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EMPIRICAL DATA OX LONGITUDINAL
DISPERSION IN RIVERS

)

By Carl F. Nordin, Jr., and George V. Sabol

A}
ABSTRACT

Empirical data on longitudinal dispersion processes in rivers
are compiled from published and unpublished sources. Fifty-one sets
of data, covering flows from about 30 cubic fcet per second to 241,000
cubic feet per second [0.85 to 6,320 cubic meters per second], are
analyzed graphically. For a few casecs, the empirical datae agree very
well with the one-dimensional Fickian-type diffusion theory, but for
many of the data, the dispersion processes exhibit a non-Ficliian behevior
with the properties that the variance, 0%, of the concentration distribu-

3

tjon of a conservative dispersant increases with time, ¢, according tc

the relaticn 0; & tzﬂ, where 0.5 < ¥4 :.l'and Il averages about 0.7, and the

peak concentration, cﬁax’ attenuates with t—B, where B > 0.5. It is

conclused that the one-dimensional Fickian-type diffusion cquation does
not adequately describe longitudinal dispersion processcs in some rivers.

NTRODUCTION

Longitudinul dispcrsion in rivers is the process wherceby a mass
of dispersant introduced into a flowing streanm is stretchea, diluted,
and rixed ir the streatwvise direction. The terms "dispersion' and
"mixing" will be used intcerchengeably in this report. .

It usually is assumed that longitudinal dispersion processes can
be desceribed approzimately by a one-dincension:l Fickian-type diffusion
equation. Under this assusption, the variance of the concentration
distribution of a conservative dispersant should increcasce lincarly with
tine and the peak concentration should attenuate with the square root
of tinc.

The one-dinmensional model of course is only a roupgh approximation,
and onc would evpeet considerable deviations Sfrom the theory which in
fact occur. lowever, only recently has there been indirvect evidence



to suggest that therce should be consistent, systematic deviations from
the theory. In a study of mcasurcments of longitudinal turbulent velocity
fluctuations, Nordin and others (1972) noted in the kulerian turbulent
fluctuations a type of long-term persistence which is sometines called
the llurst phenomenon and they postulated that if the Lagrangian velocity
of a migrating fluid 'particle' were to exhibit the same property of
long-term persistence, the variance, o2 , of the particle displace-
ment (or the variance of the concentration distribution for a larpe
number of particles rclcased instantancously from a point) should
incrcase with timc according to a relation, o4 - t2¢ | where 0.5 <

H <1 and ¥ wusually is about 0.7.

Fischer (1973b) in a discussion of Nordin and others (1972) sug-
gested that an ordered structure of sccondary circulation cells might
Jead to persistence in Lulerian turbulence measurcnents, and if this
were the wmajor mechanism leading to persistence, it would not have
eppreciable effects in the Lagrangian statistics of a particle's motion,
and hunce would not influcnce longitudinal dispersion. In their reply,
Nordin and others (1973) comnent

"It rcmains to be established whether the
Hurst phenomenon is important for Lagrangian
statistics of rcal world flow conditions.

e suspect that it is importznt, and, if we
arc correcct, there is perhaps a nced to re-
cxamine critically the currert models or
dispersion processes."

The purpose of this report is to assemble empirical data on
longitudinal dispersion processes for a varicty of natural chaniels as
a first step in the critical cxamination of current models used to
describe longitudinal dispersion. In the next section, a brief review
is given of the background for the use of the one-dimensional Fickian-
type diffusion cquation to describe longitudinal dispersion processcs.
This is followed by a description of the data that were compiled.
Finally, thc data are analyzed graphically and some general conclusions
arc drawn to the effect that at least some of the data deviate systematic-
ally from the one-dimensional theory.

BACKGROUND

Mixing processes in rivers are extremely coipiex, and the mecha-
nisms involved are not fully understood. In & uniform two-dimension.!
channt:l, the wajor mechanisws are shearing action due to velocity
gradients and turbulent diffusien from random velocity fluctuations.
Molecular diffusion, being several orders of magnitude smaller rhan
turbulent mixing, generally can be ignored. In a natural river, though,
the flow usually is neither unifori nor steady and the chinnel is



likely to be highly irregular in cross section and in plan view, If
the stream bed is composed of alluvium; dunes, bars, and other irrcgu-
laritices of the bed generated by the flow constitute large-scale rough-
ness elements.  Mixing in such channels is influenced by a meuandering
thalweg, sccondary flows, vortices, and other large-scale disturbances.

To describe mathematically longitudinal dispersion processes in
rivers, drastic simplifications have to be made. Usually, it is
assumed that the concentraticn distribution of a conservative dis-
persant can be described by a onc-dimensional Fickian-type diffusion
cquation. In the following scctions, some of tnc history and bacl-
ground for the use of this cquation are traccd briefly.

Fick's Law

A Fickian process is a gradicnt-type transport process with a
constant diffusion cocfficient, X , defined by the rcelation

J = -x%’ﬁ (1)

wvhere J  is the one-diwnsional flux across o reference plane perpen-
dicular to & per unit tine per unit arca of a difrusing substance
with concentration € . ° LEquation 1, Fick's {first law, appearcd in
Adolf Fick's paper "Ucber Diffusion', published in Foggenderi{'s
Annalcn in 1835 (Tyrrcill, 1964). ‘the derived cquation

dc
dt

S/
. o gt @)
ar [oso]

is called Fick's second law. Fick, a physician, was interested in
diffusion through membranes. and he proposed his cempirical law to
describe the analogy between that process and the spreading of a soluble
substance in its solvent. lHe recognized that his law was identical in
form to Fourier's law for hcat conduction and Chi's law for conduction
of clcctricity.

Today, the term "Fickian process" uszually refers to & transport
process that can be described by cquation 1 or 2. Sometimes, a con-
vective term is included in cquation 2. A Fickimam process is char-
acterized by a diffusion cocefficient K  that is: independent of the
concentration ¢ad eof time,



Propertics of the one-dimensional diffusion cquation

The one-dinensional Fickian-type diffusion cquation thut cften is
used to describe longitudinal dispersion in rivers (Fischer, 1968), is

QQ
a

%
9z

o US_: K.’C

ac
- &)

a
o

where C 1is the cross-sectional average concentration of the dis-
persant, U 1is the mean velocity at which the cloud of dispersant is
convecicd in the wean flow Jdirection, x Kr is a constant longi-

tudinal dispersion coefficicent, and ¢ is .ime.

The solution to cquation 3 for the initial condition of an
instantancous source distributed unifornly over tie flow cross scction
at x= 0, t'=0 , s givcen by Savre. (1968)

CHa 4 (r - T12)2 )
DA Bacy o bp HiE S 25 @)
£Y2 111.'x1£ “a

where ! is the weight of the dispersant introduced, .4 1is the cross-
sectional area of the channel, and y is the unit veigat of water.
Equation 4 gives thc concentration, € , as a funccion of position,

x , for any fixed time. By continuity,

¥ = vyA J Clw:t) dx ()

-

o0
so the quantity F/y4 = I C(x;t) de is a mormalizing factor. For

a fixed time, tl , the distribution,

Clzsit,) ] (z - Utl)2
e e T )
I Clx;t)dx Lo |



is a normal probability density function with

Mean = x = ut) (7)
Variance = o; =2 thl (8)
Maximum = f (x;t) = B . 9)
m )
2/111{xL]

The major propertics of the concentraticen distribution arc given
in cquations 7, 8 and 9, and 2re shown schcmatically in the definition
sketch of figure 1. The weight, ¥ , of dispersant is introduced at
t =0, x =0, as an instantuancous sourcc uniformly distributed over the
cross scction, A . The cloud of dispersant is convected downstrean
at sorrc mean velocity, U , so that at any time, e the centroid
of the cloud, which also is its mecan valuc, is zy = Efl . During the
time that the cloud is being convected downstream, the dispersant also
is being mixed and diluted, so that the variance of the concentration
distribution increases lincarly with time according to cquation & and

Twvna af “ha Jdsc.
S TRt uls

<
....... 10N W An~ ~ e slia vy arn
Viaeaul

the poach concentration, which cccurs at the mean g
tribution, aitepuates with the square root of time. If values of a ,
o2 , and £, arc determined experimentally at times tl % LZ 5o e

and plottcd“aguinst’timc on double logarithmic coordinates, the graphs
would have the appearances skcetched in figure 1.

In practice, it is very difficult to mecasure instantancously the
concentration disir. bution as a function of position, a , and instead,
onc usuually will preselect a number of sampling sites, Ly By 4**"
and at cech of thesc sites, the conceatration of the dispersant is
deterndned as a function of time, as shown in the definition sketch of
figure 2. By continuity,

t
W o= AU T[ Clt;x)dt (10)
0

and using thc transfornation

x = Ut 1)
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the distribution of the concentration, C(¢t;x) , as a function of time

at a given cross scction, x, , for exaple, is

. (z. - vi)?
Cltizi)a,= = e A (12)
N 2yAVTE L e
x
or in normalized form
; - 3. i
C(t)x]) ¥ f(t-'” ) 5 U er --.l Uv) (] )
T R P e BN TR e 5
S Y73 At
C(t x)dt 3
0

where f(t;x) is cquivalent to a probability density function

J[ Fltsz)dt = I flzx;1)de = 1 (14)
0 Sl
The mean, ¢ , and the variance, o% sof Pzl vare
X 2%
e, (15)
U v”
o o
0l = ——— + 8| =
E S (zfz | o

The distribution f{t;x) is skewel, as sketched in figure 2, so
the peak concentration :"r(i.,‘x )} does not coincide with. £ . [If the
- - - iy -
condition of cquution 11 holds, the pcak concentration occurs when
t = Up/:r.‘i S SO fm(t;::) , the maxinmum concentration, attcnuates with
1ﬁc squarc root of time



T (tsz) = ST (A (17)

where Ub is the velocity at which the pcak of the concentration dis-
tribution is convected along the channel. .031ucs of “E .25 oi , and
j;(t;x) plotted against z, or ¢ on log-log paper would have the

‘
general appearance sketched in figure 2. It gencerally is assumed that
distance and timec arc interchangeable through cquation 9. Thus, if
the one-dimensional Fickian-type diffusion equation (eq. 3) describes
approximately longitudinal dispersion processcs in rivers, onc would
expect the cloud of dispersant to be convected along the river at a
constant ratc, while the variance of the concentration-distribution
increased lincarly with tine and the peak concentruation attenuated with
the squarce root of tinme.

There arc no reliable methods for predicting from bulk flow pro-
perties the dispersion coefficient, .7 , except for flow in a pipe
] g ! b1l

(taylor, 1954) or for flow in a two-dimensional open channel with a
specified velocity distribution (Elder, 1959; Sayre, 1968). Conse-
quently, to use cquation 3 1o prcaict Jongitudinal dispersion in
rivers, it usually is nccessary to cetermine experimentally values of
K. . This is done by injecting into a stream as &n instantancous line
source some dispersant, usually a2 Rhodenine dye (Wilson, 1968), and
obtaining concentration-time curves at a numher of cress scetions down-
stream. The variances of the concentraztion-discributions are computed
and plotted against x or ¢t . The cocfficient n# is cstimated

from

o
&
N

do

~
~

. (8)

N‘Q'J
N

Fischer (19G6b) suggested that ¥ could be determined from only two

-

concentration-tine curves

o
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Lx = 5 U - ; (19)
= 2

where the subscripts 1 and 2 refer to concentration-time curves defined

at fixed positions ) and <, downstrcam of the injection site and

t] and tz arc the centroids of the time-concentration curves.

Fischer (1968) found the onc-dimensional model to be a good approximation
if

X5>1.82 0/ U, (20)

wvhere ¥ i1s the distance downstream of the source, £ is the distance
from the point of maximum surfacc velocity to the farthest bank, » is
the hydraulic radius, and U, 1is the shear vclocity

Ul = Vg 28 (21)

and S 1is thc slope of the cnerg: gradient.
Taylor's ‘Thcory and its Exteasions

The usc of equation 3 to describe longitudinal dispersion in rivers
stems from carly work of G. I. Taylor (1921), where he showed that the
variance of particle displacrent diffusing by continuous movement in an
isotropic, homogencous turbulent ficld, was

02 = 22 I (t - 1) pl1)ix (22)
0

vhere u? is the variance of the Lagrangizn turbulent velocity fluctua-
tions, and p(1) is the corrclation between the velocity w(t) at

10



time .z . and the velocity: w(t+v) at.time € + a4 . 1 FBox v =0,
p(1) = 1, and cquation 22 becones

03: = 2u% t2 (23)

For very long dispersion times, equation 22 becomes

o: =202 1t f pl(t)dr - f 1 p(1)d1) (24)
0 0
It is assumcd that
I p(t)dr = .L = a constant (25)
0

and that the sccond term on the right side of cquation 24 also is a
constant, so for times large compared to L

o; < 2Lt ; (26)

Thus, after long times, the variance of particle displacement, or of
the concentration distribution for a large nusber of particles releascd
instantancously, would incrcuse lincarly with time, just as in the
Fickian modcl of cquation 3. The constant L 1is called the integral
time scale; it is a measurc of the temporal span of dependence between
u(t) and .(i+t) . By analogy with cquation 8§, the diffusion co-
cfficient is

K = u?L 27

so the diffusing power of the flow for this casc depends only on the
variance of the fluctuating veclocity and the integral time scale.

1]



Taylor's contribution was not in demonstrating the utility of
cquation 3; his najor contribution was that he was able to denmonstrate
that the diffusing power of the flow related directly to simple statisti-
cal mecacurces of the turbulent velocity fluctuations, therchy giving a
physical basis to the rather ad hoc concepts of "aixing length' that had
been introduced carlier by both Taylor and Prandtl. [Mixing length
theories apparently datz back to Boussinesq (1877). Hinzce (1959)
describes some of the historical backgrcund of tire developanent of
turbulence theory, and a modern viewpoint of the historical contribu-
tions is given by Monin and Yaglom (1971).]

Taylor's thcory was developed for isotropic and homogencous
turbulcence, an idealized situation ncver nd®& in practice. In addition,
the coefficient, K_ , rclates to statistics of the Lagrangian velocity
of a "particle,'" that is, to the velocity fluctuaticns of a migrating
particle. Turbulence measurements on 'the other hand, almost always are
nade by a probe or scnsor meunted in a fixed position in the flow field,
that is, in an Eulerian framcwork. Conscquently, a great amount of
cffort has been dirccted to relating Pulerian statistics to Lugrangian
statistics. Lagrangian statistics of particles dispersing in water
have been obtained for only a few cascs (Kalinske, 1940; Hansen, 1972).

Batchelor and Townsend (1956) apparcntly were the first to attempt
a rigorous statement of the mathematical propertics of u  that must
hoid for Taylor's thcory to be applicabie in turbulent shear flows.
Looscly paraphrascd, their argument is that a fluid particle, cen-
strainced by the flow boundary, will migrate randonly in the flow ficld
in such a way that the velocity of the fluid particle is a stationary,
ergodic randon function of time. The mean displacerient of a particie
after long tirmes, being the sum or integral of azn infinite nusber of
randon displacements, saould, on an intuitive appeal to a form of the
central limit thcorem, be a Caussian function, and hence is a solution
to equation 3. Lumley (1972) gives a more clegant argument usiag the
concept of strong mixing as defined by Roscublatt (1956). For purposes
here, strong mixing can be cquated with the condition of cquation 25.

Batchclor (1949) extcnded Taylor's theory to diffusion in any
homogencous turbulent ficld, showing that if the concentration dis-
tribution of a dispersant was Gaussian, the mixing process could be
described by cquation 3, and the concentration distribution would have
a variance given by cquation 26, implying a constant diffusion co-
efficient

1 do?
xx=§-?;§=;;2,, 28)
12



The extension and application of Taylor's thcory to longitudinal
dispersion in turbulent shear flows, where the major mechanisi for the
nixing is the differential convection caused by velocity variations in
the cross section, .cre given by Taylor (1954) for dispersion in a pipe
and by Elder (1559) for dispersion in a uniform infinitely wide open
channel. The results are identical to Tavior's 1921 model, cxcept that
the fluctuating velocity V' is taken to be V' =V - V , as sketched
in figurc 3, wvhere V is the mcan flow velocity and ¥ is the mean
velocity at any point. Turbulent velocity fluctuations and molecular
diffusion arc neglected.

Fischer (1966Ga, 1967, 1968) extended the work of Taylor and
Elder to describe longitudinal dispersion in naturzl strcams by hypo-
thesizing that loungitudinal dispersion is predominately due to the
combined mechanisms of mixing over the f{low cross scction and of varia-
tions of longitudinal velocity within the flow cross section, giving
risc to differential convection. Fischer further hypothesized, follow-
ing Tuylor (1954) and Llder (1959), that after an initial period
dominated by convectien, a condition of cquilibriun between mixing and
the convective mechanisms is cstablished o that the longitudinul dis-
persion proceeds according te the onc-dimensional Ficlkian process
described by equation 3. Again, as in Tavlor's and Elder's work, it
is implicitly assumed that a migrating particle's velocity is a sta-
tionary random functiorn of time with the property of strong mixing.

Empirical data and mixing cocfficicnts

Tayloxr (1954) and Elder (1959) werce able to compute valucs of
¥ from known velocity profiles in the two-dimensional flows that they
iivestigated and to verify their analysis by experirents. For turbulent
flow in a round pipe with radius a , the value of Kx is

& =W T e, (29)

and for a logarithmic velocity profile in an infinitely wide channcl
with uniform depth, D ', K_ is given by

.o R0 DU (30)

Fischer (1967) reported values up to 15,7 of the nurerical cocf{ficients
in cquation 29, deterivined rom laboratory experiments. He also pointed

i3
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out (Fischer, 1973a) that any variations in veclocity across the channcl
or sccondary circulation can only incrcasc the value of Kx and he

compiled data for a number of streams (Fischer, 1973a, tablc 2) ¢ owing
values of the numerical coefficient in cquation 29 ranging from alout
10 to /,500.

Both Taylor (1951) and Elder (1959) <implificd the equation for
longitudinal dispersion by dropping the longitudinal turbulent diffusion
term and restricting their analysis to vertical turbulent diffusion
and longitudinal dispersion by convection,

~v
E + l_/-?_g = a_ (” .a_c_‘
at oz 3y “y oy (31)

wvhere Ku is the vertical diffusion cocfficient. Fischer (1967)
followed the same approach for longitudinal dispersion in rivers, except
he assurncd (hat Jongitudinal dispersion resulted primarily from con-
vecticn in the & direcction and transversc turbulent mixing,

ac =B e D #
E o el (kz aa) (32)

vhere Kz is the transverse diffusion cocfficient found from experi-

ments to be

K, = 0.23U,D (33)

Longitudinal turbulent diffusion was assumed to be negligible ir
relation to the convective term, and vertical mixing was eliminated
under the assumptions that thie width-to-depth ratio was large so complete
vertical mixing would occur rapidly in relation to the time for complete
transversce mixing.

Fischer (19¢7) obtained a longitudinal dispersion coefficient by
integrating a denth-averaged foim of equation 31. The application of
his. fornula (Fischer, 1967, c¢q. 17) requirces only the channel slope and
the downstrcam velocity and channel depth as a function of lateral posi-
tion, =z , the type of information normally obtained from a water-
discharge measurenent.

15



By dimensional analysis and analogy with Taylor's integral time
scale, cquation 27, Fischer derived a Lagrangian time scale for natural
strecans

0.3 5?2
T = i (34)

and a relation for predicting the dispersion cocefficicent

}’ g ll'? 22
g - AR (35)

where V' is defined in figure 3C. A dinmensionless time unit, ¢! ,
was defined

! Ty (36)

n

The mixing length criterion of equation 20 resulted {rom Fischer's
observation that approximately six dimensionless time units were
required before the dispersion process followed the one-dinensional
diffusicp model of cquation 3. The conditions for various dimension-
less times as given by Fischer (1967) arc as follows:

t! Conditions
0-3 Convective period; Taylor's theory
definitcly not applicable
3-6 Transition; ncarly lincar growth of

variance, but one-dimensional

diffusion cquation not applicable
> 6 Taylor period; onc-dimensional

diffusion theory applics.

Fischer (1973a) demonstrated for a nuuber of natural channcls
that valucs of the dispersion cocfficient predicted by his method are
in rcasonable agreement with observed values of A . Observed dis-

persion cocefficients are determined from field experiments. Values of
Kx arc determined from the concentration-time curves cither graphically

as sketched in figures 2 and 3, using the propertics of cquations 15
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through 19, or by some curve-fitting technique that gives values of
U and Ky to minimize the squares of the deviations of the computed

from the obscerved concentration-time corves. Both of thesce techniques
arc descrit:ed by Thackston and others (1967).

Fischer's computational method, the graphical method, and the
curve-fitting techniques {or deternmining KT arc bascd on the assump-
tion that cauation 3 is a suitable nmodel for the mixing process and
that the concentration dictribution of a conservative dispersant, after

sufficicntly long time, will be described by the Gaussian distribution
of cquation 4. Furthermore, most of the work on tongitudinal dispersion
in rivers to date (1974) has concentrated on the problem of predicting
the dispersion cocefficients and the concentraticn distributions, and
conscquently, only a few investigators have looked critically at the
question of whether or not solutions to cquation 3 can reproduce
satisfactorily the essential features of the observed data.

One feuture common to all the empirical concentration-tine curves
is a skcwed concentratien distribution. The distributions are char-
acterized by an abrupt leading edge and s long tail stretching upstroam
&s sketched in figurc 4.

Elder (1059) attributed the tuil of the distrilbution to storase
in the viscous sublaver and accountced for the sterasc nppvn-'.ak-') in
his calculations. Fischer (1968) arbitrarily chosc a point on the tail

a C
of the distribution and drew a straight line from 1h¢t point to the
point of zcro concentration at the douwnstrean: edee of the distribution,
as shetcued by the dashed line in figure 4, and then used the doshed
}ine as the base for hig integration to deterndns tht moments of the
coneentration distribution. Yotsukura and cthers (1970) truncited the

.3

tail of the cvoncentrution dictribution at 3 nercdent and 1 percent of

the peak concentration before computing the variance.

The long tails of the concentration distributions are gencrally
assuncd to be caused by storage mechamisms in the channel, and the
custoirary procedure is to apply some arbitrary corscction such as
Fischer (1¢68) did. 8ut the long tails arce ubiquitous features of all
these distributions, and 'to ignore the tails is to reject from the
obzerved data a nost important aspect of the obvious disagrecment
betweon the ebservations and the theory.  €lcarly, an arbiitrary bascline
drawn on the distributions for a base of integration, or truncating tiv

tails of the distriluliouns, as in fj"nrc 4, will nalke the adjusted dis
tributions more ncarly Geussian and will reduce the variance of the

concentratien dx'trlnu*nvnn...A)%;trury adjustments of the data to nake
it fit the theory may be quite satisfactory for engineering expedicace,
but such procedures arc not likely to contribute substantially to
understanding the physical processes involved in Jengitudinal disper-
sion.
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Probably, most investigators of longitudinal dispersion in turbu-
lent shear flows have rccognized the problems associated with the long
tails of the concentration distributions, and several investigators have
attenpted to identify the mechanisms involved and to account for storage
of tracer in the mathematical models. Tayvlor (1954) and Eilder (1959)
applicd corrections for dyc trapped in the viscous sublayer, and rnore
recently Chatwin (1971) reexamined the experimental data of Tavlor (1954)
and Fischer (1966a) and showed that the inconsistencies between the
theory and the cxperimental results werce duc in part to neglecting the
effects of the viscous sublayer. Chatwin indicated that storage effecte
of the viscous sublayer could incrcase tihce dispersion on the order of
20 percent.  Godfrey and Frederick (1970) and Sayre (1968) fit a Pcarson
type I1] distribution to their observed concentration-time curves in an
attenmpt to account for the skewness of the cobserved distributions.

Hays and others (1966) were the first, apparently, to include in their
model storage terms as an integral part of the mixing process.

Another feature comrmon to most cmpiricazl data from natural strcams
is a more-or-less consistent loss of tracer. Mechanisms for these
losses might Involve storage, sorption of tracers on sediment particles,
or dccay of the tracer. Rhodahuine dyes, for example, decay in sunlight.
Tracer lossces usually are accounted for simply by correcting the obscrved
curve to total reccovery using cquation 5 oy equation 10, and this cor-
retion procedure will be used in this report. In a subsequeat report,

4hn Asvmasme 3wt ma liiand hae aoaal - ¢ Jirser
Il vl vVa v Adlivi Vvinaenou ey J\.\..l L A VNN Wi o e A [ e

it is sufficient to note that the exrors are s,stematic .nd gencrally

small, efiecting estimates of the variance by only a {c¢v percent, and

that the correction procedure applicd will tend to reduce the computed
variance in comparison to the truc variunce.

s~ 31 A Al s A A l),.m,\
veley, AU d GICIVU

DATA COMPILATICN AND ANALYSIS
Description of Data

The basic data used in this rcport are concentration distributions
as a function of time collected at a nunber of cross scections in sclected
-reaches of rivers. These data were obtained during time of travel and
dispersion studies, using fluorcscent dyes or radioactive materiel as
the cdispersant., 7The data demonstrate cmpirically how a soluble nmaterial
disperses in a river. The dispersion charecteristics of interest are
the velocity of the peak concentration, the velocity of the mcan con-
centration, the attcnuaticn ot the peak concentration, and the rate at
which the cloud of dispersunt sprecads, which usually is measurcd by the
tire rate of cnange of the variance of the concentrotion distribution.

The basic concentration-time data were obtaincd {rem scveral
published reporis o dizpersion studies and from unpublished data of
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the U.S. Geological Survey. A list of the test recaches, sources of the
dispersion data, type and amount of tracer used, and type of tracer
injection are given in appendix A.  The locations of thesce test rcaches
arc shown in figurc 5.

The general criteria for the selection of field data were (1)
the weight and type of dispersant were known, (2) the water discharge
was known, (3) cnough samples were taken to define the complete con-
centration-tine curves, and (4) samples were collected for at least
thrce and preferably four cross scctions dovnstream of the injection
site.

A thorough discussion cof the metl®ds for conducting dispersion
studies using fluorescent tracers is given by K lpatrick and others
(1973) and Wilson (196S). These metihods will not be elaborated here,
however, to provide some insight into the natuie of the basic data and
the asswptions required for data reduction, a brief outlinc of a
typical time of travel study is presented.  For a radioactiv: material
thce procedure is similar, although different cquipment is required.

A rcach of channcl is sclccted for vhich time of travel informa-
tion is desired. At the upstream end of the reach a predetermined
amount of fluorescent dyve is injected into the river. The method of
dyc injecticn will depend largely uvpon the width of the stream. For
narrow streams the dose wili usvally be as a single siug, while for
large strecams the dosc will be distributed across the width. The
latter is done to hasten the complete mixing of the dye in the cross
section. :

At a number of presclocted sites downstrcam the water is sampled
periodically or continuously, and the concentration of dye is determined
by means of a calibrated fluorometer. The sampling sites <hould be
chiosenn far enough dosnstreanm from the injoction point so tiiat there is a
homogencous mixture of dyec at the site. Usually, the distance to the
first sampling site is sclected according to some criterion such as
equation 20. Samples are rcecorded until the concentration approaches
zero or until it approcches the natural level of background fluorescence.
This, then, yiclds a set of concentration-time values for cach sampling
site.

Samples often are obtoined at only one.point in the cross scction,
usually ncar the water surface, under the assumption that there is
corplete vertical znd lateral mixing. Tuis assuaption generally is not
verified cupirically.

20



Figure 5. Locations of the test reaches by case number



Data Reduction

The concentration-tine data were plotted and a continuous smooth
linc was shetched to represent the concentration distribution curve
for cach site. The concentration-time data for case 8§, the Monococy
River, are shown in figure 6. This is an cxample of a sct of data Jor
which the couacentration-time curves arc well definod. The data for
case 22, the Awmite River, are shown in figuve 7. The data for this
casc have nuch scatter shout the peak, and the trailing concentrations
cxhibit some fluc:u.tions. For this casc it is difficult to define
the curve with a high degree of confidence. These two examples are
illustrative of the type of data used. The auulity of the remaining
data normally was within these two limits.,

The curves were digitized so that the data could be analyzed by
computer techriques. Tic time interval between data peints wds chosen
so that 1 smooth cuive vas apprcexinatcd and the peak concentration was
represen.ed, viich norrally required tcetween 25 and 100 digitized points.

P

et

The naturc of the dve is such that it will decompose during
exposurce to sunlight. Also, somc of the dve w.ill be abserbed by
vegetation, or will adhere to the bed, banks, and sediment particles.

A further coxplicatien is that the dyc particles can become entrapped

in repions of w0 fiew or fiow reversal and may pol be released Lo tiwe
downstream flow fur a considerable length of time. Fer these reasons,
all the irjected dve was not accounted for at the downstrcam saupling
sites. ‘The amount of dye nassing the dowrstream section was calculated
by integrating thc concentration-time curve and multiplying by the
water discharge, as given in ccuation 10. The cencentration-time curves
then were zdjusted for zere dyve loss by dividing the observed coucen-
trations by the rccovery ration (PFR), which is defined as the weight

of the obscrved dyc (kb) divided by the weight of the injected dye (iV);

R o= 2 (27)

This adjustment is valid if the dye loss is proportional to the con-
centration present, which is assumed to be the case.

If the streawm discharge was constant in the study rcach, no
further adjustnients to the cencentration curves were required.  How-
cever, if there was outflow from or inflow into the <tream so theot the
water discharge chonged, the concentration-time curves adjusted to zero
Joss were corrected 10 constant discharge by multiplyving cuch concentra-
tion value by the ratio Q/ql , where Ql is the initial discharge.
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Becausc the discharge at the injcction site was not available for all
cascs, Ql was taken as the discharge at the first sampling site.

Scveral statistics of the adjusted concentration-time distribu-

tions which describe the dispersion process were then calculated.  The
time from injection to passage of the dye cloud centroid (t) is

I tCltx)dE

— o
. e = (38)
J Cl(t;x)dt
o
the timc variance is
l t2 C(t;x)dt
o T2
O £en (39)
I C(t;x)dt
o
and the cocefficient of skew is
: ! (t-t)3 C(t;x)dL
¢ = 2 = (40)
"

The actual integrations were approximated by numerical integration.
Also, the maxinunm concentration (Cqu) and the time to its occurrence

nd

(tp) were deternined from the adjusted concentration-time curves. These

valucs arc listed in table 1. The channel geometries and scveral
hydraulic characteristics of the test rcaches arc listed in table 2.

Background informaticn and sources of the data are listed in
appendix A.  Appendix B is a compilation of the unpublished data used
in this rcport. For cach sampling site, the distance to the site from
the point of injection in river miles, the discharge in cubic feet per
second, and the recovery ratio are given. The digitized values of the
concentration-time curves arvce listed under the headings, Time Since
Injection in Hours and Obscrved Congentration.  The values adjusted for
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Table 1, Statistics of the concentration-time distributions for the dispersion tests,
a c
Test reach Distance Q nax : t D 2
and required from Discharge Maximuem Tim t % G
mixing length, point of during concentration "¢ 0 Time to  Time Coefficient
zy 2 injection  %est in micragrams centroid variance of skew
o Site niles in cfs _por litor in hours in fhours)? in (hours)?d
1 1.60 al. 105:.74 Siid 3.56 0.59 2.50
< 5.05 42 . 39,55 13, 13.35 3.81 2.00
3 13.35 58. 15,99 42.5 45.14 16.95 1522
4 13.40 63, 10.73 67 02.30 34.54 1.07
1 1.060 180, 330, 1.35 1.45 .Ca4 1.80
e 5.85 185. 143.74 8.5 5.62 Ry 200
3 13.35 259 76,41 15.9 10.23 1S3 3.07
4 18.20 275, 35.90 23.4 24.01 2,161 2,00
5 25,25 200, 36.95 33.2. 34,02 4, 1:63
6 30.35 360, 34.72 .3 38.55 3 1.0%
7 30.80 430. 32.C7 + 4358 44.37 S 1.10
8 41.45 450, 28.¢4 47.4 48.20 6. 1.15
Anticten Creck,: MD 1 1.00 e5. L1t 2eq 3.08 i 2.9
River mile 41.65 2 S95 86, A Q.5 10.01 2 L 2ol
to 23.25 3 13.35 120, 27.4 28.53 €. 1.56
Y =0 4 18.40 140. 2103 40.1 41.50 P RE 1537
Antietan Cresk, MD 1 7.85 160 S1.81 13.8 14.7 0 1.27
Rivor mile 23.25- 2 12515 183, 33,37 21.2 Ry e S 1,484
to 0.2 3 18.4 228, FRWES 29, 30,54 7 ) B iy
Pin 2.8% 2 23.G5 330 19.54 34.2 88,95 g, [
Monccacy River, MD 1 6.4 100. 12337 12.5 13:57 2.066 200"
River mile 37.85 2 11,4 200. 7al? ol 4 24.76 7.60 1.23
to 16.55 & 16.65 225 4,40 255 b | 10,49 .76
z = 6,06 4 21.3 270, G K | 43.5 5.6 21.38 1.28
Monocacy River, MD 1 4.65 286. 17.97 8.5 0.94 4.03 &22
River nile 21.1 2 11.7 205, 7.58 29, 31.50 15.11 1.49
to 0.1 3 17.15 330. 5.50 41, 43,37 19.53 1.01
Xe 13, 7% 4 21 S oD 48 51.51 .03 1.24




Tadle 1. (continued)

Case Test Reach Site I ¢ Caax ty B
7 \Monecacy River, MD i 6.4 S05. 18.3 el 7.91 1
* fiver nile 37.85 2 11.4 S$25¢ 11.54 13.6 14.2 1
te 16.55 S 106,05 S¢O 9.17 19.6 20.36 74
. X = 5.0 4 21.3 635, 722 25.8 26.55 S
8 \Monoerey River, MD 1 4.05 720 26,75 502N S.63
River mile 21.1 2 11,70 a0 15.56 15.5 16.44 28
to 0.1 3 17.25 780 10,62 22; 23.42 B
X =9,23 4 21. 7380, 10.70 7.5 29 01 i
9 Monocacy River, MD T 65 108. 24.85 17.5 20.96 , YR
River nmile 21.1 b q TNz ¥, §.26 52.5 69.52 119.
to Q.1 3 L7 1S 1225 8. 6,20 85. 93.19 182,
X = 6.0% 4 21 S 5.48 S9, 110.70 278.0
10 Conococheague Creek, MD 1 2.75 241, 100.05 3.1 3.05
River mile 21.1S 2 S.4 232, 47.29 6.6 6.92
to 0.1 3 8:35 o143, 38,52 10.2 11.23 S {1
X = 6,53 4 12.35 245. 27.96 15.2 16.63 3.
R k3 16.135 243, 17.21 212 23.09 6
» 6 21.03 250. 10.2 33.8 35.73 12.
11  Conococheague Creck, MD 1 275 B 70.87 5.4 Q22
River ailec 21.15 2 §.2) 300, 38.33 15.9 1501 4.
to 8.8 3 3.33 102. 16.39 24.8 26.75 19.
X = 4,42 4 32.35 102 16.67 b.% 1 30,903 18.
12 Coaococheapue Creck, MO 1 2,78 1,010, §7.61 1.4 1.49
River milc 21.15 2 5.4 1,010, <8.1 3.15 S. 98
to 0.1 3 §.35 1,050, 10.0C S. 5.44
X = 6.64 4 12.35 1,060. 15:53 7.60 8.05 .
5 16.13 1,070, 9.45 10.4 10.94 ’
6 «1.03 1,020, 0.96 14.8 15,57 1.
Chattahoochee River, GA 1 0.95 4,810, 16.48 4.83 5.08
River mile 348.1 2 1735 6,340, 10.6 &.08 8.89 2
to 300.5 3 22.06 6,170. 9.7 10.33 10.74
X =4.79 4 30.81 6,002, 6.71 14.8 15.34 b %
S 34.48 3,300, 4.65 19.83 21.05 4.
6 37:.62 3,890, 3.067 239 23.05 6.
7 47.50 : 3,300, 2.72 23.52 30.18 9
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Distance ¢ “ma t = 2
Table 1. (ceoatinued) fron Discharge Maxinum Tire to t < G :
point of during cencentration c £ Tine to Tinme Cocfficient
injcction - tost in nicrograms nax centroid  variance of shew
Case Test Reach Site in niles in cfs per liter hours in hours  in (Lours)? in (hours)3
14  Chattalioochee River, GA 1 6.52 4,050, 17.87 2.6 2.8 37 1.08
River rile 300.47 2 18.¢8 4,930, 7.08 2.6 10.01 1:08 1.75
to 235,35 3 40.62 4,850, 3.53 22.16 23.87 3.306 1.23
X = 6.5 4 065.01 4,930, 22 33.33 39.21 7.233 .60
15~ Salt €Créed; NE 1 5.75 87 61,16 qadS 8.15 1.6 27
River rile 32.3 2 2.5 63.3 12,38 125 13545 3.2 2.15
to G.1 3 19.40 106 20,08 255 7.01 8k 1.62
X% 7.83 4 27.69 107. 7.39 37.5 39.95 19.77 1.66
5 3242 1448 12.48 * 48, 51083 23.73 .88
16 Difficult Run, VA From 1 4 33.6 118 -4 1.44 .137 1.88
Leigh ¥ill Rd. to old” " 2 1.35 A . 5.81 3.8 3.99 .25 i
CGeorgetown Mike X=0.77 3 2% 40. 4.32 6.2 6.58 «451 4!
17 gecar Creex, CO From 1 o7 360. 42,99 = 4 24 .0009 1.05
Kittridge to Morrison 2 347 366 12.86 1.88 1.91 .00917 .59
X = 0.14 3 6.8 371 10,29 3:6 3.64 01423 293
18 1 NOT 48.6 =0.30 .85 1.03 000 .45
2 251 49, 4,79 St 5.73 1.3169 1.39
3 321 S5% 3.67 7.4 8.21 1,829 1.46
4 4.55 ¥ 58: 2,61 3133 1535 <.914 .63
19  Bavcu Anaceco, LA 1 7.1 71.1 8.4 20. 20.74 3.4 1.69
River nmile 23.6 2 144 90.7 20.24 43, 44.08 1559 62
to 0.0 3 18.5 95.8 15:73 L 53,97 104 % W8
X = 128 4 23.6 95.8 17.45 62,7 70.78 19.89 09
20 Comite River, LA 1 2 27 16 23.7 24.33 ST 1.76
River mile 50.5 2 16.7 32. €331 87.2 50.02 37275 1.58
to 1.5 3 29.8 36.1 7.04 189, 112.78 45.43 1.40
A28 4 37358 0. 10,87 122. 126373 64,2 1.55
5 <0 351 20,61 141, 147,48 88.°7 3.E5
21 DIawou Partholomew, LA 1 2 143, gt 5.75 c.3 ) 23
River oile 73.0 2 10. 170. B Gl.5 61.335 } W 35
to 0.0 3 37. 230, .09 125, 125.41 $5.83 .54
X = 1.08 4 73 286, 4.51 254.5 239.56 308.76 48
22 fnite River, LA 1 6.3 220. 49,15 13.9 15.22 5.28 1.03
River nije 112.3 2 .7 10 § 250. 12.87 57.25 61.62 62.30 .8
to 33.% 3 53.5 350. 8.%0 107.3 115.07 151.83 &6
X+ 5.83 4 92 3is. 3.60 in4.2s 128.28 115.03 .78
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Table 1. (continued) ] ;

- 2

Case Test Reach Site L Q cm:\x tp t °t G
23 - Tickfau River, LA 1 . 72. 59.8 11.2 11.34 1.27 .99
From ilenry lloimes Farm 2 14, 79. 21.54 54.2 §55.37 15.04 126
above Montpelicer to 3 4. 66. 10,08 87. 89.17 26.66 1.36
Springville X = 0,56 4 3l. 103. 15.95 . 105, 107.37 2,.12 1.15

24 Tangipahoa River, LA 1 Sl 204. 105. $.75 10.38 1.05 1.03
River mile 73.6 2 * 1142 346. 62,16 21.3 22.43 3.98 1,23

to 15,2 3 25.8 420. 45,91 35 36.59 6.43 1.C5

Xo= 1559 4 31,4 438, 41.87 45, 46.42 8.39 1,304

5 44,1 510. 35.09° 56.8 $8.78 129 1.16

6 5.0 630, 33.54 66. 67.85 17.1 1.52

74 £3.4 660. 32.68 1. 78.44 12.14 79

25 Tangipahoa River, LA 1 5.1 122 82.1 13.75 14.99 3.4 b ) 6\
River mile 73.6 2 11.2 164, 56,8 4 30. 31.11 8.27 1.47
te 15.2 3 25.8 245, 40.67 47, 48.67 15, 3% 1.235

X = 3.33 4 324 286 36.1 59, 61.22 26.74 171

5 44.1 304. T0.64 73.5 75.04 19.69 1525

6 5:.0 al9, 33.94 83. §5.04 22.73 1.38
7 58.4 383. 32,96 96.5 97.85 17.90 .83

26  Red River, LA 1 I 57 §,510. | 28.88 2.5 3.01 32 1,51
River mile 187.5 2 47, 8,060, 5.76° R S 34.11 5.21 gl
to 67.5 3 82.5 8,310. 3.88 (QUN 61.25 14.75 1,25
X = 34,32 4 120. 8,510. Bad L 02,5 94.21 20.99 «79

27 Red River, LA 1 S. 4,930, 17.4 3.35 4.23 1.24 1.81
River rnile 283. 2 34. 4,930 4, 32 34.00 15.79 1.68
to 174, 3 64, 6,030. 373 52, 54.08 5 21.61 1.39

X = 29,87 4 99. 6,530, 2.538 §7.5 §8.6 20.19 £ 73

28 Rod River, LA 1 S. 6,620, 16.7 4.75 5.67 1.07 1.45
River mile 283. 2 34, 6,620, A4 33.5 ©35.04 10.61 1.36

to 134, 3 64, 8,3C0. 3.64 54.25 $5.86 12.99 .6

X = 14.0 4 55. 8,590, 2.69 85.25 7.49 24,89 .59
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Distance ] “max t, = 52
Table 1. (continued) fro= Discharge llaximun i be t t G
point of during concentratisn in Tire to Time Cocfficient
injection test in micrograms max centroid  variance of skew
Case Test Reach Site in miles in cfs por liter hours in hours in (hours)? in (hours)’
29 Red Niver, LA 1 75 3,800, 30.7 T 7.76 1503 .23
River nile 191.8 2 - 4000, 765 45, 45.77 §.96 1.04
to 67.5 3 $6.3 4,820. 5.31 76.8 &1.3 15.56 75
X = §3.49 4 124, 5,850, 4,49 122, 123.69 19.84 +S8
30  3Sadine River, LA 1 4.9 4,500, 12,72 2.5 2.81 $12 1515
"River mile 156.5 2 107 4,300, 5.88 6.3 T2 3D ) P
to 106.9 3 24.8 4,200, 3.13 27:2 27.74 1.64 28
X = 17.85 4 42.6 3,910. 2.483 38, 8. 7% 3.23 58
31 Sabine River, LA 1 1057 11,900. 16,34 5.58 5.84 .34 1.05
River mile 156.5 2 49.6 2,700, o 408 26.75 2751 210 1.23
to 26.2 . 84.1 14,100. 4.06 47.42 48.51 S5l 1.02
4 102.8 14,800. 211 59.83 65.54 5106 S
S 130. v 15,300, 39 M. 110.99 )2 7C 61
32 Sanine River, TX 1 13.8 20. 21.41 61, 62.9 15,16 1.15
River.-mile 515.4 2 337 47. 15.23 159, 1635.62 54.13 1,25
to 162 - R 42.8 ¥ 2 9.01 197, 204,78 111.08 AL
X »i0,23 4 53.4 43. 9.03 259. 262.12 61.147 .19
33  Sabine River, TX 1 10.6 36. sy 67. 67.59 15.78 301
River mile 472.6 2 23.1 50 41.06 1i9 122.C6 5.07 1.82
to 397.4 3 45.1 20 31,29 200 202.72 55.16 Frh
X = 0.68 4 75.2 244, 43,53 303. 304.26 19.71 .30
34 | Sabine River, TX 1 1Sl 218 10.81 47. 48,43 10.29" 67
River mile 397.4 2 348 2304 7.03 104, 105,36 26.33 wle
to 326.9 3 SB.d 220, 4.33 120, 192,91 74,89 )
X =1.43 4 70.5 334, 4.48 225, 226,77 68.38 2B
35 Mississippi River, LA 1 225 151,200 24,5 12 o % 1.69 1.20
Frum Paton Rouge 52,800, 40,72 12, 13.32 2.26 sl
to New Orilcans 36,000, 05.1 1X5S 14.56 2.14 34
X = i18. ‘ PRIVINTRO N
2 62.5 - 120,0¢0. 9.83 40.75 42,28 8.93 .85
120,0C0 8.19 427 43.75 $.78 .70
240,590,
3 91.8 240,000, 3.78 62.75 64.24 14.4 .53
4 127.2 240,000, 2.62 90.75 D335 30.48 73
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c

: ‘max t, s it
T 2 - 10 Pischarge Maximum Ak t t G
e e asrech) during concentration Z‘m :° Time to Tinme Cocfficient
test in micrograms rmax centroid variance % of skow
Case Test Reach’ i -Site in cfs per iiter hours in hours in (hours)< in (hours)3
41 Clineh River, VA 1 el 381, 4.03 L4067 a5 01754 2.08
Near Speers Ferry, VA 2 08 S48, p a0y 1.5 1.49 06770 2ved
X% 211 3 1,55 334, 1,30 1.8 2.04 02109 1.68
4 2,28 374, 1.i0 2.65 2.920 .12497 1.43
S 2:9 374. .69 3.84 4.28 24521 1547,
6 3.56 345, A1 5:7 6.59 1.17652 1.38
42 Copper Creeck, VA ! N 36. ) e 1.74 1.86 1.00
Ncar Cate City, VA 2 1.34 34, 20 3.84 okd «S7
X w028 3 208 34, w2l Sald ¢.03 67
I3 2.88 33 .18 737 7.74 .83
S 4,02 38. 37 975 10.08 99642 43
6 S22 40, A% 12.18 2.80 1.86233 1.04
43 Pcwell River, TN 1 0 146, .64 1.46 1:87 .26031 1.27
Near Sncedville, TN 2 1.04 101. ¥al 2.92 3.45 L40860 1.18
X=1.10 3 2.08 143 b 4.88 Sate 67870 N4
4 2.98 37 «15 7.6 S.ad 1.980550 o7
5 3.33 340, 11 9.91 10.60 1.90765 .62
6 447 % 1145, —--- -e--- memee emeeee- ----
44 Clinch River, VA 1 457 205, " 1.34 .925 1.10 L0604 1,73
Near Clinchport, VA 2 1.18 216. .58 2. 2.38 138
X = 3.81 3 2:98 ‘ 210 W 4 3.65 4.29 1.18
4 2:79 202, .18 4.85 5.03 .69
S 3.490 179, sad s 159 8.2% 1.20186 )
0 4.13 208, ol 9.34 10.19 2.21929 1.07
45 Copper Creck, VA 1 J1dnpeboaan. 16.5 .07 .10 602 3.14
Near Gate City, VA 2 NG 276, 3.23 . 345 A4S <015 1,723
A= 0.57 3 1.07 ° 280, 1.84 645 .76 .028 1.44
4 1.40 209, L dd .805 1.01 <037 99
B 2.8 250, . 1.425 1557 JOR232 1.5
6 .37 808, 2t 3 P 1.85 +08359 1.10
45 Clinch River, VA 1 43 3,760, R | «178 +19 .00293 3:3%
Near Speers Ferry, VA 2 R4 .3,740. GO %! 353 W46 05831 3.05
X = 3.81 3 Y55 3,600, 4,65 . 642 .74 .02859 2.59
4 2,23 3,899, 2.73 .916 1.05 L3182 2.C8
S 2,9 3,689, 1.46 1,29 1.55 05423 1.78
6 J3.66 3,600 ¥ iled S "1.67 1.96 12381 1.33



Table 1. (continucd)

Banil. ok : : c ¢ - o2
ase Test Reach Site I Q max 2 t t G
4?7 Coachella Canal, CA 1 19 231, 24.5% 1118 12 .00005 .88,
Near lioltville, CA 2 287 837. 14,53 . 345 «35 +0C02Y 063
£ = 1,8 3 1.14 83S. 8.04 .715 e .C01056 » 52
4 1.7 909. $.7% 1.05 1.03 00336 1.57
S 2.406 901 -——— % .—-- eees  eece-a cmn-
G 3.41 833, 2.02 2.16 2.2 .01337 1.32
48 Coacheclla Canal, CA 1 .19 950. 27.83 .i08 o11 .CC025 2.08
Near Holtville, CA 2 .57 950. £.09 .333 .35 .00172 2.8
X = 1.81 3 1.14 950 3.86 1.05 1.09 00456 1.60
4 162 250 237 1.54 1.59 .00728 1.40
S 2.49 350 1.25 2.14 2.21 +01272 .94
6 3.41° 950 .52 7.45 7.56 006772 v59
49 Clinch River, VA 1 .43 3,30, 1155 <15 .18 .00163 2.4
Necar Speers Ferry, VA 2 .08 2,820, 4.91 433 . 47 .00527 2.05
X = 2.80 t 3 1.55 35150, 2.45 . 762 .56 0317 202}
4 2,235 3,070. 293 1.14 1.29 00004 1,81
) 2.9 2,960, 1.56 1539 159 35220 1.60
; 6 3.60 3,010. R0 2:11 2.47 <1973 1.28
w
W 50 Copper Creck, VA 1 A2 63. 2.69 L1216 X2 .00317 1.62
Near Gate City, VA 2 .63 63. . ).12 9 1.10 33319 152
X = 0.46 3 i.07 63 .8 1.65 1.78 20944 1.63
4 1.49 67. .66 2.04 2.38 20378 1.9
5 2.03 63, Mg 3.38 3.84 61530 115
6 \ 2.57 63. .3 4.3 4.79 658362 1.12
"..'0000‘0.."."..'.'.'...."'.'.‘;00‘QQ...."O0’.""“".0'.'0..QQ.'O'."Q"QQ""..'...Q‘.Q."."'....."'...'v..'..
Data fron U.S. Geological Survey Water Supply Paper 1899-G
Maxinum
concentration
in narts pey
billien !
51 Missouri River 1 40.8 31200. 4.90 12.783 135 235 .91
Fron Sioux City, IA 2 £83.5 34500, 3,44 25.45 25.8 6.2 1.63
to Plattsrouth, NE 3 116+ 33500, 2.95 34,033 35, 9.15 ) T 13
X = 56,3 4 141.3 34000, 2.50 40. 41.6 13.4 1.66
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Table 2. Channcl geometrics and several hydreulic characteristics of the test recach.

] 4 S 5
8 Mcan v Slope in A
width depth  Mean fcet per  Shear
in in velocity 10CC volocity
Case Site feot fect in fps foet in a5 Source of llvdraulic Data and Remarks
1 1 42.0 1.0 1.01 227 02 2 At U.S. Geological Survey gage, May 27, 1969, at 41 cfs
2 30.0 &7 D8 ) (715 .24 2 Route 60 Bridge, May 27, 10¢9, at 42 cfs
3 42,0 120 1.37 Lol .188 2 Route 64 Bridge, May 28, 1969, at 58 cfs
4 S .
4 1 &7
2 1.1 3
3020 1673 <2 206 1.1 248 2 Route 64 Bridge, Mar. 24, 197C, at 325 cfs
4 .8
s 77.0 2.31 171 1.5 . 334 2 Roxbury Road Bridge, Mar. 25, 1970, at 304 cfs
6 Xeit
? 79.0 3.22 1.93 150 » 322 U.S. Geolopical Survey gage, from previous
8 1.0 measurenents 3
3 1 247
2 1.1
SR PO b R SR Y i 2T 2 Route 64 Bridge, Aug. 19, 1570, at 120 cfs
4 .8
4 1 82.0 1.49 1.34 1.5 208 £ Roxbury Road Bridge, Aug. 18, 1970, at i63 cfs
2 S
M 63.C 1.59 2.03 :.0 .226 U.S. Geoldgical Survey gage, from previous
4 1.0 neasurcnents
S 1 G
2 W0
3 160 1.81 .86 o9 AN 2 Frederick Filtration Plant, Nov, 13, 1967, at 250 cfs
4 e .
6 1 oS
2 -3
3 .6 :
4 305, 2.34 .52 o3 .150 2 Aquaduct, Nov. 13, 1567, at 373 cfs



St

Tadble 2. (continued)

255, 7.5 3.10

Case Site 7§ D 7 5-1 X Vs Source of livdraulie Data and Remarks
% 1 2% 2.59 1457 .6 2 ? Links Bridge, June 7, 1668, at 496 cfs
e 213 1.04 .6 12406 2 Bises Tord 3ridge, June §, 19¢%, at 536 cfs
3 5
4 108 2.13 2,03 3 143 2 Jug Bridge, Junc 7, 1968, at 728 cfs
8 ) SR (o 2:13 2.03 B »143 2 Sug dridge, June 7, 1665, at 728 ofs
2 195, 4.00 1.15 . L1907 2 Rt. SO nr. Buckeystown, June §, i°08, at 855 cfs
3 158, 2.56 1,94 .6 222 2 Greenficld Mills Bridse, June §, 1568, at 788 cfs
i SR 3.76 .61 o 101 3 Aquaduct
9 ) o i 1.06 LGS .3 04 2 ac, ¢ 25, 1968, at 110 cfs
2 B0 1.0 L6 i w138 2 r. Bu stown, Sept. 23, 1668, at 112 efs
5 63 0.%0 .85 N W22 . 2 Gry 1¢ Mills Bridge, Seps. 25, 1968, at 128 cfs
4 13, 1.37 .05 ) Syt ¢ Rt. 28, Scpt. 29, 1968, at 118 cfs
10 1
2 L ¥115% 1.60 Yie O .3 .160 2 proadfording Read Bridge, May 6, 1969, at 251 cfs
3 1461 1500 1.46 o .158 2 At Meuth of Rush Run, May 6, 1369, at 243 cfs
LR 1.32 .85 ) 172 2 Reute 40 Bridee May 7, 1969, at 240 cfs
s T 226 Lk 0 .209 2 Kemps Mill Road Bridge, May 7, 18¢9, at 228 cfs
G 36y 2.28 .82 .0 210 2 A% Williamsport, May 7, 1969, at 252 cfs
11 i 75, 1.2 $92 i 104 2 U.S..Ceolonical Survey page, Sopt. 30, 1969, atv 91 ¢fs
2 S 2 1.2 .07 o w139 2 proadfording Road Bridge, Sept. 30, 1969, at 100 cfs
" - - -~ o . 2 . " b
3 200, 1.5 -y o/ 184 : At Mouth of Rush tin, Oct. J, 1969, at 102 efs
4 140 153 56 7 A7 4 Roate 40 Dridge, Oct. 1, 1969, at 102 cfs
12 1 193, 25 223 o2 o7 V.5, Geolomieal Survey gape, f{rom previous
2 s measurencnt
3 o7 -
4 7
5 141, 3.7 2.08 0 «267 ? Kemps Mill Road Brlidge, Apr. 30, 1970, at 1,090 cfs
6 NG
13 1 .A26
e . 216, 9.4 3.07 a 83 +293
3 N
: g
5
6
7

“w
w
“
e

4
243, 6.4 2,42 .5 and 2 Atlanta gage at 6,000 cfs



9¢

] .0 5{, u
-4 Mean v Slop» in 4
width depth  Mean foet per  Shear
in in velocity 1620 velocity
Cace S{se feot {cot in fps feas in fps Source of Hydraulic DJata and Renarks
14 1 .204 1
VR4, T8t 2.72 250 247 i
ek 7580 ES 214 204 272 1
[ i S 1.0 A52 .346 !
15 1 80. .75 1.44 512 }
Frsag. .62 1.18 LA84 1
3 " 85, 8§67 13 .503 3
4 ¢35, G 1,62 433 )
i B G 2.16 .58 L2286 :

16

38. 1,3 71 1.9854 280 2 01d Deminion Pike, June 21, 1968, at 34.9 cfs
57. .76 5 383 .119 2 01d Georgetown Pike, June 21, 1608, as 41.3 cfs

—
~

LI PY == Ll P>
—
(]
w

45, 2,79 4,23 36.7 1.82 2 Morrison, Sept. 21, 1970, at 31.7 cfs

18 o R aid %29 s .170 2 Newdurg gage, Sept. S, 1968, at 48.6 cfs,
2 -
3
4
19 1 50. 1.96 1.34 .473 127 1
2 568
3 65, 1.90 17 563 L1236 1
4 « 568
20 1 20 1.01 .83 <620 L1838 1 .
2 N .39 .04 03 o151 1
3 65. a7 1.25 J704 13 )
e a8y 3 1.12 395 101 :
5 4%, .85 1.54 235 080 1
21 1 75. 3.57 8 114 119 i
2 067
3 06, 2.4 1% .C61 .69 1
TR L 6.8 .34 .081 53 i
22 i 70. 7 1.78 588 179 !
2 .330
3 512 ;
7 R ) X 1.74 1.34 . 354 .41 !
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o s :
3 Mean v Slopé in s
width depth  Mean fent Shear
in in velocity  120C velocity
Casna Site oot fect in Tps foes in fps Source of livdrauliec Data and Rermarks
31 1 SPa. 7.4 822 72 . 206 g :
2-S05. 7.5 3.33 149 .190 3
3 533, 7.6 3.50 143 +187 3
4 1540, % 3.5% .09 157
32 1 19.3 1.4: \73 262 S12 :
2 =40 2.6l .20 232 146 !
X 2.0 1.26 ) 020 L0806 !
4 57.0 4.0 14 200 165 1
33 ) 57.0 4,05 W14 209 165 1
2 40.0 1.67 J75 150 008 v
3 44.0 1.14 1.86 183 082 1
TR - O R B R L 162 132 1
34 1052108y 4.70 44 e ik ) o 1
2 als)8 3.04 ) B8 13 114 1
3 1Sl 5,02 .32 00 W33 1
§
205 100, 313 .38 163 V130 i
35 1 2630, 41.4 1,98 007 100 Channel cross-section drawing {Stewart, 1567)
2 22C0. £6.7 1,923 SO0 g Channel c¢ross-section drawing (Stewart, 1967)
3 24C0. 58.2 1.716 007 oL 18 Chanrel e¢voss-scction drawing (Stowart, 1967
4 2400, 81.4 Lidah Q07 « a0 Channel cross-scction diawing (Stewart, 1967
36. 1 21536, 17.5 324 113 . 258 2 st, Louis, March 11, 1968, at 87,100 cfs
2 s
3 1750, 16.2 3.46 S1)5 ,248 2 rhester, March 11, 1968, at 92,000 cfs
g 1 3,49 W18 2 7 Tacbes, darch 12, 1gg6, at 96,000 cfs
37 12752 30.3 4.07 21y L339 2 St, Louis, August 6, 9 F, at 243,000 cSs
2 12
3 1763, 29.2 4,96 A8 333 2 Chester, August 6, 1903, ¢ 250,000 cfs
4 2204, 24.1 4.n8 .118 .303 2 Thebes, August 7, 1968, at 250,030 efs

N U SN

2.46
3.45
3.28

4 ra ra be P LA

NNV O D NS

e T

and 3 Wind River below Bovsen Reservoir

and * Bighorn River at Lucerne

nd 3 Bighom River at Worland
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Case Site (8 7 ¥ (<) 2 Source of Hvdrauiic LCata and Remarks

—
(Lo
@
w
wm
~
.

022 1 and 3 Wind River below Boysen Reservoir

»o bs s s
PN OO LA

3 pighorn River at Lucerne

P T oS

SIS WU le UL P >

LA R R e R L T T P T T T T R T T T T Y

Data frem U.S. Geelogical Survey frofessional Panrer 433-K

40 1 47. 2.02 .62 1.16 27
z 59. 1.45 .83 1.44 .26
3 sl. 1.49 .74 .42 .26
4 S 1.51 7 1.4 2
5 58, 1.46 .65 1.295 .25
¢ 33, 1.90 .33 1.295 o239
41 1 .76 484 23
2 1,81 1.32 J625 .19
3 CRARE 1 1 130 628 21
4 3.26 .60 A8 <23
5 3,50 .50 AP W28
6 6.23 .35 .361 “27.
42 1 31. 1.38 £85 4,03 43
2 5. 1733 .37 4,48 i
TH 60 1.02 R 3.97 .36 :
4 61, 1.33 o4 3.36 .38
5 58, 1.25 .53 3.03 .34
651755 1.32 .53 2.91 .36
43 1 103, 3,74 «38 PRSI D
2 “ 100 1,02 .00 Sl .15
3 RIS 2.67 a8 L3062 27
4 %122 3.57 231 .289 .18
S A 2682 .49 325 .16 ;
6. 101, 2.89 .50 -



Source of Hvdraulic Data and Rermarks
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Case Site " B D ¥ so Vs Source of Hvdraulic Data and Remarks
50 1 4, 2.26 .04 1155 o2
3 2 Sl 32 1.05 .44 .24
3 57. 1.4 sl 197 + 23
4w, 1.54 i€ 1.44 .26
S 60. 1.01 71 1. & .20
6 54, 1.6 +79 13 .26

IR NP e PP e O RPN NP A R AR PR AR RN AR P PR R ARSI R ARG AR AR AP R R AR R IR AN PR AR AR R ARG RRE AR EC RO RN NP PRI POt RACPRRIRAROIRERGRIRRGEQIRSIARTROISTRIES

Data {rem U.S. Geological Survey Water Supply Paper 1899-G

51 1 610, 12.5 4.1 .195 .28
2 600. 10 5.75 .194 .25
S . 8§77 11 §.38 . 206 227
4 583, 2.6 6.06 +202° +25

1 liydraulic data obtaincd fron uapublishoed file data of the time-of-travel study.
2 Hycraulic data obtained from Discharge Measurcment Notes taken at the indicated location, date, and discharge.

¥ hHvdraulic data cstimated from curves relating width, depth, and velocity to discharge froa Discharge Measurcrment
Notes at tiie indicated location.




zero dye loss are listed under the heading, Conservative Concentration,
and those concentration valuces corrected to constant discharge arc
listed under tie hcading, Discharge Adjusted Concentration,

Cases Involving Snecial Considerations

In most cases the analysis was as previously described. llowever,
there were a few casces where special considerations were made in the
analysis or presentation.

For case 35, the Mississippi River, the mixing of the dye was not
complete at sampling sites 1 and 2. At these sites, three sampling
locations were uscd; one in the nmain channel, another between the main
channel and the right bonk, and the third between the main channel and
the left bank. At site 1, thrce concentriation-time curves werc drawn,
onc curve for each of the sampling locations. At site 2, two con-
centrazion-time curves were drowvn, one for the main channcl and another
for the right and left banks. Lach of these sampling locations was
trcated as separate sites with the corresponding water discharges
approximated from thce chaninel cross-scctions given by Stcewart (1967).
The statistics were calculated and graphed. The lines were then drawn
appreximating the average condition.

Cases 40 through 50 arc {rom Codfrey and Frederick (t970). In
their stwdy, they obtainced the statistics of interest by fitting a
Pearson type III distribution to the concentration-time curves. This
was not consistent with the nethod chosen {or this report, ‘“Therefore,
the concentration-time curves were redrawn from the supplementary data
given by Godfrey and Frederich (1970), and the rest of the analysis
was as precvieusly outlined, with the exception thai the tracer used was
a radicactivi, nmaterial rather than a fluorcscent dye.

For easc 51, the Missouri River, the statistics of intcrest were
previously puhblishzad by Yotsukura and others (197C), who calculated the
time to centroid and the variance according te the wmethod in this report. -,
However, Yotsukura and others (1970) truincatced the recession linbs of
the concentration-tine curves when the conceatration dropped to 1 or 3
percent of the maximum concentration. Values of variance und skewness
listed in table 1 for the ifissouri River are for curves trunczated at 1
percent of the maximum concentration.

Quality of the Data

The most complete data available on dispersion in natural streams
arc thosc presented by Godfrey and Fredericks (1970), cases 40 through
50. "Jhe chaanel width, mean depth, mean velocity, and slope are
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available for cach of the cross scections, along with depth and velocity
distributions and complete concentration-time data.  The Missouri River
data (Yotsukura and others, 1970) also include couplete hyvdraalic data.
Because these two reports contain the only published data- dealing
specifically with dispersion, it is to be expected that these data would
be the most complete and accurate available.

All the other data contained herein were collected either for
time-of-travel studics or for dilution discharge noeasurements. Cases
16, 17, and 18 were studies conducted as training denonstrations of
dye dilution tcchnioucs for water discharge mecasurenents (F. A. Kilpatrick,

arc short and concentration-time curves are availecble for only three
cross scction for Difficult Run (casc 16) and Bear Creck (case 17), the
data ar¢ judged to be rcasoencbly complete and accurate, so they were
included.

The data for cases 1-15 and 19-39 were extracted from time-of-
travel studies. The U.S. Geological Survey has conducted many time-of-
travel studies, and over one-hundred sets of data were exawaned for
possible inclusion in this report. The great majority of thesc studics
were of no value in previding information on the dispersion chiaracteristics
of the streams, cither becsuse the concentration-time curves werc not
completely defined, or becausce the curves were defined at only two
crcss sections downstrcam of the injection site.

Complete hydraulic data generally were not availasble for the
time-of-travel studics, but for many cascs, width, depth, and veclocity
could be determined either from discharge measurements at the samnling
sitcs or from curves relating width:, depth, and velocity to discharge.
Slopes were determined from «age heights and gage data, or in a few
cascs from published information on river profiles or topographic maps.

The basic hydraulic data are given in table 2.
Range of Flow Data

Flovws ranged from about 30 cfs for scveral of the streams to
241,000 cfs for the Mississippi River (0.85 to 6,320 m?/s). The
shortest test rcach, Difficult Run, case 16, was 2 niles (3.2 km) in
length; the longest reach for the Mississippi River, cases 36 and 37,
was 183 miles (295 km) in length., Mean flow depths were from about
0.6 feet (20 cm) to a maximur: of over 80 fect (24-w) for the Mississippi.
Velocitics varied to over 6 ft/s (ubout 2 m/s).

Many of the studies werce conducted over short recaches uand were
coupleted in a single day (sec table 1 and appendix A), but somc of

the studics extended for many days. For example, on the Sabine River,
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the pcak of the dye cloud passed the farthest dovastream sampling site
303 hours after injection of the tracer. Tor each case, the mixing ‘.
length criterion of equation 20 was computed and ic gisen in table 1.
For the Mississippi River, cases 36, 37, a2nd 38, and for the Clinch
River, case 46, the mixing length criterion was not riet. For some of
the Godfrcy and Trederick's data, the mixing length criterion was met
for only the downstream sampling sites, ard for a nurber of cases, the
first sempling site did not meet the criterion.

Craphical Analysisy

To test whether or not the field data exhibit the projperties
predictcd by the Fickian model, each set of data wvas aralyzed graplic-
ally. Distance to the sampling sites from the injectirn point was
plotted against both the time to the centroid, ¢ and the time to the
peak ccncentration, tn, on arithnetic cocrdinates. If the cloud of

dispersent is convected at a constant velecity, the plotted points
should be on a straight line, the slope of which is a measurc of tie
velocity, U. DLecausc nany of the data points shouwed a systematic
deviation from a straight line, these same data wvere plotted on douhle
logarithric' coordipates to deternine if this syctcaatic wveriztion in
velocity could be identified. The variances of the concentration
distributions, O?, vere plotted against time to the centroid, t, and
the peak concentrations, Cn1x’ vere plotted against times to the peak,

nas
tp on logarithmic scales. Cn these graphs, dached lincs, positioned
tarough or near the _ast data peints, show the slore for the relation
for a Fickian model, and £o0lid lincs are trend lines fitted by cye to
the plotte!d points. These datz are presented as a set of four graphs
for each test casce, and are shown in figures 8 through 58.

In part A of these figures, a solid linc connccting the points
shous the troend of velocivies zt which the peak ef the concencration
cloud vas convected along the chaancel., The trend for the centreid
velocities generally was similar to the pcak velecities generally was
similar to the peak velocitics, so a second line for those point: was
not shotn. Toints {or_the centroid arc uscd to deteérizine the constant
convective velocity, ¢, where the points can be fit by a single
straight line.

Two scts of peints and trend lines are shoim on some of the plots
of part D, figures & tlnough 58, The circles show peak cencentration
corrected for total recovery, arnd the square symbele show the peak
concentcations adjunted for total recovery and to a constant discharge.
Vhere the change in discharge is small, the data vere adjusted only for
tetal recovery.
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SUMMARY OF RESULTS

The 51 casces conmpiled for this report cover the widest range of
flow conditions currently available for dispersion data in natural
streans. A case-by-crcse analysis of rhese date will not be under-
taken, but some of the general features and trends of the data are
considcred in the following sections.

Convective Velocitices

Table 3 summarizes for cach case the propertics of the convective
velocitics and the maximun veriation of discharge, expressed as a
percent:ce of the diccharpge for the first carpling site. Convective
velocities were determincd from parts A and B of fijures 8 throuph 58,
and only thos po:nts meeting the nixing length criterion of equation
20 were considered.

For 24 ceses. or 46 percernt of the cbscervaticns, the convective
velocitics were approzirately conztant. For about cae-hal{ cf these
cases, the discharge varied ]ccs than 25 percent, but for a fcw cascs
the vuriation was greater than 50 percent and for case 33, the dis-
charge increasea 57¢ percent. Io‘ 13 caces, the wvelcecity increascd
and for § cases, thevre were no systematic changes in velocity.

Tor 211 the data with coanstant or systcmnatically varying velocity,
the cenvective velocities could be expressed apprexiuzately as & function
of time

vy = & (1)

where &, the position of the centroid at time 7, is a power function
of time

oo
z = ft’ 42)

and f and ¢ are cocificients detérnined from the futercepts and
slopes of the lines in parts B, figures 8 throvelr 58. Valucs of
and ¢ were not cowpiled for this report, but they can e read directly

from part B of figores § through 58.
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Table 3. Summary of convective velecities and percentage variation of discharse

NO SYSTLNATIC

CONSTANT +ELOCITY DECREASING VELOCITY INCREASING VELOCITY CHANGE IN VELOCITY
l l
i w : et
i 3N R %o
¢ ¢ t ¢ ",
Percontage Change Percentage Change Percentage Change Percentage Change
Case in Discharge Casc in Pischarge Case in Discharge Casc in Discharge
5 42 1 54 2 - 150 13 32
6 17 3 65 4 44 24 224
7 30 15 66 20 48 25 214
8 8 18 19 21 97 30 =13
9 6 £ T 3 22 75 36 13
12 4 23 34 23 43 37 e
11 12 29 S5 43 ~10
12 4 31 20 : 49 -7
14 1 40 3 .
19 19 41 -12
L7 3 46 5
19 35 43 -
25 6 5 8
32 g
33 578
4 53
35 -
33 25
39 9
42 +11
44 =13
45 24
47 -3




Dispersion Properties

The major proverties of the dirpersion proce conasidercd in this
report are the velocity at which the cloud of dispersant was couvected
along the chliinncl, thc raote at vhich the variance of the concentration
distributioc:. increased with tice, and th2 rate at vhich the pcik concen-
tration attcnuated wlch tine. These properties are displayed graphically

in figuree 8 through 58.

Yor rost of the cets of data, the variance of the concentration
distribution incrcased vitn tire accerding to the relation

21!

oS = at (43)

N

vhere 6.4 < 77 < 1.0, and the peak concerntration attenuated according

to the relation

ihese reintrens are represcnted by rhe £0lid iines in pavis ¢ e#nd I of
figures 8 through 58, whbereas the dasl lines chov the slopes of the
asyrptotic relztions for the one-=dinension Tickian-typc redel. Valuee ot
a, 1, and B are compiled in table 4. The average value of H was 0.70

and the standard devistion wmas 0.15. The averezge value of i was 0.77,

with a ctendard devicricen of G.22. Tor o few cases, therc was
so mick scatter in the data that trend lisce could not be catablil

hed.
The straighc lines in [igures 8 througzh 58 were positioncd by cye
so tho values of a, 7, and 8 listed in teble 4 are only approximate,
especially for cases where the data ave considerably scattercd about
the line. Values ef ¢-are particnlarly difficult to deternine bhecauss
sr:all chonees in the slope, 24, or in the position of the line tihrough
the plotted points can result in large chang of the value for a.

For -all the data, no rolations were found betvoen values of @ or
¥ and the stres discharge, the size of the stresn, or any of tiie flow
parancters.  Fer the indivicual strears, whero studies vere cornducted
at two or rore discharges, no concistent chantes vith discharge in @
E could be detoctad. “In addition, tiwc genercl beohavior as ind
cated by values of ¢, H, and I, of the disjersing cioud did not scen
to depend on vhether the dischirge was constant or vas charnging
systcetatically aloag the chzanel.

5
B 0P i
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For the time-of-travei data, the gecometric propertics of the
channel, the slope, and the hydraulic data compiled in table 2 are
neither complete nor very accurate. This perhaps is the reason why
relations between a, H, and B and the hydraulic parareters could not
be established. 1In any event, it is apparent that the value of
time-of~travel studics would be greatly increased if corplete hydraulic
data and complete concentration-tine curves for four or nore cross
scctions dowmstream of the injection site werce obtained for every study.
Also, it secms likely that much of the data compiled here cannot be
used to identify the mechanisrms invelved in the dispersion process or
to test two or three dimensional models or the more involved routing
models because the data are not sufficiently detailed. Probably, further
advances in dispersion theory will require carcfully designed field
experinents to collect the necessary data.

Tables 3 and 4 provide information for prelirinary evaluation of
vhether or not an open—chanunel dicpersion test resgonded according to
Fickian theory. The criteria for Fickian response were a constant
ccenvective velocity, coancentraticn variance increasing linearly with tinme
(0.4 < M < 0.6 vas arhitrarily selected), and the naxirum ceoncentration
attenuating with the square root cf time (0.4 < 8 < 0.€). The cases
that deronstrated non-Tickian behavior were grouped into tvo categories:
uniform dischar; e, defined as variztions of discharge of less than 20
percent, and non-uniferm discharce, with chanjes of discharge grearer
than 20 percent. I@ach of these tuvo categories vas further subdivided
accerding to whether the convective velocities were constocnt or non-
constant. Table 5 lists the cases that responded according to Fickiwm
theory, and groups” the cases vith non-Fickian behavior into the above
four categories.

For six cases, the cmpiricel data agree wpproximately with the
onc—dimensional medel, and for tyve cases, numbers 17 and 38, therc is
excellent asrecment, with 4 and £ not significantly different from 0.5.

Cases 27 and 28 arce studies conducted »n a reach of the Ted River
in Louisianz. For both cases, the discharge and the cro.s-scctional
area increascd in the dovmstrean direction, so the convectiive velocities
vere about censtant, ard when the concentration time-curves werce
corrected for tetal recovery ord changing discharge, the one-dimenciona
theory describes approxzimately the obscerved bebavior.

The data for case 16, Difficult Run in Virginia, agree approxi-
rately with the one-dincnsional thcory after correction for increasing
discharge, lLut the convective velocity of the dye cloud appears to
dccrease dovnstrean.

LE



Table 4. Dispersion paramcters determined by graphical analysas.

Parancters of Pirameter of

the rclaztion the rclation
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Ant:ctin Creek 113 N .60 .66
Mon:.cacy River .028 .87 1.00
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Pararcters of
the rclation

Parameter of
the relation

°§ = qt2i C «t -8
Case Test keach a ¥ $ol eik
43 Powell River «1 .61 1.00
44 Clinch Ricer .CS .81 1.12
45 Copper Creek .04 .60 .97
46 Clinch River .041 .78 -
47 Coazhiclla Cunal .0025 <95 -
48 Coaclelila Cuna?l .C46 .66 .88
49 Clinch kiver .037 .92 -
50 Copper Crevh .11 .58 1.09
51 Misscuri FKiver .06 .72 .83
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Table 5. Summary of cases grouped accordirg to dispersion respense, uniformity of discharge, and ¢ nvective
velocity,

Fickian Nen-Tickian
Usconstant vnifora Discharge, 5i-<0.2 Non-Unifceym Discharge, 25 >0.2
0.4<ii<0,¢ - - -— - - — -
~ l<f‘<g f Group 1 Greup 11 Group 1il Group IV
LIESSI Y U-constant Uyconstant Us¢onstant Ufcenstant
164 B 18 S 1
i7 3 30 7 2
27+ 9 30 19 3
23+ 10 37 32 4
33 11 40 33 13
39 12 4 4 15
14 4 4 29
256 L6 21
35 43 22
42 49 23
L 50 24
&7 2
52 29
31
sumber of
¢nres 6 13 il 7 24
Pervaentage
of 11.8 ; 253.5 21,6 13.7 27.4
total

.

with adjustzent to constant discharpe. Ceavective velocity rot coastant for cases 27 and 28.



The agrecrent between the one-dimcnsional theory and the data
is excellent for Rear Creek, case 17, despite the fact that there was
a two-fold incrcase in slopce through the chort reach (table 2).
Increased channel roughaess apparently compensated for the increased
slope to maintain a constant convective velocity through the reach.

The cases listed under group I in table 5 had uniform discharges
and constant convective velocities, and they appear to meet tino require-—
ments for application of the one-dimensicnal theory. However, the
rate of change of concentration variances or the rate of attenua.ion
of peak concentrations were greater than p;edictcd by thecory.

Specific renmarks about some of these cases might be helpful in
interprcting the empirical data. -

Caces 6, 8, and 9: These data were collccted on a 21-nile (34 km) reach
of the Monacacv River upstrcam of ]L‘ conflucnce vith the VPctomac. The
discharges V"C about 100 cfs (2.8 r'/a) for casce 9, 300 cfs (3.9 m3/s)
for czase 6, and 750 cfs (21.3 13/ ) for case 8, and represcent flows
cxceeded 85, 70, and 35 percent of the time. Convective velocities

were low, less than 0.7 milc per hour (1 km per hour), but there vas

no eviderce of backwcater effects from the Potorac Niver. Czces 5 and

B o in group ITI of takies 5, »sre for an upstream reach

£y e Aalas 4

of the Monccacy River that overlops the roach for cases 6, &, and 9

(see table 1). Variatiors in discharge were 42 percent for case 5 and
30 percent for case 7. YFor these five cases, the {irst sarplirg site is
near the critical lengtin accordine to cquation 20, so not ruch weight
should be given the first data points.

Cases 10, 11, ard 12: Thece cases for Ccnocochengue Creeck in Maryland

are rcported by Taylor and Sollcy (1971). For cases 10 and 32, the

first twvo sarmpling tes, and for case 11, the first sempling site do

not rcet the eritica?®! mixing length criterion cf equation 2C. Kenmps

¥111 Dam, - locuted 3.8 miles (6.1 km) upstrcam of the conflucrece of
Conococheague Creelk and tie Potemac River, influcnces the flow at the
dovnctrean cad of the reach. Data for the dovnstrean sampling site were
not considercd in estimating convective velocitics for cases 10, 11, and 12,

3
61
1

Caces 35 and 37: These cases, for reaches of the Mississippi River,
arc in the convective or transition period for . icn the onc-dimensionnl
nodel is net applicable, according to Fischer (1973a).

Cases 42, 43, and 47: A co.p]c;o description of these reacles is given
by CGodfrey and Irederick (1¢70). Only the last tvo sites in case 47
mect the nixing length criterien cf equation 20.

Casce 51: The first sampling site did rot meet the mixing lencth

criterion of equution 20. A dectailed descripticn of this study is
given by Yotsulkura and others (1970).
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Group II of table 5 ccnsists of 10 cases, or 20 percent of the
total, with approximately constant discharge, but with ron-constant
convective velocitice

ase 18: This case shows approximate agrcement with the cne-dimensional
del, cxcept in the convective velocity.

Case 30: Sites 2 and 4 correspond to sites 1 and 2 for case 31.
Convective velocitices variced appreciably at the lover {low of case 30,
but for case 31 at higher discharges, the convective velocity was

approximately constant through the upsireanm 84 miles (135.2 km) of the
reach.

Case 36: The critical mixing length of cquation 20 was not met

Cases 40, 41, 44, 46, 48, 49, and 50: £ description of these reazches
anc co:nlctc basic data are given by Godfrey and Frederick (1270).
Cases 40, 45, and 50 are for the saze reacu of Copper Creek, with case
40 and 50 at low discharges of about 60 cfs (2 m3/s5) and case 45 at

a higher discharze of 280 cfs (7.9 r3/s). Tor the higher non-unifeora
discharge, the convective velocity was ccastant, but for the lower
discharres, it was rot.

Greuns ItI ard IV of table 5 represeat caces with noen-uniform
discharge, where thic onc-dimensional diffusion esquaticn considered
this study is not applicnble. The cne-dincnsion cfuation can le
applicd to unstcady or non—uniform flces for certain special cases, such
as ecstuarine flows, where the area and velocity vary systematically with

position or uwhere K& and U are iunctions ¢ily of tiwe, and numevical

-
=

rodeling techniques can be applicd to many cases vhere analytic selution
are not availabie. A discussicn of these cxtensions is beyond the scope
of this report, but the ficld date for groups 11T and IV should provide

a basis for testing scme of these rnore cormples: dispersion medels.

Cencral Diccussion

Thie logorithmic plotting in figures 8 through 58 tends to emphasize
trends, but it may be misleading becauvse it obscures the asynptotic
hehavior of the data and it weightsunduly the data points carly in the
mixzing process. Thus, althoush the variaznce grows a1 a nonlinear relation
with tine for wmany of the cbservations, it also is elear that for sore
of the data, the variance grows in an approdirate linear relation with
tine though at least part of the reach., Casc 37, for exanple, shows an
approximate linecar growth of variance with time for the last three dota
puihlc and a peak corcentration attenuacing with 3/ ¢ for the last Lwo
points even though thc procass, according te Fischar's cerox*vn (cquaticn
20) is in the cenvective period through tpu entire reach. Other cases

52



that show a rouphly lincar growth of variance throuzh part of the
range of data are cases 2, 3, 4, 64 8,:15, 18, 20, and 26. For at
lenct wome of these cases, the one-dimensional diffusion equation
appcars to describe approxinately the mixing proczess even though the
convective velocitices or the discharges are not strictly constant
along the reach.

Two other gencral aspects of the diota are of interest. First,
it can be shoim th2t all the noments of cquation 12 exist, and that the
skeiness of the ceoncentration-time curves behaves for long times as
1/Vt or 1/ = . Consequently, the th:oretical concentration - time
curves should apnroach asymptotically a Caussian distribution.
However, the data in table 1 indicate that for sere cases the skewness
approaches a constant value. Instead of npnrnnching the Caussian
diftrvbuLJon, sone. of the concentration curves, for exzmple, cases 16,
38, 39, and 51, show a marked and persistent au)mzctry.

Second, there is no convincing evidence in the enpirical data that
the nizina Jenotl of equation 20 or the time scale of equation 35 is a
sufficicnt critcerion to classify the dispersion pxo;ovs so far as grouth
of the variance or attenuaticn of the peak concentration is concersed.
Actually, the mixing leroth criterion is somewvhat arbvitrary, and there
are poeucibilitics for wide deviaticns from equation 20. If the full

Al ace s es? 0L, ....' -~ o LA W i e B = ;| £ o o ¥ o €4 8 4 & -
chenncl $idth ratder than nali=wici. 15 arpal I eduaiaon X0 e B AT
,

Jénzth 2o in:rcascd by a factor of 4 and if K / We ¥ 0.23, the mixing
length is charnged accordingly. Values of K /P»" have bceen observed to
range from abcut 0.1 to 1.2 (Fischer, 1973 Y, ith the higher values
ascsociated vith meandering natural channals. Obvinusl,, nore information
on transverse mixing would be of “considerable value in Interpreting

the data in tables 1 and 2, because the nen-linear trends in thie increase
of variance mzy siaply rcficet the. convective peried of the process for
many of itire chservations., Unfortunately, the most reliuble data2, cases 40
through 52, all show systeratic deviaticns from the one-dimeasional theory
but if the mixing ver

length extends dowvnatream by a factor of 4 or rmore over
the values given in table 1, a2ll of therc data would lLe in the convective
pericd. On the other hana, from a practicsl point of view, if the con-
vective influence extends dovmstrean much farther rhan the length given
by equation 20, the one-dincusioncl model is rnot likely vo be of nuch
value because the dispersant would be coipletely cut of the reach of
interest before tiw theory applics. Obviovsly, there is a need for some
careful field stuldics to detersine the extent of the convective period
and the limitations of the one-dimenuicnnl theovy.




SUMMARY AND CONCLUSIOXNS

Lengitudinal dispercion processes in rivers often are described
by a one-dimensional! Fickian-type diffusion cquarion (¢q. 3). Theorctic-
ally, the cloud of dispersant should be convected along the channel at
a constant velocity, the peak concentration of the dispersent should
attenuate with the square root of tire, and the variance of the concen-
tration distribution, vhich is a norfﬂ] dictribution with respect to
position along the channel at any given time, should increase linearly
with tine.

|

Fifty-onc sets of ficld data from dispersion and from tice-of-travel
studies were compiled and were analyzed g nxhlrn]‘y (fips. 8 through 58)
by plotting the distance from the 1nJcct10n site against the time to
centroid und tirne to puak coucentration, the peak cnnccu‘ration against
the time to peak, and the variance of tihe conrentration distribution
against the time to centreid. The complete basic data are compiled in
the tables and in the appendix. -

Of the 51 cases considercd, 27 cases had alwost ceorstant discharge
and 24 cases had varictions in disclarge creater than 20 percent. Tor 17
cases, the discharges veried less than 20 porcent and convective velocities
WeIe approzimacely constant. Of these 17 cascs, 15 2ppecr £o west the
gencral requir-aents {for which the one-dimerncional Lhcory should apply.
For tvo cases, numbers 35 and 37 for the Missiscippi River, the lengths
of the reaches are shorter than the mixing length cr;tcricn of cquation 20.

Two cases, cacse 17 for Bear Creek and cace 38 for the Wind/Bichern
River, asvce very vell with the one-d..zercsional theory, ond case 3) for
the Vind/Bichor.s River agrees approxicstely with the. theory A nuuber of
olier coses with nen-unsforn diccharge or noa-constant ronvccrfvc chocil

agrce approximately with the theory.

For many of tlie cases, the variance of the concentration grows wore
rapidly and the poz2k concentraticon cttentustes mere repidly than predicted
by thc onc—direnrsional rodel. 1n addition, the cupirical data sugaest that
fer some of the caces, the concentration distiributicns are not Gaussian
with respectl to rositien along tine charnel, and that they do not tend to

beeone Gausuclian with incrcasing time,
The analysis leads te the following coaclusions:
1. 7Tuwo scts of data exbibit clearly the properties of a one-

dirensionid Vickian-type prouccesrs. A number cf other cases agree
approxinately with the theory.
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2. For about half of the studies, the convective velocity of
the tracer cloud was constant. Fer rany casces, the ceonvective velocity, s
U(t), could be described as a sinmple power function of time, U(Z) = fi~.

3. For many cascs, the peak concentration of the dispersent
attcnurted according to the volation Crcy'c L”ﬂ, vhiere [ Rt
and averaged 0.77, and the viriance of the concentration dictr c
increcasced with time according te the relation G% = 17?“, D40 T <,
where i averaged 0.70, . i

4. Systermatic deviations from the theory sugrest that either (a)
the one dimcenzionzl theory ic not suitable for describing lonpitedinal
dispersior in rany rivers, or (b) tie convective pervicd extends ruch
longer than is goncrally supposcd. 1In either event, it would seenm

important to conduct scre carcful ficld experiments to deterninc the
limitations of the one-dimencional thecry.
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