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ABSTRACT

A theoretical and experimental study was undertaken to in-
vestigate the effects of momentum transfer (MT) phenomena on
the hyaraulics of.combodnd channel flows. The transfer phe-
nomena ( rows‘of.large—écale surface vortices )} are generat-
ed in‘ the junction regions of compound sections and thefr
effecgs are significant when the velocity differential, be-
tween adjacent deep and shallaw‘zones, is large.
‘ The laboratory investigatioﬁ was performed in a symmetri-
cal éompound chann?l.comprising a deep (main channel) sec-
tioﬂ flanked on either side by wide shélloQ berms (flood
plainé). . The dimensions of the trapezoidal-shaped main
chénnel were adj&sted, during the course of tye experiments,
to satisfy both "na;rowT and "wide" main channel conditions.
Another important - study variable'vas the relative Eoundary
roughness between the shallow and deép portions of the model
:coqpound section. Three different grades of artificial
roughness were e@bloyed in the study, giving a maximum vélue
of two for the relative roughness parameter, |
The MT mechanism's effect on velocity and bouﬁdary shear
stress distributions, in the different subsections of the
compound flow field; as well a# on turbulence characteris-

tics in the mixing regions, were investigated for a wide

- iV~"




range of operating conditions. Empirical relationships were
dgvelaped to estimate (i) apparent shear stress acting on

the imaginary interface planes that separate the deep and

- shallow regions, and (ii) the effective increase in the main

channel resistance to flow produced by the MT effect.’

The net effect of MT on systém conveyance was also inves-
tigated Qy comparing observed discharge with corresponding
values obtained through application of conventional stage-
discharge relationships. ‘A modified relationship is intro-
duced to .account for the MT effec;s he small flood stages
and this gave superior results for the conditions examined.

A . .

*A modified version of the K-g€ turbulence model was used
to generate depth-averaged velocity profiles for the condi-
tions examined. The generated profiles found to compare

favorably with those observed in the physical model.

’ . 7
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PREFACE _ .

Large d1fferences between estimated and actual dlscharge can
result when convent10na1 stage—dlscharge predictors, devel-
oped for flow 1n prismatic'channels of 31mple cross- sect1on,
are app11ed directly to compound channel systems. '

Recent research on this topzc‘ has estqbllqhed thatftQ55é

"discrepancies are due, largely to the presence of a strong:

momentum transfer (MT) mechanism in the "compound” flow

field. The MT feature is generated_in the junction regions

- of the cross section (separating adjaﬁent deep and shallow

zones) and its influence on system conveyance becomes sig-
nificant when the velocity differential, between the dfep
and shallow zones, is large.

The aforementioned deficiency in the conventional 'dis—
charge prediction methods arises from the fact that the MT
mechanism is not properly accounted for when these méthods
are applied to flow in compound channels.

This theoretical and experimental study investigates the
influence of these transfer phenomena.on the hydraulic char-
acteristics of both "wide"” and "narrow"™ compound channel
flows. The primary objectives of the study were:

1. Development of suitable stage-discharge relationships

for compound channel systems ( i.e relationships that

- vi -



account for the MT feature - and are sensitive td spa-

tial variation in boundary rougkness).

2. Analysis of’tho related turbuienCe characteristics in

the junction regions of compound sections to better

v -define the trans§er mechanism's zone of 1nf1uence and
its effect on system hydraulics under radzcally -dif~
ferent geometripfaﬂd hydraulic conditions.

3. To 1mprove existzng numerical modelling capabilities
in regards to predicting the general velocity dlStrl-
bution in compound channel flows.

’ The first:objective was ao\\mplrshed by studyingqthe, MT

mechanism in a model compound channel with relative depth,

w1dth and boundary roughness being the pr1nc1pal study vari-

ables. ' The channel's cross section cogprised a central deep

section flanked on either side by wide shallow flood plain
zones. | '

Empirical relationships were developed for the estimation
of apparent shear stress acting on the (inaginary) main

channel/flood plain vertical interface and also for the in-

creased channel friction factor, which reflect the MT's ad- -

verse effect on system conveyance.,

This work introduces an alternatiLe procedure for esti-
mating discharge in compound channel systems. The procer
.dure, which 1is basgd;/on momentum balance considerations,

" gives results that.. are in_close agreement with observed

data.®
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In the experimental program, turbulence characteristics

L - . Ry
were measured using a cross type hot-film probe. Increased ¥

' turbulence 1ntens1t1es were observed in the interaction re-

gion with the level of increase depending on '~ flood plain

depth and. roughness. Measufed shearzstress in the main~
channel portion of the interaction'régien‘was found not to

follow the eddy-viscosity concept; Observed aﬁbarent‘sheaﬁ'

stresses at the junction interface plane compared favoeably

with calculated ( depth- averaged ) values, based on momentum

balance con51derat10ns.

In the numerical modelling‘phase-of the study, general
improvement in _the modelling of ;élocity profiles. in com-
pound sections was achieved using a depth—averaged %e;sion
of the K-& model developed for this purpose.

Comparisons between model generated and observed velocity
distributions confirms that the model properly accounts for
the MT mechanism when the veiocity differential across the
junction regions is high.

——
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- ) - Chapter I

INTRODUCTION

Excessive flow in natural and artificial channels usually
results in widespread flooding of those flat land areas (
fiood plains ),. adjacent to the main channel. The frequenéy
and exteni of floodiné are important considerations in all
aspects of flood plain management and development. In rural
. areas, -extensive flooding of low lying lands during the
spring runof f period can seriously affect agricultural pro-
ductivity (124). The frequent flooding of highly urbanised
- a{ea%'is. equally catastrophic and resﬁricts developmént in
those municipalities unless costly flpod”pfeventioh measures
are introducéd (18). ‘

Clearly the adverse effects .assqpiqtgd with widespread
flooding c£n amount Eo.millions-of dollars annually, in both
direct and indireé; cﬁsté. Therefore, the prevention or mi-
tigation of flooding ‘through improved modelling techniques
‘and appropriate rivér';egulation wprkg are prime objectives
in effective flood plain management. .

Persistant flooding of rivers is handled in sevéral ways.

Storage dams . can be constructed to reduce peak . flows and

flood embankments,l(dikes and levees), are ffequently built:

to confine ” flood fle?s along the critical reaches of the.
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system, Design of flood-control embankments requires accu-

raﬁé estimation of-discharge in the resulting compound sec-

t1ons since”errors in discharge " pred1ct1on can lead to more'

frequent flooding (89,137). These errors may arise from the
use of formulae deéeloped for channels of simple cross sec-
tion which /Go not account for the effects of the overbank
flow, The 1973 flood of the Mississippi River had stages
equivalent to a 200-year retgﬁn period flood séage; even
though the recurrence interval of the flood itself was only
30 yearé (6). Man-made obstruct1ons were largely respon51-
ble for this 1ncreased %lood stage.

When the flood plain zones of river channels become inun-
dated, high shear zZones deelop along the junctégn regions

(between adjacent deep and shallow sections ) and momentum

is transferred across these zones. The MT mechanism is a.

system of large-scale surface vorticies generated in the
mixing region, which move downstream with a velocity equal

to the local streamwise velocity in the mixing region. Re-

search has determined that these phenomena produce changes

ip velocity, boundary shear stress and turbulence character-
istics in the junction regions and, under certain condi-
tions, can adversely affect system conveyance (73,93,137).
Since the strength of MT is lérgely dependent on the tran-

sverse velocity gradient generated across the junction, one

Eyopld normally expect its effect on channel conveyance to be

>

gfeatesf when the flood plain zones are just inundated. on’

o TR S

=



the othef hand; boundary roughness undoubfedly plays ‘an_im-
‘portant role at small flood plain depths. In"ﬁeneral ﬁhe
MT's presence in the flow field - has the effe;t of produc1ng
add1t1ona1 (apparent) resistance to flow in the system a
whole. " ' ’ '

While the flrst assumptlon has | been validated 1n earllef
studies. employlng smooth boundary channels (73 103, 137) - the

effects of variable boundary roughness at small flood stag—

es, as yet, has not been fully investigated. Since flood

.

’piain zones are normally_ much rougher than well—developed
river channels ( and in aoy case flood plain.flows at small
overb;nk .depths are governed largely by bed friction ) the \q
" present -lack of research into this part1cular aspect of the
problem is considered a major limitat T - ™
The three principal objectives of the study were: =
1. To develop improyedl stege—dischargeapredictors fé}
compeynd open channel systems. Crucial to this aspect
-of the seudy was the_assessment of MT effects on. ve- i
“locity and boundary shear stress distributions, based
on experlments performed in a specially- de51gned s
laboratory c@ennel.
2. To examine  the turbulence characteristics of the
junction (miiing) regions, among other things, to as-
, sist in definiog the MT's effective zone of influence - ,{

s

in both "wide" and "narrow" compouod flow fields.

43,
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w:.. 3. To review ex:sttng numer1ca1 models of flow in com-

».

pound channels, Hlth a view to improving simulation -
particularly when the veloc1€? d1£ferent1al across
the junctionkregions is large {(i.e. wheﬁ the MT's ef-

fect on system conveyance is siénificant).
The expgrimental programme was performed in ‘a~specially
designed,syﬁmetrical compound channel comprising: a trépezoiv
dal-shaped deep sectioh flanked on either side by wide shal-

low berms ( flood’

ins). The width of the berms was
fixed, however the mhin channel width and depth were made

adjustable so that both "wide" and "narrow" channel condi-

tions could be satisfied in the varlous experlments.

The net 1n£1uence of MT on system conveyance was examlned

- ‘v,,

by cogpar1ng, for any gzven flood stage, the compound chan-

nel™ discharge w1t§ xhe gqu1valent "separated cHannels" dis-
charge. In adafgiéﬁ to this the MT's effect on Qelocity
diétribution, bdundary shear.stress and turbulence. charac-
teristic€-within the mixing regions ( shear zones) were also
examined for a wide range of flows and boundary conditions.
The'éforementioned boundary roughness aspect was studied by
1ntroduc1ng in the various experiments four different values

r 3 L4

of reldtive roughness (- between the main channel and flood

plain zones ). )

In chapter 1Y, the major research contributions of past -

years are presented in a2 thematic rather than a chronologi—

-
cal .prder. (This format was cons1dered more appropr1ate,

. given the nature of the subject matter) : -

r

v
———— s,

Y
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Theoretical consideratiohs'are'dealt_withﬁin chapter I11I.

The longifudinal depth~é0éraged momentum edﬁation used in

the dggerhinatidn of dpparent shear stress merits special

consideration. The:latter is considered to act on”imaginary.

interface_plapgs separéting adjacénf ‘déep and shallow zones

of compound sections. The discretized form of the'momenfum'

equation is also presented in this chapter. Numerical mod-

elling techniques §ge discussed in a latéf chapter.

Chapter 1V describes fﬁe experimeﬁtal channel and ancil-
lary apparatus together with the instrumentation 4used'ahd
the procedures followed”innfhe“experimentéL programme.i

Chapters V through VII present the results of the labora-

tory study. Chapter V compares velocity data for "wide" and-.

"narrow” channel conditions. Velocity distribution laws (

smooth and rough boundaries ) are applied to those regions

-

where the flow can be considered two-dimensional. These

laws are subsequently used ( chapter “"VI ) to develop cali-
bration curves in connection with boundary shear stress de-
termination.

In chapter VI the effects of MT on main channél and flood

plain boundary shear stress and on apparent shear stress

a3

are discussed. The techniques eﬁpioyed to measure these

QUantitiesrare described and comparedswith other methods.

(53 e

An experimental relationship is developed through regression

“analysis between apparent shear stress and easily calculated

geometric and hydraulic parameters of the channel, The in-

-

. ' : ‘ h
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cf@ase in resistance to flow in the main channel is guanti-
fied by linearfrelationships.betweén .frictign‘cogfficieﬁts
aﬁd the appropriate fsingle-channel“ Reynolds number. These
relationships éré.then used in ‘an improved method developed
for calculating discharge in‘acompound chénnels: The method
is described in latef'chapter. .

The structure of turbulence, in particular the unique

structure within the mixiﬁg fegions, is prgsented’in chapter
VII. The distribution of . turbulence intensities and shear
stresses in the compound section are éxamiqéé_for.both "nar-
row" and "wide; channel conditions. Results indicate that,
if the latter condition is satisfied, the cdre region of the
main channel flow is.not affected by MT. Finally, a method
for direct measurement of vhpparent shear strgssl‘is de-
s;ribed.

Chapter VIII discusses the different methods Wvailable
for estimating dischardge” in compound channelsd -and addresses
inaccuracies ané'guestioﬁable assumptions regarding existing. -
stage:ﬁischarge predictﬁrs.fr"Single-channel" and"séparate4'
..channels"” methods as well as methods based on qorrectfon
factors are appljed to highlight the errors incurred.in dis-
charge estimation when apparent shear stress is either ig-
nored or only partly considered. A method based on momentum
qogsidera;ighs iéi*proposed which aécéunté for the presence
of appq;ent-shgaﬁ«stregs and the effective increase produced
iﬁ the friction chtorbfor the main channel. The method pro-

—

-
- -

tal
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“vides superior‘results'when compared to alternative methods

currently in use.

Application of the K—E.tutbulence model té qssist in de-
scribing the qomplex flow field of a compound cﬁannel system
is examined i; chapter IX. While application of the model
should be .restricted to hydraulically "wide™ channels its.
performanée, when d;plieﬁﬂto to "narrow” ;ompoﬁnd channel
conditions, was also tested using modified boundary condi-
tioné. . .The model produced satisfactory results for the
rangejaﬁ'conditions examined.

in thé'{fipal ch;pter: the important conclusions_of the
study ate summarised and suggestions are offered for future

research work in this area.

-
- .

*
e




Chapter II

LITERATURE REVIEW -

2.1 INTRODUCTION

‘*This chapter describes the major.research contributions of
‘past years.on the subject of:momentum' transfer in compourd

" ‘channels.. Since these works deal with different yet related

Y

aspects of the 'same.phenomenon;' theffkdﬁscription"will be

-
treated in a thematic rather than a chronological order.

It was also considered more appropriate to’ *discuss past -
contributions on numerical modelling ‘separately in chapter -

IX, where a modified numerical ‘model based-on this work is

v

presented. o -

 The principal experimeﬁtal investigations of the past can
be classified, in general terms,under ‘'Qualitative' or

'Quantitative' studies. he first group are those studies

in which v;rious flow visualization techniques were used to
examine the large-scale interaction process between the main
channel énd flood plain flows. Quantitative studies, on.Ehe
other hand, were concerned with"developing suitable. stage-
discha;ge reiationships for compéhnd éhqnne;s based on ex-

’

perimental observations. L

S




" surface patterns generated in’ the m1x1ng regions wlth a cam-

_ 9
2.2 -PAST RESEARCH ) E }

Sellin (120) used photographic techniques to-obtain qualita-

tive information on the nature *qf the transfer mechanism.
. . l .

.He‘ dusted h1gh1y reflect1ve aluminum powder on the water '

surface of his model: compound channel and photographed the '

era positioned dxrectly above these zones. i

In order to highlight tHe secondary flow components, _ the
camera was made to travel at ; streamwiseuspeed equal to the
mean surface velocity 1n the Junct1on reglons.y The (shortj“f' o’
time exposure) photograph1c records produced in tnis manner;
were subsequently used to draw representative two-dimension-.
alkstreamline'patterHS‘(a row of large eddies centered along
the junction) of the surface flow.

-

. Sellin also 1nvestlgated these surface patterns with an’

optlcal system employing the Schlleren principle (121). A
dlstrlbutlon function defining the width .of and spacing be-
tween adjacent eddies was obtained ‘using this particular

technique. : v

A

Tamai and Kawahara (125) used similar flow v1suallsat10n
technlques to study the complex mixing process generated in T

the junction regions of compound flow fields. In their ex-

‘periments streak patterns on consecutive photographic plates

were used to calculate longitudinal and transverse surface .;

velocfty COmponents within ‘the eddy structure. fThe hydreo-
gen-bubble technique was'also employed to measure velocity

.
N 3



tional velocity

'flodd plain zénes.

» e 10

X R .
distributions .at three different levels 'within the
Their stage-discharge

plain depth. relationship accounted

for apparent shear stress actlng on the mazn channel/ flood

plain interface. The latter:. was" relhted to™ the mean rota—

of the eddies (V)~the scale of

(L) and hydraullc character1st1cs of the compound channel

\

Quant1tat1ve studies 1nvolve experlmental measurements of

such parameters as veloc1ty,.

bulénce characterlst1CG Thelr ma:n goal is

% \

the development

- of 1mproved methods for bettep accutacy in estimating system

A *

]

PO R

dlscharge.

+ W v f

Hegly'(43) 1nvestlgated flow cond1t1ons - in a canal of

compound cross section that

comprlsed “a "trapezoidal main

channel ulth a 51ngle flood plaln zone._ Undér uniform flow

conditions, water 'flowed 1ndependently in each section and
f

+

hence discharge could be computed using conventional uniform

flow formulae. ' . . S

4
! 1}

Zheleznyakov (143) perfo}ﬁed " experiments.in symmetrical

- . Lt N

channels having parabolic-shaped main sections flanked by

v,

He observed reductions of local and mean

¢

-

velocities in"the main channel for conditions

plain depth. At the same time, local veloc1t1es increased in

that part of the flqod pla1n zone near the

flood plain interface.  -He also reported on. similar investi-

- gations by others on larger models in ‘which the same general

-~

effects were poted. )

flood-

the‘eddzesl

boundary shear stress and ‘tur- _

of low flood

main channel/

v w
. s
- . N
F“_..._‘;_‘___.__.__...._'i—-..“_‘_q!__..-._\_.._.a._
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* _In another paper (}44) hg introduced an ipportant parame-
ter which ch;racterizes the capacity of the river channel.
This is defined as the ratio of the total flow depth over
the: flood plainldepthi(n=yt/yf7. Its inverse was termed the
'relativéidégth'nof the flood plain; ‘He ;howéd that kféz a
certain_véihe of relative depth. the discharge ratio.Qr/Qe
(where éf is the channel' discharge) decreases to a minimum
value after vwhich it increases again. He aiso presented two
ﬁormuiée for the determiﬁapion of -a;tuél discharge in natu-

‘ral watercourses. The first formula is based on aerial hy-

1 £

dromekﬁ&'aﬁd the second uses coefficients which account for
3~tpe presenée ofvthé MT_mecﬂanism:’ ‘ ;

" Sellin (120) ° gé@efated stage-discﬁaqge curves for his
model compouﬁd.seétion, gﬁe {solated main channel” section,
the isolated flood plain zones and also for the sum of the
last two components: - This permitted compariéon between ob-
served and calculated discharge for the different subsec-
tions and for the system as\ a whole.  Sellin also observed
tﬁe characteristic dec}éasg‘in main channel velocity associ-
ated ;ith the "interacting” flow condition. .

Réjaralnam anq Ahmadi 1103,104) observed velocity distri-
?utidns in two compound channel. systems. The first had“a
;nar:oh" main ghannel with two "wide" flood plain zones and
the second had a "wide"™ main channel with a single "wide"

flood plain. They found that velocities could be correlated

with self-similarity laws of exponential form, {the expo-

Ctam
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nentslnav¥ag different magnitudes for the main channel and
flood plain zones). They also noted that, across much of the

‘mixing zone, vertical velocity profiles could be calculated
by the logarithmic velocity distribution (LVD).law, however
the measured local shear velocity had to be usedlas a veloc~-
ity scale. On the other hand, the LVD law did not hold in
thexupper portion of the main channel flow. -

Ghosh (39)  and Myers (73) studied the boundary shear
stress distribution in both symmetrical and asymmetrical
compound channels under both interacting>and isolated flow
conditions. They concluded that MT .effectiVely decreases
main channel boundary shear stress, while increasing flood

plain boundary shear. stress. Myers (71) quantified the ef-

fects of MT by ‘expressing momentum transfer as an apparent

shear force derived from the momentum eqhétion for steady,

uniform flow. The apparent shear force was found to in-

crease with increase in flow depth to some upper value, af-

ter which it deéreased. The apparent shear stress (obtained
by dividing-the apparent shear force by the area of channel/
flood plain interface) 'was found to decgease with an in-
crease in flood plain debtht This finding supportedian ear-
lier conclusion, Bamely that the mechanism's effect appeared

to be strongest when the channel depth just exceeded the

bankfull depth.

r

.Following these important studies it has been common

practice to express MT as an apparent shear stress acting on

s
et — = [
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the imaginary main channel/flood plain interface plane (eij
ther vertical, horizontal or inclined ).
. Ervine and Baird (30), in analysing the results of other

invéstidétdrs, developed a linear relationship betﬁeénlap—

parent shear stress and the differential velocity between

t. ~ . - -

main channel and flood plain zones. T

" Wormleaton et ai' (137) performed a multiple linear re-
gression and expressed apparent;shear stress as a function
of the . geometrical and hydraulic cha;aéteriéticé' of éhéir
model channel. |

. A similar relationship was developed by Prinos and Town-
send (92) for a compound channel comprising a trapezoidal
main_chandel‘ﬁith two flood plain zones. This réiafiqﬁship
was subseéuently used in a method for estimatipg discharge
in compound channels. _ :

Knight and Demetriou (56)' proposed a group of empirical
relationships for calculating flood plain Boundary shear
force and apparent shear force acting on t%e main channel/
flood plain interface. o )

Because suitable instrumentation was generally not avail-
able étrthe time,'very few past gtudies on this subjéct were
concerned with the structure of turbulence in compound flow

fields.

Townsend (128) studied momentum transfer phenomena in an

:asymmetrical compound channel, with special emphasis.on the

nature of turbulence i@ the mixing region. The turbulence
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field was 1nvest1gated " both for '1nteract1ng and isolated

flow cond1t10ns in the compound sect1on. The constan; temp-—

'eratuze_‘anemometer metfrod and a. novel flow v1suallsatxom
technigque were employed to respectlvely measure long1tud1na1
and cross stream turbulence ‘intensity levels: Townsend
‘found that, except for the walr*reglons,.turbulence inuensiw
cies ‘were'generally much\higher in Ehé‘ mixing zone than
) qlsewhege in the compound flow-field. Atﬂpmall flood plain
depths maximum levels:were approximately 3 times those found
in the central region 6% the main channeltflow. Moreover,
although the longitudinal ‘intensity levels :in the mixing
.zone were found to be generally higher than the cross stream
intensity levels thereln ) the general increase in cross-
stream 1ntens1ty was found to-extend much further into the
sflood plain zone than did the former.. 3 . . "
Elsawy et al (29) used ;a Laserfbogplef anemometry (LDA)
system to measure«velocify dietributions and turbulence
_characteristics in a var1able geometry compound channel.
rBecause of the’ l1m1tat10ns of . the1r equ1pment they measured
only longltud1na1 turbulence intensities. However, b§ as~—
suming the flow was close to isotropic, they were able to
comparevobserved normal stress in the longitudinal difection
with apparent shear stress atzthe interface plane. )
Tracy (131) alse studied the structure of turbulence in a

closed {pressurized) conduit of -complex cross section where

..a8ir was the flpwing medium. " He was principally concerned

R SISV SIS oy
° »
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with the production (and effect én system efficienéy)-of the
secondary’cuffents in the conduit. He concluded that varia-

tion in the turbulence' levels in the corner regions, of the

.conduit was the most probable cause of the secondary mo-

tions. QF also found that the transfer of air across ‘the

interface plane separating the larger from the smaller chan-

nel is small and that shear stress is also small there.

Therefore methods for. calculating discEargé in complek
chafnnels, that are based on dividing the.channel into sub-
sections, céuld be used for the conditions examined.
Numerous researchers working in this area have concen-
trated on developing accurate stage-discharge predictors as
aids in design (30,48,49,63,76,89).
Three approaches to the problem have been widely used in

past studies, In the first approach the critical factor is

‘accuracy in the estimation of hydraulic radius which is then

used in an appropriate uniform flow formula (Manning, Chezy

etc.). The second approéch uses experimentally-derived cor-

Tection factors to account for MT effects. The third is

based on momentum considerations and uses a relationship in-

corporating the aforementioned apparent shear stress parame-

ter.
Rice (111) and Posey (89) applied conventional methods
for.calculating discharge in compound channels.They divided

the cross section into hydraulically homogeneous zones using

various imaginary interface planes (vertical, horizontal,
: .

-




T : 16

'éiagonal) The .d1scharges were calculated separétely for
each zone and then summed to glve total dlscharge. They es-.

~ timated the error assoc1ated with these methods, all of

whicﬁ?ignore the presence of the MT mechanism.

These particular methods aééume no shear acting on tie
imaginary jnterfage planes and hence tﬁe latter are not in-
cluded in the wett;d*perimeter calculations, In some cases
t%e interface was included ih the m;in channel wetted perim-
eter only (imp}ying that'apbarent shear stress and main
channel boundafy shear Stress were approximately equal).

Delleur et al (24) - studied uniform flow in | prismatiﬁ

flood plain channels that had ,5%3;}Yéty of surface rough-

nesses. They Compared different methods of subdividjng the
compound cross section for7th§qpurpose of discharge computa4_'

tion and also compared formulae for evaluating the equ1va—

lent Manning's coefficient. None of the methods examined was

considered entlrely(/}tzsfactory for all possible flowfconJ

ditions,

Toebeg and Scoky (12%)- examined the‘hydraulics of- mean-
dering channels with flood blains. They were mainly con-
cerned with the effects of the meander profile on system

conveyance, however they also considered the junction mixing

.. process itself. For the purpose of analysis they proposed

that the. composite cross section is best divided by an imag-

p-3

wt

-

inary (fluid) boundary that is horlzontal and located at the -

level of the flood plains zones.

, . L B et P S |
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. Wright and .Carstens {139) proposee that the interface
-plane should be inclnded in\the wetted perimeter calculation
for the main channel only éince the apparent shear stress in
their channel was of the same order of magnitude as the maln

channel boundary shear stress. They also 1ncluded apparent

,shear stress in the calculation of average velocity in their

channel's flood plain zone. Their new method gavé better
results than those obtained using conventional methods.

" Yen and Overton (141) established diviaien lines of zero
shearJin.a compound flow field, with their common origin at
the junction between the deep and shallow 'sections. These

* lines need not be included “in the wetted perlmeter computa-

tion since the apparent shear stress is =zero. They fou

that the inclination of the division lines varies with flood

plain stage, although roughness distribution and other geo-
hetrical factors appear to have seme influence on tnée..

Wormleaton et al (137) 'etudied flow in gnannelaanaﬁing
rough flood plain zenes. They calculated the apparent shear
-stress for dlfferent dAmaginary main channel/ flood. plaln in-

'terfaces. Next they used an apparent shear stress ratio as

a cr1ter10n in dec1d1ng whether or not to include a partlcu—_

'1ar 1nterface plane in the wetted perlmeter calculation,
‘For an apparent shear stress ratio less than 0.2 the inter-
face plane was neglected however, when it was greater than
-6.2,. thefplane'was included{in the main channei wetted per-

imeter calculation. For’the ebnditfons examined in their

.
e ey
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study a horizontal interface. plane érbqngemeht produced tﬁq
_best results. . Y ' . . éT

The second approach to pfedictihéi stage~-discharge rela-
tiégéhips for qompouna channels employs simple corrgction
factors derived from experimental data. These faétqrs are
then incorporated in the uniform flow ci}culation.

"Le Van Kiyen (63) -determined conrecggon factors for both
main channel and flood plain zones and éheﬁ used’Chezy;s
equatibn “to calculate the dischérge for each -subsection.

The correction factors were based on five empirical rela-

tionships. Their purpose was to account for the main geome—

trical and hydraulic factors, namely the ratio of channe% to

flood plain roughness, the shape of cross section and the

relative depth of flow. Kiyen's method is tedious however '

and its application'does not provide any signifYEant im-

provements over other methods (93).

-

Karasev (49) wused momenttm considerations to obtain ex-

$ (Y

pressions involving two empirical parameters which were then

combined with the Chezy equation to estimate discharge. The

correction factors were derived from approximate?; 300 ex-

periments and t?erefore‘éan be considered quite significahfql

from a stétisti?él viewpoint. . S

James and Brown (48) dete}minéd,@ simple correction facs
tor to¢Manning's egquation based on a procedure thaé rélatéé
4;f59un?i:y'rou%pness to certéin shape " properties of the chan-

nel. They ‘named their method the "modified éinglé- channel”

'."‘ -
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approach and. found that calculated d1scharge was very close
to that observed in experzments. |

: Nlcollet and Uan (76) proposed an emp1r1cai relablonshlp
between relatlve discharge’in the system under 1nteract1ng
'and,1solated condltlons and the system s. relat1ve xoughness
t;aramete:.a They: also _extended .their dlscharge computat1on
method to ‘gradually- varled flows .in compound channels.

The th1rd approach used ah the computatlon of system dis-
(—'* . .

chasge 1ncorporates appareut shear stress actzng on the main

‘channel/flood pla1n 1nterface."l
For smqoth compound channels Etvtne'and Baird (30) in-
~cluded in their" analysls a -simple 1inea%');elationship be~
"tween apparent shear stresé and d1fferent1al veldc1ty.
A~ s1m11ar methodology hproposed by* _PFIHOS and Townsend
(93) has .wider application since spatial-variation in bound-
ary roughness can be ‘accomodated 1n Jtheéir method

~ Some of Lthe "discharge calculation” methods referred to

-

in this chapter were applied to the present study data for
the purpose of comparing their effectiveness. The methods
selected_for this exercise are described, more fully, in

chapter Vi}i.
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Chapter III
.. .THEORETICAL CONSIDERATIONS, -

Al

3 : S
L

3.1 MEAN FLOW EQUATIONS

Svy

Generaliy flow in compound_oﬁén ghannels is three diqeﬁékén- :
’ al and . ‘the fundamental equations which describe thié motion..
are the conservation laws of;ﬁméérand momentum. ‘
For steady}incompressiblé flows these laws can be ex-

=, pressed in tensor notation as:

S

- ;
(1) Mass conservation~(Continuity equati%p): oy

e

" - -" -~ ¥-

(2) Momentum conservation (Navier-Stokes equations):

! : ‘;#‘ .r;
T sy, < Ty (
Y, T CewtE Vw8
3 1 Py '

where U, Uj= components of mean velocity in Ky X;

directions respectively ;

mean pressure ;

density of water ; *, -

< O W
It

= kinematic viscosity of water ;

— 20—.
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. 'P“luj' turbulent shear stress.

Equatlons 13.1). -and (3 2) can only -be :solved when the'

correlat1ons between the fluctuatlng veloc1t1es, u u, can be

- - -

TR N - ".\

determined in some way.. . _-'l*‘ . 3“Jf '

Phy51cally these correlatlons when multzpl:ed'by the den—

saty, represent the transport of momentum due‘to the fluctu-

.

ating (turbulent) motiohn. - o

+ -

The quantity--Puiuj is the transport.offx{jmcmentum‘in-the

x; direction (or vice versa)., It acts as“aTQStress.on the
fluid and is called the turbulent or Reynolds stress. In

most flows and especially in fully developed flows the v1s—

cous terms of equat1on (3. 2) are only 51gn1f1cant in. reglons

very clbse to the boundary:. The turbulent shear streSSes are‘
much larger elsewhere in the flow field and hence equatlon.

(3.2) “can be simplified‘by neglectlng the 'viscous terms.

‘The turbulent shear stresses -Pu u . can be determlned 1n

terms of the mean veloc1ty u51ng the popular concept_ of

eddy-viscosity and poussinesq S approxlmatlon. ) The above

concept assumes that, _in analogy to the viscous stresses in

laminar flows, the turbulent stresses are proportlonal to

.

the mean velocity gradients.
Using the above concept equations {(3.1) and (3.2) . can be

written, for the longitudihal (x) vertical (y) "and“tran;

s

sverse (z) directions as :

5 T A . T
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"z'~.Momentum.equation :

Continuity equation: -
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X - Momentum equation :
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- direction Es’negligible-and the longitudinal pressure gradi-

ent can- be assumed constant over any cross sectlon of the

' -channel. Therefore terms 1nvolv1ng second der1vat1ves w1th

respect to x have been neglected and the original pressure

'exemple, "when the channel is’ sufficiently "wide" (ie. the

- to strOng vertlcal mixing induced by the bed shear. -

term of -equatlon (3.2) i.e (-I/P‘- dp/ I x) has been replaced"
. by (-g@ah/dx+gs).: . e S

-

For uniform f Yow cond1t10ns,\ equatlons‘(B 3 to 3.6) can
be s1mpIif1ed further since terms 1nvolv1ng the longltudlnal
veloc1ty and depth gradlents are zero. -

< i M L

3.2 DEPTH-AVERAGED MEAN. FLOW EQUATIONS

In'many "open channels"’ problems the three-dimensional

'port1on of the flow fleld is of secondary importance. - For

width to;depth ratio is >10)," it is mainly the hgrizontal

distribution of “flow quantities that is of interest and not

M 4

;;h the Vert1cal dlstrlbutLon Whlch'lS: often nearly unlform due

-~

Thereforefthe three- d1men51onal equatlons can be inte-

"grated over the vater - depth (h) assumlng the pressure dls-'
“tr1but1on to be hydrostatlc.: " .The resultlng depth- averaged

:equatlons were der1ved by Ku1pers and Vreugdenh1l - (59) as

’ - -
. . ¥ . 4

.
-~

L
N

" Gontinuity équatign: g

1 3Uh , 3W S .- : - "(3.7)
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. a} ; - v v
, ’ . ‘ Pt \ - . & A .,‘."‘
Momentum equation : ‘ T ., 2
i \ -: “ : .; " .
. ) . " {
. g T TS (3.8)
Uax*¥%5 = taz)'*‘SST%dx ) L
. . ) | l Lt !
. ; . . .
. Y M 5 . ]
. —\:;_ . N had ““ - ‘- . . ' )
wvhere U,W = depth-averaged yelocities- in x,z

) \d1rect10ns respe tively';
a . - a= ', .\

N L Ty = boundarywshear:stress ;

- Dy . 4 . . o
— . v, AN ST, e . ..-“ .
"V, = depth-averaded eddy.viscosity. -
] " ey e L

‘o

The dlstrlbutlon of 'Vk .-can be determ1ned by a turbp—

lence model Th1s modelﬂ called the depth-averaged k- B mod-

L4 L .

el, is presented in chapter Ix where the numerlcal modélllng

LT

of . flow.ln compound channels is' d;scussed..”, .

o

Equatlons (3.7) ° and (3.8) are restrlctedf to parabollc e

.flows ohly}- The- veloc1ty c0mponents U aﬁd W are governed

' only by the contxnu1ty and the x-momentum equataons.'

J N

depth averaged (z) - momentum rs_not needed and the vert:cal

-'The-"

‘momentum eguatlon 1§~thérefore redﬁced to the hydrostatlc. "

\ N
i

pressure relation. AS a result of depth averaglng, equat1on

1
: . . -

Y
'

shear stress is nééieéted) which is related to .the loca}

-t

.t ‘. . N e
‘depth- averaged veloc1ty U as follows,, R
p . ‘Y L i
T ' . a
S RN ) .
' - — } ; vl ( oy
A . g . 3.9)
Tb - pui ‘ = -'.‘plcf uz . IR Loy ! % "
s c 4 i
Y , . li ¢ . , L i
; L. '
! r - 2 - . L)
r ! ity ¢ [ A Yo
- [ A= i X l-;‘ "
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in which Us= the local shear velocity

-8,
A

¢y = friction coefficient. e - <

For fully developed flows the contﬁnuity equation’'is sat-

3

‘isfied automatically’ and the x-momentum becomes

* ’ o, T, ’
. d —du. . Ty T (3.0
0 dz (\Jt dz) + g8 - D_h : . .
3.3 - DISCRETIZED _QUATION FOR X- MOMENTUM AND ITS ,

et

PPLICATION TO COMPOUND CHANNELS

The dlscretlzed equat1on for x-momentum can be derived\

" by using a control-volume formulation. With the latter the

»

. calculation domain is divided into a number of nonoverlapr

ping control volumes and the differential equatlon is inte-

graéed over each control volume. For a typical control volr

" ume (figure 1) the discretized form of x-momentum (equation

3. 10) can be written as:

AxAz (3.11)

0 = (rn-rs)hﬂx + pgShaxdz - T,

1 1 3]

~—

. where T%'ts— the apparent shear stresses acting on the n

and s faces respectlvely (T = PxQdU/dz),



For a symmetrlcal compound channel of unit length (fzgure_

2) equatlon (3 11) becomes. ‘ . -.”

_ p e . . T (3.12)

- & ]
. .
2
v 1

where T A= total cross-sectional area {_
o f.T¢.T4;* boundary shear stress for main channel -
' Tand. flood pla1n respectlvely :

"~P E+ = wetted: per1meters of- ma1n channel and

i ' flood plaln respect1vely.
o Equatibn (3. 12) is obta1ned by cons1der1ng the compound

channel as a control volume.

- Equation (3.11) can be applied to any subsection of a
compound_chcnnqil For the uain channel ‘the velocity differ-
> .éntial-betheen-chanﬁel and flood ‘plain ‘generates additional
.1nterna1 shear, ahd atcontinuous transfer of momentum (due

r

to turbulence dlffus1on) from.the main channel to the floed

1

-plain zone. ' ' ) '
Because. of this interaction process equation (3.11), when
applied to the main channel control Golume,.givéé -
~

. : (3.13)
pgAcS -r':Pc + 214 g )

where A¢; = main channel crgss-sectional area ;

Ta.= apparent shear stress acting on the vertical

o . - . . . ' .
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imaginary interface ; = - -

P

y; = flow depth in the flood plain zone,

. .o . .
Considering the flood plain -control volume .(figure 2),
the appérént shear stress acts in the direction of flow,

hence

-

. .PEA;S +'i"a'yf = T P E o (3.14) °

£ f

‘where A; = flood plain cross sectional area.

Therefore equations (3.13) and/or (3.14) can be used to cal-
culate L apparent shear stress if the boﬁhdary éhear stress
.infthe main channel or the flood plain zone is khowﬁ.

Similar equations can be'developed for any imaginary in-
terfacé planen(diagopal, horizontal etc.) by considefing the
.éppropfiate "control volume" geométry. Hence apparent shear
stress can be calculated for anf such interface if the cor-
responding boundary shear stress distributién is known:

An alternative approach in the déterminapion of apparent
shear stress is its direct measureyent by means of, for ex-~

M -

ample, laser doppler or hot-film anemometry. The apparent

shear stress for a vertical interface of a control volume

(figure 2) can be written as:

L — \
s - -Ef-—puw dy (3.15)
o
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where’ "PGF‘ =71Qca1 apparent shear stress at a distance.

y Erom the boﬁndary.,

Direct measurement of uw provides lbcalrvalugs of appar-

ént shear stress within the flow depth and therefore its -

vertical distribution cah be ~ determined. The former proce-
éq;e‘(i.e using edua;ions-13.l3)'ﬁnd (3;14) ) does not give
‘any infprmation about local quantities: only a'depth;aver~
aged valﬁe. "The latter, however,can Qe cbtained from equa-
tion (3.15) and can be compared with " that determined from

. . ¥ . .
equations (3.13) and/or -(3.14). Such comparisons should in-

] dicate whether or not indirect methods for meésuring bound-

ary shear stress (e.g the Preston tube technique) can be
used in complex flow fields (i.e. interaction region of com-
pound channels) where velocity distribution laws are assumed

.to apply.

. . .
Direct measurement of apparent shear stress is favoured.

over indirect estimates tequations 3.13 and 3.14), since the

LY

Lo 3 - . X
latter procedure is laborious. -However direct measurement

has . posed significant problems in the past because of diffi-

‘culties associated with the-use .of hot-£ilm probes in un-

\ o

treated water.

In this study apparent shear stress is calculated and

v e

also:measured dirgctly in the physical model using a cross-

type hot-film .probe. The results obtained from these two

different approaches are compared-in chapter VII.

1

,-b<
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Chapter IV | ‘
'EXPERIMENTAL APPARATUS AND PROCEDURE

| 4_.1 .’ EXPERIMENTAL CHANNEL

The11éboratbry'experiments were performedlin a 12.2 m-long
(plexiglass) compound Shanﬁel comprising a trapezoidal
shaped deep section that was flanked on either side by wide
shallow berms ( flood plains).

The main channel section was 10.2cm deep and its base
width could be adjusted between 20.3 and 50.8 cm. The width
of each flood plain section was fixed at 38.1’ cm. These
physical dimensions, when combined wigh the particular flpw
depths adopted in the study, produced the "narrow channelf
conditions referred éo in this study. A 7.2cm—high "false
floor"lunit.was subsequently placed in the central chanéel
section (when the latter'éubase width was set at 50.8cm) to
produce'higﬁer width to débtﬁ ratios. Accordinglf the scope
of the "investigation extenéed to "wide" as well as "narrow”
channel conditions.

.The flood plain zones and the channel walls were supﬁort—
ed at 30.5cm intervals to minimize deflection. The entire
channel rested on a wooden platform supported 1 m above the
laboratory floor on -an adjustabie—slope steel frame. A gen-

eral view of the channel is shown in Tigure 3,

- 29 -
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-fhe channel's inlet and outlet tanks were separate units-
" supported on steel‘frames that could be‘easily;reloca:eg_in
the event of a change in channel slope. The furiction of “the y
.inlet tank eas to supply, with minimal disturbance, s#doth
entrance flow(téythe different. sectlons of. the channel. ! Wa-

ter entered the upstream end of the tank through a p1pe f1t- ;ﬁ
ted with a myltiport diffuser. Screens and baffles were in-
stalled downstream of the diffuser to dissipatellarge-scale
turbulence and secondary circulation ie the tank. The down-
stfeam end of the tank contained a transitioen section which
accelerated the flow smoothly ffom ‘the tank to the channel,.
A views/6f the inlet tank is shown in f1gure 4,

Jﬁ; tutlet tank prov1ded a - means for mon1t0r1ng system
discharge during the experiments. The channel flow was colf
lected in the upstream end of the tank, it then passed-’
through seberai scree;s and finally dieeharged'over a cali-
brated weir towehe maiﬁ'sholdiné tank ‘underneath the labora-
tory £loor. ' Head ebove both the weir was measured at a ma-
nometer located an aﬁpropriate distance ﬁpstream of the weir
section. A top view of the outlet tank is shown in figure 5.

An adjustable outfall weir was 1located at ﬁhe downstreem
end of the channel. Its purpose was to give accurate con-
"trol of the water surface in the channel since this was es-
eential in establishing and maintaining uniform flow in the g

test sectibn. The outfall weir is shown_in figure 6,

.
>
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4.2 MEASUREMENTS V

4.2.1 Bed Slope and Water Surfacé'Level

Precise elevation feadings were taken at 30cm-intervals
along the channel centreline and also élong the flood, plain
sections. The .channel bed and flood plain profiles were

checked along side the "least-squares”

N~

lines ﬁitting the
data to give tﬁé;effectivé' slope. Tﬂq laftgr was a}éo
checked by comparihg .1t with the piezomete} " (static head )
proﬁile corresponding Eo zero -discharge éondition in the

channel. Static head readings were taken #ith a cathetome-

ter reading to 0.05mm.-

Figure-j is a sample plot of the water surface slope for

"a particular discharge'tdgether with the computed slope for

Y

theichannel. The maximum deviation of the water surface pro- -

file from the constant {uniform) depth value did not exceed

lom in all the experiments. Moreover this maximum deviation

occurred in a section of the channel remote from the test
. s " ’

. - . . . as
section reach. KRS . ¥

Local g&éw‘deptﬁ was also bhédked'using'manqalfy—operated

point gauges located at 4 measuring stations along the chan-
nel. These gauges‘(readi;g tp‘lﬁm), él;ﬁéégh;ﬁot.vény sen-
sitive, were very useful in the initiél gtéges of establish-
ing uniform-flow in the test Section. The discharge control
valdé and the outfall weir elevatioq’wére adjusted to ;p—'
proximate a uniform water surﬁage pr;fiie using the point
gauges. Subsequent ﬁf%né~tuning" of the_surface“prgfifé was

P

accomplished using thé%pfecision cathetometer.

V'L r
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4.2.2 Boundary shear stress -

Local boundary shear stress was measured by the Preston- t:?e
technique (91). A total head tube (1,67 mm 0.D.), ‘resting..
on the boundary and aiiéned‘parallel to the flow, was used

in conjunction with a standard static tube of the same diam-

.eter.  The small diameter of the impactltube WaS necessary

of t?e diaphragm and the 'cores. Déflection of ‘the  transducer - .

to ensure that the axis of the tube was within the "law of

the wall” reglon,ieven for shallow flood plaln depths. Dif—

ferent1al pressure (between the total and static probes) was

correlated with boundary shear stress using - an approprlatew

"law of the wall" A differential" pressufe transducer (Val—l

idyne DP—103) “of the var1ab1e reluctance type yas connect-

ed to botg tu%es to measure dlfferentlal pressure. The main

sens1ng component of the transducer . 15 a th1n 31aphragnlof,

magnet:cally permeéble stalnless steel mouﬁted symetrlcally
it

 between two blocks allow1ng only a narrow gap on elther side ’

. s -
reluctance of the device. Th1s in turn alters the value of

the ipduction of‘thé two coils located on either side of the

dig@gragm. Thin diaphragms uTth maximum permissible.pressure
S;to 25mm of water were used for accurate measurements of
lowfp?essure in the flood piain zones. -

The output voltage was displayed on a, digitei indicator
(validyne CD 23).. Voitage readings for a given point meas-

! . .
urement'exhapited fluctuations of approximately 0.05 to 0.1

%y
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volts and were averaged over a selected number of readings

'ﬁsing a voltheter with a 10 secs time'constant.

Prier to its wuse with the impact and static tubes, the
transducer-indicator system was calibrated with a known

static head, of water. As shown in flgure 8 the response of

‘the transducer was 11near up to the maximum perm1551ble dif-

"ferential pressure.? ' -

When the main channel was "wide", local boundary shear

stress was also measured using the veloglty prof' e method.

In applying this method local velocities " "inner re-
gion” of the wall were measured and shear. velocity and local

Epundarj shear stress were calculated based on the "law of .

+ the wall". Both methods gave results in very close agreement
'(d{ﬁference t5%). A more detailed account of the" methods

'used'to .measure boundary shear ' stress is glven in chapter .

<

VI, . I : .

Water temperature 'was monltored at flxed égme intervals

during all experlments. The thermometer which‘was located
¥ Qo
just doyAstream of the test section, indicated only minor

fluctuatlons in temperature ( up to.iO 2 C ) during the ex-

-

per1ments. .

4,2,3 . Velocity Measurements

ot

Local velocities were measured using a commercial Pitpt tube
(4mm 0.D} and a miniature current flowmeter system (Ni-

xon-403) 'designed for measuring very low velocities. In

Lipe
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zones of reldtively low velocities the Pitot'.tube-was also

‘- * - .-
used with a precision inclined manometer (angle of inclina-
y . .

tion 10°degrees). o b

The ca11brat1on curve .for the differential .pressure
transducer is shown in. figufe 8. The curve was checked by
taking velocity’ measurements at the ceﬁtre 11ne of a "wide"
channel, where a logarlthm1c velocity d1str1but10n occurred;
The same procedurg was repeated for the Pitot tube connected
to the inclined manometér and similar results were obtained.

The Pitot tube was used /;o measure veloc1t1es -close to
both the channel- boundaries and free water surface and also
on the flood plaln zones at low flood plain depths. Because
of its greater size the propeller meter was restricted to
measuremenﬁs in the main body of the channel flow. It had a
measuring head with a cage apﬁroximatély‘15mm diameter and
hence measurements could not be takeh clo;;r than 7.5mm from
the boundary or the’ free surface.’

" The system was highly sensitive, 1in that it measured ve-

‘locities as low as 2.5cm/sec with an accuracy of 5% (for

the range 2.5-7.5cm/sec), #2% (from 7.5-15cm/sec), and 1%

-(froﬁ 15-150cm/sec) ..  The measuring head of the current me-
ter consists o{ﬁi_five blédéd rotor mounted on a hard stéin-
less steel spindle. The spindle terminates in fine bur-
nished conical pivots which run in jewel bearings mounted in
an open ffame; Frictional torque is thus extremely loﬁ\and

results in a linear output over a wide range of velocities,

~
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¢ +The head is. attached ta-the end of a stainless: steel tube
' conta1n1ng an 1nsu1ated gold wire termlnatlng 0.1 mm away;l_
from-the rotor. The probe--.is connected to an eleetronlc-
_counfer viag a co- ax1al cable. |

.When the rotor is immersed .in flowing water, the passage
of the rotor *blades past.the gold w%te tip slightly varies
the measurable impedance between theytip and the tube. This"
variation is used to-modulate a"15Khz carrier sidnal_gener-.
ated within the indicating.instrument which in turn is ap—
plied to tne elegtronic detector circuits. Automatic oom—

r

pensation is made for change in 11qu1d conduct1V1ty and

following amplifit':ation1 and fllterlng of the carrier fre-
1
guency a square wave signal is obtained 5{

In the digital indicator (type 401/412) the phlses are

Rl

counted over a known: tlme period to obtain - a dlqltal read—

ing. The display is automattcally updated every l or 10 sec-

onds, (dependlng on the selected range} but a new measur1ng

period may be started manually by pre551ng the Manual ‘Reset/

start button. S

~
1

A calibration chart telating ffequency to-iinear‘vefocity
was prov1ded by the company and was checked 1n the laborato—
ry against measurements made by the, Pltot tube .The probes’
used for boundary ‘shear stress and veLoc:ty meagu;ementé are

AN
shown in fiqure 9,



4.2.4 Turbulence characterzst1cs 51 -i'u\ .

1

A commercxally ava1lab1e croSs hot fllm probe (TSI 1243 GOW

"4

boundary layer probe) was used to measure turbulence charac-

teristics in the laboratory channel (flgure 10)” The probe

et}

has two cylindrical elements conta1n1ng th1n platlnum fllms ,

(Sensors) that are insulated from the surround1ng fruid by a

A
thin coating of quartz. The coating eliminates;the chemlcal

and electrochemical side effects arising from the use of-.

pure platlnum elements. Also, because of the strength of the |

film, the ‘sensor can be cleaned without fear of. damage or'

‘rap:d deter1orat10n. The 0 15mm dlameter elements have

-

&

- 2 Omm sen51ng length are 1.0mm apart and are oriented at
£+45 degrees to the - mean flow direction.
The probe.was connected fo two constant- temperature ane-
L. momeEers (Tsf 1050), an analog_ correlator (DISA 55D70) and
" two DC/RMS voltmeters (TSI 1076). fhe constant temperpture
} constant re51stance)-_mode of op;ratlon was used. Ueang a
ﬁeedback system, the electrical current fluctuates with the
'fluctuat1ng veloc1ty (the f11m{ electrlcal re51stance is
kept constantl). The electronlc equipment used 1n‘the study
iie shown in figure 11, s

:The hot-film probe was calibrated before each experiment

‘against a known ywelocity range , hence ..a relationship- be-

tween output voltage E and velocity .U was obtained for both

elements (figqure 12). This relationship was used to convert

voltage fluctuations to velocity flucﬁuations assuming that

. . .
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- ’ . R . S

. the ohange' in. slope (dE/dU) of the oalibia;iohg.chrvé‘is'

-,
-

‘Small. over the dbserved range of ‘the Velocity fluctuations.

THence the tangagt to' the - voltage /veloc1ty curve, _-at the

!
I A

- given mean veiooity, was used to convert voltage fluctua—"

’ '

't1ons to” veloc1by fluctuat1ons. ’

Spec1al care . is- requ1red‘whed u51ng hot fllm proﬁes in
o, .

-

: i .
(untfeabeg)* water system. - Forelgn materlals 1n7 ordinary

. "tap” .waterf( dust’ fibres, rust partlcles etc )  can damage
l v ‘

A l

the probe. Also microsoopic aif bubbl tend to collect on

:thelseheors af;er a short perlod of use and these tend to

I

produce 1nstab1l1ty in the 51gnal This, occurs because the

transient air bubbles 1isolate parts of the sensof from the'

ehrrouhdiné fluid and consequently there is an uneven heat
distribution on the element.  To reduce the possibility of
tﬁese occurrences, fine meeh filters were 1nstalled at the
downstream end of the entrance tank and, before taklng read—
'71n95r/ the_system wasrun for a long period to remove dust
part&c{es'on:the channel wells. Also the sensing elements
vere cleaned periodically during each experiment with a cam-
el—eair brash to pre;ent possible buildup of air bubbles and
dost particles on the sensors.

The working principle of hot-film anemometry is given in
chapter VII alonél with an-analysis of ‘‘the turbulence meas-

urements.

vy,
-~



4.3 EXPERIMENTAL PROCEDURE LA Ce R r-:,
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Before commencing theima1n experzmental progtamme,' ' series

L)

'erlmehts= was performed~1n the channel to

test Section and check ‘the flow characteristics there1n. Ver

A W

' 65E1ty traverses were made at'sectlons 6‘=%7x5.and 9m down-

stream from the entrance sect1on. The resultlng 1sobe1 pat-

<.
-y e )

terns 1nd1cated that flow over th1s reach of the.channél was’ \

fully- developed and ,not

influenced by either or

13) .-

"entrance”

locate the' . 4,

»

outlet" effects (flgure - As a result of these observa-
[ . i . .

tions it was decidedtto locite the ‘test section 9 .m down-

' S _ B

stream from the entrance section. 4

‘_-,‘

section

- Another series of experiments:
3 " H

velocity and boundary shear stress distributions in the test

for different stage-di

channel.

-

were essentially

~

therefore, while’ per10d1c checks

in the other half of the cross

-

were made in one or other half o

‘Close to uniform flow was

reach of the channel by fine ad

~contreol valve and variable heigh

‘The Preston tube was used to

at intervals of 15-25mm,

)

channel.

along

A 5pecia11y—developed

"
pressure‘

symmetrrcal about

scharge

conditions in the

the channel ‘centrellne
were made from tlme to t1me

sectlon, most observat1ons

F

f the channel cross sectlon.

establlshed along the test

justments to the supply 11ne

t outfall weir. -

record differept%ar pressyre
the perimeter 'of compound

computer program converted
A _- 3

readings to local boundary shear stress values. The

Tw
1

was performed tg-determine’

Observatlons conflrmed that both d1str1but1ons"
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same'prcgram was also used to calculate the compound chan~
nel's average value (app1y1ng the trapezo1dal rule) and com-

. pare the latter with the average value estimated from energy
”considerations. The errors were .generally small ( no larger
than 4. 2%) and were .considered acceptable. 7 |

Po1nt veloc1t1es vere measured at 15 positions within
each'vertical and at 15 locations across the channel. Indi-
vidual values were checked by numerical integration of the
depth-averaged values over' the width of the compqund chan-
nel. The calculated mean section value. was compared with the
corresponding mean value obtalned from the cont1nu1ty eépa-
tion. Since the error for all the experiments was less than
+5% (and as this was con51dered as an acceptable error) no

" ~adjustments of local velocities were made. |

Turbulence intensities and shear stresses were measured
_at 15 representative verticals of the compound'section >
For measurements of the —Puv shear stress and the stream—

wise (u ) and vert1cal {v'), turbulence intensities the hot-
£1ilm probe was used directly'in the x-y plane vertical to
the channel ‘bed. In the case of the (~puvw) apparent shear
stress, additional inclined measurements were required with
thhe probe axis inclined,at 30° to the vertical. An indica-
.tion of'the;accuracy of this procedure is seen by comparing
streamwise turbuleace intensities measured by the probe in

the vertical and then in the inclined position. The maximum

discrepancy between the two values amounted to +5% only.
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However, measurements taken in the "wall“ regions of the

: A N
flow field were subject to larger - errors Since the mean ve-

loc1ty dlstrlbutlon along the sensing elements is no; uni-
form Observatlons close to channel walls therefore uere

considered less rel1ab1e than elsewhere.

When the maln channel was made hydraulically "wide",

v

measurements taken- at the centre of the compound channel

-

were compared with similar measurements for "wide" channels

of simple cross section reported bﬁ?other investigators ang.,

also with theoretical values de;ived-from the Navier-Stokes
equations for.two-dimensional flow. The study data was
found to agree closely with;the theory ;é well .as with the
observations reporfed by others.

For each channel base width flood plain depths varied be-
tween 10 and 50mm and different flood plaln boundary rough-
nesses were used. The flood plain zones were. art1f1c1ally
roughened by attaching to them different grades and patterns
of wire mesh. The first two were "square grid™ wire meshes
(6.4 and 3.2 mm squares; ‘1.1 mm th{ck) and the third was a
coarser "diamond pattern" (;.6 mm thick). A separate series

of tests to.determine Manning's n for the three meshes gave

corresponding values of 0.014, 0.018 and 0.022.: Fiéure f43

shows samples of the three wire meshes used in the study.
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4.4 REVIEW OF ;.:RROR__ANALYSIS'
An error analysis was performed for both méasured and.calcu-
iéted parameters for the sample data aésociated with thef‘
first series of tests (i;e. based on "wide" channel condi- )
tions)._ Tablell, Appendix ﬁ lists an_estimate of the error
for all the variables.épnsideréd. A sensitivity énalysis
for the main parameters of the study is included in this

A

section.

For discharge computéfion based on the "single channel”
methoé, the estimatéd_e;ror in discharge 1is approximately
+7.5% when the errors in channel slope, pross—sectional area -
and hydraulﬁc radius are assumed to be #5%, +2.5% and +3.5%
respectively. Similar;errors are obtained when other meth-
ods are used for the calculation Jf discharge. ° |

For the calculation of apparent shear stress, through mo-
mentum balance considerations, the'estimated error is about
+14% when the errors for the weight force, the bed she;%
stress and the fiéod plain depth are taken és +7%, *4%and- .

————

3% respectively. The latter errors have been obtained from

L] - ¢ - - -
an error analysis of the primary variables associated. with

o~
N

the above quantities.

In turbulence measurements an assumed 16% error in
(e, +e, )" together with an estimated $3% error in S, result
in #9% in u'. On the basis of these a +11% error is as-
signed to longitudinal turbulence intensity u'/U. Similar-

¢

ly, in the:dalculation of tbé vertical turbulence intensity
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v'/U, an error. of 19% occurs whith errors ~in the measure-

o

ments of (e, ez)' and. 51 of +4 5% and (3. 0% respect:vely.

The greatest error occurs 1n the calculatlon of. shear

stress - UV'51nce signals of the same order of magnitude.are

squared and then subtracted For example: £3.0%, *4.0% and

*3.0% errors respectively in e ', e,' and s, result in a

*

+20.0% error in shear stress.” This indicates ‘that, even

with the most careful measurements, we should expect signiff'

icant errors in the estimation of turbulent shear stress.

-
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ANALYSIS OF VELOCITY MEASUREMENTS .

5.1 MOMENTUM TRANSFER EFFECTS ON SYSTEM VELOCITY
DISTRIBUTION '

Detailed isovels patterns were plotted for both "wide" and

"narrow” channel conditions in the system, . Flgure 15 ( a -

and b) shows two typical pattefns for a "wide" channel con-
dition with smooth and roughened flood plain:'zones respec-
tively. - Tﬁe relative depth in each case'wee 0.33.7 The MT
mechanism was found to reduce, only slightly, local veloci-

ties in the mixing region and did not affect the central re-

gion of the channel tiow nor the region of the flood plain

flow remote from the junotion* where two-dimensional flow
conditions apply. - Maximum velocities were measured at-the
water surface for all verticals, except those near- the flood
plain side walls. In the latter case the maxlmum veloc1ty
filament was observed below the 'water surface

For "wide" channel conditions the isovel pettern remained
essentially‘unchenged for all values of relatiye'roujhness.

However in subsequent experiments, -when the central channel

satisfied "narrow" conditions, the flow'field in the central

region was found to be sensitive to change in the flood

plain boundary ' roughness. The general isdvel' pattern re-

_43_
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mained essentially unchanged when the relative depth was in-

creased to 0.5 (Figure 16 ). HT however, 1s clearly weaker

as a result of the reduced veloczty differential between the

'

main channel and flood plain zones.

-

‘' In general, for "wide" central channel conditions, aver-

age'velocities 'in the " main channel were found to‘”be only

2-15% less than those calculated "under 1solated cond1t1ons
{ using Manning's equat1on ). Figure 17 indicates the‘de-
crease of actual mean channel velocity with regard to the
isolated channel‘veiocity for‘ dlfferent relative depths.
The decrease is not 51gn1f1cant from a .practlcal v1ewp01nt

because of the w1de" cond1t1ons ‘and large ré?at1ve deptHs.

~In the flood plain zones measured veloc1t1es, for both

smooth and roughened boundary cond1t10ns were 15 30% greater

than those calculated ( figure 18 )

”_ The decrease of veloc1ty in the maln channel and the cor-e

‘;ilsolated flow cond1t1ons ) are both seen to 1ncrease with '
; 1ncreas;ng relatlve roughness (flgures 19 and 20}. | ;7

Sample 1sovel’patterns for a "narrow central channel re—i‘

4

; flect1ng-both smooth and roughened flopd plains, are shown

1n f1gure 21 (a and b) respectlvely As. expected, because

of the: narrow cond1t10n, the maxlmum veloc1ty f1lament is

depressed below the water surface. Slmllar experlments us-
ing d1§£erent degrees of flood plain ;roughness demonstrate
that submergence of the. maximum. veloc1ty fllament 1ncreases

wzth an 1ncrease in the. relat1ve roughness parameter.

o

,respondlng increase in the flood blain ( with regard to the
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Under "narrow"' channel conditions -the ¢orresponding

average velocities in the main channel ‘were found to be sig—
nificantly smaller than those oalculated under isolatedwconl
ditions. B .

Figore 17 indicates the dlSC epancy between observed and

calculated mean veloc1t¥&(under 1solated condltlons) 1n the

channel section for various. relative depths; The“dlscrepan—
- £

cy is large at small relative :depths ( 22% decrease for a

2 s Y. - . : _
0.089 relative depth ) and becomes’ increasingly smaller with

N . . ( . -
increasing relative depth ( 8 3 decrease for a 0.32 relative -

deoth') This confirms that MT becomes progressively weaker
as the relative depth parameter approches unit

A significant increase in the streamwisg velocity compo-
nent (with regard to isclated flow conditiorns) was obserVed
in the flood plain zones, especially for low filocd plaio
depth and high reletiie roughoess; - Flgure 18 shows the ra-

o~

tio of observed mean flood pla1n veloc1ty over mean 1solat—
ed"~velocity for various :elat1ve,'depths indicating the in-
crease in flood plain velocity under interacting conditions.

This increase is maximum for the lowest flood plain depth (

- 70.% for a 0.089 relative depth )  indicating the highest .

lateral velocity gradient in the interaction region. ~ With
. 3

increasing relative depth the lateral velocity gradient de-

creases and hence the velocity in the flood plain zone tends

to approach its undisturbed vaéueh In this instance, the

main channel/flood plain flow interaction is negligible and
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hence t&%al discharge in the'SYStem can be calculated by

conventxonal methods.
. ’ &
" The decrease of veloc1ty in the main channel is more pro-
¥
nounced w1th ~increase of relative roughness. ‘Eor an in-

creage'of relative houghness of 100% the velocity is de-

creased by '35% and is%lfog relative depths 0.089 and 0.32

-respectively. . This is also demonstrated in figure 19 where

‘relativelvelocify is plotted versus relative . roughness for

£ L :
various flood plain depths.

The highef lateral veloc1ty adient occurring between

smooth channel and rough flood plalns results to a greater

3

1ncrease of veloc1ty in flood plalns as f1gure 20 1nd1cates.

| :
For . ah 1ncrease of relatlve roughness 100% we observe an in-
crease up to 92% in flood pla1n mean veIOC1ty, for low reIéib

t1ve depths.

5.2 VELOCITY DISTRIBUTION LAWS

5.2 1 Smooth Boundarles' .

As demonstrated by Keulegan (ﬁ\;, for a two-dimensional flow

field the distribution of velocity in the vertical direction

(outside .of”the viscous sublayer )} is described by the
Prandtl-von Karman logarithmic equation. This eQuation,can
be derived using Prandtl s concept of "mixing 1ength“‘and,

for hydraulically smooth boundarles, its flnal ‘form is).

a
TR

Uy L

g—-575 1og-—+55 (5.1)

*
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‘where ‘ u = lﬁpai mean vélocity‘; ‘
| y = vertical dispance from the boundary.
Equation (5.1) was Qerified through veiégity measurements
taken in regionslof the flow field where two-dimensional
flow conditions apply. These regions included the central
parf of the main channel flow, Ffor "wide” channel condiﬁioné
only and also-thbse parts of the flood plain. zones remote
-from the. interaction regions and the side walls. The latter

werémfound to lie between approximately 75mm and 125mm from

the flood plain side walls for "narrow” channel conditions -

and between 75mm and 200mm for "wide" channel conditions.
- Figure 22 indicates good agreement between the measured

L ’ - - - - \‘,
data and eguation (5.1) for the conditions examined.

™

5.2.2 Rough Boundaries

When the flow is "fully rough” ( UKg/v > 70, where Kg is
the equlvalent sand grain roughness ) Keulegan (53) suggests

.the followlng relationship:

S =5.75 log =L + C (5.2)
U* Kg .

in which € = B.5.

In the transition regibn (3.5 < U, Kg/V <70) the coeffi-

. clent C is not constant but depends on the value of U,Kg/V.



‘ a8
Nikuradse (77) -divided the fransition ‘region ‘into the fol—'

lowing categories with the'appropfiate coefficient value:

DR

UK UK

v

' 8 * g .
3.5 « > < 7.1 C= 3.5 log - S + 6.59 ) {5.3)
UK ' : i .
7.1 <« —2 < 14.1 - C= 4,58 : (5.4
v - . - . . .)
~TK ‘ : 2 UK £
‘L6l < — g <70 C=11.5 - 1.62 log —2 - (5.5)

Equation (5.2) can be expréssed in -the form of equation.

1
L3 [l

(5.1). - For example equation (5.2), with C equal- to 8.5, is -
equivalent to ' '
™

Uy

U* 5.75 108 v 2.11 ‘ . ‘ A .

.
. '\—- - . ) r .

with the substitution g, ﬁs/v = 70 ( which is the lower lim- °
it forﬂfully-;rough turbulent fiow): The form of equation

(5.6) .has the advantage of being independent of the rbugh—.
ness size and cléarly indicates the various flow regimes
(Figure 22): The only problem is in the determination of

the correct datum from whiéh to measure the distance. Y-

This problem is discussed in the followiné section.
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For those experiments involving artificiallyfroughened

.flood plaiﬂs, the form of'equatioﬁ {(5.6) waé_adoptéd and the

coefficient C detefmined. As indicated in fiqure 23, a

transitional flow regime - prevailed for the first: two flood

- plain rohghne$$ conditions while a fully-rdggh'rflow regime

| was dominant for the third boundary roughness ( figure 24).

“The value for C was délcﬁlated for each éondiﬁion examined
and these valués‘aré presented in table 9 ( ﬂppendi£ B). -

ke The shear velocity was calculated (%guation 5.2) by plot-

ting measured velocities against distance .from the boundafy_

N

. ( figure 25 ) and estimating the slope of the best-fit line. .

A qorrectibn of 0.15 times the Pitot tube diameter was ap-
plied to the distance measurement (y) to account for the

displacement effect.

5.2.3 The Zero Velocity Datum

" Care is required in determining the appropriate "zero veloc-
ity" datum when a total head tube is used to measure veloci-
ty and boundaryﬁshear stress close to rough surfacés.

Datum selection can be by trial and error by plotting y
versus u for various datum planes uﬁtil the best fit loga-
rithmic plot is obtained.  This method has been used by
Hollingshead (45) in experiments on rough surfaces consist-
ing of closely packed hemispheres. In.his study the datum
was considered té lie at an elevation 0.2 dJdiameters below

the tops of the hemispheres.

-

o
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_ Nikuradse (77) defined the origin from whxch to measuree,%

4

distance from the wall as the -surface of an 1mag1nary cylin-

der having a volume equal to the measured volume of water

contained in a known lengtd of . piﬁe. Schlichting (lfé)
pldtted velocity profiles from the same origin, . as deter-
mined by:Nikuradse}"whereas Keulegan (53) 'gsed the top of
the roughness elements as the origin for Yeu

Einstein and El-<Samni (27) found that, for a surface. con-

51st1ng of closely packed hemlspberes, the logarithmic ve- .

loc1ty d15tr1but1on law is valid if distances. are meaéured
from a hypothet1cal surface 0.2 diameters below the tops of

'the,hemispheres. On the other hand Blinco and Partheniades

(9) found tﬁatzthe'hgpotheticalnsurface lies 0.27 times the .

' average.roughness height below the plane :joining the tops of

fairly uniform roughness particles. ‘ .

Yen and Overton (141), while studying "shape” effects on-

resistance in flood-plain channels, determined the effective

boundary by trial and error using Manning's equation. The

F

‘effective boundepy value was chosen so thit the slope of the
line of best fit would equal 1/n “when the cdnveyance term Q/
_ Shls plotted agalnst the AR term-on llnear graph paper.
Zippe and Graff (145) in a study orf. turbulent boundary
layers over permeable and non- permeable. sdrfaces, used‘the

"velocity- defect" law to calculate the fgxctﬁon veloc1ty and

the law of the wall to determlne the zero veloc1ty datum,

" 50
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In the préseﬁt study the zero velocity datum was calcu-

lated by a trial and error procedure, similar to that used.

by Yen and Overton (141}, wusing Manning's equation. The

tﬁreﬁazéro datums were found to be 0.2, 0.27 and 0.41mm

- (measured from the top of the roughness elements ) for Man-

4.

ning's coefficients 0.014, 0.018 and 0.022-respectively.
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Chapter VI
AﬁALYSIS OF BOUNDARY SHEAR STRESS MEASUREMENTS

6.1  INTRODUCTION | | N 4

-
b4

Traditiqﬂal methoas'for,determinihg boundary shear stress «in
a two-dimensional flow fieid.here developed based on an ap- "
propriate "law of the wall". Typical methods for smooth,?nd
rough boundary sxétéms are described in sections 6.2 and 6.3
reépectively. Tﬁeir appiicat{dn to compound channel flow is
described in section 6.4 along with certain assumptions re-
gardingifhe.structure of the mixing region flow fiel&. The
effect of the miking regioﬂ flow on main channel and flood
plain boundary shear stress is discussed in section 6.5 and
its effect on appafent shear stress (écting at the imaginary
main channel/flood plain interface) is discussed in section
6.6. _Fina}ly, friction factor relationShigs developed [for
the deep section of the compound channel, are presented‘in
the last section and are used later in fhe proposed method

for estimating discharge in compound channels.

-.-52_
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6.2 . SMOOTH—BOUNDARY TECHNIQUES

Various direct and indirect methods are available to deter-
mine, boundary shear stress distribution in smooth channels;

Direct methods'havé been performed in both air and water

systems by measurlng the shear force acting on- an element of

the channel boundary (12,87). The 1nstrumentat10n, -although

simple in pr1nc1p1e, requires prec1se constructlon and care-
ful use. M1t should be noted that many of "these instruments
are designed to measure shear stress at.a predetermined
fixed. point on the channel ‘boundary and hence are'génorally

unsuitable for determining boundary shear stress distribu-
tion.

Indirect teohniques, on the other hand, are basad on
-theoretical assumptions 'relating the measured quaptity to
boundary shear stress. One of the standard indirect methods
is based on momentum balance considerationsland reqguires
measurement of the streamwise pressure gradient. The method
can be applied easily to simple-geometry systems {straight
uniformﬁducts, circular pipes) where, fof fully develobed
flows, the boundary shear stress is essentially uniform.

Another indirect method requires measurement of apparent
shear stress in the system. If shear stress is measured at
two points near the wall in a turbulent boundary layer, an
extrapolation based on an assumed linoar variation of shear

stress yields the local value f/;;undary shear stress. The

®
apparent shear stress -FEV depends on measurements of the

-
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cross-correlation parameter uv. Such measurements in water

' .channels introduce certain difficulties when hot-film probes
" L 4

are used and therefore widespread application of this method
in past years has been limited.

The most commonly used indirect methods are the "velocity
profile” method and the "Preston tube" technique. The first
method assumes ;-logarithmic velocity distribution and re-
guires measurement of velocity profiles along lines no}mal
to the channel boundaries. The second approach, which uses
a totai head tube in contact with the chénnel boundary to
measure local shear stress, was developed by Preston (91).

Both these héthods are discussed in some detail in the

following sections.

’ .

6.2.1 Velocity Profile Method

Equation (5.1}, which describes the velocity distribution in
] .

smooth two -dimensional flow, ‘is wused in the determination

of boundary shear stress. The equation can be written in the

form :

U & — (6-1)

Y2
5.75 log —
¥y -

= local velocity measured at y, ;

%
=2
L1
H
1]
=
[T
:

[ =
[ ]
|

= local velocity measured at y, . '

A
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Hence local shear stress can be calculated us1ng two or

_ more point veloc1t1es measured w1th1n the region where equa—

tion (5.1) is wvalid and evaluat1ng the ratio on the rlght'

. side of. equation (6.1). While th1s particular method gives

good results in the case of a smooth-boundary system, it has

the disadvantage of being a laborious p&bcedure.‘

6.2.2 Preston Tube Technique

In 1954, Preston {91) suggested a method for measuring shear
stress on a smooth boundary using a total head tube resting
on the boundary. The method is based on the concept of uni-

versality of the "law of the wall" in turbulent wall shear

layers.

T
Dimensional analysis of the important parameters leads to

a wall law of the form:

u/U* = £ ( yU./v) (6.32)

} N

Replacing mean velocity with -the pressure difference re-

corded by a pitot tube resting on the wall, equation (6.2)

becomes:

Ap/ty = £, (U QM) (6.3)

, .

where Ap ="p-po = dynamic pressure .
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d = external diahetér-of the Preston tube’

Finally the above relationship can - be written in the

-

form:
2
T d 3
b4pvy bGpvy
or L fz(Ap*) ‘ ‘ (6.4)

=

This last relationship provides a convenient way. to deter-
miqe boundary shear stress since the latteg is uniguely re-
lated to the dynamic pressure. For a pitot éube of given
size, the funééion f2 can be determined from exper1ments
where the boundary shear stress 1s measured by another means
(for example, in pipe flow experiments, boundary shear
stress canlbe deduced from pressure drop measurements).
Preston produced 'eﬁuations relating the above quantities,
both for the case 6f a lamiﬁar sublayer enveloping the tube
and when the tube is in a turbulent boundary layer.

,Iﬁ the original study by Preston, the ratio of thé'inter-
nal to exfernal diameter of .the tube ﬁas kept'appfoximately
equal to 0.6, however later experiments by Patel (85) and
Rajératnam and Muralidhar. {(107) have shoﬁn that it 15 not
espeC1ally important to adopt this particular value,

Preston demonstrated that the maximum th1ckness of the
region, in whihh_dynamic similarity may be expected to ap-

Ply, is approximately one-fifth of the -boundary layer thick-



ness. Th1s f1nd1ng empha51zes the 1mportance of not exceed—.

1ng the max1mum thickness through the use of Preston tubes-

wlth outs1de dlameters exceedlng the former. L

.

Over the years, many 1nve§tlgators (37, 41 ,78,85) have

performed éxperiments,.to check Preston'S* or191nal callbra—‘

tlons and also extend the use of "his technlque to measure~

ments 1n develop1ng boundary layers etc.

“1n’ his pipe flow experlments Patel (85) publlshed experi-,

mental calibration curves for the three reg1ons, of . the

boundary layer. His relationships are:

LY

L ‘g - _ .
log Tk = %-103 dp, + 0.037 for log t < 1.5 (6.5)
) Wy

' : ' : 2 .
log 7 = 0.8287 - 0.1381 log p, + 0.1437 (log &n,) - 0.006 (log ap,)>

for 1.5 < logr,, , < 3.5 (6.6)

4

log Ap, = log T + 2 log (1.95 log T+ 4.10) . (6.7)

for 3.5 < log T < 5.3°
s W*

These three relationships correspond roughly to the three
regions in the velocity profile, namely : the viscous sub-
layer (Uy y /v <5.6), the transition region (5.6 < Us ¥ /v

< 55) and. the logarithmic region (55 < Ue v/v < 800). He

also deduced the values of the coefficients in the logarith—-

mic law of the wall (for the fully turbulent reglon) using a

displacement of the effectlve centre of the P1tot tube given
£

by MacMillan (67).

i
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based on the expve531on

N ; . -r ':' . l‘ “ e "i;-__ i . - - - . '.- i ¥y *’, 58
: Head and Ram (41) poznted out that’ cal;brat1ons in the :

*

for? ‘of equatlons (6 5) to (6. 7) are somewhat 1nconven1ent
ﬂ%xuse, part1cu1arly equatlon (6 7) wh1ch is 1mp11c1t 1n the

unknown banameter.A“ They suggested a modified relat10nsh1p

¢ . - E
r ._.. . .rl | ." s ' ’ A,B_ -'F(AEaz)‘ .‘: . ’ - (/608 )‘:
’ S 20 T :
Lo - W py

Th;s form has the advantage that the dependent varlable var-

ies only over -a- range of aboUt ‘25 over the ent1re‘ca11bra—
tlon Fange,"whereas the parameter used by Patel varles by.
several rders of magnitude. ‘ ,.

.Nits::x (78), on the other hand, produced his calibration

curve by numerical integration of the wall 1laws for turbu-

lent "flat plate” flow and fully-.developed pipe flow devel-
oped by van Driest (26). His results were found to be in -

close agreement'with those of Patel (85).

The Preston tube’ technzque has been widely applled in hy-

draul1cally smooth ‘open channeJ flow experiments. Ippen and

"Drinker (47) employed a 7th power law to extend the original

" relationship, developed for . pipe flow, to bpen channel

flows.

 Ghosh and Roy (37) favoured the Karman-Prandtl velocity

distribution for flow if channels having a depth to width

‘ ratio less than 0.5. They éeveloped a pressure—shear rela-

1.
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'tlonshlp and also showed the dlfferences in th1s relat;Bn
ship based on d;fferent veloc1ty distribution laws.’

Other investigators‘(55,7l) applied Patel's expérimental
calibration curve direcgly to open channel f}ows,'..Hoﬁever,

in these cases analysis iﬁ? subject to errors arising from

minor. differences between’ the Karman-Prandtl coefficients

S

" and those derived by Patel,

This feature is demonstrated in\\ziggfe 26 where a compu-

tational calibration curve, basedfbn the Karman—-Prandtl ve-

locity distribuvtion, is compared with the experimental cali-

bration curves of Patel, ‘Preston and Ghosh. The former was

"developed using the relationshipé%;

. l 2 ' , L.
Ap "_E'Gu T T ' (6.9)
. - \ . - -. Rl

+ = U2 : ' - ‘ (6.10)

we Bk . )
and therefore AP- = '- ( ) . _ ' _ (6311)

T | ;
AP l nﬁiqk -
or ?ﬂ—[S .75 log(zv)+55] . -{6%12)
. *

: where ‘k'is a dlsplacement factor and equal to 1. 3

The parameter Iw“ can be expressed as:

T4

~

(6.13) -
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hence, - combxnzng equat;ons (6.12) and (6 13), we obtainrﬁoy'

the computed callbrat1on curve :
: h

-~

o

: [5.75 log ( wf ) +5.51% . (6.14)

-l}ub
Nll—'

d .
LL I L

»

Equation 16, 14) and Ghosh's ca11brat1on curve are in

R

close agreement since both utlllse ,the same logarithmic ve-

loc1ty d1str1but1on law. Equatlon (6 14) is in close agree- -
ment w1th Patel's callbratlon for log(Apd /4F11 )>4.4 whlle'
the-error is significant for 3. 0<log(&pd /4wa)<4.4.

Prel1mrnary experlments validated ‘the use of equation
(6.14) for the- conditions examined, hence. 1t was used in the

present- study to convert pressure read1ngs to local boundary

rl

shear stress values.

-
Y

~ . '
o

6.3  ROUGH=BOUNDARY TECHNIQUES - N n )

6.3.1 Veloc1ty Profile Method for Rough Boundarles

Equat1on (5. 2) is used to determlne boundary shear stress

in rough_tqrbulent flows. It can , he written in the form_of

equation (6.1), hence the values of C and Ks need not be

known initially. It is necessary though, to determine the

"

~correct datum from éhiph to measure y in order to plot y

versus u.£&t This problem ‘"has, been discussed in- detail in
chapter V)®*where the analysis of velocity measurements in

compound channel flow was presented.

X

e e e ———t
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6.3.2 Preston Tube Technique for Rough Boundaries

For the general case of steady, two—dimensional'uniform flow

over a rough boundary, the dynamic pressure p measured by

an impact tube is a function of the following parameters:

: Ap = f(p,u: U*’ K, d) T (6'15)

. : -
where K = roughness height. J

Using dimensional analysis equation (6.15) can be ex-

pressed as:

bp UE . | (6.16)
AR |

For fully r ol flow 1-:he ratio AP/'LW depends only on 4/K

and therefdre using equation (5.2) we can define the follow-

ing rela ionship, in the determination of boundary shear

stress, as:

dp . 1, Y4 a.5)% ' (6.17)
- 5 (‘5{5103 K 8 ) |

~ v
)

rd

‘whith~implies that yith a fixed roughness and: tube size the

ratic is constant. This is not the case for the transition-

4f-
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al flow regime since the coefficienf 8.5 does notrremain
constant and hence the equation used must reflect the par-
tacular flow condition examineq. | ‘

Different investigators hooe used equations similar to
equation (6.17) to determine boundéry shear stress on rough
surfaces. Hwang and Larsen (46) ysed the logérithmic‘veloc-
ify.distribution with Nikuradse's constants integrated over
the.aréa of the opening of the impact tube;

'Ghosh and Roy (37), using Keulegan's resistance formula
and ;nalysing the experimental results Of. othef investiga-
tors, derived an expression for'velocity distribution in
open channel flow which accounts for értificial roughnoss.‘
Honever their results. did not compare favofably with those
values obtainod using.the velocity profilermethod or by di-
rect measnrensgt. o ‘

Hollick:(;4)‘ used Nikuradse's equotion-for velocity dis;
tribution over a fully rough surface to ‘develop a theoreti-
.cal calibration for n_ Preston ‘tube on a sand;ronghened

' boundary. The main problem associated wioh this procedure is
determination of the effective boundary position. ﬁe sug-.
gested the use " of a square plate close to the tube's mouth
for consistent positioning over the sand grains.

Hollinosheagxxi45) used - the Preston tube techniqué ‘to
‘measure boundary shear values on.a boundary roughened by
«hemlspheres at the1r maximum possible den51ty. He reported

"falrly accurate local boundary shear strégg measurements

with the tube resting on the tops of the roughness elements.
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6.4 BOUNDARY SHEAR STRESS IN COMPOUND OPEN CHANNELS

ey

Determination of boundary shear stress distribution constiz

{

&

-

‘tutes the most egsential part-of any fééearqh concerned with - "

}eséstahée to-flow in compound channels. Chgnges in local
b;undarflbheér Stgess, ‘produced by the complex mixing pro-
cesses in the junction regions, can locate potential sites
for excessive deposition_.or scouring action;

‘Also the .average main channel -and'flood plain boundary
sheadr stres; are needed to quantify momentum transfer acfoss
the junction regions. - o |

,The Preston’ tube technique is widely employed to measure
local boundary shear sfress'in channels of simple cross sec-
tion. Moreover its use has been extended to studies dealing

g

with flow in compound channels with excellent results.

The method assumes that the law of the wall applies in

those regions close to solid - boundaries, including the re-

gion near the main channel- flood plain interface where -the

mixing process is obviously very strbng. ’ Also; for rough-

surfaces the law of the wall can apply when suitable parame-

ters describing %he rough bdhngary have been identified..

LS

Most of the past studies on compound channel hydraulics,

however, were performed in smooth boundary systems where no

appreciable difficulty arises.

Ghosh_and’JeSa (39) applied the law of the - wall to hy-

draulically-smooth flow in a compound channel and used an.

el

, - - _
integration procedure similar to that preé@ntﬁd by Huang and

1}
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Larsen (46) to obtain an expression relating . the meagbredn
dynamlc pressure to the correspond1ng local shear stress.
Myers (73) also used the Preston tube technlque to,meas;'

ure shear stress distributions around the periphery of an

asymmetrical compound channel, consisting Aé a deep section

and ohe flood plain. Myers‘used Patel’'s methodology (85) to. Co.
convert differential pressure reading to boundary shear .
* : LT v

stress. He emphasized the importance of.using .Preston tube .° ST

depb:£ the 11m1t of one fifth of the boundary layer—th1ck~
ness recommended by Preston (91) Average boundary shear
stress for the compound section was found to be in close
agreement with' shear stress calculated Erom energy balance
considerations. |

Other investigators (56,103,104) have. successfully used
the Preston tube technique along with Patel's relationship

to' measure shear stress on smooth surfaces. _ e

i)

On the other handg, ’ few studies of this type have dealt
w1th measurements of shear stress in rough- boundary systems.
Apart from the inherent difficulties associated with meas-
urements near‘ rough boundaries, ‘the increased momenbum

transfer levels create additional problems when attempting
to measure boundaryjshear stress -in the junctionrregions of . .
compound channels. 7 _ ‘ _ .

: - f . . ’ . -

Ghosh and Jena (39) assumed that velocity: d15tr1but1on -

‘relationships for simple, artificially- roughened channels

)

N

W
o
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‘also apply to flow in roughened compound channels. They de~
veloped’ slightly modified' equations relat1ng local shear

stress to dynam1c pressure readlngs for compound systems,

, In a related paper, Ghosh (38) used a modified geloc1ty

‘”&‘ dlstrlbutlon developed by Nece and Smith (75) and applied

thls to hydraulically smooth, transitional and hydraullcally
rough surfaces. He dg;ermlned the sand roughness height Ks
-from a "resistance" chart provided by McDowell (69) and used
anjindirect solution to determine local shear stress. e

Wormleaton et al (136) reported some difficulties in
their attempt to measure local boundary shear stress in
roughened flood plain zones. Their 'approach'was to calcu-
late average flood plain boundary shear stress from momentum
balance considerationg once the' local’ shear stress in the
smooth main channel was known. . ’ o

In .present study, both the velocity profile method and
the Preston tube technique were used in the determination of
local bbundary shear stress.

For a.”wide" channel condition ( smooth flood plains ),
both methods were appl}ed aloné the perimeter of the com-
pound section ; using equation (6.1) in the velocity profile
method and equation (6.14) in the Preston tube technique.
The average boundary shear stress' for each subsection was
then‘éalcula;ed using the two methods and was found to be in

close agreement (Error + 5%).
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Sample boundary shear stress dlstr1but1ons by the two

methods are presented in figure 27.Small differences between

the two distributions appear in the junction regions where
boundary shear stress calculated us1ng the velocity profile
_method is' somewhat higher. These local discrepancies are
.partly attributed to inaccuracies assoczated w1th est1mat1ng
boundary shear stress uszng the velocity prof1le_‘method %n
these regions of the cnoss‘section. |

Once the calibration curve (equhtion 6.14) was validate&
for the flood plain zones and those regions near the channel
walls, the Preston tube technique was extensively employed
throughout the experimental pfogram. The velocity profile

method was only used to calculate shear stress in those re-

gions where the parameters of equatfbn (6.14) had to be es-

timated.

The average boundary shear stress for each subsection was

then calculated and the "apparent shear stress values deter-

mined from equetions (3.13) ang;LBIIETT“"ThE\close agreement
between the tqu;ziiuggfyas/é{clear indication of the suit-
"ability and accuracy of the methods uSed_in the meaeurement
of local boundary shear stress. |
When the flood plain zone was artificially rouuhened,
measurement of local boundary shear , Stress there1n was‘by

the Preston tube techn1que using the follow1ng equation: .,

. y
" - - ‘
“ : \ ' o v . '
- - . P
: L
. .
Y

A | o &
P-* 1 ‘ 2 e

— =3 [5:75 log (k- Y r?*)+,_\c]

W*T

\36 a8



The displacement factor K, accounts for the distance from
the zerq veloc1ty datum to the top of the roughness elements
and also the .d1splacement of the tube and takes the valpes

1.54,.,1.62 and 1.79 for the three b6undary roughness elé-

ments used in the Study. - The coeff1c1ent C was calculated_

-

in chapterkv and 1ts values are listed in table 8 (Appendix
I). Equat;on (6.18) was validated by comparing values of
boundaff 1shear stress obtained from the veloc1ty proflle
method with those calculated using equation (6. 18)

a Accordingly equatlon (6.18) was used to-convert differen-
t1al pressure measurements to boundary shear stress 1n the
flood plain zone ( assuming that two- d1men51onal flow condi-
tions aéply in a limited portion of the flow depth 1in the
jonction region ). This assumpéion_was checked by comparing
apparent shear stress calculated separately ffom the flood
plain and main chahnel measurements through equations (3.13)
and (3.14). Such comparisons indicatad generally good
agreement. ' ‘

In experiments where significano differences were found
between the two apparent. shear stresses, the apparent shear
stresa was oalculated from a momentum balance in the main
channel. The latter value Vas then adopted 1in subsequeno

calculations. Typical boundary shear stress distributions

for smooth and rough flood plain conditions are shown. in -

figure 28{in the main channel boundary shear stress decreas-
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es from a maximum value at the channel centrellne to a m1n1—
mum value at the channel corner. Along the 1nc11ned channel
's1de walls shear stress 1ncreases from the channel corner to
‘ approx1matelly the mlddle of the wall and then decreases

again as the junct1on is approached " In the flood plain,

boundary shear stress decreases continuously from a maximum

‘ value at the interface plane to a two-dimensional value and
then decreases agaln as the flood pla1n7_51de wall 1is aps

proached. N : . o P

6.5 MOMENTUM TRANSFER EFFECTS ON BOUNDARY SHEAR STRESS

L3

The effect of momentnm transfer on boundary'shear stress

distributions in the main channel and flood .plain zones was:

investigated for different geometric and-hydraullc condi~

tions in the model. The relative depth was varied from
0.089 to 0.325 for "narrow” channel conditions and- from 0.33
ro Ors'for "wide" channel conditions. Also, the relative
roughness was varied from 1.0 to.2.0 for "narrow" channel
conditions., R | . o

The observed (average) boundary shear stress in the main

channel, divided by the value for the corresponding “isolat-

ed” conditions, sis plotted aga1nst reThthe depth in figure

29, For smooth boundary there is a 15% to 25% decrease, in

. N
boundary shear stress associated with the compound flow.
The ratio's maximum value corresponds to the lowest relat1ve

depth condition. For high reiatlveldepths transverse mlxlng

4
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in the " junction regions is clearly not very strong .{ e.g.

, -Tesulting in only an 8.0% decrease in boundary shear stress

for a relative depth " of 0.33).5
The decrease of main channel boundary shear stress asso-
- diated with interacting flow conditions is more noticeable

when the flood plain,roujhness‘ié increased. For a relative
. , . A v ¢ . .

e, ts . AP . . 3
roughness of, 2.0, a significant ,Hdecrease in‘ the boundary:

"shear stress was noted ‘£6r "low relative,’ depths. The de-

rl

crease of main channel boundary shear stress with increasing

relative roughness is clearly indicated in figure 30 where

. relative boundary ,shear stress is plotted ' against relative
-, . o - A -

roughnésé'for difféfent_relativé_ depths. For the'lorest

ﬁelative depth value, the channel bouhdagzﬂfgga; stress is
seen to decrease with increasing relative roughness. .The
same rate of decrease can . be observed for each relative

depth considered.

L] \ )
The effect of relative width on main channel boundg{y
: - e
shear stress was also examined (figure 31), - Boundary shear

stress is seen. to increase with a decrease in the relative

width parameter. This is a further evidence of the MT

mechanism's wider =zone of influemce (main channel section)

in the case of a "narrow" central channel condition. The
rate of decrease of boundary. shear stréss was appﬁoximéteiy

- the same for all relative depths (figure 31). .

The effect of MT on flood plain boundary shear stress was

also investigated for the same hydraulic conditions. Due to
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momentum trahsfer from the main channel to the flood plain

"zones, boundary shear stress in- the latter increases signif-

1cant1y compared to the equ1valent isolated value. -F1gure

32 shows " that £lood plain boundary shear stress increases

with a decrease in relat1ve depth. For a smooth flood p1a1n-

condition, ther boundary shear stress is seen to increase
from 35% to 290% for relative depths" decreasing from.0.325
to 0.089 respectively. The increase in boundary shear is

somewhat greater for the corregponding: roughened flood plain

‘conditions. For a relative roughness of 2.0 the boundary
- shear stress increases from 50% to 340% for the same range

of relative depths. For still greater qelative depths (wide

channel conditions), the increase is smaller indicating that
boundary shear stress will approach its equivalent isolated
value for -large values of relative depth. In the latter

case the shear zone generated between main channel and flood

-plain is very-'weak and its net effect on system hydraulics

is negligible.

In general flood plain boundary shear .stréss increases

with increasing relative roughness (figure '33).  The in-

‘crease is greatest when the relative depth Galue is the

smallest. This is because the 1nteract10n mechanlsm is

strongest at this point and hence the apparent shear force

acting on “the main channel/flood plain interface is a ﬁaxi—.

mum, For a relatlve depth of 0.089 the flgpod plaln boundary3

shear stress 1ncreases from 290% to 540% for a 100% increase

S

[‘ .
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in the relative roughnesé parametér. | Similarly for a rela~
tive depth‘of 0;33 the corresponding inpfease is from 32% to
843, . . ' )

The végiation of flood plain boundary shear stress as a
function'oﬁ relative width of the channel was also investi-
gated for various flood plain depths (figure 34). For a
smooth. boundary system the increase in bouhdary shear stress
is seen to decrease with increasing relative ﬂidth. For the
smallest relative depth, flood plain boundary shear stress
decreases from 290% to 200% with increasing relative width.
. For a relative depth 0.33 it decreases from 33% to 20% with
a 100% increase in.relative width, The above decrease is
even smaller for "wide" channel condition (figure 34) indi-
cating that, for the latter condition, MT does not afféct

significantly shear stress in.tbb.combound channel.

6.6 APPARENT SHEAR STRESS AS 2 STRENGTH INDICATOR FOR THE

I NTERAQ%ON MECHANTI SM

The strength of the interaction mechanism is quantified

through equations (3.13)‘ and (3.14) as an apparent shear
stress acting on the vertical qain channel/flood plain in-
;erface.- In the analysis the depth-éveraged apparent shear
';tress was divided by the main channel boundary shear
stress, calculatéd_ from energy balance (based on isélated

~conditions), with imaginary interface included in the wetted

perimeter of the main channel. JThis ratio was indicative of

the relative accuracy of those/;efhods used to estimate dis-
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\.
charge, which norma%i& assume that apparent»ahear stress and

main channel boundary shear stress are of equal magnitude.

. Figure 35 shows the ratio for various relative depths and
oRY ETE T :

boundary roughnesses. Its.value increaaes with decreasing

- relative depth, which supports .the earlier conclusion that

the mechanism's strength is greatest when the relative depth

is smallest. This is to be expected. since the largé veloci-

ty gradlents, occurlng between the main channel and flood
p1a1n zones, at small flood p1a1n depths, generate signifi-
cant apparent shear - stress at’ the 1nterface. _ : R

ﬁg%arent shear stress 1s found  to 1ncrease with increas-

' ing relative roughness. This is due to the correspondingly

v - ' .
larger velocity  gradients generated. It should be noted

that the ratio is cioSe to-unity fof large relative, depths
(greater than 0.325). 'This-suggests that‘conventiopal meth-
ods for ‘estimating diSCharge, which include the imaginary
ipterface in the wetted perimeter caieolation} should only
be used when relative depth is large. The ‘assumption of

zero apparent shear stress, which 1is common in other meth-

ods, 1is unrealistic as figure 35 shows. . For example,. at

small relative depths, the apparent shear stress is' an oraer.'

P

of magnitude greater than the correspondlng boundary shear‘

stress value. A detailed analysis of the vanlous metheds ,
used for discharge estimation and the errors associated with

each method are presented in chapter IX.

Al e

s i
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The ieffect_of variable channel width on the ‘apparent“

-sshear stress was also examined. = In flgure 36 the relative
apparent shear stress Is plotted against relatlve width _for

- various relative depths. .The rat1o decreases w1th increas-

ing-relatiue width and depth, whlch is an 1nd1cat10n of the

‘increased strength-of the mechanism associated with smaller

relative widths.

-

The interdependence of apparent shear stress and ‘the ve-

locity differential between-'main channel' and flood plalnl

flow was also examined in this phase of the study. Instead-

.0f plotting apparent shear stress against the velocity dif-

-ferential across tne”ﬁixing zone only, the former was plot- .
ted against the difference in the average velocities of the

main.channel and flood plain flows, calculated using the

"separate-channels” method. Although this ma} not be an ad-
equate representation of the velocity difference existing in
., the mixing region, it is readily calculated and-provides an
.‘iempirical means of evaluating apparent shear stress. Such
an approach‘hés been developed by Ervine and Baird (30) for

/}a system comprising a‘rectangular main channel with one or

two flood plain zones. .: ) '

A

conditions. Apparent shear stress. increases with increasing
velocity difference and'approaches zero for small differen-

tial velocity. Obviously both main channel and flood plain

Figure 37 shows the relationship between apparent shear’

stress and mean velocity differentia1<for>various hydraulic

L
. LT - !
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f}ows'ﬁill have essehtiaily the aame average velocities-wheﬁ;
the. flood plain‘depth.is‘ve;y large and when no appreciable
.ﬁelqcity grad;ent exists at the junction.,

‘In view of the strong dependence of apparent shear stress
on relative depth, width, roughness and velocity differen-
tial a statistical analy51s was performedcpo furnish an em-
_pirical relationship between apparent shear ste\ks (depen-
.dent variable) and - the above parameters (1ggependent

variables). This relationship. is then used in a proposed

new method for eatimating discharge in compound channels
(chapter 1X). .

A multiple regression “analysis was performed with the
SPéS (Statisticai Package for Social Sciehces) program, us-—
ing representative experimental data. . The relat1on5h1p ob-
tained was then validated using the remalnlng data. Ini-

tially the analysis was performed on the relationship

which resulted in the following equation:

-1.209 W 10.576n 0.426AU0.092

o= O.lOl&yr r c

(6.20)
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The ccrreiatfon coefficient and the coefficient of determifn
natlon were calculated as 0 995 ;nd 0.990 re5pect1ve1y.
S1nce relatlve. roughness will® 1nf1uence to some extent
veloc1ty differential 1in the compound section another re-
gression. analysis was performed with the former excluded as
an independent‘ variable. TﬁiS'Second_ regfession.analysis
gave a correlation coefficient of 0.993 and a coefficient of
determination 0.987. Thus the regression analysis is margi-
nally impgoved when relative rdughness is‘inclgded. The re-

lationship becomes:

Ta - 0.425yr-1'15Wr_0'376AU0'8M ) (6-21)

On the other hand when relative width is excluded from

the analysis the following relationship is obtained:

T, - o.szeyr“l‘lslanl‘l39= (6.22)

\

which gives a correlation coefficient 0.977 and@ a cosffi-
cient of determination 0,955. This demonstrates the impot—‘
tajyé’gf relative width in the analysis. . »

Equations (6.21) and (6.22) indicate that apparenffshear
sfress is proportional to AU and not to AU (aSsuming that

the mixing length hypothesis is valid). This may be attr1b—
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uted- to the fact that apparent shear stress is not correlat-

‘edléo'the actual differential velocity in the mixihg region
] . \ - - .': - .

but to an “iqaginary" Aifferential velocity for calculation

purposes. Also the calculation of apparent shear stress us-

ing the mixing length hypothesis may not ' be wvalid in the

main channel/flood plain interaction region. -
Equation (6.21) was used to

.lated apparent shear stress,values-and these were found to
’ ! ~ -

"~ be in close agreement kfiguré 38).

Equation (6.21) was also-.validated féy:éimilar éxperimen-
tal data not inéluﬁed in thé present aual}sis.; The valida-
tion is presented in figure §Q‘whicha.shows close agreement
between observed and calculated ;pparent shear stress for a

wide range of flow conditions.

6.7 FRICTION FACTOR RELATIONSHIPS FOR COMPOUND CHANNELS

The developméqt of fridtion factor relationships . for com-
" pound channels, similé; to .those used for simple channels,
is essent&al for the accurate prediction of discharge.
Mofeoﬁer, such relatiQnships can be used as input‘to mathe-
matical models describing such systems.

~ The decrease of velocity and boundary shear stress in the
deep ééction of "a compound channel, caused by MT effects,
reéults in an effective increase in the friction factor for
this portion é% the cross section. Hence the usualhaésump~

tion of equal friction factors, for both isolated and inter-

/

compare observed and calcu-"
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"acting conditions, 1s an oversimplification and can lead to
significant discreparcies between observed and calculated
discharge especially for small flood plain depths. Similar~

ly the corresponding increase in veélocity and boundary shear

stress produced in the flood plain zones results in de- -

creased. friction factors for these zones.
3 .

Although application of modified friction factor rela-

tionships for the flood plain -zones will nprmal;j "not im-

prove sysﬁemidischarge estimation, this is not the case for

the main channel since .the latter conveys most of the flow.
Therefore apéfopriate modified main channel‘frdction factors
‘represent a dajbr improvement in the modelling procesa.
_Myers (72) - developed friction factorsurelaggonships for
the -rectangular deep section of his symmetrical compound
' ‘channel using the Darcy-Weisbach factor.f, calculated from
Jsfhe%9city ﬁeasuremegﬁg only, and assuming that mainlchannel
‘;bpundary_shear stress is constant under both interacting and
isolated conditions. However as stated earlier,"the latter
assumption is unreallstlc and 50 frlctlon factors calculated
using such relationships d1ffer s1gn1f1cant1y from those ob-~
served under interacting condltzons. -
In the present study frictiSh*factors were determined for
thase tests where both boundary ahear stress and velocities
in the main chaa;el were measured under interacting condi-

tions. They- were found to be consistently greater than

their corresponding values based on isolated conditions and

R RS- 1S Y
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furthermore were found: ;o‘depend on the_lﬁeynolds number of

&

the main chanhel-flow(figure 40). Since the latter is not
-readily-avéilable, unless the velégity is meas&red experi-
mentally, the fric£ion factors were felated to the corre-
sponding "single-channel” Reynoids number, Figure (41)
shows the relationship between main channel friction factor

and the “singlé~channel" Reynolds number. . A single linear
- relationship exists between friction, factor and Reynolds
number since the effect of relative rbughness and relative

width are incorporated in the.estimation of the one-dimen-

¥

sional velocity.

Using_régression analysis, the following relationship was

obtained: T
T i

+

“"“ej = 0.015-0.003+log(Re) LT (6.23)

By

i
“,'4' - ) Y .
¢ . R

‘in which the Reynolds number is expressed as:

Re = UgR/v S ' (6.24)"

i

where Ug= veiécity calculated from "single-channel"imethod :

r

Ry = hydraulic radius of compound channel. -

Based on the above analysis ' the. correlation coefficient was

found equal to 0.979 and the coefficient of determination
0.9s8. | ‘

-
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pred1ct1ng d1scharge in compound channels.

When the Darcy-We1sbach friction factor f was used in the
A : '

-
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.- Equation (6.23) is used in the proposed neq“method.for

analjsiq.(f = 8cy). ond the Reynolds number was calculated

from the: relatioﬁship‘Re=4-U~R/v,_ the regression analysis

provided an equation of the form:

‘logf = 0.131 - 0.379*log(Re)

3

mination 0.951. Experlmental results. together ‘with equatlonn

(6.25) are Shown in flgure 42.Clearly for the range of con-“

ditions examined in this study, equatlons-(ﬁ 24)

can be used to calcuiate” frlctlon faa;ors <

deep section of a symmetr1ca1 compound channel.

‘or

(6.25)

and (6.25).
f i

With correlation coefficient 0. 975 and: coefficient of deter-

in the

E
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Chapter VII

TURBULENCE CHARACTERISTICS IN COMPOUND FLOW
FIELDS

7.1 INTRODUCTION

~

In chapter 'V it wae' established that, under certain flow
conditions the MT feature can have a significant effect on
compound channel conveyance: Slnce transport processes of
thlS type are turbulence related an in-depth study of the
MT's 1nflubnce on system hydraullcs calls for an exam1nat1on
of the turbulence field generated in the m1x1ng zZones.,
Accord;ngly an exam1nat10n was made off the internal

'structurelof the m1x1ng reglon flow field, '.'wlth relative o T
: depth channel wldth and boundary roughness being the prln—

c1pal study var1ables. The-turbulence field assocrated w1th e o
,.a two d1mens1onal channel flow prov1ded an ihpbrtantwbasisi S
for comparlson when studylng the effects of. MT under ulde;
central channel conditions. In add1t1on to thle turbulence“'
data were obtained inf'the'miﬁing:Vrediensdof “the compoundt
channel for "wide" -and fnarrowd:ehannel conditions.
\ |F1nally direet measurement af .apparent shear stress at-
Ehe vertical 1nterface plane (separatlng the adjacent-deepl

- and shallow zones),- prov1ded a useful compar1son for est1—

mates based on momentum-balance conslderatlons. o : .

- BO.-T
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7. 2 WORKING PRINCIPLE OF HOT-FILM ANEMOMETRY
P

The . worklng pr1nc1p1e of a hot-film sensor. is based on the
convective heat transfer from a cylinder. The film is heat-
ed above the ambient temperature of the fluid by bassipg'an
electrical current through a res%stanee material. . The flow

of fluid over the heated film cools it by forcéd convection.

The coolihg of the film is' a function of the flow veloc1ty,-

temperature, den51ty, viscosity, and thermal conduct1v1ty of .

the fluid and.-%he temperature,, diameter, thickness and

length of the film material. If all but one. of the fluid

and film var1ables' are -kept constant, the heated film be-

.\_/ ‘ . o
comes. a transducer for measuring the remaining variable.

‘Mainlj, the ;hot—film has . been developed as a resistance-
- temperature transducer for measuring veloc1ty fluctuatlons._
Two modes of operat1on of hot- film anemometry ‘have been

used extensively:' (1) The constant-current method, in which

the electrical current is kept constant and thus the film's

"‘electrlcal resistance fluctuates wlth veloc1ty fluctuations;

(2) the _constant temperatuce (constant re51stance) method,
used here, 1n\wh1ch by using an electrlcal_feedback system,
the.burrent fluctuates with the fluctuating component.

For a constant-temperatyre hot-£film anemometeﬁ,i the heat
loss from a c¢ylinder is described by King's law (54) for po-

tential flow which can be expressed as:

-A+BU1/2 ‘. . . ' ) (7;1)

PRSP S . o
i et gt e 7
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where >I = electrical current. :
RQ = electrical resistance of wire
- at.wifq'temperature :
R, = electrical resistance of wire
at fluid temperature ;

- R

A,B = coefficients. Lo

For incompressible flow heat loss is related to mean ve-

locity by the experimentaily verified'relationship:
Isz
RdFRw'Ra)

Equation (7.2) can be written as :

£ - Ri k(k~1) (A+BU™) _ o (7.3)
2 . .. .
or E° = &' + B'UR , J(7.8)
‘ . .
= |
"where' E = mean'voltage : f
k = overheat ratio (Ry/R,). . iy

To measure turbulence characteristics, the cold'resi$-
tance of . the film R, is measured in the ambient fluid and
then a resistance'oftK-Ré is set on one leg of the bridge in

the ‘anemometer. The fluctuating velocity causes a fluctua-

. S ) \
¥o-=A+B o T2)
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tion in the ﬁt transfer from the film, which serves as the
oépoSite leg df the anemémetér_bridge. A feedback servo-
system senses any imbalance of the' bridge'caused‘by thé ve-
. Iééity;flucguations and keeps the resisiqnce of the wire

R

. ) . . ': . . \‘ . .
"~ constant-by constant1y~and 1nstantanéously changing the cur- °

Eént in the“film. .This fluctuat1ng current in the feedback
system 1s the output of the anemometer and is dlsplayed as a

/\\
vqxtage.

4

_ The conversion of woltage fluctuations to velocity fluc-

‘tuations for a cross type hot-film probe, with two mutually

-
i et Sl

pefpendicha{ sensors set’ at *45° to the main flow (Figure

. . . A
43), is based on the following equations 6146):

¥ - . ! T ”
(e +E ) ',. . ]
L T2
u' = : " 7.5
. ‘Q$1 ot .\' . ’ ( ) '
(e,-e,) o : ;
oyt w2 = : .
M 25, . | o .6 j
A -;—2- _i- - s : . |
— %17 % : - (7.7)
uv ——'-'-'-i—-—- : .
+ 481
: . a . , ) |
where _ u',v' = rmg of the velpcity fluctuations .in the . |
longitudinal and vertical directions ; ‘ ,  ‘
< UV = turbulent shear stress;
— S;= slope of calibration curve ; .
(e +e,)' = :

fluctuations ;

. |
= rms of the summation of both voltage' . . BN
" I|
. !
;
|
|
‘
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(e, ~¢, )' = tms of the d1ffereﬁce of both voltage

fluctuatlons }
2 2
]

The above formét assumes that both film calibrations have -

~

the same slope. , - \\~

mean .squares of the voltage-fluctuations.

The coqvé;éion'of-voltage fluctuations to velocity fluc-
tuétions is bgséa on the fol}%wing assumptions: (1) The ve-
locity -vector U can be -expressed by a mean value U and fluc-
tuating componénts u,v,w. (2) | The same heat transfer
relationship exists for boﬁh the mean and the fluctuating
guantities and Eherefore the relation between mean volpaée
and meén: velocity can be used to convert voltage fluctua-
tions to velocitylfluctuations. (3) Thé ch;nge in the slope
of the calibration curve is small ove;-thé;range of the ve-
locity flu;tuations encountered duriné a measuremeﬁt hence
the tangent to the curve at the mean veﬂqcitf can be Gsed to

convert voltage fluctuations to velocity fluctuations.

rs

7.3 _DERIVATION OF APPARENT SHEAR STRESS B_\&_’_ TENSOR ANALYSIS
Thé ;ppa;ent shear stress - pﬁﬁ was‘determined from measure-
ments of shear stresses 1in a plane normal to the channel
béundéry and in a plane inclineg,at.45°to the f&%mer.The re~
lationships among . the stresses écting .on these planes are
’ derived ;sing tensor analysis,

By rotatxng the system of coordlnates (figure 44) about
the x-axis the Reynolds stress tensor can be transformed ac-

cording to the following law:
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vhere uw u, u.u = the components of the tensor in the old

(y,z) and the new (y',z') coordinate sys-

>

tem respectively,

.-

o S ik = the cosine of the énglélbegween the ith
. .. ~ axis of tpquéy,z) coordinate system
and the kth axis of the { y',2") coordi-’
‘nate system..
Th;reforé equation (7.8) can be used to determine the stress
components in one coordiﬁate system 'g;ven the components of
the tensor in the other systém, |

For. the selected coordinate system &j - can be written in

analyticallform.as _' . " . b
i 1 0 : 0 "
| . & =0 - &559 . -sinf - (7.9)
- ‘ - 0 sin.’ cosB S

Thus analysing equation (7.8) for all componenfs of the

stress tepsot-the following relationships apply:

= B - ¥
k3 . -
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- o ' ) ) .
| uwo= vy cose'. - uw, sing (7.:._L1.)
& T ' -
uw - uev'e‘ sing + uewe cosb | . (7.12)

’

F

Equations (7.11)-and (7.12) contain two unknowns (ugwy uw) ,

since ‘the other quantitiés can be_ measured and the aﬁ&le is
known, The above equations'were used fo'célculéte tﬁgrép—
parent shéar stress -pﬁ? at tﬁe main cﬁannel/flbod plain in- - e
terface since the other stresses (Uv, ﬁ;?;ﬁ wéée measﬁreéi j.f
directly ﬁsing the hot-£film probe in pléhes normal and in;‘

cliried at 45° to the channel bed. - | ‘

" The lateral turbulence intensity and other componeﬁfs of

the stress tensor can be determined using the  following

.0 : .
equations® Lo
¥ 7 S I R o o
v: - v; c0529 + Wy s5in8 - 2 VoW, ‘8inbcosé (7.13) =,
, )
W - vg' sinZe+ 2 v W cosfsind +'w§ cosze C(T7e14)

— . —

<:osze-«'tewa sin29 - wg sinfcosf (7.15)

a

— 2 - _—
VW = va cosdsind + vewe

,,,,,,
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However addi;iqnal measurements have to be made in another

(inclined ) plane since the above system of equations is not

closgd. The above eguations contain 4 unknowns and,there-' ~"

fore 3 similar -equations can be produceé using another in-
. oL -

cliped plane. : Phe .system of 6 equations with 6 unknowns can
then be solved to determine the remaining unknown componerits

of the stress tensor.

Since a complete analysis of turbulence in compound chan-'

DM

nel flow would constitute a major study in itself, the pres-
e ) . Y, . . ‘
ent invéstigation was only concerned with determination of

apparent shear stress based on the above analysis.

7.4  TURBULENCE -MEASUREMENTS

~<7.4.1 ~Measurements in the two-dimensional .flow regions

The longitudinal {u'/U;) and) .verticél (v'/U ) turbulence

intensities ( U, 1is the aepth-averaged velocity )} and the Uv

shear stress-were measured depthwise in those areas of the

compound ‘flow that were essentially two-dimensional in char-'

acter.

"

Figure 45 shows the vertical\diétrfbutions of u'/Ui-and

v'/U& for the range of Reynolds number employed in the ex-

periments. For any, discharge,~u’ /U, was found to be approx-
o f "‘:‘. 1‘

imatell§ twice the £he‘magnitd&e of v'/Ui.and both intensi-

ties increased in value as the channel bed was approached.

; ”;R'general the'dhgnitudgnéf;ﬁhe intensities was found to de-

i . . . .
crease with increasing Reynolds number; the decrease being

~

......

V"‘
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somewhat greater for the longitudinal intensity. ‘Both of

these findings cdnﬁirm.similar conclusions reported by Lauf- -

er (60) and‘McQuivéy'ahé Richardson (68) among others. For
~example, when the ﬁresent'aafé is compared with the corre-
Spénding;HcQuivey\ahd Richardson data, reasonable agreement
is obtginéd althbugh the latters' longitudinal intensities
are somewhat"smallerEnear the bed (46). z‘The‘near—boundary
digcrepancy, however, is thought to be caused by high veloc-
ity gradients generated across the sensing element when the
latter is positioned near the solid boundary.

The obéerved vertical distrigution ef the -933 sheqf
stress was compared with the theoretical distribution de-
‘rived from the Navier-sfokes equations for.a fully developed

two-dimensional flow (figure 46). In this instance the

equation of motion in the streamwise direction simplifies to

-

-,_Pa-zf:ghS( -!ﬁ) ‘ (7.186)

While there is a certain amount of scatter of the data
points about the theoretical ( dashed. ) line, equation

(7.16) is nevertheless considered appropriate for these con-

djtions.
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7.4.2 Measurements in the mixing regions

7.4.2.1 "Wide Channel” conditions

The transverse distribution’ of longitudinal and vertical -

" turbulence intensities as well as shear stress was examined

for different relative depths and relative boundary rough-

ness. Of particular interest was the influence of these
study wvariables on the turbulence characterlstlcs of the
ﬁixing regions. Since the ‘various dlstrlbutlons were foend
. to Ee-essentially symmetrlcal about the channel centre line,
"the data for the entire cross section ie reduced and pre-
sented in an equiyalent "half-section” format.

figure 47 sﬁowe the wvariation in longitgdipel furbulence
intensitfth'/U ( U is the maverage velocify for the cross
section) across the compound channel when the flood plain 1s
inundated to a depth of 20mm (relative depth 0. 4) If we
consider only the.fluid layer above the bankfull stage, the

maximum value. of u /U occurs at the junction and close to

the flood plain bed. Here the value of u'/U is approximate-

ly twice the value at the channel centreiine. Results indi-

cate however that the differenee between the junction and
centre line values decreases with increasing distance from
the bed. These findings suggest that the proximity‘of the
flood plain ‘bed ( and hence boundary roughness ) plexs_a
dominant role in the turbulence field generated at ;he junc-

tjon:" In the zone below the bankfull stage u'/U increases

as the channel side walls are approached, which is the case.

for channels of simple cross section.

LI SO B
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The influence of relative depth on the u'/U distribution -
was studied by varying the'fprmer from 0.33 to 0.5. Figure
48 shows the variation iﬂ u'/u bag;é on 3 different relative
de?ﬁﬁ values. Aé.indicated the maximum value of u'/U at the

juqqﬁﬁénlcorresponds to the smallest relative debthiyalﬁe..'
'ﬁ_;Morebvef the relative increase in u'/U,~over the corresﬁond—
ing centreline value, is greatest at the smallestgdépth ra-
tioc. ‘ o . -
When system discharge and hence flood plain depth was in-
creased; the u'/U maxima in the intergction region'decreaséa
" noticeably and the intensities recorded across the flood

‘plain zones were similar to those recorded near the channel

-

centre line.
-~ The influence of boundary roughness on. longitudinal tur-
bulence inteﬁsity was investigated using three diffegent
roughness conditions for ‘the: fiboqipléiné described -earlier.
Figuré>49 shows the response of u'/U to an increase in rela-
tibe_rohghhess for a given flood stage. In general turbu-

lence inﬁeﬁsity is seen to increase with an increase in rel-

étiye roughness. This is pafticulafiy true. in the junction

region whefé,<for a 100% increase in rélative roughness, the
intensity increases by up to 60%. Klso\thg maximum u'/U ; .
value at the junction.is approximately 3 times that observed

at the channel center line. It should be noted that thisﬂ
increase was greater than that observed for the T"smootk

boundary" condition (i.e. relative roughness =1.0).

-
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Thé . MT's influence on the v'/U distribution is less sig-’

nif%cant. Values of v'/U across the channel are approxi-
‘mately half the. corresponding u'/U values and ‘the increase

- of v'/U at the junction is only about 1.8 times the value

recerged at the channel centte line (Fiéure 50) .. As was the

case for the streamwise intensity levels, - the vert1ca1 tur—'

bulent intensity in the junctfon re ions increased with an

increase in relative roughness afd also with a decrease in:' -

relatlve depth (flgures 51 52). - However, . the increases in
v /U -were considerably smaller than those observed for
u'/0. . L |

The spatiaiiOariation in the cﬁbss-correlation term -uv/
. Ui‘ is shoWn rn figure 53. Because af the hlgh!VElOClty gra-
! dients generated at the channel bed 'UV/U*‘=15 much greater
there than at the-water ‘surface. Thernegative values of
—G;/Ui in the channel portion of the-mlxlng reg1ons are’ at—
tributed to ‘large-eddy transport of shear stresses occurring
'in these reglons. | }

The distribution of the correlation coeffieient -nv/u'v'
.is shown in figure 54, It varies across the channel and has
' zero value at the flood.plains side walls, :while its maximum

value is approximately 0,32.

7.4.2.2 'ﬁNarrow ChannEI"}conditions

. The MT's .influence on the turbulence field, when "narrow"”

o

‘central channel conditions applied, was also studied. In

B e N ol
e
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this case the MT's influence on :the flow field.is vetY*f*f

strong, Relatlve roughness is found to be - an important fac-
~tor in thlS instance, consequently the effect of MT on :fur-

" bulence intensities and shear stresses was studied for"dff—

ferent boundary roughness cond1t1ons. Figure 55 shows the:

dlstrlbutlon of u /U in® the compound sectlon. In the junc-

A

tion regions the value of u’ /U 1ncreases‘ 51gnificént1y (up

to 3 times its value at the centre line) It is clear £rom

the figurei that MT influences a wlder portion of the com—'

pound flow field when the central qhannel 1s "narrow

The effect of 1ncreased Elood plaln roughness on u /U’
values in the 1nteract10n reg1oh is seen in f1gure 56. Even
for a_. moderatenlncrease 1n rédlative roughness (27%) the
long1tud1nal 1nten51ty level was seen to increase by up‘té\
45% in‘the Junctlon reg1on. In the natrou éhannel experi-
ments the maximum u /U levels 1n thé junction reg1pns were 4
times greater than those_ measured at the channel centre

i
]
K

line. A T

- )

Similar distribution proflles were obtained for the ver-

tical turbulent _intensity v'/U although actual values were

approximately half those of the corresponding u'/U distr{bu—

tions.  The ;alue of v'/U at the junction increased by up

to12.2 times its value at the channel centre 11ne (Flgure

57). An 1ncrease in relative’ roughness also produced an in-

crease in"v'/U over a wide aréa in the vicinity of ‘the junc-
s

tion, however the 1ncrease was once again smaller than that

observed for u'/U (Figure 58).
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e

-The%,d}Stribdtion of -uv/U , for. a’ smooth boundary

condition, 1is * shown in flgure 59.The'distributibn in the -

vertical is similar’ to that* " observed under "wide" channel

conditions. The shear stresses decrease from~ the'system

centre line to the channel eide walls at a rate faster than

that observed for the wide" channel case. Values of uv.a:e

smaller than  the average éhear velocity since measurements

were not taken in those regions close to the _chahnel bed
where two d1mens1onal flow 1sldom1nant. | :

. The dlstr1but10n of the correlat1on coeff1c1ent uv/u v'
is plotted in f1gure 60;, 1t5 maxlmum value was found to be

approximately 0 40.

7.5 APPARENT SHEAR STRESS DISTRIBUTION )

Direct measo:ement of local apparent shear stress -:Pﬁﬁ'gf

the' imaginary (vertical) channel/flood plain interface pro~-

vided information about 1ts spatlal variation there, 1n par-‘:‘ ,

P

ticular its deviation from the depth- averaged value calcu-.}'

..lated from momentum balance con51derat10ns.‘- Figure - 61

~compares the calculated%(depthfaveraged) ‘apparent shear w1th

-,

actual measurements for both "wide" and-"narrow" channel,

... COﬂdltlQnS and for various flood plaln depths and roughness-

..es, In all|cases apparent shear stress is seen to 1ncrease
fas the flood plain bed is approached. N P L

There is an estimated  *10-12% difference associated with

thevdepth—- averaged'values calcolated from local measure-

R
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-~ ments (i.e. w1th respect to depth averaged values calculated
g from- equatlons (3. 13) and (3 14)) which'is conszdered accep-
‘table ‘in v1ew"of the difficulties assoc1ated with measures
ments close to. a SOlld beundary as well as errors 1nvo}y//
in the measurement ‘of Reynolds stresses. . Slnce the latter
is a’ funct1on of the ‘dlfference betﬁéep two time-averéged
sigﬁals, the combined error may be large when the signals
are of the same order of magnltude. _— -7

Source errors of thls type can be partry avoided if a
cross-tgpe hot—-film probe‘ig uééé, which measures the longl-

tudinal and ' lateral components simultaneously. This unlt

permits direct measurement of apparent shear stress —PEW at

>

a point.




Chapter VIII »
STAGE-DISCHARGE PREDICTORS FOR COMPOUND CHANNELS

8.1 INTRODUCTION . - @ - .

Conventional uniform flow formulae are normally.used to de- -

velop . stage—diécharge'relationshiﬁs‘ for opgn‘channels'wqf

simple cross section and ‘uniform boundary roqghnjgs. " How-

Vever, if the channel's ;shape is complex, this a rnoach_cén

igad-td considerqble_errors"(93,13?),ﬂ‘Besides the‘&ffficulf

c : _ |
ty in properly accounting for sectional shape anh'boundary

roughness. effects, the conventional approach does not con-

sider apparent shear stress acting on the main channel/

'flood‘plain“interféce., '

‘This chapter déscribesﬂ‘sqme of the‘moré. popular conven-
tional stage- discharge p;édiétioh methods and"examiﬁes
their éfféctiyeness by applying them to the expériméntal
‘data of Myers (73), Wormleaton_et‘al.(137}faﬁa this study.

Qf special interest are .twq power ful "cérrecfion factor™

" methods developed respectively by Le Vvan Kiyen (63) and Ka-

rasev (49). The accuracy provided by these and the other .

methods are then compared with that provided by a. new method
developed in the present study. The new method, which is

based on momentum and apparent shear stress considerations,

gave consistently superior results, for the conditions exam-°

ined. L
Y
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8.2 CONVENTIONAL METHODS

1_ 8.2.1 "Single—channel' method .

The pfoblem of definingvproperly‘fhefeffects of channel
shape .and boundary roughness on system discharge can be.
appregiated-iﬁ one of. the most *commonly used methods for
dischergefcomputation in ‘compound channels, namely the " 51u~

gle-channel™ method. “In this method the compound~section is

con51dered as a: 51ngle channel hence the hydraﬁlzc radlus le

'\

is computed from the total: flow area A divided by the total

wetted perimeter R -

Therefore total discharge is calculated by means of a . .

un1form flow formula (e. 9. Mannxng ) as follows-

] .

»

v .
T»;?t - %.Atntzf? 51/2 q;h (5.1 Units) (8.1)
where = R, = tufal_discharge;.
o ' n = roughness coef. for.compound section\;
Ay s'total’crbss—sectional'ares,}— |

Ry ="hydraulic radius for compound section.

At very small flood plain depths there 1s usually a very.
Vlarge increase in wetted perlmeter compa:ed to the corre-\
sponding 1ncrease 1n flow area.' ThlS,_ln turn, results'in_a
sudden decrease in hydraullt radius which ({theqretically)

. would imply’a'corresponding decrease in dischacge. In fact
. Y 3

N

e rr—————
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this is not- the case as system discharge increases with an
increase in the depth of flow. )

. The undétéstimhtioqlof system diécharge, in the case of a

* known flow”depth; of the overestim;tiop of the flaw depth,
in the cése'of a known discharge, 1is greater when the'f1o6d
plain'rouﬁhpess is substantially diffegént from that for the
main chahhe?. ‘ )

Another percéivea limitation of this.methog_is‘ the fact Lol

that it employs a _51ngle (comp051te) roughness coefficient

for the. . coinpound ‘séction. The problem is in the relation- g’ |
shlps developed for thls purpose, which rely Sn'hiélf’quésibs
tlonable assumpt1ons regard1ng the nature‘bf the flow field.
ﬁ_Tbe three prxnc1pa1 equatlons for calculatlng_comp051te
roughneés are : l. ‘
“‘I . 3/2 2/3‘.

P - . . N X
n = (.Z‘v. i 2 . . _— . . _ ;
PR = N . o (8.2) T e

R ‘s .
R ST VR T

1 Pn2> 1/2 .

S o= () \ (8.3)
R . e .
f : i=1 P1/2 /
. 5/3' ; . . - . o
NS ; b (8.4) |

i=1 By

b

where n, = composite foughnesE coefficient.

‘ :n{'a roughness coeff1c1ent for the 1th subsect10n~ g’
B, Ry = wetted perlmeter and- hydraullc radlus oL
for the ‘ith subsection respectlvely { ' - C T %

CoL . . " P P
‘r' . ) :

¢

4
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P = wetted perlmeter for c0mpound channel,

- r

The assumptlon made in developlng equat1on (8. 2) is that

-"each subsect1on has the same average veloc1ty which is also.

equal to the average velocity for the entire cross section.

'h The assumpt1on of equal mean velocity for different sub-

-

sect:ons of a- compound channel is obv1ously a gross oversim-

; pllflcatlon, : espec1ally in  the case of low flood-plain

,depths when veloc1t1es 1n main channel and flood in zones

dlffer apprec1ably. -
_Wlth‘regard to eqpatién‘(B.B),' it is assumed that total
‘resistence is;equal to the.resistanpe summed omer all.of'the
' suhsections'and for equat1on (8. 4) it is assumed that sys-
tem’ dlscharge is equal to the sum of the component discharg-—
*. 'es for each ;subsect{on. . These aséumptlons are, also ques-
‘tienehle'.since'they impiy‘ thet'-thefeomponentﬂ flews are
'effectivel}‘independent. dith'ne mdmentpm'exchange ‘between.

-_them 1. . N Lo : T

F1gure 62 'indicates the underest1mat1on of system dis-
i . .

: chacge to be expected when u51ng the 51ngle—channel"-method

for the case -of a -"narrow" compound channel system with

‘smooth‘boundarles. For the purpose of compar1son the accu-

}acy achieved, forjthe case of a ‘compound system hav1ng a

© smgoth méfn'channei with roughened flood plalns 1s also
shown' in .the :igufe.»' System dxscharge is. underest1mated by
‘dp'te,37% which is an -indication that the compds1te‘n-va1ue
suggested bg equation- (8.25, is;toorhfght Similar resdits

b . ' »

.
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were obtalned when equatlons (Bg and (8.4) wvere used to
. X

determlne the equ1vaient roughness coefficient,

~a

LFor w;de channel condlt}ons and relative depths ranging.

from 0.33 to. 0 5, the method underestimates discharge by up

Tto 10% for smooth flood plaxns and by up to 40% for rough
_lflood pla1ns (flgure 63)

- ot . . . - . - - o~

.. 8.2.2 "Separate-channels” method;-

A commoqamethqdfhséd;to“ovefcome those problems associat-

“ed with the "single-thannel” approach is the "separate chan-

iy

"~ nels” method“‘whicﬁ“treaégﬁthefchannel and flood plain zones

as separate entltles. A‘majbf' advantage of this method is

the fact that it prov1des a convenlent way to account for
dlfferent boundary roughnesses betweeno the_ma1n channel and
flood p1a1n zones. 5_7 oo ‘:'L

L . T . .

Sm T . o . R .
:TotalAdlscharge . is calculated by summing the discharges
ot%the 'vatious“Subsectiobs which’ are‘defiﬁed by imaginary

(vertical) ;}nterfage ﬁlanes passing througﬁ the junctions

between adjacent deep and éhallow sections. =

o

Therefore total dlscharge -45 given by:

o 1, g 2312
. Qt»- Z AR s, s e (8.5)
AT »i=l By i, o . .
fod LN “a- . e . N

J.

Tt $hould be noted4that the wetted perimetér P oéiy{ébm41l'

P p:lses thé phy51cal boundarles “}.e. it does not inclyde’the
E 1maglgaryt1nterface5a-‘fh - % g
v LT,y e e T S S s
e : R . PR g -
W e DI ) )

i
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"tal discharge. This is because the imaginary interface is

-channel is not generally correct.

IR _ <. 100
- J(‘.V-' . ' . T
The‘“separate—channels“¢method tends to'overestimate to-

"

not 1ncluded in the wetted perlmeter calculatlon ( and hence

LA

no force is assumed to act there ) In fact an apparent
shear force does act on - the 1mag1n ry interface plane and-

its maln effect on system conveyance 1s “to prOV1de add1t10nr

al. re51stance to the main channel flow. Thls'fact is espe~ -

ot .

c1a11y true. for . Cpndltlons df small relative depths aﬁdru .z

large relative roughness where appreciable apparent shear

by

stress acts on the chénnel-flood‘pléin interface. If this

- stress parameter is ignored in the analysis, a serious over-

estimation of discharge results for a "narrow™® g@hﬁrql chan-

LI

nel with rougheaed §lood plaihe (figure 6%).' Howevé;;ﬁfor a

"wide" central chann with roughened flood plains, a maﬁi—e
' "'\ .‘..,
mum overestimation of discharge of only 7% was noted~{figure-.
63). T s

[N

If g veftical interface is inclpded in. the main channel
o N . L'_ .

wetted -perimeter calculation (i.e recognizing there is a re-
tardlng force act1ng on the main ehannel flow) the method

stzll overestlmates discherge in the'case of small flood

-
- HR

plain depths. Thls s because the assumptlon of equal ap-.

parent shear stress and boundary shear stress in the main

-

'Figure 64 presents sample results obtained using the

"separate-channels" method with a vertical imaginary ipter- = °

face included in the wetted perimeter calculation for the

.
e

. 27
]
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;”ffh channel. When theaméthod is applled to "wide" channel
v‘condlt1oqev‘3n overest1mat1on of 5% results for the roughest
f/eod pl;;h condition examined (f1gure 65). It would appear
therefore, that the method is appropr;ate for conditions ex-

*%m1ned since the .error. produced can be considered negligible

"i for design purposes.

Y

“

.

‘ . N
Various -authors have proposed alternative arrangements

Ve

f&f%the'iméginary planes, including inclined and horizontal

\ffél—”/ ones (136,141), butmeesume that there is‘no shear acting on
"thesetﬁléﬁes. ; i

Accordingly . they vere not included in the

wetted per1meter calculation for the main chanpel.
The method which uses a horizontal plane as the imaginary
interface has alsc?béen applied to the "narrow channel” data

(figurej64') This partlcular éﬁproachfseems to give some-

lz;

" what petter resultSv,than ‘those prov1ded by the other meth-
v z, r

ods. However, for "wide" channel cond1t10ns and large rela-
tive depths, the method underestimates significantly
observed discharge (figure 65). Therefore the method should
oﬁly be applied in the cdse for small telative depths in

which case it produces results that are superior to those
provided by other methodsﬁ . “
' kg ’

All of the abo¥e methods involve - assumptions regarding

the magnltude of the appargnt shear force acting on the var-

true for a wide range. of hydraulic conditions and‘thérefore

mre;neﬁﬁﬁethodology' ' that cap properly account for apparent

W

":‘ we L
shear force at the interface planes, is clearly needed.

F
w : -
Y . -
A v . S

"ious 1nterface planes. In general these assumptions are not’

i e——
i e I B TPV 1LY
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8.3 'METHODS BASED ON CORRECTION FACTORS

‘The inability of the foregoing methods to prbpérly account

for MT effects 1led .to the devq;opmenf. of relative%g simple.

design methods basedl on experiméntaliy-degived correction
factors. These correction. faétors account for the adverse
effects that small flood plain depth conditions have on syé-
tem conveyance.

James and Brown (4B) determined a simple correction fac-

tor (K ) to the ;single—channel" method, namely:

Q%

»

oLl 2/3 1/2 '
b AR s | . (8.6)
BEN - -
where ¢ =<F-(%b) . ' (8.7)

The correction factor was obtained from a curve-fitting
technique which was applied to plots of n/ng versus rela-
tive width for various relatives depths.They named their

method the "modified single-channel” method and they “report-

ed good agreement between calculated and observed discharge -

for the conditiohs examined in thefr‘étbdx.

On the basis of, approximately 300 experiments Le Van Ki-

H

yen (63) produceagcﬁrrectibn factors for his systeﬁ and then

used the "separate-channel™ method as follows

1
1 2/3_ 1/2 '
Q = } K, =—aQRr“"s (8.8)
t {=1 i ni ivi i :
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e : . P
< : .
in which'K; = correction factor for the ith subsection.

Five emoiricel relationships were used to determine the
correction factors. The relatiooships inciuded the follow-
ing_idportant parameters: degree of asymmetry and shape of
Cross sectiop,; reiétive depth of flow and relative rough-

ness.

i ’ . ) .
Rarasev (49) used the momentum equation to obtain expres-

sions 1ncorporat1ng two emplrlcal parameters and noted that

*

hlS method had-” a 51gn1f1canﬁ advantage over the,emplrlcald'

1

‘relationships used by Le Van Kiyen (63) yhlch gave less ac- .

P AN

curate results.
The last two "correction factor™ methods were.app;ied to

the present data for the "narrow" channel experiments and

both produced results that were considered superior to ‘those

obtained by the other methods (flgure 66 ).

Y

8.4 . PROPOSED METHOD

.
.A .method was developed in this study which uses the apparent
shear stress parameter (estimated from, equationfﬁ.zl)) in
the calculation of discharge.’ -Eduation (d 21) has been
shown to agree closely with observed data.: Average boundary
shear stress 'and velocity 1n the main channel ' are related

/;hrough the followlng equation: o

[P U
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Average ehanqer'bgundary shear stress can be obtained from

the momentum equation (3.13)jas follows:

P

2t y ' ,
o __af i
ST YR.S.- L ) L . (8.10)

e . o

Using equations (8.9) and (8.10) and solving for average ve-

. . ‘\
locity we have B , - .
1wy
0%« —l—('YRS- Pa £ . (8.11)
¢ i PCe .ooe, -
S K
Similarly.on the flood plain
" Ty e
U 2 . _l_.(YR g + -2 f) Lis‘ C - (8.12) ‘

f pt:f £ Pf

.

Hence total discharge, for a channel with tvo floodiplains,

-is given by

(8.13)

Althougﬁ‘abparent'sheér stress isg accounted for in thlS

method, system dlscharge 1s OVeresblmated An- the case."of low»
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relat1ve depths (figure 67). This isrhecause the method as-
xlsumes the same-frxctlon coefficients under hdth 1nteract-

1ng .and isolated“ conditions;L ThlS assumpt1on 1s not gen-

ﬁ‘erally true since the values of both channel and flood plain .

-boundary roughness coeff1c1ents change under 1nteract1ng

s

-cqnd1t1onsu L o R

e ﬁhen thé friction factor relationship for the main chan-

: ”'nel;(eguation (6 23)) 'is used to estimate. fr1ct10n in equa—"

ition-(B il? both frlctlon factor and apparent shear stress
are. accounted for in the method and hence 1mproved results
are obtalnad :espec1allynfor low relative :depths (f1gure
- 68)" o o

~

\ - .
N . (S «
ks i »

8.5 o APPLICATION .OF DISCHARGE ESTIMATION MEEHODS TO" NATURAL
o WATERCOURSES

. P R

The development and callbratlon ..of methods for predictdng

.\

;discharge in COmpound open channeIs has been based largely

K

. on 1aboratory obSefvat1ons; the1r applrcatlon to natural

[ X
‘riyers or art1f1c1a1 canals has therefore beenr llmlted

Howérer, a mean1ngfu}~extrapolation can be made from the'

metric parameters. v 'fh . f T o

MT effects, ‘si@jiar;to those observed_ in the. present

A

study, have a%sddbeen observed in the fiefd (7;49)  and

therefore dischargé estimation methods deve;oped from labo-

o

ratory studies can be extended to natural channels,-assuming .

similar boundary conditions apply. S ) .

o

laboratory results through the governlng hydraullc and geo~‘

.

L

B

e ea v
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,In ' the-i case oﬁ' w1de t rivers,f TStage-dischatge .
relat10nsh1ps can be deveIOped from the tradltlonal "sepa- b
rate-channels method with a vertlcal 1nterface between the . - RN b

A deep. and shallow reglons 1nc1uded 1n the’ maln\channel wetted‘
'f perlmeter calculatlon. i ThlS is because MT ‘effects only be- 3?
come s1gn1f1cant when'the main channel:is "narrow"” , ERP

a"‘

they do not affect “the centrar region of - "wide" river chan-

nels.q Also, for “w1de r1ver " channels and small relatlve.

depths (y, <0.3) the same method can be used with a hor:zon—_

tal 1nterface not . 1ncluded in the main channel. wetted per1m—‘:‘

A

eter calculatlon.

For, narrow" channels Gith relative widths of § or less -

the est1mat1on of dlscharge fpr the compound sect1on should'
be based on more ref1ned methods whlch take_ into account the
'strong MT effects on system veloc;ty and discharge. The ef~
fective.: 1ncrease;noted 1n the laboratory main channel resis-
tance to flow,_at smallrflood plaln depths would-also occur
in the fleld, -therefore methods employ1ng modlfled friction

ry D

factor relat1onsh1ps are approprlate. The methodoly devel-
)

oped in this: study ¢an. be extended to "narrow" river chan-

nels u51ng emp1r1cal relat1onshlps for modified friction

~ )

factors and apparent shear Stresgs. «Since the latter is dif- .
flcult to _measure in the field it can be 'assdnedﬂgreater
‘i;than theimain‘channel boundary_shear stress and-the'proposed.f
ﬁethod;can be" applied with frigtion factor relationships de- -

" veloped for this puypbsé. -

. : ) » ‘A
4 A : CL
. . 4 ) . \
¢ .
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Chapter IX\'

- N . ,t-‘

NUMERICAL MODELLING CONSIDERATIONS

-

9.1 = PAST WORK . e e

’\

In past years*most ‘of the numer1cal models developed ﬁor“

F

row’1n compound channels are elther f1n1te element (FE) or

t

f1n1te dlfference (FD) solutlons of the equat1ons of mot1on.'
Radogkov1c and Ivetlc (99) appl1ed .a numerlcal model  to -

"fully- developed“ flow in compound channels. ** The governing .-

equat1ons were 51mpl1f1ed by: comb1n1ng convectxon and shear

-l', ~

etresses in an effect1Ve shean stress parameter,:,the lat-
ter being calculated from a length—scale model.. The result-
ing differential'equation was then solved'by a FE technique.

Vreughenhill and wijbenga (134)4used a FD method, of the

alternating-direction-implicit- (ADI) type, to. solve the ap-

proprlate shallow-water equations. The eddy v1sc051ty was,'

not brescribed in advance but was calculated as part of the

calibration process, thereby having a numerlcal rather' than

a, pbysical'eenSe. ( It should ‘be noted that secondary "flow

was not 51mulated in thelr model ). The authors, 1n_apply—

1ng their model to prototype conditions, attribute its ooor

‘perforhadce .to. boundary toughness effects among other

_things.

- 107 - |
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Demuren (25) used a three-dlmen510nal numer1ca1 procedure

for,“develop1ng flow

Cin’ channels w:th flood pla1ns. The

.

»part1a1 differential equatlons govern1ng the 'steady state

flow fleId Were solved in

conjuctlon w1th the

standard K-~ 13 model of turbulence. The model was 1ncapable‘

"of predlctlng turbuleBCe 1ndueed secondary currents, however

'for "developlng flous

this was not cons1dered a ser1ous,

1idefect. The model was applied to Rajaratnam“s data (104)

.

fand gave satlsfactory results, but it was. found to be compu— )

tatlonally very expen51ve. ‘

Pr1nos and ’Townsend (94) used a FE'model based

on the

_class1cal R1tz or Galerkln method to determlne isovel pat-

terns in® their compound channel The~ method is based on a

'vareat1onal technique -1n-wh1ch

"the governing function for

steady turbulent flow is mlnrmlzed w1th respect to veloc1ty.
’wlth thls approach the distributien of longltudlnal velocity

U in the vertical (y) and lateral (z) d1rect1ons can be ob- .

;,taznedr For "wide” central channel cond1t1ons, d1fferences

hetween,predicted“and observed velocity dlstr1but10ns were

'

considered unimportant from a practical viewpoint., '~

2

However ;

. - [} - Lo 3
“"when the main channel was made "narrow" the mathematical

model did not reproduce the observed isovel patterns satis-—

factorily. "’ This modelling deficiency was attributed to MT

effects which were only partly accounted for in the model.
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.9 2 = DEPTH-AVERAGED "_;ﬁ MDDEL OF TURBULENCE »
In chapter 'II{ the mean. flow equatlons were -preSented and
the related depth averaged : x—momentum equatlon for fully -

'developed flow derrved (equatlon' 3. 10) ' The pred:ct10n of

velo¢1ty d15tr1but1én through equat1on(3 10) ‘1s p0551b1e-
» &

h-

once the eddy v1scos1ty dlsttlbUthﬂ‘,lS known.. The 1atteg N

Y

' can be calculated £ rom: slmpie algebrazc express1ons‘and/or AN

N d1fferent1a equatlons (e.g the K~£ model) E 1
. N ﬁ\!

“In most computat10na1 methedsxthe turbulent or eddy V1s-"x
v‘. ‘\

Alc051ty is 355umed constanb over the ﬁlow f1e1d and Ehereforei

th1s vas adjusted to- su1t a part?cular;condltaon afte?‘cal1-':
>3
bratlon Clearly th1s procednre 11m1ted the effectlveness

t IR
. TR, AN . e VO

'of theSe methods.'r '.. f‘; RETE TN UL ."%

- Puri. and Kuo (95) used a constant eddy v1sc051hy dlstrl—v‘

.but1on to determ1ne the veloc1ty fleld‘ assoclated w1th a .
s1de dlscharge 1nto aﬁ open chahnel The results dnﬂ notﬂshow;
.a clearly def1ned deflect1on reglon and the accompanglng!re—
c1rculat1on ‘zone was suppressed A They obtaaned better re-i
.sults u51ng a. var1ab1e eddy v:sc051ty dlstr1but10n based '

.'._upon the Prandtl m1x1ng length" hypothe51s and an a95umed

»

-

W

seventh;power law veloc1ty proflle. ‘The- expressaon usedy "

. “F
-was: !

T
- A .

b
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vhere C=Chezy's roughness coefficient ; °. St

u, w-depth averaged veloc1t1es 1n longltudmal

. and 1ateral d1rect10ns respect1ve1y

on

i

For' the same problem Rod1 (114) used a constant eddy vig- -
cos1ty (v, =200V, )}  and obtalned ‘resu;ts very similar to

those obtalned using the K & model _ Q B

.~ Lean and ‘Weare (62) used an’ expre551on for v1sc051ty de-

r1ved from two dimensional shear layer concepts frrsq_pro—

\I t T ‘

posed by Rodi (113) ~namely:.

%

= . ST " T 9.2)
| » BT B ‘ .:"..
where . § =width of the shear layer ;

. 1 . - . 1S . R ‘ T
’Uma% q“m velocity dlfterence across the ;ayer:
' 3 : .

-

N

Appllcatlon of equat1on (9 2) requ1res a reasonably accu-
rate estlmatlon of the shear-}ayer width: Vreugdenhil and
lebenga'(135) propose the latter o be Gf the order of

G(D—d) for a main. river channe}l of depth D with flood plain

depth d. It should be noted that this equatlon applLes only
to the free shear flow reglon and not to those reglons where

the-thannel - boundary has a domlnant influence on both tur-

ks 5.

bulence and eddy v1scos1ty.

’
- A > . v .




~and therefore permits a much w1der range of flows to be cal-

' - ’ D g . .
‘parameters by dimensional analysis

.,.._:;--_ A o | Rt

BOOIJ (10) adopted values for an effectzve v1sc051ty

~~

based on the followlng relat10nsh1p suggested by Flscher et'

al (31) s’

S = al,h B (a3

where 17 B a= 0. 15 0 60 (dependang on channel geometry)
Equatlon (9 3) is used in those reg1ons of the flow field
where turbulence is largely 1nfluenced by "bed roughness.,

" The method apgl1ed in this study determlnes eddy-viscosi-

.ty at, each point in the flow field. ‘This is ‘achieved by

means of a turbulence model that accounts for both bottom-

and free shear influences on the eddy v1sc051ty distribution

~

culated without changing the .empirical parameters involved.
The method edploys. the depth-sveraged "K-£" model which

characterizes the local { depth averaged ) state of turbu-

.lence’ by two parameters namely the turbulence kinetic ener-

gng'and the rate of dissipation of turbulence kinetic ener—

~

. gy . The eddy viscosity can then be related to these
N -3 ;

-

-

2 | e
- * .

) . Ut = cu_E-_' . ‘ (9.4).

where - w is a constant,-

"

"

) e e e A Ll
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. The variation 'of the turbulence parameters K and E is-

determined from the transport equations

= T Lo, L= g D
gk, mak @ Cvdk 3 Ttdk _..p T (9.5)
U ¥¥3%2 ax (dkax)+az (Ukal:) ¢ kv S
- 3 _ )
e e 5 Veadm 3 Ve oae, € &2 ( )
= 3e , = 9€ t o€, L oE. g+ P - = (9.6)- !
U'-B_.+w*; ax (0 ax) 9z (UE az) + cl 3 £V ¢z T
' 5 » .. : d
where ** quob ¢ , € = empirical constants ; . >:
G- = production of turbulence energy

K due to interaction of turbulent

stresses with horizontal mean veloc-~

Pev = production of k due to bed Shear;

Pey = production of £ due to bed $h§ar.

G is given by the equation: y o

= T2 -
CLCLIN . (9.7)

G = v ax dz

30,2 |, oW, 2
L G 26D + ¢

Equations (9.5) and (9.6) can be considered deptﬁ-avgr— .

- aged forms of ' the three dimensional K and € eqguations when

all terms originating from non—uniférmify of wvertical pro-
files are assumed to be absorbed in the source terms Pkv,

Pey» The latter terms have been added to equations (9.5) and

. ity gradients; — f
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(9 6} to account forl thefslgnzfzcant turbulence product1on

_by. the 1nteract10ncmechanxsm. Th1s energy product1on is. 1n

[

{l'fiy addltlpn to’ the productlon G due to hor1zoptal velocity gra;;

d1ents G1 e. terms w1th ( 9U103g1) whlch erends strongly on

\/ A " Q..
the bottom —roughﬁess.-‘

T}

Because they are governed by

~the add1t10na1

the,.

t near bottom peg1on,

PR B

tlon terms .are*related to

vert1ca1 energy produc—

the bottom shear stress through

) thé‘frzct1on veloclty U 1(168) "Hence :
s s .o A N, . N B § .
S g \ Coees s
P “j . U*a ~ N P - e U*a . v .
kv '._. Sk~ h . £y o v E he . ('7?-8)
i . Ty » R - . v o
’ v = '; : N ) e T .; .. "-
wHere q! ca é'emp;r1ca1 constants. . s gh' i

The~fr1ctlon veIQC1ty (and hence boundary shear stresg )

-

is calcuiated by - ad]usting the frlctlon coeff1c1ent to glve

the average boundary shear stress for the cross- sect1on.

" The emp1r1cal constants ¢ and Cg were determ1ned' by

Rastogi~and Rodi (108) using the following relationship:

.

-, RO T 2 L (9.9)
2 - 3 TR - . ™ .
&ck S _ % 3.6—wz' q .
Gy = Y cf . 1

Ty

AN

The va¥ues of the var10us emp1;1cal constants used in, the

present study were adopted from Launder and Spald:ng (61)

"It should be empha51sed that none. of the emplrlcal constants

a
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was adjusted to suit the particular ondifiohgﬁ examined

P

herein, but rather they are generally accepted values re-

ported in the l1terature.

For fully- developed flow, the system of partial differen-

tial .equat1ons becomes a system of ordinary differential

equations :

N
d td - '
-5 - = 0 (9.
dz (ckdz RIS (9.10)
v, = ~ =2 , g/
dz (0’ dz) + 1—G,..;j;,'r€v €2 = S
“ E - k ; k

and those are then solved together with equatioﬁsi(S.lO) and

- (9.4).

9.3  BOUNDARY CONDITIONS”””

The above system of equat1ons can be solved to. obta1n veloc-

ity dlstr1but1ons when boundary coqd1t10ns are specified at

»

the centreline and the flood plain side wall.

For "wide" channel condltlons, the depth-averaged. veloc1—_
ty at the system centre’lmeh is obtained from the Karman-
Prandtl velocity distribution integrated over the. total

. depth or direétly'from the- momentum equation (3.10) as fol-

lows:

pghs-pcfiz = 0 ,' _ " : (9.12)
. . é& ‘ - " .
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Szm1lar1y equat1%ns (9. 10) and (9.11) “are simplified at the

“..-

system centreline and therefore the* ‘turbulence quantities K

and-E'caﬁ be ogloplgted there using the following equations:

__ ', . . .1
G+ B, e+ 0 (9.13)
€ I, ' (9.14)
cl'EG+Pev-c2';c_:-=0. | o .

For "narrow"é;hannel conditions the velocity at the cen-

~ tre line &s influenced by wall effects and hence observed

valoes we:??-employedgin the analysis; Although this ap-

v

proach limits the predictive ability of the model, it was

used to study the model's effectiveness’ in the interaction
. region,

"' e,

The boundary condition at the flood piain side wall can .

be deflned through - Pdifferent approaches. The first uses
the nQ- 511p condition at the watl (U=0), the second uses the

AY

wall funct1on method of Launder anq‘Spalding'(Gl) and the
g1on of the flood pla1n zone where two*dlmensxonal flow con--
ditions apply. In the second approach it 1s necessary to
assume that shear stress is constant“'ihné region near the
wall and the logar1thm1c veloc1ty law 15 valld " Therefore

B3
the law of, the wall can be expgessed as:,

‘bhlrd ‘uses. -the logarithmic velocity -ﬂistribution in thelre*y.\‘

; D it
: RW' R T el el

'
pety P 3
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r 1 + ;o

5,7 ke Bz (9.15)
wherg Z' = normalisgd distance from the side wall;

L. <3
. Ur= resultant velocity ;

van Karman constant ;

=
1§

By

Also, within the wall region, the productioA G and dissi-

wall roughness parameter.
£

pation € of turbulent kinetic energy are assumed to be ap-
proximately in baiancdb Also the turbulent shear stress is
" assumed to be‘ constant and equal to the *ﬁalf*bhear stress.

“Acordingly K and E take the following values:

2 3
T - _I_]*__ ; T A UL (9.16)
. W S W kz ., .
S

which then become boupdary conditions for K and E at the
point nearest the wall;

Uéing the third approéch the problem becomes similar to
tbe mixjng of two free streams with significantly different

velocities, with the exception that boundary effects play a

dominant role in the distibution of velocity across the test

Wt

section.

Velocity -predictions in the interacti region were not
affected signiéicantly by the choice of the ouﬁdary condi-
tions since bed-generated turbulenée was tge major influence
in those regions of the flow field. «

Lo »
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9.4 COMPUTATIONAL PROCEDURE

- .
N

S1nce these equations have the same form, _'the final set of.

‘_d1fferent1al equations -is solved by the same nhumerical

scheme°
’- . M S [
0 . dz (réz) f S¢: o
where ¢ = dependent varlable ( U, K or B ) i

S¢= volumetrlc sOurce term,

So- r

The algebralc equatlons (also called dlscretlzatlon equa-V

'tlons) involving the unknown values of,¢ at selected gn;d

points are derived from equation (9 11) employing the gr1d4'-

a - R
p01nt cluster shown in figure 69. Referr1ng to grld point P
wh1ch has the grid points N and.S as its nelghbaurs, equé-

tion. (9.17) is 1ntegrated over the control volume boundad by

"the two faces n and s as foriows.

: R n. ' T :
(r%})n/‘f (Tc%s +7 ['s¢dz = 0 (9.18) -
.

If the derivatives d¢/dz in equation (9.18) are evaluated.
from the "piecewise linear" profile, the resulting equation

will be:

; I (y9p) i FB(¢P-§S)-+ S ;z - b~7 (9.19)
N T Gy, S

f""
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e ]
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where S the average value of S¢ over the control volumea 21

Equat1on (9 19) can take the follow1ng form. o i X

.“ : T - l”. " -
TR et agerag e o gl
. o ey . : . " ) ' -—~" e T o~
H_e__.‘ ) L rn . | . o e T
where oy = ZEET;'- T T (9.;;).
C9% T T (9.22)
Lo ‘ 8 : . Lo
S Gy =lagtag ' o (9.23)
" and b = SAx L T '(9.24) |

D se . The source term S is a funct1on of the dependent varlable .

-

1

atself and therefore is "llnearlsed“l'to produce ‘an equatlon

wh1ch can be solved by known methods ‘Thereforextheiaverage

value S is expressed as:
e ) ) ‘ :‘
o . ¢ ‘ . :' T ’.,ﬂ ) ) + S - ' . 1
| L S S 5% - (9,25)
?ﬁuhere' Sc = constant part of S : -
Sp = c0efficient of ¢. - - o o

. When the source S is not a linear functlon of ¢ then the"
. ;o

coeff1c1ents in the dlscret1zat1on equatlon (9. 18) depend on ¢

and an 1terat10n process has to be applled based on the fol-

.
.

lowing procedure: 7
1, Values of the dependent varlable ¢'are..estimated{at '

all grid points.

o~ . . L
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sometimes- called the Thomas algorlthm ok the.TDMA (Tr1D1ago—

-‘nal
fac
Llo

sel

powerful “and conven1ent algorlthm whenever the’ algebralc

———

.Il-- .\- .‘ o ‘. T l._-,k‘t:‘" . 1..19'

5 . b -
o Y ’

2" Values "of * the coEffieients'-in 1t d1scret1zat10n

v equat1on are calculated based on’ the aSSumed values (
step 1 ) L T E w"-«‘f? ;-“ﬂ

' .

3.' The . set of algebra1c equatzons. js‘solvea,7tofobtainf

new values for.

v

4. The process is repeated from step 2 until. no 51gn1f1—"

" acant changes are, .noted “in the values of ¢ e

The solut1on of 'the dlscret1zat1on equat1ons can be ob-

ned by the standard Gauss1an e11m1nat1on method; wh1cb 1s,f;_

Matrrx Algorlthm) .The: de51gnat1on- TDMA refers to the
t that when the matrlx of the coeff1c1ents oi these equa—
ns is wrztten, 'all the non zero coeff1c1ents a11gn them—

ves along these dzagonals of the matr1x - It is; a very

equat1ona:can be represented in the form of equatlon (9 17)

Fur

X

f
v, .

thermore 1t requ1res computer the and storage propor*'

~ .

tional only to N (where N number of gr1d p01nts) rather than

to N& or.N3 . B full descrlptlon °f the algorlthm Ca“ be‘f'

_found elsewhere (84).

“The ™"

tive of both "~ "wide" anduﬂnarrdw channel. cond1t10ns.*ﬁQThe

" 9.5

B

"y

o N L AT T e
' “;’“\~ T CL L P

APPLICATEON OF THE, MODEL A

L. ‘x e

model was applled te a ser1es of test data represamt:a‘—x

3

first two'"wlde channel tests were performed wlth a smooth

vy . L

flood plain condltxon (relat:ve roughness l 0) ,and relat;ve

b
=y

g it 5



h¢' found to reduce

' junctlon.,

o fve10c1ty near the junctlon.

; (v{=2pov),

depths of flow of 0. 33:ahd 0. SOJresbect&vely.'ﬁ (“In a com*
‘”panion‘éet of
ips - ‘.

"same but the relatlve roughness was’ 1ncreased by lOO%) ~

As stated earller whén comparlng the

data w1th the eq01valent "separate channel" data, MT'was

local Velocftles in the
not affect the ‘central reglon of the ma1n channel flow. .At

the channel centerllne the logar1thm1c veloc1ty d1str1but10n
jwas found to apply over approx1mately 60% of the total depth
(chapter V). Consequently the

best 3udged on ‘the accuracy

plex.flou field in the junction ;regione:of the cross gec—
'tion.l‘:ﬁf o Yo SR ‘

EfFigures’ 70,71,72, 734 compare observed with pred1cted

o depth averaged velocities for the conditions examlned “The

model appears to work satisfactorily, although underestimat-
: ing_slightly‘velocities in the flood plain region near. the

MT ‘was respons;ble for - the observed increase -in

ThlS '15 more. apparent for the

'roughened flood pla1n case since. ﬂthe turbulent shear inter-

:actlon produces much higher veloc1t1es in the flood plain

] portlon of the mlxlng reg1on.
/

‘ Also shown in predicted depth-aver-

the flgures are the
‘aged veloé1t1es based on two 51mple turbulence models. - Thé

f1rs® model assumes a

whlch ‘constant

appears t6 work satisfactorily some of the time,

tests the relative. depth values remained ‘the ~

compound channe1"~

L]

mixing regions but

model's effectlveness uas.

,ach1eved in simulating the com-!

eddy-vi'scosity

T
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“ A channel and flood plaln zones. - This is a major limitation
of;thls andas1m11ar models wh1ch aséume.a uniform eddy vis-

. cosity distribution throughout the flow field.

" The second model assumes variable eddy-viscosity distri=" ‘.

bution as suggested by Fischer et al (31). It has béenjmbd—

ified slightly in that local shear yelocitylﬂ# is used in-.

- stead of the average - shear velocity for a battiéular

§uhéectioﬁ;_ ‘Results based on this slightly modified.model

. '.are in close agreement with! those obtained‘ using the. E-ET

gmodel This is a clear 1nd1cat1on that wall effects, rather.-

"‘than free shear effects are domlnant in the weak shear zone
1,-( junctlon reg1on ) ﬁor the' cond1t1ons exam1ned. ‘Therefore,

. it would appear thet a simple turbulence model can- be used
\satléféqtorily in thoee'instanées where turbulenCe and eddy
vls&ositx are governedipriﬁarily by the wallfeffect.

o %he'KLEB model was also applied to represeﬁtative:teste'
based on "narrow" channel conditions."eBecause of the radi-
eal ehangelin channel d{mensions; the relative depth values

- employed'iﬁithis ‘series of tests were considerably‘smeller

Jthan those used in the- prev1ous series. For relative &épth

\Aualues up to--0. 28 the MT s effect onvthe mixing «reqgion flow

1

fleld was a‘-general';nc;eaSe in streamwise' velocity in the
. ¥lood pl&in'poftien of the mixing region and a decrease in

. .
* . . H
) .

RS seme'in theV maln channel port1qn. As stated earlier this

i .
w

redlstrlbublon ,of mean veloc1ty in ‘the cross section -at

¢ i

Ay
irs

'_however it tends to underest1mate velbcity in both the main .-

Loy

- .
o "
T T L At

R '



small relat1ve depths was . found to have an adverse effect on
system qonveyance. F;nally, comparlsons between the corre*
spondlng "smooth” and “ronghened flood'plain“ data clearlyj
1ndlcated that these system responses were magnlfled Hlth an

1ncrease ‘in relative boundary roughness.

' . For “narrow channel cond1t10ns (figures 74 to 77) _the K- L
model gave results 51m11ar to those obtalned u51ng Flscher s
model. Although velocities :in- the flood plain ‘portlon of
the mixing" reglon are somewhat smaller u51ng theliézimodel,..‘
general agreement between the two modeis is part{cularl}'
“good in thls reglon ot_the flow;fiebd; While botH models.
overestimatéfvelocity in-the main channel portion of lthe
- mixiné region' the K € model gives" generally better results
This is because wall and free shear effects are equally im- -
‘portant 1n . this partlcular zone. and the Flscherr'model ig-,
’nores the ‘free shear effect whlch \becomes 1mportant
small flood pla1n depths _ Also presented in. the flgures 74
to 77 are the predlcted veloc1t1es based on a constant eddy”

v1sc051ty concept ) As 1nd1cated in the flgures thls ap- '

proach is acceptable for few condltlons examined. " ...
V -. :, ", ‘ ' ).,.' " t

9.6 APPLICATION OF NUMERICAL MODELS TO NATURAL
WATERCOURSES : .

Mathematical models for the combutation “of discharée and
flow characterlstlcs in natural rivers- have been used by, hy—
‘ draullc anglneers since the late 1950 s. "These models are

based either on the energy| equatxon (HEC«Z model ) or the

]
)

s
¥



Wcont1nu1ty and momentum equatlons (St

[ . e s

123

.

nant equatlons)

”xThe1r prlmary ob]ectlve is tq malntaln an acceptable accura-
cy in the calculated ‘results from -a pract1ca1 v1ewp01nt.

‘.1Howeyer, both categor1es of models . ignore the 1nfiuence_of

‘turhurent shear stxesses on MT,and hence the accurate pre-

‘diction of :comoound channelﬁj flow charecteristics by such

o < e LT L
nmpdels'ls quest1onab1e o

<

The prlmary con51derat10n 1n applyxng the HEC—Z model to

’determ1ne water surface proflles in’ natural rivers 1nvolves

l

convertlng hydraullc parameters, whlch are, dlstrlbuted

-

’across the compound Sectlon, into ~averages. This conversion
_1s achxeved through the velocity head correct1on factor a
.whlch adcounts for the non unxform veloc1ty distribution in

the lateral d1rect1on' Howeveg, caLculat1on of a is based on

subd1v1d1ng the compound channel wlth a vert1ca1 main chan-

:nel/flood p1a1n 1nterface arid assumlng that no shear acts on

¢

this plane.: This assumpt1on is not valid as experlments
have shomh and: hence satisfactory prediction of water sur-
face elevation, ‘especially for low flood plain depths, is

questionable;

For a better prediction of flow depth the estimation of a

should be based on subdividing the cross section with in-

clined or hotizontal"interﬁace planes and assuming that no

shear force acts there. o ‘

.
g "

Ahother 1mportant consideration in the appl1catxon of the

HEC-2 model ‘is the use of approprlate roughness values which

R e

-

R R

i
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can vary greatly across a prototype scale compound sect1on.

The user of mod;fred fr1ct1on factor relat:onshaps, which
AN

conjunctlon Hlth the above energy approach would undoubtly

g1ve superlor results.

VS1m1}ar problems arise from the uge of .the St. Venaht

equat}ons for the prediction of flow in a compound river
‘channel' ‘A momentum correctlon factor M 15 calculated based’

. on subdlv1dlng the compound sectlon w1th a " vertical inter-

face and selecting roughness coefficients on the basis of

-isolated flow, cond1t10na. Also the net momentum flux pro-

duced by the lateral dlscharges is prescribed and.this lim-

its the model's predictive ability. A more refined mod-

<

elling' of the flow is- achieved - by applying the

two;dimensiohai'St.‘ Venant equations, even though these ig-.

‘nore MT effects. An_improued flow’prediction'can be achieved

with the use of appropriately modified ﬁriction'factior re-

lationships and momentum correction factors. -

-

The , proposed E-E? model overcomesmthese problems with the

prediction of turbulent shear streée through the eddy—uie=

cosity concept. Accordingly it is considered: the best al-

-

ternative among the various models used in such studies.

Also the eddy-viscoéity-is not assumed constantg nor is it.

estimated from emp1r1cal relatlonshlps. It is determined us-
ing the K- and E— transport equatlons,.whlch 1s an addition-

al advantage .over the ueual "shallow-water" equations ap-

-
- - ‘ \
- . '

®

‘take into . account MT effects on flow character1st1cs, An

[

e
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proach;‘ which uses constant: eg_idy-viscoéity. Generally the

‘;"use_ og the K-¢ model is recommended for flow prediction in’

e -.:fri‘fers with flood plains. -
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cﬁapter X

COﬂCLUSIONS AND RECOMMENDATIONS FOR FUTURE
RESEARCH

-

This theoreticalsand experimental study examines the momen~—
‘tum transfer-phenomengn associated with flow in compound
léhannels and investigates its influence on system hydraulics
for differént channel widths and relative boundary rough-

nesses.

It has been established _elsewhere that;when MT between
adjacent deep and shallow zones of a coﬁpounéﬁéross section
is strong, large discrebéncies occur between the estimated
and actual system discharge; This' results from the fact
that MT is not properly accounted for in :the traditional
d}scﬁarge~compUtation methods-developed for flow in channels
of simple cross sectioq.' Accordingiy direct applicétion of
these methods to compoﬁﬁé‘channel syétems is oniy approﬁri-_

-

ate when the relative depth pa;ameter'for the cross section
is laréeh(y{> 0.4 say), i.e. when MT is weak. -

One of the ﬁain-goals of this. study was the development
of a’ procedure for estimating discharge iﬁ compound channeis
when momentum transfer effects are significant, i.e. .ﬁhen.
the relative, depth parameter ié small.  To accomﬁiish‘this

MT's effect on velocity and boundary shear stress distribu- .

tion in compound flows was studied extensively in a model

- 126 -
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compound channel with the’ channel dlmensxons, relatmve-depth?'

-

- ..,t'r. .f,q‘

. and relative boundary roughness be1ng the pr1nC1pel study

4

variables, Jg: f:‘ ‘;:w IR A

\
M R AP Y LA
A ‘, N

Since fluid tfanspoft;mechanisﬁs'fn fully-developed flows

are largely turbulence related an‘1mportant feature of thet

‘ study was the measurement and ana1y51s of turbulencercharaCh

1 4
terlstlcs in the m1x1ng regions df the phys;cal system.

The other 1mportant aspect of th&s study was the review
of cUrrent numerical modelllng technkques for flow ‘in com—

pound channels and their limitations. The modlfled K-e mod-'

el developed in the.present study accounts for the presenceﬂ
of MT at small flood p1a1n depths. It 1s consrdered an 1m-1

provement over two- dlmensuohal models based on the St Ve-

. kN
nant equat1ons,k,wh1ch@,ignore MT and 1ts adverse effect on~
S - "‘-7, » b ‘

system conveyance. o IO

"The following“main conclusions of the study are ‘presented

in the same order as the felated subject ”mattet:qppeérs in
the text: y [ o .

- . - “
3

1., The isovel: patterns obtalned from the detalled veloc-

ity traverses clearly define_the zones of 1nfluence

A

- of MT for the partlcular geometric and hydraullc-con- .

ditions examined. Whenuthe main charmnel was "wide"
the central region of the ‘chaonel flow was not-eﬁr
fected by MT, but displayed an essentiallyﬂé@o-dimen—
sionaliflow pattern throughout. Cn the other hand,

when _the main channel was "narrow", the oompiex

3
.
) ) - v
e N v
=
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4 Under conditiohs of small :elafive depth and foy

e - Wiy O

threefdimehsidhal flow f1eld character151ng MT “in-

fluenced the entire main channel flow.’ ‘Ih addition

‘to dzstort1ng the 1dsovels:in the Junctlon areas the

MT mechanlsm S presence depressed the channel's maxi-
mum velocity filament bélbe the banﬂfull elevation,

The degree “of submergence wasg subsequently found to

’r

depend on- the sectlon s relative depth and relative

-

roughness perameters. While MT's rnfluenée exfeﬁde@?

well into the flood plain . zones,_.a portion of the

L .
flood plain flow was nevertheless found to be essen-
tially two-dimensional in character throughout the

\

varicus experiments.

"Velocity distribution laws ( smooth and rough bound-

aries ) were developed for those regions of the com-

essentially two-dimensional. The logarithmic veloci-

ty distribution law proved to' bé appropr@ate for the

r 2

"smooth” data. However,, when the flood pla1n zones

.wére' art1f1¢1ally roughéned‘ the flow was in the

‘ "1 -4
and the laws developed for these” partlcular experi-

ments reflected‘this. “ . -
large relative "roughness and wid{h "MT was found to.

have a 51gn1f1cant effect on the system s tranqurse

s

velocxty dlstrlbutlon. %The SEVere late;pi veJOC1ty

Sl . . ’!W

—'N"' .,: .>‘ o

&

A

- pound [flow field that could be characterised as being ~

g
o~

- "turbuleng tran51t1onal“ and "ful{y rough" regimes

-
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gradient that is.generated in the m1x1ng region at
small fl_oodi\g

-

crease in local velocity in. the main channel portion

}ain,decths, produces a-noticeable de- |

LT & T E]

of the mixing reglcn ‘and a correspond1ng 1ncrease in

local véTécaty in the flood plain portlon.

-

Furthermore, it was noted that the local‘1ncrease

I

(flood plain zone) and decrease ( channel zone ) \in'

~J’

% Co
the streamwise velocity within the mixing regions in- .

creased with an increase in relative roughness. This

X4

occurred as a. result of the increased apparent shear

' stress aﬁtlng on the main channel/flood“plain 1nter-

™~

face. /&» : ) :t,J ' ™
1 the case .0f @ "narrow" Central _channel condi—

) tibn,t thesg %ccalﬂchanges in the veloc1ty dlsqrrbu-

Pl

r

tion reduced mean veloc1ty in the ‘main channel below )

" the - correspondlng theoret1cal ‘value for the g1ven,hw
B stage. pn 4he other hand, forra "wide™ channel ar-
\rgﬁﬁgment, the discrepancy betwe@n the. actual - and

théoretical values was such that it could be essen-.

tially ignored for‘al}zbracticél purposes.

ﬁhderAqfoﬁditEOns‘of small relative- depth and for

"’ glarge relative roughness ahd relative width, MT de-

creaéed boundary shear stress ifi the main channel

PR

portion of-the,'mixing region while increasing bed’

shear’ stress™n the flood plain portion.

This-re;

Syltea[in’g‘net decrease ( up to 35%. ) iﬁ the average -

-~ <« .

‘. T,

kA e
" R el

i
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boundary shear stress for the maﬁn cﬁannel and;an jn—

o crease ( up to 320% ) -“ in the average boeqdatf‘shear
' | stress for the flood plain zone. : ; ‘

5. The'aforementioned changes in average.veloc1ty and
boundary shear stress for_the ma1n channel and flood
plain zones translated into adjusteq'fr1c91on factors

Lo for these ’'same regions. Frictidn‘“factor relation-
ships were developed for, the main channel by corrsr
) | lating the observed friction . factor w1th the equ1va—

f‘ . lent "single-bhannel" Reynolds number. A "~ unique

relationship was developed for all conditions exam-

" ined. B ' _ .
) 6l The strength of MT ‘was quant1f1ed through momentum
| balance con51derat1ons and the apparent shear stress,
. act1ng of the ‘vertical main channel/flood plain in-
.te;face, “»was found .to depend on relat1ve depth,
'width, roughness an velocity adifferential between

the deep and.shallow-sections._ -

Apparent shear stress was found to decrease with

increasing relative depth and width and found to in-

.o Crease w1th 1ncreas1ng relat1ve roughness and differ-

ey ential velocity. This is dUe _to the fact that high .

- cross-—stream velocity gradients ‘exist at conditions
of small relative depth and large-relative roughness
An empirical relat1onsh1p was developed between ap-

parent shear stress ‘and e351ly calculated geometrlc




e

LB
&

:.,,

and hydraullc character1st1c5 of the, compound .chan-
nel. ThlS relat1onsh1p was subsequently used in a
new methodology for pred1ct1ng discharge in compound

£ [y

channels. , .

The effects OF MT on system turbulence chéfacterist
tics were studied for both "wide" and."narrow“ chan-
nel conditions.' Under “w1de channel conditions the
central region of the main channel was essontiallxqa

~ 2-dimensional region in character wherein turbulence

intensities and shear stress were in close agreement

with theoretical values and the experiménta;hégsults

of other investigators. _ R

,In‘the_mixiﬁg’ﬁggions'the highest-longitudinal and
vertical turbuléﬁéé‘_intenéities corresponded - to the
conditions of smallest relative ‘depth and Iaréest
relative roughrékss., An ‘increase in relative‘dépth

prbduced lower thrﬁﬂgonce levels. For a 50% increase

1n relatlve depth both longitudinal and vertlcal tur-

.bulence 1ntens1t1es decreased up to 45%. On the othhﬂ

ERETEE

er hand an increase in the relative roughness parame-

te? resulted in higher turbulence levels in the
‘mixing regions due to higher cross-stream .velocity
‘gradlents. In general the cross-stream distribution
of long;tudlnal turbulence 1nten51ty was found to be
approximately twice the value of the veftical'inten—
sity. | |

3
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10.

‘Large eddy transport of shear_ 5tréss"in“the"-main'"

channel portlon of the m1x1ng region resulted 1n neg-

ative shear stress '1n this partlcular- zonef even
though no negative velocity fgradlents occur there.

Th1s 1nd1cates that the eddy viscosity concept is not

-4

 valid ,1n these reg1on5' of  the cross sectlon- and

thérefore ‘the numerical modelling of shear stress

should be based on - all physical progesses that- influ-
N
ence the shear stress.

[

A method for.the direct. measurement of apparent shear

stress was developed u51ng a crossvhot-fxlm probe in

" both vert1cal and 1nclined planes to the channel

boundary and applylng tensor analys1s to the observed
data. The results compared favorably W1th»_those
based on momentum,balahée;éonslderations, indicatihg
that the proposed method is an improvement over other
{indirect) methods. .i' '

The strong 1nfluence of MT on system dlscharge at

condlt1ons of small relative depth and large relat1ve

roughness was examined " by comparing observed dis-

.charge with that calculated by,conveﬁtional-methods

Since the latter do not properly account _for MT. ef-
! s o i LR
fects, an overestimation of system d1scharge ( in‘

-

some cases up to 45% ) ooburred at small relative

depths.
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11.

‘methods squestéé-'byi other 1nvest1gators ‘¢learly. . % . .

| concept to account for both bed and shear generated: o
: F 2

Pplane™ arrangement as being the mostw»accurate:among ‘

identified the one u51ng the “horlzahtal 1nterfaceL.

Ry

LA
A “
\

those considered. e

The novel discha;ge ﬁrediction - method developed' ihiﬁ ‘ R
this study is‘baeed, oq_momehtuﬁ’ balance}conéidera*
tions and eﬁploye £wo ‘empirical felationshfps: to .
properly account for MT effects. Even for the seuer— ;F . _‘S
est compound channelnconoition excellent qgreeheht:( T )
error £15%) . was obtained between estimated and ob-. .F:fh

served dlSCharge using’ thls method. ,':b

The numerlcal modelllng of MT effects -utilises both LYo

the K- E ‘model of turbulence and the eddy yiscosityﬁ

Y

turbulénce character1st1cs.:éf T ' -

For a "wide" channel condition the modelupred1cts
the depth-averaged veloc1ty.d1str1but10n 1n‘the tras-
Gersewdirection saﬂisﬁactofilj HoweVer,» :when the , ﬁ

central channel is “narrow“ MT has a 51gn1f1cant ef—-”?

fect on velocity proflles with the result that veloc- T -‘“H&"

-

ity is 5§erest1mated sllghtly in the main-® channel and L

a ’

ks o ' . 4
underestlmated in the flood plaln zones. S
In general the results ind1cate that the mathemat— L
ical model is useful 1n predlctlng the effects of MT

on the tlow qq a compound ‘channel. It should be ° not-- B o

A comparison of the‘-diﬁféfént*“seoa}etefchdhnels“ﬂ e

[T TSRS P T e

s

Sl .
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L, ;. .

s 2 ed at thxs pomnt that none of the emp1r1ca1 coefﬁ1-
L @

-

those reported in, the l%terature. .
13}aTwo relat1vely 51mple models were alsokconsidered as.
S possable alternatlves to the E-E ﬁddei The first,
g wt1ch is based ~on bed generated turbulence, p;ﬁﬂ/gedi
™~ B w.,f7 better results than the K ﬁ model in: the szgd plaln

zones ( where the flow is governed by \bed generated

B -y turbulence\TV/lhoweve: thlS model 51gn1f1can ly over—“

estimated the velocity in the main channel;':1nd}cat-
’ l * ing that free shear turbulence is dominant in this
region of the mixing zone.

'_The second model used a constant. eddy—uiscosity

\ _distribution and féltheugﬁ it appeared to . work well

i %eﬁe of the time, it was eleatly;not‘universally ap~
}pllcable.' Because of_these:limitatione the two (sim-

pler) 'models were not considered acceptable alterna-

tlves,

The following topics are suggested for future consideration
by researchers.working in this atea:,_

1. ‘An'opvious‘extension of this werk would be to examine

. the nature effmomentum transfer phenomena occurring

in a\pﬁpd of .a compound channel and eventually in me-
: : . . e

- .and%ring compound channels. Clearly 'the strong sec-

5
1
i

“c1ents used in the’ mathematlcal model was adjusted to-ff

: match the- experlmental results, Their values uere-f

oy




ondary‘currents assoczated w1th flow 1n river bends

(A}

‘w111 play ~an 1mportant role in the MT process and

past studles on. the.toplc have not addressed th1s im-

> © portant questlon.:l

’ 5

2. .The internal strUCture of coméound flows hshould be
‘ bl

,analysed 1n much - greater detaxl to better rat10na11se:

hl the effects of the complex transfer mechan1sm on'sys- .

. tem hydraullcs, Turbulence studies { spectra, mic-

. oy, - “-

roscale, macroscale )* : the 1dent1f1cat1on of any €o-
herent structures in the flow.fleld -and. the ﬁlarge
:eddy transport of*shearf stress;-.are pogsiblehtopics
afor &onsideration, < , '_

3. To the -author's knowledge no detailed anestléatlon
has fet heen undertaken regarding,thea hydraullce of
comgound“ducc flow;i Comparlsons betweeén "duct“'and
"open channel" studles would, among other things,
iéqlate free;eurface effects on momentum transfzrlin
the caaelof the latter.

4. Accurate predlctlon of 1sove1 patterns as well-as the

three- dlmensaonal nature of: flow in’ compound channels
J

are cruc1a14;n modell1ng effectlvely momentum trans-
fer phenomena. . The strong secondary mot ion and the
depression 6f the maxlmum veloc1ty f11ament below the

-

_free surface‘ {"narrow. channer" conditions) can be

e pred1cted by hlghly sophlstlcqted models wh1ch prop- :

erly’, reflect the complex three dxmen51onal flow

r - .
\

A}

.

. 1 .
T kN T e



o R - 1

;field. J'The'compIEte set Of'NavierrétokeS'equaticns‘

must be used in con3uct1on‘w1th an approprlate "turbu~

“lence model The latter should | not be based on the

\

Jeddy v1scos1ty concept but _on all the phy51cal pro- .

¢

‘cesses (i.e. convectlon d1Efu51ve transport sturbu-

lence productiqn, viscous; dlSSlpatlon etc ) that in-

»

‘fluence the Reynolds streSses. LA 1full . stress

equation model or an algehralc stress model should be

. -

_ used for a reallstlc simulation of flow under'"nar-

- row"” channel cond1t10ns.‘ ThlS is cleaqu an impor-

‘ tant area for future research

. » . d ‘o
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FIG.61v VERTICAL DISTRIBUTION- OF APPARENT SHEAR STRESS _ |
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TABLE 1
. ‘ Estimated experimental errors ' A
_...__._..__-_......._.___._____._.._________......._____.....'__.__L:‘___..._____._.___._ _______
Parameter Symbol Value Units Error
.-Channel flow depth Yo 45,0 mm 30.5
“iFlood plain depth ¥ 15.0 mm 0.5
Relative depth . Y 0.333 +0.015
- Discharge . Q4 11.8 1/s 0.2
Channel slope - S 0.001 +0.00005
Flood plain width Bf 0.381 m +0.0005
Channel base width Be 0.580 m +0.0005
Wetted perimeter Py 1.44 m +0.01
Total area’ © Ay 0.038 m’ +0.001
Hydraulic radius Ry 0.026 m t0.0009
Differential head Ah 1 to 11.3 mm £0.035
Local velocity u 0.15 to 0.47 m/s +0.0026
Integrated mean
velocity .U 0.320 m/s +0.005
Bulk velocity ‘ Q/a 0.310 . m/s_ +0.013
2D- shear stress T2p 0.438 N/m* +0.02
Integrated s. stress T, 0.248 N/m? +0.01
Average shear stress gi{s 0.255 N/m2 10,021
Apparent shear stress <o 0.538 w N/m* +0.07
Discharge from
single-channel method. Q¢ 9.6 1/s $0.7
% slope of voltage/ .
. velocity curve Sq ¢ 1.85 V/m/s +0.06
- rms, of (e; +e, ) -é—(ei+ez)' 82.0 mv +5.0
at y=5mm of (¢.
rms of (e -e,) 3les—e, )" 44.0 mv  $2.0 .
rms of vgﬁtage fluct. ey 121.0 mvV 4.0
rms gf voltage fluct. eé 95.0 &ﬁv 4.0
rms Of velocity fluct. 0.044 /s +0.004
longitudinal intensity _u'/U 0.137 : +0.015
rms of veloeity fluct. %' 0.024 m/s  +0.0018
vertical intensity v'/U 0.06 +0.0054 .
shear stress -puv 0.41 N/m* +0.08 .
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R TABLE 2 | )
- 1 Experimenta1 results fo; Wr=5.25

" . 1k o T T T S 44, Sz ik i e b S e A M o kS e e S S S i o0 o R S e S e Ak S e e A e A .

A S T A —— — T — . ——— i —— i ——————————— —" — ——— T — " ————_———— — i ——————

R = T o <

Flood plain Rélative Discharge Boundary‘ Apparent _

depth roughness ' shear stress shear stress
¥ n, Q, 4= Tf Ta

(mm) (1/s) (N/m?) (N/m*)

10 1.0 6.6 0.142 0.059 1.19

20 1.0 9.0 0.164 0.085 0.582

30 1.0 12.5 0.186 0.109 0.377

40 1.0 16.5 0.205 0.134 0.293

50 1.0 20.5 0.224- 0.158 0.241

10 1.27 6.1  °0.133 0.065 - 1.42

20 1.27 .©% 8.1 . .0.157 0.089 0.663

30 1.27 ~ - 11.0 0.179 .0.113 0.432

40 1.27 14.3. 0.203 0.136 0.31

50 1.27. 18.0 ©  0.222 0.159 0.255

10 1.64 5.5" . 0.129 0.067 1.502

20 1.64 7:0. ' 0.146% 0,095 0.782

30 1.64 9.6 0.171 0.117 0.493

40 1.64 12.0 - 0.192 0.141 0.366

50 1.64 16.1 0.212 0.164 0.298 ‘
10 2.0 4.8 01121  0.07% 1.674

20 2.0 6.2 - 0.14070.098 0.853

30 2.0 9.0. 0.165 0.12%’ 0.536

40 2.0 11.5 0.181 0.147 0.429

50 2.0 14.0 , 0.199 0.164 0.352

e
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o : .
"PABLE: 3

-Experimentalvpgsults,fbrﬁwf53,83 ’

Flood plain Relative Dischargeu ﬁbunéar}ﬁ Apparent-
depth - roughness . shear stress shear sStress
Yy nr Qt ﬁ Ic ‘ J'Ti-' Ia
(mm) o (1/s) ©(N/m?). (N/m? )
10 1.0 10.6  0.169 0,065 1.42
20 1.0 13.4 0.191 "0.091 0.717
30 1.0 17.1 0.214°0.116 0.470
40 1.0 21,0 0.243" 0.135 0.308
50 1.0 26.0 0.262  0.161 0.266
10 ©1.27 9.6 0.156 0.075 1.794
¢ 20 1.27 11.3 0.179 0.100 0.888
30 1.27 15.6 0.203  0.120 0.526
40 1.27 19.5 - 0.231, 0.144 0.398
50 1.27 24.5 0.259 0.183 ' 0.285
10 1.64 8.7 0.147 0.081 2.034
20 1.64 11.0 0.172 0.105 0.987
30 1.64 14.2 0.198 0.127 0.622
40 1.64 18.3 0.224 0.149 0.447
50 1.64 22.5 0.250 0.169 0.335
10 2.0 8.2 0.143 0.084 2.153
1 2.0 10.4 0.167 0.108 1.052
" 30 2.0 " 13,2 0.193 0.131 0.670
40 2.0 17.3 0.216 0.153 0.495
50 2.0 21.0 0.247 0.170 0.376

_._.__-..___—____...___-.._.._—_.__-._—_.___._._r—..-_-.._-._._._.___...__—.....___-_.___._.__-.-..__

T T T T e T T e e e e e e e e e e e e



r \ l‘;*'- " o
s e . e
: TABf_:E 3 .‘ < ) o S O ':5_.
T ‘.'Exgeri-__m‘e,n'_t‘al res_utl‘t-_".s'--"fqr Wr=3..12"5
 Flood plain ° Rela}ti\;:"e-_i" 'Dfi"'scﬁ'atge" 'Boundavz_:_y" __-Apparent _
depth . roughness’ ... ‘. shear stress “shear stress
y nr . Qt ) IG ) -Lf\ Ia
(mm) Lo/s) . (n/ot) (N/m2) . .
10. ©1.0 - 313.2  0.182 0.075 | 1.82
20 1.0 . 16.5%  0.207 0.099 - 0.874
30 S1.0. - 21.a . 0.232 ©.123 0.574
20 _1.00 . 27.0 0.254 0.148 0.242
50 ‘1.0 ¢ 33.8 0.280 0.169 0.338 |
10 ° "1.27 . 12.4  *0.178 0.079 .- 1.98 = - i
20 - 1.27 . 15.8.° 0.204 0.103 ~ 0.949" '
30 ° 1.27° © 20.0%  0.230° 0:126 - 0.610.
40 1.27 25.4  0.252 0.151 - 0.467 -
50 1.27 . 31.0  ©0.278 0,171 . §.359
10 1.64° 11.8 © 0.171 0.089 . 2.220
20 1.64 15.1 . -.0,193 0.112 1.134
30 . 1.64 19.0 - ‘0.218. 0.135 0.732 °
a0 . 1.64 . 28.0  -0.26T 0.154  -0.507 %
50. 1.64° 290 [0.274° 0,172 .. 0.383:
10 - 2.0 10.8:  0.166 .0.089 2.372 "
20 2.0 140§ v 0.185 0.119° | 1.260
30 2.0, - 18.2. " ' 0.213 0.139. . 0.792 -
10 2.0 - 22.4 . 0.236 0:163 0.593
50 2.0 28.0 © 70:261 0.184 . . 0.468
_________________________________________ S SRR
. : X
1.;.‘\
L4

’

i

woveal



TABLE 5

- Experihehtal results for W;;?.?Oi

-_—_——-.-———-———.—-————_—h—————.—u-——————.—.-———————nﬁ——_-_——...n--——————_ .

———————— e e e e e e e e e e e e
Flood plain Relatjve  Discharge Boundary Apparent
depth roughness, K ’ shear stress shear stress ..
y ~ o o | Te . It Ta
(mm) (1/s) HN/m¥) . (N/m?)
_.._....________7;_;________.......___.._._._.....____..._.._____\i. _______________
10 1.0 180 0.194 0.083 2.13
20 1.0 21.5 0.221 0.106 1.015
30 1.0 . 26.0 0.246 0.130 0.663
40 1.0 32.6 0.272 0.152 0.478
50 1.0 38.0 0.297 0.173 0.377
10 1.27 17.8 0.193 - 0.086 . 2.234
20 1.27 20.6 0.214 0.114 1.167
30 1.27 25.0 0.238 0.138 0.779
40 1.27 29.5 0.261- 0.163 0.601
50 1.27 36.0 0.292 0.179 0.426
107 1.64 16.9 0.190 0.088 2.336
20 1.64 19.4 0.212 0.116 1.214
30 1.64 24.0 0.237 0.140 0.798
40 1.64 28.5 0.260 0.164 0.610
50 1.64 34.0 0.28% 0.182 0.452
10 2.0 15.5 0.180 0.098 2.710
20 2.0 ° 185 0.202 0.125 1.382
30 2.0 23.1 0.226 0.149 0.928
40 2.0 27.2 0.251 0.172 0.692
50 2.0 32.0 0.276 0.193 0.543
* . 20 1.0 36.0 0.840 0.261 1.50
* 20 1.27 33.1 0.821 0.276 1.8
* 20 1.64 30.2 0.81 0.288 2.05
* 20 2.0 28.4 0.806 0.293 2.14

—________..._..._—_——.-..—._._—_..__...—___..__—_.____.a.__...____—.________.__.h_...___

P
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B TABLE 6 ' |
' Experimental results for Wide Channel f S = 0.001)

o e e e e
'Fldod.plajn Rélative Discharge;_BoquaEyn_ Apparént
. depth - roughness ‘Shear stress shear stress.
oy n, 0, Ie . 1t Ta
(mm) (1/s) (N/m?%) (N/m*%) _
15 1.0 1i.8 0.384 0.161 0.537
20 1.0 15.2 0.434 0.203 0.336
30 , 1.0 22.8 0.528 0.287 0.210
15 1.27 11,3 0.375. 0.176- 0.910
- 20 1.27 14.4 0.425 0.216 0.609
30 1.27 21.2 0.521 0.299 0.365
15 1.64 10.9 0.358 0.190 1.281
20 1.64 13.7 0.407 0,231 0.907
30 1.64 19.7 0.510 0.307 0.487
15 2.0 10.7 0.35¢4 0.193 1.370
20 2.0 13.1 0.397 0.239 1.070
30 1 2.0 18.7 0.485  0.327 0.760
’,_ ‘ 1‘-
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TABLE 7

Observed main channel and flood plain average vélocities

....__—-.—-.————._—-..__——q'——-———-—.——-—_-.--..-_-———.__—-—

Wr=5,25" R Wr<3.83"
Flood plain. Relative Channel Flood Plain Channel Flood Plain
depth roughness © Velocity . - ’ Velocity
y n, Ue Uy U, . Ue
(mm) (m/s) | " (m/s)
10 1.0 0.187 . 0.129 . 0.22.  0.125
20 1.0 0.218  0.150 0.244 0.146
30 . 1.0 0.237 0.186 0.281 .0.173
40 ‘1.0 0.269 0.205 0.304 0.195
50 ° 1.0 0,291 0.227 0.320 ~-0.210
10 - 1.27 0.174 0.109 0.203 0.103
20 1,27 0.200 -0.138 0.223 0.125
30 1.27 0.227 0.155 0.250 0.148
40 1.27 '0.256 0.171 0.288 0.163
50 1.27 0.282 0.185 0.316 0.179
10 1.64 0.169 . 0.087 0.190 0.083
20 1.64 0.187 - 0.108 0.209 0.103
30 1.64 0.218 0.122 0.243  0.118
ab 1.64 0.242 0.135 0.272 0.129
50 1.64 0.278 0.150 0.305  0.142
10 2.0 0.159 -0.076 0.182  0.069
20 2.0 0.178  0.091 0.204 0.086
30 2.0 0.206 0.102 - 0.232  0.098
40 2.0 0.228  0.112 0.265 0.107
50 ° 2.0 0.247 0.120 0.300 6.117
/\
h.
g =
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'TABLE 8

'_'Observpd‘maiﬁidhannel 5n¢ffléod plain average velocities

T T T S S e e e e S L L L Sl e ey ol il S T} P S e o T T i T —— " 5 AP} v S — — T W —

-o—-—o-—————n-_———————-—'—-..-———————-.-.-————————-._————————————————————u—

- Wide Channel
Flood plain. Relative Channel Flood Plain

~ depth roughness Velocity
Y n r U'c Uf
(mm) N (m/s)
15 1.0 0.361 . 0.206
20 1.0 0.392 0.238
30 1.0 0.450 0.298
15 1.27 0.355 - 0.164
20 1.27 0.385 0.191
30 1.27 0.446 . 0.237
15 1.64 0.350 0.130
20 1.64 0.381 0.151
30 1.64 0.439 70,185
15 2.0 0.346 0.109
20 2.0 0.375 0.125
30 2.0+ 0.427 0.155

T T T T T e e T e e e e kv e = ey - — it s . S A e T L S L " " — ——
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| TABLE -9 |

Shear Velocity and Constant C?for'RbughiFloodiplajns

-——n-——-———mﬂ-—————-_—.————_—-———-—-——-—Hﬂ—————q-._—--————————————-.g--—

Narrow Channel - Wide Chéﬁnel:
Flood plain "Relative Shear " Constant Shear ‘Constant
. depth . roughness Vel. ~ ' Vel. .

y n, U, 32 ' .U C

{mm) , (m/s) ' . {m/s)

20 1.27 0.0078 3.050 . 0.0137 3.050

30 1,27 0.0094 2,250 - 8.0168 2.250

40 © o 1.27 0.0106 1.550 -

50 1.27 0.0116 1.050

20 1.64 0.0081 0.200 ~.0.0139. 0.200

30 166  0.0096 -0.750 0.017 "-0.750

40 1.64 0.0108 -1.000

50 . 1.68 ~ 0.0118 -1.205 |

20 2.0 0.0083 -4.080 ° 0.0143 ~4.080 -~

© 30 2.0 ' 0.0098 -4,080  0.0172 -4.080 .

40 2.0 0.011 -4.080

50 2.0 0.012 . 4,080
__________________________________ S S
P eI

=



Append'ix C
'LISTING OF THE COMPUTER PROGRAM
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C******?****j**************************************************#***** o
c . .

-

C: DEPTH-AVERAGED VERSION OF THE K-E MODEL .
C | FOR FULLY DEVELOPED FLOWS : .
C | P. PRINOS, UNIV. OF OTTAWA

C********}***t*****************f*********t?*************************** = -
c : 3 . v

1DIMENSION HEDU(B),HEDv(Q),HEDP(s),HEDT(Q),HEDK(Q),HEDD(Q),HEDM(S)’ww'
1 . +HEDA(9) ,HEDB(9) ,HEDQ(9) ,HEDR(S) ,HEDG(9) ,HEDE(9) .
COMMON

l/UVEL/RESORU,NSWPU,URFU,DXE%U(32),DXPWU(32),SEWU(32),Ul(30)
1/vaL/RESORv,NSWPV,URFV,DYNPV(32),Dypsvtsg),snsv(sz),Rcv(32)
l/PCOR/RESORM,NSWPP,URFP,DU(30,30),DV(30,30),IPREF,JPREF ‘
1/TE§/RESORK,NSWPK,URFK ) .
1/TD1S/RESORE,NSWPD, URFE S " _
1/VAR/U(30,30),V(30;30),P(30,30),PP(30,30),TE(30,30),ED(30,30)-
1/ALL/IT,JT,N1,NJ,NIMl,NJMl,GREAT,HLPHAcaz),UU(32),T5(32)
COMMON e : . :-
1/GE0M/INDCOS,X(32),Y(32),DxEP(32),Dxpw(az),Dynptaz),nrps(az),
1 SN5(32),SEw(az);xU(sz),Yv(32),a(32);Rv(32),H1(32),21(32)
l/FLUPR/URFVIS,VISCOS,DENSIT,PRANDT,DEN(30,30),VIS(30,30), :
2 ' Vi1sD(30,30),TE1(32),ED1(32),02(32) ]
1/PROB1/UIN,TEIN,EDIN,FLOWIN,ALAMDA, ,
2 RSMALL,RLARGE,ALI,ALZ,JSTEP,ISTEP,JSTPl,JSTMl,ISTPl,ISTMl,
3 NITER,US ,
1/TURB/GEN(30,30),CD,CMU,CI,C2,CAPPA,ELOG,PRED,PRTE,CF(SO),
2 CK(50),C5,CE1(50) '
1/WALLF /YPLUSN(30,30) ,XPLUSW(30,30) TAUN{30,30),TAUW(30,30)
— 1/COEF/AP(30,30),AN(30,30),AS(30,30) ,AE(30,30) ,AW(30,30) ,50(30, 30)
1 SP(30,30) -
COMMON '
1/SU5/501(30}30),502(30,30),SU3(30,30),SU4(30,30)
1/SUSP/SUKD(30,30),SPKD{30, 30)
l/TEMP/T(BO,BD),GAMH(BO,BO),RESORT,NSWPT,URFT,PRANDL,PFUN,.
2 ' TWALLN,TIN,GAMQ{30,30),TBOTOM
1/MSTF/QE(30,30);9RQE,CQ1,CQ2,RESQE,URFQ,BETA,GRAVTY,c3,c4,NSWPQ;
1 SUQE{30,30),GENQ(30,30),SPQE(BO,BO),RESORQ
1/AREA1/INCT .
1/FINAL/ALNULH(3;);ALNULR(32),ALNUTH(32),ALNUTR(32),_
2 . VBVR(30,30),RA(30,30),ANGLEL30,30),UAVR(30,30)}FENRG(30,30)
LOGICAL INCALU, INCALV, INCALP, INPRO, INCALK, INCALD, INCALM, INCALA,
1 INCALB, INCALT, INCT, INCALQ, INCALR, INCALG, INCAFE :
REAL NU
READ(S,010)HEDU,HEDV,HEDP,HEDT,HEDK,HEDD,HEDM,HEDA,HEDB,HEDQ
1,HEDR, HEDG ,HEDE ‘
010 FORMAT(9A4)

C B ThAkhkhkhkkkhkhkkk*k 'TEACH - T' ************** ‘ C
CHAPTER 1.1 1 1 PARAMETERS AND CONTROL INDICES 1 1 1 1 1 1
C . : .
C-——=- GRID ¢

I=1

GREAT=1.E30

NITER=0

1T=30

JT=30



.

\ NSWPU=1

NSWEV=3 “”ii,“f

NSWPP=5
NSWPT=3
" "NSWPK=1 :
“NSWPD=al
NSWPQ#Q'
¢ NIwl'
NJ=25 - -
 NIMlaNT-I -
- NJM1aNJ-1. -:
| IMAR=NI
JMAX=NJ

K
V JSTEPHNJ -3.

T -

.

INDCOS=2
DY=0,0075
DX=(0.004

< ¥{1)=0.00
- Y(2)=0.025
*¥{3)=.0750
‘¥(4)=,1000-"

¥(5)=.20 (
Y(6)=.2
2(7)-.300
¥{8)=.350
" ¥(9)=.380"
¥(10)=.382
Y{(11)=.386...
Y(lz)-.3910
Y(lB)ﬁ.394
¥(14)=".3960
Y(15)=.3970

- ¥{16)=14330
Y(17)=,453
Y(18)=,4730
¥(19)=,493
.¥(20)=,513
¥(21)=.553
Y(22)=.593
Y(23)=,633 .
¥(24)=,685"
Y(25)=.686
H1(X)=.015
H1(2)=.015
H1(3)=.015 .

"H1(4)=,015 .
H1(5)=.015
H1(6)=.015

"H1(7)=.015
H1(8)=4 015
H1(9)=,015 .
H1(10)=.017
H1(1l1)=.025

JSTMl-JSTEP+g X
. ©JSTPl=4 -

224



H1(12)=.035

H1(13)=.041
"H1(14)=.045
H1(15)=,045
H1(16)=.045
H1(17)=.045
H1(18)=.045
H1(19)=.0345
. H1(20)=.045
H1(21)=.045
HY(22)=,045
' H1(23)=.045

"H1(24)=.045"

H1(25)=.045
" 50=,001

TE1(1l)=8.95E~5
TE1(2)=1.0E-4
TE1(3)=1,09E-4
TEX{4)=1.19E-4"
TE1(S)=1.20E-4
TE1(6)=1.21E-4 -
TE1(7)=1.23E-4
TE1(8)=1.243E-4
TE1{9)=1.256E~4
TE1(10)=1.27E-4
TE1(11)=1.363E-4
-TE1(12)=1,456E~4
TE1(13)=1.55E~4
TE1(14}=1.26E-3
‘TE1(15)=1.26E~3
TE1(16)=1.26E-3
TE1{17)=1.26E-3
TE1{18)=1.26E-3
TE1(19)=1.26E~3
- TE1(20)=1.26E~3
TE1(21)=1,26E-3
- TE1(22)=1,26E-3
TE1(23)=1.26E-3
TE1{24)=1.26E-3
~. TE1(25)=1,26E-%7
ED1(l)=2,06E~-4
ED1(2)=2.1E-4
ED1(3)=2.12E-4
ED1(4)=2.16E~4
ED1(5)=2.19E~4
ED1(6)=2.22E-4
ED1(7)=2.35E-4
ED1(8)=2.49E-4
ED1(9)=2.543E-4 .
BD1(10)=2.689E-4 .
ED1(11)=2,756E-4
ED1(12)=2.823E-4
ED1{13)=3.09E-4
ED1(14)=4.04E-4
ED1(15)=4.04E-2

T
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ED1(16)m4.04E~4 -
ED1(17)=5,04E-4 .
ED1(18)=5,04E~4 o
ED1(19)=5,04E~4 . -
ED1(20)=6.04E-4 | .
EQ) (21)}=6.04E-4 -
ED1(22)=7.04E~4 ‘
ED1(23)=7.04E-4
ED1(24)=8.04E-4 -
ED1(25)=9,04E-4 - A
DEPENDENT VARIABLE SELECTION -
INCALU=.TRUE. _

INCALD=, TRUE. .

" INCALK=,TRUE.
- INPRO=.TRUE.

FLUID PROPERTIES -
DENSIT=997.0
VISCOS=0.89E-6

PRANDL=2, 33

TK=0.16 B ‘ ,
CPP=1002. 3 !
BETA=6,72E-4 x
NU=VISCOS/DENSIT
PRANDL=CPP*VI SCOS /TK

~TURBULENCE CONSTANTS

CMU=0,09
CD=1.00

'C5=3.,6

DO 30 J=1,NJ
Y1(J)=Y(J) _

IF (¥1{(J).GT..381) GO TO 50
CF(J)=.00380 e

CK(J)=1./SQRT(CF(J)) -

50

CE1(J)=C5*1.92*SQRT(CMU) /(CF(d)**(3. /2.))
GO TO 30 R -

CF(J)=.00380 .
CK(J)=1./SORT(CF(J))

- Clel.44

CE1(J)=C5*1.92%SQRT(CMU) / (CE(J)**(3./4.))

C2=1.92
C3=1.44 T
C4=0.5 B}

' CAPPAZ.4187

ELOG=9.000 .
PRED=1.3 .

PRTE=1,0

PRANDT=0.9

PFUN=PRANDL /PRANDT
PFUN=9,24* (PFUN**(0,75-1.). .
BOUNDARY VALUES , - v
UIN=0,1E-9 ’

Ul{l)=.07 "
Ul(2)=,073 :
Ul(3)=.078 ®
Ul(4)=.105
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U1(5)=,113
U1(6)=.122
Ul(7)=.137 .
Ul(B)=.1472 -
Ul(9)=.150 ..
Ul(10)=,155
Ul(11)=.158
U1(12)=.161
Ul(13)=,164
Ul(14)=.165
Ul{15)=.173 -
Ul(16)=.179
"U1{17)=.181
Ul(18)=.182
U1(189)=.19
Ui(20)=.194
U1(21)=.196
Ul(22)=,198
U1(23}=_.199
U1(24)=,2 -
Ul(25)=.2
_TURBIN=,03
"TEIN=1.E-6

.

QEIN=0.001*TURBIN |

ALAMDA=0.005-
EDIN=1.E-4

[of—— PRESSURE CALCULATION

JPREF=9  *
IPREF=9
TIN=300,

- C-~----PROGRAM CONTROL

MAXIT=20
IMON=4
JMON=4
URFU=0, 5
URFV=0.5
"URFP=1.0
URFT=1.0
URFE=0.7
URFK=0, 7
URFQ=0.7
URFVIS=0.7
TWALLN=323,
TBOTOM=288 .
INDPRI=100-
SORMAZX=0.01
GRAVTY=9.807

R

C
CHAPTER 2 2 2 2
c

C----~CALCULATE GEOME
CALL INIT
C-———- SPECIFY INLET
C PLUG FLOW COND

DO 202 J=1,Ng

AND MONITOR

2 2 INITIAL OPERATIONS @ 2

227

.

o

2 2 2:-2 2 2 32 o

TRIéAL_QUANTITIES AND SET VARIABLES TO ZERO

CONDITIONS

ITIONS SPECIFIED IN THIS EXAMPLE
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TE(I,J)=TE1(J) .

ED(I,J)=ED1(J) . o .

202 U(1,J3)=01(J) Ul : T '
CALL PROPS S - '

C-—-=- INITIAL OUTPUT T X .

, : IF(INCALU) CALL pR;Nth,z,NI,NJ,IT,JT,xu,Y,U,HEDUL.
. IF(INCALK) CALL PRINT(Z}Z,NI,NJ,IT,JT,X,Y,TE,HEDK)
' IF(INCALD) GALL PRINT(2,2,NI,NJ,IT,JT,X,Y,ED,HEDD)

Commmmm—e e CALCULATE RESIDUAL SOURCE-NORMALIZATION FACTORS==-—~===-——m—x |

7

CHAPTER '3 '3 3 3 3,3 3 ITERATIONLOOP 3" 3 3 3 '3 3 3 3 3
c - :

- WRITE(6,310) IMON,.JMON
300 NITER=NITER+1 ,
C-m—-- UPDATE MAIN DEPENDENT VARIABLES
" IF(INCALD) CALL CALCED
IF(INCALK) CALL CALCTE
IF{INPRO) CALL PROPS
IF(INCALU) CALL CALCU
C--=-=INTERMEDIATE OUTPUT
WRITE(6,399) NITER
399 FORMAT(I4) -
WRITE(6,3333) RESORU,RESORK, RESORE
3333 FORMAT(2X,F20.5) T
C DUMMY=0.0 ,
DUMMY=T (IMON , JMON) . ’
IF(NITER.LE.150) GO TO 301
IF(MOD{NITER,50) .NE.0) GO TO 301
WRITE(6,311) NITER,RESORU,RESORV,RESORM,RESORT,RESORK,RESQRE
1 ;U(IMON,JMON),V(IMON,JMON),P(IMON,JMON),DUMMY,‘
1 TE(IMON,NJML) ,ED(IMON, NN ) .
IF(INCALU) CALL PRINT(Z,Z,NI,NJ,IT,JT,XU,Y,U,H U)
IF(INCALK) CALL PRINT(2,2,NI,NJ,IT,JT,X,Y,TE,Hggg;
IF(INCALD) CALL PRINT(Z,Z,NI,NJ,IT,JT,K,Y,ED,HED '
IF(NITER.LE.25). GO TO 301
WRITE(6,310) IMON,JMON
301 CONTINUE- .

C—=—=- TERMINATION TESTS . \* S
SORCE=AMAX1 (RESORU, RESORK , RESORE ) _
C IF(NITER.EQ.20.AND.SORCE.GT.l.0E4*SORMAX) GO TO 302 !
C IF{NITER.EQ.MAXIT) GO TO 302 .
~ C GO TO 300 :
7 302 CONTINUE ,
C . RATTS
CHAPTER 4 4 4 4 4 4 FINAL OPERATIONS AND QUTPUT 4 4 4 4 34
p ,

IF (INCALU) CALL PRINT(Z,Z,NI}NJ,IT,JT,XU§$}U,HEDU)
IF(INCALV) CALL PRINT(2,2,NI,NJ,IT.JT.X, ,V,HEDV)
IF(INCALP) CALL PRINT(2,2,NI;NJ,IT,JT,X,Y,P,HEDP)
INCT=.TRUE. - ' -

IF{INCALT) CALL PRINT(2,2,NI,NJ,IT,JT,X,¥,T,HEDT)
INCT=.FALSE, .

IF(INCALK) CALL PRINT(2,2,NI,NJ,IT,JT,X,¥Y, TE, HEDK)
IF{INCALD) CALL PRINT(2,2,NI,NJ,IT,JT,X,Y,ED, HEDD)
IF(INPRO ) CALL PRINT(2,2,NI,NJ,IT,JT,X,Y,VIS,HEDM)

. . B R b e Rttt
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310

311

C.
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y

IF(INCALQ) CALL~PRINT(é;2,NI,NJ,IT,JT,X,Y,QE;HEDQ}f
'IF(NITER.LT,MAXIT.AND.SORCE.LT.I.OEl*SORMAX)‘GO'TO 500
IF(NITER.EQ.MAXIT).GO TO 500 o T
00 |

GO TO 3
STOP . _

-FORMAT STATEMENTS 8 : - L
FORMAT(1HO, 4HITER, 4X, 106HI ~~—~—m oo ABSOLUTE RESIDUAL -SQURCE Su|
1§=--=mmuoll -1 . I-—mmmme FIELD VALUES AT MONITORING LOCATION
2 1H(,I2,1H,,12,1H),9H~—~——wmv 1/2X, 2HNO, 6%, 4HUMOM, 6X, 4HVMOM, 6X

34HHASS,6X,4HENER,6K,4HTKIN,Gx,4HDISP,IOX,lHU,QX,IHV,SX,IHP,QX,lHTJ
49X,1HK,9X,1HD/) . . ! 5
FORMAT{1H ,13,43;196310.3,3x,196310.3)

END o ,

SUBROUTINE INIT

“

CHAPTER 0 0 0 0 0 0 0 0.PRELIMINARIES o 0 0 000.0 0 o
c - - '

COMMON : . :
l/UVEL/RESORU,NSWPU,URFU,DXEPU(32),DXPWU(32),SEWU(32):U1(30)
1/VVEL/RESORV,NSWPV,UREV,DYNPV(32),DYPSV(32),SNSV(32),RCV(32)
1/PCOR/RESORM NSWPP,URFP,DU(30,30),DV(30,30),IPREF,JPREF
1/VAR/U(30,305,V(30,30),p(3o,3o),pp(3o,30) TE(30,30),ED(30,30)
l/ALL/IT,JT,NI,NJ,NIMl,NJMl,GREAT,ALPHA(325,UU(32),TB(32) i

COMMON .
1/GEOM/INDCOS,X(32),Y(32),DXEP(32),DXPW(32),DYNP(32),DYPS(32).
1 SNS(32),SEW(BZ),XU(32),YV(32),R(32),RV(32),H1(32),Y1(32)

1/FLUPR/URFVIS,vxscos,DENSIT,PRANDT,DENI30,30),VIS(30,30),':
.2 .

100

102

104

VISD(30,30),TE1(32),ED1(32),U2(32)
l/PROBl/UIN,TEIN,EDIN,FLOWIN,ALAMDA,

2 RSMALL,RLARGE,ALI,AL2,JSTEP}ISTEP,JSTPl,JSTMl,ISTPl,ISTMI
3 NITER, US :

1/TURB/GEN(30,30),CD,CMU,Cl,c2,CAPPA,ELOG,PRED,PRTE;CF(50),

2 CK(50),C5,CE1(50)
1/COEF/AP(30,30),AN(30,30),As(30,30),AE(30,30),AW(30,30),SU(30,30),
1 o .

r

SP{30,30) .
1/TEME/T(30;30),GAMH(30,30),RESORT,NSWPT,URFT,PRANDL,PFun;
2 TWALLN, TIN,GAMQ(30,30), TBOTOM :

1/MSTF/QE(3D,30),PRQE,CQl,CQ2,RESQE,UREQ,BETA,GRAVTY,C3,C4,N5WPQ,
1 SUQE(so,qo),GENQ(30,30);spQE(30,30),RESORQ -

DO 100 J=1,NJ , _ .
R(J)=H1(J) .
IF(INDCOS.EQ.1)R(J)=1.0

DYPS(1)=0.0 o

DYNP(NJ)=0.0

DO 102 J=1,NJM1
DYNP(J)=Y(J+1)-¥(J)
DYPS (J+1)=DYNP(J)
SNS(1)=0,0
SNS(NJ}=0.0

DO 104 J=2,NJM1
sns(J)=0.5*(DYNP(J)+DYP$(J1) T .
YV{(1)=0.0 ‘ %
RV(1)=0.0

DO 198 J=2,NJ
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-,
»

<
RV(J)=0.5%(R(J)+R(J-1))
I=] . :

RCV(J)=0.5*(RV(J)+RV(J-1))"

TV(JI)=0.5*(T(J)+¥(J-1)) - "

DYPSV(1)=0.0 -

- DYPSV(2)=0.0

109

DYNPV(NJ)=0.0 ,
DO 109 J=2,NIM1 T
DYNPV(J)=¥YV(J+1)-YV(J) ..
DYPSV{(J+1)}=DYNPV(J) ' "
SNSV(1}=0.0 Lo
SNSV(2)=0.0
SNSV(NJ)=0.0 ,

DO 110 J=3,NJM1

110 SNSV(J)=0.5%(DYNPV(J)+DYPSV(J))
c N )

CHAPTER 2 2.2 2
¢ .

C

S

;'119

200 -

- C

CHAPT
c y

2
1/TEM

DO 200 I=1,NI
DO 200 J=1,NJ
U(I,J)=01(J)
v(1,3)=0.0
P(1,J)=0.0
PP(I,J3)=0.0
TE(I,J)=TE1(J)
ED(I,J)=ED1(J)
QE(1,J)=1.E-20 ]
DEN(I,J)=DENSIT
ALPHA(I)=0.0
VIS(1,J)=VIScos

WRITE (6,119) VIS(I,J)

FORMAT (2X,F10.8) ‘
GAMH(I,J)=VISCOS/PRANDL *

GAMQ(1,J)=VISCOS/PRANDL  *-

DU(I,J}=0.0.
DV(1,J3)=0.0 "
SU(1,3)=0.0 -
SP(I,J)=040 -
CONTINUE .
RETURN - ‘
END

SUBROUTINE PROPS

i

COMMON

. CK(50),CS5,CE1(50)

P/T(30,30),6AMi (30, 3q) , RES

.30} ,CD,CMU, C1, C2 CAPPA ,ELOG

ORT,NSWPT,URFT,PRANDL,PFUN, '

L

r

¥’

r
'

7

g0

~

-

2 2 SET VARIABLES TO ZERO 2 2 2 2 732

ER 0 0 0 0 0 0 0 0 PRELIMINARIES 0 0 0 0 0 o .o

LA

0

ST SO S U

R

e AL

ot i b
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2 TWALLN, TIN,GAMD (30, 30) , TBOTOM

&
CHAPTER 1 1 "1  vISCOSITY 1 1 1
C « o
PRQE=0.9 " - s .
I =‘l . ‘ : . N

C

102
101
103

109

4
=100

C

50
101

105

60
160
312

DO 100 J=1,NJ _

VISOLD=VIS(I,J) R
vxs(I,J)=(CMU*TE(I,J)**z/ED(I,J))+vxscos

GO TO 103 B : E
VIS(I,J)=VIiscos
vxs(I,J):URFVIS*VIS(I,J)+(1.-URFVIS)*VISOLD
WRITE (6,109) VIS(I,J)

FORMAT (2X,F10.8) . :
GAMH(I,J)=VISCOS/PRANDL+(VIS(I,J)-VISCOS)/PRANDT
GAMQ(I,J)=VISCOS/PRANDL+(VIS(I,J)-VISCOS)/PRQE
~UNDER-RELAX VISCOSITY

CONTINUE

UT=0.0 i

DO 105 J=1,NJ s

IF (Yl(J).GT..381.AND.Y1(J).LT..396) GO TO 50
U2(J)=CF(J)*(U(I,J)**Z)*SNS(J) g
GO TO 101 : A <
U2(J)=CF(J)*(U(I,J)**z)*sns(a)/o,447
CONTINUE ‘ (%

UT=UT+U2(J)

WRITE (6,109) UT

DO 160 J=1,NJ . .

IF (UT.EQ.1.88E-4) GO TO 60

CC=1,88E-4/UT \

CF(J}=CC*CF (J)

GO TO 160

CF(J)=CF(J) -

WRITE (6,312) CF(J)

FORMAT (3F12.5)

RETURN : ' .

END o g . S
SUBROUTINE CALCU '

CHAPTER 0 0 0 0 0 0 0 o PRELIMINARIES 0 0 0 0 0 0 ¢ ¢
C : ' '

COMMON ‘ )
l/UVEL/RESORU,NSWPU,URFU,DXEPU(32),DXPWU(BZ),SEWU(32),U1(30)
l/PCOR/RESORM,NSWPP,URFP,DU(BO,30),DV(30,30),IPREF,JPREF
l/VAR/U(30,30),V(30,30),P(30,30),PP(30,30),TE(30,30),ED(30,30)
l/ALL/IT,JT,NI,NJ,NIMl,NJMl,GREAT,ALPHA(BZ),UU(32),TB(32)
1/TURB/GEN(30,30),CD,CMU,Cl,c2:CAPpA,ELoG.PRED.PRTE,CF(SO),

2 CK(50),C5,CE1(50)

COMMON
1/GE0M/1nncos,x(az),y(sz),Dxap(sz),Dxpw(az),nrnp(az),DYPS(32),
1 sws(sz),SEw(az),xu(32),Yv(32n%R(32);Rv(3z),H1(32),Y1(32)
l/FLUPR/URFVIS,VISCOS,DENSIT,PRANDT,DENTBO,30),VIS(30,30),

2 VISD(30,30),TE1(32),E91(32),U2(32)

1/c0EF/Ap(3o,30),AN(30,30),As(30,30),Aaxso,ao),Aw(sd,ao),su(so,so),
1 SP(30,30) . |

>
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'1/PR031/UfN,TEIN;EDIN,FLOWIN,ALAMDA, | |

2 RSMALL, RLARGE, AL1,AL2, JSTEP, ISTEP, JSTP1, JSTML , ISTP1, 1STM1

3 NITER,US . - | = b

l/TEMP/T(36,30),GAMH{30,30),RESORgéNSWPT,URFT,PRANDL,PFUN;

2 JTWALLN,TIN,GAMO(30,30),TBOTOM ' S L

L l/MSTF/QE(30,30),PRQE,CQl,CQZ,RESQE,URFQ,BETA,GRAVTY,CB,C4,NSWPQ,‘ “

S 2 SUQE(30,30),GENQ(30, 30, SPQE(30, 36, RESQRQ - R
c S |

) [

CHAPTER 1 1 1. 1 1 1  ASSEMBLY OF COEFFICIENTS 1 '1°1 1 1 11
C o .
o~ DO 101 J=2,NJMI . : R . )
o 1=1 _ ( .
C---=-COMPUTE AREAS AND VOLUME . LT
. Y1(J)=Y(J) . : "
" VOL=R{J)*SNS(J)
C----- CALCULATE DIFFUSION COEFFICIENTS

VISN=0.50*(VIS(I,J)+VIS(I,J+1))
VISS5=0.50*(vis(1,J)+VIisS(I,d-1)) ,
Cre=m=w ASSEMBLE MAIN COEFFICIENTS co
: AN(I,J}=RV(J+1}*VISN/DYNP(J) ; - e
AS(1,J)=RV(J)*VISS/DYPS(J) ' Lo
SU(I,J)=0.0 : :
SU(I,J)=SU(I,J)+(GRAVTY*R(J)*.ool*sns(J))
sp(1,J3)=0.
“IF (Yl(J).GT.f381.AND.¥1(J).LT..396) GO TO 50
SP(I,J)=5P(I;Jl—(CF(J)*U(I,J)*SNS(J))
GO TO 100 o .
50 SP(I,J)=SP(I,J)—(CF(J)*U(I,J)*SNS(J)/;447)
100 ' CONTINUE -
101 CONTINUE

CHAPTER 2 2 2 2 2 '2 2 PROBLEM MODIFICATIONS ‘2" 2 2 2 2 2 2

C .
CALL MODU. _
CHAPTER 3 FINAL COEFF.. ASSEMBLY AND RESIDUAL SOURCE CALCULATION 3 3
RESORU=0.0 ‘
C DO 300 I=3,NIM1
DO 301 J=2,NJM1 5
I=1 S :
_AP(I,J)=AN(I,J)+AS(I,J)—SP(I,J)
C DU(I,J)=DU(I,J)/APII,J) : .
‘RESOREAN(I,J)*U(I,J+l)+AS(I,J)*U(I,%—1)
1 . _=ZAP(I,J)*Uu(I1,3)+Su(1,J)
VOL=R({J)*SNS{J)
‘SORVOL=GREAT*VOL(

IF(-SP(I,J).GT.0.'5*SORVOL) RESOR=RESOR/SORVOL
* RESORU=RESORU+ABS (RESOR ) '
————— UNDER-RELAXATION
. AP(I,J)=AP(1,J)/URFU ]
SU(I,J)=SU(I,J)+(1.-URFU)*AP(I,J)*U(I,J)
DU(I,J)=DU(1,J)*URFU
301 CONTINUE'
300 CONTINUE .

O00N

.0
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o

" CHAPTER 4 4 ¢ SOLUTION OF DIFFERENCE EQUATION 4 4 4 8 4 4 ¢

DO 400 N=1,NSWPU . )
400 CALL LISOLV(B,Z@NI,NJ;IT,JT,U) my
K RETURN = .. ' :

END - hh

SUBROUTINE CALCTE -

CHAPTER 0 0 0 o0 C 0 0 PRELIMINARIES: 0 0 0 0 0 o o

COMMON _ o |
l/TEN/RESORK,NSWPK,URFK :
1/VAR/U(30;30),v(30,30),9(30,30),99(30,30),TE(30,30),ED(30,30)

. 1/ALL/IT,JT,NI,NJ,NIMl,NJMl,GREAT,ALPHA(32),UU(32),TB(32)
COMMON " :

l/FLUPR]URFVIS,VISCOS,DENSIT,PRANDT,DEN(30,30),VIS(30}30)
2 Visb(30,30),TE1(32),ED1(32},02(32) -
=1/COEF/AP(30,30),AN(30,30),AS(30,30),AE(30,3Q),AW(30,30)WSU(30;30),

Cl SP(30,30) _

1/3&33/GEN(30,30),CD,CMU,Cl,cz,CAPPA,ELOG,pRED,PRTE,CF(SQ),
2 - CK(50},C5,CER1(50) : - o
1/WALLE/YPLUSN(30,30L,xpLusw(30;30),TAUN(30,30),TAUW(30,30)
l/PROBl/UIN,TEIN,EDIN,FLOWIN,ALAMDA

2 - RSMALL,RLARGE,ALl,ALZ,JSTEP:ISTEP,JSTPI,JSTMI,ISTPl,ISTMl,
3. NITER,US

-1/susp/suxn(3o,3o),spKD(30,3o)
1/MSTF/QE(30,30),PRQEJCQl,CQ2,RESQE,URFQ,BETA,GRAVTY,C3,C4,NSWPQ,
1 SUQE(30,30),GENQ(30,30),SPQE(30,30),RESORQ -

(o S ‘ . .
CHAPTER 1 I 1 1 1 1 ASSEMBLY OF COEFFICIENTS 1 1 1 1 1 1
C “ » .

-~

PRTE=1,0
DC 101 J=2,NJM1
Ial
o COMPUTE AREAS AND VOLUME
- Y2 (J)=7(a)
VOL=R(J)*SNS(J)
C-—--= CALCULATE DIFFUSION COEFFICIENTS
' GAMN=O.5*(VIS(I,J)+VIS(I,J+l))/PRTE
GAMS=0.5*(VIS(I,J)+VIS(I,J—l))/PRTE
C-—-—x SOURCE TERMS _
’ Ck=0.0
CPO=CP :
DUDY=((U(I,J)+U(I,J+1))/2.—(U(I,J)+
10(1,3-1))/2.)/sNS{(J) ) .
GEN(I,J)=(DUDY**2)*VIS(I,J)
Cm=—~- ASSEMBLE MAIN. COEFFICIENTS ‘ '
©+  AN(I,J)=GAMN/DYNP(J) . ‘
AS(I,J)=GAMS/DYPS(J)
SU(1,J)=CPO*TE(I,J)
SUKD(I,J)=S0(1,J)
SU(I,J)=SU(I,J)+GEN(I,J)*SNS(J)
SP{I,J)=-CP '
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+  SPKRD(I,J)=8P(I,J) . < N
sp(:,a)-sptl,J)-(cngcuu*TE(@,J)*sNS(J)/vrs(I,J))
IF'(IIGJ).GT;.381.AND.Y1(J).LT..396) GO TO 50 -
SU(I,3)=SU(1,3)+(CF(I)*(U(1,3) **3)*3NS (3) /R(J))

.-~ GO TO 100 -. o o ,

50 su(:;J)asU(I,J)+(CF(J)*(U(1,J)**3)*5NS(J)/(,3*R(J)))

100 CONTINUE =& . . | S L -

101 CONTINUE

C .

- CHAPTER 2 2 2 2 2 2 pROBLEM MODIFICATIONS 2 2 2-2.2 2
‘c . . w: : M , N ‘ .

L

CALL MODTE - L -
CHAPTER 3 FINAL COEFFICIENT ASSEMBLY AND RESIDUAL SOURCE CALCULATION 3
C ; l ) . - ‘ co -

' RESORK=0.0 . |
‘DO 301 J=2,NJM1 . =
-AP(I,J)-AN(I.J)*AS(I,Jg~SP(I,J) ' o
 RESOR=AN(I,J)*TE(I,Jd+1)+AS(I,J)*TE(1,J-1) _ e "
1 “AP(I,J)*TE(I,J)+SU(I,J) ‘ '
- VOL=R(J)*SNS(J) | :
SORVOL=GREAT*VOL

IF(-SP(1,J).GT.0.5*SORVOL) RESOR=RESOR/SORVOL
RESORK=RESORK+ABS { RESOR) | .

I

Cr=-mw UNDER-RELAXATION. . .- B

c AP(1,J)=AP(I,d)/URFK ,

C SU(I,JY=SU(I;J)f(l.—URFK)*AP(I,J)*TE(I,J)'
301 CONTINUE | : .

300 CONTINUE . . | | T

CHAPTER 4 4 4 4° 4. SOLUTION OF DIFFERENCE EQUATIONS 4 4 4 4 4
< . LFFE )

. DO 400 N=1,NSWPK

400 CALL L1SOLvV(2,2,NI,NJ,IT,JT,TE)
RETURN : -
END . '

SUBROUTINE CALCED

CHAPTER 0
C ) \
COMMON ' 2 ,
1/TD1S ARESORE , NSWPD, URFE ‘
1/ALL/I ,JT,NI,NJ,NIMl,NJMl,GREAT,ALPHA(32),UU(32),TB(32)
COMMON - ' - o -
l/GEOM/INDCOS,X(BZ),Y(32),DXEP(32),DXPW(BZ),DYNE(BZJ,DYPS(BZ),
1 SNS(32),SEW(32),XU(32),Yv(32),R(32),Rv(32),H1(32),Y1(32)
l/FLUPR/URFVIS,VISCOS,DENSIT,PRANDT‘DEN(30,30),VIS(30,30),
2 VISD(30,30),TE1(32),ED1(32},02(32} P
1/COEF/AP€30,30;,AN(30,30),AS(30,309,AE(30,30),AW(30,30),SU(30,30);
1 SP(30,30 o | : \
l/TURB/GEN(30,30),CD,CMU,Cl,C2,CAPPA,ELOG,PRED,PRTE,CF(50),
. 2 CK(50),C5,CE1(50) . S .
1/WALLF /YPLUSN (30 30),xpnusw(30,30),TAUN(30,30),TAUW(30,30) "
1/SUSP/SUKD{30,30],SPKD(30,30)

vaaa/u(so,aoz,v(30,30),P(30,30),Pp(30,30),TE(30;30).ED(30,30)

0- 0 0 0 0 -0 PRELIMINARIES 0 0- 0 0°0 0 o

L a
R T et T
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CHAPTER 3 FINAL COEFFICIENT ASSEMBLY AND RESIDUAL SOURCE CALCULATION 3
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1/§§0B1/UiNfTEIN,EDIN,FLOWIN,ALAMDA, ' R S

2 RSMALL, RLARGE, AL1,AL2,JSTEP, ISTEP, JSTP1,JSTMI, ISTP], ISTML,

3 NITER,US ST ‘ ‘ ' ,

l/MSTF/QE(§0,30),PRQE,CQl,CQZ,RESQE,URFQ,BETA,GRAVTY,CB,C4,NSWPQ,
o SUQE(30,30),GENQ(30,30),SPQEC30,30),RESORQ

APTER 1'1 1 1 1 1° ASSEMBLY OF COEFFICIENTS 1 1 1 1 1 1

DO 101 J=2,NJM1 . - .
I=1

-~---COMPUTE AREAS AND VOLUME '

Y1(J)=Y(J) &
VOL=R(J)*SNS(J) ‘

----- CALCULATE DIFFUSION COEFFICIENTS

GAMN=29.5* (VIS(1,J)+VIS(I,J+1))/PRED
GAMS=0.5%(V1s(1,J)+Vis(1,J3-1))/PRED

----- SOURCE TERMS

50

CP=0.0
CPO=CP

----- ASSEMBLE MAIN COEFFICIENTS

AN{I,J)=GAMN/DYNP(J)

AS(I,J)=GAMS/DYPS(J)

SU(I,J)=CPO*ED(I,J)

SURD(I,J)=SU(1,J) - '
DUDY=((U(1,J)+U(1,J+1))/2.—(0(1.J)+U(I,J—1))/2.)/SNS(J)
.GEN(I,J)={DUDY**2)*ViS(1,J) .
SU(I,J)=SU(I,J)+C1*CMU*GEN(I,J)*st(JL*TE(I,J)/VIS(I,J)
SP(I,J)=-CP .

SPKD(I,J)=Sp(1,J) - ' L
SP(I,J)=SP(I,J)—(CZ*ED(I,J)*SNS(J)/TE(I,J))

QEPTE=QE(I,J)/TE(I,J) Co

IF (¥1(J).GT..381.AND.Y1(J).LT..396 ) GO TO 50 - : B
SU(I,J)=SU(I,J)+(CE1(J)*(CF(J)**2)* (U(I P J)X*A)XSNS(J) /(R(J)**2))
GO TO 100 : . ' , -
??(I,J)=SU(I,J)+(CE1(J)*(CF(J)**Z)*(U(I,J)**4)*SNS(J)/(.2*R(J)**2
1) vir -

100 CONTINUE —_ , , : '
101 CONTINUE ' . ~

c

CHAPTER' 2 2 2 2 2 2 PROBLEM MODIFICATIONS 2 2 2 o 2 2

B N -~
ACAEL MODED , '

RESORE=0.0

DO 301 J=2,NJM1 -
AP(I,J)=AN(I,J)+AS(I,J)-SP(I,J)
RESOR=AN11,J)*ED(I,J+1)+AS(I,J)*ED(I,J—1)

VOL=R(J)*SNS(J)

-~ 1 -AP(I,J)*ED(I,J)+SU(I,J):

SORVOL=GREAT*VOL

IF(-5P(I,J}.GT.0.5%SORVOL) RESOR=RESOR/SORVOL .
RESORE=RESORE+ABS (RESOR) _ ‘ ‘

Co———= UNDER~RELAXATION
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c - AP(I,J)*AP(I,J)/URFE‘ . .
C SU(I,J)'SU(I,3)+(1.-URFE)*AP(I,Jy*ED(I,J)
301 CONTINUE ' ’

300 CONTINUE
C

CHAPTER 4 4 4 4 4 SOLUTION OF DIFFERENCE EQUATIONS 4 4 4 4 3
c il -

DO 400 N=1,NSWPD . . ) .
400 CALL LIsoLv(2,2,N1,NJ,17,JT,ED) - , -
- RETURN : :

END S ~ . :
SUBROUTINE LISOLV(ISTART,JSTART,N4,NJ,IT,JT,PHI)

CHRPTER 0 0-0 0'0 0 0. 0 PRELIMINARIES 0 0 o 0 0 0 0 g
c : s

DIMENSION PHI(IT,JT),A(az),B(sz),c(32),n(32) _
COMMON e “
l/COEF/AP§30,30;,AN(30,30),AS(30,30),AE(30,30),AW(30,30),SU(30,30),
1 SpP(30,30 ' : . -
1/VAR/U(30,30),V(30,30).P(30,30),PP(30,30);TE(30,30),ED(30,30)
1/GEOM/INDCOS,K(32),Y(32),DXEP(32),QEgH(32),DYNP(32),DYPS(BZ),._
1 SNS(32),SEW(32)@XU(32),YV(32), (32),RV(32),H1(32),Y1(32);
1/TURB/GEN(30,30),CD,CMU,CI,C2,CAPPA,ELOG,PRED,PRTE,CF(50)3_'
2 CK(50),c5,CE1(50) - ' - ‘ -
LOGICAL INCT o
C | INCT=.TRUE. . .
NIMl=NI-1
NJMl;NJ-l
JSTM1=JSTART-1 :
A(JSTM1)=0.¢ « i .
C---=-COMMENCE W-E SWEEP
C(JSTM1)=PHI (1, 3STM1)
C—---- COMMENCE S-N TRAVERSE
DO 101 J=JSTART,NJIM]
Commm- ASSEMBLE TDMA COEFFICIENTS
A{J)=AN(1,J)
C(J)=sU(1,J)
Y D{(J)=apr(1,J3)

G&==~~CALCULATE COEFFICIENTS OF RECURRENCE FORMULA

A(J)=A(J)*TE
c(J)=(c(J)+B(J)*c(J-1))*TERM
101 CONTINUE

109 FORMAT (SX,IIO,B(IPE12.3,3X))
S

TERM=1./(D(J)-(B(J)*A(J*l)))
RM

Y oL OBTAIN NEW PHI'

DO 102 33=JSTART,NIM1
I=1
J=NJ+JSTM1-3J
pHI(I,J)=A(J)*PHI(I,J+1)+c(J)
102 CONTINUE _ .
- 105 FORMAT (F12.5)
100 CONTINUE

*c INCT=.FALSE,

RETURN ' .
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END ' | B \\

-SUBROUTINE PRINT(ISTART,JSTART,NIfNJ,IT,JT,X,Y,PHI,HEAD)
COMMON : -
1/AREAL1/INCT . :
DIMENSION PHI(IT,JT),K(IT),Y(JT),HEAD(S),STORE(SO)
DIMENSION F(7),F4(11).
LOGICAL INCT '
DATA F/4H(1H ,4H,A4,,4HI3, »4H11I ., 4H10, ,4H7X,
14HAG) / o . = .
DATA F4/4H 11 ,4H 21 ,4H 31 +4H 4I ,4H 5I ,4H 61
1 4H 71 ,4H 81 ,4H 91 ,4H10I ,4H111 /
DATA HI,HY/4H 1=,4H Y =/
ISKIP=1 . :
JSKIP=1 :
‘WRITE(6,110)HEAD
ISTA=ISTART
100 CONTINUE - -
C ISTA=ISTA+12 : -
IEND=ISTA
" IEND=MINO (NI, IEND) .
F(4)}=F4(IEND-ISTA) o
WRITE(6,F) HI, (I,I=ISTA,IEND,ISKIP), HY
"WRITE(6,112) ' -
DO 101 JJI=JSTART,NJ,JSKIP
" J=JSTART+NJ-JJ
C DO 120 I=ISTA,IEND
.. A=PHI(1,J)
IF(ABS(A).LT.1.E-20) A=0.0
120 STORE(1)=A -
: IF(INCT) GO TO 200
WRITE(6,113) J, (STORE(1)),Y(J)
‘ GO TO 300 '
200 WRITE(6,150) J, (STORE(1)),Y(J)
300 CONTINUE .

’,

101 CONTINUE

C WRITE(6,114) (X(I),1=ISTA,IEND,ISKIPp)
C ————————————————————————————————————————————————
" IF{IEND.LT.NI)GO TO 100 L. 3
RETURN

110 FORMAT(1H0,20(2H*4),73,9A4,7X,20(2H-*))
112 FORMAT(3H - J)
113 FORMAT{1H ,13,1P1E10.2,0PF7.3)
. 114 FORMAT(6HOX-= .- +F7,3,11F10.3) "
150 FORMAT(1H ,I3,1P1E10.3,0PF7.3)
END ' S
SUBROUTINE PROMOD - -

C . . " o ~ . L. ..‘ ‘. . * )
CHAPTER 0 0 0 0 O 0 o PRELIMINARIES - 0-0 0 0 0 0 00 g
C \ " . . ’ . ) )

DIMENSION PHI(IT,JT),A(32),B(32),C(32),D(32)_-

COMMON ' ' : -
1/VVEL/RESORV,NSWPv,URFv,DYNPV(32),DYPsv(32),snsv(sz),ncv(32)
1/UVEL/RESORU, NSWPU , URFU XEPU(32) ,DXPWU(32),SEWU(32) U1 (30)
l/PCOR/RESORM,NSWPP,URFP,DU(30,30),DV(30,30),IPREF,JPREF
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CHAPTER 6.6 6 6 6 6 6 TURBULENT.
C . N ’

C
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1/VAR/U(30,30),v(30,30),P(30,30),PP(30,30),TE(30,30),ED(30,30)
I/ALL/IT,JE,NI,NJ,NIMl,NJMl,GREATbALPHA(BZ},UU(32),TB(32)
COMMON , ’ - :
l/GEOM/INDCOS,X(32),Y(32),DXEP(32)?DXPW(32),DYNP(321,DYPS(32J,
1 sus(32),ssw(32),xn(az),Yv(32),R(32),RV(32),H1632),Y1(32)
l/FLUPR/URFVIS,VISCOS,DENSIT,PRANDT,DEN(30,30),VIS(30,30),

2 . VISD(30,30),T31(32),ED1(32),U2(32). _ .
l/PROBl/UIN,TEIN,EDIN,FLOWIN,ALAMDA

2

-

RSMALL,RLARGE;ALI,ALZ,JSTEPL}STEP,JSTPI,JSTMI.ISTPI,ISTMI,
3. NITER,US ‘ - | .

1/susp/suxn(3o;30),spxn(so,ao)

1/cosF/Ap(30,30),AN(30,30),AS(30,30),AB(30,300,AW(30,30),50(30;30)
1 SP(30, 30) ' o : -

. COMMON e . - :
l/TURB/GEN(30,30),CD,CMU,CI,C2,CAPPA,ELOG,PRED,PRTE;CF(50),

2 CK(50),C5,CE1(50) . ‘ 5
1/WALLF/2PLUSN(30,30),KPLUSW(30,30)}TAUN(BO,BO),TAUW{30,30)
1/TEMP/T(30,30},GAMH(30,30),RESORT,NSWPT,URFT,PRANDL,PFUN;

2 - TWALLN, TIN,GAMQ (30,30}, TBOTOM. L o
l/MSTF/QE(30,30),PRQE,CQI,CQZ,RESQE,URFQ,BETA RAVTY,C3,C4,NSWPQ,
1 Lo

’

r

SUQE(30,30),GENQ(BO,BQ),SPQE(BO,BOI,RESORQ

CHAPTER 1 1 1 1 1 1 3 ; 'PROPERTIES 1 1 1 1 1 .1 1 1 1
c o o ) |

——

211
212

210

ENTRY MODPRO
RETURN

~NO MODIFICATIONS FOR THIS:"PROBLEM, -

CCHAPTER 2 2 2 2 2 2 2 2 y.voMENTM 2 o 2 2 2 2 2 2 3
c - e o '

ENTRY MODU - o -
U(1,NJ)=.400 . P ,
CDTERM=CMU**( , 25 o

YP=Y(2)-¥V(2) - o B
J=2 - o i . o

DO 210 1=3,NIM1

SQRTK=SQRT(0.5*(TE(1,J)+fE(i,J))) _ B : .

DENU=0.5*(DEN(1,J)+DEN(1,J))
YPLUSA=0.5*(Y9LUSN(1,2)+YPLUSN(1,2))

IF(YPLUSA.LE.11.63) GO TO. 211. N
TMULT=DENU*CDTERM*SQRTK*CAPPA/ALOG(ELOG*YPBUSA)
GO TO 212 MR -

TMULT=VISCOS/YP -
TAUN(1,2)=-TMULT*U(1,J)
SP(1,2)=~GREAT S
AS(1,2)=0.0
SU(1,2)=0.17*GREAT
TAUN(Z,NJMI)=TAUN(3,NJM1)‘.‘
TAUN(1,1)=TAUN(1,2) :
RETURN :

™

. 4 = ? -k .‘ ':.
\

.

iﬁETxc_ENERGY
ENTRY MODTE | : '
CDTERM=CMU**( . 25
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Lo o 239 _

YP=Y(2)-¥YV(2) o
1=1 o IV
t =2 _:‘.‘ t it
TE(1,NJ)=2.0E-3 " N

C DO 610 I=2,NIM1 e ‘ : : o
' DENU=DEN(1,J)" ' L :
SQRTK=SQRT(TE(1,J)) : : ’
VOL=H1(J)*SNS(J) - :
, YPLUSN(l,2)=SQRTK*CDTERM*YP/VISCQS '
C TAUN(l;2)=DENSIT*CDTERM*SQRTK*CAPPA*U(1,J)/ALOG(ELOG*YPLUSN(I,2))
GENCOU=0.5*(ABS(TAUN(1,2)#U(1,U))4ABS(TAUN(1,2)*U(1,J))) ;
, 1/{YP*DENSIT) . » : . ;
c YPLUSN(I,NJM1) =DENU* SQRT* CDTERM* P/VISCOS
DUDY=((U(1,3)+0(1,3+1)) /25 —(U(T.. 3} + . ' .
10(1,3-1))/2.)/SNS(J3) - : : a
GENRES=GEN(1,J)-VIS(1,J)*DUDY**2 -
GEN(1,J)=GENRES+GENCOU" _ ' .
i IE (YPLUSN(I,NJM1).LE.11.63) GO TO 611 T
- DITERM=(CMU**.75)*SQRTK*ALOG(ELOG*YPLUSNCI,2
1))/{capPa*yp) : T
. GO TO 612 P
611 CONTINUE N . L
DITERM= (CMU**,75) *SQRTK*YPLUSN(1,2) /¥P ‘ )
" 612 CONTINUE ; ' ‘
c su(r,J)=SUKD(I,J)+(CK1J)*(CF(J)**(3/2))*(U(1,J)**é)*SNS(J)/R(J))
C 1+GEN(I,J)*SNS(J)" - ~
C SP(I,J)=—DITERM*SNS(J)+SPKD(I;J) '
SP(1,2)=~GREAT . ,
SU(1,2)=4.8E-4*GREAT <
610 AS(1,2)=0.0$ _
C GO TO 620 ™~
RETURN

e

C
CHAPTER 7 7 7 77 7 7 7 DI SSIPATION
C . . '

: ENTRY MODED ; S ‘ o
Cmm—mme TOP ‘WALL . o . e
ED(14NJ)=3.9E-3 A : '
¥P=Y(2)-¥YV(2)

T I=1 ‘ S
J=2 , -
TERM= (CMU**,75) /(CAPPA*YP) . _
- C DO 710 1I=2,NIM1 : ¢
C SU(I,J)=GREAT*TERM*TE(I,J)**1.5 -
SU(I,J)=1.6E-4*GREAT ’
. 710 SP(I,J)=-GREAT ) \
i RETURN . :
-~
; - »





