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INTRODUCTION

Curvature effects ln open channels afﬁect many problemsjy7

1n hydraul1c englneerind‘ such as flow dlstrlbutlon,‘ bankzgi

,stablllty, bed topography,‘re31stance, and superelevatxon.ff

By

In order to prov1de more reliable and economlcal englneerlng;sd
works,~; these..veffecgg must ‘doeév taken 1nto account.rrf
Unfortunately, the three-dimen51onal nature of the problem?ps
makes 1t very dlfflcult to solve 1t analytlcaily.f Due to;na

the 1arge numbers of‘ varlables and geometrles 1nherently e

poss1ble,pf, purely emplrlcal approachabis
A v X ’\

elther, '*p

_Recently,v because of the 1mportance of the problem,?ﬂﬁ

ot*'feas;blepf‘

Cewlle

3

lmuch ‘research h,sf beenj conducted ‘on“ flow ins;curved:3,
' channels. Typlcally the researchers have attempted to applyf;'

an approx1mate analy31s and performed a; llmlted experlmentalfﬂl

5"

p1ecemea1 l.. each study pointed to new aspects oﬁ 1the'_;

’ problem.gv Th present knowledge ‘isl substantlal,- but.

fragmented. The depth of understandlng 1s also uneven w1thH‘”

- r

y studwb fThe mechanlos of the flow have thus been revealedu;

developed secondary flow well documented wh11e ma1n veloc1tyft

M

/

englneer / due fﬂ |

\,redlstrlbutlon remalns dlfflcult to’ predlct.. What knowledgepf
that ls avallable 1s not of a form useful to the pract1c1ngg'

lth | 1ncomplete »and fragmentary (and;,a

occaslonally contradlctory) nature of the research.;ffﬁ?uﬁiffr

In :thls StUdYr“ it 1s proposed to first review thefﬁu

present knowledge of curved channel flows.l Both thy

and applxcab111ty of the results are assessed Weak areas

extehtfg*




"g"'contrlbutlon to one such relatlvely weak area,,that of the,

SR,

-

'”7: may thus‘be 1dentif1ed for further study.‘

>PThe7_subsequent parts' d£' thlS study Fonst1tute ~a}~‘

. /,, e

developlng f10w 51tuat10n.' For 51$pl1c1ty a rectangular,f“*

channel shape 1s used An approx1mate anay151s 1s developedjif"f-f

'-and two detalled experlments are presented
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“ls PART ONE - REVIEW OF THE PRESENT KNOWLEDGE

11 INTRODUCT»ION -

?‘the[:flow, bed topography,; and stablllty of the fstream;&i.

Usually ”";n practlcal s1tuatlons,"h

V "Qgccount of these effects w1th 51mple butf

overconservatlvei estimates. -M°itf" the purpose_ of th151ff

sectlon to analyse the state-of the-art khowledge of curvedf.

to SOme degree.' Thls curvature has a con51derable effect onfjp3"

,e31gners av01d, curvedff"‘

. channel flows and to obtaln estlmates of these effects such.*""

,5} that may be used 1n hydrauch englneerlng practlce.,a-”

Generally,, vhef state of present knowledge may bei‘if?f:

d1v1ded 1nto the follow1ng three areas-:'

.1)le.gThe flow mechanlcs whlch ‘!orm the ba31s of ourij;i,

r..

E'funderstandlng of the problem.,
Zi'dlA body of exper1menta1 1nformat10n which prov1des

“ivalldation of3 theorles j1and,-;guldellnes;\fEOrki

.“.v ’, .—v

;_pract;cal situatlons.f)wff'

::3.AfﬁPred1ct1Vehmodels whlch may be used for detalled“

~hfdes1gnfand analy31s.-_ -
“fEachfof_these w1ll be con51dered separately.;-

Related topics whlch are very 1nterest1ng but outSLde'

-

'thé5 present -scope _are meander orlgln, development,n¢'ndtlb

"mlgratlon : 'aS‘ well Qr dlsper31on };and dlffu51on¥‘“

;-

characterlstlcs of curved:channels.;.}ﬂ
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5;1{2.. MECHANICS OF CURVED CHANNEL FLOW

!
e
|
I
i

1f71g2,1f Introductlon R ;;fitfﬂv

Lt

In 7 order 'to@f make ”.englneerlng : Judgements 'ands_
_5;,ca1culat10nsr a: reasonable.understandlng of the phy51cs ofﬁ;

the problem is’ required., At the present t1me, some aspectsW.”'J

of flow 1n curved open channels are - well upderstood wh1leg‘f;

o others are not.' The present se7:1on W111 attempt to explaln-"'

the ufeatures Qof curved chann
manner-'that 1s, to prov1de a qualltative descr1pt1on whlch

“is supported w1th stralght forward formula derlvatlons and

pert1nent experimental results.~v'"; o _/'?* lj%._-fmv.;ﬁv;"'

S 1 2. 1 1 Co-ordlnate System

The co—ordlnate system used w111 be based on Flgure l,

N

1 wflow in an englneerlng.¢.'

_ where -x 'and denote 'theg longltudlnal d1rect10n and'>

(tlme—averaged) veloc1ty, y and v the lateral dlrectlon and

ve1001ty,,wh11e z and w denote the vert1cal dlrectlon and

. veloclty.: The radlds of curvature of the channel centrellne

' 1s R and the w1dth and average depth of the channel are

glven by B and H respectlvely. o
| The radlus of curvature of any p01nt across the channel

'flS glven by r whlch 1s related to R and y by the relatlon -

N

A
W
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”u;;flow" 1tself 1s assumed u: be steady.,, The depth averaged

rx-.- oo

Mefls‘g;ven by UO.-”

La

In;much of what follows, the flow w111 be assumed to be,‘
Lhﬁ"developed"- that ' is,f 1nvar1ant ﬂfin;'ith ' 1ong1tud1nal' -};g
"=dyrect10n.. Thls} condltlon has also been descrlbed s‘g*'n

P

f:axlsymmetrlc"’_ The requlrements for developed flow are as[a;?f

s‘f-"fo;uows. PRI

) yTheWradlus-of“cUrvature‘of-thevchannel (R)tremaxns

"iconstant (1 e., the bend 1s c1rcular 1n plan)

fé:}ﬂVThe channel 1s prlsmatlc.. 'Ui”t""'f“<,f" gviﬁh*

5

3. The sectlon undér consxderatlon“ is well removed
from the‘ entrance and,‘exlt (1 e.," the bend 'isin'aﬂ

Gengr. Lo

These condltlons‘are qulte restrlctlve and are rarely.

;“met lnla”laboratory, much less 1n the field. The developed?,f

%,

useful, however}fﬁ“

"

fdasolatlng “some -t
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~ >
hTherprocedure 1n the follow1ng w1ll be to attack thehb
'h.1nd1v1dua; phenomena separately.x; ThlS fresults inffthe*y‘\

' 751mp1est presentatlon, but 1t must be remembered’that there,;

- are; s1gn1f1cant 1nteractlons between them and a -proper:-””

"Q?_uapprOaCh would be to f1nd a solutlon _for the flow .as a

LR

"

uwhole.f The relatlve depth of presentatlon of ‘the dlfferentmef

'

f»aspects is 1nd1cat1ve of the state—of the art understandlng.h

.‘channel is “supe

N

»1@2;2%18uperelevation"

. The most»obyious, nSequence'oﬁsﬁioﬁwaround'a:curved'

¥5n, that is,” t"'h'e 'r'isé "of the water

"'fsurface 'around'”th outsxde, ‘and"the fall ‘of the"Water

-'surface around the 1n51de of the bend The magnltude of

'thls water surface slope is not large but 1t has 1mportant'

'-1nd1rect consequences. - f_'";

L

The cause .of thlS phenomena ‘isy of course, centrxfugaL
force.ll For the water to follow a c1rcular path, a force

'must:«be applled ‘in ia -d1rect10n normal to the flow ahd'

%4

t_dlrected toward the Centre of curvature. Thls is prov1dedf-

A

by the excess hydrostatlc pressureﬁof an lncreased depth of

‘fwater towards fhe outside of the bend

. q

- l.2.2.1 ﬂDerivation

VToJ'Ca1Culate' the water 'SUrface profile,' con51der

Flgure 3,*a free body dlagrmn of - a’ water column:of unlt”

v ~

¥

thlckness flow1ng concentrlcally aroumﬂ a bend w1th depth

.averaged veloc1ty,U. The balance of forces actlng on thls

cLe
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. £luid element, is::

PO
4@
N .

o glven by the express1qn ‘

\ Simplifying and ighqring-terms of order

. L or in

R

( mU2
S R S

-

~

1ateral bed shear force.‘

- where vy is. welght per unlt volume of the fluLd and g. 1s the‘

acceleratlon due to

RS
P

2 Ah 2

.Rlc‘f.‘
!

d
g - Ar

ch

. g

" Ah
At

]

'therlihit.as»x

R

grav1ty.

'lf&Ar‘;'fdAh'—'F

Ar -+ 0:,

W
‘a

The mass of the element,

4y

Substltutlng 4 and

A

hydrostatlc forces 1nto Equatlon 3 we - have.

1]
- O

(Ah)zr

=0

“ (‘7_"). |

m,

is

the

(5)

(6}

(8",~

RE TR

where Po and Pl are hydrOStatlc pressure forces and F is"“mﬁ



s . .

where T, isei‘;he';:bedﬁf'shearig étreSS”giin ;Tthef"iatefai.u;,@V

yo

*ﬂdlrectlon. ] :IﬁQImany cases, fit; i$‘ small aﬁd may beahdf

fneglected. As a f1rst approx1matlon weamay take U equal toffyf

~";UO and r equal tO RO where Ro 1s the radlus of curvature of*u

’
fja long 01rcular reach

S

'RJON:V

o

_ Equation 9 may be integrated by noting from Equation l:

o -

Cdr

'to_give:‘e

o
]
s loO N
. o""
=

L(11)

At the outside of the bend: =~ -/ .

loi
WFD
N\

(12)

_. | ..
(=]

and ﬁhe”total.sgpérelevation (difference between outside and

" insideé elevations) is:

’ ,;,(99.

dy .Q,;« EEE 1,3,;3" SR 'in);'

5= 2 ¢ .- . . S (}%)

11



fn-iiéék?ggl superelevatlon Example TN

g)‘ff_fffhﬁéffenv xample tcf.1llustrate.,the“'51ze ?szgthis”

- Do X R B &

fﬁ superelevatlon,‘ take* the North Saskatchewan Rlver.:bedd“'

.

around 'th Mayfalrf golf course'”f Edmonton_ 4datadeffom’
Kellerhals, et al., 1972), where-"zﬁfg§ fflff7f7fkff.¥~

CoBsMOm ey
Ry = 750.m. - . o I L2

.; .“ Thus:.' ,

T AT . N . . o0 .
N . TR N * -

Thls does not seem 1arge,rconsmder1ng that thls partlcular
bend 1s of Only moderate curvature,vbut the cross channel
B water Surface slope.

;‘.v[~.v (e

.‘.

oo

= 0. 00021 R R N S 1:3
ls of the same order of magnltude as ‘the longltudlnal bed

' u‘sloPer

SO ==0.00035 "_ - (19)

o T



m;h*{:wf?“ To“mymprove thls est;mate} Qne appreach taken isttdfb

The problem, then,vie{"‘

. - RN -~

to speclfy the‘varlatLon'of U. ﬁ-Ippen and Drlnker (1962)

4 Lo ARl

tt1ed several varlatlons.b '“‘ ;4;»1-}“15' ;;_ﬂm

;‘5 of the bend, the veloc1ty w1ll

Tadn s

The correspondlng

" The "forced vortex" dlstrlbutlon approxlmates thefflow near

“the.. end of the bend where the maximum veloc1ty has‘shlfteg

to- the out51de._ The superelevatlon 1s then-‘

=



1., B ; 2 S - :
5 g o RN
3 o L .

,

}'

B results (assumlng u —.UO agaln) 1n._"’

Flgure 4 1s a plot of Equatlons 19 ,2l, 23 and 24. The

dlfferent formulas dlverge w1dely for large Values of B/RO,.

o
RS

AN

. Equat10n.21, ”135 generally' preferred 81nce 1t predlcts ‘a

superelevatlon sllghtly larger than the. 51mple expre351on-

o .i,

: glven by Equatlon 19 The actual .Cross- channel proflle 1s

e also best fltted by the free vortex form (Ippen and Drlnker?

1952-‘Yen ‘and- Yen, 1965-'Yen, 1971). .

o L.Z;Z;il Effeét of Bed Friction

‘It remains, however, “to consider,the:effect of the bed -

friction on_the‘superelevation Thls bed frlctlon acts as-a-

‘VJ@eSult-kof }the 'secondary _c1rculatlon whlch 'lsh to lbe“

[ v E s

——

'"Another poss1b111ty 1s to allow r to remaln varlable. fThis

bqt .at values typlcal.‘of _natural 'streams’ (B/Ro gra.s)J”

the dlfference is - very small. . The free vvortex form,

'....14

r

con51dered later.“ For now, “we w1ll borrow two 51gn1f1cant:ff”

D‘L,uresultsﬁ’from -thls later sectlon 'that w1ll “allow qs to

’-:w&estlmate a correctlon to the superelevatlon. -

Flrst, Vthe’ secondary flow' near--the -bed'jis_~alwayS'

_towards the 1n51de of the bend . Thls lmplles that the ‘bed

shear force acts 1n a negatlve sense. accordlng to the arrow
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. en  Figure

M .

~ .surface slope
o T~ friction. -

A

e »

“3’u.‘ ThUS,

1s always effectlvely

»

Te.estiﬁate the size of thevéorfectioﬁlletz'.'

.ryo”f rxotans S

‘.f,«

-

from Equatlon 8,

1ncreased_

;he_:laHEEalf}water:'

by “the bed”

(25).

'?fwhefe'rxo is longltudlnal bed stress and § 1s the angle of-. 7;]'.;

‘-the

- where C; is:a nondimensional Chezy coefficient:

total. ﬂ_bed7 stress

vector

direction. “Also define;i R

T =

,-,..- ff2' f;,
i;_xOf'*l(Y/gxfg*f -

‘where us.is -the fristion velocity and: -

-

N

from, ihe*

L

lohgltudlnal i;"-ﬁv

ST b ("27) I

N

(29)

th,,makevvuse "of the :second‘ result; tb- be .obtained latet,_

hamely{
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;3vLi;2;2;53"Calcuiatfonsof”Superelevation'

o e
I Iy
s . i. ; A7
~oeans =119 A30) L
7 : L : u [ / : ST

" Equdtion 29 becomes: -

R R,

’::3xahedh ' U2

. - . L . .

’ .'f‘ . ." B “-‘:. » Lo ’ .‘v " »

Slnce typlcal values of Cf range frOm about 10 (rough) to 20

(smooth),»the correctlon LS about 2 5% to 10% and accounts"

for some of the observed error.; Thls correctlon applled to

any : f7_Equatlons '19 to"24'~w111 resuLt only tthéfa

_.magnlflcatlon ‘of- the curves by the factor (l t ll/C2 :Qinj

R practlceAlt. 1s dlfflcult 'UD apply thls correctlon becausej.

cf 1tself and has been quoted as varylng from about 7. to 13%[1_;

A -!”.

(Koch,;1980)

’ A e L -
N

. 3 ey -~

o R
- s
-
. o T4 P .
- s . B P R : . - N Sk e e s

\

S A N
;zqtheaoonstant, taken above as ll,ﬂagtually hs a»functlon of;a--“

In prattlcal r1ver 51tuat10ns where it Ls of'interest'____

.1 <o R L -

”ch- superelevation-may be palgu;atedmwbymwthe”_foifodinga_'

oy e

method: e

RSP Obtaln the average stage elevatlon for the de51red

,‘ﬂ<—»xy'~‘

ce

dlscharge by standard methods.

_channel '(whioh should be measured ‘but may ‘be

estimated' using the —results of osectlon 2 6)

vvvvvv

-Varlatlon of “the re51stamce coeff1c1ent across the'f“'f“

-

SR in;{;chanan\ (e g.' flood pialns) should " be rnoted as

X L~ B . .
. S o . S ™ e
g L e e S R s o » T L e
. e 4 e e S e L e - -

. .Obtain ;ahhcross—sectlonal bed-vprofile"'f_'the‘

P



?:' Calculate U at a number of evenly spaced locatlons
across the channel At present, the best estlmate

; @i '1s glven by a resxstance eguatlon,'Such asf‘
LU= C. /Gas; s, T e (32)

Néte that the . local re51stance coefficient may

3 requ1re_:af minor adjustment “to  give  the- same o
| dlSCharge as. spec1f1ed o T R ‘\\;;—az’//f

4, - Inteprate Equatlon 24 numerically' across' the

'?‘f! L ;:;-jcbannel startlng ‘at--the 'inside bank. . Use ghe
..., . -values of U, .r ~’(“_‘e.a.§.u,f7d from™ the® centre of
ﬁ?);;h'r ‘:; 'b:chrVatdre) add. Cf.festimated7 preﬁioYsly at. each_p
| ?priﬁt.. ' This ‘gives the water surface profile.

relatlve to the elevation at the 1n51de bank.

';;;ngsz, ﬁtbe_;constant of 1ntegrat10n is determlned by -

2 - - v .

P A S S - . ‘e . R v

. - 2 3
- o - ¥ - [ ° e, w \v:

calculatlng the average elevatlon 1ncrease of the
proflle frOm step 4. This wvalue is subtracted .

_ from the water surface elevatlons to: glve h(y)
o - . . >
6. It may be = necessary " to- repeat the process

(starting at step '3) "once -using the neﬁ» water
.. surface elevations. : T

: . N J P
e e, - o . Rt - e -
T e . [ T AR T - LT e a
- s o o o, 2 ..A- e e e e ¢ S L T sy s T £
ST, TNy e w4 > S e : I e B
.\

2
~l.2.2.6 Developlng quw ConSLderatlons N 4
o ; ; _ : .
For tbe case of develop;ng flow,_llttle is known. At a
jyf;gsudde¢f¢hab§eﬁrﬁupurvaﬁure;1suchgas~at,théwbeginning“or-exit*“"

P . At o T e R e ra o . ; (R oL e e e ¥
oo - i . T v G e A B r
S A e e e .- o .

< @
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B f a Circular bend,,the water surface slope has been notlced‘

s

s,tream. '- » ) o . ~ 4 lf m
CLg =B e T e 33y

and 'roughly symmetrlcal on ' each 51de'fjf_~thef point;'of'rf

-»curvature' change.; B Over a long bend, thep”magnitude3 of

ffrom a value glven by Bquatlon 21 to that glven by Equatlon'

superelevatlon decreases slightly as_.the‘ max1mum ‘flow\”

A

{-,;to adJust‘ ‘over, a length aboutA equal to the w1dth of the/f‘f

concentratlon shlfts from the inside to the out51de of the,f_A,,-

bend. ‘Thls corresponds to a gradual Shlft of superelevatlon,';

"2 3.

.

" The lateral ‘ipextia of -the. flow ﬁay also have a

Y

significant .effect on. the = transverse water ,gsurfaée
profile. Yen and Yen (1971) and Kalkwijk .and de vriend..

- (1980) both ndticed'a'large increase in.SuperelevatiOn (up‘

: ‘to twice the normal value) in experiments performed::in

»

kY

_Here the flow is faster-and therefore' a'larqe_QQrt;onzof;i'“'

™
a

channels w1th a r1g1d but "natural” bed.:‘Thatvis;'therexﬁas.

a . scour‘ hole effect. Both experimenters:. attributed this

effect mainly to lateral -inertia..‘ The mechanism ‘s

< Py

esSentially as folloWs: As'the flow proceeds into the‘bend,'a

M

it encounters the scour hole on _ the outsxdea‘of “the” bend

SN e n‘””d-
L & -
a N s . %o M

e i SRS

the dlscharge Shlfts to the out51de. ‘Thls sﬁiftfng;envolves}wﬁifﬂ"

1”fcoa51derable 1nertia and,_ln order to stop tﬁe“lateraluflowjlif'ﬂf*t

U$an extra transverse water surface slope 1s setnup, 'p_b_LLMQ«nsw

e



iﬁﬁThis‘effect:has-been”tahen 1ntoﬂaccount only 1n‘veryt ‘i

A . A S
‘wjicomplex’ numerlcal modelS‘ (Leschzlner and ﬁbdl,; 1979-' de " .. f-
;fvrlend, 1981) ’; As 1t ‘is expected that ln some cases the J} “;&
fpﬂdgeffect 1s SLinflcant,'espec1ally 1n natural channels, more;ff?gbﬁjféh
;“iresearch and appllcatlon is requlred P e l' o et ‘éf

; o : . g e w 1o

- =Sécondary c1rculat10n,t or he11001dal flow was Ltﬂ is-', ;
. ; 87!@ T o ‘

g;sometlmes called, arlses from the fact that’ . fre - of the “Tf[7_7ffffl

'“b:fluld spec1f1cally near the bed, is mov1ng slower than the

'ﬂaverage veloc1ty, Slnce 1t 1s mov1ng slower, it 1acks the
. N
'flapparent centrlfugal force to res1st the 1mposed pressure

K

fﬂgradlent of the water surface slope. fklIt is)h therefore,
P‘faccelerated '1nward untll frlctlon proV1des balanc1ng '_.”hjpr”yt'

%fforcer Fluld mov1ng faster than average (near the" surface)

R e

“§5~would eiperlence. the oppos1te effect and be accelerated
'”’ioutward : The net result 1s a oc1rculat10nA over the flow

R gcross sect1on, superlmposed on the maln longltudlnal flow

th(Flgure 5) The total streamllnes follow a hellco;dal path.

fQThe secondary flow Qis.,lmportant because< 1t '1s<
fconSLdered to be the prlmary cause - of river bend scour.,;lt_; | ¢7

Kl -

:Affialso ;has 81gn1f1cant effects aon”'the lateral dlffuslon;
hﬁ;icharacterlstlcs -of " 1 stream.

_,?lll 2 3 l Analyéﬁs of Developed Secondary Flow 1n a Wlde Open

The lateral force balance equatlon for an element of s R i S

quiflu1d 15‘vfhii




S

R

Figlre 5. ' ‘Secondary Circulation :
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*”Where:vy 1s the 1ateral shear stress actlng on the top and"i:ff::fif
bottom faces of the element.f/Equatlon 34 has been derlved :
and used by Rosovsk11 (1961)};‘Yen (1965)- and ;Engelund ;
(1974) It is dlrectly analagous to. Equatlon 8 except that e
‘ lt has been deered for a,fluld element of depth dz 1nstead'77jf“ff}{{
: ‘f foraea column of depth ~equa1 to the depth of flow d i_ e
g ‘mn,,-._,".._,, NSNS M ek, o & e e w — . v‘-«. «»‘ . .">a~'
Alternatxvely, Equatlon 34.may be derlved ﬁrom the Reynold' x , :
; Equatlon for the radlal d1rect10n by neglectlng the 1nert1al ~i';“=”"
< Vterms and the small stxess terms.'p"77 j'ﬁ»fi,°17~f}=‘éiﬂf7.ﬁ77_f~fs79
v y:iiwf To proceed further, substitute Equatlon 8 intd Eguatlonyf ;ﬂf:)k?;i
® -w-; (notinl_i; that h *»15 ant; a *functlon, oﬁ z so the partlal Sl
;~‘ff: denlvatlve may be replaced by an ordlnary derlvatlve) 'ﬂ"'y ; ) w

.

- owt Tgﬁ y0 "aTyz g ﬁ:
CSE TTE MY Ta T TEe / 3%
ﬁ'":Arsmall chan@e has been_intfbddced into Equation 8.  The’ ;

deflned by /\ I R R P AR

. ) . . . ] RS
g ’ o

7(which is thev average oVer the depth of the 1ongltud1nal ;}
N .

ve1001ty squared) has replaced the depth averaged veloc1ty ﬂfyf-il'?'

)

‘_squared,_U2~'wh1ch is glven byﬂf :, S o ~; e !

'/

Qf -
O~
o

e G

Por

c A
L
R
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<"_ 3 - 3 ’ T “ s xe rjn“ S AR M n; .
_‘_“_‘ o 00_ . s LI . - - o . o Y . -:,,-‘-23\,-
;"',--.',-_;,-‘, . ?_ -,...7 om0 el S L Ll R .
The d;fference between the two 1s small, but the former 1s
more correct. Rearranglng Equat1on 35 :
I TR e Y T SRR
E—— == (uT= 1N ) —Xr_ . s e el ., §£38) o
Y ..aZ roooon . d _\ e K2
T el S A M TR I PR @ g e o -
. U+ u' Coli : (39) ~
E where"Ufcis' the depth average- veloc1ty and u "r 15'“the

dev1at10n from the average., Substltute into Equatlon 38.

B T S S
A

— . F -

. -
-,

e .. : et SO, Co
4 —Y‘— 1 (U + 2 Uu“+u‘2 - sz, 2Uu Lur?) - 904
L9 - LR ERERIS SO S C
Slmplify Equatlon 40 to obtaln-" : 7~tf:f:'_ L

ﬁ%L;—X£5= % (-éUu‘ - u? ujg)ﬁ; % X0 - (41)

To proceed further let:
L - - y Y Lo o e » - = e .

O T O € + 3

\’where vt-ls the: eddy v1sc051ty and may be ar functlon of z.

Also let: . o :&“ T ) }:1' ‘ -

= cufeans 0 g

I
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'"iifntegfatéfgWiceéﬂitplrgggect;;élnﬁgoﬁgb;ain:_

. -.‘.‘,,." T uﬂ*-.f-'lf"(‘%_‘)i:' ’ A o . ;‘:": ‘.'-v.f"“? B

sy e - e R e

sud £505) T )

)

. ue

t9_4§;into E§ua§i9ﬁ,4i;-

.
P P o

“Shb%gfguﬁéaEQUationsb42“

3 B Lagr L g2
am £2 3n = ¢ (72f »-—-f-,’(fl»

foe N

o " ) 2 1" \ B e N
=B ) g Ul ] feans Janve, lanie, (48)

]

'The constants of integration are determined by:..

~ —~ -
. . R o @~ -
@ -0 )T e 2 A T om

o -, “onw N .

'v.“(shgar*stress"eQUéIs.zefo’at~watef-sdrface).and;3”;3

..

A

1

i vdn: 0 PR ~ 150)

~ ‘amounts ‘to’ a small cd:réchion to the lateral water surface’

- flif-é tans)) . (47)

'n?;}ZYQ ; o - " o i :  '- i“.il _ A’7 ‘(46)}'

- (net lateral discharge equals zero). It remains to evaluate . ..

A

‘tan- §. . This @erm:;ié ‘¢learly - of 'émall'imagqitude' as it

"

’ . . 1, g




. Q;{, "Qfﬁj ‘
i - ' 25
A'feélbpe;,’* Xenf"(fSGS)_iand ROSOVSkll (1961) 1gﬁore*fitg{fpr_:““ :

‘.éetfaih3~cases;;f‘wIt'zmay be evaluated by 'appllcatlon: °fv\‘

fenother boundary condltlon at the bed éThe;most obv1ous lsf'f

L;f;'?i,sfmﬁly{,;1)}:!ﬁh§;°‘f E ’;L;;”;- oo

RS

De Vrlend (1976) modlfled thls cond;tion sllghtly to use .
w1th logarlthlmlc velocmty dlstrlbutlons and stated. B

. P P

I 2T T P ¢ IS

= C . o
. C oo La e e o LT

o . - .. “ . e 2E : 4,, ‘o - Ot
o e e v

where “0 1s the Helgﬁt whepe the long;tudlna; velocxty glven .;;,,Lu;g

oot tLe eV o

c e

by the logarlthmlc formula vanlshes.dﬁy
Another 90531b1e bed condltlon is that the angle of the
shear stress vector ‘at the bed should c01nc1de thh the

angle of the velocity vector near the bedf“”“ f“w

b L o0 a% o i;'-»"o o\\-’a_ bR Lo B @ ah-qa...’a-..,av-\

R CI L I n Pp, 2 ?DI).MC(J Rm. PP s *",‘:’. W x_’ & “ o A e

‘£l<

ngt‘ taps‘f ;f_3?¥if"‘j}[idltiiiéds?f!ddfks?z7dv'”
A dlfflculty with thlS condltlon ls that the Ievel of the.
‘;V¢1°°1tY veetor"must_“be 1spec1£1ed,,g Rosovsk11 (1961) and

Engé lund (1974) used this condition; De _yraeqd (1976)3;{e5:
fevieweAtheéefconditieds.» o ST o

In general the” ‘resdlts take the fdrm.;ih”;“ffffltgﬁ

~

Cnla

 tan§ = K L ey



.~ . . . - . . . ‘ .o

13 have beem’

reported

approxlmat;on¢'for

. p ical stream.:canditions.’

Iy (n) LE— (LL— 19 f.l;_ff;_tg } du + '.g ) dp + b‘éf ;,‘;.‘5’7;_)’_,,);-_] SRR

¢fu‘bd>&»¢:» S AR Ly T et < . T A,

The problem 1s thus solved when the d1str1butlons'f1' ?
g_wﬁhﬂ and f2 are supplled ' Flgure é 1s a: graph OfLII and 12 when“ y
the logarlthlmlc dlstrlburldd of hwle“ehesen for fl and a‘Tilgffihjﬁ
.;ﬁga parabollc dlstrlbutlon ofueddy’visc051ty 1s choseqwfor fé.jiﬁ
S K 1s assumed toiequai fl.* von™ Karman S ‘constant is takeh 2;' i )
| 0.4. SRR e e e e — S ,,\, ';1,‘;‘“ e * | w
d;ff'id"In therai;aincreas1dd¢roughness (decreasing Cf) leaqg‘i?““”‘f“
:;aa &omsmailer~secondary veloc1ties, e%pec1ally near the bed,f« ‘:
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jf "“c0nclu51ons have been obtalned Cfor rectangular channels atf C

~

least) S ”Qr'.:‘ﬁ,.; o e T fl,,‘ ‘fo#i»*msew RN

s . A . . RN ‘ B v e e e
~ . ey .l - M

: fob l' ‘"Wall ,effeCtS (that"ig.{‘apprec1able vert1calf-
°%¢ i37f$;7 velocxty).extend_about twtce the flow depth lntojh?t
; ‘. B t arcﬁanne; from the banks.m:ff{}ff:jt¢gf}a£7{f'x
) “féd T;e ma;ﬁmum Verttcal veloc1t1es‘are about the sameihlg___h_,”

.....

T ';~3f, the channel
For other than: rectangular . ¢hannels, “information - is

i

l"y

[

.~ . scarce,

:L)ifi 3 Developlng Secondary Flow’

- .

——

As thé- flu1d QOSsesses lnertla, ‘there - Lsi,a! ceréain i
length requ1red to set the secondary C1rculat10n into motlonn

h*fzh?after4sthe bend entrance.u, If we assume that the 'waterf,'

‘surface changes abruptly from flat to superelevated, tﬁgh‘f-;
"the' development length, or dlstance to reach 90% of its~3'

'hdeveloped value, has been estlmated to be (ROSOVSkll, 1961~{

Nouh and Townsend, 1979); -

thef lateral flow ;islfturned

Ca16ulat10ns have been made for thls reglon{gffﬁfff‘

'.1961177d Vrlend,- 1973) :d;Asome useful‘7;

the max1mum lateral Velqcltles 1n the centre of "’

R T

Az e e A b et
PuY

S SV




e 29
‘ff"LS»?-fl’B_FO 2.3);Hhcf~ f58)
The correspondlngrdevelopment length for'superelevatronewas
'7ff§p;-noted in EQuatxon 33 ThUS the ratlo 1s-‘ e M
= el QT TS " SRR . iy : . »
B T e B v U e o o (59
For channels w1th aspect ratlos (B/H) of 20 to 40,_the
uyftwo lengths are of sxmllar sxze."For Iarger aspect ratlos
'TEQJJ(and rougher channels) the secondary flow development ls;

faster and thf' overall deve10pment <ig” ngerhed ‘by “é'éf”"’”

“e b w ,.J.u .- e e e

‘g R

xsupereleVatlon development.h; For smaller aspect ratlos Or. «-
‘“‘_,smoother- channels (typxcal of laboratory .sxtuatlons) ,the

,secondary flow development governs.z‘ B

. At the bend ex1t the same 51tuatlon applles in reverse

and the decay lengths are the same as above. |

..

1.2. 4 Longitudinal Velocity Redistribution

The longltudlnal component of ve1001ty is 51gnlflcantly -“-j

affected by the curvature of the stream " as themtlow enters
the bend,‘\the veloc1ty on..the 1n51de‘ 1ncreases .while .the_,
‘veloc1ty' o the outSLde decreases..;«Asm the aflow;,proceéds'
‘around the bend, the lateral proflle becomes unlform agaln‘
~and then beglns skew1ng to the out51de. If the.bend~1s long

enough, equ111br1um may be reached Near the exlt of the

1bend, a maJor redlstrlbutlon toward the outer wall takes,

s



f“prplace. This exlt redlstrlbutlon is equal bu«

:h_,the lateral veloc1ty proflle 1s actually obsefv'dtjust past

TS

=T -

op os1te to

;the entrance redlstrlbutlon.' Thus the 1argest “sk wness"-ofhh7'f

’

',the end of the bendf

There .are: several dlfferent mechanlsms cau51ng thlS|

)

'-phenomenon'and each w1ll be dlscussed separately.H'In the

Py

'followlng,'the lonthudlnal veloc1ty referred to 1s taken to

p -»'

4,

>

L .

N f.J".'

S s TR i -. 7 o

DT 2*4 1: Ihertialféffects h‘ :_f' .ﬁ-?f{ T "; ;“i}ff’i” ﬁxf”g*J,'

- A s v = o3

Over' a short. dlstance near' ER change- in turvature,:'a”'

'"”ve1001ty redlstrlbutbon takes~ plaCe that,iis essentialii

- Ve

1ndependant of frlctlon.l Thls results 1n the free vortex

‘[veloc1ty dlstrlbutlonf and may ' -be con51dered sxmply _a B

- Point 1 is in the stralght reach upstream of the bend and . :

fpointNZLis,ln the: bend., leferentlatlng Equatlon 60 w1th

Nalong a streamllne-

’

,conservatlon of vort1c1ty from the first curvature to’ the

second. ',‘ L - '
v o . a c e
. To calculate th1s effect, consider the specific:energy

CE=h, 4L =Qh{+.'7—"— S P 80) Ly

-

respeCt to r:

4 - v} - g U% e
; a?‘(hl +.2§')h= 0 = H?‘Fh2‘+'7§J, 61y oo




. But -we- know already from Equatlon 8 that-7
3 A . . e

P——

(62)

A
SOl

Thus:

N

—xfsf.;%~}f*ﬁf1““'f o e~4 S (e3y

9,

-

:‘»,'Irié'ég'réti:rig (noting that Uy = Uy at r = Rg) :

W%
2. r ' o . (64)

yas,ekpected;..x ey

"At a bend exit, we may apply the same- analy51s. Point

><¢5_3 is before the end and- point 4 1s after the end-»”

U

wKN

4
- dr

[\
Q

(h ;+

3t ) = I (h4 + 53) L a ‘J (65)

0

-

" For simpliCity_U3‘islassqmed'te be uniformly distributed.
‘Thus®: .

2
3. 474 S . -

A o ) (e



a T E | R (68) |
S SR . : : R
, and flna;lys 3 ',5:;}_; . e e R | v._.- . -
o ,gUdf", o f'?.._, S iﬁ.’-'- .
U, = —— L , S 43 e (69}
4 ‘A R0 B RS NS L

From the lent of v1ew of vort1c1ty, the phenomenon may- ...

be explalned follows.__ In1t1ally the _flow is uhlﬁerm'f
- . across the channel (neglectlng the sldewall regions) . fIts.

vertical vorticity is therefore zero. After entering the -

_bend, the 'fﬁov” Lis 'ceQStrained;_.to move besicai;y-

#concentrlcally ~ This may be achieved without altering the
2N

vort1c1ty only it the lateral proflle assumes the form of an

;r:otat;onal_(free) vortex.

Pl

Ftictidn;,of eeurse, acts“to change the vorticity.hut
it'_requifes a“ significaht length to eahse an appreciable
L‘thange.' In tﬁTs case 1t would act to make the proflle more
hhnifetﬁ.f Slnce the flow is mov1ng concentrlcally, a unlform;
dlstrlbutlon 1mp11es that the flow contalns vort1c1ty. This "

" is ev1dent after the end vof“the 'hend, where the ,velocity

profile Skewstoutwardfh_f“

_As ‘is."onieus - from fthe*‘above, uthe inertial velocity

redlstrlbutlon : is; _ closely aseociated twith ) the

superelevatlon.. . We expect, and in fact notice, that the

r

s "



" deyelopmént  lengths for velocity;' redistribution'fﬁand'

superelevation are'ebout‘theiseme.rfhis applies to both the:

I ~ o
“entrance and exit of the bend.

N

1.2.4.2° SlOpe,Differenrial Effect

= . R )
" For the channel centreline: " i
. Az,
o bzy —
Soc T K6 A . (71)
, ... 0 N
A
Therefore:
3 . Sof T Spc Ry e T | 72)
o Z

Referrlng to, Flgure 7, -we observe that for a glven arc"

0

‘8, flow on the out51de must travel further than on the

&

i' elevatlon w1ll be the same from A to B. .Or:f;“

p!

.channel, th estimate the. effect on the lateral distribution

of longitudinal _ velocity,. . consider- the. uniform - flow

_approximations . - o
< T3a o . - ' A
i -
e

Thus the slope. is steeper on the inside of the .
o - . o - . o g

>

33

"1n51de. ;: Presumably,- however, ’the change "in  the _bediv,,






S

fieffect of a non- nlform bed proflle.' In Equatlop 74, 1etfd

‘5.

_ﬁassumdng d 1s constant.;

Equatlon 76 1nd1cates that, 1f the slope dlfferentlaLﬁ

h were the only 1mportant factor, then, after some dlstance,

e

.'the~ flow- WOuld Stlll be faster on the Ln51de but }vh

»

varlatlon across the channel would be reduced ThlS 1mp11es*'

'fﬂf’that the flow ga1ns vort1c1ty, '-‘.[ , f.;g':(,.'.'y‘ghtve

. A

:;;1 2 4 2 Depth of Flow (Vertloal Frlctlon) h,',-_}“'

"

"ifbe a functlon of T to obtaln-'ﬂft;.;_g_tt:}fm'{.h*[;'v_j_

f‘35,f

ey

In a- 51m11ar manners to the above,‘_ we may 1nc"1ud'e" the " -~ "



.y LR S S o N o
A e e s S~

Thus t'e ﬁlow is faSter where the water 1s deeper._TLn“ii:w

. natural

~out51de of the bend 1s scoured deeper than the normal depth-

.whlle de9051t10n occurs“on thef 1n31def‘of-'the bend
. " . AR -

"Therefore, in natural channels a strong skew1ng of veloc1ty_

% LY

toward the outs1de:wall mathake placer»

hivl 2. 4. 4 Lateral Friction :"b_‘

The ultlmate effect of lateral fr1ct10n would be tox

Cause-‘the ﬁlow - to move as a ‘rlgld body ,around the . bend

| ‘;Thls would requlre that the"lateral proflle be glven by . the"

forced vortex equatlon-

L x o TR “ (78)

‘Thls\effect, however, is not very strong as may Dbe shown by

IG’ . SR

,“con51deratloni of the " magnltude lofrfthe; lateral stre35~

.gradlent compared to _the fvertlcal stress. gradient.' The

vertical stress'gradient may bejestimated by:
3 - Ug o _ _
——7 —_ - . _ : A : (79)

t,~az Hz_ , B - -

o while”the'laterai‘gradient is:

it 1s almost 1nvar1ably observed that. thef



T 9
Sy % o P : S >
Ve T3 M P o .(80‘)' |

33“Thus the lateral stress gradlent over the vertlcal stress

37 -

.Qgradlent 1s proportlonal to (d/b)2 and, 51nce aspect ratloswl"

tﬁof natural channels are of the order 10 to far greater, thej

PR

71;_1ateral frlctlon cannot have much effect. "~. | .

K

Near the banks,_ lateral fr1ct10n becomes much more

i?:important, espec1ally 1n slow1ng down the 1n1t1al fast £ 1ow

the: 1n31de bank . s Otherw1se 1t -has 'llttle_ but local"'

féffect, although it is useful to note that 1t.does act in

.such a way as ‘to Shlft the locatlon of max1mum veloc1ty away
lfrom the inside of the bend .

1.2:4. .5 Lateral Momentum Transport by Secondary Flow' .

Ehe secondary c1rculat10n effect on- the longltudlnal

flow 1s the . least understood, but 1n SOme cases the most

e

‘1mportant mechanlsm of fIOWaredlstrlbutlon.. Essa#tlally the
1 secondary flow convects the faster mov1ng upper layer flow'
.toward the out51de wh1le movlng the slower bed layer flows.

.:toward the 1n51de.‘ Of 1tself, 1t accompl1shes nothlng since:

v

.the'.flUid 'isrcmerely, replac1ng othér . £luid ofj 51m1lar‘

~

'_momentum,‘ If  ‘there ,is a yygloc1ty"gradient_ across the

S

channel, then the lower transport will act to partially.

pounteract the upper transport;

-

When the fluld nears the. walls, howeqer,-the_VerticaI

A

'transport" becomes’ '1mportant and the  effects ' are.

351gn1f1cant@hiAAt the.outer,wall,'fastyfluid (continuouslyf

i 2



~account, ¥ -

‘}7ifa1rly ‘stable but the longltudlnal £low develops slowly

dOanard cau51ng an' 1ncrease in mean veloc1t}}\ whlle -the'

. &

opp031te occurs -on the inside, The effect, first noticedi

replenlshed from the centre of the channel) xsf"convected'

:38:

near the walls, would -be.- convected agaln by the secondary -

_'thls effect partlally 1nto account whlle only the numerlcal'
o analyses : of__Avarylng_' complex1ty . byg' Rosovsk11‘ (1961),V'

Leschzuln.er'a_n'd Rod i : (1979) and de Vrlend (1981) take fullf_"“

‘Atf present, ,thel in% results arey qualltatlve 'aﬁﬁ
_ . i 4

fsuggest that thls effect 1s more 1mportane for channels ofv
.small aspéwt ratlo (narrow channels) and also more lmportant
‘for smooth ct nnels',51mply“because frrCtxonal -effects are
‘smallerubycc mparlson. ‘ThereEOrei.thls effect»would be much
' moref,lmportant 'in_ a’ laborato:yo;flume’ than in ;5 'natural;

. stream.

1;2.4 6 Developlng Flow

- As may be observed from the above, there remalns much

that is: not quant1f1ed regardlng the problem of longltudlnal

i-veloc1ty redlstrlbutlon. ThlS makes tthe 51tuat10n of

'developlng flow very dlfflcult ‘to handle in - a 'practical’-

LR

manner., It has been observed that a large portlon of every'
“!bend; even in the Ya boratory, 1s in a developlng 51tuatlon

'w1th regard ‘to  the longltudlnal veloc1ty d15tr1but1on. :The'

I

superelevatlon and- secondary flow develop qulckly and remaln.

-

\
t

flow towards the centre. Kalkw1jk and de Vrlend (1980) tobk;_Lf,”



-Fgrther},pit ‘is'_them'rare -natural ﬁbend'{that-‘maintainsf’aJT*'
-.,tonstant° curvature,’ }GfFor these »reasons; ’a‘”modele'of'ﬁ I

,'1deVeTopingw4uf1ou "iiis. | de51red.,n Short :_bfff<dsibg,ﬂi§r:"»“

\‘

ﬂ'three dlmen51onal'Q; numerlcal model, =y9a,;__reasonab1e'

]

3?approx1mat10n is (Engelund,,l974)

LT T Y 3% ‘ﬁ m f2ot SEy o T (BD)

L

where: .-

‘Thrs‘mode;stakes]accqpntdof/some 1nert1al and bed frlction

r

" Teffects. for channels” withf a: lateral~ bed slope. ; It is,

—

therefore, a good approx1mat10n for w1de naturél streams.

Momentum transfer by the secondary flow is not 1ncluded
; g : : :

'1.2.5 Bed Shear Stress

: Another"important"area of: concern ‘is,'the bed shear

stréss distribution. . Ippen and Drlnker (1962) and various

S

: jjathers have studled thlS problem, experlmentaily at least.

'As a first approximation, we may'take:'.f‘ ,\<7f@

. N
e . 8 . . N

2 I SR S
C=uie s | (84
- s - | I U

‘”39',ﬂ



Jliuand assume Cf'to be a constant or a functlon of the relatlve:

1

>Qroughness (ks/d) ,; B _‘;l“g_'

From Equatlon 84 and what we know from the prev1ousi
d sectlon about ‘the behavlour of U,.: eﬁ can -qualltatively'

*predlct the bed shear stress dlstrlbutlon. The shear stress‘ .

::would be rnaxlmum near the 1n51de wall at the beglrumlng of

)

- the bend, then Shlft ‘to the out51de wall, and flnally reach

a peak near‘ the' outside wall Just past the end -of the

i;bend. ThlS is in fact what is observed (Ippen and Drinker,
1962). B

The  correlation .: is reasonable, " but 'consistent

‘discrepancies do”occdr. For examplef the stress near the

¢

'inside'wall 1s‘usually somewhat lower than predlcted while
‘theb'stress' near the out51de wall ls somewhat larger.
"}élearl&; _thls 1s an effect of the secondary flow “6n the
’velocity‘-dlstrlbutlons themselyes. iny. in’ ther complex
numericalvmodels has this been aécounted‘for;% o d. ;

The lateral bed stress ar151ng from the secondary flow
’ 4 N .

,1tself ;was evaluated prev1ously as:

S ‘ﬁ'L'). )

o ed o |
g, Tvo T xe X T - | o - (85)

- S -

- The total shear stress (magnitude) is therefore:

o= YT0 t Tt =T 7L (kD (88

a



P
[ Even if'we take K to be 11, as - suggested previously,

““for any natural stream: . -7 .. . ST T T e

B

-i.IaG uWall‘Shear Stress - - ..f Vo

Wall shear stresses ;are “even 1ess well understood,

desplte thelr.lmportance in bahk protectlon works. The only,

j . approach avallable .seems. tO4 be . . /

v—ﬁgx‘uz . ‘ )
P W ..
SN . \\\ N . .

(88) -

S

where Uw'is<the ve10city extrapolated (by eye) tq’the wall

(as.if'there.yere no béundarywlayer).,iFor-cases of“nstural

or non-rectangular, channels even this approach becomes

doubtful.

1.2.7 Friction Coefficient

The average shear streSS'across the bed in relation to

the everall,friction coefficient is as follows:

|

If we average Equatlbﬂ\\84’ across the channel we obtaln

(assumlng kals constant)

; *Q : : i _e ,'s,  ; t T r b.;:,;“(ajjr

41



" (91)

(92)

3

;_I%nt will
-‘décrease (apparently 1ncreasing roughness), dependfng upon

(93)

indiéating ;that . the

~ )

fthe- skewness dof’ the. veloc1ty." Equat}on, 93 :may "be
. : . . . .‘ / L ."..
: -
f2 : —5 A S
2 _ i S ‘ _ |
Ceo = C¢ (LU AT | (94)

| which ‘may be used to evaluate the overaﬁl frictipn<
coefficient ‘;f-/rhe distribution of U 1is knowa. Many
'studles, both analytlc and experlmental have been performed

to defermlne the' excess frlctlon loss -of a curved reach
,/zﬁé{ results are not"conc1u31ve and in some cases are
T ' '

L contradlctory, A better understandlng of the mechanics. of

the bed stress dlstrlbutlons is 1mportant for t?gggpurpose.



"l,2:8. Bed Scour and- Topography
- Slnce we now have at: least’a reasonable idea of the
flow fleld in a bend, the next step 1s to attempt to“predlct
.athe stable bed topography or 'scour - pattern. Slnce, <§f
;hcourse, the bed topography affects the flow f1eld which in"
‘turn affects ‘the bed topography, we expect that a successive
.f’fapproxlmatlon techn1que w111 be requlred lrhe method

outlined below, which . follows Engelund (1974), w1ll be to

-w

‘flrst estlmate the bed proflle in a developed section, and-

then estlmate.developmng effectslto apply ahcorrection,

< .

1.2.8.1 Developed Bed"Profile o B L

Under deve10ped condltlons, the ne&'rate of'sediment

)

transport across ;% e

channel- fs zero. _L Thus the forces

acbkg on -a sﬂﬁaﬁent partlcle must balance. 'Figure 8 shbWs =

the laQEral forces actlng on a sediment partlcle on the bed

of a curved stre&m,pl-he 31mplest force balance wlll be.

where W is particlenweight, FL is l1ft force, a is lateraf3

bed angle and Fpp is lateral drag force. rgDR is. dssumed to
| . A |

be proportidnal to bed shear stress:

v

F.. = F: tan§ o T 9e)

DR DL S _

. .
v #“

where FpL is-longitudinal drag‘forCe, Fb; may bevestimated,‘_

R
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ioat

if the partiéle is moving"IOngitudinally' at a constant

speed, ass v - - . .
. . ’ I . . .
FDL =‘(W - FL) qqutan¢ N N (97)

where ¢ is the dynamic friction angle (about 25°).

Substitute Equatidn 97 inﬁo'Equation 96 to obtains =
4 (W”—\ﬁi) sina =" (W - F|) cosa tan¢ tans . (98)
or:
tana = tan® tans . , (99)
' &
N & i ~ ?
tang = dd | L
tana = a-l—. ' : . (100)
Equation 99 becomes:
L )
s gtane & O 1oy
v | -
Solve the differential equation:
, v ,
g = ¢ ¢ (Ktano) o (102)



,\\\ . - DI
‘%

‘Substltute y for r and solve for C. to obtaln-.
g K tand L
é.(l?+.§)n ' o o _ . (103)

‘The maximum depth including soour;is:

= (l‘f 2R) , v _ S 4'(104)

2] 0

V'For moderate curvature ratios (B/RO < 0.5) Equat1on 104 may

e e B ‘
be approx1mated as: SL T .-
o . .
\s'f“\’ > S S
d . ‘ ‘ s
9m _ K. . B ) .
F =1 +3 tane § , (105)
Taking K as 11 and & as 25°, the above becomes:
d. ‘ ' , .
Cm_ e B o
—Er =1 +°2.5 R v . . (106~)

This was derived assuming vertical sides and -has béen
found to Ahe ,an."overestimate. ~ An  average Af“ field
Ljobservations (Suga), 1963, cited by Ikeda et Wl., 1981) glves .
a oonstant of approximately 1.5. Flgure 9 shows a plot of.,.

- Equations 104 and 106 with the mod1f1ed constant against f‘
”hobserved values for: the North Saskatchewan™ River (data f;oh\<
‘»~Nwachukwu and Nelll, 1972) The aVerage depth and w1dth L

were evaluated at a stage correspondlng to a d1scharge of

100 000 cfs.wF
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i

e ?flow fleld

/

v

a8

f'Oﬁher‘ attempts at pred1ct1ng ‘stable developed‘”E»nd;,‘c”

5gscour have been made by Klkkawa, et al (1976), Koch (lgaoffyl

W

ljjand yen (1970) These 1nvolve more complete evaluatlons offf?fﬂ'z

il“tegfatlcn and rGQUire more det\jled lnformatlon about thelfﬁfsf"”'

ERN

v rrzlmmermann and Kennedy (1978) derlved a lateral bed{"i}iﬁ'““‘j

dh;ana1y51s3 showed-athat 'much. steeper‘“SIOPes ythan» thosefptdhh
nilndlcated fbyf_équation. lOlgiar | p0531ble _forj certaln
COnditlons. ft Odgaard (1981) revlew57 these methods - 'th"
proposes a new one based on an, 1nc1p1ent motlon crlterla.nii'
| .TO obtaln the bed topography for the ent1re bend,l

nf:lncludlng developlng effects, the only approach taken so far

'fnfthe force balances but result 1n the nece551ty of numerlcal?aﬂr! L

'“E7‘slope based ‘on-. a. cross sectlonal torque balance \«/’Thlsfrji"’”

viijls due to Engelund (1974) : The procedure 1s"to ;set ‘the‘
"ﬁ;“flrst ~est1mate of 'bed- topography equal to' ‘a. serles df“4’
”deVeloped proflles dependlng n' local curvature._ Thef L

longltudlnal 've1001ty fleldn ls then 'calculated u51ng'

~

l; from““ af: contlnulty - equatlon. ;,,{ Flnally, a rsedlment

conservatlon : equatlon “is . solved numer1cally', and thex

+ 5]

"',equatlon;-el._ The mean lateral veloc1t1es are calculated’&f‘i

Hucorrectlon 1s applled bo the 1n1t1al estlmate.tl Engelund',ﬂy

Y

lorlglnally derlved thlS method for use on a channel w1th a

31nusoldally °vary1ng radluslaof‘ curvature 1ahd obtalned[_,f

;“(I974) The method may be generalhzed to other meander»-;;




N B P REVIEW oE EXPERIMENTAL INVESTIGATIONS ,

}f‘cla531f1ed Lnto three categor£e5°“

PR
e

Generally,»the resu;ts,forisinusoidalgohannelshindioate

the follow1ng-

“f;fgﬁ?‘fThe deepest scour 1s usually somewhat downstreamy

“of the p01nt of maxxmum curvature.~"'

“7éiﬂﬂ;H{2g‘EfThe t1p of the 901nt bar (deposxflor) is usualiy

L even further downstream..

e . s

'a. . L q

inncluded in- sectlon 1 4 3,

Many researchers have lundertaken studles on varlous

o fexperlmental' purposes_ and deslgns are as dlverse as- the

‘ffnumber“'of'experimenters. Broadlyq the-experrments may be

M{lwu leed boundary channels-
2. ‘ Moblle boundary channels,'andn. o s

739tf Naturalrstreams.

Cu . N : e

L

-

~fﬁfBeth the theoretlcal and“experlmental work supports thesep*

lfeo clu51ons. A more detalled e%aluatlon of thls method is.

.ffaspects of curved open cgannel flow."Due w the complex1ty-'

of - th , problem, " and its" many manlfestatlons,"‘thé

.p Yen (1965) glves a rev1ew of experlmental work prlor tO<

”*hrev1ew contalnlng the,xmportant experxments publlshed up to

ﬁ31980. y Table 1 summar}Zes ;rigld boundary experiments;i

"ﬁgrﬂTable 2 ¢is concerned'.w1th moblle bed results and_]Table 3

R S

‘wflwhls- own.;' -Included. in thlS report 1s' an update. to thatv

i9



presents fleld observatlons of natural streams.

-i evaluatlon of the experlmehts is also 1ncluded

©An overall

50
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1.3}1 Fixed Boundary Channels fff

LAY

Most flxed boundary channels ‘were constructed for one

_of two reasons.- F1rst, as genera} experlments_to understand'

' curved channel flows, and_seCond’to‘evaluate the bed stress

toe

.dlstrlbutxonvffor a particular_ 31tuatlon. Thus" some -

experlmentm 1nclude detalled 1nformatlon on many aspects of
the flow whlle others_ are very 11m1ted Therefore -the{

: vdiversitypin the 1mportant geometrlcal and flow parameters'

. is .not as large as it appearsy Addltlonally, some of the‘;.

:experlments have unreallstlc values of sorme parameters. A

" low aspect ratio (B/H < 5) is the most< opv1ous example, "

alrhough a?low ratio RO/H is'unrealistic as well. .

Secondary veloc1t1es have . not often been measured ‘due
to thelr relatlvely ‘small size. <When measured, the'lateral
ve1001t1es have.. un1versally been determlned by measurlng the
~ total horlzontal veloc1ty and the angle of - dev1at10n frmm

the longltudlnal d;rectlon.] Usua11y~the anglef;s_measured

by lining.up‘a protractor-like device .with avshort~thread in

the: - flow.v‘ The error in these. measureménts is ‘relatively
‘large.': Vertlcal velocity ‘measurements fare: pracﬁfcally
nonexistent.“

The only turbulence measurements reported are Lhose of

.”Yen~ (1965), but th se were_ taken in- a closed-'alr- duct:.

4 .

‘ ,model , Some measurementsr eSpec1ally of the turbuientf'

Reynold S, stresses, would be - very useful

An 1nterest1ng result of these experlments LS that - only

“ﬁin?;the"conflguratlon -of Kikkawa _etplale (1976) was"a_

“a
Y



conv1n01ng demonstratlon of a- fully ~developed situation

achieved. The total ﬁngle turned by their flume was over

u

300 degrees.

1.3.2 Mobile Boundary Cnannels

Most moblle boundary curved channel experlments were

set up to. 1nvest1gate the bed topography.’ Typlcally the bed

is 1n1t1ally flat and then‘ the . experlment run untll ,anf'

-

equ111br1um bed topopgraphy 1s reached. ‘The -bed elevatlonsr

.and in some cases varlous flow varlables, are then measured,
Many of - the same cr1t1c1sms applied toi.the r1g1d

boundary 'channEls may also be apblied to’_the mobile

-y

-channel Additionally it should be noted . that all these

_jexgérlments utilizied rigid vertical 'walls. -%lso, to

. . ]. , ) : l} v
:measure mean . bed topography, it was often necessary to

'smooth local bedforms, which may °introduce 1further

distortions,

1.3.3 Natural Stream'Observations

Detailed’ studles of natural stream bends ‘are . notable by

f \ J

.thelr relatlve scarc1ty. The complex1ty and uncontrol

nature of - the 51tuat10n limit the utility of . the resu‘

Measurements of . thls klnd are very lmportant 1n valldallon

,of theoretlcal or exper1menta1 conclu51ons. It ls, ‘howeve

aifflcult to obtaln general results from them.

' .

4
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1.4, MATHEMATICAL MODELS

" To calculate‘ maximum  sScour, superelevation, g

and

'secondALy flow, the developed flow assumptlon appears to be

‘adequate, prov1ded that. a representatlve curvature can be

obtained. For more  detailed studles requlrlng bed.

'topography and flow dlstrlbutlon over. a’ reach of a natural_

or art1f;c1al channel, th1s 51mple approach is- 1nadequate.

A more complex phy31cal or mathematlcal model is’ requlred.

; As curvature presents no spec1al d1ff1cult1es to a properly’

scaled and constructed_ physical model; we wwlll-,focus our

S

attention on mathematical models.

At  present, no —complete mathematical model is

available, but some attempts have . been 'made at solving

variouS'aspects of thepproblem; ~jThis section will,briefly

consider these approaches“in,order of decreasing complexity.

1.4.1 Three—Dinensionalrhodels
A 'fully three—dimensiohal ‘nodel based on the‘ full
.Reynold's equations.'and' approprlate boundary conditions

would be the most complete p0351ble. Difficulties arise,

however, in the ’modelllng "of ‘the turbulent~.stresses.

59

»

"Rodi (1980) g1ves a rev1eW' of the, p0551b111t1es, ranglng-*

from 51mple constant eddy v1sc051ty assumptlons to full two

parameter turbulence transport models._ i Based ‘on some
: \

con31deratlon of the developed flow analy51s we conclude'

that the actUal turbulence model' chosen is not that

significant. For_example, the secondary clrculatlon proflle .



.obtalned by assuming a mixing length model (ROSOVSkll, 1961)

,-does f differ greatly from that obtalned using an average“”

edg
'&‘.
out thlS observatlon as well when cons1der1ng a developlng

,strongly curved flow. : | , ' ‘

0

QIQTQ) uses _the K = & turbulence transport model. This

¢

model, although the most complete yet attempted, contains

some simplifications. Flrst, the variable " water surface
bt R : v i ‘

.

/') . A} : : . ) .
location  is ignored ' in the calculation. That 1is; an

imaginary frictionless 1lid is placed -over the flow. The
water elevations are .calculated later from the pressure

distributions.' The effect of this 51mp11f1cat10n is to

11m1t the model to 51tuat10ns where the Froude number -is

small., = . o .
A second 51mp11f1catlon was made w1th regard &)

longltudlnal derlvatlves of the turbulent stresses.' These

»were neglected, leav1ng only the pressute as an effectlve

downstream-to—upstream mechanlsm. Thls allows a storage

{

‘The three-dlmenSLOnal model of Leschlzner .and Rgdl_

‘VLScos1ty model (Engelund, 1974) ' ROdl (1980) p01ntsJ

eff1c1ent calculatlon procedure,‘where the pressure f1eld is

first assumed, and"then the“ calculatlon 1s performed

startlng .at  the- tﬁglnnlng and proceedlng downstream; The
_ »

60 .

scheme requ1res the storage of only cross- sectlonal velocxty o

i}

~and turbulence values, reduc1ng computer memory requlrements
con51derably
ThlS model achleved good agreement w1th an/experlment

of Rosovskll-(1961) where the relative curvature was large
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(B/§0“=vl) and ‘the Froude number was small (F = Ovllw”:‘h%x:f

channel shape was rectangular w1th r1g1d 51des and bed As.

yet, no three- dlmen31onaI model 1ncludes sedlment transportf

' features.

- 1.4.2 Two-Dimensional'Models ,

A two-d1mens1onal curved open channel flow model could -

o

be formed by assumlng a hydrostatlc pressure dlstrlbutlon,

. and depth averaglng the_'equatlons of motlon....-Assumed

i~

tr%nsfer coeﬁf1c1ents. Such a mo@bl has been proposed by<

;

vertical. proflles could bé used to. calculate integral_[

Kalkw"ijk',/'a-nd de Vriend" (1980). . The flow is assumed to be..

‘wide afd Shallou. ’ The depth is allowed to vary gradually'

across the channel and the channel need not be prlsmatlc.

.The effect of secondary flow c0nvect1on on -the maLn flowu

-

dlstrlbutlon is 1ncluded in an approx1mate way.v

& ' .
The lnertla of - the lateral mean flow and c;rculat1on

PO

are neglected, ,whlch restrlcts - the. ~model to gentle, L

tran31tlons of curvature and bed topography.~ Thls model Wasf'*°

".used to g1ve a good predlctlon of the longltudlnal flowg

fleld and superelevat1on ih"a r1g1d boundary flume ;bfh

. natural bed’ topography.1 Predlctlon of some natural channels
.bends was generally successful w1th some dlscrepanc1es (de

Vrlend and Geldof, 1983).

Koch and Flockstra (1981) have lntroduced a model ‘which

also predlcts bed topography.'



vifﬁl;4 3 one Dlmer1onal Models‘? - L

If lateral dlstrlbutlons may be approx1mated by llnear
functlons, {‘the problem 1‘maYij;be*' 51mp11f1ed ffto lﬂA‘fpfv
o&@-dlmen51onal form. An example is. the model proposed by

.Engelund (1974) whlch was partlally dlscussed prev1ously 1n .

.fQ] Se#tlon 1 2 4 6 The, restrlctlons ;QnA thls ‘model ‘are ‘at e

tq_least,was severe 4a$‘ those on either of - the more: complex'”.
t-"‘,'.».r_n:c>{‘cle'l"s;.""-s“_Acldltlonally, the restrlct1on of gentle curvature
iLXBZEO <l) ls requlred .d | p e | ‘pf - |
vlb:flnirﬁhev or1g1nal» paper,v Engelund (1974) prov1ded “a7;
solutlon for the ‘case of s1nu301dal varlatlon of channel R

curvature. Thls may be ea51ly generallzedlto an arbltrary'

i

lflallgnment by solv1ng Equatlon 69 numerically.- As an example

of such 1mplementat10n, th% program CRVCNL 1s presented in’
”;th\;fappendlx (Sectlon 1 7).- VEAsf'of thls wr1t1ng, the
Engelund model s: thé only one that wlll calculate bed

topography as well The maln llmltatlon of thls calculatlonu

P- .

1s that 1t applles to vertlcal r1g1d walls requlrlng some Cflb

Judgement to evaluate the scour depths 1f applled to natural

streams,, The bed topography calculatlon has been lncluded

>

' 1n CRVCNL as well "\

'TQL;4;4 Summary ;fl B ~':g' FQ7 <I»QV-" {-;i' g ‘,"3,‘2>

L Mathematlcal modelllng of curved open channels has only
‘ B S L
-/Lrecently been attempted w1th some p051t1ve results. None of
_ L . _
: the models pvesented are truly of a general purpose nature,iv

3

“*and 1ndeed most are qulte restrlctlve. _';5;=<;l",-,-;7-3'?t

4
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L, CONCLUSIONS L

Thls sectlon has covered three aspects of the present

rknowledge concernlng the- subject of flow 'ln_ curved open

fchannels. The follow1ng is a brlef evaluatlon of the state

d'of the art in each of these aspects. .

'5-'115¢1' Mechanlcs of Flow An Curved Channels

Over the past twenty years or SOy much effort has been

'expended attempt1ng to understand the mechanlcs of flow 1n.

'curved open_channels; The phenomena of superelevatlon and%j,

'secondary flow.uarei well~ understood 'fort_the~:1dea11zed

L

’Ls;tuatlon of developed flow in a w1de channel 5 DeveloplngQ

J-ﬁj63

\

fflow ‘and the' assocmated‘ red1str1butlon.'ofj longxtudlnal_;z'

‘fveloc1ty are’ not well understood and no slmple predlctlve]_

:tools are available. Bed and wall stresses are‘ 11kew1se -

ypoorly | understood. #* Equallbrlum .fbéd- sc%ur "is._ more3f”"

.successfully predlcted,»due malnly’to 1ts dependence more

s

'upon the secondary flow than on the longltudlnal flow andvj

HShear' stress.'s .Even here, ,the' success‘,is -due to the.*

. f

frfcalibration of the’ frlctlon CCEfficient“‘¢}‘ ~since 'the”‘

constant K and 1ts varlatlon w1th Cﬁ are Stlll the subJect

* of con51derable de ate.~

'ftS,Z‘ Exper1mental Studles

»Many' experrments have been performed, bﬁtt”most fare?'

'.Lfaulted by a lack/of/scope.» Thefnature of the problem 15_?‘:'

'ZSuch that there is " .an’ enormous range of geometrlcal and flow,?:



s N

' j"variations. W1th a few notable exceptlons, ‘the present bodyp
‘ .of experlmental data prov1des many geometrlcal varlatlons,

'Fihbut with only a- few aspects of the flow actuallY measured.

!

As far-as .the neasurements themselves are concerned
-;,there 1s a need for accurate lateral veloc1ty, turbnlence,

-.and vert1ca1 Veloc1ty ,measurements,"all of"Whichl are

'practically‘nonexistent,'“
" 1.5.3 Mathemat1cal Models

Mathematlcal modelllng of CurVed channel flows 14 only
I

*; a relatlvely recent development.} At present there have been»
fsome prom151ng approaches ‘taken.--? Muchu'mone effort is
."requlred,a however, .to-_extend these ‘models vto;:practical'

"s1tuat10ns where arbltrary geometr{es, flow,conditions and

Vjsedlment transport are 1mportant T

-
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2. PART TWO - THEORETICAL ANALYSIS -

'_..2.1;.INTRODUCTION o

Developlng flow 1n ‘a curved open channel is clearly a LI

U

;eomplex three d1men51ona1 problem..;fﬂTne' rev1ew of .the :
'present state of knowledge lndlcated‘that thlshproblem is .
i.however,s 1mportant and not well understood. ,i It ;is‘ the
purpose of the present theoretlcal 1nvest1gatlon to develop -
'analyses whlch-w1ll shed some 11ght on th1s dlffxcult but
'fasc1nat1ng problem._";l | | A
The procedure to be followed w1ll be to flrst develop a

_general—purpose co—ordlnate system | approprlate 'for_;fa’
_meanderlng stream.; "The: equatlons of motlons ;arer tnen
_wr1tten 1n thls system and non- dlmenslonallzed u51ng typlcal
.'scales xfor: the channel geometry 'and_fflow. o Assumlng
vrelatively mildﬂ curvature, .:i<perturbation':analy51sf?is:
='performed whlch rpsults 1n most .of  the essentlal features of
fthe developlng flow belng represented 1n the flrst order
vapproxlmatlon. B fAn5 analysrs',iS’-performed de 'formlng-"
"ivort1c1ty-11ke - e&LQtioas*'_tpa, predlct d‘secondary flow;;
}longltudlnal veloc1ty redlstrlbutlon for developed flow 1n a
1bend _ A simpllfled analysxs of developlng “flow 1s also

done; Prellmlhary comparlson w1th experlment ls also made,

‘ . . vJ.~.‘-



2.2 GOVERNING "EQUATIONS

. ,

2,2.1 :Co—Ordinate'System

- 66

The nomenclature and co-ordlnate system to be used in

the followlng \is. the same - as_ was utlllzed 1n‘ the review

~hsectlon. The co-ordlnate system w1ll, however, be
hgenerallzed and formallzed "in a form appropriate for an
: arbltrarlly spec;ﬁled meande;ing”channei.' 'The co—otdinate

. directions are specified as follows.

1. ‘The.x co—ordinate'andfassociated velocity u-are in-

~

‘a dlrectlon tangent1a1 to the channel centrellne. '

The X axls 1s, u1 fact,'the channel centrellne..'

o ".The -orlgln may be establlshed arbltrarlly.__'The
rF - ‘
- *-pos1t1ve x—dlrectlon is downstream.

2. 'hThe y co-ordlnate and ve1001ty v are. perpendlcularv
© to -the. _x' ax1s in plan.' The y coordlnate is

deflned to be posltlve to the left of an observer_

standlng " on. . the channel ' centrellne_'.fadlng
downstream.

3,J5'The z. co-ordlnate and w veloc1ty orlglnate at the

'”bed of the channel and are p051t1ve upwards.d

®

Strictly; the z dlrectlon is. perpendlcular to the

bed but may be" taken as vert1ca1 in most cases.u'



For thls co—ordlnate system the metrlcal coeff1c1ents"

(N sh and Patel, 1972)‘are:

/

67

R(x)‘is p031t1ve 1f the center of curvature at that value ofv.'

‘X is to the rlght -of an observer fac1ng downstream.

. This system may be - shown to be trlply orthogonal by the{,.

'Tappllcatlon of the Lame condltlons (Nash and Patel, 1972)

-fAs it stands, however, the above system does not establlsh a
. un1que~relat10n between these co-ordlnates and for example,

' ‘Carte51an co—ordlnates. Ingother words, a glven p01nt ihj

aq

‘_space may ‘be descrlbed by mdre than one set of co-ord\nates

1n thls syﬁtem.n In such cases, the extra condltlon requlredr

3

ﬂfor unlquemess w1ll be to choose that set for which then;'

absolute value of the Y co—ordlnate is the smallest

For use ln practlcal 81tuat10ns thls system requlres-

the measurement of long1tud1na1 dlstances along the channel

.l

‘ pcentenllne whlch 1s the normal procedure. The varlatlon ofy

PR

_numeracal or graphlcal means. ; An example of a, numer1ca1

"procedure 1s glven as part of the demonstratlon program 1n

r

~L,[the rev1ew sect1on.g‘!~4

Aradlus ﬂof curvature ’must b evaluated by analytlcal,v
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eé@2;2 Eqdétidhs‘of=Motion

~In terms of the ab&Ve coordlnate system, the’ Reynold'

:\ ¢

'”Equatlons of motlon for the steady flow case with negllgable )
,';Wv1scous effects may be wrltten aT ‘“ M | o
Ru 3u  S8u _ ='3u _uv _ 1°'R 3%p
R+y 9x Yy Z Rty p R+y ax
N R au'2 au""v' .au'w.'.' au'v') - | R '(11'1)""
R+y 9X - ,aym T R+y ~ . . ."f ) o
Ru vV, v ,gdv_u  _ _123p
R+y 9x , 9y 3z R+ p 3y

)y 12y

&

jf_ | ﬁ ou' w-ﬂ; " 6737 1 T .:.‘.f 
(R+y Aax o R  1 o . (}lB{

=N N /

"where p 1s the ple21ometr1c pressure.: The overbars lndlcate'
fitime aVeraged quantltles and’ the prlmes 1nd1cate fluctuatlng

- components, ‘.v T.” S .'£ -  .'  ‘e Q, -'ﬁva:w fﬂf-"
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Befdre"f‘preceediﬁg “fufther' it‘»’;is‘ deSLrable o to

bnon-dlmen31onalJze Equatxons lll - 114._ Let'hv

| o o sy
y/b ,I ‘v . o " (116) * g .

'}

s
Zx = 2/dg. s R & B & 5
..‘q;.;:u/Ud 3 ) -. t ':-. | - -'.‘. : S  > )  ‘((1i8) ”
RO A T S ¢ £ I
Cwe=ow/Ug e L '(1zo)e~

.pf.=fp/vqo_ o (121)
Re = R/Rg - — T2 .

“where b dOI Up and Ry are representatlve values (average orﬂ»~\$

r

'maxlmum (m1n1mum in ’the_ case_ of Ro)). 'The follow1ngq

: non-dlmen31onal grouplngs may be formed from these scales-

a = b/Ryp . 0T 123y

m'
]

..p/do: :;k‘.;»*.j_i".  “' | | : ‘ | (124l

Y= Vo'/edg T Qs
DI e T
Equations‘ 115 125 may ee‘fsuestituﬁeﬂ,'ihto.iEqUaEion%f

111 114 to give°
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C For'convenience; frOm thls polnt on, all starred quant1t1 s

'WIll be represented by the1r unstarred equ1valents.

The flow equatlons have now .been’ scaled such that all'

varlable terms are of order of magnitude one or 1ess.j‘A

prellmlnary est1matlon of the size of each term is 1nd1cated

fby the. slze~ of it's. coeff1c1ent The three -parameters

-

:inV6lVéd afexd}SB, anszRZ-.aFRz 1is a. typlcal Froude number

.ﬂand may vary from near zero to above one. The parameter 8

is usually referred to as the channel aspect ratlo.' éorf'
‘-_natural channels it is usually vary large (~50), whlle EOr{

'laboratory channels it may be an order' of ﬂagnltude lessdlx

(~10). Some experlments have been performed W1th values of

8 about 'l.f "Flnallng'a,4is" a:-measure 'of the . relat1ve

:curvature of thevbhannel ~ From. a maxlmum 90351ble value of

4

“one to ‘a m1n1mum of zero 1t may be the best Lndlcatlon _of
_ curvature effects. Typlcal channel bends would have . less

.‘than- 0.5. Average bends (Yen, 1965) are' typlcally about‘

e

’2.2.3 Perturbat1on Expan51on .

S

The system of Equatlons 125 129 is . not solvable by'.,p'

'_present methods. In order to derive useful results, 1t-is:f

v

ecessary to ut111ze approx1mate analysls methods. A.:r.mi'

/



"\__

) G (X,‘,,’Z', QI'BIF
R Erarbetg

S ~;u(_<

‘:vproduCtive‘teChniQUe-is thatvOf perturbation analeis (Lini'
-and | Segal, 1972) Thls method has been applled to the

curved channel flow problem in the past to pfedlcﬁgsecondary

“flow (Rosovskll, 1961, Yen, 1965-, de Vriend, 1976 for

example) "The parameter ‘most often chosen for the expan51on

is- a/B which certalnly 1s very small . Slnce the horizontal

d1men51ons were scaled w1th RO, thls resulted in drastlc
&
sg;pllflcatlon -of the. equatlons and postponement of ‘any

i~ ¢
-

consideration™ of deve10p1ng flow 'to the- second order

rappr%xlmat1on at 1east

- In- .the present’ Study; ‘a differeht approach‘ is

followed The horlzontal dlmen51ons are scaled w1th the -

channel half-w1dth whlch 1ncreases the relatlve 1mportance

'ofi'the d1fferent1al terms lnvolved T The perturbatlon

.expan51on parameter 1s°chosen tO be a- whlch 1s larger than 8

‘but allows .more 1nformat10n to be galned from a first order

; approx1mat10n. Stlll o is small enough to allow reasonably

h accurate calculatlons for all but the sharpest of bends.

The procedure is to expand all of the unknown varlables

'n1 ‘a power serles of a,‘whlch 1s'taken to be the entire

dependance of ‘the varlable on qg. Foruexample:

2) = _ﬁov(X.y,Z,B[F;) + f-!L—ll(lererrFﬁ) )

1

’
.

_*_92 ﬁzi(xhjfz{B,F§T‘+_.;;

72



j(
’w‘z,;ﬁTﬁT, and.VTWT gf;and i'subétituted_ ~into Equations
= ; L ’ - C -}' . . B ’ . ' ‘ T ’
©126~-129.  In addition, the following approximation is used.

,( ) =1 - a %.+ (a ﬁ) T see L . (131)-

After éubstitution; straightforward but considerable

. . - oo u L e .
algebra yields sets of equations for each' power of . The

first set, the zero order set, is:

&) : _
O T WL R S TLI
0 3x 0 3y °70 T3z 2 3x . ax
S S o Fo :
. . "R
]
a(u!?')' 3(uTwT) . ,
-0 Ly 0 (132)
oy ‘ . Kjaz . v
@
- S, = g ) P — |
- 3V, . .avo_+ - v, . E__,apo _‘a(u \4 )0‘
0. . °8x 0 a3y 0-@82 F2 Ay D &
. : R . :

RIS A PR Te A P »
- 5y - Q 37 (133)
‘ .
ﬂf\ : b
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-~ The zero order set may be recognized as the Reynold's.. -
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4 - TURBULENCE CLOSURE

To ‘proceed”













.. - The ‘other two: "vorticity*’

o




-

O ‘. : P . W

___d; w111 glve 1nformatlon on the dlstributlon of bed

: e
stress.,

. S e
skew1ng of the longltudinal ve1001ty dlstrlubtlon because 1t
: SR | B S A i BN
contalns a. —3§» ter@fll»ﬁjlﬁ""

v,' ‘

Flnally, the vertxcal vortlcity n. is related to the

To facilltate dlscussron and hxghllght the 1mportant g

s,features of these vortic1ty transport equations consider a

s:.tuatlon where uo 1s a: funct1on of z only.v \__I)hs would_'"';»i,-_

'.:I \

L SR

sltuatlon Equatlons 161,,165~and3167:reduce:to:vf]*

AR
."

"wvt 2 B j»,_aw_l '_a.uo .. B. S

Coeean L Ve i2e S’ L2d
‘»huo —E el PO 48 ‘of — _f'uo ax (ﬁ):v‘”:. (}69)

9xX H.BC . _q:‘_'.;ayJ:az

ﬁ”gfizﬁféﬁl;y»?t o w; av1 ;tZUQ“QUOV'_;.,n; . d _l C rrma

B T _5.9-,_?; 2%
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Equatlon 169 describes fthe- transport ﬂofjjvertlcalfff

apply in the central portlon of a w1de channel.d For,thlsﬁﬂfrorw

longitudlnal velocity.& The rate of change of thls quantlty{;ffﬂ”'

.’Vﬁ along the channel i?f equal to the- four. terms thef”

rdiffus on term which would tend to reduce

Qright‘hand—side of Equatlon 169r; The flrst ls a turbulentc;f;”“”

“Hto o.f The thlrd 13¢



.‘j‘..'jvertical veloc, y“:i dlstrlbutlon.,,»':ﬁ e

Camas Y

> writtén as:

.o Therefore: .



Ta

s0 & o.¢01)-~rf7
88y
-7— = _°_ 03

L FR R

i And . the 'largest of t:he dlffusion terms (Cf zo)

\













siew;leen g:from Equatlon 182, Equatlon 190Amay be solved for wlﬂu

and then Equatlone 188 and 189 leand wl“f

".\..

"-ff}\\ Boupdary ; condltlons, Lrespe01 lly“f;fﬁiff

e bouddar}es, compIex ,and‘ controver31al ' fﬂéoﬁéf;:”-'“
A e N ‘ --w?;‘:”ff:
G s;mp11f1Cat10n may be obtalned by con51der1ng the s etries-*

iiof the problem.; If uo 1s symmetrlc about y = 0 theh & and w

‘”ﬂjwi- *also be symmetrlc.g The vertlcal vortlclty m. w111 also

»

Habefsymmecxlc.‘ The calculatlons may be done then only for

‘ormal der‘vatlve of these quantltles xs zero.

i Vﬁlue problem,_ffi._"

1

" At the free surface,-the shear stress 1s approx1mately;:ﬁ‘

zero resultlng 'ig-‘and an/az belng equal to zero3‘at_f

Flnally,4 boundary 'condltlons for 5 and jafaf

requlreﬁ.at z a 0 -and . y 1., As was~dlscussed in the rev1ew;j'.

Fsect_on thlS° condltlon

1978) have suggested a partlcularly 51mple form for s;h.

o

ﬂamely”that 1t w1ll be zero at the 5011d boundarles.,;phis;‘;
Wplies 'hﬁhwfth shear stress “igf?uk:m

- ”?It'was argued however,

slrtual boundary created at Y = O:vthe_flﬁ'““

thef-?é S



analytlcal solutions, at least for the secondary uc.‘lrculatzlon S




'where Cb 13 a constant to allow the dlstrlbution to bg tuned
"1to f1t mea3ured d;strlbutlons._ The constant u0b is biven_}ifﬁgf

:'r D

;?1Th velocltlest‘




DA

.~
et

tinto .a boundary ‘condition in mw by




then“\be used

'~not jhave ”a large effect_;onff:h;f OVErall SOlUtlQﬂ

\

. .,_1
ivery 51mp1e to code, 1s

'jspage, prov1des rapld convergence a_

iteratlve boundary conﬁltions 1mposed.tj

;approaches'it s f1nal value, fewer and;fewer 1teratlons a;f“

e7eFORTRAN source code for thls problem 1s 1ncluded 1n.ffﬁw""

Typlcally, a run took abOuﬁlthree mlnutes to

e
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‘*'éé*? DBVELOPING FLOW RN B AR

2 7 1 Pormulatlon ,!)g,;;ffﬁ:fx;QAg:ff{vf':”{p[‘ J'?Q';

"‘ . L . \_)__&

To predltt longrtudlnal varlatlons of the perturbatlonf

velocity bomponents, the full set of Equatlons 163 to 158fﬁ”

should be con51dered The most important dlfference from]l
developed flow~f£ the 1nclu510n ”off terms rnvolv1ng_'

O

e

der1vat1ve§‘w1th respect to the x dlrectlont The solutlonc?

:J;f.of thlS set of llnear equatlons would be ‘a formldable but[f

not 1mposslb1e task.

A Smellfled solutlon procedure ;1s suggested by thet

- 7
R TSy :

. N . N
e e g L e,

: B ‘ o
followlng.ghfsfhe- developmen€ | ”’the> superelevatlon sandlﬁ'-'n-:ﬁé
assoc1ated rnertlal effects 1s veryvrapld (L b) and ls:;-~v“ “3
centered about a change of curvature \(see Appendlx A) f?
Secondary c1rculatlon‘ develdﬁment ,occurs }somewhat morelzrfh: ;
slowly (Rosovskll, 1961) but 1s Stlll very raprd compared ton: {

ulckiy and are not strongly

-developed values very“"

y~the developlng longitudxnal velocity dlstrlbutlfn."

.fThls analy31s of deVeloplng flow,'then, cons

and affect each other,v1t appears that the f1rst¥7wo reach

iders onlyrs

ﬁg the' shlftlng of the lon91Eud1na1 veloc1ty profiles.: ”Thef'
ffbehav1our of the flrst two aspects of developlng flow jis.

also somewhat better understood Whlle all three interact\ -

n>

affected;.[l

2 8




ffunctlon about x = 0 with a maxlmum value of one

<Afj§;5§'

The “D multlplying the first term and the rate of

devetoplng o reglon represented bgkif‘ llnear

var1 tion of the term from zero to fully developed

and a base extendlng from ..;{hl to x =-1..

\\ ‘ .

. change of curvature term are taken as- 1 0 for ;gé-dﬁ’

'2*‘4;

5.

i v R . Lo

The 'vort1C1ty ﬁjis{takenjasfh

: aul S ST AT
3y s L TN |
neglectlnqr the varlatlon 'of Vi w1th X as:g';

Small h.ﬂﬂ;,,:[ﬁ'5d*{ fffsl°f'ﬂfﬁf§fﬁﬂ&?cf
The second derlvatlve of n Wlth respect to x 1n\\\

anf"iF; neglected compared to'fhthe ’ vertlcalfv_f\\

derivadlve'zs Thls simpllflcation reduces the{"; c:\

equatlon to parabol1c form which w111 be easier to;7f€ﬁ'}QA

solve.

srue e B Lz v



s o109

that n 1s taken 51mply as zero atgfflf“’“

AR

‘;) 8

:ﬁ;ly.--l to av01d hav1ng to iterate for rar solution.,t:ifhéﬁ\ o

-

4

5_5 veloc1ty ul xs then derived by 1ntegrat1ng n Wlth respect t03ﬁf}

. B W oo . . [ -

e B S . . N SR . B

Equatlon 204 may be solved numerlcally by -an exp11c1t;ff"

o~

techn1que' very SLm%}ar to tﬁ success1ve-over relaxatlon“5f~""w

technlque used to solve for the developed-flow dlstrlbutlon

2.

"fi—In fact,_ 51nce the developed values of Vl and wl.‘aféafgﬂ

requlred, 1t ds only necessary to modlfy sllghtly
program used for developed flow and to save the longltudlnalﬂﬁfdﬁﬁﬁ'

veloclty dlstrlbutien at perlodlc dlstance steps.

'ff ThlS method however, llmits the max1mum distance stepj:"

v&. L

for a stable solutlon. e i (conservatlve) dlstance stepl :

used was-.ﬁ‘fi'fl':;‘f'_jf

o 25.___ (Ay) Q:. - s‘l":: S ’,<(205);*2}‘*

2 7 3 Comparison to Experlment'

)ﬁﬁ\;:;- This problem was solved for parameters correspondlng toffiLt

..\

-;Run l of the experimental study and the results are compared”"'

‘v1n Figure 20.f THls plot shows the varlatlon of the depth




have an 1mportant

lateral veloc1ty appears only to smooth the distrlbutlon out

and transfer what is essentlally a wall effect towards the

_;‘center of the channel. . A constant, but anlsotroplc, eddyv
- G B : L L
e v1scosn:y was used to model the “turbulent momentum transport

~1f~wh1c>\ had a gimi

Do

e appr;oicggmattlon‘s.




imen

r

to- Expe







S . . .
Cp s

3. PART THREE - EXPERIMENTAL STUDY .

EOIET

<

rINTRbDUéTibnf'}7¢f;;ffq%fkgf;q“gif ‘ff 3,"f4“"'

1n51ghbs 1nto ~the problem of flow i 'ieutﬁedf?ébennEie

-

| valldatlon ;'fbgf

prov1des unptecedented accuracy and resorutlon in”

s
. .ﬂ
< K I v:-

‘:ﬂo'_"‘ L2

';] ,‘,._a"

”Qflxquid flow measurements and theaexperlmental fac111ty was“ R

vtff?desxgned spec1f1cally for the ,DISA LDA system n:gtbe;d

.

t7fonnversxty f Alberta s Blench Graduateﬁ,HdeauIiCéfﬁgﬂfg;

”L:*Laboratory.;.;1'> . e
,VThe' obJect1ves .of  the exper1menta1 study were as
*'f';fonows-, T T °

- u-"“"q Tt i PR el

“ . . L - -
T e A e MR S
o e -

The phy31cal dymen31ons of the flume epould be of'A

reallstlc proportlons and the channel should be as“‘ﬁ

- o y"-‘-‘ [BE

”":fflarge as sgace permits. iﬁ‘*fffnf, 1fﬁifu:ff"’”

”ijThe total angle turned by'lthe bend shquld be as‘:. -

'ftéilarge é"fﬁbeéiﬁle sb that the full extent of4w

:°}developlng flow would be observed. if 90851ble-v°

:-fanhe experiment should be designed “to take full

aadvantage °f the; LDA' e unlque ;capabl'ities forflf??:f







dnoket swnry -




»supports were also arranged té-;mlnimlze 1nterference

The‘helght of the flume allowed'thé sump

f,back to the sump.f

? ;and head box to be abdve floor level

S

.3;2;2 Laser D@PPler Anaemometer ﬂf 7 o

‘fmethod for
‘f]measurementg.‘;ﬂjr,.*";

"""G,;:Ln.&u ,,,av:»_..




"To” further ‘enhance. signal ‘quality

measuring . volume, ‘& -







8 e P

: BN o o e
by photom tlpllers “and”

xcomp ter:_.' for ana1y51s._‘. A colnc:ldence fllter was used":

approx1mately s:.mgxltaneous mformat1on ,on‘ each

. .’




"‘-”ate a’s about 200 *'samples ';per secon

o e . . '~"‘

correction‘_if method (Buchave, Geor_g’_ejf':&:’;[: i

CHe gz T

T




= velocity réading from‘blue beans

velosity reading trem gremn beams.

Tu - Y




time

“Por. example:

‘Gomputatiol

e R e E T P PR

e - prodedurs®

extretie outlying

caloulated ~using:




beam: intersaction

s;‘Aarﬂting‘: as“close tQ the_bed as posable and proceedlng

PR N
~_(_‘._ ‘_’._‘h"’-nb‘-.‘v.

_upward to the surface. - Eleven proﬁiles were *‘takem

&

-10 qmm. through the,_,— upper partn of the flow'. .

performed “are '-g‘if\(en in’ Table. 4.




?.&Oo‘_"..’qm
o g EAR N
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tal
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ff hfo1lowed tnr expanded a. proflles,_lateral'veloc1tyix.h

‘vjand turbulence4 proflles._v Thé secondx run 1s not,

LR .
-\.\.eq~~‘mw~

the wrlter in the form of tables or oh computer tape..~ ‘r"f?;"

\?iﬁrhef;u”.veloc1ty proflles.hf partlcular' show ;an,*““ L
z 71ntere5t1ng varlatlon. The flrst two Sectlons, before the..wml ;
v o S AR Cowleia o e Dl
" start fj“the bend,_ have--an almost unlform 'lateral’f e
. d1str1but10n w1th only the two .outermost proflles belnge7 :
_notlceably dlfferent._ The next proflle, Just past the start,;--
f 3the.1ns de of the channel than on the out51de. The furthestff"ix
j: almostAunlform agaln (the 51xth sectlon 1s 90° 1nto the
T




- almost'uniform‘iand .im . some cases receding

| the proflles 1ncrease throughout the depth _lﬁifl_ff:ffwftlﬁ f;ff ,
. The expanded u veloclty proflles 1ndlcate much.the same
varlatlon over the bend as the full proflles,'although the

yhnﬂ,v“leqpes of the veloc1ty profiles near the bed may be taken as

1nd1cat1ve of the ;bed stress at that locatlon.-&wMah&;rdfj;f‘;"“"“

ya e e - 4

v

these proflles appear not to pass through’ the or1g1n,~ :

;j'}ﬁ‘ehndlcgtlng a small error ln fixlng the bed location.prThls_

Ty E
RS e o,

error is less than a’ few tenthsqof aamllllmetre. ;téf%@jis‘-ﬁx"_ o
The lateral veloc1ty (v) profiles show the developmentu'
of the secondary c1rcu1atlon around the bend. The prof11es,

1n the straight channel,, espec1ally the second one, also;pnﬁ;

fﬁ:?{f; show ev1dence of the much smaller secondary flow expected in

' a stralght channel.~ The maxmmum magnitude, near,the surface

at the furthest out31de proflles. directed toward the centre

.ﬂ

;.;of the channel and approximately symmetrlcal 1s about two

.~

per cent of the channel mean veloc;ty. .




sectlon, relaflvely

. m‘.-...,"j

corrected, ‘ lateral veloc1t1es.gjp

v mean‘ outward~~component'

i ERe fifth sectlon,pﬁ' secondary c1rculatfbn ls.‘ﬁullYLﬁf""'
| ’; _ developed anddeln fact appears to actually decline bbl B
gf‘ ‘ magnltude through the, rest of the bend ‘fTheY furthest}ffigh"l:
- 5;outslde Mproflle also shows ev;dence of a counterrotatlng;¥"f
'01rcu1ation cell f: The twelfth sectlon valso shows a net;.n
- outward dlschargel andi'thel thirteenth'gsectlon,{lini tﬁéwfi -
stralght reach follow1ng the- end of the bend shows theb -
secondary c1rculatlon decaylng.»f__r:'vJ o | R
L The turbulence anten31ty proflles,.glrstwh—+_- and thenttwj;”
S :__Wfar. also presented although _1nterpretat1on flS['notjﬂlj
o slnplet,: The measurements of E*GT turned out.{to be too
i ldz‘small;to:show any SYStematlc ;arratLOn at all Since‘thls?i7;Jv
ipcorrelatlon corresponds to'the turbulent stress that would’,“d j

N .

”fwas smaller than the experlmental scatter.;ﬂnrf

Jia

act on the slde walls 1t was, expected to be very small?"

p:through the main central part of the channel In fact,‘lt

w‘-‘f" -

e it e e sm e
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{ifimtegrat1on.»‘:; The vvarlagon _of these _quantit'ies “would show :
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Polar 'Plot: of Veloc1ty Vector L
(x = 11 49 m) "




'gjsecond run contalned no - poxnts 1nxth#$f:@bi¢m;éﬁdvﬂo;bedﬁl

‘5jstrq\j angle was computed.h_?'

Gnce the bed stress angle was obtalned 1t was a s1mple
/

»

. matter to calculate the lateral stress magnltude as-f'gﬂ
. B = - 0 A . . -2:'- < o - o . e .
T AR = rangu I ¢ C R

‘the’ f°11°Wing integral was also calculated-73"7
A g TR L

fThls moment of the lateral veloc;ty dlstrlbut1on glves an_t

1nd1ctfbn of the relatlve strength of (zero depth average)"

':c1rculat1on. o

| All of these quantltles were calculated by a computerhi

f;ifprogram whlch 1s 1ncluded 1n Append1x B for reference.,.The,?fr
l;regresslon curve f1tt1ng subroutlne used was from Peterson;

3. 5: DISCUSS ION

Flgures 89 and 90 show the longltudlnal varlatlon of¢1fh_;f

DR

~;_ﬂde th averaged longxtudlnal veloclty for the two runs.:-FromT:f“'”

a\relatively unlform lateralgvarlation before thefff‘lnnlng )




L S olE o OB

- 02

T —

S HMJVA ::m - >uaoon> Hmcmczuﬁchﬁm
Ummmuo>¢ :uamo uo :oﬁumﬂumb Hmcdvsuamcoq.

LT mox

t ﬁ tE#3E§tj?< .j<I.r

e e vio- x

”F<l ;J

o momO X

" Sl e T mou
R B
. C | | oo o

mOI,




N
s

;.‘.m“ ; N ::m ~ »uﬁoon> Am:ﬁosuamcqu
cmmmum>< :uaoa uo :OHucﬂum> Hmcﬂvsuwm:




. N

the f1rst part of\the bend, After x/b of about 10 the'

vdlstr1butlon starts to skew outward and thls trend appears":
fto contznue for the ;est of the bend.' At the end of the o
bend x/b 32) a} further' sudden outward skew1ng takest

’»; 'place. ' ;Due;‘ ﬁ short ex1t channel avallable,,gno-“

”“f-s;gnlflcant_returnlt a" dlstrlbutlon was observed
{rfrhe>secondJrun/2L

=end of the,bend than’ the f1rst run.‘ The furthest-1n31de

jproflle (at b/y ;—0 8) in both runs shows a- larger veloc1ty'

‘udecrease than the correspondlng out51de proflle (y/b 0. 8)

‘d”7ﬂ,shows a veloc1ty increase. Both runs also 1nd1cate a. sllght

p3decrease in cross—sectlonal 'average veloc1ty through the

m?“bend but a smggl rebound after the bend ’ The nlnth and}b

/

}.tenth sectlon appeared to behave sllghtly anomalously, w1th"”
~lateral varlatlon appearlng too large at sectlon nine and
'5too small at sectlon ten. An uneven ‘bed 1n thls v101n1ty”y

> ’may be the explanatlon. 5;f

pears to- be even less developed by the |

108"

:y'-fof.the bend (x/b = 5» the d1str1butlon skews 1nward for -

Flgures~91 and 92 show the longltudlnal varlatlon of” )

'ﬁ'the; longltudlnal 'bed stressyﬂin the‘_form of  a shear.
v*velocity}: Wlth somewhat more scatter; p0551bly reflectlng}“'

‘ﬁthe'ﬁcaloulatlon method more ‘than anythlng else, _these

‘“'fdlstrlbutrons basicly' follow_'the, pattern hof*;the 'depth

*averaged longltudlnal veloc1ty. The magnltude of the cross’

.’,

5channel variation 1s relatlvelz_larger.g ‘Sections nine. and_m

'sectlons. ,Qfgil-i' . o ;ﬁ"f» ' - AN

Vo

ibflten agaln appear somewhat out of ‘line - wrth the rest of thep



,,

'Tfy;;pfA Flgures 93 and 94 show the varlatiOn of‘ bed ‘st essfj

? angle as derived from the polar plots.,

vat-‘ both*‘y/b 10, 8 abOut 60% of the mor' <

o The distrlbutions'“ﬂ' "
i‘x/b 5 decreaslng slightly 1n magnitud
. - i R ,
max1mum angle for Run 1 (tan¢ 0 20) corresponds to'a valueﬁg ;

\.F_‘

of K of about 12 w1th an average value og abOut 10_1n theffff:f5

The‘later

wvbut appear to vary more smoothly.~

{;_.- .

5lare generally small

(less than 5 per”

large inlaE

. .since . the ‘longitudine

- appears .inward.
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dlstr1butlon contlnued to skew outwards ‘in Run 2 (even more'

:_/«\ -

Ferror was present

L\ The

1n Run A2 cau31ng the lateeal

odistribution.' : Indicatlng-dth relatlve strength of ;theluw

;‘»5c1rculat10n -at thlS p01nt, theSe'plotsIShow.the,clrculationf
:fwdeveloplng very qu1ckly (by about x/b.= 5).-,'»They 'alsd‘

3 p1nd1cate that the c1rculatlon ‘also decllnes notlceably oversi

than 1n Run l) 1t may be concluded that a small allgnment:

'the length of - the bend Thls is. more apparent in 'Run; 2.

208

- ast two plots,‘ Flgures 99 and 100 show the.hll”

5_Jvar1a;lon .of the flrst moment of ithei lateral veloc1ty3fﬁgf'

;;'The- c1rculatlon near the 51de walls 1s.”cOns1derably - less -

“feh:(about half) than ”inT’the ‘center of the channel}:;*“The

3

'={beglnn1ng fj_th decay ‘after ltheArendf'ofu‘thev:curve:fv

SR (y/b = 32, oy 1s also shown.

N |

3 6 " CONCLUS TONS -

Two complete experxmental runs were performed ,Thei“i

e 7,
:;Laser Doppler Anaemometer prov1ded veloc1ty measurements in

PR o.,:,_“f'_“.': CEENEY '-7
. e

.

. _ if the-' longltudlnal nd lateral dlrectlonsl of

R
AR

i

ip_:ameters theVer.i

Y

nprecedented:detaxl and prec131on. The tlme lnvolved for?v”

fﬁexhlbited fully developed flow. The secondary c1rcu1atlonf

’I;’developed quickly but the longltudlnal veloc1ty dlstrlbutlonfd

'each .run precluded ja;ww;der range of geometrlcal flow T

Desplte a -total lncluded anQle of 270° ;neither‘jrunf‘f”l"w;'
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“*':the veloc1ty,vect'

.:: rel1ab1e

vic1n1cy of t

he out31de'wall and alsﬁfff“

. ._n,-

”Vshear stress 1n thls vr&inltj The first should be measured g

\.‘,

: g : i i . . PR T -;‘ 3 v . - - . nh, ' -
nal fv locity proflle anad second becau e; of 1t's_w,:§:Ai

_n;..



ﬁ:)}

’ N \«

.. not avaidd \ o

unmeasured

-'the use of the“ LDA would be lmpalred 1f a cleax: v1ewport was,}".‘-"i_r,":'Ifij'

i‘.‘.‘-f.reference for: comparlson wlth theoret1cal predxctions andl" "

"t"."‘..'completely unexplored and a- w1de range f_-oif:; parameters_ |

bed and 31de roughness espec1a11y could be changed, althOugh'f:”ﬁ'ﬂ .

._'_,detalled experlments were performedf.i

v.i,_b,h.whlch further 111ustrate the flow mechanlcs, prov1de xa.‘f::., :

.{;-:.add signlflcantly to the body of exper1menta1 kn°W1edge.“.

'l‘her:e remalns, however,‘-s Several__ apsects f problem



- CONCLUSION .

o measured only

.on’ _the Q;ositlve

2 ,} understanding

-

| superelevation and



1nitia1

I SR
velocity dlstrlbutlon:‘;

LeSS;important but 1nterest1ng would be to

“~nVestlgate dlfferent turbulence closure assumptlons._‘# "

,‘;Ca:lculatlon ‘of” a- second order approxlmatlon would a:Lso _{be.,

“in erestlng but would 1nvolve cons:.derable effort. v |

An experimental study comprlslng detalled measurements

Y

of 'lo .gitudlnal and lateral veloc1ty components for two fl

RS

.situ“'tlons was performed. _ The 1ntr1cac1es of the flow were‘,'f_‘_‘_.--__ ;

e"'ealed 'by' these-;.zexperlments and the results were used to



_‘”'vuder‘ range of geometrical and flcw parameter's".

Insummary, a detaxled llterature‘ rev:.ew, theoretlcalf:i'":'”

p

.‘anal 315'. and exper1menta1 study have' been performed on the‘j“'""l L
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5;ffabout equal to the channel w1dth lS requ1red ";:?fd1ddf'.jff}&"'“

APPEND IX A

Calculatlons of developlng secondary flow may be qulte

}:étrongly influenced by‘ the: water surface conflguratlon. -

.,;l&déVeiopmeﬁt 1ength éto 90%9 for secondary ﬁ;ow as-

"v:hon—dlmGHSLOnal Chezy E coefflcfent.

€ ,._}.Q . : RS N

R

< @ . 4 \
¢. AL et e ¢ 0.';, . A - &.v..a
Co. Co > oy

P a3 .
et e o e '
Ce s TN LS T ""«L.,i,n,-."'

. : ER IR T 3 e e

. Therefore ’ many

7

ﬁ‘-JaVQ

A"»J51tuatrons w111 @rlse where thls 1ength 1s*comparable to the

o e L
g e

'ffdevelopment length for the“superelevatlon.‘”dfdﬂm,uAi ,;f;fé?V

Studles whlch do account for this‘phenomenon such as

& ,p. ":4’\ AR ! [

*;?Rosovskli (1961) and Nouh and Townsend (1979) g1Ve,Jai-?

*where Hugvls the average depth of flow'and efn }§'tneT"'”

“{jthe numerxcal ﬁodels ofvteschlznar,andaRod; (4975) andhde_'

e
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The pressure dlstrlbutlon has been assumed hydrostaticﬁuﬂ‘*

wfi:§h§e§sll‘¥7riction terms have been, neglected.g}

The latterc’fh

Also let._j:,ff-”J

| where R0 1s the minlmum value of. R~ expected 4 _
o These may be 1ntroduced 1nto thations 2 to 4 anﬁ after
g ’someusimplification (starred quant1ties are 9ow represented
| MA”h}wthelf,unstarred equlvalents) we - obtain.:fﬁfiqi:fwir;fgﬁ":i;;;f«;

S “,--_s‘,‘n._‘ -
) .
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e TR:.f;etff»;.g’fi*‘ﬁiijf Ticﬁfjgwg{;’gjaiﬂ(;;jfgié;gyff, L

SRR - f
ands Sl
T . Sy
202 |

P!}?ﬁgﬁjﬁﬂ For all but the sharpest bends a 1s small compared to w¢;gl{;

Thls leads naturally to a solutlon of the 'abovefg;?wff;

:

-@- problem 1n terms éf a power serles 1n a.ﬂ Ihus:#-wﬂ-vd"ﬁsé"‘

u(x,y FR,a)+ uo(x,y F )+ au ; (x,y P )+ a u (qu'F )+etC-]ff'
. .. - 1 '

. Also:’ -

Sl U ey afyt T o o o R
. o " = 1 s + = "™ s e e . o Al7) . ’
esh R R o e

f?iﬁ;ffby blnomlal expan31on.‘if‘u.,5i e  w~i“J“7 jfif‘t.j"ﬁ_.,fﬁ?
Equatlons 16 and 17 may be substltuted &nto 11 throughi.r

':fff12€f andu;'then grouped degree~ of & to heﬁe solved_x'

P

'ff separate1y. The solution to the zero order group is 51mp1y.af

“n“..._".-.-'- ,',,}»;

L= Lpvy=0 . T (areta20)




The f£irst. order’

s

u
W
8




: B e e s BRI
"BeCanse;of the 81mple condltlons the boundary value

Lo

problem represented by'Equaﬁnons 28 and 29 w1ll be the one

For the s1tuat10n pf a long stralght reach followed by
& long curved reach<§T;—\may be Speclfled as follows-?"'
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”f:g]i;::f A characterlstlc length may be derlved by cons1der1ng

. h
b, . .

7ﬁ37%he behav10ur of thls functlon at y —ei»-<Def1ne L to be'
'ﬂ;the d1stance between the 901nts where hl'Ls 5% and . 95% of

'?fﬁfﬂifit s flnal value.‘ L may then be solved from;9

(2n+l) o o S U :

smesp =) P sy

EXPERIMENTS

To provide'experimental verlficatlon for the preceedlng

ﬂfew prellmlnary experlments were performed. -,fr;,,;

. A'.I\ PR ) . . ';°-’



L2310

{the averagef?jjﬁfﬁ

7o _ flow depth ‘was. Gl'mmf
'veloc1ty 0 38 m/s,jp;h w1dth 1 07 m -and F»e'fjff:g

"centerllne radlus was 3 66 m.v;f,Th Proude number' w;sff:‘

Sy

"figitherefore equal to o 495 and a was-0. 146.,,”

x

‘f;The water-_surface"elevatlons \were measured with va--

L.

screwdrlverf probe and sloplng manometer. o Est1matedf

.

’f; accuracy was t 0 2 mm_,:t.%f:_i
Flgqre A2 shows a 'comparlson of Equatlon 49-5§ndijtnee/: :

vvf experimental results.f The varlable h* 1s glven by;n;?':w

0

(U b/gR )

O TS : J

'fg,The agreement ls seen to be reasonable.,-

>:ﬂ°'¥he second experiment was)performed 1n an S shapedn”

'dflume where tﬁe curvature was abruptly reversed f In thlS‘f

‘”?casevE- 0 50 and q = 0 140.: F1gure»A3 shows a c0mparlsonf

‘Q.of thls experlment w1th theoretical curves obtalned by”~5~
super9031tlon._j? Agaln the agreement iis observed to be;ft'fV'

reasonably good ’ ﬁﬁﬂ'jgﬁg;/?b' SR
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with a few prellmlnary experrments.
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‘fiffnyROGRAM CRVCNL

'“”ﬁihé‘ computer'° program cnvcun i”ig ',numericarfjix;f?“

f?itopography calculatiOn for a curved/channel., The methcd hasf:{ff;f,f

““Q;f'been generalized to allow an arbitrary meander geometry,;?igj;;ﬂ;

T The channel curvature si calculated from \the centrel;rﬁ.;-.z_bm

n:co—ordinates of the stream plan supplled bY.the user._r,m“"”

‘v,:lprogram outputs veloclty (longitud1na1) correctlons and bedj_;_f

':zdepths ‘below, the7 "ater é,ff'féﬁfésﬁ well =Ya:i°US?f;E:3J

:5'Lntermed1ary calculated quant1t1es,ljr”

This prOgram 1s 1ntended Eor the demonstratlon of the,f o

g ,\ EEE

%vf Bngelund method only.' Included are 1nput 1nstructions and al‘;~7

"c.; liStlng °f the FORTRAN source code.;}fi.jf“‘

’5ALfECard #13

R

<. 'INPUT TO 'CRVCNL. . -
. . J S M ‘,- B P

WT'FORTRAN input unxt sfl;ﬁﬁ]zﬂir;fgfLaﬁf;q“ﬁa,v,x*"*~“~-~--~

(5F1094)

e y_ .Aver:age depth




card #3 to Card #(NSP+2) j '(2ﬁ10'4)-

-~

"QQAQp[Sedlment frlctlon angle (1n degrees) (= 25”tdh30 g

“degrees, may be callbrated),_ éﬂf

.

'ﬁy‘SQQ;Sedlment' transport ;coeff1c1ent‘ (54;pr*may Be.

"cal1brated)..~

-t ] .
N 2

| Card’#2 . (213,F10.4)

‘wfl.ﬂ NUmber of longltudlnal sectlons (NSP),

2{3-Number of calculatlon p01nts dcross channel (NNP),

| 3.',Dlstance between sectlons (con51stent length unlt),

6 - .
-

1;_ x co-ordlnate of channel plan _(conslstent length’

. y
,—".\ -

2. Y co-ordlnate of channel plan (consistentg'length

Cwmit).

'°These'co—6rdinates are deter@;ned;by choosing ,equally

'5jfpan arbxtary Carte51an co-ordlnate system w1th the 9051t1veh'

-

"gx-dlrectlon correspondlng roughly to downstream along. thel"
-ﬁ;valley ax1s.f All lengths output will be expressed in the

’”f}same unlt used in the data 1nput. ‘

e

fispaced polnts along the channel and referrlng each point to:



*)ff:llsted 1n Flgures B4 and BS

-ﬁfﬁOUTPUT

FORTRAN output un1t aff[”*‘

237

The output of the varlous varlables is. 31m11ar."fThe;L*

Zflongltudlnal co—ordlnate 1s prlnted on the left of the page.f

nwhlle the cross channel var1at10n of the~var1ab1e 1s prlntedl

across the pagef, The dlstance between these poxnts ‘is thef;ﬂfﬁ

\
'

viw1dth d1v1ded by (NNP~1) ?”ff“_id*otfffg'fn*:fhf f}'”if; o

LY
|‘ B -

.\‘_'

'..PROGRAM EXAMPLE

P

Aldeallzatlon 'of _the‘ North Saskatchewan Rlver ﬁeara_the_="

"'v Mayfalr Golf Course in Edmonton. The r1ver 1s répresented-i'

F-EEN

33as a 51ngle 180° bend w1th a centrellne radlus of 750 m.

Flow»condltlonSrar

d1maﬂslons arﬁ

'*"Flgure Bl, the flnalf'bed topography output 1s shown5 onp

"“Elguref.Bz,» and.
 Figure B3. . -

-PROGRAMS PERTRB AND DEVFLO ’fitzp“ﬁ-kt,L

)

These = programs - perform‘f‘the[f numerlcal analysls;‘
'procedures descrlbedgln Part Two.. PBRTRB dpes the developed f
‘;flow calculatlons and DEVFLO does the developlng flow. I

fvnghese programs are 1ncluded for reference only and are

. ’|

' The program 1s demonstrated on a s1tuat10n wh1ch is” an”f‘

b“based on the two year flood. All length:.l

source code'.is. lLsted fon“

‘nqmetres.f‘The 1nput data f11e 1s llsted 0n>"_




N PROGRAM AN Z DAT

Thls“ program analyzes the data as descr1bed 1ﬁ5fpa¢£fﬁif*5

:Itgls llsted 1n FlgurefBG '${~9f;1;”55?
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CURVED CHANNKL . BED TOPOGRAPNY OUTPUT

sim)

°.0
o.13108+03
©.2830K+03
79.:-aoioo:
o.52408+03
_0.9880E+03
P 0uS8808v03
fo.l;voioei
o.1pbssevos
0. 113E+08
‘0. 13108408

0.144 1508

. o.1%728%04 ©

0.1703K+04

"o.1838E%00

o.1988E%04

@,20088+04. 0

©.22272+04
L. .0.23588+08
©.2488R404

©,.28208+04

c.27818+04
e.28020004

- ©.30138+04

- 0:32782%04

0.34088504

0.34008e01
0.3i008e01
q.iiooloov
0.34008e01
o.4808Es01
0.48028401
0.2728+01
o. 18888001
0.17088e01
0.19420%01
6. 1200801
0.1808§+01
.1880€<01
©.1852801

©. 1830801

‘0.18088+01

.180818+01

o.1a18Re0

0.

0.15258+0)

22 843

0. 1040040

©.58538R+00

o.33878-01

© 21335+04 0.28738+03

©.38240+01,

6.33108+01

0.35178+04 6.37188+01

. S . N .
. . ©0.3888800a

0.3080801

© e

s$2+01

. SED TOPRGRAPHY

a N ) -
0.34002+01 0.8400E+01 ©0.3400E<01

o . .
0. 3400E+01 0.3400E+01 0, 3400K+01

©0.3400£+01 ©.34008+01 0.3490Ke01
9.:coo|ooi.otaionl~ol 5;3103¥;6|
o.sa38t01 o.:ll!l001'3.5157lédﬁ
©.48881+01 0.43012+01 0.348 1E+b1
©.30821+01 ©.32088+Q1 0.33348+01
©. 1888101 ‘0. 28488501 0.32718<01
©.20472+01 o.zc&:lkoniﬁfiﬁo|ioo|
©.20868+01 0.2842801 0.33230e01

©.2147E+01 0.38208+01 0.3313aE%01

. ©.2157M+01 ©0.2703€+01 0.3347L+01
16.22022+01 .0.27372+01 ©.238%E+01

0.2308E+01 0.2764K+01 0.33838+01"

©.218085070.2732€+01 0.1364R%0}
0.21718+01 0.27322+01 0 3I8AR+O1.
0.22128481 ©0.2753E+01 0.33724+01

©.32382401 ©.27736+01 0. 3374k+01

0.22686+01 0.2730801 6.33Tag+01
0.310'!001,0?2)0!!091 0.33768+01
o.::iﬁioq: o.;1!liool*9.::1ll00|
0.22088+01 ©.28118+01 0.33778+01
ognonnloon §.21:zl¢oa 0.38228+01
6.87008400 ©.204iRed1 0.36448001
o.liOOIOOl:o;aoatl;q‘-0.3!3\!00;
pnil!olooilo.illll0°| o.33288401
©.37270+01 0.38812+01 ©.33838+01

©0.38820+01 ©.35208+01 ©.313

g+01 .

©.38120+01.0.385012¢01 0.33788%01"

. Figure'B2.. ' CRVCNL Example Output

S

©.3a4008e01

©.J8008R~0"

.0.1400E+01

°J:A9°!‘°|-
6.28188%01
0.2881¢+01
0.3519Ee01
o.s0188s01

©.4086E+01

.0.40498+01?

0.40208+01

o.40188+01

-0.38830+01

0.3%298+0}
©.40008+0)

0.4011%~0

0.33808+01

0.397724014
°.’l73l*0{
0.32838401
0.39808+01
©.3948K+01 .
0,48288+01.
°.l.|ll09}
0.3798g+01
o.318700at

0.3207E+01%

0.328%8+01

0.34008+01
©.34002401
0.34008+01
oiznoégo;f

0.238TR+0)

0.1807X+01

o I.IS’&A’#‘O? 1,

¢ .
0.4a88R¢0)
0.48080+01
©.4780K+01

0.s

t+0)

©.48878e01

©0.4808K+01

_6.4803¢v01L

0.4823¢+01
Q.487%Fe0
0.48838+01
°slll&loo'
0.45088501
o.s8i08¢01
©.44930R0Y.
o.::ie(~o|
o.l-i)l;ol
0.40808+01
0.30818%01
o.t;:vl.ot
q.gil."ﬂ'

©.33088+01

e
0.34008+01
©0.34008+01
¢.34008%01

- Ed
©.3400E%01

0.21808+01

-

o.18918%01

24177801

0.3868K+01"

0.8384%2+09
0.53888+01

0.8200%+0)

o.52348%01

o.s1888v01

0.8188+01
©.81708%01
0. 518880
0.s1280%01
ozuoqi¢~c|

o.g0808%01

0.s03sk 01

o.5082801

o.satree0)

©.64438%01

0.54088¢0

0.41888+01
0.30318+01
0.3083L+01
0.31448%01

0.3187H%01

o

240




W

CONOWE W=

S n0o. -

(101)of30%§9r{' 

.4IMPLICIT REAL‘B (A-H 0- z)

s K
. { . ay
S o v
. . A
) A S
.,'1{- t
3 .
. S B

: cﬁvaL;

[

PROGRAM TO CALCULATE BED TOPOGRAPHY OF A NEANDERING RIVER R
USES: METHOD OF ENGLEUND(1974) GENERALIZED‘TO ALLOW S ;551~‘-’
ARBITRARY MEANOER GEOMETRY I : R IR :

' DIMENSION XM(100).YM(100), c(1do) oc(1oo) _ ,
"DIMENSION DEP1(101,21),U(101,21),0U(101, 21) B
DIMENSION V(101.21), uu1(1o1 21);DEPC(10Q1,21). 0592(101 21)

v

INPUT DATA - o , iv’» ’ 5r;.“ .‘_”'1;_ “;'°~:_w T

100

101

102

[¢eXeXe]

200

o]

anao

131

ooo

10

CALCULATE CURVATURE§ o T

. pc(NsPY=Q. i o -:. ' "'lj.ﬂf. B
Ce(1ye(2) S SR L R

30

" eaLt OUTPUT(NSP Ds /1. 'CURVATUREﬂ.S c) .
- CALL OUTPUT(NSP DS} 4. "DERIVATIVE .OF CURVATURE‘ 23, Dc)

) CALCULATE LONGITUDINAL VELOCITY CORRECTION

READ(S, 1oo)o 8. F, PHI BT L s
FORMAT(5010.4) R B I
TPHI=7 , *DTAN(PHI*3. 14ﬂ59/1ao oo F T
READ (S5, 101)NSP ,NRP', DS " R . - c T
FORMAT(213,010.4) e s
D010 :I=1,NSP S S
READ(S, 102)xu(1) YM(I) L . - L . -
- FORMAT(2D10.4) . ol AL T
CONTINUE ,u .,. B R ' -

"NSP1aNSP-1 .

-D0O..20 :I=2 ;NSP1 .
C(I)-DATAN((YM(I*1) VM(I))
- - ~DATAN((YM(1)-YM(I~ 1)
C(I)-C(I)/DS - S R
“TF(XM(I).GE.XM(I=1). AND . XM(1).GE: xM(1+1))c(I)-c(1 1) il
IF(XM(E) (LE . XM(I- 1) AND. XM(I) LE. xu(1+1))c(l)-C(I ) A
CONTINUE -~ . , N |

2

/OXMCI+1)= xnm) S TR
)/(XM(I)-XM(I 1) ) TR SO

DC(1)=0."

o

CNSP)=C(NSP1) -
DO 30 I=2,NSP1
‘DC(1)= (C(I+1) C(I-

2. /DS o u._"

.CALCULATE FIRST APPROXIMATION T0 BED. TDPUGRAPHY S

DR-B/(NRP 1)'

RO=-B/2.. - ' - Lo S
DO31 I=1aNSP°
.DO° 31 U=t ,NRP . P T R
oev1(1 )= (1 +((u- 1)‘DR+RO)‘C(I))“TPH1 ‘i_“;“'ﬁ" S

“y

CALL OUTPUT(NSP os. NRP 'F'RST DEPTH A PROXIMATIUN‘ 25;9591),‘

DO 32 d’1 NRP
R-(d 1)‘DR+QO




- u(1 d)-R*TPHI*C(1)/2 e T e N :
CDU(1, ) m0s . Lv».f. ;“; nl o é“ “.'f.“ o >
D02, I=2 /NSP . ' : :
;UK1-05*(R*(~pC(I—1)+TPH:*F/DV2 *C(I 1)) F/D*U(I 1 d))
D DUCI=1,J)=0K1/DS" - :
pxz-os*(R-(( DC(1- 1) DC(I))/2 +TPHI*E/Q/4 ‘(C(I 1)+c(1))) F/D iy

F(U(I=1, g)+0K1/2.5) . :
,,#UKssos'(R-(( -0 (1~ 1) DC(I))/Z *TPHI‘F/D/4 *(c(z 1)+c(1))) F/p ;,;n--, S
CEelu(I-1, U)FUK2/2,)) ¢ B AR
. UK4=DS*(R¥ (- DC(I)+TPHI*R/o/2 *C(I)) F/D*(U(I 1, u)+un3)) :__;.- T
~U(r, d)-u(I 1 d)+(ux1+2 -ux2+2 ‘UK3+UK4)/6 e Sl T

y az CONTINUE R A o :: o B

CALL OUTPUT(NSP os an ’LONGITUDINAL vsLocrrv connscrzon' 2w L
CALCULATE LATERAL VELOCITY e af‘“fj ;»' o uvz;“ : B

”f¢»0033 =1 N8P _-*. ST R A

= TE=(=A. +oTPHI)*DC(!)+TPHI*F/2 /o~c(:) F/B/D*U(I an)
ﬁ*TI--DC(I)+TPHr*F/2 /D-c(x) F/B/D‘U(I an)

20 DO~33. U1 NRP. ;;_. T _ , ] 4
| Rw (- 1)*DR+R0 ST LS

WL, =TE/2. /DEP1(I d)/(1 *‘C(I)‘R)"‘(RO"’RO R"R) L

S DUT(E, d)-TI*(R*R Ro-no)/z . e R
.rgconrxnue ST .

'QCALL ourpur(usp DS, NR 'LATERAL' INTEGRAL OF DU/DS " .28, our) R
_;cnuL OUTPUT(NSP 0s. NRP 'LATERAL VELOGITY.,16.%) i "o v




*oo~34 I-ﬁ NSP

- TO=0. '

',ﬂ“DEPC(I 1)-0 ‘
©'pO (357 U=2 ,NRP. : - ;

R=(uJ= 1)'on+no o : :
Ti={1./DEPI(L; u)*( 1)*(V(1 ui*P/(1-+u(I d})**P/(1 +R-c(1))

"*DUI(I d))) et GRS

- DEPC(I,J)= (?1+To)/2 ‘DR*TPHI/T /D+DEPC(I u 1)

350 . TO=TA .0 TR : .
~“m,,NRP1-NRP 1 Ve

e oo 36 =2, NRP1 St
. DEPK=DEPK+DEP1 (1., d)*DEPC(I u)
©. DEPK={- 1)‘DEPK/NRP1 T -
. DEP1A=0. 5*(0591(1 1)+DEP1(I NRP))
.. D038 Y=2 NRP1 T Y
{uoEP1A-n£P1A+Dspt(I

i

,“Qoe 37 J=1,NRP R S e T L :
“DEP2(T, u) (DEP1(I u)*(1 +oEpc(1:d)+DEPK)+DEPK2)~o ;;j R B

TCONTINUE ) R a= : e
A.PV.CALL OUTPUT(NSP ns an 'DEPTH CORRECTION' 16, DEPC) e
”-.»CALL OUTPUT(NSP os NRP, 'seo TDPOGRAPHY’,ldvDEP2) o 3

"ESUBROUTINE‘OUTPUT(NSP ns,nsx TITLE LT VAR) .

. IMPLICIT REAL*8 (A-H,0-Z) " : -

LOGICAL*1: TETLE(LT) ' - :
. DIMENSION' VAR(101 21) “ ¥

. WRITE(6,100) - L ' o e B v

> FORMAT (.17 ;86X 7/ .CURVED CHANNEL BED TOPOGRAPHY ourpur /) .
v';whrrs(s 101)(TITLE(I) I=1, LT) . s ~
| FORMAT /sx 'S(M)’ SX 80A1//) >
T CWRITE(6.108) ~ o ‘
..FORMAT(10X)- : .
.. DOTYO 19, NSP 3 -

.it "~,‘$'DS*(1—.1) : ; .
‘.WRITE(6.102)S (VAR(I ) d-{ NSI)
FORMAT(/12D11 4/11&'11011 .4);

.HCONTINUE R .

7 rigure B3 Continued




CoaBaAGN o

A

o

’ A:PROGRAM PERTRB . RS C
“IMPLICIT DOUBLE PRECISION (A-H, o 2) . : AR
DIMENSION VOR(S1,5%),C(3,51), RH5(51 51), PSI(S1 51) c1(3451);awm
‘DIMENSION: V(51,51)., w(s1 §1),U(51,51):ETA(51,51)"" o R
-DIMENSION - Dwov(51 51) . DWDZ(51, 51), UAV(51;51), ozuoov(51 51)

 :DIMENSION ua(si, 51) DUGDY (51.51) , Duoaz(51 51), DUODYZ(S1 51)

DIMENSION C2(3 51) UFINAL(101 51). RH52(51 51)

‘N=51

M=51

. MO=S S S

Nows
CMAXIT=200. -

' DPEN(UNIT=4, FILE>’DEVDAT’, STATUS=‘OLD")

OPEN(UNITi7 'FILEi”OUTPUT’,‘STATUS=fNEW’)

“.CALL*INITA(VOR,M ,N,0.0) .

| 'SOR=SOR/(1.0+1.0/BETA*ELAT) = &
*UBB=1.0-1.0/3.0/CF/EDDY c

CALL  INITA(PSI,M,N,0.0)

“CALL INITA(ETA,M,;N.0.0).

READ(4, *)EDDY, ELAT, CF, BETA SbR UOBC ALPHA'

. IF(EDDY.LT.0.0)STOP. e ) : .
WRITE(T, (27170) )

" 'WRITE(7,*) ‘EDDY. VISCOSITY COEFFICENT-= ,EDDY o
"WRITE(7.*) - 'LATERAL.EDDY VISCOSITY MULTIPLIER = ¢ ELAT =
_WRITE(7,*) *FRICTION COEFFICENT = “, CF . : N

CUWRITE(7,*) *ASPECT RATIO =/, BETA IR _ »
"WRITE(7,*) '’ SUCCESTVE OVER-RELAXATION FACTOR = ', SOR -

WRITE(7,*) “SIDE BOUNDARY- CONSTANT = . UOBC
WRITE(7,*) ‘WIDTH TO RADIUS RATIO = , ALPHA
CALL -INITA(UO,.M;N,0:Q) . _ o

AN

" UORKNS=-1.0/EDDY/CF .

uas&:‘o¥1 .0/6.0/CF/EDDY

" CALL) INITA(RHS M.N, uoan) T S
DO 33 °I=1.M . . Vs

(1,102t
c1(1, I)'1 -
ci(2,1)=41. O/EDDY/CF/UBB‘BETA/ELAT*UOBC

T C1(3, 1)=0.0

33

15

E 10
249

Cigare’ AL

/o

. CALL DERIVA(DUODY M,N,DUODYZ, 1. 1.1, O)

cc2(fr, 1)Y=t o’
€2(2, ) =1, OZEDDY/CF/UBB*BETA/ELAT .

€2(3,1)=0.0 -
c(2,1)=-1.0/EDDY/CF/UBB

.¢(3,1)=0.0 % . o ' ' RO I
" CALL - ITERA(UO.M,N, 1,1,2,2. q,oooo1 c1 c. SOR, BETA an ELAT)

CALL- DINTEG(UO,M/N, RHS 2,1.0) .
CALL DINTEG(RHS M N, UAV,'T, 1. o) [OUN . e

D015 I=1, : LT

DO 15 Ju=1, N;"
UAV(I,J)=uo(1, d)/UAV(M N)

@

‘CALL OUTA(UAV.M,N,MO,NC, “INITIAL VELOCITY DISTRIBUTIDN' 29)vf;
- CALL DERIVA(UAV M /N;DUODZ.1,2,1.0) . o
. cALL DERIVA(UAV,M.N,DUODY.1,1;1.0) .

CALL DERIVA(UAV,M,N,D2U0DY . 2,1,1. O)

D0 10 U=1,N"

DO 40 I=d.M - . - o e

RHS(I, d)=CF/EDUV‘2 *UAV(I, d)*ououz(r u)

-CALL: ITERA(VOR,N, N41 O 0 O ‘9. 00001 C1 C SOR BETA RHS. ELAT)
DO 22 J=1[N . AR .

| PERTRB Program Listing ~ . -

T

244




S,

"‘120

’

oo

Dz

.DO. 22 I=1 M

JRHS2(I, d)=-VOR(I d)/BETA/BETA R '
CALL ITERA(PSI NN, O O~O 0. 00001 C1 C SOR BETA RHS2 1. O)

- VC=BETA

- CALL. DERIVA(PSI N N V 1, 2 ve)

3o
.. ''DD.32 J=2,N
32

.. GALL. OUTA(RHS2 M, N, MO, NO

- USO=-9989.9"
42

51

50 - - ' o
" CALL: OUTA(U,M,N,MO,NO, LONGITUDINAL VELOCITV DISTRIBUTION’ . 34)"
. :CALL ‘DINTEG(U,M,N,RHS,2,1.0)
‘ ‘CALL OUTA(RHS,M,N,MO.NO,

‘DO. 61 I=1,N° -

"CALL - DERIVA(PSI ,N;N W, 1~

L=1.0)"

IF(ABS(V(1,1)-VO).LT. o 001)GOT0 31"
VO'V(1 1)y .

" DO 30 I=1 M= 1!

_VOR(I 1)--BETA/EDDY/CF*V(I 1)/UBB

"VOR{(M, d)’—W(M U)/EDDY/CF/UBB*BETA

"GOTO 21
.CONTINUE

CALL ODUTA(V.M, N MO,NO,

'LATERAL VELOCITY DISTRIBUTION'

29)-

CALL OUTA(W,M,N,MO,Nd, ’VERTICAL VELOCITY DISTRIBUTION’ 30)
.- CALL DINTEG(W;M,N,RHS2,2,1.,0)"- )

. CALL "DERIVA(PSI,M,N,DWDY,2,1,-1.0)
) fCALL'DERIVA(W M.N, DWDZ 1.2.1. 0)

‘DO 40 I=1,M"
DO 40 J=1,N‘

© . RHS(T, d)'-(V(I d)‘BETA*CF/EDDY+1)‘D2UODY(I d)/BETA/BETA
“RHS(I.J)=RHS(I, J)~CF/EDDY*(DWDY(I,J)*DUODZ(T:d). :

© -

* <DWDZ(I,J)*DUODY(I.JU)+W(I, d)*DUOOYZ(I q)+1 O/CF/CF)

CONTINUE
IT=0.

IT=1T+1

IF(IT.GT. MAXIT)GOTO 43,
cALL ITERA(ETA M,N; 1,

CALL DINTEG(ETA,M,N,U,1, -1~o)
ILF (ABS(U(M,N)=USO)-.LT.O. OO2)GDTO 80
USO=U(M,N)
WRITE(*,*)

GOTOD. 42
CONT INUE -

"pO. 51 Uxi,N - ’
ETA(M, d)=U(M d)/EDDY/CF/UBB*BETA/ELAT'UOBC

! USO = T USO.

“’UFINAL(M I)-UAV(1 I)+ALPHA*U(1 I)

. _DO 64, Ux1, M= 1
JPEMeY T,

61

: END

‘oo

“UM=M-Y

CONTINUE

“MF =2%M-1 :
‘CALL OUTA(UFINAL MF, N MO NO

o

GOTO 1.

WRITE(7 *)

‘GOTO 1

.“).

UFINAL (0P, 1)-UAv(u+1 I)+ALPHA*U(J+1
UFINAL (UM, 1) =UAV(J#1, 1) ALPHA*U(d+1

1

o

’TOTAL VELOCITY DISTRIBUTION' 27)

~—

LT~

"DEPTH AVG VERTICAL VELOCITY'

27?%

ta

1,0,2, 0. 0001. C1 C SOR BETA RHS. ELAT)

’DEPTH AVERAGED LONG VELOCITY’ 29)

’ MAXIMUM NUMBER\OF SIDE BOUNDARY ITERATIONS’

w

RN

SUBROUTINE ITERA{A M.N, NBC1 N862 /NBC3, NBC4 TOL C2 C W, B RHS.. E)
IMPLICIT DOUBLE PRECISION (A H O Z) o

o
Y

‘Figure B4 C@ﬁﬁihuéaI‘

aas.



121
122
123’
124.
125

128
127

128,

129
130
131
132
133
134
135

136"
137
138"
139
140"
141"
142
+43 -

‘144
145
146

147 .

148

T y4g
150 -

151
152
153

154 -
155"

156
157
158
159
160
161

162

163
164
165
166
167
168
- 169

170"

171
172
4173
174

475"
176,

177

179
180

.

(s ReNe]

P

DIMENSION A(M N) C(3 *) RHS(M N) CO(3 200) C1(3 200) C2(3 200)

"y .

A0Q=:998999.999 '

A1=A0.
MAXIT=6000
IT=1"
M2=(M-1)/2
N2=(N-1)/2"
H=1.0/B/B*E.

OXDY=1.0/(M=1)/{N-1)

R=0.25%W

CC1=1.0-2.0*R*H-2.0*R

CC2=R*H
‘CC3=R
CCa=-R*DXDY
DO 20 I=1.,M
Cco(1.1)=1.0

€o(2,1)=0.0 ..

20 €O(3,1)=0.0 -

DO 21 I=1,N-

ci1(1,1)=1.0
. -C1(2,1)=0.0
"23.°C1(3,1)=0.0

4O CALL AASOR(A. M N,wW,B, RHS E

IF(NBC1.EQ.
IF(NBC1 . EQ.
IF(NBC2.EQ.
- IF(NBC2:.EQ.
‘IF(NBC3.EQ.
"IF(NBC3.EQ.
IF(NBC4.€Q.
IF(NBC4.EQ.

IF(NBC3.EQ.2.AND.NBC4 .EQ.2)THEN

AI=A(M-1,

2)CALL

1)CALL
2)CALL
t)caLL

2)CALL E

1)CALL
2)CALL
1)CALL

1)-C2(2,1)*A(M, 1)*2.0/(
. AJ=A(M, 2)+c(2 M)*A(M,1)*2.0/(N-1

)

M,

_ M,
‘BCSOR(A .M,
M,

M,

M

BCSOR(A

BCSOR(A .M,

’ ’

LRHS/C1,E)
.RHS5,C,E) - .
.RHS,CO.E)
LRHS,C2,E)

.B,RHS,C,E) .
LRHS . C1,E)
.RHS C,E)

N, RHS Co. E)

W
W
W
W
W
W
W,
W
/

B
B
B
B8
.B
B
B
M- 1)
) .

A(M, 1)=CC1*A(M, 1)+CC2‘(AI+A(M 1, 1)) +CCI*(AU+A(M,2))
*  +CCA*RHS(M, 1) )

ENDIF.
IT=ITH+A

IF(IT.GT.MAXIT)GOTO. 91
TF(ABS((A(M2,N2)- AO)/AO) LT TOL)GOTO 32

A0=A(M2 N2)
- GOTO"

J

30 IF(ABS((A(M—t N- 1) A1)/A1).LT. TOL)GOTO 32

A1=A(M-1,N-
GOTO 10
31 WRITE(*.,*)
32 RETURN
END

1)

’ MAXIMUM NUMBER OF ITERATIONS REACHED’

SUBROUTINE INITA(A,M,N,C)

IMPLICIT DOUBLE PRECISION (A-H, O- Z)

DIMENSION A
DG 10 I=1,N

(M,N)

"DO 10 J=1.M

10 . A(J,I)=C

.RETURN
END
C ‘

FigUréfBA'Continued

S
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f

181 SUBROUTINE AASOR(A M, N, w B, RHS E)

182 .7 .. 'IMPLICIT DOUBLE PRECISION (A=H. 0 z)
183 . DIMENSION. A(M.N), RHS(M N)
184 H=1.0/8/B*E .
185 - DXDY=1.0/ (M- 1)/(M 1) K
.. 186 -7 'R=0.25*W )
- .187 . Ci1=1.0-2, O*R*H 2 O*R °
188 = C2=R*H i
189. W C8=R .o
190 L C4=-R*DXDY B . o
1917 . DO 10 U=2,M-1 . o .1 : -';“
192 DO 10 K%' N-1 ‘
193 .-~ 10 A(J K)=C1*A(J,K)+C2=(A(dr 1, K)+A(d+1 K))+C3*(A(u K-1)+A(Y, K+1))
194 *+C4*RHS(J,K) - -
o195 . RETURN
- 196 S END
197 o} '
198 c . o : S
199 o SUBROUTINE BCSOR(A,M,N,NB.W,B,RHS,C,E) o . _
200 - © IMPLICIT DOUBLE PRECISION’ (A-H, 0- -2) - e ‘ :
. 20t DIMENSION -A(M,N),RHS(M,N), c(s )y
202 H=1.0/B/B*E
203 ' OXDY=1.0/ (M- 1)/(N 1) -
204 : R=20.25*W
1205 C1=1.0-2.0*R*H-2, O*R
208 C2=R*H = »
207 - © C3=R S : v \
208 o " C4=-R*DXDY ° ‘ : S : ,
209 .+ TF(NB.EQ.1)THEN - - ‘ : ' : . , v
210 DO 10 I=2 ,N-1 » :
211 L AI=A(2,1)-2.0%( C(2 TY*a(1, 1)+C(3 I))/C(1 I)/(M 1) - v
212 10 . A(Y, I)-C1*A(1 I)+C2*(AI+A(2. 1))*c3-(n(1 I—1)+A(\ 1+1)) . ' -
213 *  +C4*RHS(1, o
214 . ELSEIF(NB.EQ. 2)THEN ,
" 215 AI=A(1,N-1)+2.0*(-C(2, 1)‘A(1 N)+c(a 1))/cC1,4)/(N- 1)’
216 ACY, N)=C1*A(1 N)+C3’(AI+A(1 N- 1))+c2~(A(2 N)+A(2 N))
217 : «  +Ca*RHS (1", N) - . ;
218 . - ‘00 20 I=2,M-1 " ) :
219 -, : AL=A(I . N-1)+2.0%(-C(2,I)*A(I,N)+C(3, I))/C(1 I)/(N 1)
- 220 20. - A(I,N)=C1*A(I, N)+C3*(AI+A(I, N- 1))+C2*(A(I-1 N)+A(I+1, N))
221 *  +C4*RHS(I\N)- - . :
'222. ELSEIF(NB EQ.3)THEN
223 o DO0.30:1=2,N-1 : ’
224 C AT<A(M=1,1)+2.0%(~ c(z I)‘A(M I)+c(3,1))/c(1, I)/(M-1)
225, 30 A(M, I)=C1*A(M I)+C2‘(AI+A(M 1,1))+C3*(A(M, I~ 1)+A(M I+1))
226 R ©ox . +C4*RHS(M, 1)
227 ‘ AI=A(M-1,N)+2.0%(-C(2, N)*A(M N)+C(3,N))/C(1,N)/(M-1)
228 A(M, N)=C1*A(M N)+C2*(AI+A(M-1 N))+c3-(A(M N-1)+A(M,N-1))
229 *  HCA*RHS(M,N)- . v
230 ELSEIF(NB.EQ. 4)THEN -
231 " AI=xA(1:;2)-2.0%(-C(2,1)=A(1,1)+C(3,1))/C(1, 1)/(M 1) .
232. . CAQ, 1)'C1*A(1 1)+c2*(a(2, 1)+A(2 1))+c3*(A1+A(1 2))
233 » +CA*RHS(1, : o L.
234 .. DO 40 I=2, M 1. ' :
235. . T ik AT=A(D,2)-2.0%¢( C(2 I)*A(I, 1)+C(3. I))/c(1 1)/ (M-1)
.236 - 40 - A(I, 1)-C1‘A(I 1)+c2*(A(1~1 1)+A(1+1, 1))+C3'(AI+A(I 2))
1237 . % +C4%RHS(T, 1) o Lo '
L 2;58' . ELSE h - T - } . .:._ .
239 © WRITE(=*, 200)NB B 2

-240 ” .~ .200. FORMAT(SX, 'THE _VALUE OF NB IS IchRéECT S VAN

7~

2,

Figure B4 Continued



241 .

242
243
244

245

246"
247

248 -
249 .

250

251

252

253 .

| 354
. 255

%2553}
28T
. 258

259
. 260
261

263
264,

. 265
266.
267
268 .

- 269 -

270
271
272

.273 .

© 274

. 275 - ¢
T 276

277
278

'£j279’”
280

*231
282"
283
. 284
285
286
. 287
. 288

. 289
290 °

291

SR
1293

204
L 298
1296

oo 29T
. 298

1202

. ENDIF.

»ENU

RETURN:

fSUBROUTINE OUTA(A M, N NX NY TITLE NCT)

" IMPLICIT DOUBLE.PRECISION- (A H, "0- Z)

200

201

DIMENSION A(M,N); TDP(21)
CHARACTER TITLE(NCT)

C WRITE(7,200) (TITLE(I), 1-1 NCT)
‘FDRMAT( 0',80A1//) . :

T DX=d 0/(M-1)

DY=1:0/(N-1) '

NO=(N-2)/NY
MO=(M-2)/NX
DO 10 I=1,M0 . -°

TOP(I)=T*NX*DX
‘TOP(MO+1)=1.0 - :
CWRITE(7, 201)(709(1) 1=, M0+1)

FORMAT( ‘0’ , 10X, .0.0 21F1b 4)

D07 20 "U=N, NY+1 NY

k=0

Y=(Jd-1)*DY. - ’ )
 WRITE(7,202)Y, (TOP(K) K21, Mo+1) A(M J)

40

?,11,

 MR=M
"MIN=1{ S A »
MAX=13 ' R AR

. DO. 30 I=4.M-NX.NX . &

K=K+1
TOP(K)=A(L,d)

FORMAT-(1X, 22F1O 4y
K=0 :

‘D040 I=1,M- NX NX
'K-K+1 S I3

TOP(K)-A(I 1)
Y=0.0

 WRITE(7:202)Y, (TOP(K) K1, M0+1) aM 1)
RETURN . } .
END.

SUBRDUTINE ADUMP(A M, N)

- IMPLICIT DOUBLE PRECISION (A H, O Z) f

DIMENSION: A(M N) OUTV(13)

WRITE(7 ) MATRIX DUMP'

MO=MR -
CIF(MR. GT MAX)MO-MAX

DO 10 . I=t,N . . - S

‘00 11 J=1,MO x - . -

'ourv(d)zA(MIN+d-1 1) .
T WRITE(T, 200)(ouTV(u) d-1 MO)
10 - _— B
-, TR (MOZEQ. MR)GOTO 20
“MR=MR-MAX " ‘
'MIN-MAx+MIN

FORMAT (11X, 13F10 4)
CONTINUE

WRITE(? f)' MATRIX CONTINUATIDN'

. 'GOTO 30

e

(248




7301 .

349
350 -
351"
352

. 353
- 354

355

356

S~ Y

* pigire B4 Continued’’ . .

,SUBROU1INE DERIVA(A M N D ND NVZ C)

o IMPLICIT .DOUBLE'® PRECISION. (A= H 0-2) ¢

" DIMENSION A(M.NY, LICED ' R

 pys1. o/(n-1)
,TIF(ND EQ:1) THEN

B 11'
RS [0 1%

21
.20
: 31f:
. .80

-4
A4o[

IF(NYZ EQ. 1) THEN ::'
00 10 I=4 N
o(r,1)= (A(2 I) A(1 I))/DX
00‘11 J=2,M-1 ‘ Lo
DU, T)=(A(J+T, T)= A(d 1, 1))/2 /Dx R e
LoD(MLT)=(A(MLT) =A(M=1, I))/Dx SR o e
ELSEIF(NYZ EQ. 2)THEN o S - .
DO 20 I=1,M " i >
D(x 1)u{A(I:2)-ACT, 1))/DY .
Dol 21 =2, N=1 . . o o
D(L/Jy=(A(I, J+1)~- A(I J- 1))/2 /DY. -
o(r1, N)= (A(L, N) A(I N- 1))/DY
" EUSE! .
. WRITE(' '(" THE VALUE OF ND 1s oK BUT NOT NXY") ")
" ENDIF .
ELSEIF[ND £Q.2) THEN S ,
IF(NYZ.EQ.1) THEN "~ . - - S
»7 DO, 30 I={,N = S
“D(1y1)=(2. ’A(2 1) 2 *A(1 I))/DX/DX
DO 31 J=2,M-1.

DU T)SCA(U+T, I) -2, -A(u I)+A(d 1, I))/DX/DX
CO(MI)S(2.%A(M,1)-5. *A(M-t t)+4 ‘A(M 2 1) A(M 3 1))/Dx/0x o
. ELSEIF(NYZ.EQ. 2)THEN S R _
‘DG 40 I=1 /M
DL, 1)=(25 *A(I, 2)-2. ‘A(I 1))/ov/nv
DO 41 Y=2,N-1"
DI, J)=(A(T, J¥1)-2.*A(1, d)+A(I d 1))/DY/DY o
D(IN)= (2 ’A(I N)-5. *A(I,N-1)+4. ’A(I N 2) A(T,N- a))/ov/uv ‘
ELSE .
" WRITE(*, '(”~THE VALUE or ND IS ox BUT NOT NXY”) )nﬁ~
CENDIF. _ .
ELSE - ' o ‘
WRITE(‘ '(" ‘THE VALUE OF ND IS Inconnecr") )
* - ENDIF. :
DO S0 1=at; N
- .DO0- 50 J=1,M°
D(J, 1)-cro(u 1)

80’

RETURN R

_END.

*_SUBROUTINE DINTEG(A M N.DIN, NYZ C)

_’NIMPLICIT DOUBLE PRECISION (A= H, 0 Z)

DIMENSION A(M, N) DIN(M N)

. DX=1. or7tM=-1)".. _
:DY=1.0/(N-1) - ‘ ‘
. . CALL INITA(DIN, M,N.,O.0)
~iIF(NYZ EQ.1) :THEN .

‘DO 10 BTN

D010 I=2M O P e
DINGT, d)-DIN(I 1, u)+o 5*(A(I 1 u)+A(I d))*ox*c S
[ELSEIF(NYZ €a. 2) THEN SR .




R )
362 1w
";'363-“"
- 964
. .U365
~-366
%‘367_
‘368 -

,26
- ELSE, S

S CENDIF
";QRETURN
"ijfvEND
End of file :

‘po 20/ 1=1, M e T
DO 20 U=2.N- ' A
DIN(I d)-DIN(I y- 1)+o 5*DY'(A(I u 1)+A(I

HRITE(’ ‘) ’ THE VALUE OF NXY IS INVALID .

;)ﬁc?Vf




'PRBaﬂiifﬂBEVthh——-"—‘~/ : i
L IMPLICIT DOUBLE PRECISION. (A-H; o-z) - [
7 'DIMENSION., von(21 21).C(3,21) ,RHS(21, 21) 31(21 21). c1(3 21) Lo
*'DIMENSION V(21;21),W(21,21),U(21,21), ETA(21 21) ETAT(29,21) 0 T
'DIMENSION DWDY(21,21), .DWDZ(21, 21) .- - UAV(21,21),..D2000Y(21,21) -
T 'DIMENSION ‘UO(21:21), DUGDY (21, 21), Duooz(21 21) buoRYZ(21; 21) :
-:QIMENSION c2(3 21). UFINAL(10 21),,RH52(21 21) coo(a 21)

s m@‘lmm & amR -. v:v .

~..‘,MAXIT~200 o R R
G EN(UNIT-4 FILE-'DEVDAT' STATUS-'OLD ) S

T OPEN(UNIT=T, FILE-'OUTPUT'- STATUS-'NEH ) .

" ‘CALL -INITA(VOR,M.N;0.0) . - _ i

. CALL " INITA(PSI ,M,N,0. 0) -

18" .- 1 "o CALL!INITA(ETA,M;N;0.0) o N

3 4.1 READ(4,*)EDDY .. "ELAT, CF BETA son uoec ALPHA

T h v IF(EDDYLLT,O; O)STOP - o :

. WRITE‘7 I(ll I.:h) ) . o

- WRITE(7.*) | “EDDY: vxscosrrv COEFFICENT =t EDDY, -« ... LT e

i WRITE(T. =) ‘7LATERAL EDDY, VISCUSITY:MULTIPLIER = ELAT TR R R
“ . WRITE(7.,*) “FRICTION. COEFFICENT & *‘, ' - R et
© WRITE(7,*) ’ASPECT\RATIO = ', .BETA . g
- WRITE(7,%) ' SUCCESIVE. ‘OVER- RELAXATION FACTOR -" SOR .
- "WRITE(7.,*) *SIDE. BOUNDARY GONSTANT "=’ UOBC '™ . o

. WRITE(7,*) ‘WIDTH. TO ‘ADIUS_RATIO = '“ALPHA
CALL, INITA(UO M,N;0.0)" ;

" 'SOR=SOR/('t.0+1, O/BETA ELAT)

~ . UBB¥1.0-1.0/3.0/CF/EDDY -
5 UBS=1,0%1:0/6% o/cF/Eoov

~ UORMS==1.,0/EDDY/CF - ..

M CARL INITA(RHS M.N, UORHS)

L. DO 33 T=AGM T

eI T ) el 0/EDDY/CF/UBB‘BETA/ELAT*UOBC '
S e1(3,1)=0i0 ; S
e 1:1)= 0. - -
L uC2(2,T) =1, O/EDDY/CF/UBB#BETA/ELAT
LC2(351)=0.0° S
LCDO(A 1) #1000
.+ CDO(2.1)"0.0.-
,.CDO(3,1)=0.0

6(3,1)%0.0 e : S
CALL TTERA(UO.M,N: 1,1,2.2,0.000017C1.C,SOR BETA Rhs. ELAT)
CALL DINTEG(UO M.N RHS ,2 =l O) AR

i 5 v“ ’ o

'xHUAv(x d)-uo(I d)/unv( N}

. CALL. OUTA(UAV M, N MO, NO, LIN
.,¢CALL_DERI__(UAV M, N, DUODZ"

S o] \
B YR DERIVA_'
...CAUL: DERIVAY

S DO 1O IR TEN

D010, T=1, n

dov'n N, puoov2v1 1, 1.0)



252

- .10 _RHS(I d)-CF/EDDY‘z ‘UAV(I u)'ouooz(r u) R
21 CGALL ITERA(VOR, N N,i.0, 0.0.0. oooo1 ci, c son BETA RHS . ELAT)
S D022 U=1,N- .
. D022 I=t .M.
22 RHS2(I; u)--von(l d)/BETA/BETA
‘CALL ITERA(PSI N N.1,0.0.0, 0~oooo1 1, C. 'SOR, BETA, RHSZ 1. o)

VC=BETA"- } , _ ..

"CALL DERIVA(PSI N N v, 2 vc) . ' - . ‘

 CALL DERIVA(PSI N,N:;W,1,1,-1.0)

“IF(ABS(V(1,1)~ vo) LT.0. OOf)GOTO 31

“VORV(1,1) . . B v
<., D030 L=1 M=-1 -
30 - VOR(T, 1)--BETA/EDDY/CF‘V(I 1)/UBB _ , S
" .D0 32 J=2.N e S . &
32 VOR(M,y)=-W(M, d)ﬁEDDY/CF/UBB‘BETA . X Co C :
. GOT0 271 ,

'3 CONT INUE" - ‘ ‘ )
- CALL.QUTA(V. M, N MO, NO ’LATERAL VELOCITY DISTRIBUTION' 29)
CALL OUTA(W., M, N,MO,NO,’VERTICAL VELOGITY DISTRIBUTION' 30)
_CALL. DINTEG(W,M,N, RHS2,2,1.0) -
"CALL OUTA(RHS2.M,N.,MQ,NO, ’DEPTH AVG VERTICAL VELOCITY’ 27)
CALL DERIVA(PSI M N,DWDY.2.1.-1.0)
~ 'CALL DERIVA(W,M.N,DWDZ.1,2,1.0)"
L.DX*O.25'CF/BETA/EDDY/(M-1)/(M-1)
; . XL=O. 1*CF/BETA -
= Uz“xe-az 313
-5.0 ~
‘NSIEP-O : , :
35 X=x#DX . - S
DO 40 I=1,M = R , o _ » .
DO 40 y=1.N . ' ' R e
. RHS(I,y)=-(V(I. u))-ozuoov(r gy ' ' :
* RHS(I,J)=RHS(I,J)-BETA*(DWDY(I, u)*ouooz(l )
. * -DWDZ(1,J)*DUODY (I, J)+W(T, J)*0UooYZ(1,U))
"RHS(I.J)=RHS(1,J)~SECF(X,XE,XL)~ SUPF(X xe)
© 1 *=RFUNC(X, XE)*BETA/CF/CF :
“40 - CONTINUE . =~
CALL' AAEXP(ETA,ETAT; M N. 1.
‘CALL BCEXP(ETA,ETAT, M,N.1,.
i) -CALL BCEXP(ETA,BTAT,M.N,2,
. CALL BCEXP(ETA ETAT v, N.4.
" 'NSTEP=NSTEP+1 - '
IF(NSTEP.EQ. 10)6070 so , : o
. .. GOTO 3% R LU -
S0 CONTINUE .- . . S '
© CALL- DINTEG(ETA M.N,U, 1, 1.0),
CALL. DINTEG(U,M,N; RHS,2,1.0) ’ o ; o
: ~ WRITE(7,121)X,RHS(17, N) . RHS(19 N) RHS(21 N) . . A B
o121 .FDRMAT(SX 4F15 5) et B o
el QNSTEP-O ‘
LT L IF(XLGT 40 Q)GOTD71‘
. .GOTO 35 v .
.74 -GATO:; o
o END

BETA RHS ELAT DX) :

'0,BETA.RHS,CDO, ELAT,DX)
Q,BETA,RHS,CDO,ELAT,DX)
O.BETA RHS ,C, ELAT DXx) -

.

(o]
1.
i
1.

)
200) cz(a 260)

SRR R T -'~‘suanourx~e ITERA(A M.N.NBCH. NBC2, NBca NBC4 ,TOL,C2.C, w e RHS-
148,01 . IMPLICIT DOUBLE PRECISION (A-H, 0-2)" , '
449 oo .77 DIMENSION .A(M,N), cea *), RHS(M N) co(a 200) C
" .~ AQ=-999999. 999 A




' - H e e i

421 : A1-A0 '-:u o o T e e e
122 SN ”NAXIT-GOOO LU L T e e T
122 o L ITe L : S e e e
124 C M2 (ME) 2 ‘ R R R T
25, ¢ . I N2=(N-1)/2 :
126 7 . "H=1.0/B/B*E’ . -
12755 7 DXDY =Y, 0/(M-1)/(N 1) B
128 7. .7 - Re0.25*W
129 . . CCIed.0-2. O‘R*H- L0*R
S .'ccz-R-H v S
SCEIRR e L
: cc4--R~uxovs‘f‘
D020 I=1:M. .
co(1.1)=1-0
L €0(2,1)=0.0 .
. 20 '60(3,1)=0.0 .
oo DO 21 I=4.N -

T GH(1,1)=1:0
o0 oe4(2.1)=0.0 1f»= PR
21 C1(3,1)=0.0 : e
10 CALL  AASOR(A,M, N, W.B,RHS, E). -

- IF(NBC1. £Q.2)CALL BCSOR(A,M,N.,:

IF(NBC1:EQ.1)CALL BCSOR(A.M

- 1IF(NBC2.EQ.2)CALL BCSOR(A M. A

IF(NBC2,EQ.1)CALL BCSOR(A,M,}

IF (NBC3. Eo;zchuL;Bcsoan.M

© IF(NBC3:EQ-. 1)CALL BCSOR(A.M

.. IF(NBC4.EQ.2)CALL BCSOR(A,M, , o

"/ IF(NBC3.EQ.1)CALL BCSOR(A;M:N,4 e‘an co E),“A I
S IF(NBC3 EQ.2.AND.NBC4.EQ. 2)THEN

AX=A(M=1,1)-C2(2, 1) *A(M, 1)*2. oM=Ly o R
AU=A(M,2)+C(2, M) *A(M, 1)*2 0/ (N=1) . S
A(M, 1)-CCi‘A(M 1)*cczv(A1‘A(M 1, 1))+CC3*(AJ+A(M 2 '
Lo +cc4*kHs(M )i S o
©ENDIE _

ITeIT+L. . . ‘_~a~
SIF(ITLGT. MAXIT)GOTO k< L R ‘ '
CTE(ABS(.(A(M2.N2)~ AO)/AO) LTS TOL)GOTO 32 . R )
. AO=A(MZ, N2) T T S I
.,/ GOTO 10 : . Lo
30 ?IF(ABS((A(M 1, N- 1)~A1)/A1) LT TOL)GOTO 32 L ' © s
C At=A(M=1,N-T) : . C : .

GOTO 10 . . 3 ‘
sWRITE(H, *) ! MAX:MUM NUMBER OF ITERATIONS REACHED'
“"RETURN:"

END

o000 .

SUBROUTINE INITA(A MNLC) e R
"SIMPUICIT DOUBLE PRECISIQN A=H,. o~z) L e o
'¢DIMENSIDN AN, : e e

?jin(u Ii-c

“.VQ;SUBROUTINE AASOR(A " N, WiBLRHSVE) 7L
-* 5IMPL1c1T DGUBLE PRECISION (a-H, o- 2y




"2-5..4; .

DIMENSION A(M{ﬂ% .RHS(M,N).

© H=1.0/B/B*E L D o :
" DXDY=1..0/{(M=1)/(M-1) e R Sy
R=0.25*W. . R T s - : :
- C1=1.0-2:0%R*H=2.0*R B o RPN
- ':<c2gRtH Lo : . . R *
' ..‘C3'R . . ' ' -,  ’
' C4==R*DXDY . , o T ST . » R
£ . DO 10 J=2,M-1 : ‘ : e S ~
o ‘DO 10 K=2,N-1 o
o191 10 A(J, K)-C1*A(d K)+C2*(A(u 1 K)+A(d+1 K))+c3~(A(u K- 1)+A(d K*1)) :
o182 *+CARHS(J.K) - ) _ . S}
193 ‘ RETURN PRI T ; . R S
194 . - END _ P ' B . : .
195 2’c " \'. ’ _" Sl w . - - . - s
. 196 . € . C '
v U197 . " SUBROUTINE acson(A M N, NB w. B,RHS,C.E) :
Too-198 “"IMPLICIT DOUBLE PRECISION (A-H, 0-2) -
199 .° © - DIMENSION A(M, N) RHS(M N).C(3, *) : '
- 200 " H=1.0{B/B*E
- 201 DXDY=1. O/(M 1)/(N 1)
3202, . R=0.25*W ' _
©y 203 .. C1=1.0-2.0%R*H-2.0%R . °
204 C2=R*H . S
205 Lt C3=R . , . - )
206 = C4=-R*DXDY o LA
207 ‘ . IF(NB.EQ.1)THEN }
208 . DO 10 I#2,N-1 :
209 © AI=A(2,1)-2.0%(-C(2,1)*A(1, 1)+c(a 1))/€C1.1)/(M=1) .
210 10 A(1,I)=Ci*a(f, I)+C2‘(AI+A(2 I))+C3*(A(1, I-1)+A(1:1#1)) .
211 -*  +C4*RHS(1,1) " .
212 - o ELSEIF(NB EQ. 2)THEN 5 ' L .
L 213 S AT=ACE, N=1)+2. 0% (" “c(2, 1)-A(1 N)+C(3 1))/t(1 1)/(N 1) :
214 R Y& I N)-C1‘A(1 N)+cs-(Ar+A(1 N- 1))+cz*(A(2 n)+A(2 N)).:
21 - - . 1¥C4*RHS(1 NY - ' : '
‘216 . ©. DO 20 I=2,M=1.7: - 0
217 o AT=A(I N=-1)+2.0%(-C(2. I)*A(I N)+c(3 I))/c(1 I)/(N 1) |
3218”" .20 ACI;N)=C1*A(1 N)+C3*(AI+A(I N- 1))+C2*(A(I-1 N)+A(I+1 N)) SR
219 o x +CA*RHS(I,N)- ... _ _ L
, “220 _ ELSEIF(NB EQ. 3)THEN T ‘ Ll :
J221 ©.. - .. DO 30 I=2;N~-i-. =~
222° _ CAI=A(M-1, 1)+2. 0*(-c(2 I)*A(M 1)+C(3, I))/C(1 IfV(M O
223 . 30 T A(M; T)=C1*A(M, I)*C2*(AI+A(M- I))+c3-(A(be 1)+A(M I1+1))
224 - .0 ..* +C4*RHS(M.I) "
225 T AT=A(M=1,N)+2, on( -c2, N)*A(M N)+c(3 N))/c(1, N)/(M 1D
226 . A(M, N)=CT*A(M, N)+C2‘(AI+A(M 1 N))+C3’(A(M N~1)+A(M N= 1)) .
227 : * +C4*RHS(M.N) . S . T , o
228 .. ELSEIF(NB.EQ.4)THEN. y e
* 229 L AImA(4,;2)-2.0*(-C(2,1)*A(1, 1)+c(3, 1))/c(1 1)/(M=1)" o : .
230 - - o AT, 1)-C1*A(1 1)+C2*(A(2 1)+A(2 1))+C3*(AI+A(1 2)) e
231 & FCA¥RHS(1; B ‘ . . - : AT
232 - . . DO 40 I=2, M—  E e
233, . . AI=A(1,2)-2. o*( c(2 I)‘A(I 1)+c(3 I))/C(1 I)/(M 1) T
L2347 T 40 A(IL, 1)-c1*A(1 1) :i‘(A(I 1 1)+A(I+1 1))+C3‘(AI+A(I 2)) . ST 3§
235 .0 0 U s 3CA*RHS(I,1).. o \ e . ' "
236 ELSE - R ‘
237 o wn:rs(*,zoo)ua Lo ' R
-*,2aarjﬁsAfzoo~. FORMAT(SX 'THE VALUE DF NB IS INCQRRECT [ ¢ 75 R
0,239, v T - ENDIF . ‘ g
R RETURN. -

| Pigure 85 Contifued .




- Pigure BS Continued’

PO

sﬂSUBROUTINE OUTA( M N; Nx NY, TITLE NCT) ;

o CIMPLICIT- DOUBLE | RECISIDN (A- H 0= 2) ..ji
. DIMENSION :A(M,N), TOP(21) e

.- .CHARACTER. TITLE(NCT) R
7 MRITE(7:200) (TITLE(L) 1-1 NCT)
). -FORMAT (0", 80A1//)

CLDXEY 0[(M~1)

- DY=1.0/(N=1)"

~NO=(N=2)/NY..

< MO=(M-2)/NX"

- DO 10 I=1,MO- -

. TOR(I) = T*NX*DX.

. TOP(MO+1)=1.0. = Co

Lo L WRITE(T, 201)(Top(d) I=1, MO+1)

258 201 "FORMAT.('0’,10X,’ o o 21F1O 4)

o 2] 20 u-M~Nv+1 NY .

':K'O ,

DO ao 1-1 M NX NX

".4‘KnK+1 o -

_ aTop(K}-A(I a) S

VU Ym(J=) ROy

0. WRITE(7.202)Y, (TOP(K) K:
;FonMAT(1x 22F10f4¥V

. K=0."

. - D040/ 1-1 M-NX NX
L REKREL

. TOP(K)-A(I 1) o

SlL¥=0.0 - '

-TgwRITE(7 202)Y (TOP(K) K-1 Mo+1) A(M 1)
URETURN : :

END.

D

ﬁA~SUBRUUTINE ADUMP(A M N) R SO
Lo IMPLIGIT, DOUBLE PRECISION. (A-H, ‘0- z):u
. DIMENSION A(N N) 0UTV(19) Co 2
SOUMRaML
o UMINS
LU MAX=13 SRR ‘
r,‘wnxrs(7 »). s MATRIX oump' LR
. MO®MR . T
T UIF(MR er ﬂik)mo-unxl CoL R




:;SUBROUTINE DERIVA(A M, N n D, sz c) R U
. 'IMPLICIT DOUBLE .PRECISION (A~ H, o- 2) ~w, ERAN R
. DIMENSION A{(M, N) D(M; N) . L T R O PR
L DX=1 O/ (M=1) " o S

SO DYRY O/ (N=1): T

“IF(ND.EQ,1). THEN - A
IF(NYZ anj) THEN .a-a” i ;
DO 0 T, ‘ T T T e e e

D(1, 1) = (ASZ I)-A(i 1))/ox v:vj¢, L S IR
L D0 11 JIs2 M : S U PR
SENRE k5% ‘DU, 1)= (A(d+1 I)-A(J 1. I))/z Jox. DR
a0 DM, I)S(A(M, 1) -A(M=1T, 1))/Dx S Q _ w‘,-; ce
Toant ELSEIF(NYZ EQ. 2)THEN o e e
;DA 20 IsM T e Lo _

P. Co

ol 1)-(A(1 2)- A(I 1))/ov
LT DO 2 UmL NS '
Ll DLTI) = (A(T, J+1)- A(I d—1))/2 /DY ©
:”;20. “D(I,N)= (A(I N)-A(L; N- 1))/DY e ,
i ELSE B
NRITE(‘ '(" THE VALUE OF ND 18" OK BUT NOT NXY") Y. , o
TR ENDIF . o : ‘ S A o .-,’--' g
" ELSEIF(ND.EQ. 2) THEN s e R -‘_/,f“~“' T
L IF(NYZ.EQ. 1) THEN.
D030 I=1,N &
DL T =(2.0A(2,1) - 2 -A(1 I))/Dx/ox
L pol 39 J=2 M-t ,
e ar e T s(A(I+, 1) =2 *A(d I)+i(u 1, I))/DX/DX o Coe
St 300y, q{:ﬂx) (2.*A(M,1)>5.*%A(M=1, I)+4 *A(M 2 1) A(M 3 I))/DX/DX - S

Tow

ELS IR(NYZ . EQ: 2)THEN
‘DO\JO - I=1,M: ‘
D(I. 1)=(2. *A(I 2) -2. -A(I 1))/Dv/oy
DO 41 J=2 Nr 1’ : ;‘_;‘._ i S
. D(L.J)Y=(ACT, u*f) ~2. *5(1 J)+ALT, d- 1))/DY/DY e S T
.i p(I., N)-(z ‘A(I N)-5.*A(I; N 1)+4 ‘A(I N- 2) A(I ‘N= 3))/DY/DY Co
JELSE -
wRITE(- L{ll THE VALUE oF ND IS ox BUT NOT NXY") y
ENDIF - ‘ , o

L

R A

‘VRIT (*"(" THE VALUE OF ND IS INCORRECT") )
NDILF .\ , : ‘ B
~ } 0050 =1, N A S ,:-‘u C T e e
/D0 .50 U=1.,M ’;**.:‘ﬂ G e e e
.D(d I).C*D(‘J I) o ..‘ : .‘._.3-:' : L 'v..‘ '."’ : .‘.. : . «"‘: ., i
3 'RETU“N S TRy L e T T e e

- »‘\‘-‘ o

e

"SUBROUTINE DINTEG(A M N DIN sz c) : a T L
AMPLICIT DOUBLE | PRECISION‘(A;H ‘0- z) vr“’ SRS N e
;;DIMEstoN A(M, N) DIN(M N) - S L e e
U 0X=d0/(MmN) o -ﬂf _:‘.k“;fu>>“ S e
o RY=AC0/(N=1) ff S
CALL . IN!TA(DIN M, N 0;0_) e S
~IF(sz EQ.1) THEN : ‘ '

CDOIMO TN ;
wDO 10 12, M .

“DINCI, d)-orN(r 1, u)+o 5‘(A(I
ELSEIF(NYZ JEQ.2): THEN ‘

. 00:20 I=1 M o

2N

i 16,-:.‘

? DAL Roxse T

D0~ 20




1 ae2

w366

367 .
368 .

;-fsjq ; o
8T

;? R 1 £

74 . 20 AT(I,d)=A(I, u)
RS- 14 D
Lheoare

+ 380

‘381"

- 382 ,
,ﬁass;*'»;‘

L lee 3847
- O

386

c3ge
~ ass
390

391

‘379

20 DIN(fl} -DIN(I u- 1)+o S*DY*(A(I
S wnrrs(* 4 - THE. VALUE OF XY, Is‘rNVAon"f

3 354_.3 

< caeR

00 -3

- 392

3937

34
| 395

- .396
397
- 3g9.

T 404

o A02

4030

:404 E
¢ id08
T 408
R . 407"
o408,

T R

ELSE-

ENDIF " . . ; . . -
. -RETURN ,Wf' ‘“-'ufuf’? j-;»s-ff ”'mﬂ"-m'
B L e~

-
'

-_SUBROUTXNE AAEXP(A AT M, N v.B. RHS E Dx)
.+ IMPLICIT DOUBLE PRECISION (A-H,“D- z) L
- DIMENSION A(M N) RHS(M N). AT(M N) . T
.. D0 20 1=1, M Ce o _v”‘fﬂd o
0020 U=1,N. SRR “u.v.-‘ S

H=dq JO/B/BSE o e e S S
S DXDY A o/(u-1)/(uo1) S L e
- R=0Q.25%W - S T T
4. C1=1,0-2 D‘R‘Hr2 O*R .
'_cz.Rﬁﬂ' . . s D

vc4-—ox S A TR T o
D010 J=2,M=1 . 13‘75lf””* RN _ _

DO 10  K=2,N=1" ' g ' ' : PR
10 A( K)-c1tAT(d K)+C2‘(AT(J 1 K)+AT(J+1 K))+CS*(AT(d K-1)+- )
*AT(J, K+t))+C4*RHS(d K) .

e RETURN ' :

-,END

b:SUBROUTINE BCEXP(A AT M, N Na w8, an c e ox) _;H~?_-‘ S G
. IMPLICIT DOUBLE PRECISION. (A<M, .0~2) JERE LA
" DIMENSION A(M, NY. RHS(M N) c(3, *) AT(M N)
T H=1.0/8/B*E ;. S _ AL
. . DXDY={. O/(M-i)/(N-i) = T xf_: e
‘3'R-O 254w . - v»g‘ R S
Ci=1,0-2, O'R'H- O‘R R e e T e T
C2-R*H _ o L T

‘ca--ox S e T
IF(NB.EQ, 1)THEN L _'.." FE
D0 10 I=2 ,N-1 a0 Yo
; . A1=AT(2.1)-2. o*(-c(z I)‘AT(1 1)+c(3 I))/C(1 r)/(M 1)
»19‘. ~ACT, I)-C1*AT(1 I)+C2'(AI¢AT(2 1))+c3'(AT(1 I~ 1)+AT(1 I+1))
C4CA*RHS(1,T) - R Lol e
ELSEIF(NB EQ. 2)THEN ; ’ ‘ '
- AT=AT(1,N-1)+2.0*(-C(2, 1)'AT(1 N)+c(a 1))/c(1 1)/(N-1) S
VIEH N)-C1‘AT(1 N)+c3t(AI+A¢(1 N-1))+¢b~(Ar(2 N)+AT(2 N)) ey
:t ’¢C4*RHS(1 N). v , Sl T I
sl D0 2Q 122, M= 1';; Ll s ' : :
T AT=ATCI N=1)#2; 0% i( - c(z I)*AT(I N)+C(3 I))/C(1 I)/(N—1)

©20 . A(I,N)=E1=AT(I, N)FC3® (AL+AT(T . N-1))4C2+(AT(1-] N)+AT(T41, N))ﬁ

{f:-y ~+c¢*RHS(I N)

ELSEIF(NB.EQ. 3)THEN *tﬁf]ffﬁ,*'i,fff‘: 1; '?53-1. f Qg:b;,af"
DO 30 I=2,N-1: ' ' A
L AT=AT(M=t, 1)#2.0%( c(z P SAT(M, I)+c(3 x))/cc1 I)/(M 1)

”;{i3ébfgf A(M,1)=C12AT(M, I)+C2‘(AI+AT(M-1 I))*CG'(AT(M T-1)+AT(M, 1¥1))Hf

T W ZCAPRHS (M, 1)
" AI=AT(M=1; N)+2 o*(-c(z N)‘AT(M N)+c(3 N))/C(1 N)/(M 1) Lo
L AM, N)rC1‘AT(M N)+C2‘(AI+AT(M-1 N))+C3-(AT(M N-1)+AT(M N 1))ﬁ,;‘ e
v.‘GM*RHS(H N : _ o . > .




fﬁi;5¥i; 3r;Qi;fﬁf1ft*";if» '¥ ‘ V'T“n‘ ir__ [:1Fi““'»f'- s : ff.':_ ‘7 :v f}; 258%iﬂﬁﬂ

ELSEIF(NB Eo 4)THEN : v :
. AI=AT(1.,2)-2.0%( c(z 1)*47(1 1)+C(3 1))/C(1 1)/(M-1)
. LAY, 1)-C1‘AT(1 1)+C2'(ATL2 1)+AT(2 1))+03‘(AI+AT(1 z))
Sk +CARRHS(1,1) - . _ ‘ _ ; R .
‘D040 I=2,M~4 . . ° T ' L
s AT=AT(1,2)-2.0%(-C(2, I)’AT(I 1)+c(a I))/C( I)/(M-t) S
ST 40 “A(I, 1)-C1‘AT(I 1)+c2-(AT(I-1 1)*AT(I+1 1)) 3‘(AI+AT(I 2))
t **':*CA*RHS(I 1) o ‘ R P
ELSE:" K a‘:_nl IR 91;,‘” . B LU
. HRITE(* 2oo)NB BT Co RS :
s "+ 200" FORMAT(SX, 'THE VALUE oF NB IS INCORRECT L 13/) T i )
S ENDIF - , L . o e
: . . RETURN
_".4:7,END :

e sy

R ”FUNCTIDN RFUNC(X xe) -
IMPLICIT DOUBLE PRECISION (A-M. o 2)
IF(X.LT.0.0.0R.X.GT. XE)THEN ‘
© . TEMP=0.0 -
. ELSE L
S TEMP-1 o
" JENDIF. " -

. - REUNC=TEMP - . L T e T T e
" RETURN .- -~ - . R A
SR , . L

: ”[FUNCTION secs(x XE XL)

- IMPLICIT. DOUBLE. pnscrs:ou (Rlﬂ 0-2)

».IF(X LT:0. O)THEN S
- TEMP=O.0 ¢ .

ELSEIF(X:LT. XL)THEN ol
o . TEMP=X/XU™ ST e

o ELSETF(X.LT. XE)THEN =;.. A A

S TEMP=1.Q: - . o . PRI

» ELSEIF(X LT (xL+x5))THsN s N

T I TEMPAY, o-(x XE)/(XL)

o 4%8 " . 7 ELSET

U T 480 L TEMP-O o

A T fﬂf_ENDIF
482y ,“-:secs.reugh
463 ::'ffj,'jRETUR~ NS

&;J‘FUNCTION SUPF(X xs) Lo
. IMPLICIT:DOUBLE . PRECISION (A H, o 2)

¢~5Lssxr(x LT, 0 O)THEN
U ITEMPeS . O#X 7 : _'
ELSEIF(X LT. 1 O)THEN .
TEMP®1.0-X -
ELsexr(x,LT (xe

ELSELF(X.LT.XE THE g: ~
| ITEMPRS14XE-X.

ELSETF (X, LT. (XE+1 O))THEN

"Tsup--1+x-xs




£ TJGTT T .;$<;}

481 0 0 CELSE.. . _ . Lo
TL4B2 T T L UTEMPROL0 G ) S T T e T T T
S TABY L T ENDTF e e T e
oo 0 488 0 T RETURN L :
.- ‘486 . " JEND- 0
"End of file i

o

Figure 'BS Continued




:; 260;.. :

N
BN

~ . LT

”ﬂ,jpnoennu ANZDAT

DIMENSION X(SOOO) Y(SOOO) Z(SOOO) U(SOOO) V(5000)
. DIMENSION -U2(5000),V2(5000), UV(5000) '
‘DIMENSION ZO( 150) ZT(SO) UT(SO) VT(SO) U2T(50) V2T(50) ZS(1SO)

f-“: NT=O 4;ﬂfa
£10. NTaNT+1"
- . READ(S, 1oq,g~0-12)x(NT) Y(NT) Z(NT) U(NT) v(ur) U2(NT) V2(NT)

R

: BUVINT)TS L _
‘ C.eaTo 10, . IR
S 120 NTeNT=# 7o T T
e 1OO-NFORHAT(SE11 4) N

. 'ﬂ"I-O - o R . : o o
20 reer T . e ‘ Y e
- I .READ(4;, 101, END-21)20(1) ZS(I) C e o : :

GOTO 20 ;

ool a0, .»--21f.Np-L;1 y ‘
VSRR S 101_>FORMAT(2F10 4)

<723 ’"g I',fuNPROFL-O o .
24 ;" . . NPOINT=q = - -
A% 30_-NPROFL-N9ROFL+1 Ca T
C26 : '_YPICK’!LNPOINT) . o
ST T INmO- R RN R , -
.. 28 .. - IF(NPOINT. GT NT)STOP . B IR ' P
2@ © 317 I=NPOINT#N ,“3.. S o S
LT IE(TL.GTLINT)GOTO 32 R A T
PRS- § I -1IF(ABS(Y(I) YPICK) GT 1 o)soro 32 i
SRR ";N-N-‘-‘ A : ‘ :
niadl . o EmNyez(r) o Lt L { SRR
B :“--’f,uI(N)-U(I)-~ T P S
A% T T VT(N)ev(T) ’ o T
Ce360 y-ﬁ"{,uzr(N)-uz(I) S L e T
ET © ;vzt(n)-vz(x) T N T T T s
U390 82 :courrnus ' R O PR

T
-
[o]

a0 g0 40 u-1 N oo R N T
42 e IT(U)=ZTHY) - ZO(NPRDFL) j.e »'.;L“ B R RTORE o
T .ZS(NPROFL)'ZS(NPROFL)-ZO(NPROFL) S T e e

46 mﬂﬁ?o K f *”-'“=;”i T T
CiqT e o NFSTRR -*::;--;’y S ’ S L

4@, . S USO®0L0 ' P

49 v 1 4% "CALL - LOGREG(ZT UT NFST 12 50 A B) P R
'1tN11ues-NTtnes+1 -,-, T ,."f.--‘. R
L US=AYSITS L CRe s R N

- IF{NTIMES. GT. 2o)TH€N ,

: -us-o 5'(us+uso) '

. ENDIE - ' e LT T o
::xF(Aes(us-uso) LT o oo1)eo TO 47 e R

o us0mls S

TZMINETO. o‘o 001/us

& "NFST=0~
6_ NFST'NFST'H




€
5

.i é6if;i

v"IF(ZT(NFST) GT ZMIN) goTa 45 PR
. GOTO 46 . < S
,CONTINUE‘ i

. NA=O S ',-;;r__“ _‘g-x;,=.‘-J; e
1’80, NASNA®1 -~ B R T
‘IF(U‘!‘(NA)/US GT 12 O)GOTO 51 _ S T
" IF(NA,EQ.N)GOTO: 51 . -~ .= &
L0 GOTD.80 -_”,. U [h"lh‘.z'“ ol T
LS NATNA=T S A RPN AR
Lo CALL. LREGRS(UT VT 1 NA so A B)é,j*-:ﬂ- T
TPHI=A - C
}‘TAULtUS'US*TPHI

DU

‘ﬂ'CALL DEPAVG(ZT, UT 50 ZS(NPROFL)

- CALL DEPAVG(2T,VT, so ZS(NPROFL)

Y ‘Do €0, Iw1y N :
-=so-¢vr(1)-v7(l)-va« o

| CALL. DEPAVG(ZT vr 50 ZS(NPROFL) 1 N vzs)

“_.”,twnxrs(s 200)X(NPBINT) Y(NPOINT) us TPHI TAUL ua vs vzs

‘200, FORMAT(BE11.4) - S S S
 NPOINT=NROINTHN. - oo ' oo

.. 'GOTO" 30. L S

',Eprv_~*

'f?SUBROUTINE LREGRS(X v N1, N2 NDIH A 8)
- DIMENSION- X(NDIM), Y(NDIM) xn(50) vn(so)‘ DAL L
;xR(t)-o 0 i ' ) U e

o NaN2- N1+2" ST
. ‘DO, 10, T=2 N .'Jﬂ
. .,Z‘XR(I)-X(Nt+x 1)
~rioa,vn(t)-¥(n1¢1 1)
SNy , :
"CALL CRVFIT(N xR vn A s R 7)
e RETURN . \ . L

5 vsbsnourxus LOGREG(X YN Nz Noxn A, a) v
* . DIMENSION x(Noxn) v(noru) xn(so) vn(so)
L NaN2-NT+ . ,
TR0, 10011, N
g,:;xngx)-ALoe1o(x(~1d% 1))
«:vn(:)-v(u1+1 1)
A0 o
‘CALL’ CRVFIT(N XR, vn A B n 7)
4‘RETURN :

o
'“i:susndurxue ospAve(z u, NDIM ZMAX NM N ua)
" _DIMENSION Z(NDIM), u(NDIM) o ‘ :*," S
T -SuM= (0. s*u(a)-2(1)+o 5‘U(1) (2(2) zt1)))-2(1)~-nn S
. .pO 10 1m2;N=1. S ‘~f” A-" s
1 SUMBSUM+O.. 5~u(1)~(z(x+1) 211a1))'z(1)**nu - ~.c~ e Ty

uu-sun+u(N)*(zqu-o 5*(Z(N)+Z(N-1)))‘Z(I)“NM e




"UB=SUM/ZMAX -
CRETURN:

28
End of Fi{




