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Abstract—Field experiments and wind tunnel simulation results for the behavior of lateral plume dispersion
are compared to three semi-emperical expressions based on the Taylor’s diffusion theory. These relations
imply a direct connection between dispersion coefficients and the Lagrangian integral time scale. The implied
Lagrangian integral time scale was found to vary by as much as a factor of 15, depending on the relation used.
Agreement between the field data and lateral measurements supports using wind tunnel results to simulate

atmospheric transport.

1. INTRODUCTION

The distribution of atmospheric contaminates down-
wind from a continuous point source determines the
relative environmental impact or hazard to the public.
Reliable predictive relations applicable to a broad
range of scales are not yet known. Indeed, most
atmospheric transport predictive schemes for such a
release still depend upon relations between mean wind
field characteristics measured at a particular site and
regression formulae developed from data collected at
other sites at other times. Such parameterization
requires a knowledge of vertical or horizontal growth
of the plume or dominant characteristics of the
turbulence field such as the Lagrangian autocorre-
lation function.

This paper examines the lateral dispersion charac-
teristics of data from various field and laboratory
experiments. These data are compared to alternative
semi-emperical expressions which describe the growth
of the plume lateral standard deviation with time.
These expressions imply significantly different magni-
tudes for the Lagrangian integral time scales, which
have been compared with time scale estimates pro-
posed by four previous investigators. The similarity
found between the laboratory data and field dispersion
results supports the use of another alternative meth-
odology for estimating atmospheric dispersion based
on wind tunnel results and real time anemometer
statistics.

2, REVIEW OF STATISTICAL DISPERSION CONCEPTS

Taylor (1921) argued that in a stationary homo-
geneous turbulent flow field the particle mean square
displacement may be related to the velocity fluctuation
by the following expression

T i
[x7) =2[u}] j j (R (t)dzdt, (1
0

]

where [ ] indicates an ensemble average of N fluid
particles and [u] is the variance of the ith component
of velocity fluctuations. ;R (1) is the Lagrangian
autocorrelation of the velocity fluctuations in the ith
direction; and T is the diffusion time. The relation may
not be valid for the along wind direction in a uniform
shear fiow (Monin and Yaglom, 1975), but it holds for
the transverse and vertical directions in a stationary
homogeneous turbulence field. Since atmospheric tur-
bulence is not normally vertically homogeneous,
Taylor’s theory is not satisfactory for [X3]; but
fortunately, horizontal homogeneity is usually present
in the atmospheric boundary layer.

Pasquill (1971) suggested a more explicit relation-
ship for the diffusion parameter derived from Taylor’s
equation. For lateral dispersion

[X3]'? = [u3]V°’T A (T/.T)), (2)

where ,7 is the Lagrangian integral time scale and

L
2TL = J‘ 2RL{f]dl'.
Q
Draxler (1976) examined diffusion data from eleven
field experiments including elevated and ground re-
lease sources over a range of stratification conditions.
Since it i1s difficult to determine the true Lagrangian
integral time scale from field diffusion experiments, he
introduced another time scale T;, which is proportional
to ,7, . Draxler first suggested that the lateral plume
growth may be related to time, T,T;, for all data by

l
h=Toampe
where T, is defined as the diffusion time required for f;
to become equal to 0.5. In order to satisty the
theoretical limit for f; at large time and to provide a
satisfactory fit to the data, he replaced the above
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equation by

1
140973
The corresponding Lagrangian autocorrelation func-

tion may be derived from Taylor's equation and
Equation (3). This yields

fi (3)

_ 1= 1125 /4T,
(1+09/7/T)*

but this expression for the autocorrelation function
has an unrealistic infinite negative slope in the limit as
7 0.

Phillips and Panofsky (1982) re-examined Draxler’s
ideas and concluded that (4) is inconsistent with the
theory of the inertial subrange (see, Tennekes, 1979)
according to which R(t) varies at 1 —Ct near 7 = 0,
where C is a constant. They replaced (3) by another
form

(4)

2R (e

(T/T)

1/2
f(T/T) = 0.617[T;T,. e Tm)] .

(5
which was derived from a simple form for , R (1),

1
(1+1/,T)%

An exponential Lagrangian autocorrelation func-
tion is also consistent with the assumptions of inertial
subrange theory (Tennekes, 1979). In addition, the
exponential form is consistenit with the concept of a
Markov process and is frequently preferred by analysts
{Neumann, 1978). If

2R|_(T) =

2R () =e 0L (7
one obtains

. ~ 1/2
ji{Tm)=0.54l[?—(—T6%-{l-e“"'s”m):l . (8

DATA ACQUISITION FROM ATMOSPHERIC WIND
TUNNELS

New measurements reported in this study were
obtained in the Micrometeorological Wind Tunnel
(MWT) at Colorado State University (CSU). The
MWT is specifically 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 stratification and boundary layer
augmentation devices, a range of atmospheric situ-
ations may be simulated (Cermak, 1982). Turbulence
and dispersion measurements discussed in this paper
were performed over a smooth floor. A fully developed
turbulent boundary layer, 13 m downwind from the
entrance section. was obtained. Augmentation devices
at the entrance included 1.27 cm roughness entrance

©

strips and a 3.8 cm x 7.6 cm sawtooth fence. One set of
turbulent intensity measurements during neutral stra-
tification was performed with an additional spire array
at the entrance. A more detailed description of the
wind tunnel facility was prepared by Plate and Cermak
(1963).

3.1. Source configurations and concentration measure-
ments

In earlier measurements a neutrally buoyant, con-
tinuous point source was tagged by Krypton-85
(Chaudhry and Meroney, 1973) or by a methane or
ethane mixture (Li and Meroney, 1982). Dispersion
from ground source releases was examined by
Chaudhry and Meroney during neutral, stable and
slightly stable stratifications.

New measurements were performed downwind of
eight different source heights during neutral and stable
stratification. Forty-five crosswind samples were taken
at nine different downwind distances for each release
height. Hydrocarbon tracers were evaluated by a
Hewlett-Packard flame ionization detector Series 5700
Chromatograph. Samples were held in 50 hypodermic
syringes until evaluation.

3.2. Boundary layer flow characteristics

Turbulent intensities were measured by utilizing a
multiple-hotwire probe and anemometer. The probe
incorporated a conventional cross wire and a low
current resistence temperature wire. The cross wire was
sensitive to both velocity and temperature fluctuations,
whereas the temperature wire sensed only temperature
fluctuations. Signals were recorded simultaneously
and processed by a Hewlett-Packard 1000 computer.

In addition to the general turbulence statistics
measurements, longitudinal Eulerian space—time cor-
relations were measured at eight different heights in
the neutrally stratified boundary layer. Velocity corre-
lation measurements were performed for the same
wind tunnel flow configuration as the dispersion
measurements. Part of the experimental results will be
presented in a later section; however additional results
from these measurements will be published in the near
future. Laboratory details may be found in the pre-
liminary report by Li and Meroney (1982).

The flow parameters for different dispersion simu-
lations are listed in Table I. Figure | presents the
lateral turbulent intensity in the simulated boundary
layers whose stratification is characterized by various
Richardson numbers, Ri; = (g/T)/(AT8/U %), where &
is the boundary layer thickness and U, is the free
stream velocity. Lateral turbulent intensities were
consistent with earlier measurement by Arya (1969) as

shown in Fig. 2. A lateral intensity of turbulence
V”E’?}U, =002 was selected for the analysis of
dispersion during stable stratification. Similarly, from
Fig. 3, V’:’:’;’Ux = 0.04 was adopted for the analysis
of dispersion during neutral stratification.
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Estimation of Lagrangian time scales from laboratory measurements of lateral dispersion

Table 1. Summary of experimental conditions

Source Thermal Ui AT é u, Zo
Run position  stratification  (ems™')  (°F)  (cm) (ems™!) Ri, {cm)
NG*  Ground Neutral 300 0 73 12.40 0 244 %1073
SG 1* Ground Stable 300 80 70 17.70 0.104 244 x 1073
SG2* Ground Stable 600 80 72 7.34 0.0234 244 x 107
NP Ground Neutral 200 0 45 7.76 0 220x107*
Elevated
Sp Ground Stable 200 82 70 10.93 0.25 695x 1072
Elevated

* From Chaudhry and Meroney (1973).
& = boundary layer thickness, u, = friction velocity, Ri, = reference Richardson number and z, = roughness

length.
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Fig. 1. Lateral turbulence intensity under stable stratification.
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Fig. 2. Lateral turbulence intensity vs Richardson number.
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Fig. 3. Lateral turbulence intensity in neutrally stratified flow.

3.3. Analysis of diffusion data

The diffusion data from all wind tunnel measure-
ments were expressed in terms of the standard devi-
ations of the horizontal concentration profile. The
standard deviation of the concentration, g,, is defined
as

IC;x3,
Tz A oA)
o3 = sC " (10)

i

where C; is the mean concentration at a sampler, x,; is
the lateral distance from the maximum centerline
concentration in the lateral direction at the same
height and j is a particular sampler on the array.
The diffusion time T is approximated by the advec-
tion time scale x,/U, where X, is the downwind

distance from the source and U is the average mean
velocity between source height and the sampler height.

4. PLUME DISPERSION DATA

Draxler summarized data from eleven field exper-
iments for lateral and vertical diffusion downwind of
surface and elevated releases under stable and unstable
stratifications. Wind tunnel measurements are com-
pared with these field measurements for horizontal
diffusion from a ground source in Fig. 4. Only the data
set for strong stable stratification (Ri; = 0.25) deviate
significantly from the field results. The lateral diffusion
from an elevated source are plotted in Fig. 5 for
comparison. The stable elevated case seems to deviate
only slightly from the field experiments.

2.0 . . : . ———
s 8P ——— Droxler (1976)
o NP ——— Phillips and Panofsky (1982)
r ¢ NG — Present
2 7 SGI Oraxler (1976)
1.5ka v SG2 i

f(T/T;)

Fig. 4. Lateral plume spread from a ground source vs diffusion time.
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Fig. 3. Lateral plume spread from an elevated source vs diffusion time.

The stable elevated case has been considered sep-
arately so that a cleaner comparison with Draxler’s
results may be made. Draxler utilized an average 7; 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 Fig. 6. This suggests
that the actual value of 7; may be 34 times the value
recommended by Draxler for the stable elevated
source releases. In this case a replot of the field data
would lie between 1+7/T; = 1 and 2, which agrees
with the laboratory results.

Figure 7 displays the lateral diffusion measured at
the same height as an elevated source. Plume width
variations found for the elevated case in Fig. 7 should
theoretically be described most accurately by Taylor’s

theory. Yet no significant improvement was found in
comparison to Figs 4, 5 and 6.

4.1. Data 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 Fig. 8
and laboratory results, except a stable stratification
case SP. The correlation coefficient R appears to be
acceptable for all three equations as shown in Table 2.
The residual, f£,(T/T)—/,(T/T)), is displayed in
Fig. 9(a) for field measurements and in Fig. 9(b) for
laboratory results, where f;(T;‘T,-} is the predicted
value. The residuals were compared to a normal

20 T T T T T i
Droxler (1976)
~——-—— Phillips and Panofsky (1982)
-------- Present
1.5+ 3P .

Droxler (1976)

Fig. 6. Lateral plume spread in a stable stratified flow vs diffusion time.
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Fig. 7. Lateral plume spread at source height from an elevated source vs diffusion
time.
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Fig. 8. f Curve for diffusion in the atmospheric boundary layer (from Phillips and Panofsky, 1982).
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Fig. 9. Residual analysis for predictive schemes.

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 (3). Therefore the
probability distribution of residuals is presented in
Table 2 together with the correlation coefficients.
Equations (5)and (8) 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.

4.2. Comparison among predictions

Equations (3), (5) and (8) are plotted in Figs 5-8.
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 Fig. 8. However the
equations imply different values for the Lagrangian

integral time scale. i.e. T; = 1.64 ,T; for (3), T; = 5.25
Ty for (5)and T; = 6.83 ,7; for (8).

(2) The Lagrangian autocorrelation function cor-
responding to (5) preserves an exponential form for
short diffusion times such that

7 1
R (D) =e ¥ =
T
l+—=+...)°
ZTL

T A )
Neglecting higher order terms in the expressions
prevents f, (T/T;) 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 T;; thus ,7; calculated
from (5) is 1.3 times the value calculated from (8).

Table 2. Summary of comparison between data and predictions

°, of variation Correlation Level of Probability distribution of residual
explained by coefficient significance
the formula R at P(le] £005) P(0.05 <|e|<0.1) P(le|=0.1)

Formula Field Lab.*  Field Lab. Field
exp. data exp. data exp.

Lab. Field Lab. Field Lab. Field Lab.
data exp  data exp. data exp. data

Equation (3) 808 74.7 0.899 0864 <(0.01
Equation (5) 789 84.5 0.888 0919 009
Equation (8) 72.9 86.5 0.853 0930 0.10

{001 0458 0472 0325 0303 0217 0.225
003 0496 0618 0292 0225 0212 0.157
0.10 0496 0630 0275 0202 0222 0.168

* Stable Stratification case SP is not included.
T Residuals were tested to a normal distribution function by the Kolmogorov-Smirnov goodness-of-fit test.




(3) For the same set of data, the implied Lagrangian
integral time scale is seen to vary from 7;/6.83 to
T;/1.64. Although it is well known that drastically
different forms for , R, (r) 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.

4.3 Determination of T,

It is obvious that accurate specification of T; (or ,7;)
is necessary to use Pasquill's f curve as a predictive
scheme for plume dispersion. Unfortunately, a wide
range exists in the magnitude for the Lagrangian
integral time scale. primarily due to thermal stratifi-
cation 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
were 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 prob-
lem and assume that the f curves are only a function of
downwind distance. Briggs (1973) suggested a dimen-
sionally inconsistent function for the standard devi-
ation of plume width. Hanna (1984) recommended a
simplified function for the f curve compatible with
Briggs’ formula. Table 3 summarizes the integral time
scale used (or implied) by the different authors. The
variation is indeed astonishing. ,7; varies from several
hundred seconds as predicted by Draxler (1976) to an
order of 10* s as suggested by Gifford (1982). All these
time scales are based on field measurements in the
atmosphere. although 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 laver is required.

T, may be used to specify the Lagrangian integral
time scale .7, . since the Lagrangian autocorrelation
function is implied in the f'curve relationship in (5) and
(8). If r stands for the ratio of T;/T and one assumes that
J{1)=h.0 < b < 1. then r can be evaluated once bis
defined.  Algebraic manipulation indicates that
b =201 n—q1 r*)q1 —e™)] and b*=2[(1/7)
—(L.rYIn(l +n] for (5) and (8), respectively. If the
turbulence is stationary and homogeneous, T; must be
constant regardless of which value of b is chosen.

Draxler (1976) found that for some conditions a
larger 7; scems to be indicated at large travel times. He
suspected that wind shear causes additional lateral
diftusion. which is not taken into account by the simple
theory. To compensate for wind shear effects he
suggested a simple algorithm which fits Taylor's limit
for large T. OF course varying T; results in various 2T
values. This may be realistic if turbulent characteristics
vary over 4 complex terrain topology. On the other
hand different 277 may also be obtained at large T by
setting b 10 an asymptotic valye such as b = 0.2,

Table 3. Summary of Lagrangian integral time scales

73 (5)

Phillips
and
- Draxler Panofsky Gifford

Hanna
(1982)

Briggs
(1973)

Neumann
(1978)

]

ms

uy
(ms~1)?

Stability

(1976) (1982)  (1982)

=T/5.23 T, =T,/6.83
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2Ty =T;/6.83

T,/5.23

2T|_ =

-1

category

e s O

1608 WEN-WHAI LI and ROBERT N. MERONEY

2900
1640
1050
1030

1640
2900

2200
1800
690
820
1250
2200

2900
2300

900
1070
1640
2900

2400
1700
700
750
1000
2250

35

2
35
5
5
2

0.19
0.24
0.36
0.17
0.044
0.0064
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44. An alternative method

The atmospheric boundary layer wind tunnel repro-
duces comparable data to the field experiments even
without detailed simulation of terrain properties and
turbulent statistics. With the help of boundary aug-
mentation devices and turbulent flow control facilities,
the wind tunnel also replicates plume behavior in the
atmospheric boundary layer.

Several sets of Eulerian space-time correlation data
from laboratory experiments are collected in Fig. 9 to
compare with the present correlation measurements.
These experiments include data measured in grid
turbulence corrected for energy decay (Comte-Bellot
and Corrsin, 1971) and data in nearly homogeneous
turbulent shear flow (Harris et al., 1977). A universal
functional form of the Eulerian space-time correlation
seems to exist in Fig. 10. Table 4 includes the integral
time scale of Eulerian space-time correlation, T,
estimated from the correlation measurements to com-
pare with ,T; estimated from diffusion measurements.

Experiments which include simultaneously both
velocity correlation measurements and diffusion
measurements are rare. An exception for the grid
turbulence case was reported by Schlein and Corrsin
(1974). They performed measurements of thermal
diffusion downstream of a heated wire in the same
facility which had previously been very thoroughly
mapped for Eulerian turbulence properties by Comte-
Bellot and Corrsin. They inferred a Lagrangian auto-
correlation function by employing the second derivat-
ive of the measured lateral wake spread.
(Differentiating experimental data twice introduces a
large likelihood of error.) The value was slightly larger
than the measured Eulerian space-time correlation. at
least in the range 0.25 < 2R (1) < 1.0. Shlein and
Corrsinreported that ,7; /T, = 1.3in a turbulence field
which is normalized to the conditions existing at
Ut/M = 42, where M is the mesh size. Their results
agree with present experimental results in the lower
part of boundary layer as seen in Table 3.

Laboratory measurements thus suggest a more

.2 T T y ¥
~efl %:0,0, 7 ) (Horris, Graham, Corrsin, 1977 )
~eRs5(%,0,0, v ) (Harns, Graham, Corrsin, 1977)
| O_ e . i -
i iR v Farre (1965) 'ﬁ v "\"'\-'9 A = ]
e o Frenkiel 8 Kiebnoff(1966) 7 3 ¥ g3
;. o Comte-Bellot & Corrsin ({971 ) o m
- 08r o x/3:0044 7 2 ]
5 s c.089 Tee
‘—:_- a 0.133
T o4 © 0.178 4
; g?gg Comte-Beliot & Corrsin -
= 0.444 WL
0zr , 0667 ]
® |.000
o — i I | “"‘ l’
10 1072 g 10° 0’
T {T5
Fig. 10. Eulerian space-time correlation function from laboratory measurements.
Table 4. Summary of integral time scales during neutral stratification measurements
Dispersion measurements*  Correlationt 2T,
: measurements
B o0y =T,/525 T =T,/6.83 T 2Ty =T/525 T, =T,/6.83
X3/0 (s) (s) (s) (s) (s)
Ground 0.18 0.13 — — —
0.044 0.34 0.26 023 1.48 1.13
0.189 0.63 0.48 0.44 1.43 1.09
0.133 0.68 0.52 0.51 1.33 1.02
0.178 0.78 0.60 0.65 1.20 0.92
0.222 0.80 0.62 0.70 1.14 0.588
0.333 0.83 0.64 0.91 091 0.70
0.444 0.85 0.65 1.00 0.85 0.65

* Dispersion data was taken at the same height as an elevated source,
* Turb fluctuations below 2 Hz were removed with a high pass tilter.

SRR g g
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accurate way to estimate the Lagrangian integral time
scale for application in predictive schemes for plume
dispersion. By utilizing a few anemometers in the field,

basic turbulence characteristics such as ¥, U, T and T,
may be obtained, where T is the Eulerian time scale.
Given a particuiar Eulerian space-time correlation and
diffusion time from two separated anemometers, then
T, at that particular site during the real time meteoro-
logical conditions can be evaluated using the universal
functional form displayed on Fig. 9. Baldwin and
Johnson (1975) proposed a simple scheme of numeri-
cal iteration to estimate the Lagrangian time scale from
the Eulerian space-time correlation and Corrsin's
independence hypothesis. Lee and Stone (1983) ad-
opted the idea in their Monte-Carlo simulation of
Langevin equation in atmospheric dispersion (Corrsin,
1959). They have attained quite successful results
which are compatible with theoretical prediction. In
turn, either from the resemblence of the Lagrangian
time scale to the Eulerian space-time integral scale, or
from the Baldwin and Johnson's approach (Li and
Meroney, 1982), a value of ,T; can be estimated.

5. CONCLUSION

Laboratory dispersion measurements were com-
pared with some field experiments in terms of
Pasquill’s f curve for the lateral plume spread. The
wind tunnel replicates the characteristics of plume
dispersion in the atmosphere.

Forms of Pasquill’s f curve suggested by Draxler
and by Phillips and Panofsky were compared with one
derived from an exponential Lagrangian autocorre-
lation. A Kolmogorov—Smirnov goodness of fit test
suggests Draxler’s expression does not predict exper-
imental data as well as the other :iternatives. No
significant deviation is found however when the ex-
pressions are fitted to the field and wind tunnel
experimental results.

The dominant parameter in the f curve analysis and
most predictive schemes for the atmospheric disper-
sion is the Lagrangian integral time scale, ,7;. The
time scale varies significantly depending upon the
stratification condition and terrain topology.

Laboratory measurements of the velocity corre-
lation indicate a possible unique functional form exists
for the Eulerian space-time correlation. The estimated
time scale from the Eulerian space-time correlation
was consistently related to the Lagrangian integral
time sale implied by the diffusion measurements. =~
more accurate estimation of ,7; in the atmosphe:-
through laboratory verification provides better predic-
tion of the plume spread.
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