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Values of peak esposure and standard deviations of exposure distributions d o w d n d  from a continuous 
point source are presented for 46 Hanford ground source dsusion experiments. Exposure data are found 
to order in terms of atmospheric stability rrhen plotted a5 a function of the travel time. The crossn-ind vari- 
ances of the exposure distributions are espressed in terms of the travel time and the product of the standard 
deviation of the wind direction distribution and the mean wind speed, u ~ P ,  in an equation resulting from 
G. I. Taylor's work in 1921. 

Prediction methods developed from these concepts permit extrapolation of the results obtained from short 
releases to much longer release periods. Good agreement between predicled and observed esposure distribu- 
tions is obtained from these models, using independent data. 
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. The most significant departure from 
ental studies is that atmospheric 
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cant improvement in the ordering of data, such as the 
peak exposure (time integrated concentration), is 
evidenced when these values are plotted as a function 
of a calculated travel time compared to results obtained 
by considering arc distance as the independent variable. 
This concept has been the basis for further analysis of 
the Hanford data and has led to the development of 
a plume groTth model in which the parameters depend 
only on meteorological variables. 

The objectives of this paper are threefold : 1) to make 
the Hanford data available to other investigators, 
2) to present pertinent diffusion concepts which base 
been developed at this time, and 3) to demonstrate 
how these concepts may be applied in predicting 
diffusion. 

2. The data 

Of the 66 field tests that were successfully completed 
in the Green Glow and Hanford 30 Series programs, 
46 were selected for the analysis. Twenty tests m-ere 
rejected primarily because the lateral dimensions of 
the mean plume were not sufficiently contained within 
the sampling grid. Rejecting these tests eliminated the 
necessity for extrapolating data so that the final results 
are not affected by judgments of this kind. Ten of the 
20 tests were set aside for later use as independent 
verification of prediction methods. 

Tables 1, 2 and 3 are summaries of some of the 
meteorological and diffusion data of the 46 tests that 
comprise the reliable data. 

Table 1 lists the test run number, date of the run and 
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the times denoting the be,*ng and termination of 
the release. The Richardson number calculated from 
wind and temperature measurements near the source 
is also given. These calculations were made by a method 
suggested by Lettau (1937), using data collected at  the 
7- and 50-ft levels of the Hanford Meteorology Tower 
during the period of emission. The final columns con- 
tain the mean wind speed, zZ(m sec-'), the computed 
standard deviation of the wind direction distribution 
for the emission period, ue(deg) and the product 
u&(rad m sec-1). The speed and direction data which 
apply to the 7-ft level were taken from strip chart 
records. The standard deviation, ub, was computed from 
its statistical definition using 20-second direction aver- 
ages over the emission period. 

Table 2 gives the values of the peak exposure, E,, for 
each run and each arc on the Hanford grid. Exposure 

is often defined as the time-integrated concentration 
having units of gm sec m-a. The peak exposure is the 
largest exposure value on the arc and, therefore, define 
the centerline of the mean plume. The total mass of 
zinc sulfide, Qt (gm), released for each test is also ,$,en. 

The data presented in Table 3 are the standard 
deviation of the crosswind exposure distribution, u,(m). 
This statistic, which is a measure of the lateral spread 
of the plume, has been calcdated with the basic arc 
exposure data and is summarued for each run and arc 
distance. 

3. Travel time 

For this analysis, diffusion was considered to depend 
on the time of plume travel; values of the peak exposyes 
and standard deviations of &e &senred distributions 
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TABLE 2. Values of peak exposure, E,XlP, for arcs of the Hanford grid, and Q:. 

: Run Arc distance (meters) Qt 

200 800 1600 3200 12,800 25,600 (gm) 
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otted against time rather than distance. The 
ime concept is not new. Many of the classical 
of atmospheric diffusion have led to models 

tune as the independent variable. Sutton (1953), 
book, reviewed the works of G. I. Taylor, includ- 
example of this approach and using Lagrangian 

rrations. There is thus a problem introduced in 
ng the travel time for experiments with measure- 

de in a fixed reference frame. In  this study, it 
mined simply by dividing the distance a t  
sample was obtained by the mean wind speed 

ource a t  the height of release, x / B .  
dependence of diffusion on stability is more 

.hen the data are plotted against time than 
data are plotted against distance. Both time 
ce relationships have been investigated. Peak 

ure values which have been normalized for the 

wind speed and source strength stratify well in terms 
of meteorological parameters by using the time concept. 
Much of the order is lost when these data are plotted 
against travel distance, making it di5cult to evaluate 
the effects of meteorological variations. The differences 
that can result from these two approaches are empha- 
sized here with an example. 

Data from three runs are plotted against distance in 
Fig. 1 and against the calculated travel time in Fig. 2. 
The ordinates are normalized peak exposure, Epzi/Q~ 
(m-*). Because the most significant difference between 
the runs is the stability of the atmosphere associated 
with them, it is essential that this effect be evident in 
the analysis if useful prediction models are to be 
derived. The relationships shown in Fig. 1 are not 
stratified according to stability. Contrary to accepted 
fundamentals, the exposure data for the very stable 



TABLE 3. Observed values ofb, (meters) for a m  of 
the Hanford grid. 

Run Arc distance (meters) 
no. 200 800 1600 3200 12,800 25,600 
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1 86 
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503 
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run are less at  all distances than those for the slightly 
stable run. Furthermore, a t  200 and 3200 meters, the 
stable data lie below those associated with instability. 
In  contrast, Fig. 2 shows the same data plotted as a 
function of the travel time. For any given travel time, 
the very stable curve >-ields a higher exposure value 
than that of the slightly stable curve, which in turn 
is higher than that of the unstable curve. 

These data were selected from the sample to demon- 
strate as dramatically as possible the differences in the 
time and distance concepts. In  most cases, the effects 
are not 50 pronounced as shown, but are still evident, 
and there is no doubt that the stability dependence can 
best be identified for all of the data when travel time 
is taken as the independent invariable. 
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8 is the distribution variance, t is the travel time, and 
A and a are parameters that determine the shape of the 
autocorrelation function. For lateral growth, the ratio 
Ala is equivalent to twice the mean lateral eddy energy, 
@. The evaluation of Fwould thus permit the solution 
of Eq. (1). A problem arises, through, in that 2 is a 
Lagrangian statistic whereas meteorological measure- 
ments are made at  fixed locations,!mal;ing i t  necessary 
to approximate from the wind data which are readily 
available. 

Let z i  be the mean wind velocity with direction e= 0. 
Let 1- be an instantaneous wind a t  angle 8‘ from f with 
components u along zi and z’ perpendicular to z i .  Then 
r= li tan e’. If 8’ is assumed sufficiently small, tan@’%’, 

(2) t.+ V I =  (a+ u’)e’+ UW. 

eraging over a span of time 

_ -  - -  
p= 11+9’?+2~u’8’2+ (zd’e’)2.  (3) 

practical purposes, Eq. 3 must be simplified; i t  
ere assunied that the two correlation terms in (3) 

, and that u= T i ,  so that to a 

(1) ( asuy. - 

Eq. (4) shows that the parameter of interest for 
termining try is u& not (I6 alone. The results obtained 
comparing the two parameters using the esperi- 

data leave no doubt that aeii is superior to ab 
dictor, In Fig. 3, the ratio cry/u~ is plotted against 
vel time. Fig. 1 shows the ratio o,/obd as a 

of the travel time. The scatter of the data in 
ificantly reduced in Fig. 4 by 

1- accounting for the mean wind speed. The data 
are further indentified according to the atmos- 

easured by the Richardson’s 
re included in the figures. The 
ral growth of the plume appears 

as appropriate for representing 
tially suggested from the 

uy data in the plot are from 
the crosswind exposure dis- 
The runs which are not used 
y an asterisk. The data were 

ided into groups specified by intervals of O6ii  and 
ed. The data points in Fig. 5 are, therefore, the 

al of uszl shown. The 
ve a slope near unity 

f and appear to approach a slope of one-half 
values of t. These are the limiting values for 

olution of (1) is shown in Fig. 6 ,  where the 
ers -4 and a have been determined from the 

I 3 L f l l l Q R  

experimental data. A rough estimate of A was readily 
obtained by solving the equation at  large t where the 
constant and exponential terms are small relative to the 
first term. a was then estimated- from the ratio 
A/2(a&. From these rough estimates, adjustments 
were made to obtain a good fit to the test data by trial 
and error attempts, which resulted in the following 
relations : 

A = 13+232.5up 
( 5 )  

A 
a=- 

2 (ugii)* 

5. Exposure 

The travel time dependence of the peak exposure 
normalized to the source strength and the wind speed 
is shown in Fig. 7. The e-xperimental data have again 
been divided into groups rhich have been jointly 
specified by the Richardson number, Ri, and the wind 
variability asz2. The solid lines are the average ex- 
posures for the groups. The hatched areas define the 
limits and include all the data from which the averages 
were derived. The intervals of Ri and that apply to 
these areas are noted. 

Stratihation of exposure data in terms of stability 
parameters is a common procedure in the analysis of 
experimental data. Although the identification of the 
stability effect has led to the development of useful 
prediction schemes, the range of exposures which are 
observed for a given stability category is still quite 
large. This range has been reduced by further stratifi- 
cation of the data with the parameter ugu. Thus, in a 
given stability category, the wide and narrow plumes 
have been separated. This effect is evident in both the 
stable and unstable curves in Fig. 7. The averages and 
limits in the figure show the extent of the data in each 
category. The limits would necessarily be much larger 
if Ri were the only criterion for stratification. 

6. Prediction 

The means for predicting exposure distributions have 
been presented. uy can be calculated from Eq. (1) or 
determined directly from Figs. 5 or 6, if aeii is h o r n .  
The normalized peak exposure is obtained from Fig. 7 
by selecting the curve appropriate for the values of 
Ri and ugii, which must have been calculated. The 
exposure distribution for any travel time can be readily 
calculated with the additional assumption that distri- . 
bution within the plume is normal. 

In applied problems, the assumption that crosswind 
exposures are normally distributed is often not valid. 
Trends and shifts in wind direction during the period 
of emission will result in skewed and multimodal ex- 
posure distributions downwind. .4 simple method for 
handling these situations has been successfully tested 
at Hanford. 
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FIG. 4. Ratio of plume standard deviation to wind azimuth stand- 
ard deviation times mean wind speed, uy/ud, VS. time. 
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FIG. 5. Crosswind plume standard deviation, u,, as a 
function of time and s& 
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FIG. 6. Standard deviation of plume width as a function of 
travel time and wind variability. 

When trends and shifts in wind direction are ob- 
k e d  during the emission period, it is necessary to 
lbdivide that period so that the frequency distribution 
i the wind directions within each interval is bell- 
kped. A long release may thus be considered as two 

t n c n n  

or more successive shorter releases, each apportioned its 
share of the source strength, Q, and each centered on 
its mean wind direction, 8. Because the intervals are 
chosen 50 that the wind distribution isrbell-shaped, there 
is reasonable assurance that assuming the resulting 
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FIG. 7. Normalized:peak exposure, Epti /Qr,  7s. time. 

exposure distribution to be normal is valid. (I& Ri and 
8 are calculated for each interval and the exposure dis- 
tribution for each is determined from the graphs which 
have been presented. The h a 1  result is obtained by 
summing the individual solutions for the intervals. The 
composite is the exposure distribution which resulted 
from the actual release. This distribution may take 
any shape even through it  was formed by summing 
curves which were normal. 

7. Independent verification 

Figs. 8, 9 and 10 shorn predicted exposure distribu- 
tions for a stable run which was not used in developing 
the methods. The exposure is represented on the 
ordinate. The azimuth is given on the abscissa, the 
zero value selected to lie near the center of the distri- 
bution. The solid line connects the observed data. The 
dashed line is the predicted distribution which was 
derived through the summing of nine normal curves. 
The emission period for this run was three and one-half 
hours, much longer than any of the tests used to derive 
Figs. 5 or 7. Considering these complexities, the pre- 
dictions of the positions and magnitudes of the major 

I 2 b O 5 0  I 

peaks are, indeed, encouraging, even at  a distance of 
nearly 13 hn (eight miles). 

Fig. 11 compares predicted and observed values of 
the normalized e-sposures for eleven runs not included 
in developing the prediction methods. The compafison 
was made at  3200 meters from the source. Good v e d -  
cation has been obtained even through many of the 
runs were characterized by complex distributions. The 
circled data point represents a planned 4.0-minute 
in which a trace quantity of elemental 1131 was released 
near the ground. Prediction of the distribution began 
during the release and mas completed shortly a f t a  i s  
termination to test the adaptability of the procedure 
for applied problems. 

8. Conclusions 

The data definitely indicate that the cross#d 
variance of a plume is not a straightfornard Power 
function of time (or distance), but is proportional 
the square of the travel time for times on the order Of a 
few hundred seconds and proportional to the first Pow" 
of time for times on the order of thousands of seconds* 

dad In addition, there is every indication that the stan 

4. +:: 
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FIG. 10. Comparison of predicted and obsened exposures 
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FIG. 11. Comparison of predicted and observed maximum expo- 
sures for 11 experiments at a distance of 3200 m. 

deviation of wind direction, UO, is not a parameter to 
use for discussion of crosswind diffusion; rather, the 
product udC, the Eulerian approximation to Lagrangian 
crosswind turbulent velocity, is to be used. These two 

1 2 b 0 5 0 3  

results plus the concept of diffusion as a time dependent 
process, not distance dependent, yield a method for 
comparatively precise predictions of exposure distri- 
butions from sources near the ground. 
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