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ABSTRACT

Resistance to flow past a cross-section is norntaligputed using a single representative parametér &s the
Manning n, which can be estimated from extensivdl wstablished links to bed surface characteristics
However in many channels, the surface roughnessvargyconsiderably within a single cross-sectioakimg a
single Manning n hard to assess. A popular metlia$t@blishing a suitable composite roughness petiems
to allow a “relative roughness” to be specified tisat many local estimates of the roughness pasntah be
made by standard methods and then averaged toyctmyeumulative effects of the section bed as alevh
This is shown to rely on the traditional hydraudipproach to analysis of multi-dimensional flows hirit
channels. The averaging process can be formulatedany ways, with the resulting composite resistan
varying drastically, so the reasons for using theall Lotter method are discussed. However, it avshthat
this method still has some unsatisfactory featusegh as a possible decrease in composite resgsianc
response to an increase in relative roughness.lWli@o based on perimeter adjustment is then pregpand
shown to avoid previous distortions.
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1 INTRODUCTION

Many hydraulic modelling applications encounterrofigls with considerable variation of bed roughress a
cross-section, so there has been considerable defmathe implementation of compound channel fdesiin

the AULOSpackage. On undertaking research into historicahats of analysis, many treatments were found
to be inadequate in that they failed to base assangpon sound physical principles. Worse, bettng®f the
coded version of the widely used Lotter analysiswstd up considerable problems which are contrary to
commonsense - for example, a decrease in compesigtance sometimes resulted from increases ativel
resistance coefficients.

These problems and their solution are of genetatést, so are presented here.

2 HYDRAULICS VERSUS ONE-DIMENSIONAL ANALYSIS

The general solution of flow problems in four dirsEms is not yet tractable analytically, so simytif
assumptions are needed. The earliest simplifyisgraptions were those of hydraulics and of one-dgioeral
analysis. These are distinct approaches, althdughdre often confused, as in their simplest fdray tbecome
identical.

2.1 HYDRAULIC ANALYSIS

Hydraulics (implied by the origins of the word imet Greekhudorwater +aulospipe) views all flow as passing
through elements shaped as streamtubes, in whictatibral boundary walls are aligned with the instaeous
local flow direction, while the two end boundari® perpendicular to the flow direction, and therefto the
boundary walls. Flow enters the element only thiotige upstream end boundary, and leaves only thrthey
downstream end boundary — the lateral boundaria& mith any lateral movement of the fluid. This halic
approach (cf. the old graphical “flow-net"analysis)applicable to flow problems in the full foumaknsions



(three spatial plus time), but obviously providé®etive simplifications mainly where boundary vgattan be
found which behave in some regular fashion. Therdwlec approach has been successful in particulerey
boundary walls remain nearly fixed in space and approximately parallel to each other to form chedan
(understood here to include pipes, but also tonekte natural watercourses with pipe-like charasties). In

such cases, the end boundary surfaces can bedtr@atglane cross-sections, lying perpendiculahéomean
flow direction through them.

No inconsistency in this analysis arises if thentteds are not straight either in elevation or ptarnf additional
equations continue to be used to analyse flow wrans in the lateral and vertical dimensions over tross-
section.

The hydraulic approach is most powerful where laklracteristics of the cross-section can be relasgder
than local point values. A simple example is theckhargeQ, which in steady conditions is constant throughout
the length of the channel. A more subtle case esBharnoulli headH. In contrast, the local point value of
velocity V may vary drastically along a channel if the degtHow is irregular.

2.2 ONE-DIMENSIONAL ANALYSIS

One-dimensional analysis places a straight lineutjin the flow, and attempts to analyse condition®ims of
the local flow properties along this axis. (Convendlly, the axis line is purely spatial; the tmeant of time as
the “fourth dimension”is relatively recent, andcertainly not required for steady flow problems.ddfirse, the
time dimension is fundamental in unsteady flow, the& extra dimension is taken as implicit in the o$ the
word “unsteady”, so that a “one-dimensional unsggaahalysis is taken to mean analysis in one sbatia
dimension plus the time dimension).

Strictly, one dimensional analysis will be appliabnly where local flow properties do not vary peecross-
section, now defined as any plane perpendiculénéaxis, but this is conventionally relaxed t@ailvariation
of the position of the flow boundaries over a \@atiplane through that axis. The bottom of the flewlefined
by the bed surface. The top of the flow may bexedisurface, for pressure flow in a pipe, or a fedace in
open channel flow. In the latter case, the deptthoef is seen as one of the local flow propertiksg the axis,
instead of counting as a distance from the axe second (vertical) dimension. This partial extraehsion is
an example of a “fractal’dimension.

Therefore the main test is the presence or absg#eguations explicitly defining analysis in anyrpendicular
dimension — if these require to be solved to coiepthe flow description, then the analysis canr®tohe-
dimensional.

Summarising, then, hydraulic analysis deals withltinsimensional flows through channels, while one-
dimensional analysis deals with longitudinal vaoias of local flow properties along a single axis.

3 COMPOUND CHANNELS

Compound channels are a concept used to deal wgifisant variations in flow conditions across Bss-
section. Because the variations are lateral, theybayond the scope of one-dimensional analysisateustill
treatable by hydraulic analysis. These flow vaoiasi are typically caused by changes in the bedtessie,
often associated with the growth of vegetation Wwhi well adapted to channel berm conditions, bhictv
cannot establish itself in the permanently subn@agmditions of the low flow channel.

Examples are shown in Photographs 1 and 2.

3.1 THE RANGITATA DIVERSION RACE

Photograph 1 shows the Rangitata Diversion Raceartiicial channel in Mid-Canterbury which has hee
designed with protective stopbanks set back, sbahzerm area will come into use under conditiohkigh
flow or high backwater. These are relatively raas, the pictured surge test was run near maximum flo
conditions within the normal operational range, gvelcanal surge is just spilling onto the berms.



Photograph 1: Surge Tests on the Rangitata Diver8lace

Photograph 2: Tidal Reach of Cooks Stream




Should the canal need to be modelled under berm #onditions, the same roughness value is likely to
represent both berms, as the vegetation covesismly identical. However the roughness for thetregrranal

is unlikely to be similar, as the canal bed is guihlike the berm. Any single roughness characitoa is
therefore difficult to assess, as the importanctefcentral canal bed resistance can be expeziidinish as
the water level rises across the berms.

3.2 COOKS STREAM

Photograph 2 shows Cooks Stream in Cooks Beach.i'lai natural channel, but here the berm aregsaatly
tidal, although high flood levels can be expecteaetceed the tidal range. In this case the vegetatn the
right and left sides of the low flow channel is tgudissimilar, so multiple roughness charactemratvould be
needed to represent the total channel resistarféito

3.3 RELATIVE ROUGHNESS

Whatever method is used to represent bed roughitesgjuite easy to develop a relative roughnesept,
which assumes a value of 2 on the berm means sittiptyberm is twice as rough as the central lowvflo
channel.” However, this has to be interpreted wdhe to become a quantitative relationship rathan some
kind of value judgement.

The Manning equation is widely accepted for thaleation of resistance, at least in fully turbuldiotv
conditions. This can be related (Henderson (1986)"°, whereD is a grain size parameter. The application of
relative roughness to the Manning n parameter theans that “twice as rough” implies a grain sizétiplied

by 64! Fortunately, the wide availability of illuated tables of Manning n (Ven Te Chow 1959, Hi&Kdason
1991) related to various types of vegetation caneans that it is practical to assess relative noegh directly

in terms of Manning n ratios without direct consaten of grain size. This is particularly importavhere the
resistance elements are dominated by vegetatiby bedforms, where “grain size” is not applicable.

4 BALANCING PRINCIPLES

Many ways can be found to assess the effect ofmuegs variations on the total flow through a cisesstion.
This is still an active area of research, with rodthsuch as the kmodel showing promise. However, such
methods are still restricted in their applicatiangd are therefore beyond normal hydraulic enginggsractice.

Standard methods rely on some balancing princplentible the whole section flow to be distributedectly
among subsections. A selection of these methoddisisussed by Ven te Chow (1959), which should be
consulted for the original references.

4.1 EQUAL VELOCITY METHODS

Horton and Einstein both assumed that each subselgtis the same mean velocity. However, there saems
good physical principle why this should be so, arahy cases are observed where this is clearlymot s

4.2 FORCE SUMMATION METHODS

Pavlovskii, Muhlhofer, and Einstein and Banks assdirthat the total resistance force on a section thvats
found by summing the resistance forces in eachestiosi. While this is fundamentally true, applicatias
proposed results in different slopes in each sulmdla which cannot be sustained without rebalanding
exchange of flows. These carry momentum, whichrsilfee force balance for each subsection, invafigahe
original assumption that the local resistance fasaefunction only of the local bed roughness.



4.3 EQUAL SLOPE METHODS

Lotter assumed that the total flow is equal to suen of the discharges in each subsection. Agais,ish
fundamentally true, but as shown by Henderson (L96®& important feature of Lotter's method was the
assumption of an equal slope for calculating tiseltarge in all subsections.

According to Ven Te Chow (1959), the Lotter formida
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whereRy, R, ..., Ry are hydraulic radii of the subdivided areas wthie unsubscripteR is the hydraulic radius
of the whole section. Similar conventions applytfue wetted perimetd? and Manning). How to calculate the
subsection hydraulic radii is not defined, except $imple channel sections, where it is advised tha
relationship

R=R =..=R; =R
may be assumed.

Henderson (1966) specified that, for the same valdgction slopeS to apply throughout
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whereQ; is the discharge through tite subsection anl; is theith subsection “conveyance”, defined using the
Manning formula as
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HereM is a constant related to the dimensional unitsl s€l.49 in the foot-second units used by Hendgrso
while A, R andn; are respectively the area, hydraulic radius andriviay n applying to théth subsection.
Further, from the context it is clear tHt= A/P;, whereP, is the wetted perimeter of tliig subsection.

It follows from the above that, using corresponditadinitions for the full sectio® andK,

Qn - Sf}é - Qn
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Therefore, summing the discharges through all sestas per Lotter,

iQi = Q = QnNAR%
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This recovers Lotter’s formula, but with the sulig®ethydraulic radii now clearly defined in termithe area
and wetted perimeter. Although not intrinsic to tiegivation, the definition of the subsection boanels is also
a requirement for practical computation/f In practice, these boundaries are taken as aétines above the
point at which the Manning n changes on the bedirgsother definition is difficult to express forganeral
irregular cross-section.

Where the subsection roughnesses are expresséderétasome standard Manning n valugit is convenient
to introduce the parametars; for the relative roughness, so that

n = rmg, N = 1ng %)

1 I
Herer refers to the relative resistance of the full settas computed from Equation (1).

Using (2), we can eliminateandn; from the Henderson expression to give
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Using this form of the equation, some potentiabpems with the analysis can be shown to emerge.

5 PROBLEMS WITH THE HENDERSON-LOTTER ANALYSIS

5.1 EFFECT OF SECTION SUBDIVISION

Take as an example a rectangular cross-sectionyi@enand 1m deep. For thia=3n? andP=5m, soR = 0.6m
andAR” = 2.134m° . If the channel is divided into two equal subiet, A=1.5nf andP=2.5m for each half.
ThereforeR = 0.6m again for both halves aB&R?3= 2.134n%° — the same value as for the full channel.

However, if the channel is divided into three egushsections (that is, equal with respect to widds)Lnt for
each third, whild®>=2m for the outside thirds and 1m for the middiedthleading tatAR?? = 2.260n° .

This gives the unwelcome result tmat 0.944 for allr; = 1, where a user of the computation would inteity
expectr = 1. In other words, subdivision alone can chathgevalue of the cross-section resistance evemwhe
all relative resistance values are left at the ulefaalue of 1!

5.2 PROBLEMS WITH UNIFORM CHANGES IN RELATIVE RESISTANCE

Suppose the relative resistance is uniformlyrset2 for all subsections. Then for the above examptk the
channel divided into thirds, the value BAR?¥r; is 1.130rff%. This gives a value af of 1.888, where this
would be expected to be 2.

However, consideration of the form of equationgBpws that the problem is again with the sectidmdsision,
rather than with the value of relative resistaraethis value of is exactly double 0.944, that obtained for the
relative resistance value of 1.

Both problems can therefore be removed by accumglaubsections with the same relative roughness an
treating them as a single section. Formally, thésns that iM adjacent subsections are found to have the same
relative resistance, they are accumulated intottheubsection using the formula
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It can easily be seen that if this formulation $&d in setting up the compound channel algoritlquagon (3)
will always giver =r; for constant values af over the whole section as desired.

5.3 INCREASED RELATIVE RESISTANCE CAN MEAN REDUCED RESISTANCE!

As found in a subsequent model study used for testang, this reformulation does not guaranteestatiory
performance where varies across the section. The section data plottd=igure 1 was surveyed in Cooks
Creek, near the scene shown in Photograph 2.

Figure 1: Problem Cross-Section (found in an actualdel study)
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An attempt was made to represent greatly increasgdtative roughness in the subsection labellean8erg3
by setting the relative roughness to 3.0, with st@ndard value of 1 in Segments 1 and 2. This had t
unexpected result of giving= 0.995 for the level 2.07m from Equations (3)emafter adjustment using the
formulation in Equation (4).

For those wishing to work through the details, is¢ subsection is formed from Segments 1 and 2tlaad
second subsection from Segment 3. The summatioftsese

3 5 2 5 3 5
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= = 89869978 - = 88888335 = — = 01397213
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j=1 j=1 j=3

Thenr = 8.9869978/9.0285548 to give the above resuiis Eha clearly unsatisfactory response to an asze
in the relative resistance of segment 3 from 1.6 &ven though that segment is quite small!

6 MODIFIED HENDERSON-LOTTER ANALYSIS

The problem is still related to the effect of swiding the cross-section, as illustrated above aéati®n 5.1.
Where the areas and the wetted perimeters areedivid the same ratio, there is no problem, but wliis
does not happen, the summation process causestidissp apparently mainly in the direction of reddc
resistance.

One approach is that suggested by Ven Te Chowi@®edt3), which is to take all the subsection hwtita
radius values as the same as the composite vdligeffectively means the areas and wetted perimeleays



have a fixed ratio to each other, but this seemesalistically distorted where some subsectionsbaren flows
of possible minimal depth while others are mainncted flows of considerable depth.

It is equally defensible to distribute the areacadmg to the wetted perimeter proportions, or tetted
perimeter according to the area proportions. Ndgmthle wetted perimeter proportion will exceed trea
proportion near the sides of a channel if there sgynificant vertical contribution to the wetteeripneter (as in
the example in 5.1 above), while the reverse valthin central deep water sections.

Either method has the potential to cause consiteecmnfusion as to exactly which subareas and subpters

correspond with given subsections, so an altereasiyproposed based on conveyance proportions,dirgl
the resistance term. This means (3) is replaced by

r = =2 (5)

This formulation, still used in conjunction with)(4an be seen to guarantee that any increaseyiofaher;
will result in an increase in r as is intuitivety be expected.

A practical issue is the problem that there willebdifferent value of computed for every level (see Figure 1),
and this requires an array to be set up at run. thieo there is the question of hawis to be interpolated
between levels for evaluation of the friction sl@ten arbitrary water level.

A tidy solution computationally is to modify theluas ofA or P so as to have the same effect as a change in
when the friction slope is calculated. ModificatiohA is known to have been tried, but this is not coesed
good practice because of the risk of corruptingeptomputations relying of, such as the discharge/velocity
relationship or the calculation of wave celeritys@A varies quadratically between levels, whereas plsim
linear interpolation is all that can be reasonainyified forr.

Modification of P carries none of these disadvantages: it is usbdimithe calculation of friction slope, and it
varies linearly between levels, at least in a segetecross-section. Accordingly, the values afe conveyed
by modified wetted perimeters AULOS

The required modification can be determined by #ration of the expression for friction slope:

f MAR’3 MAY A

Here P’ andA’ areP and A modified to account for the effect of Given that modifications oA have been
rejected A’ = A, so finally

p’ = p%  p o= %2p (6)

A table of P’ vs level can therefore be set up at run time, iatetpolated linearly as usual f& This also
offers the pleasing physical interpretation of tivetted perimeter as corrugated, with the heightthef
corrugations increasing to provide the incread®’ inorresponding with an increase in roughness.

Finally, it should be noted that this method ignieged to cross-sections which are open to abawkast in any
wetted parts. This is because any overhangs cdrntiteated by the adopted method of defining suiosec
boundaries by extending verticals upwards fromdhange of resistance on the bed. Ways could bedftmn
deal with this, but it is extremely doubtful tha&etLotter-Henderson approach is sufficiently actuia such

cases to justify the effort. Accordingly, sectianigh any such features are rejected.
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CONCLUSIONS

Compound channels can be treated by assessingativall variation of resistance in cross-sectionsagus
traditional hydraulic techniques for analysis ofltindimensional flows within channels.

In evaluating composite resistance, use of equaid) (5) and (6) together have been shown toreribat

1.

2.

3.

4.

Section subdivision alone has no effect.

Uniform changes in relative resistance have theesaffiect as multiplying the Manning n by the relati
resistance in a simple single thread channel.

Increasing any relative resistance always incretieeeverall resistance.

Changes in resistance can be conveniently carsedagifications to the wetted perimeter.

The use of other alternatives can be prone tos&eoors, even when based on the same Lottersanaly
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