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PREFACE

It is regretted that the Environmental Protection Agency (EPA)
and INTERCOMP Resource Development and Engineering, Inc. could not
mutually agree as to the conclusions of this study. Consequently,
as sponsor, EPA - is obligated to caution against the uncritical
acceptance of the summary statements in the report.

The EPA in 1970 and 1972 evaluated the impact of several non-
ferrous smelters on air quality in mountainous regions. Similarly,
in 1971 the National Oceanic and Atmospheric Administration eval-
uated the impact of a number of power plants located in mountainous
areas. The techniques used to estimate the effects of complex
terrain on the distribution of the effluents from the sources had
not been used prior to these studies. The air gquality estimates
were much greater for nearly all facilities than would result from
the use of the flat-plane formula. INTERCOMP was one of the consul-
tants retained by industry to review EPA's analyses. Results of
their model simulations were presented at formal hearings to
counter the governmental estimates.

Although generalities of the INTERCOMP model were available
in the literature and hearing records, the computer program (and
thus the technical details) were and remain proprietary. To
obtain details of the technical content of the INTERCOMP model,
EPA negotiated a contract with INTERCOMP. The contract called
for INTERCOMP to provide the computer program to EPA; to instruct
EPA personnel in the use of the computer program; and to provide
applications of the INTERCOMP and Gaussian models for comparison
with observed peak short-term concentrations in complex terrain.
The contract states that "...peak short-term concentrations shall
be the primary consideration in the evaluation...{(of the models)."
This report discusses the effort of INTERCOMP to satisfy this
contract,

In bringing the contractual effort to a conclusion, it became
apparent that INTERCOMP and EPA project officers had some funda-
mental differences of a technical nature as to portions of the
report. Aside from differing interpretations of the validity of
various simplifying assumptions in each model, the basic differences
revolve around the validity of the El1 Paso data used for model
evaluation and around the definition of a reliable model estimate.

More specifically, EPA takes exception to statements made
in the Summary and on pp. 3-28 and 3-29, and pp. 3-40 and 3-41
in the report. EPA agrees that the El1 Paso data are useful to
demonstrate the degree of flexibility of models; that is, through
successive adjustments of emission rates, etc., to obtain agreement



iv

between the modeling results and the air quality observations.
However, EPA does not agree that the El Paso emission data were
sufficiently reliable to warrant judgments on the "accuracy" of
models.

Also, EPA does not completely agree with INTERCOMP's inter-
pretation of the NOAA's Huntington Canyon study. A case may be
made that the results of the study indicate that the basic Gaussian
model provides more reliable estimates of the peak l-hour concen-
trations in this instance than either the EPA terrain or the
INTERCOMP models.

Further, current short-term air quality standards (24-hour
period or less) are not to be exceeded more than once per year.
Hence, if modeling results are to be used directly in source-control
decisions, a reliable model estimate must represent the near-upper
envelope of observable concentrations. However, INTERCOMP interprets
a reliable estimate as one which best fits an average of observed
data. This interpretation may lead to estimates of concentrations
that are incompatible with the definition of short-term standards.
Thus, a degree of control based on INTERCOMP's interpretation
of a reliable model estimate may not adequately protect the quality
of the air.

INTERCOMP and EPA agree that both have worked in good faith
to resolve these differences. They agree that further expendi-
tures of effort and funds are unlikely to produce results that
are completely acceptable to either party. Hence, the report
is released with this Preface as an integral part, so that the
results of the study may be available, but with the reader
cautioned against the uncritical acceptance of the conclusions.
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SUMMARY

Short-term (1 hr., 3 hr., and 24 hr.) air quality criteria
generally have a higher potential for being exceeded in the vicinity
of large point sources than do longer term standards. In cases where
terrain is unimportant, the air quality can be evaluated using the
familiar Gaussian plume models. Frequently, such evaluations must
involve geographical areas with important terrain relief. In such
cases, regulatory and policy-making agencies have made assumptions
about how the plume centerline behaves and continued to use the
Gaussian models. Recently models have become available which com-
bine wind flow calculations along with the plume dispersion assessment.
Such a model has the potential to provide more accurate air quality
predictions where terrain is important. As a consequence, the objec-
tive of this contract was to use air guality data collected in rough
terrain to test the accuracy of several models to predict short-term
concentrations.

The models tested were (1) the Gaussian calculation known as
the NOAA model, (2) the EPA Gaussian model, and (3) the INTERCOMP
combined wind flow and plume dispersion model. Two sets of data
were used in the comparison. These data were (1) the SF_ tracer
data collected by NOAA in Huntington Canyon, Utah, and (9) 502
ambient data in El Paso, Texas.

The model calculations represent predictions based upon the
measured or observed meteorology. That is, the calculations repre-
sent generally how the models would have been used to predict air
quality around a single source. It should be noted that the compari-
sons included in the report were for 1 hour average concentrations,
rather than the 3 or 24 hour air quality standard criteria.

The results for Huntington Canyon show the INTERCOMP combined
wind flow and dispersion model predicted groundlevel concentrations
with an accuracy comparable to that normally obtained with Gaussian
predictions in flat terrain situations. The INTERCOMP model gave
calculated results within a factor of two and one-half for all
stable tests. For stable down~canyon flows, however, Gaussian
predictions from a NOAA type model averaged a factor of fifteen fold
higher than the measured results.

The El1 Paso data, though limited by emission definition data,
provided comparisons over flat terrain and near, but not in, mountains.
In the flat terrain cases, results with the Gaussian (NOAA) model and
the INTERCOMP model were in close agreement. The EPA model gave lower
predicted concentrations. In the elevated terrain cases, the INTERCOMP
model predicted lower concentrations than the Gaussian type models by
factors of ten to twenty.

Comparison of the various models with observations show that the
addition of a wind flow calculation can improve air quality predic-
tions. Presently available wind flow calculations are of necessity
a simplification of the atmospheric flow processes. However, there
are a broad range of air quality evaluations in which the accuracy
of the end result can be improved by the combined approach.
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INTRODUCTION

1.1 General Needs and Objective

More and more emphasis is being placed on the need to
satisfy short-term (1 hr., 3 hr., and 24 hr.) air quality cri-
teria. These needs have generally been delineated to avoid
adverse effects on human health or plant and animal growth
processes. Certainly no group of experts agree precisely on
what concentration is sufficient to provide protection against
adverse effects, but it is clear that protection is needed.

The shorter term ambient air gquality standards gcnerally
are more likely to be exceeded in the vicinity of large isolated
point sources than are the longer term annual standards. As a
result, it is essential for regulatory and policy-naking agencies
to have available to them the best technology for evaluating
ambient air quality concentrations which result from these
point source emissions.

In cases where terrain is unimportant, the state-of-the-
art method is to evaluate the short-term air quality using three-
dimensional Gaussian plume models. Present Environmental Pro-
tection Agency, FPA, practice is to use such a model to provide
assessments of .mbient air quality and thus provide a comparison
to ambient air guality standards.

Frequently such evaluations must be for geographical areas
which do involve important terrain relief. Many of the coal
fired power plants and non-ferrous smelters are located in areas
where terrain plays an important role in the meteorology control-
ling plume dispersion. In such cases, EPA has made assumptions
about how the plume centerline behaves in the immediate vicinity
of the terrain and continued to use the cross-wind and vertical
diffusivities characteristic of the Gaussian models. Basically,
the modification of the wind flow by the terrain is being assumed
rather than any quantitative attempt made to calculate this
modification.

Within the last few years, several techniques have been
described which combine a wind flow calculational model along
with a plume dispersion calculational techniquel!-2:%/*., Such
a model has the potential to provide more accurate plume disper-
sion assessments where terrain is important. As a consequence,
the objectives of this contract were to:

(1) compare one of the combined flow and dispersion
models, the INTERCOMP model, with the presently
available EPA models, and



(2) use data from rough terrain areas to test the
relative abilities of the models in predicting
short-term air quality.

1.2 Description of the Models Tested

Three models have been compared with data as a result of
this contract. Two of these models are Gaussian models and
have been used by regulatory agencies to make air quality analyses
in rough terrain areas. The third model" was developed by
INTERCOMP and includes a wind flow calculation as well as the
assessment of plume dispersion. The model is more completely
described in an associated volume which documents the equations
and methods of solution, but for which the distribution is
restricted to EPA personnel.

Of the two Gaussian models, one has become known as the
NOAA model. This nomenclature undoubtedly resulted from the
use of this model by NOAA in preparing the diffusion model
calculations presented in the Southwest Energy Study®.

The second Gaussian model is that presently employed by
EPA for making ambient air quality evaluations for rough terrain
areas. This model (the version tested was known as C4M3D) is
a modification of the plume centerline flow concept used in the
NOAA model and in addition retains angular segment averaging
for even short-term concentrations.

The INTERCOMP model is quite a different concept from the
Gaussian models. As opposed to assuming normal concentration
distributions in the cross-wind and vertical directions, the
model arises from approximating turbulent fluctuations by a
Fickian-type eddy diffusivity. These eddy properties are height
dependent as is the windspeed. This is quite different from the
average over height wind and dispersion coefficients used in a
Gaussian model or even those used in a constant diffusivity
model.

Even so, over flat terrain there is good agreement between
the numerical model and the Gaussian results. The particular
height dependence of diffusivity and wind speed which provide
this agreement are discussed in a later section. Only in cases
where terrain modifies the air flow do the INTERCOMP model
results differ substantially from either the NOAA or EPA models.
As mentioned previously, the purpose of the contract was to
compare the models over rough terrain and show whether or not
the increased flexibility of the INTERCOMP model actually re-
sulted in more accurate concentration predictions.

The purpose of the contract was to compare the several
models tested for their predictive ability to calculate.short-term
concentrations. Short-term federal air quality standards can be
exceeded on a once per year basis. Ideally, the models should



define the next-highest 3 and 24 hour average concentration.
However, because of the diffusion parameters used, model pre-
dictions generally represent less than 1 hour averages. The
calculated 3 and 24 hour averages for comparison with standards
must then be developed from these model predictions.

1.3 Approach Used in Model Comparison

Two sets of data were used in comparing the various models.
These data were (1) the SFg tracer data collected by NOAA in
Huntington Canyon, Utah® and (2) SO, ambient air quality data
around the ASARCO smelter in El Paso, Texas.

Insofar as possible, the models have been compared to the
data and with the other models on a point-by-point basis. That
is, simultaneous comparison of predictions and measurements at
all points in space where observations of significance existed.
However, because the EPA model averages concentrations over an
angular segment, only centerline concentrations could be compared
with the data and the other models.

The meteorological input to each model in terms of atmos-
pheric stability and wind conditions was kept as consistent as
possible. Flowv and diffusion coefficients over a complete range
of atmospheiri -+ stability have been determined for the INTERCOMP
numerical model. Use of these particular diffusivities gives
good agreement with the Gaussian models for flat terrain cases.
These were the coefficients used for the same atmospheric
stability class as was input to the Gaussian models.

As a consequence, all model calculations actually represent
predictions based upon measured or observed meteorology. That
is, the best-fit set of coefficients has not been determined
for use. The validation of the models in this way actually
represents how they might be used in conjunction with the local
climatology at a particular site to predict concentrations for
applications such as:

(1) plant siting studies
(2) evaluation of design changes
(3) compliance with ambient air gquality standards.
In this last category, there may be quite remote areas around
a particular plant in which it is impractical to place continuous

monitors. For such areas and for interpolation between monitors,
diffusion model predictions can be extremely valuable.
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2.0 AIR QUALITY MODELS TESTED

The following sections describe the models tested in somewhat
more detail. These sections will provide the basic assumptions
used in each model to cover the possibility that the above nomen-
clature for the models will not be totally descriptive to all
readers.

2.1 The Gaussian Model

The Gaussian calculational technique utilizes the various
Pasquill atmospheric stability classes. In flat terrain situa-
tions, the model is used in the classical way describcd in
Turners' workbook’. Where terrain is important, howevser, NOAA
has developed additional assumptions. For completeness, we
have summarized all the important assumptions made about this
model.

The assumptions can be listed as:

(1) A mean wind is used to represent the entire air layer
important in atmospheric diffusion.

(2) A single mean wind direction specifies the x-axis.

(3) The »lume concentrations are assumed normally distri-
buted (Gaussian) in the cross-wind and vertical
directions.

(4) The standard deviations, Oy and o0,, are representative
of averaging times in the range o% 10 minutes to one
hour.

(5) The source emission rate as well as wind and atmos-
pheric conditions must be constant over times signi-
ficantly greater than the travel time to a downwind
position of interest.

The above assumptions describe those necessary in the flat
terrain case. For rough, mountainous terrain additional restric=-
tions were imposed by NOAA:

(6) Under neutral or unstable atmospheric conditions,
the plume centerline is assumed to flow parallel to
terrain.

(7) Under stable conditions, the plume centerline flows
horizontally until it encounters terrain at the plume
elevation.



Some discussion of these last two points may be in order.
under neutral conditions, there is little density effect inhi-
biting vertical flow. Thus, an obstacle in the flow path will
cause substantial modification of the flow field both horizontally
and vertically. The fact that the atmosphere is of neutral
stability simply specifies that, if there is vertical flow and
it is rapid enough that little or no heat transfer takes place
to a volume of air being moved, then the density of that air
volume is the same at its new elevation as other air at that
level. That is, the adiabatic temperature change undergone
has just compensated in its effect on density for the static
pressure change.

For stable conditions, the density decreases drastically
with height. 1In this case as air encounters an obstacle, there
is more of a tendency to flow horizontally around the obstacle
than up and over it.

The concept expressed by assumption (7) above is that
under stable conditions vertical flow is inhibited. Carrying
this to its limit, the assumption is made that the plume must
flow horizontally on a straight line until it encounters the terrain.
The concept in item (6) is that for neutral and unstable flows there
is no retarding influence to vertical flow.

The assumption contained in item (7) cannot satisfy basic
fluid flow concepts on other than an instantaneous basis and
thus should be conservative in terms of overestimating ground-
level concentrations. Whereas item (6) could result in lower
groundlevel concentrations than actual.

2.2 The EPA Model (C4M3D)

The EPA model is a modified version of the NOAA concepts
in how it calculates terrain effects. Basically, there are two
modifications which are listed below as a continuation of the
set of Gaussian assumptions.

(8) The plume centerline does not intersect the terrain,
but after approaching within 10 m vertical distance
it remains that distance above the terrain ground
surface.

(9) Angular segment averaging of the plume concentrations
is done for short-term averages as well as for annual
averages.

As discussed previously, a stable atmosphere restricts
vertical flow. The concept of allowing the plume to remain
10 m above the terrain removes at least a portion of the con-
servatism contained in a centerline intersection assumption.
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In item (9) the averaging is performed over a 22.5 degree
angular segment. This results in concentrations which are re-
duced over the customary Gaussian model. This reduction depends
upon downwind distance and upon atmospheric stability. The
reduction in centerline concentrations is simply oy/0.157x
where oy is the cross-wind standard deviation and x is the down-
wind distance from the source. For F stability, the reduction
varies between 4 and 8 over the distance range of 100 m and
100 km. For C stability, the reduction varies between 1.25 and
2.6 over the same distance range.

The concept behind this angular segment averaging is that
for a given wind direction, the wind direction is actvally dis-
tributed uniformly throughout the entire 22.5° angula. segment
over a period of time of interest. For longer term averages,
annual, seasonal, or monthly, the assumption is probably wvalid.
The segment averaging concept wis originally intended for annual
average predictions. However, Lecause of the need to calculate
shorter term averages, the EPA model has frequently been used
for these cases as well. Certainly for shorter term averages
than 24 hour, the segment averaging is more questionable.

2.3 The INTERCOMP Model

This model is a numerical solution of the three-~dimensional
material balances for the entire air stream and the pollutant
flowing with *hat air stream. The pollutant material balance
results from the turbulent diffusion equations which approximate
turbulent fluctuations by a Fickian-type eddy diffusion model.
The eddy diffusivity used in the model is height dependent con-
sistent both with turbulent fluctuation measurements and theory.

The wind flow over uneven topography is calculated by
numerically solving a modified form of the three-dimensional
potential flow equations. The modification allows (1) inviscid
potential flow at high elevations and (2) height-dependent
coefficients which account for surface friction (viscous effects)
in the lower boundary layer. The empirical modification causes
calculated windspeed to vary with height. This modification
over flat terrain results in velocities which vary as either
of two familiar forms, logarithmic or power law.

The numerical finite difference approach divides the region
around the plant into a number of three-~dimensional cells which
can vary in size as terrain or meteorological characteristics
require. The grid cell directly above a stack and at the effec-
tive stack height is used as a volume source for pollutant. The
source volume can be set to represent the dilution occurring
during plume rise. For a true point source, the source grid
cell must be small to avoid errors due to an initial dilution
effect. The numerical procedures used in the solution of both
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the wind flow and pollutant flow are efficient requiring minimal
computer time. The steady-state solution which is a good approxi-
mation to many practical problems can be generated in a single
time step or the entire progression to steady-state can be
calculated in a series of time steps.

The modified potential flow model for wind flow calculations
represents a significant simplification of the combined momentum
and energy equations describing air flow. However, it retains
most of the important factors so necessary to a sound meteorolo-
gical and engineering analysis of pollutant dispersion in rough
terrain.

Of significance is the fact that over flat terrain the
INTERCOMP numerical model can provide good agreement with the
Gaussian models. This is true even though in the numerical
model the diffusivities (and velocities) vary only with height
unlike the Gaussian models where the standard deviations vary
with distance downwind from the source. For constant diffusion
and windspeed, the Fickian or turbulent diffusion approach gives
standard deviations which vary as

o = JZEX/u

where o = the standard deviation
E = the eddy diffusivity
x = downwind distance
u = windspeed.

The Gaussian models indicate ¢ varies in almost direct propor-
tion to downwind distance, x. The fact that the turbulent
diffusion model with height dependent diffusivities and velo-
cities gives the same result as the Gaussian models implies

that the additional downwind dependence of ¢ could be due to

the assumption of uniform winds and diffusion over the thickness
of the boundary layer.

The simplification of the momentum and energy equations
used in the INTERCOMP model cause some limitations in its use.
These can be enumerated as

(1) the modified potential flow model prevents the
formation of recirculating flow in the lee of an
obstacle,

(2) the elimination of the energy balance prevents cal-
culating the driving force for natural convective
flows. However, this type of flow could be imposed
by the definition of boundary conditions.
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Illustrations are presented in this study which show that
the modified potential flow concept calculates a good approxi-
mation to the velocity fields on the upwind side of obstacles.
If the problem of interest is the recirculating flow, a more
complete solution of the Navier-Stokes momentum equations is
required. Such a model is described in a later section.

Natural convective flows of interest include land-sea
breeze and stable valley drainage flows. Situations of this
type can be studied with the model, but the flow patterns would
have to be created by source-sink combinations in the wind flow
grid instead of the natural density driving forces. The present
model does not contain this capability although air fiow source-
sink can be included in a straightforward manner.

2.4 Calculation of 3 and 24 Hcur Averages from Model Predictions

Each of the air quality models discussed above predict short-
term concentrations generally accepted as representing 1/4 to
1 hour time averages. Values of 3 and 24 hour average concentra-
tions must be developed for comparison with standards.

If the model prediction is accepted as a 1 hour average,
longer term averages might be calculated in the following way:

(1) us= neasured meteorology for each hour of an entire
year to calculate dispersion parameters;

(2) calculate the 1 hour average from a dispersion model;
and

(3) select the second highest successive 24 hour period
calculation as the predicted 24 hour average.

Recognizing that the model prediction contains uncertainty, the

predicted 1 hour average should be the probable value as opposed
to an extreme value. The three hour average could be developed

similarly.
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VALIDATION AND COMPARISON OF ATIR QUALITY MODELS

3.1 General Comparisons

Extensive comparisons of the INTERCOMP model with Gaussian
models have been made. As mentioned previously, it is essential
that the numerical model be in rough agreement with the Gaussian
models for flat terrain. Particularly important is the need to
have calculated concentrations decrease roughly as the square of
downwind distance. Such a decrease with distance is in marked
contrast to what a Fickian-type turbulent diffusion model with
constant wind velocity and eddy diffusivity would give. 1In
the latter case, concentrations decrease in almost dicect pro-
portion to the downwind distance. Thus, we were extremely in-
terested to see what height-dependent wind velocity and eddy
diffusivities would do to calcu’ated concentrations.

Using well-accepted power law forms for this variation of
velocity and diffusivity with height gave good agreement between
the Fickian-type turbulent diffusion results and the various
Gaussian model results. This is illustrated in Figure 1. Note
that the power law variation of velocity and diffusivity has
indeed caused a much more rapid drop-off in calculated concen-
trations than would constant value parameters. 1In fact, by
varying thesc power law forms slightly, the entire range of
atmospheric st.ibility classes can be simulated in terms of
their effect on downwind concentration falloff.

The results obtained above are somewhat surprising when
one considers that in the turbulent diffusion model the diffu-
sivities are not functions of downwind distance at all as they
are in the Gaussian model. As mentioned in a previous section,
the deviation of the calculated concentrations for a constant
diffusivity turbulent model are still dependent upon downwind
distance, but upon the square root power as opposed to the more
direct »roportion as in the Gaussian model. The above results
imply that the use of downwind distance dependence of diffusiv-
ities in the Gaussian models may indeed be compensating for the
fact that these diffusivities as well as windspeed should be
varying with height in the boundary layer.

Velocity and diffusivity height dependent forms have been
determined with the INTERCOMP numerical model which give good
agreement with the Pasquill-Gifford stability classifications
used in a Gaussian model. These values are as shown in Table I.
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TABLE I - POWER LAW FORMS WHICH

APPROXIMATE PASQUILL-GIFFORD STABILITY CLASSES

A B C D E F
Velocity Power 0.14 0.14 0.14 0.2 0.3 0.4
Diffusivity Power 1.76 1.38 1.14 1.0 1.0 0.67
Eref: ft2/s 2740 1140 550 440 360 310
Ez/Ey 10 2 0.7 0.2 0.05 0.008

The value listed as Eyof is for the horizontal cross--wind diffu-
sivity at a reference elevation of 30 feet. As can be noted
from Table I, there is roughly a factor of ten difference in

the horizontal diffusivity over the range of atmospheric stabil-
ities. Also apparent is the range in the ratio of vertical to
horizontal diffusivities, E,/Ey, necessary for the various
stability classes. The ratio 0f E,/E,, should approximate the
square of the ratio of o,/0y, and for a downwind distance of

10 km or so this appears to be the case. 1In addition, for the
analogy to be complete, the diffusivity values should be a func-
tion of the mean windspeed. The values listed above for E.

are for a windspeed of 1 MPH and should be increased or decreased
in direct propurtion to the mean windspeed at the reference
height.

3.2 Comparison of Solution Techniques

Two solution techniques have been generally used for solving
the turbulent diffusion equations. Basically, these technigues
have evolved as a result of the primary interest being in two
different classes of problems. In one class, advection or
windspeed is the controlling influence. In such cases, the
partial differential equations describing turbulent diffusion
become controlled by first order space derivatives and are
fundamentally hyperbolic in nature. For such applications,
techniques involving (1) point tracking, (2) particle-in-a-
cell, or (3) method of characteristics are advantageous. The
model developed by Sklarew® is one of this type.

In the second class of problems, turbulent diffusion is
of comparable importance to advection in spreading a trace
quantity within the air flow. In such cases, the equations
are parabolic in form and finite difference solution techniques
are more advantageous. The INTERCOMP model" is of the latter

type.
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One of the difficulties in using finite difference approaches
on advective controlled problems is that truncation error can
result in an artificial diffusion term®. Higher order differ-
ence techniques can be used to reduce this effect, but at the
expense of computing time and often stability of the difference
technique!®. There is a question, then, of when the standard
finite difference techniques are adequate.

The aspect which allows the finite difference equations
to be accurate for a broad range of turbulent diffusion to
advection ratios is the lack of importance of the diffusivity
in the primary wind direction. In Gaussian models, for example,
diffusion in the downwind direction is normally neglected
(unless it is an instantaneous release) because calculated
answers are insensitive to the value of the downwind diffusi-
vity. This fact leads one to suspect that a finite difference
formulation would also be accurate. The effect of truncation
error will be in the primary wind flow direction, but in that
direction the value of total diffusivity is unimportant. Instead,
it is the cross-wind and vertical diffusivities which are impor-
tant in calculation of the concentration distribution. The
proof of this contention is developed in the following paragraphs.

As a verification that the numerical model is not substan-
tially influenced by truncation error, the model results for
a constant diffusivity and velocity have been compared to the
analytical solution for this case. This analytical solution
solves the equation of one-dimensional forced convection (ad-
vection) and two-dimensional diffusion (cross-wind and vertical).
This analytical solution is well-known. The effective stack
height was taken as 1000 feet. The cross-wind diffusivity was
2000 ft2/sec.; the vertical diffusivity was 500 ft2/sec. The
windspeed was 4 ft/sec. Block sizes in the downwind direction
varied from 200 feet near the source to 6400 feet at the downwind
extent of the grid. The results for concentrations along the
plume centerline are shown in Figure 2. Two numerical model
results are shown in Figure 2. The finite difference model is
the one which represents the standard INTERCOMP air dquality
model. The results labeled point movement method are from a
model similar to Sklarew's® which solves turbulent diffusion
by a technique well suited to a high advection windspeed. As
Figure 2 indicates, the point movement results are in slightly
better agreement with the analytical solution plume centerline
concentrations. The calculated results are not sufficiently
different to warrant the increased computing costs, however.

Figure 3 is a similar plot of the groundlevel concentra-
tions. The effect of space truncation error in the finite
difference approach can be seen. However, the maximum concen-
tration has been decreased only about 5% by numerical diffusion.
In contrast, the point movement method was actually affected
more than the finite difference method. This is probably
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because the two ordinary differential equations solved by the point
movement approach (advection then diffusion) are uncoupled. That
is, the material is first advected then diffused. A part of the
difference in Figure 3 is also due to the numerical calculation
using a finite volume source as opposed to the analytical solu-
tion point source. It is apparent in Figure 3 that the finite
difference solution can be of acceptable accuracy for air quality
analyses.

It was mentioned earlier that power law variations of
windspeed and diffusivity result in agreement of the turbulent
diffusion approach with the Gaussian models. This is Z:rue
with oune important exception. On the upwind side of *‘he maxi-
mum groundlevel concentration, the turbulent diffusica approach
does give daifferent results from the Gaussian models This is
illustrated in Figure 4. Note *that on the upstream side of
the maximum, the groundlevel co: centrations are significantly
higher with the INTERCOMP model than they are w.th the Gaussian.
To a large extent, this difference is due to the power law wind
profile which gives lower windspeeds near the ground surface.
The calculated concentrations in this region upwind from the
maximum should better approximate the effect of surface roughness.
The differences in Figure 4 are greatly exaggerated since it
is plotted on log-log paper. If plotted on linear paper, the
differences are not so apparent.

The resultant cross-wind concentration distributions are
also different as a result of the volume source in the y-direction.
Farther from the source, these differences become negligible as
shown in Figure 5. The maximum deviation is for the one shown--~
namely the narrowest plume of class F stability.

There is strong evidence to indicate that measured results
near the source are higher than Gaussian point source predictions.
Plume rise or any surface roughness near the source result in
much more rapid dilution than predicted by a stable Pasquill
stability class. A recent summary by Bowne!! illustrates
modifications in the general shape of the dispersion coefficients
to account for such effects. Such modifications are generally
made to affect groundlevel concentrations for distances up to
one kilometer. Such a modification which increased concentra-
tions upwind of the one kilometer point would be in rough
agreement with the results of Figure 4.
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Comparison for Huntington Canyon Tracer Data

3.3.1 Data Collected

The data collected in Huntington Canyon by the
Air Resources Laboratory (ARL) of the National Oceanic
and Atmospheric Administration (NOAA) were intended to
provide measurements of plume dispersion in rough, canyon
type terrain for comparison with flat terrain results®.
The survey was particularly oriented toward evaluating
the plume centerline intersection assumption used by ARL
in the meteorological report to the Department of Interior
which was a part of the Southwest Energy Study®. A second
objective was an evaluation of the dilution characteristics
within a canyon.

The basic approach was to release SF, tracer and
use mobile (helicopter) sampling for centerﬁine dilution
concentrations and fixed (canyon wall and floor) sampling
for the impaction validation. No attempt was made to
gather extensive meteorological data in the canyon. Wind
and temperature data sufficient to describe diffusion
stability classes were the meteorological data collected.

The tracer releases were made at two points. Elevated
releases during lapse to neutral stability conditions were
made from the top of the stack. Wind flows during such
conditions were generally up-canyon. The second point of
tracer release was from the canyon floor and wall at a
distance of about 10 km up the canyon from the power plant
stack. These releases were during strong temperature
inversions and were always down-canyon flows.

The approximate tracer plume position was tracked
by a cloud of white smoke emitted from a smoke generator.
This enabled photographic coverage of the plume as well
as plume centerline positioning for the helicopter sampling.

The helicopter samples were one-minute samples
collected by an air pump which drew samples through a hose
hanging 28 m below the aircraft. The ground samples were
cumulative over the duration of each test run and were
processed to approximate a one-hour average concentration.

3.3.2 Geographical Setting

Figure 6 is an illustration of the terrain in
Huntington Canyon looking north up-canyon from behind the
power plant. The various side canyons are shown and
indicated by names including on the west side, Maple Gulch,
Deer Creek, Meetinghouse, North Fork, Rilda, Mill Fork,
and Little Bear. On the east side of Huntington Canyon,
the main side canyons are Fish. Creek, Bear Creek, and
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Trail. Wild Horse Ridge is also a prominent topographical
feature.

The terrain illustrated in Figure 6 was prepared -
as a Calcomp plot from the digitized terrain file. This
file can be used as input to the INTERCOMP air quality
model and a plot of the type shown is normally made to -
verify that the digitized terrain is an adequate repre-
sentation of the actual topography. There is a 2:1 ver=
tical to horizontal exaggeration of the distance scales
in Figure 6.

Also shown by solid circles in Figure 6 are the
monitor locations for measuring SF6 concentrations during
the stack top releases. Moving up~canyon, the first set
of four monitors just east of the plant is called Fish
Ridge. Continuing up the east side of the canyon, the
next set of three were known as White Ridge. The next
two monitors indicated by open circles are actually in
the draw behind White Ridge and were called the Wild Horse
Draw monitors. The four monitors located on the south
side of Bear Creek were called Wild Horse. The four on
the north side were known as Bear Creek.

On the west side of Huntington Canyon, the monitor
located near the flat part of the canyon was called the
Meetinghouse - Dear Creek Station. The two monitors located
higher up on the ridge between Meetinghouse and Deer Creek
Canyons were known as the Blizzard stations. Further
up the canyon between the North Fork and Rilda canyons,
two monitor lines were located. On the vertical east
face two monitors were located and called Red Face. The
four located down the northerly slope were called Wet Man.

Figure 7 is a similar plot, but looking in a southerly
direction down Huntington Canyon. Again the side canyons
and ridges are shown. Two release points were used in the
down-canyon orientation. These release points are indicated
by the solid triangles -- one on the canyon floor and the
other about 160 meters up the canyon wall. Two monitor
locations were on the canyon floor downwind from the re-
lease point. These monitors were called 0.4 and 0.8
(apparently because they were about 0.4 and 0.8 miles
downwind from the source). On the west side of the canyon
along a rather vertical wall, four monitors termed the .
Trail station were located. On the opposite side along
the north rim of Mill Fork Canyon there were three monitors
called Mill Fork. Two sets of monitor stations farther -
down the canyon were used. These were the Wet Man and
the Bear Creek stations described earlier.
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Both the up-canyon and down-canyon orientations
emphasize the roughness of the terrain. Though the monitor
coverage in both the vertical and crosswind directions
are by no means complete, they do represent excellent data
to test the centerline impaction concept. The plume dis-
persion in terrain such as Huntington Canyon presented a
severe test of the calculational models.

3.3.3 Comparisons for a Stable Down-Valley Flow

Five down-valley tests were performed. Four were
canyon floor releases and the other was an elevated canyon
wall release. The various tests were classified as to
stability by NOAA personnel. Surface windspeed were avail-
able at several points as well as the apparent o0il fog
velocities during the tracer releases. Measured tempera-
ture gradients and cloud cover were also available.

A summary of the tracer release rates, the effective
windspeeds (from oil fog measurements), and the NOAA stability
classifications are given in Table II. The first six tests
were up-valley flows from stack top releases, The seventh
test was a down-valley flow from a canyon wall release. The
next four tests were down-valley flows from canyon floor
releases. Also listed in Table II are the wind directions
representative of each test. In general the wind direction
included in Table II is a composite of the several measuring
pcints with most weight given to the stack top anemometer.
Before showing comparisons between calculated and measured
values, a few comments are in order.

TABLE II - SUMMARY OF TEST CONDITIONS

HUNTINGTON CANYON

Release

Time Effective Wind Stability

Min. gm/sec u,m/sec Direction Class
52 1.92 4.3 140° B
44 1.97 4.5 120° D
49 1.87 2.3 130° D
950 0.65 10 140° D
44 1.97 5.3 150° D
56 1.97 3.8 110° D
45 2.77 2.9 350° F
48 2.40 1.8 240° F
60 2.08 7.9 340° F
33 2.35 3.2 300° F
35 3.02 3.0 310° F¥

*NOAA personnel considered much, if not all, of the stable flows to be
more stable than F.
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Specific wind directions at the release point in
the canyon were not included in the NOAA report. Anemometer
data at the plant site indicated winds were from the NNW
gquadrant during the down-valley flow tests. For INTERCOMP
model runs, there was little sensitivity to input wind
direction. The calculated winds were for all practical
purposes forced by the terrain to follow the canyon
orientation.

In the case of the Gaussian (NOAA) model, wind
direction is extremely important. Several assumptions
could be made regarding the location of the plure center-
line. Some of them can be summarized as follovs:

(1) The plume cculd be assumed to flow horizontally
at the release elevation and down the centerline
of the canyon.

(2) The plume centerline could be assumed to flow
along the canyon floor and down the centerline
of the canyon for the canyon bottom releases.

(3) The plume could be assumed to flow horizontally
and vertically without deviating until it
encounters the canyon walls.

The first and last assumptions listed above probably repre-
sent how the Gaussian model would have been used if this
were totally a prediction without the benefit of experimental
observations. These results would not even be close to the
measured concentrations. From inspection of the tracer
results, assumption (2) appears to be most representative
and this is the one we have used. One additional restric-
tion was used in connection with the Gaussian models. No
accounting was made for canyon sidewall reflection. This
would cause calculated concentrations to be lower than they
should be. As the results will indicate, however, the
Gaussian model calculations were generally high and thus

an unfavorable bias was not introduced.

The measured and calculated results for down-canyon
flow Test 10 are shown in Table III. The results shown in
Table III are all ground surface values. NOAA also attempted
to make plume centerline measurements with a helicopter;
however, for the canyon floor releases (such as Test 10)
the aerial samples gave lower readings than the measured
groundlevel results. As a consequence, these values are
not summarized in Table III.



TABLE III - COMPARISON MEASURED AND CALCULATED GROUNDLEVEL VALUES

Location

0.6 km
1.2 km
Trail(l)
(2)
(3)
(4)
Mill Fork(l)
(2)
(3)
Rilda (1)
(2)
(3)
(4)

Bear Creek(l)
(2)
(3)
(4)

Wet Man (1)
(2)
(3)
(4)

tabulated for the EPA model.
values are shown in parenthesis under the label Gaussian.

TEST NO. 10 - DOWN~CANYON - F STABILITY

Elevation
rt.

7170
7120
7120
7250
7870
8200
7010
7250
7700
6940
7240
7550
7950
6790
6910
7090
7170
7170
7330
7400
7650

Measu§ed
ug/m

25
35
9.5
19.0

w W
B~

N o
L ]
=

[\ S OS]
00 W

Calculated, ug/m3

INTERCOMP EPA  GAUSSIAN
186 210 (1200)
80 65 ( 370)
15 40
14 1
0.5 25.4 0( 140)
0.0 0
5.0 50
2.5 13.6 0( 80)
0.0 0
5.5 50
2.0 0
0.2 8.5 0( 50)
0.0 0
3.5 30
2.5 9
1.5 6.2 l( 30)
0.2 0.3
1.5 30
0.5 3
0.0 6.2 O( 30)
0.0 0

In Table III, only centerline concentrations have been

The corresponding NOAA centerline

There

is no reason to evaluate crosswind values for the EPA model
since the 22.5° angular segment averaging essentially fills the
As a consequence, the
EPA model would predict uniform concentrations throughout the

canyon to the 8000 ft. elevation point.

canyon width comparable to the calculated values listed.

in the Gaussian models).

The INTERCOMP model since it is a finite difference type
calculation has predicted concentrations in each grid block

and thus can be compared more easily on a point-by~point basis . The
wind flow model has predicted correctly that peak concentration
levels do follow the canyon floor (an assumption that was used

The values corresponding to individual

measured points are tabulated in Table III and a contour plot
The tabulations in Table III are actually
read from the contour plot of Figgre 8, with the exception of

is shown in Figure 8.

those values greater than 10 nug/m-~.

¥y
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The INTERCOMP model results were calculated using
the parameters of Table I for Pasquill F stability. The
calculated average windspeed in the grid block nearest the
canyon floor was matched to the observed effective smoke
cloud speed. The relative magnitude block sizes used in
both the downwind and cross-wind directions can be seen from
Figure 8. The asterisks surrounding the plot correspond to
the position of the grid block centers. As is evident, the
grid definition of the canyon floor was much finer in detail
than that describing the higher elevations. The plotted con-
centration contours have been normalized by dividing by
10 ug/m3. Thus, the band of 1's represent concentrations
between 0.05 and 0.1 of thel0 w/m3 or 0.5 to 1.0 ug/m3,
the 2's band are 1.5 to 2.0 ug/m3 and proceeding up to the
9's band which represents any concentration greater than
8.5 ug/m3. The blank contours separating the number contours
represent the intermediate concentration levels. For example,
the blanks between the 1's and 2's represent concentrations
of 1.0 to 1.5 ug/m3.

The position of the tracer monitors have been located
as nearly as possible to their actual position and vertical
height. The plotted concentrations are calculated ground-
level concentrations regardless of the particular grid block
in which groundlevel was located. That is, a search of the
complete three-dimensional grid block concentrations has
been made to determine the concentration in those grid
blocks which correspond to the ground surface--these are
the values contoured in Figure 8.

As evident from Figure 8, the tracer plume follows
the canyon alternatingly expanding and shrinking in width
as it is effected by the side canyons. In Table II1I,
measured concentrations have been tabulated only for those
monitors which were listed. Monitors for which no measure-
ment was listed were either below some minimum threshold
for accurate analysis or were not analyzed. These monitor
points are denoted by a dash in Table III. The calcula-
tions do agree reasonably with the concept that concentra-
tion levels at these unlisted monitor points were low. As
examples, measurements at the entire Wet Man sampling network
were not listed. The calculations tend to support this
although concentrations on the order of 0.5 to 1.5 ug/m3
appear at the lower two elevation monitors. Similarly,
the calculation indicates a concentration slightly less
than 0.5 ug/m3 at the highest Bear station which also was
unlisted. Similar results were obtained at other stations
with the highest elevation monitors being located above any
significant calculated concentration levels.

As a summary, we consider the comparison between
INTERCCMP calculated concentrations and the measurements
of Test No. 10 to be quite good. Not all of the other

- ¥
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comparisons were that good as will be noted later. The
Caussian type models, both EPA and NOAA, gave calculated
concentrations significantly higher than observed for Test
10. Also the vertical and horizontal distribution in cal-
culated concentrations from the INTERCOMP model is much
better than that predicted by the Gaussian (NOAA) model.

2.3.4 Comparison for a Neutral Up-Valley Flow

Similar calculations have been made for the neutral
up-valley stack release tests. Test 5 was selected for a
detailed comparison since we had the actual tabulated data
for this test. The average wind direction at stack top dur-
ing this test was 150° with a measured speed of 6.3 m/sec.
The cbserved effective smoke cloud windspeed fcom Table II
was 5.3 m/sec. and the measured wind at about 10 m was 2.6
m/sec. The calculated windspeed in the INTERCOMP model was
about 2.6 m/sec. at the 10 m elevation, but with D stability
conditions, the calculated windspeed at stack top was slightly
less than 5 m/sec.

The INTERCOMP calculated concentration contours are
shown in Figure 9. The wind direction used in the calcula-
tion was 150° (true). Again the grid block centers are
shown by the asterisks. Note the drastic effect of terrain
on the concentration contours. The predominent flow
calculated is directly up the main part of Huntington
Canyon with apparently lesser flows moving up the Meetinghouse
and Bear Creek canyons. Calculated concentrations are in
quite good agreement with the measured values. The calcula-
tions indicate the plume is interacting (but not centerline
intersection) substantially at the ridge on which the White
Ridge monitors are located. As will be seen later, however,
the calculated concentrations on the ridge are about one-
half the centerline values at this downwind distance.

Tabulated comparisons between the models are illustra-
ted in Table IV. The EPA and Gaussian results are calculated
groundlevel concentrations for a plume which remains 183 m
(600 ft.) above the ground surface (consistent with the NOAA
model assumption for neutral stability). The Gaussian
results have been calculated as this model would have been
used in a predictive mode. That is, the measured stack
top wind direction of 150° and the effective windspeed of
5.3 m/sec. were used. Reemphasizing the point made earlier,
the plume was assumed to remain 183 m (the release height)
above any receptor. That is, there is no reduction in cal-
culated concentrations for the relative vertical positions
of the monitors only a cross-wind reduction. Also shown in
Table IV for the Gaussian model are the groundlevel center-
line values in parentheses. The centerline values frr the
Gaussian model were included to provide an indication of
the maximum calculated concentration levels for comparison
with the measurements.
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Other wind flow assumptions could have been used
for the Gaussian model. The similar assumption as that
used in the down-valley stable cases (horizontal flow
along the minimum elevation canyon centerline) gives ~
somewhat better agreement with the measurements. However,
as the centerline values of Table IV show, the peak pre-
dicted concentrations of the Gaussian models are located
too far from the stack.

The INTERCOMP model, on the other hand, predicts
a maximum at about 2 km downwind consistent with the
observations. The reason the INTERCOMP calculated maximum
is closer to the source occurs because of the terrain rise
in the downwind direction.

No attempt has been made to calculate the cross-
wind decrease in concentrations for a point-by-point compari-
son of the EPA model with the measurements. This model
because of the angular sector averaging still gives relatively
uniform predictions throughout the width of the canyon.

TABLE IV - COMPARISON MEASURED AND CALCULATED GROUNDLEVEL VALUES

TEST NO. 5 - UP-CANYON

Elevation Measured Calculated, ug/m3
Location Ft. pg/m3 TNTERCOMP _ EPA  GAUSSIAN
Deer Cr-Mtnghouse 6650 0.2 0.5 0.01 0.0(0.02)
White Ridge (1) 6740 1.2 1.0 0.01
(2) 6870 1.0 1.0 0.03 0.03(0.04)
(3) 7080 - 0.5 0.04
Wild Draw (1) 6750 1.6 1.2 0.09
(2) 6960 0.8 1.5 0.07 4.77(0.11)
Wild Horse (1) 6650 1.0 1.0 0.0
(2) 6740 1.3 1.2 0.0
(3) 6900 1.2 1.2 0.08 47 (0.15)
(4) 7360 1.0 1.0 0.0
Bear Creek(l) 6790 0.6 1.0 0.0
(2) 6910 0.7 1.0 0.0
(3) 7090 0.6 1.0 0.17 4.9 (0.33)
(4) 7170 0.4 1.0 0.0
Red Face (1) 6950 0.3 0.5 0.0
(2) 7380 0.4 0.5 0.17 g o (0.33)
Wet Man (1) 7170 0.1 0.7 0.0
(2) 7330 0.1 0.6 0.0
(3) 7200 0.2 0.5 0.1& 7y (0.37)
(4) 7650 - 0.1 0.0
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Location

H-1
H-2
H-3
H-5
H-6
H=-7

(0.8
(1.7
(3.9
(1.3
(1.8
(2.8
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V - COMPARISON MEASURED AND CALCULATED CENTERLINE VALUES

TEST NO. 5 = UP-CANYON

Measured Calculated, ug/m3
ug/m3 INTERCOMP _ EPA  GAUSSIAN
km) 32 10 38
km) 5.7 2.5 13
km) 1.4 1.0 4
km) 3.2 3.7 15
km) 7.6 2.4 12
km) 1.1 1.3 6

A comparison of helicopter measurements and cal-
culated centerline concentrations for Test 5 is presented
in Table V. For the range of distances included in
Table V, the concentrations for Gaussian centerline values are
for all practical purposes one-half those for a ground
release. Beyond 10 km, ground reflection begins to affect
the centerline values and the reduction over that of a
ground release is less than one-half.

Figure 10 presents the sensitivity of the INTERCOMP
results to input wind direction. 1In this calculation, the
specified wind direction was 135° which is more in line
with the canyon axis. For this case the calculated plume
is more narrow and results in slightly lower concentrations
at the monitors. Calculated plume centerline values were,
however, higher. A wind direction of 135° does not give
as good a match as the results of Figure 9 for a 150° wind
direction.

A summary plot in the usual Gaussian form of yu/Q
is shown in Figure 11 for both Tests 5 and 10. In Test 5,
Gaussian results are shown for the groundlevel centerline
concentrations. The upper dashed curve for Test 5 are the
Gaussian results for a ground release. As mentioned pre-
viously, a reduction by a factor of two in this curve at
a downwind distance of 10 km or less would approximate
the plume centerline predictions. Note that this represents
a conservative upper envelope for the aerial samples. The
INTERCOMP plume centerline predictions are shown as the
solid curve extending diagonally toward the upper left-hand
corner. These results appear to represent more of an
average value of the helicopter results. This is undoubtedly
a reflection of the extremely short-term (one minute) samples
whereas the diffusivities used in the INTERCOMP model more
nearly represent 15-minute to one-~hour time averages.
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FIGURE 10

UP-CANYON TEST NO. 5
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The Test 10 Gaussian results represent the plume
centerline for a ground release. The INTERCOMP model
results plotted are the peak concentration predicted at
any of the monitoring sites downwind. The break in the
curve occurs primarily because the plume is narrow at the
Mill Fork monitor site and does not affect significantly
the monitor positions. The plume has widened out by the
time it reaches the Rilda site and now envelops the lower
elevation monitor points.

3.3.5 Other Test Comparisons

Figure 12 illustrates a plot of yu/Q values for
Tests 1 and 7. Test 1 was the only up-valley ' low, stack
top release which had other than neutral clasc D stability.
Test 7 was the only down-valley flow which was an elevated
release along the canyon wall instead of from the canyon
floor. During Test 7, the plume moved upwurd along the
shaded wall due to natural convection. 7Thus, none of
the models performed well in simulating this behavior.

We have chosen to show the Gaussian curves which
were presented in the NOAA Huntington Canyon report.
In addition, since both Test 1 and Test 7 were elevated
releases, we have added the calculated Gaussian curves
for an elevated release. Calculations for both the EPA
and NOAA models have been included on an elevated release
for Test 1. Note that for Test 1 with class B stability,
there is only a small difference between the EPA and
NOAA models.

The comparison between each of the models for Test 1
is reasonably close. Again the INTERCOMP calculations
have a maximum nearer the stack than the Gaussian models
and then it decreases more abruptly with downwind distance.
This is undoubtedly the effect of rising terrain in that
directions.

Calculated ground concentrations for Test 7 are
interesting from the standpoint that the Gaussian models
predict no increase of groundlevel values with distance
over the range in which the monitors were located. This
is because the release was at a 163 m height. The INTERCOMP
model, however, does predict significant concentrations at
ground surface. The tendency is to predict too low concen-
trations near the source and too high concentrations farther
from the source. The INTERCOMP model alsc underestimated
centerline concentrations near the release. This was pro-
bably due to the finite volume source represented by a grid
block instead of the more nearly point release of the tracer.
The high predictions farther from the release were undoubtedly
due to the model neglecting the natural convective flow along
the shaded wall.
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Tabulated values of the point-by-point INTERCOMP
calculations as well as the centerline Gaussian and EPA
model results are compared with the measurements for the
remaining tests in Appendix B. These calculations utilized
the tabulated stability class windspeed, and wind direction
of Table II, with the exception that the down-canyon flows
always used a wind oriented along the canyon (approximately
320°). In the down-valley comparisons, wind direction was
not important. For the up-valley flows, wind direction has
a significant effect on calculated concentrations. Two
of the up-valley flow tests have not been included in
Appendix B. These tests are 2 and 6. The wind direction
for these two cases was 120° or even more easterly and
measured groundlevel concentrations were quite sparse.

Test 2, for example, contained only two groundlevel mea-
surements. As a consequence, we have not made calculations
for these two tests with the easterly wind direction.

Statistical comparisons of the measured and calculated
results have been made. Of the many statistical compari-
sons which could have been used, we have chosen a statistic
representing the ratio of calculated to observed concentra-
tions. Such a statistic has also been used in the Huntington
Canyon report® where Table IV summarizes a comparison of the
Gaussian results with centerline measured concentrations.

The ratio statistic for the INTERCOMP model compari-
son with data was computed as follows:

(1) the ratio of calculated to observed concen-
trations for each individual monitor point
and each test was computed;

(2) the logarithmic mean value (the arithmetic
mean of the logarithm of the above ratio) was
calculated; and

(3) the antilogarithm of the logarithmic mean value
became the mean value ratio statistic.

This ratio statistic can be compared directly to the

Table IV values from the Huntington report. The above
procedure produces an almost identical result with their
procedure which was to plot the best logarithmic mean

line of the data which had the same slope with downwind
distance as did the Gaussian calculation. The comparisons
in the Huntington report were of helicopter (centerline)
samples with calculated ground release centerline values.
Our ratio statistic was somewhat more meaningful because
all ground concentration points were included. Table VI
11Tustrates the ratio comparison along with a simple arith-
metic mean value comparison between calculated and measured
values.
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TABLE VI -~ STATISTICAL COMPARISONS

Mean Values, ug/m3 Mean Value, CALC/OBS
MEASURED CALCULATED INTERCOMP GAUSSIAN
0.74 0.64 0.43 1.4
2.12 2.00 1.10 3.7
0.21 0.16 0.59 -
0.71 0.91 1.62 5.6
0.45 0.73 2.30 14.7
9.8 42.7 1.83 14.8
9.2 15.2 0.42 -
10.2 28.9 1.27 18.9
84.6 37.4 0.41 11.8

The last column labeled Gaussian of Table VI comes from

the Huntington report®. The value listed for Test 7 has
been modified from that contained in the report. Their
tabulated value was 29.3. Their value was divided by two
since the elevated centerline predictions should have been
decreased by a factor of two to account for the lack of
ground reflection. 1In the report they had compared center-
line ground release concentrations with the helicopter
measurements, but out to distances of nearly 10 km the
ground reflection is not important.

The results of Table VI clearly show the improvement
of the INTERCOMP predictions over those of the Gaussian
(NO2AA) model. The mean value, calculated to observed,
ratio from the INTERCOMP model makes results for terrain
as rough for flat terrain--roughly within a factor of two.

The EPA model because of the angular segment averag-
ing in general gave improved results over the NOAA model
for the down-canyon flows. However, the Gaussian model
was a better approximation for the neutral to unstable
up-valley tests. Both of the Gaussian type models are
difficult to use in terrain as complex as Huntington
Canyon if the multiple reflections from canyon walls are
included. The INTERCOMP model automatically accounts
for these factors.

3.3.6 Summary

The results from the Huntington tests clearly show
the INTERCOMP model gave better predicted results than the
Gaussian models in terms of comparison with averages of
point-by~-point observed data. The data corresponded to
time averages ranging from one-half to 1 hour.
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Our comparisons of the models have been aimed,
in general, at calculations as the models would have been
used in a predictive study. That is, no attempt was made
to adjust diffusion coefficients to give a best match
and for the Gaussian models no attempt was made to move
the plume centerline location so that it best matches
the measured concentrations. As pointed out previously,
the INTERCOMP predictive results for Huntington Canyon
provide accuracy comparable to Gaussian model results
for flat terrain. That is, the addition of a simplified
flow model to a calculation based upon Pasquill stability
classes has given results for Huntington Canyon comparable
to the Gaussian model accuracy with flat terrain. Whereas
the Gaussian model accuracy was significantly riecreased
by the presence of elevated terrain.

The INTERCOMP model with the simplified flow model
did provide adequate predictions at a number of different
space points. That is, the comparison of calculated and
observed results was simultaneously good at many space
points both in the cross-wind, downwind, and vertical
directions instead of simply good for an isolated space
point.

Model Comparisons at El Paso

3.4.1 General Site and Data Description

El Paso, Texas, is the site of a large smelting
complex for American Smelting and Refining Company (ASARCO).
The plant area emits significant quantities of sulfur oxides
from two tall stacks, one for the copper process and one
for the lead. The present stack heights are 252 meters
(826 feet) for the copper stack and 186 meters (610 feet)
for the lead stack. Even these heights are not sufficient
to prevent significant groundlevel concentrations and an
intermittent process curtailment system has been in operation
for the last few years. A large system of as many as
twenty-two sulfur dioxide monitoring sites was established
in the vicinity of the smelter and a feedback system of
control has been utilized.

The data available to EPA for analysis at El Paso
was the monitored sulfur dioxide concentrations for the
period July, 1970, through December, 1971. Although less
complete, the meteorological data for periods from February
through December, 1971, was also included. The meteorologi-
cal data sheets also provided volumetric flow rates and
percent sulfur dioxide from both tall stacks. These were
converted to source emission rates by the EPA suggested
method. There is some question about the accuracy of
the SO2 stack measurements; however, the reported percent-
ages were taken at face value., Also included in the data
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were temperature measurements at four levels up to 800
feet, as well as the rawinsonde and hourly surface obser-
vations at the El Paso International Airport.

Figure 13 provides an overall view of the topography
and monitor site locations around the ASARCO plant. The
plant site (lower center of the figure) lies in the Rio
Grande Valley on the Texas side of the southward flowing
river. The most prominent topographic feature is the
relatively long ridgeline of the Franklin Mountains.
These mountains are northeast of the plant and extend
from a position due east of the plant to 15 miles or more
northward. The city of El1 Paso lies mostly off the figure
to the southeast. The Missouri monitor site is located
in the downtown area. Residential areas extend east of
downtown along the Rio Grande Valley and northward along
both sides of the Franklin Mountains. A fairly evenly
spaced line of monitors runs due north-south through the
residential area on the west side of the mountain ridge.
These monitors were expected to include concentrations
for stable plumes directed at a mountain line-ridge.
Other monitors were placed on the Texas side of the Rio
Grande some four miles west of the plant. These instru-
ments should monitor fumigation or unstable maximum
groundlevel concentrations.

The meteorological measurements at the plant site
reflect for the most part local terrain effects. The
measured wind directions tend to be mostly parallel to
the river valley. This is not too surprising consider-
ing that even the ZINC station, 165 feet above ground,
is below the 4000 foot contour which defines a one-mile
wide valley. The stack emissions generally respond because
of their greater height to much less localized meteorology.
The Franklin Mountains are offset on the Mexican side of
the river as the equally high Sierra Muleros. These
mountains start about 10 miles south of the plant site.

The two mountain chains channel the flow from the stacks

in a northwest or southeast direction. Inversions, both
radiative and synoptic occur with relatively high frequency
and intensity. In general, stable flows tend to take the
plume northwest or southeast of the plant site. 1In this
case, the plume is not interacting with the mountain ridge.
On some occasions, however, the synoptic flow will be from
the southwest directing the plume at the Franklin Mountains
even during nocturnal inversions. During the day when
local effects predominate and winds are flowing along

the valley, the plume can be trapped below synoptic sub-
sidence inversions or the breakup of nocturnal inversions
can lead to fumigation.
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The available groundlevel sulfur dioxide concentra-
tions showed 62 half-hour readings exceeding one part per
million. These were associated with 39 different "events"
of one or more sites above 1 ppm. A review of these
"events" resulted in a list of five occasions which in
terms of data availability were suitable to test against
model calculations. One case for each of the two types
of flow was selected for model comparison.

3.4.2 Flow to the Northwest

The case selected from among the available data
at the cluster of monitors to the northwest of the plant
was for October 21, 1971. The actual concentrations at
the five monitor stations are shown in the boxes in
Figure 14. It can be readily seen that the plume center-
line appears to lie somewhere among the monitor stations.
The time period for which the concentrations are shown
is the half-hour ending at 10:30 a.m. Temperature measure-
ments over the 800 feet on the copper stack indicated a
+6°F temperature difference at 6:00 a.m. which was altered
to isothermal by 9:00 a.m. and at 10:00 a.m. reached the
dry adiabatic lapse rate. This strongly indicates that
inversion breakup was occurring and probably passed through
plume height between 10:00 and 10:30 fumigating the plume
to the ground.

The early morning rawinsonde at the airport indi-
cated that the surface based inversion extended beyond
600 meters. The inversion is, therefore, deep enough
to include the entire plume.

The maximum groundlevel concentrations would result
with an inversion base slightly above the plume height
that was present while the plume was in the stable inver-
sion layer. The model calculations were, therefore, per-
formed for such a situation with an inversion base of
500 m above the plant elevation.

In the INTERCOMP model the diffusion coefficients
in the inversion layer were set to approximate Pasquill
F stability and those below the inversion base were set
to approximate Pasquill C. 1In the EPA model (C4M3D) and
Gaussian calculations, Pasquill C stability and a mixing
depth of 500 meters were utilized. That constitutes a
perfectly reflecting surface at the 500 m height.

The windspeed of 10 miles per hour as recorded at
the plant site was utilized in the models and a wind



06'¢ NVISSNVO
660 e WO
46°0  dWNODJY3LNI

SWANIXV // /
0002 =) .
wdd Nj ¢

000 /0 dGnv
D,
0S — SNOILVHLIN3ONOD // 2
~ L4077 NOISH3ANI ~
/ 0Svd 13-HOLVW 1300W
29

020
250 NVISSAVY EI/I..!I
(48] / ot O
™ 360 NORAD
“ 960 v 090
A 150 080
\
22 | WVISSNYS 96 | NVISSNVo
760
660 QAL E2el)|
I )
T 080
090
/

260 NVISSNYD

< 0z 0 //,,//, R -

(0] 25

4300
o
oL
P
et

— 00Ct

PT HenNOId

O\\mwamOu

3ALLIOND
O=ova?



3-34

direction of 125° true was used to line up the copper
stack and the two central monitcr stations. The plant
site anemometer was actually recording a direction 20°
more southerly. The INTERCOMP model wind flow calculation
simulated a more southerly direction near groundlevel
because of the influence of the Sierra Del Christo Rey.
This effect can be seen in the groundlevel concentration
isopleths of Figure 2 close to the plant site.

The model calculations for each monitor station
are presented in Figure 14. All values are in SO; con-
centrations in ppm (1 ppm is equivalent to 2370 ug/m3).
The INTERCOMP model calculations are shown by isopleths.
Turner's workbook Gaussian plume model calculations (the
multiple reflection equation) with a 500 m mixing depth
provide the calculations labeled Gaussian. Both the
INTERCOMP and Gaussian results are in good agreement with
the measured concentration levels at the five stations.
The width of the plume is reasonably approximated by
either of the two models. The INTERCOMP model did predict
peak concentrations closer to the stack than did the
Gaussian model. The cross-section of Figure 15 illustrates
the topography which leads to downward flow and causes this
effect. The EPA model because of 22.5° sector averaging
predicted concentrations of roughly one-half the peak
values of the other two models.

A vertical cross-section along the plume centerline
from the INTERCOMP model calculations is presented in
Figure 15. Added to the plumes from the two tall stacks
is a fugitive emission equal to 3% of the total sulfur
dioxides from the two stacks. The reason for inclusion
of these values is described more fully in the next section,
As evident from Figure 15, the INTERCOMP model allows
pollutant to diffuse into the inversion layer because
there is only a change of coefficient and not a totally
reflecting surface. Partial reflection does occur at
that boundary and the isopleths of concentration approach
uniformity in the vertical at a distance beyond 3-4 miles
to some extent confirming the uniform vertical mixing
assumption often utilized with the Gaussian model.

In this fumigation case there is comparatively
flat terrain. The results, however, indicate that the
EPA model gave values about one-half these of the INTERCOMP
centerline calculations. The Gaussian calculations were
in the same range as the INTERCOMP calculations. The
INTERCOMP model gives reasonable values at all monitors
while accounting for the terrain effects which are present.
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3.4.3 Stable Flow

In general, stable flows are directed along the
river valley and the plume moves southeast or northwest
of the plant. On occasion stable plumes are directed at
the Franklin Mountains because of the influence of synoptic
wind patterns. Several cases of high groundlevel concen-
trations of sulfur dioxide at the monitor sites east of
the plant were found under these conditions. The data
from December 8, 1971, were chosen as representative.
Winds recorded at the plant site on this day were directed
at the monitor receiving the highest concentration.

The initial attempts to simulate this case were
completely unsuccessful because essentially no concentra-
tion reached groundlevel at the monitor sites. The
vertical cross-section provided in Figure 16 is for the
centerline of the December 8 stable plume. It graphically
shows the reason for the model's inability to simulate
measured stable ground concentrations. The emissions
from the copper and lead stacks are so high above the
monitor sites that no material diffuses down to them
with the restriction to vertical diffusion imposed by a
stable atmosphere. During the half-hour ending at 1:30 a.m.
on December 8, there was a temperature differential of
+13°F over the 800 feet of the copper stack. This cer-
tainly indicates a stable atmosphere with little vertical
transfer.

It is possible, however, to explain high ground-
level concentrations at the monitor sites in terms of
drainage. Several cases in the data appear to exhibit
this drainage effect. The Rim monitor (see Figure 13)
on several occasions responded to high sulfur dioxide
concentrations during stable conditions and then in the
following half-hour McKelligon, Robinson and Zork, all
at lower elevations, would have peak values. This indi-
cates that pollutant was draining down along the terrain
to produce relatively high concentrations at lower ele-
vations. Diffusion does occur during this drainage
process so that the monitored values would not reflect
maximum groundlevel concentrations. Another mechanism
exists for getting groundlevel concentrations at the
Park Hill site (most northerly of the line of monitors).
When the stable plume travels due north from the plant
site and the wind direction then shifts to the north,
the stable plume is swept back along the mountainside
draining as it returns and effecting the low level monitor
sites. In both mechanisms, however, significant dilution
will occur and concentrations in the 1-2 ppm range are
not probable. No attempt was made to model this type of
situation.
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The monitcr siles du not have individual anemo-
meters so that in the case of December 8 it is difficult
to tell whether drainage is an important influence. The
temperature measurements up the stacks show that the
temperature profile was isothermal above 500 feet and
that the total +13°F differential was in the lowest 500
feet. This creates a situation where the steepest slopes
on the Franklin Mountains may well be isothermal and
drainage flows would then not be as important. This
factor along with the wind direction at the plant being
toward the monitors virtually necessitated stable winds
directed at the terrain. To get significant measured
concentration levels, we required a source of sulfur
dioxide lower than 500 feet above ground. There is a
350 foot zinc process stack which could be the source,
but no measurements of sulfur dioxide emission were
available. Fugitive emissions from the plant process
buildings are another potential source of sulfur dioxide.
The major monitor of interest (Park Hill) is situated
almost 300 feet above the plant site. A few runs with
the INTERCOMP model showed relatively little difference
in predicted concentrations for a range of plume heights
between 100 and 300 feet. A source emission strength
of 3% of the combined emissions for the two stacks gave
best agreement with the concentrations found at the
monitors. The results for 3% fugitive emissions with
a 200 foot plume height are shown in Figure 17. The
fugitive emissions were considered to be emitted between
the two stacks as an approximation. As in earlier figures,
the INTERCOMP model values are shown in isopleth form.
The INTERCOMP model prediction at the Park Hill monitor
was 1.51 ppm. The maximum value of 2.14 ppm was located
a little north of the monitor. The Park Hill monitor is
actually located on a small plateau not evident in Figure
17 which drops off in elevation both to the south and
north. As a consequence, changes in the wind direction
result in highest ground concentrations on either side
of the monitor rather than at the measurement site.

Other wind directions and source strengths also do not
agree as well with the values at the other three monitors.

In the cases of the EPA and Gaussian calculations,
the height of the source emission has more effect on the
results. The values shown in Figure 17 are for a 200 foot
effective fugitive emission height. These calculations
indicate much higher values at the Park Hill monitor.

In the case of the EPA model, a value more than twice

the measured value at the monitor and a maximum of 4.76
ppm downhill from the monitor were calculated. This is
similar in location to the INTERCOMP model simulation.

The Gaussian calculations, without benefit of sector
averaging and the EPA model restriction for the centerline
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remaining 10 m above groundlevel, yield values an order

of magnitude higher than the EPA model. This calculation -
assumes plume centerline values are along the ground from
the point of intersection of the terrain on up the side
of side of the mountain. The position of the maximum is
the same. If the source height were increased to 300 -
feet, the predicted maximums for the EPA model and the

Gaussian would be to shift the monitor location and are

about the same magnitude as those predicted for the lower -
source height.

Smelting personnel generally agree that a fugitive
emission level of 3% is not out of line with normal opera-
tions and, in fact, may be low. To obtain a best fit of
the monitored data, fugitive emissions of less than 1.5%
would be required for the EPA model and less than 0.3%
for the Gaussian calculations.

Almost certainly the plumes from the two tall
stacks interacted with the Franklin Mountains at eleva-
tions above the monitor sites. The initial runs with
the INTERCOMP model indicated maximum concentrations
on the order of 10 ppm. Gaussian intersecting calcula-
tions show values of 400 ppm. Both of these calculations
are for F stability. Neither set of calculations can be
compared to monitored data.

The stable case plume simulation shows the flexi-
bility of the INTERCOMP model as an evaluation tool for
determining what unknown source rates might be. Simulating
the results at a series of monitors gives some confidence
in the approximate 3% level for fugitive emissions. The
comparison between the models is not extremely definitive
since the source rate and its resultant plume height are
not known.

3.4.4 Summar

In summary, the ASARCO smelter data provide data
useful in comparing the three models. Two types of atmos-
pheric conditions were examined. 1In the limited mixing
cases, the same mixing depth and atmospheric stability
were used in the mixing layer for each model. Results
indicated good agreement between the INTERCOMP model and
the Gaussian (NOAA) model. Both models were in good
agreement with measured data for such an atmospheric
condition. The EPA model, because of the angular sector -
averaging even for short-term peak concentrations, was
lower by a factor of roughly two.
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In the stable flows with winds directed at high
terrain, our study showed little effect of the stack emis-
sions on concentrations measured at the monitors. Instead
a fugitive emission was hypothesized to be responsible for
these measured concentration levels. At a fugitive level
of 3% of the combined stack emissions, good agreement was

obtained between calculated concentrations with the INTERCOMP

model and the measured values. Both the EPA model and the
Gaussian (NOAA) model calculated concentration levels much
higher than measured values for the 3% emission levels.

Of course, a reduction in emission level could have been
used; however, this caused the Gaussian type models to
give poor agreement with measured values in terms of
crosswind spread.

The finding that stack emissions are, in all pro-

bability, not affecting monitored concentration levels

is interesting from the standpoint of intermittent process
curtailment effectiveness. It would appear that the fugi-
tive emissions would have to be quantified to provide
realistic control. It is probable that plant curtailment
affects fugitive levels in exactly the same way as it
affects the stack emissions although this point would

need investigation.

Validation of the INTERCOMP Flow Model

3.5.1 General

Every mathematical model of physical phenomena
is subject to the assumptions used in its formulation.
Therefore, most mathematical models are restricted to
a certain class of problems. Such a model is considered
to be valid, if it simulates correctly the physical
phenomena that were intended to be included in its
formulation. Specifically, the INTERCOMP flow model
is designed to simulate air flow over terrain on a
large scale necessary for ambient air quality studies.
Because this model is based on a "modified potential"
flow concept!?, there is certainly a question of the
adequacy of such a model for a complete range of pro-
blems which are of interest. Ultimately, this can best
be answered by extensive comparison to field data.
However, it is possible to obtain a reliable answer
also by comparison of the model with more sophisticated
calculation techniques--in this case with a model based
solving Navier-Stokes equations for viscous, slightly
compressible flow. Although at the present time, the use
of a Navier-Stokes formulation for large-scale air quality
models appears to be impractical because of cost (see
reference 13, 14, 15, and 16), such models can serve as
a standard for comparison of simpler models. Two such
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models have been reported for solving air quality pro-
blems?’?®, 1In making comparisons between the "modified
potential” model results and the Navier-Stokes model
results, one has to bear in mind that the potential
formulation cannot simulate phenomena that are unique

to viscous flow, i.e. wakes and vortices. However, in

many cases wakes will not form due to atmospheric stability

or will only exist on a small scale below the resolution
limit of simulation (e.g. for flow over gently sloped
terrain). Even in the case when a wake develops on the
downstream side of an obstacle, the simplified solution
may be adequate for cases where it can be shown that the
presence of the wake does not affect the flow in the
regions of real interest--e.g. on the upwind side or
above the obstacle. Thus, the Navier-Stokes model can
also serve to determine a range of adequacy for the
"modified potential" flow model.

In the comparisons included in this report no
attempt has been made to verify the modified potential
model for all flow conditions. Rather two basic condi-
tions of neutral and stable conditions were investigated.

3.5.2 Navier-Stokes Flow Model

3.5.2-1 Mathematical Development

The numerical model is based on the "primitive
variable”" formulation used by the Los Alamos
group!7’1871% 55 well as the Colorado group??
and others?!’22, rThis formulation has been
chosen in preference to the vector potential
formulation??®, because it can be easily extended
to turbulent flow and variable density. For a
current survey of computational approaches to the
Navier-Stokes equations, see reference 24 and 20.
The details and equations used in our calculational
model are developed in Appendix A.

The particular form of the momentum and con-
tinuity equations used are subject to the following
assumptions:

(1) Pressure changes do not affect density.

(2) Density changes have a negligible effect on
viscous terms. This assumption is quite
justified in view of the uncertainties asso-
ciated with turbulent viscosities.
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(3) Turbulent effects are included as Reynolds
stresses expressed through a turbulent eddy
viscosity (this will be discussed in more
detail later).

(4) Density can be described as a function of
position. Although the model includes the
capability for solving simultaneously an
energy equation, buoyancy effects were simu-
lated by a stable temperature field. This
would be the case at steady-state which was
of primary interest and it greatly simplifies
the calculations.

The numerical solution method disc:retizes the
momentum and continuity equations. The finite
difference discretization of the momentum equations
also satisfies the discretized continuity equation
(see Appendix A).

The momentum equations use a forward difference
for the time derivatives. The procedure consists
of implicitly solving for the pressure field with
the righthand side evaluated at the old time level,
then an explicit updating of the velocity field
using the new pressures. Central time differencing,
preferred by some authors!®’2572¢, gives smaller
time truncation errors, but introduces weak instabi-
lity and increases core requirements.

The program has the capability of solving both
two-dimensional and three-dimensional problems.
The solution method for the pressure equation is
LSOR, with direct elimination as an option for
two-dimensional problems. Handling of boundary
conditions permits arbitrary specification of
terrain as in the standard INTERCOMP air quality
simulator. The program has a restart capability
and an automatic time step control, based on the
convective stability condition.

3.5.2-2 Comparison with Results for Laminar Flow

The problem chosen for testing of the laminar
flow model is the flow in an entrance region of
a straight channel. Steady-state solutions of
incompressible Navier-Stokes equations for this
problem are given by Morihara and Cheng?’, who
also compare many of the earlier results reported
in boundary layer literature. Because the INTERCOMP
Navier—-Stokes model does not have the capability to
solve directly for the steady-state velocities,
sneteady solutions were computed until reasonably
clcse to steady-state. Comparison of results of
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Re = 200 are shown in Figure 18 where the contin-
uous lines show literature results?’ and the
circles result from the INTERCOMP model. The
agreement with literature values?’ is satisfactory.
The main difference is that our solution has almost
no bulges in the velocity profile (although they
have been observed in runs other than those shown).
The reason for this difference is the relatively
course grid used and the fact that the referenced -
work?’ used higher order approximations for con-

vective terms. The differences closer to the inlet

are due to the fact that our solution is not gquite

at steady-state.

v ¢

Similar results were obtained from other
Reynolds numbers.

3.5.2-3 Eddy Viscosity Model for Turbulent Flow

Presently, the most practical way of treatlng
turbulent flow is via the eddy v150051ty concept?
29r30  The turbulent (eddy) viscosity is a complex
tensor function of the flow field. Many turbulent
models have been proposed for calculation of eddy
viscosity coefficients, some of them very complex
(see reference 20 and especially 31). While it
is necessary to construct complex turbulence models
as tools for better understanding of the turbulence
phenomenon, their present accuracy does not justify
their use for practical calculations. Our aim has
been to use the simplest approach that would be
adequate for the class of problems of interest.

In air pollution applications, there is generally
one direction of the prevailing wind. Over flat

terrain, the velocity distribution often follows

an approximate power law dependence on height.

Our turbulent viscosity model then is based
on the assumption that over a flat surface, the
velocity variation in the vertical will approxi-
mately follow a power law dependence. If the
thickness of the boundary layer, z_, is sufficient
so that turbulence essentially disappears at z_
(see e.g., Sutton??, Chapter 7), then the viscosity .
at the top of the boundary layer, u_, can be taken
as the molecular viscosity. Molecufar v1sc051ty
is generally negligible compared to the maximum -
turbulent viscosity, um. An example of the varia-
tion of this viscosity model and the resultant
velocity versus height are shown in Figure 19 for
a power law exponent of a = 1/7. As shown in
Appendix 2, thc abeve development of turbulent
viscosity can be interpreted in terms of Prandtl's
mixing length hypothesis and agrees well with
experimental results for one-dimensional flow.
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The above procedure defines only one component
(namely uy,) of the viscosity tensor. The remaining
components are obtained by scaling of uy, using ratios
of turbulent fluctuations (dependent upon stability)
and derivatives of velocities based on the "order of
magnitude" argument common in boundary layer theory.
Our experience has shown that a change of some compo-
nents of viscosity by an order of magnitude did not
have a noticeable effect on the results; therefore,
this approximation seems justifiable. However, the
simulator is not restricted to the above describea
treatment of turbulence, and could use a more elabo-
rate model of turbulence if desired.

To test if this turbulence model ¢.ves numeri-
cal solutions that approximate a power law, the
"entrance region" was solved again in “urbulent
flow. Because of the symmetry condition at z_,
the result also represents a solutiun of turbulent
flow over flat terrain, with uniform inlet velocity.
Figure 20 shows an example of the velocity profile
at a large distance from the entrance, where the
velocities are fully developed. In this case, the
Reynolds number, corresponding to the maximum eddy
viscosity is 103 (Re was calculated from a molecular
viscosity of about 105).

This can be compared with a one-dimensional
exact solution for the same eddy viscosity model
which results in a power law velocity profile. As
evident in the log-log plot, the numerical solution
follows a power law variation near the ground, but
deviates at the top of the boundary layer. This is
due to the fact that the boundary condition at the
top (z = 1) is 3u/3z = 0, which is not satisfied by
a power law velocity profile. Thus, the numerical
model gives a more realistic approximation than the
exact power law profile for atmospheric flow which
should approach a condition of nearly zero vertical
gradient at the top of the turbulent boundary layer.

An additional test of the numerical model was
performed in three-dimensional flow by numerical
simulation of wind tunnel measurements obtained
by Halitsky?®?. Figure 21 shows the caluclated and
measured u-velocities at a distance 12 m behind the
building (the wind tunnel results were scaled to
the original size). Although this comparison is
only gqualitatively significant, because of diffi-
culties in scaling and generating the turbulence
in wind tunnel tests, the agreement confirms the
validity of the numerical results.
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3.5.3

Comparison with the Modified Potential Model

3.5.3-1 1Influence of Wake Regions on Flow Field
Around an Obstacle

As mentioned before, the modified-potential
model cannot simulate wake regions behind build-
ings or other obstacles. It is, therefore, important
to establish the effect of such a wake on the flow
field upstream and above the obstacle.

This question was investigated by solving
flow fields around obstacles of the same height,
but of different lengths in the direction of
flow. The flow fields at a time close to steady-
state were then compared. Figures 22 and 23
show the two respective flow fields in the two-
dimensional case, first for a short obstacle,
and second for an obstacle of "infinite" length.
Recirculation develops in the first case in the
wake region behind the obstacle. In both cases
it was assumed that a fully developed flat terrain
velocity profile exists at the entrance to the
simulated region, i.e., the entrance velocity
satisfies a power law profile. The comparison
of the horizontal velocities, u, are shown in
Figure 24. It is evident that the presence of
a wake on the downstream side does not affect
the velocity profile in front of the obstacle
and only slightly affects it above the wake (in
cross-section B-B). Similar results were ob-
tained in the three-dimensional cases. It may,
therefore, be concluded that the simulation of
a wake is not important for the flow field except
directly behind the obstacle. Consequently, the
comparisons with the modified potential model
were carried out for obstacles extending to
infinity, for which recirculation regions are
not present.

3.5.3-2 Comparison for Two-Dimensional Flow

All two-dimensional runs were made with a
16x7 grid. Irregular grid spacing was used in order
to obtain adequate definition around the upstream
side of the obstacle. The influx velocity was
assumed to satisfy a power law profile according
to a prescribed exponent a. The first series of
runs were made without the effect of density,

¥
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and o = 1/7 which corresponds to a neutral atmos-
phere. It was found that the modified potential
solution gives good agreement with the Navier-
Stokes solution (presented in Figure 23) when

K /K, = 1 for the flow coefficients in the poten-
tIal"model. Figure 25 shows the comparison

of these two results at four vertical cross-
sections. The agreement is good except on the
top of the obstacle, where the potential solution
does not reflect the amount of viscous friction
that it should.

A second series of runs simulated stable
atmospheric conditions. For the Navier-Stokes
solution it was assumed that the ground is an
isothermal surface and a constant density gradient
of -0.001g/cm3/m was assumed. The effect of
density variations is best seen by plotting the
velocity difference between the stable and neutral
cases as shown on Figure 26. In stable flow
velocities at the ground decrease and at the top
of the boundary layer increase causing the circu-
lation pattern of Figure 26. In the modified
potential model, a best match was obtained for
this case with Kz/Kx = 0.7. Comparison of these
two results is in Figure 27 and has the same
character as the results of Figure 25.

3.5.3-3 Comparison for Three-Dimensional Flow

The example for three-dimensional testing
has the same grid in the x-z plane as the two-
dimensional problem. The dimension of the obstacle
in the y direction is 10 m. Because x-z is a
symmetry plane, only one-half of the problem
need be solved as shown in Figure 28. 1Illus-
tration of the three-dimensional results is more
complicated, mainly because it is difficult to

display the data in three dimensions'?®/2.

In the neutral case, the velocity field in
the symmetry plane (x-z) is very similar to the
field obtained in the two-dimensional case, and
y-velocities are small except around the upstream
side of the obstacle. The modified potential
model gave good results when K,/Ky = 1. Figures
29 and 30 show a comparison of u-velocities in
the two planes perpendicular to the x-axis.

Figure 29 gives a two-dimensional velocity profile
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3.5.4

in the plane A (Figure 28) in front of the obstacle
and Figure 30 in plane B through the face of the
obstacle. The agreement is generally good with

the exception of velocities close to surface,
especially on the side of the obstacle. Good
agreement was also found in the z and y components
of the velocity field.

In the stable case, the imposed density gradient
causes superimposed circulation at the front side
of the obstacle similar to Figure 26. Also, the
density gradient in the y direction (>n the side
of the obstacle) has an effect of su .erimposing
transversal circulation patterns. Taie three-
dimensional equivalent of Figure 2€ showing
the difference between stable and neutral velocity
fields is schematically shown ir Figure 31. In
this case, u~-velocities on tor of the obstacle
are decreased and v-velocities, which were small
in the neutral case, increase in the downstream
direction. A true circulation pattern is formed
on the side of the obstacle if it is long enough.
Comparison runs with the modified potential model
showed that it is possible to obtain a good match
of velocities on the upstream side of the upstream
side of the obstacle by reducing K,/Ky.

Summary of Comparisons and Conclusions

3.5.4~1 Range of Adequacy for the Modified Potential
Flow Model

Numerical comparisons described in the pre-
ceeding paragraphs show convincingly that the modi-
fied potential model will be adequate for many
situations typical in air pollution modeling,
particularly:

(a) for flow over terrain where no wakes and
recirculation regions are expected to develop
because of stability, and

(b) for flow around buildings or over rough
terrain, if the areas directly behind ob-
stacles are not of primary interest.
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3.5.4-2 Limitations

The basic limitation of the modified potential
model is given by the fact that it cannot simulate
properly viscous effects. Therefore, the model
will not be adequate, for example, for investiga-
tion of downwash of pollutants in a wake behind
a building, for investigation of pollutant sources
located in building cavities, and other similar
applications. These cases represent mostly simu-
lations on a much smaller scale than is usual in
typical air quality studies. Similar limitations
are found when temperature effects ¢re considered.
The model will be adequate if therm.l effects are
relatively uniform and are mainly reflected in a
change in the stability of the atmosphere.

3.5.4-3 Accuracy and Expected Errors

The results of this study show that the
INTERCOMP modified potential model is generally
an adequate flow model for environmental engineer-
ing studies. A different simplified model was
also proposed by Hino3®. Such simplifications
of the problem at present, still seem to be the
only way for solving practical size problems
efficiently.

The problem is the large computer require-
ments for numerical integration of the full Navier-
Stokes equations. For the examples given here,
computer time for the Navier-Stokes solutions was
10-100 times more than for the modified potential
model. For a large three-dimensional problem
this ratio would probably be closer to the
upper end of this range.

It is important, for this reason, to continue
development and improvement of simplified flow
models. Navier-Stokes models can then be used
for validation of these models and in situations
where the simple models are known not to be
adequate.
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APPENDIX A

NAVIER-STOKES FLOW MODEL

~lathematical Development

The numerical model is based on the "primitive variable"
formulation used by the Los Alamos group'’’!®’!? as well as the
Colorado group?® and others?!’?2?, rThis formulation has been chosen
ir. preference to the vector-potential formulation??® because it
can be easily extended to turbulent flow and variable density.

For current survey of computational approaches to Navier-Stokes
equations, see reference 24 and 20.

The equations solved are

Du _ 3p 1
th = 5 + VuVu
Dv _ 3p \ i}
°HE = 3y + VpVv (a-1)
Dw _ 3p -
Du apu apu2 apuv spuw
where oge = =5 + ¢ ¥ oy Y-

T
and u = “L + uk 1

+ S0 _ (A-2)

3ap + 3pu + apv
0z

3t 9x oy

o = f(x,y,2) (a=3)

These equations can be derived from the full Navier-Stokes equation
if it is assumed that:

(1) Pressure changes do not affect density.

(2) Density changes have a negligible effect on viscous terms.
This assumption is gquite justified in view of the uncer-
tainties associated with turbulent viscosities.

"3) Turbulent effects are included as Reynolds stresses ex-
pressed through a turbulent eddy viscosity (this will
be discussed in more detail later).



(4) Density can be prescribed as a function of position.
Thus, although the model does not solve simultaneously
the energy equation, it can approximate the buoyancy
effects in cases when the temperature field is relatively
stable. Such cases are often of practical interest.

This model is more comprehensive than the incompressible,
laminar viscosity model, used e.g. in reference 19.

The pressure equation can be obtained from (A-1l) by differen-
tiating each equation with respect to its direction coordinate
and summing

2 Du

- _f.9 (~Du Dv D

3o (0590 + 52 (o5) ] =

v 3y

] P 3 _
[5% VuVu + Ty VUV + == TuWw] =

or V2p = -RI - RV (A-4)

Therefore, both inertia terms, RI, and viscous terms, RV, act as
sources in the pressure equation. It is worth noting that the
right-hand side of (A-4) is much more complicated than for the
case of laminar incompressible flow, where it can be shown that
RV = 0 by continuity and

2 w?) | 22w?) |, 22w

ax2 8y2 0z

+ 2auv 2auw ovVwW

RI = 2 dX0y 0X02Z 25;55 :

In the original MAC method and its later applications, the entire
right~hand side was also carried in the computation in order to
help the approximate solution satisfy continuity when iterative
methods were used. In the present turbulent model, the viscous
terms must be retained because they do not cancel out in (A-4),
regardless of the solution method used.

The numerical solution method employs equations (A-1) and
(A-4), discretized by finite differences. With suitable discre-
tization, the finite-difference equations will also satisfy the
discretized continuity egquation (A-2).

The momentum equations (A-1) use a forward difference for
the time derivative. The procedure consists of implicitly solving
for the pressure field with the right-hand side evaluated at the
old time level, then an explicit updating of the velocity field
using the new pressures. Central time differencing, preferred by
some authors!®/4%728 gives smaller time truncation errors, but
introduces weak instability and increases core requirements.



Boundary Conditions

The region in which the equations are solved is rectangular
in the x and y direction as shown on Figure A-1. 1In the z direction,

A
A T LLURE A
Z=ZQ
SLLUSTRATION OF CARLIULATIONAL Xpizlun
g
g
/:—‘ \ szX »x
> L,
7 N
\ é
Y=Ly
Y

it is bounded by ground surface of variable elevation and by a
constant elevation z_, which is assumed to be the top of the
turbulent boundary layer. It is assumed that the wind at x = 0
is in the direction of the x-axis and the velocity profile is
known, i.e.,

u=0U(y,2z), v=w=0at x=20 (A-5)

The y boundaries and the boundary at z  are assumed to be no-
friction surfaces without flow across the boundary.

Ju _ _ _ — -
oy ~ oy O v=0aty=0,1L, (a-6)
ou _ v _ - - -
Z g -0 w=0atz=z, (A=7)

At the groundlevel, friction is important. Therefore, the boundary
conditions are:



u=v=w= 0 at the ground (A-8)

Finally, at the outflow face, we specify a vertical pressure gra-
dient that corresponds to one-dimensional flow over flat terrain
(uniform pressure if gravity is neglected). Since the flow is
incompressible with respect to pressure, pressure level is not
important. Therefore, we can arbitrarily choose pressure at say
z, to obtain:

- - dp _ _ = -
P-—p(z)y P(Zoo) = P, dz = Pg atX—LX (a-9)

-Model of Turbulence

Consider one-dimensional flow over a flat plate at steady-
state, for fully developed (w = 0), incompressible flow, equations
(A-4) reduce to

_a_E='=.a_.. a—u -
9x P 02z (uxz Bz) (A=10)

Define shear stress, 1, by

- - du -
1= 1(z) = u,(2)57 (A-11)
Since at steady-state P' = const, we can integrate the equation
3
' — ——
P’ = 5= (1(z))
to obtain
1(z) = P'z + Cl (A-12)

which shows that shear stress varies linearly with height. Let
us now assume that the velocity over the flat surface is given by

e e}

u=U (g—)“ (A-13)

[o0}

Differentiating and substitution into (A-11) and (A-12) gives

z, 2 1-a
= —— (= ! + C
uxz U _a (z ) (P'z

[s.0] ca

l) (A-14)

-4



The constant Cl Ccannot be determined from the value of p at x

:0,
since .. {0) = 0,7 but from the value W, = sz(zw)‘ Since Bu/Bz(zm) =

U u/z , we have
[*s] s

T, = umUm/zw, w(z) = P'(z-2_) + 1, and
z z 1l-a
—_— “ ¥ - -
Vxz T T g (Zw) [P'(z - z ) + 7] (A-15)

In order to obtain the pressure gradient, we must relate it to the
magnitude of the eddy viscosity. It is convenient to choose the
maximum viscosity, My s which is equal to

pA 1-o T
o (1-0) © 1=-0
Hyy = 57— ————— (1 - 5v=—) (t, - P'z) (A-16)
M U, (2—&)2 o Pz
at the height
1-o Too
2y = Zel3mg) (- ) (a-17)

[¢ 0]

If the height of the boundary layer z_ is chosen such that turbu-
lence essentially disappears at z_, the viscosity u_ will
essentially be the molecular viscosity, u,, the shear stress,

T,» can be neglected in comparison to the maximum turbulent shear

stress at the ground, thus T, = P'z . The expressions (A-16) and
(A-17) then simplify to

z 1-o VA 1l-a
"M T T T (1—a)2-a P' = - g3 4 a)z-a To (a-18)
o™ (2-a) o (2-a)
and
(1-0)

ZM =2z (—2_-&7 (A-19)

Therefore, equation (A-18) allows us to calculate u,, from the
measured values of Tye The final expression for Moo is then

1

z o (2—a)2_a z
by o = (E—“) [“""—"i‘_E UM (1- Z-) + um] (A-20)
fes) (l-—o(,) oo



It is easy to see that the derivation of equation (A-19) can be
interpreted as a derivation of the mixing length £ (z) in Prandtl's
model of turbulence in order to satisfy the power law velocity
profile. By Prandtl's hypothesis

2 jou
My = 027 521 (A-21)
Since ou/dz = (Uma/zm)(z/zm)a_l, we obtain by comparison with
(A-20) for u_ = O.
g = (2yl-a Zo_ [Eﬂ iglﬁlEZi (1 - 2y + EEJ (A-22)
z, U o o) (l-a)l—a z, o}

The equation (A-22) agrees very well with the measured mixing

length in pipes, reported in reference 30, except for the region
close to the centerline, which is to be expected. However, it is
more important that the eddy viscosity itself agree with measurement
rather than the mixing length, since £ is itself derived from
observed values of M.

Comparlson of Mo by formula (A-20) with measurements by
Nikuradse?®?, Chapter ZxX" is in Figure A-2. The agreement is
excellent up to z/z_ = 1/2 and acceptable for larger z. It is
clear that a function derived from a power law velocity profile
cannot fit exactly experimental data in a tube or channel at the
centerline because the boundary conditions are different at z_.
However, the model can be used with the boundary conditions
ou/d9z = 0 at z = z_ and will produce a solution that deviates
from the power law as z + z_ (Figure 20) in agreement with
experimental results?

The one-dimensional analysis presented thus far established
only one component of the viscosity tensor. The other components
can be obtained from the definitions of the turbulent stresses:

x



T 2 y du _ o a2

XX XX 9X

ng = ny %% = -p u'v'

sz = Hxz %% == u'w

'§§ = uyx %% = ~-p v'u'

Tsz/ ~ Fyy % - o v ¢ (a-23)
'&E = Hyz %%' = e VW'

Tzi = Hax %g = -p wrut

Ty T Mz %vir! = e wiv?

TZZ = Hzz %% =P w? )

The task of generating all nine stress components as functions of
position and the current flow field is, in general, the subject

of theoretical models of turbulence. Our approach is based on

the model for u which gives correct results in one-dimensional
shear flow. The work?® concluded that in the planetary boundary
layer this is indeed the most important component and, therefore,

we can expect that the relations for other components may be consider-
ably simplified without significant loss of accuracy.

The starting point is provided by experimental evidence, that

the ratios of turbulent fluctuations w'z/u'z, v'2/u'2, u'w'/u'z,
etc. remain approximately constant?®’3°, These ratios perhaps
should be a function of atmospheric stability as the mass diffusi-
vities are. Furthermore, we can make a simplification that the
burbulence is approximately homogeneous in the x-y (horizontal)
plane, v'2 " u'2, v'w' v u'w'. Then the structure of turbulence
is determined by Hyr @ fluctuation ratio
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r = ,E'z (A-24)

and two correlation coefficients

y = —a'w (A-25)

X2z J:Tf .JQTT

" - u'v! _u'v' (A-26)

Xy
/u'z .’v'z u'2

Using equations (A-24) through (A-26), we can express all viscosity
components as a function of Heo and the three constants. We can
write this in matrix form as

du o 2u
1 oz X 9Z 1
ry Ju ry au
XZ = XZ -
X oy
" du du  du
u=u xy 3z 1 9z 22z = M (A-2
XZ v v rwxz v v XZ U
Xz 90X 3% 0z
du du du
3z 3z r 2z
ow dw v aw
ox oy Xz 0z
L d

Matrix A depends on the current velocity field and will be, therefore
different for each grid point and time step. The uncertainty in

the data often justifies further simplification of the model (A-27),
similar to the "order of magnitude" argument, common in boundary
layer theory. The simplification consists of replacing the local
values of derivatives by "mean value" estimates as follows:



A-10

Ju " Ve ou " Yf ou " Veo
[4 " N -
X L oy Ly 02 z
5 \'
v ., _max ov o, Max oV A, _hax
14 14
9xX LX oy Ly 9z z,
3 W
w . _max , ow n, hax aw A, _Max
14
dx Lx ay Ly 0z z_
If we now define ratios as
Vmax Wﬁax
= R = R (A"28)
[ y " U, z
we obtain a constant "average" matrix A:
L U] L
1 X Xy Yy
ry z ry Z 1
X2z o Xz o
Y L L
_ Xy X 1 y 1
Au= — (A-29)
rwxz ZwRy rwxz szy RY
L L
X ¥y r 1
Z Z R P R
w0 Z "z X2z Z

The use of (A-29) is considerably simpler than the corresponding

Computing Details

The program has the capability of solving both 2-D and 3-D
problems. The solution method for the pressure equation is LSOR,
with direct elimination as an option for 2-D problems. Handling
of boundary conditions permits arbitrary specification of terrain
as in the standard INTERCOMP air quality simulator. The program
has a restart capability and an automatic time step control, based
on the convective stability condition:

At < min (é§ , Ay AE) (A-30)
(i,3,K) u v w

t



E3

The condition (III-5) alone is not sufficient for stability in
all cases, but it is always necessary.

The optional modes in which the program can run include the
laminar viscosity case, a constant density case, and different
input velocity profiles.
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APPENDIX B

COMPARISON OF MEASURED AND CALCULATED RESULTS

Results for Test 1 through 11 are summarized in the follow-
ing tables. Tests 2 and 6 have been omitted because they were
for easterly winds and contained only a few data points at the
monitors north of the release point. Test 2, for example, con-
tained only two groundlevel measured points.

A few comments concerning each test result are included in
the appendix.



COMPARISON MEASURED AND CALCULATED VALUES

TEST NO. 1 - UP-CANYON

_ Measured Calculated, ug/m3
Location ug/m3 INTERCOMP EPA GAUSSIAN
Deer Cr-Mtnghouse - 2.0 1.6 1.8
White Ridge (1) 0.5 1.3

(2) 0.3 1.0
(3) 0.1 0.7 1.2 1.3
(4) - 0.3
Wild Draw(1l) 0.6 0.7
(2) ; 0.5 0.9 1.0
Wild Horse(1l) 1.6 0.5
(2) 1.3 0.2
(3) 0.8 0.1 0.3 1.0
(4) - -
Bear Creek(l) - -
(2) - - 0.6 0.7
(3) - - * '
(4) - -
Red Face(l) -
(2) _ 0.6 0.7
Wet Man (1) -
(2) -
(3) - 0.5 0.6
(4) -
Comments

Test No. 1 was a stack top release under Pasquill B stability.

Each of the models gave calculated results which peaked closer to'

the stack than the measured results would indicate. As a conse-

<

quence, the calculated results are decreasing while measured values

are still increasing. This resulted in a negative correlation
coefficient, R = -0.56.

Comparison of the calculated and measured results indicate
the calculations would be in better agreement if the stability
were more nearly class C.

»



COMPARISON MEASURED AND CALCULATED GROUNDLEVEL VALUES

TEST NO. 3 -~ UP-CANYON

Measured Calculated, ug/m3
Location ug/m3 INTERCOMP _ EPA  GAUSSIAN
Deer Cr-Mtnghouse - 1.2 0.02 0.04
White Ridge (1) 1.7 0.7
(2) 0.4 0.7 0.06 0.09
(3) - 0.7
Wild Draw(l) 3.4 1.8
(2) 0.3 1.4 0.15 0.26
Wild Horse (1) 4.3 3.0
(2) 2.4 2.8
(3) 2.2 2.5 0.17 0.34
(4) - 1.7
Bear Creek(1l) 2.6 2.5
(2) 1.8 2.6
(3) . 2.7 0.34 0.77
(4) - 2.3
Red Face(l) - 1.6
(2) _ 1.1 0.34 0.77
Wet Man (1) - 1.1
(2) _ 0.2 0.43 0.86
(3) - 0.0
Comments

Test 3 calculations from the INTERCOMP model are in fair
agreement with the measured results. A more northerly wind
direction than the 135° would have improved the calculated
result. Gaussian results have not reached the peak concentra-
tion within the monitored area. The correlation coefficient
between INTERCOMP's calculation and the measurements was
0.67.



COMPARISON MEASURED AND CALCULATED GROUNDLEVEL VALUES

Location
Deer Cr-Mtnghouse

White Ridge (1)
(2)

Wild Draw(l)
(2)

Wild Horse(1l)
(2)
(3)
(4)

Bear Creek(l)
(2)
(3)
(4)

Red Face (1)
(2)

Weﬁ Man (1)

(2)
(3)

Comments

TEST NO. 4 - UP-CANYON

Measured

Calculated, ug/m3

ug/m3

(= N e e
L]
OO

INTERCOMP EPA GAUSSIAN

0.0 0.0

0.0 0.01

0.01 0.02
0.2
0.2

0.2 0.03 0.03
0.1
0.2
0.2

0.2 0.03 0.06
0.2
0.1

0.1 0.03 0.06

* 0.03 0.06

Test 4 calculated results from the INTERCOMP model were

generally at the correct magnitude.
points available for comparison.
stability case, 10 m/sec.
are so uniform,

good.

There were few measured
This is a high wind neutral
Because the measured concentrations
the linear correlation coefficient came out
negative, R = -0.54, even though the results appear reasonably
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COMPARISON MEASURED AND CALCULATED GROUNDLEVEL VALUES

TEST NO. 5 - UP-CANYON

Measured Calculated, ug/m3
Location ug/m3 INTERCOMP _ EPA  GAUSSIAN
Deer Cr~Mtnghouse 0.2 0.5 0.01 0.02
White Ridge (1) 1.2 1.0
(2) 1.0 1.0 0.03 0.04
Wild Draw (1) 1.6 1.2
(2) 0.8 1.5 0.07 0.11
Wild Horse(1l) 1.0 1.0
(2) 1.3 1.2
(3) 1.2 1.2 0.08 0.15
(4) 1.0 1.0
Bear Creek (1) 0.6 1.0
(2) 0.7 1.0
(3) 0.6 1.0 0.17 0.33
(4) 0.4 1.0
Red Face (1) 0.3 0.5
(2) 0.4 0.5 0.17 0.33
Wet Man(l) 0.1 0.7
(2) 0.1 0.6
(3) 0.2 0.5 0.18 0.37
(4) - 0.1
Comments

Test 5 has been discussed in some detail in the text.
The results are generally good as evidenced by the 0.76 cor-
relation coefficient.



Measured
Location ug/m3
0.6 km -
1.2 km -
Trail (1) 1.0
(2) 0.9
(3) 1.1
(4) 0.3
Mill Pork(l) l.6
(2) 0.2
(3) -
Rilda(1l) -
(2) -
(3) 0.2
(4) 0.0
Bear Creek (1) 0.1
(2) 0.1
(3) 0.1
(4) 0.1
Wet Man(l) 0.1
(2) -
(3) -
(4) -
Comments

the flow up the shaded canyon wall.

COMPARISON MEASURED AND CALCULATED GROUNDLEVEL VALUES

TEST NO. 7 - DOWN-CANYON

Calculated, ug/m3

INTERCOMP EPA GAUSSIAN
0.0 135 770
0.0 43 240
0.2
0.3
0.5 17 86
1.0
1.5
1.5 10 58
0.5
0.8
0.6
0.2 6 34
0.1
0.7
0.8
1.0 5 24
l.l
0'6
0.5
0.5 5 24
0.5

Test 7 was the stable down-canyon release, but unlike
the remaining stable cases was an elevated wall release.

The measured results as the photographic evidence indicated
in the Huntington report were considerably influenced by

The correlation coeffi-
cient for this test was extremely low, only 0.06.
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COMPARISON MEASURED AND CALCULATED GROUNDLEVEL VALUES

TEST NO. 8 - DOWN-CANYON

Measured Calculated, ug/m3
Location ng/m3 INTERCOMP _ EPA  GAUSSIAN
0.6 km 30 280 185 1070
1.3 km 25 120 60 325
Trail(1l) 27 23
(2) 4 20
(3) _ 0.5 25 120
(4) - 0.0
Mill Fork(l) 9 5
(2) - 3 12 80
(3) - 0.5
Rilda (1) 5 8
(2) 3 3
(3) - 0.7 8 46
(4) - 0.0
Bear Creek (1) 2 5
(2) 1.3 3
(3) 0.8 2 5 33
(4) 0.5 6.2
Wet Man (1) - 1.5
(3) - 0.0 5 33
(4) - 0.0
Comments

Test 8 results were in good agreement with the measure-
ments. The linear correlation coefficient for this test was
0.77. Most of the disagreement between calculated and measured
results occurred at the closest two monitor points to the
release point. The peak concentrations in the release must
have flowed around these monitor stations because higher con-
centrations were often recorded downstream. The flow solution
in the INTERCOMP model did not reflect this result.



COMPARISON MEASURED AND CALCULATED GROUNDLEVEL VALUES

TEST NO. 9 - DOWN-CANYON

Measured Calculated, ug/m3
Location Eg{m3 INTERCOMP EPA GAUSSIAN
0.6 km 6 90 37 210
1.3 km 12 50 12 48
Trail (1) 24 16
(2) 16 2
(3) - 0.0 5 16
(4) - 0.0
Mill Fork(1l) 8 3
(2) 7 0.5 3 11
(3) - 0.0
Rilda (1) 6 2
(2) 2 1
(3) - 0.0 2 7
(4) - 0.0
Bear Creek(l) 12 1.5
(2) 6 1
(3) 2 0.3 1 4
(4) - 0.0
Wet Man(l) - 0.5
(2) - 0.0
(3) - 0.0 1 4
(4) - 0.0
Comments

Test No. 9 calculations did not agree well with the
measured results. This was one of the tests mentioned as
being more stable than class F. INTERCOMP calculations as
well as the Gaussian results would have been in better agree-
ment if the more stable atmospheric condition has been used.
The correlation coefficient was equal to 0.05.



A

Location

0.6 km
1.2 km

Trail (1)
(2)
(3)
(4)

COMPARISON MEASURED AND CALCULATED GROUNDLEVEL VALUES

Mill Fork(l)

Rilda (1)
(2)
(3)
(4)

(2)
(3)

Bear Creek(1l)

(2)
(3)
(4)

Wet Man(l)
(2)
(3)
(4)

Comments

measurements.

Elevation

Ft.

Measured
ug/m3

TEST NO. 10 - DOWN-CANYON

7170
7120

7120
7250
7870
8200

7010
7250
7700

6940
7240
7550
7950

6790
6910
7090
7170

7170
7330
7400
7650

25

Calculated, ug/m3

INTERCOMP EPA GAUSSIAN

186 105 590
80 32 180
15

14

0.5 13 60
0.0
5.0

2.5 7 40
0.0

5.5

2.5

0.2 4 25
0.0
3.5

2.5
1.5 3 15
0.2
1.5

0.5

0.0 3 15
0.0

Test No. 10 results were in good agreement with the

This test is discussed in detail in the text.
The correlation coefficient was 0.74.



COMPARISON MEASURED AND CALCULATED GROUNDLEVEL VALUES

TEST NO. 11 - DOWN-CANYON

Measured Calculated, ug/m3
Location ug/m3 INTERCOMP  EPA  GAUSSIAN
0.6 km 210 240 140 800
1.3 km 210 103 45 250
Trail (1) 200 19
(2) 60 18
(3) _ 0.5 18 90
(4) - 0.0
Mill Fork(1l) 130 6.4
(2) 80 5.2 10 60
(3) - 0.2
Rilda (1) 32 7.1
(2) 2.6 3.2
(3) - 0.3 6 35
(4) - 0.0
Bear Creek (1) 3.0 4.5
(2) 2.0 3.2
(3) 0.6 1.9 3 25
(4) - 0.3
Wet Man(l) - 2.0
(2) - 0.5
(3) - 0.0 5 25
(4) - 0.0
Comments

This test was again one of those mentioned as being

more stable than class F.

more stable class could have been used.

coefficient was 0.68.

The INTERCOMP calculation again
appears low and would have been in better agreement if a

The correlation

-
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