemometer Speed 3.0 (m/s)
Source Description: Exxon FCC COB

English Full Model
Dimensional Parameters Full-Scale Scale Scale
1 . Building Height, Hb (m) 17821t 53.4 0.1335
2 . Base Elevation above Mean Sea Level, z=0 (m) 947 ft 288.6 1524
3 . Stack Height above grade, h (m) 251.6 ft 76.7 0.1917
4 . Stack Inside Diameter, d (m) 9.7 ft 2.96 7.399E-03
5 . Stack Inside Area, Ae (m2) 741 f2 6.9 4.300E-05
8 . Exit Velocity, Ve (m/s) 2460 fpm D 8.916
7 . Exit Temperature, Ts (K) 4350 F 497.0 293.2
8 . Volume Flow Rate, V (m3/s) 182,164 ft3/min 86.0 3.834E-04
9 . Emission rate, Q (g/s) 1133.9 Ib/hr 142.9 NA
10 . Ambient Pressure, Pa (hPa) 0.97 Atm 8973 844
11 . Ambient Temperature, Ta (K) 46.0 F 280.9 2932
12 . Air Density, Rho a (kg/m3) 0.076 IbAt3 1.2 1.004
13 . Exhaust Density, Rho s (kg/m3) 0.043 IbAt3 0.7 0.567
14 . Air Viscosity, Nu a (m2/s) 1.56E-04 ft2/s 1.44E-05 | 1.81E-05
15 . Gas Viscosity, Nu s (m2/s) 4.17E-04 ft2/s 3.88E-05 | 1.72E-05
16 . Free Stream Wind Speed, Uinf (m/s) 13.5 mph 6.03 4.304
17 . Free Stream Height, Zinf (m) 1969 ft 600.00 1.50
18 . Reference ‘Nind Speed, Uref (m/s) 12.5 mph ’w J
19 . Reference Height, Zref (m) 1332 1t
20 . Anemometer Wind Speed, Uanem (m/s) 6.7 mph
21 . Anemometer Height, Zanem (m) 25.0 ft
22 . Site Wind Speed, Usite (m/s) 6.1 mph
23 . 'Site Anemometer' Height, Zsite (m) 25.0 ft
24 . Stack Height Speed, Uh (m/s) 9.3 mph
25 . Building Height Speed, Ub (m/s) 8.7 mph
26 . Anemometer Surface Roughness Length, Zo a (m) 0.33 ft
27 . Site Surface Roughness Length, Zo s (m) 0.66 ft
28 . Site Surface Friction Velocity, U* (m/s) 0.65 mph
Dimensionless Parameters
29 . Length Scale, SF 400 400 1
30 . Time Scale, TS 285.38 285.38 1.00
31 . Anemometer Power Law Exponent, na 0.16 0.160 0.16
32 . Site Power Law Exponent, ns 0.18 0.181 0.18
33 . Velocity Ratio, R = Ve/Ur 2.23 2.23 2.23
34 . Stack Velocity Ratio, Rs = Ve/Uh 3.00 3.00 3.00
35 . Stack Height to Building Height Ratio, h/Hb 1.44 1.44 1.44
36 . Diameter to Stack Height Ratio, d/h 0.039 0.039 0.039
37 . Momentum Ratio, Mo 4.18E-03 4.18E-03 | 4.18E-03
38 . Froude Number, Fr 2.64 2.64 37,73
39 . Buoyancy Ratio, Bo 8.64E-03 8.64E-03 | 4.24E-05
40 . Density Ratio, Lambda 0.5652 0.5652 0.5652
41 . Stack Reynolds Number (Exterior), d Uh /Nu a 8.52E+05 8.52E+05 1215
42 . Stack Flow Reynolds Number (Interior), Res=d Ve/Nus 9.54E+05 9.54E+05 3826
43 . Building Reynolds Number, Reb=Hb Ub/Nu a 1.44E+07 1.44E+07 20534
44 . Surface Reynolds Number, Zos U*/Nu a 4.03E+03 4.03E+03 6
45 . Site Friction Velocity Ratio, U*/Uinf 0.048 0.048 0.048




Table A-2

Full and Model Scale Similarity Parameters
Anemometer Speed 5.0 (m/s)
Source Description: Exxon FCC COB

English Full Model
Dimensional Parameters Full-Scale Scale Scale
1 . Building Height, Hb (m) 175.2 ft 53.4 0.1335
2 . Base Elevation above Mean Sea Level, z=0 (m) 947 ft 288.6 1524
3 . Stack Height above grade, h (m) 2516 ft 76.7 0.1917
4 . Stack Inside Diameter, d (m) 9.7 ft 2.96 7.399E-03
5 . Stack Inside Area, Ae (m2) 741 ft2 6.9 4.300E-05
6 . Exit Velocity, Ve (m/s) 2460 fpm 125 5.350
7 . Exit Temperature, Ts (K) 4350 F 497.0 293.2
8 . Volume Flow Rate, V (m3/s) 182,164 ft3/min 86.0 2.300E-04
9 . Emission rate, Q (g/s) 1133.9 Ib/hr 142.9 NA
10 . Ambient Pressure, Pa (hPa) 0.97 Atm 979 844
11 . Ambient Temperature, Ta (K) 46.0 F 280.9 293.2
12 . Air Density, Rho a (kg/m3) 0.076 Ib/ft3 1.2 1.004
13 . Exhaust Density, Rho s (kg/m3) 0.043 Ib/t3 0.7 0.567
14 . Air Viscosity, Nu a (m2/s) 1.56E-04 ft2/s 1.44E-05 | 1.81E-05
15 . Gas Viscosity, Nu s (m2/s) 4.17E-04 ft2/s 3.88E-05 | 1.51E-05
16 . Free Stream Wind Speed, Uinf (m/s) 22.5 mph 10.05 4.304
17 . Free Stream Height, Zinf (m) 1969 ft 600.00
18 . Reference Wind Speed, Uref (m/s) 20.9 mph 9.34
19 . Reference Height, Zref (m) 1312 ft 400.00
20 . Anemometer Wind Speed, Uanem (m/s) 11.2 mph TRes
21 . Anemometer Height, Zanem (m) 25.0 ft 7.62
22 . Site Wind Speed, Usite (m/s) 10.2 mph 457
23 . 'Site Anemometer' Height, Zsite (m) 25.0 ft 7.62
24 . Stack Height Speed, Uh (m/s) 15.5 mph 6.93
25 . Building Height Speed, Ub (m/s) 14.5 mph 6.49
26 . Anemometer Surface Roughness Length, Zo a (m) 0.33 ft 0.10
27 . Site Surface Roughness Length, Zo s (m) 0.66 ft 0.20
28 . Site Surface Friction Velocity, U* (m/s) 1.09 mph 0.49
Dimensionless Parameters
29 . Length Scale, SF 400 400 1
30 . Time Scale, TS 171.23 323 1.00
31 . Anemometer Power Law Exponent, na 0.16 0.160 0.16
32 . Site Power Law Exponent, ns 0.18 0.181 0.18
33 . Velocity Ratio, R = Ve/Ur 1.34 1.34 1.34
34 . Stack Velocity Ratio, Rs = Ve/Uh 1.80 1.80 2.01
35 . Stack Height to Building Height Ratio, h/Hb 1.44 1.44 1.44
36 . Diameter to Stack Height Ratio, d/h 0.039 0.039 0.039
37 . Momentum Ratio, Mo 1.51E-03 1.51E-03 | 1.51E-03
38 . Froude Number, Fr 2.64 264 22.64
39 . Buoyancy Ratio, Bo 1.87E-03 1.87E-03 | 2.55E-05
40 . Density Ratio, Lambda 0.5652 0.5652 0.5652
41 . Stack Reynolds Number (Exterior), d Uh /Nu a 1.42E+06 1.42E+06 1091
42 . Stack Flow Reynolds Number (Interior), Res=d Ve/Nus 9.54E+05 9.54E+05 2622
43 . Building Reynolds Number, Re b=Hb Ub/Nu a 2.40E+07 2.40E+07 20534
44 . Surface Reynolds Number, Zos U*/Nu a 6.72E+03 6.72E+03 6
45 . Site Friction Velocity Ratio, U*/Uinf 0.048 0.048 0.048




Table A-3

Full and Model Scale Similarity Parameters
Anemometer Speed 8.0 (m/s)
Source Description: Exxon FCC COB

English Full Model
Dimensional Parameters Full-Scale Scale Scale
1 . Building Height, Hb (m) 175.2 ft 53.4 0.1335
2 . Base Elevation above Mean Sea Level, z=0 (m) 947 ft 288.6 1524
3 . Stack Height above grade, h (m) 2516 ft 76.7 0.1917
4 . Stack Inside Diameter, d (m) 9.7 ft 2.96 7.399E-03
5 . Stack Inside Area, Ae (m2) 741 ft2 6.9 4.300E-05
6 . Exit Velocity, Ve (m/s) 2460 fpm 12.5 3.343
7 . Exit Temperature, Ts (K) 4350 F 497.0 293.2
8 . Volume Flow Rate, \/ (m3/s) 182,164 ft3/min 86.0 1.438E-04
9 . Emission rate, Q (g/s) 1133.9 Ib/hr 142.9 NA
10 . Ambient Pressure, Pa (hPa) 0.97 Atm 979 844
11 . Ambient Temperature, Ta (K) 460 F 280.9 293.2
12 . Air Density, Rho a (kg/m3) 0.076 Ib/At3 1.2 1.004
13 . Exhaust Density, Rho s (kg/m3) 0.043 IbAt3 0.7 0.567
14 . Air Viscosity, Nu a (m2/s) 1.56E-04 ft2/s 1.44E-05 | 1.81E-05
15 . Gas Viscosity, Nu s (m2/s) 4.17E-04 ft2/s 3.88E-05 | 1.72E-05
16 . Free Stream Wind Speed, Uinf (m/s) 36.0 mph
17 . Free Stream Height, Zinf (m) 1969 ft
18 . Reference Wind Speed, Uref (m/s) 33.4 mph
19 . Reference reignt, Zref (m) T2
20 . Anemometer Wind Speed, Uanem (m/s) 17.9 mph
21 . Anemometer Heignt, Zanem (m) 250 ft
22 . Site Wind Speed, Usite (m/s) 16.3 mph
23 . 'Site Anemometer' Height, Zsite (m) 250 ft
24 . Stack Height Speed, Uh (m/s) 24.8 mph
25 . Building Height Speed, Ub (m/s) 23.2 mph
26 . Anemometer Surface Roughness Length, Zo a (m) 0.33 ft
27 . Site Surface Roughness Length, Zo s (m) 0.66 ft
28 . Site Surface Friction Velocity, U* (m/s) 1.74 mph
Dimensionless Parameters
29 . Length Scale, SF 400 400 i
30 . Time Scale, TS 107.02 107.02 1.00
31 . Anemometer Power Law Exponent, na 0.16 0.160 0.16
32 . Site Power Law Exponent, ns 0.18 0.181 0.18
33 . Velocity Ratio, R = Ve/Ur 0.84 0.84 0.84
34 . Stack Velocity Ratio, Rs = Ve/Uh 1.43 1.13 1413
35 . Stack Height to Building Height Ratio, h/Hb 1.44 1.44 1.44
36 . Diameter to Stack Height Ratio, d/h 0.039 0.039 0.039
37 . Momentum Ratio, Mo 5.88E-04 5.88E-04 | 5.88E-04
38 . Froude Number, Fr 2.64 2.64 14.15
39 . Buoyancy Ratio, Bo 4.56E-04 4.56E-04 | 1.59E-05
40 . Density Ratio, Lambda 0.5652 0.5652 0.5652
41 . Stack Reynolds Number (Exterior), d Uh /Nu a 2.27E+06 2.27E+06 1215
42 . Stack Flow Reynolds Number (Interior), Res=d Ve/Nus 9.54E+05 9.54E+05 1435
43 . Building Reynolds Number, Reb=Hb Ub/Nu a 3.84E+07 3.84E+07 20534
44 . Surface Reynolds Number, Zos U*/Nu a 1.08E+04 1.08E+04 6
45 . Site Friction Velocity Ratio, U*/Uinf 0.048 0.048 0.048




Table A-4

Full and Model Scale Similarity Parameters
Anemometer Speed 11.0 (m/s)
Source Description: Exxon FCC COB

English Full Model
Dimensional Parameters Full-Scale Scale Scale
1 . Building Height, Hb (m) 175.2 ft 53.4 0.1335
2 . Base Elevation above Mean Sea Level, z=0 (m) 947 ft 288.6 1524
3 . Stack Height above grade, h (m) 2516 ft 76.7 0.1917
4 . Stack Inside Diameter, d (m) 9.7 ft 2.96 7.399E-03
5 . Stack Inside Area, Ae (m2) 741 f2 6.9 4.300E-05
6 . Exit Velocity, Ve (m/s) 2460 fpm 12.5 2.432
7 . Exit Temperature, Ts (K) 4350 F 497.0 293.2
8 . Volume Flow Rate, V (m3/s) 182,164 ft3/min 86.0 1.046E-04
9 . Emission rate, Q (g/s) 1133.9 Ib/hr 142.9 NA
10 . Ambient Pressure, Pa (hPa) 0.97 Atm 979 844
11 . Ambient Temperature, Ta (K) 46.0 F 280.9 293.2
12 . Air Density, Rho a (kg/m3) 0.076 Ib/ft3 1.2 1.004
13 . Exhaust Density, Rho s (kg/m3) 0.043 |b/t3 0.7 0.567
14 . Air Viscosity, Nu a (m2/s) 1.56E-04 ft2/s 1.44E-05 | 1.81E-05
15 . Gas Viscosity, Nu s (m2/s) 4. 17E-04 ft2/s 3.88E-05 | 1.72E-05
16 . Free Stream Wind Speed, Uinf (m/s) 49.5 mph 2212 4.304
17 . Free Stream Height, Zinf (m) 1969 ft 600.00 | 1.50
18 . Reference Wind Speed, Uref (m/s) 46.0 mph 2056 PR
19 . Reference Height, Zref (m) 1312 ft 409:’00' 1.00
20 . Anemometer Wind Speed, Uanem (m/s) 24.6 mph iR 214
21 . Anemometer Height, Zanem (m) 25.0 ft 7.62 0.019
22 . Site Wind Speed, Usite (m/s) 22.5 mph 10.05 1.96
23 . 'Site Anemometer' Height, Zsite (m) 25.0 ft 7.62 0.019
24 . Stack Height Speed, Uh (m/s) 34.1 mph 15.25 2.97
25 . Building Height Speed, Ub (m/s) 32.0 mph 14.29 278
26 . Anemometer Surface Roughness Length, Zo a (m) 0.33 ft 0.10 2.50E-04
27 . Site Surface Roughness Length, Zo s (m) 0.66 ft 0.20 5.00E-04
28 . Site Surface Friction Velocity, U* (m/s) 2.39 mph 1.07 0.21
Dimensionless Parameters
29 . Length Scale, SF 400 400 1
30 . Time Scaie, TS 77.83 1 (+83 1.00
31 . Anemometer Power Law Exponent, na 0.16 0.160 0.16
32 . Site Power Law Exponent, ns 0.18 0.181 0.18
33 . Velocity Ratio, R = Ve/Ur 0.61 0.61 0.61
34 . Stack Velocity Ratio, Rs = Ve/Uh 0.82 0.82 0.82
35 . Stack Height to Building Height Ratio, h/Hb 1.44 1.44 1.44
36 . Diameter to Stack Height Ratio, d/h 0.039 0.039 0.039
37 . Momentum Ratio, Mo 3.11E-04 3.11E-04 | 3.11E-04
38 . Froude Number, Fr 2.64 2.64 10.29
39 . Buoyancy Ratio, Bo 1.75E-04 1.75E-04 | 1.16E-05
40 . Density Ratio, Lambda 0.5652 0.5652 0.5652
41 . Stack Reynolds Number (Exterior), d Uh /Nu a 3.12E+06 3.12E+06 1215
42 . Stack Flow Reynolds Number (Interior), Res=d Ve/Nus 9.54E+05 9.54E+05 1044
43 . Building Reynolds Number, Reb=Hb Ub/Nu a 5.28E+07 5.28E+07 20534
44 . Surface Reynolds Number, Zos U*/Nu a 1.48E+04 1.48E+04 6
45 . Site Friction Velocity Ratio, U*/Uinf 0.048 0.048 0.048
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Separate Enclosed Report Titled
ATMOSPHERIC DISPERSION COMPARABILITY

TESTING DOCUMENTATION
(July 1995)
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ATTACHMENT 2
STACX HEIGHT FLUID MODELING AGREEMENT

Intx ion Backaround

Exxon Company U.S.A. cperates a pacroleum refinery located in Bxllings.
Montana which contains several 50, sources as more part cularly described in
ExBibitrA:; Sectionl, of the above mentioned Stipulation.

The digbersieifmedeling analyzig’ =8s¥orme I Tina :;,m_f-enc (ut-llzzﬁg
EPA approved dispersion modals to hecerw;“e appropriate contzol gtrategies for
the refinery to ensure compliance with the NAAQS for SO,) referenced :in
paragraph 6 of the Stipulation, demonstrated the presence of downwash
associated with a stack and nearby structures at the refinery, namely ¢
Fluid Catalytic Cracker CO boiler (FCC COB) stack. As a result, Exxon and the
Department performed an analysia of Good Engineering Practice (GEP) stack
height as provided in 40 CFR § 51.200 (ii) for the FCC COB stack. That
analysis established a GEP formula height of 76.7 metexrs for the FCC CO3
stack, an increase of 13.3 meters in height over the existing stack. The GE?
formula height determination was further supported by additional dispersion
“*de--., analysis and documentaticn of this analysis was provicded to EPA by
the Department in August 1994.%°,° EPA responded to the GEP determination on
September 16, 1994 and indicated mocdeling credit for increases up to GEP
formula heights for existing stacks would not be allowed under existing EPA
regulations and policy unless supported by fluid modeling, field study, or
public nuisance demonstrations. In an October 24, 13294, lettaxr the Department
also addressed the issuve of stack height credit for the PFCC. CO3 stack. The
Department’s analysis showed that the state and federal stack height rules
required a fluid model ox field study to obtain GEP credit to the formula

height.

whila Exxcn disputes the Department’s and EPA’as intarpretaticn of the
gtack nheight regulations, it has nevertheless proposed and the Deparcment
agrass that a fluid modeling study conducted pursuant to a detailed fluid
modeling protocol that follecws this agreement, and is approved by th
Cepar--2nt and EPA, and that follows axisting EFA fluid modelling guxu-llnes
can ¢. -stiture a valid and sufficient demonstration in support of the GEP

formula height of 7€.7 metexs for the FCC COB stack.

a3

The FCC COB stack is located in the process block of the refinery known

as the Fluid Catalytic Cracking Unit. The FCC COB stack is presently 63.4
meters tall with an inside stack diameter of 2.36 meters. The effluent is
emitted at 12.5 m/s at about 497 °K. One of the nearby process structures
which produces the downwash effects on the emitted plume is the FCC structurs.
The four solid components imbedded in the lattice framework of the process
unit are the elavator (3.2 mby S m by 49.2 m), the regenerator (7.6 m in
diameter and 30 m high), the reactor (6.1 m diameter and 53.4 m high), and the
fracticnator (3.2 m in diameter and 45.3 m high). These structures were used

. Coefield, J., Exxon FCC-COB Stack Height Credit, Office Memoranda, Montana
Department of Heal*h and Environmental S$ciemcaes, Air Quality Division, Helena,

MT, August 15, 19%94.

’ Letter from Jeffrey T. Chaffee, Acting Division Adminiscrator, Montana
Depar:menc of Health and Environmental Sciences, Air guality Divisiecn, to Douglas
23 5 spdea = CO L August 17,

M. Skie, Chiaf, Air Programsa Branch V.3, ZPA, Rezion.VIII, Denver,

1994, with Coefield Memoranda, supra, fn. 1, attached.
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to establish the GEP formula height of 76.7 meters pursuant to 40 CFR §
$1.300(81) (2) (i)

Win 1l Test Metl

Exxon shall constyuct a scale model of the FCC structures (the lattice
framework and associated solid components, including process piping), the FCC
COB stack and other nearby structures, as specified in the detailed fluid
modeling protoccl, in the fluid modeling facility (i.e., wind cunnel} to
demonstrate that the GEP formula height of 76.7 meters is juscified.
Justification shall be deemed demonstrated by wind tunnel tests which
demonstrate (1) the presence of ground level concentrations at certain
locations which are at least 40% in excess of maximum coacentrations
experianced in the absence of FCC COB downwash effects; and (2) at the same
locations, FCC COR emissions contribute to a total concentration from all
sources that is greater than NAAQS for SO, as established by dispezsion

modeling.

The wind tunnel testing procedure shall be consistent with the following
general reguirements:

1. The emission rate for the FCC CCB stack shall be the existing SIP limits
(prior to Dacembeyr 16, 1994) as established in the E.H. Pechan &
Associates, Inc. report dated February 1991 and set forth in Table 1 of

said reporc.?

2. The representative area surrounding the FCC unit structure shall be
simulated in the wind tunnel by appropriate surface roughness elements.

3. Representative meteorolegical conditions will be used consistent wit
procedures in EPA’S Guideline for Use of Fluid Medeling to Determine Geod

Engineering Practice Stack Height.

4. The 40% differential in ground level concentrations due in whole or in
part to deownwash effects shall be determined by comparing the respective
ground level concentrations produced by (1} running the wind tunnel
simulation using scale models of beth the FCC T03 stack structura and its
asscciated surrounding structures; and (2) running the simulatien using
scale models of the FCC COB gtack alone.

Contribution to an excesdanca of the NAAQ3S for SC, shall be determined by
comparing the concentrations produced by the FCC COB wind tunnel
gimulation with the background concentrations of all other sources as
establighed by dispersion modeling analysis using the existing SIP limits
for all other sourcCes as established in the Pechan report (prior teo

Dacember 16, 1994).

un

If the results of the wind tunnel simulations indicate that the GEP
formula derived haight of 76.7 maeters for the FCC COB stack is inadeguate to
eliminate excessive concentratjions due to downwash, then Exxon may run
additional simulations. The purpose of additiocnal simulations would be to
determine the increase akove formula height required to eliminate such
concentrations. GEP demecnstrations for "above formula® stack heights must
meet the more stringent recquirements contained in 40 CFR § 51.100(kk) {(1).

. "Develcpment of a Sulfur Dioxide Emissions Inventory for
Billings and Laurel Montana -- Volume 1, Project Summary. EPA
Contract No. 68-02-4400, Work Assignment No. 53, Final Report,
February 19%1. E.H. Pechan & Associates, Inc. 3513 University

Drive, Durham, NC 27707.
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At the conclusion of the simulations, Exxon shall prepare a technical
report of the fluid modeling results and submit it to the Department. The
report shall contain an analysis, accompanied by any necessary dxsperszon
modeling, of the effect on, or any proposed changes to, the emission
limitations established in the Stipulation Requirements (Exhibit A, Section
3(A)). To the extent that the fluid modeling study cempletad by Exxon
(according to the approved protocol} demonstrates that Exxon is entitled to
credic for increasing tha FCC COB stack height the emission limitations
established in the Stipulaticn Requirements (Exhibit A, Sect:ion 3(A}) shall be
medified as per (Part B, BINDING EFFECT, Item %429) consistent with the
results of the fluid modeling report, provided that Exxon has also demon-
strated through appropriate dispersicn modeling that any change in those
limitationsg will assure attainment and maintenance of the primary and
secondary SO, NAAQS.
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