e ] +

- S
A FIELD INVESTIGATION OF THE LATERAL
TURBULENT DIFFUSION COEFFIGIENT IN
THE OTTAWA RIVER

by o -

Michael A. Mescal, B.E. (N.U.IL.)

o

Thesis submitted to the School of Graduate Studies of the Ijniversity

‘of Ottawa in partial fulfillment of the requirements for the degree -

"of Master of Applied Science (Civil Engineering).

© ' Michael A. Mescal, Ottawa, Canada, 1975.

. p——



L ABSTRACT
An account of the theories relating to the tur-
"bulent lateral diffusion coefficient in open channels is
given. A literature survey of the field studies carried
out to measure this coefficient was conducted. The author

develops an qualizea Gradiént Diffusion ﬁodel to eimulate
graQiént diffusion-in open chanﬁels. ‘

Dye diffusion studies were conducted on.a reach
of the Ottawa River over a range of Reynolds numbars
varying from 0.7 x 106 to 2.0 x 10 The continuqu sampling
method used has not been used previously in any reported

field atudy of this scale. The author's study is reported

and the results are analyzed.

-

It was found necessary to apply a constraint to -
the Idealized Gradient Diffusion Model to get meaningful

results. Anu expresslon results to estimate the depth-

averaged iatgzal'turbulent diffusion coeff}h%ent from-the

_hydraulic parameters of the flow. f/
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Recommendations are made for img;oveq field prd-
cedure and for future research needs. / oL
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CHAPTER 1
"INTRODUCTION

1.1 Transport of'Poliutﬁnts in Rivers

v ~
. -

Considerable amounts of pollutants are &umped
intﬁ our waterways yeariy. It 4s very evident that many
of these waterways .are not capable of assimilating thesel
pdllutants, Much of the 'damagé- doné to these waterways
and their ecosystems couid[ﬁave been aéoided had there
been greater understanding of the effects cauéed by the
pollutantsl .P:esently,‘envirogméntalists are trying to
idehtify.and assess the brﬁad range of effects these pol-
lutants have on ecosystems. It ié\hoped that with this
greater uﬁaerstanding major disruptions in our ecosystems
will be avoided by more discriminate pollutant disposal
‘programmes. | |

It was Qith this objective in mind that an integrated
study involving the University of Ottawa and the National
Research Counc}l.of Canada was éet up iﬁ 1971. This study
'1s focussed on ésseésingwb.and accoupnting for the_léyels
of mercury and certain orgénochloride cémpounds in a parti-
cular reach of ﬁhe Ottawa River. It-is‘plénned to accomplish
this from knowledge of mass inflow rates, uptake and release.
rates of these pollutants by biota, movements between
physical and biotic elements and mass transport through the

gystem as a ghole.'

U . L3



The principal component sf thé ecosystem effec~
tive in mass frénsﬁopt_of the pollut;nts 1s water. Traus-
port by ;atgr ig affected by cbhvect;oﬁ and diffusion.
- Diffusion results fr;m tﬁrbulent velocity‘fluctuations
which are manifestations of the turbulent eddies. These
velocity fluctﬁations cause an ingerchange of fluid _ e
' particlés between neighbodring zones. 'With the'interéhange
of these particles a simultaneous interchange of all-pro—
:perties associated with them ocecurs. Thus yith timeAiﬁe
t;rbulent eddie; cauéé the pollutants contained in the

vater to be diffused. " This is known as turbulent diffusion.

Turbulent diffusion occurs in all directions.

1.2 Object of Study . - )

" . :
The object of this work is to investigate

lateral turbulent diffusion in the study reach and to

~

quantify it in terms of the hydraulic pérameters des-

cribing the flow.

“JJIL“; —



. " "CHAPTER 2

“

v . LITERATURE REVIEW

-—

2.1 Thebretical Considerations

It can be shown (3) that the conservation of

.

mass equation for a soluble conservative substance‘under— o -

going turbulent diffusion at any point can be written as

e et

- —.gﬁ-— @ N . (1)

de , — 3dc -
at + Yy Bxi -1

.
- Y

where %% iz the time rate of change of the time
averaged conceﬁtration;
;i _ig the time averaged velocity in the ith
direction, . i
, Al
and uic' jg the time averaged velocity-concentration

covariant,
where the instantaneous velocity and concentration are :
composed of a time average and a fluctuationm, 1.e., . ﬂ‘

and c. = ¢, + ¢

Molecular diffusion is neglectéd in Eq. 1 as it
is relatively jnsignificant in turbulent flows.
The Boussinesq Hypothesis (ls) states that the

flux of a diffusing substance 1in any direction is propor-

tional to the concentration gradient of the substance in



that direction. The.Refnolds Analogy () states‘thet the -
transport of mass and momentum are analogous.‘ These two
widely accepted conditione are expressed respectively in
the following mathematical form: |

|'. i _ulcl _pu'u' ‘ f\ .
R, = —— - —31 21 . (2)

Bc/Bxi Bpux[dxi

.

where K. is the turbulent diffusion coefficient for

i
the 1 direction,

uiul is the time avergged velocity covariant

and the subscript 1 refers to ‘the principal direction of flow
' p is the density o _the fluid. :

The first equality in Eq. 2 1s a_definitron of
the.turbulentfdiffusion coefficient. The' turbulent dif-
© fusion coefficient; thus. defined, completely-Qeseribes the
effect ef turbulencelon a soluble substance contained in
the flow. It has units of L /T. The term EIET is the

transport of solute due to turbulence in the ith direction.

Eq. 1 can now be written as

Nl

3

4 u

|

Y 3 T | '
' . (3)
i Bxi ~Bxi i Bxi .

Lo ]
rt

There are four principal mathematical approaches

ed to estimate the lateral turbulent diffusion co-

r

_efficient Kn



:2.1.1 The Semé*eﬁpirical Fickian Diffusdion Theory-

~t »

Nearly\;&l esfimatiooa of K, are bosed on this
~theory., The following two basic assumptions are made..
1. There is no net velocity in the vertical
or the 1ate:al'direc;ion,
2. There is compla;g)homogene;ty-qf_turbuleuce
'throuéhout phe‘fdow field. |
With these two'assumptiOns,made, Eq. 3 can be

written'as . . o .

e

(&)

[P X]
.

o
Eq. 4 implies that diffusion in each of the

three difoctions is'indepeﬁdent of the diffusion in the

other two directions. Hence the joint probability density .

function is eqdol to the product of the three one~dimensicnal

probability density - functions. The one-dimensional prob-

ability density function is assumed to follow normal prob-

ability law. (5). If it is.assumed that a tracer is mixed

completely throughout the depth then, downstream of an
instantaneous 1njection of a tracer, the probability density
functions can be used to estima;e'the concentration of
tracer at ony peint in ;he flow, giventoy the coordinater, x

and z, at any time t as follows:

clriz,t) = 0,0 £ (5)



g o

= weight oéC;he tracer injected at source

W
. ’ v
y - unit weight of the tracer
d = mean depth of. flow
. and £ = is the probability density function.

A\~ For large distances downstrean of a continuous
steady injection of tracer the concentration at any point

can be shown to be (26)

qC
' ' cl{x,z) = — £(z,x) (6)
' u,d e
where q = rate of injection of the tracer,
‘ T, = U ) '
. % .
and CO = concentration of the tracer at the source.

The'variance fprfbsponding to Eq: 6 is ci where

“2 = 2 Kz == ; (7)
S o
X

Hence from a study of the rate of change of the variance
of the tracer plume under steady state conditions Kz can
be estimated. This method has been successfully gsed in
almost all tracer studies. It‘provides 1ittle_insight into
the mechanisms of turbulent diffusion.

Recently, Cleary (2) introduced a term into.Eq. 4

to describe the instantaneous tracer source. By'recmrding
concentrations, soatial coordinates‘énd times after in-
jecting the dye the best fit values for Kx, Ky and Kz are

found by an optimum search method.




N
2.1.2 Taylor's Analysis
-

Taylor (273 glves a,realistic descfibtiQn of
g fﬁrbulenée based on its statistical properties. .He based
hié‘théory-oﬁ the prpperties of cbntinuOusly varying ran-
dam vari#blesf The correlatioﬁ coefficignt R fof the
velocity of a pérticle in the diréction i at times . t and

t+T 1s written as

u'(t) u' (t+71) '
R, = oo (8
1 uf(-t) . N

The wavy overbar indicates that the average is taken over

a large number of fluid particles. As 7 gets'large RTi

’

approaches zero. Consequently

. - t
- . lim J R_ dT =L (9)
C t+oa Ty By
L is a constant and is called the Lagrangian time scale

b1 , .
for turbulence in the 1 direc;gon. Taylor showed that for’
Homogéneous stationary turbulence fhe vafiation of dis-
e .
® plaqementS'from the initial position of particles under-
going tirbulent difquion-in the direction {1 after large
times is given by the following equétion: |
ci - 2 u—f JT r R dTdr.= 2 E L, (10)
' o o© 1 A

.. It can be seen that by compériﬁg Eq. 7 ‘and Eq. 10 that

the turbulent diffusion coefficient can be wrqtten as



s

. 2 ' . -

To eetimate K' using Eq. lllposes the prdblem of measuring

‘the velocity fluctuations of the same particles at different

timea; Recently (6,19, 21) hot wire anemometry has made it
possible to measure longitudinal velocity fluctuations at.

fixed points. This gives a measure of what is known as

the Eulerian correlation coefficient. No theory exlsts

relating this to the Lagrangian correlation coefficient.

h i

McQuivey and Keefer (21) using reaults of some previous

flume experiments obtained values for Ltz;

4

2.1.3 Orlob's Analysis

The Kolmogoroff Similarity Principle (15) for
turbulent systems led Orlob (52) to giyc.another'mathemati~
cal deacription of . 1ateral turbulent diffusion based: on -
the mechenisms of the eddies causing the turbulence. Tur-
bulence is composed of low frequency large eddies and high
frequency small ediies. Energy enters the system through
the.larger'eddies and is passed by inértial action down to
the sluller eddies. Due to increasing viscous effects the’

small eddies dissipate the energy in the form of heat. For

large ‘Reynolds numbers there exists a range of high frequency

" eddies. which Kolmogoroff terms the universal equilibrium

"range. In this range turbulence s deemed to be statistically

steady and independent of the eitgrnal conditions. It can



be snown that the character of the'tnrbulence ia termined
by the mean rate of energy dissipation per unit ‘volu e le,
and the kinematic viscusity, v, This led ‘to the dete mina—
tion of a length acale for turbulence which from di ensional

considerations 18 written as
(12)

Orlob using an analogy between molecular and eddy diffusion

replaced p with the eddy diffusion coefficient K and wrote

473

. | | 1/3
, ‘ i

Ki = constant € ' "L (13)

wvhere Li is the.mean size.of the eddies narticipating in

the diftosion process in the.i,direction. The analogy is
qoestionable insofar as 1t implies a constant relationship
between the scale of the large eddies and the scale of th
eddies in the universal equiiibrium range. Eq. 13 has not

been proven.

2.1.4 Elder's Analysis

-

Elder (5) using the Reynolds analogy and assuming

P
complete vertical homogeneity of turbulence proved that the

vertical turbulent diffusion coefficient is proportional to
2

d u, where u,, the shear velocity, is defined as (7 0)1/

Ty 1s the bed Shear stress. From this he assumedﬂthat the

lateral turbulent diffusion coefficient is also proportional

~to du,. This describes turbulence as being completely

dependent on the transfer of momentum within the flow.



- iO'—

2.2 Laboratory Studles

- -

Elder (5) was the first to mgaéﬁré the lgteral
tﬁrbulgnt diffusion coeffigient in an open channel. Hé
studied the spread of a drop of dye on the water Surface
of a laboratory flume. He fopnd that the dimensioﬁless
diffusion coefficient, Kz/du*. wés equal to 0;23. Numerous
other studies have aincé been con&ucted in laboratory‘fiumes
(6,22,25,26). Dye ;ﬁd fldating‘particles were used as
téacers. Reported dimensionless diffusion.cqef{iciénts,
range frqm 0{17 to-0.36f Considering-thai the data comes
from many differént'sources_thé yalue of 0.23 givés a very
goqd estimate of.the dimensiphles& diffusion c;efficient.
All’these studies were conducted in shailow fl#mes with
Rcyndlds nQéEers ranging approximately from 104 to 105. 

Measurements of velocity flﬁétuatioﬁs in a
1ab§ﬁatory flume indicafe an iﬁcrease in the longitudinal
iurbulent diffusion coeffipient Qith depth beneath. the
vatdy surfach}Ql). The same pattefn wggla be expected in:

the lateral t rbulent'diffusion coefficient. No observa-

-™
v

tions of this type are reported for natural channels. This
is 'because it is not experimentally possible to measure

velocity flﬁctuations in natural channels reliably.

g
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2.3 Field Stu

~—="%.3.1 Ge

dies

»

neral'Description of Methods

Continuous point injectien at the water surface

'was used for}most‘ofAthe reported‘studies (9,14;18323,33)r

Dye was allowe
channel in pra
samples werc t
sectioﬁs Met
yariedf For.d
individgal ori
" the velocity p
A river bed ch
also measured.

T
A

-

d to spread'acrossfthe‘complete width of the
etically every reported fiele study. Point
aken at different stations across at least two
hods of sampling and lecation of the stations
etails of these it 1s best to refer to the
ginal report. The cross section geometTy and
rofile or the dissharge velocity were measured.

aracteristics or The hydraulic gradient was

¢

X .
2.3.2 Rgsults

- Tab
studiee.e% the
d
'conditions und
to their hpvin
'there is 1ikel

Fig
K /du* plotted
that K /du* te

indicate that

le gjzwghqyarrzes the results of repqrted'field
mgesureme:?\qf K, . Due to the many different

er which theS'ﬁétudics were conduct%d and due

g beﬁn conducted by different investigatorv Ly

y tdibe considerable variation in ‘the results. .

ure 2.1 shows the dimensionless coefficicnts
against the Reynolds number, Re. It.appears

nds to increase with incrcasiug Re. This might

Elder s treatment does mnot fully explain tur-

4

bulent lateral diffusion in flows with large Re. Further’

experinental d

Figure 2.2 sho

ata 1s mnecessary b fore this could be verified.
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- a plot of tﬁe dimens;onléss co;ffiéiént~xz)d;; against Re.
Ki/dcx_appearé to have a random varf&tion with Re. From
the data in Table_l the mean Qalue'of.Kz(d:x is approximately
0.03. '
| | Figurc 2.3 shows a plo; of Kh/dux_against thej
‘relative roughness (u /u*) lThere ig a trend for the di-
'mensionless coefficient to decrease with increasing (u lu) .
As the South River 1s very similar to those channels
which are best described using Eldgr's process 1itg high‘
value for Kz/drfx i omitted frém ;he averaéing ﬁrocéss.
Attempts to relate Kﬂ/d: and Kz/du* to the width-
depth ratio were unsuccessful (1, 17) ft would be expected
that for wide channels these coefficients would be almost
indcpcndgnt of the width—dgg}h ratio due to[fhe relatively

small amount of lateral restraint on the turbulence.

2:3.3 _Observatidns Reported in Field Studieé
1. Effect of River Curvature
" The presence of net lateral velocities due to
rivhr curvature was detected and its effect was apprqximated
in the Issel River fest (18). 1Im this case it had the effect

of altering the measured K by +252 of the actual: K .

2. Littoral RegiOns‘
Fischer (11) reports larger values for K, in the

littoral regions than in the mid-stream reglons. He does, .
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houever; caution us that his method of ahélyaiﬁ is likely
‘to give erroneocus results. No field study haa griven |
eliable measurements of any lateral varintion in K .  The
existence of lateral variagion in Kz uudgrminqs, tp some |
extent, the use of an average value for Kz when applied,to‘

the compiete width ,of the channel. . .

3. Unsteadiness in Concentrations

Holley and Abraham (18) ndticed‘considerable un-
steadiness in. concentrations measured within 2.5 km of the
injection; They cite the turbulence caused by the grpins
along the side of the river a; being the probable cause of
"this. It is evident from their data, hdwe#éf, that the un-—
steadiness 1is most'promincnt at the iqw conceﬁtration portion
of fhé plume. This portion is fufthast from the groins. It
is this author's opinion that these time variatiAns were
caused by lack of uniform vertical dye mixing in these

regions., ‘ : - . .



CBAPTER .3

Ld hd

AUTHOR'S MATHEMATICAL THEORY

3.1 Intfoduotion

| . When dve 1is injected_continuously into a flow
from a poio; source the. downstream concentration is only
steady aﬁ stations wherertho dye is vertically mixed. The
concentrations at toe outqrzedges of the dye plume will tend
to be unsteady with time. fhe author in thi¥ chaptef
develops a method.by which the concentrations at the outer

edges of the plume can be excluded from the calculation of K

3.1.1 The Idealized Grad}ent Diffusion Model

Consider a dye-containing control vplume parti-
tioned by vertical planes parallel to the flow streamlines.
Two such planes are labelléd 1 and {1 in Figure 3.1. The

upstream and downstream boundaries of the. control volume are

vertical planes orthogonal to the streamlines. Vertical

. ! ) -
plane 1 corresponds to the position of maximum dye concentra-

tien, i.e., the centre line of the dye plume. As net turbi-

lent transpoert is proportional to the conmcentration gradient
- the net ‘transport éf dye across vertical plane i is zero. Thefe—
forc ‘the difference between the convective inflow and the con—

vective outflow of dye in the portion of the control volume between
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plane 1 and plane i is equal to. the net transport of dye
across plane 1. This transport is due solely to lziiigl
turbulent diffusion. This principle can be used td express

the lateral turbulent diffusive transport of dye across any

+
'

plane using the following equation:

My o= Quy 2y €y T UG 3 Cgday s
. . ' . - f
where Mi = the time rate of transport due to turbulent

diffusion across any vertical plane i,

ch
1

the spatlial average of the time averageﬁ

velocities,

L4

a = the cross sectional area of water

- ¢ ., . .

P

ie = the spatial average of the time averaged

.

concentratijns,'
subscripts u and d denote the upst;kam and down-

stream eunds of the.controi volume, an¥ ( )1+i

denotes'the)ﬁxftage between plane 1 and ane 1.

For flow in which the streamlines, are parallel a, “
is equal to a,. .
The term u;c' in Eq. 2 can be replaced by 7~ for
i

any longitudinal v;rtical sectz/pﬂi‘where a, -is the area of

the longitudinal xfftical_plan i between the upstream and
5 . | .
the downstream ends of the control volume. Eq. 2 now can

be written as
]

| -, —_—

' M. a., K- (=) (15)

B |
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The term (%%)i is the abgrage 51$pe of the latera1 concentra;.j

tion profile in the control ﬁélume aa‘the plane i.. As long as

the dye is vertically mixed, then K_-can be calculated for any'

lateral position within the plume using Eq. 14 and Eq. 15. e

The data necessary to use this model are the up-
streaﬁ and downs;reaxfsectionfgeometry, velocity distri@utions .
and concenttation'profiles.

Thisg model is based upon the simplifying 'agssilmption
that lateral turbilence is homogeneous with depth. As stated 1in
Chapter 2 variations in the turbulence properties throughout .

_the depth of flpw of a laboratory fiume are reported., It 1is
reasonable therefore to expect sdme variations in the turbulence
properties throughout the deptg of fiow of a nafufal channel.
Consequently it is important to remember that the value gf Kz
which results from using this model is only an estimate of the
depth uveraged value of K . ,

3.1.2 Estimation of the Portion of the Dye Plume in

Which the Dye is Vertically Mixed

Statistically the highest concentration of dye at

.every downstream sgction will be foun& in the streamtube 1nto
whieh “he dye was injeéted | For-somé distance downstream of
the injection the concentration distribution at any section 1s
.descfibed by elliptical isoconcentration lines,with their
centfoids at the streamliﬁe of injeption (4). The shape of
“the ellipses is governed: by the reiationship betwéen K déd‘Ky.
At a certain'distance downstream of the injection dye reaches

the water surface and the river bed and is reflected back to-

wards mid stream. At 2 greacver distance downstrean this re~
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'flection will cause ‘the dye concentration to become uniform with

depth. Because of the inttial elliptical shap of the isoconcen-"

)

tration lines this will first occur .at the centre of‘the dyc plume.

This distance is called the Euleriah length scale for vertical

o

nixing, EL' It depends solcly on the depth and the characteristics
of the turbplence. It 1is assumed for simplicity that these

characteristics, along with the depth, do no{/vary. At distances

further downstreém the dye b%comes uniformly mixed throughoUt the
depth at stations which are 1aterally displaced from the plume

centreline. Figure.3.2 gives a schematic representation of the

N
.foregoing description.

Appendix A gives the development of the following formula
for estimating the’Eulerian length scale fqr yertical mixing:

u
X

B, 4.26 = - | (16)

" Appendix B givcs the development of thc following formula
for estimating the width of the plume at any section in- which the
dye is vertically nixed: _

v = 0.055 (2-1)°"7 _ (17)
where W =-the"wihth of the portion_of the plume in which the
| | dye is vertically mixed divided by the Eulerian
.length scale, / | )
and . & = distance from the dnjection divided by the Emlerian

length scale.

Close to the banks the lateral homogeneity of turbulence

breaks down due to the proximity of the boundary. This would cause :

w in ﬁq. 17 to become asymptotic'to the dimensioﬁless with of tbe
river. .- As all the experiments in this study were confined to

regious out from the bahks this effect is not considered con-

r -
i

sequential.

"1
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Fig. 3.2 Isoconcentration Line Development
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l CRAPTER 4 | . _ r~

&

STUDY AREA AND EQUIPMENT

4.1 Description of the Study Area

-Thé Ottawa River eiténds approkimétely 1,100
,kilometefs from the déginage system of Lake Temiséaﬁinque
to the St. iﬁwrence Rivef. The total drainage area for
.tﬁis basin 1is 145,000 square kilometers. The nyefage
'quedrly fiow is aBout 2;500'§ubic'me;en;per Becond-..Thé
reach‘selected for étudy-by the N.R.C.—Unibersity of Ottawa
group stretcheﬂ for roughly 5 kilometers downstream of tﬁ;.
Central Ottawa-Hull region. This reach is shown in
. Figure 4.1. |

Field work on the diffusion study commenced in
May 1973 and continued until November 1973. Initial ‘experi-
ﬁents were conducted in an area oé'width 850 m and maximum
depth of 9 m. This a;ea'}s indicated by section 52 bn_
Figure 4.2. TFew of these earlier experiment8<are'reporfed
as few were successfulf From the end of JQne onwards all
experiments were conducted furthér downstream in the channel
beside the Green Creek Pollu&ion Qontrol Centre. This

8
channel was chosen for the following reasons:

\--«

"1.. good uniformity of depth tﬁroughout,

2. the proximity of the shore to mid_streamjmade it

-
-

o

“x E ' .

easlier to survey accurately,
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3. .less dye had to be uéed'because.the river was
. ' . A . .
shallow. ' S _ -

A plane of the”Green Creek study area is giﬁen
on‘Fighre.A.Z. Thé gshore stations werg sufvéy using
sextant readings onto charted iandmarka. Depth soundings
were made using alweight suspended from 'a rope marked off
in equal lengths. |

The bed is fine and silty towards the Ontario
shore. 1In tht mid-stream region and towards Lr. Duck Island
‘the bed métefial ig a medium to coarse sand. The bed is
covered with a layer of wood chips. Thisllayer 1s estimated
to be 100 mm thick. Runs with a sonic echo soundér-showgd
that dunes were mnot presené.

Figure.4.3 sﬁowé a picture of this reach taken

from the Ontario shore. .

4.2 The Dye

Rhodamine B fluorescent dye was used as the tracer

in this study. 1t was chosen for the following reasons:

1. quantities of the dye were already available.,
: 2.' it 1is less expensive than other fluorescent dyes
used for tracer studies,
3. 4t is detectable at log concentrations,
4. it had been used succgssfully in other reported

’

studies,
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each near Green Creek Polluﬁion

Fig. 4.3 fStudy'R
’ Control Centre.’

:

4.4 The Continuous Dye Injeétion System

Fig.
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5. no natprﬁi backgrouﬂd of the dye ésuld be‘detegted.

_in the gtudy region. v o
The dye 1is purchased'in 20-1itre contéiﬁéfs in

the form of a 407 solution in acetic acid The relative
density of the solution was measured at 1. 25. Ethanol at
a measured relative deﬁsity of 0.52 was added to make a
combined relative deﬁsity.of 1.00. Water was added to
ldilhte the mixture to any desired concentration. Any

temperature variations were deemed insignificant in causing

alterations of these relative deﬁsities.

4.2.1 Dye Injection

The device used for the continuous injection of
the_dyeiis shown diag;ééatically ip.Figure 4.5, If comprises
‘a 20-litre Nalgené bottle with a syphon system. To start
thé syphon the air tube was pinched and pressure was applied
using the squééze bulb. VWhen it‘was apparent that dye was
entering the watef the pressure application was ceased and
the-air tube waé freed. Dye continued to ‘flow at a constant
rate until the level ipside'the bottle dropped below the
botéom of the air tube. lThe rate of e&ission was regulated
using a screw clamp on thé output tube. It.was.found
necessary to free this ciamp completeiy to start the system
efficiently. Consequently a separate setting had to be méde
for éach e#periment. To do this 1t was necessqry to observe

the falling rate of the level of dye in the bdttle for some



- 32 -

air tube
' . outlet
tube clamp
bulb

bored rubber stopper

squeeze 8 :(——3\ LT R ' 3
%

20 litre
Nalgene -
bottle :

\/_

! /%‘L;
. ‘
p ‘
- 412
graduated rope ‘
with loops

for the . - - - .

outlet tubeL//,’E,%

Fir. 4.5 Schematic of the Continuous Injection System



@

- 33 -

time before 'setting the clamp. finally. The rate of flow
wes not recorded. The outlet tube was trained down. into
the water to aporoximately mid depth through loops in a
weighted rope tied to the boat. A picture of the injection

system‘ia given in Figure_é-ﬂ.
4.3 ‘Equipment

4.3.1 The Fluorometer

A Turner Model III Fluorometer was used to measure
the- c0ncentration of the dye. It operates on the orinciple
that the intensity of fluorescent 1ight emitted by a sample

under constant input 1light intensity is directly proportional

“to the concentration of the flucorescent substance. The con-

stant input light source is an ultraviclet lamp. The.intensitf
of the lamp cao be varied. The maximun optical absorbance
of Rhodaoine B dye occurs at a.wavelength of'550,mu'ahd the
maximum fluorescence intgnsity at 570 oy (7). As reconmended
(29) narrow pass filters of colour specification #546 and
#590 were used as orimarf-and secondar§ filters tespectively.
Appendik d gives the details of.the calibration of
the fluorometer.  Usiog the light 1ptensity denoted by 30x
there was linearity‘throughout the range of experimeotal
concentrations. .Using the light intensity denoted by 1C«
there wAs linearity throughout also except for very low

concentrations. The 30x inteneity was used almost completely.

throughout.
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The continuous flow door.attaqhmqnt was used with
the fluorometer for the fiecld tests as 1t was required to

&

observe the sample concentration continuohslf.

4.3.2 The Recorde;

To record the observations, s Perkins-Elmer Milli-
vqlt Recorder was connected to the voltage output of the
fluorometer; A range se;ting of 20 mV was usedtﬁn the
recorder. This was sufficient to give a good chart raﬁge

and linearity betngn-the dial reading and the chart

reading.

4.3.3: ?umping Equipment

- The sample was pumped to thé,fluorometer through
¥ 6 mm Tygon tubing by a 100 mm high, 100 mm diameter im-
ﬁersible pump. A ﬁylon strainer prevented dirt from
entering into the impeller. This pump was fixed at the end
;f a2.5mn iong steel péle (see Figure 4.6)."The pole was
attached to the boat using two C-clamps. .With the pole in
this position a 3.5 m long tube was used. When it .was

required to unclamp and lower the pump an 8.0 m length of

,

{

tube was used. The pump'delivered at an average rate of 0.31

litres per minute through the shorter tube and at 0.28 litres
per ﬁinute thrdﬁgh the longer tube. The delivery rate varied

by as much as 102 fromihay to day. This was most likely due

to unreliable generator performance. The discharge-rate
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4
was measured before and after sambling'each day and the

T .
average rate was used.

4.3.4 Ancillafy Equipment

A.Z.S'KH Qorﬁable gasoline.A.C. genérator vas
used as a power source for'tﬁe fiuorometer,'the recorder
and the ﬁumpf It provided 115 V and 60 cycles. Because
tﬁe outpuﬁ voltage fluctuatedlit,was necessafy to .connect
the instrumeﬁtﬁ fhrough a vﬁltage regulator.

Two boats were used for this study; ‘A 4 m boat
wés_used to suppprt the injection system; The 5 m boat in.
Figure 4.9uwas’hsed to make measu}ements. An 18 HP out-
board motor was uéed to drive this boat. |

Figurc 4.? shows a schematic of the ‘equipment
arrangement'édoﬁted. Figure 4.10 shows a plcture of the

equipﬁent on the 5 m boat.

4.3.5 Velecity Measurement Egquipment

Velocities were measured using an OTT-propeller

meter. A picture of this instrumenf is shown in Figure.é.T.
The ihstrﬁmenf aligns itself parallel to ghe direction of the
flow. The number of propeller revolutions given by the
revolution counter is calibrated agéinst the-floﬁ veldcity;-
The instrument is weighted with a 10 kg weight. A rope was

.

used to lower .the meter into the water. The rope was macked

at equal 1gngtﬁ intervals.
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CHAPTER 5

FIELD PROCEDURE | , -

5.1 Survejing, Dye and Velocity Measurements

For each lateral difﬂpsion‘experimbnt two section
lines at apparent ;ight éngleg to the_flo@_were set out
from a plan of the study area. These two‘sections we£e
Qarkéd-ﬁsing two }angiﬁg poles on the Ontériﬁ shore‘at eéch'
sectjon. A common downstream section was used for most of
th ‘éxperimeﬁtS. Two markers wefe dropped from~£he boat |
approximately 100 m apart in the mid- stream region at each,

ction to settle as closcly‘as possible to the section ling.
"A marker consisted of an anchored coloured bottled held in
position on the surface by a‘weight_at the riﬁer bed at the end
of a line. These markers were not'pe;manent.

Tﬁe 4 m boat was anchored upstream and the ‘dye
injection rate was regulaﬁed.. The distance from-the injection
to the first section varied from 550‘m to. 1750 m. Timés
varying up tq;Bb nins weré allowed for éstablishing steady
state conditions-at the first section. To get the 1atera1
concentration profile a number of traverses were then made
with the pump, élamped onto the béat, pump1:§ water from

about 1.5 m below thé water surface through the, fluorometex. -

The bc‘t operator kept as constant a speed as pos'sible, -and kept

on line with the marker nearer the Ontario shore and the

two ranging poles. The recorcer chart paper was marked

: L
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-ﬁassing each marker. Th; same prbcedure was carfied out
at the second section after a steady state had-beeﬁ_eataé
blished there. The markers were sufveyed f;omufhe shore
points.using a séxtﬁht.
When‘all the trnQerseé were completed tﬁédboat
was anchorcd at a number of staﬁions, usually thrée, on
both sections in the region where the dye had passed. At
each station velocities were measured at differe;t depths
using the Qtt propeileE meter. The stations were surveyed
using sextant readings onto thé shore péintsw
Where vertical concentration profiles were taken °
the boat was initially anchored It was sometimes neéessary,
especially in windy conditions, ‘to use two anchors to kgip '
the. boat éteady. Then the pump was started apdrlowered
‘glowly doﬁg-inpo the water.  The time to complete the
lowering_was_noccd; The chart was markgd at the beginning
:and at the end of the 1oweringf- The chartlwas.allowcd‘to'
run for a_sufficiently long time E?Z;r loweri;é to allow
for the travel %ime:of-the water sampié which was 50-60 secs.
When it was poséible, experiments were conducted
in the morniné“uhen the weatﬁer was calm. Tpis,wag done
for a number of :easgné:
1. The winé created cérrents which causéd.the dye-
plumc to shift.l

2. The recorder performed poorly when the boat was

rocking.



R
3. ,It’wéa easier to‘contrbl the‘bo;i i;fcalmrueachert
4. :An egrly start made it poq;ible'to complete.
sampling, velocity measurements and survey work in one da;.
‘A minimum of two . people waslneé&ed to carry out
the field oyerntioné.

The water temperature data was obtained from co-

workers on the Ottawa River study.

5.2 Stage Measurements

A staff gage was set np'at a péint abo L 6 km
“upstream of the Green Creek Pollution Control Centyre. This
was read at approximatcly the same time as each dyle study
was conducted. Another staff gage was set up at the Green
Creek Pol;ution Control Centre and i; was read before and
after each stUQy. By {zterpolating the downstream water
ievél cofresponding in time to the upstfeam water level

the true surface slope was not found. Thf?ﬁbas due most

1ikely to the nonlinear‘natdre of the water level fluctua- _ ‘

tions. - ‘ - l'
Data was subseguently obtained from two stage

recorders belonging to the ﬂaﬁer Survey Division, Environ-
ment Canada. These stage recorders were loeated at ﬁull,
P.Q. and at Cumberland, Onfanir. Tﬂey were 26 km‘apart and
the reach between ghem'conta}ned the study area.. As there
was no time lag between the two in the trend of the.average
aailj water levels the average daily figures were used .to

‘estimate the water surface slope.
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CHAPTER 6

L]

L]

RESULTS'AND OBSERVATIONS

6.1 Concentration Profiles

The measured 1ateral concentration profiles at
the upstream and downstream sections for each lateral d1f-
fusion expériment aremshown in Fighre 6.1, Some profiles
are omitted due to obvious faulty boat handling and due to
trave;SES'having been made when ehe concentration distri-
bution was.ébviéusly'not stcaﬂy. Figure 6.1 is plgtted
looking upstream. The peak positions frequént;y did not
match when located from the boat speed and the marker
‘location. This was most likeiy dué to the béat‘speed not
being constant through§;t thcltraverse. On Figure 6.1 the
peaks are supcriﬁposed.

In some cases there was considerable variation in
the magnitude of the peak concentrations. Attempts to cor-
relate . this phenomenpﬁ with the boat Speéd were unsuccessful.
This can be seen in Appendix D. It can be.concluded from
"this that there was 5ome unsteadiness 1n either_the river
flow or in the dye iniection rate. Since ﬁeaéurcmcnts of
the injection rate were not made during the expcriments it

'is not possible to find out what caused the variation in

the magnitude of the peak cancentrations.
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Nonhqqincidéncé of some other corresponding por-
tions of the céhceﬂtratfon prbfiles*cou1d have been causLd
by unstéadipess or by faulty-Bbat handliﬁg.

| "In the analysis uhiqh f0115ws the mean of the

concentrationﬂprofiles_is used.

6.2 Velocity Profiles

Isoveié interpoiated from the velocity measure-
ments pade at each éxperimgntal section are plotted on
"Figure 6.2, The‘plots are made looking downstream. The
small circles densté the péints of measurement. The velo-

city ‘measurements in some cases could not be made on the

same day as the dye study was conducted but they were made
. . , . '

3

very soon afterwards.
The pa&tern of the isovels 1s very similar to that

.of any natural o;en chahnel. On June lé‘énd on July 1 the

isovels are élose to gne another in the region of flow dlose'.

‘

to the bed: As would be expected, very higﬁ hydréulic
gradients were récordea'on‘:hése twé'd;tes.

On November 14 fhe automatic revolution counter
'attachéd.to-the velocity meter did not work. The rate of
revolution of the‘propeller at a point 1 m beneatﬁ the Qater
. surface at-eﬁch section was visually counted. Knowing th.:
approximate shape of thé veloéity‘profi;e the mean velocity

was estimated from these counts. Thus, Figure 6.2 does not

include an isovel plot for November 14.
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In the analysis which follows the depth averéged

: hd
velocity 1is used.

6.3 Other Data

The hydraulic gradients along with the river
temperature for each test date are given ﬂn Table 6.1.
Table 6.1 also gives the distances to the upstream (#1)

and downstream (#2) sections from the injection point.
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CHAPTER 7

.

ANALYSIS OF RESULTS -

7.1 Computations

’

“fhe lateral turbulent diffusion coefficient is
COmpuﬁgd At different distances from the centreline of the
dye plume using Eq. 15, Thege dista;ces increment by 1 m
in evéry caée except for the November 14 experiment when
the increment used was 2 m. .The average of thelr values
‘calculated'over ghe fully mixed widﬁh as given by Eq. 17
is taken.

The computations were performed on an TBM 3160/65.
Printouts showing the input data, resultant Kz ;nd other

relevant data are given in Table.7.1l. A summary of the

results 1s given-in Table 7.2.

7.2 'Correlation of Kz with the Hydraulic Parameters

The experimental value of the dimensionless tur—

" bulent lateral diffusion coefficient K [du, is 0.95 £ 0.41.
Due to the large deviation from the average value this
parameter cqnnot be’used to pfgdict Kz.~ The dimensionless
coefficient as‘exﬁfesscd by Kz[dﬁ; has an average value.of
0.058 * 0.@16. Thg'detiation in this is swaller than in

the former case.

i
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Qa 00

937

D.009

t on July 17

(M)

(53 4/5)

E)

e,
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‘Table 7.1(D)

T Ay OFPTH
Fhanye . €NNC ”1
CENTRE . L ()
(M) g tEX’

’ : UN|TS) UNITS)
n AN, 1.8 44 N4
1 TTuts T1.0 4,35
2 TALL 69.9 a, %A
3 TRy 6T H 4.37
& TN.A 63.9 a4 ,.VH
[ Gha 0 5048 YL
. 6H0.5 HHh.0 - Y. al
7 %4.3 520 4,42
A AN, a5, a,64

L] 9.7 4la.t1 a,a5

1 1V A 374 rorys

11 29.3 4.5 8,47

12 FR 3. 'Y

1 an,. 0 20,0 A,a0

B 17.9 2" 4,00

15 14.3 254" A5

T1c 121 ?3.4 4.51

17 1h.n 21.7  , 4.5a

in 9.5 19.° © AR5

19 .3 19.0 8,56

20 T+ 0 17.4 L

21 6.0 14. A 450

rdd (L] 12.1 a1

on ALD thal a.hn

A TN Be D ashh

25 QW3 Tef AWGD

n AN, Ti.N 4,36
1 TGS Ttak 4,30
2 THe D 69,7 4,37
3 T 6Tah 4,30
a4 T2.5 T ha.a A2
b3 Hr.5 507 4.20
i) LN anLf 4.7
7 H51. A azZ2.hn Le25
A 44,3 I 4.74
U] 375 I5. 3 A.27

10 3.3 32.0 4,22

11 TALN an,.r 4,20

12 2N 2A. N 4419

1y 17.3 26.0 a.1a

14 1A.R 2.0 4417

15 12.5 213 el

16 10.3 179 4,14

17 TaN 18643 a,13

18 LR 11.1 4.1

10 a,e n,a 8,00

?0 3.1 . 7.3 4,09

21 P LT 4.05

22 1.3 A.B 4.0

3 [ L1} Ja 5 Ge01

24 Nl 2.5 a,nn

Far r,n 15 ° a.,00

NPISTANCF TN #1 nAan

Sl AR VILOCITY T.N22ND

TCNPERZI TURF N 23

FULLYMIXFY wIDTH’ .0

AVICRAGE K 0.061

Computation of Kz for expe;ime%t on July 20

_.63 -

DEMTH AV T WY SLOPE SLDPE L ¥4
'E VEL VEL " " (S0 M/S5)
(M} "y "2 tex (rx
(M5 UNITS) UNITS)
3.65 " De2% 6.25 D400 0.00 0.000
3.6% D26 n. ?5 0.7¢ 0455, 0,073
3.65 N.2% Ge?5 169 1.38 . Ga06D
3. A5 0a26 N.2% 3.01 2567 0.050
3.65 0.76 0.25 4.13 A.45 0.007
3.65 fLa2h 0.25 4,79 a.la 0.0408
.05 Ca26 0. 2% 5.50 4.69 . 0050
3.55% 0.26 0.25 6.39 4,02 0.052
X365 - £.26 0.25 Tea2 4,70 0.083
3.45 .26 Ne 25 704 a.17 0.0K1
.45 . D25 n.25 5.79 3.54 0.NT6
3.6% 0.20 0.25 5.38 3.06 0+0RG
3.65 C0.2h Ne?S 4,67 2. 61 . 02101
3.55 0.25 n,2s 3.63 2.09 Oel??
.65 n.z2s 0.25 3.04 1.92 D.142
65 t.25 . 0.25 2.67 2.1t4 Dat142
3.65 0.25 Ne25 2.0 2.33 0150
. 3.55 0.2% 0«25 1.54 2.18 0.170
365 n.25 25 129 1-87 0.214
3.65 0.25 Ce2B 1.25 1.09 Ga?%06
165 N.25 B O 13 1.21 1.59 - 0.195
3.%5 0,75 0a?% 1.0a 2,42 0.149
.05 Ne?% - Fe25 1.00 2452 0.+140
365 0.25 n,2?s 1.00 2.0 0.15%
3.65 0.25 0.25 C.96 1.36 G.1206
3.65 0.2% « Ne?25 Qe?5 1.06 - D.242
3eHS Ci26° Ne26 0.7%% 0.0 0.010
3.5 0.26 N.?6 0.75 C.a0 0.N74%
T3465 0.28° D286 1.29 1.40 0.0%R
3.5 D.726 Q.26 2.17 2.42 0.n52
365 0.26 T 0.26 3.83 3.31 0.Na%
1.65 0.26 D26 5.79 5.56 0.035
V.65 N.2k Ca?0 FA- 13 TeT9 0. 031
3.65 0.2% 0.726 7 .54 T.33 0.0235
3.05% [s -1 0. 26 Tett2 4,68 Q. na9
1,455 Q.20 0.26 65.95 3,82 0.061
3.6% LIS C.26 7.00 3.04 0.066
3. 65 0.20 f.26 6,06 2.71 0.012
3.6% 0.2% 0.26 4,17 2.00 03109
3.65 C.25 0.26 2.92 2.02 0132
1.55 0.75 : r 2.20 - O.1234
3.€5 - 0.29 2.65 0.1722
.66 0.2% .27 © 0.10a
3.65 N.25 1,52 ¢. 094
31,65 n.2% 3.07 0.1%56
1.65 N.?5 2.22 N.144
3.065 0.25 1.63 0.17%
3.65 0.2% 1.31 0.199
3.65 n.2% 127 0.72A
3.65 04?25 1.27 0.236
1,65 0.25 1.606 0,302
3,65 02?5 D.+94 0.438
tv) . DISTAMCE YON2 ga0 (u}
twssy
(DEG CENTY
(%)
(50 4/5) STAND DIV 0.019 (50 N/35)

-
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p1aT AV AV NEPTM DEATH AV av _SLOPE

SiLNBE <2
FRNOM COnC CONC 1 . [ 3’4 vEL vEL [ B} .2 (SQ M/
ceENTRT &) a> (M) (M) "t ”»2 (Zx © {EX
(4 (rx (EX . {M/5) UNJTS) UNITS)
UNITS) UNTTS T '
TNWAIDS n T79.9 LY T3] 300 .40 Q.27 0.30 0.00 * Q.00 Q.0N0
nyTARID 1 T79.4 . Abal’ A0, 3.40 Nn,27 0. 230 [+ X -1 D40 0089
v 2 TA. O ah.6 3.00 .80 Q.27 0,30 1.52 D4R 0a.061
3 TN “%e L AN Ja 40 Ce27 Ry 30 3.0 Q.55 .05
A .2 Ad oA TN 3.40 0.27 0,30 4,57 Q.62 0,046
o] [LX. ] al.b A, 0N 3.4a0 0.27 [ b 5431 D.7TA 0.007
6 904 4240 1,07 A.400 0«77 (WL LI .30 Do XY 0a0%h3
k4 S4el a1.8 3.92 hPLY:) 0.77 0. 30 5. 64 0.97 0. 054
‘ L ~-7a5 4An.6H D0 I P o .27 0.0 693 113 0.050
L] Anga 1.4 3,60 Jaad N.27 0. 310 TL.01 1. 24 O.N48
10 3.8 AN ! A.9n J.A0 0.27 0.3 6:.79 1.29 0.059
11 27T.8 AhH. 8B .00 Ja kN c.27 0«30 5.6% 1.729 0.057
12 23.4 196 J.90 .40 Q.27 0s30 4.38 . 120 DL 0AH
13 2%.1 Th.% 3.0 J.4ah0 Q.27 NN A.72? 1-.10 PG
14 1R«1 135 , deor 3,40 -Q0.27 ‘o, 30 2411 1.05 Qal™h
1% 1660 IP.N 3.972 3.30 0,77 0,20 151 1.17 0.117
16 1% .l . Za.9n 3440 C.27 G.3N 1.0% 1.16 0.12A8
17 14.9 1.0 .97 Jde. a0 0.27 n,3an Da.73 1.12 0.142
1n 14,1 2R« . 399 Ned?D 0.27 N3 Nn.72 1.18 D125
10 1.4 2732 d.On 3. 00 .27 N30 0.87 1.50 a.n0449
2n 1243 2G.6 .00 3.40 027 C.2" 1«88 158 ° 0.072
21 11.n AR AN 3,40 027 ¢, 30 120 101 0.N7TS
.27 Q.0 4.0 .97 3.40 Q.27 0. 23" 1.14 €.BS 0.072
21 A.H 2248 3.0n Y80 0.>7 Nalin 121 1«11 C.052
74 7.4 21.7 3.a0 A.40 T oQe2? n.30 1.29 111 06.04n0
2% L% ] 27als I.ON 3. 40 V27 0. 30 113 1.0 Q021
TrwaI0S5 n T9.6 ahe? 2,00 1.47 . 0,27 0.3 0.0Nn 0.0 0.NIN
Qur g 1 TP L 3.0 3.00 C.77T Q.39 1. 00 Ce NS D.N58
? 771 LYY 3.00 3.4n D27 0.30 1.87 0.0% D.NTT
3 751 ah.a aLan .40 n.27 NeI0 2402 Ce11 0.083
A T2.5 LT . d.8n 3.47 n.27 Ne 30 2.66 0.1H 0,081
o LR 4a5.% 3.097 1,87 0.27 n, 3N .47 Q.28 0.nTa
E n X Af LA 3.0 3.a2 n.27 " ¢.an AaA? 0.49 0. 006
A T Ha,h a4, R .9" .40 Na27 .30 h.10 Ceh? . BL0n2
8 5.6 ah .7 .90 3. 40 Na27 f, 3N SeBA D67 0e.059
qQ AT, A%, 4 3.an A,40 Q.27 0, N 6.20 0.1 . De0%A
10 41.R aA2.4 3.anr . 3.42 De?7 .30 5.52 1.08 ‘0a.0%3
11 A6 6 4n.9 J.onr .40 D.27 0. 37 $e27 143 0. NH2
1?7 J1.D 371 3.90 3,40 Q.27 030 S.12 171 D CHO
13 P79 AT O 3, NN 3.40 N.27 C.30 A.a7 166 0. 065
14 P2.% 5.0 3.9 3.60 Ne27 0.30  4de4ab 1275 D.OAZ
15 18.0 3.0 .00 3.40 0.27 0437 4,42 1.R4 0.%%58
16 AN 12.2 1.9 3.40 N.27, 030 4,05 1278 0,058
17 102 A4 .90 3,49 Q.27 0.30 3.72 1.73 0.056
IR Tel 24+ 8 3.90 3449 b.27 0.30 T 3.07 172 0.0506
0 4.0 2T .0 3,90 3,40 N.27 0. 3N 2.206 1«76 0.0N58
20 3.3 25.1 3.90 3440 .27 Q.30 1.67 1.2 0D.050
21 2.1 7.4 c3.9% 3.40 0.27 0.0 127 1«75 0.0%4
rd 1.1 1.0 J.or .40 0.27 0.0 O 77 1e 65 0,050
23 Ny R 2N. 2 3.90 3.40 Q27 0,32 0.48 159 0.042
24 NS 1R8.5 3.9 A,40 .27 0.3 [ R - 167 0.027
z5 Q0.3 1614 3.9 3.40 O.27 1.30 Qa?4& 1465 0.012
DISTANCE T7 #1 225 (M) DISTANCT TOR2 1152 (4}
sHraAR VFLOCTTY n.0t1as (/s
TFMNERATURF “ ?? ' {DEG CENT)
FULLYMIXFD WIDTH 24.0 (4}

AVFRAGFE KZ ‘ .00} (50 M/5) STAND DIV, N.010 {572 M/S)

Table 7.1(E) Computation of Kz for experiment on August 31



- 65 -

nistT | Av Ay - NEATH DEPTH

AV Y SLAPE SLOPE <2
F.ROM caNe . CANC ) LT VoL VEL "l 2 {sQ M/S)
CFNTRE ) FE (M) LY ” LF4 {EX (-4
L) [ ) {Fx ’ . (/5] UNITSE UNITS)
UNITS) UNITS) -
TOWA2DS o] B8r, 3 1.6 3.R5. 3.15 Q24 D.22 0.00 0.00 0.000
DHTARIN 1 TR Aled 3.85 315 0.24 0. 22 D.50 0.35 N.06%
? TALA aN.A 3. A6 3.15 n.2a 0.22 1.19 0«51 0.CAS.
3 TG . 0,0 1. A4 3.1% 0.7 S Ce22 215 0.82 0.053
‘8 T7e5 5.0 3.494 3.15 [ -1} 0,27 3,81 1.15 0.0488
5 67.9 57.4 3.4 MNtSs Q.20 RS- 4.50 1.40 0.0N45
'3 47,1 4,9 Aamy 3.5 He2a Ne?2 Y ) 2.54 N0L2
L4 57.7 f1.0 L)) 3.15 B.28 0.22 5.37 3.67 DeNNA
A 51.9 a7.3 I, L) 3,15 D.2a Q.22 5,98 3.81 0.038
9 A5,A L% P | 300 315 0,78 Ne 22 6.0 3,85 g.%1c
1N IR G A%.6 aean 3,15 0.2 D27 6.68 3.73 y 041
11 32.5 5.1 3.00 315 N2 Q.22 5.A2 3.46 0.0a7
12 28.% 1.1 .91 2 315 N.28 L 0.22 4,08 .2.95 0. 064
13 6.0 an,a 3.N2 3.15 nL.2a 0.2t 2.67 2.47 0.0RG
14 2A,0 7.9 a,07 3.15 T4 r.2t 2.02 2.92 0.034
15 22.8 2hah 1.0 3.15 C.?2% 0.21 1.67 3.13 0.097
16 20.R 22.0 3.04 [ PR Na2% n,21 1.75 . P.68 c.10A0
17 1A 16 1.9% - 3.15 0475 n.21 217 Pea? 0.107
18 1607 173 3,04 3.1 0.25 021 217 2,24 O.1113
19 14.7 15.4 3,00 .15 0.25% 0.21 2.17 1.A9 0,128
Zn 11.9 11.8 1,94 .15 0.75% 0.2l 2.27 173 0.128
21 1n.Nn 11.8 3.07 3.15 0.2% n.21 172  *1.89 n.142
2? Q.1 1.9 1.7 “ 3415 .75 0.21 1.02 181 0.183
23 8,2 nLé AL,0A 3.1% C.25 6.2 0.Ra 1.37 - n,2a2
24 T 7.8 1,009 3.15 N.2% [ -3 0.92 DB 0.295
?s 6t Te2 3.79 3.15 0.25% 0.21 0.92 Ca69 n.3re
TOwA®RDS ., n LL PR Blel .05 3.15 ND.24 0.22 Q.00 2.0 0.000
oULNFC 1 7.7 AL T.n5 3.15 Q.24 0.22 Q.60 0430 0. NR]
? 7T.R fileD J. 048 .15 0.2 0.722 1.97 0.7 G.0w8
k] TALD 6.3 NLRg DS Q.04 - 0. 22 3.22 C.T? 0. 04’1
q Tt 3.2 1.4 3.15% 0.24 t.22 3.54 1.05 0,046
5 67.5 ST.R 1,81 LR A LI 0.22 I A5 Lea2- G."52
6 620 LN TLAD 3415 Dara h, 22 4,02 1.91 0.044
7 L6t ha. ) oM 3.1h 0.2% n.22 bab2 ‘197 0.0
B AR, LS .01 19 f.2s n, 22 Ta52 2464 0.N75
9 an,q AaT.H a.n 3.15 [ -2} Q.77 Tabl 3,33 0034
in RLTR an.h 1,19 345 A.2a , 0422 6.17 3.74 0.049
11 79.5 al.3 .79 3,15 . 0.24 0a?? 5.33 3.55 0.007%
12 23.5 V7.0 1,70 1.1%5 n,2a 0.72 5.83 4,21 0.N37
13 17.% 12,3 AN 3.15 0.24 0.22 567 4.61 Y R L
ta 13.5 27.H A.7A I.1H 4 0L2a 023 a. 14 4.58 0.081
15 19.6 22.R AP 3.15 0424 n,23 2.94 4,77 LINLEY
14 ) 19,6 .77 3.15 0.73 C.73 2.77 4.09 0.052
17 Ga? 1541 .76 .15 G.23 €.23 1.52 2.81 0.N74
18 5.8 13.% 1,76 315 0.23 0.23 1.15 2465 0.091
19 ALA 1n.5 L1375 3. 15 N.73 0.23 1.07 2.85 0.077
2n d.A 4,0 14,75 3415 0.23 n.23 112 2.50 0. 0482
21 2.6 a0 3. 74 31.15 D22 Q.23 1.01 2+09 0.095
22 1.9 A,? 3.74 3015, 6.2 n,2>3 0.73 1.71 N.118
23 1ea 3.1 3.7% 3.15 0.22 . 0.23 0.53 1e12 T0.172
24 11 2.4 3,73 3. 10 N.22 0.73 0.37 075 N.265
75 Nen 1.8 3.73 3.15 0.27 0. 24 0.18 0ut:2 N.35%
: DISTANCF TP al 610 (4 - oISTaANCT TOw2 %3C (%) -
SH{ AP YFLDCITY ANt TH (M/5)
I
&:45 RATURE . 1 (DEG CFNT)
FUCEASAFFD WIDTH 1840 T
AVF P AGE K7 0.04h (S50 M/5) STAND DIV 0.010 (50 4/5)

. Table 7.1(F) Computatlon of Kz for experiment on October 2
‘g ‘ ' .
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. - .
DI Ay - AV DFRTH DEPTH av AV SLIPE SLOPE <z
FRpwm [op N1 cng LA »2 voL TOUNFL a1 ”p {50 H/5}
CORTRF LA L (M) L% S [ ] 2 . fEX (cx
(M) (FX (FX (u/5)' UNITS) UNITS)
UNITS) UNITS)
. »
TOWARNS ~r 14,9 2743 4,45 3,30 Y11 n,2a 0.07 - 0.l D000
oNTARIO 1 Ja.8 27.3 4.45% 3430 N.24 D.?4 0.15 N0 NaNk%
. 2 34,5 271 4.a5 3 N0 N.24 n,24 0.30 0«15 0.0723
" b R | PheQ 4,85 L3, - n,Pa N2 D.77 7 0.C08%8
A 32.4 2645 4.05 .32 [ P-{ ) n,pa BT, 0.4 D.N11
= 27.% 2%9.8 AdAS 3,31 N, %4 A, P4 2.0A 0.6 0.0N2%
6, 2R.6 ?5.0 AddS 3.9 r, 7 (-} 2.78 n, 71 0.07%
7 24.0 LYY 4,85 3. 0.24 raPH 2,61 0.66 "0.033
A 22.3 2%.A 4,45 3.0 N.24 ‘D28 2:12 Ds5HC Na.047
Q 1n.a 23,1 4,45 3.2 (A1 Ne2a 2.74 0.5 Q.04%
10 17.7 27.4 ALa5 Y12 028 (-1} 2.1R 0.A3 0.03%
11 15.9 213 4.8% Y0 0.746 C.ra 1.R73 1.70 a.nan
1?2 18,8 2.1 a.485 3.3 A1 C.?a 1a%0 1.23 0.042
13 12.0 18.0 4445 3.0 Na28 - A, 20 1 1.57 127 O.N4t
14 [ 1 S 176 B.8% M. 20 fa 28 0.8 1.¢2 1.17 OsNa|
s te A1 165 4.45 3.3 Oe24 NePa 139 1.10 4
16 n.7? 15+ 4 4.45 3.3 Ca?b N.74& 1407 1.07 . 9.051
17 T.R 14.3 4,85 2,30 -2} N, 28 0.85 1.C9 D55
R Ta? 1%.3 a.as 3.3° Ge.28 024 Neb? 1.17 0, N"S9
19 et 12.1 4,45 3.0 n,2a c.24 2.57 1.09 D¢t
o hal 1te!} 4,485 3.1% Ne24a Na?a Nyn0 T 1.02 0« C5H0
21 S5.4 10.3 4,85 3.0 Ne74 s -X) Osha (-2 0.067
22 4.8 9.3 a,4% L P L 0.7a 0. 24 De &7 .94 09259
P AL A, 4,45 .50 - 0L 2% 0.8 0.%4 0.97 | 0.059
24 A 7.4 [ XL 3.1 [} n.2a D456 Q.82 N.0KS
25 1.2 6.0 4,45 3.3 0426 * Deb 0.43 Q.70 0.077
TOAWATDS e J4. 7 2T.4 4,45 &na.so 0,28 ¢+ 028, 0.09 D.0ON 0.009
QuEy e b Ma.n 27.3 LEL A L R D.74% He 24 0.15 C.CH 0.082
2 14.9 2Ted 4,85 1.9 0.2 024 D27 N2 0.0Ak
Al b ETS 27.0 2a.45" 30 (L1 0,274 Q.47 0.77 0. 0”7
. a 31,13 LT L] .19 LIERY C.248 . 0.73 Q.06 Q.N54
5 e PhLO 4,45 1, A n,.>a N, P4 2,99 nL5Y 72.9%73
s 3.0 5.4 4,.4% A,13 - N.PR [ ) Lot Oeh2 0.4
7 20.5 24 .0 S oA, 3532 e -1 0+ 78 2.24 070 0.02h
a PEAY] 21,q 4,85 10 O.08 - 2.67 0.71 0.035
9 23.4° 21.73 4.45 3.9 0.78 ' -7 2.41 c.6n 0.0a2
1~ 214 22.4 4,48 3,20 N, 28 C.24  2Z.09 D78 0.048%
11 172.5 216 AsnS .10 0,26 n,2a 1.96 Ce77 C.05%
12 17.n 21.0 4,.4% 3.30 n,2a .74 2.N2 0.869 0.054
1Y 15945 2.3 4,45 a,1n 10.76 0.28 t.93 c.8Y 0,153
14 13,0 19,9 A.A5 .30 0.2 0.28 | ?a18 1.27 0.rae
S5t 1. 17.4 4,405 A.an Na28 [ -1 2.M4 .37 $4a0489
1% L4 16.4 4.5 3.0 N, 2a Q.26 2:35 1.13 Q.0a2
17 ' 151 4445 1,0 Na.24 [ 2.13 1«16 0,74l -
1A a5 1.9 4,05 3.9 A28 0.28 1.72 1.27 DJNAS
10 TaH 12:6 L 3.0 e P4 MNera 1412 130 0.0%1
20 2.5 1143 a.05 3.3 N.24 C.2n 0.96 1.27 0.055%
2\ [ 173 4,45 3,30 f.26 0.24 0.87 1.14 - 0.09%8
' 2 140 Q.1 4.8% 3.0 f, 7 024 0.0 1.12 N. 064
21 n 7 ALl LY 1.7 [ -2 r.2a 0.33 0.97 N. 079
PA [ Teh 4.85 AR NP4 n,24 0.22 076 0,059
© 25 fe3 6.6 1 ALAS 1.0 NPt C.Pb4 0.19 Ca76 0.098
BN . i
DIGTANCF YO xt paan () DISTANCE TOg2 1530 ()
SUHrAE YOLNOLTY n.n1an (v r5)
- .
WAERATLY a : NE NT .
TF EF‘ uaF N R (DEG CENT) q(:
FULLYMIXED W IDTH AC L0 {v) '
. : . A ] .
AVEAGE K7 n,nas (S50 M/S5) STAND DIV 4.0186 (SO MN/5)

Table 7.1(G) Computation of‘K.z for experiment on October 12



o .
nieT AV av OFPTH DEPTH AV Tav SLOPF  SLOPE z
Frrw CNNG coNe 1 0. vFL vFL »1 L {50 M/5)
CENTPT 2t ? (M) u ” . WP t(EX {Fx :
(M) (Fx (rx v {MrF5) UNITS)  UNLTS)

UNITS )  UNITS) - .

TAWARDS o 57.1- . 49,6 3.99 L3.59 N.36 0438 0400 0+C0 0.000

nNTARTD t nA.0 an,4 3.90 3.50 0.36 0. 30 0.10 0a15 0,56

o . > LA 49,1 3.97 31.52 0.36 0.3R D17 ‘D29 Q.003

X 54,5 ARLG .00 d.50 Naas 0.A N. 10 L 0. 054
a Shet an,n 3.00 3.50 0.36 N. 3" 0.45 0.63 0.NSY
o S5,4 a7, .97 3.50 0.3 _ f.3A 0.t - Cohd 0.05%
- fa,h Y- N0 a.40 NPT 0.7A 0.8% 0.P1 0.0%%
- e h a5.6 .00 3.50 0.6 - 0.39 1.01 1.0% 0.049
‘A 62,0 an.1 3,97 3.50 0.36 0. 38 1.25  1.3% 0.784
0 HM.N ap,.h 3.99 3,50 0.5 °'§5 t1,.5%R 1451 P LY
in AG, 410 .00 3.5" D.36 0.3R 20D 1400 0.039
1 & At 3.1 3.an 3.5 Ny ih c.an 2.01 172 0. 042
12 85N 17.09 3.0 3.5 N6 0. 3A 174" 1,33 0. 0n%
1 AN 3. . .00 3. 50 0.36 Ne38 1.93 1.7 D.NRT
14 A1.n (’ 5.1 1.9 .50 AL - 0B.38 2.N00 1ea” 0.0%A
. ) 39,0 T4 0 3.9 3.50 0.36 0.38 2.M1 1.21 0.1Na
N 1~ R TR 12.A a,9n 3.50 TS LT "2.Ca V.22 Qs 085
17 14,7 1. 1.99 3.59 036 0.R 2.0% “1ed2 O D06
i 7.9 3In,4 + 3,090 1.53 0.36 0.3R 2.03 1.02 b.ore
17 A0 2n,.s i.an 1.950 P T . 0L3R  1.R7 N.95% 0.0R7
e 29,5 2A,.G 1,90 0 3.5 . Da36 r,an 1.51 C 059 04090
71 2R.0 2T 1.9% 3.5 1) n.38 1.57 1.00 O.min
20 Phen ZhHhat J.ar 3459 n,36 n.38 1.R3 1.00 D 00Y
2 24.5 25.% 2.90 3.50 0.36 0.3R 1.50 1.00 0.099
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The abédlute value of-Kz if plbttéd ngainst,the
Reynolds and the Froude numbers in Figures 7.1 and 7.2
respect;vely.‘ K; increascs with incrensés in both of these
di;ensionless numbegs. .As the vafiation in depth throughout
the series of experiments was smail these trends result
almost exclusively from changes 1in the méan convectivé

velocity and the kinematic viscosity.

To relate Kz to the depth and thie mean velocity

;

o [ : ‘
omlts the effects oﬁ shear. The flow nust ‘have a velocity

gradient in order to have turbulence. In flows with high ~
Reynolds numbers thése effects are well-described by the
boundary foughness ¢3).. Tﬁf relativeirohghness'(:#/u*),

has been evaluated for each ;;;Zrimcnt. By:asguming a

functional form for the'dimensionlcss turbulent lateral

difquion coefficient of ' ' ' S

o
s
*

it was found that the best correlation was got when n was

equal to 0.7 and k' equal to 0.008. Figurec 7:3. gives a plot
of~K /d: against : /u . Figure 7.3 alsd'shows that there
is little benefit to be got by considering the relative
roughness on account of the largc scatter of experimental

{
values. , N
S
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“tion in the Aean depth, d. However ffom'diﬁcnsionnl con-

CHAPTER 8

DISCUSSION OF RESULTS

|-

8.1 Correlation of Kz with the filydraulic Parameters

J

»

The Reynolds numbers encountered throughout the

étudy'are in the order of 106. As was the case with other

studies dealing with flows in this range the dimensionless
K, - | '
parameter E%* described lateral turbulent diffusion better l
: x
di*' Throughout the study there was little varia-

thanldid

, : u
siderations whether K 1is considered as f{(u_) or as flu, ﬁl)
. . z . . X x *

the value of Kz must be proportional to d. The average value

for d% of 0.059 is roughly twice that ﬂrom the litera-
"X . : :

"ture study. This justifies an inveétigation into the

method of analysis whichﬂfollows in tlhe next section, 8.2,

8.2 The Validity of the Idealizeéd Gradient Diffusion Model

. Detéiled field data of 'a study conduébed by
*otsukuré et al which was on a ' 'scale Q{mi}ar_to the aythbr's
étﬁdy are given in (33). The. csscntial details of this
std@y are gilven in Appendix E. ‘The Idealizcd Gradient,
Diffuéion Model was used to calculate anlaverage K from

these data. A'value of 0.110 ¢ 0.125 m /s was got. Yotsukura

et al using "the rate of change of the varinnce "method got

K equal to 0.127 m /3, The avcrage vdlucs obtained by the

»
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ftwo'mcthods are close'co ceihg equal; This shows that the
Idealizec Gradient Diffission Modcl as described by the
author is valid for analyzing thc results of Yotgsukura et al (33).
The "rate of change of the variance" method is
ncplied to the author's data imn Appendix F. ®he correlation
”bctwcen the values got and those using the Idcalizcd Gradient
Diffusion Model is very bad. Thc reason for this most likely !
is Ghat the plume was not well-mixed vcrtically .This
resulted in an npparent brcakdown in dye continuity between
thc upstream and downstream sections. It is necessary to_
allow the dye to go "much furthcr downftream bcfore there 1is
near equnlicy of the va%ues of Kz gotf?rom chc two methods.
Thic was done by Yotsukura et al.

e

8.2.1 Fischer's Constraint
. . A a

Fischer (13) states chat unlcss‘thc cocccntraticn
gradient 1s a constant over a width grcater tcan the scale
of thc largest eddies that Fickian type equaticns, C.B
Eq. 15, do not ﬁﬁgﬁ?ately dcacribe mnixing duc to turbulence;
Thia'ctatcment'is'not mathematically proven but does seenm
physically reasonable. Experimcntal ;videncc (20) shows
the scale of these eddiea to be roughly equal to the depth
of the flow. .

Ali the data néceséary'co find the yalccs of K, cbn—" '

gidering this constraint arec i{n Table 7.1. Table 8.1 gum-

marizes the observations.
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Both of the vak{es for the dimensionless co-

. Y . LY
efficient on November 14 are much in excess of the other

values. Consequeﬁtly it is deemed'juatified'to‘oﬁit the
values for November 14 when aveifging.< The best relation-

ship which could be found to describe lateral turbulent

diffusion from Table 8.1 is

K : - T
22 0.043 o >
du .

X

E¢

Al

fhe‘sfandard deviatioﬁ of this puruméter is 10X of 1its
mean‘vélue. This expression giﬁes a value of Ké/d:x roughly
33; larger than thé average vaiue for the same expression
resulting from the literature.

7t has to .be noted regérdiqg Table 8.1 that the

lateral positions at which the values for Kz are calculated

-

- I R B
lie in the region of the boundary between vertically-mixed

and not vertically-mixed dye as gilven in Table 7.1.
, ~ .The dimensionless coefficient of Kz/d:x equal to

0.043 *(10%) is closer to already reported values than 0.059.

. By excluding the -value on November 14 the dimensionless co-

Al .
efficient from averaging over the complete mixed width goes

from 0T899 to 0.053 *(21Z). Thus, applying Fischexr's con-

streint gives a considerably improved result.

qa ’ oo " ya

8.3 Significance of Roughness
' From the pesults i& can be sald that for flows

with Pe in the order of 106 the coefficient of lateral

|
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turbulent diffusion is relatively unaffected by the bed
roughnpess. The slight trend that iaqshoun on Figure 7.3 0:
for this Btudy is the reverse of that shown on Figure 2.3 <
for the 1iterature Btudy; ‘No explanation can be offered
for'ehis. The veriaeien of‘Kz/d:x after applying Fieeners
constraint with u /u*'is completely random.

| On the subject of bed roughness 1t 1s interesting
to note from the results that there 18 a definite trend
towards increasing the value of (u fuy) with a decrease in
the Froude number. This ;s not eaused by dune formations

as n6 such formations were found in this region by sonar
profiles..'The woon chip covering ie'appa:jrtly getting less

| . .
rough with an increase in the Froude numb

8.4 Effect of Experimental Method .

[
P -»

Subsequent to the studyhan examinatien of the
mixing effert in the tube carrying the sample from the river
to the fluorometer was carried out. This is described in
Anpendix G. The flow was not ideﬁl-plug flow thus cansing
-the Eanple to‘be distorbed; It was‘estimated that the
standard deviation of each plume was altered by an amount
in the onder of 2027 dne-to dispersion in tne tube. The.
standa: d deviation here was caleulated for the complete plume
which is not totally justified due to the lack of complete

vertical mixing. This gives an-idea of the extent to which

“the p]umcs were dis;kyted It does not tell us how to‘rectify

the results to allow fo{/;:f :

% -
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8.5 Spatial Variation of X

. L L4 *
There are no data from this study to Indicate

-hoﬁ one should estimate the lglifal turbulenﬁ diffusion
coefficient in the littoral regions as against t#nt for
the mid-stream regions. It 1is necessary te use a great
amount of dye and allow it to go well downstream 80O that
it 1is vcrtical}y mixed towards the shore. None of the
experiments reported had dye approaching the shores. 6ue
to the size of the river and the presence of a channel
bctween Upper and Lower Duck Island (sce ngure 4.1) it
was difficult to control the positioning of the dye plume
at the study secpions. -
On the ‘basis of this study the best éstiﬁation
woﬁld be gotten by aﬁplyihg_a dimensionless‘coefficient

K, /du_ equal to 0.043 locally.

[al)
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CHAPTER 9

h

CONCLUSIONS AND RECOMMENDATIONS

.

9.1 Conclhsions

1., The Idealized Gradient Diffusion Model for
., depth averaged lateral turbulpnt diffusion gives a good
description of the diffusion process. By applygng FischérE

constraint, i.e., the concentration gradient must bé?almos
. f ' ' . . A
constant over a width at least equal to the depth, the

-

:model gives meaningful numerical results which compare

ﬂavourably”with results already .reported im the literature.

2. The dcpth—aﬁeraged lateral turbulent diffusion -

" coefficient for flows in the Ottawa RivE} can'be well esti-

/
mated by using the following expression
"y
K = 0.043 du
z X
3.  The mean velocity 1s a bettef parameter for

describing the lateral turbulent diffusion coefficient in
'y - - . . .
LY 1

the Ottaﬁa River than i@ the shear velociti; ' , e

-

_9.2 Recommendations. for Future Investigators

1. g;zﬂaeep flows it is'particularly desirable
to distribute the dye evenly throughout the depth a&/ﬂn—‘

jection., A method for doing this.in fluvial studies is

".‘_. . / ~ ,;
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not reported but its devéiopment wouid be nost adva'tageoué
rto workers 1in the field‘ - | .
' 27 It is better to sample directly rather than
to pump the sample through -a tube. This eliminates any dis-

;>
tortion of the’ sample which may occur {n the tube and it also

requires less s;}histicated equipment to be taken to the field §
It does however entail more station surveying ‘and this Tequires
more manpower. A good descr jon of a method emp]oying this

is given in the Misnouri study (33). For a river of the di—
mensions of, the Ottnwa River it is necesgary therefore to hnve
wide plumes to permit meaningful surveying. 'To do this' it
would be necessary to sample at least six Eulerian length

-

scales downstream of the injcction . .

An an alternatige to surveying a rope or chain‘could
. be extcndnd Between two.fixed buoys. "By marking this ropc or
chain at fixed intervals the 1ocanlon of the-éamp%ing stations
could be cawily defined. ) .

3, The method Aescribcd'earlief py Cleary (2)
could be employed. Noﬁhere in the-l%ﬁergtnfe is thernse'
oY this method for large scale dye s&udies reported. 1t
has the advantages that ondy one- study SEEtion is needed -
and alig\that the dye injcction is instantaneous " The
problem‘nould be to ensure that* the tdme taken to sample
across the piumn is not significant. fhe furthqr downsrréam
the test is taken the easier it would ba to achieve thlS
JInstantaneous vertical pnd source inject%qs may posc a pro- .

. ‘! /_‘-——
blem but polnt source injec;ion may also ‘be used. The '

. b : ;
: o A _ . o
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Lajor advantage of this method appears to be that it‘eﬁploys
a'reiijlvely small emount of d&e. |

4. ‘The author experienced some uneaual convection
patterns in fhe river. These patterns resulted mosr probably
from the channel configuration and from lingering aecondary
currents caused: by winds. Careful selection of the injection
point:is sometimes necessary to get the dye plume to flow to:
ehe.required downstream sampling area. It is particularly .
importnnr not ro attempt dye diffusion.studies when cross
winds are blowing. : o — /)//
9.3 Recommended Further Studies ‘kﬁ' ) )

- 1. The experimcnt reported in this study deals

solcly with depth—averuged diffusion. It would be interesting

to make a field study of the: depth variation in the diffusion
eoefficient.' Thigahas been done on a laboratory scale using
hot wirelanemometry to measure turbulent velocitics directly.
2. It 1s necessary to find'out if any exprcssion
used to estimate the lateral diffusion codfficient in the
mid stream region ean be used to estimate the same para-.

meter in the shore region using the local depth and vclocity.

- The mechanisms of diffusion may be totnlly different‘;n
. . \

these regions. _ i ' : -
. ) .
3.  Further e‘ erimental evidence is needed to

prove that Fischer's assumption which says that Fiekian type ;

diffusion equations are accurate oty qﬁ regions where the_

concentration grddienn'is cor stant for a width greater thanfmﬁ-

the depth.

~3

R .
.
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APPENDIX A

, . ) w ' ' ,',.
‘ESTIMATION OF THE EULERIAN LENGT& SCALE S L

From dimensional anaiypis {(8) the Eulerian Time

Y

Scale for vertical mixing is ExﬁIEBsed as

E;r o d2 /K;
-]

* -]

ET and EL are connected by the mean velocity :x' 'Eldcr %)

showed that in a shear flow
‘Ky ol du*

Thérefore

EL = T d.ux/u*

The constant of proportionality r is measured from f%eld
data collectea'onxﬂay 31, June 19 ;nd ﬁ:;ember 30. Fig. A.l
shows details of the experiments and Table Al summarizgs

the resufts. Fig..A;z shows a ﬁlot of the Vvariance con
efficient of thé vergical dye concentraﬁion prefile at thé

plume centre[ngainst the distance of the sectiqn from the

injectfon. The variance coefficient v, 1s defined as

’

standard deviation

vV = !
' mean

x 100

In the analysis dye was taken as verticaliy nixed 1f v was
less than 7.5%. This figure was chosen as it suited the

data 1o Appendix B.



> : :
The nverage value of r in Table A.l1 48 used to give the
L

following. estimate for the Eulerian length scale. .

Thus,

4 Couy U, d&i EL T 7
Date {m) (m/8) (m/8) u, (from Fig.6) (from Eq.3)
' - 1 -5 ' o
May 31 4.5 0.580  2.5x10 106 - 430 4.1
June 19 8.5 0.537 © 4.1x1072 110 410 3.8
Nov 30 5.8 0.38° 2.1x107% 95 480 a9

i

1Estimated from othef field data (30,31)



1

depth, metres

230 m " 520 m

s
Hydraulic Data: Hyd. Gradient = 1 40x10 <
u, = 2. 5x10 m/8 ‘“
- -2 i ’

d = 4.5 ms "

u = 0,58 m/s .o ﬂ"///j
x A

Hydraulic Data:
Hyd.Gradient = 1. 99x10 = .

LB 1x10 wls -7

d=85m . |

u_= 0.53
(approximate) -

rope not long eno gh to o
measurc depth, depth
estimate 1s 10 m

!

il }

-

230 m - 460 m | '. !

mme19

Notes:l. Concentrations are in arbitrary units . )
2. Stations were located as closely as possible to the centre of
the plume
3. Injection was roughly at mid depth for each experiment

Fig. A. l(A) Vertical Concer. :ration Profiles at Distances
Downgtream of the Injection



- 335 m-

-depth,nmtIE$

335 m . 335 m 440 m

Hydraulic Datal Hyd. Gradient = 0;77x10d5
- L Q | 2.10x1072
: ¢.38 m/s
’ 5.8m .

=
r

*

i

X

el e

November 30

Notes: 1. Concentrations are in arbitrary units
2. Statlons were located as closely as possible ta_the centre
of the plume . ’ ‘ :
‘3. Injection was roughly at mid point for the experiment

Fig. A.1(B) Vertical Concentration Profiles at Distanrér'
Downstream of the Injection :
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.. w is equal-to zero 1f 2 < 1 the foll Qing

:' | .; o ) j§§2 ; ) | f | ': j .

«~ ' ' APPENDIX B

b4

L : -

ESTIMATION OF WID®H OF THE DYE PLUME OVER WHICH THE DYE

CONCENTRATION IS, CONSTANT WITH DEPTH

-

Let w = width of totally mixed portion of plume

- Eulédtrian Length Scale

.

and £ = distance from injection-
' Eulerian Length Scale

As tutbulence is;homogenogfaﬁnd stationary anq

is assumed for w:

w = k(4-1)"

where k and n are constants.

Experiments were conducted to measure the varia-

‘r¥¢pn in thd‘degree fi/yixing at lateral stations at down-

“~gtream sectlions on Octohgr 12, October 24 and November 30.

Fig. B.l shows details of the experiment and Table B.l
gives a summary of the results. - Results from Novémber 30

are-omitted from Table Bm; as it was considered that the

A « °

Spﬁtious results uéreJdue,to bad weather conditions. Again
the criterion for wertical mixing was a variance cocefficient

of less.than'7.52.

)
Differentiating the above equation gives
- 3w | n-1

3(%-1) kn(ﬁ-l)

. . . . 1
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Usiﬁg the two sets of valuésagiven &n'Tdble Bel this .

equaf&an was solved to give values for k and n. The

resulting expression 1s !

. we=0.055 (2-1)%°70 .
y .
»
. '.
- -
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APPENDIX C

CALIBRATION OF FLUOROMETER

Tes;s'gere condugt;d ﬁnder labbratory conditions
to check the linearity bétween‘tﬁe fluorometer dial reading
and the sahp}e concentration. &tandard Rhodamine B solu-
tioﬁs weré made up tb‘coﬁcr the range of‘concentra;iqn
.;xbegted in the field study.. Each standard was placed in
a2 5 ml cuvette and the fluorometer diai reading was \
recorded. The-resuits og this tést are plotted on Fig. C.1.
The correlation waé linear throughodt for the 30x inﬁensity

and 1inca:} except at very low concentrations, for the

10x intensigy.




Fluorometer Dial Reading

10|
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60}

50

20 b

40

30

30x

:

15
ppb of dye

Fig. C.1 Calibration of the Fluorometer
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T

RELATION BETWEEN TRAVERSE SPEEDS AND PEAK CONCENTRATIONS -

—

It was thouéht that the variation in crossing

épeed might be. causing a.variation in the peak concentra-
: o

“tion. Fig. D.1 shows the peak conccniration plotted again t

the crossing time at each section for each ekperim‘ntf

clear patterﬁ is discernible. It is concluded therefore-

that it is.not necessary to make,an? correctitog’ in the

e

peak concentration on account of the crossing speed.
. o

/

ks



concentration, arbltrary units’
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Fig. D.1(A)  Peak Concentratinng versus Traverse Times




ion, arbitrary units
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Fig. D.I(B} Peak Concentrations versus Traverse Times
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APPENDIX E

THE IDEALIZED GRADIENT DIFFUSION METHOD APPLIED TO' THE

MISSOURI RIVER STUDY (33)

The>averagg hydraulic parameters for "the overall
study reach of this river are given in Table 2.1. Three

reaches within the study'reach wére chosen for analysis,

These thfge reaches lay between 1750 m and 4750 m down-

‘stream of the ihjection. The Eulerian mixing length from -

Eq. 16 was foughly 300 m. The width of ;he lateral -dye
profile which was fully mixed throughout the depth was,
calculated from Eq. 17 for each section. An average of

972 gf the dye prbfile.was contained in the fully mixed -
porgidn at each gection. This percentage was eétimqted by
comparing Eci;xidiézi‘for the fuIl§ mixed portion and for
the total plume. Azi is the Qi&th of a lateral segment.

The average.Kz Fesulting from an anqiysls similar to thé'
author's analysis'of his rgsﬁlta was 0.110 i‘b.123 mzls.

Roughly 10Z of the results used to reach this figure were

incorrect negative results. This happened because the

.reported convective outflow of dye from one controldyolume

[N

contained in .the reach was greater than the convective in-
flow: There was also a marked increase in values calqulatéd
for Kz for the outerr?orQions of the plume as against those

calculated for.portions close to the plume centre.’

»
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APPENDIX F.-

THE RATE OF CHANGE OF VARIANCE METHOD APPLIED TO THE

AUTHORS RESULTS

. ~ | '
The following form of Eq. 7 is used to calculate

K :

z

l1— d
Kz 2 “x dx %2
9 Ic izxidizibz Ic : idiziAz z
where - 0, = - -
. Zeguygdybzy[Zegu 48y

where ‘zy is the transversé distance from an bitrary .

reference point (9).

The values got. using this method are given in
'Tﬁble F.1.

Most o? thq values for Kz are not npmerically'
reasonﬁble.' Thé reason for this is‘that an insufficient
pércentage of the dye piume is veftically mixed and this
‘results in the inadequacy of a pwo-dimensional analygisf
It can be clearly seen aiso from Table F.1l that to assume

_ . : ) . .
that zciuxidiAzi is g‘constant is not justified.

-+

RN

N

e
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EFFECT OF MIXING IN THE SAMPLING TUBE

The flow was laminar with a Reynolds number of 640.

- 106 -

APPERDIX G

_~The following were typical hydrauli} conditions for flow in
the sampling tube:
T e u = 0.15 m/s
D (diameter) = 0.006 m

Y-141x106 2/

- This givessa friction
factor, f, equal to 0.1 which gives a shear velocity, u,, equal to 0.01?
n/s. . |
Taylor (28), using the Réynoldé Analogy, shows thét ﬁhe
16hgitudinal digpersion.éoefficient for turbulent flow in a.tube is
l.(x=5.05‘Du'* | |
ThnggiveB a value of K equal to 5.2 x 10_4 ﬁ?/s. This figure under-

estimates the dispersion as the flow is actually 1aminar . The resulting

;change of variance applying the formula

aqfc
s 2x

with a-travel'time-of 20 secs is,equaf\to b?;S m. This figure accounts
for ruugﬁl§ 20% of tﬂe upstream vafiances in the lateral concentration
profiles as'calculated over the vegnically mixed and unmixed poffions.

| The extent to which this distortion of the plume affects the
calcuiations iﬁ the Ideélizgg Gradiéﬁr Diffusioﬁ method 1s not knbwn.

Subsequént to the field:study, dye was éumped thr;ugh.the

3.5 m sampling tube in the laboratory Qnder the same hydraulic conditions.
It was found that diSpersion in tle tube caused dye to reach the fluoro-

meter at 1.4-times the discharge v~liocity.
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APPENDIX H

COMPUTER PROGRAMME TO CALCULATE K,

’

C CALCULATION "F THF LATERAL TJADULENT NLFFJSIIN CNTFFICIENT. KZo
C

' DIMrMSION CDNFU”(A“I-CPﬂcnﬂlﬂﬂJ-D?‘"U’(ﬁﬁlcDFEPDHiIGl.VELU9{Q“ »
TVPLDNIAR)  SLOP ) ,SLIPYY (8714 T AANTSISIN CRIFFZCAN ), IONZU( DY,
POEUCDIAT L FLNWUS (AR FL Ml ar) . .

WRITE(31,5%) . . ~
shH FORUAT ({41 ¢) :

[e R - A S A

PFAD(I-I}HFACH.%PACE.KSECTU-KSEFTDvUS-KDQSoW-KKZqu
1 FOOMAT(FA,]  /-FS5,1 l/.Ial/!l“I"Fr‘l‘l/‘I?'/!F".l./IFS!JI’QFSO 3'\‘
N 3 Kel=1,.2 “ J
4 DT&DII.WIICHHCUIKI.K=I-qun(Cﬁ“ﬂn((I.<=Io?°l-l)5Fau”(K)cK=l|29)‘.
TIDUEPRM{K ) o K=1 ,29) JIVELIPIC)Y oK21,23) W EVE_LINIR e KE], 29)
b FFDMAT(?()ﬂrt.?./.Qfa.z.ll.deOFA.l./.QFQ.!./)) _\\\
SPACFI=D ,eGPFCF AN
CAAMNGFL L) =N, . T~ :
CEOFFR 201320, : *
[ : ' ! ’
[ o CALCULATE DL/D7 N .
C . . : :
SIOPuUPE] Yzn, ’
COSLOPDNC 1Y =, . ;
. SLITNM{2 Y= (CONEDLY ) -CONCAL I} ) /SPace2 , _
BLOPUP (21 ={COANCUL 1) =CONCULA) ) /SPACE2 .
KT‘ . . . .
IZK el ' ‘ .
CONCUPHIR )= (CAMCI(R J4CONCULK 1))/ 2. L .
. ' C1N:nN(KI=(CﬁNC0(&I*CDNCDIKIll/?-, ’
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