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IMPLEMENTATION

A user-orientated computer model to predict pollutant
dispersion in the near vicinity of roadways has been developed.
The new model, called TXLINE, was validated using several com-
prehensive data bases. The model was written in FORTRAN and
has been released along with a detailed user's guide.

DISCLAIMER

The contents of this report reflect the views of the
authors who are responsible for the facts and the data pre-
sented herein. The contents do not necessarily reflect the
official views or policies of the Federal Highway Administra-
tion, nor does this report constitute a standard, specifica-
tion or regulation.
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SUMMARY

A state-of-the-art computer model called TXLINE (Texas
Line Source Dispersion Model) was developed to predict pol-
lution concentrations near roadways. The model has a strong
theoretical foundation, based on non-Fickian, gradient trans-
port diffusion theory. The model does not assume constant
wind speed and eddy diffusivity as is usually the case with
most roadway pollutant dispersion models. A theoretically
based treatment of non-perpendicular winds is also included
in TXLINE, and resulted in a major improvement over its pred-
ecessor, TRAPS-IIM.

By comparing the concentration predictions of the ini-
tial form of the TXLINE Model to experimental data, it was
found that the model overpredicted concentrations when the
wind speed was low. A low wind speed correction factor was
included in the final version of the model to cure this prob-
lem. During the development of the model, a method of meas-
uring atmospheric stability was also investigated, and could
perhaps be included in a future version of the model.

The final TXLINE Model was compared to several other
current dispersion models using several comprehensive data
bases, and was shown to either surpass or eqgual the performance
of the other models in nearly every case. These comparisons
were very encouraging, since TXLINE incorporated far less em-
piricism than the other models and also required less computer

time for a typical run.

TXLINE was written in FORTRAN and was released along with
a detailed user's guide which includes several illustrative
examples. Although the model cannot currently predict disper-
sion near complicated roadway geometries such as intersections,
the possibility of extendina TXLINE to handle such cases is
being considered.



CHAPTER 1

INTRODUCTION

An environmental impact statement must be submitted
to the Federal Highway Administration prior to the start
of any major roadway construction project. Future carbon
monoxide concentrations in the vicinity of the roadway
must be estimated and included in an air quality report,
which is an important part of the environmental impact
statement. The air quality report is reviewed not only
by the Federal Highway Administration, but also by the
Environmental Protection Agency, and other state and local
agencies. If the estimated air gquality is judged to be
in violation of the National Ambient Air Quality Standards,
the proposed roadway construction project will most likely
be rejected.

In the past decade, several air quality computer models
have been developed to‘predict pollutant concentrations near
roadways. The first models were highly inaccurate, primari-
ly because of the lack of guality data. Only recently have
data bases become available which include accurate meteoro-
logical, traffic, and concentration measurements. These
data bases have been used not only to develop models, but
also to evaluate and compare models. Nearly every air
quality model comparison study has concluded that even

the best currently available models are highly approxi-



mate. Since decisions on roadway construction projects can
be significantly influenced by the predictions of these
models, there is a strong need for the development of better

models,

General Approach to Dispersion Modelling

The general approach to modelling pollutant dispersion
near roadways has been to first model the total vehicular
emissions and to then separately model the subsequent down-
wind dispersion. The first‘model yields an average guantity
known as the 'emission factor', which is usually in units of
grams of carbon monoxide per typical vehicle, per mile trav-
elled. Inputs to the emissions models normally include aver-
age speed, ambient temperature, the distribution of vehicle
types, and vehicle operating conditions. Although the current
emissions models are often blamed for erroneous concentration
predictions, several controlled studies where vehicular emis-
sions were accurately known, have indicated that the modelling
of the dispersion process is also a major source of error in
pollutant concentration predictions.

Dispersion models normally predict pollutant concentra-
tion as a function of source strength, downwind coordinates,
wind speed, wind angle, and other pertinent meteorological
parameters. Several different mathematical representations
have been used to model the dispersion process. Most models

have been developed by first proposing a theoretical physical



model and then adding several adjustments based on observed
data. The resulting semi-empirical model often bears little
resemblance to the original theoretical model, and performs
poorly when compared to data not used in the model develop-

ment.

Objectives

The research described in this report has been conducted
under Project 2-8-80-283 for the Texas State Department of
Highways and Public Transportation. The primary objective
of this project was to develop a state-of-the-art dispersion
model, which retained an initial theoretical basis, but in-
cludes some adjustments based on a detailed analysis of the
available data bases. The model also needed to be compared
to other current highway pollutant dispersion models using
several qualitative and gquantitative comparison techniques.

Another objective was to present the final model, called
TXLINE (Texas Line Source Dispersion Model), in a user-ori-

entated package.

Organization of Report

The report was organized so that it follows the chrono-
logical order of the actual research project as closely as
possible. A complete review of past and current literature
pertaining to the study is presented in Chapter 2. The de-

velopment of the TXLINE Model is reported in Chapter 3. The



fourth chapter is a detailed presentation of the results
of an extensive model evaluation and comparison procedure.
Conclusions and recommendations for future work are con-

tained in Chapter 5.

A detailed User's Guide for TXLINE is included as Ap-
pendix A. The User's Guide contains a FORTRAN listing of
TXLINE, a description of the program, and several illustrated

example cases.



CHAPTER 2

LITERATURE REVIEW

The literature review is divided into the following
four sections: (1) dispersion modelling; (2) methods of de-
termining source strength; (3) methods of testing and com-
paring models; and (4) experimental data. Literature which
applied directly to the model developed as a part of this

project is discussed in Chapter 3.

A. DISPERSION MODELLING NEAR ROADWAYS.

The problem of developing a mathematical dispersion mo-
del to estimate pollutant concentrations in the vicinity of
a roadway has been approached in several different ways.
The following four approaches are most commonly used: (1)
the gradient transport approach; (2) the statistical ap-
proach; (3) the similarity approach; and (4) the empirical
approach. Pasquill (1974) noted that the gradient trans-
port approach is a mathematical development of a particular
physical model of mixing. The second approach models the
turbulent field near the roadway in terms of statistical
properties of motion. In the similarity approach, postu-
lations are made regarding the diffusion controlling phy-
sical parameters. These parameters are then related to the
diffusion process using dimensional analysis. The final

approach uses a data base to develop empirical correlations



relating concentration to a set of measured variables such as
wind speed, wind angle, etc.

Nearly all of the existing roadway dispersion models use
some form of thé gradient transport approach, combined with
empirical adjustments based on experimental data. The differ-
ences between the existing models are primarily due to the
wide variety of assumptions made in solving the general diffu-
sion equation and the amount of empiricism incorporated in the
model. This report focuses on models which use the gradient
transport approach. The reader is referred to Pasquill (1974)
and Sutton (1953) for a review of the other methods of model-

ling atmospheric diffusion.

Gradient Transport Approach

The differential equation which has been the basis for
most mathematical treatments of atmospheric diffusion is the

instantaneous convective diffusion equation:

where: C = concentration
t = time ,
X,y,2 = directions in a Euclidean coordinate sys-

tem, as shown in Figure 1
u,v,w = component of wind velocity in the x,v,z
directions, respectively
Ki (i=x,y,2) = eddy diffusivity in the x, y, and z direc-
tions, respectively.



(x,0,2)

/ e

Fig. 1. Euclidean coordinate system used to model diffusion
from a line source along the y-axis.
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This equation is similar to the classical equation for the
conduction of heat in a solid and is basically a statement
of conservation of mass. Treybal (1968) presents the deri-
vation of the above relationship from the equation of con-
tinuity.

Several general assumptions are common to most exist-
ing solutions of Equation (2-1). Using the assumptions of
steady state, perpendicular wind (in the x-direction), no
net flow in the z-direction (w=0), and that the eddy dif-
fusivity term in the x-direction is negligible compared to
the bulk flow term, the above equation can be reduced to

the following:

s - a feac), 2 f, ac (2-2)
Yax  © 8y(KY8y>+az<Kzaz>

The fluctuating nature of the wind is a result of the
eddies. The K's are used as a measure of the net movement
of the material down existing concentration gradients. In
the above equation, the eddy diffusivities are considered
to be functions of position and direction.

The most general solutions of Equation (2-2) found in
the literature were presented by Smith (1957). These sol-
utions assumed power law forms (in terms of z) for both
the wind and eddy diffusivity profiles. Smith derived
solutions for both a ground level infinite line source and

a point source. Solutions were also presented for the case



of an elevated source. These are the most rigorous solu-
tions available at present. A detailed discussion of Smith's
equations is presented in Chapter 3.

A less general solution of Equation (2-2) was derived

by Roberts (unpublished, presented by Pasquill (1974)).
The assumed forms of the wind and eddy diffusivity profiles
were more restricted than in Smith's solution. Green (1980)
used the solution to develop the TRAPS-IIM Model, which is
discussed in a later section of this chapter.

Sutton (1953) presented solutions to both the ground
level point source and the infinite line source problems.
These solutions assumed that the eddy diffusivities were
constant (Fickian diffusion). This implies that the rate
of transfer across a particular boundary is a function of
only the concentration gradient at the point being consi-
dered. 1In the case of Fickian diffusion, Equation (2-2)

becomes:

e o g 20, g 2°C e
IxX Yy ayz z 822
Sutton's solutions to this equation are:
For the point source:
5 [v2 2 (2-4)
- Q - A 2
c = 172 S¥P| 7x Ky+ K_

4nx (Ksz)
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where: Q = point source strength (mass/t)
K, = eddy diffusivity in z-direction (12/t)
Ky = eddy diffusivity in y-direction (12/t)
i = constant average wind speed (1/t).

and for the infinite line source:

- (2-5)
Q' - tz?
C(x,2z) = exp )
(2WKZX)1/2 < 4sz
where: Q' = line source strength (mass/(l-t))

The above solutions are based on constant wind speed with
height. Experimental studies have shown that wind speed
is a function of height which can be closely approximated
by a logarithmic or power law equation.

Pasquill (1961) pointed out that the eddy diffusivity
theory is not thoroughly understood and that K values are
therefore not readily attainable. Using data obtained by
calder (1949) and Barad (1958), Cramer (1959) tested the

following Gaussian modification of Sutton's point source

equation:
(2-6)
2 2
c = 9 = €eX Y AN
210, 0_14 2 2 2
vy 2 o o,

where: oy and g, are standard deviations of the

distance of pollutant molecules from the
plume center in the y and z directions.
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Gifford (1961) modified a set of dispersion curves original-
ly presented by Pasquill (1961) to predict the standard de-
viations as a function of downwind distance and atmospheric
stability. These curves, commonly referred to as the Pas-
quill-Gifford curves, have been used és the basis for sev-
eral Gaussian dispersion models.

A similar Gaussian form of the infinite line source
equation was also developed, but the equations still had
not been extended to include the case of an elevated source.
Sutton (1953) presented an argument for modification of the
equations based on the assumption that the ground is imper-
vious to the pollutant, which led to the variable source
height form of the Fickian equations. The Gaussian forms
of these equations are:

For the point source:

2 2 2
S O S L § . -1(z-h -1(z+h (2-7)
c = rZ,WUﬁexpl:2<6y_>] expliz(or >] +expl:2(0 )]
Yy 2 y z z

where: h = source height.

=

and for the infinite line source:

) _ 412 A 2 - (2-8)
c = 2 exp %‘%7_ + exp % %;h
Yaro @ z
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Most existing dispersion models use some form of Equa-
tions (2-7) and (2-8). Detailed reviews of the available
user-oriented computer models are presented by Maldonado
(1976) and Green (1980). Several recent models such as
CALINE-3 (1979) are improved versions of earlier models
(CALAIR (1972) and CALINE-2 (1975)). 1In this report only
three of the most recent state-of-the-art models will be
discussed; CALINE-3, HIWAY-2, and TRAPS-IIM. CALINE-3
and HIWAY-2 are the only highway pollutant dispersion
models which are currently approved for use by the Envi-
ronmental Protection Agency.

HIWAY-2

HIWAY-2 was developed by Peterson (1980) and is a re-
vised version of the EPA's original model, HIWAY (1974).
Each lane of traffic is modelled as a line source of fi-
nite length. By summing concentration predictions from
separate finite line segments, the model is capable of
mddelling intersections. HIWAY-2 uses Gaussian disper-
sion equations similar to those originally presented by
Turner (1970). Concentration predictions are determined
by performing a numerical integration of the appropriate

point source equation. The concentration is given by:

D (2-9)
X = ﬂs fdx
“Jo
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where: = wind speed, m/s

= line source length, m

line source emission rate, g/m/sec
= point source dispersion function

= pollutant concentration, g/m3.

X Hh Q o o
I

Based on the atmospheric conditions, the model integrates
one of three point source dispersion functions. For

stable conditions, the following function is used:

2 2
- 1 l(y -1{z-h -1(z+h
£ = me"?fi(o ﬂ ex 2<c ) *toex 2(0)
y 2z y z z

where: h = effective source height, m.

(2-10)

In unstable or neutral conditions, where o, is greater

than 1.6 times the mixing height, L:

2 (2-11)
£ = ! ex % gL ’
V2no_ L y

In all other unstable or neutral conditions:
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2 2 (2-12)
1 1 ~1/z-h 1/z+h
f = 57—/ ex —(JL> ex —(———) + ex —< )
Znoyoz pr oy ] p{z oz 2 o,
© 2 2
+ z ex %(z—h—2NL> + ex -% <z+h+2NL>
N=1 Oy 9
1 /z-h+2NL 1 /z+h-2NL
oY ] o etz ]

The value of the integral in Equaticn (2-9) is approx-

imated by use of a Richardson extrapolation of the trape-
ziodal rule. Concentration estimates are made by dividing

the line segment into the number of intervals equal to 3, 6,
o 3*(2)9. (Each interval islrepresented by a point source.)
Calculations are repeated successively until the latest con-
centration estimate is within 2 percent of the previous esti-
mate. If convergence is not reached by the time the number

of intervals reaches 1536 (which is 3*(2)9), the final esti-
mated integral value is stored. A new sequence of estima-
tions-for intervals equal to 4, 8, ... 2048 is then performed.
Any new integral estimate having a relative error from the
stored estimate of less than 2 percent is taken to signal con-
vergence. If convergence is not obtained after 2048 intervals,
the minimum of the current integral estimate and the stored es-
timate is used as the integrated result. This procedure is re-

peated for each lane of traffic. The resulting concentrations

are then summed to represent the total concentration prediction.



-15-

HIWAY-2 is also capable of predicting concentrations
downwind of a cut section of highway. The top of the cut
is considered to be an area source and is represented by
several equal strength line sources.

Several empirical correlations were employed in the
HIWAY-2 Model. Rao and Keenan (1980) indicated that the
wake effects due to moving vehicles on the roadway are su-
perimposed upon the naturally occurring turbulence and play
a dominant role in dispersing pollutants near the roadway.
The dispersion curves for Uy and o, were developed to include
this effect using data collected by Cadle, et al. (1976) and
Rao, et al. (1978), and replaced the Pasquill-Gifford curves
used in the original HIWAY Model. The dispersion curves were
also considered to be a function of stability class, down-
wind distance from the roadway, mean wind speed, and mean
wind angle.

A wind speed correction factor was also included in the
model. This factor was termed the 'aerodynamic drag factor’'.
This factor was developed using the General Motors data from
Cadle, et al. (1976) and is given by the following function:

u = 1.85 uoo'164 cos?0e (2-13)

where: u = the adjusted wind speed used in ithe
model, m/sec
u = the ambient wind speed, m/sec

®© = the wind-road angle.
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If the ambient wind speed is greater than the adjusted
wind speed, no correction of the ambient wind speed is
made. This allows correction only for low ambient wind

speed situations.

CALINE-3
CALINE-3 is a third generation model developed by Benson
(1979) for the California Department of Transportation. The

roadway is modelled as a series of finite line sources. By

summing concentration predictions from several line sources,
CALINE-3 is capable of modelling complex highway configura-
tions such as intersections.

Each finite line source is divided into a series of
discrete elements. The elements are then modelled as
'equivalent line sources' positioned normal to the wind
direction and centered at the element midpoint. Each ele-
ment is further divided into five sub-elements represented
by corresponding segments of the equivalent finite line
source.

A more detailed explanation of the formulation of the
finite line source equation would be inappropriate in this
report. Instead, only the final form of the finite line

source equation is given below:
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.. nof 4 Cl;T exp’(z°h+2k1‘)2 (2-14)
Y2ru ill Ozi k=%CNT 202.2
i
- (z+h+2k1) 2 2
+ exp 202.2 * jzl (WTj * QEi + PDij)
i
where: C = receptor concentration prediction re-
sulting from the 'link'
n = total number of elements

CNT = number of multiple reflections needed
for convergence

QEi = Central sub-element lineal source
strength for the ith element

WTj = Source strength weighting factor for
the jth sub-element

PDij = (Yj+1)/oyi
1
2 Yj/° ‘

i
Yj = offset distance for the jth sub-ele-

ment.

CALINE-3 treats the region directly over and including
the roadway as a zone of uniform emissions and turbulence,
defined as the mixing zone (see Ficure 2). The initial dis-
persion parameter, czl, was fitted as a function of residence

time ih the mixing zone using the Ceneral Motors data. In

CALINE-3, the mixing zone residence time was defined as:
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TR = ﬂg (2-15)
a
where: TR = residence time
W2 = roadway width
@ = mean horizontal wind speed.

The function used for o, was:
1

o = 1.8 + 0.11TR (2-16)

where: TR is in seconds and o, is in meters.
1

The value of the initial dispersion parameter is then
arbitrarily adjusted for averaging times other than 30
minutes (the averaging time of the GM data base) using

the following power law:

2-17
ATIM 0.2 ( )
g JATIM = Oz 30
%1 1
where: ATIM = averaging time in minutes.

Vertical dispersion curves are formed by interpola-
ting between the initial dispersion parameter, czl, from
the mixing zone model, and the value of o, at 10 kilo-
meters as defined by Pasquill (1974). The GM and SRI

data bases were used to develop this relationship.
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Horizontal dispersion curves used in CALINE-3 are iden-
tical to those used by Turner (1970) except for averaging
time and surface roughness adjustments.

Shallow cut or fill sections (less than a 2:1 grade)
are handled by CALINE-3 by assuming that air flow stream-
lines are undisturbed by the cut or fill. Using this ap-
proximation, ground level is always taken to be the 2z=0
plane, and no further modifications are necessary. For
deeper depressed sections, the residence time within the
mixing zone (TR) is increased by an empirically derived
factor based on data taken by CALTRANS at a depressed
site in Los Angeles. CALINE-3 is not capable of modelling

street canyons.

TRAPS-IIM

TRAPS-IIM was developed by Green (1980) at Texas A&M
University and was the final model in the TRAPS series.
The TRAPS series of models is unigue in that they do not
employ the Gaussian dispersion parameters oy and o- In-
stead Roberts' unpublished solution (as presented by Pas-
quill (1974)) of the more general non-Fickian eguation is

used:

r (2-18)

Or u 1
C(x,z) = - exp
ulr(s) rzle rzle
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where: C = concentration at x,z due to an infinite

line source (with perpendicular wind)

Q = 1line source strength (mass/(l-+t))
K, = reference eddy diffusivity (lz/t)
u; = reference wind speed (1/t)
r and s = defined below
r(s) = gamma function of s.

Equation (2-2) was solved by assuming the following power

law profiles for the wind and eddy diffusivity:

z\ P (2-19)
K_(z) = K (——)
z 1 zq
where: K1 = reference eddy diffusivity at 2=z, -
2\ (2-20)
and u_(z) = u (——)
z 1z
1
where: u, = reference wind speed at 2=2,.

Equation (2-18) is valid only for r=m-n+2)>0 and where
s=(m+1l) /r. As a result of a sensitiVity analysis completed
during the development of the model, n was set»to one, there-
by forcing s and T (s) to one. This reduced Equation (2-18)

to:

1+4m (2-21)
-u, z

L o]
—

C(x,z) = exp
rle r2le
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In order to apply Equation (2-21), the following three
parameters had to be estimated; uy ., Kl’ and m. These para-
meters were estimated by fitting the power law to match the
log-law wind velocity profile. The loa-law wind profile (as-

suming neutral stability) is:

u = %g ln<§£> (2-22)
o
where: u = wind speed at height z)zO
u, = friction velocity
k = 0.4 = Von Karman's constant
z = surface roughness height.

By fitting the power law equation to the log-law equation,
the following polynomials were found to predict the power
law parameter, m, as a function of the surface roughness,

2z when z°> 0.1 meters:

2 3 (2-23)

m = 0.11 + 2.042O - 3.832o + 3.432O

and when zoféo.l meters:

(2-24)

2 3 4

m = 0.12 + 4.092O - 59.52o + 550.02O - 1965.02O
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The reference height, 21, was set equal to 1 meter. Given
surface roughness, a reference wind speed, and a correspond-
ing reference height, us can be calculated from Equation
(2-22). Knowing uy, uy (the reference wind speed at z=1
meter) can easily be calculated. Kl’ the reference eddy

diffusivity, was estimated by:

This function for K1 was determined by fitting model pre-
dictions to the GM data.

The model was developed to predict the road edge con-
centration profile observed in the GM data base. A com-
plicated equation is used by the model to predict the road
edge concentration as a function of height, wind speed,
wind angle, and stability class. The model determines a
'virtual' origin distance by 'moving' the location of the
line source until the squared error between<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>