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THE TURBULENT DIFFUSION OF RIVER (CNTAMINALTS

INTRODUCTIORS

Considerable work has been done (1,2,3,4,5) toward the derivation of the basic
mathematical relatiocnships describing the turbulent diffusion of heat and of sus-
pended material in liquid and gas streams. However, the developed relationships
are generally applicable only to ideal stream and source conditions and thus caa-
not be directly applied in defining the diffusion pattern of contaminants in the
Columbia River. The ob 2ctive of this study wves to obtein a workable mathematical
relationship, in agreement with all available data, whicih would define the existing
turbulent d:fTusion pattern o¢f reactor cooling water in the Columbia River thus
allowing the prediction of river temperatures and radioectivity concentrations under
proposed operating conditions. P

SUMMARY AND CONCLUSZONS “

Both a theoretical and an empirical approach were pursued toward defining the tur-
bulent diffusion process encountered in the Columbia River. The merits and limit-
ations of each approach are discussed. Although no solution was obtained for the
differential equation encountered in the theoretical development, its derivation

is included for the benefit of those interested in further study of this or a simi-
lar problem. The empirical approach is completely outlined and gives an adequate
Tit to tke avallable data. However, it cannot be extznded to conditions not defined
by the data without additionsa) sxperimental work which 1s outlined.

DISCUSSIOR

l. The Statement of the Problem

As water from the Columbia River passes through the BAPO nuclear reactors, ir
addition to absorbing heat generated by the controlled fission process, the impuri-
ties in the water heccome radiocactive througrk irradiation. Following a retentien
pe-iod to allow ccoling and radicactive decay, the water is discharged into the
river through submerged pipes. Once in the river, the residuasl heat and radio-
activity is dispersed by turbulent diffusion and downstream conveyance. The rate
and pe*tern of this dispersion are of prime concern due to the effect of the heat
or tne aquatic life in the river and on the productive capacity of downstream re-
actors. Of equal concern is the effect of the residual radicactivity on the aquatic
life and on the populous relying on the Columbia River for drinking weter supplies.

For these reasons it was imperative chat an effort he made to defins the turbulent
diffusion of this residual heat and radicactivity.

Iﬁ:ccnsidering this problem, it is assumed that the diffusion process ig sigonificant
with respect to the other variables only .n the cross-river direction. Tue verticsal
diffusion is assumed to be negligible both becpuse of the relatively small vertical

dimensian as comparad to the horizontal dimensic 2 alsc because of the scurce

ion and alsC because of the scurce
condition, i.e., the water is discharged into the river at the bed ievel w' th suf-
ficient pressure to cause its distributicn throughout the entire vertical line at
that point. Diffusion along the direction of flow can be reglected i1f radioaciive
decay is considered separately urnd if the observed aiffusion is attributed to trans-
verse turbulence. If it is alsc assumed that the absorption of heat or radioactivity

by the river bed apd by the atmocphere is negligible sxd tbat there is & trus line
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source of neat and radiogctivity, the following boundary conditione are
established:

A. There exists & delta-fuaciion at the source cruss-section of the river,
i.e., there 18 zero radiocactivity at every point except the source
point vhere its concentration is infinjte.

B. There is & uniform distribution of activity at an infinice distance
downstream from the source and the concentration is equal to the rate
of activity discharge at the source divided by the river flow rate.

2. The Norselizing Variable

The =athematical analysis requires some varilabls whose range is constant for ali
river cross-sections. The basic variable of linear distance could, therefore, not
be used., Otner investigators have used the fraction of total distance but even
this is not suitable due to fhs extreme variability in the contour of the river
bed. It has been suggested >) thet a fraction of flow variable be used. This
variable signifies the fraction of the total river flcw passing between a given
point and reference bank. The use of this variable essentially eliminates islands
and shelfs from the apparent contour of the river bed.

3. The Theoretical Derivation

A theoretical developmert is certainly preferred since it would embody the physical
laws operative in the turbulent diffusion process. Unfortunately, this process is
not well defined in terms of basic physical laws; however, certain analogies may
be drawn between this 2nd other transfer processes.

Notation:

- froncen
& concen

tration of contaminants at any point in the river
x - direction of principle flow vector

¢ - cross-river coordinate in units of fractf;n of flow between any point
and the reference shore

2 - cross-river coordinate in units of fraction of total width
K'¢) - coefficient of diffucion (es a function of 9)

uy -~ river ve_.ocity in the downstream direction

P - density of the river water

7o - shearstress at the bank of the river

7 - sheerstress at any point in the river

wl

The relationship defining the velocity profile across the river is assumed to be

u g9~ osg=|
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where 8 and u are empirical constants. The coefficient of ed?g)vlacoeity
(coefficient for turbulent momentum transfer) is given by Brunt for the case(T)
of the mtmosphere. In considering the dirrusion of metter, it has been assumed
that the coefficient of eddy diffusivity (coefficient for turbulent mmss transfer)
is equsl to tae eddy viscosity coefficient. Assuming that these same lavs are
applicable in the csse of incompressible fluid flow, it follows that

Tv'ok(y)§$

Uaag(S) points out that for turbulent flr« in charnels of constant cross-sectioa,
T« 7 (1-2R) osasy ¢
s (28=-1) LES!

If it may be assumed for case of turbulent flow in river caannels that
T= T (i-24) osgsy,

T 7.(29-1) hs@=|

then it is easily shown that

K@ =3 (9-9)™" %45

A differential equation defini.g the diffusion procese 13(7)
LT A
w3+ B[ k@3]
Using the relationships thus far derived, this expression becomes
-39S 9...[_'&.. - "f“i&]

which upon expanding and rearranging is found to be

i/ N ¥C Ly, Y Hac
%’:%};(04) W+(&»XI:§X(! ¢*) 39

The variables are t.erefore separable and if a soiution of the foram
18 as: mw&; then the following differential equations must be solved
2/ ;\2
T % ‘
\:':f’ o - (W4 n:\‘zf‘ . . o
(q-cf) 9 + (1o X1-24XY-4 Y + A Y-
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No solution has been found for the latter differectial equat.ion. If this expres-
sion were solved, its applicability would be limited by iis probable complexity
and the uncertainty of the underlying assumptions. Further, the units of the
ansver — radioactivity per (em® x ¢ ) — would require a conversion betveen ¢

and centimeters. Such a relationship cannot be defined due to ite dependence on
the cross-sectional profile of the river.

L. The Empirical Derivation

This type of problem suggests that some statistical probebility function or a=n
adaptation therof migkt be used to defire the actual conditions since the distri-
bution of radiocactivity and heat is being considered and this distribution is
continually being altered by the random movement of radiocactive and thermally
active molecules under th: influence of certain forces. Tha probability furiction
muet pave for i1ts limits a delta-function and a uniform distribution and must be
completely represeuted in a bounded interval. An obviousz selection is the bets
probability function. This choice is corrcoborated by the anslysis of the avallable
data by means of statistical moments.(9’ As in the case of the theorstical deriva-
tion, the fraction of flow variable, §, is used as & normalizing variable. How-
ever, since the relationship is empirical, this variable is not imposed on the
units of the concentration. The empirical relationship is

C _L®rtg Pt
S M+ g G-

where C, is the concentraticn of radiocactivity under uniform distribution conditions,
and C is the concentration at any point in the river. Expressions must be deter-
mined for v and g such that the resulting bets funrtion will fit the boundsrv som-
ditions and the available datsa.

Analytically, the mean and variance of the beta probzbility function asre
/‘ =....E-.
P+t

T ey

Solving the two expressions simultanecusly for p and q gives

P™ %& [A‘(f*ﬂ)‘d“}
g = -]

and

Tne parameterslp‘and q were determined from the original data(s) by use of statis-

tical moments.!?) These "observed” values for the parameters wvere used to ovtalin
"observed" weasures of the mean and variance for each traverse point.

Now the meancriginates at the point of discharge (in terms of the fraction of flow
variable) and must assymptotically approach the midpoint of the river as the dif-
fusing matter proceeds downstream. The "observed" values of the mean wvere found

to be adequatcly represented by the exponential relationship:

=05 ~ (o~£T-§)<a"&x
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where s is the po’ .t cof discharge, x is the distance downstream, and a is an
empir.cal constant.

The variance. on tue cther hand, is zerc at the poiat of discharge apd must in-
crease assymptoticall; to 1/12, the variance of the unit range rectangular dis-
trioution. The "observed" values of the variance were found to be best rerre-

sented by the hyperbolic function

ba X
. [brx+l]

where is the square root of 1/12, x is the distance downstream, and b is an
empiriczi constant.

Unfortunately, it did not aprear that the same basic type of relationship, 1.e.,
hyperbolic or exponential, would satisfactorily define beth relationships. Ideally,
& theoretical basis for the expressicns defining the mean and the variance would
be preferred; however, a search of the literature failed to provide such & basis.

i

5. The Empirical Fit

Using the exvressions obtained fcr the mean and variancs, corresponding values
were computed for the parameters p and q for each traverse point. Tnese "fitted”
conceutration distributions were plotted along with the "observed" distributions
and the individual field measurements and are reproduced in Figures 1-10. An
inspection of these graphs Indicatedi a reasonable degree of agreement with the
exception of one or two itraverses in which the inconsistency beiween data from

ad jacent traverses tended to discredit the validity of these measurements. It

is bellieved that the fit cbtalned Ty this asthod is as guod as any thut could be
achieved.

CONCLUSIONS AND RECOMMENDATIORS

Although the expression obtained tirough the adaptation of the heta probability
function was found to adequately represent the availeble field data, it cannot be
extended to conditions not defined by the 2ata due to the empirical nature of the

derivation. To obtain a usable relationship, one of the following results must
be realized:

1. The theoretical derivation included herein (or some other theoretical
derivation) must be completed und checked agairst the available deta.

2. Any experimental studies and/or additional field measurements must side

pPrCY
a broader and more accurate basis for the development using the beta pro-
bability funztion.

3. A differert mathematical model must be found which satisfies all of the
necessary source anc toundary conditions, represents the avsllizstle data,

and nas a sufficiently sound theoretical basis tc allow its extension to
proposed coperating conditions.

Of the above methods of attack, the first and the last would require a fresh approach.
The second alternative holds promise although the attendant economic factors are

UNCLASSIFIED
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considerable. It would seer that the most useable results could be achieved through
construction of a water trough or model river of such dimensions that a rough repro-
duction of the true river turbulence could be attained. Through evaluation of
measurements obtained from this trough and a small number of confirmatory measurs-
ments in the Columbia River, an applicable solution could be obtained for the pro-

blem and muck valuable data would be made aveilanle which could be used in further
studies of the turbulent diffusion phenomenon.

£
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