
V

Design of Straight and Meandering Compound Channels
Interim Guidelines on Hand Calculation Methodology

SGRC
SCIENCE AND ENGINEERING 

RESEARCH COUNCIL

MAFF ENVIRONMENT

^ - 3 'H ^ 6 £ te A ^ S

HR Walling ford

HR Wallingford

R&D Report 13

NRA
National Rivers Authority



Design of Straight and Meandering Compound Channels
Interim Guidelines on Hand Calculation Methodology
J B Wark, C S James and P Ackers

HO

E n v i r o n m e n t  A g e n c y  

Information Services Unit

Please return or renew this item by the due date

Due  Date

O X - J U L y - 2 o o 5

Research Contractor:
HR Wallingford

National Rivers Authority 
Rivers House 
Waterside Drive 
Aztec West 
Bristol 
BS12 4UD

R&D Report 13 ENVIRONMENT AGENCYI Mill lllll lllll Hill Hill IHII llll II

Rivers Authority

131261



Publisher:
National Rivers Authority 
Rivers House 
Waterside Drive 
Aztec West 
Bristol 
BS12 4UD 
Tel: 0454-624400 
Fax: 0454-624409

National Rivers Authority 1994 

First Published 1994

All rights reserved. No part o f  this publication may be reproduced, stored in a retrieval system, or 
transmitted, in any form or by any means, electronic, mechanical, photocopying, recording or otherwise 
without the prior permission o f  The National Rivers Authority.

This report is the result o f work jointly funded by the National Rivers Authority (NRA), the Ministry o f 
Agriculture, Fisheries and Food (MAFF), the Science and Engineering Research Council (SFRC) and 
MR Wallingford

The views expressed in this document are not necessarily those o f the NRA. Its officers, servants or agents 
accept no liability whatsoever for any loss or damage arising from the interpretation or use o f  the information, 
or reliance on views contained herein.

Dissemination Status

Internal: Released to Regions 
External: Released to Public Domain

Statement of Use

R&D Report 13 is intended for use by river engineers to calculate steady discharges in rivers with flood plains or 
berms, by hand. Detailed calculation steps are given.

Research Contractor

This document was produced under R&D Project 252 by:

HR Wallingford Ltd
Howbery Park
Wallingford
Oxon
0X10 8 BA
Tel: 0491-35381
Fax: 0491-32233

NRA Project Leader

The NRA’s Project Leader for R&D Project 252 was: 

Roger Pethick - NRA Thames Region.

R&D Report 13



CONTENTS Page

Lis? of Tables hr 

List of Figures iv 

Executive Summary v 

Key Words v 

1. Introduction 1

1.1 Background 1
1.2 Status of guidelines 2
1.3 Amendments to guidelines 2

2. Processes which Affect Discharge Capacity of Compound Channnek 3

2.1 Processes in straight compound channels 3
2.2 Processes in meandering compound channels 4

3. Guidelines on the Use of this Manual 7

31 General 7
3.2 Meandering channels 7
3.3 Straight channels 7
3.4 Choice of method 7

4. Calculation Procedures 8

4.1 Guidelines for use of methods 8
4.2 Design of meandering compound channels 9
4.3 Design of straight compound channels 26

Annex A: Derivation of the James and Waric Method 60

A. 1 Introduction 60
A.2 Stage-discharge prediction 60
A.3 Boundary shear stress prediction 70

Annex 6: Summary of the FCFA Method 72

B.l Introduction 72
B.2 Stage-discharge prediction 72
B.3 Boundary shear stress prediction 76

R&D Report 13



Page

Annex C: Implications for 1-D River Modelling 77

C.l l-D river models in use within the NRA 77
C.2 Existing methods used to calculate conveyance 77
C.3 Inclusion o f the new methods in 1-D models 77
C.4 Implications for 1-D river models 79
C.5 Recommendations 79
C.6 Outline software specification 80

Annex D: Bibliography 81

Annex E: Calculation of Darcy Friction Factor 86

LIST OF TABLES

Table 4.1 Contraction loss coefficients (Rouse, 1950) 11
Table A l. l  Errors (%) in bend loss predictions 62
Table A1.2 Errors in discharge estimation by straight compound 63 

channel methods
Table A1.3 Errors in predicting overbank discharges: laboratory data 66
Table A1.4 Comparison between discharges in zone 1 (Sooky, 1966) 67
Table A 1.5 Errors in predicting overbank discharges: Roding study 68
Table A2.1 Errors in discharge estimation 75
Table A2.2 Errors in discharge estimation, river gauging data 76

UST OF FIGURES

Figure 2.1 Flow processes in a straight compound channel 5
(after Shiono and Knight, 1991)

Figure 2.2 Flow processes in a meandering compound channel 5
(after Ervine and Jasem, 1992)

Figure 4.1 Cross-section subdivision of overbank flows, meandering channels 10
Figure 4.2 Plan o f problem reach 15
Figure 4.3 Cross-section (A-A) through problem reach (looking upstream) 16
Figure 4.4 Plan o f problem reach with zones shown 17
Figure 4.5 Cross-section through problem reach (looking upstream) 18
Figure 4.6 Bank scour protection 25
Figure 4.7 Compound channel cross-section with definition 27

o f variables
Figure 4.8 Regions o f flow behaviour 27
Figure 4.9 Surveyed cross-section 29

Figure A l. l Adjustment factor for zone 1 discharge 65
Figure A1.2 Location plan o f study area on River Roding (after Sellin et al. 1991) 69
Figure A1.3 Stage discharges for the River Roding 69
Figure A 1.4 Example o f boundary shear stress distribution in a meandering 71

compound channel (after Lorena, 1991)

R&D Report 13 iv



EXECUTIVE SUMMARY

A compound channel consists of a main channel, which accommodates normal flows, flanked 
on one or both sides by a flood plain which is inundated during high flows. For water levels 
above the flood plain, the flow is strongly influenced by the interaction between the East- 
flowing water in the main channel and the relatively slow-moving water over the flood plains. 
This significantly complicates the estimation of stage-discharge relationships. The extra 
turbulence generated by the flow interaction introduces energy loss over and above that 
associated with boundary resistance. This is not accounted for by the conventional resistance 
equations and their direct applications may result in significant error.

Various research projects have been conducted on compound channel behaviour, between 
the late 1960’s and the early 1980’s. In the late 1980’s the Science and Engineering Research 
Council (SERC) along with HR Wallingford agreed to fund a series of experiments using a 
large scale model facility. The SERC Flood Channel facility (FCF) is a flume 50 m long, 10 m 
wide with a maximum discharge o f 1.1 cumecs.

Phase A of the SERC FCF work investigated the detailed hydraulic behaviour o f straight 
compound channels and Phase B o f meandering compound channels. At the end o f Phase A 
the NRA commissioned HR Wallingford to analyse the stage discharge relationships and 
develop a hand calculation procedure for estimating discharges in straight compound 
channels (Ackers 1991). MAFF assisted with the production o f a detailed technical report 
(Ackers 1991). Similarly, after Phase B the NRA funded an analysis of stage discharge 
relationships for meandering compound channels. MAFF funded the production o f a detailed 
technical report (James & Wark 1992).

This report brings together the two procedures for straight and meandering compound 
channels in one document, to facilitate their use in the design office. Chapter 2 summarises 
the important mechanisms which affect the discharge capacities o f straight and meandering
compound channels. Chapter 3 provides guidelines on the choice of the straight p r_____  - -
meandering.method. The details o f the two'procedures are given in Chapter 4, along with 
detailed worked examples. Annexes at the end of the report give summaries of the 
development and verification steps which were followed for the two procedures. Implications 
for software and a bibliography are also given.

Both the guidelines given in this report and the layout are regarded as interim. It is issued in 
the hope that users will provide feedback on the procedures and their use.

KEY WORDS

Hydraulic, Capacity, Design, Compound channels, Straight, Meanders, Flood plains, 
Stage-discharge, Bed shear stress, Worked examples, National Rivers Authority,
HR Wallingford
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1. INTRODUCTION

A "compound" channel consists of a main channel, which accommodates normal flows, 
flanked on one or both sides by a flood plain which is inundated during high flows. For 
water levels above the flood plain, the flow is strongly influenced by the interaction between 
the East-flowing water in the main channel and the relatively slow-flowing water over the 
flood plains. This significantly complicates the estimation of stage-discharge relationships.
The extra turbulence generated by the flow interaction introduces energy loss over and above 
that associated with boundary resistance. This is not accounted for by the conventional 
resistance equations (such as Ch£zy, Manning and Darcy-Weisbach), and their direct 
application may result in considerable error.

1.1 Background

It has become more generally known that traditional methods o f calculating discharge can 
give rise to significant errors when applied to compound channels. Various university 
research projects were conducted between the late 1960’s and early 1980’s. It became 
increasingly obvious that the use of such very small scale laboratory model results to design 
or analyze prototype channels could introduce potentially large errors. The Science and 
Engineering Research Council (SERC) along with HR Wallingford agreed to fund a series o f 
experiments using a very large scale model facility.

The SERC Flood Channel Facility (FCF) was constructed at HR Wallingford. It is a laboratory 
flume 50m long by 10m wide with maximum discharge o f l.lmVs, this compares with typical 
university experiments with flumes of the order o f 10m long by lm to 2m wide.

Phase A of the SERC FCF programme investigated the detailed hydraulic behaviour of straight 
compound channels. The flood plains and main channel were constructed to be parallel to 
each other. A few experiments were also carried out with the main channel skewed to the 
flood plains at small angles. Phase B o f the programme investigated'tfie behaviour of 
meandering compound channels.

At the end of Phase A the National Rivers Authority and The Ministry of Agriculture, Fisheries 
and Food (MAFF) were concerned that the results of these important experiments should be 
reported to practising engineers in a useful form. The NRA commissioned HR Wallingford to 
analyze the stage discharge results and define a hand calculation procedure for estimating 
discharges in straight compound channels. The results o f this project were reported in detail 
by Ackers (1991) and summarised in R&D Note 44. MAFF assisted with production of the 
detailed technical report, Ackers (1991).

During the course of the Phase B work it became apparent that the behaviour o f meandering 
compound channels is quite different to straight compound channels.

Again the NRA commissioned HR Wallingford to analyze the Phase B data and provide a hand 
calculation procedure for estimating the discharge capacity of meandering compound 
channels. MAFF again provided assistance in publishing the detailed technical report, James 
and Wark (1992).

These two projects, sponsored by the NRA, complement the original laboratory work carried 
out for SERC and other research carried out by HR Wallingford for MAFF, under the 
Commission A on river flood protection. Phase C o f the FCF work is due to commence in 
1994 and will investigate sediment transport behaviour in straight and meandering compound 
channels. This last Phase is being funded by SERC, HR Wallingford, the NRA, MAFF and the 
European Commission.
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This manual brings together the two procedures for straight and meandering compound 
channels in one document. Chapter 2 summarises the important mechanisms which affect 
the discharge capacities in straight and meandering compound channels. Chapter 3 provides 
guidelines on the choice o f the straight or meandering method. The details of the two 
procedures are given in chapter 4, along with work examples o f their application. Annexes at 
the end of the manual give summaries o f the development and verification steps which were 
followed for the two procedures. A summary of implications arising from the use of the new 
procedures is given along with a bibliography.

1.2 Status of Guidelines

The procedures and guidelines given in this manual represent the best current (1994) state of 
knowledge and are an improvement on traditional methods. However, it must be recognised 
that these procedures have not been fully verified against field data. It is inevitable that 
practitioners will push the bounds of the advice and knowledge. Research is in progress on 
the behaviour o f compound channels and it is expected that some of the procedures and 
guidelines given here may be superseded in the future.

1.3 Amendments to Guidelines

Both the guidelines given in this manual and the layout of the manual are regarded as 
interim. This manual is issued for engineers to use in the hope that users will provide 
comments and feed back on the procedures and their use. Comments are specifically invited 
on the useability o f the manual and the procedures. Any comments relating to this manual 
should be sent to:

R&D Co-ordinator
NRA Thames Region f/
Kings Meadow House
Kings Meadow Road
Reading
Berks
RG18DQ

Comments must be received by January 1996. A revised manual will be prepared and issued 
in 1996.
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2. PROCESSES WHICH AFFECT DISCHARGE 
CAPACITY OF COMPOUND CHANNELS

2.1 Processes In Straight Compound Channels

Much research has been carried out in recent years into the behaviour of flow in straight 
compound channels. There have been three basic aims o f these projects:

• to collect stage-discharge data for overbank conditions in straight compound channels;

• to collect other hydraulic data such as bed shear stress and velocity distributions during 
overbank flow; and

• to identify the presence of complex structures which may affect the overall hydraulics.

Ackers (1991) and Wark (1993) have both carricd out extensive literature surveys of 
experimental and theoretical research into straight compound channels. There is little doubt 
that the internal structure of flows in straight compound channels is complex. There is an 
interaction between the fast moving main channel and slower flood plain flows. In certain 
conditions this interaction can significantly affect the discharge capacity of a two stage 
channel.

Important mechanisms

The main mechanisms which affect the conveyance capacity of straight compound channels
have been identified as follows.-

1. The velocity differential between main channel and flood plain flows induces a lateral 
shea r.l aye rbe tween these two regions. * '

2. Secondary circulations, both in plan and within the cross-section, carry fast moving 
fluid from the main channel to the flood plain and vice-versa. The relative strength of 
these secondary currents is reduced when the flood plain is rough and when the main 
channel side slope is slack. The most noticable secondary circulations form vortices 
with vertical axes located along the main channel / flood plain interfeces.

3. The secondary circulations and lateral shear effects cause the boundary shear stresses 
to be redistributed around the channel cross-section, with increased values at the edge 
of the flood plain close to the main channel.

4. These mechanisms combine to reduce the discharge in the main channel and increase it 
on the flood plains.

5. The secondary currents also affect the vertical and lateral distributions o f longitudinal 
velocity, particularly in the main channel.

6. These interaction mechanisms are found to affect zones of the main channel and flood 
plain adjacent to the channel bank. In the case of narrow channels or flood plains 
these shear layers may extend across the whole channel or flood plain.

7. The approximate widths o f the shear layers are proportional to the flow depth and 
turbulent viscosity and are inversely proportional to the bed friction factor.
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8. The strength o f the interaction depends on :

main channel / flood plain widths, depths and side slopes; 
main channel / flood plain bed roughness and 
the velocity differential across the shear layer

9- The bed shear stress on the flood plains is increased by the interaction. In the main 
channel it is reduced.

10. The low depths and increased velocities on the flood plains close to the main channel 
may cause high (supercritical) values o f the local Froude number. In these 
circumstances the local generation of surface waves will give rise to increased 
dissipation.

Figure 2.1 shows the important flow structures in a straight compound channel.

22 Processes in Meandering Compound Channels

Much less research has been carried out in to the behaviour of meandering compound 
channels than straight channels. The general view is that the mechanisms present are far 
more complex than in a straight channel and this has been reflected in slower progress in 
research, until recently. The SERC FCF Phase B work confirmed the presence o f complex 
mechanisms and the method given in section 4.2 results directly from this research 
programme.

Methods o f calculating discharge in straight compound channels have been applied to some 
o f the data collected during phase B o f the FCF work, see James and Wark (1992). The poor 
results obtained demonstrated that straight channel methods are not appropriate for use with 
meandering channels.

The task, therefore, was to develop a new procedure for the estimation of discharge in 
meandering channels. In order to carry out this work information on the behaviour of both 
inbank and out o f bank meandering channels was required. Laboratory and field experiments 
were identified from the literature. Both the SERC FCF Phase B data and data from the 
University o f Aberdeen were used in the development of the procedures. Other sets of 
laboratory data were used to verify the methods.

Important mechanisms

The internal structure o f currents during overbank flows has been found to be highly 
complex. The available data has been reviewed by James and Wark (1992). The most 
important observations are:

1. The longitudinal velocities below bankfull tend to follow the main channel side walls 
while the floodplain velocities are generally in the valley direction. Thus the flood 
plain flows pass over the main channel and induce a horizontal shear layer.

2. In meandering compound channels the energy loss due to secondary currents in the 
main channel is greater than for an equivalent simple channel and the currents rotate 
in the opposite sense compared to inbank flows.

R&D Report 13 4
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3- Fluid passes from the main channel onto the flood plain and back into the main
channel in the following meander bend. Hence the proportion of discharge passed by 
the main channel and flood plain varies along a meander wavelength. These bulk 
exchanges o f fluid between slow and fast moving regions of flow introduce extra flow 
resistance.

4. Flows on the flood plain outside the meander belt are usually faster than those within 
the meander belt. It would appear that the extra flow resistance induced by the 
meandering main channel has a relatively small effect on the outer flood plain.

Figure 2.2 shows these mechanisms operating in a meandering compound channel.
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3. GUIDELINES ON THE USE OF THIS MANUAL

3.1 General

The methods presented in this manual are based on laboratory data. There are at present 
insufficient data for real rivers to verify their generality. Natural rivers obviously have 
irregularities and features which have not been accounted for in the laboratory experiments, 
and it is not possible to make specific recommendations for all possible situations. The 
methods should not, therefore, be treated as rigorous, universal procedures; additional, 
unspecified decisions based on professional experience and judgement will be required in 
most applications. The following discussion deals with the problem of the transition from 
straight to meandering conditions.

32 Meandering Channels

The method presented here for meandering compound channels was developed and verified 
against laboratory data with main channel sinuosities in the range 1.09 to 2.04. The method 
was shown to perform well for all of this laboratory data and performed reasonably well for 
the limited amount of field data available, James and Wark (1992). However, applications to 
straight compound channel laboratory and field data show that the method developed for 
meandering compound channels under-predicts discharges by about 20% on average, with 
extreme cases being under-predicted by as much as 40%, James and Wark (1992). It was also 
shown that straight channel methods will over-predict discharges in meandering compound 
channels by as much as 50% to 60%, James and Wark (1992) or NRA R&D Project Record 
252/2/T (1992).

3.3 Straight Channels ______________

The James and Wark method for meandering compound channels has been verified 
successfully at sinuosities as low as 1.09 but does not accurately predict discharges in straight 
compound channels (sinuosity 1.00). The FCFA method, Ackers (1991), has been extended to 
cope with channels which are skewed to the flood plain by angles smaller than 10°, which 
corresponds to a sinuosity of 1.02. Unfortunately there is no available information on the 
behaviour of flow in channels with sinuosities between 1.09 and 1.02 on which to base 
recommendations as to when to switch from the meandering to a straight channel method. 
The recommendations given below are therefore not well documented and must be regarded 
as tentative.

3.4 Choice of Method

When the main channel sinuosity is less than 1.02 use the straight channel method, with 
appropriate corrections for sinuosity and for cases with main channel sinuosity greater than or 
equal to 1.02 use the James and Wark (1992) method. A straight channel method may also 
be appropriate if the lateral slopes of the flood plains are steep enough to constrain the flow 
to being parallel to the main channel. There is an intuitive argument that in this case the 
interaction between channel and flood plain is similar to the straight channel situation.

The nature of the energy losses depends on whether the flows are parallel and hot on the 
channel and flood plains being straight. There is no laboratory or field evidence to verify this 
argument and this aspect o f flows in meandering compound channels is still open to 
conjecture.
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4. CALCULATION PROCEDURES

4.1 Guidelines for Use of Methods

Specific guidelines are given in sections 4.2 and 4.3 for the meandering and straight 
compound channel methods respectively. The main purpose of the guidlines given here is to 
assist the user in the choice of appropriate method. The method should be chosen by 
answering the two questions in the flow chart below.

Calculation of Darcy friction factor

The step by step procedures and worked examples given below have been drafted so that the 
user may use Manning’s equation directly, rather than calculating a Darcy f value. This has 
been done because Manning’s equation is the the most prevalent method used by practising 
engineers to calculate the effects of bed friction. This approach is entirely appropriate for the 
majority o f Geld applications but other approaches, such as the rough or smooth turbulence 
versions o f the Colebrook-White equation may be more appropriate in special circumstances. 
Annex E gives the relationships between the various common approaches to bed friction. In 
particular for Manning’s Equation it is:

f  =  (8 g n2) / Rl/3

R&D Report 13 8



4.2 Design of Meandering Compound Channels

4.2.1 The James and Wark method

The philosophy behind the development o f this method for meandering compound channels 
is summarised in annex A and James and Wark (1992). The approach is to divide the 
channel cross section into the four zones defined by Figure 4.1.

Zone Description
1 Main channel below bankfull stage
2 Inner flood plain zone
3,4 Outer flood plain zones on left and right of the main channel.

The discharge associated with each channel zone is calculated according to the given 
procedures and summed to obtain the total discharge in the channels. The equations are 
summarised below and a step by step procedure for application is defined.

The zonal discharge equations

For a given stage the discharge is calculated as the sum o f the zonal discharges, ie.

Qt = Q| + Q2 + Q3 + Q, (4.1)

Zone 1 : main channel

The correct flow in zone 1 is given by

Qi = Qbf Q/ (4.2)

Where, the bankfull discharge, Ql,f, is calculated using standard hydraulic formulae, section- 
4.2.2, step 2 and the adjustment factor (Q,0 is the greater of :

Q/ = 1.0 - 1.69 i  
or
Q/ = m y + Kc

(4-3)

(4.4)

with 
m = 
c = 
K = 
/  = 
f  =

0.0147 B2/A + 0.032 f  +  0.169
0.0132 B2/A - 0.302 s +  0.851 
1.14 - 0.136 f  
y2/ (A/B) 
f2/fl

(4-5)
(4.6)
(4.7)
(4.8) 
(4-9)
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Figure 4.1 Cross-section subdivision of overbank flows, meandering 
channels
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(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

YAY2+K) 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

Kc 0.50 0.48 0.45 0.41 0.36 0.29 0.21 0.13 0.07 0.01 0.00

C„ = 2(W2 - B)/W2 (4.15)

= 0.02 (B2/A) + 0.69 ' '  - - - - - -  . . .

C,^ = 1.0 - St / 5.7 (but C,^ not less than 0.1) (4.17)

C,*. = 1.0 - S, / 2.5 (but C,  ̂not less than 0.1) (4.18)

Zones 3 and 4 : outer flood plains

Flow in the outer flood plain zones is assumed to be solely controlled by friction. The zonal 
discharges are calculated using an appropriate friction equation with the division lines 
separating these zones from zone 2 excluded from the wetted perimeter.

Q> =  a 5 v 3
Q< = A«V« (4.19)

where

V, = ( 8 g R, S„ / f3 )
V 4 =  ( 8 g  R, S, / f4 )

1/2

1/2 (4.20)

Zone 2 : inner flood plain

According to this model, the discharge for zone 2 is given by 

Q2 = a 2v 2

in which

V, =

with

(  --------— --------  )
(f2 L) / (4 Rj) + Ft F2 K.

Ft = 0.1 B2/A for B2/A < 10
Ft = 1.0 for B2/A * 10

F2 = s/1.4

K* = C„ (1 . y^(y2 + h))2 + IQ

Kj is the basic contraction coefficient, as given in Table 4.1.

Table 4.1 Contraction loss coefficients (Rouse 1950)
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Bed shear stresses

For the design o f scour protection, it is recommended that boundary shear stresses be 
determined for the main channel bed and banks for the full range o f inbank stages, using 
currently available methods. In addition, the banks should be able to resist stresses of

t  = 1.6 y y2 S0 (4.21)

on the upstream side, and

t =  5 Y Y2 SD (4.22)

on the downstream side.

Notation for James and Work method
Units

A cross-sectional area m2
A unsubscripted, cross-sectional area o f main channel m2
B top width o f main channel m

length coefficient for expansion and contraction losses, zone 2 m
side slope coefficient for contraction loss, zone 2 
side slope coefficient for expansion loss, zone 2 
shape coefficient for expansion and contraction losses, zone 2 

c coefficient in equation for zone 1 adjustment factor
F, factor for non-friction losses in zone 2 associated with main channel geometry 
F2 factor for additional non-friction losses in zone 2 associated with main 

channel sinuosity 
f Darcy-Weisbach friction factor
f  ratio o f flood plain and main channel Darcy-Weisbach friction factors 
g gravitational acceleration m/s2
h hydraulic mean depth of main channel, = A/B m
K coefficient in equation for zone 1 adjustment factor 
K* factor for expansion and contraction losses in zone 2 
K* contraction coefficient
L meander wavelength m
m coefficient in equation for zone 1 adjustment factor
n coefficient in Manning’s equation ml/3/s
n/ coefficient in Manning’s equation, including bend losses ml/3/s
P wetted perimeter rn
P unsubscripted, wetted perimeter o f main channel at bankfull m
Q zonal discharge m3/s
Qbf main channel bankfull discharge m3/s
Q«k calculated discharge m3/s
Q__  measured discharge m3/s
Qt total discharge m3/s
Q/ adjustment factor for zone 1 discharge
R hydraulic radius m
R unsubscripted, hydraulic radius o f main channel at bankfull m
S main channel gradient 
S„ flood plain gradient
S, cotangent o f main channel side slope (Horizontal / Vertical) 
s channel sinuosity (length along centreline o f main channel / straight length)
V mean flow velocity m/s
V unsubscripted, mean flow velocity in main channel at bankfull m/s

R&D Report 13 12



W2 width o f zone 2
y2 flow depth on flood plain at main channel bank
/ dimensionless flow depth on flood plain = y^(A/B)
p density o f water (approximately 1000 kg/m3)
y unit weight of water (approximately 9 81 x 103 N/m3)
x boundary shear stress

kg/m3
N/m3
N/m:

m
m

,2

Subscripts
1*4 zones 1 to 4

Procedure for application of the James and Wark method

In a typical application the following are required:

•  the capacity of the main channel at bankfull;
•  the zonal and total discharges when the water level is above bankfull level; and
•  values of boundary shear stress for designing scour protection o f the main channel 

banks when the water surface is above bankfull level.

The worked example in section 4.2.2 follows the step by step procedure given below. The 
overall methods are relatively straight forward and detailed comments are included in the 
worked example.

Step Description

1. Define cross-section zones and calculate the necessary geometric parameters
1.1 Obtain or calculate main channel area, wetted perimeter, top width
1.2 Calculate main channel sinuosity
1.3 Calculate main channel longitudinal slope and side slope
1.4 Obtain or calculatc.inncr flood.plain area, wetted-perimeter and width
1.5 Obtain or calculate outer flood plain areas and wetted perimeters
1.6 Obtain or calculate bed friction values from either existing guidelines or site data

2. Calculate the capacity of the main channel at bankfull stage

3- Calculate the discharge for chosen water level
3.1 Calculate zone 1 discharge 
3 2 Calculate zone 2 discharge 
3 3 Calculate zone 3 discharge
3.4 Calculate zone 4 discharge 
3-5 Calculate total discharge

4. Calculate maximum bank shear stresses
4.1 Calculate maximum shear stress on upstream banks
4.2 Calculate maximum shear stress on downstream banks

I
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1

4 i2  Worked example for James and Work method 

Problem definition

The conveyance o f a two-stage river channel is to be determined. The reach under 
consideration is shown in Figure 4.2 and is represented by the surveyed cross-section at the 
location indicated, which is presented in Figure 4.3. The slope o f the flood plain is estimated 
as 0.0014. Manning’s n values for the main channel and flood plains are estimated as 0.025 
and 0.045 respectively, based on the observed surface roughnesses.

The following are required:

•  the capacity o f the main channel at bankfull;
•  the zonal and total discharges when the water level is 1.2 m above bankfull level; and
•  values o f boundary shear stress for designing scour protection of the main channel 

banks when the water surface is 1.2 m above bankfull level.

Solution

and fb# &&&$$**?
geometra: parameters

The zone subdivisions are shown in Figures 4.4 and 4.5. Because the geometry varies along 
the reach the positions o f the subdivision planes are selected by judgement to represent 
average conditions over the reach. From the geometries defined by this subdivision, the 
following geometric characteristics are calculated for the water surface 1.2 m above bankfull.

Step 1.1: : Obtain or calculate main channel areaywetted perimeter,; top width

from survey

A = 5.07 m2
P = 6.40 m
B = 6.10 m

: Step 1.2 : Calculate main channel sinuosity ■

The main channel sinuosity is found from the plan of the reach. It is defined as the ratio of 
the length along the channel centre line (between two points) to the straight line distance 
between the points. Using points x and y on Figure 4.4, this gives a sinuosity of

s = 376 m/275 m =  1.37

Note: Since s > 1.02 we should use the method fo r  meandering compound channels.
I f  s bad been: 1.0 z s £ 1.02 then we should use the straight channel method' 
section 4.3 with appropriate corrections fo r sinuosity.

R&D Report 13 14



Figure 
4.2 

Plan 
of problem

 
reach

R&D 
Report 

13



Figure 4.3 Cross-section (A-A) through problem reach (looking 
upstream)
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Figure 4.4 Plan of problem reach with zones shown
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Step: 1 3 ' Calculate main channel longitudinal slope and side slope

The main channel slope is obtained by dividing the flood plain slope by the sinuosity, i.e.

S = 0.0014/1.37 = 0.00102

The main channel side slopes are measured on the cross-section reproduced in Figure 4.S.
The average o f the values for the right and left banks will be used in the calculations, i.e.

S, = (1.43 + 1.64)/2 = 1.54

Note; The fina l solution is likely to be relatively insensitive to side slope, so great accuracy 
is unnecessary in estimating tbe value.

Step 1.4 Obtain or calculate inner flood plain area, wetted perimeter and width

A2 = 47-77 m2 from  survey

The wetted perimeter is calculated excluding the division planes, i.e.

P2 = Wetted surface + Wetted surface - Channel top width (sinuosity - 1.0) 
to left o f main to right of main 
channel channel

P2 = 22.48 + 17.72 - 6.10 x (1.37 - 1.00) = 37.94 m

W2 = 49 40 m from  survey

Step 1.5 Obtain or calculate outer flood plain areas and wetted perimeters

Zone 3 ■ Left Bank Outer Flood Plain

A3 = 16.28 m2 
P3 = 18.90 m from  survey

Zone 4 : Right Bank Outer Flood Plain

A4 =  8.00 m2 
P< = 21.00 m from  survey
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Qbf = A V  

A = 5 07 m2 from Step 1

V is calculated using Manning’s equation,

V =  ( R2'3 Sl/2 ) / nt

The coefficient n, is given as 0.025, based on surface roughness. This must be adjusted to 
account for meander losses, which can be done using the Linearized SCS Method, given by 
equation A l. l  in Annex 1, i.e.

iV =  nt (0.43 s + 0.57)

= 0.025 x (0.43 x 1.37 + 0.57) = 0.029

N o t e I f  the given value o f 0.025 bad been obtained from a back calculation on measured 
discharges then this would already account for tbe influence o f tbe meandering 
channel on inbank flow resistance and tbe adjustment above would be unnecessary.

The hydraulic radius is given by

R = A/P

= 5 07 / 6.40 =  0.792 m

Therefore

V =  (1 / 0.029) x 0.7922*  x 0.00102w = 0.943 m/s 

Therefore the bankfull discharge is

q m = 5.07 x 0.943 =  4.78 m3/s

Step 3. Calculate the tfbduuge for water level L Z  m above bankfiifl 

Step 3>1 Calculate zone 1 discharge

The zone 1 adjustment factor, Q/, is the greater of the values given by equations 4.3 and 4.4

(eqn 4.2)

Q * = 4.78 m3/s from Step 2

Q/ = 1.0 - 1.69 / (eqn 4.3)

i  =  y2 / (A / B)

1.20/(5.07/6.10) =  1.44 /. Q/ = 1.0 - 1.69x 1.44 =  -1.44
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(Annex A) 

from Step 2

Q/ = m /  + K c

m = 0.0147 B2/A + 0.032 f  + 0.169 

B2/A = 6.102 / 5-07 = 7.34 

f  = (n2 / nt)2 (K / Rj)173 

r  =  0.792 m

r2 = Aj /P2 =  47.77/37.94 = 1.259 m 

f  = (0.045/0.025)2x (0.792/ 1.259)l/3 = 2.78 

Therefore

m = 0.0147x7.34 + 0.032x2.78 + 0.169 = 0.366 

K = 1.14 - 0.136 f

= 1.14 - 0.136x2.78 = 0.762 

c = 0.0132 B2/A - 0.302 s + 0.851

= 0.0132x7.34 - 0.302x 1.37 + 0.851 = 0.534 

Therefore

Q/ = 0.366x 1.44 + 0.762x0.534 = 0.934 

which is greater than the value given by equation 4.3 

Therefore the discharge in zone 1 is 

Qi = 0.934 x 4.78 = 4.46 m3/s

In engineering applications the level of accuracy will be less than implied by quoting the 
answer to this precision hence should be given as:

(eqn 4.4)

Q, = 4.5 m3/s 

•'! :Stepi': 3 2 ; Calculatezone; 2; discharge

q 2 = a * v 2

A2 = 47.77 m2

2 g S #L 1/2

=  (
(f2 L) / (4 Rj) + F, Fa K*

)

(eqn 4.10) 

from Step 1

(eqn 4.11)
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The average meander wavelength is estimated from Figure 4.4 by dividing the flood plain 
length by the number o f wavelengths over the reach, i.e.

L =  275/3 =  91.7 m 

R2 =  1.259 m 

<2 =  (S g n ,2) / ^

=  (8 x 9 81 x 0.0452) / 1 259w = 0.147 

=  0.1 B2/A 

B2/A =  7.34

=  0.1x7.34 =  0.734 

F2 =  s/1.4

= 1.37/1.4 =  0.979 

K  =  (C _ ( l  - y^(y2 +  h))2 +

C„ =  2 (W 2-B )/ W 2

= 2 x (49.4 - 6.10) / 49 4 = 1.753 

=  0.02 B2/A +  0.69 

B2/A =  7.34

=  0.02 x 7.34 +  0.69 =  0.837 

=  1.0 - S ./5.7 

= 1.0-1.54/5.7 =  0.730 

= 1.0 - S./2.5 

=  1.0-1.54/2.5 = 0.384 

h =  A/B

= 5-07/6.10 =  0.831m 

y2/(y2 + h) =  1.2/(1.2 + 0.831) =  0.591 

K. = 0.217 

Therefore

K. =  1.753 x 0.837 x (0.730 x (1 - 0.591)2 + 0.384 x 0.217) = 0.301

from  Step 3-1 

(Annex A)

(eqn 4.12) 

from Step 3-1

(eqn 4.13)

(eqn 4.14) 

(eqn 4.15)

(eqn 4.16) 

from Step 3 -1

(eqn 4.17)

(eqn 4.18)

Table 4.1
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(2x9.81x0.0014x91.7)

Therefore

( (0.147 x 91.7) / (4 x 1.259) + 0.734 x 0.979 x 0.301) 

= 0.933 m/s 

Therefore the discharge in zone 2 is 

q 2 =  47.77 x 0.933 =  44.57 m3/s = 44.6 m3/s

Step 33 Calculate zone 3 discharge

03 = a , v 3

Aj = 16.28 m2

V3 is calculated using Manning’s equation,

V, = ( l/ n s)R 5M S01'3 

n, = 0.045 

Rj “  Aj / Pj

= 16.28 / 18.90 =  0.861 m 

Therefore

v 3 (? / 0.045) x 0.861*1 x OXHJM'j2 .= 0.753 m/s -

Therefore the discharge in zone 3 is

03 =  16.28 x 0.753 = 12.26 m3/s = 12.3 m3/s

Step.3.4„ . Calculate zone 4 discharge - - •

Q, = K  V4 

A4 = 8.00 m2

V4 is calculated using Manning’s equation,

V, =  ( l/ n J R ^ S .1*  

n4 = 0.045

R< = A4 /p 4

= 8.00 / 21.00 = 0.381 m

from  Step 1

from  Step 1
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Therefore

V4 = (1 / 0.045) x 0.3812*  x 0.00341/2 = 0.437 m/s 

Therefore the discharge in zone 4 is 

Q, =  8.00 x 0.437 = 3 5 mVs

if Step■ 3 ̂ SlIiMfcalcuiiate 

Qt -  Qi +  Q2 + Qs + Q4 (eqn 4.2)

= 4.5 + 44.6 +  12.3 + 3 5 = 64.9 m3/s 

Hence the total discharge in the channel is 65 m3/s

r.ali>iitAt^ maTirtlnitt v*; " <

The distribution o f boundary shear should be determined by simulation (or other appropriate 
methods) for all stages below bankfull to establish values for the design of bank protection.
In addition, local concentrations during overbank flow events must be allowed for.

Step 4.1 . Calculate maximum shear stress on upstream banks

Upstream banks must be able to resist

x =  1.6 y y2 Se (eqn 4.19)

=  1.6 x 9.81 x 10^ 1.20 x 0.0014 =  26.4 N/m2

Step4.2 Calculate maximum shear stress on downstream banks

Downstream banks must be able to resist

x =  5 y y2 S„ (eqn 4.20)

= 5 x 9 81 x 103x 1.20 x 0.0014 =  82.4 N/m2

For engineering purposes these values should be rounded up to say 30 N/m2 and 85 N/m2. 
Because o f the uncertainty of the locations o f the shear stress concentrations, protection 
should extend over the regions shown on Figure 4.6.

4 i3  General comments

1. The above example involved the estimation of some geometric parameters
(L and S.). The final solution is expected to be relatively insensitive to small variations 
in these parameters and great accuracy in their determination is not necessary.

2. For this example the bed roughness (Manning’s n) values were given. In practice the
engineer will have to estimate these values. Users should be aware that the estimation 
o f bed roughness is not exact and represents a significant potential source of error
when carrying out any hydraulic calculations.
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Figure 4.6 Bank scour protection
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3- The method was developed using laboratory data. These laboratory channels were 
designed to have well deGned meandering geometries, which were well suited to the 
method. Natural or man-made channels in the field are unlikely to match simplified 
laboratory channels in all respects. This means that the engineer will have to apply his 
own judgement in determining some of the geometric parameters such as: side slopes, 
width o f zone 2, bankfull stage etc.

4. Although the calculations above have been quoted to two or three decimal places the 
user should be aware that the true level o f accuracy o f the calculations is much less 
and the final solution should be rounded off.

4.3 Design of Straight Compound Channels 

« L l The FCFA method

The philosophy behind the development o f this method for straight compound channels is 
summarised in annex B and Ackers (1991)- The approach is to divide the channel into the 
three zones shown in Figure 4.7.

Zone Description
1 Main channel
2 Flood plain zone on the left o f the main channel
3 Flood plain zone on the right of the main channel

The basic discharges for each zone are calculated and summed to obtain the total basic 
discharge. The final total discharge is obtained by correcting the basic discharge using the 
equations developed by Ackers (1991). Ackers identified four regions o f flow behaviour 
where the correction functions differ, Figure 4.8. Extensive calculations are required to reach 
the final solution and the equations are presented below as part o f a step by step procedure.

The zonal discharge equations

In a typical application the following are required:

•  the capacity o f the main channel at bankfull;
•  the zonal and total discharges when the water level is above bankfull level; and
•  values o f boundary shear stress for designing scour protection of the main channel 

banks when the water surface is above bankfull level.

The steps which follow outline the procedure for computing discharge values corresponding 
to specified water levels.

Step Description

1 to 3 Define the physical characteristics of the channel reach and cross-section in
terms of the variables required for the subsequent calculations.

4 to 6 Compute the basic discharges for the main channel, flood plains, and the
whole cross-section for a specified water level.
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7, 8
10 and 12

Adjust the basic total discharge to account for flow interaction 
between the main channel and flood plains, assuming the flow to be in 
Regions 1, 2, 3 and 4 respectively.

9, 11 and 13 Identifying the correct flow region and hence calculate the correct adjusted 
discharge. The adjustment and selection steps are interspersed so that the 
correct region is identified at the earliest opportunity, to avoid unnecessary 
calculations.

14 Applies the additional correction to account for deviation between the main
channel and flood plain alignments.

15, 16 Calculate the adjusted zonal discharges.

17, 18 Calculate the maximum boundary shear stresses.

Preliminary Investigations suggest that most UK rivers with compound sections will flow in 
Regions 1 or 2 for floods with recurrence intervals up to about 20 years. Calculations should 
be carefully checked if higher regions are indicated. Artificial or modified channels may 
operate over a wider range o f regions than natural ones.

Procedure for application of the FCFA method 

Step 1+ J>etermine gradicat ofthe channel reach* from
survey information

Step Detetmtoe *toe geometric variable* required to deSoe the
adjustment functions

The basic discharges for the main channel and flood plain zones can be computed using flow 
areas' and wetted perimeters obtained directly from the appropriate surveyed cross-section. 
The discharge adjustment functions, however, include the geometric variables defined in 
Figure 4.7, and their estimation requires representation o f the cross-section by a basic 
trapezoidal geometry. This is done using the following steps.

Step 2.1 Plot the surveyed cross-section, as illustrated by Figure 4.9* for example

Step 2.2 Identify the points on the crosa-«ection which mark the divisions 
between the main channel and the flood plains on both sides

Draw vertical lines through these points to define the bank lines separating the main channel 
and flood plain zones. The distance between the bank lines is 2wc. If there is a flood plain 
on one side o f the main channel only, then just one bank line is defined and wc is half the 
main channel width at the level o f the division point.

Step 2.3 Determine the river bank elevation

This is defined by the bank elevations at the locations o f the bank lines - one value if there is 
only one flood plain, and the average o f the two values for two flood plains.
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r :i;Step ' 2̂ 4 ;i Ht ^  to the main: channel bankoneach «Jde

I f the banks are irregular and the actual slopes vary, fit the straight lines to the upper two 
thirds o f the bank profiles. The average o f these slopes, expressed as ratios o f horizontal to 
vertical distances, defines sc.

;; \Step} 2 Cafci!^^ area ::of themain channel

Area below the river bank elevation (as determined in step 2.3 above) and between the bank 
lines, A ^  from the surveyed cross-section.

i f  Step ■ 2j6 :;^ ^  tins .!depthi' ofthe :oiain;'ctia^ ■’

This is the distance below the river bank elevation of a horizontal channel bed located so that 
the area o f the trapezium defined by the bed, the top width (2wc) at the river bank elevation, 
and the side slopes (s,-), is the same as It can be calculated as

h = [ 2wc ±  {((2W J2 - 4 sc A c ^ ) }05 ] / 2sc (4.23)

It will be obvious which o f the two solutions of this equation is correct.

Step 2.7 Determine the bottom width of the main channel 

2b =  2wc - 2 h sc (4.24)

Step2.8 Identify the positions of the backs ofthe flood plains

The distance between these defines the maximum total compound channel width, 2B, for two 
flood plains. For one flood plain the maximum value o f B is the distance from the back of 
the flood plain to the bank line, plus wc. Note that if the flood plains slope upwards and are 
not completely inundated, the total width (2B) is less than the maximum, with the dry part 
ignored (see Figure 4.9). The limits o f the water surface can be determined from the surveyed 
cross-section.

Step 3- Estimate roughness coeJ05cietm for the main channel and flood plait**

The resistance equation used is a matter o f personal choice. Manning’s equation (with 
corresponding n values) is probably the most widely accepted and will be used for describing 
the procedure, although this does not necessarily imply recommendation for its general use.
If measured stage-discharge data are available, they should be used to estimate roughness 
coefficients. For the main channel, the value (n^) adopted should correspond to near bank- 
full flows. It is not possible to infer the value for the flood plains (nf) directly from measured 
data; a value must be assumed, which can be checked subsequently and refined. The slope 
used for calculating the n values should be the hydraulic gradient, but if reliable 
measurements o f this are not available the surveyed channel gradient (S0) can be used. If no 
measured data are available, r^ and nF should be estimated in the usual way.
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Step 4. Specify a Tatne for H, tbe flow depth meanired abovie the ktealized bed ~ 
of tbe channel

The steps that follow lead to an estimate of the discharge for this water level. These steps 
should be repeated for the required range of H values to define the stage-discharge 
relationship.

i Step 5- Calculate the basic discharges in the main channel ami Hood plain sane* 
for the specified flow depth

In these calculations the bank lines between the zones should be excluded from the wetted 
perimeters. Areas and wetted perimeters should be measured from the surveyed cross- 
section, not the idealized trapezoidal section.

Step & Add the zonal bask: discharge* together to  obtain ^*e basic 
discharge for the whole cross-oectioo ,

This must now be adjusted to account for flow interaction effects. The adjustment must be 
made using the adjustment function applicable in each of four possible flow regions; the 
correct value will be selected from these as calculations proceed.

Step 7* Adjust assuming flow is in Region i

Step 7,1 Calculate H»t the ratio of flow depths on the flood plains and in the 
main channel

H. = (H-h)/ H (4.25)

-:.St^:-7^2w:' Calculate the Darcy-Weisbach friction: factors for the main channel; 
and the flood plains, ^  using the relationship

f = 8 g R S / V2 (4.26)

in which

g is the gravitational acceleration = 9.81 m/s2,
R is the appropriate hydraulic radius

(=  A/P, excluding the bank division lines from P) (m),
S is the hydraulic gradient, equal to the channel gradient (SJ for uniform flow, and
V is the appropriate basic average flow velocity (m/s).

Vc and Vp can be calculated by dividing the basic zonal discharges (step 5) by the appropriate 
areas. If there are two flood plains a single value of fr should be calculated by using the 
combined areas, wetted perimeters and basic discharges.

'--Step'7 . 3 - / Calculate the dimensibnless flood plain discharge deficit ;

Q.*, =  - 1.0 H. (^ / fp) (4.27)
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Step dimensioned: r a : channel • <dis«haj^

Q.k  =  - 1.240 +  0.395 (B / w j  + G H. for one flood plain (4*28)
or
Q*2c ~  - 1.240 +  0.395 (2B / 2WJ + G H, for two flood plains (4.29)

Where

G = 10.42 +  0 .17 ( f r / £ ; )  for s,> 1.0 (4.30)
or
G =  10.42 +  0.17 ( sc fr / t  )  +  0.34 (1 * Sc) for sc < 1.0 (4.31)

The value o f Q.jc should not be less than 0.5. If the calculated value is less than this, set it to 
0.5 and set Q(2F to zero.

^ : | S t e p C i i d c i t o t e - t ^  ■ratio adjiistmieat -;hjv_::ijv!=;S*v̂s;j:-̂

ARF =  2b / lOh (4.32)

ARF should not exceed 2.0. If the calculated value is greater than this, set it to 2.0.

Step 7.6 Calculate the total discharge deficit, the difference between Qtllf- and the 
actual discharge

DISDEF =  (Q .^ + Np Q.*) (Vc - Vp) H h ARF (4.33)

in which
Nr is the number o f flood plains (1 or 2), and
Vc, Vr are the zonal main channel and flood plain average flow velocities respectively.

. Step 7.7 Calculate the Region 1 adjusted discharge for the specified water level 

Qri =  Qb~k - DISDEF (4.34)

* Step 8* Adjust Q *** assuming Sow is in Region %

The adjustment is defined by the channel coherence at a flow depth greater than that 
specified. (Channel coherence is the ratio of the conveyance calculated as a single cross- 
section to that calculated by summing the conveyances o f the separate flow zones).

Step 8.1 Calculate the "shift" to be applied to the specified flow depth

shift =  0.05 +  0.05 Np for sc<> 1.0 (4-35)
or
shift =  - 0.01 +  0.05 N, + 0.06 sc for sc < 1.0 (4.36)

■ Step 8.2. Calculate the shifted flow depth

H' =  (H  h )/ (h - s h i f t  H) (4.37)
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Com  =  (1 + A.) {((1 + A.) / (1 +  f. P .))}° ’  (4 38)

1 + A. {(A. / (£. P .))}0'5

in which 
A, — Af / Ac,
Af is the total flood plain flow area (i.e. for both sides if there are two flood plains),
Ac is the main channel flow area, 
t  = fP/ k

is the Darcy-Weisbach friction factor for the flood plains, 
fc is the Darcy-Weisbach friction factor for the main channel,
P. = PF/ Pc,
Pp is the total flood plain wetted perimeter (i.e. for both sides if there are two flood 

plains), excluding the bank lines,
Pc is the main channel wetted perimeter, excluding the bank lines.

The areas and wetted perimeters should correspond to the required flow depth, i.e. H' for 
this calculation. The friction factors should also be recalculated, as in Step 7.2, using H'. If 
the shifted flow depth is above the extreme lateral points o f the surveyed cross-section, 
extend the cross-section vertically from these points to the required level to enable areas and 
wetted perimeters to be calculated.

Step 8.4 Define the Region 2 discharge adjustment factor

DISADF2 = COH (4.39)

Step 8.5 Calculate the Region 2 adjusted discharge for the specified water level

Qr2 = Qb«fc X DISADF2 .............  (4.40)

, S tep 8 3  C alcu late  th e  ch a n n e l c o h e re n c e  fo r th e  shifted  flow  d e p th  ' ~ c -v: i

Step & Determine if 0^  is tbe actual discharge, Q

If Qm > Qr2 then Q = QRl (4.41)

If Q = QR1 the calculations are complete for the specified water level, unless a skew 
correction (step 14) is required. If QRl < the actual discharge is still unknown; in this case 
proceed with step 10.

Step 10. Adjust Qm c  assuming flow Is In Region 3

Step 10.1 Calculate the channel coherence, COH . .. .. ~  ̂ " •

using the equation given for the QK calculation, but for the specified flow depth, H, instead 
o f H'.

Step 10.2 Calculate the Region 3 discharge adjustment factor , .

DISADFj =  1.567 - 0.667 COH (4.42)
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Qr3 =  Qbwic x DISADF5 (4.43)

11. Determine ifO ** b  tike actual r fk to w y

If Qw i  Qr3 then Q — Qm (4.44)

If Q =  the calculations are complete for the specified water level, unless a skew 
correction (step 14) is required. If >  Qjq the actual discharge is still unknown; in this 
case proceed with step 12.

Step 12* Adjust assuming Saw is in Region^

: S te p ; 1 0 .3 1 C a lc u la te  th e  R eg io n  3  a d ju sted  disch arge fo r the sp ecified  w a te r  level

Step 12.1 Define the Region 4 discharge adjustment factor

This is equal to the channel coherence for the specified flow depth, H, as calculated above for 
Region 3, i.e.

DISADF, =  COH (4.45)

&S tep:-12.2 Calculatethe Region* 4 adjusted discharge: for the spe*Hfied;WaterlevelmmM

Qr« “  Q b ^ x  DISADF, (4.46)

Step Determine which of axkd Q** U the gctu*I dfccharge

I f  Qio >  Qm  then Q =  Qre (4.47)
or
If Qr3 < Qm then Q = QR4 (4.48)

Discharge calculations are now complete for the specified water level, unless a skew 
correction is required. If so, proceed with step 14.

Step 14̂  Apply the ofcew correction if the main chamteI b aoI a%ae<l with the \ 
flood plains .

This is done as follows and applies for angles of skew up to 10°.

' Step 14 . 1 M e a s u r e  the angle o f  skew (in degrees): between: the main channel andw
- the flood plain (6 )  on a suitable map

. Step 14.2. Calculate the discharge deficit from the results already obtained

DISDEF =  Q ^  - Q (4.49)
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Step 143 Correct the discharge deficit to account: for skewness

DISDEF*^ =  DISDEF x (1.03 + 0.074 * ) (4.50)

Step 14.4 Recalculate the actual discharge

Q =  Qb-ic - DISDHF.^ (4.51)
Q is the actual discharge for the specified flow depth, H.

Calculate main channel and Hood plain discharges

If discharges for the main channel and flood plains are required separately, they can be 
estimated as follows. This will be necessary if f, is to be estimated from measured data. The 
procedure has not been verified for skewed main channels and should be applied with 
caution for such cases.

Step 15- Determine the actual, adjusted, total dischaxge for the required water i

Step 1& Identify the Itow region and calculate the ftcgrefttte discharges

Step 16.1 Calculate zonal discharges for region 1

If the actual discharge is in Region 1, i.e. Q = QR1, determine the separate discharges using 
the results from the predictive method described in the section 2, i.e.

Qc =  Qch-ic - Q.zc (Vc * Vr) H h ARF (4.52)

for the main channel, and

Qf =  Qrwk - Q .» (Vc - V,) H h ARF (4.53)

for each flood plain.

Step 16.2 Calculate zonal discharges for regions 2, 3 or 4

If the actual discharge is in one of Regions 2, 3 or 4, assume that the flood plain discharges 
are unaffected by the interaction, and allocate all the adjustment to the main channel 
discharge, i.e.

Qc = Qa«k * DISDEF (4.54)
Qf = QrbwJc (4.55)

Cakukte boundary shear stress

Boundary shear stresses are required for predicting locations o f scour, designing scour 
protection, and estimating sediment transport rates. These issues will be addressed by future  ̂
research. The following steps can be used for obtaining provisional estimates o f the average 
shear stress on the main channel bed and the average and maximum shear stresses on the 
flood plains.
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Step 17.1 Calculate the average boundary shear straw, ignoring the 
interaction effects

Toe =  Pg Rc S  (4.56)

in which

p is the density o f water (1000 kg/m3), and
Rc is the hydraulic radius o f the main channel, excluding the bank division lines from the 

wetted perimeter.

Step i7i25^^ dis&iarge; adjustment factor for the main channcl

DISADFC =  Qc / Qa>«ic (4 57)

in which

Qc is the actual main channel discharge and
QcbMfc 19 the basic main channel discharge

Step 17.3 Calculate the corrected average boundary shear stress .

Toe = (DISADFc)2 (4.58)

Step IS* Calculate the average shear stress on the surface o f the flood plain, 
ignoring the Interaction eflfects

Tor =  p g ( H - h ) S  (4.59)

This will apply on the flood plain surface beyond the zone of interaction with the main 
channel flow. Allow for a maximum local value of 5 t oF within a distance o f 3 h from the 
bank line.

Notation for FCFA method
Units

A cross-sectional area m2/s
ACMirr area o f main channel below bank elevation, from surveyed m2/s

cross-section 
A. ratio Af/Ac
B half the total compound channel width. For partially inundated m

sloping flood plains this should be taken as half the water 
surface width.

b half the bottom width of the main channel m
COH channel coherence
DISADF adjustment factor applied to basic discharge to account for interaction

effects; subscript will indicate appropriate region 
DISDEF discharge deficit, i.e. difference between actual and basic discharges
DISDEF,^ discharge deficit, accounting for main channel skew
f Darcy-Weisbach friction factor, = SgHS/V2
f, ratio fg/ic
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F
L
R
1,2,3,4

parameter in Region 1 discharge deficit prediction
gravitational acceleration m/s2
depth of flow in main channel m
ratio of flow depths on flood plain and main channel
shifted flow depth in main channel (for Region 2 prediction) m
depth o f main channel bed below river bank elevation m
number o f flood plains, 1 or 2
Manning’s roughness coefficient ml/3/s
wetted perimeter m
ratio Pp/Pc m
actual discharge, unsubscripted for whole compound channel m3/s
zonal discharge ignoring bank lines from wetted m3/s
perimeter, unsubscripted for sum o f main channel and flood 
plain values
discharge as adjusted to account for interaction effects in m3/s
region indicated by numerical subscript 
discharge deficit normalized by (Vc-Vr)Hh
hydraulic radius, = A/P m
hydraulic gradient of channel 
surveyed channel gradient
side slope o f main channel bank, horizontal/vertical
addition to main channel flow depth in Region 2 adjustment m
prediction
average flow velocity m/s
half width o f main channel between bank lines m
density of water (approx 1000 kg/m3 ) kg/m3
average bed shear stress N/m2
average main channel bed shear stress adjusted for interaction N/m2
effect
angle of skew between main channel and flood plains °

main channel - - 
flood plain 
left bank 
right bank
region of flow behaviour
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4Jl2 Worked example for FCFA method 

Problem definition

The straight reach o f river has a gradient o f 0.00047 and a cross-section defined by the 
surveyed coordinates listed below.

Distance (m ) Elevation (m)

0 1550

0.60 12.58

1386 11.93

1501 10.60

16.80 986

20.30 10.09

3175 10.20

3593 985

38.30 10.51

39-75 12.07

52.80 12.64

57.00 16.11

Manning's n values for the main channel and flood are estimated as 0.025 and 0.030 
respectively. The main channel is aligned at 4° to the axis o f the flood plains.

The following are required:

•  the discharge when the water level is 14.79 m;
•  the discharges for the main channel and flood plains separately; and
•  the boundary shear stresses for the main channel and flood plains.

Solution

■ Step l*  Dereraune the longitudinal o f the chsmmi reach* $+* from
survey information

From given information, SQ -  0.00047

Determine tbe geom£t*^variai>k» required to v.;; f
f t inrtjnfwv r. r - y :

The cross-section Is plotted as Figure 4.9

i StepS. 

Step 2.1
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Step 2.2 Identify the points oh the cross-section which mark the divisions -
- ~ ■ ■■■"' between the main channel and the flood plains on both sides . ._

The points most realistically marking the divisions between the main channel and flood plains 
are identified as LB and RB on Figure 4.9. The bank division lines are drawn vertically 
through LB and RB. The distance between the bank lines is therefore

2wc = 39.75 -  13.86 = 25.89m

Step 2.3 Determine the river bank elevation

Bank elevation at LB = 11.93m 
Bank elevation at RB = 12.07m

.-. River bank elevation = It .93 + 12.07 _
2

Step 2.4 Fit a uniform slope to the main channel bank on each side

On the left bank the main channel bank slope is defined by point LB and the adjacent 
surveyed point to the right, therefore

15.01 - 13.86 srt =   = 0.865 
“  11.93 -  10.60

On the right bank the main channel bank slope is defined by point RB and the adjacent 
surveyed point to the left, therefore

.  39.75 - 38.30 .  Q ̂  
CL 12.07 -  10.51

S CL  + S CR
•• *c  = • 2 

0.865 + 0.929
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Step;:2.5. i'tJbclcrai^ :chami«l^

Calculate area o f main channel up to bank lull level by adding areas o f adjacent trapezia or 
triangles defined by the surveyed points.

Cntrv

[ ( 12.00 -  1 1 .93) + (1193 -  10.60) j [15 Q1 _ 13 g6J
2

[ ( 12.00 -  10.60) + - ^ ^ 9 — [16.80 -  15.01]
2

[(12.00 -  10.09) + ^ 2 ? — 2 i£ )] [20.30 -  16.80]
2

[ ( 12.00 -  10 .20) + -( — 20---- IM ? )] [31.75 -  20.30]
2

[(12.00 -  10.20) + ( 10 ,20 2 9‘85)] [35.93 -  31.75]

+ [(12.00 -  10.51) + ( IP-51^ 9-85>] [38.30 -  35.93]

= [ I 12 0 0  ~ 10*S1 *--------2------ ][(39.75 - 38.30)

(12.00 -  10.51) 
(12.07 -  10.51)

]

= 0.74 x 1.15 + 1.77 x 1.79 + 2.03 x  3.50

+ 1.86 x 11.45 + 1.98 x  4.18 +1.82 x 2.37

+ 0.75 x 1.38

= 0.85 + 3.17 + 7.09 + 21.24 + 8.26 + 4.31 + 1.03

= 45.95m2
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Step 2.6 : Determine the depth of the main channel/h ................... . ............

2wc ±[((2wc)a -  4ScAc^ f s

= 25.89 ± [ 25.89* - 4 s  0.897 x 45.93]°*
2 x 0.897

_ 25.89 ± 22.48
1.79

= 27.02m or 1.90m 

Clearly h = 1.90m

Step 2.7 Determine bottom width of main channel

2b = 2wc - 2hsc 

25.89 -  2 x 1.90 x 0.897 

= 22.48m

Step 2.8.. Identify the positions of the backs o f the flood plains

The positions of the backs of the flood plains are identified as FPL and FPR on Figure 4.9.

2B -  52.80 -  0.60 - 52.20m

cfeawoel aod flood plain*

From the given information = 0.025 and nr = 0.030

Required water level is 14.79m 

H = Water level - (river bank elevation - h)

-  14.79 - (12.00 -  1.90)

- 4.69m
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Step 5« Calculate tire basic discharges in the main channel and flood plain zone* 
for the spedtfied aow deptb ■ '

Left flood plain:
Flow area is calculated by adding areas of adjacent trapezia or triangles defined by the water 
surface and the surveyed points.

= (14.79 -J2 .5 8 ) + 0 _ (14.79 - 12.58)
n  2 (15.50 - 12.58)

+ |-(14.79 -  12.58) + (14.79 -  11-93) ][13 8 6  _ ^

= 1.11 x 0.45 + 2.54 *  13.26 

= 34.11m2

Wetted perimeter:

P „  = [(14.79 -  12.58)2 + [(0.60 -  0) ( 14 79 ~ 12 58) j2j% 
n  (15.50 -  12.58)

♦ [(12.58 -  11.93)2 + (13.86 -  0.6)2]*

= 2.26 + 13.28 

= 15.54m

Hydraulic radius:

Rn = ^  = 2.19m
n  P FL 15.54

Basic discharge, from Manning’s equation:

r\ — ^FL D HcVfc
'*FLbasic „ ^FL °nF

= 2.19’* 0.00047"
0.03

= 41.63 m 3/s
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Right flood plain: 
Area:

lFR
.  c (14.79 - 12.07) + (14.79 - 12.64)} ^  ^

+ (14.79 - 12.64) + 0 _ 52,80) (14-79 - 12.64)
2 (16.11 - 12.64)

= 2.55 * 13.05 + 1.08 x 2.60 

= 34.58m2

Wetted perimeter:

PFR = [(12.64 - 12.07)2 + (52.80 - 39.75)2]v‘

i- [(14.79 - 12.64)2 

+ [(57.00 - 52.80)
(16.11 - 12.64)

= 13.06 + 3.38 

= 16.44m

Hydraulic radius:

^FR
b *  34.58

PPR 16.44

Basic discharge, from Manning’s equation:

■FXbastc

.  x 2.10* x 0.00047* 
0.03

= 41.02m 3/<s
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Basic discharge Cor both flood plains together, 

^Phasic = ^FLbasic + Q.FRbasie

= 41.63 + 41.02 

= 82.65m3/s

Main channel

14.79 - 11.93) + (14.79 - 10.60)] [15.01 - 13.86]

14.79 - 10.60) + (14.79 -  9.86)] [16.80 - 15.01]

14.79^9.86) + 04.79 - ^ 80]

14.79 - 10.09) ■» (14.79 - 10.20) j ^  _ 2020.30]

14.79 - 10.20) + (14.79 - 9.85)

14.79 - 9.85) + (14.79 - 10.51)

] [35.93 - 31.75]

] [38.30 - 35.93]

14.79^ 10.51) + (14.79 - 12.07) ̂  _ 3g 30]

= 3.53 x 1.15 + 4.56 jc 1.79 + 4.82 x 3.50 

+ 4.65 x 11.45 + 4.77 x 4.18 + 4.61 x 2.37 

+ 3.50 *  1.45

= 4.05 + 8.16 + 16.85 + 53.19 + 19.92 + 10.93 + 5.08 

= 118.18/m2
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Wetted perimeter:

Pc =[(11.93 - 10.60)2 + (15.01 - 13.86)2] '4 

+ [(10.60 - 9.86)2 + (16.80 - 15.01)*]*

+ [(10.09 - 9.86)1 ♦ (20.30 - 16.80)2]'4 

+ [(10.20 - 10.09)2 + (31.75 - 20.30)2]*

+ [(10.20 - 9.&S? + (35.93 - 31.75)2]1*

+ [(10.51 - 9.85)2 + (38.30 - 35.93)2]*

+ [(12.07 - 10.51)* + (39.75 - 38.30)s]v‘

= 1.76 + 1.94 + 3.51 + 11.45 + 4.19 + 2.46 + 2.13 

= 27.44m

Hydraulic radius:

Ar A r iia  ifi 
Rr = -£  = = -^ ± 5  = 4.31m 

c Pc Pc 27.44

Basic discharge, from Manning equation: 

nc

= 11818 x 4.3114 x 0.00047'4 
0.025

= 271.29 m3/s

Step 6. Add the fcoaal basic together toobtain
discharge for the whole cross^ectitoa

Qbasic basic + Qfbasie

= 271.29 + 82.65 

= 353.94 m3fs

 ̂St̂ p 7*. Adjust 0Vr,. assuming Bow is in Region!
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C ^ c t^ te B ^ U ie ra t ib o ff ld w d e  
maihchanricl

H *  =_ ( H - h )

H

4.69 - 1.90 
4.69

0.595

7.2 main channel,

fc  =
8g Rc S

Rc = 4.31m (Step 5)

Vc = —  c A A C

= 271.29 
118.18

= 2.30 mfs

8 x 9.81 x 4.31 x 0.00047
fc  =

2.302

= 0.0302
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Flood plains:

,  _  *8  * F  *
* r  “  - 7

 ̂ 82.65 
(34.11 + 34.58)

= 1.20 mis

__ 8 x 9.81 x 2.15 x 0.00047 
1.202

= 0.0547

Step 7.3 Calculate the dimensionless: flood plain discharge [deficit

(? ,„  = - 1.0 H, fS
F

1.0 x 0.595 x~ 0.0302 ~ 
K 0.0547

= -0.3296
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Step Calculatethedimensionles*Jmain chaxmeldischarge deficit

Q+2T ~ “ 1*240 + 0.395 ----  + G H^ for two flood plains
2we

2B = 52.20m (Step 2.8)

2wc = 25.89m (Step 2.2)

G = 10.42 + 0.17 ^  + 0.34 (1 - sc)  far sc < 1.0

= 10.42 + 0.17 a897jc0 Q547 + 0.34 (1 -  0.897)
0.0302

= -1.240 + 0.395 + 10.73 x 0.595
25.89

= 5.941

Step 7.5 Calculate the aspect ratio adjustment factor

ARF  = —  2b = 22.48m (Step 2.7)
10h

h = 1.90m (Step 2.6)

= 22.48 
10 x 1.90

= 1.18

Step 7.6 . Calculate the total discharge deficit, the difference between QWc and the 
total, discharge

DJSDEF = (Q m2C + Nf Q m2F)(V c - VF)H  h ARF

= (5.941 + 2 (-0.3296)) (2.30 - 1.20) 4.69 x 1.90 * 1.18

- 61.09 m3/s
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Q*i = Qbc* -  D IS D E F

= 353.94 - 61.09 

= 292.85 m3/s

Adjust as^wtfog fkrwix :-

Step 8.1 Calculate the "shift” to be applied to the specified flow depth

Shift = -0.01 + 0.05 Nf + 0.06 sc for sc < 1.0

= -0.01 + 0.05 x 2 + 0.06 jc 0.897 

= 0.144

Step 8.2 Calculate the shifted flow depth

Hh

Step 7.7: ; Calculate the Region 1 adjusted discharge for the specifiedwater level

H ' =
h -s h i f tH

= 4.69 x 1.90 
1.90 - 0.144 x 4.69

= 7.28m

Step 8.3 Calculate the channel coherence for the shifted, flow  depth

H' = 7.28m corresponds to a water level o f 12.00 - 1.90 +  7.28 = 17.38m 

Recalculate areas, wetted perimeters, basic discharges and f  values.

Because level 17.38m is above the surveyed cross-section, the cross-section will be extended 
vertically from the first and last points for calculation o f areas and wetted perimeters.
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Shifted area =  area for water level at 14.79m plus extra, i.e.

A 'pl = 34.11 + (17.38 - 14.79) (13.86 - (0.60 - x j )

t  ( (17.38 -  14.79) + (17.38 -  15.50))((0  60 _ ^

where

xL = (0.60-0) (14'79 ~ 12,s8) = 0.45m
1 (15.50 - 12.58)

A ’n  = 34.11 + 35.51 + 0.34 

= 69.96m2

Shifted wetted perimeter:

P ’n  = (17.38 - 15.50) + ((15.50 - 12.58)* + (0.60-0)2)*

+ ((12.58 - 11.93)2 + (13.86 - 0.60)2)v‘

= 1.88 + 2.98 + 13.28 

= 18.14m

Shifted hydraulic radius:

Left flood plain:

R’ = = 3.86m
rL P 'n  18.14

Shifted basic discharge:

ry  = ^
v  FUxisic K  FL S

nF

= x 3.86** 0.00047"
0.03

= 124.33m3/s
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Shifted area = area for water level at 14.79 m plus extra, i.e. 

A '*L =34'58 + <17-38 "  14-79> (52 8°  + XR "  39-75>

+ ( (17.38 -  14.79) + (17.38 -  16.11) .
2

(57.00 -  (52.80 + xR,))
w here

XK = (0.60-0) (14'79 ~ 1258) = 2.60m
* (15.50 -  12.58)

A 'u  = 34.58 + 40.53 + 3.09 

= 78.20 m2

Shifted wetted perimeter:

F fr = (17.38 -  16.11)
+ ((16.11 -  12.64)2 + (57.00 -  52.80)2)*
+ ((12.64 -  12.07)2 + (52.80 -  $9,1$)*)*
= 1.27 + 5.45 + 13.06 

= 19.78 m
Shifted hydraulic radius:

Right flood plain:

I f  = 1 ™  = 2 1 ™ . = 3.95m 
™ P 'm  19.78

Shifted basic discharge:

ry  = A frR '
V  FRbask F R

nF

= x  3.95* x  0.00047*
0.03

= 141.29 m 3Js
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Shifted area:

A 'c =  area for water level at 14.79m + (17.38 - 14.79) x 2 w c

-  118.18 +  (17 38 - 14.79) x 25.89 

=  185 242m 

Wetted perimeter remains the same, i.e.

P'c = 27.44m

Shifted hydraulics radius:

Main channel:

Shifted basic discharge:

^  Cbasic ft,

185,24 6.75* 0.00047* 
0.025

= 573.78 m3/s
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8 g  R 'f  s

Shifted friction factor for flood plains:

f F  ~  2

A 'f = 69.96 + 78.20 = 148.16m2 

P 'p = 18.14 + 19.78 = 37.92m

Vr  F

F f 37.92

A F

_ 124.33 + 141.29 
148.16

= 1.79 mjs

= 8 x 9.81 x 3.91 x 0.00047 
1.792

= 0.0448
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Shifted friction factor for main channel:

8 g R ' S

R 'c = 6.75m

=

f c  -

COH  =

_ 573.78 
185.24

= 3.10m/s

8 jc 9.81 x 6.75 x 0.00047 = 0.0265
3.102

( i  + >t.) [ « i  + A , m  +

1 + A. [ (A J (f ,P . )) ]° s

* ' f 148.16where -
A 'c 185.24

= 0.799

/, = —  = 0 0448 = 1.691

P. =

f  c 

P'

0.0265 

f  37.92
P 'c 27.44

= 1.382

CQH  = (1 + 0.799) [(1 + 0.799)/(l + 1.691 x 1.382)] 
1 + 0.799 [(0.799/(1.691 x 1.382))]0 5

0.5

= 0.900

Step 8.4 the Regioii:2 discfaar^ adjustmeht fa ĉtor

DISADF, =  COH = 0.900
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Qg2 ~ Qbasic *  D IS A D F 2

<?** = 353.94 m'ls {Step 6)

= 353.94 *  0.900

- 318.55 m3/s

Step; 8.$ Calculate the Region 2 ? adjusted discharge for the specified water level

Step % Determine if is the *cmal discharge^

Qb, = 292.85 m3/s 

Qra = 318.55 m3/s

Qri < Qr2- actual discharge is still unknown.

Step 10. Calculate the channel coherence, COH 

Adjust assuming flow is in Region 3

CO H  = (1  * a . ) [( (1  4. A .W  ♦  / . P . ) ) ] 05

0.5
i + a j a m w i

Areas, wetted, perimeters and f values correspond-to H-=~4.69m; as'determined in Steps 5 
and 7.

A = —  = 68‘6— = 0.581
* Ac 118.18

f  = (l  = 0 0547 = i,8 ii
* ' f c 0.0302

p  = El  = 11^? = 1.165
* Pc 27.44

CQH = (1 + 0.581) [((1 + 0.581)/(1 + 1.811 x 1.165))] 

1 + 0.581 [(0.581/(1.811 x 1.165))]0*5

= 0.864

0.5
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: Step titM: 3';; <discii^

DISADF3 = 1.567 -  0.667 COH

= 1.567 -  0.667 * 9.864 
= 0.991

Step .16.2 Calculate the Region 3 adjusted discharge for the specified water level.

Q r3 = Qbasic *  D IS A D F j  

O ^ -  = 353.94 m 3/ i  (Step 6)

= 353.94 x 0.991
-  350 .65m3/s

Step 11. Determine If Qn is the actual discharge

Q n  = 318.55 m*fs

Qr3 = 350.65 m3/s

Qff2 <(?/U actual discharge is Q^

i.e. Q  = 318.55 m 3/s

Note that in this case the flow is in region two and steps 12 and 13 are unnecessary: 

; Step 12; Adjust < 3 ^  assuming flow is *a Jtegion 4

Step 12.1 Define the Region 4 discharge adjustment factor

Step l 2.2 Calculate the Region 4 adjusted discharge for the specified water level 

^.St<^;i3*^^ Qb* ^ the attodi ta ta ig e

The discharge requires further adjustment to account for the skew alignment o f the main 
channel.

Step 14. Apply tltt skew correction if the main channel U no* aligned with the 
flood pfcMflfr
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Stcpl44 Measuretfie of i>^w«en tite iniia ̂ sanoet aod
tk  flood plaitt (# ) on ^  :

From the given information ♦  =  4°

DISDEF = Otafc ~ <?

= 353.94 - 318.55 

= 35.39 m3/s

} Step ■ 143 v. f■ ••;1Correct(ilK.:’dlKiuui8e 'deficit • to accouit 'fijir; sfcemiw^ ==

D IS D E F ^  = DISDEF x (1.03 + 0.074 <D)

= 35.39 jc (1.03 + 0.074 x 4)

= 46.93 m3/s

: Step: 14.4 \ ; . Recalculate. the actual discharge I;

Q - Q ^ -  D IS D E F ^

= 353.94 - 46.93 

= 307.01 mJ/s

Step 15- Dettauotae the actual, a«iju»<e<l, tptal dfectiaigc for the required m B f
level, a$ de*£*ibed la 2

From previous analysis Q =  307.01 m3/s

'i Step ■;tdeotl^r tfi# 8m & .we<D̂ii£iat alind' ’,i::> ■>>:V'7 Y--"-;

Flow is in Region 2. Separate discharges are therefore calculated according to step 16.2, 
rather than step 16.1.

.Step.- 'region ! .
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Q C = Qctasic ~ D ISD EF  

Qcbasie = 271.29 m*fs (from previous Step 5)

DISDEF = D IS D E F ^  = 46.93 m3/s (from previous step 14.3)

= 271.29 - 46.93 

= 224.36 m*ls 

Qp ~ QpbasU

-  82.65 m3js (from previous Step 5)

i.e. 41.63 m3/s on the left plain, and 41.02 m3/s on the right plain.

$tep 17* Calculate the average shear stress on tfe* bed in the main channel

Step 17.1 Calculate the average boundary shear stress, ignoring the 
Interaction effects

T«c “ p 8 Rc s

Rc = 4.3Im, (from Step 5 of stage-discharge analysis')

S = 0.00047 (from given information)

= 1000 X  9.81 x 4.31 x 0.00047 

= 19.87 N/m2

Step 17.2 ?m m  Calculate the discharge adjustment factor for the ■ main channel

DISADFC = Q J Q ^

Qc = 224.36 m3/s (from Step 2)

Qcbask = 271.29 m*/s (from Step 5)

= 224.36/271.29 

= 0.827
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= V : W IS A D FJ  

= 19.87 (0.827)2 

= 13.59 N/m2

pStep -1 0 : g ; oa <l*e #*»6>oe o f tite flood pUio,
u.*P5̂sV?T : >

V  = P J  (H-*>S

H  = 4.69m (Step 4 of the stage -discharge analysis)

= 1000 x 9.81 x (4.69 - 1.90) x 0.00047 

= 12.86 N/m2

Allow for

5 x T„r = 5 x 12.86 = 64.32 N/m2 

within a distance of

3h = 3 x 1.90 = 5.70m from the bank line. _ - • - -

Step 173 Calculate the corrected average boundary shear stress
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ANNEX A: DERIVATION OF THE JAMES AND WARK METHOD

A .1  Introduction

The material presented in this annex is intended to give the user an insight into the 
development o f the James and Wark method. Information and advice, which could not be 
included in the main part o f the manual are presented here. Much o f this material appeared 
in the Project Record (R&D Project Record 252/2/T). A more complete discussion of all 
aspects o f flow in meandering channels is presented by James and Wark (1992).

The layout o f this Annex reflects the approach taken when developing the conveyance 
estimation method. Initially the available laboratory information was collated and sumarised. 
Methods o f computing inbank discharge in meandering channels were identified and 
evaluated against the available data. The data from the SERC FCF and the flume at the 
University o f Aberdeen were used to develop the method for conveyance estimation in 
meandering compound channel flows . The method was then evaluated against other 
laboratory and field data. Finally bed shear stress data from the SERC FCF were evaluated to 
provide guidelines for the calculation o f bed shear stresses.

JL2  Stage-Disdiarge Prediction 

A i l  Available data

The SERC FCF Phase B experiments were limited to two sinuosities (1.37 and 2.04) and two 
main channel geometries (trapezoidal and pseudo-natural). Stage-discharge and boundary 
shear measurements were taken for inbank and overbank flows with smooth and rod- 
roughened flood plains. Details o f the Phase B experiments are described by James and Wark 
(1992).

Data from a series o f experiments performed at the University of Aberdeen (Willetts et al.
1990 and Willetts, 1991, 1993) were also used in the development and evaluation o f the 
methods. These experiments covered a wider range of sinuosities (1.2, 1.4 and 2.04) than the 
Phase B experiments, and the main channel had a considerably smaller width-depth ratio.

Several other data sets were used for evaluation o f the proposed methods. These were 
obtained from the experimental work o f Kiely (1990), Toebes and Sooky (1967) and the US 
Army Corps o f Engineers (Vicksburg) (1956), and also the field and model test data for the 
River Roding presented by Sellin and Giles (1988) and Sellin et al. (1990).

k l l  Inbank flows

Various methods were identified in the literature for accounting for the additional resistance 
to flow induced by channel curvature. The methods proposed by the following authors were 
selected as being potentially suitable for practical application.

•  Soil Conservation Service (SCS) (1963)
•  Toebes and Sooky (1967)
•  Leopold et al. (I960)
•  Mockmore (1944)
•  Agarwal et al. (1984)
•  Chang (1983)
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In addition, modifications to two of these methods were formulated. The SCS Method 
involves increasing the basic value o f Manning’s n to account for meander-losses: An 
adjustment factor is defined for each of three ranges o f sinuosity. The step nature o f this 
recommendation introduces discontinuities at the limits o f the sinuosity ranges, with 
consequent ambiguity and uncertainty. To overcome this problem the relationship was 
linearized and can be expressed as

nVn = 0.43 s + 0.57 for s < 1.7
nVn = 1.30 for s i  1.7 (A l l )

in which vl is the value of Manning’s n including bend loss effects, n is the basic value as 
determined by surface roughness, and s is sinuosity. This extension will be referred to as the 
Linearized SCS (LSCS) Method

Chang’s (1983) method predicts the energy gradient associated with secondary circulation 
assuming that the circulation is fully developed. In fact, the circulation takes considerable 
distance to develop through a bend and begins to decay once the channel straightens out.
For meanders, the circulation must reverse between successive bends and the associated 
energy gradient must drop to zero at two points over each wavelength. The average energy 
gradient associated with secondary circulation along the channel must therefore be 
substantially less than predicted assuming full development. Chang’s (1984) approach for 
nonuniform flow through bends accounts for this and was simplified to apply to uniform 
flow. This enabled a correction factor to be computed which could be applied to the energy 
gradient predicted by his 1983 method, to account for growth and decay of circulation. 
Application o f this correction is referred to here as the Modified Chang Method.

The selected prediction methods were applied to the SERC FCF trapezoidal channel data, the 
Aberdeen trapezoidal channel data, and the Vicksburg data. The average errors and standard 
deviations in estimating discharge by each method, for all the in bank data 
(62 measurements), are listed in Table A l.l. The upper value in each column is the average 
error in per cent; the lower value is the standard deviation. Two sets of results are presented 
for the SCS Method. In the first the adjustment factor was_assumed -to.be on-the-higher side 
o f the discontinuity where there was ambiguity, and in the second (marked *) the lower value 
was used. %Error as defined here is a skewed function and this biases the definition o f 
Standard Deviation to positive %Error values.

Clearly, ignoring the energy loss induced by meandering introduces significant errors in the 
prediction of discharge for inbank flows. On the basis of simplicity and overall performance, 
it is recommended that the Linearized SCS method (equation A l.l) be used for inbank 
discharge prediction in meandering channels. If the resistance is to be described by the 
Darcy-Weisbach f, the adjustment factor should be squared before it is applied to the basic 
value.
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Table A l .l  Errors ( % )  in bend loss predictions

Method Friction
loss
only

SCS
Method
(1963)

Toebes
Sooky
(1967)

Leopold 
tt al. 
(I960)

AgarwaJ 
•t al.
(1983)

Mock'
more
(1944)

Chang
Rea.

(1983)

Mod.
Chang

LSCS
Method

Mean 16.14 -346 -1.02 -7.68 -22.80 -39-40 1903 -1.76 -1.45
S -D
Mean
S -D

9.86 7.74 
-2.76• 
8.48*

12.06 936 11.48 11.12 12.33 7.35 984

Notes: %Error = 100 (Q«k- Qmw)̂ QiDe«
S - D: Standard Deviation o f the % error
* Denotes Mean % error and Standard deviation in the mean for the SCS method assuming the low 

side o f the discontinuity in choice of correction factor values.

The resistance coefficient should be adjusted only if the basic value does not already account 
for meander losses. This would be the case if recommendations based on surface roughness 
characteristics are followed. If a value is determined from flow data measured at the site in 
question by slope-area calculation, it will already incorporate meander effects and should not 
be adjusted further. A more detailed treatment is given by James and Wark (1992, 1993) and 
Wark and James (1993).

k l3  Overixuik flows

Various methods have been proposed in the past for estimating discharges in straight 
compound channels (Wark et al., 1991). Application of these to meandering channels results 
in unacceptable errors because they do not account for all o f the important energy loss 
mechanisms present in meandering flows. This was demonstrated by applying the following 
widely used methods to the stage-discharge data obtained in the SERC FCF Phase B 
experiments.

The Divided Channel Method (DCM) separates the main channel and flood plain flows by 
vertical divisions. Discharges are calculated separately for the main channel and flood plain 
zones and then added. Zonal discharges are calculated using a friction equation with the 
vertical division lines included in the wetted perimeter for the main channel, but not for the 
flood plains. A variation of this method (DCM2) omits the vertical division lines from the 
main channel wetted perimeter as well.

In the Sum o f Segments Method (SSGM) a vertical division line is located at each surveyed 
point defining the cross-section. Discharges are calculated in each of the resulting segments 
separately, using a friction equation and excluding the division lines from the wetted 
perimeters. The component discharges are then added.

In the FCFA Method (FCFAM) the basic zonal discharges as calculated by DCM2 are adjusted 
using empirical factors based on the SERC FCF Phase A data. The factors and their derivation 
are described by Ackers (1991) and summarized in section 4.3 above.

Because a hand calculation method was being sought, no computational methods were 
considered in this analysis although some are known to give good results for straight channels 
(for example, the Lateral Distribution Method, Wark et al. , 1991)- The mean errors produced 
by these methods when applied to the SERC FCF Phase B stage-discharge data are presented 
in Table A1.2.
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Table A 12 Em us in discharge estimation by sfnnghf compound channel methods

Method Mean Error (%) Standard Deviation (%)

DCM 38.5 17.8
DCM2 41.6 16.8
SSGM 70.1 30.6
FCFAM 24.8 26.0

Note: %Error = 100 (Q ^  - Q ^/Q ,

The errors produced by straight channel methods when applied to meandering channels are 
clearly unacceptably large. The large standard deviations result mainly from trends in the 
predicted errors, which either increase or decrease strongly with increasing stage. These 
trends indicate that the methods do not account for all o f the flow processes correctly.

A new method for predicting discharges in compound meandering channels was developed 
using a divided channel approach. The compound cross-section is divided into four zones, as 
shown in Figure 4.1. Zone 1 is the main channel below bankfull level, zone 2 is the flood 
plain within the meander belt, and zones 3 and 4 are the flood plains on either side o f the 
main channel beyond the meander belt.

For a given stage the discharge is calculated as the sum of the zonal discharges, calculated 
separately, i.e.

Qt = Qi +  Q2 + Qs + Q< (A1.2)

The SERC FCF Phase B data were used to derive procedures for calculating the zonal 
discharges. The development o f the procedures for each zone is described in the following 
paragraphs and the resulting equations are given in section 4.2 above.

■ Z o n e i: main channel'

The flow mechanisms in this zone are complex and not well understood. In addition to 
friction, energy is lost through secondary circulation driven by the shear imposed by the flood 
plain flow, which is radically different in character from the in bank secondary circulation. 
There is also considerable bulk exchange o f water between the main channel and flood plain 
and so the discharge in this zone will vary over a wavelength, being maximum at a bend apex 
and minimum at some point between bends. Figure 2.2 summarises the main mechanisms 
present in overbank flow in a meandering compound channel.

Because of the poor current understanding of the flow mechanisms, an empirical approach 
has been followed for predicting discharge. The variation o f discharge along the channel is 
ignored. Hence for the purposes of stage-discharge estimation the flow in zone 1 is assumed 
to be constant along the reach considered. The procedure is to calculate the bankfull 
discharge (Q*), and then to adjust this to account for the effects o f overbank flow. The 
bankfull discharge can be estimated using inbank flow methods or obtained by measurement, 
if possible. The hydraulic slope which controls the flow in the main channel zone (S) is 
related to the flood plain or valley hydraulic slope by the channel sinuosity, (ie S = Sc / s).
It should be noted that Sa can either be a ground slope if uniform flow is assumed or a water 
surface slope.
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The adjustment factor was determined from the SERC FCF Phase B data. Actual discharges in 
this zone were obtained by integrating the velocity magnitude and direction measurements 
taken in some of the experiments. Bankfull discharges were estimated using the Modified 
Chang Method for the trapezoidal channel, and by extrapolating the inbank stage-discharge 
curves for the pseudo-natural channels. The ratio o f actual to bankfull discharge defines the 
adjustment factor, Q/.

Q/ was found to depend on:

•  the flood plain flow depth at the edge o f the main channel (ŷ )-,
•  the channel sinuosity (s);
•  the cross-section geometry; and
•  flood plain roughness.

These characteristics are represented by dimensionless parameters which were chosen as 
being both meaningful and easy to measure. The cross-section geometry is characterized by 
B2/A. The flood plain roughness is expressed as the ratio o f flood plain and main channel 
Darcy-Weisbach friction factors.

The relationship between the adjustment factor (Q ^  and these variables is shown 
schematically in Figure A l.l. This shows that the main channel discharge is initially reduced 
as stage rises above bankfull, and that this reduction is independent of channel characteristics.
At higher stages the discharge increases with stage at a rate which depends strongly on B2/A, s 
and f .

Zo n e  2 : inner flood plain

The method for predicting the inner flood plain discharge is based on quantitative 
descriptions o f major loss mechanisms identified in the literature (for example, Ervine and 
Ellis, 1987). These are:

•  friction on the wetted perimeter,
•  expansion o f the flow as it enters the main channel, and
•  contraction o f the flow as it re-enters the flood plain.

Additional losses associated with the bulk exchange of water between the main channel and 
flood plains are also likely to occur. However, due to the lack of any theoretical model which 
would account for this, for the purposes of stage-discharge estimation it is assumed that the 
discharge in zone 2 is constant along the reach of valley considered.

Friction losses can be estimated using the Darcy-Weisbach equation. In this case the wetted
perimeter does not include the vertical planes separating zone 2 from zones 3 and 4, or the
horizontal plane separating zones 1 and 2. It should be estimated as the total length o f the \
flood plain surfaces across the section less B(s - 1). This approximation is arrived at by
considering that the total area over which bed friction acts is given by total area of flood plain
(including the main channel) minus the top area of the main channel. The relative length of
the main channel is the sinuosity. If zones 3 and 4 do not exist, ie the main channel
meanders across the full valley width, the flood plain surfaces up to the water surface should
be included.
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A basic description o f the expansion and contraction losses was derived by analyzing the flow 
over a simple slot. The expansion loss was estimated by application of the energy and 
momentum equations, and the contraction loss using an empirical loss coefficient, as 
suggested by Yen and Yen (1983). An adjustment for width to depth ratio o f the main 
channel was derived from data presented by Jasem (1990), and adjustments to account for the 
effect o f main channel side slopes were derived from the results o f Formica (1955), as 
presented by Chow (1959)- The total loss over a meander wavelength was assumed to be 
proportional to the width over which expansion and contraction take place.

The SERC FCF Phase B and Aberdeen data showed that the non-friction losses were not 
wholly accounted for by the expansion-contraction model, and that there were additional 
effects associated with the main channel sinuosity and cross-sectional geometry. Empirical 
correction factors were introduced to account for these effects.

Zones 3  and 4 : outer flood plains

Flow in the outer flood plain zones is assumed to be solely controlled by friction. The zonal 
discharges are calculated using an appropriate friction equation with the division lines 
separating these zones from zone 2 excluded from the wetted perimeter.

JL2 .4  Evaluation of overbank flow models 

Laboratory data

The methods proposed for calculating discharge for overbank flows in meandering channels 
have been evaluated by applying them to stage-discharge data measured in laboratory 
channels. Data were used from the SERC FCF Phase B experiments, the Aberdeen 
experiments, the Vicksburg experiments, and experiments performed by Kiely (1990) and 
Sooky (1964). The method proposed by Ervine and Ellis (1987) and two methods proposed 
by Greenhill (1992) were also evaluated. Calculations were also done with the same zonal 
subdivision as proposed here, but ignoring non-friction losses in all zones, (Friction only).
The errors in reproducing the stage-discharge data by the different methods are summarized 
in Table A1.3. In this table James and Wark refers to the method presented in this report.

The results presented in Table A1.3 are the mean errors in predicted discharge calculated over 
279 data points from all o f the above sources. They show that considerable errors can be 
expected if non-friction losses are omitted. The method presented in this report performs the 
best. This method has the advantage over the others that it is based on measured discharges 
for zone 1, and should be more reliable if zonal conveyances are required separately. It is 
worth noting that the large standard deviations shown in Table A 1.3 are caused by strong 
trends, over the ranges o f stage considered, in the calculated errors and not random scatter.

Table A 1 .3  Errors in predicting overbank discharges: laboratory data

Method Mean Error (%) Standard Deviation (%)

Friction only 34.1 232
James and Wark -2.1 97
Ervine and Ellis 5.3 18.3
Greenhill 4 115 19.3
Greenhill 5 7.6 14.7

Note: % Error =  100 (Q ^  - Q ^ / Q ,
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D istribution o f discharge

The results above demonstrate the overall accuracy o f the new method. The procedure is to 
calculate the discharges in the various parts or zones of the channel separately and to sum 
them together to obtain the total discharge. Hence the method gives the distribution o f flow 
between the zones in addition to the total discharge.

There is very little independent information available on the distribution of discharge in 
meandering overbank flow. Sooky (1966) carried out detailed velocity measurements in 
shallow (Geometry 1) and deep (Geometry 2) meandering channels which were otherwise 
identical. These experiments were carried out in a channel which was built at a scale 
approximately 8-9 times smaller than the SERC FCF Phase B geometries. Sooky integrated 
these velocity measurements to obtain the proportion o f the total discharge within each zone. 
Table A1A shows comparisons between the measured and calculated discharges in the main 
channel (zone 1) for the two cases Sooky considered. The method presented in this report 
has given the main channel discharges to an accuracy of about 5% to 7%, which is o f the same 
order as the error in the measured values.

Table A 1 .4  Comparison between discharges in zone 1 (Sooky, 1966)

%(Qi/Qt)

Case Measured Calculated
(Sooky, 1966) Games and Wark)

Geometry 1 26.5 190
Geometry 2 38.2 335

Note:
The values above are the zone 1 discharges expressed as a percentage of the total discharge. 

Sensitivity analysis

Meander wavelength and main channel side slopes (required for the zone 2 model) are not 
well defined in natural channels. However, sensitivity analyses have shown that predicted 
discharges are quite insensitive to these parameters and great accuracy in their estimation is 
not necessary. For example, for all of the laboratory data used above errors o f ±50% in the 
wavelength gave mean errors o f less than ±10% in the calculated discharge, similarly changes 
of ±  100% in the main channel side slope gave mean errors of less than ±5% in the 
discharges.

Reid data

The method presented in this manual was developed and verified using laboratory model 
data. There is very little field information available regarding the performance o f full scale 
meandering channels with flood plains. The only detailed field investigation known at 
present was carried out on the River Roding in Essex, see Sellin and Giles (1989) or Sellin et 
at. (1990).

A combined laboratory and field monitoring research programme to study the behaviour o f a 
stretch of the River Blackwater in Hampshire has recently been initiated. Laboratory work is 
currently under way on a large model (at 1:5 scale) of a 250 metre length o f the proposed 
channel, which has been constructed in the SERC FCF at HR Wallingford^
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The prototype channel has been constructed in the field to match the laboratory channel and 
a programme o f field measurements is scheduled. Unfortunately the Blackwater project has 
not produced enough information to date for verification o f the methods proposed in this 
report. However it is expected that eventually the laboratory and field information will form 
the basis o f a verification. In the absence o f the Blackwater data, the method has been 
applied to a selection o f the information available from the Roding study.

Tbe Roding study

Full details o f the field and laboratory measurements carried out on this site are available in 
Sellin and Giles (1988) and Sellin et al. (1990). The study reach lies downstream of Abridge 
and as part o f a flood alleviation scheme a two stage channel was formed by excavating berms 
on either side o f the main channel (Figure A 1.2). The original channel was untouched and 
remained in the natural state with a bankfull capacity of approximately 3 cumecs. The 
resulting flood channel has a low flow channel which meanders within the berm limits with a 
sinuosity o f 1.38.

The project investigated the effects of different maintenance policies on the channel capacity. 
Most o f the conditions investigated in the field and laboratory were with the flood berms 
covered, totally or partially, with extremely dense vegetation and verification of calibrated bed 
roughness values was not possible. The method was applied to the stage-discharge data from 
the following two cases.

P2 The berm growth was cut immediately after the summer growing season and so the
berms were covered in short grass.

M2 The laboratory model data corresponding to the smooth berm case (P2 on the
prototype).

In order to apply the method to these stage-discharge measurements the seven available 
sections were used to provided reach averaged areas, widths etc for all four flow zones at 
stages up to 1.0m above the berm level. The information provided by Sellin and Giles (1988) 
and Sellin et al. (1990) combined with widely accepted guidelines, Chow (1959) and 
Henderson (1966) allowed the berm Manning’s n values for the two cases, P2 and M2 to be 
estimated as 0.050.

The measured and predicted stage-discharge curves for these two cases are shown in 
Figure A1.3 and the mean errors in Table A1.5. It is obvious from Table A1.5 that the present 
method improves the overall accuracy o f the predicted discharges and that by ignoring the 
non-friction head losses the discharge will be over predicted by about 10%.

Table A 1.5  Enorc in predicting overfaank discharges: Roding study

Case P2 M2

Method Mean Standard Mean Standard
Error (%) Deviation (%) Error (%) Deviation (%)

Friction only 95 90 7.3 8.6
James and Wark -2.0 1.7 -2.2 3-2

Note: %Error =  lOO^Q^ - Q ^/Q ,
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Figure A1.2 Location plan of study area on River Roding 
(after Sellin et al)

Figure A1.3 Stage discharges for the River Roding
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Some sensitivity tests were carried out and they showed that as the flood plain was allowed to 
become smoother the two methods diverged more. Thus the effect of increased flood plain 
roughness is to make the non-friction head losses less important. It is not possible yet to give 
general guidelines as site specific aspects are likely to govern the relative importance o f the 
various loss mechanisms. Sensitivity tests should be carried out for each application.

k2 Boundary Shear Stress Prediction

Very little information is available on which to base methods for predicting boundary shear 
stresses in meandering compound channels. The data obtained from the SERC FCF Phase B 
experiments have been analyzed by Knight et al. (1992) and Lorena (1992) and form the basis 
o f the provisional recommendations presented here. There is no simple, general method for 
predicting boundary shear for inbank flows in meandering channels, but several simulation 
models have been developed which can be used for this purpose (for example, by Bridge, 
1992,'and Nelson and Smith, 1989).

For overbank flows, Knight et al. (1992) have shown that the sectional average boundary 
shear stress in the main channel is less than would occur at bankfull stage at all cross-sections 
through a meander wavelength. Sectional average values are insufficient for designing scour 
protection, however, because the distributions o f boundary shear across the sections are not 
uniform and vary with flow condition. The measured distributions suggest that during 
overbank flows the shear stress on the main channel banks may be higher than for inbank 
flows at some locations through the meander. The shear stress on the bed, however, is less 
than for inbank flows. Design shear stresses for scour protection should therefore be based 
on inbank flows for the bed and on overbank flows for the banks.

Under overbank flow conditions the bank shear stress on the upstream bank does not exceed 
1 .6  y  y 2 S0 in any o f the measured distributions, where y is the unit weight o f water defined 
by pg (9.81 x 103 N/m3). On the downstream bank a high, localised stress concentration was 
observed downstream o f each bend apex, associated with the expulsion of water from the 
main channel to the flood plain (see Figure 2.1). This concentration is shown in Figure A l .4, 
which presents Lorena’s plot of contours of shear stress for the 2.04 sinuosity channel with a 
flow depth on the flood plain o f 50 mm. The concentrations were centred at points between 
60° and 70° downstream o f the apex section for all the experimental conditions. The 
maximum observed shear stresses in the concentrations approached 5 y Y2 S0. The stress 
concentrations are very localised and decrease rapidly with distance but, because o f the 
limited experimental conditions and consequent uncertainty regarding locations, they should 
be assumed to be more extensive when designing scour protection. The enhanced shear 
stresses also extend for some distance over the flood plain on the downstream side o f the 
channel.

The observed shear stress distributions suggest that the sediment transport capacity in the 
main channel will be lower for overbank flows than for inbank flows. Net deposition of 
sediment may therefore occur in the main channel during prolonged flood events. The shear 
concentrations on the downstream banks during overbank flows suggest enhancement of 
meander migration in the valley direction during prolonged flood flows, and also corroborate 
the mechanism of meander cutoff by opening chutes across point bars.
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Figure A1.4 Example of boundary shear.stress distribution in 
a meandering compound channel (after Lorena)
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ANNEX B: SUMMARY OF THE FCFA METHOD

B .1 Introduction

The material presented in this annex is intended to give the user an insight into the 
development o f the FCFA method. Information and advice, which could not be included in 
the main part o f the manual are presented here. Much o f this material appeared in the 
technical report (Ackers, 1991) and James and Wark (1993) and these references provide a 
more complete discussion of all aspects o f flow in straight compound channels.

The layout o f this annex reflects the approach taken when developing the conveyance 
estimation method. Initially the available laboratory information was collated and 
summarized. The data from the SERC FCF were used to develop methods for conveyance 
estimation in straight compound channel flows . The methods were then evaluated against 
other laboratory data. On the basis o f these evaluations the methods were then modified and 
re applied to data. The most accurate methods were chosen for each flow region and Anally 
bed shear stress data from the SERC FCF were evaluated to provide guidelines for the 
calculation o f bed shear stresses.

B.2 Stage-Disdiarge Prediction 

B i l  Available data

The adjustment functions were derived in the first instance from experimental results 
collected during Phase A o f the SERC FCF other data sets were then used to validate and 
modify the various equations. Laboratory data sets which were available to Ackers (1991) 
include: SERC FCF Phase A; Asano et al. (1985); US Army, Vicksburg (1956); Kiely (1991); 
Knight et al. (1983, 1984); Myers (1978, 1984, 1985); Wormleaton (1982); Prinos and 
Townsend (1983, 1984) and Ervine and Jasem (1991)- Details of the SERC FCF Phase A work 
are available in Ackers (1991), James and Wark (1993) and the fourteen volumes o f data,
SR 314, published by HR Wallingford.

The Phase A data were collected in compound channels with a fixed value o f aspect ratio 
(b/h). Application o f the original versions o f the equations showed that for small over bank 
depths (Region 1) the aspect ratio o f the main channel afreets the channel discharge. Data 
collected by: Asano et al. (1985); US Army, Vicksburg (1956); Kiely (1991); Knight et al. 
(1983, 1984); Myers (1978, 1984, 1985); Wormleaton (1982) and Prinos and Townsend 
(1983, 1984) was used to derive an equation for an aspect ratio correction factor (ARF). The 
skew channel data collected by Ervine and Jasem (1991) was used to confirm that the same 
aspect ratio correction factor should be applied to skewed compound channels. The data 
collected by Myers (1984) was used to choose the best of three possible equations for 
Region 3-

B .7 .7  O ve rin n k flows

The procedure developed by Ackers (1991) follows a channel subdivision approach. The 
compound channel is divided into three zones:

Zone Description
1 Main channel
2 and 3 Left and right flood plain areas
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Vertical division lines are used and these are not included in the wetted perimeters for any o f 
the zones. The "basic" zonal discharges are calculated from standard friction equations (eg. 
Manning's) and added to obtain a "basic" discharge, which is then adjusted to account for the 
effects of the interaction between the main channel and flood plain flows. The adjustment 
required depends on the characteristics of the channel and also varies with stage. Four 
regions of flow behaviour are identified, as shown in Figure 4.8.

The effect o f flow interaction is complex, alternately increasing and decreasing with flow 
depth through the different regions. Also shown on this diagram is the curve o f channel 
coherence, COH. Ackers (1991) introduced this new parameter and defined it as:the ratio o f 
the conveyance calculated as a single cross-section to that calculated by summing the 
conveyances o f the separate flow zones. The coherence of a compound channel provides a 
measure of the relative strength of the interaction effect between the zonal flows. As channel 
depth increases COH typically tends to a value of 1, indicating that the compound channel 
behaviour approaches that of a simple compact channel at larger depths.

Ackers (1991) provided a different adjustment function for each region, and a logical 
procedure for selecting the correct discharge value from those calculated assuming each 
adjustment function in turn. He provided additional corrections to account for the effect o f 
deviations of up to 10° between the alignments of the main channel and the flood plains and 
a procedure for dividing the computed total discharge at any stage into main channel and 
flood plain components. The detailed equations and procedures are presented in section 
4.3-1, a brief description of the regions and the correction factors identified is given below, 
followed by a summary of the results obtained in applying the method to various data sets.

Region 1

Region 1 behaviour occurs at very low overbank stages. Ackers (1991) found that a 
subtractive correction factor provided the best model:

Q = Qb»k * DISDEF (A2.1)

where the correction DISDEF depends on: main channel/ flood plain friction factor ratio; the 
velocity difference between main channel and flood plains; the number of flood plains; flow 
depths in main channel and flood plains and the aspect ratio of the main channel. In all 
three other regions Ackers (1991) found that a multiplier correction factor was more 
appropriate:

Q =  Qb*k xDISADF (A2.2)

Region 2

At slightly greater stages the flow in the compound channel starts to increase. Ackers (1991) 
noticed that typical laboratory results plotted on a line approximately parallel to but lower 
than the coherence curve. He found that the best model for DISADF2 is the value of COH at 
some "shifted stage", which is larger than the actual stage.

Coherence depends on channel shape and roughness and Ackers (1993) found that the shift 
required to obtain the shifted stage from the actual stage depends on the main channel side 
slope and the number of flood plains. Thus the correction factor for region 2 depends on all 
of these parameters.
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Region 3

At larger stages again the laboratory results decrease with stage. Ackers (1991) found that 
DISADF3 could be expressed as a function o f COH for the actual stage. Thus in region 3 the 
correction f a c t o r  depends only on the stage, channel cross-section shape and roughness.

Region 4

None o f the laboratory data analyzed by Ackers (1991) contained data at large enough stages 
to confirm the existence o f region 4, where the discharge correction factor is expected to 
increase with increasing stage. Ackers provided a theoretical justification for assuming that 
DISADF4 should take the value o f COH for the given stage.

Skewed compound channels

Having analyzed the straight channel data available from laboratory results Ackers (1991) 
compared measured and calculated results from three tests with angles o f skew of 2.1°, 5.1° 
and 9.2°. He found that the effect o f skewing the main channel to the flood plain is to 
reduce the discharge capacity further. For the range of skew angles investigated he found 
that the discharge deficit (DISDEF) for the skewed channel could be related to the DISDEF 
value for a comparable straight channel by a linear function of skew angle. If the flow is in 
regions 2, 3 or 4 then the straight channel DISDEF value can be calculated from the final and 
basic discharges.

General comments

The correction factors vary strongly with stage; there are four equations which describe the 
variation o f the correction factors with stage in the four regions. At any particular stage it is 
impossible to tell beforehand which region gives the true adjustment factor. The approach is 
to calculate adjusted discharges using the factors for the four regions. Once all four adjusted 
discharges have been obtained then it is simple to choose the correct value using the 
guidelines provided by Ackers (1991).

Ackers (1991) showed in preliminary investigations that most UK rivers with compound 
sections will flow in Regions 1 or 2 for floods with recurrence intervals up to about 20 years. 
Calculations should be carefully checked if higher regions are indicated. Artificial or modified 
channels may operate over a wider range o f regions than natural ones.

B £ 3  Evaluation of overfaank flaw models 

Labonitofy data

Ackers (1991) provides detailed error statistics from application of the FCFA method to only 
the Phase A FCF data. He reports a mean error 0.001% with a standard deviation o f 0.801% 
over all o f this data with the FCFA method. Wark (1993) carried out an independent 
verification exercise by applying several methods to a wider range o f data. The results given 
below summarize the analysis carried out. The methods used included the following:
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•  The Divided Channel Method (DCM) separates the main channel and flood plain 
flows by vertical divisions. Discharges are calculated separately for the main channel 
and flood plain zones and then added. Zonal discharges are calculated using a 
friction equation with the vertical division lines included in the wetted perimeter for 
the main channel, but not for the flood plains. A variation o f this method (DCM2) 
omits the vertical division lines from the main channel wetted perimeter as well.

•  The Single Channel Method (SCM) is the straight forward application o f the basic 
friction law to the complete channel.

•  In the FCFA Method (FCFA) the basic zonal discharges as calculated by DCM2 are 
adjusted using empirical factors based on the SERC FCF Phase A data. The factors 
and their derivation are described by Ackers (1991) and summarized in section 4.3 
above.

•  The Lateral Distribution Method, (Wark et al., 1991) is a computational method.
The equation describing the lateral distribution of depth integrated flow across the 
channel is solved numerically. The non-dimensional form o f the lateral eddy 
viscosity (NEV) is used with an average value of 0.16. The distribution of flow is 
then integrated to provide the zonal and total discharges.

In addition to the FCF Phase A data set these methods were applied to data from laboratory 
flumes in the University of Ulster (Myers 1990) and the University o f New South Wales 
(Lambert 1993). The mean errors and standard deviations obtained for each method are 
listed in Table A2.1. The methods were applied to all 197 data points from the FCF work, 20 
data points from two of Myers tests and 85 data points from six geometries tested by Lambert.

These results show that o f the hand calculation techniques the FCFA method gives the most 
consistently accurate results over each data set. Only the LDM can match the FCFA method in 
terms of accuracy and consistency. The large standard deviations are not caused by random 
error but rather by consistent trends of the errors with stage. James and Wark (1993) 
discusses this more fully.

Table A 2 .1 Errors in discharge estimation

Data set FCFA Myers Lambert
Method ACC SD ACC SD ACC SD

LDM 35 4.1 0.2 7.2 -0.5 16.2
DCM 8.8 10.2 -1.0 6.8 235 131
DCM2 7.1 3.9 1.7 7.7 318 22.8
SCM N/A -132 6.3 55.0 458
FCFA -2.0 38 -52 5.2 94 14.9

Note: ACC is mean %Error =  mean of 100*(Qcak - Ot—VOT... 
SD is the Standard deviation in the mean value.

Field data

Ackers (1991) applied the FCFA method to a range of field data collected from river gauging 
sites in England and Wales. Wark et al. (1991) and James and Wark (1993) widened this 
validation to include the methods listed above. The results summarized below are taken from 
James and Wark (1993). The results differ slightly from those quoted by Ackers (1991), these 
differences arising from slightly different procedures for idealizing the main channel.
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The results quoted are for the River Severn at Montford Bridge and the River Trent at Low 
Moor. These being the gauging sites with the two most extensive data records for overbank 
flow. The measured stage discharges were smoothed by taking running averages over three 
consecutive points. The Manning’s n values used in the calculations are those quoted by 
Ackers (1991). He derived these values from a trial and error application o f the FCFA method 
and hence they are optimised for the FCFA method. James and Wark (1993) also present 
results with Manning’s n values optimised for the LDM. However these are broadly similar to 
those quoted in Table A2.2.

Table hl2  Errors in discharge estimation, river gouging data

Data set 

Method

Severn

ACC SD

Trent

ACC SD

LDM 3.8 2.7 5.6 8.4
DCM 1.8 2.7 3-0 8.2
DCM2 5.4 35 3-4 8.2
SCM -25.4 58 -16.4 7.0
FCFA -4.1 33 -2.2 8.4

Note: ACC is mean %Error = mean o f 100*(QraJc - Q__VQtnr„
SD is the standard deviation in the mean value.

The results for these field gauging sites are less conclusive than those for the laboratory data. 
Only the SCM gives totally unacceptable results and the other four methods give similar 
overall accuracies. The majority o f the measured data fell in region 1 for the FCFA method. 
At higher stages The FCFA method is expected to give more accurate predictions.

B.3 Boundary Shear Stress Prediction

The interaction between main channel and flood plain flows also affects the magnitude and 
distribution o f boundary shear stress, and will therefore influence: scour patterns; 
requirements for scour protection and estimating sediment transport rates.

Calculations for a hypothetical case have suggested that total bed material discharge could be 
reduced by a factor o f two or three. Detailed assessment o f these effects will be the subject o f 
future research, Phase C o f the FCF. Until new results are available, the effects should be 
accounted for by using conventional methods with the relevant hydraulic parameters, such as 
flow velocity and boundary shear stress, determined according to the procedures given in 
section 4.3- As a provisional measure the bed shear stress data collected during Phase A was 
analyzed by Ackers (1991) who presented the following conclusions.

(1) Local shear stresses on the flood plain close to the main channel may be five times 
greater than the value calculated from flow depth and channel gradient.

(2) The peak shear stress on the floodplain occurs at approximately three times the 
channel depth from the main channel bank.

(3) The average boundary shear stress within the main channel is reduced.

Ackers (1991) provided a simple equation to correct the shear stress calculated from the 
channel cross-section properties.
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ANNEX C: IMPLICATIONS FOR 1-D RIVER M ODELLING

C l 1 -D  River Models in Use within the N R A

Within the NRA a number of standard river modelling packages are used for undertaking both 
steady and unsteady modelling o f rivers. In 1993, the more widespread packages in use were 
identified as:

Package
FLUCOMP
SALMON-F
ONDA
HYDRO
MIKE 11
HEC2
FLOODTIDE
Backwater

Originator
(HR Wallingford)
(HR Wallingford)
(Halcrow)
(Mott MacDonald)
(DHI)
(US Army Corps o f Engineers) 
(Babtie-Dobbie)
(NRA - Thames)

Each of the modelling software packages above have different originators and while they vary 
in detail, they do have a common purpose in that they are intended to approximate the St 
Venant equations of 1-D flow. They all use the computational technique of finite differences 
to solve the St Venant equations and so display some basic similarities to each other.

G 2  Existing Melhods Used to Calculate Conveyance

All of the packages above require channel cross-sections to be supplied at locations along the 
river. These cross-sections and other data describing the bed roughness of the channel are 
then used to calculate the conveyance o f each cross-section within the model. Conveyance is 
a convenient measure o f a rivers’ capacity to pass discharge. The various 1-D models above 
all" use slightly different methods of calculating~conveyarfce7 'Typically" the”meth"ocis are based 
on variants of the divided channel or sum of segment methods. In summary, the following 
approach to conveyance calculations used in the some of the models are as follows :

Model
FLUCOMP

SALMON-F

ONDA 
HYDRO 
MIKE 11

HEC2

Method
sum of segments method with option for variable roughness in 
segments, plus a toggle to the divided channel method if required 
sum of segments method with option for variable roughness in 
segments
sum of large segments / divided channel (or ’panels’) method 
horizontal/vertical subdivision of the section, treated as a single unit 
uses a modified hydraulic radius based on Engelund’s method and 
allows variable roughness with depth
sum of segments method with option for variable roughness in 
segments

C 3  Indusion of the New Methods in 1-D  Models

The new methods for calculating stage-discharges in compound channels have a number of 
implications regarding their use in 1-D river models. Primarily these are changes to the data

- specification for the cross-sectional data (ie additional data items) and changes to the - — - 
conveyance calculation procedures.
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C 3 J  Data requirements

The data requirements for the new methods are slightly greater than those that would 
currently be specified in existing packages. Modifications to the cross-sectional data inputs 
would be required to account for additional items such as :

FCFA method

•  idealised main channel and floodplain side slopes
•  idealised main channel bed and bankfull elevations
•  idealised main channel bed and top widths

These items are required for each cross-section in the model.

Jam es and W ark m ethod

•  sinuosity o f the channel
•  meander wavelength
•  main channel side slope
•  pointers to indicate the limits o f the inner flood plain meander belt

Where possible reach average values, based on sub-reaches o f the model, should be used to 
specify these additional data items. The sub-reaches are likely to cover a number of cross- 
section locations in the model and should be selected such that the geometric parameters 
(main channel side slope, sinuosity and width of meander belt) remain approximately 
constant throughout the sub-reach. These data items are readily available from a combination 
o f cross-section and plan surveys o f the river reach and would not require any additional 
resources when undertaking a model study.

G 1 2  Conveyance calculations

In general, 1-D models p re-calculate conveyance values at a range o f depths and store them in 
tabular form prior to the backwater or time stepping calculations. In principle, therefore, the 
major changes to be incorporated into the models are for the existing conveyance calculations 
to be replaced by the new methods for compound channels.

In unsteady flood modelling, storage on the flood plains can play an important role in the 
attenuation o f flood peaks. In a highly meandering river specifying the flood plain length 
equivalent to the river length between adjacent cross-section locations may have a tendency 
to over-estimate the storage area available on the flood plains. This may then lead to errors 
in the attenuation o f a flood wave. It is important therefore to specify the river length and 
flood plain lengths separately, as some of the above models do.
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C.4 Implication fo r 1 - D  River Models

There are a number of other issues to be considered when using a package with the new 
methods of calculating conveyances. The usual procedure when modelling compound 
channels is to calibrate firstly for the inbank roughness and then proceed to calibrate the 
overbank roughness. Analysts o f the SERC FCF data has shown that the inbank or main 
channel discharge falls as the water level moves from inbank to overbank conditions. In 
existing methods this may lead to large errors in the flood plain roughness as the calibration 
procedure implicitly assumes that the main channel discharge either remains constant at 
overbank stages or that it increases with increasing depth. This implies that the calculated 
main channel flows and velocities will be too high at overbank stages and those on the flood 
plain will be too low. This results in incorrect values for the energy and momentum 
coefficients, which in turn leads to errors in :

•  afflux calculations at structures,
•  shear stress and sediment transport properties and
•  the effective flood wave speed.

A major factor to be considered, should the new conveyance calculation methods for 
compound channels be incorporated in existing modelling packages, is that the calibration 
coefficients obtained from earlier model studies may no longer be applicable in the revised 
versions of the modelling software. The calibrated roughness coefficients (Manning’s n,
Colebrook-White k, or Chezy C) would be effectively compound roughness coefficients which 
take account of surface and form roughness, vegetation and "resistance" losses due to 
interaction effects in compound channels. The latter of these is included explicitly in the new 
hydraulic methods and should therefore not be included in the roughness estimates for the 
channel or flood plain in any revised model. Considerable effort may therefore be required in 
re-calibrating existing models if further studies were to be undertaken using a revised 
modelling package.

C5 Recommendations _ „ _ _ _ _______  .

Due to the lack o f field data for compound channels it has been impossible to verify fully the 
new hydraulic methods and it is suggested that the methods only be included in 1-D 
modelling packages for development purposes at this point in time. The most appropriate 
development path to follow would be to include the methods in a single ’trial’ package so 
that an assessment and evaluation of the methods could be made. For ease o f application 
and interpretation of results, it would be desirable for this to be a steady-state backwater 
package (or steady-state module o f an unsteady modelling package) with a switch to enable 
the method of conveyance calculation to be selected using a number of alternative calculation 
procedures including the newly proposed hydraulic methods.

Tests could then be carried out to find the most appropriate method o f specifying the data 
requirements and to make comparisons with measured field data over river reaches with 
known or observed stage and discharge information.
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C 6 Outline Software Specification

C i J  Objectives

Part of the research project commissioned by the NRA included drafting an outline software 
specification for a professional software package intended to assist engineers in the analysis of 
compound channels. The software will predict stage discharge relationships for given straight 
and meandering compound geometries and also analyze available data in order to provide a 
sound basis for the extrapolation o f the methods to higher stages. The specification appears 
in R&D Project Record 252/2/T, NRA (1993)

It is understood that discussions are being held to decide on the best strategy for producing 
this software package. It is likely that such a package will be developed in over the next year 
or so, should the decision to proceed be made.

C 6 l2  Background o f specification

This specification includes details of:

1) Minimum Hardware
2) Method o f use (batch driven, Menu driven, Graphical interface)
3) Identification o f appropriate source coding.
4) Data requirements
5) Calculation procedures
6) Format o f presentation of results
7) Proposed Menu structure.

The detailed specification presented in R&D Project Record 252/2/T addresses each of these 
issues and will form the basis of any package developed.
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ANNEX E: CALCULATION OF DARCY FRICTION FACTOR

1) From channel geometry and measured discharge

V =  Q /A 

R = A / P 

f  =  (8 g R S) / V2

2) Manning’s equation

f  = ( 8 g n 2 ) / R w

3) Rough turbulent law

f =  l 2 l o g 10(14 .8R/k , ) ] - 2

4) Smooth turbulent law

Re = 4 V R / v

f =  I 2 logi0( ( R* f l/2) / 2.51 ) ] 2

5) Colebrook-White transition law

f  =  [ -2 logio ( k, / 14.8 R + 2.51 / ( K  f m ) ) I 2

Notes:

1) If the smooth or transitional turbulence laws are used then the friction factor 
depends on the velocity as well as the bed roughness. Therefore an iterative 
procedure must be adopted when applying these formulae to the FCFA method and 
the James and Wark method.

2) The variables and symbols used above have their normal meanings.
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ANNEX E: CALCULATION OF DARCY FRICTION FACTOR

1) From channel geometry and measured discharge

V = Q/A

R = A / P

f = (8 g R S) / V2

2) Manning’s equation

f = (8 g n2 ) / R 1/3

3) Rough turbulent law

f = I 2 logl0( 14.8 R/k,) 1 2

4) Smooth turbulent law

R* = 4 V R / v

f = [ 2 logl0( ( R* f l/2) / 2.51 ) ] '2

5) Colebrook-White transition law

f  =  [ -2 logio ( k, / 14.8 R + 2.51 / ( K  f t/2) ) ] 2

Notes:

1) If the smooth or transitional turbulence laws are used then the friction factor 
depends on the velocity as well as the bed roughness. Therefore an iterative 
procedure must be adopted when applying these formulae to the FCFA method and 
the James and Wark method.

2) The variables and symbols used above have their normal meanings.
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