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MODELING ATMOSPHERIC DISPERSION OF LEAD PARTICULATES FROM A HIGHWAY

by
Paul C. Katen

Atmospheric Science Department
Colorado State University
Fort Collins, Colorado

ABSTRACT

In this dissertation we develop a method which will predict the diffusion of lead-bearing particulates
emitted by vehicles moving on a highway. The method of modified Gaussian solution, developed through_ana1ogy
with finite-differencing techniques, when applied to a diffusion equation, fulfills this purpose. This solu-
tion meets our demands of accuracy and ease of computation.

It is shown that Gaussian solutions can be applied to the diffusion of gases and particulates emanating
from line sources, such as a highway.

We try to establish, through an experimental study, the best method of formulating eddy diffusivity for
the short-range dispersion of gaseous pollutants from a line source. This study shows that neither Taylor's
statistical theory nor similarity theory yields an appropriate eddy diffusivity. An empirical formula, based
on the asymptotic form of Taylor's theory, yields the best results.

A model is then designed, using the method of modified Gaussian solution, for predicting the atmospheric
dispersion of particulate lead from a highway. The highway dispersion model employs the results of the gas-
diffusion_experiments to clarify the role of vehicle-generated turbulence in the dispersion process. The
vehicle effects are included as an eddy diffusivity attributable to the moving vehicles and as a buoyancy
caused by exhaust heat from the vehicles. The vehicle-generated turbulence and buoyancy are shown to be
important in the dispersion process up to about 50 m from the roadway. Thereafter, dispersion is dominated by
atmospheric turbulence. A large upward plume spread -- and not the loss of material by deposition -- is
ﬁfiﬂar1]y responsible for the observed, rapid decrease in concentration with increasing distance from the

ighway.

1. INTRODUCTION

The contamination of the environment by automo- the nature, extent and significance of the environmen-

bile lead is an important and current national
concern. Significant amounts of lead are dissipated
into the environment with consequences which are not
yet well understood (Lutz, et al., 1970). Three
major areas of concern relating to this dissipation
are the effects on human health, the environmental
consequence of lead contamination, and the interfer-
ences of Tead with the operation of catalytic emis-
sion control devices.

This dissertation has evolved from a project at
Colorado State University entitled "Impact on Man of
Environmental Contamination Caused by Lead". The
overall objective of the project is an assessment of

tal contamination by lead. Furthermore, it is
expegted that the results of this project will be
applicable to other atmospheric trace constituents
and contaminants (Edwards, 1971, 1972, 1973, and
1974). The project research has centered on two
broad areas: the physical and chemical characteriza-
tion of lead emissions and the description of the
grocesses by which automobile Tead moves through the
iosphere from its sources to its sinks.

The objectives of our studies on the atmospheric
transport of lead have been to investigate:

a) The dispersion of lead generated from high-
way traffic,



b) The exposure of the urban and suburban
populations to airborne lead and,

¢) The long-range transport of lead form urban
areas.

The purpose of this dissertation is to formulate
and apply a model for the short-range atmospheric
dispersion of lead-bearing particulates (henceforth
referred to as lead particulates) from a highway.

Most of our knowledge concerning dispersion of
pollutants from a highway has resulted from studies
with gaseous tracers. There have been many model
studies for highways and Tine sources (e.g. Csanady,
et al., 1970; Drivas and Shair, 1974), but most of
them have not investigated the small scale problems
associated with dispersion near the highway.

The dispersion of lead particulates from a
highway was investigated by Bezner and Atkins (1970).
In investigating the concurrent dispersion of lead
and carbon monoxide from a heavily traveled highway,
Bezner and Atkins indicated that there was a signifi-
cant removal of atmospheric lead near the highway.
Furthermore, they indicated that most models, then
in use, underestimated the vertical transport of
polTutants near the highway. However, the models
tested did not include any diffusivity attributable
to the moving vehicles, nor did they include removal
of heavy particulates. To quantify this removal, the
deposition of Tead near a highway was further studied
by Zimdahl (1972). He has established through soil
measurements adjacent to Interstate Highway 25 north
of Denver, that lead is deposited primarily within 30
meters of the roadway. Beyond this region, soil lead
concentrations are indistinguishable from background
soil concentrations.

There is considerable variation in particle size
emitted from test vehicles even under similar obser-
vational conditions (Hirshler, 1957; Habibi, 1970,
1973; Habibi et al., 1970; and Ter Haar et al.,
1972). This large particle-size variation, and the
observed plume losses indicate that lead must be
treated simultaneously as a gas-like particle and as
particulate matter. This variation in particle size
also indicates that the removal of lead from the
dispersing plume is probably occurring simultaneously
by gravitational settling and surface deposition.
Modelling these characteristics is a formidable task.

The most comprehensive analysis of the short
range dispersion of a gaseous pollutant to date was
done by Danard (1972). His study considers the
dispersion of carbon monoxide from a level roadway.
He included the traffic effects on the dispersion
with a parameterized eddy diffusivity which was
allowed to vary in the direction normal to the
highway (x) and upward from the ground (z). The
results, which compared a single point measurement
with the model predictions, indicate that one needs
either to consider the dependence of highway disper-
sion on additional traffic influences or to consider
a more precise parameterization of the vehicular and
boundary-layer turbulence.

Some problems specific to the dispersion of
pollutants from a highway have recently been studied
by Dabberdt (1975, 1976). He reported on a compre-
hensive measurement program to study the thermal and
mechanical effects of vehicular traffic on dispersion
from a heavily traveled roadway. These studies have
indicated that under the test conditions, the waste
heat emissions, the vehicle-induced mixing and a

"shelter belt effect" (which is a wind speed reduction
created by the "wall" of moving vehicles) are all
important dispersion factors.

An earlier analysis by us (Reiter and Katen,
1972), of highway dispersion included the deposition
of particulate Tead, and resulted in good agreement
between the measurements and model predictions.
However, that study raised questions as to the validity
of using a Gaussian plume model and Taylor's statis-
tical theory to predict vertical dispersion in the
atmospheric surface layer. Furthermore, it did not
adequately consider the effects of vehicle-generated
turbulence on the dispersion from a highway. These
shortcomings have been overcome in the present
study.

In Chapter 2, we will present and briefly discuss
the basics of a few turbulence models as they relate
to the dispersion of gases and particulates from a
line source, such as a highway, in the atmospheric
surface layer.

In Chapter 3, a method of solving two-dimensional,
line-source diffusion equations is developed, which
is called the method of modified Gaussian solution.,
The method is quasi-analytic. It combines u and KZ

profiles with a homogeneous (or Gaussian) solution,
instead of combining the variable profiles and the
diffusion equation. It is shown that the method of
modified Gaussian solution is nearly as accurate as a
numerical solution, and is almost as convenient to
use as a Gaussian plume model.

In Chapter 4, we try to determine which eddy
diffusivity is the most accurate for describing the
short range, vertical diffusion from cross-wind line
sources in the surface layer. The predictions of the
Monin-Obukhov similarity theory, Taylor's statistical
theory, and the constant K asymptotic approximation
of the statistical theory are compared with measure-
ments.

In Chapter 5, the method of modified Gaussian
solution and the results of Chapter 4 are applied to
the diffusion of lead emitted on highways, and the
predicted concentrations of lead are compared with
observations. The method is verified with a series
of measurements which were taken at a test site on
Interstate Highway 25 about twelve kilometers south-
east of Fort Collins, Colorado. Lead concentration
and meteorological profiles were measured up to
approximately 100 meters downwind from the highway.
The survey was conducted during the summer and early
fall afternoon hours of 1971 under fair weather
conditions typical of the front range of the Rocky
Mountains in this season. Samples were not collected
under adverse weather conditions. The results of
this study should be applicable to most straight, at-
grade sections of highways with traffic densities up
to about 2500 vehicles per hour.

The conclusions of this study are summarized in

Chapter 6, which also contains a set of recommenda-
tions for future research.

t Please see the preceding 1ist of symbols.
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2.  THEORETICAL BACKGROUND

Three theories are commonly used to describe the
turbulent dispersion of pollutants. K theory results
from a parameterization of the turbulent flux in terms
of an eddy diffusivity, K. Taylor's statistical
theory is founded upon Lagrangian statistics of fluid
particles in homogeneous turbulent flow fields.
Monin-Obukhov similarity theory describes surface
layer profiles of meteorological variables in terms of
a stability parameter. While the limitations of these
theories are severe, they either individually or in
concert represent the major thrust of dispersion
modeling today. The primary interaction between these
three theories arises with the use of the statistical
theory or similarity theory to formulate the eddy
diffusivities needed in K theory.

This review will be limited to a discussion of
the equations pertinent to describe the two-dimen-
sional dispersion of gases and particulates from a
cross-wind Tine source, and will only include the
Gaussian (or homogeneous) solutions and a few other
analytical solutions for specific surface-layer wind
and eddy diffusivity profiles.

Both the Gaussian plume models and the solutions
of homogeneous K theory diffusion equations are often
applied to similar problems. To avoid confusion we
note that, in the following, a Gaussian solution is
the homogeneous solution to a governing diffusion
equation, and that the Gaussian plume model is an
assumed distribution based on the Gaussian or normal
distribution (Slade, 1968).

A. K Theory

Many people have reviewed the derivation and
assumptions of the K theory differential equations
(e.g., Hinze, 1959). Corrsin (1974) advocates that
one should avoid the indiscriminate use of K theory.
The most serious misapplications of K theory are to
the problems of boundary layer shear flows where
gradients, and time and length scales usually exceed
suggested limiting criteria. (However, in attempting
to solve problems outside of an idealized laboratory
wind tunnel, or without the use of an extensive com-
puting facility, few, if any, other diffusion theories
have proven acceptable.)

The dispersion of a neutrally buoyant gas, or
very small particulates with negligible settling
velocities, from an infinite cross-wind line source
can be described by

oc _ 3 ac
u(z) 55 = 37 K (x2) 57
where c is the concentration of some admixture (gm m3
or parts per million, ppm) and K, is the eddy diffu-

sivity in the vertical direction (m2 sec']). The
derivation of Eq. 2.1 from the complete diffusion
equation can be found in Sutton (1953). A1l dependent
variables in Eq. 2.1 are considered to be time-
averaged. Equation 2.1 includes the K theory para-
meterization of the turbulent fluxes and also the
following assumptions: a) diffusion in the direction
of the mean wind is much less than advection by the

mean wind (—Q-K € <y %% , b) that homogeneity
exists in the horizontal cross-wind direction (%§»= 0),

(2.1)

9X X 39X

and c) that steady state conditions (dc/at = 0)
exist.

The simplest solution to Eq. 2.1 arises when the
mean wind speed and eddy diffusivity are both steady
in time and homogeneous in space. Then Eq. 2.1 simp-

lifies to
2
ac 3 C
u—— = K, —= (2.2)
X z azz

The solution to Eq. 2.2 (with appropriate
boundary conditions) is the homogeneous or Gaussian
solution and is given by

= —“——QL———— exp ;-% -K—Z-)z(/—uf, (2.3)
/2 JZKz x/u u z
where QL is the emission rate of the continuous line

source (gm m! sec']). Part of the reason solutions
such as Eq. 2.3 have found so much success in the
prediction of the atmospheric dispersion of admixtures
is that quite frequently the distribution of diffusing
material is observed to follow a normal distribution
(Hinze, 1959). Generally, this normal distribution of
material might be expected in the free atmosphere,
well away from the earth's surface, from the top of
the planetary boundary layer, or from the tropopause,
or from the stratopausa. It is very important to note
that while a Gaussian distribution is approximately
observed in the atmosphere and it is also the solution
to Eq. 2.2, one should not construe this as indicating
that the K theory parameterization is correct (Corrsin,
1974). This has lead Corrsin (as quoted by Slade,
1968) to say that the K theory approach is useful in
practice but not in theory.

Under oblique wind conditions, the diffusion from
the infinite 1ine source must be treated three-
dimensionally. The general solution to the three-
dimensional diffusion equation can only be obtained by
numerical analysis, and requires the parameterization
of cross-wind eddy diffusivity. However, Calder
(1973) has shown that, in an oblique wind, the solu-
tion to the three-dimensional diffusion equation can
be approximated well if Eq. 2.3 is modified to account
for the angle of the wind to the line source and the

increased travel distance to the receptor. Calder's
solution is given by
Q. 2
cC = ) 1 exp [« —E2——Y, (2.4)
/27 0. (=) 2% (_fQ_
T O \Cose! U €05 ¢ 9, \Cose

where Xo is the perpendicular distance from the line
source, o, is the standard deviation of the plume
distribution, and ¢ is the angle of the wind with
respect to the normal to the 1ine source.

A more general solution to Eq. 2.1 for an in-
finite Tine source at the surface is given by Sutton
(1953) as Eq. 2.5 when u and K, are given by u =

u](z/z1)m and K, = K](z/z1)":

c(x,z) = (2.5)

rQ u ]s u JM-n+2

% r(s) (m-n+2)2 K] {J

where r = m-n+2, s = (m+1)/{m-n+2), u; and K, are the
wind speed and eddy diffusivity at the reference

(m-n+2)2 K; X



height, z;5 and T is the gamma function (see Abramo-

witz and Stegun, 1968). This equation was also
adapted for conjugate-power law profiles, where m =
1-n, which is approximately valid in the constant
stress region of the surface layer.

The solution to Eq. 2.1 for an elevated cross-
wind Tine source (Walters, 1965; Csanady, 1974) in a
constant stress layer is given by

O  (z/n)™2
u,_ h

c(x,z) = X
h
(2m+1 )—h-z- (2.6)
u
h
, 142m ' 2m+1
1+ / I m 2 h
exp 1= 5 Ky X 2mH 5 Ky X
(2m+1) 5 (2m+1)
Up h u, h

where h is the line source height, and I_ 2m ] is the
m+
Bessel function of imaginary argument and fractional

order (see Abramowitz and Stegun, 1968).

The large Tead particulates emitted from a
vehicle possess a finite gravitational sgtt]1ng veloc-
ity, vg, typically in the range of validity of Stokes

Law (Fuchs, 1964). Their dispersion can formally be
described by

ac ac _ 3 ac
u(z) T Yoz T W Kz(z) T (2.7)
Equation 2.7 can also be used to describe the disper-
sion of a buoyant plume where the plume has a buoyant
velocity, denoted by Vps which replaces vg in Eq. 2.7.

The homogeneous (Gaussian) solution to Eq. 2.7 with
appropriate boundary conditions (Pasquil]z 19§2) is
the tilted plume version of Eq. 2.3, and is given by

2
Q (z-v t)
c(x,2z) = L exp 4§t . (2.8)
v2m 2Kt u
where t is the travel time from the source. Several

examples of application of this solution are given by
Pasquill (1962). The only available analytical solu-
tion to Eq. 2.7, with non-constant values for u(z) and
Kz(z) was derived by Rounds (1966). The solution is

valid for an elevated 1line source, but only for
neutral-stability power law profiles, and will not be

considered here.

In some cases, the removal of particulate matter
with a small but finite gravitational settling velo-
city, or of a neutrally buoyant gas, occurs at a rate
which is greater than that attributable only to gravi-
tational settling. This removal can be expressed in
terms of a deposition velocity. Pasquill (1962)
assumes that the rate of deposition is proportional
to the concentration near ground level, and that the
vertical distribution is unaltered by the process of
deposition. The complete concentration profile is
then given by replacing the initial source strength by
an effective source strength in the homogeneous
solution Eq. 2.3. The effective source strength, QL,
is given by
Vg X c(x,0)

0 (2.9)

Q; (x) Q exp |-

where QL is the initial source strength, V4 is the

deposition velocity (m sec']g, x is the downwind
distance (meters), and c(x,0) is the concentration at

the surface.
B. Formulation of Eddy Diffusivity

To solve diffusion equations, one must specify
profiles of wind and eddy diffusivity. The profiles
used in the previous section usually do not adequately
describe the state of the surface layer.

The prediction of the surface-layer dispersion of
pollutants is hindered by flow-field parameters that
vary in time and space. The mean wind speed varies
very rapidly in the first 10 m of the surface layer.
The intensity of turbulence also varies systematically
with height above the surface and with the stability
of the atmosphere.

Three methods of formulating eddy diffusivity
will be developed here and tested in Chapter 4:
Monin-Obukhov similarity theory, Taylor's statistical
theory, and the asymptotic approximation of Taylor's
theory.

i. Monin-Obukhov Similarity Theory

The surface layer, characterized by a region of
constant flux of both heat and momentum, has a typical
height from 20 to 200 m (Lumley and Panofsky, 1964).
Under neutral stability conditions, the mean wind
speed u is given by the well-known logarithmic velo-
city profile

u(z) = !t-zn Bz+zo)/z°],
where u, is the friction velocity and is equal to

(2.10)

¥
I %—I » T is the Reynolds shearing stress, p the

density of air, k the von Karman constant, z the
vertical coordinate, and z, the roughness length.

Under non-neutral conditions, surface-layer
profiles of meteorological varijables can be described
as functions of z/L, where L is the Monin-Obukhov
Length:

N

g

k(wT)

(Monin and Obukhov, 1954) where T is temperature, and
g the acceleration due to gravity. In Eq. 2.11 a
prime denotes the deviation of an instantaneous value

from the time mean, and hence W'T' is the temporal
correlation between perturbation temperature and
vertical velocity. The Monin-Obukhov theory assumes
that all non-dimensional surface-layer variables can
be expressed as a function of the non-dimensional
length z/L. A major accomplishment of micrometeorology
in recent years has been to determine empirical
formulae relating the fluxes of heat and momentum to
temperature and wind profiles. The functional form
equations presented below are after Businger (1972),
and the numerical coefficients (which in some cases
are still questionable) are from Dyer (1974).

u 4
u = T(*(lng-w])

(2.11)

unstable (2.12a)

TRl wn) stabte (2.12b)
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g =g, +8, (2n %; - wz) unstable (2.13a)
8 = 8 +8, (n ;-0 -5%)  stable (2.13b)
Kp = kuez (1-16 %)0'25 unstable (2.74a)

k u, z/(1 +5 z/L) stable, (2.14b)

“n

where 8 is the potential temperature, eo is the sur-
face potential temperature, 0, = - W'T'/u,, Km is the
vertical eddy diffusivity for momentum, ¥y o=

2 an[(1+x)/2] + 2n[(1+x2)/2] -2 tan']x + 1/2, X =

(1-16 2)%%, y, = anl(1+y)/2), and y = (1-16
z/L)" 7.

Given a set of temperature and wind profiles,
Eqs. 2.12 and 2.13 can be solved iteratively to find
Uxs Zys B4y 6, and L, and, from these, the values of

eddy diffusivity. In this study, the eddy diffusivity

for momentum, Km, is assumed to be the diffusivity for

the pollutants considered also.
ii. Taylor's Statistical Theory

The underlying principle of Taylor's (1921)
approach is that the variance of an ensemble of tracer
fluid particles can be given by

2

-
a, = 2 02

z L,w ff R (£)dE dt’ (2.15)

0 ©
where cf " is the temporal variance of the Lagrangian
vertical wind component, RL(E) is the Lagrangian

velocity autocorrelation coefficient and t is the
dispersion time. It is assumed that the fluid parti-
cles are dispersed from the source such that they have
a memory of their past motion up to the time that the
Lagrangian autocorrelation coefficient becomes zero.
After this time, their motion becomes completely
uncorrelated with their previous motion, and they are
dispersed completely at random.

Considerable effort has gone into studying the
nature of the Lagrangian autocorrelation coefficient,
and reviews can be found in the literature (e.g.,
Lumley and Panofsky, 1964). A scaled Eulerian mea-
surement is generally used instead of the Lagrangian
autocorrelation coefficient (Hay and Pasquill, 1959;
Corrsin, 1963b; Baldwin and Mickelson, 1962). Hay and
Pasquill assume that

R(E) = Re(t) (2.16)

where £ = Bt, RE(t) is the measured Eulerian-velocity

autocorrelation coefficient, and B is the scaling
factor between the correlograms. The Eulerian auto-
correlation function is assumed to be of the exponen-
tial-decay type given by

RE(t) = exp (- t/TE), (2.17)

where TE is an appropriate time scale representative

of the measured Eulerian autocorrelation coefficient
curve, The expression for the plume variance is then
given by

o = 2 oﬁ BT {t+ BTc[exp (- t/8T) - 1]} (2.18)

and the eddy diffusivity, which is related to the
variance by K, = %—%f (05)’ is given by

Kz = oﬁ BTE (1 - exp (- t/BTE).) (2.19)

Taylor's statistical theory is strictly appli-
cable to stationary homogeneous flow fields, for which
it was shown by Lumley (1962) that the Lagrangian wind
variance is equivalent to the Eulerian measurement of
05' Much of the experimental work on the study of
Taylor's theory has been done in wind tunnels and
pipes, which meet the boundary and stationarity con-
ditions. Typically, in these cases, conditions are
such that the Lagrangian integral time scale of tur-
bulence, TL, (Hinze, 1959) is of the order of frac-

tions of a second, and investigations are usually
performed anywhere from a few centimeters to a few
meters downwind of the sources. Quite unlike the
atmosphere, wind tunnels have a turbulence regime that
is generally in steady state, with Timited eddy
scales. Even with the significant differences between
wind-tunnel and atmospheric turbulence, Taylor's
theory is quite often applied to the atmosphere.

iii. Asymptotic Approximation of Statistical Theory

The third approach to eddy diffusivity estimates
that was tested is an empirical formula derived from
the asymptotic approximation of Eq. 2.19 (Pasquill,
1962) and is defined by

2 &
Kz = g B TE : (2.20)
where B', an empirically determined free variable, is
Tater shown to be a function of the stability para-
meter, L. The functional role of the free variable

B' in Eq. 2.20 has not been determined. The nature of
the experimental measurements, discussed in Chapter 4,
does not allow us to assume it to be the same as the
Lagrangian-Eulerian time scaling factor B.

For convenience, the eddy diffusivity defined by
Eq. 2.20 will be called constant eddy diffusivity,
since it does not vary with the diffusion distance
(travel time) as Eq. 2.19. In this study "constant”
or "variable" eddy diffusivity refers only to the
variation of diffusivity with distance downwind of the
source and does not imply any restriction on the
variation with height above the surface,

The theoretical formulations of eddy diffusivity
given above will be used to determine the applicabil-
ity of K theory with each of the three formulations of
eddy diffusivity for describing the short-range
vertical diffusion from a cross-wind T1ine source in
the surface layer. The emphasis in the analysis,
given in Chapter 4, will be to determine whether the
diffusion can be described by a constant or variable
eddy diffusivity.

3. THe MetHoD oF MoDIFIED GAUSSIAN SOLUTION

The major weakness of the Gaussian solution,
described in Chapter 2, is that the wind speed and
eddyhdiffusivity are assumed to be independent of
height.



Now we shall develop a method which would allow
us to apply Gaussian solutions to problems in which
the wind and eddy diffusivity distributions are not
homogeneous. Initially, the "stepped Gaussian pro-
cess" is developed. However, this process is refined
because of its shortcomings. The new technique is
called the method of modified Gaussian solution. It
has the convenience and simplicity of a Gaussian
solution, and yet nearly attains the accuracy of a
finite difference solution. The method given here is
only an approximation. However, this method does
offer a quasi-analytic alternative to a numerical
solution, with a high degree of accuracy, at a sub-
stantial reduction in computer costs.

A. Development of the Method of Modified Gaussian
Solution

i. The Stepped Gaussian Process

Let us suppose that a continuous, infinite line
source of strength QL is located along the y-axis,

with the wind blowing in the positive x-direction. If
the with wind speed u and eddy diffusivity Kz are con-

stant throughout, the dispersion is described by Eq.
2.2, and its solution is given by Eq. 2.3. For every
value of x downwind of the source, Eq. 2.3 predicts a
normal or Gaussian distribution of concentration. The
question may then be asked: How are two distributions
at two different distances downstream related? Since
one downstream distribution transforms into the other
via the dispersion process, the problem of relating
the different downstream distributions to each other
can be solved. From statistical theory (Mielke, 1972)
it is known that a normal distribution in the x-z
plane can be described by the independent variable,

z/(/xi/xr o(xr) » where x. is the downwind distance

to any intermediate point from the real or virtual
source, X, is the distance to any specified receptor
and U(Xr) is the standard deviation of the distribu-
tion of the pollutant at X In general, points X3
can be considered to lie either upstream or downstream
of X The dispersion of a pollutant over a distance
X; can be expressed by the fraction of the standard
dewaﬁonatxra&

Jx./x c(x 3.

Therefore, if a distribution at X has a variance
o (x ), then a d1str1but1on at any point X; has a
variance of (x /x )0 (x ). If the distance X, is
d§v1ded into N equal sub-intervals such that X,

c(x.) (3.1)

z (x1-x 1), then the sum of the variances of N
i=1
successive intermediate points X3 upstream of X, is

equal ‘to the variance of the distribution at X
Each fractional interval (x;-x;_1)/x, contributes its
proportional part to the total variance at Xps since

diffusion is additive for variance. This is called
the stepped Gaussian process.

Let us apply this stepped Gaussian process on Eq.
2.3. The equation yields a normal distribution in the
first intermediate plane at xr/N. From this distri-

bution a series of virtual sources can be formulated

along this plane. The virtual source Qv at xr/N and
z can be formulated by

Q,(x. /N, z) =

where Az is the vertical distance between virtual
receptor points. The stepped process with N=2 is
illustrated in Fig. 3.1. The concentration profile
in the plane at x = 2xr/N is given by the sum of the

contributions of each of the virtual sources in the
plane xr/N. This process is repeated a total of N

times until the plane at X, is reached. The agreement

between the concentration distributions in a homo-
geneous field calculated through Eq. 2.3 with x = x

and by the stepped Gaussian process is excellent.

c(xr/N, z) u Az, (3.2)
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Fig. 3.1. Schematic representation of dispersion

by the stepped Gaussian process. The
real source at the origin disperses into
a normal distribution in the plane at Xy

Virtual sources formulated according to
Eq. 3.2 in this plane, two of which are
shown, disperse normally in the plane Xos

the sum of all these virtual sources is
a normal distribution at Xoe

This stepped Gaussian process can be considered
to be analogous to the method of finite differencing.
Writing Eq. 2.2, the homogeneous diffusion equation,
i? finite difference form (Van Buijtenen et al., 1973)
gives

c(i,j) = cli,j-1) + (3.9)
:2;(2 (C(1+1:j ]) * C(1 ]aJ 1) = 2C(1,J 1))’

where i, j represent grid locations along the z and x
directions, respectively. The finite difference
computations are limited by a numerical stability
criterion. That is, Ax and Az must satisfy the ex-
pression given by




6%5 < Azz,

(3.4)
(Richtmyer and Morton, 1967). Equation 3.3 is used
operationally by proceeding with computations along
the direction from grid point to grid point. The
stepped Gaussian process also leads to a set of for-
ward marching calculations. It can be shown that
computations by the numerical methods lead to a nearly
normal distribution of pollutant concentration. 1In
the case of the stepped Gaussian process, the com-
putations lead to exactly normal distributions by
assumption (see Fig. 3.]{.

ii. Stepped Gaussian Process Applied to an Inhomo-
geneous Wind Field

The stepped Gaussian process can also be applied
to a flow field where wind speed and eddy diffusivity
are functions of height. To use the stepped Gaussian
process in this case we must include the vertical
variation of u and KZ in the evaluation scheme. When

u and KZ are functions of height, Eq. 2.1 can be
expressed in finite difference form as
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(Cotton, 1976), which demonstrates that gradients in u
and Kz must be considered in the evaluation. When the

Gaussian solution is used in a stepped process, one
can allow the downstream step size, Xis to approach

zero. In that 1imit it would be possible to use the
Gaussian solution as if the inhomogeneous field were a
series of sub-fields of homogeneous flow. The dis-
persion from each virtual source is evaluated with the
values of u and KZ representative at the point of each

virtual source. However, for practical applications
X; cannot be made infinitesimally small. Thus, as in

Eq. 3.5, the vertical variations in u and in KZ must

be used in the Gaussian solution in the stepped
process. An analysis has shown that for each source
and receptor pair (real or virtual), the geometric

means of u and of KZT between a source level and a

receptor level must be used in the Gaussian solution
to give the concentration at that specific receptor.
These geometric means represent the "effective"
values of these variables over the region between the
source and receptor. One should note that, in the
limiting case of xiao, the geometric means between

source and receptor levels will approach the values of
u and of KZ at the source level.

Ig was found that the stepped Gaussian process
was, within Timits, insensitive to the magnitude of
X If X; is not larger than about 2 m and the ver-

tica! grid spacing is about 0.1 m, the concentration
prof11e§ obtained by the stepped Gaussian process
agree with those obtained by numerical differencing.

5 The geometric means of u and KZ are given by
(usur)15 and (KsKr)%’ respectively, where s and

r denote the values at the source and receptor
Tevels.

However, if the step size X; is greater than 2 m, the

effective values of u and KZ can no longer be approx-
imated by the geometric means of u and Kz at the

source and receptor. As a result, the concentration
profiles predicted by the method become different from
those predicted by numerical differencing.

Therefore, it is necessary to improve the stepped
Gaussian process by improving the method of estimation
of the effective values of u and Kz'

iii. The Method of Modified Gaussian Solution

When one writes the diffusion equation in a
finite difference form and divides the continuous
space into a series of discrete grid points, one can
show that the pollutant is dispersed into a specific
region of the grid space. This region is determined
by the second order difference equation (3.5) and it
is marked by large dots in Fig. 3.2. Furthermore,
only specific portions of this region play a role in
determining the concentration at any single receptor
point. The three regions outlined by the boxes in
Fig. 3.2, are the "fields of influence"" for each of
the indicated receptor points. This figure demon-
strates that only the values of u and KZ at certain

grid points, those within each box, will be involved
in the calculations of the concentration at each of
the specified receptors. When Eq. 3.5 is solved
iteratively, one can see that there is a hierarchy in
the importance of the terms in the solution. From a
comparison of the magnitudes of the terms in the
solution, one can neglect some of the terms and one
can determine an "effective field of influence" for
each of the receptor points. This effective field of
influence is considered to be the region of the flow
field which most strongly influenced the dispersion
for that receptor point. These effective fields of
influence are then used to calculate the effective
values of u and Kz‘ These effective values are

geometric means over the effective field of influence,
and they are then used to determine the concentration
at specific receptor points by direct evaluation of
the Gaussian solution Eq. 2.3.

There are probably many methods of determining
the effective field of influence, and in Appendix A
the empirical technique which was developed is
presented. The effective field of influence, in
general, encompasses the region between the source
and receptor levels and extends on either side of the
encompassed region.

B. Application of the Method of Modified Gaussian
Solution

In this section it will be shown that the method
of modified Gaussian solution is as versatile as the
Gaussian plume model, and that its accuracy is com-
parable to the numerical or analytical solution to
several of the commonly occurring dispersion problems.

i. Plume Reflected at the Surface

The above discussion is based on the assumption
that no substantial interaction occurs between the
diffusing material and any plume-reflecting boundary.
For situations where a diffusing plume is intercepted
by an impenetrable boundary, such as the earth's
surface or an inversion 1id, the "method of images"
is often used (Sutton, 1953; Turner, 1964; Slade,
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Figure 3.2. Schematic representation of a two-dimensional finite differencing grid in the x-z plane. Wind
is assumed to blow from left to right with the source, S, at i-5, j=1. The portion of the grid
to which material can disperse according to Eq. 3.5 is marked by dots (-). The specific "fields
of influence" for the three indicated receptor points, Ri’ i=1,2,3 are outlined.
1968). The equation used for describing the disper- concentration distribution predicted by the method of

sion from a cross-wind line source, near the surface
is given by
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— exp| - +exp -
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where h is the height of the source above the surface.

Numerical experiments showed that it is not
necessary to mirror the wind and eddy diffusivity
profiles in the surface, and that it is only necessary
to determine the effective values of the field vari-
ables for the "real" source at each specific receptor
point according to the technique suggested in Appendix
A. The effective values calculated for the real
source can then be substituted into the image term.

Let us consider the following example: The
source is at a height of 5m; and the profiles of wind
speed and eddy diffusivity are respectively given by

= - 2 -
u=0.7 In(z) + 4.04 and K, = o, Tp where o
0.082 In(z) + 0.33 and TE = 0.62 In(z) + 2.25. The

source strength, QL, is 5.2 cc m'] sec1. Figure 3.3

shows a comparison of the predictions of the con-
centrations by the finite-difference method, the
modified Gaussian solution and the Gaussian plume
model. The numerical solution uses a no-flux boundary
condition at the surface, whereas the method of modi-
fied Gaussian solution and the Gaussian plume model
use the method of images. These distributions were
calculated at a distance of 300 m downwind of the
source. The Gaussian plume model was evaluated with
the values of u and Kz at the source height. The

the modified Gaussian solution is in excellent agree-
ment with the numerical solution of Eq. 2.1. Addi-
tional data are given in Table 3.1. The table shows
?ood agreement with respect to conservation of mass
within 1.5%), Tocation of the center of gravity and
plume variance.

ii. Sources Near the Surface

A second commonly encountered problem is a cross-
wind line source at or near the surface of the earth.
The solution for the case of a cross-wind Tine source
at the surface with wind and eddy diffusivity approx-
imated by power law profiles is given by Eq. 2.4
(Sutton, 1953). In order to solve numerically the
diffusion equation for this situation, it is necessary
to assume that the source is not exactly at the
surface, but at the Towest grid level. Thus, zero
wind speeds and eddy diffusivities at the surface are
not encountered. This is generally an acceptable
approximation and has little effect on the final
solution. An analytical solution to the case of a
cross-wind line source near the surface, with the wind
and eddy diffusivity approximated by power law pro-
files, is given by Eq. 2.5. The corresponding nu-
merical solution using the finite differencing scheme
given by Eq. 3.5 can be used for virtually any type of
profiles for u and K_, but generally is difficult to
use operationally.

Figure 3.4 presents a comparison of the predic-
tions made by the finite difference method, the method
of modified Gaussian solution and the Gaussian
solution (Eq. 2.5). For purposes of illustration, the
Gaussian solution is evaluated with u and Kz repre-

sentative of three different levels: 0.2 m, 2.2 m,

Dy
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(3.4)
(Richtmyer and Morton, 1967). Equation 3.3 is used
operationally by proceeding with computations along
the direction from grid point to grid point. The
stepped Gaussian process also leads to a set of for-
ward marching calculations. It can be shown that
computations by the numerical methods lead to a nearly
normal distribution of pollutant concentration. 1In
the case of the stepped Gaussian process, the com-
putations lead to exactly normal distributions by
assumption (see Fig. 3.]{.

ii. Stepped Gaussian Process Applied to an Inhomo-
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The stepped Gaussian process can also be applied
to a flow field where wind speed and eddy diffusivity
are functions of height. To use the stepped Gaussian
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variation of u and KZ in the evaluation scheme. When
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and Kz must be considered in the evaluation. When the

Gaussian solution is used in a stepped process, one
can allow the downstream step size, Xis to approach

zero. In that 1imit it would be possible to use the
Gaussian solution as if the inhomogeneous field were a
series of sub-fields of homogeneous flow. The dis-
persion from each virtual source is evaluated with the
values of u and KZ representative at the point of each

virtual source. However, for practical applications
X; cannot be made infinitesimally small. Thus, as in

Eq. 3.5, the vertical variations in u and in KZ must

be used in the Gaussian solution in the stepped
process. An analysis has shown that for each source
and receptor pair (real or virtual), the geometric

means of u and of KZT between a source level and a

receptor level must be used in the Gaussian solution
to give the concentration at that specific receptor.
These geometric means represent the "effective"
values of these variables over the region between the
source and receptor. One should note that, in the
limiting case of xiao, the geometric means between

source and receptor levels will approach the values of
u and of KZ at the source level.

Ig was found that the stepped Gaussian process
was, within Timits, insensitive to the magnitude of
X If X; is not larger than about 2 m and the ver-

tica! grid spacing is about 0.1 m, the concentration
prof11e§ obtained by the stepped Gaussian process
agree with those obtained by numerical differencing.

5 The geometric means of u and KZ are given by
(usur)15 and (KsKr)%’ respectively, where s and

r denote the values at the source and receptor
Tevels.

However, if the step size X; is greater than 2 m, the

effective values of u and KZ can no longer be approx-
imated by the geometric means of u and Kz at the

source and receptor. As a result, the concentration
profiles predicted by the method become different from
those predicted by numerical differencing.

Therefore, it is necessary to improve the stepped
Gaussian process by improving the method of estimation
of the effective values of u and Kz'

iii. The Method of Modified Gaussian Solution

When one writes the diffusion equation in a
finite difference form and divides the continuous
space into a series of discrete grid points, one can
show that the pollutant is dispersed into a specific
region of the grid space. This region is determined
by the second order difference equation (3.5) and it
is marked by large dots in Fig. 3.2. Furthermore,
only specific portions of this region play a role in
determining the concentration at any single receptor
point. The three regions outlined by the boxes in
Fig. 3.2, are the "fields of influence"" for each of
the indicated receptor points. This figure demon-
strates that only the values of u and KZ at certain

grid points, those within each box, will be involved
in the calculations of the concentration at each of
the specified receptors. When Eq. 3.5 is solved
iteratively, one can see that there is a hierarchy in
the importance of the terms in the solution. From a
comparison of the magnitudes of the terms in the
solution, one can neglect some of the terms and one
can determine an "effective field of influence" for
each of the receptor points. This effective field of
influence is considered to be the region of the flow
field which most strongly influenced the dispersion
for that receptor point. These effective fields of
influence are then used to calculate the effective
values of u and Kz‘ These effective values are

geometric means over the effective field of influence,
and they are then used to determine the concentration
at specific receptor points by direct evaluation of
the Gaussian solution Eq. 2.3.

There are probably many methods of determining
the effective field of influence, and in Appendix A
the empirical technique which was developed is
presented. The effective field of influence, in
general, encompasses the region between the source
and receptor levels and extends on either side of the
encompassed region.

B. Application of the Method of Modified Gaussian
Solution

In this section it will be shown that the method
of modified Gaussian solution is as versatile as the
Gaussian plume model, and that its accuracy is com-
parable to the numerical or analytical solution to
several of the commonly occurring dispersion problems.

i. Plume Reflected at the Surface

The above discussion is based on the assumption
that no substantial interaction occurs between the
diffusing material and any plume-reflecting boundary.
For situations where a diffusing plume is intercepted
by an impenetrable boundary, such as the earth's
surface or an inversion 1id, the "method of images"
is often used (Sutton, 1953; Turner, 1964; Slade,



levels of the distribution. It is felt that these
errors could be substantially reduced if the scheme
suggested in Appendix A for determining the effective
values was slightly modified for cases when the
receptor point is in the upper portion (the tail) of
the distribution. Further work is needed to improve
the method in this respect.

TABLE 3.2

Comparison of conservation of mass, Q, location of the
center of gravity with respect to the source height,
C.G., and plume variance, o*, for the modified
Gaussian and numerical solutions to Eq. 2.5. Source
height, Z,, s 0.2m, x = 300 m, and u = 2.69(z/zh)°'1‘

and K, = 0.02(z/zh)°°°“.
1

Q(gm m~ sec']) C.G. (m) oz(mz)
Numerical 5.2 4.6 39.60
Modified Gaussian 5.7 4.9] 43.0

iii. Particulates with a Gravitational Settling

Velocity

The dispersion of particulate matter, which
possess a non-negligible settling velocity, is des-
cribed by Eq. 2.7. This particular formulation of
the problem does not include the effect of the

ravitational settling velocity on eddy diffusivity
Pasquill, 1962). It does, however, describe clearly
the phenomenon of gravitational settling.

Under homogeneous conditions, the solution to

Eq. 2.6 is the tilted plume equation (Eq. 2.7). The
validity of this solution is often doubted when non-
homogeneous conditions are encountered. However,
this analysis shows that by using Eq. 2.7 in the
method of modified Gaussian solution, one can obtain
an excellent approximation to the numerical solution
of Eq. 2.6.

A comparison of the concentration distribution
predicted by finite difference method, by the method
of modified Gaussian solution and by the Gaussian
solution is given in Fig. 3.5. The Gaussian solution
uses u and KZ representative at the source height.

In this example the source height, zZ,, was 10.2 m and

the initial source strength was 5.2 gm m) sech.
The particulates were assumed to have a settling

velocity, Vgs of 0.2 m sec”!. The profiles of wind
speed and eddy diffusivity are respectively u =
5.O(z/zh)0']6 and KZ = 0.6(z/zh)0'84. Good agreement

between the concentration distributions predicted by
the methods of finite difference and modified
Gaussian solution is seen in Fig. 3.5 and Table 3.3.
In comparing these statistics one must consider that
there has been a substantial loss of mass from the
profile due to gravitational settling. The pre-
dictions of the methods of finite difference and of
modified Gaussian solution agree with respect to the
location of the center of gravity (C.G.) and variance
of the distributions.

Since the method used for determining the effec-
tive field of influence depends on plume size and

10

.200
.180
K —— NUMERICAL

160 —— MODIFIED GAUSSIAN
——— GAUSSIAN

140
120
100
080
060

040

CONCENTRATION (PPM)

020

16 20

12
HEIGHT (meters)

A comparison of the numerical solution,
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Gaussian solution to Eq. 2.6. The Gaus-
sian solution is evaluated with u and KZ

representative of the source height, s
10.2 m. Ihe initial source strength was

Figure 3.5.

1
5.2 gnm s?c' » X = 300 m, v? =
-0.2msec , u-= 5.0(z/z,)°"'¢ and K, =
0.6(z/zh)°'°“.
TABLE 3.3

Comparison of the conservation of mass, Q, location
of the center of gravity and the variance of the
numerical and modified Gaussian solutions to Eq. 2.6

for a source at 10.2 m, v_ = -0.2 m sec %, x = 300 m,
u= 5.0(z/zh)°"° and K, = o.6(z/zh)°‘°“.

Q(gm m']sec']) C.G. (m) oz(mz)

Numerical 3.13 -3.72 42.11

Modified Gaussian 3.23 -3.81 42.14

location, several techniques were tested to account
for the vertical displacement of the plume centerline
due to particulate settling. In the examples tested,
no significant improvement in the predicted profile
was obtained by attempting to account for this
vertical displacement of the plume centerline.
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However, under other conditions, the results might be
different from those obtained here through Appendix
A.

C. Summary

The numerical examples presented here have shown
the applicability of the method of modified Gaussian
solution to predict concentration profiles in in-
homogeneous flow fields. Since only certain regions
of the flow field dominate in the determination of the
concentration at a point, it is possible to determine
the effective values of the flow field variables for
that receptor point. Once the effective values of u
and KZ have been determined for a specific receptor

point, one is able to compute the concentration at
that point using the Gaussian solution. The accuracy
of this method is comparable to that of the finite
difference method. With this method of modified
Gaussian solution, the major characteristics of a
dispersing plume in a shear flow are accurately pre-
dicted, as they are in studies which use more sophis-
ticated modeling techniques. These include the shape
of the distribution curve, the point of maximum con-
centration, the center of gravity, the variance and
the total mass.

Several special cases, including the effects of
surface plume reflection, gravitational settling and a
near-surface source, also yielded accurate predictions
with the method of modified Gaussian solution. Each
of these cases has a homogeneous solution which can be
used with the effective values of the field variables,
u and KZ, to yield the solution to the inhomogeneous

case. While there is room for improvement in the
determination of the effective values for the flow
field variables, the method is very useful, and satis-
factorily fills the gap between the homogeneous
Gaussian solution and the more accurate finite dif-
ference method.

The uniqueness of the technique developed here
lies in part in that the Gaussian solution is a
solution to the diffusion equation and also in that
the operational nature of the method of modified
Gaussian solution is analogous to those of a finite
difference marching solution. The solution technique,
while approximate, does offer a high degree of

accuracy at a substantial reduction in computer costs.

4, LINE' Source Gas-DiFFusIoN EXPERIMENTS

This chapter investigates the accuracy of several
different methods of predicting the dispersion of a
gaseous pollutant from a crosswind line source in the
atmospheric surface layer. This study is important
for the development of a model of the dispersion of
lead particulates from a highway. It is also im-
portant, in its own right, for a better understanding
of the vertical diffusion of a contaminant in the
surface layer.

Each of the basic K theory differential equations
given in Chapter 2 requires the inclusion of a profile
of eddy diffusivity (Kz) in order to describe the

dispersion. The dispersion of a pollutant from a
highway depends on atmospheric as well as vehicle-
induced turbulence. To separate these effects, one
must first investigate atmospheric eddy diffusivity.

1

The question to be answered here is: Which
formulation of eddy diffusivity -- the Monin-Obukhov
similarity theory, Taylor's statistical theory or the
constant K, asymptotic approximation of Taylor's
statistical theory -- is the most accurate in pre-
dicting the short-range, vertical spread of pollutants
in the surface layer? This study will compare pre-
dictions made by these three theories to a set of
measurements. Once a method of parameterizing at-
mospheric eddy diffusivity is formulated, one can use
it as a basis from which to infer the vehicular
effects.

A. Design of the Gas-Diffusion Experiment

The gas diffusion experiment was designed so that
the results could readily be compared to the two-
dimensional model predictions.

In the tests, sulfur hexaflouride (SF6) was

released from an elevated, effectively "infinite" line
source. (The "infinite" length is to satisfy the
conditions of cross-wind homogeneity.) In all tests,

the Tine source had a strength of 4.8 cc m sec™! of
sulfur hexafluoride (at ambient conditions). Vertical
concentration profiles were measured at three rel-
atively short distances downwind. The details of the
experimental equipment and data processing are des-
cribed in Appendix B. Figure 4.1 shows the experi-
mental setup.

For these tests, the line source was positioned
at either 6.5 or 2.8 meters above the surface, and was
attached to a steel cable which was stretched taut
between three supporting towers. The former position
(6.5 m) was designed to keep the diffusing plume away
from the surface, as much as possible, over the
sampling range. Thus, one is able to observe the rate
of spread of the plume before the plume interacts with
the surface. Under these conditions, the eddy dif-
fusivity which best describes the growth of plume can
be accurately determined. The second position (2.8 m
above the surface) was to observe the behavior of the
plume in the critical region near the surface. Com-
parison of the data and model predictions are used to
determine how well K theory, the method of modified
Gaussian solution and the method of images (which is
used when the plume intersects the surface) perform
under these conditions.

Three sampling towers were positioned approxi-
mately in a 1ine perpendicular to the 1line source and
parallel to the anticipated mean wind direction. The
meteorological measurements consisted of the hori-
zontal wind, vertical wind fluctuations and tempera-
ture. The middle sampling tower was also used to
mount bivane anemometers. Detailed plane and cross-
sectional views are given in Figs. 4.2 and 4.3, re-
spectively. The test site, located at the Colorado
State University airport, was approximately 250 meters
downwind of several buildings, whose effect on the
measured profiles is discussed below. The terrain was

slightly inclined (a 1.5 m elevation increase over 250
m) and the surface covering, which varied slightly
with %he season, was mainly rye grass approximately 50
cm tall.

B. Discussion of the Gas Diffusion Data

Figures 4.4a through 4.4j present the measured
atmospheric profiles for each of the ten case studies.
These figures include profiles of the mean wind speed,
standard deviation of the vertical wind component, and
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an Eulerian integral time scale derived from the
Eulerian vertical-velocity autocorrelation coeffi-
cient. Included on some of these graphs are the
uncorrected bivane and UVW anemometer vertical-wind
standard deviations. The purpose of including these
data is to demonstrate the validity of the algorithm
derived to correct the errors associated with the
bivane vertical wind component measurement. These
corrections are discussed further in Appendix B. In
general, the agreement between the corrected bivane
and UVW anemometers, is excellent. Table 4.1 gives
additional data on the experimental conditions. These
include the mean wind direction with respect to the
normal to the Tine source (¢), the friction velocity
(ug), the roughness length (zo) and the Monin-Obukhov

length (L) for each of the ten test cases.

In about 20% of the curves in Fig. 4.4, there are
some discrepancies between the measured values and the
fitteg logarithmic or power law curves (of the form
Ae«z") foru, o, or Tp at the upper level anemometer

W
(18.5 m). These discrepancies are not due to instru-

mental error. They result from a change in roughness
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The mean wind direction with respect to the normal to the line source,
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Figure 4.4h.

Same as Fig. 4.4b except for Test 65

the friction velocity, the roughness length, and the Monin-Obukhov
length for each of the ten gaseous diffusion experiments.

DATE TEST o(deg) uy(m sec™) 2, (cm) L(m)
5/23/74 42 18.3 0.26 0.3 - 3.3
6/03/74 44 15.4 0.27 0.6 -22.6
6/05/74 45 10.8 0.16 0.4 - 8.0
9/06/74 55 5.0 0.25 0.4 27.2
10/29/74 57 4.5 0.14 0.5 - 9.6
11/01/74 58 5.0 0.26 1.0 -14.9
11/07/74 61 6.0 0.32 1.3 - 7.5

6/02/75 65 18.0 0.23 0.9 -14.3

6/05/75 66-1 6.0 0.39 3.0 -23.9

6/05/75 66-2 7.4 0.42 3.0 -35.8
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elements (buildings and trees) upwind of the airport
test site. This indicates that the vertical profiles
are in the process of adjusting to the smooth airport
surface, but that these changes have not, in all
cases, reached the 18.5 m measurement level. These
slight differences between the measurements and fitted
profiles will not significantly affect the predicted
concentration profiles.

In the first seven test cases discussed here
(Tests 42, 44, 45, 55, 57, 58, and 61, see Appendix
B), given in Figs. 4.5 through 4.11, the line source
was positioned 6.5 m above the surface. Vertical
inhomogeneities in the wind speed and eddy diffusivity
profiles only slightly skew the distributions (see
Figs. 4.5 through 4.11).

In the last three test cases (Tests 65, 66-1,
and 66-2), given in Figs. 4.12, 4.13, and 4.14, respec-
tively, the source was positioned 2.8 m above the
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surface. Six of the tests (Tests 42, 44, 45, 65,

66-1, and 66-2), have two concentration profiles @ =
measured at 16.5 m and 31 m downwind. These are r =T
denoted by a and b, respectively, in the figures. The a8t s

remaining four tests (Tests 55, 57, 58, and 61) have,
in addition to the first two profiles, a third profile
at 45.5 m, which is denoted by ¢ in the figures.

The measured concentration profiles, in Figs. 4.5
to 4.14, appear to be generally correct. However,
some of the measured curves show slight irregularities
in their shape as, for example, in Figs. 4.6b, 4.7b,
4.10a, and 4.11b (in Tests 44, 45, 58, and 61, re-
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Comparison of the measured (M) and pre-
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to formulate the eddy diffusivity.
Source height was 6.5 m and the distance
downstream of the source was x = 16.5 m.
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Figure 4.7a.

15



Figure 4.7b.
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TABLE 4.2

Comparison of measured profiles (M) and the modified Gaussian solutions
to Eq. 2.1 using: a) the constant K eddy diffusivity given by £q. 2.20
(K), b) similarity theory (S), and c) Taylor's theory (T).
includes figures on the total mass associated with each distribution,

location of maximum concentration and center of gravity with respect to

source level, and the variance of the distribution,

The table

' 252
TEST 8 x(m) curve Q ZMAx(m) ch(n) 2, (")
42 1.11 16.5 M 4,71 -0.2 0.03 3.79
K 4.73 -0.2 0.48 4.69

S 4.86 -0.8 1.05 14.18

T 4.77 0.0 0.17 1.79

31.0 M 4.77 =0.7 0.68 11.79

K 4.71 =-0.5 0.77 8.83

S 4,71 -2.0 1.39 20.53

T 4.70 0.0 0.37 4.68

44 1,0 16.5 M 4,76 -0.1 0.14 2.41
K 4.76 -0.1 0.22 3.22

S 5.06 -0.4 0.72 8.72

T 4.79 0.0 0.12 1.05

31.0 M 4,78 -1.2 0.77 9.77

K 4,74 -0.3 0.32 6.00

s 5.08 -1.0 1.02 15.18

T 4,78 -0.1 0.18 3.00

45 1.27 16.5 M 4.75 0.0 0.27 2.52
K 4.76 -0.1 0.19 2,51

S 5.00 -0.6 0.86 10.74

T 4,79 0.0 0.12 1.03

31.0 M 4.79 -0.4 1.12 11.50

K 4,72 -0.1 0.29 4,57

s 4.90 -0.7 1.18 17.45

T 4.77 0.0 0.17 2,76

55 2.5 16.5 M 4,63 -0.3 0.78 4,92
K 4.78 -0.3 0.44 4.45

s 4,72 -0.1 0.10 1.74

T 4,81 0.0 0.12 1,12

31.0 M 4,80 -0.3 1.20 11,70

K 4.77 -0.5 0.69 8,50

s 4,70 -0.1 0.11 3.19

T 4.78 -0.1 0.22 3.26

45.5 M 4,79 -0.6 0.41 8.97

K 4,82 -0.7 0.81 12,35

S 4.67 -0.2 0.13 4.57

T 4.74 -0.3 0.37 5.95

57 4.1 16.5 M 4,79 -0.3 0.62 8.05
K 4,72 -0.3 0.42 6.36

S 4.84 -0.9 1.00 13.88

T 4.81 0.0 0.13 1.43

1.0 M 4.77 -0.7 -0.15 12.58

K 4,74 -0.5 0.59 11.64

S 4.68 -2.1 1.35 20.30

T 4.76 -0.1 0.23 4,22

45.5 M 4.80 ~1.7 0.65 19.67

K 4.78 -1.0 0.71 15.83

S 3.88 -1.5 1.94 25.60

T 4,73 -0.3 0.36 7.84

58 3.35 16.5 M 4,80 0.0 0.26 2,18
K 4.76 -0.1 0.30 3.30

s 4.76 -0.4 0.64 6.50

¥ 4.80 0.0 0.11 0.74

31.0 M 4.85 -0.5 0.39 6.48

K 4,73 -0.3 0.47 6.14

S 4.79 =-0.5 0.94 12.16

T 4.77 0.0 0.14 2.22

45.5 M 4.79 -0.7 0.71 10.25

K 4,73 -0.4 0.60 9.05

S 4,77 ~1.1 1.14 16.30

T 4.74 -0.1 0.22 4.11

61 1.4 16.5 M 4.74 ~-0.1 0.49 4.22
K 4.76 -0.1 0.28 2.89

S 4.76 ~-0.5 0.83 9.61

T 4.79 0.0 0.11 0.86

31.0 M 4.80 -0.5 0.71 9.66

K 4.73 -0.2 0.44 5.39

] 4.77 -1.1 1.13 16.27

T 4.77 0.0 0.17 2.47

45.5 M 4,80 -0.9 D0.16 8.49

K 4.73 -0,2 0.56 7.92

S 4.63 =2.1 1.36 20.08

T 4,73 -0.1 0.26 4,36




Table 4.2 Continued.

Test 8! x(m) curve Q Zyax (™ 2o (m) og(mz)
65 2.48 16.5 M 4,41 -.03 0.42 3.08
K 4.76 -0.7 0.34 3.16

S 4.85 -0.5 0.52 3.22

b ] 4.73 -0.1 0.11 0.98

31.0 M 4.55 -1.1 0.51 4.84

K 4.63 sfc 0.56 4.88

s 4.22 -0.5 0.99 5.41

T 4.50 -0.3 0.26 2,63

66-1 2.25 16.5 M 4,52 -0.6 0.34 2,74
K 4,72 -0.4 0.32 2.43

S 4.33 -0.5 0.99 5.46

T 4.75 0.0 0.15 0.87

31.0 M 4.82 -0.8 1.04 8.01

K 4,57 -1.0 0.56 4.30

S 3.98 -0.8 2.03 11.61

T 4.47 -0.2 0.28 2.26

66=2 2.5 16.5 M 4,53 -0.5 0.30 2.54
K 4.81 -0.5 0.40 2,81

S 4.78 -0.7 0.67 4.02

T 4.75 -0.1 0.14 0.90

31.0 M 4.79 -0.9 1.05 7.12

K 4.73 -1.4 0.75 5.42

s 4.07 -0.7 1.77 10.01

T 4.50 -0.3 0.29 2.34

The Gaussian plume model is, of course, mass con-
servative, whereas, as seen in Table 4.2, the method
of modified Gaussian solution shows a small deviation
from a full conservation of mass. This is due to the
approximation used to determine the effective values
of the field variables. Three other important statis-
tics for the measured and predicted distributions are
also presented in Table 4.2: The center of gravity of
each distribution (C.G.); the Tocation of its maximum
concentration (zmax); and the variance of each dis-

tribution (02). When looking at this table, one
should remember that the characteristics of dispersion
in a boundary layer shear flow are such that: a) the
center of gravity of the distribution moves upward
with time, and b{ the point of the maximum concentra-
tion moves downward toward the surface.

C. Analysis of the Gas-Diffusion Data

The 24 sets of data given in Figs. 4.5 to 4.14
show: a) that two-dimensional K theory (Eq. 2.1) is
sufficiently accurate for describing surface-layer gas
diffusion; and b) that there is agreement between the
measured concentrations and the predictions made using
Eq. 2.20, the constant K, asymptotic approximation of
Taylor's theory.

In reviewing all the 24 sets of data in Figs. 4.5
to 4.14, one sees that the constant K formulation

(1ines "K" in the diagrams), K, = 05 B' Tg, gives the

best agreement in 18 of the 24 data sets. The factor
B' was assumed to be a constant in the vertical and
down-stream directions for each individual experiment.
B' may be a function of z, but the data are currently
insufficient to prove this. The dependency of B' on
stability will be described in the next section.

Two of the six remaining profiles, which did not
agree with the predictions made with the constant K
formulation, agree with the similarity theory predic-
tion (S). Three of the six, Figs. 4.5b, 4.6b, and
4.11b, lie between the predictions of the similarity
theory and the constant K theory. The sixth curve,
Fig. 4.10a, is a very narrow plume, and the measured
values lie between the predictions of the constant K
and Taylor's (T) theories. Test case 55, given in
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Fig. 4.8, is the only stable case studied. In this
case, both similarity and Taylor's theories severely
underestimate the dispersion.

A more detailed analysis of the data reveals that
the profiles predicted by the method of modified
Gaussian solution with Eq. 2.20 are indeed skewed, and
that in most cases, the predictions quite closely
parallel the measurements. The data in Table 4.2 show
that both the measured and predicted distributions
have a nearly full conservation of mass. Furthermore,
they show that there are some slight disagreements
between the locations of the measured and predicted
peak concentrations. However, one sees a trend in the
data by which the location of the maximum concentra-
tion is displaced downward below the release height as
predicted by theory.

The center of gravity and variance statistics are
not as sensitive to small errors in plume positioning
as the other statistics and are thus better indicators
of the shape of the distribution. These statistics,
also presented in Table 4.2, further verify the sim-
ilarity of the measured and predicted distributions.

D. Dependence of Scale Factor B' on Stability

The scale factor B' in Eq. 2.20 is a proportion-
ality constant which is determined for each test case
to give the best comparison between the sets of
measured and predicted profiles. Figure 4.15 relates
B' to the absolute value of the Monin-Obukhov length,
L, which is a measure of the convective stability of
the boundary layer. There is some scatter in the data
as seen in the figure. With the exception of one
point, the lower group of data points are from the
three earliest tests (conducted prior to the summer of
1974). It is felt that the data from the more recent
tests, forming the upper group, are the more accurate,
due to improvements in the field measurements and
laboratory techniques. This stability dependent curve
will be used in the analysis of the highway data.

E. The Effect of B on Predicted Plume Width

These data which show that Taylor's statistical
theory underestimates diffusion must be considered to
be an important conclusion. To further substantiate
this conclusion one can use a simple approximation to
cross-check the result.

Both the factors B and B' in Eqs. 2.19 and 2.20,
respectively, are proportionality constants whose
values are determined empirically. B is, by Eq.

2.16, a scaling factor between the Eulerian and
Langrangian integral time scales, whereas the eddy
diffusivity in Eq. 2.20 varies linearly with g'. 1In
this scaling role, B does not have as significant an
effect on the predicted plume width as B', and thus
the value of 8 is not critical to the conclusion
mentioned in the above paragraph. This can be illu-
strated as follows. Pasquill (1962) demonstrated that
;or short diffusion times, Eq. 2.18 can be approximated
Yy
2 . Pl

v, =Bt (4.1)
where t = x/u. This equation gives the maximum plume
width predicted by Taylor's statistical theory at any
point (diffusion time) a short distance downwind of
the source.

One can evaluate Eq. 4.1 using the values 9, and
u at the source height to estimate the maximum plume
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Figure 4.15. Relationship between B' and the absolute

value of the Monin-Obukhov length.

width. The comparison of these predicted variances
with the measured values in Table 4.2 shows that, in
all cases, Taylor's statistical theory underestimates
the diffusion.

F. Summary

In this chapter we analyzed the data from an
extensive field program designed to study vertical
diffusion in the surface layer. These test data were
compared to the predictions by three formulations of
eddy diffusivity. The results showed that the sim-
ilarity and statistical theories do not accurately
predict the diffusion of gas in the surface layer.
The most accurate predictions of diffusion were given
by an empirical parameterization based on the constant
K asymptotic approximation of statistical theory and
this formulation will be used to describe the eddy
diffusivity of the unperturbed surface layer in the
modelling of the dispersion of lead particulates from
a highway.

5. MopeLiNG THE DispersioN oF LEAD
PARTICULATES FROM A HiGHwAY

In the previous chapters, investigations were
conducted into each of the components important for
solving the equation which describes the short-range,
surface-layer dispersion of lead particulates from a
highway. From comparisons of the Gaussian and nu-
merical solutions of a diffusion equation, a new
methodology was developed. It was shown that gaseous
tracers from Tine sources diffusing in the surface
layer are not described well with either statistical
theory or similarity theory. An accurate prediction
of tracer concentration can, however, be given by the
constant K asymptotic approximation of statistical
theory (Eq. 2.20).

20

Here the results of the previous chapters are
used as bases on which to construct a model of the
short-range transport of particulate lead released by
automobiles.

A. Field Program

The site selected for conducting the field
studies was on a section of the north-south Interstate
Route 25. The site was located 12 km southeast of
Fort Collins, Colorado in an area where background
lead aerosol concentrations were low. The section of
roadway selected was straight and had a grade of 1.5%
with the uphill traffic (south-bound) in the lane
nearest to the equipment. The segment of the road
along which the test equipment was located was nearly
"level" for about 200 m. One problem with this
sampling site was that there was a frontage road 10 m
to the west of the highway. However, this little-used
road presented no problem during any of the sampling
periods for no vehicles traveled along this road
during any of the tests.

The aim of the measurement program was to obtain
down-wind lead concentration and meteorological para-
meter profiles in a plane perpendicular to the high-
way. The placement of the measuring equipment is
described in Appendix B. Sampling was limited to the
first 100 m from the highway, for here gravitational
settling and surface deposition results in the removal
of some of the lead-particulates. This was seen in
previous atmospheric measurements (Besner and Atkins,
1970) and soil measurements (Zimdahl, 1971). Beyond
the 100 m limit it is difficult to collect a signifi-
cant amount of lead on a high volume filter in a 30
minute sampling period. Samples were averaged for 30
minutes so that lead concentrations could be related
to nearly steady atmospheric conditions.

B. Source Parameterization
i. Vehicle Lead Emissions

In dispersion modeling, one of the most crucial
factors is an accurate determination of the source
strength and its spatial and temporal distribution.
Lead emission from a single vehicle has a large range,
dependent upon operating conditions (Hirchler, 1957?
and the age of the vehicle (Habibi, 1970). There is
also a considerable variation among vehicles operating
under the same conditions (Mabibi, 1973). In formu-
lating a model for lead diffusion, the average of the
available data on lead emissions (e.g. Habibi, 1970,
1973; Habibi, et al., 1970; Hirshler, 1957; and Ter
Haar, et al., 1972) was used. No studies have been
conducted for determining the effect of altitude on
lead emissions, and near-sea-level values had to be
used, although the field tests were conducted at about
1,500 m above sea level.

The operating condition of the vehicles along the
test section of the highway was assumed to be steady
state at speeds between 55 and 70 mph. These tests
were conducted prior to the reduction of maximum speed
1imit to 55 mph. Under low speed, stop-and-go, city-
type driving conditions, considerable lead residue can
be accumulated in the exhaust system with only 20% to
60% of the consumed lead being emitted. Previous
investigations (Hirshler, 1957; Ter Haar, et al.,
1972; and Habibi, 1970) generally agree that while the
lead emissions vary significantly with operating

conditions, the difference between the average emission

and typical city-type driving emission is usually
exhausted under high-speed driving or during high
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speed, full-throttle accelerations. The net result is
that, overall, between 70 and 80% of the consumed lead
is exhausted from the vehicle. High speed operation
is very close to this equilibrium state with about 70%
emission rate (Habibi, et al., 1970). The remoteness
of the test site from urban areas meant that the
vehicle emission rates could be considered to be
stabilized due to operating conditions. The majority
of the vehicles passing the sampling station would
have been operating continuously at high-speed condi-
tions for a considerable distance.

ii. Particle-Size Classification

The physical characteristics of vehicular lead
emissions have been extensively studied. For an
"aged" Tead aerosol, measured some distance from its
source, Robinson and Ludwig (1967) found a mass median
equivalent diameter (mmed) of 0.25 um. Ter Haar
reported 35% of the emissions were less than 0.5 um
and 40% by weight were more than 5.0 um in diameter
(aerodynamic equivalent diameter for a unit density
sphere{. Typically, the sub-micron fraction may
represent from 5 to 50% of the quantity emitted, but
generally lies between 20 and 25% of the consumed
lead.

Particle size distributions were further studied
by Corrin and Menne (1975) in a series of Anderson
impactor studies at varying distances from a roadway.
Their results showed that between 60 and 80% of the
collected particles were less than one micron in
diameter and 10 to 20% of the collected particles were
greater than 8 um, but these results gave no clear
picture of the average size distribution either at a
given distance from the roadway, or any systematic
variation of particle size with distance from the
roadway.

In a set of wind tunnel experiments, Habibi
(1973) found that the deposits collected from the
floor represented about 10% of the consumed lead.
Since these particles ranged in diameter from 5 um to
3000 um, a combination of gravitational settling and
surface impaction were probably responsible for their
removal. The fraction of particulate lead found in
the range from sub-micron to about 10 um has also been
observed to vary from a few percent to 40% of the
consumed lead, but normally about 35%.

Because of the wide range of heavy particle sizes
observed by Habibi (1971), one might expect that the
broad spectrum of heavy particles should be sub-
divided into several size groups with appropriate
settling velocities. However, Hage (1961) showed that
the rate of deposition of particles in a turbulent
flow may be obscured by non-uniformity of particle
size. Further, it was shown by Van der Hoven (1968)
that a vertical shear of the horizontal wind becomes
as important as the diffusion mechanism if there were
an initial variation of particle size with height.
Habibi's wind tunnel tests (1973) showed that the
heaviest particles had effective settling velocities

between 0.06 and 0.25 m sec!. Considering the above
factors, it was assumed that the heaviest particles
could be represented by a single group with an effec-

tive settling velocity of 0.20 m sec™).

Habibi's studies also show that particles smaller
than 10 um were also deposited near the source in the
wind tunnel. However, it should be noted that a
particle with an effective aerodynamic diameter of

1

10 uym has a Stokes velocity of 0.3 cm sec” and a

sub-micron particle of 0.2 um has a Stokes velocity of

0.0123 cm sec™'. For these highway studies, even
under rather Tight wind conditions (a Tong travel
time), a rather small amount of gravitational settling
would have occurred for particles 10 um and smaller.
Particles in a size range from 0.5 to 10.0 um are then
probably being removed primarily by surface deposi-
tion, impaction or sorption. To describe this re-
moval, an empirically determined, effective deposition

velocity, Vs of 0.01 m sec'] was assigned to this
class of particles.

In a previous modeling study (Reiter and Katen,
1972), it was shown that differences of concentration
between gas-diffusion model predictions and particu-
late lead measurements reach about 35% within 60 m of
the roadway. From a comparison of the measured and
predicted fallout, it can be seen that gravitational
settling and surface deposition do not fully account
for the discrepancy between the earlier-model pre-
dictions and the measurements. One must conclude that
the differences are not entirely attributable to the
loss of particulate matter from the dispersing plume.

Apparently, other physical processes are im-
portant in the dispersion, and must be included in the
diffusion equation. Based on the available data on
particle sizes for highway driving conditions, and
also considering the physical problem under study, the
lead emissions were classified into the categories
given in Table 5.1. The table gives the range of
values observed in each group and also the average
used in this study. These three categories classify
the particulates as follows: a) the heaviest par-
ticles which undergo rapid gravitational settling, b)
the intermediate-size particles which have a finite
gravitational settling velocity, but are primarily
removed by surface impaction or sorption at the sur-
face, and c¢) the smallest, gas-1ike particles which
are very slowly removed by surface interactions, and
may be considered to be conserved during our obser-
vational periods.

iii. Parameterization of Vehicle Effects

A single vehicle moving along a roadway will
create a wake which can be observed for several meters
on either side of and above the vehicle after the
vehicle has passed the observation point. The moving
vehicle creates a region of low pressure of nearly its
rear cross-section in the area directly behind the
vehicle. Exhaust gases and particulates are usually
released near the bottom of this low pressure region
and are very vigorously drawn up into it. Turbulent
inflowing air (with a Reynolds number >> 100,000) and
the vehicle exhaust are quickly mixed. This single-
vehicle release can then be advected and diffused by
the boundary layer flow, and can be acted on by the
turbulence from other vehicles. Dabberdt (1975) has
shown that vehicle-generated turbulence on a heavily
traveled (100,000 vehicles per day) divided highway
creates a mixed layer of nearly uniform turbulence
extending to about 4 m above the surface and 10 m
beyond the traffic lanes. The vehicle-generated
turbulence damps out quickly about 7.5 m above the
surface. The effect of the traffic turbulence is to
create some initial distribution of the pollutants
over the roadway. In this model, the release is
represented by two virtual line sources lying in the
middle of each side of the divided roadway, at a
height of 1.6 m.



TABLE 5.1

Percentage by weight of lead consumed by vehicles.

i Range of =
tions and average values used in this study. g RbesErve

SIZE

AT O o
- Retained in Vehicle 10-90% 30%
d < 0.5 pm Gas-Like 5-50% 25%
0.5um<d< 10 um Surface Deposition 5-40% 35%
d> 10 um Gravitational Settling 5-20% _10%
TOTAL 100%

The small-scale vehicle turbulence is parameter-
ized as an effective eddy diffusivity, Kv’ which is

superimposed on the eddy diffusivity of the surface
layer given by Eq. 2.20. This effective eddy diffu-
sivity was assumed to be constant throughout the field

with a value of 0.5 msec™!. In his study of the

diffusion of carbon monoxide from a highway, Danard

(1972) assumed an eddy diffusivity of 20 m’sec™)
the lowest 3 m over the highway. This value was
assumed to decrease linearly with distance, to the
value of the atmospheric eddy diffusivitity at 50 m
from the edge of the roadway. In our study, a vehicle
turbulence decay rate was not assumed. The approach
taken was to assume that the net effect of the vehicle
turbulence on the dispersion was limited (based on an
average of the observations) to a maximum contribution

to the plume variance (og) of 50 mz. The effect of

the vehicle turbulence is (usually) initially greater
than that of the atmospheric turbulence near the
roadway in the lowest layers. At greater distances
from the roadway, the dispersion becomes dependent on
atmospheric turbulence alone, since the vehicle eddy
diffusivity was assumed to be of lTimited strength.

in

A detailed analysis of the measured distribu-
tions, discussed in the following sections, indicates
that a factor in addition to mechanical turbulence
(atmospheric and vehicular) was acting to disperse the
lead particulates. It was found that the dispersing
plume had an effective vertical displacement and it is
necessary to give a buoyant velocity, Ve of

0.15 m sec ' to the plume to improve the agreement
between the model predictions and the measurements.

Several mechanisms are thought to contribute to
this plume behavior. Thermal emissions from the
vehicles are partly responsible for the large cross-
roadway temperature gradients observed by Dabberdt
(1975), who shows that the exhaust heat released on a
heavily traveled roadway can be a significant per-
centage of the solar radiation falling on the roadway.
Furthermore, Dabberdt (1976) has suggested that a line
of vehicles on a roadway may act as a "shelter-belt"
effect, which would have the effect of slightly de-
creasing the mean wind speed in the region just down-
wind of the roadway. One would also expect to find a
trailing vortex shed from the lee side of the vehicles
as they move along the roadway. Since in our study
the traffic densities were considerably less than
those studied by Dabberdt, the vehicular waste heat
emissions are probably not intense enough, by them-
selves, to give the exhaust plume a significant
buoyancy. However, it is felt that the combined
effects of vehicle-generated turbulence, waste heat
and, in some cases, an unstable surface layer, can act
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together to trigger this buoyant plume. The result is
that the dispersing plume attains a net upward verti-
cal wind component. From the observations, it appears
that this induced vertical motion is of limited in-
tensity and in agreement with the measurements, the
plume centerline was allowed to rise a maximum of 8.0
m above the effective source height.

C. A Model For the Dispersion of Lead from a Highway

i. The Highway Dispersion Model

A general form of the diffusion equation which

combines both the vehicular effects and atmospheric

profiles is given by

sc ac 3 ac
u(z) ok (vb + vg) 5 = (Kz(z) + Kv) o (5.1)

where u(Z) is the measured atmospheric wind profile,
L the buoyant velocity of the exhaust plume, vg the

gravitational settling velocity of the lead bearing
particulates, Kz(z) the eddy diffusivity of the sur-

face layer given by Eq. 2.20, and Kv the eddy dif-

fusivity attributable to vehicle movement. If one
assumes that condittons are homogeneous so that u,
Vb + vg, and Kz + Kv are all constants, the solution

to Eq. 5.1 is given from the basic homogeneous (or
Gaussian) solutions discussed in Chapter 2.

The homogeneous solution to Eq. 5.1 is given by
Q' (z-h-(vb+v )t)2

1

c= exp i- +

ven J?KZt 2Kt u z Kt + 2Kt

1 (z+h+(vb+v )t)2 (
exp {5 5.2a)

2 2Kzt + ZKVt
. Vg X c(x, 0)

where QL = QL exp |- —QL— § (5.2b)

h is the height of the virtual source above the sur-
face, and t is the downwind travel time from the
virtual source to the receptor point. This specific
homogeneous solution can be used to approximate the
numerical solution of Eq. 5.1 for inhomogeneous con-
ditions with the use of the modified Gaussian solution
technique described in Chapter 3.

. Equation 5.2 has been written to encompass the
d}Spersion of all three sizes of lead particles from a
highway. The three homogeneous solutions for the size
groups given in Table 5.1 can be obtained from Eq. 5.2
by various assumptions on p and Vg a) for the large

particles undergoing gravitational settling, v
-0.2m sec'] and Yy = 0; b) for the intermediate size
particles Vg 0and vy = 0.01 m sec"1; and c) for
the smallest particles vg =y . 0.

The initial source strength, QL, for each par-

ticle size theoretically can be determined from: a)
tbe percentage of the consumed lead in the size range
given in Table 5.1; b) an assumed average of 2.0 gms
of lead per gallon of gasoline; c) an average vehicle
mileage of 13 miles per gallon; and d) the number of
vehicles per hour passing the test site. However, it
was necessary to determine the effective source
strengths given in Table 5.2 from a comparison of
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measured and predicted concentrations by initially
establishing an effective number of vehicles with a, b
and c above held constant.

The plume variance is determined as the sum of
the variance due to atmospheric turbulence and vehicle

turbulence and is given by

2 .
o, = 2Kt + 2K (2)t (5.3)

where K = 0.5 mzsec'1, K, is given by Eq. 2.20, and t
= x/u(z). Both Kz(z) and u(z) are the effective

values as evaluated in Appendix A. The first term on
the right-hand side of Eq. 5.3 is limited to a maximum

value of 50.0 mz.

This highway model does not incorporate any
effect of the eddies generated by south-bound traffic
on the dispersion of the north-bound lane emissions.
Dabberdt (1975)-has shown that the ratio of o,

(north-bound lanes) to o, (south-bound lanes) at

comparable dispersion distance, varies from 0.3 to
3.0; the ratio had the highest correlation with wind
speed alone, of all the parameters tested. Since no
clear systematic relationship was established, in this
study, the growth of the up-wind and down-wind lanes
were assumed to be independent.

TABLE 5.2

Source strength determined from the effective number of vehicles per
hour (VPH), its intensity (ug of lead m 'sec™') and the mass remaining
in the profile at 48 m (ug of lead m 'sec”™?)

Effective Source Mass in

Figure Test/Run VPH Strength Profile

at 48 m
5.2a 4 1200 23.8 20.6
5.2b 5-1 2276 43.3 37.1
5.2c 5-2 1500 26.2 22.6
5.2d 7 1116 20.7 16.8
5.2 B-1 792 14.7 12.4
5.2f 8-2 1000 18.6 15.0
5.2g 10 1860 34.6 28.5

ii. Analysis of the Data

Seven data sets are presented for comparison with
the highway model formulated in the previous section.
The model predictions were used to establish the
maxima of Kv and Vp- The measured profiles of u, L

and TE are given in Figs. 5.1a to 5.1g. Table 5.3

gives the statistics of the boundary layer which were
used with the data in Fig. 4.10 and Eq. 2.20 to cal-
culate the atmospheric profiles of eddy diffusivity.

Figures 5.2a to 5.2g display isopleths of at-
mospheric lead concentrations in a plane perpendicular
to the highway. The horizontal distance, x, is the
distance from the downwind edge of the pavement. (The
virtual sources are at x = -6.4 m and x = -33.8 m.)
The height, z, is height from the surface. Each of
these x-z cross-sections (Figs. 5.2a to 5.2g) contains
the values of the measured concentrations at the

locations indicated by the dots. In addition, each
cross-section contains two sets of predictions. Those
marked in heavy lines are predicted with the complete
highway model described in the previous section.

Those isopleths marked with the dashed lines were

predicted by the same model, but with Y, = Kv = 0.

One can best understand the effects of the ve-
hicles on the dispersion by comparing the predictions
with and without the parameterized vehicle effects.
There are two very noticeable characteristics in the
measured concentration patterns given in Figs. 5.2.
They are the small vertical concentration gradient
along the tower at 48 m and the small horizontal
concentration gradients downwind of this tower (x =

48 m).
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Figure 5.1a. Measured boundary layer profiles of
wind speed, u, vertical wind standard
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dispersion study, Test 4-1.
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Same as Fig. 5.7a except

for Test 5.2.

Figure 5.1f.

Same as Fig. 5.1a except for Test 8-2.
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Figure 5.1g. Same as Fig. 5.1a except for Test 10-1.

TABLE 5.3

Highway test data. Here ¢ is the angle of the wind with respect to the
normal to the roadway, u, the friction velocity, z, the roughness
length, and L the Monin-Obukhov length.

m sec’

Figure 5.1e.

Same as Fig. 5.1a except for Test 8-1.

DATE TEST ¢ u,(m sec']) zo(cm) L{m)

8/17/N 4 24° 0.n 1.4 - 10.24
8171/ 5-1 24° 0.50 9.0 - 19.07
811N 5-2 24° 0.52 n.7 - 24.95
9/24/N 7 65° 0.38 32 - 21.72
9727/ 8-1 18° 0.33 16 - 2.80
9/21/N1 8-2 61° 0.26 15 - 7.63
10/07/1 10 57° 1.08 17 -402.2
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From Figs. 5.2a to 5.2g one can see that the
measured concentration gradients in these regions are
about one-half to one-fourth of the gradients pre-
dicted when atmospheric eddy diffusivity alone is used
in the evaluation. Inclusion of Kv and b leads to

the agreement of the highway model predictions and the
measurements. One exception to this is Fig. 5.2f,
Test 8-2. In this case the differences are due to
errors in the measurements.

Another noticable characteristic of the predicted
patterns is the increased vertical spread near the
pavement, x = 0. The greatest vertical plume spread
at the roadside occurs in Figs. 5.2d, Test 7-1 and
5.2f, Test 8-2. In these cases, from Figs. 5.1d and
5.1f the wind speeds are quite low, as seen in a
travel time (calculated at a height of 3 m) from the
resulting farthest virtual source (x = -33.8) to the
reference plane (x = 0) of approximately 45 seconds.
This long travel time allows the dispersing plume from
the north-bound lanes to attain this large vertical
spread by the time it reaches the road edge. The
farthest lanes upwind contribute greater than 95% of
the mass to receptor points above 9 m at the road
edge. In these two test cases, it should also be
noted that the dispersion predicted by atmospheric
turbulence alone shows also a rather broad distri-
bution at the downwind road edge.

The model which includes vehicle turbulence does
not, in all cases, yield good predictions near the
roadway (the first sampler is at x = 5.2 m). This is
due to the fact that this first sampler is actually in
a different flow regime. This regime is part of the
"well mixed" layer discussed by Dabberdt (1975), which
was observed to extend 10 m beyond the traffic region.
To correctly model this region near the roadway, it
is necessary to assume that the flow field variables,
u and Kz, are functions of x as well as z in that

region. However, detailed information on the struc-
ture of the flow field in and around the traffic lanes
is not now available.

The data presented in Figs. 5.2a and 5.2e, show
good agreement between the measurements and the model
predictions except for rather large disagreements at
the roadside sampler, x = 5.2m. In these two cases
the travel time from the reference plane, x = 0, to
the main tower, x = 48 m, is approximately 35 sec.
These examples illustrate the basic inadequacy of the
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model when the vehicle effects are much stronger than
those of the atmosphere in the turbulent region near
the roadway.

There are some test conditions under which this
highway model does show good agreement at all the
measuring locations. The best overall agreement
occurs in Figs. 5.2c and 5.2g. In these cases, the
wind is strong and the travel time from the roadside
to the main tower, x = 48 m, is about 13 seconds
(calculated at a height of 3 m). In these cases,
atmospheric eddy diffusivity was quite large. The
effects of the atmospheric processes are as strong as
the vehicle effects. The plume, in the region of
study, can be seen to be undergoing rapid growth with
downwind travel.

After a travel time of approximately 50 seconds
from the virtual line sources, Kz and vp become in-

effective. This indicates that atmospheric eddy
diffusivity eventually becomes the primary mechanism
in the dispersion. This transition to an unperturbed
turbulent regime is demonstrated in Figs. 5.2a to
5.2g. The transition can be considered to begin when
the two sets of isopleths in each diagram tend toward
similar patterns. In several of the cases, e.g.,
Figs. 5.2d,e,f the transition begins at about x =

50.0 m. Thus it is necessary to include the vehicular
effects only in the region immediately adjacent to the
roadway.

Table 5.3 also presents the data on the mass of
lead still remaining in the predicted profile at 48 m.
The mass of lead remaining in the profile at 48 m is
an indication of the depletion of the plume by the
removal processes. This decrease is due to both a
loss of heavy particles by gravitational settling and
a loss of intermediately-sized particles by surface
deposition.
iii. Summary
The generally good agreement of the predictions
of this model with measurements is encouraging.
Hence, the dispersion of lead from a roadway can be
described with the model suggested in this chapter.
The model, however, has certain limitations. It does
not make accurate predictions close to the traffic
lanes when the atmospheric eddy diffusivity is small
compared to the eddy diffusivity attributable to the
vehicle-generated turbulence.

The best agreement with the measurements occurs
when the Monin-Obukhov length, L, is less than -25 m,
a condition under which the mechanical generation of
turbulent kinetic energy dominates over the buoyant
production. Under these conditions the atmospheric
turbulence in the boundary layer usually equals or
exceeds the vehicle turbulence for moderately traveled
highways.

Far (x > 50m) from the roadway the vehicle
effects become secondary to atmospheric turbulence.
This is observed as a trend towards the alignment of
the two sets of isopleths predicted with and without
vehicle effects. At greater distances from the high-
way, one can completely neglect the initial influence
of the vehicles on the dispersion.

The data given in Table 5.3 indicate that only
about 10% of the consumed lead, or 15% of the emitted
lead, is lost from the plume by gravitational settling
and surface removal over the range of this study.

From this one can conclude that a large vertical plume




:n
rd

lar
the

es

—r

iled

spread and not surface deposition is responsible for
the rapid decrease of concentration with increasing
distance from the highway.

6. CONCLUSIONS AND RECOMMENDATIONS
A. Conclusions

Simple analytical solutions exist for homogeneous
diffusion equations. However, atmospheric flow fields
are often inhomogeneous and are governed by inhomogen-
eous diffusion equations, for which no general an-
alytical solutions exist. On the other hand, numeri-
cal solutions consume considerable computational time,
even with moderately large computer facilities. Thus,
there is a need to find accurate, general and easily
computable methods to solve inhomogeneous diffusion
equations.

It is shown that the effective values of the mean
wind and eddy diffusjvity can be introduced into the
Gaussian solution of a homogeneous diffusion equation
to yield a useful solution for the inhomogeneous case.
The technique is called the method of modified Gaus-
sian solution. In many of our experiments, the
measured and predicted distributions are in close
agreement.

The method of modified Gaussian solution is
applied to the diffusion of gases and particulate
matter from line sources such as highways. The pre-
dictions of this method agree with those of the nu-
merical method including such characteristics as the
general shape of the distribution, the downward dis-
placement of maximum concentration, and the upward
displacement of the center of gravity of the plume.

The gas-diffusion studies show that two-dimen-
sional K theory describes the diffusion sufficiently
well. A comparison of three techniques for formu-
lating eddy diffusivity shows that Taylor's theory and
similarity theory do not yield acceptable coefficients
of diffusion, and that the long-diffusion time,
asym?tot1c limit to Taylor's theory yields the best
results,

The application of the method of modified Gaus-
sian solution and the parameterized eddy diffusivity
to the study of the highway dispersion of lead shows
that while some particulate lead 1s lost from the
dispersing plume, the rapid decrease in concentration
with distance from the roadway is primarily due to
vertical transport.

The vertical spread of the plume cannot be
accounted for by the measured atmospheric turbulence
alone. While the anemometers do not measure the very
small, vehicle-generated eddies, the concentration
profiles show their effect.

The following quantities were included in the
model to describe the observed concentration profiles:
a) a buoyancy of the plume and b) an effective eddy
diffusivity. This eddy diffusivity is due to the
vehicle-generated turbulence and the buoyancy, in
part, arises from heated exhaust gases. The vehicle
turbulence initially contributes significantly to the
dispersion but its energy is rapidly dissipated. At
greater distances from the roadway, dispersion is
dominated by the atmospheric processes alone.

B. Suggestions for Future Research

More accurate methods need to be devised to
parameterize the effective values of the flow-field
variables for the method of modified Gaussian solu-
tion. A study should be made as to whether the method
can be extended to inhomogeneities in all three di-
mensions.

The factor B', used in the scaling of the
Eulerian measurements in the formulation of the eddy
diffusivity was assumed to be a constant throughout
the surface layer. But this may not be true. More
detailed study is necessary to determine any varia-
tions of B' with height and the dependency of it on
the non-dimensional height z/|L|.

Gaseous tracer studies should be conducted in the
region immediately adjacent to the roadway to in-
vestigate the buoyancy effect and eddy diffusivity
attributable to the vehicles in greater detail. These
studies should establish both the dependency of these
quantities on vehicle density and their decay rates as
a function of distance from the roadway.
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ApPENDIX A

Determination of the "Effective Field of Influence"

The object of this appendix is to present the
.empirical method used in this study for estimating the
effective field of influence at a given receptor
point. The formulae given here were determined ex-
perimentally from a comparison of solutions by the
method of modified Gaussian solution and numerical
finite difference or analytical solutions to the
governing differential equations. These formulae are
proved to be adequate in most of the cases studied.
However, it is felt that improvements will be made on
the technique in the future.

In determining the effective field of influence
it is necessary to establish a) whether the plume has
grown wide enough so as to have had significant inter-
action with the surface and b) whether the receptor
point is closer to the peak of the distribution or
closer to the tail of the distribution. This is done
by comparing both the reference (source) height of the
plume, Ziap? and the difference in elevation between

the source and receptor heights, Zia =|zref'zr
with a parameter °geo’ where °geo is a factor repre-

sentative of the dispersive capabilities of the region
between the source height and the surface. The factor
ogeo is given by

9%e0 Kgeo */Ygeo

where K o and ugeo are the geometric averages of K(z)

and u(z) over the region from the surface (in actu-
ality the lowest grid level) to the source level and x
is the distance downstream of the source.

Vertical grid spacings for these calculations
were determined primarily on mass continuity con-
siderations given by

Q = .F c(x,z)u(z)dz.
0

Calculations with different vertical grid spacings
showed that the grid spacing in the vertical direction
is not critical to the prediction of the concentration
distribution. Uniform vertical grid spacings varying
from 0.1 to 3.0 m have been tested successfully on
plumes with various degrees of spread.
presented in this dissertation, 0.2 m is used in most
of the cases. Near the source, where concentration
gradients are steep, Az must be small, whereas at
greater distance downwind, Az can be quite large.

Two empirical scaling lengths used in defining
the extent of the effective field of influence are
given by

A = 0.818 Opef

and

B = 0.818 0, (Urloref)
Where Oref = ref */Uprefr %p = vz "r x}ur, Kref
and Kr’ Upef and u, are the values of eddy diffusivity

and wind speed at the source and receptor levels,
respectively.

In the examples
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A. Elevated Line Source

Two general cases are distinguished depending on
whether the plume centerline is "near" or "far" from
the surface.

A)  Source Level Located Far From the Surface
(Zref > 1.95 cgeo)' In this case the

proximity of the receptor point to the plume
centerline must also be established.

1) If the receptor point is within a

distance of 1.5 °geo of the source

level, then the effective field of
influence encompasses the region en-
closed by the source level and the
receptor level plus a distance A above
and below the region.

2) If the receptor point is greater than a
distance of 1.5 ¢ an from the source

level (case 1 in Fig. A-1), then the
averaging region encompasses the region
enclosed by the two levels and extends
a distance A above (below) the source
level and a distance B below (above)
the receptor level when the receptor is
below (above) the source level.

B) Source Level Located Near The Surface
< 1.95 cgeo). In this case (given

Zref =
as Case-2 in Fig. A-1) the averaging
begins at the lowest z level and extends to

a height given by

£ + +
z Z z, Zuge

ref 0°

B. Line Source Near the Surface

A special case is when the source is at the sur-
face, or for practical considerations, at the lowest
grid level. In this case the effective field of
influence should begin at the source level (lowest
grid level) and extend to the height given by

Z = Zor + z, + 4A.

From the example discussed in Chapter 3, it seems that
the effective field of influence probably should not
extend to the receptor point when the receptor point
is far into the tail of the distribution. This
indicates that the upper regions of the field do not
influence the distribution as strongly as the lower
regions, and the effective field of influence must be
adjusted so as not to give the same weighting to the
upper region as to the lower region.

C. Calculation of the Effective Values

Once the effective fields of influence for the
field variables u and K, are determined, geometric

averages for each are calculated over that region.
These geometric averages are then used to evaluate the
Gaussian solution to determine the concentration at
that receptor point. This process must be repeated
for each receptor point to determine the entire con-
centration distribution.
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Figure A.1. A schematic representation of the regions
over which the field variables u and KZ

must be averaged to determine the effec-
tive values of those field variables for
the receptor level z,. Arrows indicate

approximate magnitudes of the parameters
Opef? cgeo’ A and B at the downwind dis-

tances Xq and Xpe Case 1: the source is

“far" from the surface and the receptor
point is greater than 1.5 times the dis-
tance o 50 from the source level. Case

2: the source level is "near" the sur-
face.

ApperDIX B
Field Equipment and Data Processing

Two field programs were conducted in association
with the dispersion studies discussed in this disser-
tation. The first was a study of the vertical diffu-
sion of a gas (SFG) from a cross-wind line source.

The second was a study of the short-range, atmospheric
dispersion of lead particulates from a highway. The
purpose of this appendix is to discuss the details of
the equipment used in these two studies. This will
include the design of hardware and the use and calibra-
tion of analytical equipment.

A. Sulfur Hexafluoride Dispersion Studies

The physical configuration for this dispersion
study is given in Figs. 4.1, 4.2 and 4.3. In order to
complete this program it was necessary to design,
build, calibrate and deploy each component used in
this study. These systems included: a Tline source, a
sampling system, and SF6 and meteorological systems.
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i. Bivane Anemometers

The bivane anemometers used were manufactured by
the R.M. Young Company, Model Number 21002. The
measuring unit consists of A) a propellor and a wind
vane capable of measuring the speed, and azimuthal and
elevation angles of the instanteous wind vector, and
B) the translational unit-which powers the direction
vane and processes the signal for output to a re-
cording instrument.

The instantaneous position of the bivane is
mechanically translated to slide-wire resistors, which
are powered by a 28-volt power supply. Position of
the vane is indicated by an output voltage and is
related to the mechanical position of the vane through
a prior mechanical-electrical calibration. The
anemometer consisted of a four-bladed, 7 1/2 inch
propellor to drive a DC generator and four-finned tail
capable of responding to both lateral and vertical
wind fluctuations. The manufacturer's test data shows
that the threshold wind of the propellor/generator

unit is 0.5 m sec'l, and that the propellor and vane,
which are closely matched in dynamic response char-
acteristics, have an amplitude ratio of about 63% for
a gust length of 4 m. To define the vertical profile
of the mean and turbulent wind fields, four bivane
anemometers were mounted on the main sampling tower at
heights of 1.5, 3.1, 7.5, and 18.5 m.

ii. Bivane Anemometer Corrections

Unfortunately, at present there are no data in
the literature concerning the accuracy of these
bivanes. To be assured that the characteristics
quoted by the manufacturer truly represented the
response of the bivane to each of the three variables
being measured (viz., speed, azimuth and elevation
angle), bivane anemometer statistics were compared to
those of a Gi11l UVW anemometer (R.M. Young Co., Model
27002). In a recent study Horst (1973) compared the
UVW anemometer and a sonic anemometer, which he con-
sidered to be "an appropriate standard". This com-
parison showed that with a correction for the non-
cosine response of the propellors to a wind not
parallel to the propellor axis and a correction for
propellor inertia, most statistics of the two anemo-
metors agreed within a few percent. In addition, the
data presented by Horst showed a good correlation of
the spectral response of his two test instruments.
For purposes of comparison, in our studies, the UVW
anemometer was considered to be the standard against
which the bivane anemometer frequency spectra were to
be compared. The primary, but not exclusive, source
of data was an experiment conducted on June 7, 1974,
when the anemometers were deployed in the following
way: Three bivanes and one UVW anemometer were placed
at a sensing height of 1.5 m from the ground and one
bivane and one UVW anemometer were placed at a sensing
height of 3.1 m. Data was collected and digitally
recorded continually for a period of 5.5 hours, from
which three one-half hour periods were selected for
detailed analysis. The sample digitizing rate was
approximately 25 channels per sec, and the spectrum
analysis was limited to a maximum frequency of 1.10
Hz. The spectra discussed in this section were cal-
culated by Fourier-transforming the velocity auto-
%?;gggation coefficient as discussed by Pasquill

In Fig. B.1, curves A and B give the manufacturer's
dynamic response of the vane and propellor as a func-
tion of wavelength. Curve C gives the dynamic
response of the system (the product of curves A and



B). Based on this information, only a small cor-
rection factor would have to be applied, above a
wavelength of 8 m, to correct for the physical and
inertial filtering characteristics of the anemometer.
From this one would expect the measurements to
slightly underestimate the variance of the wind.

The energy spectra of the u-component is shown in
Fig. B.2. In this figure, curve A is the measured
(uncorrected) energy spectrum of the bivane. It
compares very well with curve B, the spectrum for the
UVW anemometer, which is corrected for non-cosine
response as discussed by Horst, but not for propellor
inertia. The propellors used on the bivane and UVW
anemometers have nearly identical dynamic character-
istics. If one uses the frequency response correction
factor derived by Horst to correct both curves for
propellor inertia, the agreement between the two
curves is still excellent. For clarity, only the
corrected curve for the UVW anemometer is shown (curve
C). These results indicate that the bivane measures
the u component fluctuations well.

The energy spectra shown in Fig. B.3, are for the
vertical components, for both types of anemometers.
Curve A is for the UVW which is corrected for non-
cosine response only. Curve B is for the UVW with
corrections for non-cosine response and propellor
inertia. Curve C is for the w components of the
bivane. When compared to the curve for the UVW, one
can see that the bivane has a very dramatic over-
response. In all cases studied, the measured, un-
corrected, w component bivane spectra, had a sharp
break in its slope; aliso, it crossed the UVW spectra.
If one converts the abscissa of Fig. B.3 from fre-
quency to gust wavelength (which equals wind speed
divided by frequency), the two critical points in
curve C occur at significant wavelengths. The cross-
over point of the UVW and bivane spectra occurs at
nearly 4.5 m and the sharp break seen in all the
bivane spectra occurs at nearly 9.0 m. These wave-
lengths are the theoretical undamped natural wave-
length of the vane (as quoted by the manufacturer) and
twice the theoretical undamped natural wavelength,
respectively. Further, at wavelengths less than 4.5 m
the bivane spectrum is severely attenuated, since the
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vane inadequately responds to these short waves.
Beyond about 10 times the theoretical undamped natural
wavelength, there is a rather constant over-response
of 10% (in the range of frequencies studied).

There are several approaches one may use to
correct for this over-response. To further use the
original time series, which was used to generate this
spectrum, one could design a filtering function to
remove this observed bias from the original time
series (Brier, 1961). In that case, the uncorrected
individual observations would be used in conjunction
with a weighting function to generate a new time
series.

In this study, we are interested in obtaining a
true estimate of the variance of the vertical wind
component from the bivane measurements. For this
reason it was only necessary to derive an empirical,
wavelength-dependent weighting function, as the one
shown in Fig. B.4. This weighting function is then
used to correct the bivane spectra to agree with that
of the UVW. (A simpler approach would have been to
scale the variance empirically, but this would not
have resulted in an explanation of the over-response.)
The result of using the weighting function on the
measured (uncorrected) bivane spectrum is given in
Table B.1 and Fig. B.3, curve D, as the corrected
bivane values. Figure B.3 shows that the corrected
bivane and corrected UVW anemometers are in good
agreement. The UVW anemometer data in Table B.1 is
corrected as suggested by Horst (1973). This table
shows that the bivane corrections are quite signifi-
cant.

The implications of this weighting function (Fig.
B.4) are better understood if it is converted into a
dynamic response curve for the bivane. The square
root of the inverse of this weighting function (Fig.
B.4) is plotted as curve D in Fig. B.1. This shows
that the behavior, in the vertical of the bivane, is
quite different from that given by the manufacturer.
Apparently, some factors have been overlooked in the
design of this instrument. While other vane anemo-
meters are capable of accurately resolving the two
horizontal wind components, u and v, the relatively
small variances of the w component, near the surface

(< 0.1 mzsec'z) are easily overestimated with the
bivane. It appears that the vertical swings of the
vane translate too large a fraction of the horizontal
wind components into the vertical component.

Since reasonable agreement between the w-spectra
of the bivane anemometers and the UVW anemometers is
achieved by introducing a weighting function in the
case of the bivane, this weighting function will be
applied to correct for instrumental errors.

iii. Temperature Measurement

The surface layer temperature profile measuring
system consisted of 4 shielded thermocouples mounted
at heights of 0.5, 1.5, 7.5, and 11.0 m. The thermo-
couples were of copper-constantan and were read out on
a Doric Model Number DS-100-T3, temperature-compen-
sated, digital thermometer. The thermocouple junction
was calibrated for each test with an ice bath. The
readout and wire system were found to be within manu-
facturer's stated accuracy of n 0.05°C. However, it
was found that under variable ambient conditions the
temperature-compensating unit varied by as much as
0.3°C on warm days, but under these conditions all
thermocouples still agree within + 0.05°C. Thus,
while the absolute accuracy of the unit varied, its
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Figure B.4. Empirical correction factor applied to

the w-component spectra of the bivane
anemometers to correct for the observed
over-response.

TABLE B.1

Bivane and UVW anemometer vertical wind component
statistics

g 02
Corrected UVW 0.180 0.0326
Uncorrected Bivane 0.252 0.0635
Corrected Bivane 0.174 0.0303

relative accuracy remained constant. This was felt
sufficient for the intended purposes of measuring
vertical temperature gradients although not for
absolute temperature profiles.

iv. Line Source

The 1ine source was 60 m long and was constructed
in the following manner: one inch segments of 0.012
inch inside diameter (ID) hypodermic tubing were
mounted in a silicone plug in the "T" leg of a 3/8
inch brass Polyflo tubing connector (Polyflo is the
trade name for Imperial-Eastman polyethylene tubing).
Sections of 3/8 inch Polyflo tubing were cut, so that
when connected with the "T" fitting the hypodermic
tubes would be separated by 2 m. The use of 3/8 inch
outside diameter (0D; 1/4 inch ID) tubing insured that
the manifold static pressure would be uniform through-
out, resulting in a uniform metering of SFg along the

full length of the line source. The center of the
line source was connected to a feed line from a bottle
of 99.9% pure SF6. Pressure in the feed 1ine/manifold

system was monitored with a mercury manometer.

The source tubes were cut from hypodermic tubing
stock with the ends being deburred and quality of‘each
tube checked before use. Before assembling the Tine
source, each section of hypodermic tubing was flow-
calibrated over the full range of operating pressures
using a 100 cc bubble flow meter. Once the line
source was assembled and positioned for the field
program, each of the 31 orifices were re-checked and
verified to be clear and operating correctly. As



shown in Fig. B.5, the mean flow rate of the 31 ori-

fices was 9.6 cc sec'] at the selected operating
pressure of 24 inches of mercury. Initially, the line
source was positioned at 6.5 m above the surface and
in later experiments was lowered to 2.8 m. The Tine
source was of sufficient length that when the mean
wind was normal or at a small angle to the normal to
the source, none of the sampling stations would "see"
the end of the line. The line source was oriented
almost east-west, so that the normal would usually be
in the direction of mean daytime flow at the test
site.

v. The SF6 Sampling System

The object in fabricating this sampling system
was to be able to obtain a large number of samples (up
to 32 simultaneously) for each test release, and
integrate them over sampling periods of up to 30
minutes. The sampling system was designed to operate
efficiently using a minimum of resources.

Three sampling towers were used for the collec-
tion of samples. The first tower, 8.7 m in height,
was 16.5 m downwind from the line source and had seven
sampling locations each separated by one meter (see
Fig. 4.2). The second tower, 18.3 m tall and 31.0m
from the source had up to 15 possible sampling ports.
Most had a separation of 1 m, but a few were more
closely spaced near the release height for better
delineation of concentration patterns in this critical
region. A third tower 11.4 m tall and 45.5 m from the
line source had 10 sampling ports each separated by
one meter. The polyethylene sampling tubes were
firmly attached to a rope with the vertical spacings
discussed above. The rope was in turn suspended from
a boom which protruded 0.6 m out from the towers. It
was then possible to move the sampling manifold up and
down on each tower, anywhere from the surface to
several meters above the surface, to coincide with
various release heights (Fig. B.6a). The sampling
tubes were then connected to the sampling container at
the surface. A1l sampling tubes had a minimum length
of 12.5 m with a maximum of 21.0 m. This was done so
that once sampling began, all bags received a minimum
volume of 175 and a maximum of 290 cc of clear air.

The tubing had a volume of & 14 cc m™'. Measured
concentrations were then adjusted to compensate for
this dilution as discussed below. Sampling bags were
mounted inside of sealed steel containers and were
connected to the sampling lines outside with a bulk-
head fitting (Fig. B.6b). Earlier studies, which used
sulfur hexaflouride as a tracer (Clemons, et al.,
1968), showed that Saran bags are the best material
for collection and storage. To accurately control the
sampling rate each bulkhead fitting was sealed with a
silicone plug and a 2.5 cm section of 0.020 inch ID
hypodermic tubing was inserted through the plug

as shown in Fig. B.6c. The sampling rate could be
further regulated by adjusting the degree of vacuum
within the container, which was measured with a water
manometer. Tests were conducted so that the five 1/2-
liter Saran bags would be filled to about 3/4 of
capacity in 25 minutes of sampling.

vi. Gas Chromatography for SF6 Measurements

Concentration profiles for the SF6 releases were

analyzed with a Hewlett Packard Model 7620A Research
Gas Chromatograph (GC). The technique used was
essentially that described by Turk et al. (1968). The
SF6 was separated from the air with the use of silica

gel and activated charcoal columns in series. The SF6
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Figure B.5. Mean flow rate of SF. from the 31 sections
hypodermic tubing usgd in fabricating the
Tine source for the airport study. Dashed
lines show the range of values in the
calibration data.
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Figure B.6. Representation of sampling system for

measurement of SF6 concentration profiles.

Figure A shows the tower, sampling lines
and collecting container; Figure B shows
detail of collecting container; and
Figure C shows a detail of bulkhead fit-
ting with silicone plug and hypodermic
tubing.

was detected with a pulsed electron capture detector
using a tritium source. The major difference between
this approach and that of Turk et al. was that they
used 1 m columns of both silica gel and activated
charcoal, but here adequate separation of the various
air and SF6 peaks could be obtained with 1/2-m columns,

at a column flow rate of 20 cc per minute. The
output signals from the GC were electronically inte-
grated to give the peak area.

The calibration technique was designed to help
establish the slope of the Tinear response curve
typical of the electron capture detector. This
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technique, which was cross-checked with a certified
standard, was also shown to have both good accuracy
and precision. To calibrate the chromatograph over
the full range of operating conditions it was neces-
sary to formulate additional calibration standards.
These were generated in a sequential dilution process
and extended the calibration curve considerably below
1 ppb (parts per billion).

Several 1-1iter reagent bottles (thoroughly
cleansed and baked) were fitted with a one-hole rubber
stopper through which a glass tube was inserted and
capped with a bottle septum. The total volume of each
bottle system was determined with water. A typical
dilution sequence is as follows: 1 cc of pure SF6 was

injected into a bottle yielding a concentration of 832
ppm. One cubic centimeter of this mixture (after
adequate mixing time) was injected into a second

bottle yielding a concentration of 731 ppb; one further
dilution gave a standard of 0.64 ppb. An example of a
calibration curve is given in Fig. B.7. This figure
includes data from several dilution sequences as well
as from the certified standard. The linear curve was
determined by a least squares fit, with the origin
included as a data point.

To be assured that the dilution technique was not
introducing any cumulative errors due to adsorption,
an independent test was conducted. Four standards
were formulated, two each had two dilutions and two
others each had three dilutions. If cumulative losses
were occurring, two differently sloped curves would
have resulted. However, all four points were found to
lie on the same line.

To determine the precision of the Taboratory
procedure, ten injections were made of each of three
standards, 13.1, 63.2 and 183 ppb. The analysis
showed that each of the sets of ten injections had
standard deviations of 0.42, 1.53, and 1.58 ppb,
yielding relative standard deviations of 3.2, 2.4, and
0.86%. These results demonstrated the anticipated
results of increased relative standard deviation with
decreasing concentration. Such a trend arises since
instrumental errors become proportionally larger at
the Tower concentrations. The use of Pressure-Lok
Syringes manufactured by the Precision Sampling
Company was in part responsible for the good precision
obtained in this analysis.

vii. Measured Profile Corrections

The uncertainties in the precision of the gas
chormatograph calibration and the sample dilution from
the tubing and bag dead volumes lead to errors in the
absolute values of the SF6 concentrations. The

extent of these errors can be determined by an inde-
pendent test. A conservation of mass test can estab-
1ish the amount of gas accounted for by the measured
concentration profile and is given by

Qq = n Jz’ c(x, z) u(z) dz, (4.1)
0

where QM is the measured source strength, n is the

concentration profile factor (initially assumed as
n =1). By comparing the known release source
strength, QL, to the measured source strength, QM, one

can then scale the measured profile by the appropriate
value (n = QL/QM) to correct for measurement errors.

The errors due to sample dilution were such that the
measured profiles accounted for about 75-80% of the
gas which was being released.
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Figure B.7. Example of a gas chromatograph calibra-
tion curve determined by using both the
certified standard and standards gener-

ated by the sequential dilution process.

B. Particulate Lead Dispersion Studies
i. Equipment Deployment at the Highway Test Site

In designing the field program the first air
sampler was placed, as conveniently and safely as
possible, at the downwind edge of the nearest travel
lane. The four lowest-level samplers were placed at a
mean height of 1.2 m with the 20.3 x 25.4 cm filter
holder extending from about 1.1 m to 1.3 m above the
actual surface. The four Towest samplers were placed
at the following distances from the roadway: 5.2,
24.5, 62.0, and 92.0 m. In addition, two samplers
were mounted on the tower, located 48.0 m from the
downwind edge of the roadway, at heights of 2.7 m and
12.2 m. These were used to define the diffusing
plume's vertical characteristics. While the terrain
was not perfectly flat, the slight elevation varia-
tions were neglected. None of the terrain features
were sufficiently serious to perturb the air flow.

A11 height measurements were made with respect to the
local surface. The net elevation variation from the
roadway to the last sampler, at 92 m from the roadway,
was about 0.5 m. The range of the study approximately
100 m from the roadway, was determined to be the
maximum anticipated distance from the roadway for
which the filter background lead blank would not
exceed 5% of the total lead which could be collected
in a 30-minute sampling period.

In this field program, four bivane anemometers
were used to study the mean and turbulent wind field.
Two were placed in a vertical column 62.0 m from the
roadway at heights of 1.7 and 5.0 m. The other two
bivanes were also placed at 5.0 m, one at a distance
of 24.5 m and the other at 92.0 m from the roadway.
The object of placing three anemometers in a hori-
zontal plane 5 m above the surface was to look at
longitudinal variations in the wind field as might be
caused by the traffic. However, no longitudinal
inhomogeneity was measured. It is felt that vehicle-
generated turbulence is of sufficiently small scale
that the bivanes with a response wavelength of the
order of 4 m could not detect it.



ii. Support Equipment

The meteorological measuring equipment used in
this field program was the same equipment used in the
gaseous diffusion study. However, several other
pieces of equipment were part of our mobile field
experiments. These included: a 15 meter main tower;
four light-weight, five meter meteorological towers;
and a 10,000 watt electrical generator. The main
tower was mounted on a trailer and could easily be
fully extended for measurement of concentration and
temperature profiles. The generator was fueled with
propane to avoid contamination of the test site with a
secondary source of lead particulates. The generator
was positioned 25 m downwind of the nearest air
sampling equipment.

iii. Air Samplers

During the early stages of the lead study an air
sampling technique was developed for measuring air-
borne lead-bearing particulates using a high-volume
air sampler (Corrin, 1971). The technique used a
Gelman Hurricane (high volume) air sampler and a 20.3
x 25.4 cm filter holder. The filtering medium con-
sisted of a triacetate Metricel filter with a 5-um
pore size. This metrical filter was backed by a
fiberglass, type A filter paper, which isolated it
from the holder and blower. Field studies conducted
by Corrin (1971) showed the efficiency of this filter
for lead-bearing particulates, to be as good as the
standard type A and comparable to that of 0.01 um
Metricel filters. The amount of lead contained in an
unused 20.3 x 24.5 cm 5 um filter was approximately
1.5 ug (Corrin, 1971). Thus an accuracy of 5% could
be obtained for samples containing 30 pg of lead,
typical of those collected near roadways in 30 min-
utes.

In order to calculate the atmospheric concentra-
tion of particulate lead it was necessary to know
accurately the total volume of air passed through the
filter as well as the mass of lead collected. The
high-volume air sampler has a flow-metering device
included in the unit. Calibration of these units
indicated that severe errors could occur due to the
design of the measuring units. A second measuring
device was used to make all flow measurements. Since

the typical flow rate was about 1 m3 min'] of air
through the filter, but only at a static pressure of 5
cm (gauge) of water, it was thus necessary to use a
high-volume, low-resistance, flow-measuring device.
The instrument used was the Laminar Flow Device Model
Number 50 MC2-25, manufactured by the Meriam Instru-
ment Company.

The results of this independent flow calibration
indicated that the flow-measuring devices built into
the high-volume samplers were generally in error from
15% to 45%.

iv. Filter Analysis

Filter analysis was accomplished as follows:
Filters were cut into quarters and each section was
dissolved in 10 cc of 3 molar nitric acid. Samples
were aspirated into the burner of a Varian-Techtron
AA5 atomic absorption spectrophotometer. For this
analysis, the instrument was equipped with a standard
hollow cathode Pb 208 lamp and the monochromator set

o
at the 2170 A lead line. The degree of attenuation of
the signal beam with respect to the reference beam was
an indication of the concentration of lead in the test
solution. Calibration was accomplished through a
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series of standard solutions, and background was
corrected for with an H2 hollow cathode lamp. Instru-

mental parameters were optimized near the values
suggested by the manufacturer to improve the signal-
to-noise ratio. These factors included: Tlamp current,
fuel/air ratios for flame stoichiometry, nebulizer
flow rate and burner position.
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