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'fyguﬂf"’ ,;-:],x'ff Ahstract

'},

The study reported hereln 1nvolved 1nvest1gatzons of
| the transverse m1x1ng and—m1croorgan1sm surv1val w1th1n the
i ”rSlave R1th downstream of Fort Sm1th N W T _T e Fort Sm1th

wastewater treatment and d1sposal system conl:sts of a: =
frthree Cell lagoon System, followed by a cont1nuous d“'; : : _
rdlscha&ge to the Slave Q1Ver through a submerged near- shore ;"

Rfoutfael ffffyf'fﬁ=ﬁffw.5fﬁT-fﬁdj“ .".f-fg*-V',- JT::n A

*
=

The study 1ncluded f1e1d bacterlologlcal sampllng and “5
N

'5;5@racer ﬁests under open water.and 1ce covered condztlons,’

"?gFThe purpose of the~tracer test.

was to prov1de an accurate

——— i

“.measurement of the wastewater _1x1ng (the d11ut1on and;,.

“vﬁhdlstrxbutlon) w1th1n the r1ver..The tracerAdata serves as a
i;fyreference against wh1ch the t1me dependent surv1val of |
‘J;ifm1croorgan1sms may be assessed ) . | B
X The m1x1ng stud1es were COnducted u51ng contlnuous'_
ylanjectlon of Rhodamlne WT’fluorescent dye and sampllng at
-faarseveral seiected cross sectlons over a’ 40 km reach of the}
| 'r1ver. The tracer tests 1nd1cated the m1x1ng 1n the uppef,
'x;port1on qf the study reach was cons1derably lower than ?_ lfdd
_expected from test results on other natural streams and
|mode111ng us1ng reach averaged geometry, veloc1ty and
: transverse m1x1ng coeff1c1ent would prove unsatlstactory,~‘
ehHoweveru'a numerlcal modelllng scheme us1ng local R ;Q;,

'fd used to f1nd local

values of the transverse m1x1ng coeff1c1ent ‘{ 5,“'1,'f‘

parameters was: found satlsfactodff
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Bacter1ologlcql sampllng and analy51s for total apd =

dﬁdfﬂfecal col:forms were condﬁcted for each sampl1ng statlon.fh-c““

c,fAfter acccuntlng for the phy51ca1 m1x1ng the 11m1ted datahf

Afiflndlcated a- barely d1scernable m1croorgan1sm d1e off rate_ '

;‘}{1w1th1n the study reach under dce cover—cond1taons. Dur1ng?ff<i9

-]
‘~the SUmmer the hlgh eff1c1ency of treatment thhzn the e

ﬂlagoon system reduced 1n81cator concentratzons 1n the rzver'7f”

i

"Vhto leVels whlch prevented any evaluat1on of the dﬁe-off:-f"

: ~

'"“.ﬂrate. The numerzcal model for the m1x1ng was adapted to 'Qfm

P'v’allow predlctlon of the conqpntrat1on of m1croorgan1sms'”“

4,1,

‘;}w1th1n the wastewaten plume for var1ous decay rates.;:{;

v _
- ' ‘.'/’
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IﬁTRODUCTION “;__%'4" |
- Natural stream capab1l1ty for self pur1f1cat;on of

m1crob1a1 contam1nants or1glnat1ng from waStewater

;dlscharges has long been recognlzed but the process 1sn'

-f/_': .
oA

}1nadequate1y underStood Wastewater‘m1crob1al h_',i .

-’»concentrat1ons generally decrease downstream of an effluent

outfall due ta two d1st1nct prd‘;sses~‘3

L8

1

a.. tﬂ% decay process, wh1ch 1s a t1me dependent

S~' . d1e off of microorganzsms W1th1n the effluent

e *-"‘plume, and

« a .

gb; the m1x1ng process wh1ch 1s the reductlon 1n

_mlcroorganzsm concentratzons due to’ d1lut10n wathrn '

. "the stream..‘; .l‘ 71”,._’-2’,?f‘_‘ f v *~'3.15

-

Dae off of effluent m1croorganlsms occurs due to o

adverse env1ronmenta1

[N

. m1crobes w1th1n the rece1v1ng stream D1e off rates tend to

';d1t1ons and predatxon by other T

o be much hlgher 1n the summer than durang wxnter months. The -

/

longest m1crob1al per51stence 1s bel1eved to occur under

g

1ce cover condltlons in cold northern rlvers.-The cold

~

-

. water temperature retards predatlon and resp1rat1pn, wh1le

"the ice; sheetiel}mxnates the lethal effects of sunllght.

NS

'cond1t1ons Thus, the reductlon 1n r1ver m1crob1al

Low flow cond1t1ons, whach reduce the rece1v1ng stream s
dllutlon capac1ty, are generally boncurrent wlth 1ce cover -
concentrat1ons, already retarded by longer persxstence

tlme, 1s further reduced by decreased d1lut10n capac1ty..

.»g -

]
N
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understandlng of the proceBs.: s o ﬁay

,‘.
. X ' . ’ .
* N *
»

Enter1c pathogen1c mlcroorganzsms are usually more'

[

d1ff1cult to 1solate and enumerate than fecal 1nd1cator

bacterma and therefore dle—off stud1es have been conducted~“

us1ng the fecal 1nd1cators to slmpllfy analy51s. Laboratory'*'

studles have been less than totally successful 1n ;'f

¢

) - 81mul3ttng the stream decay process, often g1ving confus1ng

results, The 11m1ted success 1n the laboratory regu1res thei.

decay process be studled in the fleld ta’ ga1n a better

. ; ' N
= ‘F1e1d stud1es may bewconducted by two~method5°

(uttl;zlng membrane chamber apparatus, or

b.\ actual bacterlologlcal stream sampllng downstream

-~

s

- of an effluent outfall ;~ff‘iﬂ R B

; The membrane chamber method uses a submerged vessel -

'[ w1th walls permeable to stream water but Inpenetr‘ble by

[

',temperature, pH and nutr1ent concentrat1on due to the free -

o

mlcroorganisms, The chamber, dosed w1th a known 1n1t1a1

populat1on, 1s anchored at a de51red locatlon w1th1n the

%

stream and samples gor enumerat1on w1thdrawn at Selectéd f’-:

(a

t1me 1ntervals. The enclosed m1croorgan1sms are exposed to'

~‘the phy51cal env1ronmental factors,of the stream such as

[
P

they are not influenced by stream organ1sm predatlon or,“f B

stream m1x1ng because m1croorgan15ms can not move through B

"the membrane walls. Therefore, the actual natural : '~4

pfgpurrflcat1on'process is nOt completelYusrmulated.v

) ."’

,g

» exchange of . flu1d through the permeable walls. However,:h.



Bacter1olog1cal sampl1ng downstream of effluent
OutfallS‘lS the best method-of study1ng the natural

purlflcatlon process but requ1res extens1ve sampl1ng and

l

rlver surveys. Sectlons are located downstream of the-

*

effluent source and)samples for enumerat1on taken at
. . _
‘selected po1nts across the stream width, The ih'tial"

v -

numbers of m1crborganlsms must be evaluated by determ1n1ng

' the raw eftluent concentratlon and flow -mhe mlcroorganasms

- . ‘- -

'_'are close ts- neutraliy buoyant and move w1th the stream

fcurrents. Downstream of the outfall they are m1xed W1th the

.

rece1v1ng water as. the effluent plume spreads across the

.stream and s1multaneously d1 —off as a functlon of tlme.w;‘

-*fReductlons 1n m1croorganlsm concentratlon due to d1lut10n
, v Ce

‘or m1x1ng effects, w1th1n reg;ons where‘gz;l;;nt has only

- 1

partlally m1xed w1th stream, must be quant1£1ed before an »

| accurate evaluat;on of the t1me dependent decay process 1s

L . .‘-\ “ . ' .o _""'.' _‘: ,:‘ E
p0551ble. . IA'..‘ SO ,;?‘ Lot

Often when wastes are d1scharged to natural streams

\

complete m1x1ng of the effluent across the stream i's

‘.assumed a short dastance downstream of’ the outfall The

v'm1croorganlsm concentratlon decreases beyond thls dxstance‘

.are then attrlbuted to the t1me dependent decay process.'

3However, the reglon preced1ng complete m1x1ng in the stream

v

\ L1

may be of S1gn1f1cant length 1n wh1ch case the

two dlmen51onal'fnature of the m1x1ng 1n th;s zone must be

—_’._—,__.___...________ . . L.

! Two—dlmen51onal meanlng there are 51gn1f1cant ‘i . ﬁ_
.concentration gradients-:in both. the streamwise and

transverse (across the stream) dlrect1ons.

-

PRRY



con51dered before d1e-of£ can be accurately assessed The

transverse (two~d1mens1onal) m1x1ng 1s of prlme 1mportance’

,

-whén cons1der1ng bank d1scharges 1nto wxde natural channels

v
N .

where complete m1x1ng may not occur for a: hundred or more
'L%‘{.rxver widths downstream of an outfall
I ‘;: M1x1ng of the effluent w1th1n ‘the - stream occurs due to *

,’

dlsper51on by d1fferent1al advection and d1ffus1on.

: D1ffu51on is movement of pollutant from areas of - hlgh C

ot -

concentratlon towards areas of lower cbncentrat1on as’ a"n

>

result of random motlon. In streams the random motlon 1s

predomlnantly caused by turbulence, a property of the fluld?

- 'flow. Dlspersron by dlfferentlal advectlon is caused by
. J .
. 51gn1f1cant vertlcal and transverse veloc1ty gradlents
i W1th1n natural streams and occurs in" conjunctlon w1th

-

d1ffu51on. For example, as pollutant dlffuses from an area

p

.t. .of hlgh concentratlon and low streamw1se veloc1ty, to' an d.

L

- area of-. lower concentratlon and h1gher streamw1se velocity,

the dlfference in veloc1ty of the predomlnant f1u1d motion

’

. w11l cause the pollutant to be d1spersed in: the streamW1se

-

L Or longltudlnal dIrectlon. : fa;fjv .

~

\'d; TranSverse ‘mixing may be descrzbed by a dlfferentlal

PR

mass balance equatxon for a conservatlve tracer. Solutlons

to the equatlon requlre a prlor knowledge of the transVerse

,mlxlng CQeff1c1ent an emp1r1ca1 parameter,'wh1ch is’ a

4 .

measure of the rate at wh1ch an effluent plume will spread

'

across the rece1v1ng stream Pred1ctlons of the transverse

m1x1ng coeff1c1ent have 11m1ted accuracy unless der1ved

- .- [N : ’ Timn S : s ‘.
. - ) . \ - A .
N , . . ST .
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v

from a f1e1d tracer study of the mixxng along the stream
/ . o~

"sreach of 1nterest for ex1st1ng flov condltxons.,:;f"f?~ﬂ

Clearly the most reliable means .to study mzcrobzal

5self—pur1f1catlon ot streams is through fxeld o
‘ bacterlolog1ca1 samp11ng in conjunction v1th a tracer study
of the reach of 1nterest to deflne the m1x1ng wath no.'w

decay . :' '.~ ) »‘ ‘ . "- . ) '~‘ o ’ - ', .'4

Large streams often .serve as major sources . for watero‘_.¢

.'5supp1y systems. MJcrob;al pur1f1¢at1on by water treatment

I

»ffand d1s1nfectlon prov1des Q safeguard agaxnst -the -
:j‘~ftransmlss1on of water- borne dlseases from contad1nated raw
L water to’ the consumer . Hoyever, most r1vers are/used for
vother purposes such as flshzng and recreat1on wh1ch br;ng
'1nd1v1duals 1nto contact w1th the untreated raw water and
: the rrsh of 1nfectlon. In add1t1on casual consumptlon of
S raw-water (consumption with no d151nfect1on) presents a

;health r15k common to northern r1vers dUe to establlshed
-8

'Tnatlve 11fe style and uniamlllar1ty w1th the p0551b1e _iﬁj"*

ihserlous outbreaks of watenﬁ$orne d1sease as a result of |
"fithese add1t10nal water uses A better understandlng of the
fd1e off process, tHe rélatzonsh1p between 1ndlcator and '
'pathogenlc mlcroorganlsm nnmbers, and ‘the tolerable levels
jof 1nd1cators 1s reqU1red to a1d in the formulat1on of
‘satxsfactory water qual1ty water use pol1c1es.

L o ‘tThe=Jatgq d;lutlon‘capac1ty of many northernfrivers'

and the.ielativeiy'Iong dﬁstances_between4isoiated'

R

f“consequences. Natural purlflcatlon represents a. barrxer to-

[
. e

~ ’ “': . :
. N . v . :
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‘«4:: settlements utlllzlng ¢ﬁe stréam as'a'water 50urce shOuldizFffw7N

e Y

- treatment regulatlons EAn'1mproved understahd1ng of the

«ratES o£ ndtural purrﬁﬁcataon and ¢he:e£ore a better ﬂ-"

i s l“

knowledge of the"strgamws feg51ble-capac1ty to asS1m11ate

o

wastes may allowcrnter_commun1yy d:stances to be safely -

g*.' . _}.A,,- »

3

,;?- wasbewater tteatment fac111t1es (sueh as g&zt removal ﬁ/f

. T

',gr{ pr1mary treatment, eth) to ma1ntd1n acteptable rece1v1ng

i

o .ﬁater~qya11ty wbuld generally prbve most economlc, allow1ng R

N * o '~
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=y A soluble pollutast d1scharged 1nto a stream w1ll be

dxluted sxmultaneously by the brocesses oi d1ffus1on and : '_,5:

&-“ .mxxung due to d1fferent1al advect1on.,Beltaos (1979) ';'

presented the folloqug conc1se descriptlon of the mixing

J prdcess dnf streams.-fuih;}':- ‘ 1?.”" 1 T the.‘)‘vllﬁ‘ L
>';? T;“{ lefusion 1is movement of a soiute vithin. ‘the ‘stream e
due to randow motaon in‘che presence of concenfceflon ST
g gtadients The,so;ﬁte pass m?ves from ereas of hagh ; A 1 . -
%j cbncentfatlon'to arqes:oi.fosechconcentratxon “The” random -
:':iﬁ»motlon may be molecdiar, eyprcperty oﬁ the flu1d or: ;'.:;
f;;f turbuleét,‘é p?OPErty of»thexfleld flow. ;“ : 5:.23'?;: ;;c.:'
'°—$°34‘ M1;1ngedue to d;fferentzal advect1on is caused bi mean;;fﬁﬂ 
| '}fvelcczty gfa§1ents. Most natural streams have sxgnlficant ;:i
- vert1cal and~lateral veloc1ty12rad1ents as shown 1n Flgure fiéﬁe?
2. 1. Drﬁferent;al advect1on mxxang occurs 1n conjunct1bn ’Q. '

} :1

.

wlth d1ffus1on as 111ustrated 1n F1gure 2 2 D1ffusxoa w1li b

cause solute fluxnﬁﬂ

J:whxch fot examplef'

The h1gh veloc1ty
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d1rect1on. S1m11ar results occur due to lateral

(transverse) veloc1ty gradlents.,','f 17 o o B
Beltaos (1979) descr1bed the 1nter£ct10n of d;ffus1on _
’-and dlfferent1al advectlon WIth ‘the aid of F1gure 2 3. At
Z‘-txme t =20 a quantity of pollutant 1s 1nstantaneously “ ShE
. fhﬁrefeased 1anﬁ€he main. flow of a stream. The pollutant ' p
,'Jmoves downstream thh the ‘local . flow ve10c1ty m1x1ng in all
._'d1rect10ns by d1ffus1on and rema1n1ng a near uniform. cloud
“luntll t1me t,. Beyond t the d1ffus1ng pollutant eventually :
'7,encounters veloc1t1es 51gn1f1cantly dlfferent than the
‘.orlglnal local veloc1ty and the boundar1es of the cloud
l{beg1n to Spread by d(fferentlal advectlonQ The pollutant
cloud appears as a horseshoe shape at t1me o elongated 1n,.
: the longltudlnal d1rectaon.,The long1tud1nal spread has |
lheen 1ncreased by d1fferent1al advect1on and the transverse
v d1£fu$1on enhanced as a result of the plume stretchlng.
| Beyond t2 the pollutant .cloud w1ll contznue to m1x,;
‘reach ‘the' banks,'reflect and eventually approach é unlform.
concentratlon across the channel Jheyond the dlstance\at
wh1ch un1form concentratlon 1s establlshed the problem 1s R

essentlally one d1men51onal Thls one- dlmen51ona1 process,

"generally called longltud1nal dlsper51on,.has been studled y

"-.-Q o - ¢'...- - o

“eaten51vely by many 1nvest1gators ( examples are

A1

) Elder (1959) Glover (4964) Frscher €$967a) Sayre and n;"_~;y‘:;f}

R L . P

At.Chang (1968)) owever, Beltaos (1979) poants outﬁ at,least

Q .. .,,-—_n\‘.. - ea om0 W

for 1deallzed channels, the m1x1ng length 1ncreases as the

;;LA, sguare oI the channel w1dth and therejore the pract1¢al

T A N

- s © o m Ty e A e
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‘i;ttvalue ot longztudxnal dlspersion theory may be izmxted.by

t;channel 31ze. The regzon of przmary 1nterest 1s often. .
1mmed1ately downstream of an effluent d1scharge in- the zone"f’

vhere high concentratzons and szgn1£1cant transverse

5 concentrat:on grad1ents w111 exxst Thzs reg1on prior to
'the establishment of un1£orm lateral c0ncentrations 1s f‘
'called the transyerse maxxng zone, and 1ts length termed

..the mxxxng length , "1‘ '-'“} - f~' . : )

The d1fferent1a1 equatxon descr1b1ng mlxing 1s derzved
from a mass balance of a neutrally buoyant conservat1ve

tracer wzthzn a f1u1d element (see Appendlx I):

C+L(uc)+3(vc)+3(wc) - ‘
at X . dy 3z, - (--27.1)~

3 (ex ac) +3 (ey ac) + 3 (ez ac) S R
Bx ax, ay ay 9z 2z

where c is time-averaged concentration,-u,v,w are, .
time-averaged velocities in the x,y;z directions indicated ’

"in Fzgure I-1, and ey, ey, €, are coeff1c1ents of d1£fus1onr“

_representzng the combined 1nfluence of turbulent and

v

“_,molecular random mot1on w1th1n ‘the f1u1d.‘In der1v1ng

.s}quuatzon 2 1 turbulent dszuszon was expressed in the form

~of F1ck s gradlent law, whzch is commonly used to descrlbe

molecular dlffu31on.

.
Ly
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Siﬂplezed d;fferentxaL equﬂt;oné descrszng mzzzng

"beyond the m1xxng len th and. w:th1n the transverse m;xing
.zone may be der;ved b

depth-averagzng Equatzon 2 1 and f.
fmak1ng order of magnitude approxxmat1ons.,neta1ls of these
”;der1vatzons are gzgen zn Appendlx II The resultxng

‘;equations are._ ,

3c+u§_.a_(sx?_c-), s (2.2)
ot -"ax A L G . T ‘> " '

'7wh1ch descr1bes longztudlnal d1spers1on, or m1x1ng beyond

»'“the m1x1ng length and Cr :?.,‘}' S ;
: _ ST

A

" h 3¢ % hu 3c = 3.(hE, 3c).

3.
Bt X 9

T(2.3)

‘Twhxch desorxbes m1x1ng wlthzn the transverse m1x1ng length

- or zone. The d1ffu51on coeff1c1ents have been replaced by

fnew parameters, E and E.:, called m1x1ng coefflczents.‘The ;:
mix&ng coeff1c:ents 1ncorporate dAsperszonal effects due toﬂ'
'f‘Secondary c1rcu1atxons 1nto Equat1on 2. 2 and 2 3 on the f
\ﬂ_assumptxon they are dependent upon lateral concentrat1on ei
‘gradzenta.dZ;., | o | J' 'H‘_ L
" An. 1ntermed1ate zone wxll exxst in wh1ch the
‘longlﬁudxnal and transverse dlffusxon terms w111 be of the
same . magnitude and therefore must both be considered Many

".early 1nvestxgatlons 1nto long1tud1nal m1x1ng 1nvolved thxs' B

ph
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“~_‘-@£nte;med1ate zone and provmded the origmnal interest in ~f o
tranééerse dlffuszon.;.;;yt:i"g}f'?im"_‘irj*“y'"’ ‘

.l e
R T

e

| !arly Laboratory Stud1es 55-:';w~}}?}d;f? s | |
h }; Adolph Pick was one of the earlxest 1nvest1gators of |
:”fthe dxffu31on process. In'1855 F;ck proposed an expressxontlr*
3fdescribing molecular difquIOn, although at the tlme the
'gd;actual phys;cs of the process was not understood. cmk
"f>stated, analogous to: ?ourzer s lew of heat £low, ‘that fixfuutﬁ"

:solute mass flux 1n e glven dzrectzon 1s proportzonal to -

s

' the gradzent of solute concentratzon 1n that d1rect1on (see-r’“

”,Equat1on I 2)

3 The followzng class1cal dxffus;on equatxon may be

T W e ae e «-qlq-’—u.v-'w >

'-der1ved by qonsrdering conservatzonAof solutecmass,

P
R T

ke i: _.;;‘

r-i‘diffuszve fluz (ie. the rzght hand sxde of Equat1on 2 1)

and a constant d1£fus1on coeff1c1ent o -
| ' ' L : Yoo T VO
B¢ = K (% + 3% + %), - . -
ay (2 T« acZ i (z:)‘ S ' {2.4)
At gyt A “

.ﬁwhere K.is the d1ffuszon coeffxcxent The fundamental _
{solut1on to Equatzon 2. 4 (which descrlbes both dlffu51on;
,‘and heat flow) is the Gauss1an d1str1butzon. For example,i
the solut1on ta. the-one dlmensxonsal form of Equatxon 2 Qd
is

> P

N a concise: descr:pt1on of the early development of.’
diffusion theory ‘is given by Fischer et al., (1979) whose
‘major goxnts are brzefly outlzned here.

. Y‘
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where n 1s the total mass of solUte and t 1s the t1me'
solutxon can be extended to. more complex problems by us:ng
1mage sources to account for reflectzng boundar1es and a, .

movxng reference frame to account for advect1ve solute flux"

v

B

1n lamznar flow.f},‘ _ijfff; 'f: ,;,;h*. \
‘ Random walk statlstzcal theory, wh1ch deScrlbes the .
: probable dastrzbution of solute result;ng from random

COlllSlonS of molequles (molecular dszusxon), was

C

"f developed follow1ng Fick's hypothes1s. Random walk theory
‘;”{ndlcates that after an 1n1t1a1 number °f 1031V15U31 u

uf{ movements or t1me perleds ghe dastr1bution of solute

- mqlecules will olosely approxzmate the Gausszan.l.'

vugdequatxon 2.4, S ”Tfmw'f~ o f -

G I. Taylor extended d1£fus1on theory to turbulent

flows. Taylor s work suggested that after an 1n1t1al t1me

13

- per1od the d1ffus1on process may be descr1bed by a ,:f,
' turbulent dszusxon equat1on, 1n whxch turbulent d1f£us1ve

flux 1s descrlbed by F1ck s law w1th turbulent d1f£us1on

o

elapsed from a poxnt source 1n3ectlon. The fundamental '3 =

dlstrxbutlonf thus 1mply1ng bhe valxd1ty Qf cmk s law and~.“_s

coeffzcients. Turbulent d1ffus1on 1s analogous to moIecular -

‘ dszuszon but is the result of’a. dxstxnctly d1fferent
physxcal process.‘Molecular d1ffus1on, as noted above, 1s o
‘the result of molecular coll1sxons, wh11e turbulent

"d1ffuszon results from the much larger scale random motzon

P S



e ——————

e S L

o+ of "'flu\io‘.“packa'ges';:'or‘ '-;;aAi_g;.»-‘ eia’s.-set;e-r_iis.;ici of turbulent - -
Taylor s\work also showed that atter an 1n1t1al tlme (
perxod the turbulent d1f£us1on coef£1c1ent is the product
.of a 1ength scale and the 1n€3nsxty of the turbulence, the
length scale be1ng a measure of the sxze of the edd1e8~-31iﬂ“;f
created by the turbulence. | ' , ‘_ | :
| Taylor (1954) extended hzs work on turbulent d1ffuszon
to shear flows (1 e. flogs in’ which, sxgnzfxcant veloczty
'Uh;grad1ents exlst) by analy61ng solute d1f£us1on in pzpe
‘lhffflow. He showed the problem reduCed to a sectlon-averaged
hfp{one dlmen31onal equatzon szmzlarfto Equatxon 2. 2 The .
‘vmleng coeff;clent is generallygcalled the lonéxtuolnal.k _5‘:i
’~:;d1sperszon coeff1cient and accounts £or m1x1ng due to -
d1£ferent1al adVectlon and streamv1se dxffuslon."Nﬁ”iruﬂﬂ
éfCalculatlon of the“longztud1nal d1spersion coeff1c1ent ‘1_;”
'frequlres a knowledge of the vert1ca1 dxffusxon or, 1n | :
"-“ Taylor s work the radial d1ffu51on, across the velocxty
Lprolee. ‘Taylor - obta1ned a value. for the radial d1ffus1on
lcoeff1c1ent usxng thel'Reynold s analogy .that’ solute mass
i}and momentum dszquon are equal,ln magn1tude. The momentum‘

-

o flux through a surface 15 equal to the shear stress-at the

"surface, T, dlv1ded by the fluzd densxty. p and is T

,-;equ;yalent to the soluteldszuszon flux Q,. Therefore

gy = r/(pau/ay Qn/(Bc/ay) , o . ; _;;'““ ‘ (Z.G)n :

"
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vhere c, 1s the vert1cal dlffus1on coeff1c1ent and au/ay 1s

the vertlcel veloc;ty prof;le (for Taylor s analysxs y 1s

1n ‘the. rad1a1 dzrectlon) Hence, ey may be calculated uszng

Bquat1on 2 6 prOV1ded the dzstrabutxon of ve10c1ty and

v -:_, . ~

i shear stress are knovn.l

*,,h;,‘ Elder (1959) applled ?aylor s results\to unlform flov

~v1n en 1nf1n1tely v1de open channel and deternfned the ) :%
long1tud1nal dxspersxon coeff1c1entfwﬁldet calcnlated the

o vertzcal d1ffuszon coeff1c1ent’us1ng Bquatzon 2‘6 snd*the fbl

logarzthmxc veloczty profile g1ven by | : 17:

¢ o ‘ ) s

;ﬁ'l,j U=+ u' - ¥ V* (1+2n(y/h)) V “.i‘;;gf?*'f”élf‘f;di;'ééLgf%(ij{bﬂ;

»,'K*n‘
¢

v 1—

PR T
oo ~a - <

from the ayerage veloczty, h the total depth y the R
d;stance from the bed 3 von Katman s constant genetally

’-‘ taken as 0“4 and Vs the shear veloczty. The shear veloc:ty

t

s a conven1ent method of expressxng the magznltude of the ﬂ’\

boundary sbear ‘Stress 7o, and is ‘given by

whe:e u 1s the depth-averaged velocxty.f the devzat1on L

~ "

R “V*‘ VT '9R (for .open charmels.) e _1,,‘._,' - £2.8)
T i : W .-.':»_';.‘i.","."”‘,f‘ M o S

.'zc:.-~-‘:~' \ AN [
. R . ' . ....&'—‘;4__,, e e T e
P . - ey P e o

S

.”.where R xs the mean channel hydraulxc rad;ua, S the slope

“.1 of the energy lxne and g the grav1tatxona1 donstant The

d1str1but1on of shear stress across the flow may be der;ved ‘

from a force balance and is gzven by ".1 : v . “f'
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Using Equetlons 2 6 2 7.and,2,9 the follow1ng express1on

Z for the vertxcel daffﬁszon coefficxent mey be der1ved
T w R (/RN T s e T gy

.i..arntegratxng ‘over the. depth of flow.Elder pred1cted%the«idf

EERE

depth-averaged vertxcal dxffusion coefficxent as ’
| E'yoosvhvy, Lo Az

While 1nvest19at1ng longztud1nal dlsper31on 1n a w;de
'7f rectangular flume‘éxper1ment Blder (1959) also observed the'~,
lateral (transverse) concentratlon dxstrzbutlons resultlng
from a poxnt source slug 1n3ectlon of tracer. Elder noted .
the dzstrzbutlons closely matched the Gau531an dlstrzbutzon"
(the fundamental solut1on to the classxcal d1ffu31on e

-~

depth-averaged transverse turbulent d;ffu51on coeffxcxent

1n the same form as Equatlon 2 11, l.e.'*i<¢",§?%*' ’i -
Lo et st T T BT AR s

_ where H 1s the mean channel depth and B a constant ‘An
Co empxrzcal expressxon 1s nbcessary because no theoretzcal

relat1onsh1p exists to predzct the transverse diffusion of

' equat1on) and‘proposed an empzrrcal expressxon £pn the W o
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momentum. F1tt1ng the best Gausslan curve to,hzs

¥ - ,

'hexper1mental results Elder gave the value of ﬁ as 0. 23. ;Af

Elder noted thzs value was much larger than tot vertxcal
».t d1ffusxdn. | ,5\:,AJ

e

Recalling Taylor s earlier work Equatzonfz 12 :_ d ‘5

. .’/;‘ﬂu”"

N~

f}p indicates the length scale o£ turbulence may be” e

A

':7flcharacter1zed by the depth of flow and the 1ntensitY Of

."turbulence by the shear veloczty A - 3 -
‘ : ’ e '.
The close approxlmatzon of transverse concentrat1on coN

fgﬂ?;dzstr1bUtmons, for~w1de rectangulan'channelsf,to a- Gaussran
, ;relatxonship allows the transverse dszusxon coeff1c1ent to'
- be calculated from experlqaatal data. Sayre and o :

Chang (1968) determrned a; constant transverse dszu51on v

vcoefflc1ent, K,,,for a number of contlnuous (1 e. ac/at-o )

.p01nt source experzments 1n a rectangular flume usrng the

: relatxonshlp.

P e

GEvdd L. e
“Tae T / R D

. ar

L R v

where V 1s the mean channel yelocaty.,; the d1stance from

n LS

the tracer 1njectzon p01nt and a,ﬁ the varzance of the
&a

‘ measured transverse COncentrat1on d1strabutions, The ST

w1

;dxffu51on coeff1c1ent K,_xn Equat1on 2. 13 represents a “dd

constant ¢: cons1dered andependent of p051tlon in the flow.
'f‘The relat1onsh1p applxes for the reglon between the' '

4iestabllshment of a un1£orm vert1ca1 concentrat1on and the 4rf

'5‘fd1stance at whzch reflectlons of the tracer plume from the

RN . e e T S : - )
. . N L LN 3 . u.ﬁ-'»‘_« R, S e e e e e 4 PRI .
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’51de walls begln to dzstort the

method of analy51s and those 51m11ar to 1t are generally

1

termed the method of moments.v ’ 'f = ;fﬁﬁ v)“>j‘-r**"

.The major conc1u51ons of. Sayre and Chang (1968)

N

relat;ng to transverse d1ffus1on ﬁor unxform flow in

rectangular flumes were:

;al’lThe transverse d1ffu51on process downstream of a
contlnuous po1nt source can be represented by a
two- dlmen51ona1 F1ck1an d1sper51on equat1on

. prov1ded unlform concentrat1on 1n the, vertlcal has

-

'1been establlshed

i

_", ; b. The’conf1n1ng effects of sidewalls can be accounted
for by treatlng them as reflectlng barrlers, and
. C. The average ‘value’ of ﬁ in Elder 8 relat1onsh1p wa¥

0.17 for the flow conditlons used in thelr

T ’ e v'_'f""”:. -
'f~;”nh; ﬂrruenperimehfs.’fmu C S

FRRE

o Flume studles of transverSe difquionrhave been;fﬁ;“

‘conducted by other xnvestlgators. Yotsukura and
J’ﬂCobb (1972) ,1n a brlef review of the results of these
‘istudles, 1nd1cated the value of B for the Elder.~~rg~“‘”‘7"

Jf.relatlonshlp may range from 0, 11 to 0 26 ;*

Equatlon 2 Ba may-be 51mp11f1ed u51ng the followlng .

.Y
assumpt1on5° o

ya,,.negligible"Vertical and transverse~velocitieSV(ie.
v=0 w=0), o . ".f .
b. * streamwise veloc1ty, u, is constant 1ndependen£ of -

pos;t1on, and



the d:ffusion coeffzczents are constants
independent of posztlon

Applying these stmpl1£1catzons Equat1on 2.1 reduCes to

o~

e - ?:! | 3;* s e

“which descrlnes“three*dimensional-mixing'in uniform flow of
constant streamu:se velocxty V and constant d1f£us1on

coeff:clents Ky, K,, and K,. Sayre and Chang (1968)

LS
C ok

| developed an analyt1ca1 solut1on to Equatxon 2, 14, but the
”solutlon has extremely 11m1ted appllcatxon 1n natUral

~

" streams due. to the sxmplzcatlons involved. ‘1 _ t ﬂ;d

'field“sfudies - . _ o
| 'Thevflrst field investigations of transverse diffusion

fwere reported by Glover (1964,) .and Fzscher &‘ps7b) ‘Glover -

measured the transverse concentrat1on d1str1but1ons'!%

‘short lived’ rad101sotopes, downstream of a contlnuous po1nt.ﬂ_-
source of power plant effluent, along a short reach of . the
Columbia Rlver. He reported a’ value for B of 0. 72 F:scher
conducted tracer studlesvalong a staight portxon of an-' f
-earth canal. He reported”a value for B of 0.24 for |

PU

ontlnuous po1nt source dzscharges located at m1dstream and

. at the bank. .:‘

: Fxscher (1967b) used a modxf;catxon of the; method of
moments in his analy51s. He calculated the var1ance of the
transverse d15tr1but1on of tracer mass flux rather than

B Y
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e the Columbla R1ver. Yotsukura etial (1970) conducted_a;-
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concen#rat:on pa351ng a measured sect1on. Th:s 1mpl1c1tly

R
[ Y T "

1n lddes the‘effects of localjdepthmand veloCxty in the

PP l‘O" J"”’»Kl"p‘ [ ag‘.‘

'yf changes 1n channel width. In d;scu351ng his results Flsoher,%ai‘:

N v
- _._,z,,f“,w,

proposed a phystcal explanat1on for.xhe large vaers of

,.

transverse dxffu31on coeff1c1ent measured 1n comparxson to
{

that whzch can be theoret1cally pred1cted for vertzcal
d:ffus1on. Flscher stated-

-

foy "the scale of turbulence, or eddy s1ze' 7i§

._hpartlally dependent on the prox1m1ty of normal
;boundar1es and 1s more restrzcted in the vert1cal

éffThus, although the turbulent motzon 1s or1g1nally

c:7exc1ted by the presence of boundary shear, the’

5large scale movements whlch produce the maxlmum"
'm1x1ng are more effect:ve in the transverse L

d1rect1on.

! *.—
use a vertlcal length scale such as H to characterlze eddy

Yotsukura F1scher and Sayre (19;0) recognxzed that

transverse m1x1ng in natural channels may be greatly

enhanced due to the 1nfluence of secondary currents.‘htf'

Secondary currents may be created by var1able bed shear,g'i}*?y;;

channel 1rregular§t1es or. bends w1th1n the stream. ' ;j-“x'“g
Increased mass transfer .due to secondary currents could

explaln the 1gh value of B reported by Glover (1964) for

Desp1te thls observat1on, many 1nvest1gators cont1nue to,';fﬁ"

e s e

r'f*~°c curatzon He also adjusted the vartance for.mrnor fat,wg»zi
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v.rsteadyhstate transverse mlxxng 1nvestlgatlon along a gently

a

sl curved reach oflthe.nrssbur1'River~downstpeam of at,:_‘hjlf‘f""

C e
-vhﬂwr

-

'40 | ’_‘»..r.-.... - -

mid—channel*tracer«pn}ectren.»Annumerxcal,stmulathn of. the

‘fé o m1x1ng was “used: to flhd the transverse m1x1ng coefficlent

[ T o : p . ] :
. “#‘ ¥ . @ %% - _5,0»,\@_)@*_.::#*6@,‘” i

- hy frttfng sdlutlon axstrlbutlons to~the measured«tracerw Flﬁf%j{

L T

-*~'7-concentnatzons.umhe explrcrt flgzte d ff rence Scheme they"‘fyui

U T .y

ut1llzed was based upon a stream tube concept and accounted}
yoo «

for varylng channel depth and veloc1ty. The ‘mass; transfer

between,g;ream tubes was aSSumed to- be ent1rely dlfoS1ve,‘:”
i %s - ¥ ‘ ‘
@ 1ncorporat1ng any secondary current effects into the
T W @t e ke w B eum o v o

at,“"

tenm They con51dered the numerlcal scheme

superlorrto the}method of ménts for . analy51s of '
transverse mixlng in: natural'streams because Equat1on 2 13 .
was der1ved for 1nf1n1tely w1de channels w1th unlform depth -
_and veloc1ty. ') o . | - B
The numerlcal solut1on gave an overall best f1t to the
measured dlstr1butzons wzth a reach averaged B of 0. 6.
However a sens1t1v1ty analy51s Lndlcated the transverse»
»m1x1ng coeff1c1ent could vary as much asf100 percent along
the reach w1thout apprec1ably alter1ng the solut1on.""
Yotsukura et al (1970)-concluded that B for-large l.
meanderlng,channels would generally be larger and mprehw
. o var1able than results obtalned for small stralght channels..
ﬁ\; o Holley, Slemans and Abraham (1972) 1nvestlgated the
; effects of secondary currents, channel geometry and local”
veloc1ty, whfch are generally lumped 1nto the : d1ffu51on

coeff1c1ent in an effort to dlStthUISh whlch mechanlsms

. -
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‘the coeffzc:ent shouid.rep:esent,nln pertzcular they )

‘..ow.‘ I e . w -

.i:consldered the effects of transverse varzatzqn o£ depth o

v-'streemv1se velocxty, the dxffusxon coefflczent 1tsel£ and

a-dlfﬁerence model vhzch gave solutions to squatxon 2. 3 They |
tirst looked at the 1nf1uence of local depth by consxderzng
‘a trepezq}dal and rectangular channel w1th equivaleﬁt mean

};velocxty and depth ! The solutxon obta1ned for a contxnuous

] bank 1nJect1on of tracer 1nd1cated the equ1valent

o - oo R T S S

ofrectangular sectlon ser1ously underest1mated the
.concentrat1on along the injection bank The dxscrepency
decreased with increasing distance from the out?&ll |

v Analyszs of the solutlon dzstrlbutions for the trape201dal
wchannel uszng the method of moments, resulted 1n a larger
-transverse dxffuszon coeff1c1ent than 1nput to thexr model

Holley et al. proposed the follow1ng empzrlcal |

ﬁezpress1ons for the transverse dxffu51on coeff1c1ent to
~investigate the effects. of lateral-varlatxon 1n l9¢314'

streamwise Velocityland‘the coefficient itself: -
gg=8uh C T (2.18)

where u is the local streamw1se veloczty, h the looal_‘

~ %y

depth B a constant, and,

e S - - - =

! Pred1ct1ng € w1th ‘Elder's ‘expression- usxng sect1on mean L
Vx-:and H essentxally assumes an 1dea11zed rectangular - .
channel ' . . : .

.

.| ..
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‘.vhere H 1s the mean channel depth ‘The value of u was
'-calculated from an assumed parabolzc transverse veloc1ty

'.distrxbution used for purposes of the sxmulatxon. Numerxcel

'J_Zsolutzons for continuous sxde 1n3ect10n 1nto a trapezo1daI

~ channel, us;ng . pred:cted by Equations 2.15 and 2.16,
- vere’ compared to that us:ng Equatlon 2.12. The .
.dzstrzbut1ons obtaaned usxng Equatlon 2 16 were equlvalent

to those of Equat1on 2 12 wzth only m1nor d1fferences 1n .

M Tum e -
“ d-_, -4’“-'°,."~ . k B A T A VI L BN ]

'-the peak concentratxon. However, the d1str1butzons obta1ned

us1n§ EQuatlon 2 15 had extremely hxgh bank concentrat1ons _

",,1n compar1son to those of Equation 2 124 Thxs d1screpancy

o _'decreased w1th d1stance from the source, s:mllar to the

‘influence of local depth
‘ Holley et al showed the transverse veloczty, w,
.j 'generally assumed zero, may be’ calculated us1ng the’

~

' expre531on'

w--%%;fs uh ‘dz (217)
,vhere s is the transverse locat1on of the streamllne o
pas31ng through the pollutant source. 051ng typlcal datag "
from the IJssel szer In The Netherlands they demonstrated,'
that the transverse veloc1ty term drdpped 1n der1v1ng |
- Equat1on 2, 3' may easzly be of the same magn1tude as the

S . ———d?--—-- ———————
R See Appendxx II
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,transverse d1ffusion term. The correct formulatxon of

i

Equatzon 2. 3 under such. cond1t10ns would be -

p

hdc + hudc + hwic = 3_(hEzac) T T a1y
at‘ax %z 3z az"'-' N | Beon i
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In conclusxon Holley et’ al formulated a more general B
. method of moments analys;s using the transverse ‘ _
d1str1butaon of tracer flux (s;m}%eseﬁo Flscher 1967bV

A

_ wh1ch effectxvely conszdbrs local depth and veloczty. Their;

’..-'.,eq,. S do e

thange 1n variance.e;pre;gvonaaheo 1nciuded°ao'erm : ’f&f“\’
account1ng for any s1gn1f1cant transverse VQIOCItY.‘y‘~ .
". The effects of local stream geometry,eVar1able |
streamwzse veloc1ty, and the presence of transverse .-H‘
veloc1ty,‘cons1dered v1th1n the moment analysxs of Holley
et al. (1972) and Fzscher (1967b)‘ may ! more easzly be‘

accounted for uslng a traNSverse coordlnate transformat1on

11

.>,.

‘1ntroduced by Yotsuﬁura -and’ Cobb (1972) The new transverse'frw

"'coord1nate 1s defzned as the cumulatlve flow, q, glven by

. q(z) = f whdz. ..o 0w T (2.19) .

»

where Z. = 0 represents the left bank as. shown 1n Flgure 2.4

. sand u 'is the mean veloc;ty 1n the dlrectzon of flow. At the‘

; raght bank Zz = W the total stream w1dth and q = Q,'the At'

4 total stream d1scharge. Equatlon 2 19 1nd1cates a 11ne of

Q

'-‘constant q represents a depth-averaged streaml1ne and hence_.

ftw& adjacent lxnes of constant q defxne a streamtube.;

~
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'gunm;ﬁpbrtaﬂt fewbunesoct the q transformatzon are..fh; T
BT RS SN S : _ PNTR Thans o Clmres e s
i - p a lzne of cOnstant A
lf§; 'the plan v1ew ot a natural stneam.ot varaable w;dth
'fiﬁzs transformed inﬁo a simple rectzlinear torm.oifufuguc
:-v. ;,'fconstant wzdth._ L T T R T D M T R PR

| Yotsukure end Cobh (1972) 1ntroduced the 'q'
,transformatlon 1nto the Steady-state verszon of Equatzone;

-__'_2 3 g1V1ng

o "' R U -.,L(uhzs“’ .-'-n . 4’0,«‘ > - - _". ...N’ - “.. 0"» “’\ ‘.’ '_. I -
. 3x aq. 3q e L LI AT S r\ﬁ"?q?’O)" T

fw_: Although uh‘E, w:ll vary w1th q Yotsuku:a and Cobb showed
“:f 3that numerzcal solutzons to EQuatxon 2, 20 qere relatxvely

i _;1nsen51t1ve to varzat:ons 1n the term for m1d~stteam teglon-

on
e

.tracer ;n]ectibns On thls bas1s they proposed replacxng ;u"

h’E, w1th a constant £low—averaged parameter, D;, g1ven byf

*DZ""'i'f w?Edq LT T2
¢ . ' . - Q — ’o L e e R F e o . o - : o r . ) .

®

S R

Introdﬁcingfb, ehdﬂhon—dimehsiohélizihg c'and-q'§f§e$5f‘

' a 2 . \.I . . " ) .' - . . ,'.. . . .‘ . ’ . . .. ) ‘:’ . e - : ‘:.
:c Z :,,z SRR T e 22y

'where the dxmensxonless transverse coordxnate, n, and

’

d1men$ionless concentratlon - are given by

I
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where the fully mixed r1ver concentratzon c--coQo/Q, Qo.

bexng the tracer 1njectzon dxscharge of concentratzon co."7 -

Yotsukura and Cobb (1972) developed analyt1ca1 lf
solutzons to Equatxon 2.20 for poznt and 11ne sources of
'“ff conservat1Ne tracer, account1ng for boundary reflectlons
E uslng the method of 1mages. ‘The sodutzons.were,verxfxed Q.‘
uslng a field study conducted on the South Rlver and
prev1ous test results of F1scher (1967b) and Yotsukura,
F1scher and Sayre (1970) Analytzcal,solutxons were fxtted
to measured data us1ng tr;al values of E,. ‘The calculated
d1str1butxons and m1x1ng coefflclents were generally 1n '
good agreement thh those measured or pred1cted for _
relatzvely stra;ght shallow reaches of natural streams.‘ ‘

The cumulatzve d1scharge concept was: further refxned ﬁ

by Yotsukura and Sayre (1976) hy 1ntroduc1ng an orthogonal

] curv111near coordlnate system. The long1tud1nal coordznate
‘ surfaces in th1s system follow the bends of the natural

stream and denote streaml1nes at any transverse locatzon.

D1screpanc1es 1n d1stances along coordlnate surfaces are

accounted for by 1ntroduc1ng metrzc (sca11ng) coeff1c1ents e

1nto the transformed versxon of Equatlon 2.3. For gently



HC

1f meanderzng channels, thhout ahrupt tlow constrictlons or
"' expanszons thc metrxc_coeff1c1ents approach unzty and the -
f{{;nwcurvxllnear system reduces to Cartes:an=coord1nates.,:°f;tfggi

Sy .

‘thsukura andﬁsayre (1975) concluded the neﬁ coordlnate",

L:;“erystem c°hld‘better~appnoxlmate the effects of secondary
B "currents caused by bends or channel 1rregular1txes. \
- Beltaos (1979) adapted the analysis of Sayre and Chang
(1968) to the q transformat1on and the s:tuatron where;
the pollutant has sptead to. ‘the banks. The relatlon '

equ1valent to Equatxon 2 13 1s

et =2 (1 G ta] et D). R
BN ST e

. e, T

- (2.28)

D e -
L .

;#

where o? 1s the var1ance of the c~-n dlstrlbutxon at any
5 - rd
section, n 1s thewfzrst moment wzth respect to the left

bank (- n=0 ) and T [R] and c' [L] are the r1ght and left
}
bank d1mens1onless concentrat1ons. Integrat1ng Equation

2 25 w1th respect to x glves ;'-

2 =20, '; (1 (l-u)c [a] uc'[L])dx
@
= 20,1
S

(2.26)

A plot. ot 0! versus I, calculated from measured |
concentrat1on dxstrmbutxons, should theretore gzve 11near

plot through the orxgln. The m1x1ng coeff1c1ent may then be
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: calculated.from the slope df the best f1t lxne to the pIot

uslng a rearranged f0rm of Bquatlon 2 21 gzven by Beltaos e
L1s79., 1980) W e e >

| where ¥ is a redchiaveraged shape-velocicy factor' given

RN

" . e e - . -
y o i - - . . . . . . .

i E— ".-V; | d", o S L ;

- veloc1t1es. 5 ' r!‘m-**”-f”

r.

4 s w o am R .
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| ‘Thls shape factor may be determzned for each sect:on from

~

jmeasuredxchannel geometry and measured or - est1mated

s v~

An excellent review of transverse m1X1ng theory, past

5

1nvestagatxons, appl1cat1ons, f1eld procedures and resultS'

is presented by Beltaos (1979 1980) - The" value of E,/HV* S

for the stud1es of natural streams reported ranged from
0 18 to 7 20 Some of the £1eld 1nvestzgatlons descrxbed
utilize the concept of dosage to derlve a value of )

V

transverse m1x1ng coeff1c1ent from a slug 1n3ect10n of

- tracer (t1me dependent m1x1ng). Dosage is dbfxned as the

t1me 1ntegral of depth-average concentration at a ngen

- locatzon downstream of a slug 1n3ect1on, 1e.,'

-~

e-f ede e (2.29)

I . .‘“;“__'-_ “ . .. ‘.-;‘. | ‘_ " . V’_3‘o:. ;-' ‘:]
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uhere 0 is the dosage. Beltaos (1975) showed that the

'\-

varzatlon of™ dosage downstream of 8 slug 1n3ectmon 1s :

. nalogous to. that of concentrat1on downstream of a - -

- -

”?._steady-state 1n3ect1on.ww.;i P~;n~} ,4 l}fi;¥“~__ "
" Although the transverse m1xing coe£f1c1ent may be .
'.,Ldetermzned from tracer tests uncerta1nty remains as to the

hgbest method of predzct:ng 1ts magn;tude from channel and

flov charaét‘?istxcs. The follow1ng form of the emp1r1ca1
'expres51on def1n1ng the transverse m1x1ng (dszuszon)

‘ coefflczent, fxrst proposed by Elder (1959) 1s generally

>

accepted.;

.-w‘ . . . . T —_—

T @

E’zv.gg,v*v'_'_ . U , o (2.30)

PO

f However‘ ‘some debate remaxns as o the most approprzate
parameter te use as a length scale, f{ in the relat1onsh1p.
"fMost 1nvestlgators have‘used a vertxcal length scale such
'<.as H, "as proposed by Elder, or R ‘AS noted earlier
'Flscher (1967b) recognlzed the length scale of turbulence‘
cis restrxcted by boundar1es in the vertzcal direction and |
:thus in large—natural channels the m1x1ng due to. larger'
scale. lateral eddies 1s very s1gn1f1cant. W1de var1atzons
‘*1n the values of dlmen31onless m1x1ng coe£f1c1ents even'
for stralght rectangular channels, are reported in the
l1terature. Lau and Kr1shnappan (1977), in an attempt to

explaln these var1at1ons, used dxmensxonal analysxs to

-1dent1fy the functxonal relat1onsh1p for the d1menszonless
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mixing coefficient ina straight rectangular channel

»E‘z./iV*_'e.func(f»,wfﬂ)@._».‘,,, e e ’(;2-3,-1')*

o=

:fwnere'f isfthe friction factor (bed shear) and w/ﬁ.the |
width to depth ratio (asbect'ratio)‘of thevchannel; Lau and
Krlshnappan s analys1s of straxght rectangular flume
experxments indicated the dominant meghanlsm 1nvolved in
.transverse mixing is lateral secondary c1rculat1on-(created
- by variable7bed Shear)‘whichcmay'beicharacterizedfbylaspect
;lratiOr Considering secondary Circulation the dominant

mechanlsm they suggest the product HV*, which character1zes

' Jthe magn1tude and vert1ca1 scale of turbulence created by

-7

E,. They conszder WV or wv:, wh;ch character1ze the _".
‘ magnltude and lateral scale of turbulence, to be more
apﬁtoprxate. A plot of E /WV* versus W/H formed a near
single curve, w1th only m1nor 1nfluence of fr1ct1on factor;f
In comparison a plot of E./HV* versus W/H had conszderable o
'scatter. Lau and Kr1shnappan therefore suggest that
non- d1menslonallen9 E; with WVs is the best method.

In a similar study'of natural stream.data Lau and.
_Krlshnappan (1981) identified secondary c1rculatlon due to-

'stream curvature as a third major mechanxsm contrlbutxng

e = ——————

' The pronounced effect of stream curvature on the
magnitude and variability of the transverse mixing
coefficient has been studied by several investigators. A
summary of studies on thls subject is presented by
Beltaos (1979)



d’to transverserm1x1ng. Consxderzng the var1ab111ty of rrver
,;bend occurrence, shape, and radzus Lau and Kr1shnappan
: consxdered channel sxnuosxty ’ Sn, a rough measnre of
'-channel curvature more approprxate than a‘rzgz: measure
d'such as bend rad1us. The functxonal re}atxonshxp for
ddxmenslonless coeft1cient in natural channels*may therefore
be expressed as
| Ez/wv*- fun‘o(f.’,\d’/’l-l‘;Sn)’ . e : o (2,32)
;Following their method of analysis for rectangular
labora%ory channels,ivalues of E /WV* versus W/H were:
" plotted for reported results of transverse m1x1ng tests 1n’“ -
'natural channels. Thzs plot is reproduced in F1gure 2, S
Only tests whzch determxned E, w1th a separate :
_con31deratzon of transverse veloc1t1es, e1ther usxng.a <=
generallzed method of mom ts analys1s as presented by
Holley et al. (1972) oy the streamtube model of Yotsukura-
.and Cobb’ (1972), were cons1dered - | |
Streams of estxmated sxnuoszty near 1.0. plotted on a
sxngle curve sl1ghty above the laboratory results for,
straight rectangular channels. Thxs would be expected due‘
'-to the larger secondary currents present in the natural

streams. Lau and Kr1shnappan aga1n noted the boundary

frzction factor appeared to have l1ttle 1nfluence in

: .'.;'___.’. _______ o : -

S1nu051ty isg- defxned as the ratzo of thalweg length and
, down valley distance, the thalweg being the line of peak
flow 1ntens1ty along the channel length :

\
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compar;son to Sn or W/H. “Two' poants of'iar value of Sn‘t"“

‘:plotted well above the curve defzned by po1nts of‘Sn

”aapproximately equal to unity. Lau an.?‘rlshnappan concluded

7a parameter such as sxnuos1ty p 1mportant ;n determ1n1ng

l -

'1:.E, £bt natural streams but felt more daba was requ1red |
d;before any emp1r1cal relatxbnship may be formulated., R T
Sm1th and Geratd (1981) essentlally demonstrated the
';;same dependence of Ez upon channel curvature by 11st1ng
measuted d1mens1on1ess m1x1ng coeff1c1ents for natural T":%
‘streams ranked accordzng to stream 1rregular1ty The o

>

streams wlth h1gher channel 1rregular1ty cons1stent1y had
h1gher values of E,;- _:v _ﬂfﬂl':vl ‘

Lau and Kr1shnappan (1981) recently presented anu
‘1mp11c1t f1n1te dmiference numer1ca1 modelllng scheme
"ut11111z1ng the streamtube concept and spec1&1cally su1ted ?.n;f

to ana;y51s of steady state twb d1men51ona1 tran5verse 5 ';;~" |
Sm1x1ng problems.l The model ﬁes used to 1nvest1§ate.the 51
fsenszt1v1ty of numet1dalisolutlons to dszerent averag;ng
ddschemes for the. term uh’Eg‘of Equatxon 2 20 Solutlons fo: LXH
_f1ve d1fferent schemes, 1nclud1ng €he assumpt1on of the
,fappllqabxllty of a‘floweaveraged constant By, were obtalned @ t}df
u51ng measured*geometry and velocxty of the Grand Raver.lA‘ |
J““compar1spn of the numer1ca1 solut1ons obta1ned for a- 31dev'ifi?

'fzn)ection to the measured concentratlon d1str1but1ons
> (

prsﬂﬁ : :ng scheme of Lau and Kr:shnappan(1981) fxrst]>,:;fjﬁ
*;h%_proposed by Stone- and ‘Brian (1963) vas adapted for'use in. ..
" the study described “in- the_follov;ng chapters.fnetaxls,_fﬁf:
hevmodellzngﬂscheme arq, iv T




u81n9 local values of uh’ and a constant E at each
sect1on, although E, could vary from sect1on to sect1on
,along the reach . | _

" Lau and Kr1shnappan (1981) noted thelr study results
were not in agreement w1th Yotsukura and- Cobb (1972) who“
suggested the transverse variation if uh’Ez had l1ttle
effect upon numer1cal solutxons. Lau and Krzshnappan‘
i’concluded a constant term maz only be sat1sfactory for

'central“stream reg1on 1n3ect1ons where local values of

.uh’Ez would be closely approxlmated by the flow averaged
:4value glve: by Equatlon 2. 21 Maxlmum concentrat1on
'7grad1ents for central reg1on 1n3ect10ns co1nc1de w1th an'l?'

area of small var1at10n in uh 'E.. Near. the banks large f:

,_1var1atlons 1n uh’Ez occur and local values would be poorly‘.

:represented by a flow—averaged value. Maxlmum cthentratlonv

' gradlents for 51de 1nject10ns occur w1th1n ‘this area of

{poor representat1on of uh‘Ez caus1ng s1gn1f1cant solutlon
errors:. '.V , ‘ : | | |

The p0551b111ty of th1s type of error was: f1rst d

'recognlzed and demonstrated by Holley, S1emons, and’

"}Abraham'(1972) Recently Smlth and Gerard (1981) found the_'

:.analy51s of a shore attached effluent plume occupy1ng less

»

;f‘rthan 20 percent of the channel flow of an extremely w1de

:ffrxver 1nd1cated a value of m1x1ng coeff1c1ent 1ncons:stent;

wzth prev;ously publ1shed data. The d1screpancy was o
'Fbelleved to be due to the assumpt:on that a constant uh’E h‘°

*term accurately represented the small plume reg1on,_}:;ff5
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1nvestlgated by Engmann and Kellerhals (1974) They

suggested stream m1x1ng capac1ty (1e. E;) is reduced\under

an ice cover, but ‘the d1men51onless coeff1c1ent E /RV*
x; rema1ns relat:vely constant Other 1ce covered m1x1ng

o studles reported by Beltaos (1979 1980) also 1nd1cated Ez
’1s reduced however the value of E /RV* was 1ncon51stent
and was as mu;f as two and one half tlmes those for open

1 water tests i

» decreased m1x1ng capac1ty may be due to a reductlon in the

P

transverse veloc1t;es assoc1ated w1th the hellcal motlon at
stream bends. Consxderxng the results of Lau and L

Krlshnappan the reduced m1x1ng capac1ty 1s apparently the

o result of the 1ncreased aspect ratlo under an 1ce cover'

wh1ch among other thlngs,,could ‘be - expected to reduce the
transverse veloc1t1es at - bends as suggested by Beltaos.
However with present knowledge the effect of an 1ce cover
on the value of dlmen51on1ess Ez must be conszdered rather_
1ndef1n1te.h b - | . ' ; |

Although understandlng of the transverse m1x1ng

process has 1mproved substantlally ‘since Elder S f1rst open

._'channel exper1ments, extrapolat1on of fleld results from

one locatlon to another remazns dlfflCUlt Numer;cal ori
analyt1cal pred1ct1ons based upon estlmated coe£f1c1ents
may be adequate as flrst order approx1mat1ons, however,f:
uncertalnty as . to the actual value of transverse mlxlng‘

.

' coefflclent requlres tracer tests for accurate assessme&ts

The effects of an 1ce cover on transverse m1x1ng was - -

the same reach Beltaos (1979) suggested the

~ s
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of plume character1st1cs. Beltaos (1979) suggests at leastM

tvo to three tests are requ1red to def1ne the varlatlon of

. R 3

transverse m1x1ng coeffaczent and m1x1ng capac1ty over the

range of flow cond1t1ons along the stream reach of

1nterest.-_

B..Microbiil,self*?urification“
-8 g

Oh1o vaer Study .

Probably the flrst comprehen51ve study of natural :

stream purlflcatlon was conducted on the Ohlo Rlver by the N L

Un1ted States Pubf1c Health Serv1ce. The study 1ncluded
hydrometrlc surveys, pollutlon source 1dent1f1catlon and .
chemical and bacter1ologlcal water quailty stud1es.,Frost
and Streeter (1924) descrlbed the results of the three year

bacterlolog1cal self pur1f1cat1on portlon of the study

Frost and- streeter demonstrated the exlstence of

e natural bacterlal self purlflcatlon w1th1n the Oth by a

o’

7

present within the r1ver. Although self*purlflcatlon is
easy tQ 1dent1fy they po1nt out the natural process 1s
dlfflcult to study because a r1Ver reach free from ’
tr1butary d11utlon effects or addltlonal bacterlal ’ ;

~

Oh1o Rlver downstream of C1nc1nnat1, whldh was relat1vely

free from 1nterferences, ylth the majorlty of effluent

cont1nuously dlscharged along a single bank was_chosen.for"'

/

pollut1on sources ig. requured for sampl1ng. A reach of the '

v

L s1mple an%iys1s of the conservatlon ‘of numbers of organ1sms >
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.analysxs. Prel1m1naronbservat1ons by Frost and Streeter ;
1nd1cated d1e off of total col1forms‘ could be broadly p

grouped 1nto the follow1ng(two seasonal per1ods' o _
'al”‘a summer perlod' Aprzl to November, representlnétﬂ.

-~

S

'fA water temperatures of 8° to 27’4C; and
: S / . . .
.+ b.o- a' wlnter perlod' December to March representlng
' water temperatures of . abdut 1. 5’ to 4 7° C 1n whlch'
a notable reductlon 1n d1e-off rate was evldent.
They also found the maxlmum sectron averaged COlaform count

generally Qccured downstream of the eﬁfluent source and

. proposed several p0551b1e explanat10n5°

'alw collforms actually reproduce in ‘the r1ver,
-b. d1sxntegratlon of clumped bacterla masses allovs‘.
correct enumeratlon counts downstream of the
- source, or’ ~.,' .‘.;’ld 'l-‘ )

sampllng errors due to 1ncomplete m1x1ng of the

effluent causes an appareht 1ncrease in numbers.lkf~'
" Frost and Streeter observed a slow, but progre551ve o
lateral spread ‘of the effluent plume within theLr study
reach Sampling at varxous depths conflrmed Eﬁat m1x1ng
occurred rapldly in the vertlcal however, they speculated ;-

--\
" large sampllng errors could occur 1n sect;on means due to

1ncomplete transverse m1x1ng The sampllng cross sectlon"jf:; -

\'areas had each been d1v1ded 1nto thlrds, each of wh1ch were~ .

Cow

';represented by a slngle sampllng p01nt located at 1ts

"centre. Frost and Streeter recogn1zed that untll the edge— ’
"' Coliform content was actually reported as concentratlon _
of B coli accordlng to thqltest methods of that perlod L

. . . "' . PR : -
) - . k" . ) S e



e . \ - s PR
,'4of ‘the efflent plume extended fully across ‘an: area‘
Hrepresented by one of the sampilng p01nts, the meantﬁ’
"collform count for that area, measured at the pornt would.
'vunderestxmate the actual count. They céncluded from th1s-
*'f.a;; sampllng errors in the upper port1on of the study .
‘reach would generally underestlmate the o
;__sect1on-mean collform count, and ‘
";b;; the magn1tude of thls error would decrease with
| dlstance as the m1x1ng becomes more un\form..th o
Uncertaln of the rel1ab111ty of data 1n the upper _]“
portlon of the reach Frost and Streeter dec1ded to analyse'.

. the1r data based upon two. separate approaches-"

”%ﬁiria,f'accept the data as correct and observe the col1form~

changes as a funct1on of £low time from the

effluent source, and

. .
\

Jffbtl dlSCOUﬂt the 1ncrease 1n coliform count as sampllng -
- error and only observe the col1form changes as: a‘

"functlon ofhflow t1me from the p01nt of. maxlmum

mean*sectional count.-
";Analysxs based upon the f1rst approach 1nd1cated a }

:peak concentrat1on occurrlng about 10 to 15° hours of flowpﬂ

Kl

-i tlme downstream of the effluent source under summer o

'”cond1tlons. The peak ‘was. followed by a rapld decrease 1n

'_'collform count w1th 1ncrea51ng flow txme. The w1nter data o
iAwas more varlable bt 1nd1cated the same general trend

‘;Frost and Streeter attempted to model the col1£orm

-

:populatlon u51ng the relatlonshlp

~
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where P.is- percentage of the max:mum col;form count t 1s..
the tlow tzme from the sourte, and ao, bo, do and fo are
’empirxcal constants. Pitt1ng a curve to the measured data |
using Bquatlon 2 29 gave only moderate success. Conszderxngf
the uncerta:nty of the mechan;sm creat1ng the peak or 1n '
fact 1ts actual ex1stence modelizng of . thxs form was not -
: persued further. : “ . | ‘ ‘ _ -
Analys1s based upon the second approach 1nd1cated the
coleorm d1e-o£f follow1ng the peak c°uld be modelled u91ng"

a relationsh1p of the form

-

CPmaeTtepeetiet g

v

where P and t have the same defin;txon as. for quat;on

2 33 ao and bo are emp1r1ca1 coeff1c1ents, and k. and kz

are decay coeff1c1ents for base e logarlthms. Equatlon 2 34,-
"13 51mply an extenszon of the single term first. order -taf
react1on proposed by Ch1ck (1908 1910) to’ descrxbe
bacter1a1 dze-off under unfavourable envxronmental .d
condltions. Chzck‘s Law may be stated es._z.ik”' o f
:iﬁ '.N;q4%£;,f;f.'e;fri*f f‘_;‘af.?”,. H‘»?’Jw' R ; (sts):’de'

W A - :~:|

‘.where N 1s the bacterzal concentrat1on after txme t No the-

1n1t1al mzcroorgqnism concentration a{“tﬁt o, ‘an@’ k thehij57“*

by

- RS T R ’ P ', L "; B B . A -
. K g K R ) S R ST e . :
Y e o . 4 : B T L S PR I DU : .



:.decay/coeff1c1ent for natural 1ogar1thms.-‘

suspected the shape of the curve was due to the presence of”

SRR

_two dom1nant stra1ns of collforms each w1th a dlfiEFent‘ N

s
v

’

Frost and Streeter formulated Equat:on 2. 34 wlth two

bterms.after observ1ng the shape of Iog P Versus t pLots ""~

<

"‘whlch con51sted of an 1n1t1a1 dec11n1ng llnear reg;on, a_

- 3 N ,'}

‘jtran51tlon zone and a flnal dec11n1ng l1near reg1on. They

'

decay coeff1c1ent .

BN

The coeff1c1ents 3o’ and bo\represent the estlmated

1n1t1a1 proportron of . each col1form straln composrng the

‘total col1form populatlon. The reIatlonsth could be

'expressed as a serles of exponent1a1 terms, each Z' ﬁ;‘

represent1ng a dLsthct collform stralns, however, 3uch

.1complex1ty was not necesSary conslder1ng the two phase

appearance of the decay curves. Frost and Streeter also

1nd1cated the decllne 1n decay rate, after some 1n1t1al

'4u.per1od may :be a functron of the. bacter1a1 concentratton

»

_1tse1f in whlch case. the extended d1e4off would ggge to be f

descrlbed by an equat1on of, dlfferent form

The aVerage die- off of total collforms durlng the

f summer per1od was satlsfactorlly modelled by Equat1on 2 34

' u51ng ao = 99 51 , = 1 08/day,.b° = 0 49 and

'kz = 0, 134/day; The wlnter Qata was qu1te varlable and

Ty

R 1nd1cated a sllght 1ncrease 1n collform concentratlons for'

hlgher r1ver stage. Frost and Streeter felt thlS was the

rd * [l

result of sampl1ng errors aﬂd omltted several sect1ons from

t

the1r ana1y51s. Dec11n1ng curves were sketched for the

‘
~
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wlnter data but no attempt was made to mathematlcally fit' a
curve due tO-the uncertalnty assoc1ated w1th the p01nts..;irt¢
Phelps (1944) later estlmated the w1nter coef£1c1ents £0r‘
EqUatlon 2 31 uslng Frost and Streeter s> data as ‘ao %‘97;0p_'.
k, =1, 17/day, bo = 3. o and. k,’= 0. 06/day. The value of k,

for w;nter cond1t10ns'compared to the summer:, 1nd1cates

m.‘ E2EN

Y

| 'collfggms tend: to.persist much longer for cold water

condntons. The curves formulated us1ng Equatlon 2.34 are -

o , .’.‘-“ . )

] that the abbve : ‘t:_
. : ‘_ﬂ

formulatlon for summer*data aﬁd.the~curve for w1ntex‘%a€a N

R B U .

would not represent all r1vers in- general or even the Oth&

under all cond1tzons. They speculated that in some
51tuat10ns Equat1on 2. 34 may con51st of a seraﬂ? of flrst

order terms each represent1ng an. 1nd1v1dual col1¥orm ";

straln. A Subsequent 1nvest19at10n of a reach of the Oth

<~above C1nc1nnat1 1nd1cated a much slower rate of col1form 3‘“
decllne. However, Frost and Streeter d1d not cdn51der thls o

~

. unusual because the effluent source was some d1stance
upstream of ‘the reach and the col1form pqpulatlon would

:u have been in the latter stages of decllne durlng sampl1ng

’
\ . L L. ,
\ . . - .
a

Other Investlgat1ons ’ . '
Hosklns (1925) presented the results of bacter1al

self purif;cation studles of the Upper ‘and Lower‘lll1nols'

‘N

R1ver wh1ch 1nd1cated the same general trends as the Ohio ﬂ"

T

Rlver study. Hosklns made no mathematlcal formulatlon of
. ]
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the: d1e off'curves but noted that 1f actual average

bacterlal counts in- the rzver were plotted agalnst flow
h time the results for the Ohio and Ill1n01s were in good-
agreement. Hoskzns also made the 1mportant observat1on that'
although raw effluent col1form concentrations are generally‘
‘a m1n1mum dur;ng w1nter perlods the reduced rate of die-off
lethin the rece1v1ng stream may cause max1mum yearly ':
collform counts to occur downstream of an outfall dur1ng
ih th1s perzod |
o Several factors may influence collform growth or deathj
rate w1th1n a stream. The effects of temperature have
already been demonstrated by the Ohlo and Illinois River )
stud1es. Addltlonal contrlbutlng factors c1ted by K1ttre11
and Furfar1 (1963) are"' ‘ .
- a. pH,
.:b; turbldity:‘
c.’ nutrlents,
d. stream.channel characteristics} and"l
e predation hy zooplankto;t
The optimum pPH for'growth,of.coliforms7is.well nithin
“the normal range of 6.7 to 8.3 for most natural streams and_
therefore PH 1s generally not- con51dered a 51gn1f1cant s

factor in determ1n1ng dié-off rates. Streefxr (1934)

speculated ‘that - turb1d1ty could contrlbute to a decllne in
‘collform concentratlon as ‘a result of adsorptlon of cells
to part1cle surfaces and susequent sedlmentatlon Nutr1ents

for col1form~growth are abundant ‘in sewage effluent ‘



‘due to starvation. A , : g

nutrlent concentratxons to 11m1t1ng levels cau51ng d1e off

46 -
however, dllutlon w1th1n the rece1v1ng stream may reduce

h,w

e TLoWE s -
¥

Kittrell and Kochtltzky (1g47) 1nvestlgated natural

Lpur1f1cat10n ina small shallow turbulent Strbam and
p

compared the results to the Oh1o R1ver summer' rlod They

found col1form bacterla decllned much more rapidly in the

',small stream than in the larger and deeper Ohio R1ver. A

best f1t curve to the1r data (see Flgure 2.6) was. g1ven in

the form of Equatlon 2.34 w1th ao‘= 97 5, ky = 15, 2/day,

- bo= 2 5 and kz = 0, 20/day Kittrell and Furfarl (1963) felt
'thlS e&tremely hlgh pur1f1catlen rate may be: due to the
_presence of shallow rlffle areas with bed attqghed
fblolog1ca1 growth conta1n1ng collform predator spec1es

JIncreased exposure to sunl1ght due to shallow water depth -

may also contribute 51gn1f1cantly..
Predation of coliforms by zooplankton, espec1ally

protozoa,-was establlshed as a major contrlbutor to

ljwcollform death rates in sewage effluéent by- Purdy and S

'study to 1nvest1gate collform d1e off in laboratory%batch

Butterfleld (1918) Predat1on is generally bel1eved to be
the major factor 1n bacterxal self pur1f1cat1on of streams.’f

The predator prey relat1onsh1p of protozoa and col1forms is

i also closely aSSOC1ated w1th the quest1on of col1form

growth w1th1n natural streams followlng dlscharge (often
termed aftergrowth) and will be further dlscussed below.k‘

Early attempts had been made durlng the Oh1o R1ver,'\’

e
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tests. However, 1t vas d1scovered col1forms 1n1t1ally
,1ncreased 1n numbers in laboratory contalners even if
'samples were taken from portlons of the r1ver reach where

col1forms were decllnlng. Butterfleld (1933) conducted a

. number of\Jar tests on polluted Oh1o Rlver water and

LR

'effluent samples under - vary1ng env1ronmenta1 condrtxons.
His objectlve was to determlne what factors caus; or mod1fy g
_the character1st1c growth death curve observed by Frost and |
Streeter (1924) Butterf1eld s results 1nd1cated |
temperature and -removal of sed1ments had pronounced effects
upon the t1me to and magnltude of peak colrform '; | o
'1concentratlon and subsequent death rate 1n the Jar tests;- '

He concluded changes in- env1ronmental cond1t10ns exls1t1ng

%

in the river at‘the t1me of sampllng could allow temporary
"collform growth-with1n.theusamples.gHe further speculated
:the peak in collform numbers would 1ncrease with the extent
of the dlsturbance. ) | - -

‘ ,With thls conclu51on 1n mlnd Hoskxns and Butterfleld
'f(1933) 1nVest1gated theoefﬁect of dllutlon of pollu%ed
water on changes in coll onm:populat1on. An: 1ncrease in

‘sectlon -average col1form cou_ 'of the- Ill1no1s River below

:1ts confluence w1th the unpolluted Kankakee Rlver was c1ted
‘as an 1nd1catlon‘ t éﬂlutx emporarlly caused

: ﬁ L—-—- .
-condltions favourable for col1form growth Jar tests of
’varylng dllutlons ofgsewage effluentnand Ill1n01s Rlver
‘Samples were condupbed and 1nd1cated 1ncreasxng dllutlon S

rat1o corresponded to hlgher peak concentrawlons. Hosklns
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| 'and BuEterf1eld concluded: the d1lut10n temporar1ly
| d1srupted the predator prey relat1onsh1p between protozoa

eand collforms, apparently reduclng collform concentratlons

to a level 11m1t1ng to. protozoa growth Rapld regéheratlonﬁz ‘
allow the col1forms to reproduce to a peak concentrat1on
before the :lower respondlng protozoa increase in qumbers.;

b As the protozoa populatlon 1ncreases collforms decllne duem7
to. predatlon and subsequently both populatlons contznue to7d
declln; as nutr1ents become 11m1t1ng. E -.Jﬁ

HOSklﬂS and Butterfleld's explanatlon appears .4>,:/‘; r’

*coav1nc1ng but has not been unlversely accepted

Phelps (1944) stated~‘2 4 | o
"It is hardly to be belleved that there is actual
<mult1p11cat10n of 1ntest1na1 organlsms in the . :
streams themselves although thls p0551b111ty fg"

Hcannot wlth present knowledge, be entlrely l,g
elgmlnated "

1

Regardlng jar tests 1t seems unl1kely that an 1nstantaneous
. R. o’ N
complete m1x batch test can adequately szmulate the

contlnuous and progre531ve dllutlon wh1ch occurﬁ 1n a
~natural stream. Add1t1onally jar- tests can- not acdbunt for‘;
f,collform consum1ng zooplankton which may be encountered rigé?p‘ﬁ
' along the stream as 1dent1f1ed by Kittrell and | |
f:Furfarl (1963) WlthOUt the'total e11m1nat1on of sampllng

errors due’ to 1naccurate con51derat1on of d1lut10n,-

clumplng of bacterla and var1ab11ity of enumeratxon data 1t

::;15 unlxkey the questlon of collform aftergrowth w111 ever

o -




%*i’;?be conclusxvely resolved. tuJiii7' -‘w;.le?};fyrff*ff*‘*”

) After the vork of K1ttre11 and Rochtltzky (1947) there i':
‘fefftls a marked lack of llterature on bacterlal | ;
uffotfself-pur1f1cation o£ natural streams u\t1l K1ttrell'and
hs?pFurfar1 (1963) presented~an excellent réVzew of all the R

‘“'early znvestlgatxons. Kzttrell and Furfar1 also 1nc1uded B
'rthe results of several more recent studles for whxch the.
fdeclxnxng phases are shown 1n F1gure 2 7 The results shown

‘i'are 1n general agreement w1th those reported for the 0h1o

'Tgand Illlno1s R1vers.¢o

Methods to enumerate collform bacterla of str1ct1y “;:f.

“'*&Qfecal or1gxn were 1ntrodﬁ&ed in the 1960 s. Ballentine and
Wxxttrell (1968) reported the results of numerous short '

Jdurat1on bacterlal self-pur1f1cat1on stud1es wh1ch 1ncluded

fdata for both total and fecalfcollforms. They po1nted out a

3f1nd1cator of fecal

W "

haosdrawback of total collformsﬁas

P

L:-_;Qcontam1nat1on was the common occurrence of col1form group

SRS 1 o . . B . B

‘ﬂ}members*in*the_natural env1 onm ‘t; ngh dens1t1esjo total
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P.gura 29 Fecal Cohform Ratuo versus Flow Tlme
R -adaptod from Ballantme and Klttrell (1968)




P

'1nd1cators of very recent fecal contamlnatlon s1gn1f1cant

'vstream.

A

representat1ve samples.., jff*f"

SE B A T e y

1‘F1gure 2.9 wh1ch 1nd1qates fecal collforms generally tend

oy

to dxe away faster than total collforms. Ballent1ne and

"Klttrell speculated “this was due to spec1f1c nutr1txona1

requlrements in compar1s°p to other col1forms; They also

’noted that although fecal col1forms are assumed to be

t

numbers may rema1n after extended per1ods in the rece1v1ng
: ‘ N P . .

. o
A}

| It is Jnterest1ng to note only one of eleven surveys..ff'”
”reported by Ballent1ne and K1ttrqﬁi (1968) 1nd1cated

faftergrowth of total or -fecal coleorms w1th1n the

/

receavang stream. A study wzth the . spec1f1c objectlve of

1dent1fy1ng any fecal Collfbtm aftergrowth downstream of -an

' effluent source was conducted by Deaner and Kerr1 (1969)

The study was . 51gn151cant for two reasons.v

a. no s1gn1f1cant regrowth of fecal col1erms was

x ev1dent wmth1n the 5 hours of flow t1me sampled

andx

SR

‘b, a- fluorescent tracer was used‘to 1dent1fy su1table

'locatdons for truely representa£1ve sampl1ng w1th1n

K . ( P
. . ey

a. reach where m1x1ngfwas‘1ncomplete, thus,

errors.'

'Deaner and Kerrl (1969) recommended theruse of tracer

“studles as general practtﬁf for all bacterlologxcal

‘:sampllng programs as a means of obta1n1ng moreféfﬂ“

Con

) . o R SRR L. St . .
L . A I - PR . : .
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‘ further to 1nclude.geveral fractaons.
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‘As dxscussed prevzously Frost and streeter (1924)

formulated expressxons to model col1form populet1ons uxthan ,:‘

the 0h1o vaer. Equat;on 2 33 descrxbes the entlre curve
1nc1uding regrowth while Equatlon 2. 34 descrzbes only the
declzning limbafrom the peak concentretxon. Streeter (1934)

formulated sn exponential express1on szmilar to Bquation _

]
B 3

2. 34 whzch describes the entare curVe° 4

N (No-ao)e ((ao-b e _@;.,_'-"s‘)g P e

N

where ao and bo sre constants representxng the ordxnate;

" '1ntercepts of the lxnear portlons of the dec}1n1ng phase of

v

the curve end n is a constant deflnxng the sharpness of the

peak of the curve. Equat1dn 2. 36 1s wrztten for tuo major

fractxons of the cobxform populatzon but may be. expanded |
Faar and Geyer (1955) proposed the follow1ng

expressxon for tbe declinxng ph;se

NN (agfTMA e T T T T gy

<
P -

. where n and fo are emp1r1ca1 coe£f1c1epts.vﬁifr

Velz (1970) suggested that the deolzne of the domznant
spec1es fractxon was of the most szgn;fzcance In practlcal
applzcatxons of self-purlfzcatlon and proposed the process
could be satxsfactor;;y represented uszng Chxck s Law 1;f.‘:

(Equatzon 2 35) Velz £itted straight 11nes to the xnztzal

.,".‘ .
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decllne of col1forms reported 1n the studles of Frost and
4Streeter (1924) Hosk1ns (1925) Klttrell and j‘-‘_".‘~h
Furfar1 (1963) and several other unreported stud1es.‘The
tffdeCay coeff1c1ent k. (for natural logarithms) ranged from -
.':L 0.60° to 1 06/day for w1nter tests and from 1 15 to 2 21/day
?for summer tests.n ro .A.j ‘:f _;"“ I ;“
‘ Mahlock (1974) compared several determ1nzst1c and
-stat1st1cal models for predlctln; fecal and total collform' :
f'concentrat1ons downstream of a cont1nuous effluent source.w
'Results of bhe comparatlve analysls for the r1ver studled
'1nd1cated the total collform populatlon may be successfully
,modelled uszng Chlck s Law, whlle the fecal collforms were

Y

‘more successfully modelled usrng a statlstxcal scheme.

¥

"thahlock presumed ‘a stat1st1cal scheme u51ng env1ronmenta1

parameters was more successful in. modell1ng fecal collforms .
351nce they are more susceptzble to env1ronmental changes.
'Although statlstlcal schemes may be superlor for modell1ng

co1nts out determ1nlst1c schemes

"rfecal collforms Mahloqﬁ#
'H'such as Ch1ck 8 Law are at present preferred for predzctron
n.purposes 51nce they are ea$1er to- 1mplement not requ1r1ng

. a large data base of 1ndependent environmental parameters.cf.

’
A

;_\&' An alternat1ve method of\studylng mlcroblal surv1wal :

'.I

;-:;15 thh the use of membrane falter chambers The chamber o

_allows the free exchange of stream water and nutrlents

7ﬁrthrough its membrane sidewalls but prevents movement of

W

f;}m1crobes in or out of the system. Surv1val stud1es uszng

.'imembrane fllter chambers are satisfactory for ";
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1nvestxgatlons of the effects of env1ronmental factors such

Y

as temperature, pH nutr1ent levels or predat1on wnth1n an -
1solated m1xed culture. They .can not however s1mulate the | .
'ﬂeffects of predataon by~zooplankton w1th1n the recexvzng
;stream or the progress1ve dllutlon due to m1x1ng.-; .~’,
g McFeters and Stuart (1972) 1nvestlgated the surv1va1

'of E coli in natural water in the f1e1d and laboratory

\
v v

u51ng membrane fxlter chambers. In part1cular they studied S
f_the effects of temperature and pH in the laboratory us1ng a
{rcontlnuous flow through apparatus. Optlmum sﬁrv1val'Aﬁ

occurred Ain the range of pH 6 to 8. The dramatlc effect of

’”f.temperature LS shown in Flgure 2. 10 where the half 11fe is”

' the t1me to 50% reduct1on 1n populat1on. The sharp 1ncrease
| in surv1val below 15’ C offers support to the reduqed death

’ rates observed durlng w1nter perlods in stream surVeys.-f

LY

;;-Consxder1ng the retardlng effect of reduced temperature on

.'-

jb1ologlcal act1v1ty, presumably predatlon at lower

vtemperatures W1ll be reduced and temperature 1tself w1ll o b

o become the most 1mportant factor effectlng collform

3

»

' ;surv1va1 1n cold waters.74?

Membrane fllter chambers have also been used to_;

P

’1nve§t1gate the short and long term surv1va1 of col1forms ’

R T

~.

v

:hgcompared to pathogenic organxsms 1n'natural waters Studles
‘vof th1s type have been. reported by‘McFeters, Bxssonnette,

( . . B
Jezesk1, Thomson and Stuart (1974) and Dutka and

g
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-

-‘1solated r1ver reach equ1valent to 7 days of‘

Stuart (1972) _supports: this hypothes1s.

. . . . - e
- . - b . . - Y

v - . N - “ S
LA B i . . i : e .

et L v
The effect of water‘temperature on col1form surv1val- ‘
studles in the f1eld has been demonstrated by arbltrarlly -
d1V1d1ng surveys 1nto summer or wlnter per1ods based upon a
d1v1d1ng water temperature. Frost and Streeter (1924) used
about 5° C whlle Ballentxne and Furfar1 (1968) used 15"C e

Gordon (1972) postulated cold temperature mlcroorganlsm

- surv1val may be more prbnounted in. northern reg1ons, where

-

. water temperature may only exceed f5° C for ,a few weeks of‘—

the year[Athan 1nd1cated by extrapolat1on of - decay data
from surve»s in temperate reg1ons. The work of McFeters and

-

Gordon (1972) and Davenport, Sparrow and Gordon 11976)

conducted tests on the Tanana Rlver, Alaska,,w1th 1ce cover

r

I .'-‘,;f

and 0° c water temperature to 1nvestlgate low temperature

4

collform surv1va1 ‘The studies were conductedfalong an

,aVel t1me
downstream of the Chena Rlver confluence. Sewage effluent
from Fa1rbanks is dlscharged into the Chena ‘a few mlles' .

R ’

upstream of the confluence. The rQSULts ‘of the two. stud1es

o are shown in Flgure 7 5. Both surveys found hlgher coliform

counts remalnlng after seven days than would be predxcted

\

u51ng decay 1nformat10n from more temperate reglons. )

- Recently Smlth and Gerard (1981) in.a prel1m1nary
g s .

‘;study of the Slave Raver downstream oanort Smlth N W T.,

v

reported no 51gn1f1canb d1e off of 1nd1cator organ1sms was

ev1dent w1th1n the 18 hours of travel tlme sampled ‘f{yﬁl
3 L \‘ | E ‘~,'. § . 4 .v ' ‘. - .

. . .

W : . Co T R 58.
N . 5 - | oo . . . R . NP T . J N .
B . . : . P . : : . . s



The long persxstence of 1nd1catorlorganzems _f;-"
.demonstrated by these recent -surveys emphasxze the concern
.over ‘the - transmass:on of d1sease in northern reg:ons. Work
:by Dahlxng and Safferman (1979)f1n con;unct:on.thh the,
Tanana River tests has shown that indlcator organisms were
‘not adeqvate as a consxstent quantxtatJVe measure of

'enterxc virus concentratlon in the receiV:ng water.

JHowever, they concluded the pers1stence of fecal coliforms
. :was a defznxte 1nd1cat1on of a rxsk of vxral contamznatxon.
| Manc1n1 (1978) der:ved ‘an emp1r1cal relatxonsh:p to
allow pred;ctxon of coleorm mortal1ty rates on the bas1s
ﬂof water temperature,'expo ure to sunlxght and percentage
of sea water content. The equation vas formulated from ,
_'~prev1ously reported laboratory and f1eld studies for ‘the

slope of the 1n1t1al portlon bf the dec11n1ng limb of the

- decay curve. A szmple:ed verszon of the equatxon for fresh

water may be expre@sed as.

mnen(,on 20 Rty o

sg

L4

KRR . T ey

4 .

' where k 1s the decay coeffaéuent ( 1/d ) of Ch1ck s Law for"“

~

natural logar1thms, T 1s the*wate‘gtemperature 1n degrees'
Celc1us, L 1s the average da1ly surtace solar radxation in
'langleys/hr, _;'15 the 11ght extxnct1on coeffxcaent and H
is ‘the-. completely mxxed depth of water. Manczni cautxons

.that Equat:on 2 38 is only satzsfactory for 1n1t1al

LN



 estimates. of coliform mortallty due to the large scatter of

r\‘)

data used in its formulat1on. Add;tlonally the lethal

A

;T'effects of sunlxght have been solely based on data from

salt water and have not been ver1f1ed for fresh water.-

Sample Integrxty s »
An 1mportant cons1deration 1n all bacter1olog1cal’
surveys is the storage and handllng of samples where.'

analysis can not proceed 1mmed1ate1y. Standardguethods

. recommends a max1mum holdlng temperature of 10‘ C and

«

" analysis w1th1n 8 hours of sampllng Davenport and

:fGordon (1978) 1nvestlgated the effects of. holdlng

temperature and storage t1me upon the collform

~concentratmn 6f pr1mary effluent samples thh an or1glnal

":temperature of 9.5° to 10° C Samples were held at <1° .5°

s

and 10° C w1th analy51s conducted at 0, 2}.4; 6 and 8

‘ hours. Their results suggest a holdlng tempera;ure of 5° o
" or less w1th ana1y51s w1th1n 8 hours is de51rable to.

.
proV1de an. adequate measure of the or1g»nal collform count.m

Samples held at less than 1° C sthed some decreases after

»

6 hoursawhlle those held at 10° C increased in"

concentratlon. These results are 1n ‘good agreement WIth the

m1n1mum growth temperature of E Coli of 7u5 to 7, 8° C

“reported by. Shaw'(Marr and Ingraham (1971) and the

‘___J\1

'1ncreased surv1va1 at lower temperatures reported by

.

McFeters and Stuart (1W

14

'

~



c. Bealth Implzcat1ons_\

R The high occurrence of . dlseases, wh1ch may be |
‘transm1tted through the water enV1ronment, is of great '?}
- concern in northern Canada. Hrudey and Ran1ga (1980)
demonstrated the ser1ousness of the problem w1th the &

'1, comparlson of d1sease occurrence in the Northwest o

- Terr1tor1es, Alberta and Canada as a whole shown in Table

| 2 1 The h1gh occurrences of these selected d1seases in the
Northwest Terr1tot1es can not be proven to be dlrectly
attrlbutable to water supply and wastewater dlsposal but
the flgures of Table 2.1 provzde very strong c1rcumstant1al”.

':ev1dence of a connect1on.‘efh: : | ' |

Martln (1980), in: a report on publ1c health rn the
Northwest Terr1tor1es,_1dent1f1ed several contr1but1ng
factors in the spread of drsease among natlve poplulat1ons-'

: aa poor. personal hyglene due to llm1ted read11y
| .avazlable potable water,i'“
b. rcasual water consumptxon due“fo custom or dlstlnct
preference for unchlorlnated water, and
'.cla_lack of knowledge of the. causes and methods of

'vtransm1sslon of d1sease.

The serlous\;mpl1cat1ons of thejlong per51stence of

mzcroorganlsms 1n n flearly ev1dent when -

'cons1dered 1n v1ew of he already h1gh dlsease 1nc1dence

o and other factors c_ trlbutlng to dlsease transm1551on._.

'v

".,.Knowledge and undershandlng of~the long term surv1val of

,_____._..‘;__'E
: en&er1c bacter1a and virUses is requlred for safe -
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B  m1crob16logtca1 q;andardsi;or effluent and rece  _gf’1u -

”eib en xncurpdrafed into the regently establtshed

s ', e
. .:":".
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TLYel e




e B ux. omc'rxvns T
‘ Prev1ous 1nve3t1gatxons of-m1crob1al self-puviflcatxon.fl
Lhave>1ndxcated cold clxmatlc cond1t10ns generally g1ve the'
‘_flongest perzods of 1nd1cator bacter;a per51stence.4Northern-:f‘
ft]r:vers are: 1ge oovered for a sign1f1cant portlon of the R
"7fyear and generally have lower uater temperature than r1vers'
1n more temperate reg1ons. The character1st1cs of low water |
"f;temperature, and 1solat1on from sun11ght dur1ng’1ce cover
: .gmare therefore bel1eved to lengthen mlcrobxal pers;stence 1n
northern r;Vers. These character1stics, comb1ned w:th | )
reduced d;lution capacxty due to concurrent low wznter ;"‘\:
flows, decrease the rate of decline of mxcroblal '?f“_..
Lw{’ﬁ;}concentrat1ons. The resultant hlgher m1crobial 1}7“f?ilgffn

'},conoentratxons present an’ 1ncrea5ed rxsk of d1sease L

".f;fi,transm1sszon downstream of effluent‘outfalls.}ra f

The basic oblectlve of thms study was to 1nVest19ate

.

1f,7fi”fi:the pers1Stence of 1nd1cator bacterxa under vary1ng flow

'”:and clzmat1c condxt'ons 1n a northern r1ver..The study




P



N o .
" )“ '_ “' ‘. .. - . . . -L .'_.
. e : '|

04

R, Introductxon

An examlnat1on of. the effluent m1x1ng and

.

i

’ mlcroorganism deCay characterlstxcs of the SIave Riverf'

dovnsﬁream of Fott Sm1th Northwest Terr1tor1es under 1ce

S

o covenéd and summer cond1t1ons was the task of the study

d?sct1bed here1n. The r1ver reach of 1nterest and 1t8'f |

1ocat10h are shown 1n Flgure 4 1 An aer1a1 v1ew qf a }.f\:affl
portlon of thls reach loékxng downstream over Bell Rock |
iy shown 1n Plate 4 1 va;*c) ;”ffi{ﬁy‘thﬁ;ﬁll#i; _
. Fort Sm1th whxch has a populat1on of approx1mate1y g
2400 1s located on the west bank of the SIave Rlver'gf;fd;ﬁ.;'f

immedlately downstream of the Rap1ds of the Drowned the

‘i‘last 65 a ser1es of.raplds stretch1ng.upstream for 29 km to

Fort F;tzgerald.(seeﬁplate 4 2) pomest1c sewage from the

-

town 1s collected and‘tneated 1n the threé‘Cell lagoon
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Plate 4.1' SI% R"iszer\"loiqkihg“-'doM_/_nS;tr-eam; 6V§t; Bell ﬁoék'-‘
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’

frial Vlew of : Fort Smlth,
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, ‘Plate 4.3 Fort Smith

.
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"5»measured concentrat1on d15tr1but1ons of the conservatxve

N

7t-conservat¢ve trader concentratlons.' -

B. Surveys" ‘. .

)

o trader represent fhe effects of physlcal d11ut10n«w1th no

"4;'deCay. Indxcator bacterla concentrataons measured at the

‘ }Same sampllng locat;ons allowed decreases 1n number due to’

. o R SR T

decay alone to be 1solated when compared to the

P

-

= The flrst f1eld studles were carrrled out 1n March

1980 under 1ce cover cond1t1ons, These were followed by L

o summer studles in July 1980 The results of the March 1980:

study were reported by Sm1th and Gerard (1981) Th1s

[

' 1nrt1a1 study 1nd1cated the rate of spread of the'effluent '

plume 1n the upper,portlon of the r1ver reach was much
smaller than would be expected Addltlonally, d1e off of

1nd1cator bacter1a was not.dlscernable over the ent1re;”'h

- study reach correspond1ng to an average re51dence t1me of

v'h approx1mately 18 hours followlng effluent d1scharge to thefr“

r1ver. Bedause these results were somewhat anomaIOus and

based upon a l1m1ted amount of data,~1ce cover studles wereu'

"(’

repeated 1n March 1981 w1tH a more 1ntenszve sampllng

programr““n

T “?’..
W1nter Tests 3;“_‘,fﬁ'r~;7_}ﬁ‘..45?;ffj=ais'%"‘
cT 4 ‘ ; ) 5
| y)l' Fleld test§ and surveys were carr1ed out dur:ng 1ce

cover cond1taons over the perxods of March 17—22, 1980 and

e

-
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’4Maroh'i5-22ff1981 The sprlng test perlods were chosen to

601nc1de w1th an 1nterva1 representatlve of m1n1mum raver

N

| f} flow and suff1c1ently early in the year to ensure Safe 1ce

cond1t1ons, yet w1th a.- reasonable number of daylzght hours

‘v“ -~

‘ for Rorking..-} ~fn. }afg~' '7, - "f‘ [ e T

~
.
BE2A

t; L1m1ted access to - the r1ver along the reach the

o dlstances,hetween sectlons, and tame constralnts 1mposed by

\

the sampllng and survey program, requlred the use of J1‘\§;fﬂ

' N ! L

'"ﬁ - several two man teams. Travel,along the r1ver reach was
predomlnantly by snowmob1le and sled (see Plate 4. 4), but

' several of the mogt drstant secclons regulred sampllng by

a1rcraft ST e T T n”r G”

’

Plannlng of the rnltlal test of March 1980 was based

f upon pre11m1nary est1mates of the effluent plume

',: characteristlcs der1ved from l1m1ted 1nformat1on an stream

geometry and an’ estzmate of rlver dlschargeﬁ Sampllng hoies

were located at each sect1on to attempt to adequately

~ -

‘ def:ne the transverse concentrat1on proflle. The numbpr of
holes and thelr spacan‘was based upon the estlmated plume ;y

'~‘f character1st1cs and»manpower and txme cohs1derat1ons.
PR -

'_;' B Unfortunately the lack of detalled 1nformat1on on‘:~*u

‘,..'

stream geometry and uncertalnty as to . the offshore IOCatqon
; of the effluent outfall caused several of the sect1ons to

qaye less than satlsfactory hole IOCatlons. Wrth the_'

.

: benefzt of the sprlng and summer surveys of 1980 the

"fﬂji‘ sampl1ng holes for the March 1981 test could be located to fﬂ”ﬂd

provxde a much better deflnlthon of the tracer

vy T . URE IR M et B P L T ot A .
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L “ Te s . -
- a

.‘;uconcentratlon d1str1butlons. In addltlon several new_,
- B
sectlons were sampled and surveyed The locat1on of the

'sampllng sectzons wzthrn the rlver reach are shown 1n

Flgure 4 1. f _’fd\

L v The samp11ng holes were drllled u51ng 200 mm d1ameter'"'

1'power 1¢e augers (see Plate 4. 5) Each hole was 1nt1t1a11y

. 1ocated by est1mat1on and then, after it ‘was dr1lled ;ts

exact transverse locat1on was meaSured.

R

Cross sect1on geometry was determlned by measuring the;”' '

~depth to the bottom of- the 1ce and the r1ver hed at each

) 'ghole. The entlre section geometry was measured at each

-, ’

sampl;ng 51te 1n March 1980 These are shown 1n Flgure 4 3

k]

Al

L‘The sectlon geometry w1th1n the expected plume regzon only E

' was measured durlng the March 1981 test, the remaxnder of
‘the sect1on was determzned from the summer/1980 surveys

' w1th allowa ce for stage dlfference and an average 1ce 3

QD;LA" cover .- These sectlons are a muoh more detalled measure of

,~the sectlon geometry than the March 1980 survey and are'f

’ : . et .
. . - 5 : *‘ .

' jshown 1n Flgure 4. 4 . .j.'

o An estlmated depth-averaged veloc1ty dlstrlbutlon :

.

',wath1n the plume reg:fn at each sect1on was requlred for

"Jlnterpret;\!on of t@e riter m1x1n9 CharaCte'MStlcs and
) \

"Ligjtravel trmes. T1me and maqpower constra1nts prevented

‘ftak1ng veloc)ty measurements at each sect1on. Instead

,*./

7

_elocity measurements at aelected cross'sectlons were used <

g
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Plate 45 Driling Sample Holes
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/therefore thls test perlod WOuld be representat1Ve of hi

’psectlons, and sampllng (see Plate 4 7)Y 0.

the w1nter tests. Actual sampllng sites and transverse

. N . [N .
- . . . . .
: o . P 3

. E , - ;- . [RE ST,
(. ) . i . 3 . T e o

. e T . - PN -

. : . o .
» L. N N

synthe51ze depth-averaged veloc1ty d1str1butlons ‘at
unmeasured semtlons. The synthe51zed and measured

d1str1butlons were used to prepare the cumulatlve flow

o dlstr1but10ns shown in Flgures 4 3 and 4 4 The deta1ls oi

the procedure used\rn the synthesxs of‘belpclty est1mates

-anmd the flow dlstr1but1on curves is glven 1n Appendlx III

The veloc1ty measurements were made w1th a~PrLce.

! ¢

current meter us1ng a Water Surwey'of Canada w1nter rlg

.consnstmg of a‘ ‘hot box conta1n1ng a hand wlnch pr':ane

ey

heater (wh;ch prevents free21ng of the meter when out of’

“the. wéter) and a spec1al c1rcular welght wh1ch c0u1d be

\

Iowered thrcugh the 200 mm dlameter auger holes (see Plate "

: N b' . ’,"- ‘- . ' .
4. 6)‘ L S T T
B . W ~ s vy , .. i _ .

‘ ~

k Summer Tests 4; o - :Jﬁ, . -

” F1eld tests and surveys wvere carrled out durrng summer '

cond1t;ons over the pérlod of” June 23 to July 12, 1980.

r,,Peak dlscharge cond1t1ons generally occur 1n m1d Jane and}

4

P

flow cond1tlons. ".33 ' "*\\iwf.,"
Sect:on 5urveys were conducted by three man survey .
crews. Small open alum1num boats powered by,Outboard motors

were used for travelllng along the rlver, sound1ng of S

S .
2 -,

Oross sectlon locat1ons were ba516ally 1dent1ca1 to

‘

dlstanCes from shore were establ1shed u81ng floats anchored

N )
L ~

7

A5

4

o



' “sound1ng o? the river bed us1ng the floats as tranSVerse

- e

to the river7hed‘(see.Figuret4v5) The floats were f1rst

spaced on a transverse l1ne across the sect1on by

A R} > ..

\,est1mat1on and later thelr d1stances frOm shore determlned

by tr1angulat10n. The channel w1dths were prec1sely

”“measured u51ng a- laser electron1c'dlstance measurzng

L

,dev1ce. e T --, :,_ :

-- e

Cross sectlon geometry was determxned by son1c '“'
{N

" s

‘reference poants. Bank surveys were conducted-and temporary

bench marks establxshed at“the major1ty of the cross A 3~1w<

[

sectlons\ The measured sect;on geometrles are shown in
F1gure 4 & Do ff’ f&' ‘ o

+

Y » R S

Veloc1ty measurements were made at selected sect1ons

Y
~ Lt

"--'~.and as for the w1nter tests est;mates made at unmeasured

i

'51tes us1ng arrelat1onsh1p between depth and depth averaged

<

V91°C1tY« Cumulatlve flow CurveSmprepared from these :=(

'measurements and est1mates are shown 1n Flgure 4 4 ; v

~ -~

The summer veloc1ty measurements were made w1th a T

1

Pr1ce current meter suspended from a. 'brIdge frame hand

. . . - - N

floats at each sectlon were used as transverse reference

polnts dur1ng the meterang procedure.:;-

- M

- . i

“ "‘:.~‘ : B - : S

Supplementary Data .i .

I3

The average dlstances downstream of the effluent .

outfall shown 1n ngure 4.1 were determ;ned by locatlng the
} --‘ "-l
sectlohs on air, photos and nav1gat1on chart coverage of the

. e
r

i; W1nch secured over’ the bow of the survey boat. Thé anchored .;
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- . . ; ' ‘.
- r1ver reach and scal:ng the d1stances. S ‘,{,-»

¢

/The averade slope bf the Slave R1ver between~Fort -

;

\

Sm1th (downétream a{)ﬂapuds of the Drowned) and Great Slave'

}'_;“ Lake 1s approx1mate1y 0. 0Q6x10 s m/m (Northwest Hydraulxc

Consultants Ltd, (1980)) Summer and w;nter gauge helght R
readxngs, bet"9eﬂ Fort Sﬁﬁth an& Bell Rock referenoed to
. geodetrc elevat1on, ( data from f1e1d surveys, ghGV1n1gan £

- N kY

Stanley (198034 and Water Suryey of Canada Y- closely agreed

vl -<1

w1th this average-anﬂ a value af\o 06x10" m/m was chosen *.~'

- . . - ~ - 'S

for use in analys&s. DR ‘ﬁv¢ ,'\ L

S

_,ua,,".

¢

R The 81ave River discherge e monitored\gcntinuously at:

. Fort F1tzgerald by Water Survey of Canada Thefaxgcharge at H<T
. Fort Smlth was: taken as that at Fort Fltzgerald one\aay “

K

) ear11er. The river d1scharges dur1ng the sampllng per1oas '*{f

i

-, were reqsonaBly éteady as th1cated by the partlal‘ ﬁ L
> hydrographs shown ,in F1gure 4. 6 The average dlscharge:.;a

values used for analys1s of each test are ind1ca%ed on the- }"

PR Ly S N
N hydrograph plots. ) . . T S "f- ey ;
. " o N '«' ’ . I
' . ET = S PR . «; .o ’ (N I ..
" C. Traéér Methods. ~ = . g .
1 H , ! ‘ ¥ T N . ! l\
) N > ] .. / \: ’ . ‘
s yoh o~ e i 1Y St R . . R #3 . 4
4 a ’ . A s - “ T > - N
In;ectxon and Samplxng s "‘_,y,- g .\ R - R
s _* . The consérvatlve tracer Rhodam1ne WT a fluorescent T
N T s S ) . - .
55‘-» dye that 1s eas11y Hetectable at”’ very low concentrat1ons,_ .

wh\%e be1ng\non-tdk1c and brodegradable,_was chosen for the
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SR I T oeg.
T .. . LI . N ) v ol . o

: i

;iStudY., The dye 15 supplled as a 20% by welght solut1on and}~5‘

- was further dnluted pr1or to 1n3ect1on. Data on the dye

:1njectlon,br1ver background concentration and the

' !~

pst1mated fully mlxed rlver concentrataon for each test 15\77
lrsted 1n Table 4. 1 The long 1n3ect1on per1ods were |

requared to ensure an 1nterva1 of st dy state

" ... . '

concentrat1on ger sampllng at each‘%ross sect1on as

|

'; 1llustrated 1n F1gure 4 7. The sampl1ng tlme at each

T

o Feuerste1n and’ Selleok (1963) present an’ excellent rev1ewf"P

sect%on‘Vas selected ta: be wzthzn 1ts constant

concentrat1on 'w1ndow : -5:jj>,ﬁf~-“‘ i

The constant 1nject1on rate dur1ng the 1980 tests was '

controlIed u51ng a slmple constant head we1r apparatus ﬁed

by sxphon actxon from a storage drum as shown in thure 4 8

o and Plate 4 8. Dur1ng the March 1981 test the varlable “”ggcﬂfi‘

<

speed p051t1ve dlsplaCementsnump Shown 1n’Plate 4 9 was
used to'control the dye row._The pump allowed more
accurate and ea51er control of the 1nject10n rate. In eth

case the apparatus Was set up 1n a tent over a manhole on

the outfall l1ne as shown 1n Plate 4 10 and the dye -

.~‘ o

e .1n]ected 1nto the efquent flow. The tent was heated dur1ng_‘

the wznten.tests to*prevant freezang ot the trace ;

- i P . S \-'

SOIU{IOH. . ;'.; ‘ w ,‘ T ";; ,\_‘- . v-,v__.»‘-;."- . . ": _‘ D T

The f1rst samplxng sect1on was located far enough

Py

downstream of the outﬁall to ensure the effluent and tracervjfft'

would be unlformly m1xed vert1cally.,0nly one tracer sample]f

—,P———a.-—--s—{—a-_-i——a-

of fluprescent tracers and ‘fluorescent tracing procedures
are comprehenslvely descrlbed—bXVerson (T968 PR

-~ . ‘. }
RS . . . S . . -
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Flgura 4 7. Illustratron of - Vanatlon .in- Tracar Concentrat»on wuth Time and
L Dnstanca followmg a Finite.-Duration Constant Rate In;ectnon
v B t-from Smuth and Gerard (1981)" -
BES Fagura 48 Wenr Apparatus for; Tu‘acer ln;ectnon U i
SR s —from Smlth and Genrd (198 LT - ’
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, Plate 4.10 “Winter Injection Tent : ‘ .



1from each sampl1ng 1ocat19n wasirequined due to thlS\ LA;V

'un1form concentratlon@w1th depth In the w1nter*tracer ;ﬁ'

RS

T

o W l

samples vere collected.at.each hole from under the ice ;'

.Y

“7asheet (see- Plate 4. 11)" u51ng the tracer sampl1ng rod and

125 ml plastic bottle shown 1n.Fxgure 4:8,~The bottles were

‘wet,e used to transport the samples to the Un1ver51ty of

: Alberta for analys1s.m, 7;’;g S ¥;<

- Sample mnalysxs and Results f?(

-

' 51mply hand d&pped below the Water syrface durxng the

B SRS S

summer test Insulated contalners, whlchxpreVented freez1ng

s

durlng the wlnter and prov1ded 1solat1on from sunl1ght

s

The tracer concentrat1on i each sample was determlned

) R 5.
1n the 1aboratory u51ng the Turner De51gns fleld:model
fluorometer shown in Plate,4 12 The samples were stored to
-
allow sed1ment to settle out and temperatures to equallze'

. before. analys1s. ThlS el1m1nated 1lght scatter and

'temperature effects. Reanalys1s of the sampIes‘was

-conducted w1th the sedlment Fully mlxed to assess any.

d1fferences in measured concentratlon.

e

TN lce‘coxer,condltlons correspond to. perlods of

;extremely low sedlment load of the river due to reduced

LY

flows and therefore, the settled ;and fully mixed sedlment

measurements of tracer concentratlon for these perlods were

' . K

not signlflcantly drfferent Hoﬁever, the peak flows of

Juneiand July correspond to periods of high sedlment load
.

‘%'and not surpr;singly srga%flcant dxfferences in tracer

w
-

4

Lo~

1
I



ey

g




o ‘ e Figure ‘4.9’Saﬂﬁpli09".in9'ds R
T .+ 1 -—from Smith and Gerard (1981)




'j;nput tnacer mass. P0531ble_removal mechan1sms are .

LV N

" of the tracer due to photochem1cal decay or chemxcal

— - .
B .\‘

S -
.

concentratlons in the settled'and fully mlxed measurements -

! N
- R 7

were. evadent for the summer test. B "’) o

Subsequent mass balance ana1y51s of the tracer flux at
each\measured section 1nd1cated 1ncomp1ete reeovery of the
adsorption of the tracer onto the suspended sedlments, the

stream boundaries or the-sample contalners and destructlon-‘

oxidation resultlng'from.ag;tatlon._'
In an effort to identify the source of this mass loss

’adsorption tests were Tun on Rhodamine WT dosed samplesjofv

'fdlst111ed water and river water of high sedlment content.

The - samples were stored in- glass and plastlc bottles

isolated from 11ght contact. The results of the tests

‘1nd1cated that although a small amount of tracer was lost

to the sediment (less than. 5 percent) the most 51gn;f1cant ‘

'1osses were due to adsorpt1on to 5urfaces of the plastlc
sampllng(bottles. A summary of the»adsorptlon analy51s and
the resultlng plastic adsorption chrectlon are given in-

Appendix IV,

The'estimated tracer recovery for the winter tests,

—after correctlon for the. adsorptlon onto the plast1c

‘bottles, was_generaLly-ln the~range~of 90 tol100 percent

. B} .o
RS

Recoveries in thlS range are excellent con51der1ng the

’ accuracy of the flow. measurements used 1n the mass balance’“'

-~ - - ° - & e

-‘calculatlons would'generally,he,}nythe range of-+jQ

- ‘percent’.” Ertor associatéd with-calibration and reading of

" * R : -
e e T e .

- 106

P K



. 107

the fluorometer and adsorption losses to the extremely low
sediment COhtent 1n winter are minimal compared to ‘the
error: assoc1ated w1th estimating the distribution and’

-

magnitu&e of river flow. .-* )
Unfortunately the corrected recovery durihg the summerf'
test was much 10wer, generally in ‘the range of 75 to 85
percent. Again rnaccuracy in flow estimation may account
for a major Jportion of this discrepency, however some
"additional removal mechanisms must be active during theu
summer which are not present during vinter; ‘ ‘

o The most probabie mechanismpis‘photochemical decay
which is eliminated by ice cover during the winter tests.
Outdoor jar experiments conducted by Feuerstein and

i Selleck (1963) 1nd1cated concentrations may decay by as
" much as 1 to 2 percent per hour. Thesevrates probably: .
represent upper limits 1n natural streams, however, losses
in the order of 10 to 20 percent would not. be unreasonable
-wrthin.the reach sampied. Minor absorptionliosses due to
high sediment content 1n‘summer and chemical oxidation
~would also contribute to the 1ncreased tracer loss.
Considering the combined effects of photochemical decay,"’
’,};oxidation-andiadsorption Tt o sediment tracer recovery of
S010. tb 15 percent ‘less than the w1nter tests 1s not
iunreasonable.--v-‘--':”;'f:“fT?<” |

. . L'—

f;,3~“0 ;W.The estgmated dye recoveries at each section for the

three tests are shown in Table 4, 2



. : ') Y . , . r -
o . ] - -( o ‘ ) r 13 \" . ,
‘ . : . . . ~ C
i . BN M ) : . -, N . . . R
: . Table 4.2 Tracer Recoveries ' . . ;
i 1 -
y X-Section R ) %Recovery '
r 2 : .
. eeee- D T p— L_--a----—..---——---—.--3-—
T March 1980 July 1980 March 1881
12.:0 km , .. 1.00 .70 .97 R
5.5 km - : .99 .74 ‘ .98
12.0 km 1.03 L S B .98
13.0 km . - 1.03
14.2 km 1.00 . .81 .98
15.8 km .93 N .81 .98
22.9 km LC - 84 87
27.8 km .65 70 90
39.9 km - - 1.02 T



~ -

- The measured tracer concentrat1ons (corrected for

[y

‘ adsorpt1on) %re plotted in Flgure5'4 10,\ .11 and 4 12 in

d1mens1onless form be1ng g1ven by Equatlon 2 24 The ’

s

transverse coordinate of the plots 1s the d1mens1onless

¢

cumulatlve flow d1scus%ed ear11er and shown 1n the sect1on Lo

plots. The plots of Figures ﬁ.lo, 4 11 and 4 12 v1v1dly
illhstrate the two—dimensional nature of the‘mlxlng whlch -
occurs downstream of a bank outfall d15charg1ng to a WIdS
_— rrver. At approxlmately ‘40 km downstream of the outfall '
dqung the March 1981 test the edge of the plume is only
approachmg a d1stance across the channel,eqmvalent to ’\

balf the total river d1scharge. Ev1dently a Very long

d1stance is requlred before complete m1x1ng of the effluentn

\

occurs for these condltlons.: ;

BN

D. Bacteriological Methods

Sampling
"River samples for- mlcroblologlcal analy81s were
: collected using the bacterlologlcal sampl1ng rod shown 1n‘
- Figure 4. 9 and Plate 4 13 The_sprlng loaded rubher stopperl
of-the'sampler.allowed the samﬁlelbottle to.heilowered
':i helow the ice in winter or the water‘scrface‘in”summer,“
'vfllled closed and removed' The sampling'bottlevaere. |
ster1llzed and sealed prlor to shlpment to Fort Sm1th and.

other than contact w1th the stopper the-bottle mouth and

v

i * ’ . ," . N
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'l1d under51de were not touched dur1ng the samplxng

. ;procedure. No 1nvest1gatxons 1nto p0951ble contam1natlon

3

3due to contact w1th the stopper were conducted “Raw

‘effluent samples frOm the manhole located on the outfall

' p: llne wete, also collected fbr analysxs. Follow1ng sampl1ng .

the bottles were. 1mmed1ate1y placed in an rnsulated
'conta1ner for storage ‘and shlpment to" the 1aboratory for

"analy51s. o R ;b, . P ”/ﬂ

A cr1t1cal component of the bacterlologlcal sampl1ng

‘tWas transport1n~ the semples from the r1ver to the

laboratory. .The re 1vely 1solated locatlon of Fort Sm1th
and*the’absence" -equate 1aboratory fac111t1es durlng
'the winter testi v-qu1red transport of the samples by aitr’

700'km“soufh to Bdmonton for analy51s. Table 4. 3 llStS the

'fﬂact1v1t1es and est1mated delays between sampllng and

>

;‘ana1y51s at the Env1ronmental Protect1on Serv1ce Laboratory
.1n Edmonton. The elapsed t1mes 11sted in the table | B
'represent max1mum and in. general analys1s vas. begun ‘ hin
fthe recommended 8 hour per1od follow1ng sampllng Moblle |
laboratory fac1l1t1es of the Env1ronmental Protectlon~
_‘Serv1ce were avallable for the summer. test and these :
'JSamples were analysed i Fort Smlth w1th1n 3 to 4 hours
vafter collectaon. -71'-;_u? [ﬁf7:' |
ALabqratory Analysxs and Results

Total collform, fecal collform, fecal streptococcl,

:|and 20° and 30° C standard plate counts were enumerated by

‘
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"Table 4.3 Bacteriological, Samisle Time Imformation for Winter Tests h

N

- - - - - .- - g-%--l}--—";q-
s - L

R .. . ~r

AcGtivity .

-

Collection

' Transport to Afrport
Atr Travel to Edmonton . 3
De} 1_vqﬁy ‘to leof‘ltory . : 3
Laboratory Work E




e

SRTY

membrane filtrat%bn prqcedures—accordingdto‘Standard -
»ue.thbds 9_09&, 909C, 9108 and 907. at specified temperatures
-for'each sample.f Total'and fecal coliform concentratzonS’
Vl”:were selected'for decay analysis because they]are better
.31ndlcators of enteric wastes than the total plate coﬁnts.
Although fecal streptococc1 are an excellent 1nd1cator of
A;recent fecal contam1natlon the1r low raw effluent
concentratlon dﬁused rapld d11ut1on to- background levels
_w1th1n the r1ver renderlng them unsultable for decay
analy51s. Geometrlc averages of the measured concentratlons
of fecal and total coliforms at each samp11ng locatlons are'
g1ven in Appendlx \'A along w1th estlmated values of the
rlver background concentrat1ons.
- . The- raw effluent concentrat1ons of total and fecal
.col1forms measured durlng the summer. test were extremely
low 1nd1cat1ng high eff1c1ency of treatment in the lagoon
system. Unfortunately even - the limited d11ut1on between the
ouéfall and 0.5 km was suff1c1ent to reduce%khe 1nd1cator |
‘\‘concentratlons to levels which are masked by the variation
'-1n background values. Although decay undoubtedly occurs
durlng summer condltlons 1t is 1mposs1b1e fo evaluate with -

2

T the present data due to the hlgh effluent qual1ty and

. .

2515 dllUthﬂ effects.~

__.__._____..._..__.;_..__ ’ » B}

"' Davenport, Sparrow, and Gordon {1976) maintain the
membrane filter technlque has a h1gh degree of precision
for enumerating indicator bacteria in river water samples
and with good laboratory technlque the errors contr1but1ng E

to the distribution of enumeration data may be minimized.

LI
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To eValuateimicroonganiSm'decay it is. necessarf to
f1rst know the rate at which m1croorgan{sms are dlscharged
to the river (the total microorganism flux) The total flux
may.be determlned by measurement'of the raw effluent flow

and mlcroorganlsm concentratlon .

The raw effluent concentratlons measured are l1sted in

.;Append1x V,and the geometr1c ‘mean of the measurements are

g1ven ‘in Table 4.4, The lagoon effluent concentratlon was
assumed constant and equal to the. geometric mean 81nce
fluctuatlons in input concentrat1on to the lagoon system

Y

would not be detectable after 90 days of retention. :

'Originally effluent flow was to be measured at a sharp

crested weir fnstalled along the outfall line. However mass

_balance analysis'of tracer‘samples taken during the MarCh
'1980 test from the outfall line downstream of the 1nject10n

»po1nt 1nd1cated the we1r callbratlon was in error, probably

due to the approach veloc1ty Observatlon of the head on
the weir was still useful in that it 1nd1cated the effluent
flow was nearly constant for all th?ﬁé sampllng periods.
The size of the lagoon systemfevidently‘was.sufficiently
large enough towdampen out fluctuations of-the input flow.
Effluent flow for the March 1980 test was calculated
us1ng masg balance of the effluent tracer concentratlon
compared to the 1n3ected tracer concentratfon.and flow.
Unfortunatelj durjng the March 1981 test the downstream’
manhole was not acce551ble and tracer samples could not be

taken, The fully m1xed mlcroblal concentratlons for this

'
v

14
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Table 4.4. Effiuent Pprameters \
Test Effluent River - concentrations -
' Flow Flow B Effluent Fully Mixed**
L/s cms TTC FC. .- TC FC
S SN m——— ———iee e e —————
March 1980  11.0 1730 1.2x10% 3.ax10® 7.1 2.3
@ Wiy 1o 7.4%¢s 3790 5700 . 3100 . .01 .ot
March 1981 11.30es 1580 8.7x10° 3.6x1d® 6.1 &2.7

* gecm. avg /100mL ,
** in excess of background .
“s* estimated flow

143
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test were. calculated .on the basis of a normallzed average
‘fflux of bacterla in compar1son to the tracer flux at the
0.5 km sect1on. Thxs approach assumes that decay within

this dlstance was negllglble for wlnter condztlons.' The

effluent flow durlng the summer could. only be est1mated

L3

-t

us1ng the welr measurements and an assumed error due to the
approach veloclty. The estlmated fully mlxed m1crob1al
rconcentrat1ons in excess of background are g1ven in Table

4.4 w1th the effluent flows. The 1nd1cator concentratlons o
measured at each sectlon are shown 4in’ Flgures 4.10, 4,11,

and 4.12 in d1mens1onless form.’ Calculatlon of the‘. | ’
,d1men51onless-concentrations is ident}cal to the method

used for the tracer (Equat1on 2.24).

The' concentratlon plots for ‘the 1ce cover tests }
1nd1cated the m1croorganlsm dlstrlbutlons, although subject
to some . scatter, closely match thertracer dlstr1butlons,
which represent a condition of ‘no decay. As ment1oned
, prev1ously the summer concentratlons rapldly drop to .
background level and are notadetectable beyond the segtlon'
at 0.5 km. Scatter of b1ologﬁ?€‘"'”

be expected since the geometrlc means were: calculated from
a llmltEd number of samples. The proBlem of dlscern1ng any

‘decay during the w1nte£%§es%s W11E e addressed in the next

chapter.
9@ N
=~ . . ’: K

-This assumption is supported well by cloSe agreement of
’the dimensionless concgntration distributions of tracer and
indicator at 0.5 km for the March 1980 test.

* Only indicator concentrations at 0.5- km ‘are plotted tn
Flgure 4.11 to 1llustrate the rap1d decllne in numbers.

.

- ' . Y
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V> MATHEMATICAL ANALYSIS OF FIELD RESULTS

A. Tracer Analvsis
The ba51c theory descrlblng transverse m1x1ng in
natural channels was outllned in Chapter II, The prlmary

> \
objeetlve of the tracer f1eld studles was to provide a ¢

¥
datum of effluent dllutlon'agalnst<wh1ch to Judge decay
dovnstream of.the outfall. Howeve ' they could also be used
to f1nd values of the transverse m1xing coeff1c1ent for
varlous flow conditions. The coeff1c1ent values may then be
o used in Equatlon 2.20 to.predlctdrlver concentratlons of
"conservatlve pollutants for known 1nput concentratlon and
boundary condltlons. | N |

The transverse mixing coeff1c1ent is closely related
to the rate of lateral spread of the effluent plume across
the channei The amount of spread can be quant1tat1vely>
represented by the varlance of the concentrat1on
dzstrlbutlon across the stream at each measured Sect1on._
Beltaos (1979) has shown that thelvarfance is a llnear _
function of an 1ntegral value I (see Egpat1on 2, 26) v N
prov1ded the term uh’E, may be assumed constant and equal
to a reach- averaged value (see Equation 2.21).
ﬁtreach -averaged value of E., the transverse mlxlng
coeff1c1ent, may be calculated from the slope of a pIot of

variance versus I using Equation '2.27 and reach averaged

values of velocity V, depth H,and.shape-factor V.

145



" the’ measured plume concentratxon dlstr;butions (as shovn in

.‘-

The analysxs of s;de dxscharges into wide streams may e

.{fbe simpl1£1ed by using the method of 1maqos and cons1der1n%>

™~

l:vxgures 4. 10, 4 11 and 4 12) es half of those resultxng

’;ffrom a mxdflov :ngectzon of rate 2Qo 1nto an imaginary

:ﬂstream of totel d:scharge ZQ The 1ntegra1 I then simply
yreduces to the distance x—from the-outfall within the
‘*i'regxon where the bank concentratnons of the 1megznary plume T

‘h;are zero (1e. the cross1ng dxstance) ' | |
| The var:ance of each c *n distrlbut1on 1s glven by
‘3=oﬁg§;lt (' « w2 an' e o T (5.1)

e

:where n' -n/2 to allow for the doubled d1scharge 1n the‘h“'

jfﬁp;hypothet1cal stream and u 1s the first moment, whzch equals .

2 ﬁj?sect1on 1s 1n terms of*the dxm

"0 5. because the xmag1nary dlstr1hutxons are symetrxcal

'ﬁfabout the m;dflow p01nt The;var1énce calculated for eech

1on1ess transverse
(

"7coord1nate n and therefore is dxmensxonless 1tself. Plots

) f-;shown 1n Fzgure 5 1; ;j; "f}*ff,uyfhf“ @;ygﬁs'

fuof the varxance of the 1magxnary plume'concentratxon -

"c_dxstr;but1ons versus x for: “the' three. tracer studxes are DA

: AN - e\\v

The poxnts plotted forﬁeach test 1n Fxgure 5 1 tend to«j”'

"?f?defzne a turve bounded”by two stra1ght lxnes rather than a-'j o

-szngle straxght;lfne‘whach the anelytlcal solutxon of

. Yotsukura and Cobb- 1972) wou'd predxct, These results are

not unexpected becau elthe change 1n vad ance thh x 1s
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f proportzonal to the term uh'E, (see EqUatxons 2 21 and

~'2 25) Near the banks,:where locals values of u and h are

’..small, the change 1n varzance and hence the slope of the

‘_“plot is smaller than for those regions where u and h -

'q'=approach the mean qhannel values.,m

K
.v

Calculatzon of a reach—averaged value o£ the ' _
'transverse mxxing coefﬁzcient upstream and downstream of
'the breakpoints 1n the curves are shown 1n tabular form 1n
;Table 5/1..To compare these results to publzshed values of/
it is: necessary to express them in d1mensxohless form
[duslng a velocaty and length scale wh1ch characterzzes the
;turbulence caus1ng the mxxmng The approprxate velocity

f_scale is Vs, the shear veloc;ty ngen by the: Equat1on 2. 8

~

T NaemyER T 2.

,{; B o
e .

:The average slope wzthxn the reach is 0. 00005 m/m. Average i”‘~

- values: of Vt calculated upstream and downstream of thej. o
,a break-po1nts in the plots are ngen in Table 5 2 .. |
The length scale is usually taken as exther R or’ H

\l prever w the average wldth, whxch should be a bettér

:'measure of the lateral dxmens1ons of large scale turhulendei o

<

i4

".and d1sturbances caused by geomorphlc 1rregular1t1es 1s

"another alternative as dlscussed‘earlzer.“”'" L

Values of the d1mens1onless coefflcxent~calculated for‘5;"”

-the three alternatxve length scales upstream and dbwnstream -

'!gof the breakpoznts 1n Fmgure 5 1 are given in Table 5.

",A\.
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" ‘Table 5.2 Caicuistion of Dimensioniess E, -
\‘ i A l I ) . .
Test: V! MR W Es  E3/VaH Eg/VeR Ex/VaW
(w/8).. (m) m)  (m) (mP/e) R

March 1980 U/S .0344
: . 0/S .0344

C.uuly 1980 U/S .083%

e T
_March 1986 U/ 0383

2 2.41 787 . .0119. . .o72 144 - .439x10
66 2.33 777" .0729 .  .463  .926 ..-2.78x10%

.36 5.36 879  .0183  ,067  .087 ° .397x1dB . .
38 5.38. 864 .2340 - .879 879 S5.47Tx103

09, 2.9% 836 < .0089 - .033 ° .06% . 196x16®
90

D/S  .0347 '4.90 2.45 788 .0811° _ .477  .98a '2.98x10%
—.-,'-‘?.—'-td—---—-—‘—-cr—-—'—’-—,--i---—.}---d'—,--—--'——-v'.-,—-———-_—d---—?——--------——-—-—-—6-q—
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' The range af values of the d1mens1onless parameter found by

. other 1nvest1gators for streams 51m11ar to the Slave R1ver

are ngen in Table 5 3 Comparlson of" these ranges u;th the

calculated values 1nd1cates the upstream portxon of the 3.'

‘reach has a m1x1ng coefflczent almost an order of magnltude ;

lower than expected for all three test results.

ThlS d1spar1ty, and the non= lrnear relatxonsh1p of

.varxance w1th x, suggests that the assumptlon that the term

h’Ez 1n Equatlon 2 20" can be replaced by.a constant

' reachraveraged value D 1s not reasonable for s1de

1n3ectlon 1nto a wlde natural rxver, and supports-the R

4m111ar f1nd1ng by Lau and Krlshnappan (1981) Analytlcal

‘, solutlons are not ava11able for Equatxon 2 20 wath a'

-

var1able uh’E term Reasonable estzmates of E, can
'

therefore only be obtalned by solvxng numerlcally for tr1al

“

values~of E and comparxng the pred1cted concentrat1on.l

N

d15tr1but1ons to those measured 1n the fleld Numerlcal .

solut1on to f1nd the best eStlmate of E and computer

: moddlllng of the m1x1ng process wlll be addressed 1n

r

_Chapter VI. . ’,53 Sl o | B =

B. Microorganism Decay'Analisis v -;_‘J‘.‘:,u"

Decay analy51s was only conducted for 1ce covered

-conditions because of the rapld decrease of 1nd1cator :}{'f”

v ~

bacter1a to backgsound levels wh1ch o¢cured durlng the

] . -

- summer test. L.
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T

Manpower‘and time constraints during'the Mafbh 1950”

‘., test-prevented-mOre than one sampling of the-majority of

holes. Dur1ng the March 1981 test the majorlty vere sampled
at least twice. Nevertheless conslderable scatter ‘must. '
- still be.expected due to the naturedof~bacterlologica1
gnumeration data; The -March 1981 test results are . |
considered more representative and superior,to the’March‘
1980 testdfor decay analysis and therefbre will serve as
‘the sole basis for: the follow1ng calculatlons. A
pre11m1nary assessment of decay based upon the'llmxted | .
March 1980 data was/p<§cented by Sm1th'and Gerard (1981)

The plots’ of dimen 1onless concentratlons~of total and

)

‘3fd'feca1 coliforms shown in E1gure 5 2 were chosen for - decay T

'analys;s. The Sectlons at 14 2 km and 15 8 km were rejected

.fslbecause they were only sampled once, and the 39. 9 km |

Sect1on because the_ concentrat1on levels w1th1n the

effluent’ plume had dropped to near background levels, The

s,

estlmated mean ravel ‘times to each sedtron are g1ven on
the 1nd1v1dual ots of Figure 5.2.
\ The results of the March 1980 study reported by Smath

and Gerard (1981) 1nd1cated there was no d1scernable

die- off of mlcroorganlsms w:thln approx1mately an 18 hour

':_perxod follow1ng dlscharge to the‘rxvé@! _The plots of

'Flgure 5. 2 appear to support the 1980 results. A standard

"t~ test of the ratio of m1croorgan1sm concentrat1on to

. .'«-' . 3

measured tracer concentrat1bn compared to un1ty was run at

13¢Oukmvand,27,8vkm to ascertaln if ‘there was_any

1
2
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‘statlstzcally 51gn1f1cant dlfference. The test wasi~f§[;;i L
- conducted w1th neasured concentratlons greater than 10 - K%* i
| percent of the peak concentrat1on to elimxnate some of the ‘.~§“
background effects. The results are shown 1n Table 5 4.,,r..“‘?‘
Both theﬂfotal and fecal collform cqncentratzon A: :

Y dzstr1butxons were found to be ndt s1gn1f1cantly d1fferenb [h

from that of the tracer over the 23 hours of flow time

- sampled .? e vthb;ff_ﬁhf“?'ivf ,(;ﬁt{}tgzi_ if-ﬁfff~ﬁlﬁ‘f*
‘ » A-dle“off not signlfacantly dlfferent from zero 1n . |
N th1s reach under 1ce cover condltlons can be subported by )
. two other approaches-,f;fr"dé'i‘f] 5j7~f»:“5-’11.g -.,T
\a, compar1son oflthe boundary reg1on concentrat1ons;f'
' along tHe rxver reach" and M~~;j¢#ﬁfﬁ,r; W
‘!?;H,r~b; evaluatlod of the numher of mzcroorganlsms 1n"i;f'fﬂf
4 n excess of bachground values present at each  c3ﬁ§“d'/'

) , sectlon._g.;§ﬂfvﬁf’*{fi.'i;ﬂ,ilﬁ%ri{“ i,, : |

’_ The average concentratlon of m1croorganlsms along the

left bank boundary should show the most 51gn1f1cant ;‘ffq [
decreases in compar1son to the tracer 1f the decay .
proceeded accordlng to Chlckcs Law (see Equat1on 2 35) The

s average of the fzrst two or three'sampl1ng holes adjacen;
to the left bank was chosen to represent the boundary'
reglon,concentrat1on to reduce the effects of scatter of

the mlcroorganlsm data. The}results.of[the ahalys1snaf

shown 1n Tablg 5 5 The ra‘ os of m1croorganasm to tracerﬁvV Ry
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Teble 54 t Test at 13.0 km and27.8 km :
, ! :. = ! 4 ‘L v ‘
' . 8mction . .'Paraweter  .M.P. "D.F.. " t. 5% conf 1dence
L k) A R T 7 intervatess,
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Col 13,0 T 2} . 40 =700 - . 'J-z 02" to 2,02 - ..
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©at.8 :f- S (T 8. 10 »-.._-'18'2" ; .-{2.’_22 ‘,tq'é'.iq .
e nuub.r of ppir.d data’ pqmts {_ B o
| =" degrees of frndcn : el Lo i
*+% the range of -t for whlch thers 1. -as pcrcnnt D ST
- g cham:. the* diffcr.ncc botw..n the Mcrobul and-. . .
tracor distribution- may -occur ‘due to. ‘FANCOM Lo e
. - chance rather than: actus) d.cly The t values: arc ;
within th. mtﬂ'v Is: tn.r.for. the dlffqrcneol in tho\ L e
tliﬂﬂbutiono are nqt signiﬁcant at tho .B porcont‘
.1mi_f1canc- lwol AR L N
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Table 5.5 Near - Left - Bank .Concentritions PR
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The total flux of m1croorqanxsms enterzng the fzver at

~

o the outfall must be accounted for at each downstream

P

:; sectxon 1f no s1gn1f1cant dle—off occurs. The plots of
F1gUre 5. 2 are,zn dzmen51onless form corrected for
background Values and therefore the area under each curve

\ul,should be 1 0 1f no d1e~off occurs The areas‘ are ngen 1n

.
KN

Table 5 6..The recovery at sectlon 22 9 km should he
con51dered 1n relatxdn to the trécer recoveryls1nce>only

the left cHannel of the rlver was sampled The“results are
. /- »
C°ﬂ515tent w1th the premase of-no s1gn1£1cant d1e off 1jh

= \

Generally, under warmer cond1txons bacter1al

'

- &

~r.concentrat1qns are a non-conservatlve-parameter whfh a

} d1scernable decay rate. Predlctlon of\the concentratlon
dlstr1butxon of non-conservatlve parameters, and est1mat1on

- f; of the: decay coeff1c1ent k may be accompllshed bx\ ,*;rd{1~f

s 1ncorporat1ng a decay term 1nto Equat1on 2. 20 and solv1ng

numerlcally. Thls method w1ll be presented 1n Chapfer VII.‘.fj

, i fﬁere calculated us1ng simple trapezozdal .,
approxlmat onscrather than attempt1ng to £1t a curve to th '
data.uuk.uw: o - B R
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LT VI.' COMPUTER 'MODELLING - . = .~ "
e \'ag' ST : | ‘ ; : Co —"’ CEI T : o
. AJ 'Tracer:Modelling = .. v e AT _

) '-‘ﬂau1y 1980 and. March 1981 'rests . ST o

-

EEERS

-

Vsolnt1on was requ1red | f,dff-‘, L ?ff\*ﬁi'l -fJ‘5<
Stone and Br1an (1963) ;or numer1ta1 solutxon of d1ffus1on

‘;modell1ng procedure. As ment1oned rg Chapter II thxs method

//\Analyt1cal analys1s of the fleld tracer tests g1v¢n 1n
N

'the prev1ous chapter prowed unsatasfactory. A numeracal

Ty
;

. v . « . Vs -'r R
B \-

An 1mp11c1t f1n1te dlfference 5cheme fzrst prooosed hy

~problems 1n the form of Equatlon 2 20 was used 1n the

. was recently uséd by Lau and xrlshnappan (1981) to analyse

~

transverse mlxlng in a much smaller natural stream. Deta1ls

of the f1n1te d1fférence schbme apd the computat1onal V

NS

]

-method are glven in’ Append1k VI _ gifufﬂ'H_,“, -g.‘y T

-,

advantage of allowzng a con51deratron of the qhange 1n'“~‘

©

boundary cond1t1ons and thé dlfference 1n m1nor ehannel

lengths around 1slands The solutLon d1str1butlon may be ,ﬂgl

Ed

spl1t at the upstream end of an 1sland new boundary f{;if v

e\\,\\cond1t1ons establlshed,wand calculétons cont1nued along thel

.

L

X

\

B channel d;strlbutlons."aﬁl5m,;_,ffﬂ‘:

1nd1v1dual channels. At the downstream end of the 1sland | !_;”

\

v

Lt

”: ~//$pe numer1cal modell1ng scheme -has the add1t1onal ji.; .

Lo
« %

T concentratzon proflle formulated from the 1nd1v1dual rf}*ﬁ'fl'f
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'~_ Mode111ng was flrst conducted for the March 1981 and

:5July 1980 tests representing ice cover and summer .
;cond1t1ons The river reach was-d1v1ded ;nto long1tud1na1
"r1ver portlons 1n Whlch the channel geometry and flow o
]lcharacterlstzcs could be represented by one of the surveyedgf{“’
-‘ffcross Sectlons. The variatlons 1n uh‘ (the term accountzng‘f.;.

Wftfor the local depth and veloc1ty 1n|the transverse'l

o4 .
'dxrectlon) were derlved from thefsect1on geometry plots and‘

',

:‘cumulat1ve flow d1str1butrons shown 1n Figure 4 4 The  ': !

-~ . . ¢
Kl C L. o,

used as the anut dlstrabutlon \Values'of E, were' Lot L
_ L el
'determlned for each longl%udlnal r;ver portlon to glve a -

~:n0r al1zed concentrat1on dlstrlbutlon measured at 0 5 km“
 wa

best £1t to the normallzed measured tracer distrubut1on

™

'.contalned w;th1n that part1cular rlver portlon. The results

-'?f the modelllng for each test are shown 1n F1gure 6‘1 and o
6.2 and Tables 6: 1 and 6.2, . - RS
\ \..#_' . ) o . N : . . ‘ \
',Dxmensxonless Transverse Mxxxng Coeffzclent ;'* af;r":Aff -y
~ I . Co ey
Extrapolatlon of these results to other locatlons S

-‘-requ1res the determ1nat1on of parameters on whméh to

‘:igz, As mentzoned 1n Chapter V reach averaged valne

'vv‘

~

]-shear veloc1ty and elther reach averaged depth hydraulxc

“radlus or width havq generally been used ﬂowever, as

':f;p01nted out by Smlth and Gerard (1981) §h1s seems - ff;d fﬂf‘

P . LY
<o

fgunreasonable for a 51tuatlon where the.plume occupies such

z

:a small port;on of the total stream Wldth Local parameters

» -,\~

f}ywould seem more approprlate.,Suggested sca11ng factors are.- ;
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 a. the average plume reg1on shear veloelty, th1s be1ng

‘a Measure of the 1nten51ty of ‘the turbulence, and .

~

, be @ length scale, representatlve of- the large scale

~

E components of the turbulence and other flow'

-

I COnd1t1ons respons1ble for lateral m1x1ng wlthxn N

"the plume. Suggested length scales are- ‘ o

1) b, the dlstance between c max and 0 5. ¢! max,
'(termed the half plume M1dth) a character1st1c
of the plumewwrdth3~and,a'measure~of;thexsaze.

of the’larger scalefeddies:within the I
' plume- reg1on, ‘or - . |

42)f@§; the average plume;reglon hydraullc rad1us,

| l-’o: : s

~3) hy, the average plume reglon depth or depth

bel w the ice COver

i : .~

It should be noted that the use -of 5uch ,'*\' LT

plume dependent scal;hg parameters 1n a design 51tuat1on

. would requrre an~1terat1ve type solutlon. However because N

'ﬂthe solutlon convergeS‘rapldly, th;S‘ls,not cons1dered’

- [

part larly detf*méhfa*‘ ., - .,t -

The correct scallng factors should give a,:f-

'

d}men51onless m1x1ng coeff1c1ent more or less constant

v

: along the length of the plume. The dlffu51on coeff1c1ent

w1th1n each rlver port1on was assumed to scale -on the e

-4

average plume reglon‘ shear veloc1ty U* and a length scale
‘The plume reglon be1ng def1ned as the transverse drstanoe
between the left bank (the 1nject10n bank) and the point at
wvhich the ‘tracer concentration has beéen reduced to 5 ;
;percent of the pedk concentrat1on. ' -

”
>
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Ez = BRUx . - L L - (e,

» S
.

!‘where B iara constant of proportxonalaty and Ut 1s given by .

,

Equatxon ‘2.8 with.§ equal to the plume regzon hydraulzc SRS

radius r. The estrmated reach-averaged value of s (0. 00005

~

m/m) was used in the calculatxon of. Us- for each river
port1on. Ideally local valueS'of shear veloc1tx could be
calculated for each portxon 1f an accurate slope prolee ofj

o

the r1ver reach ‘was avallable. Incremental values of the-

: d1menslonless coeff1cxent5'for each test are g;ven in,

Tables 6 1 and 6 2 and plotted aga1nst d1stance in F1gure.
6 3. Reach-averaged values of the d1mens1onless o ‘

coeff1c1ents for each test are also l1sted 1n the tables.'

Scatter of the d1mensxonless m1x1ng coeffxcxent over }'

o

) approx;mately one order of magnxtude rema1ns after uszng

elther r or h as the’ length scale. However, u51ng b nges ..
quzte constant results for the 1nd1v1dua1 summer and wxnter)
tests.,"_ _ 1

L Regardless of the length scale chosen a dlsparlty in
the reach-averaged sUmmer and wxnter results 15 evzdent.
Comparxng the magn1tude of the d1spar1ty u51ng either of
the vertical length scales, F or ﬁ 1nd1cates the hydraulic
rad1us is a better measure of - the length scale of - .

turbulence ugder 1ce cover than ‘is the depth The’ d18par1ty

between reach averaged dlmen51onless coef£1c1ents for

[y
i
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-summer and w1nter, u 1ng e1ther r or B is roughly of

equ1valent magn1tude.“Non dlmen51ona1121ng E, w1th U* and B

«

-

glves the most cons1stent results and is con51dered the

-3

most agpropr1ate method of extrapolatlon. f{

In des1gn calculatlons an estlmated concentat1on

dlstrrbut1bn, a short dlstance downstream of the outéall

N
& . v ’

' ‘1s requ1red because numer1ca1 51mulatlons of the m1x1ng,

R cannot beg1n from a p01nt or-'a 11ne source. An 1nout
dlstr1butxon can, best be estlmated using analytlcal
solutlons such as those g1ven by Yotsukura and Cobb (1972)
Errors caused by the assumpt1ons of constant veloc1ty and ".ﬁ:
depth w1th1n th1s 1n1t1a1 rlver portlon are small and |
become smaller as the’ numerlcal s1mulat10n of the m1x1ng

progresses downstream.
° ;

March T980:Tgst - ;' Lo ,\‘." L . SR
The numer1cal model ‘'was tested by. predlcting the March ¢

~1980 plume characteflstlcs u51ng the March 196%

[y

reach- averaged value of E; /bU*~ the March 1980 sectlon data,

and the normallzed concentratlon d15tr1but1on measured at

0. 5 km as 1nput. In1t1a1 tr1a1 values of U* and b- were jii | S
'calculated uslng the geometrlc data and assumxng the spread

"of the plume .in the transverse d1rect10n (measured in terms )

N
RN

o of cumulat1ve flow) proportlonal to the square root of

dlstance from ‘the outfall1 The model vas -run u51ng the

'

trxal b Ux. and reach—averaged E, /BU* to calculate 1nput

-

4
S coeff1c1ents for each river portlon. The output

P
-
2
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dzstrxbutions were then used te update the trial values for

the second 1teratxon and the process repeated untxl D and

J

. .
O converged The model was not run beyond 15 8 km because

the measured tracer dxstrxbutxon at 27 8 km was poor for
compar1son purposes and actual stream geometry data between
15. 8 and 27.8 " km was not available for the March 1980 test.

. The. tr1a1 calculat1ons are showh in Table 6.3 and thet

ﬂ "output from the. fxnal 1teratxon plotted with the normalized=

~

3

measured contentratxons 1n F;gure 6 4. The plots 1nd1cate
{ the tracer dxstr1butxons are sat1sfactor11y represented
Desp1te th1s success, tbe va11d1ty of usxng the plume Ut
and B as general scales for non-dimens1ona11zing E, should
be tested thh other fleld data to’ ensure they are
appl;Cable to ptber locatxonsr ' i ‘;-; '

- P

’ B M;croorganxsm Modell;ng

' The non-conservat1ve bacterxal concentratxons may be
predicted by modx£y1ng the numer1ca1 model used for ‘the . |
conserVatzve tracer. The mod1f1cataon requxres the addltxod

‘of a decay term to Equat1on 2 20 Ch;ck\s Law (Equatzon
2 35) can be . wrxtten 1n dxfferentaal form as _"<:; —

\

'ﬂ'l’kN o : } - I ,‘.(6.2—)'
Sdt A I
' T Lo R . B T

. ?olxowing_Beltaos:(ﬁéﬂir”xguatioh 6;2vmaygbexsubstituted'

© ‘into the unsteady'uersion of Equation 2.20 to give: -
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Table 6.3 fterative Solition for March 1980 Mixing

- - - - - - - - - - - o - - - cmman-

-Trial  Section . - us . .p _

>
ARRNBAN

LR GNPy

©,0249 227
0284 110
.0241. 32
0273 51 .
0333 ™2
.0188 . 200

ol

mapoaN

.0282.,; 227
118
33
0282 - . B4
~0327 54
.0188 - 207 °

) -.‘.s -

.0282° . - 227
1.02%7 BER KL
.b2es ' .33
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~: 0328 1.2
.ote8 . 210
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hudN = 3 (he,BN)hRN . (6.3)

9x 9z 82

M)

Using the-;q' transformation, non-dimensionaliiing N and g
and replacing‘e, nitth,,gives" |

N' = 1.3 (uh®E_3N')- kN' : S - (6.4)
ax Qan a.n . o ‘ T

Bquatlon 6.4 can be solved numer1ca11y usxng the

method outlxned for the tracer (see Appendix VI and VIiI).

~ The computer model was run for the March 1981 geometry. and

flow cond1t1ons uszng the optimum value of E, for each

. river portion found for the tracer. The results for several

trial k values are plotted in Figure 5.2 !1th~the measured
microorganism concentrations at 13.0 km and 27.8 km.

”ComparisOn of the predicted.distributions with the

measured concentrat1ons 1nd1c&te the. decay coefficient k

could conce1vab1y be between 0. 0 and 0 4/day for the flrst

23 hours followlng dlscharge. The s1m11ar1ty of the
generated curves 111ustrates s poss1b1e explanat1on ‘for an
1ndiscernab1e d1e off rate within tth per1od The scatter
of the data is of the same magnztude as any actual decay

1nd1cated by the solutaon curves. Measurement of the

f-d1e oif rate.over tuo-to three days of travel 1s regurred

.....

to get a good 1nd1catzon of trends. Unfortunately in the 7%?*1

..... -

v oW @ <wy

and extremely h1gh d1lut1on capaczty of the river cauSe the '“‘

. mzcroorganxsm counts to fall “to levels approachxng



;2§4
gSackgroundfwithin_app:oximately_one day of travel time. .

A rough eetimate ef‘the'optimUm'deéay coefficientehay
be made by comparlng the ratio of the geometr1c average of
the measared d;men51on1ess m1crob1a1 concentratlons to the
solution concentrat1ons generated for 13 0 and 27. 8 km (see
‘F1gure 5. 2(c) and (e)) The average ratios for all the
sampl1ng po1nts with greater than 10 percent of the peak
concentrat1on are shown in Table 6.4. The results of the
analysis oncetagaxn 111ustrates‘the d;ff;eulty in ‘
discerning a,d@cay rate. Any value in the.pange‘bf 6.0 to
0.2/day would be appropriate, however a decay coefficient -

of approximately 0.1/day for both total and fecal coliforms
'.appears to be the beet estimate that ean'be hade at

e
present.
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~

| Tgblé 64 Ratio of Measured Microbial Concentrations to ﬂmo—Depéndint Decay-

. Curves
-~
Ny e e e e o o e e i e e - e e - i - - —
Indicator ' Decay Coeffictent (1/d)
' 0.0 0.2. . 0.4
Total Coliforms = 0.97 1.12 1.20
Fecal Coliforms’ 0.93 " 1.07 1.44



VI1. DISCUSSION

A. Transverse‘nixihg

The tracer tests of thie study have Shownﬂextremely'
“slow lﬁteral (transVerse) mixing of effluent when.
jd1scharged within the near bank reglon of a large natural

stream. Here an assumptlon of complete lateral mlxxng a-

- short distance downstream of an outfall would be completely”'"”

invalid and decay analysis’ cohducted on thls basle would be
~in error. éudimentary'treatmehts of mixing such*asrthatIVU‘
'used by.Erost'and.streeter (1924):can aleoiréad to “
cohfusing results. .In their-method the channeliwas divided,“
ipto thirds on the'basiS“of-area and each'fraotional region
.represented by a‘single.samplihg point. A region was notf
.cons1dered 1n the calculatlon of the section average
m1crob1al concentration unt11 m1croorgan15ms ‘were detected
in significant numbers at its sampling po1nt. However, slow
lateral'plume spread could‘cauee the cohcehtrations at"the
first sampling ooint at eaeh section to first ‘increase,
then decline as one moved downstream (see Figure 7.1). This
.process may explalh‘some of the cases of- aftergrowth
reported in the literature.

Without' steady-state.tracer teats,a true evaldation of
microorganism decay can not be conducted until complete
lateral mixing of the efflueht»has oocured. Unfortunately
_uniform lateral concentration;may'oniY'be'established far
downstream of‘therriver reach'in which_water-QUality is to

S - . S
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be”studied'or there;is méﬁér'cohéérh’Aue to’Casual
”, consumpt1on or contact water use. In general reaches of
1nterest are located ¢close to po1nts of " effluent'dxscharge
and effluent m1x1ng and decay must both be cons1dered 1n
water quallty stud1es w1th1n these reglons.‘ |
D1ff1culty may ar1se when attemptlng to analyt1cally
‘model water quallty data even with river m1x1ng adequately
deflned by f1eld tracer stud1es.-Results of other ‘
1nvestlgators for m1d stream region 1nject10ns (as. \\\\\\‘
summar1zed by - Lau and Krlshnappan (1981)) 1nd1cate E, ;5 -
proport1onal to the product WVx, Generally WV* is L
reaSonably constant along a reach and.w1th1nvthe
m1d stream regzon var1at1ons in uh’ are ;1nor.'Hence the
4;{success of analyt1cal techn1ques, based upon the assumpt1on,,
of a constant reach averagedbuh’E,, ‘in predlctlng
transverse concentratlon'd19tr1but1ons downstream of
m1d stream reglon dascharges. However, analytlcal
technlques can prove unrellable for 51de dlscharges asipifagi;
shown in Chapter V. | |
o Lau and Kr1shnappan (1981) have. shown that for 51de
dlscharges the var1at10n in plume reguon E; in the
streamw1se d1rectlon (from sectlon to sect1on) could not be
'neglected Addltlonally, near the banks, the term uh’:”
var1es s1gn1f1cantly transversely. For bank dlscharges the
" term uh’E will only approach a. constant after the majorlty
~_of tracer has moved to mldfstreamrand“therefore*a numerical

solutioni which accounts,ior,local Melocity,,depth;vand:

.
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g

plume region. E,;,IS reQU1red L e o
Numerlcal s1mulat10n of the mixing along the Slave
- River study‘reach 1nd1cated E, 1s proportional to the‘
product Bbus within the bank region. éther.investigatiOnsi
for mid- stream reggon dlscharges suggest E, is proportxonal
:_ _to wva Apparently the length scale l Lw.hlch character1zes 'fl
”the size of the lateral eddies 1nf1uenc1ng the transverse -
1:m1x1ng, varies w1th d1stance from the stream bank Near the
‘banks £ appears proport1onal to the half plume w1dth while
' w1th1n the mid-stream region £ is- 1ndependent of- plume size -
fbut proport1ona1 to stream WIdth -For- bank d1scharges a

~tran51tLon between approprlate 1ength scales, defined by b

"1for W must therefore occur as the plume spreads across thegﬁl,,;g

. - ‘e
.,_*_ »..,,‘;"‘_“_s‘ -~ RTINS ‘ B

_channel The tran51t1on 1s 1llustrated in F1gure 7 2 1n'
’ thch thewdlmenslonless m1x1ng coeff1c1ent 1s plotted
agalnst B/W For b/w less than about O 35, E /WU* o
_ﬂcons1stently decreases w1th decreas1ng b/w wh1le E, /bU* 1s_
reasonably constant ; For B/W greater than about 0. 35
E, /WU* approachs a constant value while E /bU* beg1ns to
kdecllne. Apparently b/W of approxlmately 0. 35 represents
the tran51t1on between lab and l«w ‘for ice covered

&

condltlons. L o,

The tran51tlon reg1on 1s not ev1dent for the SUmmer B )

"

, data shown in Flgure 7 3 Local 1ncreases 1n mlxlng due to;;;::i@

the presence of numerous side and m1d channel bars between‘
15.8 and 25, 0 km may 1nterfere w1th the trend observed 1n;'

g Flgure 7.2,_A second p0551b111ty is the_tran51t10n,may

L
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‘occur‘for'b/w’greater'than 0.35. Durinéfthg:winterathefice

cover may restrict the'maximum'eddy size to a certain
proportion of W, while for open water the maxlmum eddy 51ze
-may be larger. Unfortunately with the present data 1t is
not po551ble to deduce the actual relatlonshlp of £ to
d1stance from the bank Such a relationship would greatly

azd 1n the selection of the most apppopr1ate length scale

to use for various flow cond1t1ons and outfall locatlon.
As noted in Chapter VI, b appears to be the most
appropr1ate lengtp scale of turbulence along the. study

AN

reach because reasonably constant values of E, /bU* are

'obtalned for each tést”:HOVEVer, an unexplalned dlspar1ty

between reach averaged values of E /bU* for summer and

o winter tests remains, Lau and Kr1shnappan (1981)

demonstrated the dependence of d1mens1onless m1x1ng
coefficient upon aspect ratio W/H for: open water,
mid-stream region;tests._h difference in aSpect ratio may
account for the dlsparlty between w1nter ‘and summer data.

Hdwever, the ratlo "W/R- may be‘more appropriate'because R

1mp1c1tely accounts for restrxcted eddy S1ze due to an ice

cover,;-“

Cme T - et - . s LTI e
T

For bank reglon m1x1ng the approplate aspect ratlo

would be b/r or b/h where b 1s the plume w1dth as deflned

1n Chapter Vi The reach averages of E, AbUt, b/r and b/E
for the Slave R1ver are glven in Table 7 1. The
reachraverages were only calculated to 27 8 km to allow

comparlson of summer. and winter data over an 1dent1cal

- 212



Table' 7.1 Dimensionless Mixing Coseficient versus Plume-Region Aspect Ritio -

July, 1980 083 = 118 1s.
March, 1981 1,021 198 = 98



214

river reach. The data 1nd1cates a two to three fold
l1ncrease in dlmenslonless m1x1ng coefflcrent for .
?_approxlmately a 50 percent reduct1on in b/r. Th1s is the
?mostucdhparable-to the"trend 1nd1cated/1n F1gure 2 5 for
str1ct1y .open water data The- d1spar1ty between summer and
w1nter data therefore appears to be the result of plume”
region aspect ratio deflned by b/r. e 'f A T o ?
Beltaos reported the results of two 1ce covered
mid-stream reglon tests w1th reach sinuosities of
approxlmately 1.0. Assum1ng W/R is the most appropxate
aspect ratio, -as 1nd1cated by the Slave R1ver tests, values ' ?ﬁ
of~E,7WV* for these w1nter tests are plotted in Flgure 7.4
‘with the data prev1ously g1ven ‘in F1gure 2. 5 The results
'!/of these ice cover tests agreefw;th the trend 1nd1cated for
--open water. | . |
> The Slave R1ver data can not be d1rectly compared to
the test resﬁlts summarized by Lau and Krlshnappan (1981)"
becausg the mlxmg coeff1c1entsge non- d1mens1onal1zed A
w1th d1fferent length scales. Direct comql'1son would __-.'
»vrequ1re knowledge of the correct scale £ for each testr
'Unfortunately the present data is- 1nsuff;c1ent to predlct“
the proport1onal\ty of b to, £ or W to l w1th1n their.
A respectlve.reglonS'of appllcab111tyt However, the magnitude
of the difference in.dimensionléss coefficient ‘can be
roughlyuesfimated from Figyre 7.2 and 7. 3. Assuming b/W of
0. 35 represents the tran51t1on reglon in- whxch e1ther scale

is- approp1ate then 0 35 tlmes E, /bU* should be r0ughly
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‘.equ1valent to E,/WV* Multlplylng the Slave Rlver reach 1 ,

'"“Sﬁmmer". s "~ "”, B R s L T 4 @ e o“‘-.. s - o

s P»...c.. RV . . . :
. . uy B " ‘_,u,:o_‘u.o:- e

These results are plotted 1n F1gure 7 4 assumlng the

- “y <
b & #a e e hd

rosa @ e L :

plume reg1on b/r 1s equ1valént to W/R- fbr'mld“channel“i“"stv

plumes Both. themsummer aud winter data points’ plot above"'
the~curve for po1nt5vw1th Sn of<1'0~to 1424 The summer
dlmen51on1ess coeff1c1ent is. coh51derably h1gher than the

vﬂ;m, curve, plottlng ‘near the p01nt for Sn of 1.3..

K R
THe 51nuos1ty of the study reach is dlfflcult to
':'V_-'..‘lr:," s *ﬂ} jav,%' KRR pman & My e B e s ‘

@ﬁp_i estlmate because the down valley dlstance is hard to

@ Y ¥ o B e

&
accurately define. The 51nu051ty calculated from dlstances
e

scaled from a1r photos ‘and navlgat1on charts is 1.3 ’
assumlng the down valley 'distance may  be represented by a
stralght line betueen the outfall and the Salt Rjyerﬁf
confluence..Thls value agrees with the average:sinuositi of
1.3 for the Slave R1ver between Fort Sm1th and Great Slave'

Lake calculated from d1stances scaled from the_navigation*p

charts.

1f the value of Sn of 1.3-is‘accepted the 51ave_§;ve;f

data and the previous’data pointlior sn of 1'3~defihe’aﬂ'

second curve relatlng d1mens1onless m1x1ng coeff1c1ent to
‘Lau and Krlshnappan (1981) analysed the results of a side

_1nject1on into the Grand River using section rather than
plume region parameters. Accurate reanaly51s u51ng plume

- reglon parameters is not possible due to the 11m1ted
'section ‘geometry data presented ‘However,. assumlng Us-
equivdlent. to V* gives an nestimated plume- reglon /bU* of
0.003 for average b/r of 59. Comparing this. ‘point to the
data in Figure 7.4 indicates reasonably close agreement
con51der1ng the value of U* would tend to be lower than
est1mated ' _ . . IR

*

o0

' averages by’ 0;35 grves:U’OO? for w1nter and 0. 019 for “"“fo5‘
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'B. Microorganism Decay

217

o aspect ratzo. ?he functlonal relat1onshrp for dxmensxonleas T

m1x1ng coeff1c1ent glven by Equation’ 2 32 appears to be

- NY

répresentedqby a fam1ly of curves. Each curve represents a
%

value of Sn and has decrea51ng values of dlmen51on1ess

1u.coeff1c1ent for 1ncrea51ng aspect ratlo. Tﬁls is not oo

"unexpected because the magnltude of secondary currents at

bends dlm1n15h with the depth due to ;ncrea51ng resxstance"

.-to lateral fluid motion.

Although the Slave River data appears to support the

'pfunctlonalvrelatlonshlp proposed by Lau and

PO w—y

Krlshnappan (1981) more data for’ natural streams bfjhiéberz

51nu051ty is required before any general conclusions can be

_made.;The summer d1men51on1ess m1x1ng coeff1c1ent may be

h1gher due to in¢reased m1x1ng caused by large s1de and

mid- channel bars. These effects are less. ev1dent durlng the‘
winter because.flow ‘over and around the.bars is largely —~\

eliminated by the presence of the ice sheet.

With microorganism concentration reduction due to

dilution accounted for, decreases attributablewto true

N

time—dependent'decayamay‘be evaluated Ideally'a.iarge“

number of samples should be taken at ecch statlon because

;enummeratlon data is. geometrically d1str1buted However,

'!3.-:.

‘limited t1me, resources,vand manpower prevented the
'des1rable 1nten51ve sampllng at each locatlon and

_ consequently some scatter~of the data der1ved.from
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"geomet}ic averages resulted A 1arger number of samples
‘{would allow a con£1dence 1nterva1 ‘to be assoc1ated w1th )
each»p01nt but with the sample numbers ava1lable the data;
had to Be considered more or less absolute.’ A_ |

’ The scatter of the data and the short £flow txme—wh:ch
'could be accurately sampled both contr1bute to the Lh' .
difficultly in pred1ct1ng a value of k for the reach under
'ice'cover conditions. Thebest estimate‘of k from the icde
‘ covered'results is ln thevrange of 0.0 to 0‘é/daylfor'totalm

and fecal collforms. Wlthln the reach sampled (llkely the )

o e e .
B i; ’:"’.“‘w“}""-_""’p Pl

reach of most 1nterest downstream of Fort Sm1th) to
prov1devconservat1ve=est1mates, the 1nd1cator bacteria
should probably;be consideredca non—decaying‘pollutant
under ice'couer conditions (ie. k=b.0).

As mentioned decay analys1s of the summer data was not}
possible due to the low effluent strength and rap1d decl1ne

ofllndlcator bacteria concentratlons to near background

levels.

C. D1mens1onless Curves

Dlmen51onless treatment of the data has been used
jthrOughout the m1x1ng and decay analysis. Non—dlmenslonalj
'.plots‘have'the advantage of applyingvto any inout pollutant
concentration;ot'the same type-and for the'samevsource'\
ICOnfiguratlon. If the wastewater flow from Fort Sm1th ~ %
'doubled, the plume concentratlons of a conservat1ve

parameter such as chlorldes:could easlly.be determlned_by_

>

e e s ua. m

% .4
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calculating&the fully'mixed;concentration (see‘Equation'
2.24) andvthen.multiplying by the dimensionless
concentrat1on, shown in the plots for the conservatlve

tracer, at any des1red location. S1m11arly concentratlons

'T-‘conservat1Ve polIutant of known I could be "_:t',ff"f

¢ et

=caiculated uszng decay curve plots 51m11ar to those shown

in F1gure 5.2 for 13.0 km and 27, 8 km. !

4

Although the tracer and m1croorgan1sm curves only

v

| ’apply to the r1ver flow condltlons and source for which

’a'“..they were. measureda calculatlons us;ng Ehe modélllng f;;?‘j':;
I R T B ST
procedure may: accomodate varlatlons in the flow, prov1ded

—

‘the m1x1ng coeff1c1ent Ez is known. Ideally measured tracer

curves should be ava1lable for a range of- flows from worst. -

- !

‘condltlons (generally ice covered) to typxcal spring or ¢’
summer hlgh water cond1t10ns to provide a relatiénship
Ibetween E, and stream dlscharge. The expected plume.
concentrat1onsAand characterlstrcs may then be predlcted.

for various flows us1ng the modell1ng procedure. The
'As an example. cons1der a serv1ced populatlon increase to
5000 persons and an average wastewater production of
300L/person/day for Ft Smith. The resultzng wastewater
flow would eqgual
5000 p x 300L/p day / 60x60x24- s/day = 17.4 L/s
Assuming a discharged effluent fecal coliform concentration - .
of 4x10*/100mL and a Slave River flow of 1560 cms under ice .
cover the fully mixed concentration would be : :
co = 4x10°x17.4/(1000x1560) = 4. 5/100mL
Referrlng to Figure 5.2 for 27.8 km and. assuming a k value‘
of 0.2/day indicates a dimensionless ‘peak concentration of
. 6.0. Converting to an ‘actual peak river concentratlon of
fecal coliforms in extess of background gives
: c max. = 4.5 x 6. 0 =27.0/100mL oo
- 1f the decay.coefficient was assumed zero (ie. the fecal
coliforms béhave as a conservative tracer ) the peak
concentration at 27.8 km would be AU o
‘ c max. = 4.5 x 7.0 = 31, 5/100mL

N

v
v
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geff1c1ency of . dlfferen outfall conflguratlons may also be o

...... g L wu” ..,,..',.._‘.h, e Aew o "Q’ EYRRNRLN 3(0

- evaluated by alter1ng the shape of the 1nput Curve used in--

the numer1ca1 model ,lj'.iﬁ}*;'

:”ﬁ, Compar1son “of Results to Other Studxesv'
It 1s d1ff1cu1t to make d1rect comparlsons of the Fort -
Sm1th survey w1th other publ1shed data on bacter1a1
: self pur1f1cat1on for the follow1ng reasons~'
a. other. tests are generally for much longer travelt'

- »aw,t1mes..v : :evk SRR . %”

o

P A R I T .o o : . - "o a &
- . . B

* - s e e v - et - . e .
- N » . 4 : e @
- © i w b

" b, winter tests reported are from more temperate R

-

climates with much,h1gher water temperatures, and

'ﬂgenerally wlth no. 1ce cover,*« f $

o
4 -

.-

v ’

&" e e gl

AR

c. most have no assessment of mlxlng or, at best onlyf,f'

Y

a rudxmentary con51derat10n, whlch undOUbtedly

i v vouz -
RPN

e 5causes érrors 'inm the 1n»t1a1 sampl1ng sect1ons, and

.. .
o £ o
- e

d#f most tests‘have a decay curve s1mf1ar to that flrsb
'noted by Frost and Streeter (1924) 1n which"” two i
v portions of the.4n1t1a1 bacterxal populatlon
d1e off at different rates (The 1n1t1a1 rapldv

decrease of the predomlnant fract1on may however be

's1gn191cant1y less ‘than reported due to.

I
B z;/

‘unaccounted for m1x1ng effects at the‘1n1t1a1 *
sampllng statlons) m'j-_ e

An initialvrapid decline ofhthe\indicator‘bacterjaﬁhw

population, due to time dependent_decay, is not evident o

w1th1n the Fort Smxth effluent plume under 1ce cover-

N

RO
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' COﬂdlthnS (see Flgures 4 TO and 4. 12) Unllke the tuo
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5;;Qhase curvés of Frost and.Streeter, the 1nd1cgtor‘w_w_;V. .
D'fpopulatlon appears~to coﬂSnSifof a’Slngle persxstent 7{{J{{J{j~;

.1fract1on Smith* and~Gerard (1981) suggested the retent1on T

;:txme w1th1n the lagoon system may proddce an’ éccllmatron* I

effect. Acclzmat1on or, alternat1Vely, death of less

'per51stent 1nd1cator bacterla w1th1n the lagoon system d

'?would el1m1nate the ex1stence of a less per51stent

' subpopulatlon.w1th1n the rxver. Acceptlng thlS hypothes1s, _

’the decay rate downstream of Fort Smlth should only be

compared to that of the more persxstent subpopulatzon of

e W e

~‘other studaes~1n:uh1qh no accilmation effect r5°evrdent _J'f‘_
ST

The d1e off of the more per51stent subpopulataon in other

stud1es can most accurately be- est1mated by assesszng the

' reduction ‘in- numBers at the farther downstream sectlons. ST

There,*any effects of 1ncomplete lateral-mlxlng or of an
'1n1t1al less per51st subpopulat1on are largely ellmlnated.
The best tests for compar1son are those conducted on
the Tan?na Rlver 1n»Alaska under ice. cover.condltlons
'(Gordon (1972) Davenport, Sparrow and Gordon (1976)) The
effluent source “for these tests 1s domestlc wastewater fromv
‘Fa1rbanks, Alaska d1scharged to the Chena R1ver, a small
tr1butary of the Tanana Rlver. The 1n1t1al sampl1ng 51te on.
the Tanana was located a dlstance Judged suff1c1ently far
enough downstream of the Chena confluence to allow complete’

lateral-m;x1ng of the effluent. Results of the d1e-off

[analysis eXpressed as percentages. of the initial -mean -
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'a_sampllng sectlons is sllghtlY h;gher than farther 7";

2
AY

Z3

Ll

concentratlon at the flrst sampl1ng¢sect;on are - g1ven in. .

o

; F1gure 7 5. - :.]“ {1;1}4{ gji_

-------
‘o

The rate of declrne between the f1rst and second

S el T
[
CR

.....

Th1s xncreaSed decl1ne may be the result of 1ncomplete

lateral m1x1ng or the ex1stence of a less pers1stent

- - hd

fract1on, wh1ch would not be unreasonable here, because the

effluent was- warm domestlc sewage dlscharged dlrectly 1nto

the near freez1ng river environmerit. A subpopulat1on
sen51t1ve to thermal shock would rap1dly decay, the

maJorlty be1ng ellmlnated before the second sampllng

section. . - L e el

PN o L L
[ ..

The more 11m1ted d11ut1on capaclty of the Tanana Rlver
ihlcomparason to the Slave Rlver allowed sampllng of the
effluent-plume over seven: days of flow tlme. Values of k.
for Equat1on 2.35 calulated from the slope of lines f1tted
to the-data po1nts beyond the second‘sectlon-are shown in

'Table'7 2 The estlmated second fractlon k values are well

w1th1n the range of values est1mated as fea51ble for‘tHe
Slave R;ver under 1ce cover condltlons. B ; .
Other ice cover. tests have been reported by Ballentlne
and K1trell (1968) for the Red Rlver and M1551ss1pp1 vaer
in the northernxUnlted States; D1e off curves for these
tests are shown in Flgure 7 6 and the estlmated k values

for the downstream sectlons 1ncluded in Table 7 2. Here the

k'values'are larger'than;found for the_Fort'Smith reach,:

i~ . LR PR Y & e
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VHoneQer; the higher'k values again may'fepresent an

' “1nadequate aSSessment of dilution (m1x1ng) or the 1n1t1al

~“‘pr:esence of a s1gn1f1cantly less pers1ste2t populatlon_

-‘ftactzon.

. The results of the Slave Rlver, the latter portlon of'
_the Tanana R1ver and the Red River agree reasonably well
with the.k.value predicted by the empirical formula
developed by Mancini (1978). This formula, which predicts k
on the basis of watet\temperatune, salt concentration,nand:
light inpdt;*éives a valde of 0.48/day for 0° C, fresh
water'and'no»light‘exposure; Considering the scatter of
pointsvfrom-whichhthe relatibnship was derived and the
absence of data p01nts in the'lower. temperatures the
agreement is quite- good

| .The Slave River and Tanana R1ver studies ver1fy the
speculatlon of early 1nvestlgators that bacterial
per51stence is extended under cold waterqcond1t1ons._The
cold temperatures are generally thought to inhibit the rate
of predatjon byhmther organisms and-delay.self-destruction 
" of cells due to'endogenous tespiratlon. in northern rivers
the persistence ptoblem‘is compounded during the wfnter by__v
ice cover,which isolates the effluent:ftom the lethal rays
of.snn. These factors clearly demonstrate the particulaf
concern over contamination of notthetn waters by microbial
wastes. | |
HEffluent quality'objectives for municlpal.wastewater

1

discharges and receiving witer quality objectives have bothi‘



been recently estab11shed by the North%est Terrltorles
o Waterboard.. In estab11sh1ng regulat1ons empha51s should be
| placed on a strategy of ma1nta1n1ng rece1v1ng water quallty
rather than sett1ng strlngent effluent quality or rece1v1ng
qwater loadlng standards. In:-thig regard a comprehen51ve
evaluatlon of m1x1ng, as demonstrated by the Slave River
istudles, is necessary to f1rst ‘simply 1dent1fy plume |
sregions to establish a proper receiving water quality
monitoring program:&nd'secondiy, ro“allow proper»eetihatidd
of plume region andlingtial‘mixing aone concentrations as a,
~ guide, to setéiag eite;speeific_regulatioha‘fdr{effluent

quality and loading rates.

"  —— A . - ———

' Guidelines ;or nun1c1pa1 Type Wastewater Discharges in
the Northwest’Territories 1981, Northwest Territories
Waterboard. o v



VIII. CONCLUSIONS = . . .~ =~

Analytical‘solutionS'to the steady-state transverse .

m1x1ng equatlon do not adequately descrlbe the m1x1ng of

4

"side dlscharges of effluent into a large natural’ dhannel
The ttansverse var1at10ns in stream geometry and veloc1ty
»cannot be neglected near the stream boundar1es and
'therefore a numer1ca1 solutlon with the capab1l1ty of *
accountlng for these variations 1sfrequ1red to successfully
model the process. : - | |

The results of this study 1nd1cate°the transverse -
,vm1x1ng coeff1c1ent is proportlonal to plume region &
' characterlstzcs rather than the reach averaged values
generally used The half-plume width usedlas a‘leﬁgth

scale, along w1th a plume reg1on shear veloczty as a

: veloc1ty scale, appears to glve con51stent non- d1men51ona1

values of the transverse m1x1ng coeff1c1ent along the study
#

~

reach for bothalce cover anduopen water-cond1tlon5a
Although consistent results are obtained a disparity .
exists between reach-averaged dimensionless mixing

coefficients~£or summer and winter data. Thg disparity is

-

apparently the result of differences in plume'region'aspect'

ratlo and the dlmen51onless m1x1ng coefficient decreases

Wlth 1ncrea51ng aspect ratlo as demonstrated by Lau and

Kr1shnappan (1977 1981). The Slave River data ‘also appears'd 0

"to supp_rt hag and Krlshnappan s hypothesis that the

= g,(! .

N
¥,

1,‘&
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¥ .glxlng coeff1c1ent for natural streams is. .
adz ‘% P
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'-deta for natural streams w1th 1gher values of s1nuos1ty,
| Vcthe functiondl relatrznéhqg proposed by Lau and
‘Krlshnappan (1981) cannot be conclus1vely accepted..

The- length of reach ower whlch m1croorgan15ms decay
"could be studled under 1ce cover condxtlons was limited byb ;
zlow effluent concentratzon and the extreme d11ut10n;1

capac1ty of the Slave Rlver.,The 1ce cover data 1nd1cated

'1'nd1e “off. of totad or: fecal COllforms was barely»d1scernable

for approxlmately a one day perxod followlng effluent

>

d1scharge to the r1ver. Consequently the aucroorgan1sm

a,,-

”concentrat1ons vuthln th1s :each could be conservatxvely
-modelled by con51d§r1ng them as a tracer. The summer
mlcroorganlsm decay could:not be quantlfxed due to the hzgh
eff1c1ency of treatment w1th1n the lagoon system»and

;.subsequent rap1d dllutlon to background concentrat1ons
: y

?;;follow1ng dlScharq:t "y;‘*i g*_ Q
” Mlcroonganism m1x1ng and decay may be modelled u51ng
the unsteady verszon of the mass balance equatlonu |

: descrlblng transverse m1x1ng and the numer1ca1 method

| employed for the conservatxve tracer. ThlS method of

: 'modelllng m1croorganxsm concentrat1ons comprehensxvely
__fconszders both d11ut1on efects and decay sxmultaneously.
Ut11121ng thlS method represents an 1mprovement ‘over:

technzques employed 1n prev1ous m1crob1al self pur1£1catlon

Desp1te the success 1n modelllng both conserﬁatxve




| 230

e v

in thls study caut1on must be employed when attemptxng to i
exgrapolate results to other locatlons. The current |
uncerta1nty in estxmatxng both transverse m1x1ng and decay
coeff1c1ents, and the requlrement of stream geometry and
veloc1ty data for both analyt1ca1 and numerlcal sd&ut1ons

‘ of effluent m1x1ng often 11m1t thelr ut111ty to pre11m1nary
. stud1es. There 1s lzttle doubt f1e1d m1x1ng tests and
bacterlolog1cal r1ver samplzng u111 cont1nue to be |
de51rable for the 1dent1f1cat1on of plume regions’ for

rece1V1ng water mon1tor1ng programs, assessment of effluent

plume env1ronmental 1mpact and to- a1d 1n the establlshment

B of 51te spec1f1c regulatlons regardlng rece1v1ng and

©

effluent water quallty.
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Concentration changes due to stream mixing alone may be -

1 denslty equalwtﬂﬁiﬁnt of the fluid.‘Pollut T4

'gare termed neutfgllyobuoyant and conSeﬁ$a63ve.

APPENDxx I Derzvetzon of the Pollutant Conservatxon
xquatxon'

or The bas1s of all mathematlcal descr1ptxons -and studxes'”'

'of mxx1ng is the pollutant conservation equat1on. The .
‘equatxon is der1ved by . consxder1ng mass conservatxon of a

"pollutant thhxn-an element of the flUld body. ‘“ 3 1

Y

:”descrmbed by assum1ng the total pollutant mass. rema1ns

,constant w1th time (1e. no tlme dependent decay of

v

'concentration) and consxderxng the pollutant to have a

&‘r‘;

puteg i

®

Cons1der1ng only convectxve pollutant mass*'=ow 1nto_;

-and out of .a. small £1n1te element 1n a Cartesian coordxnate 

system (see Figure I-1) the follgylng partxal dxfferenttal R

equatlon descr1b1ng the pollutant concentrat1on change'f

- w1th1n the element may be der1ved

f

ac+a(uc)+a(vc)+a(wc>.o L .
t  8x  dy 3z | | o N e

.'where the dlrectxon of the spatxal and veloc1ty components :

are g1ven in F1gure I 1

In add1t1on to mass transfer by bulk fluzd flow mass

~

flux occurs due to random moleculg;,mot1on or d1ffus1on»

'w1th1n the fluid. D1ffus1ve pollutqnt movement is- 81mllar

tovheat flovw in afsubstance-andlfollows the telatlonsh1p'

| :known as 'Fick's Law'. The pollutent flux Q, through.a.

w

237
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”plane perpendxcular to the n d1rectzon 1s equal to the

product of the concentrat1on gradient ac/an and a constant

'fo. called‘the molecular drffuszon;coeft;czent4

4

| Q= tdnde o | - - - (i-z)‘

an

The negat;ve gign 1nd1cates net movement is 1n the : *ﬁﬁik
direct1on of the lower concentratxon. Add1ng d1ffus1on flux

to Equatxon 1=1 g1ves the followlng equatxon

+ 3 (uc) + g_(Qc) + 3 (we) =

3

ot X . ay az . |
2 (6xd0) + 2 <¢yac> 3 (6220) (1-3)
x  9x ay 9z a2 : :

.
‘ The velocity and concentrat1ons at a point in a *f
; natural stream are generally not steady. Rather ‘they are
turbulent and can be consldered composed of an average

component and a randomly fluctuatlng component i. e._

-

+ u

u= o
ve vV +vy :

W d W - (1-4)
c=¢c + ¢

4 . ¢

1f a turbulent parameter for quas1*steady flow is - © v
’tlme averaged over a short per;od at 2 poxnt the average
' component (ex. u) is constant and the resultant of the
-fluctuatzng component (ex. u ) is zero. Subst1tut1ng

Equat1on L-4 into I-3 and takxng the t1me average nges
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98 + 3.(38) + 3. (¥8) + 3_(Wd) = 3 (3808 - ., (I-5)
ot  3Ix ay 9z ’ '?x x»_ )
+ 3 (4, 38-vE) + 3_(¢,28wE)
oy '3y . 9z z

' vhere ‘the overbars Lndreate txme-everaged values.‘

‘The terms uc, v c,, v represent tiﬁ!“averdged
turbulent fluxes. These turbulent flux terms’ are generally'
»expressed in the form of Fick's Law us;ng a turbulent
d1ffusxon coefficient. For exampi:ﬁthe x dzrection |

component is:

® - -c, ac CoeL '_ - (1-6)
3x- ' :

~

In general the turbulent d1ffuszon in natural streams
1s much greater than molecular diffusion. Substxtutxon of
Equations I-6;1nto 1-5 gives the pollutant conservat;on

equation‘for turbulent flow

x x93y By z "8z o - {1-7)
where it has been assumed the small‘molecular diffusion'is‘

included in e. The overbars in Equation 1-7 are frequently

'.omztted on the understand1ng all values are tlme averaged.

Tt



APPENDIX 11 Derxvatxon of uxx1ng Equatxons for wWide

T

Pr1snat1c Channels'

Basic Equation |
-The 'general three-dimensional'pollutant conservation'

‘equatzon was derived in Appendix I. Mixing vxthxn a wide

prxsmatzc channel may be represented by sxmp11f1ed forms o£‘

the general equation. The appropriate s}mple1c3t;ons are
dependent upon the ?low characteristics and the distance
. downstream of the pollutant source. |

(Immediately following discharge a pollutant will mix

1n all d1rect1ons. Most npatural streams have a large aspect

'.rat1o (w1dth to depth ratio) and the edges,ofkthe.pollutant_

cloud w1ll rapidly encounter the stream bed ‘and the'water

surface. Therefore the,pollutant qu1ckly becomes well mlxed"

in the vefficalkin compafison to'the 1ongltud1nal an8
transverse d1rect1ons. Generally the pollutant is well
mlxed in. the vertlcal within about one hundred river- depths
downstream of the ﬁource. It is advantageous to work with a
depth-averaged equat1on beyond this po1nt The
fftxme-averaged components of veloc1tgrand concentration in

‘Equation I- 7‘5ay be considered to contaxn a depth-average

. component’ and a spat1ally fluctuatxng component whose

| depth-ave;age is zero,'1e.'

- . 5. X '.,'J'ﬁb ) -
=Ty - .
v -?V‘-O-_» & -
Wo=w W .

(Il-t)

[

N
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* Figure ii-1.C
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wt Depth-averaging Bquation I- 7 gives: STUREREE R

"a el i e[ o e
0 Gt 0 3x S wleay e

_-considering bha vertical diftusive flux and tealxzing there,¢, B
fvyis no pollutant flux throuqh the ;tream bed or water '?;g;glx;f
'Lsurface, "','f.' R ; _

Um0 terymarys o T sy

f ( ac) dy 1 g_ e a f : '
S %) o az az h a 32;--_,0;, PR

K RO

'“ﬁfbut the depth-average of theffff]gf: ;tgjfgzﬁfiSfQQro bjff 

fifdefznxt:on, therefore'




TR

. -\.

fi;simzlatily the first term on the t1ght side of Equation ,'"'
112 reduces to j;fﬁ.‘.,-e' ?4f:‘:;'}.L;;<_' -
v..f 2 (600 oy -1a_<hs aa o are)

h 0 Gx 3x : h -9x R E R

kS i

}Bxpanding the tirst term on the left side of Equatzon 11-2 R

'f?and using the Leibnitz Theorem gives

LT A1)

v, e ' . PO LRI C BeH L

‘r

..
. o~ . . .
- . - . : - . . L i . .
SR - S i R TE < .

-
1

S h R
1] 3.(TE) dy =
he 0 Bx:t'

Q2
lA
=X
ch
£
+
-d
'(D
—
x -
%
ﬂ
V
\

?here u c and w c represent depth-averaged transport due

”7_to dzfterentxal convectrbn 1n the x and z dlrectxons

Fif{repect1vely, u c resulting~from vertical shear and w e”

; ,resultxng from\secondary czrculation.

ﬁfﬁ;Consader1ng the vert1cal edvectxve flux and reallzing theﬂ'

lefvertxcal veloczty at the uater surface end the stteam bed .
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is zero gives - L

o . _ W T |
1/ . (vc) dy - l[vc] =0 e (1T-11)
03y ht do D R

TR

Substituting Equations 11-4, 11- 6, 11-7, 1&-3,[11-9,
11~ 10 and II- 1 into 11-2 g1ves | | o

-3 (h&) + 3 (hBZ) +

I X z _ti' - EE ‘Q' ' L

| »a_(h.(l T+ ¢ 38)) + 3 (h (f’? +e)  (1-12)

Qx . ax ' 5- S 3z

fGenerally the transport in the x and z dzrect1ons due. tO‘

turbulent fluctuatzons and d1fferent1al convect1on are

icomhxned into sxngle terms. Thzs reduces Equat;on II 12 to
\' , . e

. g_<ha> £ (h'E) + 2 (mz) -3 (m—: az) +3 (m-: 8 - (1r-13)
ot . . ax o az ax X az v az :

\

where E..end Ex are new- parameters called mxxlng
‘cceff1c1ents. The mixing caefflczents approxzmately
1ncorporate dxspers1ona1 effzcts due to d1f£erent1;a‘r
convectzon 1nto Equatxon II 13 oﬁ"the assumptxon they are
~dependent upon lsteral concentratxon grad;ents. The |

’overbars are generalwy;omxtted on the understandxng thate

all values are t:me;&ﬁd depth avetages.

,Transverse Mxxzn zone Jf;;;fﬁjfl:,t. R ;;"":
' Observationl o£ effluent plumes 1n streams/lave'

:f{1nd1cated that w~thxn the transverse m1x1ng zone lateral‘; :

.a'\

/ S

»ﬂ;f‘_?e,-sl,i‘)éf:;
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\

i1(transverse) spread of the plume 1s always very small in

comparison to the length of the plume (the longitudlnal «%?f

',%;cxtent of the plume) Bstabl:shing L as a long1tud1nal

?'flength scale (1.e. x~L). 5 88 3 transverse 13“9th 35519 .

’(i.e. z~ 6), and c as a, concentratxon scale the followxng |

4

order ot magnitude analysxs 13 possrble. ~f

(15-14)
but L’ is much greater than § 'therefOre' SR

%»g_;:z L T (I'I--'1'52w

L Applying'rhis-npproximationvto EQuaéion Iirf3~and'a33uming o
" the mean advectzve transport 1n the’ transverse dxrectxon 18;
'Hnegl1gxble compared to that 1n the streamw1se dlrectlon

gives -

ax e 82 z T . ’ o T
S o, (11-16)

f'Conszder1ng only pr1smat1c channels Eguatlon II-16 may be _31"

ffurther smmplzfzed to ;n‘f~ AT

. . C . o :I \ 5 - A B



huac -3 (hE 3¢) . e o (11-17)
ax 3: 8 S L D B
as au/ax-o Eantzon 11-17 descr:bes two-dzmensxonal m;xxng
,,of a neutrally buoyant conservat;ve tracer thhxn the

Mtransverse mxizng zone.

'”Long;tudznal D:spersion ‘ T

| Beyohd the drstance requ1red to establxsh un1form
laoeral concentrat1ons the. tranverse varzatzon in '
i,concentratzon is. neglzglble compared to - that in the rA
streamwzse dzrection‘?Ze. ac/ax is much greater than ac/az
); Applyxng this approxrmat1on to Equat;on 1I- 13 and aga1n
assuming negl;g1ble transverse advect1ve transport compared .

to that 1n the streamwzse dlrectlon nges

?_(hc) +3 (huc) -3 (E e o ~, ) (11-18)
at . ax o ax ax T ’ - : o

' Agazn consxder1ng only pr1smat1c channels Equat1on fyLIB

-

may be further s1mp11£1ed to

Y,
-

+uge =3 (&, ac) LR ey
3x Sx ax - LT o . ‘(II 9) |

-4

‘,wh1ch describes one—dim nsional m1x1ng of a neutrally

':buoyant,conservat1ve

Lk eer beyond the m1x1ng length

,2‘71 -
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e ﬂuxxxng Regxons

As mentzoned earller, downstream of an outfall
_pollutant quackly becomés well mlxed in the vertxcal 1n .
-compar1son to the long1tud1nal and transverse dzrections."
'\351ng analytzgal solutlons to the class1cal dlffus1on'
_equat1on (Equat1on 2 4) and the method~o£ 1mages it can be
'ldshown that a un1form concentratlon w1th1n the the vert1cal
w111 be establlshed w1th1n approxlmately 100 r1ver depths
_fdownstream of an outfall Beyond this p01nt m1x1ng is
‘;reduced‘to a. two d1mens1onal problem Untll the plume‘
‘ reaches the stream boundarles and beg1ns to reflect. Aga;n
u51ng an analytlcal solut1on to the two dlmen51onal'
'dlffus1on equation it: can be shown the cross1ng d1stance
for a bank’dxscharge 1s in the order of .100. stream wldths
for natural streams of large" aspect ratlo. 051ng the method'_

3

'of 1mages 1t ‘can also be shown a: dlstance of approx1mately
t'3 to%e t1mes greater 1s requ1red to establ1sh unlform ‘L
flateral concentratlons. N o

.In general Equat1on II—17 would apply to the regzon

' between 100 stream depths and 300 to 400 stream w1dths
_downstream of a cont1nuous bank dxscharge. Beyond 300 tp
‘w400 stream wldths the m1x1ng is’ essentlally one~d1menslona1
:‘and Equatlon II—19 descrxbes tlme dependent m1x1ng w;th1n
_'thls reglon. It ‘must be recognlzed these dlstances J

represent approximat1ons and w111 vary wlth channel

“tgeometry, roughness, and flow cond1t1ons.f.7?°"‘*f'



" APPENDIX 111 Velocity Estimates and Flow Distributions

| 1bepth-averagedVVelocity at'eny verticallmey'be
. est1mated uszng a res1stance equatIOn xf cross sectxonel

.fgeomet:y is known. Beltaos (1979) used the. expressIOn

-."“suggested by Sayre end !eh |

Wekem® T anen

.where u 1s the depth-everaged stteamw1se veloczty et a&
_ vertlcal V is the mean sectlon veloc1ty, h is the total
—edepth or depth below 1ce at a vett:cel H is the mean o
'_sectlon depth or depth below 1ce, and a’is an exponent
Awhxch depends upon the resxstance equatzon frOm which
"Equatxon III-1 zs der1ved "For example Equatxon III 1 dan

lbe derzved from the Chezy ;;szstance equatlon-

e where R xs the sectIQn hydrau11c radxus, ‘S, is the slope of

the uater surfece, C.'1s the dzmensxonless Chezy toughness"
coefflcxent. In a wzde channel;ﬁhe 1oca1 depth—averaged

veloc;ty for a unxt w1dth of the stream is also ngen by

u f.‘c.s\/i“"" s e ey

';,where r 1s the hydreul1c radlus of the stream element. For f:"[

| open water condxtions rah at a vertical and RaH, vhereas S

52[49',' :
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under ice cover ruh/z and R~H/2 DiViding Equation III 3 by
quuation III 2 and expressing r and R in terms of h and H

 gives. -
B ) o (111-8)

or a. = 0 5 for the Chezy equation. A similar derivation
Iusing the Manning equation gives a valud of a = 0.67.

) Heasured values of u/v plotted against h/H for all
:lthree field tests are -ghown’ in Figure 111+ 1. Although the *

4 plot displays considerable scatter the Manning eprnent

appears to give the best estimate.,'

Cumulative flow distributions for the sampled sections 1"

[were estimated USlng one of two procedures depending upon
vthe survey data available.‘ o
| a. stream geometry only available, or
ta stream geometry available and veloc1ty measurements
" for part of the section. o 4:ir'
-For each section where only stream geometry was
-available veloc1ties were estimated using Equation II1- 4
with a = 0 57 The dimensionless cumulative flov
-distribution ‘was. calculated using the algorithm
 (a/Q); '_‘_ (hl-1+hi)(zi - zj1) (45— ‘*'»,“fi-)‘ . (111-5)
- _om-" R '2A

:'where i-O is the LB coordinate. A small error, indicated by«'

fq/Q not identically equal to 1 0 at the RB generally ‘
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'occurs beéause velocit1es are - only estimated us;ng Bquat1on
*h III $. To ‘correct. thls the error was dlstributed to
normal1ze the dlstrlbutlon as follows g ‘

~.narmalized (q/Q); = calc. (¢/Q);/calc: (a/Qgg T (111-6)

Vehocxty measurements wlthzn the expected plumei;egxon
1adJacent to the left bank wvere ava1lab1e faor the rema1n1ng
sectxons. The measured regzon was ‘divided 1nto transverse

1ntervals each represented by a measured vertzcal and the
flow 1ncrement within the 1nterva1 calculated The flow ‘was
then accumulated and q/Q calculated at each 1nterval
'boundary. Flow beyond the last measured 1nterva1 was |
d1str1buted to the rest of the sectxon usxng the method

-

presented above. Any error was handled 1n a sim11ar manner

but was only dzstrzbuted to the portxon of the channel.xn

.. which est1mates of veloc1ty vere made us1ng Equatxon III 4

The resultlng non- d1mens1onal cumulatlve flow
d1str1butzons are those shown in F1gures 4 3 and 4.4. The
L curves may also be used to determine local veloc1t1es uszng
the relat1onsh1p : |
Aq = uhAz__ g
TR {I11-7)
LU= Aq/hqz - L
where Aq 1s the change in flow between ‘two transverse ‘

| locatlons and h 1s the interval mean depth



-~ APPENDIX IV Dye Adsorption Studies
Incomplete recovery of the injectedvkhodamine'WT
" tracer mass at each of the measured sect1ons may result due

. .
'"b. adsorption onto the stream boundarles,

toi-a;“adsorptlon ontg\scspended SOlldS,
c. adsorption onto the surfaces of the sample
container, -

d. photochemioal decaj; and
by

e. chemlcal ox1dat1on.
Feuersteln and Selleck (11963) have 1nd1cfted ihe_

-adsorptaon of Rhodam1ne B' upon predom1nant1y 1nor nic .

suspended 'solids 1s not 51gn1f1cant and ‘the 1nter , _nce
effects of turb1d1ty may be largely e11m1nated 1f the
SOlldS are allowed to settle before analy51s. Sedlment loadbf

dur1ng 1ce cover cond1t1ons was extremely 1ow and

phot0chem1cal decay was ellmlnated~by the ice sheet _yet a

v51gn1f1cant tracer loss was, 1nd1cated by tracer mass

" balance calculatlons for the 1ce cover cond1t1on tests -The

~

calculatlons for thé summer'test 1nd1cated an even lower
i . A P A R
tracer recovery. In an effort to roughly quantify

adsorption losses‘dUe to suspended sediment and/or the
'sample containers & series of adsorptlon tests were:
hconducted | S |

Plastlc sampléggottles 1dent1cal to those used in- the J
fleld and glass bottles were dosed w1th a volume of . varlous{f

‘.~

! Rhodamlne B is a- flu rescent dye s1m1lar 1n
characteristics to Rho am1ne % i

253
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concentratxons of Rhodam1ne WT solutlon to produce a ser1es
of samples of constant volume and. dlfferent 1n1t1al
concentrat1ons. A ser1es,us1ng distilled water and-SlaVe
Rlver water was prepared for each bottle type; The river
water -used was collected durlng the late spring and
conta1ned 51gn1f1cant amounts of suspended sediment. The.
effects of photochem1cal decay were mlnlmlzed by only ,
exp051ng the samples to llght dur1ng the 1n1tlal d051ng and /;
- when . small volumes were w1thdrawn for measurement _ The - .
concentratlons in excess of background were determ1ned
:_after 6 and 17 hours. storage, allow1ng ample time for
Vﬂsedlment to settle. The measured concentrat1ons in excess
of background.are given in Table IV-1 and_the averages’
-plotted in Figure IV-1, ‘ | ‘

The resulésﬁfdr'the glass bottles indicate the
sediment content has 11ttle effect upon the dye recovery,_
hence adsorptlon of Rhodamlne WT upon th; sedlment 1s

minimal as Feuersteln and Selleck suggested However

;comparison of the results for the plastic and glass bottlesp

'indicates 1gn1f1cantwad50rptlon of dye,onto the plastic

bottles. e small\&osses of dye in the control sample

: (distllled water, glass. bottle) are probably due to some
"photochem1ca1 decay and experlmental error. ‘

. The adsorpt1on of Rhodam1ne WT upon the plastlc bottle

-surfaces was a major source of error in ‘the or1g1nal mass

| balgﬂgg,calculatlons and- appears to be of suff1c1ent
g B

-magnltude, at least for the ice cover data, to account for
' . : _ L
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.." 4 .o
" ¥ * - /‘-‘ru
- . . N
‘ Table IV-1 Dye Adsorption Analysis
| mn Conc  Sample - enm 17he . Avg
' : conc  ratio conc ratio @ ratio
“tpoo)e (&) (ppb)*
2.0. " owa. 1.9 .98 2.0 1.00 . .98
owP 1.7. .88 1.8 .80 .83
_RWG 1.9 .88 2.0 1.00 .98
RWP 1.8 80 1.7 .88 - .83
8.0 OWG . 4.8 .82 4.7 94 .. .93 °
owP- .. 3.7 .74 3a.s .70 .72
RWG. 4.7 .94 4.8 98 . .98
RWP 3.4 - .es 3.8 Bt 72
19.8 owa . 18.9° .95 19.4  .sa . .97 - '
. DWP . - 48.8° .80  16.8. 83 7 .s3.”
RWG.. . . 19.1. ' .96 -19.2 - - .97 . .97
f R 14.8 T8 16,1 .81 . .18
49.8 L.Dwe - 484" .97 493 “4.00 .99
. OWP . 40.8 .82 41.8 . .84 .83,
RWG ~ ~ 46.8 . ., .94 - 47.0 .98 .98
RWP- © . 40.7 " .82  43.6 .88 . .es"

) DVG - cistﬂl.d vwater, gla.s bottie (control)
pwp. - distiljed: water, plastic botn- B
“RWG -riv.Mt.r glal- ‘bottle : :

.= river ‘water, plastic bottle
-vconcontratlon. in oxc.cn of b‘ckgnotm

-,

.
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lr__most ot the losses. A method pf accurately calculating thiss:jf

*“51033 ,ould greatly improve the dye reco@eries for the field“’

'"difudata. A second series of adsorpti"rf t°3t3 vere °°"d“°t°d

-nover the range of field measured concentrations to EERY

d‘*Ldetermine an adsorption isotherm " 08109 a felati°“3hip

ffsimilar to the rruendlick equation ifif u'f”"'.\\;;—'%f‘

AR TN

Comemmel/m T e Y=

Y

Vef‘vhere Ac 1s the difference between the 1n1tial and

:jequilibrium concentration c. and m and n are system .

"'Tconstants.’ The tests were run using plastic bottles Sl

'Tyf?ffidentical to those used 1n the field filled ;o a total

”f*ﬁfvolume representative of the average fleld "mple volume. j

n€5HDistilled water was used for dilutioni The samples were

"lf‘once again isolated from light and analysed after a perrod i

b fjsuff1c1ent1y long enough to establish ooncentration

Ilfﬁ;equilibrium. Three series of samples were analysed and the i

?ﬁéiaverage results are shown plotted in Figure Iv'z‘:

- container: surtace

1"In the solid-liquid adsorption system being considered
Rhodamine WT, . the’splute, 18, distributed between: the- . .
the absorbent,. and the, solution. At

e equilibrium and a. ‘Fixed: temperature. the: amount of: solute , ,_g“
_absorbed per.unit: quantity ‘of -absorbent ‘may- be.. expressed as.

- gutfictently accurate. A more detailed. explﬂnat1°“ of

a function of the. solution. equtiibrium concentration. -An

._Kffexpresssion of ‘this type is called an. adsorption'&sothermg~;’ﬁ?
" Por. this. sjstem a relationship at room: temperature is - e

adsortion. processes and equalibria is given by .

. Weber (1972). .
o % In the classical ?rUendlick equation A equals the’ tOtalﬁl;ir
" ‘mass of material adsorbed divided by ‘the .mass of-the . '

. adgorbing material at: equilibrium ¢conditions. In this’

}“»pignequilxbtuum by the surface area of plaStlc 0890305

~ ‘modified’ form . Ac représents the mass of. .tfacer. adsorbed at:’?t”

B
.-
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The recults of the aecond adaorption test indicates

”52*§?11near Iog-log relationship QVQ‘ th’ ""ge of

"7:;concentrations mea;ured in the tield. The constants ana n:jfgf

 7;co£ Bquaticn IV-1 were determined from a beat fit line to

._gi*the points of rigure Iv-z'and are ahown 1n the plot The

""“7f;measured fzeld concentration c may be corrected for dye

' \vyfadaorptzon onto the container by addxng Ac calculatod usingit’f

- :ffn n;and <

[ Ccorrected Bt C T Dot o IVE2)

P S

“«j’f”rhe tracer tecover1es after correct;on £or ad&orptxon onto oo

:f*the containers are presented infChapter IV
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“‘1n Table_V-7 V~2 and V—3 The backgroun_f

" v-z :

wﬂin1t1a1 portxon of the f;eld survey.

_jsurface{runoff.

:7f%v1c1n1tyfofvthe outfall_and“"herefore the approprxate 5

"KFPEHDIX'fflndicator‘Bacteriavbataiﬂ

)

” The geometrlc averages of the measured total and fecal

3 collform concentrat1ons in excess ‘of . backgr und are shown',' o

,oncentrat1on for

fjthe March 1980 test is: glven 1n Table V-1 and thlS s1ngle

. value was used to correct the measured data. :

lefxculty was encountered 1n determ1n1ng an accurate'L

'.background readxng for the July 1980 data. The range over
P‘wh1ch the background measurements were d1str1buted was of
;‘the same order ‘as, the river concentrat1ons 1n excess of
'.arbackground downstream of the outfall To ensure '
'gsatlsfactory ellmlnat1on of the background level the
'r"geometr1c mean plus one standard devaat1on was used to B

ﬂ3represent background rather than the actual geometrxc mean

: 1n el1m1nat1ng background trom the samples is establlshed. -

. The estamated background concentratzon 1s ngen 1n Table y

Duefng the 1981 test the background read1ngs

TTfluctuated as shown in. F1gure V-1._These fluctuatlons were _:5395

’ﬁd?llkely due to a thaw1n9 Per1°d thCh occured durlng the

The total collforms

‘e;were most s1gn1f1cantly effected as would be expectedFSInce

‘ﬂfthey do not represent 1ndrcadors of exclusxvely fecal /

: L A e
\'f’orxgin and would be sub;ect:tofzncreases 1n numbers dueAto

tThe backgroundfreadlngs vere made 1n_the‘
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Table V-3°Coliform Counts March 1981

.. s«':ﬁ&.’ . ‘Location - No, of.. TE* . i Fee
(kn) metres ‘to L8 - -samples . /100w~ ' /1COmL
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correctlon for each sect1on had to ‘be . determ1ned for each
day by considerzng the flow tlme to each sect1on. The

, estxmaf‘a flow t1mes are shown 1n Table V-4.'

"/
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APPtNDIx VI\uumerical Solutxonvuethod, thl.tVQtiV| 
_‘\\g;”&.i ;\'_ ;fh-s . Tract‘s

) PR
. \

The following dxfferential equatzon’descr:bing

y

‘steady-state m1xing ot a neutraliy buoyant conservetxve o

o N
v~;tracer was der1ved in Chapter III , ; e
_'; ac' - 1 L(uth L‘ " o R e T v1-1

A : ' ' SRR ol 141‘7Q~
,,Analytxcal solutxon to this equatzon assuming e-oonstant

"*3unsat1sfactory for the case of side dzscherge 1nto e w1de',

i,\ ”reach-averaged value of thé diffuszon factor (uh’E ) provedul”'

"‘ natuﬁel channel.' Therefore‘\numerxcal methods are reQuzredf‘f

."‘31"°° analytxcal SOluEeons are not available f'”"

-Zfd1££uszon factor.:f ;7'- aﬁ"ff'f“?jvgyg.}"" i

‘The equat;on mey be solved numerzcally for the ‘>‘f

~ N »

Hftransverse m1x1ng coeﬁf1c1ent 1f fzeld measurements‘{rom a

"m'steady-state mmxzng test are avaxlable. Solutxons for trxalf'~-

"“Jvalues of E are compared to measured concentrat1on

= Rl

}“Qd1str1but1ons to select the best estzma7_ao£ E,. On the'

-\\other hand when E, 1@ known or has been estimete_;the.

concentratxon dlstrzbutxons downstream may be computed.;

Stone and Brzan (1963) proposed an 1mp11c1t

'ff1nfte~d1fference scheme to solve advectIOn dlffu31on

\\

‘equatlons of th1s type wh1ch reduced errors due’ to

numer1ca1 dzspers1on and osc;llat1ons. Thelr solutlon

. ,~' Thxs 1s the situation. for dzsoharge from the Fort smlth
Fﬁf,lagoon system to. the Slave szer..e ; 4 :

ae
g



. . . . L I . NEEN - e, B . _
% method vas for Equation VI-1 in expanded form: ~

e J\_}guhze ) a_z_i- +_Li(3_(uh"E U (vx-z) :
: \"ﬂafb‘“Q " z$an, ®wm Zwm ;ve‘r R

" X - ’ v . o
F T . et :

V/.

Leu and Krishnappen (1981) used the method of Stone end
d[_Brien to analyse steady-state transverse diftusion in e

1ﬂnetura1 chennel and to investigate the sensitivxty of the ?;J'

d‘solution to: verious formulat:ons of rhe‘dhffusion fgctor

) h’gge R S

. . . . \

'_ The numerzcal method used 1n thzs study*rs essentxaliy

";.1dent1ca1 to that used by Lau and Krzshnappen thh onka T
X mznor verxations.ﬂThe gr1d system for theﬂnumerxoql scheme ;
1s shown in Fzgure VI 1 Stone eﬂd Brxan s dzscretzza:xon

h -

procedure for Equetxon VI 2 used weaghtzng coe£f1c1ents 1n'

.  the d1fference expresszons used to approxzmate the £1rstezdélv“
‘order derxvatxveS\ac /ax and ac /an The second order o ,;i
;dd erlvative a= /an xs approxamated u51ng a Crank N;colson |
'”e pressxon. The Crank-Nrcolsbn\expre531pn reduces the order g
£ the error assoc1aﬁed wzth the fbrward dxfferenc: ' |
] T'express1on necessary to approx1mate ac /bx. The resultzng
"fznzre—difference expressxon 1s-~‘ ‘;fd_i:p._j"\,~{- h
(9(° .+1 j -.c! s j) + 9(‘: i+ J-t < i 1) + mle! 4y DR c! ,ju”\

__d(ﬂ(c I j+l -y j) “”(C 5 j':' C'i NE 1) +b(¢ P+ _m - e 141 j)
n L. ‘. "~,-5, : ° ;.: o : : '_ . . o
B "(‘ +1 j’ ©lixt 1)) v Dy ((C i 1+1 Sz g ey 1)

S 4 T i(An) "A; ’ ;_ ot 'J -

. l
. ~

= “ th J+1 - z¢! 41 Jv RTINS 1” e o ,(vr.-a):,- .
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T g 2/3 / 8/2 = m= 1/6 - b-a-mfznvh o vrse)

. . RAE . R N

; 3t°ﬂe and Brian chose the we1ght1ng coetfchent valuesi:fa'

L VYT
y.gafter a’ comparmson of solut1ons of Equation VI*3 it

m_7analytica1 solutxons for constant values of*'”

~

- recommended thexr use for vat:able F aKd D. Lau and
f

o

’ ershnappan used the suggested values or varzable F and D =

v:th successful results.A ~: §:'

When concentratxons are known at a longztudznal

ﬁﬁlocatlon i Equatxon VI 3 may be'rearranged to express

5concentratxons at locatxon 1+1 1nzterms of the known }

values. An 1ndivxdual equatzon may be ﬁrxtten fofgeach

‘Jtransverse grzd P°1“t tesult;ng 1n a system of 11near -'ch-k
| .fequatzons..The boundary condxt1on of Wo flux of tracar x
C through the gpnks (1 e. i:ac /az . o) may be sxmply handled

o~
A e .
N e - -



by establishing en imaginary point eﬂjefent to the boundary E@
‘.(see Figure VI 1) The concentratzon oﬁ theiimagxnery po1nt

,,,,,

~boundery to eetiexy the condition dince

ey o ) \; £y
, <! e+ j - ° 1 1 j

A The system of equatione expanded end written in metrix form

. s. . P LT e e : oo - . ,
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| contral gittdrence wpproximtionst

'fﬁAt the boundaries local values of u and h are Le

'Qiaghld createka singular poxnt. Hovever, sxnce D represents,c'_ﬂ.

©* point’

Ha5fthere£ore

RO i 7 L Gl 1 R SO SR 1 ST F S

.')_. .

f;;.This

»;f»an interval rather than efpoint, its boundary value must

VjﬁVrepresent the meah be%;een the 1maginary and fxrst real

'adjacent to the boundary. The imaginari poznt has the
_ P

fi?ﬁsaml“depth velocity and concenératxon as the real po1nt,¥

ﬁbthe boundary D equals the mean between the ;{iw  m ¥

‘ﬁﬂt{@:boundary and f1rst real poxnt Th‘ boundary value of F. mu§t*, -

.”1ffbe zero since the value of\p at the real and xmagxnary

'fffpoznts are equal. ;fo'f; @al ;_i f.,ﬂ- fi Jc'fi‘.‘bf.:-‘ S

"f;The boundaty cdndztxons of geometry and poncentratlon‘#

'@;genegate the 1nd1v1dua1 expresszons for pm-a and Pz

e s e s e

SvectOt S and, then solves the system of equatxons for the .lf~-*

“r

‘(Equataon VI 11 and Equatlon VI 13)._'“v-fvé..~

- The computer program developed evaluates the o

'"acoeffxclents of the tr1ad1agona1 matrzx and of the forcxng<;- h

5;‘\downstream concentratzons us1ng the Gauss‘Sezdal method of”

"’aasuccesszve substxtutions.' A flow chart of the program 1s

:"shown 1n Frgure VI 2 followed by a program llst1ng thh

AE.explanatpry notes.'ii

N it et . ) Co . ~ ‘-,.' R

-—-b--d—-—b—;b&-ib—i

' Explanation of: the' Gauss-Sexéal method can’ be found 1n-;:‘fup‘
“ ‘most elementary textbooks on’ n“*erzcal analyszs, an example )
;ﬁls Gerald .Co {1980) 03 L T o
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| d1str1butzon. Therefore,_the 11ne source was assumed to |

oo

,‘.-4

Follow1ng the example of nau and Krlshnappan the :

numer1cal mddel accuracy was checked aga1nst that of an

‘/sec and a 11ne source between n.f 0 0 and n = 0 05 are

,e_v

ngen 1n Table VI 1 The numer1cal sofhtlon can not

accurately begln us1ng a 11ne source as an 1nput

generate‘a trlangular dlstrxbutlon one 1ongltud1nal step

\ .

downstream of ‘the source locat1on w1th c . 20 0 at
n = 0 00 decrea51ng to c 0 00" at n 0. 10 Comparlson of
the two solutlons xndlcates excellent\agreement

Calculat1ons 1n the accuracy check calbulat1ons were

L contlnued uhtll/the edge of the plume had reached the bank

op2951te the source at approxlmately 6000 m (the cross1ng
d1stance) Slmulatlon of. the m1x1ng in the slave Rlver was
requ1red for 40 km downstream of the source, however, the
plume had only spread to approxlmateﬁy 50 percent of the

channel w1dth at th;s dlstance. Therefore the numer1cal

’_ solut1on technlque, whlch has been verxfied w1th1n the

cr0551ng dlstance, can be used to 51mulate the mlxlng

w1th1n the Slave Rlver study reach
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form ot the equation is'¢:?“

,/‘~; [

"'«" 1.8_(uhze an-) - ku-;_;*_

The £qrm of Equat;on VII 1 is identlcal to Bquat1on VI 1

v1th the addztxon,of the decay tetm kN /u. The decay term o

oo '3' ki %Ff‘f ngﬁ‘ i. '1?g‘faf:i.;;"' ;
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Values of D. " are 1nput for each equat1on as. fo: the o

, Conservatxve tracer, however a value of local’veloc1ty u 1s¢ﬁ;~.'ﬁ

- also requ1red and 1nput in a sxmxlar manner. The F; 2 terms::.,,L

'

eare calculated with:n the program as descrlbed 1n

:'hAppendzx VI. The transverse mxxxng coeffxcxent E. 1s 1nput o

f?pas:fo" the conservat1”° tracer and agaxn 1saassumed

._a‘ssumed constan’t fct;.‘;txae !‘QOCh.

ff.’ccnStant transversely but may vary»long;tudznally. The,_jef

'fﬁrvalue of k the decaz coeff1c1ent must be 1nput and is
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The computer prognam developed solves th?‘system of

jlznear equat1on developed for the non-conservat1ve 3

'J‘poilutant by the same methods used for the conservatxve -

ntracer. 'Y 11st1ng of the program w1th explanatory notes
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