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ABSTRACT

THE ESTIMATION OF ATMOSPHERIC DISPERSION AT NUCLEAR REACTOR PLANTS
UTILIZING REAL TIME ANEMOMETER STATISTICS

Dispersion and turbulence measurements were conducted in a
simulated atmospheric boundary layer. Field experiments and wind
tunnel results for the behavior of latersl plume dispersion are com-
pared to three semi~-empirical expressions based on the Taylor's diffu-
sion theory. These relations imply a direct connection between
dispersion coefficients and the Lagrangian integral time scale.
Agreement between the field data and laboratory measurements supports
using wind tunnel results to simulate atmospheric transport phenomena.

Eulerian space-time correlations with streamwise separations were
measured for all three velocity components in the simulated boundary
layer. Results were compared to previous measurements which were
performed under different flow configurations. A universal shape of
the Eulerian space-time correlation seems to exist when presented in a
normalized time coordinate.

Turbulence measurements of fixed-point Eulerian velocity
statistics were employed to estimste the Lagrangian velocity statis-
tics through the Baldwin and Johnson approach. The approach was
modified to account for the uniform shear stress effect in a homogene-
ous turbulent flow field. The estimated Lagrangian integral time
scale agrees with estimates inferred from dispersion measurements
within only a 20% error. Such agreement supports the methodology of
using real time anemometer statistics to predict the atmospheric
turbulent dispersion near a neclear reactor site.
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Chapter 1

INTRODUCTION

1.1 Statement of Work

The dispersive nature of turbulent flow 1is an object of
consideration in many branches of engineering and applied science.
Reliable predictive relations applicable to a broad range of scales are
not yet known. Indeed, most atmospheric transport predictive schemes
for a nuclear reactor site still depend upon relating mean wind field
characteristics measured at particular site to regression formulae
developed from data collected at other sites at other times.

Recent research on the turbulent dispersion phenomenon suggest that
the concentration field in a wide variety of situations can be generated
if the Lagrangian statistics/properties of the flow field are known.
Unfortunately, because it is difficult to tag the particles initially in
a manner that does not influence their future behavior, to obtain
necessary trajectories and the subsequent laborious data analyses, it is
not possible to obtain the Lagrangian statistics by tracking individual
particles. Attempts have been made to deduce the Lagrangian auto-
correlation from the Eulerian turbulent velocity at fixed point in
space. Theoretical and empirical approaches to the Lagrangian-Eulerian
relationship are quite diverse. Nevertheless, most of the attempts have
been based on the assumption that the Lagrangian autocorrelation and the
Eulerian autocorrelation, or Eulerian space-time cross correlation, are
of similar shape but different scales. Whereas the importance of the
shapes of those two autocorrelation functions is still disputable except
for short range dispersion, the importance of the integral scales in
turbulent diffusion has met with agreement. One of the purposes of this
research is to demonstrate how a systematic scheme based on a
probability method can estimate those Lagrangian statistics by a few
anemometers located in the fixed Eulerian frame of reference. Of
course, the major intent of this research is to predict dispersive
phenomenon in the atmospheric boundary layer from the estimated
Lagrangian statistics. A meteorological wind tunnel was used to
simulate an atmospheric boundary layer to provide velocity correlation
measurements and diffusion measurements.

An inhomogeneous turbulence field is realistic but complicates the
mathematical description of the turbulent mechanism; hence, most statis-
tical theories assume a homogeneous wind field. As a first estimate of
the atmospheric dispersion, a homogeneous statistical turbulent
diffusion theory is applied for an isotropic analysis and later extended
to a non-isotropic analysis in the present study.



1.2 Introduction to the Text

The statistical theory by continuous movements and the relation
between Lagrangian and Eulerian autocorrelation functions are reviewed
in Chapter 2. In addition, classical and statistical solutions using
the Lagrangian estimates to the diffusion equation are presented.
Chapter 3 states the probability method of estimating the Lagrangian
autocorrelation function in a generalized non-isotropic, uniformly
sheared turbulence. Chapter &4 displays experimental facilities,
measurement procedures and related measurement errors. Laboratory
results of the turbulence field are presented and discussed in Chapter
5. Comparison between the laboratory dispersion measurement and the
atmospheric dispersion experiments is included in this chapter.
Lagrangian estimates obtained from a numerical iterative scheme based on
the present analysis are compared with previous findings reported by
various researchers in Chapter 6. Estimation of turbulent dispersion
utilizing the Lagrangian estimates are compared with the laboratory
dispersion measurements; the discrepancy is discussed. Chapter 7
briefly summarizes the present study and gives recommends for further
research.



Chapter 2

LITERATURE REVIEW

2.1 Introduction

The basic theoretical approaches to statistical diffusion are
either Lagrangian or Eulerian. Whereas the Lagrangian approach follows
the motion of a single fluid particle, and is difficult to measure, the
Eulerian approach concentrates on the balance of particle fluxes through
a fixed point in the flow field and is normally easier to determine.

The statistical concept of turbulent diffusion is described in
Section 2.2 based on theory of continuous movement. Section 2.3
presents several models proposed by different authors to obtain the
Lagrangian statistics from Eulerian measurements. The Eulerian space-
time correlation plays an important role in the Langrangian-Eulerian
relationship and is reviewed in Section 2.4. The diffusion equation
based on Eulerian kinematics in connection with the Lagrangian
statistics for predictions of turbulent dispersion is considered in
Section 2.5.

2.2 Statistical Theory based on Continuous Movement

Diffusion of a fluid particle in a uniform mean velocity,
stationary, homogeneous turbulent flow was first described by Taylor
(1921). The mean square particle displacement was predicted to depend
on the Lagrangian velocity variance and the Lagrangian autocorrelation,

x.20)] = 2v.2) § 'R (n)dude (2.1)
i “'iooLii“l’ :

where the square bracket indicates an ensemble average of N fluid
particles, \ is the Lagrangian fluctuation in the ith direction, [vizl

is an abbreviation for [viz(t)] during stationary turbulence, and
LRiJ(I) is a normalized Lagrangian autocorrelation function,

[v.(t)v. (t+1)]
- 1 J
[vi2]2 ijzlz

(2.2)

where i denotes the directional tensor.



When Equation 2.1 is integrated by parts, Taylor's relationship can
also be expressed in the Kampe de Feriet form, i.e.,

2 2, ¢
(x,2)) = 2lv?) £ (t-U) R (1)dr . (2.3)

From Equation 2.3 two asymptotic results may be obtained:

(i) Since within a very short dispersive range of the source, LRii(t)
approaches unity, then
(x 2oy = v 21 (2.4)

(ii) For a very long dispersion range, the integral of LRii(‘{)

approaches a constant value LTii‘

T.. =

1Ti R..(t)dt , thus

Lii

o g

2 ~ 2
(X,“(V] = 2[v,"] [T, .t , (2.5)
where LTii is referred to as the Lagrangian integral time scale. The
scale is an indication of the size of the largest eddy within the
turbulence field.

In a homogeneous turbulent flow with uniform shear ' and mean
velocity U, U = T x3, Corrsin (1953) derived expressions for the
components of the dispersion tensor lxi(t)xj(t)]:

2 3

2 _r
IX1 (v)]=r [v3 LR33(t)dt}

2 3% 2 t 1t
] { 3t J LR33(I)dt~t ] ILR33(I)dI t3 Jt
[4] [+ [o]
(1)

t
2
+ 2[v1 ] { (t-t)LRII(t)dt

(11)



t t
+ r[v1v3] £ (t-I)LRBI(I)dt + r[v1v3] { (tz-tz)L813(t)dt ,

(I11) (2.6)

t
(X, (X(O] = Tv,?] f T(e-0) Ry (0T +

(1)
LIRS
(v, 212093212 [ (DR 5 (0# Ry (D} (2.7)
[+
(11)
2 2.t
!Xz ()] = 2[v2 ) { (t-t)LRZZ(I)dI and (2.8)
X.2()] = 20v.2] § (t-1)Ryn(1)d (2.9)
3 = v3 : X "33 T)avr . .

Notice that the shear-enhanced term (I) in Equation 2.6 and Equation 2.7

dominate the long term dispersion (t > LTll)' The turbulent shear

correlation contribution terms, (III) in Equation 2.6 and (II) in

Equation 2.7, are often neglected in the absence of data for LRij’ i#
Term (II) in Equations 2.6, 2.8 and 2.9 are the Taylor's diffusion
terms. Two asymptotic cases can be identified from Equation 2.6 through

Equation 2.9 if one neglects the turbulent shear correlation
contribution terms.

(i) Within a very short dispersive range, LR“(I) approaches unity for
a very short time lag so that

(x,%(v)
lxzz(t)l ivzzltz , (2.10)
!Xl(t)XB(t)] = F[v32]t2 , and

1%,2(0] = [v,21e? .

L1}

2 .2 2,.3 2,,2
3 r lv3 jt7 + (vl Je €,

H



(i1) For a long range dispersion, the integral of LRii(t) approaches a

constant value, LT and LR“(t) approaches zero so that

ii’
2 £ 202,02 3 2
lx1 (t)] = 3 r [v3 | T33 t” o+ [vl } Tll t,
2 2
(X,°(t)] = 2[v,"], Tt ,
2 2 'L 22 (2.11)
2 ~ 2
!X3 (t)] = 2[v3 }LT33t , and

~ 2 2
X, (OX3(0)] = Tlvy?) Tyt

In particular, for asymptotic forms of the displacement measures,
Corrsin (1959) reported that

3

2, 2
[v ]LT33L and

2 ~ 2

(2.12)

~ 2 2
The mean square particle displacement has been implicitly related
to the turbulent diffusivity tensor, Kij’ ever since the analogy between

molecular diffusion and turbulent diffusion was proposed. Batchelor
(1949) generalized the relationship between the time-dependent turbulent
diffusivity tensor and Lagrangian autocorrelation functions through
Taylor's theory for a homogeneous flow without mean shear.

N e

d
Ki; () at [% (X))

t

£ {LRiJ(t) + LRji(r)}dt (2.13)

DO e

For many applications, the asymptotic value of the turbulent diffusivity
suffices (Hinze, 1975)
- 1d - 2
Kii(m) 3 dt {Xi(t)xi(t)] = {vi ]LTii' (2.14)
> T

Based on the equations of mass conservation and Equations 2.6, 2.7,
2.8 and 2.9, Riley and Corrsin (1974) were able to relate the turbulent
diffusivity tensor to the Lagrangian velocity statistics for a simple
shear flow. They revealed that in a homogeneous turbulent flow with
uniform shear, the turbulent diffusivity tensor differs formally from



those for an unsheared homogeneous flow. The turbulent diffusivity
tensors in a sheared homogeneous flow are

t t
Ky, (0) = [vlzl g (R (DT + Ty v,] £ TR L (1)dy (2.15)

t
Kia(t) + Kyy (0) = Qvpvgl T fiRy5(0) + Ry (Dde

t
+ F[v32} f rLRI3(t)dz (2.16)
[+]
t
_ 2
Kzz(t) = [v2 ] { LRZZ(I)dI , and (2.17)
t
- 2
K33(t) = {v3 } £ LR33(t)dr . (2.18)

Since it is normally not possible to measure the Lagr@ngian
velocity vy directly, an Eulerian RMS velocity fluctuation, ul, is

usually substituted for Evizi.

2.3 Relation between Lagrangian and Eulerian Autocorrelation

The statistical treatment of turbulent diffusion requires an
explicit formation for the Lagrangian autocorrelation function. Some
direct measurements of Lagrangian velocity fluctuations have been made
through simulation of air particle measurement by soap bubbles or by
balloons (see Pasquill, 1974). Yet the evidence for correlation shape
is still not convincing, quantitatively or qualitatively, because the
negligible mass and zero buoyancy of an air parcel cannot be adequately
simulated by a finite sized substitute particle. Since it is not feas-
ible to measure the turbulent wvelocity of each fluid particle,
researchers tend to estimate the Lagrangian statistics through
conjectures based on physical assertions from Eulerian statistics or
through diffusion experiments and Taylor's theory.

The literature on the relationship between the Lagrangian and
Eulerian correlation function is quite vast. Nevertheless, the avail-
able approaches for the estimation of the Lagrangian autocorrelation can
be categorized into four groups based on their salient traits.



2.3.1 Linear correlation method to calculate LRij(t)

In a homogeneous turbulence the shape of the Lagrangian
autocorrelation function is expected by some researchers to be similar
to either an axial Eulerian cross-correlation or a single Eulerian
autocorrelation function. Mickelsen (1955) conducted a mass diffusion
experiment and made fixed point Eulerian velocity fluctuation
measurements in the core of a pipe. He demonstrated that the Lagrangian
autocorrelation function may be related to the Eulerian

. . . 21
longitudinal cross correlation such that ERll(xl) =5 LR

—— B
= 2
¢ xll | and B varies from 0.55 to 0.725. It is clear that the

relation cannot be correct near {=0, and the expression implies that the
Lagrangian autocorrelation function decays more slowly than the
corresponding Eulerian value.

ll(c), where

Gifford (1955) reported simultaneous measurements of both
Lagrangian and Eulerian turbulent fluctuations in the atmosphere at a
height of 300 ft. With limited data, he suspected that the Eulerian
turbulent energy spectra are similar to the Lagrangian spectra but with
a displacement toward higher frequency. Based on his finding, Gifford
further suggested that the Lagrangian autocorrelation is well repre-
sented by an Eulerian measurement observed from a frame moving with the
same velocity as the mean flow. He also remarked upon the possible
importance of the turbulence intensity in the Lagrangian-Eulerian
relationship.

The Lagrangian autocorrelation function is sometimes construed to
be a contracted or stretched form of the Eulerian correlation function
by means of an empirical factor. Hay and Pasquill (1959) hypothesized
that

LRii(n) = ERii(t) ) (2.19)

where n = Bt, based on atmospheric observations. They concluded that
the Lagrangian autocorrelation function decays more slowly with time
than the Eulerian autocorrelation fuanction. Furthermore, the Lagrangian
autocorrelation coefficient for a particle decays with time in a similar
manner to the Eulerian autocorrelation coefficient but with a different
time scale B. The value proposed for B has considerable scatter, but a
magnitude of 4.0, independent of wind speed and stability, is
recommended. A natural consequence of Equation 2.19 is that LTii =
SETii' Hence B stands for the ratio of the Lagrangian to Eulerian

integral time scale. It is known as Pasquill's B in the literature.

Wande! and Kofoed-Hansen (1962) examined the Lagrangian and
Eulerian energy spectra for a fully developed isotropic homogeneous
turbulence. They established a more complicated relation between the
Eulerian and Lagrangian correlation based on the statistical theory of



"shot" noise and the Helmholtz theorem. A rough approximation in the

case of smooth energy spectra indicates that f = ? 4 , where i is the

turbulence intensity, | 5;2/0.

Corrsin (1963a) compared the shape of Lagrangian and Eulerian
energy spectra over the inertial subrange. By assuming that the total
turbulent energy was identical in the Lagrangian and Eulerian system, he
arrived at a theoretical prediction of §.

B = % (2.20)

where ¢ is a constant.

After wmonitoring the trajectories of tetroons and a tethered
balloon system at height of 750 m, Angell (1964) observed an average
value for B near 3.3 and recommended relation equal to 0.4/i1i for B.
Angell et al. (1971) made further observations in the atmosphere near
Las Vegas, Nevada, by releasing tetroons past tall towers. f was again
found to have average values near 3 and varied in direct proportion to
the turbulence intensity.

Snyder and Lumley (1971) performed direct measurements of
Lagrangian velocity in a grid-generated turbulence field in a
laboratory. The fluid particle was simulated by releasing single
spherical beads with different weights and sizes. Since light particles
have only small inertia and cross-trajectory effect, light-particle
correlations were utilized to estimate Lagrangian fluid properties.
They concluded that the Lagrangian autocorrelation function has similar
shape to the Eulerian spatial correlation and that B is roughly equal to
3 when approximated by 1/i.

Turbulence measurements reported by Hanna (1981) were conducted in
the daytime mixing layer near Boulder, Colorado. The average Lagrangian
time scale detected was about 70 seconds for a sampling time of 15
minutes. The ratio B was found to be 1.7 and inversely proportional to
turbulence intensity, B = 0.7/i.

The various values for B discussed above are summarized and
compared with present wind tunnel results in Section 6.4.

2.3.2 Estimation of LRij(t) from Eulerian Space-Time Correlation

An Eulerian fixed-point time periodogram samples many different
fluid points as they pass a fixed point. It is considered important in
many turbulence dynamic analyses and is relatively easy to obtain.
Unfortunately the conventional measurements do not relate directly to
the Lagrangian statistics during turbulent diffusion.

Burgers (1951) proposed a more general Eulerian space-time
correlation for the behavior of two particles separated in time and
space. He suggested it as a first approximation to the true Lagrangian
autocorrelation
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E ll(Ut 0,0,1v) = L R, 1) . (2.21)
The space-time correlation may be obtained from the envelope of a set of
Eulerian space-time cross correlations of the longitudinal fluctuating
velocity given the assumption of homogeneous and isotropic turbulence.
This envelope which connects the peaks of the cross-correlation is
interpreted as the moving Eulerian autocorrelation which would be
measured by a probe traveling steadily at the mean velocity. It may be
thought of as the autocorrelation of the time signal measured by a
single probe in a '"quasi-Lagrangian" frame of reference. Inoue (1952)
and Ogura (1953) also viewed such correlation as an appropriate
expression of the Lagrangian autocorrelation.

Baldwin and Walsh (1961) presented experimental data and some
theoretical interpretation to support this scheme. On the other hand,
Baldwin and Mickelsen (1963) found that their pipe flow data showed a
systematic tendency for the Eulerian space-time correlation integral

o

scale, STll = f ERn(Ut,O.O,t)dt, to be greater than LTll by factors
ranging from about 2 to 4 as u ? increased. Furthermore, their results

yielded rough values for B va &1ng from 4 to 18 depending on the mean
flow rate.

The advantage of the space-time correlation method is that it
preserves the asymptotic value of a Lagrangian autocorrelation function
such that the Lagrangian coefficient apparently approaches zero
monotonically, whereas the Eulerian correlation dips below zero to
slightly negative values before approaching a zero value asymptote. The
shortcoming in principle of using the moving Eulerian autocorrelation as
the true Lagrangian autocorrelation, as pointed out by Corrsin (1963b),
is that the Lagrangian velocity is effectively being approximated by
sampling along an unknown random trajectory.

An impediment to the use of such a scheme was revealed by Shlien
and Corrsin (1974) in their grid-generated turbulence experiment. They
estimated the \Lagrangian autocorrelation function from diffusion
measurements by double differentiating Taylor’'s relationship. The
estimated Lagrangian statistics were compared with results of Eulerian
statistics measurements, although the technique for estimating the
Lagrangian autocorrelation was questionable. They concluded that the
moving Eulerian velocity autocorrelation function was different in shape
from the Lagrangian autocorrelation function based on the disparity
between the micro- and integral scale ratios. Further results of their
work are compared in Section 6.4 of this study.

2.3.3 Probability method to estimate LRij(r)

A probability method to estimate LRij(‘) was derived from Corrsin's

(1959) conjecture of Lagrangian autocorrelation function and later
-odified by Baldwin and Johnson (1972). An Eulerian expression for
L ij (1) was derived by Corrsin by assuming that u; and r, are randomly

related through a joint probability function P(ui(t), ui(t*t),rk),
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® u, (t)u (t+t)

i
P(ui(t),uj(t+t),rk)dui(t)duj(t+t)drk (2.22)

where X is the Eulerian position and e is the Lagrangian position of

fluid particle, k=1,2,3. In the limit of very large time 1, there is no
reason to expect a statistical connection between T and ui(t) so that

LRij“’ fff gR: (rk,t)P(rk,t)drk ) (2.23)

P(rk,t) is visualized as the probability of finding a fluid particle
injected at the origin in the region between Xy and xk+dxk at any time

1. Equation 2.23 is commonly referred to as "Corrsin's conjecture" or
as a mathematical expression of the Independence Hypothesis.

Intuitively, the velocities should be more persistent along the
path of a fluid particle than a fixed observation point or a moving
observation point. Equation 2.23 clearly suggested a contradictory
result, i.e.,

[
LRij(t) < 1J(rk,t) {if P(rk,t)drk
< Ry (e = Ry (geD) (2.24)

However, Kraichnan (1963) supported the opposite expectation. He argued
that the rate of change of the Lagrangian velocity with time is
determined by the rate of spatial variation and magnitude of the
Eulerian velocity. Slower variation of the Lagrangian velocity implies
slower changes of the Eulerian velocity because the fluid particle must
travel a nearly straight line with low acceleration. On the other hand,
a slower change of the Eulerian velocity does not consequently imply
reduction in the variation of the Lagrangian velocity; because the
Eulerian velocity may exhibit an intermittent period of slow local
variation, which is not necessarily true for the whole flow field
experienced by the particle. Nevertheless, at a high Reynolds number
Corrsin (1963a) found that the difference is not significant. Equation
2.23 is also supported by Kraichnan (1970) from his direct interaction
approximation.

If Equation 2.23 is transformed into the frequency domain, one
finds that
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- 1 -
Rij(t) = ol Iy cfff £Rij(rk,t)exp{ 1K2rk}drk)

2

expi- 55 [X; (X, (1)1 }dx, (2.25)

where K is the three-dimensional wave number.

Saffman (1963) assumed a spectrum functional form of an Eulerian
space-time correlation and an exponential decaying function for Ty He

obtained an ordinary non-linear differential equation which relates the
Lagrangian autocorrelation and the mean square particle displacement in
an isotropic homogeneous turbulence. Some interesting conclusions may
be found in Saffman's work.

1. The scale ratio B was found to be 9§§ in low turbulent flow.

Since the Eulerian integral scale was defined by him as

o

f FRii(O,Ut,O,t)dt, it implied that a lateral space-time integral
o E

scale was employed. The adoption of mean velocity U in the
lateral direction seems somehow unrealistic.

2. The Lagrangian autocorrelation was found to decay algebraically but
not exponentially and the asymptotic value approached the Eulerian
space-time correlation.

3. The Independence Hypothesis would be exact if those realizations of
the turbulence which displace the particle by a given amount in a
given time were an unbiased sample of the ensemble of all
realization. In a grid-generated turbulence the sample of
realizations is not asymptotically wunbiased; therefore, the
Independence Hypothesis is not expected to be valid in such flow.

By physical reasoning, Philip (1967) proposed a Lagrangian-Fulerian
relationship parallel to Equation 2.23. He employed a modified Gaussian
function for the general Eulerian space-time correlation because it
simplified the rather difficult computation which the independence
hypothesis involved, i.e.,

S I ET T
ERll(xl’p;t) = exp{' z ( LZ + T "2" )} (2»26)
S 11
where p = (x22¢x32)5. L and [T,  are integral scales of Eulerian

space-time correlation in space and time, respectively. The scale
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5 lulzlsT
ratio B was found to be (1 + a%/i?)? F(a), where a = —t and
F(a) = LTll/STll' Functions like Equation 2.26 represent an Eulerian

space-time correlation normalized by the integral scale of itself. Such
approximation concerns only the integral time scale instead of the
functional form of the Lagrangian autocorrelation. Consequently,

Philips' analysis shows that the predicted time scale LT11 is

insensitive to the imprecision of Equation 2.26.

Baldwin and Johnson (1972) examined the Independence Hypothesis in
further detail. Since their work is closely related to the present
analysis, their ideas will be discussed separately in Section 3.2.

The Independence Hypothesis was tested by Peskin (1974) in two-and
three-dimensional numerical simulated flow fields. The Lagrangian field
was determined by tracking 800 particles for 800 time steps twice. The
mean square particle displacement from a directly measured Lagrangian
autocorrelation was compared with Equation 2.1 to ensure a correct
simulation. The Eulerian field was generated by solving the basic
equations of velocity and stream function with periodic boundary condi-
tions. The independence hypothesis incorporating a Gaussian probability
density function was found to reproduce the Lagrangian autocorrelation
function in detail but to have a tendency for overestimation in two-
dimensional flow. The overestimation may be reduced by utilizing the
computed probability density function from simulation. The calculated
Lagrangian autocorrelation agreed with predictions from Independence
Hypothesis methods for a three-dimensional turbulence field. Figure 2.1
displays the result reported by Peskin.

Weinstock (1976) was able to derive the independent hypothesis by
expanding the Lagrangian trajectory of a fluid particle in terms of its
Eulerian ensemble average. Furthermore, he introduced a correction term
to the Lagrangian autocorrelation by dividing the probability of finding
a fluid particle into an average part and a fluctuating part. He then
concluded that the Independence Hypothesis is valid when the turbulent
velocity fluctuation is low and satisfies

3

where x; is the initial particle position.
o

2.3.4 Other methods

A method to estimate the Lagrangian autocorrelation from Eulerian
velocity products was proposed by Koper et al. (1978). The method is
based on averaging the Eulerian velocities along the Lagrangian
trajectory. The Lagrangian autocorrelation is approximated in a turbu-
lence flow field as a summation of Eulerian cross-correlations between
velocities and velocity derivatives, after averaging over trajectory,
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particle-space and a reference plane. If the correlations among
velocity derivatives and velocity can be ignored, the Lagrangian-
Eulerian autocorrelation may be expressed as

G |
Rij (830 = § SIS gRy(xy dxy

where S is the reference plane in the flow field and V is the volume of
the integration domain.

The variation of the resulting reference-point Lagrangian
autocorrelation coefficient with increasing time delay is depicted in
Figure 4 of Koper et al. (1979).

Notice that in a simplified case, their method coincides with the
probability method stipulating a uniform weighting function. In an
isotropic homogeneous turbulent flow the Eulerian autocorrelation is
independent of its position and direction within the domain of the
average flow field. The method implies L ll(t) E ll(t) with B=1.0.

In addition, since the derivative of turbulent velocity 1is not
convenient or normally measured precisely, such a scheme remains more
academic than practical.

Lee and Stone (1983) assumed that the Eulerian space-time
correlation may be approximated by the product of an Eulerian convective
correlation and an autocorrelation function for a small time step, 6t,
so that éxl = Ubt and

£ 11(6x ,0,0;6t) = exp{-6xl‘U61/L}exp{-6L/8Tl1} (2.27)

They also assumed that the Lagrangian autocorrelation may be
approximated by the Eulerian space-time correlation for a small time
step during a Monte Carlo simulation of particle velocity,

vl(t*ﬁt) = vi(t)ERll(Gx 0,0;6L) + Vi . (2.28)

)'
From Equations 2.27 and 2.28, an expression for B was obtained,

[u® IsTy, f
B=(0 + —3=—)/(1+ ( ) lul ’s /v

A rough estimation of B in low turbulence flow yields B = Qié. One
notices that the major concern of their analysis is the integral scale
rather than the shape of the Lagrangian autocorrelation. However, they

provide an approximation for the Lagrangian-Eulerian relation.
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2.4 The Eulerian Space-Time Correlation

Turbulent flow has been described as an irregular fluid motion
which is three-dimensional, continuous, diffusive and dissipative in
nature. It forms such a complicated mathematical problem that its
solution depends heavily on experimental data. A statistical approach
to describe the mean motion of turbulent phenomenon seems to be most
appropriate. The double velocity correlation function, namely the
Eulerian space-time correlation, may be the most appropriate function to
examine the structure of turbulence and its evolution in time (Townsend,
1976). The previous section confirms that the Lagrangian auto-
correlation is strongly related to the Eulerian space-time correlation.

Pioneer correlation measurements of the space-time correlations in
a turbulent flow were produced by Favre and his co-workers (1957, 1958,
1965, 1967). They performed measurements downstream of a grid, in a
turbulent boundary layer and in a turbulent jet; both had wall pressure
fluctuations. A brief summary of their experimental results reveals
that:

1. The longitudinal Eulerian space-time correlation,
E 11(dx ,0,0;t), reaches a maximum with an optimum delay time,

dx
L TR where dx1 is the separation distance between two fixed

points and U is the convective velocity.

2. The transverse Eulerian space-time correlation,
E ll(0 0 dx3,r), for two points on a line perpendicular to the mean flow

direction, L is not zero but proportional to the separation from the
boundary. However, - is small when compared with the time required for
movement with the mean flow over the same range dx3.

3. In a filtered turbulence field, limitation to higher frequency
data results in substantially lower correlation which implies the
smaller scale eddies contribute less to the total turbulent energy.

Larger separation between two points reduces the contribution of the
higher frequency oscillations dramatically.

4. The space-time correlation due to the diffusion effect, i.e.,
the Lagrangian probability density function of particle displacement,
was proposed by Favre as
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2 2 2
(xl X1 ut) ) Xz +X3 ;
2{u121t.2 z{ulznz

™

dxldxzdx3

) ’ (2.29)
(2n[u12]t2)3/2

where the general Eulerian space correlation is

= £1(X)-g(X)
R(X,.X,,X]) = ¥: X

2+ 8(X) , and

X = (xl2 + x22 + x32)s ,
(2.30)

i

f(X) RII(X,O,O;O) . and

g(X) Rll(O,X,O;O)

The computed correlation from Equations 2.29 and 2.30 was compared with
the experimental results. The comparison is considered good though the
measured data appears to be slightly lower for shorter time delay and
higher than the computed value for longer time delay.

Champagne et al. (1970) and later Harris et al. (1977) conducted
measurements in a nearly homogeneous turbulent shear flow. Some
observations may be made from their experiments:

1. The optimum delay time may be approximated by the mean convective
time in a uniform shear flow.

2. In a situation such that the turbulent energy appears to reach a
steady asymptotic state, the stationarity but not homogeneity may
hold in the Eulerian frame convected with the mean flow.

3. The 1longitudinal and vertical two-point space-time correlations
with separations in streamline direction, _R _(Ur,0,0;t) and
i_:Rzz(UI,O,();'(), were found to be similar in shape.

Comte-Bellot and Corrsin (1971) reported space-time correlation
measurements in a roughly isotropic grid-generated uniform flow.
Correlations with the two velocity signals pre-conditioned by either a
narrow- or a full-band frequency filter were calculated. The matched
narrow-band filters were designed to examine the frequency dependence of
velocity correlations. The correlation coefficients increased as the
wave number decreased which confirms that larger eddies contribute more
to the total turbulent energy. A rescaling formula which depends on



17

wave number and time was suggested to collapse narrow-band velocity
correlations upon full-band velocity correlation.

Measurements of the space-time correlation in the atmosphere are
rather rare. Attempts to measure such information have been made by
Wacongne and Baliano (1982). They performed two-point simultaneous
measurements of the velocity fluctuation at a given height in the atmos-
pheric boundary layer. However, the separation distances were too
short, less than 0.5 m, to obtain any meaningful results. The results
fall between 1.0 and 0.95 as might be expected.

2.5 Diffusion Equation

Considering the mass conservation of a scalar species over fluid
control volume but neglecting molecular diffusion, one obtains

ac_ . 2
3t - a“i uc . (2.31)

By Reynolds averaging and introducing the eddy diffusivity,

K.. = - —— (232)

the conventional diffusion equation is obtained as

ac ,a@WC) . 3 aC_
ac ' Tax, Bx (K a,j) » (2.33)

where xij is generally a function of spatial variation and time
evolution. Knowledge concerning Kij is rather limited. Simplification

of Equation 2.33 is generally necessary to obtain any solution. The
most plausible simplification assumes that the principal axes of the
diffusivity tensor are identical with the Eulerian coordinate axes.
Furthermore, if Kij' like all other turbulence characteristics in a

planewise homogeneous flow, depends only on the vertical coordinate x

then Equation 2.33 would be 3y
2\ &k ) Tk ) T8 4 2 k (xy E)
at 37 3x 1173 20 2273 2 x 33'737 3x
1 8x1 8:2 3 3
+x(x)—?—3§-»°(x (x,) 26 (2.34)
13'73 3x13x3 5x3 31'73 5:1 ' )

where the mean velocity exists only along the x

function of x3.

l-direction and is a
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Equation 2.34 is generally presented in a more simplified form by
neglecting the K1 and K,, terms such that

3 31
- - . 2= -
ac a& at 2%t 9 ac
5t T U (xg) 5 = K (xg) —=5 + Ky (xg) =5 + 557 (Ky5(x5) 50 .
1 ax, ax, 3 3

(2.35)

However, as noted by Monin and Yaglom (1971), there is some evidence
from the atmosphere that Kl3 cannot be treated as a zero term. Indeed,

most likely Kl3 is about three times as great as K Fortunately, this

33°
does not necessary imply that the last two terms in Equation 2.34 are
always significant. Nevertheless, Equation 2.34 would be more appropri-
ate than Equation 2.35 for calculations of the diffusion from an
instantaneous source (Gee and Davis, 1964).

A number of solutions to Equation 2.35 are available for special
cases. If all Kii's and U's are constants, independent of spatial

coordinates and time, Equation 2.35 resembles the Fickian equation for
molecular diffusion. This yields the well-known Gaussian solution,

: Q g (U v x? x32
Clxpaxyixy,t) = 3 i exels g K, TR, " i;;)}
2 2
(ant)" (K, KyoKqq)
(2.36)
“-
where Q is the source strength, Q = [ff C(xl,xz,xB,L)dxldxzdx3 .
-00

In a uniform shear flow where U = I'x,, Equation 2.35 was solved by
Novikov (1958), as presented by Monin~ and Yaglom (1971), for _an
absorbing boundary condition. In terms of a uniform shear flow, U = U(1
+ F/Ux3) , 1.e.,

- _ 1
C(xl,xz.x3’t) = 3 i
2 2 2 2
(4nt) {(x,l+r K33t /12)K22K33}
(xl~ﬁ t*rx3t/2)2 xz2 x32
« expf- — 3 - - b (2.37)
&Klln+r K33t /3 “KZZ‘ 6K33t

For a continuous point source release, in a stationary flow field,
the differential equation becomes



19

ac _ 9 ac ) ac
V) 5 T e Ko * ey ®a2a; ) ey Kas i)

(2.38)

The second term for longitudinal diffusion was shown to be negligible by
Walters (1964).

The diffusion equation for a continuous line source in a uniform
shear flow is

I'x = =

- 3, oC 9 aC

U(l + —) 57— = 5— (K, 5) . (2.39)
0 axl 8x3 33 3x3

By a simple transformation to a8 new inertial system of coordinates the
solution presented by Robert (unpublished, see Sutton (1953)) can be
adopted for a ground release case,

i 3
L " i Ml } . (2.40)
expi- v —— . (2.
33%1 9 Ky3x,

- _ 3Q
Clxpux3) = FCamma(2/3) | K

The solution stated above 1is subject to the following boundary
conditions,

K33 = constant ,

€ +»0 as Xy Xy ®

o0

+ ®at x, = x, =0, (2.41)

1 3
K ac +0as x, * 0, x, >0, and
33 5?; 3 * 7 ’

O 8

U C(xx,x3)dx3 =Q, X, >0 .

ith (1957) derived an exact solution to the dispersion of a continuous
ine source in the constant shear stress region. The vertical eddy
diffusivity obeys a simple power law with the power exponent conjugate
to a power law velocity profile due to the constant shear stress
assumption. For an elevated line source, Smith's solution for a uniform
shear flow is:
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i 8 I 3 Pasr 33 "y
Conxg) = gl (10 27 enpl- 2 ’
33%1 U 9 M“K.,.x
33%1
x, 3/2
2 UB(l + *ﬁg
i { 3 } (2.42)
'3 9 K33x2r

where | represents the modified Bessel function and the origin of the
coordinates is located at source height.

Equation 2.42 has a similar form to the solution proposed by
Lauwerier (1953), and used by Baldwin and Johnson (1972), but it differs
from Lauwerier's solution by a K33 term in the denominator and the

modified Bessel function. The index of Bessel function changes sign
from negative to positive when the boundary conditions are changed from
Neuman to Dirichlet problem. A dimensional inconsistency is included in
Lauwerier’'s analysis; hence, this equation is incorrect.

It is reasonable to assume a Gaussian distribution of the wmean
concentration field in the transverse cross-section since the
diffusion equation contains only the single derivative with respect

2-
a°C L
to Xy K22 ;«Hﬁ , and K22 is independent of X, Hence,
x
2
x 2
Clx, ,x,,x.) % L exp{- 2 }oe C(x,,x,) 3
1*72'73 G 2 2 1'%37
2 2
i.e.,
- xyb 12 . 3/2
Qe ) 203(1e —3)
- - U U
C(X, X, ,X,) T — oo o 1 - }
1°72'73 1 } 1 2
2 Kzz '§ 9K33xlr
3K, . x . I'(4n) («wwww)
33%1 0
Fx3
U1+ —= + l) )
X, = -
exp (- g - ; - (2.43)
2271 9 I'K,. x

3371



21

-3/2 -1/2 -1 -1/2
1 Ko 7 K33 %
agrees with Walters' (1965) asymptotical solution employing a conjugate
power law assumption.

Equation 2.43 implies that E(xl,xz,x3)~x

A more generalized solution of the diffusion problem was presented
by Yeh (1975) with the same boundary conditions as Equation 2.41. The
solution was presented in terms of Green's functions for
the Dirichlet boundary condition, C(x,,x,,x.) = b (x, ,x,,x,) at the

1'72°73 17717273
AC(x,,x,,x,)

1’7273 _

o, n2(irery)
at the boundary. It is applicable under a power law approximation for
the mean velocity and diffusivities such that

U(x3) = axyt

boundary, and Neumann boundary condition,

Kyqy = bx3n , and (2.44)

Ky2

wvhere x3 is measured from the surface.

n

B(x3)x3

The method was extended to a non-Gaussian diffusion model for a
turbulent shear flow by modification of K22 in view of the statistical

 do? 4ol
theory where K22 =3 d E 2 U 3;; . An analytic solution was also

obtained by Huang (1979). For an elevated point source,

(x.x )(l-n)/Z (X.-x )2
= - Q 373s 2 "2s
C(xl,xz,xj) = ‘expf- — 7 }
J2n o, b(a)xl 202
w
w, W 2
a(x,*x., ) 2a(x.x., )
~expi- 32 3s” } - i-v g 3s b, (2.45)
b w xl b w xI

where X o is the coordinate of the point source,
w=20+p-n, and
v = (1-n)/w.

In a uniform shear flow with constant diffusivity, n=0 and o, =

(2x . K /U)a, Equation 2.45 is thus identical to Equation 2.43 as shown
1722

by a simple transformation of coordinates where Xpo = 0 and X3 = /r.

For a point source on the ground, Equation 2.45 reduces to
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- w 2
QA, (w,B) Xq #X (x,-%,.)
Clxpoxgoxy) = —t— exp{- 22} expi- —222} | (2.46)
1°'72°73 - Az 202
B o
J2n02x1
where
A, (w,B) = 2 )
! v, 2.B 2
a (bw")"GCamma(B)
ﬁ = lif , and
_b 2
A2 =W ox .
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Chapter 3

ESTIMATION OF THE LAGRANGIAN AUTOCORRELATION FUNCTION

3.1 Introduction

A statistical approach to turbulent dispersion requires knowledge
of the Lagrangian velocity statistics. A method of obtaining the
Lagrangian velocity statistics from Eulerian measurements is proposed in
this chapter. Lagrangian autocorrelation functions are formulated in a
broad sense in Section 3.2 following the independence hypothesis
arguments. These arguments have been previously demonstrated to be
appropriate for a homogeneous isotropic uniform flow. Derivations of
earlier relations are reviewed in Section 3.3. The arguments are
extended to a homogeneous non-isotropic uniform sheared turbulence field
in Section 3.4. A numerical iterative procedure to compute the
Lagrangian autocorrelation function by the Independence Hypothesis
approach is described in Section 3.5. The application of such estimates
of the Lagrangian velocity statistics for turbulent dispersion is
examined in Section 3.6.

Predictions from the approach will be discussed and compared with
laboratory results in Chapter 6.

3.2 General Formulation of the Lagrangian Autocorrelation

The relationship between the Lagrangian autocorrelation and the
general Eulerian space-time correlation has been outlined as Equation
2.23 in Section 2.3.3. In this section, the Lagrangian autocorrelation
function is formulated from the aspect of Lagrangian kinematics of a
fluid particle.

In a stationary turbulent flow field, the general Eulerian
space-time correlation is defined as

[u .(x

i iO’ij’xkO;O) * u‘j(xi'xi'xk;r)]

ERl.j(xi,xj,xk;t) = L (3.1)

2 0)1E fu 2 .
[y, (xio,xjo.xko,o)] [uj (xi.xj,xk,t))
and the Lagrangian autocorrelation is defined as:

[V (50X 00 Xpoi ) Vi (xg 00X 00Xy it4T) ]

R, .(x. ,x. ,x, ;1) = )
L7ij "i0’"jo' ko X ’xko;t+t)1¥

2 . 2 2
A TS R A CFPRL N (3.2)



25

th

where v. (x ;t) is the Lagrangian velocity component in the i

io’ JO’xk '
dxrectlon of a particle which passes though position (x10 jo xko)’

The Lagrangian autocorrelation may be expressed in terms of the
Eulerian correlation, i.e.,

) [u. (x10 Jo,x ;0)u, (X(x10 xJo,xko;t);I)]
LRij(xio'xjo'“ko“) - (o, ( N 0)1*! (X( 0]
Xio® JO'xkO u xxo'xJo’ ko' "’

or

(ui(xi.xj,xk;O)uj(xi,xj,xk;t)}
3[u 2

j (xi.xj.xk,t)l;2

R..(x. ,x. ,x. ;1) = fff
L"ij "i0’"jo' ko’ 2 .
(a7 (% 0% %03 0) ]

6(X(xio,xjo,xko;t)-(xi,xj,xk;t))dxidxjdxk , (3.3)

where X is the position of a particle at time t which was located at

(xlo joo O) earlier, and 6 denotes the Dirac delta function of its

argument. In the limit of large 1, we expect there is no relation
between the fluctuating velocity ug and the particle position X. Hence
G(X(x10 jo,xko;t)-(xi,xj,xk)) may be expressed as a joint normal
distribution P (X,t), i.e.,

1R (1) = SIS gRy i (xg 0%, %, TPy (X, T dx dxdxy (3.4)

(This is the Independence Hypothesis.)

One notices that the above expression is valid only when the system
is infinitely large so that the particle displacements X are all less
than the size of the system (Weinstock, 1976).

Consider the joint normal distribution where

3 1

-~

X0 = 2 2 5 Lexpl- x 2 XY,
and X = (X,,X,, 3) and (3.5)
X, (t) Xl(t)xz(t) xl(‘)x3(‘)
= X,(DX (1) X, 2(0) X, (1)X4(1)

X,(DX (1) X (DK(0 X2 (0
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Equation 3.5 for Px(X,t) introduces a great deal of mathematical

complexity to the formulation of the Lagrangian autocorrelation.
Further simplifications of the problem are necessary!

Frenkiel (1953) suggested that the probability density function of
finding a fluid particle in a spherical cloud should preserve a Gaussian
form. It seems that asymptotically the probability density function is
not only joint-normally distributed, but it should be independent in
each direction such that

1 :
27 (% 2 (01210, (0 12x,2 (1)

px(x,t) =

X2 x2 X2
exp-{ ; + % + g } .
2[x,%(0] 2[x,7(0)] 2(X;,7(0)]

(3.6)

In accordance with the recent development of the dispersion tensor
[Xi(t)Xj(r)] by Riley and Corrsin (1974), the turbulent flow field is

further constrained in a homogeneous wuniform shear flow. The
homogeneity requires invariance conditions with respect to the X X3

plane such that LRlz(t) = LRzl(t) = [XI(I)XZ(I)} = [xz(t)x3(t)l =0 in a

uniform shear flow.

However, (XI(I)X3(t)l cannot be ignored in a uniformly sheared flow

because it increases with time significantly more rapidly than the
variance of transverse displacements. This implies that the elliptic
cloud evolves with two mutually correlated displacements along the X
and X4 axes.

Based on Equation 3.5 and Riley and Corrsin's finding, the
Lagrangian autocorrelation function may be estmated from four integral
equations iterated simultaneously with Taylor's Equation. The system of
equations is

R .(xl,xz,x3;t)

- E'ij B T
Ry (0 = s = 1 exp-{xIx }dx dx,dx, , (3.7)
where 2
(X,%(0)] 0 (X, (1X5(1)]
3= 0 %,2(0)] 0 ,

[X, (DX, (D) 0 [%,2(0)]
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X = (xi - thé,xé,xé) ,
LRij(t) =0 for it) except 1=l, j=3 ; and

2 2 2 . .
[Xl (v)], [Xl(t)X3(t)], [Xz (t)] and [X3 (t)] retain their

earlier definition in Equations 2.6, 2.7, 2.8 and 2.9, respectively.

3.3 LEstimation of the Lagrangian Autocorrelation in Homogeneous
Isotropic Turbulence with Constant Mean Velocity

For a stationary isotropic turbulence in which the turbulent
kinetic energy is constant and independent of th$ resident time, Baldwin
and Johnson (1972) proposed a method to estimate the Lagrangian
autocorrelation function from statistical measurements of the turbulent
velocity in the fixed Eulerian reference frame.

If a frame moves with mean velocity as sketched in Figure 3.1, the
desired general Eulerian space-time correlation may be expressed in
terms of the mean convective coordinates as

R (XX x50 1) = pROgpUT x5, x55T)

where x, is the Eulerian fixed point coordinate and x; is the Eulerian

moving frame coordinate. Baldwin and Johnson assumed that the general
Eulerian space-time correlation may be expressed as the product of time
correlation and space correlation in the convective moving frame,

Ekii(xl’XZ’x3;t) = ERii(Ut'o’o‘r) ERii(xl’XZ‘xB) . (3.8)

Predictions of the general Eulerian space-time correlation are rare and
empirical, yet the convective Eulerian space-time correlations are well
documented (see Section 2.4). Equation 3.8 represents an appropriate
approximation which physically takes into account both the eddy lifetime
and the eddy size effect. Baldwin and Johnson adopted an empirical
funition for the convective space-time correlation,
F(—T—w) = ER”(Ur,o,o;t), which was extracted from measurements
$'11
reported by several researchers (Baldwin and Mickelsen, 1963; Favre,
1965, 1967; Frenkiel and Klebnoff, 1966; Comte Bellot and Corrsin,
1971). STII is the iantegral scale of ER”(Ut,O,O;t).

2 9%%52 = &lr),

i

By virtue of the Karman-Howarth equation, f(r) +

where f(r) = ERll(xi’o’O) and g(r)

correlation was obtained by assuming that homogeneity and isotropy exist
in the convective moving frame such that

£R22(xi‘0'0)‘ The space

r

gRy (£,0) = e L - % < a- cos28)} | (3.9)
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w5 X,
where r = (xi2 + xéz + xéz) 2 and 6 = cos ) { !

The exponential fit of f(r) was simplified to f(r) = e L . Such an
approximation does not satisfy the requirement of evenness as r*0, but
over the entire range of positive correlation, the exponential function
rather closely follows the best fit of the measurements. It also
satisfies the inertial subrange theory as noted by Tennekes (1979).
Hence, it is adopted in the present analysis.

If Lagrangian isotropy exists in a stationary isotropic turbulence,
the mean square displacement tensors will be identical for all diagonal
terms and vanish for all off-diagonal terms, i.e.

2 - 2 - 2
lxi(r)xj(r)x =0, ifi#]j,
and (3.10)
(R11(0) = (R, (1) = | Rys(1)
LRij(t) =0, if i # 3.
A consequence of Lagrangian 1sotropy is a spherical symmetric

probability density function of finding a fluid particle in the
turbulence field such as

3
2 r
exp- { - 2 -

2lxl (1)}

P(r,1) = (2n(X,2(0)] (3.11)

Baldwin and Johnson solved Equation 3.7 in combination with Equations

3.8, 3.9 and 3.11. An analytic solution was found to be
2
Ry (t) = Fi(ty) e Lt [ -ertda?i(e,) | [144021 (t,) + 3 a3ty

o?I(t,) 4

( ——— ) 15 + 2081t )1} (3.12)

Wik

t
£ Ry (ty)dtyudt o,
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where t, = Tt , @ = —————  and

S'11

erf represents an error function of its own argument.
Similarly, LRzz(t) can be evaluated since the lateral space

correlation is implied by Equation 3.9 as

X
(r,8) = e L

1 r .2
ER22 {1 - 3T (1-sin“8)} .

To satisfy the requirement of Lagrangian isotropy, the convective
space-time correlation in the lateral direction must be

SIS gRy (r,8)P(r,1)dr d6,de,

Fz(t*) = Fl(t*) .
[ff <R.,,(r,08)P(r,1)drd6d¢
E"22
After some manipulation, it is found that
1
H(a,t—*)' 5 K(avt*)
Fz(t*) = ] Fl(t*) ' (3.13)
H(U,(*)’ § K(O,t*)
where
H(a,t,) = o®1(t,){-4a®1(t,)+Jana®1(t,) (20212, )+1) .
2 2
(1-erfya™I(t,)) -exp(a I(t*))}
and

K(a,t,) = a®I(t,){8a?I(t,) (1+a®1(t,))-Jana®1(t,) (ba’1%(t,)+6a%1(t,)) -

(l-erfJaZI(t*))°exp(azl(t*))} .

Baldwin and Johnson have also shown that F_(t/.T..) < F (t/.T,,)
. 2 S'11 - 1 S 11
numerically. Hence, ST22 < STII'

3.4 Estimation of the Lagrangian Autocorrelation in a Homogeneous
Uniform Shear Flow

If one considers an instantaneous plume released from (XIO'x20’

x30) in a uniform shear flow as shown in Figure 3.2, the plume evolves
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as an ellipsoid whose size, eccentricity, and direction are time
dependent due to continuity. Such behavior is well understood as a
result of the shear and has been demonstrated by Elrick (1962). In lack
of information about LR13(t) and ERl3(x],x2,x3;t), the probability

density function of finding a fluid particle in a moving frame
travelling with a mean velocity rx3 may be approximated with a
three-dimensional Gaussian distribution”such as

Pxj,xy,xgi) = (2m 2 (1B (2 (m11x 2072
2 2 2
(x:-Ttx,) X, X}
. exp-{ I 3 + 2 + 3 (3-14)

205,21 2,201 20%,20)]

where [Xiz(t)] is defined as previously in Equations 2.6, 2.8 and 2.9
for i=1,2,3, respectively.

The definition of the Eulerian parameter is generalized to
2
luilsTyy
account for the anisotropy, i.e., a, = —j— - Since the general
space correlation in a non-isotropic flow is still unknown, the
Karman-Howarth relationship is retained and the Lagrangian

autocorrelation functions are assumed to be the same in all three direc-
tions. Such assumptions require that,

2 _ 2,20 2 2 2
(X, 5t = Ao fafine )20 f1(e )]

1,2 (1] = 20,2121ty

(x,2(t)] = 20,°L%1(t,) , and
3 't 3 .
® 1 2n Fo(t)
R () = J

I
£20 6=0 0=0 V2 20,0, 1(t)T2T, o PTI (e, ) 420 Z1(t,)

2 2 2
(§,TsTy t45) & &
exp-l —5—75 2 ' a2 Y b
2(T%6T oy IT(t,)+20,71(t,)) a,"I(ty)  4ag I(t,)
.2 2 .
exp{-£}-(1 - % sin“0) - £° sinBd¢d6d§ , (3.15)
where

1,

2 2 2 b 1 b3
I(ty) = 5 6,7 [ [ Ryp(1)dv -6, % [ 1, (Raa(r)de + 3 [ 1.7 Ryg(t)d,,
[o] ] o]
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£ = J&i2+xéz+xéz/L,

£ cosoO,

AL
N e
! 1]

= § sin® sin¢, and

§3 = § sin® cos¢.

One should refer to Appendix A, which shows how the Lagrangian
autocorrelation function in a homogeneous shear flow is obtained after a
considerable mathematical manipulation:

1

F (t*) nn 2n ; ——
R = et T e AT 9B
2.2 2, [B=0 ¢=0 2 2
2,0, T (8, )A (1) 4B”(t,) 8B“(t,)
2 _1
(1-er( 1. 1, sin 0 (« Jn . 3Jm )eAB(t*)
1 2 2 7 5
2 ) 2 2
2B“(t,) 16B“(t,)  8B“(t,)
1 1 1 )
(1-erf( *~i-~—)) - ( 3 t— )}] sin6d¢d6 , (3.16)
2 8B7(t,) 2B7(t,)
2B7(t,)
where
Aty =2t 20 1ce,) + 20 %1(t,)  and
) 2
BCLL) = (cosB—TSTllt*51n6cos¢) . sinzesin?@ . sinzecosz¢
* T 2A(t,) 4a,2 )

210t 4o l1(ty)

Equation 3.12 may be shown to be a special case of Equation 3.16 if one
carries out the integration and assumes that a1=a2=a3 and T'=0. Appendix

B discusses the limitation of Equation 3.16.

3.5 Numerical Estimation of the Lagrangian Autocorrelation Function

A numerical iterative procedure was developed to calculate the
Lagrangian autocorrelation function as stated in Section 3.3 and Section
3.4 provided that the convective Eulerian space-time correlation is
specified. The computer program is modified to account for experimental
values Fl(t*) and for the presence of uniform shear. The temporary

Lagrangian autocorrelation function is assumed during the computation at
each time step, to have an exponential form:
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LRll(t*) = exp—{Aalt*} (3.17)
where A is a function of the Eulerian parameter and time.

After initialization at t =0, A is perturbed by a small magnitude
to compute the mean square particle displacement according to the
Taylor's integral relation. The Lagrangian autocorrelation function at
each successive time step is evaluated from Equation 3.16 and compared
for convergence to Equation 3.17. The new value of A is determined by
using Newton-Raphson's technique for a quick convergence. The relative

. . . =5 . . .
convergence criterion for A is set to 10 which provides a relative

error less than 10-7 for the estimates of the Lagrangian

autocorrelation.

The procedure may be run for various values of ai and the turbulent
shear parameter T STll' With the simple assumptions discussed in

Section 3.4, the procedure is able to estimate (t,) for a non-

LRll
isotropic uniform shear flow. The double integral of Equation 3.16 is
computed by a Gauss-Legendre quadrature integration scheme. Such a
scheme is maintained self-convergent during the iteration by using up to
1024 weighting points. Detailed description of the Gauss-Legendre
quadrature method may be found in Carnahan et al. (1969).

A brief block diagram is presented in Table 3.1 to show the
numerical iterative scheme sequence.

3.6 Estimation of Turbulent Dispersion

The statistical turbulent dispersion method proposed in the present
study is to use estimates of the Lagrangian statistics in the Eulerian
diffusion equation. Eulerian space-time correlations and concentration
distributions from a point source were measured in a simulated planetary
boundary layer in a wind tunnel. The Eulerian space-time correlation
was employed to estimate the Lagrangian autocorrelation function via the
methodology introduced in Section 3.4.

Given the Lagrangian statistics, the asymptotic eddy diffusivities
were calculated from Equations 2.15 to 2.18. The calculated eddy
diffusivities were used in the diffusion equations, Equations 2.42 and
2.43, to predict the turbulent dispersion. The experimental results
from the dispersion measurements were then compared with the predicted
results from the estimated Lagrangian statistics. Such comparisons are
provided in Chapter 6.
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Table 3.1. A computational numerical scheme of calculating the
Lagrangian autocorrelation function (Program MEULLAG)

o=

INPUT

v

INITIALIZATION

'

Tabulate Gauss-
Legendre Weighting
Points

Print LRII(O)

B

Update and
Store previous
terms for
summation

= =t +
I=0, t,=t +6t

side of Eqn. 3.16

i

Evaluate the first
integral of LRII(t*)

'

Evaluate the left-hand < I = I+1

Evaluate the first, second
and third moment of LRll(t*)

!

Evaluate the double
integral of LRll(t*)
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Table 3.1. continued.

o

1

=0

2

Evaluate II(t,)
in Equation 3.16

=a3 and FST11=O

o,l.T

o, 0, or o,
172 173
or rSTll #0

O

Evaluate the right-hand
side of Eqn. 3.12

l

Evaluate the right-hand
side of Eqn. 3.16 by
using Gauss-Legendre

quadrature formula

Calculate
™ F,(ty)

Gauss

Emperical

y

Exponential

Interpolation

'

..o Error = RHS - LHS
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Table 3.1. continued.

1

]

Perturb A to

Use Newton-
Raphson's method
for new A

EP=ERROR

<0

Print out
data at this time

4 start iteration

AP=A

Update and store
previous calculations
for summation

Print LTHIST11

Number of
Case and Model
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Chapter 4

EXPERIMENTAL FACILITIES AND MEASUREMENT PROCEDURES

4.1 Introduction

A brief description of the equipment utilized and the measuring
techniques employed is presented in this chapter. Emphasis is also
given to the experimental errors that developed from every step during
the experiment.

Section 4.2 describes the wind tunnel facility in which all
measurements were conducted. Measurement details of the mean flow
characteristics are discussed in Section 4.3. Section 4.4 presents the
turbulence measurements while diffusion measurements under the same flow
configuration are examined in Section 4.5. The experimental procedure
in the present study is outlined in Section 4.6.

4.2 Wind Tunnel Facility

New measurements reported in this study were obtained in the
Micrometeorological Wind Tunnel (MWT) in the Fluid Dynamics and
Diffusion Laboratory at Colorado State University. The MWT is normally
operated on a closed circuit principle with the option of an open
circuit operation mode. The ceiling of the tunnel is adjustable for
control of pressure gradient in the mean flow direction. Thermal
control of air stream temperature permits a wide range of thermal
stratifications in the test section. The MWT is specially designed to
model significant turbulent characteristics of the atmospheric
boundary layer. Through selection of proper combinations of wind tunnel
length, surface roughness, ambient wind speed, temperature stratifica-
tion and boundary layer augmentation devices, a range of atmospheric
situations may be simulated (Cermak, 1982). A more detailed description
of the MWT was prepared by Plate and Cermak (1963).

Turbulence and dispersion measurements discussed in this paper were
performed over a smooth floor. The ceiling of the tunnel was adjusted
to have a zero pressure gradient in the longitudinal direction.
Augmentation devices at the tunnel entrance, 1.8 m in length, included
1.27 cm roughness entrance strips attached on four walls and a 3.8 cm x
7.6 cm sawtooth fence. These devices were employed in order to reduce
the wall effects, thicken the boundary layer, and stabilize the flow
pattern. One set of turbulence intensity measurements was conducted
with additional vortex generators at the entrance. A fully developed
turbulent boundary layer was obtained 13 m downwind from the tunnel
entrance section. This fully developed boundary layer was maintained
for the next 10 m where all the measurements discussed herein were
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conducted. A heating system located in the section passage before the
entrance was set to yield the air temperature in the free stream. The
aluminum floor can be heated or cooled to produce a constant temperature
along its length. In the present study, the air temperature in the free
stream was held at 114°F, and the floor temperature was cooled to 32°F
for the stable condition. No heating or cooling to the thermal facility
was supplied for the neutral case.

The MWI was modified to prevent the possible occurrence of a
transverse temperature gradient. Insulation panels were attached to the
side walls to reduce heat loss from the glass window. Nonetheless a
slight lateral temperature gradient was detected near the end of the
test section.

4.3 Velocity and Temperature Measurements

4.3.1 Velocity measurements under neutral stratification

The longitudinal mean and turbulent velocity under neutral
stratification were detected by a TSI-10 quartz coated cylindrical
hot~film probe with a TSI Model 1050 anemometer. The hot-film probe was
calibrated with a TSI Model 1125 flow calibrator and an MKS Baratron
Pressure Meter. Calibration data were fit to the form of King's law,

2

E“ = A+ BU" , (4.1)

using a least-square curve fitting program. The local turbulence
intensity is obtained by a linear approximation, i.e.,

JL% - 2Ee?
U

nBU™ !

(4.2)

A Datametrics model 800 LV linear flowmeter with probe was used to
monitor the reference velocity in the wind tunnel. The probe was placed
at fixed point in the MWT throughout all measurements. The tunnel was
set at various speeds according to the hot-film calibration results.
The reading from the Datametric probe was integrated for 1 minute by a
Hewlett-Packard Integrating Digital meter. Hence, a calibration curve
was obtained between the wind speed and the Datametrics reading. This
curve then served as a reference for the mean wind speed during
dispersion measurements under neutral stratification.

4.3.2 Velocity and temperature measurements under stable
stratification

A multi-wire probe was employed to measure the mean and fluctuating
components of velocity and temperature under stable stratification. The
lateral and vertical components of turbulence intensities under neutral
stratification were also detected by such a probe.
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The triple-wire probe incorporated a cross-wire operated at high
overheat ratio and a single wire operated at a very low overheat ratio
(effectively cold). The cross-wire was sensitive to both velocity and
temperature fluctuations, whereas the temperature wire sensed only
temperature fluctuations. The temperature wire was operated in a low
overheat constant current mode, thus providing a signal sensitive to
temperature. It was located in front of the cross-wire to avoid thermal
wake effects as suggested by many researchers (e.g., see Chevray and
Tutu, 1972). The temperature wire voltage output was calibrated with
temperature variation within a fixed velocity range. Temperature
variation was found empirically to produce a voltage output fit by a
second degree polynomial curve. The cross-wire was wused for
simultaneous measurements of two velocity components in a plane parallel
to both wires. The methodology and accuracy related to the cross-wire
technique is discussed in detail by Sandborn (1972). Bienkiewicz (1981)
assumed equal sensitivity of both component wires in order to utilize
with a linearizing system. The methodology was employed with some
modification for the thermal effect in the present work. If the
cross-wire is calibrated as shown in Figure 4.1 and the velocity
component parallel to the wire direction is negligible, one obtains

U, (t)

i

O.S{le(t)+ﬁw2(t)} , and (4.3)
Uz(t) = O.S{le(t)-Uwz(t)} .

An empirical best fit to the calibration data, calibrated according to
the configuration shown in Figure 4.1, was observed.

prnd - - 40 - ‘.2Q
U (®) = {E . (t)-m  0(t)-m ,} ~{m ,-6(t)} “+{m  +6(t)}m +m .,
where the temperature 6 is (4.4)
- 2
o(t) = nlEe (t) + ane(t) + n, . (4.5)

Here mij and nj are empirical constants and Ewi(t) and Es(t) are
voltages across cross-wire i and the temperature wire, respectively.

The velocity and temperature sensitivities of each cross-wire
component are conveyed in the m, . and n., coefficients. Among the mij
coefficients, m. and m,, vary as the overheat ratio of wire varies,
whereas m. o and m, e account for the adjustment when the velocity and
temperature ranges change.

Signals were recorded simultaneously and processed by a

Hewlett-Packard 1000 mini-computer. The probe was rotated 90 degrees in
its axial direction for turbulence measurements of transverse motion.
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4.4 Velocity Correlation Measurements

4.4.1 The analog method

Two TSI-10 quartz coated cylindrical hot-film probes with TSI Model
1050 anemometers were utilized in the velocity correlation measurements.
The upstream probe was mounted above the tunnel floor and placed with
the wire axis perpendicular to the floor. The downstream probe was
mounted on a three-dimensional traverse mechanism with the wire axis
parallel to the lateral direction. Such arrangement was expected to
reduce the dynamic wake effect imposed upon the downstream probe from
the upstream probe. The three-dimensional traverse is capable of
providing displacement in all three directions with an accuracy of

6.35x10 3 mm. Analog signals were recorded continuously by an AMPEX
FR-1300 Recorder/Reproducer. The record and reproduce modules were
carefully calibrated to provide a flat frequency response under 2000 Hz.
Near zero distortion was found when tested by sine waves with frequency
below 2000 Hz. The turbulent kinetic energy of the present flow
configuration was predominantly at frequencies below 300 Hz. A modified
switch board was prepared so that two channels of data could be taken
simultaneously. A SAICOR correlation and probability analyzer, model
SAI-42, was employed for the data analysis. The SAI-42 correlator
provides auto- and cross-correlation functions with incremental lag or
time delay value from 1 g second to 1 second resulting in total time
delays from 100 4 second to 100 seconds. Precomputation delay of 200
lag values in 50 lag increments allows the correlation function to be
viewed symmetrically about zero or up to 200 lag values removed from
zero (optionally to 2000 points). The averaging is accomplished

digitally with fixed summation ranging from 29 to 217 in binary steps.

The correlation function was displayed on an oscilloscope and a X-Y
plotter in the form of 100 discrete points. A schematic diagram of the
experimental set up is shown in Figure 4.2.

Data were continuously recorded on a APMEX-766 Magnetic Tape for 5
minutes for every separation distance between two probes. A sine wave
was used for signal separation and calibration was recorded before each
set of measurements. Tape was rewound to the same point for the
analysis of auto- and cross-correlations. Each set of data was examined
by the probability analyzer so that minimum signal attenuation occurred.
The range of correlation was selected so that 95 percent of data points
were analyzed without smoothing. (This approach covers all signals
within two standard deviations from the mean of the probability density
function.)

Anemometer voltage output from the velocity sensor was calibrated
with the mean wind speed by King's Law. The following relationship was
obtained for a linear approximation between two fluctuating quantities.

u, (t)_u, (t+1) w1 (B)e, (t+T)
. ll(XI’XZ’XB’t) - w1 1 2 1 - w2 (4.6)

/ () / 2(t+1) f 2,0 | 2y (er0
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4.4.2 The digital method

It was later found that the amplified AC signals from the TSI
signal conditioners were automatically filtered by a built-in high pass
filter which cut off signals at 2 Hz. 2 Hz corresponds to a length of 1
m at a convective velocity of 2 m/sec. Signals recorded with such a
filter apparently eliminated correlations contributed from eddies larger
than 1 m. An examination of the turbulent energy reveals that 1/3 of
the turbulent energy was filtered out by these high pass filters.
Hence, velocity correlation measurements were redone at 3 heights, 2 cm,
10 cm and 20 cm, by analyzing unfiltered signals which included all
signals from DC to 2000 Hz. New measurements were performed under the
same flow configuration and experimental procedures by wusing two
TSI-1287 split film probes. Velocity signals were digitized and stored

in a HP-1000 computer. In addition to the uy space-time correlation,

u,, U, space-time correlations with longitudinal separations were also

computed. The split film sensor incorporates two electrically
independent films on a single cylindrical quartz fiber. By operating
each film with a separate anemometer circuit, the variation in heat
transfer around the cylinder is wutilized for a unique measurement
capability. Figure 4.3 displays the geometric configuration of the
sensor. The sensor is essentially insensitive to flow in the direction
along a sensor axis. The total heat transfer on both films gives a
measure of the velocity vector perpendicular to the sensor and the
difference of heat transfer for the two films gives a measure of the
velocity vector perpendicular to the plane of the splits on the senmsor.
The sensor was calibrated to have the same temperature on both of the
films. Maximum error resulting from the calibration was found to be 9
percent on the low (70 cm/sec) end and 3 percent on the high end (230
cm/sec) of the velocity range.

4.5 Concentration Measurements

4.5.1 Gas chromatograph

A Hewlett-Packard Model 5700A gas chromatograph with flame
ionization detector was used to determine the mean concentration of
scalar tracers. The flame ionization detector functions on the
principle that a DC voltage on a collector electrode is proportional to
a charge produced by charged particles when organics burn in a
hydrogen/air flame. Air samples tagged with two tracer components,
methane and ethane, were carried into a combustion column by an inert
carrier gas, nitrogen. Tracers arrived at the flame at separate times
due to the diffusive properties of different hydrocarbon mixtures in the
column. The DC voltage output from the electrode was amplified by an
electrometer and fed to a Hewlett-Packard Model 3380 integrator.
Separate peaks on the integrator output can be identified as contents of
different tracer gases. Flow rates of auxiliary gases (air, hydrogen
and nitrogen) were selected to yield a maximum sensitivity of the
instrument. Zero drift of the gas chromatograph due to the impurities
in the carrier gas was corrected by subtracting the background flow
baseline values.
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The gas chromatograph can measure samples with sensitivity down to

picogram (10*12) quantities. It was calibrated with a methane-ethane
mixture of known concentration every four hours during the experiment.

The maximum error expected from the gas chromatograph was found to be
less than 0.12 percent.

4.5.2 Concentration measurement technique

A neutrally buoyant continuous point source was simulated by either
a methane or an ethane mixture. The source flow rate was set at 50 cc/s
with an exit velocity of 51.5 cm/s. The source gas flowmeter was pre-
calibrated with the source gas, and volume flow rate error was less than
+3 percent. The point source was injected into the wind tunnel in the
same direction as the mean flow to avoid possible plume rise effect.
The tracer gas was withdrawn from the test section by a sampling grid
and trapped in a sampling system for further analysis. The sampling
grid consisted of 43 brass 0.16 cm I.D. tubes mounted upwind over a
rectangular matrix. The sample draw rate was set to 1.2 cc/s which
results in a draw velocity of 60 cm/s. The sampling system is composed
of fifty 30 cc air-tight syringes mounted between two circular aluminum
plates. A variable-speed motor raises a third plate which lifts the
plungers of all fifty syringes simultaneously. Syringes were completely
flushed to prevent residual concentrations accumulated from earlier runs
before any sample was taken. The sampler was periodically calibrated to
insure proper function of every check valve and tubing assembly. A
block diagram of the experimental system is shown in Figure 4.4.

The gases were allowed to flow for three minutes before any data
were taken in order to reach a steady state of true mean concentration
distribution. Forty-five samples were simultaneously drawn in a period
of five minutes for each run. Two samplers were employed to monitor the
level of background concentration. Forty-three sampling tubes were
located on the cross section of a continuous plume while three samplers
were used to check plume symmetry. Each run was repeated if necessary

to locate the plume center. The background concentration was subtracted
from each concentration sampled.

4.6 Experimental Procedure

Mean speed of the approach flow was monitored by the Datametric
linear flowmeter. Homogeneity of the wind tunnel was tested by velocity
measurements at different mean wind speeds and different downwind
locations in the test section.

Velocity measurements under neutral stratification were performed
at U = 200 cm/sec, 300 cm/sec and 500 cm/sec. Data were taken at X, = 0

cm, 200 cm, 500 cm and 800 cm. Under stable stratification only U = 200
cm/sec was employed and measurements were conducted at X = 0 cm, 200

cm, 500 cm and 700 cm. Velocity spectra were obtained at x, = 0 cm
for different heights.
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Velocity correlation measurements were performed with the upstream
probe fixed at X, = 0 cm. The 1longitudinal separation between two

probes was extended from 0.5 cm to 200 cm. Transverse separations
between two probes were investigated in order to correct the heat wake
effect, or the dynamic wake effect, imposed on the downstream probe.

Concentration measurements were conducted under neutral and stable
stratification. The flow configuration and source release system were
maintained the same but the temperature stratification varied. The free
stream velocity was set at 200 cm/sec during all dispersion measure-
ments. Measurements were made for eight different source heights, i.e.,
H = ground, 2 cm, 4 cm, 6 cm, 8 cm, 10 cm, 15 cm and 20 cm. Cross wind
samples were taken at ten different downwind distances, X, = 25 cm, 50

cm, 100 cm, 150 cm, 200 cm, 300 cm, 400 cm, 500 cm, and 700 cm for each

release height; however, X, = 25 cm was not used during stable

stratification.
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Chapter 5
LABORATORY RESULTS OF TURBULENCE AND DISPERSION MEASUREMENTS

5.1 Introduction

Results of turbulence and dispersion measurements in the wind
tunnel are presented in this chapter. The adequacy of laboratory
simulation of the atmospheric turbulence and transport phenomenon is
investigated. The broad characteristics of a neutral and a stable
stratified boundary layer are described in Section 5.2. Turbulence
measurements which include energy and temperature spectra are discussed
in Section 5.3 for two thermal stratifications. Results of the Eulerian
space-time correlation across a neutrally stratified boundary layer are
displayed in Section 5.4. Section 5.5 focuses on the laboratory plume
simulation of atmospheric dispersion. The point source size effect in
source simulation is discussed. Comparison between laboratory
simulation and atmospheric dispersion experiments is furnished in terms
of standard deviation of plume width.

5.2 C(Characteristics of the Laboratory Simulated Boundary Layer

The MWI has the advantage of a long test section which permits deep
laboratory boundary layers suitable for _the simulation of the
atmosphere. After a sufficient distance (~ 10 m) from the tunnel
entrance, the boundary has only a slight additional growth. The portion
of the test section selected for diffusion experiments was chosen so
that velocity, turbulent intensity and temperature profiles do not
change noticeably along the streamwise fetch at different stabilities
and various wind speeds (i.e., horizontally homogeneous).

5.2.1 Neutral stratified boundary layer

Figures 5.1 to 5.3 show the mean velocity and the local turbulent
intensity profiles over the test section for various velocities.
Normalized data at different longitudinal stations in the test section
are very similar. The variation with distance of the free stream
velocity in the test section was found to be less than 1 percent with no
trend to either increase or decrease. Figure 5.4 displays the lateral
wall effect on the mean velocity and turbulent intensity at a height of
80 cm from the floor. The boundary layer created by the lateral wall is
not so significant as the boundary layer along the ground. The velocity
correlation measurements and the dispersion measurements were performed
within the range where the velocity variation is no greater than 1
percent. Hence, homogeneity in the Xy"%y plane is preserved in the

simulated boundary layer in the test section. Table 5.1 summarizes the
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characteristics of the simulated atmospheric boundary layer. Counihan
(1975) reviewed meteorological literature on fully developed adabatic
boundary layers, and recommended some empirical formulae for atmospheric
turbulence. The present simulated boundary layer is compared in Table
5.1 with his regressive formulae based on a fixed roughness 1length.
Wind tunnel results are within #30 percent deviation from his results,
well within the variation in data he evaluated.

5.2.2 Stable stratified boundary layer

The mean velocity and temperature profiles in the stable stratified
boundary layer are shown in Figures 5.5 and 5.6. Neither profile grows
appreciably within the test region. The planewise homogeneity
requirement for simulating the atmospheric boundary layer was fulfilled
in the stable stratified boundary layer in the wind tunnel. Due to the
location of thermal conditioning panels, the test section for the
thermal stable stratification is 3 m shorter than that for the neutral
stratification which is 10 m in length. The boundary layer thickness
for the stable case using the same inlet tunnel augmentation device was
larger than that for the neutral case (75 cm for stable case and 45 cm
for neutral case).

The temperature profile depth is much greater than the velocity
pro..le depth (120 cm when T/T°° = 99%). Arya (1969) also found that the

temperature gradient abruptly increased before finally leveling off
instead of decreasing monotonically to zero near the edge of the thermal
layer. He attributed the behavior to incomplete mixing of the air in
the core region of the wind tunnel where a residual stratification may
exist even after circulation. Arya then suggested that the thermal
layer thickness should be determined after correcting for the observed
deficit in the temperature profile near the edge of the thermal layer.
A similar situation may exist in the current measurements as shown by
the fluctuation profiles in Figure 5.7. An abrupt change of the
temperatyre fluctuation at x3/6T = 0.5-0.6 suggests that the turbulent

mixing mechanism was suppressed near that region. Hence, the effective
thermal layer thickness was probably 5% =75 cm.

Another characteristic of a thermal boundary is the local
Richardson number which provides a quantitative measure of the thermal
stability. The flux Richardson number, Rf, is derived from the

turbulent energy equation as the ratio of the rate of destruction of
turbulence by stable stratification to the rate of creation of

turbulence by shear. But Rf is not often measured in practice, instead

the gradient Richardson number, Ri’ is usually stipulated to indicate

the relative importance of thermal stratification. Ri is related to R

through £

Km
R. = E—Rf (5.1)
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where Km and Kh are eddy viscosity and eddy diffusivity, respectively.
In a stable air, Km/Kh is very close to unity and Ri is commonly defined
in the atmosphere as

E (y,-v)
_ T “°d .07
R. = 5 3 {1+ E"‘“) (52)

ou oV r
(§§; + (5§

3

¢ (I,-T)
where B is the Bowen ratio, B = £ —_—,
(a5-qy)
Y4 is the adiabatic lapse rate,
Yy is the lapse rate at sunrise,
Cp is specific heat for dry air at constant pressure, and

q is heat per unit mass.

Further discussions about the Richardson number may be found in Panofsky
(1982).

An overall Richardson number which serves as a reference parameter
for a thermal layer is defined as (Ellison and Turner, 1960)

— (Th-To)h
i T 2 ’
h a Uh

0 <xy<h, , (5.3)

in which T_ is the temperature at the surface and T_ is the average

absolute temperature in the layer. Ri = 0.25 was found in the

present study. The distribution of Ri aGross the thermal boundary is
h

presented in Figure 5.8.

5.3 Turbulent Velocity Fluctuations

5.3.1 Neutral stratified boundary layer

The longitudinal turbulent intensities are also shown in Figures
5.1 through 5.3. The RMS velocity fluctuation is normalized by the
local mean velocity and plotted vs. non-dimensional height x3/6. Data

presented in such a manner collapses on a single curve regardless of the
variation of characteristic Reynolds number, Re = gvé, based on the
boundary layer thickness and the freestream velocity. The similarity
implies that the absolute velocity fluctation increases as U increases

or xq/6 decreases.
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The one-dimensional energy spectra of longitudinal velocity

fluctuations measured at different heights in the boundary layer for U,

= 2 m/ are shown in Figure 5.9. The -5/3 slope of the inertial subrange
is indicated in the figure. Due to the low velocity employed, the
inertial subrange is rather short compared to the velocity spectra
reported by Hansen and Cermak (1975) and Chandra (1967) where higher
velocities were used. The energy spectra have been normalized with
respect to mean square fluctuations so that

-1§~«f E;(n)dn = 1 . (5.4)

[u1 ]} o

The normalized energy spectra are presented in Figure 5.10 where
similarity of the spectrum function is found across the boundary layer.

The 1longitudinal velocity autocorrelation functions at various
heights in the boundary layer are shown in Figure 5.11. Figure 5.11a
displays the measured autocorrelation functions from filtered turbulence
while Figure 5.11b presents data from unfiltered turbulence.® The
autocorrelation function decays much faster in a filtered turbulence due
to the absence of large oddy motion. The autocorrelation functions of
lateral velocity fluctuations are shown in Figure 5.12. Figure 5.13
gives the measured autocorrelation functions of vertical velocity
fluctuations. The area under the autocorrelation curve is seen to
increase as the height increases in the boundary laver.

The lateral turbulent intensities were also measured during the
general boundary layer survey. However, a related measurement of the
lateral turbulent intensity was performed with extra inlet spires. The
results are compared with previous measurements conducted in the
same wind tunnel by Zoric (1968) and Chaudhry and Meroney (1969) as

JQTE
shown in Figure 5.14. Uz = 0.04 was adopted to represent test
&

section conditions during the verification of dispersion measurements.

5.3.2 Stable stratified boundary layer

The RMS velocity fluctuations for the longitudinal, lateral and
vertical directions are plotted in Figures 5.15 through 5.17 against
different heights in the layer. The local turbulent intensity (the RMS
velocity fluctuation normalized by the free stream velocity) changes
slowly except near the edge of the layer for the lateral and vertical
directions. Figure 5.18 shows the variation of the lateral turbulent
intensity through the boundary layer under stable stratification. The
data was compared with Arya's (1969) measurements

“Results discussed thereafter are limited to unfiltered turbulence
case unless specified.
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for different overall Richardson numbers. The RMS velocity fluctuation

decreases in a consistent trend as the thermal stratification increases.

Figure 5.19 displays the decreasing trend of the lateral

turbulent intensity with the Richardson ~__Zumber which also shows
Ju

consistency with previous measurements. —T}-?w = 0.02 was selected to
[+ ]

represent test section correlations for the analysis of dispersion.

The u, energy spectra are shown in Figure 5.20. The area under
each spectrum appears to be less than its counterpart at the same height
in the neutral boundary layer. It is understood to be the effect of
stability which reduces the turbulent energy. The dissipation range is
visualized at higher frequency (~ 200 Hz). The u,, U, energy spectra

are presented in Figures 5.21 and 5.22, respectively. These energy
spectra start with a lower energy level and decay much faster than the
u, energy spectra. This is reasonable since when no mean motion exists

smaller eddies contribute more to the total energy. The energy
containing region is less appreciable because it lacks large eddies and
because the dissipation mechanism soon takes over at higher frequency.

All u, U, and u, energy spectra are normalized by the RMS velocity

fluctuations and plotted vs. frequency as shown in Figures 5.23, 5.24
and 5.25, respectively. The inertial subrange is broader in the uy
spectra for various heights in the boundary layer as compared with the
-5/3 slope sketched in the figures. The related turbulent scales for
all three velocity components are listed in Table 5.2. The integral
scale increases as the height increases while the microlength scale
remains nearly constant.

Velocity autocorrelation functions presented in Figures 5.26, 5.27
and 5.28 support the calculated length scales in Table 5.2 since the
autocorrelation functions persist to longer times for positions farther
away from the ground. The autocorrelation functions for the u, and ug

component do not appear to develop large negative magnitudes although
they do decay faster than the longitudinal autocorrelation function.

The measured one-dimensional spectra of temperature fluctuations
are shown in Figure 5.29. They are normalized with the RMS temperature
fluctuations. The temperature spectrum decays with increased frequency
in a similar way to that in the velocity spectrum. If the Reynolds
number is large enough for an equilibrium range to exist in the kinetic
energy spectrum, there is also an equilibrium range (exhibiting local
isotropy) in the spectrum of temperature variance, because it is the
turbulent motion that is mixing the temperature field (Lumley and
Tennekes, 1972). The inertial subrange is insignificant in the
figure due to the low velocity employed. The temperature spectrum
quickly declines into the dissipation subrange. There is no sign of a
Vviscous~convective subrange as reported in liquids.
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5.4 Two-Point Velocity Correlation

5.4.1 Source of error

Errors involved in the measurements of two-point velocity
correlations are primarily due to the finite width of the band filter
deficiencies, the tape recorder deficiencies, the analog correlator
deficiencies and the wake effect of the upstream probe. Cyclic
variations of the velocity signal over the mean velocity range employed
in the present study were found to be less than 2000 Hz; a low pass
filter was selected to eliminate high frequency noise above 2000 Hz.

Instrument deficiencies. Error introduced into the measurement
process by the magnetic tape recorder have been described by
Comte-Bellot and Corrsin (1971). Mechanical errors such as

magnetization, detection, modulation and demodulation were avoided by
careful selection of the tape and calibration as described in Section
4.3. The only remaining error resulted when the tape did not rewind to
the same point for auto- and cross-correlation calculations. Although
the tape may not have been rewound to the exact same data point due to
the imperfect motion of the tape, at least 99.9 percent of the same data
points were analyzed after rewinding. Furthermore, the stationarity of
the time series signal compensates for any differences for finite length
signals. Repeated analysis of the same signals by rewinding the tape to
new starting points showed that less than 1 percent error was caused by
tape position.

The clip mode on the SAICOR correlator can be set to smooth the
correlation function. It was carefully selected to preserve the
characteristics of the correlation with minimum fluctuations.

Wake effect of upstream probe. When one probe is positioned behind
another probe in the streamwise direction, the upstream probe produces
not only a thermal wake but also a dynamic wake which caused additional
disturbance about the downstream probe. To reduce the consequent error
it is common in the laboratory to locate the downstream probe laterally
just outside the wake and to assume that such approximation results in
negligible change in the correlation measurements. In the present
study, the wake effect of the upstream probe was reduced by two methods.
First, for single wire measurements, the two probe axes were placed
perpendicular to one another so that the upstream probe is only
sensitive to uy and u, components while the downstream probe is

sensitive to Uy and ug components. Such an arrangement has the

advantage that it enhances the accuracy of the desired correlation
(ul)A(ul)B’ since (uZ)A(u3)B and (ul)B(uZ)A are less appreciable than

(ul)A)(u3)B and (HS)A(U3)B which result when the two probe axes are

placed parallel to each other. Second, for both single wire and split
film measurements, the correlations at sz = 0 were extrapolated from a

series of correlation measurement with small displacements sz away from

the wake center. Figure 5.30 presents the extrapolation results for
cross-correlation with zero time delay. Figure 5.31 shows the same
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extrapolations for space-time correlations with optimum delay time. It
may be concluded from the slopes of curves in these figures that the
wake effect of decays as the downstream probe moves away from the
upstream probe, and the wake effect completely disappeared after Axl

exceeds 20 cm. The wake effect persists at longer distance for higher
velocities.

The extrapolation technique employed in the present study is
somehow subjective. In most cases, the curve slopes were kept zero for
symmetry.

5.4.2 Eulerian space correlation

Eulerian space correlations presented in this section include two
f-type correlations and four g-type correlations according to Hinze's
(1975) definition. Their integral scales are represented by Lij where i

indicates the velocity component and j indicates the direction of
spatial separation.

The longitudinal space correlation functions, ERII(AXI’O’X3;G)’ are
given in Figure 5.32. For small Ax1 the values are improved from

extrapolations as discussed in section 5.4.1. Results from filtered
turbulence are also plotted for comparison. Figure 5.33 presents the
space correlation of lateral velocity fluctuations, ERzz(O,sz,x3;O).

ERII(Axl’O’X3;O) decays much slower than ERZZ(O,sz,x3;O) which

indicates the elongation of turbulent eddies in the streamwise
direction. Since both functions are f-type correlations, L11/L22 ~ 4.8

as compared with 1.0 for isotropic turbulence, which emphasizes the
destruction of isotropy in the boundary layer flow. ERH(O,sz,x3;0)

and ER33(Q,&X2,x3;0) are shown in Figures 5.34 and 5.35, respectively.

Figure 5.34 displays less deviation between filtered and unfiltered
correlation for transverse separation than the streamwise separation
data (Figure 5.32). It implies that large eddies are less dominant in
the transverse direction. The space correlation function increases as
height increases and turbulence decreases in all cases. The other two
g-type correlations with streamwise separations are plotted in Figures
5.36 and 5.37. Correlation with longitudinal separations seems to
persist for a longer distance than correlation with transverse
separations. The corresponding integral length scales for all space
correlations are summarized in Table 5.3a. Lll is significantly larger

than all other scales which is generally observed in the atmospheric
boundary layer. Integral scales are normalized with Lll and compared to

field observations (Teunissen, 1980) in Table 5.3b. Teunissen's
measurements were conducted in the neutral-stable planetary boundary
layer over typical rural terrain at a height of 11 m. The mean wind
velocity in his measurements was about 9 m/sec. The turbulent
intensities were 0.16, 0.11 and 0.07 for longitudinal, lateral and
vertical direction, respectively. Hence, his measurements are
comparable to the present measurements for x3/6 = 0.044. Considering
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the uncertainty involved in the field experiment with its insufficient
data and varying wind direction, Teunissen's results qualitatively
support our simulated atmospheric boundary layer.

5.4.3 Eulerian space-time correlation

The longitudinal space-time correlation functions, for filtered
turbulence ERll(Axl,O,XB;AXX/U), are reproduced in Figure 5.38. Each

data point represents the peak of the individual cross-correlation
observed at optimum delay time, T_, although T may be different from
the convective time Axl/U. For small Ax1 the values are extrapolated

from a series of correlation measurements with sz positioned away from

the wake center as illustrated in Figure 5.30. Figure 5.39 displays
ER11(AX1’O’X3;AX1/U) for unfiltered turbulence. The transverse space-

time correlations, ERzz(Ax’O’XB;Axlfu) and ER33(Ax1,0,x3;Ax1/U), for

unfiltered turbulence are given in Figures 5.40 and 5.41. It is
observed in the measurements that the space-time correlation function
increases as height increases and ERII(Axl’O’XS;AXI/U) >

ERZZ(AXI’O’X3;AXI/U) > ER33(Ax1,O,x3;Ax1/U) for a given height.

Notice that the correlation function has a rapid drop at small
times in Figure 5.38. Such a drop is more marked as the probe moves
closer to the ground. Similar results have been observed in the
atmosphere where probe wake effect appears unnoticeable (Lumley and
Panofsky, 1964). One explanation for the drop would be that near the
ground the turbulence level is stronger and small eddies become more
dominant. The small eddies lost their correlation in a shorter period
which results in a decrease in the correlation as height decreases. Such
effect is somehow diluted when large eddies are dominant in an
unfiltered turbulent field.

The inadequacy of Taylor's frozen turbulence hypothesis is clearly
seen in a sheared turbulent boundary layer. According to the
hypothesis, ERll(Axl,O,XS;t) should reach its maximum value of unity at

a time T = AXI/U, but as a result of shear, the resultant higher level

of turbulence and the small eddy behavior, the peak value of
ERii(Axl,O,x3;t) can never regain its theoretical magnitude as observed

in Figures 5.38 through 5.41. Even in the grid-generated turbulence
reported by Frenkiel and Klebanoff (1966) as well as Comte-Bellot and
Corrsin (1971), where the turbulence is not distorted by mean shear;
large departures from a frozen pattern are observed. Most investigators
attributed the breakdown of Taylor's hypothesis to the loss of coherence
of small eddies when downwind separations slowly exceed the larger eddy
sizes. Data reported on the frequency filtered space-time correlation
measurements by Favre et al. (1957, 1958) gave equivalent support to the
observation in a boundary layer. The turbulence gradually loses some
coherence at the edge of the boundary layer where mean shear and
turbulence level are low, but near the ground the correlation function
losses its identity quickly due to higher mean shear and turbulence
level.
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Convective velocity. The convective velocity Uc is defined as the
9 7Y =
57 ERII(AXI,O,X3,I) = 0. It

is closely related to the eddy motion and serves as a characteristic
velocity of the 1large scale disturbances in the turbulence. The
convective velocity was found to be identical to the local mean velocity
U in both wuniform and uniform shear flows by several researchers.
Fisher and Davies (1964) examined the convective velocity for various
frequency components in a subsonic jet. They reported that U_increases
as frequency increases and deviated from the mean value by as“much as 25
percent. Blackwelder and Kovasznay (1972) observed that UC/U = 0.958 at

x3/6 = 0.83 and UC/U = 0.975 at x3/5 = 0.45 in a turbulent boundary

layer. This indicates that the large eddies are traveling at a slower
velocity than the mean velocity in the boundary layer. Figure 5.42
presents a comparison between T and AXI/U where W= AxI/U is plotted

as a solid line. For small separations such as AXI = 0.5 cm to 1.0 cm

errors are as high as 50 percent due to the vagueness of the correlation
peak. Error quickly reduces to less than 3 percent as the separation

ratio of Axl to the optimum delay time where

Ax
increases. Im/(~ﬁi) is consistently greater than 1.0 at large separation

which indicates the slower motion of large eddies in the boundary layer.
The fact that the difference between Uc and U is not significant at

various heights implies that the autocorrelation observed from a
convective moving frame is well represented by the envelope of fixed
point space-time correlation.

Normalization of the space-time correlation function. Since
accurate space-time correlation magnitudes for large separations could
not be obtained in the present study the integral scale, STii’ has to

be estimated by approximating the tail of the correlation function.
P,t
1 2

2 " 3
(1+P11) (1+Pzt)

A function, , was employed for the extrapolation

where P, are regression constants. The ratio S — preserves the

t (1+P1I)2
expected asymptotic characteristics of the space-time correlation

P,t

while -———2——-—-accounts for the rapid decay at small times. A simi-

(1+2,1)°
lar method Was used by Blackwelder and Kovasznay (1972) where the sum of
two exponential terms was employed to approximate the space-time
correlation function. The correlation data was unevenly weighted to
obtain the regression constant, Pi’ in the present study. The weighting

factor for each data point was determined by its logarithmic value of
optimum delay time which means more weight was given to data points at
large separations. Figure 5.43 compares the fitted curve to a typical
set of data points. ST11 was obtained by integrating the regression

function (Figure 5.36).
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The space-time correlation function was finally plotted versus

Ax
ﬁ“ﬁfl“ . The shear layer values for filtered turbulence are included

S7ii
on Figure 5.44 and compared with several sets of Eulerian space-time
correlation data from other laboratory experiments. These experiments
include data measured in another turbulent boundary layer (Farve, 1965;
Frenkiel and Klebnoff, 1966), in grid turbulence corrected for energy
decay (Comte-Bellot and Corrsin, 1971), and in a nearly homogeneous
turbulent shear flow (Harris et al., 1977).

Space-time correlation functions for an unfiltered turbulence are
replotted against normalized time coordinates in Figure 5.45 through
Figure 5.47 for all three components of velocity fluctuations. Data are
in good agreement with previous results for filtered turbulence. A
universal shape for the Eulerian space-time correlation function seems
to exist when presented in the non-dimensional coordinates. Such a
curve is given in the figures in Figures 5.45 through 5.47.

5.5 Laboratory Plume Simulation

Lateral plume spread was evaluated from laboratory simulation of
atmospheric dispersion. Data examined in this section includes the
present diffusion measurements and measurements reported by Chaudhry and
Meroney (1973). Plume dispersion was studied by Chaudhry and Meroney
for three thermal stratification conditions from neutrally buoyant
continuous point sources released in a boundary shear layer.
Experimental details concerned with the measurements are summarized in
their paper.

The diffuson data from all wind tunnel measurements were expressed
in terms of the standard deviations of the horizontal concentration
profile. The standard deviation of the concentration, Ops is defined as
, X5
0,” = "flfgl , (5.5)

where Cj is the mean concentration at a sampler, ij indicates the
lateral distance from the plume centerline at the same height, and j is
a particular sampler on the array.

A diffusion time t is approximated by the advection time scale
xllﬂa, where Ua represents the average mean velocity between source

height and the sampler height.

5.5.1 Source size effect

The laboratory source employed during the dispersion experiments
was large compared to an idealized point source.
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Assuming a Gaussian form for the concentration distribution in the
horizontal direction during plume dispersion, the probability density
function for an ideal point source release may be written as

2
exp {- §_ ¥
Jan o 20

X

P(xz) = (5.6)

But for a finite length source with width d, the probability density
function would be

X,- 5 X, 5
P(x,) = §la ferf ( 22 - erf ( 22y} . (5.7)
2 oy Ji'uy

After some manipulation, the standard deviation of horizontal
concentration for a finite source, oy, can be related to the ideal

value, 0, by

?=02-9

v 13 (5.8)

provided that X, >> g.

Csanady (1973) remarked that "in the later stage of diffusion the
concentrated source model is adequate, but the initial circumstances
could only be elucidated by the slightly more complex distributed source
model." Fackrell and Robins (1980) conducted an extensive study on the
effect of source size on plume behavior in a simulated boundary layer.
They concluded that flux of variance in the plume reaches a maximum
close to the source, for the smallest source size, and thereafter the
variance monotonically decreases. The results presented by Fackrell and
Robins indicate that the mean plume width becomes independent of source
size after xlld exceeds 10.

If the 1lateral plume spread is approximated by a Gaussian
distribution UY would be roughly the same as 0,- Since the maximum
error, 022-02/02 for the present configuration was found to be less
than 4 percent, and the nearest sampling location to the source was at
xl/d = 20, the influence of source size is negligible.

5.5.2 Comparison of laboratory simulated plumes to field
dispersion experiments

Draxler (1976) examined diffusion data from eleven field
experiments including elevated and ground release sources over a range
of stratification conditions. Wind tunnel simulation results were
compared to these experiments for the behavior of lateral plume
dispersion based on the Taylor's diffusion theory, Equation 2.1.
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Pasquill (1971) suggested a more explicit relationship for the
diffusion parameter derived from Taylor's equation. For lateral
dispersion, ‘

(%,2(01% = [w,%171 £,(t/,T,,) (5.9)

where LT22 is the Lagrangian integral time scale and

1Tp2 =

O B

LRZZ(t)dt .

Since it is difficult to determine the true Lagrangian integral time
scale from field diffusion experiments, Draxler introduced another time
scale Ti’ which should be proportional to LT22' He first suggested that

the lateral plume growth may be related to time, t/T; for all data by

£ = 1
- s
1 l+1.0(t/Ti)0‘6

where Ti is defined as the diffusion time required for f1 to become
equal to 0.5. 1In order to satisfy the theoretical limit for fl at large

time and to provide a satisfactory fit to the data, he subsequently
replaced the above equation by

£, = 1 - (5.10)
1+0.9(t/1)°"

The corresponding Lagrangian autocorrelation function may be derived
from Taylor's equation and Equation 5.13. This yields

1-1.12541:/'1’i

R..(t) = ’
(1+o.9,/t/fri)4

(5.11)

but this expression for the autocorrelation function has an unrealistic
infinite negative slope in the limit as t->0.

Phillips and Panofsky (1982) re-examined Draxler's ideas and
concluded that Equation 5.11 is inconsistent with the theory of the
inertial subrange according to which R(1) varies as 1-Ct near 1=0, where
C is a constant. They replaced Equation 5.10 by another form,

(T./t)2

_ I Y % :
fl(t/Ti) = 0.617[t/Ti £ 58 2n(1+5.25t/Ti)] , (5.12)

which was derived from a simple form for LR22(t)
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1

R, ,(t) = ——re |
L22 (1+t/LT22)2

(5.13)

An exponential Lagrangian autocorrelation function is also
consistent with the assumptions of inertial subrange theory (Tennekes,
1979). In addition, the exponential form is consistent with the concept

of a Markov process and is frequently preferred by analysts (Newumann,
1978). Thus if

-t/.T
- L 22
LRZZ(t) = e s (5.14)
one obtains
T, (Ti/t)z -6.83t/T, %
fl(t/Ti) = 0.541 | rialr-or T (1-e )} (5.15)

Plume dispersion data. The laboratory measurements are compared
with field data for horizontal diffusion from a ground source in Figure
5.48. Only the data set for strong stable stratification (Ri6 -

0.25) deviate significantly from the field results. The lateral
diffusion from an elevated source are plotted in Figure 5.49. The
stable elevated case seems to deviate only slightly from the field
experiments.

The stable elevated case has been considered separately so that a
cleaner comparison with Draxler's results may be made. Draxler utilized
an average Ti for a specified stratification category which applied to

all experimental sites under that <category in his analysis.
Unfortunately, this approach results in points which are consistently
greater than 0.5 in Figure 5.50. This suggests that the actual value of
Ti may be 3-4 times the value recommended by Draxler for the stable

elevated source releases. In this case a replot of the field data would
lie between I+t/Ti = 1 and 2, which agrees with the laboratory results.

Figure 5.51 displays the lateral diffusion measured at the same
height as an elevated source. Plume width variations found for the
elevated case in Figure 5.51 should theoretically be described most
accurately by Taylor's theory. Yet no significant improvement was found
in comparison to Figures 5.48, 5.49 and 5.50.

Comparison with Predictions. The proportion of variation explained
by prediction (or regressive curve), which describes the coherence
between data and formulae, was examined by an analysis of variance. The
experimental data employed in the analysis consisted of field
experiments in Figure 5.52 and the laboratory results, but not including
the stable stratification case SP. The correlation coefficient R
appears to be acceptable for all three equations as shown in Table 5.4.
The residual, fl(t/Ti)—fl(t/Ti), is displayed in Figure 5.53a for field
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measurements and in Figure 5.53b for laboratory results, where fl(t/Ti)

is the predicted value. The residuals were compared to a normal
distribution by the Kolmogorov-Smirnov goodness of fit test (Conover,
1971). The level of significance in the test suggests that a normal
distribution hypothesis is rejected by residuals of Equation 5.10.
Therefore, the probability distribution of residuals is presented with
the correlation coefficients in Table 5.4. Equations 5.12 and 5.15 were
found to fit the data slightly better. Yet no significant systematic
deviation can be found among the three predictions during comparison
with field or laboratory experimental results.

Comparison among predictions. Equations's.lﬂ, 5.12 and 5.15 are
plotted on Figures 5.49 through 5.52. Comparison between the predictive
formulae and the experimental data reveals that:

(1) Difference among the three functional values are not significant.
All of the expressions fit the trend of atmospheric field data as
shown in Figure 5.52. However, the equations imply different
values for the Lagrangian integral time scale, i.e., Ti = 1.64 LTZZ

for Equation 5.10, Ti = 5.25 LTZZ for Equation 5.12 and Ti = 6.83
LTZZ for Equation 5.15.

(2) The Lagrangian autocorrelation function corresponding to Equation
5.12 preserves an exponential form for short diffusion times such
that

1 ~ 1
A+ —4+..0% a+—+)?
122 122

(5.19)

Neglecting higher order terms in the expressions prevents fl (t/Ti)

from dropping rapidly at longer diffusion times. Since a higher
correlation at larger times implies a larger value of the
Lagrangian integral time scale, removal of higher order terms in
the expansion results in an increase in the Lagrangian integral

time scale for the same Ti; thus LTZZ calculated from Equation 5.12

is 1.3 times the value calculated from Equation 5.18.

(3) For the same set of data, the implied Lagrangian integral time
scale is seen to vary from Ti/6.83 to Ti/l.éd. Although it is well
known that drastically different forms for LRZZ(t) give very

similar results for the dispersion using Taylor's integral relation
(Pasquill, 1974), the importance of selecting a correct integral
time scale in any predictive scheme becomes clear.

Importance of the Lagrangian time scale. It is obvious that
accurate specification of Ti (or LT22) is necessary to use Pasquill's f1

curve as a predictive scheme for plume dispersion. Unfortunately, a
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wide range exists in the magnitude for the Lagrangian integral time
scale, primarily due to thermal stratification and complex terrain
effects. Neumann (1979) used a simple exponential expression for the
Lagrangian velocity correlation function during turbulent diffusion. A
set of integral time scales was calculated corresponding to the various
Hosker-Briggs-Gifford-Pasquill stability categories. Since the integral.
time scale is difficult to estimate in the atmosphere, researchers tend
to simplify the problem and assume that the f1 curves are only a

function of downwind distance. Briggs (1973) suggested a dimensionally
it onsistent function for the standard deviation of plume width. Hanna
(1982) recommended a simplified function for the f1 curve compatible

with Briggs' formula. Table 5.5 summarizes the integral time scale used
(or implied) by the different authors. The variation is indeed
astonishing. LT22 varies from several hundred seconds as predicted by

Draxler (1976) to an order of 104 seconds as suggested by Gifford
(1982). All these time scales are based on field measurements in the
atmosphere; however, their stability classification and the flow
configuration may vary. Hence, additional knowledge about the integral
time scale and how it relates to basic physical characteristics of a
turbulent shear layer is required.



Table 5.1. Characteristics of the simulated atmospheric
boundary layer, neutral
MODEL SCALE PROTOTYPE FIELD RESULT
(1/1250) COURTHAN {1975)
F
fred 2, U s2ms | U =3ms | U =Sms | U s2ms | U =3ms | U =Smws U -2ms | U =3ms [ U_«5ms
Scale Ratio: .45/600 [y, = 0.0725m/s| U,= 0.129m/s |U,. = 0.217 m/s|u, = 0.0725m/s] U= 0.0129m/s] U= 0.217 m/s{U, = 0.0725m/s) U= 0.0129 m/s] U= 0.217 m/s
& (m) 0.45 0.45 0.45 600 600 600 600 600 600
n 0.166 0.163 0.146 0.166 0.163 0.146 0.14 0.13 0.12
2, (m) 4.0 x 1075 20x10% ] 1ox108 0.05 0.025 0.0125 0.05 0.025 0.0125
v\ ? taax10d | 1esx103 | 1gaxt0? [raex 03| resxiod| 1.88x107d [rerxi0d | rex 0 | e xn0?
u.
(/ ;‘2) 0.125 0.155 0.120 0.125 0.155 0.120 0.155 0.140 0.128
2
v Yy = 120
(/ ;7) 0.10 0.106 0.085 0.10 0.106 0.085 013 0.120 o
4
U '/, = V6
S (m 0.103 0.7 129.1 025 220 250
T (approx.) {approx. )
¢/, - 0.u0)

%9



Table 5.2.

Turbulent length scale of the stable stratified boundary layer.

X3 l.ll - component uz- component U3" component
6 L A A L A A L A A
(cm)  (ch) (ch) (cm)  (ch) (ch) (cm)  (ch) (ch)
.028 3.96 3.34 1.62 1.74 1.70 .835 1.91 1.73 .627
.053 6.16 4.40 1.56 2.34 2.14 .889 1.87 1.53 .528
.08 5.18 4.48 1.68 2.10 2.07 .904 2.35 2.24 .554
.107 5.20 4.61 1.62 2.88 2.83 1.02 2.15 2.09 .547
.133 7.39 5.31 1.62 3.69 2.78 .945 2.18 2.18 .557
.20 9.21 6.41 1.58 3.72 3.14 .982 2.22 2.12 .515
.267 9.18 6.97 1.67 4.70 4.16 1.03 2.14 1.99 .541
.40 11.79 8.39 1.79 7.60 5.62 1.21 3.19 3.04 .570
.60 10.76 8.44 1.30 7.54 6.43 1.06 3.76 3.65 .593

59



66

Table 5.3. Turbulent length scale of the neutral stratified boundary
layer.

(a) Integral length scales

X

5 I Li2 L2 L2 L3 L3
044 19.5 2.54 - -- 2.10 .78
22 26.9 4.69 5.22 5.14 4.00 2.35
44 26.0 5.50 5.59 6.01 5.18 3.46

(b) Normalized integral length scales.

X Ly L1y Ly Lya L3y L3y
= I, i, i, L, I, I,
) 11 11 11 11 11 11
. 044 1 13 - - .11 .040
.22 1 .17 .19 .19 .15 .087
44 1 21 .22 .23 .20 .13
Teunissen® 1 18 .40 .22 .14 .027
(1980)
Teunissen 1 .19 .31 .23 .089 .040
(1980)*

* From correlation integral
wtande

* From exponential fit



Table 5.4.

Summary of Comparisons Between Data and Predictions

% of variation Correlation Level of Probability distribution of residual
explsined by Coefficient Significance

the formula R a** p(]e]<0.05) p(0.05¢Jejg0.1) p(lel20.1)
Formula Field Lab,* Field Lab. Field Lab, Field Lab. Field Lab. Field Lab,
Exp. Data Exp. Data Exp. Data Exp. Data Exp. Data Exp. Data
Equation 3 80.8 74.7 .899 .864 <0.01 0,01 .458 .472 .325 .303 217 .225
Equation § 78.9 84.5 .888 .919 0.09 0.03 496 .618 ,292 .225 .212 157
Equation 8 72.9 86.5 .853 .930 0.10 0.10 496 .630 .275 .202 .222 .168

* Stable Stratification

% Rosiduals were tested to a normal distribution function by the Kolmogorov-Smirnov goodness of fit test.

case SP is not included

L9



Table 5.5. Summary of Lagrangian Integral Time Scales

LT2 2 (sec)
Neumann Briggs Hanna Draxler Phillips Gifford
(1978) (1973) (1982) (1976) and (1982)
, , 2 - - - - Panofsky
Stability uy 2 U LT22 Ti/5'23 LT22 1116.83 LTZZ Ti/5.23 LT22 Ti/6.83 (1982)
Category (m/s) n/s j
A .19 2 2400 2900 2200 2900 2200 200~600 190~700 ~1 04
B .24 3.5 1700 2300 1800 1640 1250 200~600 190~700 '~—104
C .36 5 700 900 690 1050 880 200~600 190~700 ~1 0‘
D .17 5 750 1070 820 1030 880 200~600 190~700 ~10‘
E .044 3.5 1000 1640 1250 1640 1250 200~600 190~700 ~10‘
F .0064 2 2250 2900 2200 2900 2200 200~600 190~700 ~10‘

89



MEAN VELOCITY PROFILES TURBULENCE PROFILES

1.2 LN B AR S AN SENL A SN R 1.2 M T T T
a x, = 0 cm . 3 ox = 0 cm
iak o] x1=200 cm 8 j 1.8l a] x1=20042m
A x_ = 500 cm v A x. = 500 m
1 H I 1 ¥
a X a
.8} . - .8} 4
0
] £ I
b k 1+
w -BF . 2 6t 4
~n v ] | Lie )
N o o
B0 ’:E goA
-4t b ® .4‘ -
& d m aocA
a I ad
i & o ] R oA i
: 2 ) Baa
r a0 J L 474
o} O
-.8 N |A.Mn e L -9 . 1% 1 A
N ] .2 .4 .6 .8 1.9 {.2 .9 i0.0 28.0 30.0
u/u u/u

Figure 5.1. Mean velocity and turbulent intensity profiles for neutral stratified boundary
layer at U = 200 cm/sec.
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Figure 5.3. Mean velocity and turbulent intensity profles for neutral stratified boundary
layer at U = 500 cm/sec.
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Figure 5.4. Lateral distribution of mean velocity and turbulent intensity profiles for neutral
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Figure 5.5. Mean velocity profiles for stable stratified boundary
layer at Um = 200 cm/sec.
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Transverse Eulerian space-time correlation in a neutral stratified boundary

layer (unfiltered).
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Chapter 6

PREDICTIONS FOR LAGRANGIAN STATISTICS AND TURBULENT DIFFUSION

6.1 Introduction

The estimated Lagrangian statistics obtained from the present
analysis are given in this chapter. These Lagrangian estimates are used
to predict dispersion from a continuous point source; then comparisons
are made between the predicted and measured dispersion in a simulated
boundary layer.

The Lagrangian autocorrelation functious and integral scales for a
uniform turbulent flow are presented in Section 6.2. Discussions are
extended to a uniform sheared turbulence field in Section 6.3. Section
6.4 compares the Lagrangian estimates calculated from the Independence
Hypothesis approach with other analytical methods. Section 6.5 examines
the integral scale ratios between the present data and previous
experimental results. Predictions of turbulent dispersion based on the
Lagrangian estimates are presented in Section 6.6 for comparison with
experimental data.

6.2 Lagrangian Estimates for Homogeneous Isotropic Turbulent Flow

6.2.1 Turbulent flow with uniform velocity

Lagrangian autocorrelation functions are computed according to
Equation 3.12 for wvarious o via the numerical iterative procedure
described in Section 3.5. Four different functional forms for Fl(t*)

are employed in the analysis of homogeneous isotropic turbulence with
uniform velocity. The four cases are:

Model I (Exponential) : Fl(t*) = exp(-ty)
. nt,z
Model II (Gaussian) : Fl(t*) = exp(~‘~—z~)

Model III (Empirical) : Fl(t*) dotted curve in Figure 5.44

Model IV (Empirical) : Fl(t*) = solid curve in Figure 5.45
Results computed from Equation 3.16 have been compared with results

computed from Equation 3.12. Increasing the number of Gauss-Legendre
qQuadrature points improves the accuracy of the double integral in
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Equation 3.16. In order to reduce the computational time, the number of
weighting points is limited to 400 in calculating the double integral.
The maximum error resulting from the double integration is 0.5 percent

L ll/STll
Figure 6.1 presents the estimated Lagrangian autocorrelation

function computed from four different models in terms of t,. Figures
are reproduced in the coordinates of t/L 11 in Figure 6.2. It is

designed in the numerical procedure so that the Lagrangian and Eulerian
space-time correlation functions are identical in the limit of a=0. In
each case, the shape of L 11(t,,,) strongly depends on the model selected

and bears resemblance to the functional form of F (t,) at small a. For
large &, the resultant L 11(t_._) is less affected by F (t,) in all
models. L 11(t,") decreases as the Eulerian parameter increases but
preserves similarity, except Model II, when plotted in terms of t/LT11

L 11(t*) predicted from measured F (tﬁ) Model III and Model IV, decays
faster than predicted from analytlcal Fl(t*)’ Model I and Model II, at
small t, but retains higher correlation at large t,. L 11/S 11 €an be
evaluated from Figure 6.1 and is plotted in Figure 6.3 against various «

for all models. Figure 6.3 also presents results reported by other
researchers. Discussions of those data are deferred to Section 6.5.

The fixed-point Eulerian autocorrelation camn be obtained as a

result of Equation 3.9 by substituting r = -Ut and 6 = n. Therefore,
T,, may be determined as
"" g t.
1

E"11
[« ]
gl = gT { e F (t)dt,

The ratio STII/ETII calculated from the above relationship is shown in
Figure 6.4. Another ratio of time scale, B = L 11/E 1 (the Pasquill's
Beta), is readily evaluated by multiplying I ll/S 11 by STll/ETll‘
Figure 6.5 is produced from Figures 6.3 and 6.4 with selected a.

Baldwin and Johnson (1972) have indicated that the bracket term in
Equation 3.12, G(a,t,), is rather insensitive to the functional form of
F (tu) In the present analysis, cases considered are further extended

to a general turbulence which includes non-isotropy and uniform shear
strain. Figure 6.6 displays the results for various flow configura-
tions. G(a,t,) is presented in Figure 6.6a for an isotropic homogeneous
uniform flow while Figures 6.6b,c,d present the same calculation for an
isotropic uniform shear flow, a non-isotropic uniform flow, and a non-
isotropic uniform shear flow, respectively. Under each turbulence
category, all models yield similar estimation for a short diffusion time
but diverge from one another for a long diffusion time. The shape of
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G(a,t,) is not much affected by different models as seen in the figures.
hkil(t*) is obtained as the product of G(a,ty) and Fl(t*)' After

multiplying with Fl(t*)’ the deviation in G(a,t.) due to different
F}(t*) only accounts for a small percentage of error in estimating
LRll(t*)’ Hence, it will be of practical interest to tabulate the

calculation of G(a,t,) with respect to a in each turbulence category.
The tabulated results may be used in conjunction with a measured Fl(t*)

without going through all the numerical computation as the first
approximation to LRll(t*)‘

Fl(t*) will be limited to Model IV during subsequent predictions of
LRII(t*) in some generalized turbulent fields.

6.2.2 Turbulent flow with uniform shear

Figure 6.7 presents LRII(t*) for various values of o and rSTll‘

The existence of mean shear does not change the Lagrangian auto-
correlation function at small t, (t, < 0.25) but results in a faster
decay at larger t,. The ratio LT11/ST11 is plotted in terms of YSTII

for different a in Figure 6.8 to emphasize the shear effect. The ratio
LTII/STII decreases faster for small value of & due to the shear strain.
Increase of shear causes little change in LTZI/STII after rSTII
approaches 5.0 for large a. Figure 6.8 may be used together with Figure
6.4 to predict B in an isotropic homggeneous uniform shear flow as long
as such turbulence parameters as {u1 , L, T and ST11 are specified in

the turbulence field. Figure 6.9 displays the predicted B contours for
i=0.1. Note that B falls between 3.0 and 5.0 for a wider range of «
with the presence of shear than without the presence of shear (e.g., B

{1

3.0~5.0 for a = 0.35~3.3 and FSTII = 2.0 while B = 3.0~5.0 for «
0.19~1.0 and rSTII = 0.0). For atmospheric turbulence, % ~ %4% = 10.0,
an averaged B = 4.0 for various strain rates agrees very well with field

observations.

6.3 Lagrangian Estimates for Homogeneous Non-Isotropic Turbulent Flow

It is difficult to provide complete information on the estimated
Lagrangian statistics for a non-isotropic turbulent flow since there are

four parameters involved, namely, Oy Oy, Og and rSTll‘ However the

numerical procedure can perform the estimation for any specified
combination of these four parameters. Figure 6.10 presents results for
LTu/ST11 in an ideal one-dimensional non-isotropic uniform turbulent

flow by assuming a, = oy = 0. The magnitude of the Lagrangian

autocorrelation function as well as the scale ratio is gradually reduced
once the turbulence field is expanded from one-dimension to three-
dimension. Figure 6.11 presents the resultant L’FHIST11 for two-

dimensional turbulent flow with uniform velocity. LT“/ST11 for a
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designated three~dimensional turbulence with a, = «

2 3
6.12. Reduction of L II/S 11 due to the redistribution of turbulent

energy to other directions is clearly observed through Figures 6.10 to
6.12. Variation in L 11/ST11 resulting from different o, and o, values

2 3
plotted in Figure 6.13 for an o = 1.0. L IIISTII may be obtained

without significant error by using the averaged value of az and a3 from
Figure 6.12. Figure 6.12 or Figure 6.13 can be used in connection with

Figure 6.8 as the first approximation for L 11/ST in a non-isotropic

uniform shear flow. Similarly, P may be estimated from Figure 6.12 in
conjunction with Figure 6.4,

is given in Figure

6.4 Comparison with Analytical Predictions

6.4.1 Numerical simulation of particle motion

In a recent paper prepared by Lee and Stone (1983), Monte Carlo
techniques were used to predict one-dimensional diffusion in a
stationary, homogeneous field of turbulence. An analytical expression
to predict the Lagrangian statistics from Eulerian statistics was also
presented. The analytical solution for cloud growth compared favorably
with the results from the Monte Carlo simulation, and both results
agreed with Lagrangian statistics estimated from the present analysis.
It 1is indeed impressive that a one-dimensional turbulence model
approximated cloud dispersion as well as a full three-dimensional model.
Hence, their expressions are re-examined here.

Lee and Stone approximated the Lagrangian autocorrelation function
at a short time increment by the Eulerian space-time correlation. They
assumed that the velocity fluctuations is normally distributed with zero

mean and standard deviation [u12]¥. They used the expression
2
B
= % - 2 -an 2
L 11(5t) ( ) * exp( T ) f n“ e e dn (6.1)

$711 o

2.5
where a = iﬁm%~§£ and n = N(0,1).

The Lagrangian autocorrelation function at 8t can be obtained as

o 2
T —
(6t) = e SH { e 2 (I+32)(1-erf( 2.yy- {2 a} . 6.2)

L 11 J2 Jn

Since a first order autoregressive process successfully describes the
motion of a diffusion air particle, the autocorrelation function must
satisfy the following relationship (Box and Jenkin, 1976)
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Ry (D) = {LRM((St)}k , t= kbt . (6.3)

Therefore LRll(t) can be expressed as

t 2
S PO 5
Ry @) = e 51 e 2 (14a®) (1-ers( 3—_))- 2,38 64
2 yn
and
2
AP sT11 3,2 a .y 2 a1
- = {1 - T ln(e © (1+a®)(l-erf( =—))- a)} (6.5)
s*11 JZ o
or
T azAtE
El = 1 - 5 Infe % (+oar,®) (1-ers( %BLy))
s'11 % Jz
2 -1
- %0‘ Atg}d o, (6.6)
where a = aAt, and

Aty = 8t/ T, .

Lee and Stone obtained Lkll(ét) by expanding the exponentials,
exp(—&t/STil) and exp(-an), in Equation 6.1 for small value of 6t->0.
LT11/ST11 was obtained in conjunction with the random force model
suggested by Gifford (1982). Their result is

g. 2 "1
L'rn/s'rn = (1 + (E) o) . (6.7)

Equation 6.6 is a more exact solution to the Monte Carlo simulation, yet
the differences found are negligible. Table 6.1 displays values
calculated from Equations 6.6 and 6.7. It is not surprising that
Equation 6.6 successfully predicts results from a Monte Carlo simulation
since it is the natural consequence of the Markov process. Table 6.1
also lists LTII/STll computed from Equation 3.12 by adopting Fl(t*) =

exp(-t/STll). For a small value of o, the estimated LTII/STII agrees

with the Monte Carlo simulation predictions. As « increases, the
deviation becomes appreciable. Lee and Stone warned of the possibil;ty
that the one-dimensional model inadequately represents the spatial
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variation of the correlation function in three-dimensional homogeneous
turbulence. Indeed their results agree with these more exact
calculations at small a.

Suppose that instead of using Equation 3.9, _R..(r,8,t) is replaced
E'11

with exp(-t,)exp(- r /L) as utilized by Lee and Stone. The Lagrangian
autocorrelation function is then

2
Ryt = e % e T+ 26%1) (1-erf (Jo21))- j—%@z} . (6.8)

If Ot, is a small value such that 6t,~0, I(t,) will approximate its
asymptotic value,

2
_ Oty

Substituting this approximation for I(8t,) into Equation 6.8 recovers
Equation 6.2 with a = adt,. Values for LTII/STII calculated from

Equation 6.8 are also included in Table 6.1. The results are signifi-
cantly larger than estimates from Equations 6.4 and 3.12. Deviations
between estimates result solely from the simplification introduced for
the general Eulerian space correlation function. LTII/STll is over-

estimated when one assumes that the g-correlation is the same as the
f-correlation in an isotropic homogeneous turbulence field.

The difference between estimates from Equations 6.4 and 6.8 is due
to the different approaches employed. By virtue of the Lagrangian
kinematics of a fluid particle, the Independence Hypothesis is
applicable only when t is so large that there is no relation between the
fluctuating velocity and the particle position. Equation 3.12
represents results based on such a theory.

Equation 6.2 may be interpreted in terms of the present approach by
ignoring the influence of fluctuating velocities on particle position
when t is small. For small &6t, see Figure 3.1; particles released at

=0 are most likely to arrive at x1=U6t, but they will actually scatter

- 2
LR11(26t) = LRll (6t), the

Independence Hypothesis is essentially utilized twice. Hence, the
assumption neglects the contribution to the autocorrelation from those
fluid particles which scattered about x,=Ut. At large t, Equation 6.4

about x1=U6t. When one assumes

underestimates the Lagrangian autocorrelation as compared to Equation
6.8. Table 6.1 shows that LTn/S‘I‘11 values derived from Equation 6.8

are larger than time ratios calculated from Equation 6.6. The resultant
Overestimations and underestimations tend to compensate; hence, Lee and
Stone's expressions result in close agreement with present analysis for
Fl(t*) = exp(-t,) as shown in Figures 6.3 and 6.4.
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Indeed, the Monte Carlo simulation is mathematically and physically
similar to the present approach despite the fact that the numerical
simulation is fundamentally incorrect for three-dimensional turbulence.

6.4.2 Prediction from estimated space-time correlation

Favre (1965) has proposed a method for calculating the Eulerian
space-time correlation from the space correlation through the
Independence Hypothesis. Townsend (1976) also developed an analysis to
obtain the space-time correlation starting from the space-time structure
function. Both analyses took into account the mean particle
displacement in the first approximation and resembled the other.
Instead of using the exact form, the mean square particle displacement
is assumed to have its asymptotic value as

2 2.2
(x7()] = [u,"]t" .
1 1
Such approximation automatically limits the validity of the approach to
short diffusion time. Their estimated Eulerian space-time correlation
may be expressed in terms of the present derivation as

F(ty) = 6(a,ty) . (6.9)

If one applied their estimated Fl(t*) to the present analysis, the

Lagrangian autocorrelation function is found to be

Ry (k) = 6%(a,ty) (6.10)
[+ ]

and J 6(a,t)dt, =1
0

F,(ty) calculated from Equation 6.9 has been compared with the

measured results from Favre et al. (1962) Qy Townsend. For a time delay
of Ult/M = 7.57, the effective value of o"I(t.) is found to be 0.0648,

and the estimated value of E&(t*) is 0.48 compared to the measured

maximum correlation coefficient 0.41 in Favre's experiment. The value
0.48 is different from Townsend's calculation of 0.85 but consistent
with Favre's computation. A possible error may exist in Townsend's
calculation.

A consequence of the form of [Xlz(t*)} adopted in Favre's analysis,

the predicted Fl(t*) has a higher correlation at small t and lower

correlation at large t than the measured results reported by Favre.
Equation 6.9 predicts Fl(t*) based on the knowledge of knowing mean

square particle displacement (equivalently, the Lagrangian auto-
correlation function). Hence the methodology employed in their analysis
is quite similar to the present approach except the unknown
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in their analysis is the known variable in the present study and vice
(+-]

versa. In order to satisfy [ G(a,t,)dt, = 1, the present analysis
o

yields « ~ 1.1 and LTU/ST11 = 0.336 according to Equation 6.10. The

data point marked as Favre and Townsend in Figure 6.2 shows their result

is close to the prediction using Comte-Bellot and Corrsin's measured
F_(t,).
1 %

6.4.3 Comparison with analysis using Independence Hypothesis

Philip (1967) and Saffman (1963) employed the Independence
Hypothesis to estimate Lagrangian autocorrelation functions and integral
scales. Both analyses, closely related to the present approach, have
been discussed thoroughly by Baldwin and Johnson. Their results are
briefly summarized in this section.

Philip's results for L ll/S 11° derived from Equation 2.26 are

reproduced and presented in Figure 6.3. His results are comparable to
Model II by using a Gaussian form for Fl(t*)' The deviations result

from his use of an averaged integral length scale regardless of the
variation in the space correlation. The averaging process for L becomes
more accurate in the region in Figure 6.3 where the two curves
intercept.

Saffman assumed a functional form of an EKulerian spectral density
function rather than an equivalent general space-time correlation
function. Baldwin and Johnson were able to transform the spectral
density function into the Eulerian space-time correlation function as

12 i
2” 1 2 2 L
E 11(r 0,1) = {1 - 5 n°(1~cos70)}( Ji% ), (6.11)
r L2 1
where n=-— and A= { Ttz [u ]t }

JZA

Based on Equation 6.11, Baldwin and Johnson reduced two time-scale
ratios from Saffman's analysis. The results are reproduced in Figures
6.3 and 6.4. One notices that models with analytical F (tk) approach
the Taylor's hypothesis asymptotic, 45 degree line in Flgure 6.3 more
rapidly than models using emperical F (t*)

To avoid repetition, comparison made by Baldwin and Johnson with
previous work are summarized in Figure 6.14 without further discussion.
This figure is compatible with Figure 6.5 but separated for clarity.
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6.5 Comparison with Experimental Data

Simultaneous measurements leading to confirmation of the integral
scales (ETii’STii and LTii) are rare both in the laboratory and in the
atmosphere. Nevertheless, there were several Eulerian measurements
reported while examining the production of turbulent energy. The
following comparisons are made in a qualitative sense despite the fact
that variations in the different experiments preclude similarity.

6.5.1 gTyy/1 Ty

In a nearly homogeneous turbulent shear flow, Champagne et al.
(1970) demonstrated that the temporal history of turbulence at a fixed
position is well approximated with convective spatial structure in a low
turbulence field. Based on this, _T was found to be 0.00335 sec

E"11
in their measurement. ST11 was estimated through the relationship,
u
- (1, dU\-1 . . _
ST11 = (L + dx% , which resulted in a value of sT11 = 0.056 sec for

i = 0.018. The following parameters are obtained from their results

o, = 0.3 a, = 0.23 ay = 06.22

=12.9 sec"1 and = 16.7 .

sT11/tTn

After correcting for decaying turbulence, the following properties
in a homogeneous isotropic uniform turbulent flow were obtained by
Comte-Bellot and Corrsin (1971)

i=0.0175 ; L=2.4cnm

ETll = 0.00189 sec ; STll = 0.084 sec

a=0.78 and T =0 sec-1 .

The term ST is then found to be 44.4.

11/ET11
The above two experiments emphasize the uniform shear effect on
STII/ETII‘ It seems that STII/ETII was significantly reduced when a

uniform shear was introduced.

The turbulent shear effect was further investigated by Harris et
al. (1977). An experiment was performed in the same wind tunnel
facility used by Champagne et al. with stronger strain rate and the same
free stream velocity. The turbulence_levels were slightly changed to

&;2/U = 0.052, J;;Z/U = 0.040, and u32/U = 0.033. Both integral and

micro length scales were reduced a significant amount, but _T.. remained

about the same, 0.061 sec. Their conditions may be writtensa%1 ‘

*Results were adopted in conjunction with an errata sheet later issued
by Harris et al.
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-1%
I = 48.0 sec 3 ETll = 0.00169 sec

=1.43 ; a, =1.17

o, =1.86 ; « 3

1 2
and STII/ETII = 36.1 .

Unfortunately, both turbulence levels and strain rate were different
from measurements by Champagne et al.; thus the separate effect on the
scale ratio due to turbulent parameters cannot be compared.

Tavoularis and Corrsin (1981) extended the shear flow measurements
to a turbulent field with a uniform mean temperature gradient. The
velocity measurements were made under a neutral thermal stratification
which was identical to the configuration employed by Harris et al.
Paradoxically, they reported an integral scale which is about twice the

value reported by Harris et al. and assumed ST11 was the same as in

their earlier finding. Consequently STII/ETII was found to be 15.1 in
their report.

Blackwelder and Kovasznay (1972) conducted measurements of space-
time correlation in a turbulent boundary layer. As in their earlier
paper, Kovasznay et al. (1970), the turbulence statistics at x3/6 = 0.45
may be summarized as

= . _ . _

u; /U =0.57 ; ET11 = 0.0137 sec ; 6 =10 cm

- . - . - -1

a = 0.87 ST11 = 0.185 sec ; T = 34.5 sec
and STII/ETII = 13.2.

Sabot et al. (1973) performed a space-time correlation measurement
in a pipe flow. Measurements were made at r/R = 0.5 where R is the
radius of the pipe and R = 5 cm. The corresponding mean velocity

gradient is 95 sec‘-2 and
Ju?/U=0.061 ; a=1.09

Ty = 0.048 5 LT . = 0.00268

and = 17.9

STII/ETll
Turbulent statistics obtained from previous experiments are
summarized in Table 6.2. The scale ratios are referred to in Table 6.3,
where results from present measurements are tabulated for comparison.
Present measurements in a filtered (without large eddies) and in an
unfiltered turbulence gives consistent results for o and STll/ETll'

But these two parameters have higher magnitudes than data reported
either in a pipe flow or in a thin boundary layer.
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6.5.2 The Lagrangian integral scale

In Snyder and Lumley's measurements (see Section 2.3.1), they
reported that LT22 = 0.1 at xllM = 73 sec after a correction for decay

adjusted. The corresponding RMS velocity fluctuations were tabulated as
2. 2.
u,” = Yo, = 13.1 cm/sec .

The time scale ETll can be approximated as

L
T. = 11 _ 3.1 (cm)

E"11 U 7 655 (cm/sec) = 0.0047 sec.

They suggested that__the Lagrangian integral time scale may be
approximated by L22/ u22.

The quantity L11/JL12 reflects the persistent time of the turbulent

structure during the destruction by self-scrambling and is referred as
the "eddy turnover time.'" This time scale has been found to be roughly
the same as‘ST11 by Comte-Bellot and Corrsin in grid turbulence and has

been confirmed by Sabot et al. in pipe ow and turbulent boundary

2 - =
11/‘31 , then STll = ST22 = 0.237
in Snyder and Lumley's homogeneous isotropic turbulent field. The
corresponding ¢ in their measurements is 1.0 which yields LTZZ/STZZ =
0.36 from present analysis. Therefore LT22 is found to be 0.085 sec

which closely agrees with their estimated LT22 (0.09 sec from Figure 14

layer. If one approximates STI} by L

in their report). .T,, was reported to have an asymptotic value of 0.10
L"22

sec, Snyder and Lumley mistakenly adopt L,, as L., since L,. = 1.2 cm

21 22 21
is implied in their results (Figure 7 in their report). Based on the
estiated STll’ one also obtains

]

LTll/ST11 0.09/0.237 = 0.38
and
STII/ETII = 50.4 .
Baldwin and Walsh (1961) performed turbulent diffusion experiments
in the core of a fully developed pipe flow. They reported that the pipe
core turbulence departed from isotropy by about 30 percent and Juzz/Jul2

~ 0.7 to 0.8. If the eddy turnover time is adopted as an approximation
to the integral time scale for Eulerian space-time correlation, one

one obtains T =Ilgg~ :L 11 T is calculated from their
§°22 JEZZ 45;2 §°22

results and tabulated in Table 6.4 for various velocities. STZZ ranges
from 0.038 to 0.027 sec which agrees with Baldwin and Johnson's (1972)
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estimation, by fitting the Eulerian space-time correlaton data to Fl(t*)
(0.045 to 0.019 sec).

A consequence of using the eddy turnover time as an approximation
to ST22 is that o automatically becomes unity. LT22 is estimated from
STZZ in connection with the present analysis. The estimated LT22 is
STZZ is
found to be greater than LT22’ and LTZZ qualitatively agrees with the
prediction. STII/ETII is obtained as 28.6 for various mean velocities.

displayed in Table 6.4 for comparison with experimental values.

The most recent experiment identified was made by Shlein and
Corrsin (1974). They conducted diffusion measurements in a similar
turbulent field to that used Comte-Bellot and Corrsin. Shlein and
Corrsin reported that LT22 is larger than STZZ (0.11 sec and 0.084 sec,

respectively). The Eulerian parameter may be evaluated as a = 0.78.
The present analysis cannot be made consistent with their results.

Lagrangian integral time scales calculated from both turbulence and
dispersion measurements are included in Table 6.5. Table 6.5a lists the

Lagrangian integral time scale as LTll since the Eulerian longitudinal

length scale LII is adopted as the turbulence length scale in the

analysis. The non-isotropic turbulence proposed in the present approach
is considered as a "pseudo" anisotropic turbulence because the isotropic
Karman-Howarth relationship is still employed as the general Eulerian
space correlation in the non-isotropic analysis. This remains a
shortcoming in the present approach until further information is
obtained about the general Eulerian space~time correlation in a non-
isotropic turbulence field. Similarly, Table 6.5b lists the Lagrangian

integral time scale as LT22 since L22 is used for the prediction. LTZZ

obtained from lateral plume growth is based on the assumption that

LRZZ(t) is either an exponential function or equal to the inverse of (1
2 . . . .

+ t/LT22) . The predicted LTll agrees with LT22 from dispersion

measurements and LTlllETll averages to a value of 4.0. LT22 obtained

from STZZ and L22 apparently underestimates the lateral plume growth

which implies the longitudinal length scale may be the dominant length
scale even in a non~-isotropic turbulent field.

LTil estimated from the isotropic uniform flow approach is also

displayed in Table 6.5. The prediction generally agrees with estimates
based on the non-isotropic uniform shear flow approach. It is
encouraging to see that an isotropic approach can approximate a more
sophisticated approach so well. This implies that an overestimation in
the transverse dispersion which resulted from the isotropic assumption
compensates the additional dispersion caused by uniform shear in a
non-isotropic turbulence.
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6.6 Turbulent Dispersion Predicted from the Lagrangian Estimates

The Lagrangian statistics obtained from velocity correlation
measurements are utilized to predict the concentration distributions
from a continuous point source in the boundary layer. The predicted
concentrations are compared to dispersion data for three elevated point-
source releases under thermally neutral stratification. The measured
dispersion data are listed in Table 6.6 to Table 6.8, Part (A).
Predictions resulting from Equation 2.43 with uniform velocity
gradients, [ = U/H, and constant K33 are tabulated in (B). Parts

(€), (D), and (E) of Tables 6.6 through 6.8 present predictions based on
Equation 2.45: (C) is based on a constant K33; (D) is based on a

reflected Gaussian model; (E) is based on a power law K33 profile.

One notices that neither Equation 2.43 nor 2.45 predicts the ground
concentrations downwind from am elevated point source successfully
because a Neuman boundary condition was employed in solving the
diffusion equation. A Neuman boundary condition specifies that a zero
mass flux occurs at the impermeable boundary but leaves the concentra-
tion at the boundary as an undetermined constant. Smith (1957)
disclosed this deficiency in the analytical solution of turbulent
diffusion, and thereafter provided a method to predict the ground
concentrations from an elevated point source through the Reciprocal
Theorem. The Reciprocal Theorem states that "the concentration at x¥
due to a source at x"' with the flow in the position x,-direction, i¥
equal to the concentration at x"' due to an identical source at xI
when the direction of flow is reversed." Smith proved the theorem with
Neuman boundary conditions. The methodology is adopted in the present
analysis. Hence, the ground concentrations are evaluated from Equation
2.46 with the Reciprocal Theorem for (C), (D), and (E). Such estimation
for ground concentration was found identical (error < 0.1%) to

prediction from Equation 2.45 with Xy = 0.2 cm. Thus x, = 0.2 cm was

3
used instead of X3 = 0.0 cm in Equation 2.43 to predict the ground

concentration because Lauwerier did not provide a solution for ground
source releases.

K,, was approximated by its asymptotic value, [u%]LTll, and [xg(t)}
was approximated by 2[u§]LT11 x1/U for all predictions, where LTII
is the value measured at source height. Similarly, {u%} LTII was

adopted as K33 for the constant eddy diffusivity cases. For the

varying eddy diffusivity case, K33 was assumed to vary in the X,

direction and fitted to a power law profile. Such approximations
inevitably introduced significant errors in predicting turbulent
dispersion, especially for short distance observations.

Tables 6.6 through 6.8 show that concentration predictions are
roughly fall within a 30 percent error range when compared to the
measured values at downwind distances greater than 5 Lll‘ For an

elevated point source at x3 = 10 cm, the maximum concentration drops to
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the ground much faster in the predicted cases. Farther downwind from
the source, the predicted concentrations agree better with measured
data. For H = 20 cm, the concentration predictions are made for
distances up to 700 cm where the maximum concentration still occurs
above the ground but tends to drop to the ground level before the
observed data drops. Figures 6.15, 6.16, and 6.17 display concentration
contours at Xy = 700 cm for sources located at X3 = 2 cm, 10 cm, and

20 cm, respectively. Predicted concentration contours presented in
these figures are obtained from Equation 2.45 with a constant K33 and

a power law velocity profile. Figure 6.15 shows that the predicted
concentrations agree with measured dispersion data from a near ground
elevated source release. The measured data in Table 6.7j were displaced
to the left to compare with predicted data due to lateral plume drift in
the wind tunnel. Satisfactory results are still reflected in Figure
6.16, as the source height increases to Xg = 10 cm. The assumption

that the plume spreads at a constant rate with respect to height is
appropriate only at ‘distances where the maximum concentration occurred
on the ground as shown in Figure 6.17. This is attributed to the
simplified assumptions of 1(22 and K33 employed in Equation 2.45.

Comparison between the measured and estimated lateral plume spread
is displayed in Figure 6.18. Based on an analysis of variance, the
lateral plume spread predicted from the Lagrangian estimates agrees with
observations from the dispersion measurements to a correlation
coefficient of 0.90. This suggested that the statistical model explains
81% of the variance found in the wind tunnel experiments.

. The major thrust of this research was to reveal the importance of
the Lagrangian velocity statistics in atmospheric dispersion phenomenon
and to provide a method to estimate plume dispersion from fixed-point
Eulerian turbulence measurements via the Independence Hypothesis.
Therefore, this report does not attempt to select the best solution to
the diffusion equation. Equations 2.43 and 2.45 were chosen to examine
the turbulent dispersion because they cover most of the analytical
solutions proposed in the literature. A better prediction might be
obtained if more Eulerian measurements were performed to evaluate Kij
for the boundary layer and if a more sophisticated numerical approach
to solve the diffusion equation were pursued. Nevertheless, the
above comparisons indicate that plume dispersion can be correctly
predicted with simple dispersion formulae if the Lagrangian integral
scale is correctly estimated.
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. Summary of predicted Lagrangian-Eulerian time scale
from Monte~Carlo particle simulation and Independence
Hypothesis

o

0.1

0.3

0.5

1.0

1.5

2.0

4.0

Egn

. 6.6

0.8624

0.6764

0.5564

0.3856

0.2977

0.2391

0.1378

T Eqn

. 6.7

0.8624

0.6763

0.5562

0.3852

0.2947

0.2386

0.1354

. 3.12 0.8635

0.6837

0.5702

0.4087

0.3216

0.2664

0.1612

. 6.8

0.8946

0.7439

0.6417

0.4853

0.3949

0.3350

0.2140
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Table 6.2. Turbulent statistics of previous measurements.
Experiment
Property CHC CBC HGC SRC BK
FLOW low grid high boundary pipe
shear turbulence shear layer flow
U (cm/sec) 1240 1270 1240 1850 374
2
Y1
] .018 .022 .050 .061 .057
L 4.2 2.4 2.1 .50 5.1
I (1/sec) 12.9 0 48 95 34.4
ST11 (sec) .056 .084 .061 .048 .182
ET11 (sec) .00348 .00189 .00169 .00268 .0137
T
S 11 16.7 44.4 36.1 17.9 13.2
E'11
o 0.3 0.78 1.86 1.09 0.87
o, 0.23 0.78 1.43 - -
oy 0.22 0.78 1.17 - -
CHC = Champagne et al. (1970)

3
fiofunonn

Comte-Bellot and Corrsin (1971)

Harris et al. (1977)

Sabot et al. (1973), r/R = 0.5

Blackwelder and Kovasznay (1973), x3/6 = 0.45
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Table 6.3. Turbulent sgatistics from neutral stratified
boundary layer.

— Filtered
, 2 Turbulence Unfiltered Turbulence
X3 ! r
5 U (sec’ H sT13 sT11 sT21 sTs1
a gl al Ef11 ez ET33
046 .15 9.7 1.37 9.2  1.09 9.5 - 13.7
222 .096 2.5 1.96  20.5 2.25 25.5 52.8 41.6

4446 066 1.4 1.85 27.6 2.27 36.5 61.1 59.8
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Table 6.4. Re-examination of Baldwin and Walsh's turbulent statistics

Estimation based on eddy

Baldwin and Walsh's result turnover time

U J;}'z L T 2 L B L:ZZ L:ZZ
T 11 L'22 5722 ]::’2 s 22 L 22

(ft) (ft) (sec) (sec) (sec)

72.6  .035 .0978  .014 .038 1 .36 .014

106  .035 .116  .0075 .031 1 .36 .011

135 .035 142 .0062 .030 1 .36 .011

160 .035 .154 .0046 .027 1 .36 .0097




Table 6.5.

Comparison of Lagrangian integral time scale from predictions and dispersion measurements.

(a)
; Isotropic
Non~isotropic shear uniform flow
Turbulence Measurement flow (prediction) (prediction) Dispersion Measurement
30 T T T T T T
3 S$711 L"11 L7111 L7111 L1l L'11 LT22 = Ti LT22 = Ti
(sec) % % 3 FSTil sT11 (sec) ETll sT11 (sec)(sec) 3.2 (sec) 6.83
044 1.33 1.09 0.54 0.54 12.9 0.28 0.37 2.7 0.35 0.46 0.34 0.26
.222 4.03 2.25 1.20 1.20 10.1 6.21 0.84 5.2 0.22 0.89 0.80 0.62
444 5,13 2.27 1.58 1.58 7.2 0.20 1.03 7.3 0.22 1.13 0.85 0.65
(b)
, Isotropic
Non~isotropic shear uniform flow
Turbulence Measurement flow (prediction) (prediction) Dispersion Measurement
%3 T T T T T T
3 §°22 \ L"22 L°22 L722 L°22 L'22 . T.,= Ti T,, = Ti
6 (sec) @ a a r.T,, T, T T L'22 555 L2 &3
1 2 3 §722 8°22- (sec) E'22 8§22 (sec)(sec) {sec) %
.222 1.48 4.32 2.30 2.30 3.7 0.17 0.25 8.8 0.14 0.21 0.80 0.62
444 2,05 3.93 2.73.  2.73 2.9 0.16 0.33 9.7 0.15 0.31 0.85 0.65

6%1



Table 6.6. Comparison of turbulent dispersion between measured and predicted concentration

distribution, H

U(FRES STRFAM) 3 2N1, 90
RFLEAST MEIGHT 3 240
DOWNNIND DISTe ¢ 2%.0

TA) DIFFUSTINN MTASUREMENTS IN THE WIND TUNNEL (PPY/CL.C.)

S0 «1047F+03
6e) «65995+03
4.9 ¢ 1592F4C4
22 «2173F¢04
%9 0 2140F+04
37I%2(C) Ned

8) FQUATINN 2=44 WITH

R.0 «&7305401
LS «10%5%+03
4.0 «5005%+03
2.0 «RALISF4N3
049 2 551F+03
X3/x24C") s P

(L) FAUATION 2-45 NWITH

9.0 ¢6917F402
fe0 «2509%+013
LY ) ¢5730€403
240 2 f333F+03
0.0 «e907732403
X3IIX2(L) 740

(D) GAUSSTAN DIFFUSTON

9.9 092575402
6.0 027685403
40 ¢57145+03
2.0 «f511E+03
04N 096385403
X37%24CM) 0.0

(E) SQUATION 2-45 WITH

3.0 «1211F+03
5.0 228255403
43 «5232%¢01
29 ¢7355E403
0.0 094407403
X37x2(0M) 049

03245E+02 e6243c¢C2 027197402 e 10471402 03652:401
«4T14c+03 «3101e+03 «1435E+03 eb42e 402 022142402
«1209E+C4 o T4EBEL 403 «33P27403 ¢1363:403 04652: 402
«16649E+04 e9352:¢03 2 4092E+03 «1706:403 o£392c 402
016835406 e0343.¢03 s4hlsTen2 ¢2714:403 e1l41.403

le0 240 3.0 40 52

CUNSTANT DIFFUSIVITILS I X3=DTECCTIUN (FPF/CC,)

e 4506L 401 +406Guc 401 «32FBE+O] 02456E401 216911401
210121403 «6935E 402 «T258E+02 «5425E402 ¢3732:¢C2
e48011+02 «4238, 403 «3643F403 02574403 «1770:403
+8655L 403 o 74658403 oHD646T¢(3 045330403 «3116£+03
+91l641+03 oEOETL #U3 «A5717¢03 24912:-4C3 03379, 403

140 240 2.0 40 Sel

CInSTANT DIFFUSIVIT):S IN X3=DIPTCTIUN (PPH/CeCe)

ebb306L402 8555042 067587402 03557402 02447L 402
024070402 02125t +G3 e 172424012 01250403 o 28755402
e54970L403 04352403 »3%415403 e2946C¢03 02027:4C3
«6478E+03 e Tht4t 403 +65N79T+02 e4544¢c 403 e3126£403
$9571.403 U449 +03 «HRA6IEH03 51304403 035242403

leC 240 2,0 440 5e0

EQUATIOR (PPP/C4Ce)

¢8850L+02 078362402 «bI6T7F02 04760402 «3274E 402
02655403 e2344F 403 «1304E4C3 014235403 «$791c+02
e54E1E+03 04838:403 ¢3930F+03 o 2¥38c+03 020210403
«3164E+03 e 7207403 «5954F+03 e 43765403 «3010.403
«92451 403 0161403 066307403 049561403 +3405:.403

1l.C 240 3.0 400 Se0

VARYING LIFFUSIVITIED IN XA=DIRECTIIN (PFM/Calel)

ellb4ieC3 ¢1927E+C3 «£3437402 o 82375402 «42302¢02
¢27108+03 023928403 «194354+03 + 14525403 ¢9930:¢02
+5076i¢03 ehebic 03 + 35405402 «2721k+03 el6721+403
«7531E+03 «6TI6EHLS «54722403 s 4UY0L +U3 028162403
«9055r 403 2 7G93 4C3 + 649315403 04854403 «3339:+03

10 20 3.C 440 Sed

17:.C

= 2 cm.
(a)
Cm/5¢C UIRMSt  1R,3 Cu/cfC LILLCAL ViLe) 8 125e4 CM/5¢C
cH UZRMS? e LM/SEC Vele GRADIENT 2 G440V
(4. UIRMSE Ge0 CH/ISFC SOURCe STRENGTH ¢ 10 T MeTHANE

«1330:¢01
sb0145¢01
«1771c¢02
e3385:¢02
e6151°402

640

¢ 10T0E4U]
02302¢402
ell21ct(3
«1976.403
221352403

beC

ol54yce02
e56135¢402
01293c 403
+1375¢ 403
022345403

6ol

¢ 20728402
o 1375402
01273z403
¢19053+03
02156503

6ol

«2716c402
0653242402
011852403
« 17512403
e2113.403

60

«1974c401
el31324C1
«7323c¢C1
e7326i401
021r5,402

7.0

e6234040)
e1376:402
005272
o1150L+03
e1246{403

T2

«9021:401
03272c402
a 74732402
e11536¢C3
«1301£403

7.0

«12)7e402
e3010:¢C2
e 7451402
e1110Qc¢03
«1257c403

7.\’

01532402
036342402
¢69J31:402
e1037:403
€i23..903

7.0

061



Table 6.6. Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 2 cm.

(b)
GPREZ STYREAM) ¢ 200,00 CM/5eC UVIRM3T 1843 LM/S%C LILCCAL VELS) t 12544 CA/SEC
RELEAST METEHT 1 220 (H UZ2RNSS 0.0 CHI8EC Vile GRADIENT v oSe423 175k
DIUNNINN DIST. t 59,0 CH U3RKSS ey CMFSEC SJUrCe STRENGTH ¢ 10 % METHANE

CA) DIFFUSTON MEASUREMENTS IN YrZ WIND TUnNgl (PPM/C.C.)

1.9 20553023 «1300L¢03 «4369L402 022728407 s T20EL+01 0223754l #1211t «1037:401
GeD «45755403 029056403 «1409c +03 246858402 » 10392402 ¢3329c401 #13712401 el206c+01
4,0 71435403 e4 3138403 «19200403 e5536%402 e 1606402 040435401 +1333:401 «1031c4Cl
240 « 81995403 «4580L403 «1035. 403 « 52008402 «1483E+492 «45%4:+401 019312401 «1302e 401
[+1%:] «BARGTHNT - L35290+03 212495403 23000 °¢02 »1285¢402 e3575c401 01633 401 «G741:24C0
XI7X2(C™) G0 240 Aol a0 ted Liev 1200 1440

£8) EQUATION 2~-44 WITH CONSTANT QIFFPUSIVITISES IN X3=DIFFCTION (PPR/IC.Ce)

%9 $ 27258402 +2507E+02 o1354E+02 012895402 «T204E401 *3409L+01 «13665401 2 4E34E400
540 «1375E403 012656403 «SBELE*(2 «B65075402 236365402 «1720c4C2 w6093: 401 +2339:401
4.0 «31498403 « 2897403 e225Bk¢03 ¢14907+032 +8324E402 #3939 +02 »157832¢02 +5385c+01
240 +%270£+03 e3526E+03 33620403 020205403 e1125£403 5341402 021402402 e 7262401
043 44507403 4103k +03 #3198c+03 «21107¢03 «117%:403 o 5579.402 v£235:402 o73%4s %0l
YI/X2{CHY Ve 240 400 tel £e0 1040 1240 léois

(€} EJUATION 2455 WITH CONSTART DIFFUSEIVITicS IN X3=DISPCTION (FPF/CWCe)

2,0 SJI173E407 10738403  SEGL2E+U2 55515402  o3102E+02  #14660+u2 o S3B0E®JE 16952401
Se%  ¢2373Te03 421648403 J1T028403 J1123F403  LE274E402  22569c402 11502602  44036:+01
e o 3R07F403 435058403 G2731E4C3 412027403 L1007LeC3  L47655402 o1WOGERU2 L 64T3c#CL
2.0 oATA5TE0T 45516403 35468403 23205403 LL1307E403  L6137:402 +2479:402  JB8641Lg401
00 53367403 L43085403 o3825E4C3 225267403 L 191CESU3  466T3c402 42676i¢02 490710401
X37XZEC™Y 0s0 2e0 T 4l 640 540 1340 12,0 1440

(D) GAUSSTIAN DIFFUTION EQUATION (PPM/CWCW)

Be0 e1353E4023 012596+03 «$53076402 w64T1%402 «3b16E402 o1711t¢C2 «6856g 40l 02326401
L% +2%304E403 02305E+C3 1796k ¢03 «11BEF403 06621402 03133c¢02 «1255.002 42592401
440 393105401 «35258£403 “27476403 «1P12%403 el013k+03 047322402 «1920:402 65151401
249 »4926Fe03 «4 5338403 ¢3532{¢03 #2331F403 »1302:403 «616324+02 24655492 83786401
DD « 518548403 hS26L 403 38398403 «25727802 »1415c403 06635.402 #2b04, +32 e9105:401
X3 2XZ2¢LMY [ %] 2.0 LT3 €40 Cal 1049 i2eV L1%ed

CEY FIUATION 2«45 VITH VARYING CIFFUSIVITICS IN X3«-DI2®CTION (PFM/CeCs)

2.9 14206403 «1307E+(3 «1013:403 SET20C402 «3755Ee02 «l7776402 o 71192401 e2415E¢01
L¥%] «?287%+03 22104E403 «164J5+03 10823403 s 647402 ¢ZBE1E+02 ellébied2 «3830:401
440 «3319%+03 ¢3054i¢03 23680403 « 15702403 oET7TTEctC2 «4152u402 «18664:402 256452401
240 42955403 239545403 «3081€+03 +2033F+03 +1136£403 053750002 «21542402 27307401
0.0 W4R20%403 004368403 v3456E403 «22813403 «12T4:403 «603us 402 v24lb.¢02 «81 382001
X37xX2(Cw) 0.0 240 4e0 - Y] EeO Ldev 1240 1440
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Table 6.6. Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 2 cm.

(c)
EFREE STREAM) 1 200,00 -M/5LC ULhMa3s 18,3 CM/STC GILLCAL VELS) 3 12%e4 CH/53:.C
RELEASE HEICHY 1t 2.0 Ch U2RHSE 0,0 CM/37%L VeLe GRAGIcMT 3 $.403 17.:C
DOANNWIND DISTe 2 100,00 LM U3IxrNMSe Pe CUuIEC SOURCL STRENGTH § 10 2 MLTHANE

(A} DIFFUSTION MEASUREMENTS IN THe WIND TUNNLL (PPH/C.CL)

Re0 «19925403 «1611te03 e 9415502 «TRIATHO2 «470CE+02 e24145 002 01216402 ¢bC05c+01
6.0 227235403 ¢22258¢03 o1617E 03 ¢ Q8545402 05242 +02 e2971t 402 «1466£402 W« 61330401
440 «3319%+03 025128 ¢03 +1763£403 ¢ 10358403 «63742402 e3213E+02 s 1583c402 «8512:401
240 «3567%¢03 22701c¢C3 213158 403 «1026F¢0C3 e D956 42 «31961 402 e1632c4u2 «6653L401
NeD 2 3767E+03 ¢2562¢403 «1603. 403 e 944RT402 056221402 ¢29091 ¢02 01670402 eT112:401
XY3IX2(C¥) N0 240 4e0 640 el 1oev 1240 1440

{B) EQUATINN 2-64 WITH CONSTANT DIFFUSIVITIES TN X3=DISFLTLON (PPH/L.Co)

Re0 047945402 045951402 +4J60E402 «3298%402 0 2465L402 21696c +02 «1073c 402 +6252:4C1
6540 «11356%+03 «1061E¢03 «9362E+02 «T605E402 «S685E402 ¢3910:+¢02 224752402 el442£402
440 216985403 «1628F¢(2 «1438E+¢03 «11693+03 «8729E402 «6004c+02 «3301ceC2 22214402
240 +1983°%¢ 03 «1607E4C3 o1684€403  L1268%+403 ¢1022E4C3 0 7032:4C2 e442154C2 «2593k+C2
0.9 220335403 «19517+403 «1722E403 ¢1300F403 «1046£¢03 «T192:2402 +4553c402 «26522¢02
X3/ X2{CN) Neh 24C 40 60 540 1040 12.0 1449

(C) POUATINN 2245 WITH CONSTANT DIFFUSIVITIES IN X3=NTPECTICN (PPM/CeCe)

89 1197403 e1148E403 s1014F ¢1:3 WB235F4C2 a€156tL 402 042355402 +26E0c+02 s1561E¢C2
€e0 « 17508403 0156756403 e14E2E+C3 +12045403 o E9IGE+02 e£190c 402 »3915E402 02282E402
ko0 «2254FeM3 +2172€403 «1917£403 +15585403 «1164¢+03 «£0093402 ¢ 5070£402 ¢2953£+02
240 «2613F+03 #2507E403 022131 4(3 «179R€403 013442403 05243c¢02 o585l 42 3408402
040 027265403 +2613:403 23072 ¢C3 «1774E+03 014011403 «9636c4C2 281008402 03553402
X37X2 (™) [ ] 240 40 60 840 1040 12.¢ 1440

(N} GAUSSTAN DIFFHTION EQUATION (PPH/CeCs)

e «1325%403 «12711L+C3 011220403 «9115F+02 «E314E402 «4657£¢02 e 29673402 e1726L¢C2
40 «12453403 «17700¢C3 «1563%7+03 12695403 0 5465£+402 065271402 e4132c4¢02 0 240724C2
o0 «23375403 «2262c403 ¢1379¢ +03 216072402 «12026+03 «B2655402 052325402 030472402
?eh 0256726403 025082E¢03 02273 4C3 +1882%403 «1384E4¢03 «9520u+C2 ¢ €026:402 «35108+02
Ce0 «2971F403 «2707t4C3 «2349L 403 «1041E54C3 e14511¢C3 «9479:402 e€317c4C2 «3648Ci¢C2
XI/X2UCM) 040 240 4eC 640 a0 1040 1240 1440

(F) TQUATINM 2<65 WITH VARYING DIFFUSIVITIES IN X3=-RJPeCTION (PFM/CeCo)

R0 +1158F+03 »1111E403 «5806.¢C2 «T06EEL02 «5955¢402 +4096:¢02 02593402 «1510c4C2
640 +150AF403 e1444E403 «12752403 +102£F403 +T743E402 «5>32€60 402 #3371x402 1564 +02
400 «1853¢+03 «1778E+(3 «15695403 «1275%403 «95300¢02 «6555:402 0414v:c+02 «2417:.402
240 ¢21435403 22056403 «18158+03 +1474%403 «1102E+403 « 7581502 «4T93:402 22795402
fed 22985403 +21955+03 0133724(3 «1674%403 21176403 «E052. ¢392 5122432 025542402
X37X2(CY) 040 240 40 6eC EsQ 1049 12.¢C 14e0
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Table 6.6.

Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 2 cm.

Y(FREE STREAM) & 200,00 (M/SEC

RELEASE HEIGHT
DOWNNIND DIST, 1

2,0 CM
1%0.0 CN

LIRASE 1
U2RES
U3IRNSE

(d)
8.3 CH/SE
9.9 CHISiC
.0 CHISEC

(A) DIFFNSTION MEASUREMENTS IN THE WIND TUNNEL (PFM/C.C,)

A.0
heh
*.o
240
Ca0
X3/ X2(C ™Y

(B8) TOUATINN 2«44 WITH

g.o
540
4ed
24N
040
X3sX2(81)

() SIUATION 2w6% WITH

N
L%
440
2eD
0e0
X37X2(CW)

(D) GAUSSTAN PIFFYSION

e.o
5.0
4.0
2.9
N0
X3IZA2LCMY

(8) SOUATION 2-45 WITH

BeN
heD
‘.o
240
L %]
X37¥2(CM)

«1540C+02
«19908403
02637E+DY
« 2708 E403
020577+ 03

D0

«4P19F202
204555402
011215403
«1258%403
«12775403

3.0

«1034E+03
+1342F403
o 1AN1E 03
«1767%403
«1°19%403

"00

«1135%+03
«1427%¢03
+1523F¢03
«1753%403
«1714%+03

340

s 90488402
v10R7E403
«1255%403
+1388%+01
014535402

0‘0

«1164E+03
e15647£+03
«1659£403
«2011E403
+2100E¢03

3.0

CONSTANT DIFFUSIVITIES IN Y3=DIPFCTION (PPF/CeCe

045278402
«7353c402
01062¢+C3
01182t ¢03
«1200:403

3.0

CONSTANT OIFFUSIVITIES TN X3=-DIFFCTICON

$9716t#(2
+1261(40C3
215048403
01660t +C3
«17C6L 403

3.0

EQUATLON

«1067:+03
s1341c403
e1575t403
e 1741L4C3
«1798.403

3,0

05316c+02
«G444L402
«1095€+03
01227:4C3
«12655403

640

»3755¢ 402
« 65961 462
oEE10E+02
«9800F +C2
e55350c402

640

«E056r 402
«1045F ¢03
e1248L 403
¢1377c 403
014178 4¢3

6.0

(PPM/CoCo)

et 3475402
«1i12c403
«13092+03
e14644F403
«1492:¢C3

640

VARYING DIFFUSIVITIES

+8520£402
010221403
e1179E+03
013041403
+13651¢03

3.0

« 70065402
+E4728 402
« 97622402
«10bB20403
01132:403

b.o

2 1562F¢ 02
«4P0TE402
2 5559E402
064b2F 402
«6THETEN2

.0

«27498402
e4729%402
e b4E0E+02
o T1757402
e T72P5F 02

a4

+SROLZ4C2
2 TH54E402
«F13FF4N2
«10082403
« 10376402

9.0

e 64TTESL2
eR1415402
«QEQETAQ2
210578403
«19925403

Qa0

IN Y3=DIPECTION (PPM/CoCol

«5173F802
«6203F402
«7162%402
« 7921402
e 72877402

9.0

ULLECCAL VELS) t 12544
¥ile OGRADIEMNT t S4400
SUURCE STReNGTH ¢ 10 % MeTHANE

016038402
«22C1t4C2
«2688E+02
«296FL402
«3277:402

1240

017776402
e3121E402
e4hlEEE402
04537i402
«4T0EE®Q2

1240

«3813E+402
s 4947E¢02
059041402
26514c402
2 6704L+02

1240

v 4186E402
»5262E402
X282-134:74
o6831c402
«7J5EE%02

1240

03343402
e 40CSE402
24628E402
05116402
0453560402

12,0

(FFM/CeCo

061332401
«$559E 401
¢1145c402
+1311r+02
¢1340c402

150

e1014E402
1781402
e2376E+02
02646402
«261be 402

1540

}

«2175£402
0 2622c402
#3360 4(2
¢3717.402
e3824354C2

1540

e23cbi¢02
«3002E¢02
¢3534.402
e3EG74 402
« 4027402

S0

e1%072402
e2287c402
02641402
02920c 402
03056402

1540

CM/5eC
175C

«2852€401
¢3899:401
eh7:2:401
05405401
05429E401

13eC

+5105:401
sEI6E-401
011¥68E¢02
013323402
013535432

16C

+1J37€c 402
01421402
2 169¥6E402
s 1472c402
019283402

13‘0

12032402
sldl2cti2
«1760L¢02
¢1v63 402
«2223E402

1540

056365401
el1528402
013300402
ele71e¢02
«153Gk+C2

14840

«1351c+01
e1554i+01
slol4teCl
01867:401
« 16875401

2140

02269401
«3587:.401
053241401
e5323£4()
o£014t 401

2140

048702401
+6319:401
e7541c+C1
0 83212+4(1
e£5632401

2140

e5347:401
«67211401
e7712c 401
et726:4C1
«9U1SE+0L

21le0

042711 +01
o5121e 401
e95912¢401
065398401
ebCeliedl

2140

£el



Table 6.6. Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 2 cm.

(e)
YIFREE STREAMY 3 20040 CM/SEC ULRMSE 18,3 CM/SFC UELTCAL VELW) 3 1254 C(M/5LC
RELEASE HETGHT 240 CM Y2RMSe G0 C¥LESR VELse GRALIENT t 94400 175:C
DOVNWIND OIST, 31 20040 CHM U3RMSE PeO CM/r2%C SOURCE STRENGTH 3 10 X METHANE
{AY DICFUSION “TASUREMENTS IN THE WIND TUNNEL (PTM/C,C,)
1240 077735402 ¢ 5851402 ¢3211c 402 «2410F402 012048402 ¢64%0.¢01 e 36026401
30 + 173SEe03 «8278£402 o 56242402 «31R2%¢02 s 16960402 s 8739401 2471401
6e0 «1464F+0) +10869L+03 oTaOTE (2 2 h49%E402 2 2565E+02 ¢ 1259402 067125401
340 e 158667403 +1292¢¢03 «BBT6E 402 «5P3E%4C2 «3013E402 el6l6c¢02 etllbie0l
0.9 «1039%+03 «14430403 «YT6IL 02 « Q915402 34338402 « 1609402 $E3315401
XK3rX2{rwy N0 3.0 640 9.0 12.0 1540 1840
(RY) SHIATIOAN 2=4% WITH CUNRSTANT DIFFUSIVITIES IN Y3=DITFCTIGN (PPM/CeCo)
1749 e 76415401 «73111 401 «6354F ¢01 «SN29F+01 ¢3625£+40) e23iUre0l 01423401
9,0 » 32178402 ¢3370L002 « 2668 ¢02 e2112%4C2 015224402 +9953c401 «SIT4c el
6.0 «6721%002 eb4l4et02 «55746402 244128402 +I160E+02 020872402 e1248E 402
3.9 ePR16E402 «B&13Le02 « 73128402 257073402 e4171i¢02 «2730bc402 elo37:¢02
049 2 9164F402 «E746£¢02 «7€0184C2 2 HDY6F402 «4336£402 028472402 «170G21 402
¥3zy2(owy b 3.0 6e0 Ge0 1240 1540 1840
(C3 SOUATIAN 2=45 WITH CONSTANT ODIFFUSIVITIES IN X3=DIFSFCTION (PPM/CeCe)
12,0 «&4270€4+02 «4E43E02 24039 ¢02 ¢3197€¢02 ¢ 2304402 e1513,#02 45044401
340 277235402 o T4ELLI02 o4t B #02 051355402 «3702E+402 #243C1+02 e1853£002
600 «1N7IF+03 «103Ci+03 WEG528 +C2 «TIEF402 «E107E¢02 e3353i (2 e20042402
340 «1291F¢03 012320403 «1071p 403 o BLTAF402 +6106E¢02 e401144C2 2398402
0a9 +1351%401 +1298¢403 «1128° #03 RO20%402 eb636c¢02 «h225€402 e 2526402
X37¥2{C %} NeD 3.0 640 9,0 1240 1540 loel
(D) CAUSSYAN DIFFISTON SQUATIUON (PPM/CL,)
12,0 «500T407 056300402 24893E402 «3073F402 e 27528402 01833002 +1056:402
0 «BTH1TH02 +3342¢402 » 72508 ¢#02 2573PF 402 v4l36E+02 «2715:¢02 e10623:402
LTS ] «11575403 +1104F+03 «GE9BE 402 « 15378302 05676402 ¢35941¢02 e21l43:402
3N 013635403 ¢1307t+03 e113624C3 «BIRQELN? 264798002 «%253E402 e 2543402
Ned e 146487+ 03 e13€2i¢03 012018403 2 950TESC2 «ERH3E402 « 44995402 e 26655402
£37¥2(C™) L% 3.0 60 CeC 1240 1540 1640
{53 FAUATION 2=4%5 WITH VARYING DIFFUSIVITLES TN X3=DIRTCTIUN (PEM/CeCa)
12.0 «%126E+402 « 4890402 042498 402 «33637402 02426402 o15%1:402 e9514E401
9.0 w6T4TE+02 «6439E+02 e 5536t 402 006295402 «3193E+¢02 2 2US6E 402 «1253E402
he? «A391F+02 +8007:4C2 o6559E 402 + 55087402 ¢397CL+02 22606 +02 e1553%402
1.9 « 97755402 e 9329402 «E10uE 202 hG1TENL? 46264402 +3036:+02 «1315€+92
0«0 + 10475403 0391t 402 oEHE3 402 WFRTIZ4C02 e 4954£402 e3252.402 e1744402
¥37%X2(C™) 0.0 3.0 6.0 Q,C 1240 Sel 1840

«2056 401
¢2765c401
e3665:¢(G1
«4150:¢01
e 43141401

2140

o 7T745:4C0
032528401
«bT7342401
«5%13c4(1
05265, 401

2140

45241 4C1
«7G0GE+C1
»1052c+02
e13GEc+02
«1375k¢02

2le0

«5565¢+01
o8637c 401
«1170:¢02
e13:4n402
o 14E4ip 402

210

05150E401
«63521E401
¢86531.401
«93536 401
«1CE3E402

21e0

k27!



Table 6.6. Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 2 om.

(£)
UCFRFE STREAM) 3 200,0 Cm/SEC ULRM3E 1843 Cv/SFC LILLCAL VEL.) 3 12544 CH/SEC
RELEATE HEIGHY 13 240 CH U2R¥MSS Qo) CHrSEC ViLe GRADIENT 1 Ge4d0 175:C
INWNYIMD DIST, 1 2%040 CM U3KMSe ReQ CHM/STC SJUKCY STRENETH t 10 % MeTHANE

CA) NIFEUSINN MEASUREMINTS IN THE WIND TUNNLL (PPM/F,C,)

1240 »6123E402 ¢ 50508t +02 «3569L 402 024945402 o 1577£402 079356401 «%017:401 «2001t401
Qen « 87298402 eB256F¢02 062228402 «3F78E402 e 22568402 s114B2402 «£u95¢0401 0 2743E4C1
6ol 21797403 «1031E+4(3 o TEEGE $02 «51R17+02 ¢27361 402 olé7vc+02 e7236%401 032761401
3.0 12863403 «1216E+403 092455402 « 6235 F402 034701402 e1774:402 o£53424G1 037532401
Ne0 e 14928403 ¢1356F+03 01J09E4C3 «6778C402 ¢3378L+02 «20J75¢02 «55375401 040602401
X37%X240%) Nel 4e0 840 12.0 1640 2040 2440 2840

€83 FIUATION Z=44 WITH CuNSTANT DIFFUSIVITIES IN Y3=DIRSCTION (PPH/CeCel

12.0 «OA58E401 +9035£401 0 76401E 401 + 53077401 +33318401 +1331.:4+01 «650dL40C «3710c¢00

9,0 030552+02 +2859€+4C2 «23428402 «167GE4+02 01056402 ¢£793c 401 W 2TETESLL e1174E 401

540 55205402 +5165E¢02 »4230c¢02 030335+02 ¢ 1904E+02 «1046x 402 050358401 «2121r¢C1

3.0 069623402 064221402 52608402 037725402 02362402 «1301:4C2 08260401 02637:401

0.0 ¢ TARNESN2 «6625¢402 054 26E 402 «3°915402 e 24436402 01342c402 v6453E4C1 s272CE+01
Y3/7X2(CM) N0 440 840 124¢ 1640 2060 2440 2640

(C) EQUATION 2=45 WITH CUNSTART DIFFUSIVITIES IM Y3=DIPECTIUN (FFPR/CeCo)

12.0 « 67365402 e4431k402 «3629E+02 026027402 «16341 402 «b¥752¢401 4320431 « 12150401
Fe9 s6741F402 264958402 +53208 402 «3215EeC2 «2395£¢02 e1316c¢C2 +6331c+C1 +266TE+CL
6.0 «INOOFe02 «8421E402 «6B9TE+02 « 49465402 +3108£402 +1706E402 «B209E401 ¢3457¢401
1.0 «1040%¢03 «¥731E+02 «7971£ 402 «5715%402 0350402 «1572¢+02 e G4C 65401 «3995:401
049 ¢ 1N95%403 «1015t+403 +8313E402 + %061 2402 «3742c402 220560402 e GEY4L401 e4167:401
X3/ x2(2") %7 4ol H#ed 120 1640 2040 2400 2¢€40

(D) GAUSSTAN DYFFJISTION ZQUATICN (PPM/CeCs)

17,0 +5h35%¢02 05272c 402 «4315E402 «30977402 e1944L 402 «106LE¢02 « 51402401 «2165:401
9.0 »7743%402 07244402 « 5734t +02 «425%Fe02 «2671:402 e146Ec+02 «T062E+C1 «2675c401
59 «9715E402 «9090E+02 s 74458402 «5739%+02 3351402 «16420+02 «E261c401 37321401
2.9 ¢1113E403 «1041£403 «8531€402 o B117ES02 ¢3840¢402 «2110:¢C2 «10152402 e4276c 401
Ce0 « 11655403 «109CE+C3 «6327L 402 e 6401 E402 4316402 «22UBE402 «1062E8402 «4475L 401
X37%X2(CM) 0.0 4e0 340 1240 1640 2040 24,490 2¢ 0

(%) BOUATION 2=4% WTTH VARYING OIFFUSIVITItS IN X3I=-NIRFCTION (FPR/CeCa)

17.0 «4547F+02 «4254k4C2 ¢34E58 402 «2499€402 0156%c402 «£620L+01 04147c401 «1747E¢01
9.0 «54P0ESO2 +53158¢C2 eh323keC2 031228402 o 196CE+02 «1077c 402 s51lblE401 «21526401
5e0 «ETT5E402 «6339E£402 +5193E£+02 «3723%402 223374402 012852402 «6120c401 ¢2003:401
2,0 « 76675402 o 7173402 «5876L 402 242127402 026452402 0145404C2 069930401 027458401
ef «R106Fe02 «T5E3E+02 sb211F¢C2 04656%402 e2736:402 01536c¢02 e7392:401 031132401
¥3/7X2¢(C"Y - 0eh hel 840 1240 1640 2040 2440 2Ee0

6qT



Table 6.6.

Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 2 cm.

JCFREE STRCAM) 1 200,0 CM/SEC

QRELEASE HETGHT 1

2.0 CH

DOWNWIND DISTe ¢t 300,0 CM

ULIRKSE: 1
U2RNMSS
U3RMSS

(g)
fe3 CH/8€EC
Qe CMyeFl
QeN CY/7S=C

(A) DIFFUSTNN MEASURZIMENTS IN THE WIND TUNNCL (O9Pw/C,C,)

1640

1249

2.0

b

0.0
X37X2(C™)

(3) EQUATION 2=44 WITH

16.0
12,0
8.9
L% ]
0.0
X3I/N2{CM)

(C) EQUATINN 2«45 WITH

15.0
12,0
8.9
LYY ]
00
X3/%x2(CW)

(D) GANSSYAN DIFFSTON

14,0

12.0

2.3

449

Ce0
¥3rx2icsy

(S) EQUATINN 2«45 WITH

1649

1240

Q.9

49

Neh
(37%2(C"Y

+32398402
57778602
«THITE402
« 99272402
«1204%401

".o

«1109F+01
«1076F+02
«3501E+02
«53990%:002
«5733%40?

'}Io

¢ 26A1FE+N2
s h6IEL0O2
«6733E+02
oB4385402
«9097F402

Ne9

«37958402
¢5296%402
74305402
«C103F+02
¢ 974058+ 02

NeD

¢2981E402
e 40428402
«5142F+02
«6293702
o 65677402

Nen

«2639E+02
e44T4E402
06322402
«V289F+02
«10750L4+C3

4.C

+15642 402
¢3794c 4C2
e 5144k 402
«7098{ ¢+02
+ B4t 402

8.0

212417402
046972402
«FTT7HF4N2
e 72215402
2 6NH15402

1240

UILOCAL VEL.)

12504

t
Vite GRADILNT t §.400
4

SOUKCZ STRENGTH

7533401
«163SE402
«2320E402
¢ 31051402
03647E402

1te0

10 2

«61330.401
¢S570c+01
13380402
01269402
0 18G4, ¢02

2040

CUNSTANT DIFFUSIVIVIE® IN Y3=-DIPFCTIUN (FPM/CeCo)

«1050:+01
¢1027+02
03313E+02
«5099fE+02
e5424E402

40

CUNSTANT DIFFUSIVIT1cS IN X3=-DIPECTIUN (PPM/C.Co

e2343E402
0 4256E402
e6375E402
e 7983E¢02
oB8523E402

4eC

EQUATION

+3118L+02
«5010E+02
«TN023E402
«B8612k+02
« 32158402

440

o£065: 400
0E697E 401
+2805E+02
e43108(¢02
04593402

6.0

+1983F 402
«3604E 402
+«5396£ 402
«6760c¢02
«T216E 02

b.o

(PPM/CeCs)

+2641E4C2
0h243£402
«59525 402
« 7293k 402
2 7603c+02

8e0

VARYING CLFFUSIVITILS

02322E402
03824402
W4 865E402
e 5759E402
«6213£402

T 4l

«2390c+02
e3239C+02
«4120£402
«48TTE4C2
e5261c 402

&'0

«67375400
«6592%401
«212hF402
«3273%402
«36815402

12.¢C

«1%5075402
«2731%4C2
04092¢¢02
051247402
¢ 54705402

1?.0

«2001 E402
232165402
«451154C2
«5527¢402
e 5915%4N?

1240

TN X3=NIRECTIIN (PFM/CeCs)

e1P11Fe02
026552407
+3123F+02
«3607%402
«298784(2

1240

04570c400
04472c401
01442402
«2220¢402
wZ3C2t402

1640

10228402
13228402
o 27768402
03474E402
037118402

1640

e135b£402
«2182£402
«3061E+02
«37508402
sh012e402

1640

012290402
016€5¢402
«211t%402
«250EE+02
«2705¢c 402

1640

02775400
e 27150401
o E75cL¢01
e13464402
e1434,402

2040

)

06207401
«11250 402
slétbit 402
02111 +C2
02254:402

2040

«62457 401
e1328c402
«lEStet02
022778 4C2
e 2436L 402

2040

0 7462i 401
¢1011:+02
012660402
e1523.402
elb43.¢02

20sv

CM/75¢C
1/5cC
METHANE

236232401
«4778c+01
«65565401
«63E5E401
«BuS2E+0L

2440

015054400
el4762401
04760401
073232401
« 77945401

2440

¢3373:2401
eE115E+01
e%160:¢01
011472402
01225E¢02

2440

ebhbalce0l
« 72005401
«1010£¢02
01238c402
01324402

249G

04056:401
0 3496£401
06991, ¢01
e8276c401
obA28E401

2440

«1335.401
02677401
e3114¢4C1
+3¢56:5401
043788401

2t a0

0 7337£=01
o TL75c 400
¢2316c4CL
0336524C1
3751401

2te0

elb64lceCl
02575t 401
044565401
¢5521:¢01
059552401

2t eV

e213Uc401
035326 ¢01
e%%14.201
e£C2Cc+01
e6442c4CL

thO

e1973c4(C1
226731401
03401c+C1
243268401
43634}

2¢e0

961



Table 6.6. Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 2 cm.

ULFREE STORANY ¢ 200,0 CM/ScC

RELEASE WEIGHY ¢

2.0 CH

DOVNVTIND DYIST, t 400,00 (N

(h)

UIRM3: 1943 (M/570

U2RnSs
U3RNSe

Q9,0 CuyseC

o0 CMICEC

(A) DIFSUSION MEASUREMENTS IN THE WIKD TUNNEL (PPMIC.Ca!Y

1640

120

20

4

Ce0
X3I7¥240%)

£1) FOUATION 2«44 WITH

1649

12.2

8.2

4eD

00
X37rx20C")

(C) SQUATION 2«45 WITH

1649

1249

2,7

440

00
X37X2(C™")

(D) GAUSSTIAN DIFFISION

16,0

1249

..'0

440

D40
X37%X2(C™)

{%) EQUATINN 2«45 WITH

1640

12.9

D

440

e
X37x2(CY)

«37198402
¢ 42313402
o 6163EeN2
«T3795402
225748402

‘a0

« 2113401
s 11745402
«2834E4N2
+2920%+02
«4106E+02

0,0

+2535E+02
«3373%+02
«5302F+02
063915402
«6715€402

0.0

«3237%4 02
¢ 462TE402
¢ 5978E4N2
« 60717402
¢ 7337E402

0.9

«25P9E402
¢3259%402
» 3910E+D2
e 44427002
4706602

Ne)

03231k¢02
e4B13F¢02
«6261E¢02
«7398€¢02
#B2197402

540

026496 +02
«40B4L 402
+54292 442
ebl40E 402
267742402

10.0

«2152%402
«31028402
e3235€402
+ 45205402
«41REL0G2

1540

UGLTCAL VELS) 12544
VEve GRADIENT 1 94400
SJURCE STRENGTH ¢t X0 T MiTHANE

e 1475k402
+2051402
«256%L402
+2966E+402
33280402

2Ce0

«5014c¢01
el2095002
o1601: #C2
«1607ce 402
e2UL1z¢02

2540

CONSTANT DIFFUSIVITIES IN Y3=DIRFCTION (PPP/CeC,)

«1980%401
«1101e4G2
+2650E+02
«36742402
«3848E+02

a0

01623k 4G1
«S057E ¢C1
«21E5E 402
«3023¢c402
«3167E+C2

1060

+1177%401
«6545%401
e 1579F 402
«2184%402
¢2289%+02

15e¢

o 74720400
«41542401
« 10028402
#1387E402
014528402

2040

¢4165:400
e 2315E4¢¢1
055L65 401
e 77281401
«6094c+Cl

SeG

CINSTANT DIFFUSIVITIES IN Y3«DIEFCTION (PPrR/CWCH)

e237€8402
«3724i 402
«5053€8402
¢ 55695402
062927402

Se0

EQUATION

«3029€+402
«4336E002
+5602E+02
«6533E402
o LETELH02

Se0

+1655F+C2
¢3064£+02
41580402
vhG29E9C2
«£1762402

1040

(PPMICeC e}

024335402
«3560E4C2
+4610E +02
«S3T6E 402
+5659: 402

10.0

VARYING DIFFUSIVITIES

*2426E402
03054E¢(2
«3664L402
041638202
04409L 402

340

«16678 402
«2513E¢02
+30158 402
e3426E4C2
e362ce 402

1040

214127402
«2214%402
+30058402
«35672%402
«37626402

15.¢

«13017402
«2579E+02
¢33328402
«39858402
40P H02

15e0C

IN X3=DIPFCTION (PPH/CLCa)

014437402
+1R14E402
s217SER02
0 26T7HCH02
«2622%402

15.C

et96EL¢01
+1405£¢02
019078402
»226GE£402
023751402

2040

el143:.402
01636402
e2114E402
e 2466E402
« 25958402

2Ce0

2 $15€E401
«1153£402
e136384C2
«15718402
21564c402

2040

«4998c 401
¢7833c401
e 1063 4(2
«1260:¢02
213245402

250

063715401
«S121t+C1
+1178c402
e13745¢C2
slbbér+C2

2540

+ 51042401
e6623:401
«77C7c+C1
o67572401
25274c 401

2540

CM/SeC
1/5&C

054855401
e 72782421
2 EGBTE4 ()
¢9303:¢01
¢1077:2402

3.0

220362400
21133240}
«27342401
«3T782E40]1
«39¢62c 401

304¢

02446401
» 3334401
+5202€¢01
21662401
s t4Tcie0l

3040

3118401
sh4n4ieQ]
o 5T6TESDL
267255441
«TOTIE 4L

3040

+2438E40)
s 3144c40l
¢3772c 401
420 0E+OL
+4339 401

3040

«36508¢01
w4214E401
s4706:401
+4G30¢ +0L
e 52575401

35.0

«876Cc~01
2 4ET02400
«11752 401
«1626£4C1
« 17030 4C1

3540

e1C5ike01
el64sieCl
0223065401
¢2650¢¢(1
027542401

Se0

13400401

e 151944 C1
«2675z401
«2891c¢C1
«3043:401

350

e10742401
e1351i4C1
«1621%4C1
218428401
el3514+4C1L

35.0

LG1



Table 6.6.

Comparison of turbulent dispersion between measured and predicted concentration

distribution, H = 2 cm.

(1)
YLFRES STREAM) ¢ 200,00 CM/55EC ULRMSE  1R.3 CM7SEC LOLCCAL VELS) t 12544 CM/SCC
RELEASFE HIIGHT ¢ 2:0 (M U2ik s Qo) CPISEC Viie GRADIENT 1 G400 1/35EC
DAVINTND DIST, t 500.0 CM U3RMSE 8,0 CH87C SOURCE STRENGTH t 1C % METHANE
CA) DIFFUSIAN MPASHRZMENTS IMN THE WIND TUNMEL (DP4/F,C,)
2040 «2097%402 e 19758402 «1419£ 402 «12307402 «E751£¢01 « 5770401 33655401
1540 e3322F802 «30548402 «2570E402 420075402 «1358.402 2EE3UE 401 «5550c+ul
1049 «4503E4N02 0 4304£402 «3617£402 « 26495402 s 18228402 e1201:4C2 «T291E401
Se0 «5553€402 ¢ 52008402 v4412E 402 «32923402 «2265c402 014500402 + 85452401
0eh «£372%402 o588 02 04B43c+u2 +3A615402 025345402 o161kc 402 +9510L401
X37%2(0M) 0.0 40 10.0 15.¢C 20.0 2540 30.0
18) FOUATION 2=4& VITH CONSTANT DIFFUSIVITIES IN Y3-DIRFCTION (FPR/CeCe)
2049 «304TE+00 +28936+00 224758400 «190%¢400 ¢13271 400 063113=01 e 469 3E=01
150 044677401 e42618401 «3628E401L 02770740} 01945401 +1218r 401 068792400
1049 «1773F402 «16t36¢02 « 14408402 « 11118402 0 7721E401 048370 ¢Cl 227316401
Se? « 29475402 02798402 «2394E402 o1 RREELN2 ¢12338 402 «£03&: 401 0 %533c401
03 + 31675402 +3008t+02 «25T74E 402 o 10RE=E4 N2 13308402 W 86435401 +48B80£401
X3zx2icmy 2.0 500 100 15C 2040 2540 3040
(C) FIUATION 2«4 WITH CONSTAMY DIFFUSIVITLES IN Y3-DIOTOTIUN (FPPH/C.Ca)
2040 +1509F¢02 +1632E402 «1226E 462 «94521401 e 65706401 s41165401 023245401
1540 «2704€402 225670402 221968402 015948402 o 1177402 07374401 s4L64E401
10.2 «49185402 e3815k+02 03266402 +2517F402 «1750£402 01096402 s 61580401
540 « 50105602 47578002 +4070f 402 e3139%402 $21392k402 «1367E402 o 7716 +ul
0.0 s 52425402 «507214C2 043404062 +3I4TELC2 «232¢E402 «1457: 402 «6223c401
X3IX2(C) 20 Se0 1040 154¢C 2040 2540 30,0
{NY GAUSSTAN DIFFUSION EQUATION (FPPM/C (W)
70,0 «2100%40? ¢ 19948402 «1706£402 «1314F402 +SL46E401 057241401 +3235¢ 401
159 «3237%402 «3130£+02 0 2673F 02 $2N6SESO2 «1436E402 +8593E¢01 e 53778401
10.0 245495402 «%319c407 36955402 «2850%402 » 19818402 012415402 #7006 +01
57 o 55183402 «52392402 w4483 402 03457F402 « 24031402 +1505.¢02 s 049G2401
0e0  +5PR53402 «558TE402 ohTEIE 402 « 26276402 +2563E£402 «1605c402 +9064E40i
LV E4{AL] Dot S5¢0 1040 150 20,0 250 3040
(%) EQUMTINN 2=45 WITH VARYING DIFFUSIVITILS IN X3«nNTYRSCTION (PPM/CsCe)
2040 «1P9164+02 «1710E402 «1463F 402 «112°F4n2 « 7842401 «491324C1 «27742401
1540 «235Q3402 022396402 «1916E 402 o 14785402 01027402 wt432:401 +36328401
10.0 « 27205402 «2772c402 «23728 402 «1P268402 01272402 ¢ 79665401 e4498:401
540 233927402 «32208402 «2756E 402 $21257402 « 14778402 9253401 «5224E401
0.0 018208402 +3645: 402 «2947E 402 «22T3E402 2 15ECE02 «58975+0C1 «55385401

¥/ X2(CH) Qa0 S0 1040 15N 200 £e0

3040

«1309:401
«3435E4CL
«41245001
045508401
s 4E22c4C)

el

e2348iwC]
¢3501c¢0u
«13928+01
«2310c¢C}
e24E3:401

5.0

el1¢3e4C1
+21132¢C1
e31495.401
W3427.401
ablbTE(]

35,0

e16465401
e25t4c+01
«35652401
+4325c401
46328401

3540

el4l1:4Cl
01842 ¢Cl
022332401
«2653L 401
el2bbb4r e}

3542

8¢1



Table 6.6. Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 2 cm.

ULFRES STREAN) 1 200,0 CM/SEC

RELEASS HETIGHT 3
DOWNWIND DIST,

2,0 CM
t 700,00 CH

UIRNMSY 1
U2KNMST
U3R/MS1

()
0.3 Cr/SEC

GO CM/SEL
A0 CHMy=C

(A) DIFFUSIONN MTASUREMINTS 1IN THI WIND TUNMEL (PFY/C.Cs)

2090

159

1042

50

o"
X3/x2(c4y

{B) FQUATION 2=4& WITH

20.9

150

1040

5.5

0.0
X3/%2(CM)

(71 FQUATION 2«45 WITH

2040

1540

10.0

Sef

o'q
X37X2(C™)

(D) GAUSSIAN DIFFUSTUN

20.0

15.0

12.9

59

Qa0
X3/7X2(CMY

(5) EQUATION 2=45 WITH

2040

‘5.0

19.9

540

Nel
X3/X2(C™)

«1POTE+02
024605402
30028402
03494%en2
«IR19F402

Ne0

«7716F¢00
«52727401
01414F+02
«2034%+02
¢?2163%402

n.0

+1526%402
«2319%402
«3N325402
+ 35113402
+3721%¢02

NeM

«20115402
«2T7R)Z402
«3504%402
«4226F+02
¢ 42175402

’,.o

«1430%¢02
«1797%402
«2N95E4D2
02234F402
«2449%¢(C2

.0

e 1677L+02
023228402
¢ 2BTHE®Q2
e3235K¢02
¢3325E8402

£

«15756402
«2105k¢C2
«2463£402
027532402
#+2837E 402

10.0

012156402
o 1£91€407
e 2010E+02
022562402
023448402

1%0

UILCCAL VELS) 1 1254
VELe GRADIENT 1 S4400
SJURCE STREMGTH t 1C 2

e$655¢401
e1319&+02
«155£E4C2
«1763E¢02
01893402

2040

e74C5£401
«5734¢+01
«1197¢¢02
21307402
e1422E402

2540

CONSTANT DIFFLSIVITIZS IN X3-DTPTCTION (PPK/CaCe)

07435400
¢5080c+01
¢1363£+02
¢1660E402
«2065E¢02

5.0

06652 400
045455401
«1219E 402
«1754E 402
#1847 4C2

1040

W 5S2E 2400
237758401
«1013€402
016575402
01534<402

1%5¢C

+4261£400
2c911E4C1
«T610E+01
e1123f¢02
e1183E¢C2

2060

#3051 400
«20t4r+01
¢59532i+01
e8043E+CL
«GT722401

2540

CONSTANT ODIFFUSIVITIC® TN YR=DIPSCTION (PPM/CoCol)

«1470£¢02
02235E4C2
«2G70E402
034756402
«3663L 402

53

EQUATICH

e1938E¢C2
026798402
«3376E402
¢3579¢402
«4363(+02

240

VAKYING CIXFFUSIVITIES IN X3=PYRFCTIUON (PFM/CeCe)

«14260 402
01732L 402
«2019£40C2
022408402
«2360€¢02

Se0

«1315¢402
¢1996c 402
02657402
e3113¢4C2
03259 +02

1040

(PPM/CoCo)

017345402
023974C2
#3021€+02
034708 4C2
«36350 402

1046

01276402
¢1549£402
«1606E +02
020125402
#2112c4C2

10.,C

«10937¢N2
e 1660F402
222075402
«2585402
«2TOTF G2

15.0

«16440F402
«19918e02
2 2500E402
«27R3%402
23016402

15+C

«10607402
«1287E¢02
«15002402
016717402
«17564°402

15.0

284262401
e12€1e402
«170254C2
+1994.402
«208EL4)2

2040

«111CL+02
e15325¢402
«1935€+02
e2223k402
e232L 402

20«0

o E1T5E 401
e G9235¢01
«1157:¢402
0126GE 402
e1352E+C2

2040

¢6033£+¢01
«S169L+401
01219r 402
e14285+C2
»1495¢402

254C

eTG51:401
¢1099c+02
¢1385£+402
o 1592k 4 (2
01667402

2500

«5653¢ 401
e 71058 +C1
«E2E4r 401
05226c¢01
«56£3: 401

2540

CM/SEC
1/75¢C
METHANE

«5324£+01
e7lléc ¢yl
e6398<+401
e%335=-401
013042402

30.C

02028 ¢00
21386z401
037172401
#5347E4C1
¢5632E401

304C

«4J10E401
«6UFSE4D]
«B1CG0L #C1
064312+01
«9I3EE401

3Ceu

0526852401
e 73072401
¢G210€401
«10562402
ell08c 402

30.0

¢3831£401
047238401
+5507e+01
06133t 4¢1
e 6437:401

3040

¢37228 401
24535:¢C)
«6006E4C1
+65378:¢C1
2E74301¢C1

3540

01252.400
oEES3L #GY
02294401
+3300c¢C1
0364768401

3%.0

e 24752401
037622401
2 5C00c4C)
e 5ESEL 401
sCi34E+C)

Ll

03262.401
045108401
e5b84c 401
s6531c4(1
sbE4LCHC]

SeC

02402: 401
02615c401
03395401
03706401
¢35730¢C1

3540

6S1



Table 6.6.

Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 2 cm.

JUIFRET STOEAM) 3 200,09 (N/SEC

RELFASSE HEIGHT

240 CH

NOVNVIND NIST, 11000,0 (N

(k)

ULIRNMS: 19,3 CM/8%C

U233
L3RE S

Se0 CHISEC
e CMPISEC

(A} DIFEUSTON MEASURCMENTS IN THE WIKD TURNEL (PPMC,C,)

2040
150
1.0
540
0.0
LI X2{0NY

(R} FQUATINN 2«44 WITH

20.3

150

10,0

S

09
X37%2(C")

(C1 COUATEDM 2-45 WTTH

2040

15.0

10.2

LT

N
X37A2(0™)

(N) GAUSSIAN DIFFYSTAON

200
150
1040
59
040
X3 A2LIMY

{EY EQUATINN 2«45 4ITH

2042

1540

1042

%2

L%
Y37x2¢(C™)

«1331F+02
«17203402
2274 0E4N2
¢ 21711402
«22052402

N0

+ 13768401
« 52948401
«1057F+02
«13645¢02
¢1415%¢02

Tl

o 13048402
«1253E4+02
«2269F¢02
+2536%402
22619%402

1’0

+1753%40>
«2207F402
« 25975202
.?BbQBQ?\Z
¢ 29597402

Ne0

« 11325402
«12937%002
2 1445C402

215598402

el413%4N2
Nen

¢ 1291E+02
«1633E402
«1970E+02
s 2040E402
22053402

540

+11595 402
215025402
+16T1E402
«1815: 402
«1290c #u2

10,0

«1010E+02
«1?81Ee02
«144RE4N2
01593 %402
elb44E402

150

ULLICAL VELS) 12544
Vite GRADIENT 1 54400
SIuECL STRENGTH ¢ 10U X METHANE

«§3008+01
«10728402
012670402
«1361£402
«1435:402

200

« 73361401
+S0E5I+01
«1024:. 402
s1134:¢02
eilEuz+02

250

CONSYANT DIFFUSIVITIES IN Y3=DIPFCTION (FPM/CeCe)

« 13418401
+ 5158401
«1030k+402
«13288¢02
«1378i402

S0

«12405 401
+4771E 401
95292401
«1230E 402
«1275=4C2

100

+10EE+D]
e 41904401
«PAESELOL
« 10805402
211205402

164¢C

«S021E+00
s 34925401
«EITTE4OL
«S002E+01
«5%33¢6+01

200

e718LCT 400
e2T65: 401
«5522c401
« 71258401
« 73192401

2540

CONSYART OLFFUSIVITIES IN X3~DIRTCYIUN (PPM/CCel

2134GE402
«1310F¢C2
«22115402
24710402
«25528402

S5e0

EQUATION

¢1713L%C2
+2151E402
«2531E4G2
+27908¢(2
w28€28402

5.0

s1248E4C2
«1674¢ 462
«204584C2
¢ 2285, 402
w236k 462

1040

tPPH/CLC )

e15E4E402
«196%c 402
«23418¢02
#2581 402
026668 402

10.0

VARYING DIFFUSIVITIELS

+1103£202
12645402
«1403E¢02
«1519E«02
e1571ce02

50

«1020% 402
«1169:¢02
«1302E402
« 14058 02
o145324(2

100

10965402
«164708402
«17945202
«2D0TE402
023738402

15.¢C

0138918402
«17475402
« 20565402
e 2265402
« 23416402

1540

IN X3-CIRECTIUN (PPM/CWCs)

€A% LY
+ 10273402
« 11648402
212347402
12768402

1.¢

e 51368401
«1226L¢02
o 16378402
+1673€402
w1728E402

2040

W 1160E£402
s145€E402
+ 1714402
«183CE+02
»1952E402

2Ce0

e 7468c401
«55¢E+01
95356401
0102k 402
«10b64L¢02

20+0

o 7231k +01
#S703E4C1
slithieg?
13245402
«138EE4L2

2540

s91E02401L
«11536+02
013566402
e 14566402
15450402

2%40

«5911:¢01
eb6774:+01
«75472¢01
#8140t +01
« 84225401

25,0

CM/>cl
175:C

v 53£9.,401
»7288c401
«£230:¢01
otF0B 401
o %4730 401

30.C

«5401E+0C
22377431
sbhlevcell
«5354,4C1
«55352:401

30.0

«34332¢01
«T291E401
+89032401
«9¥52x 401
«102ct #y?

3040

e H838¢ ¢C1
2E0620¢01
010156 %2
«11242402
«1161E402

300

eh442u01
«509CEIL
«5671c401
«bL1T7E4GL
0632401

3G.6

24470l
+S60TE 401
«0636:4(1
o 7038.401
e 7253401

362

230530400
slbveu+Gl
«2960+Q1L
«3816:4C1
«3961c+01

3540

«38765:¢CL
+5201 e+l
+6351c4C]
«T0U9: 401
e 7332001

3540

« k5205001
«61752+C2
a727154C1
«8016c¢(C1
a8282:4C1

3540

e3l68e4C1
e363154C1
«4045:001
s 43630401
ahiléc 0}

320

091



Table 6.7.

distribution, H = 10 cm.

HW(FRES STPEAM) t 00,0
RFELEASE WIIGHT t 1040
DOWNNIND DISY, ¢ 25,0

(a)
CHr7ssC ULRMSE  1%,92 Cw/se(
(4, ] U2ZrRM 32 Te5 CMyRcSn
(4, U3RMS5: 640 CH52C

(4) DIFSUSTIOM MSASHREMENTS IN THE WIND TUNNGL (PPM/7(,C,)

1440 «16%2%+01
12.9 0 B&T4E+ 0
100 «1766E+04
8,0 0 91931F403
6e0 +1599F4+03
¥Y3/X2(CH) De0

(B) FOUATION 2«44 WITH

1449 «1432E403
12,9 «3209%¢03
10.9 +4269E4+03
Re0 «3757E+03
LYY 0257°7F403
X3/x2(C*) %¢9

(%) SQUATIONN 2=45 WITH

16,9 217575403
12.9 «335°E4+03
10.9 s 41755403
840 «3434%403
6e0 «1913%+02
¥37X?2(CH) NeN

(D) FAUSSTAN DIFFUSTIN

14,0 21217F+03
12,0 ¢3176F+03
1049 06167%+03
2.0 «1335F+03
be) «1°175¢03
Y3/7X2(CY) 9.9

(F) FIUATION 245 WITH

14,0 «1772E+03
12,0 033978403
10,0 «4341F+03
£a0 35708403
6N «1RI2E+03
X3I7X2(CW) 049

«1670E+03 13106403 065637402 ¢3337E402
e8160£403 06256E403 035073402 02131E+C3
«1751E£404 e1342E ¢(4 «8774E4C2 +46Q0E+03
«1017E¢C4 «TT10E+C3 « 53602402 ¢33245403
«1452E¢03 #1567:403 013157403 oElB6uty2

1.0 240 2.0 0

CUNSTANT QIFFULSAVITIES IN Y3=DIRFCTION (PPH/(eCe

¢1385£403 e12530403 « 10592402 «€377L402
«3104t+03 02307E+(3 023745403 e1ld77E¢03
e4100£403 «3708€ 403 «31357¢03 «2480E+03
036340403 032F6%4C3 02779%¢02 02197¢403
¢2504:403 02264z 403 «1715740% «1514:403

leC 240 3.0 400

CONSTANTY DIFFUSIVITIZS IV X3=DIFFCTIGN (PPF/CeCs

¢ 1699E+(3 +1536t 403 «12998403 «1027E403
«32647E+03 «29370 403 024347403 e1964E4C3
«4037k403 36510403 +30R77402 «2442E+03
«3321c+03 «3003£4C3 +2540%5402 «2005t+403
e1E6SGE+Q3 «167384C3 wl14143402 eillGteC3
1e8 240 3.¢C 440
EQUATIUN  (PPM/(4Co)
¢1757E+C3 e15E9: ¢C3 e13464F402 «10635+C3
032745 4C2 29610403 «2506F403 0198CE+03
«4029E+03 036445403 «30315403 02437E¢C3
«32745¢03 «2G610¢C3 25067403 196805403
«17576403 ¢15689C403 ¢13445402 «1963c+03
1.0 240 2.0 4e0

VARYING DIFFUSIVITILS TN X3=0T0FCTION (PFM/(.Ce)

«1712k403 s15406t 403 «12097403 «1035E¢03
«3285:+03 02571 4C3 225123403 01987E493
+4198:403 «3796E403 +3210%403 0253GE+(3
034526403 #31221 403 026405402 02032403
oL 743E¢03 «1576E¢03 «1333%¢02 «1054.403

1.0 240 240 440

01463L402
01166&4C3
02417:4C3
«1654£403
«38201402

50

’

061950402
«1388c403
elt34:403
016258403
01120:4C3

540

)

#75938402
014526403
01006.4(3
01435e403
282725402

Se0

o 78595402
01464403
¢160204C3
el4b4c +03
e 76595402

540

o T656L 402
¢1469E+03
e1377.4C2
015441403
«TTV6E+02

£e0

LILLCAL Vels) t 15646 CM/S:C
Vele GRAUIENT 3 24400
SJUKCF STRENGTH 3 10 X METHANG

1735¢C

05432401
042508402
wE419L 402
¢ 6600402
¢1750c 402

bel

04204 4C2
¢ 5500c 402
012682403
o1l24c+023
oT7440 402

6eC

e525424(2
«1004c402
«1243:403
01027403
e 572124C2

Gov

¢ 5435t 402
¢10L3E4L3
«1246:.403
010132403
e5435:492

640

052952402
«lul6E403
0125EL 403
+1068c ¢u3
«£391:402

b.e

Comparison of turbulent dispersion between measured and predicted concentration

s26473:401
«126%:402
¢202414C2
021308402
28345Lc (L

Ted

027711402
«6205L402
082015402
072688402
«53)tr 422

Te0

03353402
« 6462402
26076402
e 6643c+02
«3700E+02

740

e351%:402
e6550c+C2
«8060L 402
«b550c4C2
«35156402

Ted

03424402
Wb6571E402
e t397c402
e 6920E ¢02
03407402

740

191



Table 6.7.

Comparison of turbulent dispersion between measured and predicted concentration

distribution, H = 10 cm.

(b)
U(FRES STPEAM) 3 209,0 CM/SEC UIRMSS  1%,0 CM/STC LILCCAL VELS) 1 156545
RELEATE HEIGHT t 17,0 CM U2RMS532 Te§ CM/REC ViLe GRADIENT 1 24400
DOWNWIND NIST, ¢ 50,0 (M U3RMSt 6N CMIEZC 3JUKCE STRENGYH t 1C 2
(A) DIFFUSION MEASHREMENTS IN THE WIND TUNhcl {OFM/Cof)
20.0 +6280840] ¢5343E401 «2553L+01 «146654C1 «€03%E+400 «b904c¢00
1542 236217000 02621K+03 «1524E403 «6951E402 «160CE¢Q2 o4506£¢C1
10.7 «50865403 e4JE3E¢u3 28316403 «1266F403 24700E+02 «1276L 402
540 ¢ 35905402 «4156E+02 «2927¢4C2 14718402 e 6431Le01 228iL: 401
0.0 «1702%+01 +1088:401 «EQ84L 40D «T566F00 +£6202+400 ¢ 716G+
Y37¥2(CY) 040 20 440 bl el 10.0
(B) FOUATION 2=44 WITH CONSTANT OIFFULSIVITIES IN Y3=OIFECTION (PPM/CeCo)
20.7 #37TANE40L «3516E4C1 «28758401 « 20565401 «1286£401 #7033 400
15.0 «B552Fe02 «3003:+402 265451402 oAHEENESO2 0 2927€402 e1601:4C2
1040 «219975¢03 022486403 « 16750403 «1198E+03 « 7490402 «40906c +02
e «1927%403 +1802£403 014748403 «1054£402 «659CE+02 «36047 402
0e0 e 17645403 «164%e¢C3 13464403 s Qh4r 402 «£0338402 «3299£402
X37%2(CM} M40 240 440 fel te0 104C
{C) FOUMATINN 2«45 WITH CUNSTANT DIFFUSAVITIES IN X3-DIDICTION (FPM/CWCs}
2049 13025402 «1217E402 e 9553k 401 « 71177401 ¢4452E401 «2435E 401
15N +1053%+03 +9846L 402 «8052:¢02 CETEEF402 +3601c402 16705 ¢02
17.0 «2092F403 «1957403 «1600L 403 «1144E403 «7157L402 239145402
540 «1170%403 «1103:403 «90237 402 66537402 « 40326402 222072402
0.9 «4251F402 245368402 «37102442 W 2R%3F402 #1553 402 +9074c401
X3z7u24c™) 940 240 440 €e0 te0 1040
(D) CAUSSIAN DISFUSTON EQUATION (PPRH/Celel)
20.0 e15598407 e16578402 «1191E¢02 «€520E+01 ¢532EE+01 ¢2514:401
1540 « 10878403 010l9ee(3 +6331E402 «5Q5PTA(2 03726L+02 «203bt +02
1%.9 « 20838403 «1948£4C3 ¢1553:403 «11303403 «712€2402 03697402
5.0 «1096Fs03 010242403 «8378c402 +5991F402 037476402 «206%c#02
0.0 e 3114F402 02914c402 «23536 402 «1704E4C2 +1UEGES02 «5828c 401
X3rx2ieH D0 240 4e0 640 €40 1040
(R} EOUATINN 2=45 WITH VAKYING LIFFUSIVITIES IN Y3=-NIRTCTION (PFF/CeCel
29.0 « 15445402 +1537c4C2 «12575.402 «£98GFa01 « 5622401 «30750 401
15,0 21065%¢03 ¢ 99635402 2 B14TE4C2 W ER2T=4C2 036448432 «1693L+02
10.0 0 2122F+03 22040403 «1669: +G3 «11937402 e T463e4¢02 «4001.¢C2
S0 11375403 e1063c4C3 +E695E ¢C2 «6213F802 3685402 02127:¢02
30 014745402 e1387a4(2 «1135. #y2 o H114F 401 +50742401 «2775c 401
X37%2(C) 3.0 2.0 40 bl 8e0 1040

CM/5cC
143eC
METHANE

eb3864540C
«l4l%c+Cl
¢3570:401
«10920 401
«ET15E400

1240

¢3364:+00
¢ 7656401
«1953.492
e 17242492
«1573E402

1240

»1164F401
e9420E+01
«1b72:¢02
010566402
e%340:401

1240

«1394E401
eST47c4()
18402
«98015401
027872401

120

ol471:¢01
«9531€401
«1952:¢02
#1017c402
e1327c#01

1240

«70460460
o 8035400
e1702%401
s 60672400
«6147:400

1440

«1407£+00
03202v 401
e8134.¢C1
«7210c¢C1
«0600c+0L

1440

045702400
«3940c401
«7E30c¢01
0 84L5:4C1
slblfzell

1440

«5€2G:¢00
24CT76.401
e 77362401
«4399:¢401
«ll€bte0l

1440

«6150c¢C0
«3966E401
w8lb4:¢01
04255t ¢01
#5551 400

1440

291



Table 6.7. Comparison of turbulent dispersion between
distribution, H = 10 cm.

(c)
J(FIES STOUAMY 3 200,0 CM/37C ULRNST  1%,0 CM7Tfr
RELEARE MEIGHY 1 1040 (M U2RMS: Te5 CLMIREC

DOWHWIND DISTe 1 10040 CH U3RNS? bel CMISFC

LAY DISFUSIAN MEASUEMENTS in THE WIND TUMNcL (PPYU/C.C4)

2049 «41405402 «3781E+02 «27176 402 «25364F402
1549 «1RRQI40OY ¢18L7E403 +1634F¢03 @ 12517403
1069 + 2028F403 «1987E+03 + 17665403 +140€E402
5S¢0  #6353F02 656658402 «532dr402 24373£402
D0 «A724EL0Y s 288800l «T258: 401 2 5EB7T4CY
X3/ X2(0M) D40 240 4l LTSy

measured and predicted concentration

UILOCAL VEL,) I 1596 CM/5cC
VEle GRADIENT $ 24400 1435:C
SOURCE STRENGTH t 10 X MuTHANE

«1534L 402 295241401 0 5428E401 #3376:401
»73G3kv02 «45320 402 « 20882402 21044t 02
«1033E+23 e5G84¢ 402 «3352.402 «F6T4L402
» 35545402 «2220:402 +1302c402 2budSstul
+47051 401 «3277:401 « 24075401 «15232z4C1

£40 lue0 1240 1420

(3) SQUATION 2-44 VITH CONSTANT DIFFUSIVITIcYS IN Y3=DIRFCTION (PPN/CWCs)

2049 +13128402 +12691402 211476402 «97015+01
150 +hHH15402 eb4428402 053252402 «4326E402
10.0 +121BE+03 e11785403 +1065€403 « 90085402
59 « 13837403 ¢1337£+03 «1209c+03 «17238403
0.3 +12985303 ¢1352t4C3 «12230¢03 «10367403
X37A2(CMY el 248 440 &40

276721401 256745401 « 39248401 «2538ceC1
*38960£402 o2bE1 02 ¢ 19928402 212895402
«7121E¢02 «526¢6E+02 » 36420402 +2355%402
s EVUETL 02 « 59818402 sh1l3EE¥02 «26752302
«El70E402 «604LE402 «h1E26402 e 2704402

tel 1040 1240 1440

(€) EQATINON 245 WITH CONSTANT DIFFUSIVITILS ¥ Y3=RYPECTION (PPF/C.C.)

2047 «2579%+02 22453k 402 222555462 218075402
150 «T390%e 02 «TE4GECOQ 64632402 +SRE5FHDD
107 «10668+03 01329403 «9306E 402 « 79705402
5 «8330%e02 e35358402 « 7805402 «65045402
0.0 « 72726402 « 70328402 e6359%4(:2 «537FFe02
X3/7X7{EM) 040 240 4.0 be0

(D) GANSSTAN DIFFUSTUN SQUATIUN (PPM/L.C,)

2040 «2969€e02 « 27550402 «24910402 021075402
1540 «TERIAEMN2 « 72876402 «65%05 402 «55725402
1949 «10478+01 «1013F+03 «F160E 402 «TT746E+02
5. «B094SE02 «TEZRES02 « 7060k 402 «59875402
0.0 «5637R+02 +5509E¢02 «4FB28 402 ab213%402
X3£x28CM) a0 2.0 40 6ol

«150bE+32 «1115¢+C2 «T712E40) « 45872461
«43228402 o316 402  J2210E%02 »1430E+02
«6223E40C2 e hB02c¢(2 #31835¢02 « 20581402
052238402 e 38621402 226712402 el727:4C2
e 42520402 0314402 $21758 402 014072402

849 1040 12.C 140

s IGECECO2 «1232:402 «5320:401 eS51Cc+C
+ 4407902 032594032 W 22543452 eLleSEi402
s t126E+02 s 45302402 «31335402 220262402
4T35E402 «3502:5402 028220402 «15662402
» 33328 €02 w2hebdi 402 PR RIS N4 e1102:2402

Bet 10.0 12.0 140

(2} FOUATION 2445 WITH VARYING DIFFUSIVITIES IH ¥3«nIRTCTION (PFM/CeCa)

2%.0 « 2259+ 02 «2758E402 224935402 22108F4072
15+0 « 74393402 07193402 65058402 +5501F+ 02
19.02 211057403 +1068E403 e 9662402 «RITIF+02
540 e R66T 02 e2382:c402 « 75800402 2646105402
249 «45610F+02 006582402 «4032c402 «341NE402
XIIX24CW) Deh 240 400 L%

«1667L£ 402 +1233£402 w£526:401 #55143401
»4350¢402 0321784C2 02225402 014396402
284020402 « 47792402 «3305:402 02137402
¢ 506%c+02 «3749,.402 «2592:402 016728402
« 26961402 «1994:402 «1379:4Q2 «BYLEBE+(CL

Esl 1040 12.¢ 1440
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Table 6.7. Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 10 cm.

SL{FRET STREAM) t 200,080 CN/ScC

RELEASE HEIGHT ¢

1040 CA

NOUNNINN DISYT, ¢ 1%0,0 CN

(d)

UIRMSE 15,0 CM/58C

UZRNS
U3RMSe

7e% C¥ISTC
6ot CMIEC

(AY DIFFUSTINN MEASUREMENTS IN THE WIND TUNNEL (PPM/C.C,)

2040

19,0

100

%540

Qa0
Xysx2icwy

«6329E402
»12%%6+03
«110%6+03
» 5451402
17913402

Nel

«6519E402
s1287£¢03
20918402
+ 5756402
«17435e02

3.0

«%123c¢02
wlll5c+0C3
2 GT49E 402
«%933¢ 402
01530402

&40

«ATRSESND
W P2YLESO2
« 7T219E402
s3R4BC402
e1245%402

9.0

LELECAL VELS)
VEts GRACILNT

$ 15%e0 (M/5EC
1 24400 1/5tC

SOURCE STREINGTH 1 IC X METHANE

«21821402
247508402
v4592E402
« 25445402
sELS6E4DL

1240

o1110£002
a2hbTz402
«2hEQLT2
elé43bc402
+4TOEE 4D

150

{RY FOUATION 2«44 WITH CONSTARY DIFFUSIVITIES IN Y3~DIPECTION (PPM/CaCed

2340

150

11949

e

G.0
X37X2ECHY

{C) FOUATION 2«4% WITH

2049

15.0

0.9

540

0ot
X37x2¢LCM

tO) GAUSSIAN NIEFYTION

20,0

1540

190

50

Ded
X37X21CY)

{F} FQUATINN 2=45 WNITH

202

1%,0

1%.8

%40

Qe
X3£X2{CMY

+1703E4+02
«53%5F402
e BAS2THN2
«1n34%403
+1056F+03

a0

027308402
«55736402
¢ T404 %402
« 73128407
¢ £948%¢02

DD

« 20208402
« 56258402
« 71635402
65055402
« 5851 8en2

0.0

«2990E+02
« 85923402
«TE11R402
«6951 %402
e 54788002

Da0

o1625c4C2
+51228¢02
e 361 BE*(2
«98341 402
«10048403

3.0

«13978 402
«4405E 402
«T239E 402
«E845TE 402
6325402

H40

«10878+02
034265402
¢ 5H20E+02
+65765402
e 67115402

G.C

«7642E+01
+ 24090402
»3959c402
s 46250402
« 4721402

1240

+45604401
e1532:402
«25180 402
s 29410402
«3002L402

1340

CONSTANT DIFFUSIVITILS IN X3=DYPFCTION (PPMICHC)

«2598£402
«5305¢402
« 70418402
269538402
«660TEHQ2

3.0

EQUATION

«2785E402
05350¢402
«6812c¢02
sH265E402
e 55648402

240

«22320402
«45625 402
63556402
«53795 402
o 56028 402

640

{PPMICeCa)

«2395E402
«4b01E¢(2
«5858c 002
o HIETEH02
4765402

640

VARYING DIFFUSIVITILS

0 2748E402
»53C98+02
+ 71438402
«66108402
«5208E¢02

3.0

«2364E4C2
24566k 402
«6143E402
o BHLBECG2
ehATBESZ

640

17365402
+356402402
S4TAGESO?
4hEOT N2
044167402

2,0

01262%402
«35788e02
fL5RETA02
+4190Fe02
«37218402

Qa0

IN X3=OIRTCTION (PPF/CeCe)

¢ 1328F402
+35517402
« 47775402
«4421Fe02
«34P2ESNY

Ga0

212212402
e 24356402
+3311c402
+32708+02
«3107k+02

1240

o1310:402
«2516F €02
» 32041402
e 29488402
«26175402

1240

«1233.¢02
02497402
«3359E+C2
#310%8:402
024451402

12.0

¢ TT64% 401
«15¢7c402
02106, ¢¢2
+2080c¢G2
e167684C2

150

«8330. 401
o 18402402
«20376402
21874002
Wibtépe02

150

«5221£ 401
«1566c+02
«21375402
19778402
«15562402

1540

o 51772401
+10v5E402
s 1161£402
o 6621E 401
« 24632401

18.0

« 27956401
o EELLE UL
« 1648402
v1l6925¢02
17278402

1840

e hbb5401
«G1l260 401
012i1c402
ellibce0l
«1137:402

1640

«4731z401
«$2030¢01
«l172:z402
«10782402
05572401

1540

s 47282401
«9133c¢01
+1229:402
«11376402
+£938L 001

180

«21158+01
s4l34i401
sh545c40L
34332401
e165HE401

210

s 14548401
e43E3c001
« 7531401
287900401
85816401

2140

e232204C1
47465401
«6239.:401
o 622154G1
e5911c+Cl

2140

« 249240}
2 6787:4C1
260945401
EE050#CL
+4G750 401

21e0

224535401
«4750E4C1
« 63900401
322813151
s34 (l

210
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Table 6.7.

Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 10 cm.

ULFRES STREAMY) 1 200,0 CM/SEC

RELEASE WETEHT 1

10.0 Cn

DAWNNIND DIST, ¢ 20,0 CM

(e)

ULRMST  15.0 CM/SEC

UZRMSS
U3xMIe

Te5 CM/SEC
be0 CMISFC

LAY DIFSUSINN MEASPREMENTS IN THE WIND TUNNeL (PPM/CLC,)

20.0
15.0
19.0
Ss0
[+ T4
X3/X2{LN)

(R} FRUATION 2=46 WITH

29.0
1540
10.0
L T%]
040
32024

(€} EQUATION 2=45 WITH

20N
15.0
19,0
5N
[+ %)
13IY2{C™Y

{D) CAMSSIAN DIFFICTON

20.0
I5.0
18,0
S
[ %
X37X2004)

{E) EQUATION 2=45 WITH

29.0

1540

10.9

5.0

049
X37%2(CHy

*56R584n2
«3036F+02
«PN12E+02
5052402
W ?R55E402

0.0

«1833F+02
e 4576%¢02
«7TN22E402
« 8138402
«8307%402

o.')

«2500E¢n2
e 45345402
« TRE1E402
«52256002
252208402

040

«2733%4072
+6520F402
W ESORELO2
+5640%492
¢ 54475402

09

02687%402
+44R2E+02
«B7915402
¢ S8TR¥402
+5393KeN2

Neh

e5516k402
« 86408402
276982402
«520784C2
«2633E402

3.0

+3468E4C2
«73701: 402
+6626E402
eh434r 402
022222402

a0

03459F4+02
«5477TE+07
«5216E402
03623402
s 1R265402

9.0

LILOCAL VEL.)
VELe GRADLENT

1 15Ge5 CM/3EC
$ 24400 175€C

SOUKRCEL STRENGTH 3 10 X MeTHANE

023140402
+36€5c402
«3642E+02
02473i 402
e 129Cc*02

1Z.0

012471002
#21550 402
«21G8z4C2
016245402
« 78372401

1540

CONSTANT DIFFUSIVITILS IN Y3=DIPFCTIUN (FPM/CeC,)

«17658402
o %40TE+02
«6762E¢02
e 78374402
o T69SE+02

340

e15765402
¢3936E+02
#6039 +02
2 6SG9E ¢02
o TL445 402

G0

«13058402
«3256%02
«5001%402
2 5TIRTALP
«5914%402

QeC

21002p402
«25035+02
«2841E402
»4451c402
04543402

1240

o 71390401
«17528 402
227355402
«3170c¢02
23235 4C2

1540

CONSTANT DIFFUSIVITIES TN Y3=DIPFCTIUN (#PM/CeCo)

«2504E+02
043662402
o 5644E402
«5994c 402
+5990E+02

3.0

EQUATIOR

02637E402
043528402
«5391£+02
«5431£402
e 32658402

3.0

#2236k 402
«3899E 402
e 5040E Y02
«53532 402
#5345E 402

640

(PPMICLC)

+2355E402
«38BTE 402
«4B14E +02
*435CE4C2
*46960402

60

VARYING GIFFUSIVITICS

«258TE+U2
e43171402
« 55776402
«5661E 402
«5199£402

340

«2310E402
«3855L402
«4IBOE+02
«50555 402
«h663: 402

6.0

+ 13512402
s3220F402
«h1747402
24433F402
«G42CFeN2

940

«1950¢F40C2
#221VE4N2
«3986°402
0860177402
039758402

Ge0

IM X3=DIOFCTION (PFM/CeCe)

219137402
« 2197402
41245402
o%1965402
«3B45F40Z

QN

016226402
¢ 24806402
«3205E402
3404402
o 34L2t 402

1240

«1498L¢02
e 2672k¢32
«30€1E4C2
+30¢56402
$297GL4C2

‘1240

+1465F 402
024528402
«3167L402
«321%k402
0 2953k402

1240

+1013c402
«1766L402
02263c402
024256402
22422402

1540

010674402
«1T60E402
«21€0c 402
eZl97( 02
v2122c402

1540

¢ 1046: 402
«1T7461 402
022561 402
02245c 402
«2103L 402

150

¢6659£4C1
«1191c¢02
e12625402
+BT50:401
«%752¢401

18.C

»4715:401
213177c 402
¢ 16062402
22093402
02137c4)2

1840

«b65 73401
ellbb6E U2
215085402
«1601k¢Ce
+1600&402

1840

s 70455401
«1163E402
21640442
e 14%1:402
e14010 402

16.(

+£311t¢01
e1153£402
ahay0%402
215122402
e1l3c9: 402

1640

e2828c4C1L
«£727L4C1
«6366:¢01
+4351.401
«23475¢01

2140

«2827:401
« 7205401
«1106L 402
«1282:4C2
+1309:402

2140

e40950¢C1
o 71428001
05233401
«930€c+C1
«S7SELHCL

2140

e4314r401
«7T120c¢C1
«BUlEe 0l
oBESEI4C)
oEZL1E401

2140

«h23284C1
e TGELE+CL
#9123x401
¢9260i 401
«8504c# (]

2140

591



Table 6.7. Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 10 cm.

()
UCFREE STREAM) t 200,0 CM/SEC ULIRMSE 15,0 CM/°FC LILOCAL Vila) t 15946 CH/3EC
IELEASE METGHY ¢ 10,0 €M U2RMS1 TeS CHISFHL Vile GRADIINY t 20400 1/5eC
FOYNVIMA DIST. ¢t 2%0,0 CM U3RNSE beN CMrtEl SIJURCE STRENGTH 8 10 X METHANE

(A) DYFEYUSTIOM MEASURENENTS IN THE WIND TUNKIL (PPW/C.Ca)

2040 « 40338402 sh4l2E4C2 «3905E¢02 «3410%402 s 24466002 el447L402 e 7351E401 ¢3519:+C1
15.0 «6164F402 «bEH1E402 o6171E¢C2 «50325402 s 34clce02 22080c¢C2 e10328+32 «4TIBE+01
1049 s6TA2ENY + 7064E402 «64255402 «525PF402 +2732¢c402 e2245£402 #1160z4C2 0£2508401
S50 +5593F02 e53752e402 e5142£402 «389C%402 e 2uBUESC2 1704402 «S151E+01 «3930:401
0.0 «h646T 402 046930402 e 40530402 30707402 22141202 01249:402 e 72656401 23223c401
3/7x2{CH) Nef 440 Eed 12+¢C 1640 2040 2440 2540

(8) EQUATION 2«46 WITH CONSTANT DIFFUSIVITIcS TN ¥3~DIRCCTIUN (FPM/CeCed

2949 218492402 e1752E402 01492c402 «1141F4C2 «T837E401 «4B836L¢C) «2681E+401 e1335z4C1
15.9 0 4CO0F:02 #3791E402 232270402 ¢ 246F %402 ¢ 1695E+Q2 «10646:402 e 5T93c+01 w2507t 4C1
10.0 e 5P23E4N2 «5518E+02 0656982402 «3503E402 02468E¢02 e1523c 402 084422401 04203 +01
540 e 6ASHTEND e630838402 «5371K 402 «4107%4C2 «2821c402 el741:4C2 09650:4014 s 4t05:4(CL
Def WbTRITH02 «64281.4C2 05473c+02 «4185Te02 ¢23758402 «1774c402 098346401 v4E36L 401
X37X2(CHy Y0 440 £40 124¢ 164C 200 2440 2440

(C) FOUATION 2=48% WITH CONSTANT DIFFUSIVITicS IN Y2=NIPICTION (PPM/CeCe)

2049 e 24268402 022998402 019572402 214975402 ¢ 10281402 «£345¢ 401 03517401 ¢1751.401
15.0 38748402 03671402 231265402 427903402 e1642L 402 #1013c4C2 eS61l6E401 « 27368401
10.9 e 444 E40? «4bE3E402 39598402 «2351E402 220962402 e12935 402 71628401 o3563E4C1L
540 054228802 051392402 «4375£402 2234562402 e22988402 el416:402 278612401 239142401
040 «55245402 «5235E402 «4457c #02 «250RZ4G2 02341c+32 wl44Spe02 s£0032¢01 s348TEC]
X3/7%24C") 0e0 T 4eC Eed 12.C 160 2048 2440 2t a0

(D) CAUSCTAN DIFFUSTON CQUATION (PPHM/CeCs)

2040 + 25205202 «2336Le02 #2033E402 «1%5E5%402 *106EE 402 «65916¢01 ¢3653c401 215193401

1%.0 32236402 36236402 +3085¢ 402 2359452 «1620k432 ¢§599c+01 e5543E40) 027502401

10.0 «4BINFH02 254458402 «3TC4E 402 228945402 s 1780k402 «1227c402 «62800E¢01 33665401

540 « 4357402 ¢4 6988902 «400UE *02 308555402 02101k +02 «1297c6402 « 7167401 035755401

0.0 249618402 247028402 «4003c¢02 +3NR1E402 «2103E402 «129E:402 e 71938401 «3581£401
X37%2{C") Neh 440 8.0 12,0 160 200 2440 2540

(F) FOUATINN 2=45 WITH VARYING OLIFFUSIVITIES IN X3=CYRTCTION (PPM/CLCe)

2040 ¢ 265QF¢N2 «2331E¢02 «1984E L2 #15172402 « 1042t 402 e64321 401 #3565£+01 «177584C1
15.9 +3773%402 «3575E402 03044 9C2 0 232RE+nND 015964902 o GEEHE4C] e 54T0E4I] e27230401
10,0 «4TRLE4D? e 45345402 «3860£402 0293525402 «C02EEQ2 «1251&¢C2 06937¢¢01 034542401
%0 o 51217402 2% 354E4C2 ekl32u402 031607402 0 2171E¢C2 «1340£¢02 e 76258401 036972401
0.2 «5043F 802 «4TT91 462 «4069:402 «211284¢02 e213kE+02 2131624 C2 e7311c401 e3640ceC]
X37X2{C %) 0.0 440 8.6 12.0 164C 200 2440 2860

991



Table 6.7.

Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 10 cm.

JUFRES STPEAM) : 200,0 CM/SSC

RELEAST WFIGHT 13

10.0 CH

DOWNVIND DISY, 1 00,0 CN

(g)

ULRNS: 15,9 C%/3FC

U2RNSS
U3KM3s

Te% CMISEC
660 CH/STC

LAY RISEYSTINN MEASUREMENTS IN THE WIND TUNKEL (PPM/C .04}

204N

1540

1040

5.0

a0
X37x24C™)

(8) FOUATION 2-44 VITH

20.0

1540

1949

540

0.0
X3/7X2(CM)

(C) EQUATINK 2=45 WITH

20,0

150

10.9

5N

Ne0
X37X2(CWHY

(D) GAYSSTAN NIFFUSION

20,9

1540

1040

Se0

0.0
¥3I/%2(CH)

(E) TAUMATINN 2=45 WTTH

20.0

15490

10,0

540

Ne0
X3/X2{C)

¢ 4060F+02
«5121Ee02
e £243E+02
W &7T0F402
6327402

N0

»181RC402
35578402
e %965 E402
¢ 5501€4n2
¢ %698F+02

b Y]

0 2264F4 N2
+3419F+02
«4319E+02
2 4P0ONS402
049227002

40

023725F4+02
¢ 23508402
e 4IRBELQD
0 4630F4C2
« 45075402

0.0

0 2256E402
«32°2%402
«4119F+02
0454655402
046315402

NeN

¢3866E+02
«408T7E402
«5024k+02
eb45b62 402
e4086%¢(2

440

03194402
041750402
0&346E402
e38l4t+C2
*334004C2

840

0 2409F4+C2
¢3144F 402
«3367E4C2
020127402
025455402

12.¢

UiLCCAL

Vile GRADIENT

VELe) 1 15G46 CM/SEC

t 24400

1/35.C

SOURCE STRENGTH ® 10 % METHaNe

«17058¢02
¢2167c¢02
0 2324€¢02
s 20320402
e 1E1G5L ¢02

1640

CONSTANT DIFFUSIVITICS IN Y3=DYCESCTION (PPM/C

017391402
03402E402
4 T4B5E402
e5356£402
e 5440EH(2

440

»1520L ¢02
$2975E¢02
04152E4C2
e hbELERL2
eh765c4L2

be0

012167402
027707402
«33218+02
P R LR Yo d
#3511F402

12.C

e €392£¢01
e1764(L 402
0262Ec 402
«2739:402
e 2TETE+CR

164C

«1077¢+02
e1372:+02
014692402
«1289:402
elllece@2

2040

ole)

0 £946F401
0llb4t#G2
01624E402
e1832:4C2
e1EL4L 402

20e0

CUNSTANT OIFFUSIVITIES IN X3-RIPTCTICN (PPF/CeCe)

«2165E+02
«3270E+02
«%13CE+02
«4591t¢02
24 T14E402

4o

EQUATION
022235402

¢«3203E+02
¢3310e¢02

04236E402 .

«4310E+402
‘.0

«18G3E¢C2
«2859%:#C2
«3612E¢(2
«%0L4E 402
shl22E4(2

be0

(PPM/CeCe)

01944k 02
e 2801k 4C2
34198402
037045402
03769 ¢C2

6.0

VARYING DEFFUSIVITILS

«2157E402
¢3136c402
23939¢402
06366c402
044298402

440

¢1BFTE G2
e 2745k 402
036445E+C2
*380CE+02
036730402

Be0

e1514E402
22297E402
«28°RE402
«3217F+02
«329+F402

12,C

s1555F402
0 224CE402
02T34F 402
027625402
«3016Fe02

1240

+1107L402
016728402
v2112L¢02
«234Ec402
224112402

1€40

e1137.402
2163EL402
« 20006402
eclbtere02
«2204E+02

1€4C

o T4RG5; +01
¢111€:¢02
«l4130¢(2
«1570c 402
elb128+02

2040

« 76048401
¢1096c+02
¢1337c402
elédy 402
o1474r+(2

2040

TN X3=PIFTCTION (PFR/CeCo)

«1509F4C2
021067402
02755402
«3030F4C2
«3097€402

12.0

«1103£402
e16Cctu2
e2015t¢02
02223c402
« 22658402

1640

e T37%6401
¢1l074b4C2
01347402
«1486E¢02
e1515E+C2

2040

058422401
«80625401
+326315 401
e7535:¢01
e 6729 ¢01

2440

«36374401
oTll6e 401
099325401
«1120:402
ollé4Cceu

2440

e4528E401
e td4Uc+01
+ 86402401
2 9602£401
«9860£401

24eC

0 4650£401
«67Q0L 401
e0l73E4CL
s B861ceCl
eSJ16E 401

244U

045132401
o E566E+401
o £260:¢01
05091:z441
e 926645401

2440

«3207:401
042062401
45335401
e3t53:z001
©3305:+01

2Eed

020345401
¢3960¢+C1
e$9555c4C1
62662 ¢C1
63745 4CL

2t40

«2533.4C1L
«3c255401
04232t4Cl
e537C+C1
ebS1lez eyl

2€ 40

02601c4Cl
¢3747£4C1
e4574:401
ehy5€ie(l
05043:24(1

2340

e2524z4C1
e3672t4CL
04£08c¢01
oS taL+0]
o S1F1E+01

2ced

91



Table 6.7.

Comparison of turbulent dispersion between measured and predicted concentration

(h)

UlkM3: 159 CH/5EC

U2RPFST
U3RMe

Teh LH7rC
be) FM7STC

(A} DICEUSYON MEASURLMENTS IM THE swIKD TUNNEL (PPR0 04}

« 22878202
31745002
036530402
3919002
#3960 402

100

17402402
e 2480T40C2
«2BBBE+C2
«30128402
« 3082402

150

LiLrcaL vEL.)
Vike GRADIENT

1 1596 (M/StEC
1 24400

175¢C

SIUKCE STRENGTH ¢ 10 R METHANE

+11R4E402
«164Cz402
+2003£402
+2192k4¢02
«2225c402

2040

«T713L 4010
«1001.%C2
«1260L ¢02
e1417:402
«1502c402

2540

CINSTANT DLIFFLIIVITILT IN X3=DIR:CYLON (FPM/CeCe)

13812402
a2360k 02
#23063E +02
03417502
e34bos ¢+02

10.¢

«1N63F402
«1814%402
«PARPE402
«?630F402
«28R7E402

15,0

«7366£401
¢125%6402
«1651E402
« 18222402
«184€E402

2040

«4597(401
o TE550 ¢01)
10308402
el137¢ 202
«lib4E402

2540

COMITANT DIFFUSIVITIFS IN Y2=DBIRTCTICR (PPNM/C.Ce)

016245 ¢G2
« 22890 #02
023336402
«3161c 402
«3259% 402

1040

(PPMITCod

s1641E¢C2
sE22065 402
226b3: %02
229601 402
03054¢ 462

1000

VARYING DIFFUSIVITIES

distribution, H = 10 cm.
YLFQOFr STOEAMY 3 200,00 CH/SEC
DELEASE HFIOGHT & 10,0 CM
DOWNNINN DIST, ¢t 4NN,0 (M
20.0 27623402 s26B4E402
1540 o ITLAF&D2 #36751 402
1n.0 «4308F+02 e 42308402
50 2 &4ABTLOD «4528c002
00 « 40545402 chEHIERD?
XIIX2(C™ 02 540
(R) FOUATION 2«44 WITH
200 « 17035402 «1616E%02
15.0 «2910F502 «2762€402
10.0 «3816F+02 «3621E+02
Sa0 k2145402 + 39991402
Gett W e2T4F402 240565402
YIEX2{EYW) 340 5e0
(C) EINATION Z2w4S WITH
2%.0 « 20225402 2 190Ct+ 02
1549 « 2227384002 «20679E¢C2
10,0 «3494EN2 «3315eeC2
Sef) +I894F4+02 «3699E L2
Do +40177402 «30145402
X27X2 104 . N 5¢0
(DY PAUSSTAN DIFEMTTON ZOUATIUM
20,0 20243402 s1921Le02
1540 « 274558402 ¢ 2605k €02
10.0 ¢331AF+ 07 e314TE+02
%40 «3657F+02 «3471L402
00 +3766E4 07 +3574F 402
Y3I7X2(0m) N0 S5e0
{E) EDVATION 2«45 MITH
2040 «1937C4+02 o1 354Ck+C2
15,0 ¢ 26497402 e2514F4C2
100 «3276F+N2 «31091 402
S5ef s 3706F 202 s35160L¢02
D0 ARRNFeN2 e3682t¢C2
LITAP L) [ F%; Se0

«1573C4C2
e2148E4C2
+2657E 402
«3005: 202
03187 %(2

16«0

«1250T402
« 17527402
«2180T402
22632F402
W 2T0FEH0D

1%.0

212638402
s1712%4n2
« 20708402
«22925402
223515402

15.0

TH XA=NYIRTCTION (PFM/Cels)

e 17108402
16573402
« 20455402
«2312E4C2
226225402

150

etbb1c401
e1221c4C2
e1511c402
+ 16862 402
373 +02

2040

$E754L 401
+1187L+02
el434ceQ2
«1582F¢02
016298402

200

«B3IBBE40L
ell4ete02
s 141704C2
«16038¢02
«1678E402

2640

054050401
a762CL+C]
054300 (]
010528402
#1082 ¢02

25+C

¢ 5463401
«7409L401
«ERELECQL
e9872c¢ (1
«1017£402

2540

05235: 401
«7151c 401
oBo44c4Cl
«100Cc 402
¢1047c402

2540

¢4TH6E 401
s €196 401
«73210401
+ 850791401
eE4TH:¢C1

30av

02504 01
heloE 0
« 57692401
06332.401
264834401

3Cs0

+30353¢01
s 42638 ¢C1
«5300:4¢01
e 5914401
#6056, 401

3060

#3076 401
s4164cel)
5031 :¢01
+ 55482401
o 57132441

30.¢

e2742n401
2 4Ulveeul
«4970: 401
e 56218 €01
«Z5B7celd

3040

s2732: 401
#35G3¢4C1
«4020c+01
24016t Ul
«356G.401

35,0

e l30BR4C]
+22364L401
«2%30u+01
«2235c9C)
«32clre0l

35.C

21538 ¢01
w2167 401
026827401
e 25931401
«30eiieC)

3%a4

¢1554c 401
«2107:+01
025462401
«24CHE4CL
$2E92:+C1

35,0

¢1443:401
«2034u+Cl
+25160 401
« 28450401
s 2G75E4CL

S0

891



Table 6.7. Comparison of turbulent dispersion between measured and predicted concentration

distribution, H = 10 cm.

(i)
ULFRET SYREBAM) 1t 200.0 CH/SEC ULRMST 15,0 CM/S=C LILCCAL Vileld 1596 CM/SEC
RFLEASE HEIGHT ¢ 17,0 CM U2ZRMSE 745 CV/ISEC VELe GRADIENT 1 24400 1/5¢C
DOVYMNIND PIST, ¢ SC0.0 CH U3RKSS 6o CH/Z7" SOUFCT STRENGTH ¢ 10¢ X METHANS
{4) DIFEYUSTIN NETASUOERENTS 1K THE WIND TUNNLL (PPM/(.C,)
2049 +24561E402 «2397E402 220878402 .1522’002 e1217:402 +£3592401 +5693£401
15.0 «3017F:02 225056402 e25646E4C2 «2110%¢02 e15942+402 «1003:4C2 e T246E 401
100 «33127¢02 ¢324TE+C2 e2840r 402 « 2220402 « 17898402 «1234:4C2 s £402E¢01
%0 ¢3458F+02 034220402 «30458 ¢C2 «25277402 « 19326402 e1300:402 063706401
0.0 237236402 03545k 02 ¢3154E 402 224152402 29675402 014425402 ¢ 9094401
X37X2{CHY 0.0 50 1Ce0 1%.0C 20.0 2540 3Ce0
(R) EOUATION 2«44 WITH CONSTANY DIFFUSIVITIES IN Y3=DIPFCTION (PPM/CeCs)
2042 «1570F+02 «1506L¢02 «132cE 402 010778402 «B031840Q) «5508:4C1 034732401
1540 2265645002 «2354£ 402 »2076F 402 «16P3E+02 232558402 s 86091401 e5423c¢ul
10.0 »3NU2F¢02? «2955£402 026068 +02 e 2114£402 0157665402 ¢1081c+02 o 6817441
o0 «3350F+02 «3213c+02 «2833£402 «229R8E402 «1713E402 011755402 eT4l1:401
0.0 +3390%¢02 032810402 «286TE+02 023257402 « 17348402 «118Gc+(2 s 7500401
X37%2(CHy B.9 £s0 1040 1% ¢ 2CeC 2540 3040
() ECUATINN 2-65 WYTH CONSTANT DIFFUSIVITIES IN X3~PIRTOTION (PFR/C.Ce)
20.0 « 18956002 «1732¢€402 15278402 «12%9F402 «5237L 401 #6334c+01 +39952481
15.0 «2035F402 023350402 e2059E ¢C2 «167004C2 e 12450402 0 6540E¢C1 e 5365401
10,0 0 29564E402 «2933E402 «2498: 902 e 202RF402 215118402 «1036:4C2 e6534¢eG1
540 e37274F402 031420402 W 27708 ¢C2 022678 4C2 216758402 el145:402 +7246340]
[+ %3] 223748402 «3236E¢02 «2853E¢(2 22314%402 017265402 «11E38+02 o 74532401
X3/7X2(CM) 0,0 Se0 10.0 150 2040 2540 30.0
(D) GAUSSIAN DIFFUSION SQUATION (PPR/CeLs)
20,0 18008407 «l735¥402 ¢1530E +02 v1241%4C2 52541401 06346 4C1 +40025 401
15490 e 2365E2 07 s22678¢02 «2000E 402 16227402 e1209:¢02 «£2335¢01 «£232¢4yl
139 «2P225402 27Utk +02 ¢2386E 402 +1935 2402 s 14438402 «GESTL O +6242c 431
Sen «3115%:02 «2987E402 0263404C2 «21367402 «1593E402 «1093.4C2 «6530.+01
00 «3215840? «3063e 402 «27158 402 #2705 2402 s+ 16441402 011202402 «711lc¢01
¥3I7X2(0 M) N.0 548 1040 154C 2040 2540 30.¢C
(E) FQUATION 2«65 WITH VAAYING DIFFUSIVITIES IN X3=PIFSCTION (PFM/CeCo)
2040 e 17128602 s 1642E¢C2 014482402 s117474C2 «BTSEESO} «6004c¢0} #3767£401
1540 e?2518402 «2159E+02 019C4E #02 e 15446402 211512402 «TETEL 401 2 4SBOE+VL
109 «?ThrESD2 «26364E4C2 223228402 «18932402 e 14055402 e§632i+(1 e €975 401
540 #211R5402 «2990E402 «2637c402 «213° %802 « 15952402 010942402 «6897:2401
De0 ¢3297E+n2 «3153E¢02 s 2TEUE#L2 «22557402 1681402 «1153¢¢02 e 72722401
XA7¥2 €™y 0.0 50 1040 1540 2040 2540 30.C

03434:¢01
s 4625£+01
#5157zx¢01
«5305L¢C1
052913401

3242

02014 ¢01
+314%c+01
239545401
0 4238:4C1
043508401

Se0

«2317:401
31231401
e37069:.4C1
«4203:401
04328c+01

3%

¢23212401
«3033£4L1
«36231 401
39364401
«41248401

3560

021368401
«28488E+¢1
035238401
«4000.:+01
+421704C1

3549

691



Table 6.7. Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 10 cm. ‘

HEFRES STREAN) ¢
TLELEATS HFIGHT
JDUNNING DTST, 12

20040 CM/SEC
10.0 CH
TON0 (N

()

ULRMSE 15,0 CM/SEC

UYZRMS:
L3RMHE

Teb CY/STn

o CM78°C

(A) DIFEUSION MTASURFMENTS IN THE WIND TUNNEL (PPN/C,C,)

20,0

15,0

10.9

540

0e0
X3/%x2(C™W)

{8) FQUATINN 2~44 VITH

2%

15.0

10,9

LY

040
X37X2(C™)

() FOUATION =45 WITH

20,0

151

19,0

S0

Ded
XIIXI2LCN)

{0} GAUSSIAN DIFFHCION

?O.o

150

10.0

a0

0.0
Y37¥2(CY)

(€)Y SAUATINN 2=45 WITH

2040
1540
10,0
Se0
040
CI7N2(C ™)

«1894F002
0 2260F802
e 2618E+O2
02531402
026958402

N0

213265402
¢1954%402
22202F2+02
023457402
023065402

5‘3

¢1521F4N2
«13243402
022608FE402
« 24755402
¢ ?540F402

D43

«1517%402
¢ 18083402
021978402
e 26025402
«2473EC02

049

16747402
« 17585402
«2098F&02
«23475402
e 24715402

NeN

«1962£402
«2269€402
¢2516E+02
«2633E402
027776402

5.0

«1607L ¢C2
02223E14C2
«2439£ 402
025708 4G2
02693402

1040

2167768402
220255402
«2205 5402
2350402
Y LLYA XTI

1567

ULLLCAL VEL.)
VELe GRADIENT

3 15946 CM/5:C
1 24500

1737%¢C

STURCY STRENGTH & 10 X METHAKE

«1481¢402
«1736£¢02
e1956L 4032
22018402
02156402

2040

«122Cr¢02
e1ab4s+C2
»15765402
016752402
017774402

2540

CONSTANTY DIFFUSIVITILES IN Y3=DIOTCTIdN (PPMN/C ()

«12871L¢02
«15002402
221378402
«2276E402
«2297e 402

a0

e1l76z4C2
016455 4C2
«19538+02
¢ 20U0F +02
e Z0YUF 02

1Ce0

«10136402
e1416K4C2
214225402
« 17915402
W1P0704C2

154¢

o B214E401
011491 ¢02
213064L002
«14538+02
o lh0606E402

204C

06274:4C1
oETT3z4C1
s 10428 +02
#1110:4C2
«11204402

2540

CONSTANT DIFFUSIVITAES IN XI=T1PFCTION (FPH/CeCe)

e l47dk402
s 1877402
«2201E¢C2
024030402
22465F+02

5.0

EQUATION

«l673k402
elE33c402
«2133£402
023311402
« 24008402

el

01351542
017168402
02012t 402
021972402
+2253L 4062

1040

(PPH/CeCe)

«136b60 402
21675 4C2
s 196GE402
e2131c 402
02194€ 402

1C.0

VAKYING DIFFUSIVITiES

e1362€402
¢1706F402
«2026E¢02
022788402
«2398¢402

te0

«1245L ¢02
«1560E+02
«1852E ¢02
«2Qr2E 202
021926402

10.0

011627402
«14778802
017335402
»1201F402
13492402

150

¢11£6073402
s16423402
216785407
e1R36E4(2
«18°CF4 (2

1540

IN X3=NIOCCTION (PFNF/CeCe)

«1072%402
«12437402
«1565T402
17928402
e1887€402

15.C

+5432c401
s119EE+02
«140%c402
s1534F+02
«137384G2

2040

+5399¢+01
0117CL+02
013615+02
e 14088402
«1532E+02

2040

+E6950401
210065402
«129209C2
e 14354402
«1530€402

2040

272041401
2 %150E+01
+10737¢02
+1172.402
el202E402

250

«T180£+401
+£9342401
«1040c¢02
01136.402
«11708 +02

2540

o 66420401
«8317:24C1
«98791 401
»1110c+02
«11665402

Se0

«G8640LE401
«1155E402
«1250c402
e 12942002
e13t 60402

3040

45160401
e632244l
e T494E+01
¢7963c401
«BJ55E401

304G

e5163c401
065235401
o TT215401
ebe29c40l
o EOG53401

300

+ 51653401
26428c¢ul
«ThE0E 01
oEBL75c 401
e84182401

3040

247700401
¢ 5954401
«Tl0c: 40l
e TIEFE 40}
s UGl ¢01

3040C

e 75042 4C1
et TETESLL
0 G417:¢C1
s6637-4C1
oSB72c4C1

3%e0

#3055 40Ul
«4277: 401
«5073:401L
«54Cy +C1
«5458c¢C1

3540

035120 4C1
«4461i4Cl
25232:4C1
+5712:¢01
e585u2¢C1

350

¢3500:¢01
«435¢2¢C1
« 50650401
05540, ¢C1
.570‘&‘(1

S0

¢3235:4C1
e40E5c¢C1
s4EleieCl
054140401
sSowIL el

360

0L1



Table 6.8. Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 20 cm.

(a)
JUFRFT STREANY ¢t 200,00 CM/SEC UIRMSTE 1146 CM/CEC LILOCAL VELS) t 179a7 (M/5eC
RFLEASE HFTIGHT 1 21,5 CM U2KMST Te0 CuySFC VEbLs GRADIENT 1 14200 174:C
COWNWING DISTe ¢ 2%,0 CM L3RmSS Ge& CMycrr SOURC: STRENGTH 3 JIC X METHANE

(A) DIFFUSTION MEASURIMENTS IN THE WIND TUNKIL (PFM/CLC,)

2245 «1069F+04 «b344L+03 #1852E+03 «12207402 «8L76E 400 ¢ 72096 ¢C0 e 957400 «6T48:¢00
200 016545404 «1231L 404 +3329E 403 +3026E402 15301401 ¢ 79633400 «69575 400 ¢ TUE3E+CO
17.% 21144F¢03 «1222E403 shbUEL +(2 E4S0ESNY e S59EE+CO «7233:400 «6874£40C «7460c¢CO
15.0 32235401 ¢3349E+40] +18L2E 401 «12247401 «7712:400 e 7460:4C0 « 71670400 26455:¢G0
12.5 ¢ RTHOT400 ¢ 829Gk e00 « 7335400 271255400 et5745400 s 66645400 2 65E0£400 «5G93:£4C0
3 7X2(C™) 0a0 240 4.0 fe0 &40 1040 12.¢C 1440

(R) FQUATINN 2«44 WITH CONITANT DIFFUSIVITIES IN X3=DURTCTION (PPM/(eCal

2245 23772F403 «3270t+03 02129€4(3 010423403 03829k +02 0105754GC2 «21945¢01 03420.¢C0
2040 «353TEeN) 03153:4(03 20531 4C3 10047403 «3692L+02 01020 ¢02 «2115E401 03297:4¢00
17.5% «1943E+03 ¢1538:403 +1041E+03 « 50915402 01871402 e516764C1 01072401 01671:4C0
150 «5R9RF402 e4852L+C2 ¢3160F 402 e15465402 +56328+4C1 e156G:401 e32565400 ¢507%c=C1
1245 »1167F402 «1C1l1ceC2 «65E6i+C1 ¢3222%4+01 elloai+Cl «3271L 400 «67%65=01 «10ZdE=01
X37x2(C%) 0.9 240 40 6l &e0 1040 1240 1440

(C) COUATINN 2«45 WITH CONSTANT OIFFUSIVITICES N X3=DYCECTION (FFM/CeCe)

2245 «3802°5403 «3296E403 «2146F 403 +105CE4 (02 ¢ 3660402 ¢1066L4C2 e2211c+01 e3447:4C0
20.0 »35A6F403 +3091E+03 «2013E+403 298465407 + 36168402 25995:401 02374401 «3232c403
17.% «1643E+03 e1424£403 eG2T1E¢02 e 4536E402 «166TE4C2 046040 ¢(1 #6553:400 el4E5:¢CO
150 +3810F¢02 ¢33038402 02151 4C2 «1052%402 «386Ec+01 «106c:401 022160400 +3454:=01
1245 «4573%401 23964:401 o251 401 «1262Z¢11 2464 ZE4LD «1282:50C0 02560:=C1 0 6146:=02
X3/X2ECY) 0.0 240 40 el a0 100 12.C 1440

(D) GAUSSIAN DYFFUSTUN CAUATION (PPM/CeC)

?2.% 3664085403 «3155¢+03 «20%4¢e 403 «1CCFF403 ¢3664E+402 01020:402 02117401 ¢3300r¢C0
2040 *«3527F403 «3057¢¢03 e1G91E403 +9741E402 e3581E402 o568EE+0L «2052:491 «31368¢¢00
1745 ¢1598¢+03 «1385403 «G022E 402 s 4414€402 216228402 e4belE+QlL e G2963430 e 1446400
1542 34977402 3031402 019748 402 « 96578401 035502401 *+5602¢+00 +2034c+0C «317Ci=C1
1245 «3700%¢01 ¢32158+01 20942401 «10264%401 «3765E£400 «104CE+C0 «21574=01 ¢33&3c=02
X37x2{TH) 242 2.0 40 Aol t 0 1040 1240 1440

(S) FOQUATINN 2~45 WITH VARYIMG OIFFUSIVITILS IN ¥3=CIRTCTIIN (PPH)C.C-)

2245 «152NE¢ 03 «13172403 oEBETOE ¢02 «4197%402 e 15438402 e4261c¢01 o640t 400 e1370e400
2040 025365403 02198 4C3 «1432t4C3 W T20GE402 02574402 oT11C: 401 014758431 02295¢4C0
17.5 « 15667401 e1355£403 WBE25E402 e431RF402 015878402 043E3c 401 « 5093400 01417400
15.0 «3°HTFe Q2 e33521¢02 e2lu3i 402 « 10685402 03925401 ¢10842¢01 02249400 0330601
1245 «6130F+NY ¢ 35F0L4LL 02331k 401 e11415401 «4133L 400 el1f¢E4CO 226402e«01 ¢3744:-02
X32X2tC) [+ %) 240 40 FoC £.0 1040 1240 i%e0

TL1



Table 6.8.

Comparison of turbulent dispersion between measured and predicted concentration

distribution, H = 20 cm.

3 179.7 CW/S:C
t 1e200 1/5:C

+7502c 000
+9766c400
01295401
e1044r¢01
o« TOE3E 400

(b)
U(FPES STREAM) ¢ 200,00 CN/SFC ULRNS:  1le6 CM/°FC ULLCCAL VELS)
RELEAST MFIGHT &t 21,5 (N U2R NS Te0 CV/SEC VELe GRADIENT
OOUNMTYD DISTe §  =n,0 (M U3RHMSt Se% Cusorc SAURCE STRENGTH 3 10 2 METHANE
(A} PIEFUSION MEASUREMENTS IN THE WIND TUNNGL (PPM/C.C.)
304N +1A30E+01 «1111£+01 «S1T9E+00 « 04TV 400 +8047E40C «5808£400
2540 e1423F2M «l1223t+03 «S215E402 «1919€4C2 e4h2cEE40] e1513:¢C1
2009 + 71885403 +6000E+03 32108 403 «108184C3 «2215€402 3567 ¢C1
1540 +3769F+02 e3387¢4(2 e2€tTe (2 0160074C2 «4501E+401 1555401
10.0 «R67HF4ON «8844.400 056401 +00 «BT1ET40C e EQESE400 o 77542400
X37X2(CMY N0 200 400 640 teC 10«0

(R) FOUATINN ?=44 WITH CUNSTANT DIFFUSIVITILS

3049 «1531E402 e1425:402 11506402
2540 «13318+03 ¢1260c4+03 «1000E 403
2%.N «1943%¢n3 «1806L+03 14602403
1540 « 797238402 o 7381402 « 5956142
10,0 215525407 0145460402 «1174 402
YIFX2HLLY N0 240 4.0

(€} FOUATION 2<4%5 WTTH CONSTANT DIFFUSIVITIcS

2049 ¢ 22525402 «21A9E402 #17675402
2540 01407403 2131Cr¢03 1057403
2040 1903E+03 o1 771£403 el429k4L3
1549 #62565402 258232402 24659 ¢C2
10.0 +5535%401 «53153E401 sb156L 40}
3 X240 [ %] 2.0 40

(N3 GAMSSTIAM NIFFUSION EQUATION (PPM/CWL)

3040 26935407 +2321E+02 «18735¢02
2540 «141574¢03 o 1312E+C3 010642403
204N ¢1991£+03 «1761£+03 01421E+03
1540 057415402 ¢5531€¢02 e h463E 02
10,0 04383801 «40E6E401 ¢3297e401
X3/7%2(C4) 740 2eC 4e0

(€) EYUATINN 2«45 WITH VARYING DIFFUSIVITILS

29,9 ¢3710E402 «2810t402 022684402
25.0 +13R2%403 wl286t+C3 «1038c4C3
20,0 ¢1R4TE+C3 «17208403 «13€8c 403
15.0 «6321E402 «5385€402 4 T4IE+02
1049 «4535F401 «2194E401 e33€4i 401
X37%X2(CH) [ P 240 440

IN Y3=NIFTCTION (PPM/CWCs)

«BN4K%401 e467Lu401 «2563:401
W 6995F402 s h242E402 0222vc402
«1021€402 «€192c402 *3254402
oh1£6%402 02526402 «1327:4C2
oB2107401 «4977E402 e 2616 ()

6eC £00 100

IN X3~-NTPFCTICN (PPM/CeCel

«1236FE402 «T7493E401 «3937:401
e 73366402 046945402 0235€£ 402
«999RE402 W 0621402 e3185c4(2
« 32877402 «1993L+02 «10471. 402
«290PF2C1 «1763E401 052662400

X% 840 L1Ge0
¢13107402 a 13428401 o4173.¢CL
¢ 74415402 24511L+02 «2371i¢02
« 99398402 e EQ26E402 »316TE®C2
«2122E¢02 01393402 ¢ 996T7E+C1
»230AE401 01396L401 073476 +0C

6ol 640 1040

TN ¥Y3=DIRFCTION (PFM/CaCo)

«15P6FeN? 05616 ¢01 «5054E+01
«72615402 e 4402£+02 «2313e4C2
¢ 9708%402 258861402 « 30338402
©3222%402 ¢20148¢02 «l058c+02
«23675401 +1435E401 e7542:400

6.0 Ee0 104C

1240

o1168E+01L
«10158¢¢2
elbo2c402
« 60462401
011918491

1240

e1793£4C1
e1U73E¢92
01651402
s4770£401
+4221E400

1240

«1301c+401
elUELECY2
e1442£402
04531+01
03347c4uY

124C

«2302:401
21J54E 402
014092402
e4c2le eyl
« 34350400

12.C

¢ 66648 400
«B257L 409
e 77545 4C0
e 77120 4C0
e 65570 +00

1440

«4610c400
¢ 400G 20l
«5352E 401
e2307t+01
s4TL4c+0d

1440

«7081L400
e4236c+4Cl
05729401
e18%3c+01
elEBeiegy)

1440

«T505:4C0
eb263:4C1
¢ 56952401
e17dG:4C1
«1321t+C0

14,0

«90892400
s4leCte0l
«5563c4¢C1
«1903c+01
o 135¢E+CO

14,0

L



Table 6.8. Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 20 cm.

(c)
U(FREF STREAMY ¢ 200,0 CH/7SeC ULRMSE 11,6 CM/SEC LOLCCAL Vile) 3 17947 CM/SEC
RELEASE HEIGHT ¢ 21,5 CH U2RMS: Te0 CMISEC Vile GRADIENT 1 1,200 1/75LC
TOWNVIND DIRT, ¢ 100.0 CM ‘U3RMS!H 505 CM/<C SILKCE STRcNGTH 1 10 % METHANE

CA) DITFUSTOAN NMSASUREMENTS IN THE WIND TUKRNEL (PPM/C.F.)

4040 «5391F+400 e5769E¢00 0. +5769%+00 O, «5769.400 260532430 « ‘325400
30.0 e 1415F+02 el202k¢02 «9750t+C1 67717401 +3130£+01 +1712=¢C1 e11825401 e r515E+00
204 +2559E+ 03 «2236£403 «1759£ 403 «11408403 «£938E+02 +3514z4C2 016365402 «6542¢¢01
10.0 «6109°+01 ¢4691£401 ¢32258 +C1 «3130%401 0246k +01 «17539:401 el2¢ciieyl s0133:¢00
Deft «STHAFL 00 +4523L400 0671%c 400 ¢ 52047400 ¢4350€ 400 at147c400 05532c40C e20632400
X37%2(CM) De0 2.0 4e0 hel Ee0 1040 1240 1440

(B) COUATINN 2<44 VITH CINSTANT DIFFUSIVITIES IM Y3=DIRCCTIUN (PPM/CeCe)

40,0 e T675E=01 e 7406:.=01 06653E=01 2 55647=01 04332¢=01 031414=-01 +2120t=01 e1332¢=01
30.0 026315402 «25€Tr+02 02324€¢02 01346E402 01514¢c¢02 «1U9T7L¢02 ¢ 74052491 04653:.401
2%.0 +1N11E+03 ¢ 3751402 «87536402 « 7326402 ¢ S704E402 e4135k402 «2731E402 «1754+402
100 «3221E+02 e3166E¢C2 02844t #02 023727402 «1822c¢02 e1343c¢02 «5062k401 05654401
02 ¢1617Fs02 +15¢3c402 014045402 e 11747402 e¥l41i¢01 «6626£+CL e 4472040l ¢28lut+C)
X3rx2(cw) by 240 40 bel 20 1040 12.0 1440

(C) FOUATION 2«45 WITH CUNSTANT DIFFUSIVITLES IN X3=-DIFECTION {(FPH/CeCs)

4049 «5472F40N «5260£400 047432400 «3AETELOL ¢3086E400 «2235E+C0 s1511:¢00 €54364,.~01
3040 ©14295402 33791402 02973c402 026486E4C2 ¢1936e 402 «1403c¢02 «S471t ¢0l «5951E¢C1
20,9 «9933E4N2 e Pe3sE4(2 ob523E4C2 «T12P%402 «5550k 402 24024E02 027152402 e1706f ¢02
10.0 «1702%402 01642402 01475¢ ¢C2 012367402 09606t 401 o £964r 401 04700:401 ¢2953£401
0eN 271725402 «6520L4C00 «6216-400 «51052400 «404Ec*00 029341400 «1460:400 01244400
X3/7¥2(C) Ne9 240 440 kol Eo0 1040 1240 1440

(N} GAYMSSIAN DIFFISTON SQUATION (PPFR/C.Ce)

40,0 eT121E400 e6E705400 «t1722 400 «%162%4C0 «4019¢400 e 2514t 4C0O 21966400 ¢12362400
30,0 035478402 03622E+02 03074k +(2 «25715402 22002c 402 e14512+02 «G795E¢ul e6124E 401
20,0 097705402 e 9427:4C2 ote6BE402 W TORZEMD? »5514L 402 0399kEeC2 +2098:402 1695402
19,0 «1499F+02 el436i4¢02 «12301 402 «19737402 «t4008401 0 608G ¢CL «411Cc+01 e2582:4C1
0.0 « 25075400 02413c4(CC «2173c 400 «1°17F4 00 e l41EE4DU 010265440 e6924E=01 ¢4350:~C1
Y37X2(CH) D 240 400 640 £e0 1040 1240 1440

(E) SUNATION 2<45 WITH VAPYING DIFFUSIVITIES IN X3=DIRFCTIIN (PPM/CeCe)

409 «1507E+01 e1454E401 ¢1306t+01 «1092%401) ¢85C4E4C0 06165:400 e4l51€E+00 «2614£400
30.0 «3737%402 «3605E¢02 03239£ 402 227007402 «2109¢402 s1525E+C2 «1032€402 eb494p+Cl
2041 «9542E402 «92072402 WE2712 402 «6317€402 ¢5386E+C2 03504:402 026358402 e1650¢402
1040 «1576F+02 ¢1520F402 e13¢61402 011427402 e88%4c¢01 0£447:401 04351001 0273440l
bIL] e 7114E=0] «TUSSE=01 06341t ~C1 e FANL "] +4130&~01 «2594¢~01 ¢2020:=31 +1265:~-01
X17¥2(CW) e 240 4.0 640 €e0 lue0 1240 1440

€L



Table 6.8.

Comparison of turbulent dispersion between measured and predicted concentration

distribution, H = 20 cm.

(d)
YLEPES STOFAM) & 20040 CM/5EC ULRMSE 1146 CM/SCIC LILOCAL VELS) 1 1797 (M/SEC
RELEASHE NEIGHY ¢t 21,5 (M U2hMS S Te0 LN/ VELe GRADIENT t 14209 1/SEC
DOUNVINY DIST, t 150,00 (M U3emss KeS CMf™EC SUURCE STRENGTH ¥ 10 Y MeTHANE
(A) DIFEUSION MEASUREMENTS IM THE WIND TUNNEL (DPYIC.C,)
4040 ¢ 1N14F401 «1048L:01 «4201E+00 «10N6Ee0] 25030800 ¢ 5175400 66928400
3%.0 «?2616%+02 «27611¢02 «21&1T4(02 « 13585402 «ESHTESOL «3013c¢C1 216716401
200 «137JEen3 «1323L+02 e10774 403 o 7166402 0 3956E+02 «1£70.¢02 s 7644401
1040 «2017%+02 «1935F+02 015176402 «11R0%402 +866EE+OL 2 4656;4CL «2564:¢01
0o «11393F401 PLE-TY TR X T] e¥740: L0 «AT740E400 oE692L 400 eE3545400 «BUL6E400
X37X2(CMY Ne0 340 640 9.C 1240 120 1he0
(%) TQUATINN 2~46 VITH CINSTANT DIFFUSIVITIES IN ¥3=-DICSCTION (FPM/CeCe)
40,0 +5345€400 «5066L+CC «%313L 400 «3279%400 02267400 0139%.¢00 «T757:~C1
NN 027235402 «25F0¢¢02 021971 ¢4C2 2 158CCE+02 211550402 «7126.4C1 «3951c401
2049 e 687K EEN2 6517402 e %5491 202 242445402 «2916E+02 « 180032402 o %9TEEAD]
109 «3713%402 v3519£402 «2357C 402 #2292F402 e1575E402 eST71v:¢Cl « 53562401
040 «?T1074102 025778402 02194c+02 IS L XARS Lo «1153E402 «7117:401 +3946¢£401
A3 Z7x2(CMY N0 3.0 be0 9.0 1240 1540 1540
(C) FOUATINN 2«45 WYTH COMSTANT DIFFUSIVITIES M Y2=DIOTCTION (PFR/CeCe)
40N «2063E401 «1955E+01 +16£58 401 «12727401 «BT4SEYUO ¢ 54008 +00 « 23945400
3140 03268E402 ¢3067c4C2 02637402 020173402 «1386c4C2 «£5532¢01 «4TR2E4UL
20.0 «66327402 «6266E402 o535214G2 2 4N94E+02 02813keC2 017361402 »5625L4C1
10.0 e20A5F+02 el 976E+02 016625402 212877402 oE24CE+0] e54506u 401 «3025:401
0N «3225F4+01 03056E401 « 25028 4C) 15003401 01367¢¢01 «£440L¢00 046802400
X37x2¢2™) 0D 3.0 6e0 9.0 1240 SeC 1540
(D) CAUSSTAN DIFFUSTUN EQUATIUN (PPr/L4C,)
40,0 «2675F401 «2346E¢01 «1897k 401 «152Rr%¢01 «1050¢+01 o6&TEL +00 « 35928 4CC
30.0 +3351E402 ¢3176k402 02704k ¢C2 «2NERESC? 01421t+02 oET70t¢01 o 4BL3EH(L
20,9 «6584&F402 «6240E402 e5313k+4C2 0 &NHLTHC2Z «2792E¢02 e1723:402 s 45L5E 401
1049 +107RE402 «1780L¢02 el51l06k 402 s1159£402 2 796¢1L4C1 24917401 027265401
00 «1555F401 e1474r40}) +1255t 401 «CEO7E400 «t594c4CC 240708400 «225TE4J0
X3/7x2(C"Y N0 340 640 Cel 1240 150 1&4¢C
(E) FQUATIDNN 2~45 WTTH VARYING DIFFUSIVITILS TN X3«DIPFCTIIN (PFM/CeCe)
4040 30075401 #+3703E+01 03152F4C1 «2411540] «1657E401 1023t 401 e 56696400
2040 «3373E+02 «3107k+C2 e27228 402 «2082E402 «1431€402 oBE2%c 402 e@vSe 40l
20,0 WEL42E402 «6105E+402 s£196e 402 «3GT4F402 0273284C2 +16£6E402 053485401
1040 s 2016F+02 «1911€¢02 o1627E4C2 e1264%4C2 o £549£401 ¢5276.¢C1 «2926E 402
D40 o TRELESON o T441E400 « 83365400 ¢ BARTIOC 03329100 #2055 400 «1135c400

XI2A2(CMY [ 1% ] 3e0 6.0 G0 12.C 154G

164C

«5079:400
ell158¢ul
«312Ci¢C1
+1313z4C1
«7920:460

2140

0 3864i-01
s1¥0d£401
«4570¢ 401
e2bubt 01
o1965c4C1

2140

21431400
#2362c+01
e4T9424C)
¢1507:401
02331.:402

2140

ol789E4C0O
02622E4C1
+%755,401
e135€:¢CL
«1124C400

21e0

e2b24: 400
«2435c¢0l
24E56E401
el457240}
«56755-01

2149

L1



Table 6.8.

Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 20 cm.

P{FREE STREAM) t 200,0 CM/SE

QELEASE MEIGHT 1t

2145 (N

DOUNVIND DIST, & 20040 CM

(e)

UIRMKSE 1146 CM7S5C

U2xmSs
U3RMS:

70 CHISEC

o5 CM/5C

{A) DIFFUSTON MSASUREMENTS IN THE WIND TUnbil (PPM/C,C,)

40.0
3040
2040
10.0
N0
X37¥2(C %)

(B) COUVATINN 2«44 WITH

‘0.0

30,0

200

10.9

L
LIFY2{CM)

(C) SOUHATION 2-45 WITH

40,0
2940
2040
1040
0.0
132¥2(C %)

(D) GA'ISSIAN NIFFUSTOM

40,0

30.0

23¢9

10,0

0N
x3/X20CW)

(C) FAUATINN 2«45 VITH

«0N

20,0

0.0

100

DN
X37X24CM)

« 9893400
«2020F402
« 9051 £492
02100%+02
oP250540D

00

e1237F40}
02526F402
*5257F+D2
23727F402
0 2191F+02

0.9

¢36°0E4N]
02931F402
«S0NKF402
«2132°¢02
0 6262F¢01

b P

«4230F4 01
«?2992E402
2 £855F+02
+19427402
0 3557E¢01

N0

«S7A2E+N1
«?947Fe07
«hPHAREN2
021013402
«2326F+01

s P8 1]

«9175E+00
«3138L 402
¢ 9098t +02
¢23158402
«9223800

3,0

«22TOE+CO
«268S5r 402
oE55TE402
022ThE+C2
«9656E ¢ul

640

«7002€400
«?2D4E%4C2
e TILEE4N2
«2N175402
«9417F+C0

2.

LILLCEL VilLe) 1 17667
Vitle GRADIZNT ? 14200
aOURCE STRENGTH ¢ 10 % METHANE

e £6168400
s1176E4C2
«S136E¢02
+1838£+02
e 734CE+00

124C

2 5167L+00
06056, ¢C1
«3021E¢C2
01305402
«61€1c402

1540

CONSTANT DIFFUSIVITIES IN ¥3=DICCCTICN (PPM/CoCa)

$12406E4C1
02427:4C2
«5085CEe02
+ 3560402
«30651402

3.0

«1105E 401
e2151E #C2
244T6¢ 402
3173402
«2717L +02

6e0

+ 9035200
«1759Z402
s 36A1F¢02
025957402
02222%402

9eC

«6816E+00
«1325E+02
#2763E402
+195¥£+02
«16774C2

1240

v 4748400
G244 401
019241402
el3¢64.402
elltds4C2

1540

CONSTANT DIFFUSIVITIES IN X3-DYCFCTIUN (FPR/CeCe)

«3535E401
02315€¢02
e cO9E+02
020688402
s6U1SLeCL

340

FQUATIUN

«4072t4C1
W 25748402
«&TESES02
el3t5ce02
e34)17L401

3,0

03134 4(1
$ 24956402
Wh262F 02
elol5e ¢02
«5332b 401

5.0

(PPIr/CeCe)

«3609E4C1
025475402
42272402
¢1653€ 402
«3029L4CL

6.0

VARYING DIFFUSIVITILS

«5554L+01
02831E402
«h676E402
«20181L+02
02235k +C1

3.0

«%9230+01
«2509c 402
e4145E+02
«17b9c ¢02
«1961c vl

6.0

« 25627401
220417402
«AGPEESN2
014F57402
e4361540]

9.

22952%401
«20EAF402
«2657¢402
« 13526402
226772401

S0

TN XA=RIRFCTION (PPM/CaCo)

«H02¢2401
«20523402
+31905402
1463402
+1520%401

9,0

¢ 1934401
e15402¢C2
e2631L4C2
011204402
03251401

12.¢

02227t401
el5728 402
0 260%£+402
s1020L %02
o 186GE+O]

1240

30398401
e154G£402
025560402
«1104E402
¢1223L401

1240

01347, ¢C1
«1073E¢C2
01632402
076022401
022925401

1540

015515 ¢01
+1095:402
»1817:402
«7105c401
«1302c¢CL

1540

«21165£401
«1076:c402
o1781:2402
e 76£8z¢C1
«8513L400

Sel

CMsSeC
1/5.C

0453500
e2766c401
e1507E 422
«7070:401
252646400

1€40

+3051£¢0¢
«594054ul
012368402
ebT63£401
s 75025401

1840

«5654E 400
s COYLIESG]
e1l177:¢02
e5013x4¢C)
014722401

1{0

29665400
2 TU34:z401
e1167.402
e 45655401
+63632 400

1840

«1360c+01
«€3291 401
«11656+402
049452401
e L4700 ¢UO

1€e0

+5650:z¢C0
ele928401
0 7084:4C1
¢ 36756401
0 4a323E400

2140

01809z¢C0
35228401
«73265:4C1
«5196£401
IR LLI-F2208

2140

«5131c400
w4UG6z+01
e6475:401
023720401
0 ET3VE0Y

210

+ 5906 +00
+417Cc¢Cl
eb921:401
«27CTE4C
4359 4C)

210

+8060:400
«4106E+C1
o6756.401
02529401
03243¢c+00

2140

L1



Table 6.8. Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 20 cm.

(£)
HIFPFT STPEAMY 1 20040 CN/SEC ULRMSE  1leh CM/SFC LILUCAL VEL) t 17%e7 CM/5kC
RELFAST HEIGHT ¢ 21.5 (M U2RM 58 Teh CMISED Vete GRAULENT T 14200 1/58C
DOUNWIND DISY, ¢t 250,00 CH L3RKMSS Se® CMyoTC SOURCE STRENGIH 3 10 % METHANE

(A) DTFFUSTION MEASUREMFNTS IN THE WIND TUNnIl (PPM/C,C,.)

4040 «2188F+01 022395+01 «1140t +01 «191727401 01661F+01 «1149.401 «£H44ceCO « 77265460
0.0 «3192Fe02 032841402 «3140E+402 «2531F402 *1830£+402 e1162c4C2 e 6920k 401 e4llaleCl
2740 «625F4N2 «6380k¢02 «0230E+C2 e ER44LEND? e44aTEL+02 #3253 ¢C2 e2167L402 sll63E¢C2
10.0 «214KE+N2 02302t¢0C2 022588 +02 021213402 +2014E+02 «1576c+02 «106645 402 ebb21e4Cl
N0 «2274E40] #2516t +01 02487 ¢C1 02535F40] «21736401 elb2lee(Cl el4l5t 401 e123€:4C1
X3/7¥2(CHy N0 3.0 6.0 Sl 1240 1540 1€40 210

(8) FQUATIN 2«44 WITH CONSTANT OIFFUSIVITIZS IN X3=DIPFCTION (PPH/CeCe)

40,0 « 210378401 «203684+01 0 1849£40] +1574%40) 01257:+01 «8407L400 « 6604400 eh347L400
3040 «2302E+02 #2229 402 0222458402 ¢1723%402 +1376E492 «1030£+402 + 72308401 4TS5 +GE
2040 «4299F4+n2 v4163E402 «3TEDE402 «32187402 «2569E+02 01%23¢02 ¢13290z¢92 38278401
13.0 ¢3592F+02 «3479:002 «3155:¢C2 e ?HEQTH02 «2147%402 +1607¢+02 «11252¢02 e T427E¢C)
e *3311F¢02 032060402 «29118402 246775412 v19768+402 el492E4C2 o 1040402 ab84Ez¢CL
LERA L b ] 33 3.0 640 9,0 1240 1540 18.0 2143

(C) SOUATINM 245 WITH CONSTANT DIFFUSIVITizS IN X3=NYRECTIUN (PPM/CLCo)

4747 «46953F+01 «4796L+01 043550401 +37087¢01 «2960£+01 022165401 015565401 o 1024t 401
2049 «2611°402 e252804C2 02296} 402 +168553402 0156102 011682402 8231544l «£3938¢+01
2049 « 40235402 «3895k402 235378402 e 32128402 22404402 «1600.:¢C2 e1263:402 083172401
10.0 20735402 ¢2007£402 ¢185237 ¢G2 e15527402 »1235£402 «9275:401 e6511:¢01 042360 4C1
LI «"250%4+01 « 35708401 « 77822401 «6A2HAZ40L ¢5290¢40) «3960E401 «2760c¢C1 «183Cc+C1
X32y2(rny 240 3.0 6.0 Q. 12.0 150 1te0 2140

10} GANSSTAN DIFFUSTON ZQUATION (PPM/CCe)

4940 « 55658401 +3389£401 «46893: 401 h1E6S4C0L +3326L+401 024901401 s17432401 s115184CL
30.0 «2657F4+02 «2573L402 *2336E402 +1989%402 e 158€k402 s11£9:402 «8345L401 «54938001
270 20855402 «3859E+02 +3504c 402 «7983%4 (7 «2332€¢02 o173 402 012523402 e323GL 401
100 « 18908402 1230402 s1662%¢(2 W15615%+02 «113C:e02 ob457., 401 ¢5937:401 «3708c4¢C1
040 «55567+01 «53E01¢C1 shct50 401 h15CIEC]L 03321401 0 2486L +01 e17452401 elleGle0]
AJIX24CH) 0.9 3.0 640 ¢ 12.0 Se0 1E40 210

(F) FQUATINM 2«45 WITH VARYING DIFFUSIVITIRES IN X3=NIQTCTIIN (PPM/CeCo}

4940 +6950E+01 «6739E4C1 «6119E 401 2 5210%4C1 +4159¢+01 #3114c 01 +21863401 e143Ge4C1
3049 ¢2585F+02 +2503k402 «227384C2 «16258402 e1545¢402 21157c4C2 +£120£401 « 53458401
2%0 «3317E+02 «3793F+02 «3444E402 «?2932E402 «2341£402 01753c 002 «1230&+02 «b03EE 401
1040 20545402 «1983¢402 #1806E402 e153P54(2 012288402 o 61%lce0l «6452¢401 242470 4C1
9.9 + 42045401 «40T3E40) 23668 4(1 «3149%401 ¢2514E4C1 «1852c+01 +1321c¢01 «86952400
X3/ X2 (0N} 040 3.0 640 Ge 1240 1540 1840 2140
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Table 6.8. Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 20 cm.

(g)
UIFREE STREAM) 1 200,00 CM/SEC ULIRM3T 1145 CwsS%C UILGCAL VELS) $ 17947 CH/SEC
RELEASE MHEIGHY &t 21.5 UM Coy2anss Te0 CH/ISEC VELe GRADIGNT t 14230 1/5i€
DOWNVING DISTe ¢ 300,00 CN U3RNSS Se5 LU7SCC SOUKCE STRoNGTH ¢ 10 % METHANE

CA) DIFFUSTINN MEARUREMENTS IN THE WIKD TUNKEL (PP/C.Ca)

40.0 262235401 «6193E+01} «5253E 441 * 62677401 « 24000401 02327401 s 16128401 *1258é+01
30.9 e h186Een02 «4211E+02 «3631k402 #2T44F402 elB2te402 «S796E401 254225401 w2362E¢C1
2049 e S6R1F402 A T02E402 oH3ELES(2 «364NEe02 « 27258402 e1621K 402 «SFL15E4C] «42978401
100 13123402 e1363{¢02 «1313k 402 12567402 010278402 # 70072401 « 43792401 s2439:401
040 «2711°0C1 02607:4C1 824745 401 «2392F401 « 20735401 «1711:2¢01 +13232+01 el11€£401
X37%x24C) 040 40 8.0 124C 1640 2049 2440 204

(R) FIVATIIN 2=44 WITH CONSTANT DEIFFUSIVITILS IN X3=NIRC{TION (PPM/LeCe)

&340 +»2803€401 «Z67EE+C1 223212401 «13208401 ¢13108¢01 «8521¢400 «S0501 400 0271824C0
3040 +20985402 «2001E+02 21734£ 402 213645402 «STEEESQL 063745401 03774c¢Ci w2u3lied]
204N 436308402 23459402 +3033E+02 02390%402 «1712k402 «11150402 «E6005¢01 03552E+C1
100 » 34058402 ¢32671402 02814EC2 «22177402 e1568:402 «1034c¢C2 e6124640) 03296£401
040 «3264€40?2 «3112E402 «2657L402 $2125%402 «1322k402 «9914E+01 «58ETE4I] »215684C0
¥37%¥2(CH) 30 4e0 840 120 1€.0 200 240 2840

tC) ZITIIN 2-45 WITH CONSTANT OLFFUSIVITIES IN X3=NTRECTIIN (PPN/CeCe)

4040 +53393401 «5267E401 +4825E+C1 «2202F401 «27246401 o1774c 401 «10505401 «56512¢C0
370 +2338%602 +2229E+02 #193284C2 «15235402 10916402 «7103c+C1 «%205c+J1 022635401
20,0 «3366E402 «3205E+02 27818402 «2192E402 ¢ 15700402 «1022: 402 60521401 e3257¢¢C1
100 «1984F+02 «1994£4+02 «1642£402 e1294%402 092664401 «6034: 401 35722401 «1722c201
09 « 10775402 «1026E402 83975401 #T0115¢0) #5322t 491 232702401 «19365401 21042:¢C1
XIIX2LCH) 0.0 440 640 12+ 0 1640 2040 2440 2ted

(D) GAUSSYAM NIFFUSION ZQUATION (PPH/CeC,s)

40,0 «64535401 «61528+C1 «£333E401 42021401 +301Cc¢01 «1960L+C1 011605401 e £2652400
3040 «2374F+02 0 2264E402 e196284C2 «1546£402 «1107£402 o T212:401 442690401 s22%5:4G1
200 «3329%+02 e31T76k%02 «2751L 402 «2153E402 «15536402 +1011:402 e 59862401 32228401
1040 +12058402 «1721E¢C2 «1492:5402 11755402 «£4220401 ef4t4rell 32475001 +1747£401
040 « 72338401 «6836c401 «5977: 401 247105401 «3374¢401 «2187c (1 «1301E+01 «7LL0E¢CO
X37X2{CH) 0.3 40 Eel 17C 1640 200 2440 2643

(E) BQUATINM 2«65 VITH VARYING CIFFUSIVITIES TN X3=DIFTOT{Ju (PPM/CeCe)

4040 «7612%401 s72¢84E+01 862665 +01 «4961F401 «2554F¢C) «23145401 13705401 ¢ 73732400
30,0 022936:02 W21E6E402 413953402  $1433°402 10692402 2964 ¢CL ohl23:401 «221SE401
2340 « 3280802 «31278402 «271L1E 402 021367402 +1530c4C2 0 996404C1 e 58952401 «31750¢C
1040 «19647¢02 «137384G2 «1623% 402 «1272F402 «5162€401 ¢ 39860 +01 «3332:5¢01 el¥01eeC)
el +5997¢€en] «5720L401 «e95ece0l «AGOTES0] #279EE401 elb22: 401 +1079:401 ¢ SEQEa ¢
X37¥2(0M) Vel L2Y] £40 12.0 16+C 2040 2440 2€40

LLT



Table 6.8. Comparison of turbulent dispersion between measured and predicted concentration

distribution, H = 20 cm.

(h)
JUFRET STREAM] 1 200,0 CM/SEL UIRM32 116 (M/95C ULLLCAL VELS) t 1767 CM/SEC
RELEAST HETIGHT 1 21.5 (M U2RM51 TeD M50 Vits GRADIENT 3 14200 1/5cC
DNUNVIND DTRY, 3 4000 CH LIRKS Sef LM7370 SUUKCEL STRENGTH ¢ 10 T NcoTHANE
(A) DITEUSTON MEASUREMENTS IN THE WIND TUNNEL (PPM/{.0.)
4040 +7233F+0) e 73325401 +4 986E¢G1 +2372F4C1 »2426E401 +13964¢01 «9609_+0¢
339 « 310058402 «30631+07 «2697E402 « 18378402 «103LE+02 w8451 eCl +2663c401
2% «3387E402 » 33438402 «309GE4(2 +2423%402 +15603c+02 «G0625001 « 44470401
100 S1495€402 #1652e 402 16575402 0 137¢ 2402 010231402 « 61766401 «32355¢91
0.0 «6739%401 «6855E401 63515401 WETN1FeC] 0424440l «30T2c 401 e18445401
X3/%X2(C™) 340 20 1040 180 20,0 2540 300
(R} ENAYION 2~44 WITH CONSTANT DIFFUSIVITII® IN ¥3-0IRSCTION (PPM/CCe}
40,9 «3210%401 43603i4C) 30475401 223055401 »1559E401 05431400 «5102:40¢C
a0 1775%402 e1680K+02 «14213402 «1975T 402 272680401 «4397: ¢G) 02373 49)
2740 + 29948402 «273TE+C2 +2315€ 402 o 17518002 o1l34te02 «7164L+01 «3876:401
1049 « 3009802 02846402 224072402 «1320F402 012318402 s Th4BESOL 040295401
00 «2989F402 w2827E402 e23918 402 «100EFI02 «1223¢¢82 «7366. 401 s40Q03L +01
X3/¥2(CM) 30 Se0 1040 15¢€ 2040 2540 3C.C
(0] EQUATINM 2«45 WITH CONSTANT DIFFUSIVITIES IN ¥3-ODIPSCTION (FPH/CCe)
4049 »BT75FS01 53921401 «54006E+01 «A0RCEAD] #2766 01 «1673:401 ¢ S05LE+00
1040 +« 19208402 0 1516L402 «1536L 402 +1162E402 o 73578401 v 4753L4CL «2571E491
230 2 254RFe02 2 24065E402 «2037E¢C2 « 15615402 + 10421402 «63002 401 23411x401
190 + 18145202 s1716L902 elbSle¢02 +1007E+02 « 76226401 +4490L 401 e2429:401
Net +1293F202 01223402 21036242 «TI2NELCY + 52563401 +3200¢401 e1731:401
YIFAZ(CM) ReN 5«0 10.0 15,0 2040 2549 3040
109 GAUSSIAN OTFEUSTIN EQUATION (PPP/CJC.) '
40,0 « 73137001 e69168401 «534GE +01 0h426% 40} 29325401 «1810E¢CL 0 9792e40¢C
3040 «1543%402 «16378e02 «1554u402 «1175E402 « 7950401 «4509E+CL 25028401
2% «2°0R %402 «23725+02 «2006E 402 «1517€402 «10266402 62076401 3350k eQ1
10.0 +1633%e02 215441002 «130624C2 +9875%401 e E683E401) «4Q4204C1 «21675¢C1
Qa0 e FATLESNL «85532401 «75T7E 401 «ET731E40L +387€c+401 «23450L 401 012698401
X32X2(08) Q0 50 10.0 1740 2G40 2540 30.0
TEY FAATION 2=65 VITH VAKYING DIFFUSIVITILS IN X3=RIRTCTION {PPF/C.Cs}
340 » 80457401 o T608E401L e64342 401 s4967E401 +3292c401 s19315+01 « 10772401
3040 » 18615402 +1760£402 elatSc 02 +1126%402 + 76178401 246078 4C1 e 24G3E4C)
20.0 «2482%+02 02348402 «13858402 +1502F402 «101€6£¢02 «81440 401 33242401
10,0 «17696402 ¢1673c402 «14158 402 «107084C2 « 72378401 «4373¢+01 +2368c401
Ded «B714TH0Y «f2641E¢01 «6969: 401 «5271%401 «3566L£401 21570401 «11670401

X37X2(C™y Y Se0 1040

1540 2040 2540:

3Ce0

031445400
«1260E+01
02292€+01
o17242401
«1073:4C1

Sed

e 246E8400
«11516401
«16755401
«15350£4CL
+15372 401

S0

e %37354C0
e12040401
e16504(1
211754401
w5370 400

3540

47383400
«125%:¢C1
«1625c4C1
o1050LeCl
«61383¢C0

3540

+ 52125400
+1206E 401
216082401
011465401
«564E24CD

3540

8.1



Table 6.8.

Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 20 cm.

ULFRSFr SYREAN) & 200,0 CM/SEC

RELFARS HEIGHT ¢

2145 (N

DOWININD DIST, ¢ 500.0 CM

(1)

ULRMSE  11e5 CM/SEC

UzZrMse
U3RNSS

TeO CNISEC
Fo 5 CMISTC

(A) DISFUSTNN MEASUREMEATS IN THE wikd TUNMcL (PPM/C,T,)

40,0

3000

2049

10.0

(18]
XIIN24CH)

(8) SO'IATINN 2«44 WITH

40,0

20,0

21,0

1040

0.0
X32%2{C™)

(C) FAVATINN 245 WITH

&N, 0
3040
2049
10.0
0.0
X3/x2(2})

(DY CAUSSTAN DIFFUSTION

40,0

30.0

200

109

Ce8
A37%2(0M)

(=) EOQUATINN 2~45 WITH

4040

30.0

20

1040

040
X37X2(C)

«1000E+02
«2%544F0
¢2595EeN2
«15697402
« 91077401

G

« 43715401
« 15445402
024278402
«?25%54%402
¢ 26745402

DN

« 70197401
216257402
« 2065F+02
« 15888402
213697402

DeD

«THI85401
«1639E+02
«2919%402
+1491F+02
+ 10598402

3.9

«7013%+01
«1565E402
«2D05F 402
«15217+02
«1N275+02

D4

294308401
025281402
« 25598402
+1570r402
e 91420401

5eC

oTHLOE 0L
0Z21EAE 402
e2hl4ece02
+15245 402
oB3G4L 401

1Cab

25242E40]
«17322402
#2111F402
e13215402
e 71865401

150

ULLOCAL VELS)
Vile GRADICNY

t 1767 CM/5EC
t 14200 1/SEC

SQURCL STRENGTH ¢ 10 X METHANE

«3382E+01
«110CE+02
«1537E¢02
21038z+02
#5974l

2C.0

220428401
+6B842c+01
«§855c+C1
s 74145401
s4577c 431

2540

CONSTANT DIFFUSIVITIES IN Y3=DIPPCTION (PPM/LsCe)

«h130£¢01
«1479¢¢C2
«2320L¢02
« 25385402
«255764(2

50

+3656¢ 401
212935 402
«2029F 402
022200402
022361 ¢02

1040

e2024%401
«10348902
«1673€407
1775802
+1778 %402

15aC

«2138E40)
215665401
011875402
+1299:£402
o130t 402

2G40

+1430:401
+5081E4(1
0 7441z+01
«B6ELE+0L
«B745E+01

2540

CONLTANT DIFFUSIVITIES TN X3=BITTCTIIN (#PF /(L)

«67120 401
e1554i¢C2
#1975c4C2
«1595e402
«135GE402

el
LQUATIUN

71671401
215672402
*i%31E*G2
21426F4C2
«1013: 402

5eC

«53705 ¢C1
«1389L 402
«1727c 402
13958 G2
ellédb 402

10.0

(PPH/CCo)

«6260di ¢C1
21370k ¢(2
o16E3Z 402
012478 402
«BEETE 401

1040

VARYING DIFFUSIVITILS

e 75651401
s 1476L 402
«191teeQ2
«1531{+02
s FE22L 4]

S5e0

s6H181401
«1309:+402
01677c 402
13390402
«b65904 401

1040

CGEIRTHCY
210575402
+1331E402
»1116%4C2
+ 91505401

540

«T013%401
10967402
0 13%12402
«BaT18401
«70%4740])

1%5e0

IN X3=NIPTCTION (FFR/CeCo)

#5207 840
010473402
«1341%402
«1071F+02
ChTTINTCY

154C

«3434E+01
279508 +01
«1010L 402
«815CL 401
26675401

2Ce0

«366TL4G)
s EULT7E+01
e Sd79E 401
e7293:401
o 5181E+4C1

2C 40

36726401

¢ 76565401
+5810c¢01
«763LE40L
$30252401

2040

02297401
«531tc 401
67590401
o 5458401
e4QE1L+01

2540

02653401
e5362E+01
«6608L 401
e4878c 401
e34bbE+LL

2% 40

+2530L+0]
e5121£401
+656284C1
e5238k¢C1
¢33615401

540

«1359¢401
¢3324: 401
253325401
s4796,491
€3142:2401

3040

+8750:+400
03296.401
PLERETI Y
«5313:401
«£352:401

3040

«14058+4C1
«32538401
041345401
«33359:4C1
22741c+01

300

+15300.401
«32805401
s 40426401
227842401
«2120£401

3CeC

015865401
#2133E+01
o401 &L ¢01
632042403
220562 ¢yl

30.0

«1C36L 401
e 21568401
e3378c4¢C1
2 3460c¢C1L
«20E0:401

Sed

¢ 4LI5E400
«17325401
«271lec40l
e 2972t 4(1
#2636 ¢C1

3549

«TEELL#Q0
« 18208401
«2313.:4C1
e 18€81+C1
«1533L+C1

Se0

«5396.40D
01835c+0i
022610401
«1569¢4¢C2
o1186£401

3540

eB062. 400
«175354C1
s2266:401
17935401
«1150E 4L

: 320

6L1



Table 6.8. Comparison of turbulent dispersion between measured and predicted concentration
distribution, H = 20 cm.

)
ULFOET STREAM) 3 200.0 CM/3t( ULRMSS  11.6 (M/SEC LILOCAL VELS) ¢ 1797 (N/SEC
RELFASS HETGHT 1 21,5 CM U2RMS? Te0 CN/EEC VELe GRADIGNT 1 14200 1/75iC
DDUNVTHO NTIST, t 700,0 CM U3RMSe e85 CM/SFC SOURCE STRENGTH t 1C 2 MeTRAKE

(A) DISFUSTON MTASURLMENTS IN THE WIND TUNNEL (PPM/Cef,)

4040 «1012F+02 «3709E401 o 7S940 4G «7057%401 054931401 04139:4C1 2278901 «1973:4C1
39,0 «1763E¢02 «1503k+02 o1E76k4C2 «1484F402 v1167.¢02 o&T70LL+CL 26060401 e33u2k+C1
200 «1779F402 «1£08L402 01769402 «16318402 *1365E+402 «1073p¢C2 07973401 «5703:401
1040 13503402 e1445F+02 e1416:002 «12°0%402 «1101£¢02 « 88240401 «b761E+01 «4305¢401
00 «11A0E+02 #11200¢C2 «lULT704C2 + 10227402 s th66E40] «71256L¢01 ¢5579c+401 04152:4C1
X37%X2(C™) 0.7 50 1Ce0 1540 200 2540 3040 3240

(3) FOUATINN 2-44 WITH CONSTANT DIFFUSIVITIES IM X3=DIFFCTIUN (PPMICeCo)

60,0 067235401 04633L401 04210: 401 ¢35RCEL0] 2870401 021542401 01516401 «1001£401
30.0 012633402 012098 ¢02 ¢1099c 402 «636C=e01 074941401 +5623E4+01 +3958£401 e2614.401
20.0 «1°76KF402 ¢120EL+02 016420402 0146002402 «1120:+02 o €403L 01 e 591 5E+01 #3907, 401
10.9 «2107F4N2 «2040L 402 01854f #02 015912402 01264402 e54BEL+01 e 6677401 04410c+(Cl
e «2140F+02 «207374+02 +1ed30 402 +16063402 «1284E¢02 «9636c+C1 st703t 40l e44ECc Gl
¥Izx2{cMy N0 540 10.0 15.C 2Ge0 Se0 30.0 a0

(C) FOUATION 265 WITH CUNSTENT DIFFUSIVITIES IN X3=DIPFCTION (FPM/CeCol

40,0 «H772%401 «6560E+01 2 5961F 401 «5002%401 240641401 «3050L 401 021472401 elblcre0l
3040 ¢ 172678402 «120£L402 «1068. 402 «©3593401 2 T4E85:401 e5617:¢01 « 3954401 e2611:4C1
20.9 ¢ 15328402 e14t5c 402 «1349E402 s 1150NE+C2 +51998¢01 06902:+C1 ¢ 4055401 03235.¢4C1
19.0 014395402 ¢13942402 012672402 «10P0%402 066391 ¢C1 e6&6E2+01 04563¢£¢01 03013.4C)
N0 e 1344F4N2 01302402 el1lb3E4C2 «1008F4+02 o EJEHE+OL 06052: 401 ¢ 426Cc+01 e23lac+Cl
X37X2(CN) ) P ] £e0 1060 15.¢C 2040 el 30.0 Led

(D) CAUSSIAM DIFFUCTdn [FQUATION (PPR/CeC)

40,0 « 71117401 s68ETE40] 062598 ¢01 + 53358401 +426T7c+401 +3202,¢C1 e22542 401 s 14998401
310.0 « 12498207 «120984G2 «1C98L ¢02 «G362%540] e TREEZ 01 e 5616L 401 «3955¢+C1 e2612c¢C1
2040 «16T6F+02 «143CE402 «1295t 402 «110R%402 « 6958401 066475401 «4679£+01 23050801
11,0 «1202%402 01262k ¢C2 sll28L9C2 +OR2HE4CY 07694£401 e5773:+01 e 406401 e 26841401
0.0 «1109%+02 «1CT4F4C2 0 %7535 401 oR310Fs 01 26556L401 ¢ 4993c4C1 03514t 40l e2321t+C1
AI/xN2¢0M) 0.0 540 1040 1%.0 2040 2540 3000 3540

(%) EQUATION 2«45 WITH VAKYING CIFFUSIVITILS IN Y3=DIRTCTION (PPM/C.Ce)

40,0 «71235401 «6958E+01 e6322: 401 05390C¢0? e4311E401 03235:c4C1 02277401 e150454C1
30.0 «1190F+02 «1153E¢02 01047: 402 sF920%¢01 «T141L¢01 «535EE 401 «3772:4901 e2491c¢Cl
2%.9 « 16475402 o1421F¢G2 12618402 +1101%+02 «8305¢401 e66C7¢ 401 04651E401 3071401
10.0 +1352F402 ¢1310E¢C2 e1l90i ¢GC2 +1014F 002 «B8113E401 «605b 401 ¢42t5:401L «2430L¢01
Cel) +1126F402 «1090r¢C2 ¢ 990Ei 401 LIRS e 6755401 e Z06GL¢C1 «3568:401 e2356&401
X37x2(C% NeN Se0 10.0 Se0 2040 2540 3040 3540
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Figure 6.1. Lagrangian autocorrelation function in a homogeneous
isotropic uniform turbulent flow.
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{d) Model IV

Lagrangian autocorrelation function in a homogeneous
isotropic uniform turbulent flow (continued).
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(b) Model II

Figure 6.2. Normalized Lagrangian autocorrelation function in a
homogeneous isotropic uniform turbulent flow.
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Figure 6.8. Effect of turbulent shear stress on the
Lagrangian-Eulerian scale ratio.
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Lagrangian-Eulerian scale ratio in two-dimensional turbulence.
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Lagrangian-Eulerian scale ratio in non-isotropic turbulence.
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Chapter 7
CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

7.1 Conclusions

The purpose of this study was to reveal the importance of the
Lagrangian statistics in the atmospheric dispersion phenomenon and to
verify a methodology of estimating the Lagrangian statistics through
some fixed-point Eulerian measurements. The evaluation process did not
attempt to select a '"best" predictive scheme from all existing
dispersion models. The following conclusions may be made:

Laboratory dispersion measurements were compared with 11 field
experiments in terms of Pasquill's f curve for the lateral
plume spread. It was found that the wind tunnel simulation
replicates the characteristics of plume dispersion in the
atmosphere. Both data statistically agree with one another
through residual analysis.

The dominant parameter in the f curve analysis and the
most predictive scheme for the atmospheric dispersion is the
Lagrangian integral time scale. The Lagrangian integral time
scales obtained (or inferred) from six dispersion predictions
display a wide range of |variation. Such wvariation
significantly depends upon the stratification condition and
terrain topology. Hence, a good estimation of the Lagrangian
integral time scale in the field will improve the accuracy of
predicting the atmospheric dispersion in any of the suggested
dispersion conditions.

The Eulerian space-time correlations for ER..(Ax ,xz,x3;t)
with longitudinal separations were measured in the wind“tunel
simulated boundary layer in the present study. These
correlation functions were compared to previous measurements
under other flow configurations. Laboratory measurements of
the space-time correlation function suggest a unique form
exists over a wide range of simulation.

An Eulerian space-time correlation function and its integral
time scale were adopted to estimate the Lagrangian velocity
statistics through the Independence Hypothesis. A generalized
approach which accounts for the fluid particle displacement
tensors was proposed. A simplified model was developed which
extended Baldwin and Johnson's isotropic homogeneous analysis
to a homogeneous uniformly sheared turbulence field. The
model requires the use of the isotropic Karman-Howarth
kinematic relationship for the general Eulerian space
correlation function in a non-isotropic turbulent field and
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the assumption of an identical Lagrangian autocorrelation
function for all three directions.

The presence of the turbulent shear decreases the
magnitude of the Lagrangian autocorrelation function and its
integral scale as the shear stress increases. The Lagrangian
integral time scales estimated from turbulence measurements
were compared to the estimated values obtained from dispersion
measurements. The results agreed with one another within a
20% error.

The Independence Hypothesis was found to be mathematically
relevant to the one-dimensional Monte Carlo simulation of
fluid particles evep though the latter contradicts the basic
assumption of the Independence Hypothesis and violates the
isotropic Karman-Howarth kinetic relationship. '

The estimated Lagrangian integral time scale was employed in
two analytical predictions for turbulent dispersion. The
predicted dispersion data based on the estimated Lagrangian
statistics were then compared to the wind tunnel dispersion
measurements from a continuous point source. Short range
dispersions predicted in the present study did not match the
measurements in the wind tunnel. This was not unexpected
since the asymptotic eddy diffusivities were utilized in the
diffusion equation. The accuracy of the prediction improves
as the downwind distance increases. At a distance farther
downwind from the source, predictions agree with laboratory
measurements within 30% error.

The present study supports Baldwin and Johnson's
methodology as a good approximation for the atmospheric
turbulent dispersion. Therefore, a set of two fixed-point
Eulerian space-time correlation measurements in the field will
provide an estimation of _T.. from the proposed universal
Eulerian space-time correlalidfi function. With a fixed-point
Eulerian turbulence measurement for such parameters as [u’],
ETii’ ' and U, the atmospheric dispersion can be evaluated
correctly from the present analysis.

7.2 Suggestions for Further Research

Further investigation should concentrate on modifying the
Independence Hypothesis and on applying it to a more complicated
turbulence field. Based on the summary described in Section 7.1, the
following aspects are suggested for future research:

It is necessary to establish the Eulerian space-time correla-
tion functions in a boundary layer under different thermal
stratifications and with various surface roughness character-
istics. Construction of such functions will enable engineers
to predict plume dispersion in all possible planetary boundary
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layers. Construction of such functions can also be used to
verify the proposed universal functional form of the Eulerian
space~-time correlation.

The Karman-Howarth relationship for the general Eulerian
spatial correlation may be inadequate for strong sheared
turbulence. A theoretical or a semi-empirical expression of
such a function in boundary layers would improve the accuracy
of estimating the Lagrangian statistics.

The analysis should be developed in a more general formulation
which accounts for the correlated particle displacement,
[Xl(t*)x3(t*)}, in a uniform shear flow. This requires the

knowledge of the cross-correlation function, ER13(x1,x2,x3;t),

in a boundary layer. The numerical procedure could then
consist of four integral equations iterated simultaneously
with the Taylor's diffusion equation.

It is desirable to verify the estimated Lagrangian velocity
autocorrelation and the true Lagrangian velocity autocorrela-
tion if the measuring technique is well conformed. Field
experiments similar to the experimental procedures outlined in
this study will ensure the availability of the present
approach.
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APPENDIX A
DERIVATION OF EQUATION 3.16
Abramowitz and Stegun (1972) tabulated several important properties

of the error function. Two integral formulae are utilized in the
present derivation,
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3 FoOAR
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2

2 b"-ac 3 3 3
JxdeTax TIbxCy - o @ g §~ Jﬁ'erf(‘/':'a"{( + 2 - Jn ( %— + —95 + 395
Ja Ja Ja 2a 4a
b |2
2 2 -(Ja x+ =)
b X bx b 1 Ja
cerf(fax+ ) - (- - i+ 2+t ) e }(A-7)
JZ) 28 222 243 242
Equation (3.15) may be expressed as
no2n F(ty) o _rEl.
R.(t))=f [ { ;g e BE"-¢ (1-5 sin6)dE}
L11 P 5 3 1 = 2
8=0 ¢=0 3 3 5 £=0
2 na 031 A
sin dede (4-8)

From Equation (A-4), the first integral in the bracket becomes

- 1
T2 e BEE g = OB L,
£=0 2

lH

(1 - erf( =) - -5 (4-9)
= 4B
2%

N

4B 8B

The second term in the bracket can be integrated by using Equation
(A-7) such that

1

2 e
;g o~BET-E ae = L+ L. 4B 1=+ 2 )-erf( 1))
- 3 2 7 5 1
=0 8B 2B V] 5 ]
16B 8B 2B

Two asymptotic properties of the error function are applied during the
calculations,

(i) 1lim erf(§) =1

e

(B &+ 55-5)2 N

(ii) lim &2 e
gam

Equation (3.16) is produced by substituting Equations (A-9) and (A-10)
into Equation (A-8).
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APPENDIX B
LIMITATIONS OF THE APPROACH

In addition to the simplified assumption employed in the model,
there are some restrictions on the numerical approach for the Lagrangian
autocorrelation function.

The present approach separated the Eulerian space-time correlation
into two parts--the temporal and spatial correlations--which introduced
the double integration in Equation 3.16. Unfortunately, the integration
does not converge as time increases. If one examines the isotropic
case, Oy = 0, = O, and rsTll = 0, Equation 3.16 returns to Equation

3.12 so that

[Ryp(6) = F(t) £ 1(1 - erf(a?D)) (144021 + 4/3 a412)
- % YT (549421)) (B-1)
J

2
From Equation 7.1.13 in Abramowitz and Stegun (1975), e” I(l - erf(a?l))
satisfies the inequalities '

2 2

2
< %1 (1-erf(o21))

— (B-2)

M (021 + Jo*1242) VI (@21 + Ja¥T% + 47M)
when o?I 2 0.

Equation B-1 thus reduces to

R, (ty) = F(t,) {— (—= + % Ja?D)} (B-3)

B 1'V* Ji e 3
when @21 is large enough (for instance, «2I £ 10.0) such that

a2 2 1
e (1 - erf(a<l)) =
a?I.

One notices that the bracket term in Equation B-3 increases as a®I
increases and that it diverges to infinity, asymptotically.
Fortunately, F(t*) converges to zero after t, is greater than 15.0;
LRll(t*) then converges to zero before o2I outgrows F(ty).
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In a non-isotropic turbulence, %I and a%I are the same order of
magnitude as 0o%I. Therefore, the equations still converge smoothly.
But when the uniform shear is introduced in the turbulence field, the
elongation of turbulent eddies replaces the longitudinal plume spread
from 20%I to I'? T% of IT + 2041 where T2 T% o411 is much greater
than 2a%I. 8encef 1% the vicinity of the st%ea%wise axis, © > 0 in the
transformed coordinates, B approaches to

! in Equation 3.16. With the aid of Equation B-2,
2(r2 sT%aﬁII + 20%1)

the integrand in Equation 3.16 behaves as (1/2B + sin20/8B2?)sin 0. It
diverges to a very large value near © = 0, but converges to zero at ©
= (. When the shear effect is strong, this implies that the double
integration term outgrows F(t,) so that a secondary peak will appear

“in LRll(t*) before it converges to zero.

Even in an isotropic homogeneous turbulence field with uniform
velocity, the secondary peak is still observed in LRII(t*) for a very

dispersive cloud. An example to visualize such effect is to increase «
to a larger value. A test has shown that when « = 10, then at t, =
3.52 the secondary peak is observed. Physically, this is due to the
rather flattened probability density function for a very dispersive
cloud. The flattened probability density function enhances the bracket
term in Equation B-1 outgrow Fl(t*)‘

However, the secondary peak of LRll(t*) is practically unreal-

istic. It is avoided by extrapolating Ry1(ts) from the declining

curve to yield the estimated Lagrangian autocorrelation function for
strong sheared flow.
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