
THE UNIVERSITY OF MANITOBA

TURRULENT DIFFUSION TN AN OPEN CHANNEL

by

T. A. DERBENTLÏ

A THESTS

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES

IN PARTIAL FULLFILÌ{E1\]T OF THE REOUIREMENTS FOR THE DEGREE

OF MÄ,STER OF SCIENCE

DEPARTMENT OF MECHAN]CAL ENGTNEER]NG

WINNTPEG, MANTTOBA

ôcrÕRtrR. 1972vvrvu!¡tt +-



SUMMARY

The present study was undertaken to develop a

method of measurinq turbul-ent diffusion coefficients in

the fully developed flow of rvater in a rectangular open

channel "

A sodium chloride solution was iniected at some

point in the cross section of the open channel and the

concentration r:rofiles in the l-ateral and vertical d,irec-

tions at three cross sections downstream of the source

\.vere olctained-. From these profiles l-ateral and vertical

turbulent diffusion coefficients \.^/ere d.etermined. This

procedure \^zas repeated at various points in the cross sec-

tion to determine the variation of the cliffusion coeffi-

cients in the lateral and. vertical directions.

The channel used in the experiments lvas one foot

sguare in cross section and 35 feet ín length" The slope

of the channel lvas set at 0.001. Experiments ivere performed

at flow depths rang'inq from 7 cm" to 15 cm. and flow veloci-

ties ranging from 45 crn,/sec. to 75 cm/sec"

Results ind-icated that the diffusion coefficients

\.{ere 1 " 010 . 5 cmz /sec" in magnitude and. that they increased

towards the boundaries " Results also showed that as the

depth to \,vidth ratio of the flow decreasecl the ratio of the

vertical diffusion coefficient to the lateral diffusion co-

efficients became sreater.
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CHAPTER I

ÏNTRODUCTION

The stud-y of the dispersion of mass and heat in rivers
has gained considerably in importance with the increasing

emphasis on the study of pollution of rivers. However, even

the much simpler case of d-ispersion in open channels has not

yet been completely analysed. This thesis is a stud.y of the

Lurbulent diffusion of mass emitted from a continuous point

source placed in the fu1ly developed flow of water in a rec-

tangular open channel.

The study of turbulent diffusion has progressed in
two directions " The statisticaf approach considers the pro-

perties of turbulence*, and attempts to predict the diffusion
nr^^ôëc frnm l-haca ñr^hôr+ioc rFl.ra nj^-e.efinO WOfl< in thiS. r lrv I/rv¡ruer ¿rrY Yv v! r! ¿ ¡

field was done by Taylor [tZl 
o*; who in LgzO postulated the

theory of diffusion by continuous movements. Kalinske and

Pien LKU combined this theory with experímental observations,

in analysing the turbulent diffusion from a continuous source

in an open channel"

The second approach to the stud.y of turbulent diffu-
sj-on is based on the conservation of mass prínciple" The

application of this principle to an elemental volume in the

*Examples of these properties are the fluctuating
velocities and functions based upon the spatial and time
vari-ation of these velocities "

*oNumbers in square brackets refer to the bibriography"



r"* . -ìtlnl¡7 l'lâlrt \/'lêlalq llìl l9! ¿v vv L"-J "

H . " # o, # o * # = k(" #). ån(', F). L('. #) (2'r)

where

C is the time averaged. concentration of dif-

fusing mass

rlrvrv/ are the time averaged velocities in the xtY tz

direct.ions and

Eyreyte2 are the turbulent diffusion coefficients in

Llne x,yoz directions"

Taylor lr¿l so]-ved equation (1"1) to olctain the dis-

tribut.ion of .;=" sectional- average concentration down*

stream of an instanLaneous point source ín turbulent pipe

flow. Elder ["r] ancl Fischer Fr), extend.ed Taylorrs analysis

to the instantaneous point source in two and three dimen-

sional open channel flow.

The quest.ion of how the diffusion coefficients vary

in the lat.eral and vertical dírections remains largely Linan-

swered " Although Kalinske and Pien [*t] examined this ques-

.|. i nn pvnari me¡+='l 'l rz i - l-l-ra ^€ - ê1-^a6V Sôilrale 11l aCed inLluJr gÀyçr¿1lrçrÌLc¿¿.Ly -LJr LJrc (-4Þe lJr a Þ Lequy Ðvurvç y¿(

a ror.'l-ã7ì.i1rl¡r nnon r.hanne'l . their results were not indepen-r uv us¡rY u¿s! vIr'v¡¿ v¡f u¡¡¿¿v ¿ ,

dently verified.. Furthermoreo it is shown in chapter V, of

this report, that if the experiment,al concentration profiles

in the lateral and- vertical directions have small errors in

the relatively unimportant tail section of the profileo*

*Concentration profiles are normal.
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in the diffusion coefficients "

The present study has examined the same question b1z

a different method. This method is based on the analvtical

solution of equation (1.1) , fo:: the turbulent diffusion of

mass from a steady and continuous point source. The solu-

tion was first obtained by Roberts [*t] , who modified it

to the follolinq form:

(L"2)
4Tf x (e-er)"

where

(1)

q is the rate of injection of mass from the

point source,

x is the downstream direction (see figure t
on page 23) ,

y and z are the vertical and lateral directions

The assumptions made in obtaining this solution are:

The time averaqed velocítv in the direction of flow

is const.ant across the cross section ancl this velocitv
does not vary from one cross section to another"

The time averased velocities in the l-ateral- and. ver-

tical d.irections are zero.

Transfer of mass bv turbulent diffusion in the direc-

tion of flow is much smaller than the convective

]-r¡ncnnr|- T1..i - =¡crrmn4.inn 1r:c h¡¡n '"^-ì fiaÁ l.rrz E-lÀarL!qrrÐyv! u. rrr!J oJÞLtrLrIJLrL-rlI lIctÞ I-ir-f:¡l vç:J.Jrrsu !l/ !ILLËr ¡

r- ^1tH lll"-t'

(2)

q -u ly*¿\
e 

o7l€t €z /

(3)



In the present experiments a sodium chloride solution

vúâs i nìer-f od ^! - ^^'i *L 'r - J-he f 'l nr¿ - and concentrations¿r¡J vç uçs A L d !/LJJJI L JII urru ! !v!v t qtt\¿

!úere obtained at three cross sections dor¡rnstream of ttre

source, in a small region around the line of injection"*

There were eight sampling points in each cross section" The

vertical and the horizontal turbulent diffusion coefficients,

ex and- ey , \^/ere then determined by fitting a slightly modí-

fied form of equation (I"2) to the twenty four data points"

This procedure was repeated r,vith the source located at various

posi-tions in the cross section of the channel

The experiments r,vere performed at three flow depths

( 7 , 10 ,15 centimeters ) ancl bull., f lor,v velocities ranging f rom

4 5 cm/ sec " to 7 5 cm,/sec "

The channel- used in the experirnents was a one fooL

sguare channel, 35 feet ín lcngLh. The slope of the channel

was set at a constant value of 0 " 001 t,hroughout the experi -

ments" !'/ith this slope setting, the depth of the florv did

not vary by more than 0 " 5 centimeters in the B feet long

test section"

*Rv r!ônsirlerino a smal'l reciion ¡round the line of
injection assumption (1) was satisfiecl, This region was
2"5 centimeters in rad-ius"



CHAPTER II

LITERA.TURE REVIEW

A. STATEMENT OF THE PROBLEM

One of the main questions asked in turbulent diffusion

experiments is: What is the distributíon of concentration of

the diffusing quantity downstream of a source placed in a

steady turbul-ent flow?

An example of the turJ¡ulent diffusion process is the

dispersion of smoke from a chimney" The main characteristics

of this example are the rapid and random fluctuation of the

smoke cloud and t.he expansion of the cloud downstream of the

chimney. The t.urbulent diffusíon in an open channel- is

similar to the dispersion of smoke from a chimney, although

the boundary conditions and the fluid are different"

The rapíd fluctuation of the smoke cloud ís due to

the rapid, random fluctuation of the wind velocity. This

suggests an analysis which predicts the bulk diffusion pro-

cess by examining the velocity fluctuatíons and their varia-

tions over space and time" These ideas form the basis of the

statistical theories of turbulence. A detailed review of

these theories is given by Taylor et al. h5]. In even the

simplest cases however, such analyses become very complex

mathematically. Furthermore, determination of fluctuating

velocities require complex instrumentation"



#. " H * " # *'# = k(" H). bÉ, F). 3rÉ. FJ (2.r)

o

A characteristic of the example siven above is that

the concentration of smoke at a point can be divided into

mean and fluctuatinq components. The division into mean

and. fluctuating components, although not exact, becomes very

nearly true as the observation tíme increases. Therefore a

more practical method is to apply the principle of conserva-

tion of mass to the flow field; and. after time averaging

obtain the standard hydrodynamic eguationr [of].

where

c is the time averaged concentration

urvr\,r are the time averaged velocities in the

x,yrz directions.
ex,ey,e z are the eddlz dif fusion coef ficients.
In the derivation of eguation (2"L) the velocity

fluctuations are dismissed from the analysis by expressíng

their effects by means of the turbul-ent diffusion coeffi-
cients, e "

The alcove equation can be adopted and solved for

various cases. These cases may be divided according to the

Lype of source (ínstantaneous, continuous, point, line, etc.),
l-1^^ rtzn¡ ^€ ^7'ur¿ç uJJ-/ç vr urtârlrlel geometry (pipe, open channel or an infi-

nite medium) , flow directions (one, tvro, or three dimensional),

and. the character of the dispersion process (steady or unsteady) "
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In the following paragraphs, the literature review will

be d,ivided into two sections according to v¡hether the statis-

t.ical formulation or the conservation of mass equation is used

as the starting point.

B. TAYLORIS THEORY OF ''DIFFUSTON BY CONTINUOUS MOVEMENTS"

AND STUDIES BASED ON THTS THEORY

A turbulent flow field is characterized by rapid

velocity fluctuations. Taylor [tZ]., considering the velocity

fluctuations and- statistical correlations between them, de-

rived- a law ivhich governs the turirulent dif fusion process.

The theory of diffusion by continuous movements given in
- î-^1reference F2), forms the basis of this law" A brief inter-

pretation of this law is given in the succeeding paragraphs.

The theory of tliffusion by continuous movements

examines "the characteri stic properties of the variations of

some quantity v¡hich varies continuously, but which appears

to have no very definite law of variation." frr). A velocity

component in steady turlculent flow can be represented as

.lu(t) - U + u'(t)
v¡here

U is the mean velocitv

u'is the fluctuating velocity

*Symbols in sguare brackets refer to the references
in bibliography,



The fl-uctuating velocity component

that exhibits the above characteristic"

{. ha.l- nrnrz'ì rlaÄ l-r'r',2'l 
* 

ì e r.nnqJ- en{- ân ê\zêrlL*ÈJ'g¡¿

R(6) exists, such that:

R(ç) =
["i ut.s]

l-r
Lt"

where

1

B

,'lì- ^h^ nrr=¡¡jf-17Lt r> utle vL¿41

r-Taylor, LTz), shorved-

correlation function

(2 "2)

J-ho n:r'l-i r'l a

the distance

the definition

(2"3)

in time T

traversed

ôT RtJ-t â-. \ b /

q rÞ d.

noting by X

âc {-lro rôc

l-rr¡ ¡ r'rn rza n'l-

hn¡za rTl ¡ rz'l n
, LsJ Lv

-Í-1dll

- 

| x2 |¡ __ |
¡l

^ftlUU L ¿

r-I
^ t-- rlz lx u ILJ

r-1
:nÃ Iw2lI r\ |LJ

f inite int,erval of time "

the distance traversed by

ult of eddlz motion - i . e.

ion excludecl - ; and using

r nrnceeded âS follows:!I--

faI dxl r -l

= z l*-l = z [x u] ,

L atJ
rTtr '1

= 2 | Lr'(.)'u'(t+E)l dE

Jo- rTr , ^-1 |= 2 l"i'l I R(E) dE ,
- -Jo

t+

r 1 f'f"
^ | t cl | |= 2 lur'l I l R(E) dE dr

LJII
"o 

Jo

Square bracket indicates the mean val-ue of ui' over
a long period of time" In his analysis Taylor considered a
statistically uniform field of turbulence. It follows from
this assumption that ["i'] is constant.



Two conclusions can be drarun from this equation:

(1) Determination of ["i1 and R(ã) is sufficient to

describe the clispersion process.

(2) It is reasonable to assume that for large values of

E, R(6) wil1 become zero.* The integral in equation
( ) ?l i q #?ran nnnql- :nf {-horafnra onrr¡.|-i nn ( ) ?\\a.rt Ç¿rur¡ , urru! u-\-1 uu \L.rt

becomes:

(2"4)

\¿"3)

where

Tr is the time large enough for R(g) : 0"

Subscript x denotes diffusion in the x dírection"

The símilarity of the form of Dx as given above to

the form of the eddy diffusion coefficients derived in mixing

length theories led to the naming of D* as a diffusion coef-

ficient. It must be emphasized however, that the similarity

is in form and not in character.

Kalínske and Pien [*f], applied equations (2"3) and.

(2"4) to the dispersion of sodium chloride transverse to

the line of flow in an open channel. The flow ín the channel

was steady and a continuous point source was used" They

["'] = 2,Dx.r

nï
Dx = |-"]''l.ln{u) dE" -Jo

*Physically this means that, rl. g is ind.epend.ent of uj .
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appl-ied equation (2"3) in a direction normal to the axis of

the flow to obtain:

(2.6)

where

d r r r ..,f-
l",l= zlu,,l l*tE).ag

dt.LJl
JO

i^L

For large E, ln(6).AE becomes constant and t.he d-efini-
rJo

tion of the turbulent diffusion coefficient from eguation

(2.5) yields:

r r ft
Dy=1"''llnte) ds- 'Jo

Y is the vertical distance travellecl by a par-

ticle above or below the line of injection.

vr is the fl-uctuatíng vertical velocity.

[,-, ,. -l

I vt ' "+*gJÌ?/f\ = 
L -

[vt 'lLJ

\¿. t )

l-ì
¡ lw¿l*l'l

z. t)
dt, v

(2.8)

Making the substitution x : Ut in equation (2.8) and

ì n{-aar=*-i -a One ObtainS:sL¿rrY Í u
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¿'!) . x

U () oì

where

is the distance along the line of flow"

is the stream vel-ocity in the direction of

flow.

It can be experimentally verified that the concentra-

tj-on distribution of the injected material transverse to the

l-íne of flow follows the normal distribution. Therefore

,
Y-

c.,
J

-trt
far ãh\7 vq¡¡J (2.r0)

co

["'] 
:

U

where

Cy is the

Co is the

By measuring the

one can d,etermine lY2 | f

concentration at Y,

concentratíon at the

concentration in the

rom the slope of the

r 'I /Crr\
-_z"o lu'ltr,/--rL J \""/

I

centerline.

vertical- direction,
c.t-r¡ i aht 'l 'i na .

(2"11)

^Kalinske and Pian oirzp lY'| = 2D (x-xn) where Xn =L':
Ufor values of x when R has become zero. Thís in the presen

writer's opinion is impossibl-e, since Y must be zero for x
^n nhrzci¡¡] ^rounds. flowever the effect of this on the fOly¡¿_¿ u Y -

R

:

.o

l"
:tt

t;
rl

wing
analysis is negligible.
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After ["'] has been d,eterminecl at several cross sections,

equation (2"9) can be used to determine t.he value of D"

A similar argument can be applied to dispersion in the

lateral dÍrection and. diffusion coefficíents D7 can Jre obtained

ín a sir¡rilar manner.

fn addition to the model proposed ín this thesis,

the present experimental- data was also analysed by the above

method. The results of this analysis and of comparisons with

Kalinske and Pien's results are given in chapter V.

C. STUDIES BASED ON THE CONSERVATTOI\I OF MASS EQUATION

It was Taylor lrfl who first suggested that the díffu-

sion of matter in turbul-ent flow could be d_escribed by the

conservation of mass eguation:

where

c is the time averaged concentration at the

point (x ,y , z) ,

urvr\,\r are the time averaged velocities ín the

x ty , z directions ,

€xt €y, e7 are the eddy diffusion coefficienLs.

Roberts lnfl , obtained the so]-utions of equation (2.f )

for thre" norrno.Jrv condit.ioLv-uLJ vvr¡lrru-vOS, aSSUmJ-ngi COnStant eX, eV, eZ

and constant u, v,!v " They \^rere :

(1) Instantaneous generation of matter at a point,

H . " H + v ffi + w H = k(.. H). fu(" #) L('. #) (2'1)



t3

(2) Continuous and uniform generation of matter at a

f ixed point in a uniform lvincl, *

(3) Continuous and uniform generation of matter along

an infinite straight l-ine perpendicular to the clirec-

tion of a uniform v¡ind."

In Lgs4 Taylor [t¿] , st.udied the dispersion of matter

in turbulent flow through a pipe, an<l arrived at the conclu-
sion that this process could be described. by a one dimensional

equatÍon of the form**

F + iî *g = x È'ç Q"r2)oc - ôx ôx-

where

K is a virtual coefficient of diffusion,

Since this work forms the basis of most. of the sub-

seguent studíes díscussed ín this section, it will be des-

crÍbed in some d-et.ail"

In cylindrical co-ordinates, the conservation of
mass eguation can be writt.en as:

*This case rvill be analyzed in detail in chapter fTI.
** (1) ffris analysís applies only to instantaneous point

generation of mass as will be discussed later.
(2) The coefficients of diffusion shoul-d not. be

equated- to each other"



L4

(2.13)

where

z=r/a
x is the radÍa1 distance from the center of

the pipe,

a is the radius of the pipe.

Taylor seperated the axial velocity into two compo-

nents such that,:

where

u(z) = u + u1 (z) (2"l.4)

T is the cross sectional- mean velocity
tt, (z\ ie 1-ha deviation from Ù, at radiusuÎ \at Lr

r = a.z

Making the transformatÍon

(2"1s)

:n¡l lal-tinn¿ç u u!¡rY

Ar" ,{rr
Lri-;,îÌ--Uog 0r

(2.l.6)

* E1der leZlwrites that Lhis is a good approximation
since the fl-uid el-ements are qreatlv extended in the x-directÍon"

h#(.=H) ="#*ffi
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â^115+i^ñ l1 f ?\ l.rannmac "ç9l.JAL!UlJ. \¿-. J-- t pv

(2 "l-7)

Taylor then divid.ed C into two functions such that:

r a / ^.,\ Â^! u I uu t u\v''- - -; I= ut Arazz 6z 
\Çz¿' 

6, / we

t^t-r - Lo
Y/)

=0 and

(2"18)

= constant
Â^,ar

6z 
u

equation (2"l-7)

where

7\

Comparison \,,/ith

An 6c-
q

^t

can then

ô6

be integrated giving

î ^2uza 5l f (2.re)
ô6 l.á,=

The rate of transfer of C accross a section at E
'i c n-i ¡zan l.rrz

Y+vv¿¡ vJ

/t' \
/ l"t z d,zldz
tlt
\to /

r
I

lu.lr
I\,4

,{a"-r:
' ôE

(2 "20)

is the cross sectional area

equati-on (2.19 ) yíelds :
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Taylor used. the universal velocity distribution in a

pipe and the Reynold's analogy to integrate t.he above ex-

pression. His f inal result \,vas :

{[*( J"'I z dz) .,J-,

I6

(2 "2L)

\¿. ¿¿)

(2. " 23)

where

v¡ is the

The solution of

( = 10.06 a.v,

frict ion
L.i ^*sYua LJUJ,I

. .ê(x - ut)

rra'l n¡i J-rz

(2.12) is :

I

^ - À,r *-ä ^ 4Kt

Taylor then performed experiments by instantaneously

injecting a salt solution at some point on the centerl-ine

of the pipe and measuring salt concentration downstream. His

results indicated that the distribution after approximately

100 pipe diameters \^/as as indicated by equation (2"L2) and

the K val-ues obtained \^/ere very close to that predicted l¡y

equation (2"2I) " Hê, therefore concluded that. turbulent
d.ispersion from an instantaneous source in pipe flow coul-d.

be described by equation (2 "L2) ivitir K determined by equation

(2 "2r) "

Elder I eZ I extend.ed Taylor's analysis to f lorv in a

two diniensional open channel. The expression Elder obtained.

for the virtual coef f icient of dif fusion \,vas:
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where

ot

h is the

\z i e fl¡o
J *"

,nr = y/h

A is the

q(z) =

).-) 

..[' (f.
l- | lllttt*
{'Y \r"

(
I

I
T

{

I

l.

d

II
I

I

fi' I
I
I

I

¡l r^z

f
(2 "24)

onJ-h nf flnr^r

ertical cl-istance from the free surface

sectional area,

dy

Employing the logarithmic velocity profile and the

Revnolclrs analocrv fo ¡lpfp¡¡¡ina lrr ¡nrl c" r1r^- ^r^r^jledr\vJ ¡¡v¿u r ur¡uJvV_y Lv uç Lç!lrLIlIe Llt O,ll.L.[ ay | !Juç! UU LaIl

K - 5"86 htf

Experiments in rivers and- canals however, indicated

that R/inv, was as much as trvo orders of magnitude higher
J

fhan thaf nrcrli¡t-aÄ l-rrz añ1lâ.t.'i^- tt ,r'4\ C)ne sllrrh exnefimentUfIqtI ul¿qU I/rçLL!ULEU- JJJ çYUqLJVfi \/-.L=1. \/l¿ç ruUll u^yç

\^/âs nerfnrmed hrz Gndfrorz end. Ffed.eriCk [Cf] "t/u! lv!¡rrvrr vJ uvslr vJ I r

Fischer [rZl offered an explanation for this phenomenon.

Ha qrrr^rrroq'l-ari that the reason fo:: high values of R/hu¡ \,vas

the significant variation of the axial velocity in the lateral

direction j-n rivers " Using Taylor's analysis Fischer deve-

loped the following formula for the determination of K"

nl-\ Ã-
Y \¿,/ rrâ

(2 " 2s)

where

d.z

cross
¡dtz)lu+
Jo'
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and t.he rest of the variables are illustrated in the sketch

below "

It will- be noticed that, whereas Elder's formula is

ìntacrr¡tod in t.he v-direetinn ¡lnn¡.- Fìscheres formula isrr¡LuYluuuv ur¿u J , L ùe

integrated over the whole cross section.

A second contribution of Fischer \,ras an anal-ysis for

the prediction of the period after which equaLion (2 "L2) can

þe apprr-eo " Lr'¿) "

Before leaving the discussion of the works of Taylor,

Elder, and- Fischer a brief reference to their experimental

work will be made" Taylor and- Fischerus experimental method

consisterl of nl ¡r.incr a nrol'le at a fixed cross section andy¿qvú¡¡Y

measuring the response as the salt cloud passes the probe"

The response of the probe i"e" c(t), is not symmetrícal.

This can be seen from eguation (2."23). However, if the probe

is placed at a position x, sufficiently fqr downstream, such

that (x/Úxo) << I, the response becomes nearly gaussian with

r rver b (z)
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a mean value ât (x /Ill ^ ITnder these circumsLances the\z!o/ v / o

standard deviation of the response can be used to deter-

mi ne K - As no'i n.l- ed orlJ- hv r-l-r:'l-r^ri n f¡il both Tavl or and¡LlrJ¡ç r\ ! Ãr }Jv¿¡¡ ueu vu u !_y L.ILd. Lw-LI¡ L\-! ,

Fischer mad.e this approximation. Chatwin also argues that

some of Fischer's data was not taken sufficiently cLownstream,

for equation (2"L2) to be applicable" The measurements must

be made sufficientlv far downstream for another reason. In

equation (2 "L2) , c refers to the cross sectional- averagie

concentration. If only one probe is used j-t must be suffi-

ciently far downstream so that the concentration is approxi-

mately constant accross the cross section"

In Elderos method., a dye was injected into the stream

and the nhotcrrrranh nf l-ho cloUcl taken at a later time" Thes¡lu ur¿u yr¡v uvY ¿ q}/r¿ v!

film was then analvzed bv a microdensitometer to determine

the dye concentration" Since the time is "frozent' equation

(2"23) predicts a Gaussian response, therefore the above

approximation need not be made" Furthermore, a better cross

secLional average may be obtained by Elder's method. Clear1y,

Elder's method. is superior, however its application to large

¡l'r:nno'l q m:r¡ l.ro ì mnr.ar-'l-'i r'¡ l

A disadvantage of the instantaneous point source

method is that the experiments must Ì:e repeated many times

so that the effect of ffuctuatinq velocities and- concenLra-

tions is averaqed- out.

Church 1"4, applied the above method-s to study
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dispersion in the Lewis River ín Baffin rsland. He obtained

lat.eral diffusion coefficients ranging from B4 to 1000 cmz/sec.

He also oÏ:served that the overal-l pattern of díffusion de*

pended on tire fl-ow and the channel geometrv of the stream"

Evans [g:l stuc]ied the di snorsinn of a dve from a con-L-"J 
q u]e !!vr

tinuous source in a pipe" Two of his results are of interest.
(1) Equation (2"1) lvas solved numerically usinq a constant

eo,and a parabolic ¿2" The resul-ts did not differ very much.

(2) The turbulent schmid-t numi¡er was 0.65 for a Reynold's

number of l-0,000 and 1"0 for Reynoldos numbers between

50,000 and 100,000"

Finally, Elata tttl extended Taylor,s analysis toLJ

elliptical open channels l:y a numerical method r^¡hích made use

of conformal transformations. IIe found that 'ti-re diffusíon

coefficíents d-epencled heavily on the shape of the constant

velocity lines in the cross section"
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CHAPTER IIÏ

THE MODEL

the conservation of

with the boundary

that if

is solved

Roberts [*t] has shown

equaLion (equation 2.I)

tions:

c ----+ 0 as x -----Þ æ

c+ æ aS x ----+0 and
êorrtlllcudydz-0tlJJ

-4

nowhere else (3'1)

is the rate of injection of matter, the re-

sult for the steaclv state is:

\J"¿)

Í
OJ

condi

/r \

/?\

//?\

where

-# [(å'* !'*f )'- t* ]
.llre, €,)' 

[{ "

-*({.{)

Qe
C

4tr (e.

*+"Y'/€
l_s very small equation (3.2)Furthermore if

becomes:
x'/ er

a p IJ"J,I

oa @t€")" x
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Convective transport. in the x*direction is much

greater than the turbulent transport; therefore e* may be

assumecL to approach zero, In addition, in the present ex-

periments x2 \^/as at least 36 times as large as (y' + 22 ).

For these reasons the above approximation may be applied in

this case.

of the

mêf-êrq

on the

(1)

(2)

The experiments described in this thesis consísted

repetition of a simple procedure over a range of para-

. * This procedure consisted of two parts: (See figure 1

*^--I ^-^^\

A 22 by weight salt solution was injected stead.ily

and continuouslv at a'point A in the flow cross sec-

t.ion" Origin of the co-ordinates used 'in equation

(3"3) coincided with thís point"

Samples of concentrat.ion \^/ere taken at three downstream

locations and at eight positíons at each location,

such that the sam.pling points v/ere wit,hin a 2"5 cm

radius of the line of injection" The central point

of sampling at each cross section coincided with the

line of injection. The 24 concentrations measured

v,/ere then used to determine the turbulent diffusion

coefficients ey and ezo as well as three correction

lengths Xo, Yo, 26 from a slightly modified form of

*The
f 'l nr^z Äan'[-l'rsvÌ/ et¿ ,

described in

narameJ. ors âre: oosi ti on i-n the
and bulk velocity of flov¡" The
detail in the next chapter.

cross section,
method will be



r.
 c

$/
.1

JI \@
I -@

\-
 

|

@
 

\_
t

-Ì

I

&
 

--
L

¿
-

fr
r 

or
tn

 Je
ct

 io
n

öf
f"

'J

@

@

Þ

@

+
V

I

u 
- 

-l-
- 

''

F
IG

U
R

E
 1

<
0 

cn

ï,?
!J

,å
tr

 o

@

L 
O

 C
¿

\T
I 
O

N
 O

F

R
E

 L
A

T
IV

E
 T

 O

T
I-

JE
 P

O
I 
N

T
 S

O
 U

 R
 C

E

T
H

E
 S

Á
\M

P
LI

N
G

 P
O

IN
T

S

¡.
)

U
J



./u

(3.4)

"o' Yo'

4 rr (r, ,,)'h (r - r")

ez'The criterion used for the determinatÍon of ry,

and z is that
o

24 r 12
S lc.t C. lc ô v \r ' I

/.- | r- r- (e y ' e z'xorYorzs ']li- t L

(3. s)

_ u {b^bL*.þJ"fIa(x-x")l €x €z J

be minimized. Here cl refers to the experimentally determined.

concentration at point L, the x,y,z co-ordinates of which

are known"

The followinq assumptions are Ínherent in the analvsis

(f) There is a neql-isible difference between the densities

of the injected fluicl and that flowing in the channel"

( Specific gravity of the salt solution is I.02 )

- **(2) The flow in the channel is steady and fully developed.

(3) Presence of the injection probe or the jet does not

affect the fIow"

,r
These three correction lengths vüere Íncluded lat.er

when it was found that this improved the fít of t,he d.ata
considerably. Reasons as to why this happened are given later.

++
This was verified by measuring the velocity profiles

ín different cross sections and checking that they v/ere theqâmê l]aqt .oction was twentV channel widths downstream of the
flow straighteners. No references on the length of t.he deve-
loping region in a rectangular open channel could be found.
in the standard t,extbooks " However the length of the cleveloping
region in turbulent pipe flow is gíven as 10 to 25 diameters.
/snh I ì ¡r- i nrr [SZl Ï<.î= [XZ] I\uvrf lJvuJ¿tY ,-tr-) I
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(4) Velocity within a 2"5 cm rad.ius of the injection
probe is constant.

Finally, some of the properties of equation (3.3)

will be listed.:
(1) Equation (3.3) predicts Gaussian distribution of

concentration in the v and z directions.
(2\ Tnr.rc;rso in the flOW lrcloo'i J-rz Tl- d^es nOt effect the\Þt v, ev\

maximum concentration in a cross section, but the

stantiard deviation of the concentration distribution
is reduced.

/ c,n¡

Z.
O
t-
t
t--
z.
tJ(J
Z.
O
O

YORZ



¿o

(3) Decrease of ey has the effect of increasing the

maximum concentration, and decreasing the standard

deviation in the y-direction. Standard deviation

in the z-direction is unaffected.

C = 1 f'ì.'rnZ/.-''nUy- l.U UI lll J(¡íU

(4)

Zc
E.t-
Z-
L¿J

Z
O
O

Y

+1..^
Ltfg

effect of the change

downstream distance

in neramoj.org decrease

ì n^ra¡caq

dÐ
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CHAPTER IV

APPARATUS AND METHOD

The experiments were performed in a flume one foot

square in cross section and 35 feet in length. The f1ume,

locat.ed at the hydraulics laboratory of the University of

Manitoba, \Âras connected to a small- head tank at one endi

and could be supplied with up to B0 cfm of water by the

pumps which recirculated the water in a large sump. The

fl-ow straighteners, situated at the junction of the flume

and the head tank consisted of a two inch thick horsehair

net followed. by a honeycomb of two inch diameter galvanized

nìna l-rn¡cr foot lnncr, Tho ¡-hannel bOundaries were made of_y¿-t/U evv v rvr¡Y

smooLh plywood, with a Manning roughness factor of 0"010 to
. t-0.014 fL.'/6 The slope of the flume was set at approximately

0.001 and. the depth of water in the flume could be regulated

by gates located near the exit" The depth of the flow was

very nearly constant. along the test section in all cases "

The experiments were performed approximately 23 feet down-

stream of the flow straiqhteners.

The function of the injection sysLem was to inject

the saIL sol-uLion at a steady raLe. For this purpose two

tanks r^/ere j oined together as shown in f igure 2 ' on the next

?râ.rô Tha f 'l oW f rom the reservoir tank to the Supply tank.YgY 9

!\ras adjusted to remain slightly greater than the injection
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rate. The extra fluid could overflow through an opening

at the side, thus keeping the level of the solution in the

supply tank constant. The needle val-ve between the injec-

tion probe and the supply tank was set to the desired injec-

tion rate and the injection \^las turned on or off by a clamp on

the flexible Lubinq.

The sampling system had to satisfy two criteria:
(1) The sample had to be t.aken over a period long enough

for the turbulent fluctuaLions in concentration to
be averaged out.

(2) The sample had. to be drawn in through the probes at

about the same vel-ocitv as the flow.

Preliminary tests indicated that criterion (Z) required

a longer time of sampling, therefore criterion (1) v/as

automatically satisfied" The sampling times ranged from 3

to 4"5 minutes"

The sampling system is illustrated. in fígure 3, on

the next page" By adjusting the vacuum produced by the pump

the sampling rates could be altered"

Vel-ocities in the channel \,vere measured l:y the Kent

miniflo velocity kit" This kit consisted of a vane anemo-

meter and an electronic system that converted the rotation
of the propeller to velocities" Velocíties from 2"5 t.o 300 cm

rìôr cannnÄ ^^Ufd be meaSUred. With thiS kit"-È-eÀ

The t.ests conducted- consisted of the repetition of a

simple procedure over a range of parameters " This basic
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procedì.lre consisted of tvro parts: (See f iqure l-, on page 23)

(1) A 2Z by weight salt solution t¡as ínjected steadily

and continuously at a point A in the flow cross section.

(2) Samples of concentratíon \irere taken at three down-

stream locations. The central poínt of sampling at

each cross section coincided with the line of injection.

Samples upstream of the test section were taken at regular

intervals to determine the lcackqround concentration of sodíum

chloride" The test samples were then corrected accordingly"

Tests were performed at three flow depths and three

f low velocities " These \^/ere approximately '7 , 10 , 15 cm

and 45, 60, 75 cm/sec" respectively. For the lowest velocity

the procedure mentioned above was repeated at various posi-

tions in the cross section as shown in figure 4, on the next

page" For the two high velocities diffusion measurements

were made only at the first and last positions shown in figure 4 "

For the three cases where measuremènts were made over

the whole cross section, complete velocity profiles were

obtained for the three depths of flow. For the remaining

ôâqêq - f ho rzo'l nr.i J-r¡ r^zrq mêã<lrrarl nnl rz :{- l-ho nni nJ-q rtf, u¡ru v ç*v v- yr -r l-n] ec-

tion.
The distances between the sampling probes were measured

to within 0.05 cm by a cathetometer several- times during the
J-acJ-c
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2*cmt-
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(b ) ^r lOcm Deep Flow
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I

FIGURE 4 POSITIONS OF INJECTION AND VELOCITY
MEASUREhflENTS

E

o Points of injection ond
velocity meosurement

@ Points of velocity
meosurement only

(c ) ^, lScm Deep Flow
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The preliminary tests indicaterl that the velocity of

i nier-f i on had 'l-n l-ro ennr¿-rwìmatelv 88 emlSec. for the in-iectionv¡rrl uvv

to be steady. At lower velocities the injection rate steadily

became smaller. This is possible due to the salt particles

settling at the needle val-ve. The error that the high velo-

citv ini eet-ion m'i rrhl- i nlrnrl.usg is cliscuSsed further in r':hanter V

The analysis of the samples was made by the Argen-

teometric lt{ethod, described in the Standard Methods for the

Examinat.ion of Water, [sf] .

In this method, one milliliter of potassium chromate

vras added to 100 milliliters of the sample. The resulting

solution was titrated with 0. 01 normal- sil-ver nitrate until

a pinkish orange end point was reached." Knowing the amount

of titration the salt concentration could be calculated from

the formula:

parts per mi.l.lion salt = 1"65 3.54 (A-R)

where

åJJ

I{ ]-S

of

the mill-iliters of ti

a constant dependent

silver nit,rate "

tration

on the normality
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CHAPTER V

RESULTS AND DTSCUSSTON

Concentration profiles obtained at various cross

sectional positions, with different flow depilrs and veloci-
tles are gi.ven in f igures 5 to 34 " For each data set* , a

standard deviation indicatÍng the scatter of the d-ata Þoints
from the best fitting binormal distribution was computed,

This computation is described. in detail in appendix I " The

sLandard deviatÍons varied from 3.4 to l-4"g ppmr (parcs per
million sodium chlorìdo'l These figures may be compared with
average centerl-Íne concentrations of 80, r2o and 375 ppm at
x equal to 40, 300 and 15 centimeters respectivelv.

One of the physical principles that the data musr

satisfy is that the mass flux at each cross section be the
same and equal to the injection rate. Therefore

where

ff
llucdA=QJJ
^

is the flov¡ velocity along the l-ine of
injection (constant since a smal_I region
around the line of ínjection is considered

is the concentration

is the rate of in-iection.

*A data set refers to the twenty four concentrations
rloi- erm i nori lrêr i n-ì a¡+- i n-¿¡¡J çV LrVf I o

(s"1)

tt

(1
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The theoretica] model represented by equation (3.4)

aut.omatically satÍsfies equat.ion (5"1) " Furthermore the

closeness of the experimental concentrations to the theore-

tical curves indicates that the experimental d.ata also

satisfies the physical criterion for steady state turbulent
clif fusion "

Turbulent diffusion coefficients computed at various

cross sectional positions with different flow depths and

velocities are given in tabre t" computations showed that

the turbulent diffusion coefficients were in the ranse

1.0 t 0.5 cm'/ sec.

Variation of the turbulent d-iffusion coeffícients
across the cross section is shown in figures 35 and 36"

Turbulent diffusíon coefficients increased towards the

boundaries indicating that the sodium chroride sorution
spread. faster when injected close to the boundaríes " It
must be indicatecl. however, that very close to the boundaries

this trend. may reverse. In the present experiments, the

injection closest to the bound"aries was at 3 cm from the

bottom and 5"0 cm from the side wall" The diffusion coef-
ficients in the l-aterar direction v/ere in generar smarler

than the diffusion coefficients in the vertical- direction"
Furthermore the ratios of the vertical d-iffusion coefficients
increased as the width to d.epth ratio of the flol increased.

variation of the diffusion coefficients with the bulk flow
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velocity did not exhibit a regular pattern.

The experiments of Kal-inske and Pien [^t] , performed

at bulk flow velocities of approximately 90 cm/sec", and

simifar width to depth ratios, gave result.s considerabl-e

different from the above trends. Their turbulent. diffusion

coefficients \^/ere approximately three times higher than the

nrasanl-.rñêq This mav lrc due to the use of channels witho ¿¡¿¿u ¡!!sJ

dif ferent wall rougihnesses " They also found- that t.he dif fu-

sion coefficients had maximum values near mid depth and midway

between the centerline and the r,vall. fn the present data

onlv the r¡arìat-ion of î,- in the lateral direction indicates"z

a simil-ar trend-. Otherwise the general trend is an increase

in the diffusion coefficients towards the solid boundaries.

Furthermore, Kalinske and- Pien observed that the l-aterai

diffusion coefficients were in general greater than the

vertical diffusion coefficients. This is in contrast to the

present results.

The d.ata of the present experiment.s was also analysed

using Kalinske and Pien's method, which rvas described in
.lôÈâ1 | rh ^ktân+ôr TTuç uqJr lll utrqy uç! r r o It was found that if hvpothetical

data coincidínq with the best fittinq binormal dÍstribution
was used, the two methods qave identical resul-ts" This can
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lro nrnrzoÁ thcnra'l-ir.¡'1 Irz-* Hnrnrarzor- if 1-L^ ^-'^^-'i*^-*a]-Ug l./IUVeU LIIC\JIç LJ\-OIJr/ . -' rrvWÇ Vç! t lr ulIE ç^!vg!llrlgf tL(

points were used, results differed considerably, despite

the fact that the two sets of values vrere verv close.

A possible explanation is that ín Kalinske and Pien's

method. the standard deviation of the concentration distri-

bution was determined by plotting the logarithm of concen-

tration against the square of the distance" Therefore the

small concentrations near the tails of the approximately

binormal distribution v/ere overemphasized. It must Ìre pointed

out that Kalinske and Pien used a "mean curve" throush the
,r-r^ ^^.i *+^ r...r thei r ana'l vSiS.LLO L-A I/\Jf Il LÞ f J.! urrv¿¿ q¡rqrJ E

u (Y'-æ\TJ Z"\rîr/ -u f-v' ,")=-l - +-l
4xle ¿ |I y zlr)

g

co

(-

and In-
õ"o

c
In -J- -

C6

u -y2

4x. e
¿

/ ¿"r-. \
r'2 = f - Y 

I'\ul
\/

ñnmnrri na +þ, i cuvrrr}/q! ¿rrY Llr¿ Þ

f 1 2e,,x
I Y' | = ' which is Kalinske andf-¿u

-tz
1n

o
r^z'i+h anr¡r#inn () ll\v\aug\4.++/ ^1^r^.i *^, Ulle UU LaIIIÞ

Pienr s result."



It was found during the analysis stage that the

inclusion of t.he correction lengths xo, yo and 26 greatly

improved the fit. of the data to the model. These three

lengths along with the two diffusion coefficienLs u/ere

determined by a least square error optimization process

which was described in chapter III " Correction lengths yo

and zo indicate a shift of the point of maximum concentra-

tion from the line of inject,ion" This could be explained

hy the existence of the secondary flows "

The correction length in the axial d-irectiorr x6 r

varied between 7 and 9 centimeters. One possible explana-

tion for the exj-stence of this factor may be that since the

sodium chl-oride solution was injected at a velocity of BB cm

rìòr cannnrl â ceftain diStanCe WOUIfl Jre LfaverSed J:efOre.È'e!

the jet slows down t.o the flow velocity. Hornlever, x6 clid

not decrease as the flow velocity increased" The flow of

the sodium chloride solution in the ínjector probe is laminar.

Therefore a more likely explanation is that a length x6 is

traversed before turbulence in the flow penetrates into the

laminar jet"

Velocity contours obtained for the three flow depths,

at. the bulk velocity of 45 cm/sec" u are given in figure 37 "

Figure 3B shows several velocity profiles measured at dif-

ferent depths "

It may be possible to modify the present experimental

technique for application in rivers" However, the results
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obtained from such an experiment wil] not be generar, because

the variation of cross section and the presence of bends in
rivers render the appricability of results obtained in one

section to another section untikery, Furthermore, nonuni-
formity of the frow boundaries cause large secondary flows.
Therefore a technique which arso measures the secondarv

flows would be more useful. Hovøever, as a preliminary step
towards the study of turbulent diffusion in rivers, the pre-
sent method may be applied- to channel_s of different cross

sections and boundary roughnesses 
"

The present experiments ri.id not investiqate the dis*
persion of a diffusing quantity other than the sodium chloride
solut.ion" Turbulent d.iffusion of heat is of special interest"
Despite the fact that the molecular prandtl number of warer

is three orders of magnitude higher than the schmidt number

of the sodium chloride sorutiono the ratio of the turbulent
Prandtl number to the turbulent schmiclt number is expected

to be approximately one, with ei-ther varue l:eing slightly less
than one.* This estimate is based on the results of Evanso

LÉ31 and results of Ludwieg reparted by Schticring trr] "

*Reynolds number range is 20,000 to 100,000.
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CONCLUSIONS

Concent.ration profiles dov¡nstream of a conLinuous

nni nt sôrrrõê 'i n steadv tllrt¡ll cnt .)llen r-hannel f tow \^/ereL vyvr¡ vr]

obtained at varíous cross sectionat positions, depths of

f low and f lorv velocities "

Diffusion coefficients in the lateral- and vertical

directions were obtained by fitting the concentratj-on

profiles to a binormal distribution by a least sguare error

optimizat.ion process 
"

Diffusíon coefficients were found- to be in the ranse

1.0 I 0"5 and in g'eneral they increased towards the boun-

daries. It was also found that as the wídth to depth ratio

of t.he flow became smaller, the ratÍo of the vertical_ diffu-

sion coefficient to the lateral diffusion coefficient became

larger" No regular variation of the diffusion coefficients

with the flow velocitv r,vas observed.
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APPEND]X I

ERROR ANALYSIS

Experimental Errors

Experimental errors occured. in three processes " They

were: (1) Collection of the samples (2) Analysis of the

samples and (3) Measurement of Velocity"

(1) Collection of the samples:

Preliminary experiments indicated that provided the

sampling time wãs over 2.5 minutes, the reproducibility of

the sample concentration was within 3 parts per mil-l-ion.*

The sampling time in all experiments was over three minutes

but was varied. so that the velocity of the fluid in the

camn] i nn nrnl-r
"----e was approximately equal to the stream velocity"

The main source of error in the experiments was due

to the positioning of the sampling prol:es wíth respect to

t-he inieet-ion nrol-re 'i n the dorvnstream d-irection" Since the

concentration changed rapid.ly in the d-ownstream direction,

even smal-l errors in the positioning could cause a discernible

change in the observed concentration" The uncertainty in the

distance between the injection probe and the sampling probes

was approximately 0 "25 cm. From a study of the experimental

concentration variation in the x direction, this error v/as

A

*This figure may
concentratíons
respectivelv "

ha ^^mñâraÄ r"zi J-]r â\zârâafôvç ev¡L(yq!

of 80, L20 375 ppm at x =
centerline
40, 30, 15 cm
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estimated to cause 2 Lo 3 parts per million change in the

concentration of the sampl-es.

The uncertainty in the lateral and vertical dístances

- y and z directions - between the ínjection probe and the

sampling probes was neglígible" This is because the injection
probe could be brought very close to the sampling probes for
alignment in the y and z directions " Furthermore the distances

between the sampling probes vrere determined to within 0"01 cm

by a cathetometer J:efore every set of tests.
(2) Analysis of samples

The samples v/ere analysed using the ArgenLeometric

method described in the Standard Methods for the Examination
r -'l

of l¡/ater" LSil After one miIliliter of the potassium chromate

indicator solution was add.ed to 100 milliriters of the sample,

the resurting solution was titrated with 0.01 normal sirver

nitrate solution until an orange end point rvas reached. *

À'l{-Èrnrrrrl-r rafar6¡gg SOlUtiOn Of the desife6 color w¡s nranaraÄu+vr¡ u.! ur¡ç uçÐJ!Uu VvM WqÞ yrcl/qf CLf ,

there was an uncertainty of approximately 0 " 5 milriliters of
titrant in reaching the end point" The concentration of the

sodium chloride in a sol-ution is given in the Standard Methods

for the Bxamination of Water as:

*This solution could
using standardized
Laboratory Supplies

kte r¡o rrz ã a.ôrr re 1- p'l rzuçe¡J

ampules supplied by
T.+ rl

nron¡ raÄ l.rrz

the Canadian



ppm NaCl = 3"54 1"65 (A-R) (A1" r)

where

A is the milliliters of titrant requi-red

to reach the end" point,

R is a constant.

The uneorfi;rin'l-rz in È.he analysis Of the sample con-

centrations was therefore approximately 3 parts per million

sodium chloride.

(3) Measurement of Velocity:

The accuracy of the mini flow meter used in measuring

the velocities in this experimenL was stated to be 1.52 by

the manufacturer.* For the velocities used in the present

experiment this error ranges from t0"5 to 1.0 cm/sec.

B" Confidence Limits of the Partial Resression Coeffícients

The twenty four samples taken per test \,,/ere used to

determine five parameters two díffusion coefficients and

three correction lengths - which established a unique binormal

distribution for t.hat set" These parameters vrere influenced

by the uncertainty at each of the 24 d-ata points, Therefore,

it was desirable to establish confi-dence limits for each of

the five parameters " The method used t.o determine the confi-

dence limits is described in detail by Bevington Þ1] .

*Kent-Lea Instruments Ltd", Lution Bedfordshire, England"
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The standard

^2_
z

-2
].

-2

deviation

24t
t lo.'/ ' I l-j=r 

I

L

of any parameter z Ls gÍven by:

(A1"2)
/ d, \'("t
\ Òc. I

\'/
where

o, is t.he standard deviation for the data point
l_

õl

'f- "

The standard deviat,ion of all data points in a set

were assumed to be equal, and calculated. by:

It.j - r'. )."L, (Ar. 3 )

where

24-N

calculated concentration,

measured concentration,
nrrml'rar nf r'afametefS detefmineCl¡-q-

method of least squares "

in equation (AI"2) were calculated

I
ar

l_

l-

N

is the

is the

is the

hr¡ l-h o
''J

The derivati-ves

nrrmarì¡:llr¡

The 952 confidence interval A, for a parameter z \ñas

nnmnrr"l-aÁ hrz "ees vf.

(A1. 4 )



A1

wnere

t is 2"093 for 19 degrees of freedom, as given

by Neville and Kennedy I Nf | .

Results are qi-ven in tabl-e 2 " It is seen that the 952

confidence limits for the diffusion coefficients and the x

correction length are from 10 to 202 of the mean values,

whereas the confidence l-imits for the y ancl z crossflow lengths
v/êrê ãs hiclh nr hiohar thar¡ the mean val_ues"
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APPEì{DTX TI

ÏMPROVEI.ÍENTS TO TT]E APPARATUS

AI.TD METHOD

t. If the concentrations are to be rneasured by sampling,

it is suggested that the injection and sampling systems be

constructecl as a singre unit and that the positioning of the

injection and. sampling probes be made by a rack- and pinion

arrangement..

2 " Two less time consuming but more elai:orate methods of

measuring concentrations are suggested:

(1) A set of portable cond.uctivity probes

which could be moved,

(2) A dye injection and the subsequent

filming of the dye. This method ís

describecl by Elder le Z I .

3 " In order to obtain more reliable results the number of
sampring points in each cross sect.ion and- the number of cross

sections for sampling could be increased"
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TABLE 2 CONFIDENCE LIMITS OF THE PARTIAL

R E GR ESSION C O EFFICIE NTS ( 95 Oç )
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flow depth =
bulk velocity
dislonce from
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= 45cm/sec
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@ Refers lo the Verticol Diffusion Coefficient
X Refers to lhe Horizontol Diffusion Coefficient

FTGURE 35 CROSS - SECTTONAL VARIAT|ON OF D|FFUSION
COEFF ICIENTS

flow deplh =

bulk velocity
distonce from

lO.3cm
= 4Scmlsec
boftom = 7 cm

flow depth = lO.3cm
bulk velocity = 45 cm /sec
distonce from bottom = 3 cm

flow depth = lo.3cm
.bulk velocily = 45cmlsec
distonce from center j Ocm

x

flow depth = lO.3cm
bulk velocity = 45cm/sec
distonce from center = lOcm



flow depth = lScm
flow velociÌy = 45cm/sec
dislonce from boftom = l2cm
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FIGURE 36 CROSS_SECTIONAL VARIATION OF DIFFUSION
COEFF I CI ENTS

flow depth = l5cm
flow velocity = 45cmlsec
dislonce from bottom = Tcrn2
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(o) FLOW DEPTH - 7CM,

(b) FLOW DEPTH - IOCM,
BULK FLOW VELOCITY * 45 CM /SEC

(c ) FLOW DEPTH - 15 CM,
BULK FLOW VELOCITY - 45CMISEC

BULK FLOW VELOCITY - 45CM/SEC

FIGURE 37 VELOCITY CONTOURS
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