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ARSTRACT

£
1

The effect éf an icé—cuvar on transverse opreading of a tra-
cer released at a constant and steady rate into a turbulent channel
flow is investigated. . Velocitv and tracer concentration mecasurements
are conduc Jd at various secctions downstream of the tracer source in
both a straight and a meandering flume for open-water and ice-cover

conditions.

Transverse dif fusion coefficients (Ez) in the straight chan-

nel tests are cbmputed by the method of moments and by a formula based
.

on similar i~ considerations. Transverse mixing ccefficients (Ezw) in

the meandering cﬁannel tests are evaluated using the moments and inte-

gral methods based on the convective-diffusion equation expressed in a

(

meandering coordinate svsten.

It is shown that the transverse diffusion coefficient for
ice-cover conditions in a straight channel is approximately 507 smaller
than the corresponding coefficient for open water conditions but when
these coefficients are normalised Qitﬁ the product of shear velocity,

u, , and hydraulic radius, R , they do not differ significantly.

*
Analysis of the available data on transverse diffusion does not indicate

a clear dependence of Ez/u*R on W/R , where W is channel width.

THe magnitude of the transverse mixing coefficient in meander-

ing channel tests and for ice-cover conditions is found to be approxi-

iv



mately 4 times smaller than the corresponding coefficient for open-
. S

water condition. Values of F /u+R are higher for open-water than
. z hY v

for ice~cover conditions for similar flow conditions. The longitudinal

variation of the ‘transverse mixing coefficient is found to be strongly

related to the ‘growth, decay and revd¥al of the spiral motions.

i
-

Field investigations of transverse mixing in the Lesser $]ave

River confirm the reduction in mixing capacity due to an ice-cover.

4
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horizontal angle of deviation of velocity vector
variance of tracer concentration distribution
variance of the tracer flux distribution

bed shear stress

radial angle from beginning of first and second
bends, respectively
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CEAPTER 1

INTRODUCTION

1.1 General

In recent years the ecological balance of many rivers has been
O
seriously upset by unregulated disposal of pollutants. Decause rivers
perform functions that are essential to man's survival pollution control
presents itself as a major technological challenge. Dilution of a pol-
lutant by a river is rarely a satisfactory solution for a major pollu-
tion problem, yet most solutions involve dilution processes. Continued

study and resecarch on mixing of pollutants in natural rivers are, there-

fore, important.

Although a good amount of knowledge on mixing in open channel
fiows has been accumulated in the past two decades, there is still room

for enlarging our understanding of the processes involved and particu-

larly for more reliable predictions of the spreading of pollutants..

Transverse (across channel) mixing is important in rive 3
because it exerts a large influence on the rate of longitudinal disper-
sion (Fischér, 1967). ZKnowledge of the transverse exchange (diffusion a
or mixing) coefficient is 'also a prerequisite in estimating the crossing
distance and the distance required to achieve a given degree of mixing.
Considerable practical importance therefore attends the estimation of

rates of transverse mixing of pollutants especially in areas where
1%

j
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location of water intakes ig crucial,

Most rivers in Canada are ice-covered for nearly 5 months of
the year and pollution probiems in these rivers are almost alvays most
critical during winter due to generally low winter flows and suppres-
sion of oxygen uptake from the atmosphere. However, no laboratory or
field measurements of the transverse mixing characteristics of ice-

covered channels applar to have been reported so far.

P
S

1.2 Objectives

It is the principal objective of this investigation to pro-
vide information on transverse diffusion and m+ Lo in straight and
meandering ice-covered channel flows. The spt ¢+ . objectives are:

(i) to develop working cquations for evaluating the transverse
diff 'sion and mixing coefficients in channels of arbitrary

" shape,

(ii) to obtain experimental data ‘in the laboratory and field
for corresponding open and ice-covered channel flows, and

(iii) to analyse the experimental results and evaluate the effect
of ice-covers on the diffusioh and mixing phenomena.

Experiments were, therefore, designed to fulfil these objectives.

1.3 Structure of Report y

This section deals with the form of presentation. “
In Chapter 2 previous studies on transv~rse diffusion and

mixing are reviewed and simplifications of the 3-dimensional convective



diffusion equation into forms amenable to solution .and the Timitations

of some known solutions are discussed.

Chapter 3 deals with the analvtical considerations.  Two

methods are proposced for evaluating the transverse mixing coefficieont

in meandering and straight channels of arhitrary cross-section,

Chapter 4 summarises the experimental arrangement and proce-
du ~hile the experimental results relating to both straight and

meandering flumes are presented and discussed in Chapters 5 and 6.

Chapter 7 contains the experimental procedurce, results and a
discussion these results for field tests on the Lesser Slave River

(Alberta).

Overall summary and conclusions of bhoth laboratorv and field

investigations form the subject of Chapter 8.



CHAPTER 2

REVIEW OF PAST STUDIES

2.1 The ngyective—Diffusion Equation

The study of turbulent mixing involves the analysis of mat-
erial transport by a turbulent fluid. A compfehensive approach to the
problem demands botl careful exéérimentation and considerable theoreti-
cal insight. The usual theoretical approach is by way of a mass bal-
ance or conservation equation for the quantity being transported The

Principle of mass balance for some scalar quantity, c¢ , (herein called

a tracer) in an arbitrary and stationary control volume states:

Rate of mass increase within the control volume =
rate of mass inflow into the control volume +

rate of mass production with the control volume

If it is assumed that the tracer undergoes only the: process
of dllutlon and that its fluid _properties are identical to those of the
ambient fluid then the principle of mass balance may be stated mathe-

>
mai-cally as follows:

S ton r B 3ee) -
ae (00 5 (v = - o, 200 C @D
1 ' 1 1

, . . .th . . .
where x;, is the co-ordinate in the i direction; i = 1, 2, 3;
ug is the instantaneous fluid velocity in the X direction; p ig

~the fludid density; Dm is the molecular diffusion coefficient; t 1is

4
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time; and ¢ is the tracer concentration cxpressed herein as a mass
‘ratio. Fquation 2.1 describes the movement of the tracer completely.
It is valid for turbulent flows and provided it can be solved would

yield the instantaneous values of c.

In general, however, the fluctuations of uy in turbulent
flow are not known and in many cases knowledge of the fluctuations of

¢ 1is not required. For turbulent flows, it has therefore become

customary to use an equation which describes the transport of the

: ’ Ay ¥
tracer in terms of the mean (temporal) values uy and c. If the
flow is incompressible, Equation 2.1 reduces to:

dc 3 ~ 9 dc
§€_+ 39X, (uic) N BXi (Dm Bxi (2.2)

For turbulent flows, we can resolve instantaneous values of u. and

into mean and fluctuating components such that:

(2.3)

-

" " o
where uy and - ¢ are the mean components; ui" and c¢" are the

fluctuating components.

Substituting Equation 2.3 into Equation 2.2, applying the
Reynolds averaging procedure and using the continuity principle results

in the following equation: o



s T

de A v D Wy 3 3¢

~ - = —— - N ) _

gt (U T o Gup et + 9x ‘ Z)xi) -4

The magnitude of the molecular diffusion term is usually much less than

the turbulent term on the RHS of Equation 2.4 a>. an be ignored in the

VUV

present context. The vclocity—concentrafion covariance terms u e
represent the transport of tracer by the turbulent fluctuations. Trans-

formation of Equation 2.4 into a form amenable to solution hinges on

VYV

the interpretation of the u,c terms.

\

A turbulent diffusion* coefficient, € , is generally introduced
at this point, just as Boussinesq did for the transport of momentum, such

that:

A
< (2.5a)

u,''c S
i 9%,
i

Because E;%%W and 82/8xi are vector quantities, the turbulen£ dif-
fusion coefficient, € , must either be a scalar or a tensor of the |
second order tHinze, 1959). If e 1is considered to be a scalar then

Equation 2.5a applies. It may be remarked heré tHat it is in general

unlikely that the turbulent diffusion coefficient will be constant

throughout the entire flow field. If € 1is a second order tensor, then

Equation 2.5a should read:

* The terms diffusion, dispersion and mixing as used in this report have
the following meaning. Diffusion connotes transport that is associated
primarily with the mean (temporal) product of velocity and concentration
as defined in Equation 2.6. Dispersion is transport associated with the
product of mean concentration and velocity differences. Mixing denotes
transport caused by both diffusion and dispersion.

-
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R A Je i, =1, 2, 3 (2.5b)

i TNy 0%
According to Fischer (1970), whether. one considers the diffusion coef-
ficient to be a scalar or tensor is usually of little import, for nei-
ther is an exact representation of the turbulent diffusion process.
‘In what follows, therefore, we shall refer only to the longiﬁudinal,
vertical and transverse diffusion coéfficients, EX, Ey and Ez and

these coefficients will be regarded as local properties of the turbu-

lence field.

1

Apart from the work of McQuivey and Keefer (1972) the velocitv-
concentration covariance terms in Equation 2.4 have not been success—
cully measured. McQuivey and Keefer measured the longitudinal velocity~

VYV

concentration covariaiice term u'c in a shear flow and evaluated the

!

longitudinal diffusion coefficient, €. s from the relation:

They obtained EX values which were within * 20% of the corresponding
surface values determined from floating particle studies. They found the
Boussinesq-type turbulent exchange coefficient to be an adequate model

for describing the diffusion process in the longitudinal direction.

pe
Equation 2.4 is now expanded to conventional rectangular carte-

sian notation with Xps:Xy, X3 % X, y, z and uy, u,, uy = u, v, Wy it

is noted that:
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oWy __E_
v Ey P (2.6)
8%
S A
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Neglecting molecular diffusion and dropping the time-averaging bars we

obtain the general convective-diffusion equation for a tracer in a

turbulent flow:

9¢  d(uc) | d(ve) | d(we) 9 ;. dc
5t T T F Jy M T 3x (tx ax) *
(2.7)
3 ac 3 dc
) Q;(Eyay) _8‘7?(25?'

In applications to open channel flows, x, y and z will represent
distances in the longitudinaly vertical and transverse directions res-

pectively, with u, v and w a5 the corresponding velocities.

Equation 2.7 is still too complex for a general solution in
a realistic situation. Generally, solution of Eqﬁation 2.7 for open
channei flows must account for a variety of factors such as velocity
gradients in all difections, channel shape, roughness, dbstrugtions,
bends and thé variation in the turbulent diffusion and mixing coef-
ficients. No existing theory does this adequately. Mosg investiga-
T4

tions have been devoted to one or more of the following:

1. Establishment of some basis for bredicting the turbulent



mixing coefficients and the concentration distribution

downstream from a tracer source,

2. Transformation of Equation 2.7 into forms more amecnable
to scolution either by making appropriate assumptions or

bv spatial averaging procedures,

3. Finding approximate solutions by finite difference

techniques using digital computers.

Considerable progress has been made for the simple idealized
case of uniform 2-dimensional flows which are approximated in labora-
tory flumes. Investigations of this type of flow have been made by
Glover (1964), ﬁlder (1959), Sayre and Chang (1968), Okoye (1970).

2.2 Solutions of the Convective-Diffusion Fquation for
Transverse Diffusion in Straight Channels

To facilitate solution of Equation 2.7 for uniforﬁ.turbulent
flow in a straigﬁt and wide rectangplar éhannel; complete analogy with
molecular diffusién is assumed: The transfer goefficients EX, Ey and
€, aré assumed constant and the longitudinal velocity u 1is replaced
by UO , the cross-sectional average velocity. It is assumed that any
variations of u within the c;oss—section and any sedondary flow

effects can be absorbed into EX, Ey and EZ. With these assumptions

Equation 2.7 reduces to:

2
RN e
0 dXx X o y

(2.8)

Solutions of Equation 2.8 for various initial and boundary conditions



have been presented by Carslaw and Jaeger (1959), Glover (1964). For

a continuous point source in a straight rectangular channel with a
large width-depth rahio, Fquation 2.8 can be reduced to 2-dimensions

by integrating with respect to depth and noting that there is no tracer
transport across the wetted perimefer and across fhe water surface.

Equation 2.8 then becomes: .

— 2 _
U Cli. € CA + € Sc (2.9)
ox X 2 z , .

90X dz

where ¢ = c(z,x) is the depth~averaged concentration. . The solution

is (Sayre and Chang, 1968):

U x
o -
_ QC 2¢ u 2' € 5
c(z,x) = ———ELEL——re * KO Eg_ x + Eﬁ-z (2.10)
2nrd '[
* EXE:Z R X ' VA
N .
in which Qs = volumetric tracer discharge
Cs = tracer concentration at source
dy = flow depth

modified Bessel function of the second kind,

=
1l

of order zero

Whenpthe distance downstream from the tracer source is large enough

such that:
€ 2 2e
(—35)-5— << 1 and x > —=

Equation 2.10 converges to:
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_z_ o

. Q C. o 4e x
c(z,x) = S 5 z (2.11)

Ude 2. fic =
. o * Z |It.,z)\/Uo

This represents the solution of Equation 2.9 under conditions of neg-
ligible longitudinal diffusion. Fquation 2.11 can be applied to a
straight channel of finite width provided the tracer is well mixed
over the depth and a significant amount of tracer{has not reached the

gide-walls.

A more general solution of Equation 2.9 applicable to cﬁannels
of both infiniterand finite widﬁh is given by Sayre and Chang (1968).
For the.general case where the tracer source is located a lateral dis-
tance from the origin (center of channel), they employed the method of

superposition and treated the side-walls as reflecting: barriers to

obtain:
[ee]
c(z,x) = c(z-,x) + ¢ [c(W -z + (—l)nz,x) +
' n=1
— n (2.12)
c(-nW - 7 + (1) z,x)]
where -W/2 < z < W/2 and n = number of reflection cycles. The

terms on the right hand side of Equation 2.12 are evaluated from Equa-
tion 2.11. Equations 2.11 and 2.12 are in fairly good agreement with

experimental observations in straight rectangular channels.

Another method for solving FEquation 2.7 was. recently proposed
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~
by Yotsukura and Cobb (1972) for straight prismatic channels of arbi-
trary cross-section. They neglected longitudinal turbulent diffusion,
assumed a steady state, but accounted for transverse variation in depth.

They showed that the transverse diffusion equation for this situation
is:

- 9% _ 9 ~ _9dc, ,
S B dz (LzD 2z (2.

where u, D, e, are functions of =z only; £ and u being depth-

averaged values. 1If the origin is located at one bank, the boundary

condition at the channel edges (z = 0, W) is:

- 3c
EZD o = 0 (2.14)
The conservation of tracer is expressed as:
L
J = y|ucDdz (2.15)

where Yy 1s the specific weight of water.

Yotsukura and Cobh then defined a new independent variable
q,, the cumulative discharge, measured from one bank as:

z

Qy = f uDd z
o

This can be used as an alternative transverse co-ordinate. By using

q, to replace z they transformed Equations 2.13, 2.14 and 2.15 to:



L T (2.16)
ax - 9q, z Jq,
€ uD QE;— = 0 1t =0 and Q
o 9qy, : T A
. | ] [—
and: Jg = ¥y cdq,
o

respectively. To obtain a solution to Equation 2.16 they assumed that

it can be approximated by:

— 2—
dc = — —=2 3°¢
T EZ D 5 | . (2.16a)
8 q *
Q
. . - =2 1) ==2
where the Diffusion Factor g ub” = = | € uD"dq,.
z Q 2 *
o

They finally applied the method of images used by Sayre -and Chaﬂg (1968)
to obtain a series solution for Equation 2.16a. This theoretical model

seems to agree well with field data. The approximation of the variable

- —.2 ) :
parameter EZuD by its cross-sectional average EZuD however needs

more verification.

2.3 Evaluation of the Transverse Diffusion Coefficient
for Straight Channels

The turbulence which is responsible for vertical diffusion

also causes diffusion across the channel. The vertical diffusion co-~



.

- efficient can be derived by assuming (i) equivalence between mass

and momentum transfer (Reynolds analogy) and (ii) that the shear

NV

stress TXV = - pu'v is linearl+ distributed over the flow depth.

The following relation is obtained:

T av
(o]
SV o (1 - y/D) :
gy i = i , , (2.17)
dy dy

where T is' the bed shear stress. So far, no analytical relationship
has been derived between the vertical and transverse diffusion coef-
ficients. The transverse diffusion coefficient, Ez , must at present

be evaluated empirically from experimentally observed concentration

distributions.

The local transverse diffusion coefficient, Ez , in a two-
dimensional open channel flow is known to vary over the flow depth,
(Okoye 1970, Fischer 1973). It'incraases from zero on the channel bed
to a maximum near the free water surface. In general, one is interes-
ted in the overall spreading of a contaminant in a stream and the.use
of an average transverse diffusion,coefficienp over a channel reach,

\
Ez , simplifies the computations considerably.

Two ;pproaches have been used in the past to obtain EZ from
the convective-diffusion equation. The first approach is the Method

of Moments first introduced by Aris (195 . Basically, the method in-

volves multiplying the governing convective~diffusion equation by 2P

and integrating with respect to 2z from -« to o, The resulting

L4



equation is then expressed in terms of the moments of the experimental

or theoretical ¢ distribution which are defined as:

e8] '

mp(x) = J ng(z,x)dz ;o p=D0, 1, 2... (2.185

-_ 00

and ‘then solved for the various moments.

IIn principle, any desired degree of detail can be achieved by
solving for high values of p. In practicg, however, the zeroth,
first, second and third moments are sufficient for calculating statis-
tical parameters which are useful for describing some aspects of the
diffusion process. The method of moments has been used extensively,
for ‘example, by Okoyé (1970), Sayre and Chang (1968), Holley et al

(1972).

For a continuous point source in a 2-dimensional open channel

flow, it can be shown by the method of moments that:

E =. -0 _z (2.19)

provided the tracer cloud has not encountered the channel walls and the
locus of the centroid of the transverse tracer concentration distribu-
tion at various sections downstream of the source is parallel to the

channel axis (z=0). In Equation 2.19, . O 2. mz/mO and is often

z
called the variance of the < distriﬁg;ion;A m and my s for this

situation, are the zeroth and second central moments respectively.



Equation 2.19 can also be obtained by first finding the vari-

ances corresponding to Equation 2.10 and LEquation 2.11 which are:

2E 2E

2 z X
Oz = T (x + T) (2.20)
O &)
. 2 ZEZX
and o, = UO - : (2.21)

respectively, Differentiation of Equations 2.20 and 2.2i then gives
the same result as Equation 2.19., The seéond method used for finding
Ez is designatéd "the simulation methéd” (Yotsukura et al; 1970). 1t
is a trial and error substitution of the appropriate diffusion coef-
ficient into a numerical or analytical solution of the ‘governing equa-
tion until the best fit between calculated and observed concentration

distributions is achieved.

A summary of previous measurements of the transverse diffu~
sion coefficient in open channel flows is given in Table 2.1. Labora-
tory experiments with dissolved tracers in straighf flumes have yielded
values of the normalized diffusion coefficient Ez/u*d* (=k) ranging
from 0.10 to 0.23, where u, 1is the shear-velocity, d* is the
overall 'averageudepth, and Ez is the average value of transverse
diffusion coefficient éver a channel r: .ch. Okoye (1970) found the
aspect ratio, defined as W/d* » 'to be the most significant parameter
controlling the transverse spreading of a tracer injected continuously

into a straight rectangular open channel flow. The dimensionless

Lo
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diffusion coefficient, k , i1 . cases with an increase in the aspect

ratio.

2.4 Transverse Mixing in Meandering Channels

The characteristics of transverse mixing in turbulept open
channel flows with curved boundaries is extremely complex. The Fickian-
type Egaation 2.9 which successfully predicted the spreading of tracer
for straight uniform chanﬁels with a known E is found to give un-
satisfactory results for curved channels. This is attributable 1
cpmbination of various factors such as @epth, width and velocity
variations, growth, decay and reversal of the secondary motion and
variable turbulence structure. Recent studies by Fischer (1969),

Yotsukura et al (1970) and Chang (1971) have, however, contributed im-

.t I .
mensely to our understanding of the mixing in meandering channels.

N

" The first study of transverse mixing in bends of turbulent

PR
2im -

oéen channel flows was reportea by Fischer (1969). He derived\an ex-
pression,. for predicting‘the lateral dispersion coefficient, €4 > based
on the following assumptiqps: (i) 1ate;;i'dispersion is analogous to
longitudinal dispersion and (ii) that the transverse veloci;y distri-
butién in the vertical can be described by Rozovskii's transverse
velocity distribution for fally developed turbulent flow in an open
channel bend. Fiséher verified his analytical findings experimentally

in a meandering flume having a 330° bend with a radius of curvature of

206 cm and a width of 76.3 cm. -His observed values of Ed agreed with



]
the predicted values within a factor of 2. The large discrepancy arises

because thcvbcnd was too short for the secondary flow pattern to have
reached the fully developed stage. Fischer also attributes the errors
to the sensitivity of the result to small changes in the input para-
meters, which are often not accurately known. The procedu%e is not a
practical method for cstimating.the transverse dispersion coefficient
in natural streams because the condition of fully developed bend flow
is never obtained in natural streams. Nevertheless, Fischer demonstra-
ted that the dominant effect of curvature is generally to increase the
normalized lateral mixing coefficient compared to that usually observed
in a straight channel. His normalized dispersion coefficients ranged
from 0.52 to 2.4, and this is about 2 to 10 times larger than the ob-

served values for straight laboratory channels.

A simulation procedure was used by thsﬁkuralJFischor and
Sayre (1970) to predict the transverse mixing coefficient in a six-mile
reach of the Missouri River near Blair; Nebraska; The procedure is a
numerical solution of the convective-diffusion equation. The steps
involved are briefly explained. The river channel is first divided
transversely into 20 stream tubes carrying comstant and equal discharge.
The mass traﬁsfer betweén étream tubes is assumed to be entirely diffu-
sive and any effects of secondary currents are abs;rbed in the diffu-

sion term. The governing equations are then expressed in finite

difference form and solved by trial and error’ until the mixing coeffi-

19

cient gives a calculated concentration distribution close to the observed
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data. For the six-mile reach of the Missouri River near Rlair, Yotsukura
et al obtained an average value for FZ of 0.6 u,d, by the simulation

technique comparedeith 0.7 u,d, from the Method of Moments.

Chang (1971) proposed two methods for finding the lateral
mixing coefficients, namely, a simulation procedure and an integral
method. His analytical derivations are based on the convective diffu-

-sion equation expressed in a meandering co-ordinate system (Sayre and

Fukuoka, 1973):

ac , 1 d(ew . 3 (ev) L L B(hlcw) 13 ( QE) .
t h ax Jy h dz B 7 9% ‘Fx Ix
1 1 h
1
(2.23)
9 dc 1 3 dc
5; (Ey 5; + q ﬁ (hlEZ i)
and the continuity equation:
d(h,w)
du av 1 _
x T hay TR =0 (2.24)

where the x-axis coincides with the centerline of the channel; y is
measured downward from the free water surface orthogonally to the x-
axis, and z 1is measured laterally from the channel axis orthogonal
to both x and y. Depending on whether the channel is straight or
cur&ed, the surface 2z = constant can be either a plane parallel to
£he ¥-axis or a cylindrical surface concentric with the x—axi;. In

Equations 2.23 and 2.24:
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h1 = 1 + %—- for a bend curving to the left

c
h] = 1 for a straight recach (2.25)
hl: = 1 - %— for a bend curving to the right

c

and rC is the radius of curvature of the channel axis.

The simulation technique employed by Chang is sigilar to that
used by Yotsukura et al. He integrated the steady state form of Equa-
tion 2.23 and Equation 2.24 over the cross—sectional area of the j'th

stream tube to obtain:

BC. _ gg J
q —L = = .
st [hlﬂ(ez + sd) o (2.26)
z.-1
J
in which qSt = discharge in a stream tube, zj denotes the boundary

between the (j+1)'th and j'th stream tubes, Cj is average concentra-

“tion with the j'th stream tube, Ed is the transverse dispersion coef-

ficient given by:

W' C = —Edg (2.2])

where w' and c¢' are deviations from the depth~averaged values of

w and c.

Chang then solved Equation 2.26 numerically to find the best

value of the lateral mixing coefficient, Eéw (= E; + Ed)_, which gave

good agreement between the calculated and observed concentration distri-



butions. The use of Iquation 2.27 is subject to debate since negative
values of ¢ can be obtained. 1In such a case the dispersion ceases

d

to be of the gradient type.

The Integral Method rests on the same reasoning as the pre-
viousu%%thod but provides a direct method for finding the local latcral
mixing coefficient from experimental data. Chang integrated Equation
2.23 and Equation 2.24 over an area extending from the left bank to any

desired stream tube boundary zy and arrived at the relation:

1D
%;— J u ¢ dy dz
_ o O
L, = = (2.28)
hyP a2
%1

Chang's results indicated a strong periodic variation of the s
lateral mixing coefficient in the longitudinal direction with the
simulation and the integral methods giving similar patterns in the
variation of E_ ., However, the integral method predicted values of

zZw
Ezw approximately twice as large as the simulation method. It is
noted that the integral method is more susceptible to errors because
of the inaccuracies involved in'takihg derivatives of experimental data.

Chang obtained normalized mixing coefficients ranging from 0.6 to 1.2

with the simulation method.

Holley, Siemons and Abrahams (1972) have put forward a method



for predicting the lateral mixing coefficient, Ezw (the Generalized
Change of Moment Method). Moments of the tracer flux Q) 5_25 distribu-
tion are used rather than that of the concentration distribution. The
m%thod incorporates transverse variations in depth, turbulent exchange
coefficients, longitudinal and transverse velocities into the depth-
averaged convective diffusion equation. They tried various expressions
,for the variation of the exchange coefficient across the channel.

These were:

E,, = kdu, = kdu , (2.29)

Ezw = kZDII (2.30)
U .

e = k=2 3/2 (2.31)
d*

where d, is the overall average depth and kl, k2, k3 are dimen-

sionless mixing coefficients and Ezw is the locél depth-averaged
mixing coefficient. Uo is-used in Equation 2.29 simply as a matter
of convenience. 1In Equation 2.30, E;w is assumed to vary as the
product of local depth and local depth-averaged velocity while in Equa-
tion 2.31 E;w is taken to be propoftional to the product of local
depth and local shear velbcity. Fquation 2.31 is arrived at by use of

Chezy's equation.

Holley et al recognized the limitations of Equations 2.29,

2.30 and 2.31. They found that the type of variation assumed for €

can have a signific- >t effect on the value of k2 or k3 determined
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from measured concentration distributions. Nevertheless, the use of
local values of depth, velocity and shear velocity appears to be rea-
sonable since they represent the accumulated effects of various up-

stream factors which also influence the local value of E;w'

This chapter has presedted a review of previous studies on
transverse diffusion and mixing in straight and curved oéén channel
flows. No laboratory or field measurements of the transverse diffusion
or mixing characteristics in ice-covered channels abpear to have heen
reported so far. Investigations on transverse diffusion and mixing in

ice-covered channel flows are therefore urgently needed.
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CHAPTER 3

ANALYTICAL INVESTICAT[ONS

3.1 Similarity Analvsis for Straight Channels

Consider the casé of a continuous release of tracer at a
steady rate into a steady uniform turbulent flow in a wide straight
reétangular channel with no side-wall effects. If longitudinal dif-
fusion is gssumed to be negligible and €, constant within test reach

then Equation 2.9 reduces to:

[ond
o)lcv
X0

1]
™
N
QI Q
N
N0

M

For practical application can be replaced by Ez , the average

V4

over a reach of length x , such that:

e . g dc (3.1)

To make Equation 3.1 dimensionless, the following dimensionless vari-

ables are introduced into Equation 3.1:

S c X
= Y = = > X, = %
Ul u, Cl CO 1 dx
E
z _z_ _z¥W _z
k= u,d, B = d, Wwd, W s

where A 1is the aspect ratio and ‘Co is tracer concentration when



fully diluted. The resulting equation is:

8Cl 82Cl
U, = = k —= (3.2)
]
1 \l 882

It is a well-known fact that as the tracer cloud spreads the depth-

averaged concentration along the tracer centerline decreases. Experi-

mental evidence (to be given in Chapter 6) indicates that the normalized

concentration profiles, Cl (x,8) , at various seclions can be made
congruent by appropriate choice of scaling parameters for Cl and R.

Under such conditions the profiles are said to be "similar'. The re-

quirement for "similar" Cl- profiles may be stated as the property th:

any two Cl profiles located at different Xl‘ differ only by a scale

factor in C and 3. This can be stated mathematically as:

1
B . B ,
c, {x,). , —~——-—$ C 3(X) s TR YT
1 17 sl (X1 _ 1 172 sl (X),] 3.3
Crm 11 Crm [X,51

where Clm(Xl) and g(Xl) are the scaling parameters for Cl and B

respeétively and Clm(Xl) is the normalized peak concentration.

An obvious characteristic scaling parameter for the tracer
cloud would be its dimensionless width at the seétion under considera-
tion. However, exact demarcation of the cloud boundafy would be dif-
alternative scaling parameter is the dimensionless trans-

versE\Q} tance between the tracer centerline and the vertical along

) b
which Cl(Xl, B) = 0.5 Clm(x’) , denotgd here by bl(Xl) (= T A).



Note that b 1is one-half the transverse distance between the verticals

~along which C = 0.5 Cm and Eﬁ is depth-averaged peak concentration.

If similarity does exist, one could assume the following re-

lation:
Cl :
— = f(B3/b;) = f(o) (3.4)
C 1
1m
where o = B/bl. Substitution of Equation 3.4 into Equation 3.2
yields:
AN
2
d k d
3 (¢, fl =  — (c, fl]
SXl Im Ul 382 Im
aclm - Cc £ g_db.l. = k_ iﬂ £ (3.5)
8Xl Im bl dhl Ul b12
where f' = df/da and f" = d2f/da2. Equation 3.5 can be rewritten
as:
ﬁ__[aclm E__Clm _af' Clm dbl k Clm - 1 (3.6)
f 8xl Ul bl2 f~ bl Xm Ul blz

The R.H.S. of Equation 3.5 is independent of Xl , therefore the L.H.S.

must also be independent of Xl. This implies that:

3¢ C
Im k 1m . 0
_— = constant « ¥ (.7
BXl Ul b 2 1
- 1
-
C db C
and: Am 1 ko —l%- = constant « X ° (3.8)
b’l Xm Ul p 2 1



If it is assumed further that:

and: (3.9)

where p and q are as ygr undetermined exponents, Equation 3.6 or

/ijation 3.7 vyields:

1 - .
= 3 | (3.10)

To evaluate the other exponent, p , an additional equation is required.
This is obtained from the condition that there is no loss or decay of

tracer, that is:

Qo = 4u f cd z (3.11)

where QS » the race of injection of tracer into the flow, is equal to
UvoCs' AO is the area of the tracer injector and CS 1s concentra-

tion of tracer at source,

When Equation 3.11 is simplified using the appropriate scaling

parameters, the following relation is obtained:

A (C /Cc)
2 S © (3.12)

L

2
d, j fda

The R.H.S. of Equation 3.12 is again independent of Xl » S0 that the

L.H.S. must also be independent of Xl for the equation to be valid at
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any section. Introduction of Fquation 3.6 into Equation 3.12 results
in:
-4 P _ ) « O
kl kl = constant « kl
p+q = 0 (3.13)

From Equation 3.9 and Equation 3.13, we obtain:

1
Po= -3 (3.14)
Therefore:
A )
c, = xl‘l/2 or c,. - - (3.15)
&S]
1/2 _
by = Xy or b, = A2/§I (3.16)

where Al and A, are constants for a particular flow situation. The
L

form of the function f may be found by first substituting Equation

3.15 and Equatibn 3.16 into Equation 3.5. The following equation. is
obtained:
2k 5 f" 4+ af' 4+ f = 0
. V14
or:
Eoeor Loy - (3.17)
U 2 da
12

Equation 3.17 can be integrated twice with respect to o , recognizing

that when « = 0, f(o) = 1 and f'(o) = 0. The solution of Equation
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3.17 becomes:

22
U‘~1A20L o
Fla) = e % . 1 (3.18)
C .
Im

The distribution of Cl/clm ©1s therefore(Gaussian. Equation
3.18 also implies that for a given flow situation in a very wide rec-
targular channel, away from side-wall effects, the concentration pro-

files at various downstream sections is described by a single curve.

When o = 1, Cl = 0.5 Clm and from Equation 3.18 we get:

kK = 12 (3.19)

e

Combining Fquation 3,19 with Equation 3.16 we obtain an expression\for

E_:
z
b2U
E = 2

z 4x1n2 (3.20)

Equatioﬁ 3.19 suggeéts that the normalized transverse exchange or dif-
fusion coefficient depends only ?n Ul (= Uo/u*) or the friction factor
if AZ' is a QTiversal constant. The effect of ;idth was effectively
removed by confining the analysis to the central portion of the flow
away from the side-walls. Although most of the above results are well-
known, the derivation is novel and sho@s that for a given flow situation
in a rectangular chanﬁel the lateral concentratién profiles at various
sections can be represented by a single cufve. Equation 3.20 aléo pro-

vides a quick method for evaluating the transverse ekchange coefficient,
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E_, given the averapge velocity U and the lateral depth-averaged
z - 0 ,

concentration profile at a downstream scction.

3.2 The Two-Dimensional Lateral Diffusion Hquation

The convective diffusion equation for turbulent flow in a

meandering co-ordinate system may be written as:

dc 1 3(uc) a(ve) L 3
= 4 = E =
5t Thp ax o Ty T ag (e
(2.23)
1 9 Jde d _ 3dc 1 3 Je
2 3x (Ex ax’ T Jy (Ly Sy) * dz (hl;z Az
hy 1 ‘ .
where hl = 1+ z/rC for a bend curving to the left
= 1- z/rC for a bend curving to the right
= 1 for a straiéht reach
€ € € are the turbulent diffusion coefficients in the x (longi;

tudinal), y (vertical) and =z (lateral) directions; u, v, w are
the time-averaged velocity components in the X, vy and =z directions

respectively; and ¢ is the local time-averaged concentration.

There is no mass transfer across the channel boundaries or
the water surface by either convection or diffusion. These boundary

conditions can be stated mathematically as:

v=20;¢ gg-= 0 at the water surface
Yoy - (3.21)
u=0;v=0;w=0;¢c =0;ec =0;¢ = 0 at the solid
x v z

boundaries

-



solution of Equation 2.23 requires a detailed knowledge of the distri-
butions of local velocity and turbulent diffusion coeffiqionts and it
i3 also very cumbersome to work with Equation 2.23. To facilitate

the analysis, the equations can be reduced to Z=limensions by avcr@ging

over the local depth, D.

Consider non—uniform_flowvin a channel of arbitrary cross-
sectioq_and a continuous, steady release of tracer into the channel at
a fixed location. Longitudinal diffusion does not have a significant
effect on the steady-state concentration distribution and can be neg—
lected (Sayre and Chang, 1968). Tf the transverse diffﬁsion coeffi-
cient, Ez » 1s assumed not to vary appreciably over a considerable
portion of the flow depth then the.steady—state case of Equation 2.23

can be written as:

1 3 (ue) J(ve) 1 3 _
h, ax 5y T w3z (pve) =
1 o 1
- . (3.22)
—0® . ¥y 1 3.. — 3e
;- /%; ) T w Mt )
<

where E; is depth-averaged transverse diffusion coefficdient.

Define:

ulx, v, 2) = u(x, 2) + u'(x, y, 2)

vix, vy, z) = v(x, z) + v!i(x, v, z)

. _ o (3.23)
W(X, Y, Z) = WA(‘X, Z) + W" (Xy Y 2)
c(x, v, % = Efx,'z) + c'(x, vy, z)



" where the bar again denotes a depth-averaged quantity (for example,
B

- 1 . . Lo
u = N S udy) and the prime designates a local deviation from the
o .
depth-averaged value. FEquations 3-23 are now substituted into 3.22 and

the resulting equation integrated term by term with respect to y from
zero to D, The order of integration and differentiation are inter—
changed, where necessary, using Leibnitz's Rule. The fesﬁlting

equation is:

L — = TRy, J i e SN -«
™ Duc +ut™H} + 5 {Dhl(w c +we)} =
a (3.24)
] — dc
-a—z‘ {DhIEZ ETZ‘ .

The first term in Equation 3.24 refers to the longitudinal differential

convection or dispersion. Except close to the tracer source the con-

vection dispersion term wu'c' is usually much smaller than u ¢ and

W
can often be neglected. The second term represents differential con-

vective mass transport in the lateral direction. If €,5 U, W, u'c’
and w'c' are known or can be predicted, Equation 3.24 can be solved
for the steady-state concentration distribution at any downstream sec~

tion from the tracer source.

“ormally, €, is assumed to have a constant value within a

'E oo 1 but it seems probable that significant changes in depth
or withi nel reach may cause significant changes in E;
At present ther -r, insufficient information about the turbu-

lence responsi’ e fo: £ sion to permit mathematical representation

33
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of the variation of L For the time being, the variation of ¢

can be expressed as follows:

Ez = I§;<I|(x, z) (3.25)

where E; is a constant for a given flow condition and ¢ defines the

variation of E;. It is to be noted that when ¢ = 1 , E; = Ez , the

average transverse diff%ﬁion coefficient over a channel reach. As

mentioned previously in Section 2.4, some plausible assumptions regard-
ing ¢ h‘een put forward.by Holley o_t_a_l_ (1972). However, no
matter whdt assumption is made ‘for D, E; has to be evaluated ex-~

perimentally. Introducing Equation 3.25 into Equation 3.24 gives the

2~dimensional lateral diffusion equation:
9——{D(B'E'+ u'c} + Q-—-{Dh (;-; + w'e")} =
ax A dz 1

(3.24a)

L5 (pn.g 2C
Ez oz {Dhl¢ Sz}

; l c . .
Since Ez is the principal transverse diffusion parameter subsequent
analysis and discussion of results particularly related to the straight

flume experiments will concentrate on it,

3.3 Methods for Evaluating the Transverse'Exchange Coefficient

Three general methods are presently used to evaluate the
transverse exchange (diffusion or mixing) coefficiént, Ez , in channel

flows. These are (i) The Simulation Method (ii) The Metbod of

1



Moments and (iii) The Integral Method. These methods were briefly
reviewed in Chapter 2. Essentially the same amount of tracer concentra-
tion and hydraulic data is reouired by all the three methods for ova-

luation of EZ » but the Integral and Moments methods have the advantage
of computational simplicity. On th~ other hand, the procedure &f
simulating the mixing process is superior to the Integral and Moments
techniques because it can be used to predict the traceﬁ’concentration
distribution downstream of a tracer sburce if the transverse excﬁange
coefficient, EZ , 1s known.

Two methods for evaluating EZ based on the Integral and
Moments methods ;re proposed here. The method of moments is used in
the present analysis to determine an overall transverse exchange co-
efficient within a channel reach. The Integral approach attempts to

determine the distribution of the average transverse exchange coef-

ficient across and along the channel.

3.3.1 Method of Moments

The method of moments was first described by 1956) and
has since been used widely in numerical work. It suffers from the
.disadvagfage ;hat no direct expression for either the ¢ or D u c
distribution is obtainable. However, knowledg; of the first few moments
of the ¢ or Duc distribution gives a great deal of information

about the distribution itself. Although in principle higher order

moments of a distribution about any value can be computed, a meaning
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cannot necessarily be attached to the resulting values. 1In practice,
only the first four moments are used because accuracy in estimating
higher order moments from experimental data decreases rapidly as the

order of the moments increascs.

In applying the moments technique here, Equation 3.24a is

o 2 ‘
multiplied 'through by n and then integrated with respect to n to

give:
ri
W, r/
[ ”.9—-{D(G'E_+ u'c')}] nzdn +
Lax .
wl
W
¢ 3 n+ fo, —— 2
[ gﬁ“{D(l * ~—;:——~)(w c +w'e")} ndn =
c .
Wl
e} W,
9 LN
1 Pl o — —_
ES j i {D@1 + : ) ¢ an} n~dn (3.26)
Wl
. n+z
in which n = z - z, hl =14z = 1 ¢ ——;f—gu z ~ represents
c c

the transverse distance from the channel axis to a fixed but arbitrary
c¢ylindral surface which is concentric with the channel axis. For the
present analysis z is taken as the la£eral distance from the channel
akis to the cylindral surface passing through the point of tracer

release and concentric with the channel axis. Note that in Equation

3.26, wl and W2 represent transverse distances to the channel edges

from 2z
o



The second and third terms in Fquation 3.26 ¢

by parts.

transfer of

Some of the resulting terms go to zero because there is no
g

mass at the flow boundaries. Again, Licbnitz's rule for

interchanging the order of integration and differentiation is used.

With some f

dividing th

urther rearrangement of the z-diffusion term and after

rough by the tracer flux which is constant, we obtain:

an be integrated

R 2
—— 2 n+z e
f D(uc +u'c') n7dn 2,1 bn@ = ——;——Q)(w c + w'e')dn
BN c
i__ Wl _ Wl i‘ .
dx Wz WZ
JD;Edn [DEEdn
! | !
o ® _
Wz WZ
2n + Z N n+z 30
+ A + oL
f ¢D ¢ (1 * T ) dn + J,cn (1 T )andn
W W
' 1 1
= 2E W
2 2
_—— 3
Ducdn
i " J

- 2E'
z

W
B .
ffbgﬁ{Dcn(li - )} dn .
W C
1 :
(3.27)
W,
fDEZdn
- ¥y |
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The diffusion term is found to be a combination of three terms. Toérm
A is expected to remain reasonably constant along the channel. Term
B expresses the importance of depth variations within a cross—séction
and goes to zero when D has a constant value across the section.
Term contributes to the dif:ision term only when a significant
amount of tracer reaches the side-walls. The magniﬁude and longitudi-

nal variation of the different terms 1in Equation 3.27 will be discussed

in Chapter 6,

Equation 3.27 is proposed and used in this report for evalua-

tion of E; from known distributions of W, u, ¢, u'c', w'e', D and

¢.  The above analysis differs from that of Holley et al (1972) only
in the use of the meandering co-ordinate system but illustra more

clearly the effects of curvature and depth variations on the mixing.

One limitation in using simplified forms of Equation 3.27 is
worth mentioning. 1In principle, the same value for E; will be ob-

tained irrespective of where N 1is measured from provided the

variations of wu, w, c, u'c', w'e', D and ¢ within the reach under
consideration are correctly accounted for. If $® does vary within a
channel reach, as is generally the case, but is assumed constant (b = 1)
then Equation 3.27 will give different values of E; depending on where

N 1is measured from. In such a case E; (= Ez) can be regarded only

as a first estimate. Discussion of this problem is deferred until

b

Chapter 7. Fquation 3.27 can now be applied to several flow situations.
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Case 1 - Meandering Channels

If the distribution of w is unknown, which is generally the
case, the effects of transverse velocities on the mixing must be ab-

sorbed into a modified exchange coefficient, E;w. From Equation 3.24

we_ have:
3 — = — 0 - 3¢ ——
= <+l' = = _ - P R )
" {D(u ¢ u'c')} y {Dhl(ez o wec-we')l
- _ = 3¢ _ = 3¢ —— .
€ is defined asg — = ¢ Z€ _ we-we', In analogy with the
Zw zwdz z Oz

earlier definition of E; . E;w can be written as:

- o 0,06, 2) (3.28)

where E;w is constant within a channel reach for a particular flow

condition and @w describes the variation of € Equation 3.27 can

now be simplified to give:

Yy
T o+ ooy 2
f D(u c +u'e") n“dn
a N _
dx Wz
fD ucd
Y
B W, W,
. 2n +zo - n+zo D
+ —_
¢>ch(.1 + Ydn + f ¢ cn(l # - ) 3N dn
W ¢ W ¢
- 1 1 y
‘zw w2
f DT Tdn
L " |
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[_w 7]
2 n+ z
b 9 fpen (1 + ——93 g
w on cn b2 r an
Wy ¢
- ot — —_— . : .
ZEZW W (3.29)
2
f D G‘E'd n
i g )

Equation 3.29 is well suited for application to both laboratory and

field data. 1t is to be noted that since D =

when n = Wl and
h& for most rivers, the last term in the numerator of the RIS of

Equation 3.29 goes to zero.

“2

Equation 3.29 then assumes the form:

T
D(u ¢ + u'c')n"dn

4| i ,
dx wz
fnazdn
L
W W
2 . 2n + zq 2 _ n + zO D
+ - —
. f@w?c(l * - Ydn + J@wcn(l t ) 5 dn
W W ¢
oE! 1 1
Zw W

) (3.30)

Equation 3.30 provides a direct means of evaluating the transverse ex-

change coefficient,’ Eéw

» 1f the lateral distributions of ‘U, ¢, u'c
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and D within a number of cross-sections are known and a reasonablo
assumption can be made for mw. subsequent discussions of results

related to the meandering flume and field investigations will concen-

trate on E' .
Zw

-
‘.

In a practical situation, the meandering co-ordinates may bc_
fitted to a natural river using a large scale map of the river. The
thalweg is takeﬁ as the longitudinal, x , axls. If the thalweg is not
accurately known, the centerline of the river at the water surface or
ice-cover underside may also be taken as the longitudinal axis. The
river reach of interest is divided by trial and error into sub-reaches
which are either single bends that can be approximated with circular

arcs or straight reaches. The centerline radius of the bends are then

geometrically determined.

Transverse distances are measured normal from the x-axis in
the horizontal plane. these distances are considered negative when
measured towards the center of curvature and vice versa. Vertical

M +

distances are measured downwards from the free water surface or ice—~

cover underside (see Figure 3.1).

Case 2 - Straight Channels

Tr =

For straight channels with arbitrary cross-section o

but w is not necessarily zero. Transverse velocities caused by
changes in channel geometry with longitudinal distance may significantly

alter the mixing. 1If transverse velocities can be accurately determined
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then the relevant cquation to use is Equation 3.27 with r. = ®. Other-

wise the effects of transverse velocities must again be included in the
diffusion coefficient as was done in Case 1. The appropriate cquation

in this cn%e is ecither FEquation 3.29 or kquation 3.30 with r = o,
. ¢

For the simplest case of uniform turbulent flow in a prisma-
tic rectangular channel ;0/%n = 0. If u'c' is negligible, Fquation

3.27 reduces to:

sz WZ
-_— — 2 IS .y - g -
uc n-dn 2hz hle - Eﬁ'(Cﬂ)]dW
W W
% Tl_~h - r 1 (3.31)
X ‘12 ‘]2
f;;dn f:zdn
7 \
_hl ‘J L"l

Away from the side-wall boundary layers u is a constant (= Uo) and

® can be taken as equal to 1.0. If E;¢ is replaced by EZ and

provided no tracer has recached the channel walls, Equation 3.31 can be

\

written as:

. Wz W2
E o= 2.4 on2an cd : (3.32)
z 2 dx cn cdn )
W Wl .
U d672 ) o
E = ° . = (2'19)
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Equation 3.32 is the vell-known formula for finding the diffusion co~
efficient for uniform turbulent flow in straight rectangular channels
(Sayre and Chang, 1968, Okoye, 1970). Going through the various flow
situations has been instructive in demonstrgtiné the general applica-

bility of Equation 3.27.

3.3.2 Integral Method

o Integration of Equation 3.24a with respect to z , from one

. . »
bank (’enoted by Wl) tc an arbitrary z | gives:

<

z z ,
9 T, 9 i e -
[ T {blw ¢+ U¢ Y dz  + f Py {Dhl(w C +.w'c )} dz =
Wl | W

V4
E' [g—z {Dhlda a_c} dz

z: Jdz
L]
1
which can be simplified to:
Z .y ——
a4 D(u'c +u'e)dz + D (Wec+we) = g Dh,¢ 9S (3.33)
dx 1 z 17 9z
Wl B
— ac
= Ez Dhl py (3.33a)

Equation 3.33a can be used to determine the lateral variation of E;

across a channel reach. Chang (1971) used a similar procedure but di-

vided the channel into stream tubes carrying equal discharge. His
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zi—values represented the boundary between the stream tubes and he com-

bined the-dispersion term w'c' with €, dc/dz by assuming w'c' =

€4 dc/dz where €4 is a dispersion coefficient. The only drawhack
in using Equation 3.33a is that it is susceptible to errors because of
the inaccuracies involved in taking derivatives of experimental tracer

concentration data. To circumvent this difficultyv. Equation‘g.BBa can

be integrated once more with respect to z from W to z to give:
p 1 ’ g

z . z
{Q__ DYGiE.+ u'c')dz$ dz  + Dh (w ¢ + w'e')dz
dx EIN 1 ‘

N

W Wy B Wy
Z —_—
= E;I Dhl(bg‘; dz (3.34)
’ wl:l
-

Without too much lo&s in detail an average ¢ can be assumed between

W, and =z such that E = E'd and the above equation can be
1 N z z avg

written as:

pA 2 . 4

4 DU ¢ + u'c')dz} dz + | Dh.(w ¢ + w'e')dz A

dx f 1
¥ "y " )

a1 3(Dh)) iy
= F Dh_c - c dz ; {3.35)
z 1 oz 5
R .

) _ i
~ Equation 3.35 will give some indication of the variation of the aver-

4

age exchange coefficient over transverse portions of a channel regph by
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performing the above integration®for Jiffergnt z=values across the
channel. 1If the effects of trans&erée véfocities are not separated
byt are luméed with the diffusion term in the usual way, rh?n Equation
k .

3 can be modifitd to give: ' o

z z
4 D(;~E-+ u'c')dz}dz
dX LR
sz wl wl ' ~
_ 77 r 3 (bh ) "
= T D - — 1
| Ezw e f c 5% dz (3.362J
. = W W
L, 1 1
¥
/'/
\\'
Equation 3.36 is a new expression which . propased for evaluating Ezw
provided variations of u, ¢, u'c' and D luln a channel ¥
- i , . 1
ren -l are known or can be estimated.

o
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CHAPTER 4

LABORATORY EQUIPMENT AND METHODS

4.1 Introduction and_Experimental Objectives

\

This chapter dese1ibcs the laboratorxnﬁhuipment and CVeri—

mental procedures. "hﬂ laboratory CYpolanCQ were pcrformcd in both a
QCrdLghL and a mcanderlng flumo at the Unlvars1ty of Alberta Civil

B
anlncﬁLJng Graduatc Hydraullcs Laboratory. The experiments had two

“

prlmary ijQCLlVCSZ

JV\;%.ﬁ To evaluate the effect of an &ce—cover on the diffusion
AR

\_/ NG - . . . .

and mixing phenomena, and

‘2. To provide information on the transverse diffusiol, and
: . . . b
mixing characteristics in straight and meandering ice-

covered channel flovs.

4.2 Experimental Equipmcnt

v

4,2.1 Straight Flume

A general view of the straight flume is shown in the photo-
: i .
graph of Figure 4.1. The flume was rectangular in cross-section,

approximately 60 ft. long, 4.0 ft. wide, 2.0 ft. deep and had an ad-

justable slope. The side walls were of plexiglass and the floor was
plywood covered with a smooth layer.of/fiber~glass res?n.

/

Water was pumped frofm a storage sump into the flume head tank

through a 12 inch overhead pipe fitted with valves and a recording

4o
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. FIGURE 4.1 GENERAL VIEW OF STRAICHT “FLUME SHOWING
FLOATING ICE-COVER.
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8 inch Féxboro mapnetic flowmeter. Downstream of the flume the water
flowed into a small channel and back into the symp. A 6 ft, long
floating horizontal board was installed at the upstream end of the
flume to smooth the flow. Depths of flow were measured manually along

the centerline of the f{lume with point gaugess
4.2.2 ﬂgﬂﬂdpring“Flumq

The meandering flume was 62.5 ft. long, 2.5 ft. wide and 1.0
ft. deep. Figure 4.2 is a schematic diagram of the flume. This fl&mé
had two identical but reversed 180° circular bends with a4 ‘centerlin®
radius of 9 ft, Because of insufficient laboratory space it was not
possible to join the two bends with/a straight section as naturally
occurs in most rivers. The flume width of 2.5 ft. enabled?;idﬁh to
depth ratios of'up tv 20 to be obtained. In this respect, gﬁ%bexperi—

ments in this flume were performed under conditions which approximated

those of a natural stream.

A 5 ft. long straight reach conneéted the first bend to- the
head tank. The flume bed was made with 3/4 inch plywood and the side-
walls with 1/8 inch thick aluminium sheets. Joints were sealed with a

silicon sealant and the entire flume painted.

This flume rested on ten wooden supports, each fitted with a
Y
pair of 3/4 inch bolts for slope adjustment. 't shared the satie pump-

ing, flowmetering and water Storage facilitiesfwith the straight flume,.

At the inlet, water was discharged vertically downwards into the inlet
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tank through an 8 inch pipe. A set of vertical screens wis {installed
in the infet tank to smooth the flow into the flume.

5
In all experiments, flume water was recirculated during

velocity measurements but run to waste during tracer concentration

measurements. The sump water was replenished continuously from the
city mains during the concentration measurements. Because discharge
from the city mains was limited it was not possible to perform tests

with large flow depths,

4.2.3 Bed Roughness and Tce-Cover

In general, the bottom resistance to flow in an ice-covered
stream is different from that of the ice~coveq\ To simulate this

condition in the laboratory, expanded sheet mef] . 1/16 inch thick was

%
used as bottom roughness in both the straight and meandering flumes
(see Figure 4.3) for some eﬁperiments. The ice cover was simulated

with painted 1/2 inch'plywood boards stiffened along the edges with

2" x 2" wooden strips tc reduce warping (see Figures 4.1 and 4.4).

At the connection between these plywood‘boards a horizontal
spacing of approximately 1.0 inch was 1efc to facilitate Vvelocity and

concentration measurements. The weight of the "ice-cover" was 2.0 lbs.

per ftz. It floated free on the water in both flumes. The‘”ice—cover’
inevitably warped in spite of the wooden strips used to stiffen it.
Experiments were therefore perfdrmed with flow depths greater than
0.10 ft. to minimise the effects of the warping of the.''ice-cover" on

the flow.

51
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4.2.4 Velocity Measuring System

4.2.4.1 Straieht Flume:- Velocities were measured with a
1/8 incf diameter pitot-static tube. The difference between dynamic
and static pressures was e asured with a variable reluctance differen-

tial pressure transducer with a 0.5 psid full-scale diaphragm (Pace

model PID).

This pressurc transducer was connected to d multi-channel
carrier demodulator so that its output could be scanned using a Data
Acquisition System. The transducer was\calibrated by aBplying static
differential heads of zerc to 1 inch of water to the pitot-static tube
and adjusting the demodulator for a linear output of zero to 10 volts.
This calibration was checked before and after each experiment. The
differential pressures obtained from the transducer were converied to

. i

velocities, without a turbulence correction, and then averaged.

S5
-
-

Because of the relatively slow sample interval of the paper
punch system, each channel of the demodulator was provided.with variable
damping circuits to reduce the frequency response of the transducer

output to a level suitable for input to the data acquisition -system.

4,2.4.2 Meandering Flume: Water velocities in the meander-—

ing flume were determined by a three-tube yaw probe capable of giving
the magnitude and the direction of the velocity vector component in a
horizontal plane. The principle of the probe is described later. The

probe was similar to that used by Rajaratnam and Muralidhar (1967). It

(Wi
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was made of 3 mm 0.D./1.8 mm [.D. stainless steel tubing. At the nose
of the probe the side tubes were chamiered at 45° as shown in Figure

4.5,

Differences in dynamic pressure between the two outer tubes
and the central tube were measured with two (Pace model P90D) differen-
tial pressure transducers equipped with a 0.03 psid full-scale dia-
phragms. The calibration procedure for these transducers was identical

to that for the straight flume experiments.
4.2.5 The Yaw Probe

Let g be the velocity vector at a point in a two-diﬁensional
turbulent open-channel flow and Y be the angle of deviation from a
fiiﬁﬁ reference direction. If the yaw probe is positioned in the refer-
ence direction, the total heads that will be indicated by the three

tubes can be expressed as:

2
: q”
iy =(w§ MRS
4
Hy =4, (4.1)
= ¢ &_
Hy iy, + Ky o

where the number 2 stands for the centre tube, 3 the tube on the side

of the velocity vector and 1 the remaining tube; HO is the static

head; Kl’ K2 and K3 are calibration coefficients and functions of
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only i for a given probe if viscous effects, velocities normal to
the plane of the probe and other minor correction factors are regarded

as negligible.

The yaw probe was calibrated in the potential core of the
plane wall jet with zero pressure gradient, produced by a deeply sub-~
merged sluice gate in a vectanpular channel. The velocity in the

-\

potential core of the jet was determined by a pitot-static tube and

the angle of yaw was varici from <50 to +50 degrees '+ ag the cali-

bration. The calibrntﬁpn was performed for a velocity of 3.2 ft/s

only. Care was taken to ensure that the plane of the tubes was hori-

zontal.
From Equétion 4.1 a fourth coefficient K4 can be defined
as: ° i
K, = H = H (4.2)
2 2 1

K4 is again dependent only on . The calibration curve given by
Rajaratnam and Muralidifar (1967), obtained for velocities ranging from
1.47 to 10.39 ft/s, was found to describe the data very well and was,

therefore, adopted. This curve is shown in Figure 4.6. The negative

haif of the calibration curve is given by svmmetry.

It is noted that the vaw probe was calibrated in a uniform

velocity field awav from boundary or wall effects. whereas the condi-

S

tions during measurements were quite different. Near the flow bounda-
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ries viscous effects coupled with significant velocity oradic i, v ald
inevitably introduce some errors. Tt 15 possible to minimi-e the cffecg
of velocity gradicnts by using a smaller size probe. Howcver, such a
small probe would have had a very slow respohsc. Rajaratnam and Mura-
lidhar (1967) conducte@‘somc measurements with the yaw probe in a wall

, .

jet and found that the uniform flow calibration curwe could be used

for some shear flows without serious error.

The procedure used for evaluating the velocity components

u ap®:w " is outlined below. K4 is first found from Equation 4.2
sabe . .
and tM corresponding value of ' 1is read from Figure 4.6. TFrom

Equation 4.1 it can be shown that:

28, = 1)
vy 2 1 (4.3a)

q =
K, - K
or:
= { 2 .

q RS\/_gAH (4.3b)

1 -
where: K5 = and MM = H2 - Hl

K, - K

Ks 1is assumed to be a function 'of only. A plot of K, versus v
is shown in Figuire 4.7. Using the known value of b, KS is found

from Figure 4.7 and the magnitude of the velocity vector, q , is com-

puted from Equation 4.3b. The two velocity components are given by:

N



q cos .

=
I

(4.4)

4.2.6 Tracer and Injection System

The general procedure for determining the rates of transverse

i}

diffusion and mixing experimentally is:

1. To introduce a tracer continuously at a steady rate into

the flow at some point, and

2. Measure the tracer concentration at various CR?SS sections

downstream of the source.
The three kinds of tracers commonly used in water are salt, fluorescent
dye and radioactive isotopes. ‘Stand.:d methods are available for mea-

suring the concentration of all three.

The tracer used was Rhodamine WT fluorescent d- . 207
solution having a specific gravity of approximatelv 1.7. Concentrations
of Rhodamine WT ‘as low as 0.1 Ppb can be detected with a fluoreme: or

by very simple pfocedures..

The tracer injection system was the same for both flumes. A
sketch of the system is shown in Figure 4.8. The tracer was always ¥
diluted to less than 100 ppm with dechlorinated tap water and the solu-

N
tion stored in a 3 ~gallon Mariotte tank, Dechlorination was necessary
. /
because Rhodami&g WI' at low concentrations is found to react with |

residual chlorine in tap water. The dechlorination was achieved by

adding about 3 ppm Sodium Thiosulphate to the water.
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A.precinion rotgmeter capable of wmeasuring very low {lows

indicated the tracergflow rore.” The calibratlon curve for the rota-
. . L </ . o .

e

S )
metey if?,S}\OWU"i g0 V9, - TG tracer was released into the flow

AL, -y continuous Yoeeady rate through a 1/8 inch stainless steel
P .

tube. .rIn all- experiments, the tracer was introduced at-mid-depth paral~

lel to thé fReand at a velocity which approxiuated that of the water,

‘ ¥
v

4.2.7 Cuncencrafion M&me : -
.;’ - ) ' ' "»? x, o b
: : [

\

'4.2.7ﬁ1 Stréjght;glgmgj The %ampling~ﬁfohé‘wus a 1/8 Lngh

oA

diameté¥ stainless steel tubp ULLLd into a holdLr mognmed On an alu~

. minium angle W)lcu was’ pIQCQd ACross tunzﬁlﬁmc The latppr was provided

'’ . [N TN )

'ﬁ;with amscalc'for reading the lateral poxfcf@n of the samplimg whobe

- At

& R > ) | : Aty
‘Samples were obtained by SLDhOﬂan the flume water into 60 cc “
s : N R
o A ey e
&bottlcs and then.analysed for concentratlan~@nch a fluorometer (T\ ner 5
ER I b ’ g 7 Aer v 4
Modg%.lll) The sampang velothv wa-“ang%?éd to appgox1mate that of
AR Lo
n . . ’ . ’
the mean f.lou" veloclty ' -_ . Y 3 :; .
&*J \ . e . :
' 4,2.7.2 Neanderlnp Flume The first few trécer concentra-

tion measurements in- the. meanderlna flume were conducted %m1%1s1ng a
. ' 4 y .
system identical to that empldyed for the straight flgme experiments,

This system was later replaced by a sampling rake hévin5§24 sampling -

a

probes made of “1/8 inch soft brass tubes. The sampling raRe is shown
.in Figure 4.10. ‘This rake enabled simultaneous sampiiﬁﬁvat 24 points

~

at 0.1 ft intervals across the flume. T
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4,2.8 Coordinate Positioner

The electronic coordinate positioner wis the same as that

used by HollingShe.. \]072} and 1s basically a2 y-z "plotter" that

positions a probe at any desired location within a cross-section.  The

DC voltages rebresenting the coordinates were

ence to the f)

., .
firs't zecroed with refer~

e side and bed as datum planes and then fed into’ the
data acquisition system.

€y
T

An instrdment carviage for the velocity probe was mounted on

both the btrdlqht and meanderlng flumes, with the carrldge being manu-
. \ ¢,. .

S

éﬁb wi@itioned at any de%1rcd cro$%-soLtlon (st~ coordlnage) and the

veIOCLtv probe electronically @ﬁgitinn*ﬁﬁwiﬁwin thc cross~sectﬂon.
< ""\7 .- o MG ’ ) .
co ‘ ‘ f” o

4.2.9 Data A¢quisition Svstem for VL1001IV

Measurements
".J

>

The Data Acquisition System consisted of the foilowing ele-

. 4
<

ments: ) " : )
. .l

119,20 Channel. Scanner (VJDAR 604).

4 . Py -
2. Integrating Digjtal Voltmeter (VIDAK 500). _ ‘ .
~ — ‘ N B a 1

3. Data Coupler (Control Fquijment Corporation Model 31|0).
4. Scan Counter. : o - ‘\
. » V ® i

. X . 4 . o o

. 5. Teleprinter (Teletype Model ASR Bii. ,

A photograph og th1s PquleGnt 15 shown*in Figure 4.11 and is repre-

- NS s ;v.,) . \
sented schematlcally in Flgure 4 l “All"inputs: for the data chu151»

. »
tion system were in the range zero to ten volts and each was a signed

A
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FIG{L%P\E 4.12 DATA ACQUISITION AND PROCT.SSING SYSTEM
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- to a particular channel of the Scauner. The Scanner sequentially

sampled Gelected channels and routed the analogue signals to the Digital

Voltmeter where thev werd digifizcd and convdrted to Binary Coded

Decimal (BCD) form. The Data Cotipler formated the BCD signal and direc~
. i o : .,

ted it t0?§he Teleprinter. The Teleﬁ&infcr thonﬁpunchéﬁ'the data on
Lige-18 E )
qpapertnpe‘in American Standard Code for Information Tnporchangc (ASCITI)

Sy -
| ) .
. SRR iy

and providcdﬁn,deeimal prfntout'on paper. The de alred number of scan

S

.

cyclcs and LhL scan rate vere belecLed on the %can Counter and bho

Scgancr respectively. . The 9???? Ifmit for the scan rate'wd% one read-"

t
uw
egonﬁ. This, wag determlncd by the permlsslble Lelaprlnter
. o E »“T ho w. . : -
) b Pl ' ‘s . i ’
£ 10 characutrq per Supond o .. B .
_ . L. AR
. - ! - \":MJ
' -y .
. - . » e .
+. 3 Ixperimental Procelyre
4.3.1 Identificatjon’Code for Flumes and Experiments 5
7 . NP K TN
B e b ! ) ) - N o .:)7
\. 4 s §
- The identification code for the flumes consists of two or

w

' thrde letter combinations. The first letEer is either S or M,
I ' .

the meandering flume. The

N

* S representing the straight flume and M
S Po-

~
S .
s

- sécond letter in the code ifdicates the type of bed roughness. R

S~

denotes a flume bottom roughened with galvanised sheet mefal and

- .

1 . : ‘ ,
{a smooth botgom. The third letter, when present, is\@lways I and de-

ywefers to an

notes the presence of an ice-cover. Thus the code MRI

experiment conducted in the mgandering flume with a roughened flume

bed and an ice-cover,
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¥ } v -
K4
Q
\ e ‘ .
ALl experiments were prouped dn s ories', each serjes being

..made up of a number of "Runs". The first digit of an experiment number

&

. . . . L) . .
refers to the jeries, the second and third digits to™the run within the

series. For exdmple, vun 304 stands for experiment 4 in the 300 series.
 Series 100 and 200 were conducted in the straight flume, series 300

and 400 in the moandering flume. Classifjcution of the flumes and
g

@xpdrimcnts is summarised in TabMe 4.1.

4.3.2 /Descrintion of a_Typical Experiment
— e o NS
j .

4.3.2.1 Straight Flume: - The first step in all experiments

was to establish uniform flow. ftigns by setting the flume.slope and
Ay \

Py Ay
adjusting the discharge and tailvaﬂﬁfhntil the desired normal depth
was achieved. Uniform flow condition:s were assumed to prevail when

o

depths_mcasured;a]ong the flume centerline yere within = 0,001 ft. of

the average depth.

Velocities were measured at seven verticals located at z/w

»

= 0.0, +0.25, * 0.375 and * 0.4375- and 1#points in the vertical

L <is o
at only one cross-section. This Cross-sectlon was located approximate-

~ly half-way atung %&ﬁlﬁgumc length.

The velocity'distributions werc determined as 4vllows -
. e

‘ N

. r
- 1. The y and 2 coordinates (coordipate positioner) and the

préssure transducer were zeroed apd calibrated.
2N '

« ‘ . :
2. The scan rate and the number of scan cycles were selected.

3. The welocity probe was positioned at the desired point and

the counter started.

.

N
iy v,
-
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oy

4. Step 3 was repeated for all selected points within the

Cross~Section.

The pressure transducer calibration was checked after each run.

The Conceﬁtration measurements in the straight flume woere
madg‘gftor velocity measurements were completed. }n all the experi-
ments, four megsuring cross-sections were used. The concentration
measurements were made at three levels;  y/D = 0.25, 0.50 and 0775'

Sampling began at the cross-section nearest the tracer source and pro-

ceeded downstyream until all cross-sections were covered. The sampling

period at each DO]nt was about 25 scmndq .The &11 tine required
® 3 1
s

for Sampllng at the 11st qectlon whey \;ﬁﬂf tracer ¢1tud vldLh was
k\_ é&\'t‘ D

greatest was approximately 90 minutes.. . A

w

Tracer measuremernts were carried out for both centerline and

side (3 inches from side-wall) injections under identical flow condi-
\

tions Efor example, runs 101 and 102).

$2 N R
~ ‘S
. 4.3, Weanderlng "lume: Again the tests were started " .
l. \ '4
{ . . L S *
with the establishment of uniform flow in the flume. For the open-—
v 3

chaﬁnel\gests uniform ow con@}tions were assumed to have been
N ' ’

A\ ’ y
attained when the flow depthb on the centerline were w1th1n + 0.002 ft,

of tﬂf:overall average depthﬁj The cross-sectional average flow depth

for ice-cover flows was obtained by taking the average of the depths
¥ -

at the left bank, right bank and channel-centerline. Due to the

warping of the plywood "ice~cover'", deviations of the cross~sectional



",l‘ ) LY
", /. L \\/ ¥
B et *
! A

-

average denth from the overall average flow depth could only be kept

within & 0.006 ft. ' o
o .

Velocities were determined at 5 verticals located at z/w =
0, % 0.20 and * 0.40, and 10 points in the vertical for the sections

indicated in Figure 4.13. The tracer concentration measurcements were

o

made at three levels; y/D = 0.25, 0.50 and 0.75 for 8 to Lk} sections.

Three tracer source locations were used. These were at he channel

-

centerline and at 0.05 ft. measured laterallw from borh,tMWe left and

v

right bagks. . : T o f:.-ﬂk‘ , 1-

ool
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CHAPTER 5
PRESENTATION OF VELOCITY MEASURFMENTS

<y

5.1 Straight Flume

- . 5.1.1 Hydraulic Data
e “ ‘:é“\’*':'; : '

.The hydraulic conditions for all test runs are summarised'i?
L S B ’ . ¥ . . . .

' . . ,. Wi Sy ‘ e
€olumn 3 lists the uniform flow depth, d,. as meas?red ‘
. . . e

alodé.the channel centerline. . The reference level for'd, was faken

at one-half Lthickness of the galvanised sheet metal (bed roughneés)

.

“ R . N ~ .
*@above the fl The average shear velocity in Column 8 wa: rvd-

£7 .

“ 0 -

l luateé from
the slope® of the energy line and g vwis Wravitational acceleration.

/gRS .where R is tﬁgbhydraulie radius;’ S¢ is.

‘o )

The average velocity, Uo » was chlculated by dividing the metered. dis-

s Q , by the cross~sectional .area of flow, L
. . .
. ' ) ¢
5.1.2 Velocity Measufements
bt y Velocity profile\measuremenCS were made at only one cross-
! - BN i

sectlon for each test rgn in order to check the metered dlschatge and
to ascertain that the flow was tw0~d1men81onal Ve}ocitles wvere

determined at seven points lateral?y and ten points vort1Cally 'The'

8

dlscharge calculate¢ from th64V810C1tV measurements was within -6% of

the metered discharge. The intégration of the velocity distribution
. £,
near the flume walls contributed substantially to the discrepancy in
L -
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the metered and calculated discharges because of the assumption of
linearity between any two ad jacent velocity profiles. Also the {low-
merer could be read only to the nearest 0.01 cfs which could represent

aAn-average errvor of about * 37 for the discharge range used.

Secondary circulation was observed in all flows and within

the Céngyﬁl 507 of the channel variations in the depth-averaged velo~

'Citieg of up to=12% were recorded. For the opcn—channel-cxpe:iments
tEQ'leocity:progiles were found to be logarithmic; Figure 5.l‘gives
the velocity disg;ibution for run 106.

/n/\z\/
The normalized mean velocity profiles near the center of the

chamyel for all the .test runs with ice cover are shown in Figure 5.2.
The value of Uax in each run had to be taken from a plot of the

velgelity profile and this probably contriﬁdted to the small discrepan-

. . | ~J .
cies in the u/u versus '_y/D plots.
g max e !
\

The mean velocitv distribution is distinctly asymmetric with
the point of maximum velc i. located nearer thé ice-cover which is the <7

relatively smoother boundary. ‘Velocity conteurs for run 203 are plotted

ju Figure 5.3. They show that the flow was not entirely two dimensional

but is more concentrated near both side-walls.

.

From the logarithmic plots of: the velocity profiles shown in
Filgure 5.4 1t is evident that tHere is’é'region ploéé/to ‘"2 rough wall

where the velocity profile conforms with the logarithmic de. It can,

therefore, be assumed that in this region the mean flow is unaffected

i
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by the ice-cover, However, farthor from the rough bed the velocity

discributioﬁ'is,suon to deviate f{rom a, loparithmic relationship. The
normalized di=tance from the hcd,i§/D ,\nt which this deviation gtarts
is about 0.4. Figure 5.5 gives the mean velocity distribution neatr
-the ice-cover. Although inéufffcicnt velocity measurements were made
close to the ice~cévor the dagn poings seem to follow a lobarithmic
relationship within a narrow zono. This zone is relativély smaller

than that near the rough bed and extends to ahout y/D = 0.2 , vy being

the distance measured downwards from the ice-cover.

From the above it is evident that near both the ice-cover and
channel bed thé mean velocity profile is unaffected by the opposite
boundary. The effect of the rough wall extends farther into the flow
than that- of the smooth wall, Between these two regions is a transi-
tion zone wherein the velocity profile depends on the nature of both
boundaries. These observations are in accord with those of Hanjalic
and»Launder-(l968) who carried Sut their measurements in a wide rectan~

gular conduit with one of the ptincipal walls\%oughened.

Because the number of point velocity measurements in the
T--vertical were insufficient .it was not possible to accurately determine
the locaﬁion of the point of maximum velocity and to evaluate whether
the Reynolds Number, RN » has any effect on its position. However,
Hanjalic and Launder observed that increasing thg Reynolds number moves
the maximum velocity closer to the smoother boundary. They also found

a similar shift in the position of the zero-shear plane which was always

50



nearer the smoocher hnuﬁdurv than the point of maximoam velocity,

5.2 Characteristics of Flow in Meandering Channels

5.2.1 General

Flow in meandering channels differs from that in straight
channels because ‘the presence of centrifugal forces results in the for-
mation of transverse pressure gradients and the associated lateral
circulation in the plane of a cross-section. 1In general, the flow

structure changes in the downstream direction due to the growth, decay

and reversal of this circulation or spiral motion.

In order to simulate flow conditions in natural strecams the
prasent experiments were ;onducted for W/d* ratios greater than 10.0.
The Froude Number was also kept low, the highest being 0.53 and the
ngnolds Number was greater than 104 in all tests ;o that they were
within the turbulent regime. A summary of the hydraulic data is pro-
vided in Table 5-2. For each test run, the discharge through any cross-
section used for velocity and tracer ﬁeésurements was calculated from
the velocity measurements. This calculated discharge was found to bg
within ¢ 8% of;the metered discharge. The discrepancy is attributed
to the small number of vertical velocity profiles taken,'measurement
errors and the assumption of linearity between adjoining velocity pro-
files. Also, as stated previously, the magnetic flowmeter could only

be read to the nearest 0.0l cfs which could cause an average error of

RS
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5.0.2 Velacity Measurénepts in Open Mea iisl,gr_i ng Flume

Mixing in open and ice-~covered chanpels depends greatly on
the velocity distribution. The spiral wotions generated by bends do
not only modify the velocity distribution but also augment lateral
mixing. Detalled hcasurements of the velocity field aré, therefore,

necessary for an understanding of tha wixing process.

5.2.2.1 LongitudinﬁlFVelqgigyﬁﬁgmggnCnt: Typical plots of

longitudinal velocity measurements using the data from run 301 is pre-
sented in Figures 5.6a, b and c. Thercorresponding measureuncnts for
funs 303 and 307 are shown in Figures A.) and A,2 of Appendix A. A
study of the measurcments reveals that close to both the inner and
outer banks, the maximum longitudinal veloedty does not in ggneral
occur at the surface but is displaced downwards. This is caused by the
spiral motion which transfers low momengym fluid from the bottom
layers to the water surface near the ingide bank, while near the outer
bank it supplies high~momentum fluid from the surface downwards. Also,
the formation of a circulation cell with an opposite sense of rotation
to the main_spirél motion at the upper corner of either the outside or
inside of the bend could shift the may imum longigudinal velocity down-
wards. The reduction in velocity near the free surface at the outer

bank appears to be smaller than that uear the inner bank.

The transverse distribution of the depth-averaged longitudinal

373
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ve}pcity, Hr, are given in Figures 5.7a, b, c. .Tt is evident from
these figures that the higher velocities occur near the inside of the
first bend at the beginning of the bend. This observation is in agree~
ment with potential flow theory for flow around a bend which predicts

a free vortex type of motion with t~~ 1/r. The higﬁ velocity zone
starts to shift towards the channel centerline after angle, Ol , from
the beginning of the bend exceeds about /6.

'

Downstream from 81 = 1m/6 the zone of maximum velocity gra-
dually moves away from the insidg bank and at 01 = 2n/3 it ié near
the outer bank. On emerging.from the firstﬂbend the zone of high
velocity flow is located near the inside of the second bend. This pro-

duces a marked non-uniformity in the lateral distribution of u which
persists ig the second bend until 02 = 1/3 , where 62 is the angle
in the second bend. Fro. this section downstream the hiéh velocity
filameﬁt again mov- : ad ‘o: - to the outside bend. If thi o ‘ies of
bends were continued, 1< numbered bends for example, will exhibit

similar depth-averaged longitudinal velocity profiles at corresponding

sections.

The experiments also indicate that the displacement of‘the
high velocity flow region from the inside to the optside of a begd is
accomplished over a relétively shorter distance fdg flows over rough
‘beds compared with that over the smooth bed. The éause of this is not
very clear but is believed to be related to the non-uniform distribu~

tion of bed resistance.
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A parameter which can be used to describe the non~uniform dis-
tribution of velocity is the dimensionless mean square velocity devia-

tion, & , defined as:

+W/2
(u -0 )2d '
u o V4 .
s = L W2
w 2
) U
(o]

where W 1is the channel width and UO is mean velocity. The longi-
tudinal variaﬁion of & .for all tests is shown in Figure 5.8. The
contributions to 6. are due only to velocity variétions in the lateral
direction. It is seen from Figure 5.8 that high values of & occur
between 91 = 27/3 and 62 = /3 and in run 307, where the channel bed
was smooth, & retains a high value even at 62 = 1/2 because the
high velocity zone was still located within the inside half of the

bend at that section. The degree of non-uniformity in the velocity

field was observed to be relatively low within the first bend.

5.2.2.2 'Transverse Velocity Components: - Measurements of

the transverse véloéity component from the data of run 301 are shown
plotted in Figures 5.9a, b and ¢. The corresponding measurements for
runs 304 and 307 are given in Figures A.3 and A.4 of Appendix A. The
plots clearly show the growth and decay of transverse circulation or
spiral motion in the two bends. Following Yen (1972), the strength of

the spiral motion, S , can be defined as:
' D
s = J |v|dy
o
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S thercfore denotes the sum of the inward and outward unit lateral dis-~
charges and is very convenient for computatiovual purposes. The loﬁgi~
tudinal variation of S 1is presented in Figure 5.10, where the solid
lines describe the centerline variation of S and the plotted points

represent the variation of S within the central 40% of the flume,

Since the sense of rotation of the spiral motion reverses in
thé’second bend ;he spiral motion strength, S , in this bend should be
represented differently from that in the first bend. However, because

\]
the number of lateral point velocity measurements was small it wag ndc
possible to account properly for the residual spiral motion from the
first bendiin the second bend. Therefore, in Figure 5.10 S is plotted

with the same sign for both bends. The stream function cannot be used

as an alternative parameter because the flows are three-dimensional.

The strength of the spiral motion varied laterally in all
cross-sections as illustrated in Figure 5.11 for runm 407. When this
figure is compared with Figure 5.1l4c it is seén that the shift of the
region'of highest spiral motion strength from one bank to the other
generally follows a pat « which is similar to that of the maximum

velocity filament.

It is evident, from Figure 5.7 and from the fact that there
was neither a section with zero lateral discharge nor any flow para~
meters independent of x , that the fully developed bend flow condition

was not attained in any of the test runs.
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All the test runs indicate the presence of transverse circy~
fation at the beginning of the fi " bend and the spiral mocion devolops
relatively faster in the rough bed experiments, runs 301 and 304,
compared with the smooth bed experiment} run.307. It attained its peak
near 61 = 7/3 for the rough bed experiments and at Ql Z 2n/3  for
the smooth bed test. ‘Further downgtream, but still in the first bend,
the spiral motion gradually starts to weaken. Yet at -61 = T or OZ
=0 it still retained considerable inteﬁsity. Minimum values of § R
the strength of the spiral motion, were recorded between 62 = 0 and

82 = 7/6,

Downstream of 82v= 0 the heiical motion due to the second
bend begins to grow and dcecupy an increasing area of the flow cross-
section (see Figure 5.9 and Figure; A.3 and A.¢ 7 ippendiy A). At the
same time it displaces the residual spiral motion ffom the first bend

towards the outsde of the bend removing it completely between 82 = /3

and 62 = 21/3.

The results tend té show that the decay of residugl Qircula—
tion from the first bend is controlled by the roughness and width-to-
depth ratio. The residual spiral motion persisted over a longer reach
for the smooth bed flow than for the rough bed flows. It was also
observed that the residual circulation decays rela!&vely faster for
large w/d ratlos These observations are in agreement with the find-
ings of Yen (1965)., The helical motion due to the sécond bend did not

reach its peak strength until after the residual spiral motion had

.

-
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!

decaved completely. 1t then decays towards the bend exit because of

the presence of the tail-gate.

Maximum observed transverse velocities near che‘bnd vere
A

slightly larger in the first bend than in the seccond bend. On the other
hand the transverse velocities near the free surface were aQ?roximutcly
the same for both bends except in run 307 where higher transverse surs
f velocitigs were tecorded in the second bend. Most vertical profiles
dngicated the reduction in the transverse velocity near the bed begin~ \
ning further from the bed for the rough bed flows (runs 301 and 304)
than for the smooth bed flow (run 307). As could be anticipated, the
transvers: Veiocities are smaller near the side-walls than within the
central portions of the flow. Near ;he walls the vertical velocity com~

ponents become important and continuity cousiderations require that the

w-compouent decrease. -

5.2.2.3 Angle of Deviation of the Velocity Vector: The

variation of the horizontal angle of deviation of tﬁe'velocicy vector,
Y , in the(verticai and lateral éirections is ‘recented in Figure 5.12
and Fiéures A.5 and A.6 of Appendix A. The angle - can be regarded as
su indicator or measu:e of the spiral motion since ¥ = tan'l(w/u). The
maximum inward angle occurred near the channel bed and the maximum out-
ward aﬁgle‘near the free surface. In general |w§:ol > ]%;sD] for most

verticals. The zero angle of deviation in a vertical was located in the

lower half of the depth for practically all verticals.
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According to Yen (1972) and Rozovskii (1963) tan (’W§No!)
d A
*
varies approximately with the product o iE- (where «k 1s
¢ K

von Karman's constant). Rozovskii recommends that for both smooth and
rough channel beds tan ¥ near the bed be approximated by (10-12) d WA
for fully developed bed flow, The observed maximum valucs of W;

are compared with Rozovskii'sg approximation in Tuble 5-3.

TABLE, 5~3 COMPARISON OF OBSERVED AND COMPUTED wy~0 VALUES

The values of w§3o observed in this study are of the same order of
magnitude as those given by Rozovskii's relation. However, the observed
Y values contain measurement errors due to 1naccuracy of the yaw probe
in steep veloc1ty gradients. Also it is noted that the width to depth
ratio does not appear in-Rozovgkii'sg approximation for W~ o and yet
experlmental evidence (Rozovskii, 1963) indicates that it has a signifi-

cant influence on the development and decay of the spiral motion and

also o ~
n l’Dy::o

d [ ,
Run _ ~1 * Experimental
Number | 4+/Te | Vg o = tan T [(10-12) —] e Remarks
« Y=0

301 1/39 14.4° < 17.1° 19.3° Rough bed
304 1/64.7 8.8° -« 10.5° 13.6° Rough bed
307 1/38.3 14.6° ~ 17,4° 16.3° Smooth bed |

\ |
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5.2.3 Volocity Measurements in Tce- ~Covered Meandering Flume

One charQCteristic‘differcnce between flows in ice-covered
and open channel bénds is the formation of a doublc transverse circula-~
tion or spiral motiony in ice-covered bepds due to the presence now of
velocity gradiemts gt both the bed and the ice—cove;. In this section.
some properties of flow under ice-cover conditions are described and

compared with those obgerved for open water conditions.

5.2.3.1 Longitudinal Velocity Component: The longitudinal
e NNl St . -

velocity measurements a-e presented graphically in Figure 5.13a, b, ¢
for ruy, 404, The v.'oelty data for other test runs in series 400 are
given in Figures A.7 and A.8 of Appendix A. Near the outside of the
bend there is transport of high momentum fluid from the central portions
of the flow to the top and bottom layers. This is expected to produce

a fairly uniform distribution of the longitudinal velocity over a sub-
stantial portion of the depth on this side of tﬁé bend. The same effect
on the longitudinal velocity distribution nearvthe 1nslde of the bend

is anticipated by the transfer of low momentum fluid from the top and
bottom layers to the central portion of the flow. The above observa-
tlons were found to be valid for many cross-sections espec1ally near the
inside bend for runs 401 and 407 but not for run 404. In this run, the
transverse velocities were much less than the longitudinal velocities
and consequently the transport of low mementum fluid by the spiral
motion to the central portion of the flow did not cause ény noticeable

change iu the longitudinal velocity profile near the inside of the beﬁd.
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For the rough bed experiments, that is runs 401 and 404, the
maximum velocity was generally located between 0.50 to 0.70 of the local
depth from the channel bottow. With a smooth bed it was close: to mid-

depth (Figure A.8).

The lateral distributjon of depth-averaged longitudinal
velocity along the two bends is given in Figure 5.14a, b, c. The high
velocity portion of the flow is again initially located near the inside
bend bu; starts to depart from it after .91 = 7/6. On emerging from

the first hend the fluid near the inside of the second bend is further
accelerated»and this results in a pronounced non-uniformity in tge
lateral distribution of u simllar to that observed for the open chan-
nel tests. Downstream of 92 > m/3 the high velogity filament again
gradually crosses over to the outer bend. The displacement of the high
velocity area from one side of the bend to the other was observed to be

relatively more gradual with an jice~cover than the corresponding open

channel tests and is probably due to increased resistance to the flow.

Thervariation of the dimensionless mean square velocity devia-
tion, § , is,presented in Figure 5.8. In general, the longitudinal
variation of § was similar to that observed for the open channel tests
especially within the second beud. Also the average value of § for
run 401 (rough bed) was higher than that for run 407 (smooth bed). Both
runs had approximately the same W/d* and Uo' The same was observed
for runs 301 and 307 in the open channel tests._ This phenomenon is pro-

bably caused by the combined effects of the spiral motion and the non-
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uniform distribution of ice-cover and bed shear. The non-uniformity of
the transverse depth-averaged longitudinal”velocity profile increased
with width~depth ratio for both ice~cover and open water experiments

but the variation was smaller for ice-cover flows.

5.2.3.2 Lateral Velocity Compopent: The measured local

lateral velocity components are shown in Figure 5.15a, b, ¢ for rum 404
and Figures A.9 and A.10 of Apéendix A for runs 401 and 407. They
illustrate clearly the growth and decay bf the spiral motion. Two spi-
ral motions with opposite %ense of rotation were observed for most crogs~
sections, The bottom spiral-mdtion generally occupied more than one-
half the flow dépth for the rough Bed eXperiments. In the smootﬁ bed
experiments, run 407, each spiral mOCi§Q‘WaS Confined to approximately
one~half the flow depth. The longitudinal variation of the strength of
tbe spiral motion,.S » 1s presented in Figuré 5.16. The S-values for

the ice~cover experiments.inclnde the effects due to the warping of the
plywood used as the ice~éover. Substantial warping was noticed in some
sections of the ice-cover. At 82 = 7/2 of run 404, for example (Sée\a,

Figure 5.15) the greatest depth of flow was located on the inside in-

stead of the outside bend as would have been expected.

: Q
Transverse circulation was present at 6 = 0 and 1is obviously

a manifestatlon of the lateral pressurc gradient associated w1th the
curvilinear nature of the flow. The spiral motions attained peak strength
between 61 = 7m/6 and. 61 = 7/3 in runs 401 and 404, However, for run

407 (smooth bed) the spiral motions did not reach maximum strength within
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: S
the first bend until ‘Ol = 2w/3. The variation of 'S for run 404 was

rather erratic and is believed to have been caused by the warping of

the ice~cover which had a marked effect on this run because of the small

depth of flow.

The spiral motions diminished downstream of the section of

maximum S to a minimum value at Ol =T or 82 = 0 for all test runs.

The gradual reduction in S within the mi .le of the first bend in run
401 (Figure 5.16) is probably caused by increased resistance to flow

because of the pfesQnCe of the ice-cove:r while the further drop in S

at the exit of the first bend, for all test runs, is due to the presence

of the second bend. In contrast to the open channel tests the spiral
motions due to the second bend were observed to have’penetratéd the
entire flow width at 62 = /6. This actually is not surprising be-
cause the average value of S within the first beﬁd for the ice~cover
_experiments were about one-half the value for the corresponding open

channel tests. Note that any two corresponding tests have the same

experimental number in their respective series, e.g., runs 301 and. 401. .

The new spiral motions in the second bend develop tapidly and peak be-
tween '62 = m/6 and 82 = mw/3. They, however, decay near the bend exit
because of the presence of a tail-gate at the end of this bend. By
taking the average value of S for thé two bends it is concluded that,
for the w/d, ratios used in the tests, the strength of the spiréi
motion is gréater if the width to depth ratio is smaller. This conclu-

sion was also found to be valid for the open channel experiments.
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5.2.3.3 Horizontal Angle of Deviation of Velocity Vector:
Measurements of the local horizontal angle of deviation of the velocity
vector, P , are given in Figures5.17 for run 404 ana Figures A.11 and
A.12 of Appendix A for runs 401 and 407. The largest angle of devia~
tion occurred near the channel bed. For runs 401 and 407 the observed
,wYﬂOI was 12° while that in run 404 was gbout 10°. These values are
less thau those observed for open chaunnel tests and indicate that the

, . \
strength of the spiral motion is comparatively less for ice-covered

flows.
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CHAPTER 6

PRESENTATION OF CONCENTRATTON MEASUREMENTS
AND DISCUSSION OF RESULTS

In this chapter the experimental vesults relatjng to tracer
concentration distribution in the straight and meandering flumes are

presented and discussed.

6.1 Straight Flume
6.1.1 Transverse Distribution of Tracer Concentration
NA,v\A,vV\A,v\A,vvNA,vv\A,V\A,,V\A,V\AAJVNNAJV\Aﬂ

Typical transverse tracer concentration profiles at the four
measuring sections are shown in Figures 6.1a to d. The megsured tra-
cer concentration‘was normalized with the concentration for fully mived
conditions and no tracer losses, C, » and then plotted against the
normalised transverse distance z/W for various x~values, With source
at the channel centerline, the dafa indicate displa wment of the cen<
troid of the concentration profile from the chamnel centetrline at gome
sections. No explanation can be offered for this because velocity
measurements were made at only one section but it ig speculated that
this feature is probably caused by a tendency for the flow to meapder
along the channel. The shift in the centroid of the coucentration
distribution can also be seen for ice~covered flows and 18 more pro~
nounced in these flows probably because of the warping of the plywood

used to simulate the ice cover.
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When tracer is relecased near the side the peak depth~averaged
concentration is observed to shift to the wall with longitudinal distance
(see Figures 6.1c and d). This feature can be explained by the reflec~-
tion or image source technique (Sa;re and Chang, 1968) in which the
portién of the coﬁcentration distribution falling beyond the side is
folded back and added to the portion falling inside the chanunel. It has
been established that for uniform turbulent flow in a wide rectangular
channei away from the side~wall boundary layers, the lateral concentra~
tion distribution within a tracer cloud follows the Gaussian distribu-
tion. This is confirmed in Figure 6.2 where the normalized tracer con-

centrations are compared with Equation 3.18, that is:

U. A 2@2
C ,-fl'r\/z\m
L L ) - e 4K (3.18)
C , .
“1m

This equation may be rewritten as:
.U b2
c - C e B
R S S £& - 4E % b (6.1)
m c

where o ds maximum depth~averaged concentration and' b represents
half the transverse distance between the verticals on which 2'= 0.52%.
In'plotting these curves, transverse distances were measured from the
vertical of maximum depth-averaged conceuntration. In Figure 6.2 the
data points are plotted together with the Gaussian distributibns ob-

tained from Equation 6.1 using the measured values of UO and EZ. It
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is evident that the fit is good for both open and ice-covered channels.

6.1.2 Moments of the Transverse Tracer Flux Distribution

6.1.2.1 Calculation of Moments: Lateral variation in the

‘depth-averaged longitudinal velocity, u , of up to 12% across the
width of the tracer cloud was observed in all test runs. To allow for
this variation of u the measured éoncentration values were discharge
weighted so that the moments were actually calculated from the tracer
flux - (D E'E) distribution instead of the usual concentration distribu-

tion. The second moments about the point of tracer release, Mz(x) ,

were calculated numerically by:

/ : ) |
M!, oM, . (6.2)
1 21i j=1 o1

it 1 =

Mz(x) = (.
i

in which Mé, and M! are the zeroth and second moments, respectively,

21

of the tracer flux between any two successive data points about the

point of tracer release. Méi and Méi are defined as follows:
W= 2Tm, Ten, ) Fam)Te | oL -t (6.33)
oi 2 | i+1 i+l i g ifl L
and: M= 2w, )TN, ) + un,)e )
2i 2 [PV >4l 175Ny

2 \
[{(ni+l + ni) / 2} ] (”i+1 - ni) (6.3b)



)
¢

wvhere Mgy And n, are the transverse distances of any two succes-
sive data points from zé » the polnt of tracer release. The,moments
calculated by the above procedure are given in Tahle 6-1.
o

6.1.2.2 Growth of the Second Mowents with Longitudinal Di:
tance:  Figures 6.3 avnd 6.4 shov the growth of the second moments of
the tracer flux with longitudinal distance dawustream of the tracer
source for centerline introduction of tracer. The plots indicate a
linear growth rate of’the second mOmentS‘eXC€pt close to the source.
Since the centroid of the tracer flux distribution at various sections

\ : . '

was found to be locared very close to the chaunel centerline, the

» . . . . 2 .
variance of the tracer flux distribution sz(x) was assumed equal to

Mz(x).
3

The Jinear growth rate of ogz(x) extends nearly back to the

source. This suggests that the lateral diffusion process converges to

the one-dimensjional diffusion model fairly rapidly. The deviation from

linearity close to the source is primarily due to the non-uniform

vertical distribution of tracetr councentration as shown, for example, in

Figure 6.5 and to the fact that the tracer cloud might be too small for

gradient-type diffusion to be truly applicabla.

From Equation 6.1 which was derived with the assumption of
uniform velocity of flow across the channel, we can express the vari-

' X . 2
ance of the tracer concentration distribution, Gz(x) , as follows:
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TABLE 6-1 NUMERICAT. VALUES OF X, MZ (X) AND A IN‘EQUATION 6.5

\

<

X M2 (X) A X M2 (}\) " )y
Run e 2 ft/s Run £t -  ft/s
ft ‘
101 5 0.0155 0.0502 201 3.7 0.0066 0.427
(CL)* 10 0.0339 0.0503 (CL) 11.7 0.0207 0.430
20 0.0698 0.0504 19.8 0.0422 0.428
30 0.1050 0.0505 28 0.0623 0.428
103 . 5 0.0213 0.0762 203° 3.7 0.0068 0.679
(cLy | 10 0.044 | . 0.0765. .| (cL) | 11.7 0.0237 0:684
R ‘ 20, 0.088 0.0769 19.8 0.421 0.684
30 0.130 0.0771 28 0.594 0.685
105 5 0.0143 0. 0931 205 3.7 0.0057 0.917 o
(CL) 10 0.0275 0.0933 (CL) 11.7 0.0166 0.919 -
20 0.0569 0.0937 ) 19.8 0.0341 0.924
30 0.0873 0.0937 - 28 0.0490 0.927
106 5 0.0145 0.895 206 3.7 0.0063 0.755
(cL) 10 0.0302 0.897 (CL) 11.7 0.0191 | 0.760
o 20 0.0608 0.899 19.8 0.0353 0.760
e 30 0.0932 0.901 28 0.0506 0.758
102 -5 [+ 0.0146 0.496 202 3.7 0.0113 0.427
(B)t 10 0.0233 0.788 (B) 11.7 0.0185 0.748
20 0.0502 1.235 19.8 0.0284 0.960
30 0.0759 1.589 28 0.0424 1.279
104 5 0.0154 0.862 204 3.7 0.0097 724
(B) 10 0.0285 1.324 (B). 11.7 0.0240 1.360
20 0.0503 1.996 19.8 0.0292 1.525
30 0.0652 2.165 28 0.0430 1.850
~f )
* CL refers to centerline injection.
* B -~fers to near-bank injection.
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0. ‘(x) = = (6.4)
. . 2 2
We can conclude from Equation 6.4 and Equation 3.16 that b~ « o, (x)
and as b 1is a characteristic dimension of the tracer cloud width,

that the cloud width grows parabolically with longitudinal distance.
\

For tracer releases near the side-wall, the plots of MZ(X)
versus x given in Figure 6.6, do not clearly show a linear growth
rate of Mz(x) with x éver the test reach. There is an initial
reach over which MZ(X) shows a fairly rapid growth rate, and this is
probably due to the fact that the tracer was injected about 3 inches
from the side and, therefore, it spreads laterally in two directions
until no councentration gradients exist in one of these directions. As
the tracer cloud spreads and occupies more of the uniform flow region,
the growth rate of the second moments should approach the same rate as
observed for centerline injection of tracer. It is not very clear
from the data how quickly thevlinear growth rate of Mz(x)‘ is estab-

lished in this case.

N
\

6.1.3 The Transverse Exchange Coefficient

6.1.3.1 Determined by the Method of Moments: It was shown

in Section 3.3.1 that for tracer released from an arbitrary point with-
in a cross~section, the average transverse exchange coefficient within

a reach can be calculated using Equation 3.31, that is:
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2 2
_1 4 ~ 2 i~ 3 -
E = Yy OOy f uc hdn [ ?Q - Sa-(ch)gdn (3.31)
1

A, (o)
£, ~ 2 dy (6.5)
W2 \\72 )
A e Z NN
where Mz(x) = [ u ¢ 74N J U ¢ d n]
Wy "
Wy 2
~ o~ — A ~
and A = J ucdn f ;c ~ gﬁ‘(cn)Sdﬁ]
vy d)

MZ(X), A and % are tabylated in Table 6.1.

The resules pertainjuy to centerline release of tracer are
firse QOﬂsﬁdered. 88 expeéted A was essentially constant for a par-
ticular test run with a varigrion wo vceeding * 0.7% from the mean
for the four measuring Sthibn%~ Sinece Ez andv A are constant
Mz(x) mugt grow limearly with R as obsetved in Section 6.1.2.2.
Straight lines were, therefore, fittad to the Mz(x) versus x plots
and their slopes determined, Rqustion 6.5 was then used to calculate

Ez.

-

N

; .
For near~bank releasa of gracer, A 1is no longer a constant

but a function of x. The varzingﬁ of A for runs 102, 104, 202 and
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204 are shown in Figure 6.6 together with that of the second moments,
Mz(x). Equation 6.5 was used to determine average values of Ez be-
tween any two adjaceng.cross—sections. This average Ez is plotted

at the downstream section as indicated in Figure 6.7. The broken lines
in Figure 6.7 are the Ez values obtained for centerline introduction
of tracer. The average Ez between the tracer source and the first
section of tracer measurement is lower than thé average for each of

the runs. Very close to the source only the small size eddies contri-
buté to the diffusjion of the tracer. As x increases and the tracer
cloud expands, the average eddy size capable of making a contribution
to the spreading of the tracer also.increases resulting in a higher
rate of diffusion. Since the largest eddy size is controlled by the
flow dimensions and is partially dependent on the proximity of the side
walls the rate of diffusion cannot increase indefinitely but should
approach a limiting value. The smaller values of Ez observed

between the source and the first section of tracer measurement are,

therefore, reasonable.

The functional forms of A and Mz(x; are not known and
errors are inevitably introduced by assuming a linear variation of both -
variables between any two successive cross-sections to evaluate EZ'
However, the technique used by Holley et al (1972) could be applied

)

here by integrating Equation 6.5 once with respect to x to give:

MZ(X) = 2Ez I(x) + constant ’ (6.6)
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where T(x) = | %Eu It is to be noted that a plot of Mz(x) Versus
I(x) must vield a straight line with a slope of ZE?. Some of the data

for side release of traeer were analysed using Equation 6.6 but curves

were obtained when lotted against I(x). This could be

caused by variable t 'ﬁusion coefficient near the side walls
-

and theulargp_dié

) . P ‘.
- . e '
- S
»

6.1.3.2 Determinkl bv the Similarity Analysis: On the as-

oy L. .
géctions of tracer measurement.

asumption of similarit | which is confirmed in Figure 6.2, the distri-
bution of Cl/clm or ZYZ% was shown to be cuussian in Section 3.1
and the exchange or diffusion coefficient was derived as:
2
bU
0

z  4xIn2

(3.20)

¢
It is to be noted that this equation does not apply in situations with
side-wall effects. Equation 3.20 was also used to evaluate the average
exchange coefficient over a reach Qf length x , where Uo is now the
mean velocity across the tracer cloud width. Ounly one measurement of

~

the transverse tracer concentration profile is required to determine b
in Equation 3.20. 1In this stud} the concen':ation profile obtained at
thé last measuring section was used to determine b and hence Ez
The EZ values so obtained together with those determined by the method
of moments are listed in Table 6-2. The table also gives the percentage

difference between the two Ez values based on the EZ values calcu-

lated by the method of moments. The=difference between the EZ values



o,

TABLE 6-2 COMPARISON OF Fz VALUES AS DETERMINED BY
THE METHOD OF MOMENTS AND SIMILARITY ANALYSIS

Transverse Exchange
Coefficient g
2 %
Run E , ft7/s Difference
‘ z
Number CT
IR —
* *
1 2
. lot 0.00092 0.00094 + 2.2
103 0.00167 0.00174 + 4.2
105 0.00134 0.00137 + 2.2
106 0.00142 0.00149 + 4.9
201 0.00050 0.00051 + 2.0
203 0.00075 0.00076 + 1.3
205 0.00074 0.00083 + 12.1
206 0.00067 0.00071 - + 6.0
L . _.._J
Average + 4.5
Notes: v
1% Ez as determined by Method of Moments
2% , as de;ermined by Similarity -
Analysis ’
EZ(Similarity) - EZ(Moments)
t t = Ez(Moments) x 100%

|
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1s within 12%.. In general, the differences were much smaller for
open~water conditions than for ice-cover conditions. These differences
can partly be traced to the as= mption of constant uniform Qelocity
across the tracer cloud Qidth. This simplification was not fully sa-
tisfied in all the runs. Another cause of the differences is experi-
mental errors. The average absolute difference between the 'EZ values
was about 4.5%. This indicates that Equation 3.20 is a satisfactory

method for evaluating EZ.

6.1.4 Effect of a Smooth Ice-Cover ou the Exchanger
Coefficient

J

In order to evaluate thé influence of an ice-cover on the
diffusion process, experiments were conducted in both open and ice-
covered channels., The results from.the open-water experiments served
as the basis for Ehis evaluation. The flow depth and discharge were
kept approxihately the same for any two corresponding experiments (see

N
Table 5-3). To facilitate comparison, any two corresponding experi-

ments are given the same experiment number in their respective series.

For example, run 201 corresbénds to run 101.

. It is evident from the summary of data in Table 6-3 that the

diffusion capacity of ice—covered‘flows, as measured by Ez » 1s sub-

.o

s e
stantially reduced. An avérage reduction of approximately 507 was

observed in all the experiments. The presence of ‘an_icfe-cover reduces

‘0
the significant size scale of the eddies and as a consequence there is
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a reduction in diffusion potential. An obvious consequence of this iy

that the attenuation of peak concentration, which is indicetive of the

¢

L

rate of spreading of the trncer:cloud, is reduced in ice-covered flows
combared with open-water flows. This also means that the channel

reach required to achigve the same degree of mixiﬁg will be much longer
for ice-covered flows than for the open-water case. These aspects of

diffusion will be discussed later:

b
6.1.5\ Factors Affecting thc ... :od Exchange
| Coefficient
\
? | .
Turbulence in channel flows i: 2er::ated by shear Qfiginating

at the channel boundaries and this turbulence provides an efficient
'ochanism for mixing. Two features of turbulence relevant to diffusidﬂf, 5.
are the turbulence.inteusi;y and the "average size of the turbulence |
eddies. Laufer (l951).ha; shown that the r.m.s. value ofbfhe traqs> 

verse velocity fluctuations is proportional to the shear velocibyj u,
in a 2-dimensional flow in a wind tunnel. The size of eddigs‘in a tur-

S . . J
“bulent channel flpw is limited by the average flow depthgﬁ'd* , and the

- . . TR .
W. ' The above observations suggest normalising the exchange

:;}br,diffgsion)coefficienﬁ with the prdduct u,d . The length scale, dg o>
3 T - S ,

fod .

 r'dshqu1d be regarded only as reflecting the averagétsize of the dominant

¢ /

i,

eddies. producing the maximum mixing. ¥

© ‘.- 'Transverse velocities resulting from changes in channel geo-
metry with longitudinal distance can affect E however, only rectan-

v
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gular channels are'considered here.

)

Bulk properties of g uniform turbulent |iow in a straight

rectangular éhannel'(e.g., the average transverse exchange or diffu-

-

' .
sion coefficient, EZ

Q"\

, friction factor;i?f y Mean velocity, U0 s etc.)

depend o$mthc following variables: d, , average flow depth; W ,

2

v

chqnnél wid&h;ﬂ V, , kinematic viscosity; ks » equivalent sand rough-

i

ness;’ é';‘gfavitational acceleration; S0 » bed slope. The depend--

5

ence ‘of EZ on the other variables can be eéxpresged as:

!
¢

o

-

Ez = Al[d*’ w{ v, g, SO, ks] x»(é'G)

S

Without loss of i rality, Equation 6.6 can be rewritten as:
EZ = Az[d*, W, v, ks, u,, gl (6.7)

where u, = VgRSO "and R 1is the hydraulic radius. It is noted that

for réctangular channels, the hydraulic radius, R , is defined if d,

and W are specifffed.

Dimensional analysis then gives:

k u,d u
£ % *
A3 g ds’ v o - (6-8)
¥ Tk ved, S



?

It can also be shown tha‘ :

R
£oe oA [W = S, e
= Ty T s .
4 d, d, \Y; @:

2 : .
where f = B(U*/Uo) and u,/vVgd, 1is a form of Froude Number. For
fully rough turbulent flows, the friction Reynolds Number, u*d*/v
has a minimal effect on Ez/u*d* and f,and u*/ng* does not play a

significant role in suberitical open channel flows and in ice-covered
xS

. lows is not peéﬁ&nent. Equation 6.8 and 6.9 reduce to:

r .
E k
N B B
ud, M [ a4, \ (6.10)
&
I e
k
' W s .
and: f = A |-, == - 3 (6.11)
< ’ 6 [d* d*]
Combining Equation 6.10 and 6.11 also gives:
E .
z W
od, T A7 [d*’ f] ' (6.12)

The normalised transverse diffusion coefficient, therefore, depends on

the aspect ratio, W/d, , and the relative roughness, kS/d

2

* (or'fric-

P
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tion factor, f), for fully rough turbulent flows.
A

If the relative foughness ks/d* remains unchanged then
Ez/u*d* should gpproach a constant value for small aspect ratios. For
very large w/d* » the width ceases to be #h important parameter and
should no longer influence the average size of the eddies. 1t fdllows,
‘tpgpefore, that if ks/d* is held constant, Ez/u*d* should appronch
.éilihiting value for largc: W/d, and for fully rough turbulent cdndi~l
tions. 1In subsequent discussions, FEquation 6:12 will be referreg to

instead of Equation 6.11 because the friction factor, f , is gi®en

for most of the available data.

All the available labdratory déta have been stigimarised in
Table 2.1 and with the present experimental results, aré;gggyn plotted
plotted in Figure 6.8. The plot reveals some apparent dependence of
Ez/u*d* on W/d, as reported by Okoye (1970). However, it is evident
that the normalised diffusiosn coefficient varies over a wide range at
small W/d* and this is due to varying >f. That this is true can be
seen from the data of Miller and'Richardson for whigh there was a 400%

.

variation in the friction factor, f, Values of the normalised diffu-

sion coefficient for W/d* > 30 are sparse and the available data for

this range are due to Okoye. Okoye's data for w/d, > 30 were obtained
. "

for smooth bed conditions only. Since f d4d ot remain constant in

.all the reported data it will be erroneouﬁihu conclude that Ez/u*d*

depends solely on thé aspect ratio W/d*. \\}ffzg\helieved‘that the

-

variations observed in Figure 6.7 are primarily caused by varying

s

Ry ., .
Ly i
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and u*d*/v values. The hydraulic radius, R , is commonly used to
describe channel geometry and thus it facilitates comparison of results
)
from rectangular and non-rectangular prismatic channels. One could,
therefore, replace d, with R in Fquation 6.12 to obtain:
z W

R Alzfﬁ’

f] ’ (6.13)
%
It must be remembered that Equation 6.13 is&valid for fully rough tur-
bulent flows only. A plot of EZ/U*R against W/R for all the avail-
able data is presented in Figure 6.9. The effects of the friction 4
factor, f , and the modified aspect ratio W/R cannot be separated
since both parameters varied over 2 wide E%ﬁge in all the reported data.
The only exception is the data of'Millér §2§3Richardson (1974). Their
experiments were performed for a canstang 3%/R and fully rough turbu-
ient flow conditions. Their data can, therefore, be:describea by the
i _ .

-

relation:. «

E
EVI% = A, L] (6.14)
*

The plot of E _/u,R against f for the data of Miller and
Richardson is given in Figure 6.10. It is seen that the normalised
. diffusion coefficient increases with an ‘increase in the friction factor.

f when W/R is held constant and the flow is fully rough turbulent.
A “

The results of the ice-cover experiments do not fit the trend
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of the other data when Ez/u*d* is plotted agiinst W/d, (see Figure
6.7) but they fit in well with the gcneral:tiend of the open channel

data when EZ/U*R is plotted against W/R. It is evident from Table
6~3 that the normalised.diffusion coefficient, Ez/u*R , for ice-cover

conditions is, in general, only slightly' less than the corresponding

coefficient for open-water conditions.

6.1.6 Attenuation of Peak Concentration

Very ciose to the tracer source the tracer concentratior 't
various flow levels 'will exhibit different decay rates alcong the aiis
of the tracer cloud depending on the position of the source in the
vertical. For the case where the tracer is well mixed in the vertical

éﬁ}t was shown in Section 3.1 that the decay rate of the depth-averaged

peak concentration is given by:

= P :
Clm = Ale (3.15)
vhere p is an expon nt with a theoretical value of - 0.50; Clm is
the dépth—averaged pedk concentration relative to the concentration for
fully mixed conditions, and Xl (= X/d9 is dimensionless distance in

the longitudinal direction.

Figure 6.11 shows plots of Clm versus Xl for Runs 103,

105, 201 aqd 205. The slope of each of the straight line plots is equal

» to the exponent p in Equation 3.15. A summary of ‘the P 'Qalues is

s

w7
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TABLE

Run

101

103

105

106

Average

6~4

Flume
«  Code

SR

SR

SR

SR

SUMMARY OF DECAY EXPONENTS FOR THE
DEPTH~AVERAGED PEAK CONCENTRATION

Flow
Depth

Decay
Exponent

194

ATTENUATION OF

Flow Decay
Depth  Exponent
£t P

0.213  -0.546

0.126




given in Table 6-4. The results do no oxhibit any definite trend
regarditg the dependence of p  on any particular hydraulic parameter,

because of the comparatively limited range of the parameters in these

experiments.

The plots, neGertheless, clearly show that for anv | ~x-—
periments performed at the same flow depth and disch: e but vith or
having an ice-cover and the other a free water surf e.g.. M

~

"203 and 103, a longer distance is required to achicve the same value

of C This is in agreement with the earlier “indings which estab~

1m

lished a substantial reduction in Ez due to the presence of an ice-

cover.
»

The average values of the decay exponent were found to be
- 0.544 and - 0.542 respectively for open and ice~cover flows.
These values indicate an attenuation rate which is slightly greater
than the predicted value of p = -~ 0.50 for one-dimensional transversc
diffusion. The reason for this is that the vertical distribution of
tracer concentration along the channel axis is not strictly uniform
unFil affe; an initial reach length which must depénd on the flow depth.
' Witﬁin this reach the attenuation of maximum concentration is caused
by both transverse‘and vertical diffusion. It can be shown, Czernuszenko
(1973), that in a stream of large depth where the influence of the
water-level and the boundaries on the traﬁer spreading are not marked
the vaFiation Of, Clm with Xl assuming éaussian distributions in

‘both the y and =z directions is given by:



C m < (EZEy) X ~ 6.15)

»

where Ev is the vertical diffusion coefficient. “The diffusion in

7

the y -~ and 2z directions separately cause C to decay at a rate

proportional to Xl_ 0'50. ‘The fact that the average value obtained

1m

.

for 'p - was close to the predicted value indicates.that downstream of
the first section of tracer measurement the effect of vertical dif-
fusion near the axis of the tracer cloud was not very pronounced.

o

' o«
6. %beéanderin& Flume

+6,2.1 Concentration Measurements

Transverse distributions of the normalised depth~averaged

concentration, c/Co , for some test runs are presented in Figures

6.12a to f. CO represents the tracer concentration when fully mixed-

with no tracer losses and is related to the tracer flux across any

section by:

where ¢ and u are depth—averaged concentration and velocity respec-
tively; Q 1is total discharge; D is local depth; a is fraction of

tracer which is losf\asd N = 26,

2

5
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v

As could be expected, the data show that the tracer spreads
much faster for centerline relecasc of tracer than for side release.

Figures 6.12a and { indicate a distinct displacement of "the zone of

.

peak depth-averaged concentration from the chanunel centorling& This

displacement could b= caused partly by the movement of the high velo-

.city filament from the inside to the outside bank, and ﬁ#rtly by the
spiral motions. It is observed, for example, to b« much larger in

run 401 than in run 404 and this seems reasonable because the strength
of the spiral motion is greater in run 401 than in run 404 (se Figure
5.16). ‘A similar shift of the zone of maximum depth-~averaged concen-

stration can be seen in the transverse concentration‘distributions for

-

run 302 (left~bank injection).

The normalised concen:t-tion distributions in general appear
to be smooth. For open channel tests patches of water having a high
tracerrconcentration interspersed with patches havine ow Or wven

zero concentration were visilbile to the naked eve fcr ...e distance down-

™

*

stream of the source. However, the fact that a reasonablv smpoth dis-

3

tribution was always obtained at the first section of tracér .easurenent

demonstrates that the sampling period used was long enough to smooth

out most of the concentration fluctuations.

Typical transverse concentration profiles in th& first bend
|
of the ice—cﬁvered chamnel at different levels and for various source

locations ?zé shown in Figure 6.13a. The plots indicate that for le

bank releases of tracer, the concentration distribution over a vertical
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follows t’ \ttern of transverse.velpciii8h in the verticalg, the high

.

concentr a4 fluid being locited near mid<depth in a vertical.

A e

The distributions for right bank and central releascs of

[} 1y . : i
tracer are ‘also consistent with what would be expected to result from

the pattern of transverse velocities. Thig means that tracer is not

uniformly mixed in the vertica! as is usually assumed and' that ‘distances
required  to achieve vertical mixing are comparatively longer in the

. U- . et

presence of. tranqverse velocities. The pbsei;id lateral displacement

1

of the traccr cloud in run 401 {q atcrlhutable to the cht that the ﬂﬁ

tracer was released at fl = n/6 for thxs partlcular run and 1t is-

Al
Wi ‘

‘_evidenc~from Figure A9z that significaut transversc velocities exist

Y] . 8

at this section. These velocities could initially shift the entire

. _‘.~/ ’. o g
‘racer cloud laterally. .
’ ¢ w3 0

E¥,

[

Pl S o
Corresponding transverse concentration distributions at var-

ious, lewels ana for different source Meocations are presented in Figure
.“ed ' #

6.13b for some open chgnnel tasts. Agaln the concentration distribu-

tions afe condistent with the measured transverse velocity distributions.

T

& “ TN
Run 302 indicated rather.la:ge differences in concentration over a\

»

vertlcal and a marked lateral dlsplacement of the %one of hlgh concen—

- ! -~ $
tration. It is noted that the averagé velocity for this run is O. 86
/ .

ft/sec an. the maxinum observed transverse velocity near the water sur-

face getween Sl =0 . and w/2 is about 0.13 ft/sec. If a vertical

line source is imagined to be located at the left bank then in the

absence of turbulence the observed maximum W would cause a lateral

av”

SR,
! + 7[
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5pfead of tracer O{ dbOUL 2.25 ft (or z/w = 0.9) at Gi = /2. This
lateral spread appcarq to be comparablc\to the observed spread at V/D

= 0.75. Again in the ﬁhsence of turbulence Lhcrc will be no lateral
e
spread in the luwer halr of the/flow duc td' the eTfects of transverse
-iﬁ ,)}c oL .
velocities. The effect of turbulonce is to even out any vertical dif-
e

ferences in cqpccntrﬁtion howover, the large dlfferenceq observed in

2]

'run 305~are probably due to the fact that vertleal mixing cakes place

e -l

over a relatlvely large depth Theudifferences for'runs'304 and’306,

*é’llb 3re_seen%tof5b»1§ss because‘of the smaller depth of flow.

a . e M Y

=
L N < . ]

& C - ».‘ . , » . B .
Turbulence cnu%es the obqerved vertlcal differences in coh~

o

centration to dlminlsh with distance downstream However, 1f these
4 .

differences are still large when tuc flow enters thc second bend the’

subsequent reversal of che spirdal motions will result in a gradual
. v a o
* . o
modlflcatlon of the vertlcal concentratlon prq&lleq o

The root meéan square concentration dev1at10n CV , often
fi R
bl

termed the coefficient of variation, of the depth-averaged transverse
I

‘ concentration distribugion can be defined as: o
\ _ ) N , 1/2 : .
= L Je, -.C ]
< N j::l" J o
CV = - g
. c , .
o

)

CV' is a good indicator of the degree of transverse miking and is anal-
ogous to the non~uniformity coefficient,  § , used in Chapter 5.
Figures 6.1l4a and b give the longitudinal variation of C, for all test

& S "' D

o
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It/is to be noted that low values of Cv imply a high degrec
of mixing. As expected, much better mixing was always obtained for
tracer intreduced on the.channel centerline compared with the side re-~
N ﬂleaSe of tracer for the same f{low conditions-. The diagfams also reveal E:P
a tendency for the rate -of mixing to have an anomalous decreace at thé

2

demonstrated in runs 405 and 408, the former even indicating an ivicrease

_beginning of the second bend (9, = 0 to O, = m/3). This is clearly

in Cv' This phenomenon is presumably associated with the decay and

Ak

reversal of the spiral motion "rom the firsgy.bend.
NI SR .aﬁi "

e 4 ;
. . RS '1' INFRU
Therg is evidence frd&é%fg?rcs 6.14d and b that the tracer
o . B A ‘ .
hE TR

undergoes dif ferent rates of mix¥ng within the same bend depending.jon
the the”source position. This is consistent w’th previous observations

in Chapter 5 that the spiral motun(varied both laterally and longitu~

dinally.

< M * Yo

\ ! SN e : .
It is appropriate here to comparéﬁgbme‘qj Yhe abqye resuits

{ with that of a straight flume. IY it is assumed that Ez/u*d* ¥, 20

.. for straight open g¢hannels, then according to the procedure of Ward .
. ) » P . Y
; 2 ,
(I§J3) the distance, Xm > required to achieve a given percentage degree S

of mixing (defifidd asz{y - c,] x 100%) is given by X fu= T,/0.20 -

wo-“

.,
: &
Uo/u*-\W/d T is a

., 1 variable which depends on the source position -

- and tHe specified degree of mixing. Run 304, for examﬁle, achieved
approximately 957 mixing at 82°= /3. According to Ward's method an

equivalent straight channel with the same’ W, d., UO and u, as in run

- i ) ‘
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Y . | -
304 would require at least 6 times this distance to achieve the same
degree of mixing.
t’
. B
(& 6.2.2 Evaluation of Transversc Fxchange Coefficient
6.2.2.1 Method of Moments: From the theoretical considera~
tions of Chapter 3, the following equation was derived for evaluation
of E': ! ’ W
z :
W 7 e
[
- e ) W + /3
J D(u c +u'e") n7dn ? —M)(w ¢+ w'e)dn
‘ EI— wl k4 ’
o} 1 -
dx .42
j D H-E d n
W
L1
’—Wz '
f@Eut
_o |
2
¢
Q"v ¢ ¢
N ,;‘3:' . =
+* P
B . . 7 4
, o, . |
[ {Den (1 %)} dn
! ) | f
~ 2E! < (3.27)
z W : .
o JDE?dn
! " -
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To assess the importance of the dispersion term u'c' g
a4

straight line was fitted by least squares to the concentration data in
a vertical and the ¢' wvalues were determined although the vertical
toncentration profiles were sometimes far from linear. The velocity

distributions over verticals with concentration data were determined

by interpolation and the u' wvalucs computed. The u'c' values were

v —————
then evaluated by numerical integration. It was found that u'e’ was

in geneval about two orders of magnitude smaller than u c and,. there-

fore could be neglected. . -q(j :
{9 -

By a suitable choice of COOdendtC system 1L is generally

\»

posslble Lo make thc deLH—JVCFIQLd transverse velocity; ;., negligi-

bly smdll and for this situation th convective term % ¢ beboues
unimportant. Such a coordinate by stem was melovcd by Yotbukura and
. Y. ’
Cobb (1972) who used the cumulaleu dlscharge q, » as an alternative
N
transverse coordinate. This system of coordinates will be ytiliged in

Chapter 7 to analyse the field data and it is shown there that this

method gives practically theysamo_valué off EZw as that optained by

‘v

using the meandering coordinate sngcm. This indicatesathat w ¢ 1is
. . J . \\
. : e
" of Séqondary importance compared with w'e'. In the laboratory, the

\ . N N P
magnitude of w was of the same order as the error in measurement of

-,

w hence w ¢ could net be dccuratclv determined. Howevor, because

-

of its apparent unlmportancé in the fore extreme field situation it was

assumed 50 in thé laboratory.
L ‘ZX "‘ .
The major effects of curvature on the mixing, therefore, must

b}
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be caused by the dispersion term w'e'. A general comparison of .the

relative importance of w'e' and transverse diffusion can be made

using, for example, the data from run 401 (centerline injection). It

is noted that the averape velocity for this run is 0.85 ft/sec and the

x

average relativeransverse velocity between tracer particles located

in the centr"xl and ‘either the '{;er or lower layers of the flow is

L about 0. 085 f‘/sec. The transversc displncemcnt rate due to this re~
s N . . N
L ¢ e >
oy 0.085 . ;
~ lative trlnsvor Q- VLlOCle would be 0.85 = 0.1 ft per foot of channel
P TS . : 3 - .
G engeh. An estimate of Lﬁv dlfoS1on Tate can be obtnihedjby‘a55uming
a0 T : o i

. that tho.cohcentration distribution due to dlffuelon aloge 1s Caussian

F

and that T Ju,d, = 0.10. If it is noted that in run 401" Uo/%-:,

* . ., . . .
12.65 Z8&ic above assumptlons ihllc te that the standard deviation’
5 3 . ‘ ‘3'
. 5 "o ) 2}3 Couy ,g 1/2 ‘ ‘ i '
R (j = . . . : ?
Rl . . i
Y N Z U*d* \l‘ ‘“; x ' :/,)‘ ) . '/f

[N o

would grow at a rate of dbout 0.029 ft per’ foot ﬁ ength of-channel . The

) dlsplacement rat due to tranbversc velocities 1;?*thergfore much
" \

’mgreater than that. Canpd by diffusion. The same was observed to he

“ . ’

true for the open changél tests. 1Tt is clear from the above 111ustra—
v - : ” . P’

tion that the traquchQ spréadlnq of tracericould be ‘reduced apprQCJa-
' . : ’ . . ;, . s
4 oo - (3 . .

bly 1n regions wheré the pattern of transverse velocities reverses.

The function- ¢ -generally varies in an unknown manner. In

N
-y

the present analysismig'ishéésumed equal to ungtyﬂ For,.this situation *
1 - ’ F . - — > i » | i
Ez = EZ and"since ‘u'¢' << u ¢ Equation 3327 can be simplified to:

- ‘. ~

dM_(X)

E o+ B(X) ¢ (6.16)

{
[}
~
>4
BN
1
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W
Y

MZ(X)

and represents
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- 2
Ducndy (6.17)

{lux wbout point of

.

9
tracer release:
W .
Py J g”' ’;"' ’ , 2 n + z . e 4
" g P2 j Dn€l + \A?Afg) (v ¢ + w'e")dn
N ' '.' : “] “ ¢ ) |
2 fﬁ 1 1 D .
G(Kﬁ%_= e (6.18)
i W
. ‘)y 2
D G}E‘d n .
. wl
’\/") . hd
- and: : RS
o Y, @
Héﬁ . 2N, , ‘
i _ n 4 z, co n+ z 0
' { De(l =* w—;—ﬂ*&)drl + J cn(l & 9\/;_: O) }—i] dn
: W) , ¢ Wy - c T
BOO) = 2 V., 1
. '2 v .
f_,)D uedn
Iy . L wl ’ K L ‘.‘ ’::
. N b
,v.: > -“ . ;
. r_,‘fg/l' . - i R
¥ "9 — noF “o -
: — NeN i - 1
q J :}n {A)(_I’ : (l . ).J (17].‘ ,
bt c
1 .
~ 2 —_— (6.19)
\ W -
. 9 - ,
L : ok
J Ducdn :f;,
._WL; . =
N 'b“ :



Equation 6.16 simply states that the change in sccond moments of the
tracer flux results from the spreading of tracer caused by transverse

velocities and diffusion. The transverge exchange (or dif fusion)

¥ ) )
coefficient H7 can be determined usiug Fquation 6,106 provided the
variations of MZ(X)’ C(X) and B(X) are known.

.

In practical situations we are more often interested in the”

overall mixing due to ‘Hhoth turbulence and transverse velocities and

Ld .
it is convenient to define an exchange coefficient which accounts for
; N .

~
N,

these two factors. It was shown in Chapter 3 that the relevant equa-
tion for the above situation is Equation 3.29. Again, 1if ¢w is

E then since
ZW

sz (X . -~
= £ . X 6.20
dX sz BCO ( )
The variati » the second moments of the tracer flux, MZ(X)’

with longitudiﬁal distance, ¥ , are presented in Figures 6.15a and b,
for some test runs. In general MZ(X) ~varied non-linearly with X
and this non-linearity is believed to be related to the growth, decay
and reversal of the spiral motions. Some of the plots indicate a
flattcning.out and even a dec;ease of MZ(X) between 62 = 0 and

o

w/3.
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There is a significant dip In M,(X) for run 406 at 0, = /2.

1

A study of velocity profiles for this run In F;gurCS’S.lj

reveals thatvthe wnréing of the plywood (ice~co 1) caused the maximum
flow depth to occur at the inside of the bend instead of the outside
as could be anticipated. The change in cross-sectional shape between

5] /% and W/2 could cause a net transverse flow towards the right

2

bank and thus inhibit the spreading of the tracer to the left bank,

i

This will manifest itself bv a reduction in the observed value of

MZ(X) and probably by a slight increase in Cv (see Figure 6.14a),

If the above physical reasoning is correct then there must be a cor-
responding increase in M2(X) at 62 = 7/2 for left-bank relcase of
tracer uunder the same flow conditions. This is confirmed by the varia-

tion of MZ(X) for run 405 in Figure 6.15b. l

As the tracer concentration beccomes more unifo;m across the
channel, the second moments of the tracer flux, MZ(X) , should approach
a constant value. This is illustrated by runs 304 and 401 in Figure
6.15a, b. From Equation 6.19, the following functions can be defined

for ¢w = 1.0:

2 n + 2, 2 L
Bl(X) = 2 JDc(l * ———)dn JD ucdn (6.21)



W W
z .
3 — .
Ry(N) = 2 en(l * - Q)T#%(Ui ID ucdn (6.22)
4 c :
.
Ml %)
W W
5 2 K
X Zﬁ — n Zol i -~ — ‘
Bo(X) = 2| fi— S (L8} '
53(\) 2 Jﬁn {hen (L : ;- aln JD ucdn (6.23)
Wl \ Wl
so that:
B(X) = Bl(X) + B,)(X) - 133()() (6.24)

1

The lengitudinal variation of Bl, 82, BB and B are given

in Figures 6.16a, b and ¢ for some test runs. It is evident from these

plots that for centerline release Bl remained reasonably constant
over the length of the rest reach, lHowever, for injection at the right

bank, Bl was initialls “iel: but decreased to a fairly steady value

downstream. When tracer i¢ introduced near the left bank Bl increases

7

to a maximum hefore dropping to a near constant value, These differenccs

in the observed Bl distributions for the various source locations can

>



N

»

be explaived by imagining o vertical line source of unit width and
r1iform concentration C with 1ts centroid located at 2 - It is
S

to we noted that v, = 9 ft and that within the first bend:

o)

n
P _ n 4+ z
B = { De(l + ———ydan| | q
1 rc . s
WI

where Og is the tracer flux. The following relations can be obtained

for B] at the section of tracer release (X = 0) for the various source

locations:

Source at left bank, z = =1.20 B (0) = 0.867 DC /Q
0 1 s’ 's

Source at centerline, z = 0 B,(0) = 1.0 DC /Q
0 1 s s

Source at right bank, z_ = 1,20 B, (0) = 1.133 DCS/Q;

The above relations predict an initially high Bl value for injection
at the right bank and a low value at the left bank. These differences
in Bl values therefore appear to be largely due to the system of

coordinates used here. ) _ .

B expresses the importance of depth variations within a .

2

‘cross-section on the mixing. Such variations in the laboratory experi-

ments result from superelevation and unevenness of’ flume bed and ice-

s

i
cover. It is evident from Figure 6.16 that variations in depth were

generally insignificant in the labotratory tests.

B3 does not influence or affect the computed value of E

until a significant portion of tracer encounters both banks. For the

FAY
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v

situntion where the source positién is near the side, Bj is expected
to decrease slightly with distance downstream because 6f the decay of
concoﬁtrution along the bank on which the source iy located. However,
as more tracer encounters the opposite bank H3 might increase and
approach a constant value which is attained when the tracer becomes
uniformly mixed lntcrdlly (see Figure 6.16¢c and runs 302 and 306).
Strong variations in 83 were observed for right bank injection com-
pared with left bank tracer release. Figures 6.12b aﬁd e, for example,
éreveal that the concentrations at the right bank are much higher when
o -

tracer is released near this bank compar 'd with the corresponding case
‘of left bank injection.  For source located at the Qh;dnel center 83

will be zero until the tracer reaches the sides and then will increase

until tracer is uniformly mixed.

From the a' ¢ .. 'cussions B (= B, + BZ - 83) is expected
to decrease gradually .ith distance downstream of the source and to
apprqgch zero as the tracer becomes fully mixed. This trend can be
seen in Figures 6.16 for some of the test r: 1s. Some cest runs, for
example 403 and 406, do not exhibit this expected variation in B and
this israttributed to the faet that these runs did not achieve ~ny

appreciable degree of mixing even at 62 = 2m/3.

The longitudinal variation gf B(X) is presented in Figures
6.15a and b together with that of MZ(X) for some test runs. Numerical
values of MZ(X), B(X) and Ezw for all test runs are summarised in

Table 6.5. To facilitate comparison of ice-cover experiments (series
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400) with those having free water-surface (eries 300), tests performed
under similar flow conditions are given the same number in their respec-
tive series., Comparison of the R?J values for the open channel and

ice-cover tests will be given later.

—r

6.2.2.2 Integral Method: The intégral method is used not
only to evaluate the average transverse mixing coefficient over a
channel reaéh but also the variat on of fﬁzw over transverse portions
of the same reach. It is to be noted rhat EZW in this case repre-
sents the average transverse ‘mixing cocfficieny foracither the whole -

or part of the reach. From the theoretical conmsiderations in Chapter

3 it was shown that:

z 2 »
d T _
[ Ix j D(u ¢ f u'c')dz | dz =
Wl Nl
% 30mn) ,
Ezw gDh C§ - [ ST dz| . (3.36)
L

The integrals in the above equation.were determined.numericallj by per-
forming the integration from the bank of tracer release for progres-
s1vely 1ncrea31ng or decreasing values of 2z until the entire width

of the tracer cloud was covered. The value of the term in square
brackets on the RHS of Equation 3.36 was evaluated by averaglng the

LA
correspondlng values at the beginning and end of a reach. The cross-—



" x

channel vargation of I ; within a reéach s shown plotiad at the down-
!

stream section of the same reach in Figures 6.17a to d for some tost

runs. It is mentioned rhat the observed lateral and longitudinal varia-

'

tions in F are actually duce te variations in the depth~averaped
LW

transverse wixing coefficient since I w is considered to represent
Zw AN

the average of the generally variable Yo

As the integrations in Equation 3,36 proceed from one bank

. to the other the effect of small variations in v, on sz are not

discernible from the plots and appreciable changes in  « only cause
- w

a slight change in EVk especially when the integration covers a large ~

percentage of the channel width.

,

Figure 6.17 shows that negative values of ¥ ocgur near

Zw
the left bank’wﬁcn the source is located close to this bank. * This can
be seen in both iée~cover and open channel tests and for some distance
déwnétream~of the source. This feature is not unreasonable because the
spiral motions could initially displace the zone of ;aximum depth-
averaged concentration awvay from the left bank (see Figurés 6.12d and
‘e) ané at the same time transport low depgh—averaged concentration fluia
from the sides against the concentration gradient to regions of high

depth-averaged concentration consequently causing a nega%ive Ezw; As

expected, thig does not occur for tracer released near the right bank.

]

The plots also indicate low and even negative. Ezw values at the be-

ginning of the second bend and this accords with the results from the

moment s method. .
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For situations where source is located at the right bank Eyw’
[} A

ot more correctly Ezw ,» 1s again scen teo exhibit m§rkcd variations near
this bank in both bhends. Vigures 6.17 show that there are similaritics
in the general pattern of variation of .Ezw for the same source posi-
tion but different flow conditions. This is dramatically illustrated

by runs 306 and 403. Both runs indicated a high Ezw value near the
right bank between 02 = 17/6 and w/3 although thé pattern of spiral
motions was different in both runs. No cxplanatipn can be offered for
this behaviour in E but it is speculated that.it might be due to

some strong disturbance within the flow in the neighbourhood of the

right bank between ‘82 = 7/6 and Tw/3.

It is evident from Figures 6.17 that the depth-averaged trans-
verse mixing coefficient varied both along and across the channel. The
variation of Ezw for the various test runs is listed in Table 6.5

together with the values obtained by the method of moments.

. The integral method was found not to work for situations
where the source was located at the channel centerline. It yielded
values of Ezw which werc on the average an order of magnitude greater

than those given by the method of moments.

It is evident from Table 6.5 that for similar conditions of
discharge and flow depth and for the same source position the mixing
capacity as measured by Ezw was of the order 3 to 6 times greater for

open channel flows than for ice-covered flows. The straight flume
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experiments indicated that the diffusion coefficient., E_, for open

channel flows was in pencral twice as large as that observed for ice-

covered flows for correspondingly similar flow conditions. Tt is not
L

unreasonable to assume that this observation is also true for the

flows in the meandering flume because the {lume bcd,a;d ice-cover
roughnesses were thc same as in the straight flume tests. Since the
mixing coefficient, Ezw » represents the rate of mixing due to both
turbulence and bend-generated transverse velocities the further increase
in Ezw (1.0 to 4 times, relative to Ezw for ice-covered channel
flows) for the open chanmel tests can be attributed to additional mix-
ing caused by transverse velocities. That this is true can be seen by
comparing Figures 5.6 and 5.10. fhe average values of the strength of "
spiral motion, S , for open water tests are observed to be about 1.5

\ .

to 2.0 times greater than the corresponding ice-cover tests. The
comparatively Qigh values of Ezw for open channel tests, therefore,
seem to be reasonable. One factor which must be noted is that the

curved flow could modify the structure of the turbulence field, but

there is no information available on this modification.

6.2.3 The Normalised Transverse Mixing Coefficient

A summary of the normalised transverse mixing coefficient
k (= Ezw/u*R) for all test runs is given in Table 6-6. The values of
k were computed using the overall average hydraulic radius, R , and

the average shear velocity, u, , and are shown plotted against X in
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Figures 6.18a and b. There is a tendency for the Integral metﬁod to
give higher values of k in the first bend especially at the first
section downstream of the source and lower k-values in the second com-
pared with the moments method, when tracer is released from the left
bank. The reverse tendency is secen to be true for the case where
source is located on the right bank. In general, the values of k
obtained by both methods are remarkably close and both methods exhibit

similar patterns in the longitudinal variation of k.

The discussions which follow are based on results obtained
by the method of moments but the same general comments also apply to
results obtained by the integral method except for situations where

\ .
& .
tracer was released from the channel centerline.

1t is evident from Figures 6.18 that the longitudinal varia-
tion of k 1is influenced by the source position and probably reflects
the role of transverse velocities in the mixing. As could be expected
the normalised transverse mixing coefficient for centerline release of
tracer was observed to - greater within the first half of the first
bend. k reaches ma.. mun values for different source positions between
61 = 7/2 and m of the first bend while minimum k-values occurred at
the beginning of the second bend. It is of intérest to note that the

decay and reversal of the spiral motions also occurred, in general,

between 92 =0 and /3. . B

High k-values were observed in the second bend when tracer
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was introduced at the right bank. This {is pfobably due to the fact
that when the source is located this bank the spiral.motiéns in the
first bend appear to inhibit spreading of tracer in that bend while

in the second bend they séém, initially, to enhaﬁce the spreading ofie
tracer. FEvidence for this is seen, for example; in Figﬁres‘6.15 and
runs 403 and 406. Both runé indicated a sharp increase in second

N

moments between 62 = 7/6 and T/3.

Negative values of the normalised trangverse mixing coeﬁfi»
cient occurred for some test runs af the beginning of the second éend.
This is not unexpected. Although this violates the concept of gradient-
type mixing it is reaiised that the gradient—type mixing concept is an
approximation and cannot be expected to applv to all flow situations.

It is possible to obtain negative k-values ~ recgioms of curvature
reversal aé this is initially éccompanied by a net lateral discharge
towards the outside bank. This net flow can inhibit spreading of

tracer reléased from-the outside b;nk and produce”a negative k-value.

A similar situation applies when longitudinal changes in cross~sectiona;

shape cause significant transverse velocities, for example, run 406 and

between 62-= m/3 and w/2 ( Figures 5.13 and Figure 6.18b ).

Further downstream in the second bend the normalised trans-
verse mixing coefficient is again seen to inc#ase to a maximum in
the middle third of this bend before decreasing again towards the bend

exit. The longitudinal variation of k for some ice-cover tests was

rather erratic and is probably caused by the warping of the plywood

v

-



(ice~cover). This was more pronounced in runs 404/5/6. 1t is noted
that the flow depth for these runs was comparatively small and conse-

quently the results were more affected by the warping of the ice~cover.

The tracer was observed to be almost fully mixed at o, = U/G
vfor run 302 which indicated high values of k in the first bend. The
k~values evaluated for subsequent reaches beyond 02 = 7/6 for this
r rere found.ﬁo be unreasonably large and this could only be traced
to measurement errors. As discussed previously when tracer becomes
more uniférmly distributed laterally the variable B(X) tends to zero.

Any.errors in the measurements of velocity and concentration, therefore,

can resuli in very unrealistic values of k.

The values of k- averaged‘for different source positions but
for the same flow conditions are shown ﬁlotted against X in Figure
6.19. It is evident from this figure that maximum values of the norma-
lised transverse mixing coefficient occur in the middle third of both
bends and minimum values occur at the beginning (62 =0 and 7/3) of
the second bénd. When the k variation in Fijure 6.19 is compared with
the éariation of.spiral motion strength in Figures 5.6 and 5.10, it is
evident that k seems to be strongly related to the growth~decay-

reversal cycle of the spiral motion. With only two bends it was not

possible to relate the probable cyclic variations of k to that of S.

. Table 6-7 shows a comparison between the normalised mixing

coefficients obtained over the same reach for the same source position

19/
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FIGURE 6.19  LONGITUDINAL VARIATION OF THE_AVERAGED NORMALISED

TRANSVERSE MIXING COEFFICIENT FOR DIFFERENT FLOW
CONDITIONS
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TABLE 6~7  COMPARISON OF E_ /u,R FOR TUE
SAME REACH AND SOURCE POSITION
AND SIMILAR FLOW CONDITIONS

Ice-Cover

Open Channel

Tests Tests
FN» E E
Run 2w Run - 2w
U*R u*R
402 0.88 302 3.14
404 ,0.63 304 0.89
406 fO.?l 306 1.44
f
408 / 0.88 308 2.00
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and similar flow condition in the open and ice~covered channel testsl
The magnitude of k 1s seen to be considerably greater for open-water
than for ice-covered conditions, Since an ice~cover also reduces the
product uR by a factor of approximately 22 , 1f depth remains
constant, the results again indicate that .. ice-cover can reduce the

mixing capacity in channel flows substantially.

6.2.4 Parameters Controlling E /u,R
zZw

In turbulent meandering channel flows, the dependence of bulk
flow properties such as the mixing coefficient, Ezw , average velocity,

UO y and friction factor, f , on other parameters may be expressed as:

EZW = Wl(R) W, v, kS’ g» SO’ rC, L) (6°25)

where the variables have their usual meaning and - L represents the

overall bend length (measured along the channel centerline).

Dimensional analysis can be used to give:

Ezw W ks uyR Y rc L
R T R R Y =Rk (6.26)
Ui VgR c

where wu,/vVgR is a form of Froude Number.
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Again for fully rough turbulent flows the friction Reynolds number
u,R/v has a minimal effect on Ezw/U*R and the Froude number, u*/VgR,
does not play a significant role in subcritical open channel flows and
in ice~covered flows is not pertinent. For these conditions Equation

6.26 simplifies to:

r

=
o

Zw W s c L v
— = T | = =, =, — (6.27)
uR 31 R" R * R r.
or:
E r
A W c L
U R "W\ ® PR r (6.28)

The present data cannot be used to.explore the importance of all the
various parameters in Equation 6.27 or 6.28 Eecause of the limited
range of these parameters 1in the experiments; Nevertheless, the ice-
cover data can be used to gain some iﬁsight into &he dependence of
Ezw/u*R on the other four parameters. The valueé of the parameters

in Equation 6.28 are summarised in Table 6-8.

TABLE 6-~8 NUMERICAL VALUES OF VARIABLES IN EQUATION 6.27

Ezw W £ r Flume

L
Run £ R T Bed
C
401/2/3 | 0.865 25 {0.0498| 90| 5.23 | Rough
404/5/6 | 0.658 | 36.8 | 0.0489 | 132 | 5.23 | Rough

407/8 O.90€J 22.510.0431] 81| 5.76 | Smooth

=4
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It is evident that there is a tendency for k to decrease
with increasing r /R and W/R. The effect of roughness is not too
c

clear because the data is insufficient.

Fischer (1969) investigated the effect of bend generated

spiral motions on transverse mixing. He obtained an expression for

the additional mixing caused by transverse velocities, that is w'c' ,
based on Rozovskii's transverse velocity distribution in the vertical
for fully developed turbulent open channel bend flow. By further

assuming that w'c' = - €4 dc/3z , where €4 is the transverse dis-

. . Q 0 3
persion coefficient, Fischer obtained:

€ U \2/d,\2 ’
d _ _[oV [ *) L .
= " ( > R (6.29)

k% *

in which k 1s von Karman's constant and values of the function I
are given by Fischer. Fischer recognized the limitations of the above
equation and suggested that it should be used for order of magnitude

estimates only. Equation 6.29 can be rewritten as:

€ U \2 2
4 < [0} B > (6.30)
U*R u, rc

L3
According to Fischer's predictions, therefore, Ed/u*R should decrease
with roughness. This appears to be consistent with earlier observations
that the strength of the spiral motion decreases with roughness for

similar conditions of depth and discharge. Also Ed/u*R should decrease
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with increasing rC/R ratio. 1f it is assumed that rC/R does not
affect the diffusion coefficient there is some evidence in Table 6-8

to support this prediction. It is noted that becnuse_of the assump-
tions inherent in the derivation of Equation 6.29 the aspect ratio,
W/d,., does not appear in this equation. The importance of the various

parameters in Fquation 6.28 will be discussed further in Chapter 7.



, 2040

CHAPTER 7

FIFELD INVESTIGATIONS
Velocity and tracer measurements were made in the Lesser
Slave River (Alberta) in August 1972 and February 1973, and these mea-

surements are described and discussed in this chapter.

7.1 Description of the Test Reach

kThe field tests were conducted on the Lesser Slave River
(Alberta), approximately eight miles downstream of Leéser Slave Lake.
This site was selected because discharge from.this large lake remains
constant over prolonged periods, the water quality is suitable for dye
tracing, ;easonable dgpths of flow can be obtained under ice-covered
conditions, and there are no tributafies'within the study reach of
12,000 ft. length. During the winter test the river width varied be-
tween 90 and 160 ft and the average depth was between 5.5 ft and 8.0 ft.
The maximum depth was found to be less than 14 ft during both winter
énd summer tests. The river has an irregular, but marked méander pat-
tern with a sinuosity 6f about 1.8. The bed material is predominantly
fine sand with a median size of .0.20 mm. The hydrolog;c and geomorphic
characteristics of a nearby, similar reach of the Lesser Slave Rivér
are listed by Kellerhals, Neill, and Bray (1972). The Water Survey of

Canada maintains a gauging station approximately six miles downstream

of the study reach. A plan of the study reach is shown in Figure 7.1.
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7.2 Experimental Procedure
7.2.1 Velacitv Measurements

For the velocity and tracer measurements under ice-crnr,
holes were drilled tﬁrough the ice at the six numbered cross-s. [
shown oun Figure 7.1. Velocity measurements were taken at 1 ft i
vals in the vertical and at 20 ft intervals across the river. A fe
more detailed vertical velocity profiles (0.5 ft intervals) were also
obtained. Under open water conditions, velocigies were only measured
at 0.2 and 0.8 of the local depth, D , along verﬁgcals“spaced at 10

ft intervals at Sections A, C, and F shown in Figure 7.1.

7.2.2 Tracer Measurcments

Rhodamine UT dye diluted with stream water to about 2% by
welght was used as tracer. For the winter tests it was injected at a
constant rate of 13.5 cm35~l just below the underside of the ice at a
point approximately 60 ft from the left-bank of the river at Section
0. About 90 minutes elapsed after commencement of injection until a
steady state coﬁéentratiou distribution was established at Section 1.
After this time, sampling was begun at Section 1 and progr;ssed gradu-

ally downstream to Section 5 where it was completed 6 hours after the

start of the experiment.

A sampler, capable of taking 60 cc samples simultaneously at

various depths up to 8 ft, was used. Samples were collected at 3 ft,



5 fr and 7 ft below the free water surface, which cqrresponds to depths
of approximately 1.5 ft, 3¢5 ft and 5.5 ft below the underside of the

ice, and at 10 ft intervals across the channel for ecach section.

For the open-water test, the tracer was injetted 15 ft from
the left bank at Section A, and samples were taken at Sections B, C,'D,
and E at depths of 1 ft and 4 ft using a 10 ft spacing.across the

channel.

7.3 Experimental Results

7.3.1 1Ice Cover

Ice~thickness was found to Qary between 1.0 and 3 ft, being
greatest near the banks except where the zone of maxiﬁum velocity was
close to the bank (Figure 7.3). -Thrée slabs were cut from the ice
cover and turned over to reveal the relief on the ice underside (Figure
7.2). A surprisingly regular dune-like pattern ié evident in Figure
7.2(a). The ridges are perpendicular to the main flow direction.
Figure 7.2(b) shows a complex, wavy and irregular pattern, while Fig-
ure 7.2(c) shows a relatively smooth underside. With only three
samples, no firm conclusions concerning the spatial distribution of
the 3 patterns can be drawn but a geheral smoothing of the ice under-

side in the downstream direction was indicated.

7.3.2 Hydraulic Data

The hydraulic data for the-winter test are summarized in

207
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FIGURET72. RELIEF ON ICE UNDERSIDE
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Table 7-1 and Velocity contours for the six cross-sections are presented

in Figure 7.3. The point of maximum velocity was observed to be located

210

anywhere between 0.2D and 0.7D, measured from below the underside of the

ice cover. However, it generally occurred within the upper half of the
flow. The vertical location of this point of maximum velocity is con-
trolled by two main factors: (i) the relative roughnesses of ice-
cover and river-bed and (ii) the spiral motions induced b& the bends.
Some of the velocity contours of Figure 7.3 indicate the presence of
secondary current cells but the exact number and extent of the cells is
gene;ally not clear. The variation in discharge over the three days on
whiéh velocities were measured is probably caused by differing wind
conditions in the region of open water at the outlet of Lesser Slave

Lake.

The hydraulic data for the correspondiné summer test are
listed in Table 7-2 and two obsérved lateral distributions of mean velo-
city (for a vertical) are shown on Figure 7.4. Exact correspondence
between summer and winter cannot be achieved because winter flows are
ggnerally lower than summer flows, and at equal flow, winter stages are

considerably higher,

Thévslope of tﬁe free water‘surfacé, SO , was observed-to be
Q.O95 X 10—3}'under winter condit: 1;; and this shdﬁld correspond close-
ly to. the slope of the energy line and to thé open-water slope. It is
close to the value of 0,11 x 10~3 listed in kellerhals, Neill and Bray

(1972) for the nearby reach of river.
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The average values of R and u,oare 3.22 ft and 0.10 f¢
s for ice-covered conditions and 6.3 ft and 0.16 ft s—l for open-

water conditions.
7.3.3 Tracer Distributions
sz Fistriibubions

The observed transverse tracer distributions are shown in
Figures 7.5a and b for winter and summer respectively. It is to be
noted that Co 1s the concentration for tuily mixed conditions with
No tracer losses. The effects of secondary currents due to bends are
noticeable in bth winter and summer dat.. The winter data in parti-
cular show the zone of highest concentration moving do&nwards (between
Sections 1 and 3) and then upwards (Sectiond 3 to 5). The displacement
of the zéne of maximum concentration with the shifting thalweg can be
obsérved between Sections 2 and 4. The distances needed for vertical
and transverse mixing under ice~cover conditions appear to be of the
same order of magnitude in the Lesser Slave River.  This differs from
the case of reasonably sgraight broad channels, where the distance
for vertical mixing is much shorter than the distance for transverse

mixing,

7.4 Computation of the Transverse Mixing Coefficientz E w

No direct field measyrements of the transverse velocities,

W , were made in this investigation and their effects must, therefore,

be included in a modified exchange coefficient, Ezw ,» defined in
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Section 3.3.1 as:

{t

ol
sz ¢w Gx, 2)

(3.28)

The relevant

equation for evaluating E;w is Equation 3.30

and it is to be remembered that this equation 1s valid only for rivers
with zero depth at the banks

Again, ¢w
that Equation 3.30 simplifies to:

i,

J D(u ¢ + u'c')nZdn

is assumed equal to 1.0 so

&}Q.
"

n + =z
2F o

1+

n + z
— — D
De(l # ————2) + en(l + —2 0
AN r
W, -

(7.5)

if it is noted that for @w =1, E;

)
]

W

=N _——
To com: "re the magnitude of u'c'

to u c , a straight line



was fitted by least squares to the concentration measurements in a ver-—

' was

tical and the c¢' values were determined for the points where u

known. The velocity distribution over verticals on which no velocities

were measured were found from the velocity contours, The values of

u'c' exceeded 3% of the corresponding u ¢ wvalue on only 3 verticals

out of 65 and these were located near the tails of the transverse

tracer distributions where the vy ¢ values are themselves small. For

1] t

practical purposes u'c can, therefore, be dropped from Equation 7.5,

This does not mean that the verticél'concentration gradients are unim-
portant, since their major effect would appear in the term w'c' which
has been included in Ezw Equation 7.5 now reduces to:
[ v,
- — 2
ID ucndn
a | " _
dx WZ
[ Ducd n
wl N J
w2
2n + Z, _ n + Z, 9D
+ + . ot
ZEZw f Dc (1 = ) + en(l * 3n dn
c c
Wl , :
W (7.6)
2
f Ducdn
wl

which is now written as:
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sz(X)
—— = B B | (7.7)

The definitions of M, (X) and B(X) can be obtained by comparing
Equations 7.6 and 7.7. Since the width of the river varied over a wide
range, the calculated second moments had to be adjusted to allow for

this variation. The formula used was (Fischer, 1967):

W _\2

sm . .
2)c (MZ)a W;~ (7.8)

«

M

in which (MZ)C is the corrected second moment; (Mz)a is the actual
or calculated second moment: WS is the maximig width at a cross-
section and wsm the average maximum width forﬂthe test reach. The
adjustment of Mz(X) as suggested by Fischer is not entirely unrea-
sonable because convergence or divergence of the flow does not neces-“
sarily imply reduced or increased mixing. The values of (MZ)a’ (MZ)C’
B and E ., are tabulated in Table 7-3 and in Figure 7.6, plots of ,
(MZ)C and B against X are presented. It is evident that the
decrease in B with longitudinal distance, X , follows the same

trend as was observed for the laboratory experiments which were con-~

ducted at approximately constant depth, Possible lateral variations

of the two terms:

_ n + 2
Dc(l + ————2 denoted by F
e 1
C
n+z
~ o, 9D
. + ——y 27
and: en(l ¢ ) n denoted by F,



TABLE 7.3 NUMERICAL VALUES OF SOME VARIABLES
IN EQUATIONS 7.7 and 7.3

Cros§~ (Mz)a (Mz)c B Ezw .
Section 2 2 -1 2 TR
Number. ft. " ft. (ft/s) ft /s *
: WINTER
0 0 0
' 1.22 0.1865 0.58
1 2338 256
1.02 0.0207 0.06
2 289 303
0.70 0.1307 0.41
3 506 691
0.46 -0 0045 -0.01
4 379 630
0.34 0.3168 0.98
5 1608 927
SUMMER
A 0 0 ,
‘ 1.48 0.442 0.33
B 1575 1717
1.05 0.509 0.33
C 3625 3238
0.62 0.1. 0.10
D 3150 3433
0.48 0.634 0.48
E 3800 3800
Y
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f‘\\\\\\
are ilIUﬁtrate in Figure 7.7. It is evident that depth variations
modify the distributions of Fl and »FZ but when Fl and F2 aré
integrated over the cross-section, the effects of depth variations on

B and consequently on the normalised mixing coefficient, k , are less
obvious., Nevertheless, some understanding of the importance of depth
variations on the mixing may be gained by comparing the results from
channels of non-uniform cross-section with those from equivalent rec-

tangular channels. This aspect of the mixing is discussed later.

The average value for the transverse mixing coefficient,
‘sz » over the length of the test reach is 0.113 ftzsal for the winter
test and the normalised mixing coefficient, k , is 0.36. The open
water values are Ezw = 0.433 ftzs—l and k = 0.33. Although this
k-value is only slightly less ﬁhan the winter value, strict comparison
between the summer and winter k-values cannot be made for two reasons.
Firstly, the pint of tracer release was different for sumwer ind
winter. Secondly, the lateral mixing process depends strongly on bend
induced spiral motions and the intensity of these motions together
with the size of the dominant turbulent eddies vary laterally. Conse-
quently tracer experiences different rates of mixing depending on the
source position. Another factdr which: should be mentioned is that, in
the laboratory, comparison of. Ezw or k values¥from ic ~2over and
Open water tests were made for corresponding flows ﬁaving approximately
the same depth and discharge but different slopes. The summer test

was performed at a higher depth and discharge compared to the winter
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test although the slope during both tests i%s not éignificantly different,

In spite ofAthe above limitgtions, some rough comparisons can
be made between the winter and summer resultsl ‘The mixing potential of
the river éé measured by E for the initial reach length of about
7000 ft is more than fou; times greater in summer than 1n winter. This .
can be seen by comparing the concentration dlstrlbutlons (Flgures 7.5a
and b) at Sections 3 (winter) and £ (summer) which are located cloSe;y
together and indicate a similar degree of mixing, even though in summer
the tracer was injected near the left bank, while injection was near
the channel centerliné in winter. The low vaiue 6f E oW for winter is
reasonable and is.probably caused by the reductlon in both diffusion

capac1ty and strength of splral motlons as dlscussed prev1ously\1n

Chapter 6.

It is important to remember that Ezw is considered to be
representative of the.reach aVerage.of the generally variable- E;w
(depth~averaged transverse»mixing coefficient). It was emphasized in
Chapter 3 that if ¢w (or E;w) does vary in a particular flowksitua—
tion, different values of EZw “or k will be obtained depending on
* ‘the point (zo) about which the ﬁoments are taken. It is to be noted

that both laboratory and field data were analysed with z, taken as

>

the transverse co-ordinate of source position. It is of particular
interest, therefore, to test the sensitivity of %k to moments taken
about different z,. Table 7-4 summarises the variation of the

normalised exchange ocefficient, k , for z = 0.0 and - 6.0.



Also shown in Table 7-4 are the k-values obtained by taking moments
about the centroid of the tracer flux distribution as suggested by

Holley and Abrahams (1972) for centerline release of tracer.

It is importanﬁ to mention that the winter test achieved 907
mixing over the test reach Qith the tracer cloud occuping the entire
river cross-section. Table 7.4 indicates significant differences in
the computed values of k for the various reaches but the distance
weighted average k for the entire reach resulting from taking moments
about z =0 and z = - 6.0 are practically the same. The reason
for this is probably due to the fact that the cumulative effeg:s of
variations in E;w (or ¢w) which were not accounted for in Equation 7.7
average out when the mixing is considered over a series of alternating

bends and when a very high degree of mixing has been achieved.

fable 7-4 also indicates that approximately the same average
k~value is obtained when moments are taken about the centroid of the
tracer flux distribution. This seems fortuitous because the licus of
the centroid of the tracer flux distribution at the various sections
is ngither concentric with or parallel to ;he channel axis which is

taken either as an arc of a circle or a straight line,.

Figure 7.8 indicates that the longitudinal variation of the
normalised transverse mixing coefficient for the winter test follows
a trend which is quite similar to that observed in the laboratory

tests with the maximum k occurring around the middle of a bend and

1%

[9s}
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TABLE 7.4 DEPENDENCE OF Ezw/u*R ON POINT ABOUT WHICH
MOMENTS OF TRACER FLUX ARE TAKEN OR VALUE OF
CUMULATIVE DISCHARGE ABOUT WHICH MOMENTS OF
| TRACER CONCENTRATION ARE TAKEN, '

Cross-~ E /u,R E  /u.R t
. FANNERS 2w’ %
Section
Number . Moments | Moments oments | Moments [Moments
About About [About About About
z=0 =-6 2 * q,=0.44Q |q,=0.554
]
0
0.58 0.39 0.33 0.91 0.94
1
0.06 1 0.17 0.14 0.20 -0.02
) .
0.41 0.24 0.20 0.22 0.30
3 .
-0.01 0.64 0.06 0.16 0.06
b
0.98 0.50 1.16 0.54 0.81
5
Distance
Weighted 0.35 0.37 0. 36 0.34 0.3
Averaged.
. ‘,.J -4 —/NJ
NOTES.
+ Ezw/u*R obtained from moments of tracer flux
distribution with, respect to z.
++ Ezw/u*R obtained from moments of Lracer
concentration distribution with respect to'q0
23 z is transverse coordinate of centroid gf
tracer flux distributiopn.
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the minimum at the beginning of a bend.

The open water tests indicated some reduction in the value
of normalised mixing coefficient, 'k , between sections C and D. This
could be expected again because the transverse velocities would tend
to move the tracer back toward the left bank and thus inhibit the
spreading of tracer which was injected from the left bank. It is noted

that the open water results are not as reliablc as those for the winter

test.

Yotsukura and Cobb's (1972) method for describing the tracer
concentration distribution as a function of the normalised cumulative
discharge, that is, c = E‘(q*/Q), appears to be more suitable for non-
uniform meandering cuannels such as the Lesser Slave River. It is to

be noted that q, is the cumulative discharge and Q 1s the total

discharge. The cumulative discharge, q, , is defined as:

z
q, = j uDdz
o

where z = 0 1is taken at one bank.

Representing the conceuntration distribution as c = E-(q*/Q)
instead of ¢ = ¢ (z/w) describes the mixing process in the context
of fluid mixing rather than spatial transport. By using q, as an
alternative transverse coordinate in place of =z , Yotsukura and Cobb
showed that the steady state convective-diffusion equation averaged

over depth could be transformed to:
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93¢ _ - 3~ 2 Jc
ox aq, (Ezw 1D 3 *)
. 3¢ _ o0 3 . —20C
or: Ox Ezw Bq* (¢w ub aq*) (7.9)

It 1s noted that ¢w = ¢w(x, q,) and as mentioned previously, it
defines the variation of the depth~averaged transverse mixing coef-

ficient for a given flow situation.

The moments technique can now be applied to Equation 7.9,

~

again assumin that ¢ = 1.0, by taking moments with respect to q ,

where qO =q, ~ qt and q, is the cumulative discharge.about which

the moments are taken. The resulting equation after some simplifica~

tions is:
r —
42 4, _ |
_ _3@p%q)
j cq . dq f c ©_ dq
o o 8qo .
q q
g_; B 2 1 (7.10)
12 )
f ano J ano
9 i 9

in which 94 and q, are the cumulative discharges measured from qo=0.
Equation 7.10 can be rewritten as:
dM,_ (X
q( )

2 V
- E .
e '[X"' — - B (X) (7 11)
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where the definitions of qu(X) and Bq(X) can be obtained by compa-

ring Fquations 7.11 and 7.10.

Equation 7.11 was applied to the winter data and the moments
were taken about the point of tracer release, that is 9. = 0.44 Q.

The numerical values of M, (X) , Bq(X) and Ezw are given in Table

2q 7
7-5. The overall average transversc mixing coefficient was evaluated
as 0.1085 and the corresponding Ezw/u*R as 0.34. It is seen that the

overall average values of Ezw obtained from Equation 7.7 by correct-

ing for the moments and Equation 7.11 are not significantly different.

TABLE 7-5 NUMERICAL VALUES OF qu(X), Bq(X) AND Ezw IN EQUATION

7.11
. Distance MZq(X) Bq(x) Ezw E
Section <. ft ) 3 -1 2 - v
’ ft sec ft sec ft sec u, R
0 0 0 ) 0
0.294 0.91
1 1150 21882 129.2
: 0.064 0.20
2 3450 39208 103.5
0.071 0.22
3 7000 60689 66.4
0.052 0.16
4 9400 68886 66
0.174 0.54
5 11800 83201 2.6 .
Average 0.1085 0.34
Again, because € varies both longitudinally and laterally

w

different values of Ezw are obtained depending on the value of 9,

about which the moments are taken. Table 7.4 gives a comparison be-



tween the values of E?w/u*R evaluated by taking moments about 9 =

<

0.44 Q@ and q. = 0.55 Q.

It is evident from the above discussions that if the mixing
is considered over a series of bends and provided a high degree of
mixiﬁg has been achieved then the method of moments (Equation 7.7)
combined with the adjustment (Equation 7.8) proposed by Fischer give
satisfactory estimates of the overall k irrespective of the point

about which the moments are taken.

Flow in a channel of non-uniform cross-section is usually
characterised by an average velocity and depth. For this situation
the transverse mixing coefficient can be obtained by applying the

formula:

E = 2 Z (7.12)

2 . . . . . ,
where Gz is the variance of the concentration distributicn. This

"equation, as outlined by Sayre and Chang (1968), is based on the assump-

tions of a gradient-type mixing and a uniform downstream velocity at
each point on the channel cross-section. Equation 7.12 is valid only
until a significant amouﬁt of tracer encounters the opposite bank for

bank release or both banks for centerline release of tracer.

When Equation 7.12 was used to determine the mixing coef-

ficient for the summer test, it resulted in an average value of Ezw =

0.86 ft2/sec and k = 0.65. This k-value is almost 100% larger than

<
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the value predicted by Equation 7.7 which takes account of depth and
velocity variations in the lateral direction. That the assumptions of
constant depth and uniform velocity give unsatisfactory.predictiohs of
k is also confirmed by Holle «¢: al (1972). They demonstrated numeri-
cally that if a trapezoidal chaunel is represented by a rectqngular
channel having the same arca and surface width, the mixing coefficient

calculated from the concentration distributions may be larger.

Reports of field measurements of the normalised transverse
mixing coefficient are listed in Table 7.6. It is evident from this
table that the k-values obtained are within the same range as those

observed for idealised meandering laboratory channels.

The results of Holley and Abrahams (1973) particularly de-
monstrate how increased.mixing caused by obstructions can increase the
magnitude of k. Their test reaches had relatively mild bends but
they were bordered by groins which, according to their laboratory

study, can increase k by a factor of 2 to 3.

It was shown by dimensional arguments in Section 6.2.4 that:

E- r
2o (E < f,L—> (6.27)

An indication of the importance of rC/R can be seen in the two
results obtained for the Missouri River. It is assumed that d* is

approximately equal to R for open water conditions.
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TABLE 7.6 SOME FTELD MEASUREMENTS OF THE NORMALISEDTRANSVERSE
MIXING COEFFICIENT.
T
ASPECT k(-Ez /u*R)
SOURCE CHANNEL RATIO,WS/R v REMARKS
GLOVER (1964) Columbia River 100 0.72
Near Richland
YOTSUKURA et al |Missouri River 74 0.60 Test Reach with
(1970) Near Blair, a Bend of Radius
Nebraska. 12000 f¢t.
FISCHER (1967) Atrisco Feeder 27 0.24 Reasonably
Canal, Straight Reach.
YOTSUKURA and South River, 46,2 0.30 Test Reach had a
COBB (1972). few Mild Bends.
Bernando Convey- 28.7 0.30 Straight Reach
ance Canal with Shifting
: Bed Configuration.
HOLLEY and Ijssel River, 17.3 0.50 River Bordered by
ABRAHAM (1973) ' Groins.
Waal River, 56.7 0.60 River Bordered by
Groins.
SAYRE and YEH Missouri River 59.1 3.3 Test Reach had 2
(1973) Near Brownville ‘ Bends with Radii
Nebraska, 6400 and 3400 ft.
*
RFGHWAY and RIV-|Athabasca River 240 2.5 Mild Bends with
ER ENGINEERING Downstream of Some Islands.
DIVISION ALBLERTA|Fort McMurray
RESEARCH (1974) [(ICE-COVERED)
PRESENT INVESTI-|Lesser Slave 17 0.33
GATION River. ) Test Reach had a
Lesser Slave 37 0.35 Series of fairly

o

River (ICE-COVERED)

Sharp Bends.

* )
This Result Is A PreliminarX/Estimate.
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The curvature of the Brownville reach was about 2 to 3 more pronounced
than that of the Blair reach with the rC/R ratio 3 to 5 times greater
in the Brownvi%le test. According to Sayre and Yeh (1973) the river
discharge at the time of the Blair experiment was approximately 40Y%
less than that during the Brownville test. However, they attributed
the greater rate of transverse mixing in the Brownville test more to
difference in sinuosity of the‘two reaches than to difference in river
discharge. This seems reasonable since the friction factor, f , for
both reaches was approximately the same and the aspect ratio was not

significantly different.

The effect of width to depth ratio is not clear from Table
7/-6. However, if data obtained for rivers with mild bends and no
obstructions are compared then the data seem to indicate some depen-

dence of k on the aspect ratio, with k increasing with W/R.



! .CHAPTFR 8

SUMMARY, CONCLUSTONS AND RECOMMENDATIONS

Transverse diffusion and mixing in straight and meandering
ice-covered and open channel flows were investigated by means of a non-
buoyant tracer released into the flow at a steady and continuous rate.
Tracer concentration and velocity measurements were made in the labora-
tory for similar conditions of discharge and depth in both open and
ice-covered channels. Transverse mixing experiments for both open and
ice-covered conditions were also conducted in the Lesser Slave River.
The %aboratory and field results were analvsed and used to evaluate

-the effect of an ice-cover on the transverse diffusion and mixing co-

efficients.

8.1 Conclusions

The primary aim of this thesis was to deéonstrate the ;igni—
ficant reduction in the mixing capacity of a channel (as measdred by
'%zl or Ezw) caused by an ice-cover. The laboratory and field tests
indicate that this reduction in absolute terms can vary from 50 to 500%.
However, when the‘mixing coefficients are normalised with the product

u, R reductions of up to 300% could be observed., Other findings of

this investigation are as follows.

8.2 Results Related to Straight Flume

1. The depth-averaged-transverse concentration profiles at various



downstream stations for a fiven flow condition can be re resented
p

\ -
by a single curve if c/¢ x is plotted against z/b. This curve
m .

12

was Gausslan for both open and ice-covered tests.
- 4 \w‘

similarity, a formula was derived for
S :

47 :

evaluating the fr; y@fﬁsfoﬁlcoefficient“ This formyla,

s Qe " o o
E = Uob /4x1n® : s’ only 09: measured depth-averaged trans-
verse concentration bro@ile and was found to give satisfactory
results. It is on v applicable to situations with the source

located at the channel centerline.

For side release of tracer, the transverse diffusion coefficient
was found to increase with distance from the source and approached
the constant value for centerline injection as the tracer cloud

occupied an increasing area of the uniform flow region.

For similar conditions of discharge and depth the presence of an
ice-cover was observed to reduce the diffusion capacity, as mea-

sured by Ez » by as much as one-half the value for open water .

conditions.

The values of the normalised transverse diffusion coefficient, k
(= Ez/u*R), for ice-cover conditions were generally found to be
slightly less than those for the corresponding open channel tests.
These latter kfvalues are within the range of previously reporteéj

v

k-values in open channel flows.

-
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6. For fully rough turbulent flow k was found to increase with in-
crease in f when W/R was held constant. No obvious dependence

~.

of k on W/R was indicated by the available data.

8.3 Rgsults Related to Meandering Flume

1. The growth of the second mements of the tracer flux distribution
with longitudinal distance was non-linear. The growth rate of

" M, was observed to decrease and in some situations becam: nega-

F

tive, particularly where the spiral motion decayed and reversed.,

2. The local depth-averaged mixing coefficient, Ezw‘ » was found to

vary both laterally and longitudinally and seemed to be associated

largely with variations in the intensity of the spiral motions.

3. The magnitude of Ehe averaged ﬁormalised mixing coefficient, k ,
over the teét reach for ice-covered ‘flows was observed, on the
average, to be abéut 2 timeé less than the corresponding value in
yééen channel flows for similar.flow conditions. The range of
k-values obtained are comparable to those reported in the liter-

ature for field conditions.

4. The magnitude of the transverse mixing coefficient, Ezw , was
obsefved to be of the order 4 times smaller for ice-cover condi-—
tions than for the corresponding open channel. This substantial

reduction is presumably due to reduction in the scale of the domi-



nant turbulent .eddies and strength of the spiral motiohs in the

presence of an ice-cover.

An apparent dependence of the transverse mixing coefficient on
source position was observed. It was suggested that it is pro-
bably»a manifes£ation of the effects of.transverse vélocities on
the mixing. The mixing coefficient varied longitudinally for all

source positions and the averaged lateral mixing coefficient for
o
different source positions was found, in general, to reach a
’ l »

maximum within the middle third of a bend and a minimum at the
beginning of a bend. Again this variation wbuld seem to be related

to the growth, decay and reversal of the spiral motions.

Negative values of the transverse mixing coefficient were sometimes

observed, particularly at the beginning of a bend where there is
- ) A
reversal of the spiral motion. A negative Ezw value implies

convective transport by spiral motions of low depth-averaged con-

centration fluid to regions of high depth-averaged concentration.

The principal parameters controlling the normalised mixing coef-

P

.ficient, k , were iégntified as the aspect ratio W/d* (or W/R),

rc/d* and the friction factor, f. For the present laboratory
investigation, ka4m§§?found to decrease with increasing rc/d*
PR

ratio, increasing roughness and decreasing aspect ratio.

A ]

’

Of the two methods proposed for evaluating the transverse mixing

coefficient, the integral method was found to give extremely high



k-values for situations where the tracer wiis relecased at the chan-

nel centerline. The cause of this could not be clcarly identified.

Both integral and moments methods yielded similar patterns for the

longitudinal variation of Ezw' The overall average Hﬂw for a

given source location as computed by the integral method was on
the average only about 257% higher than the corresponding value

. »
estimated by the moments method. However, large differences in

the value of 'Ezw for individual sub-reaches were sometimes ob-

S

served betweék‘the two methods.

8.4 Results Related to TField Investigations

Since the present data relate only to field measurements on

1]

one stréam;'gen@ial'conclusions would be premature but the results do
indicate ;haf aﬁ ice-cover can reduce the mixing capacity of a river
substantially. This is confirmed by the laboratory data. The assump-
tion of quick vertical mixing normally made in the context.of field
studies was found not to be valid in the case of relatively Aeep,

weandering rivers. This was also found to be true in the laboratqry

tests.

8.5 Recommendations

by
e

No systematic and detailed investigations have sc?f?f been

. -~

carried out to delineate the effects of various parameters éo%trolling

210



the transverse spreading of tracer, even for the idealized conditions

in the laboratory. The following recommendations shoula'be considered

in planning future research on transverse mixing and diffusion:

'
S

1. betailed'moasurements of the normalised mixihg and diffusion
coeffiéients along lines similar to that adopted by Miller
and Richardson (1974) are needeg. These measurements should
be used to produce a Moody tvpe diagram which should comp{gt
ly describe the dependence of EZ/U*R or Ezw/u*R on othar

g parameters such as /R, f and R.

2. Present knowledge of the hyd-aulics -f flow in icé—covered
channels is very limited. ¢ nce tiv mixing phenomena are
closely related to the veloci - : ~1ld, deta led vez;city mea-
surements, particulariy in ice-covered meandering_chdhnels

are necessary for a better understanding of mixing in channel

A s

flows.
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