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Abstract 

The stage discharge curve, depth-averaged velocity and boundary shear stress distributions 

are essentially determined for the flood extenuation scheme. The difficulties aroused in 

prediction of these parameters are usually due to the 3D nature of the fluid flow in open 

channel. The current study represents different analytical model for velocity distribution, 

boundary shear stress and stage-discharge curves and their application to the trapezoidal 

compound channel. The analytical solution to the depth-integrated Navier-Stokes equation 

is used for the same and their results are validated using experimental data. These 

parameters are not easy to predict because of the three-dimensional characteristics of the 

flow field. The model proposed by Shiono and Knight (1988, 1991) is compared with those 

by Ervine et al. (2000), Kordi et al. (2015) and K-ε model (ANSYS) through numerical 

modelling. This test shows that secondary flow parameter plays a vital role and its 

significance proliferates near side slope where momentum transfer from the main channel 

to flood plain is observed. The contrast in the results are shown with the help of lateral 

variation in percentage error. 

The flood routing is an important technique to determine the flood peak attenuation and the 

duration of the high water levels through channel routing. Beside stage-discharge curve, 

hydrographs also plays a vital role in flood prediction and forecasting. The present study 

shows the application of hydrological methods for channel routing, the constant coefficient 

Muskingum-Cunge (MC) methods on the River Brosna, Co. Offaly in Ireland. The results 

obtained are validated by two software packages MIKE 11 and HEC-RAS beside that the 

method ensuring the mass balance of the model is tested in terms of water storage. The 

results of all the tests are plotted and verified with respect to the mass conservation criteria. 

Data sets of the River Brosna, Co. Offaly in Ireland is taken from the Elbashir (2011) for 

the November 1994 flood event. 

Keywords: Shiono Knight Method, Extended SKM, Secondary parameters, compound 

channel, Open channel, Muskingum-Cunge, Mass conservation 
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Chapter 1 

INTRODUCTION 

1.1 General  

Estimation of the flow discharge with respect to the stage and the time is one of the main 

parameters in the flood management projects. The insurance companies have also 

acknowledged the importance of the prediction of the flow discharge. Estimation of flow 

discharge leads to evaluate the flow depth in streams is necessary to estimate the risk of 

insurance of projects located on the floodplains. The stage-discharge curve is very crucial 

for the prediction, computation and the forecast of flood in a natural river system. When a 

flood occurs, the flow depth increases arbitrarily which in turn causes overbank flow. The 

overbank flow is usually very different from that of the inbank or single channel flow. The 

characteristic of the floodplain in the overbank flow plays a vital role, whereas the difference 

in the flow of water in the floodplain and the main channel generates strong lateral shear 

layer and large-scale turbulence (Sellin 1964; Perkins 1970; Wormleaton and Merrett 1990; 

Ackers 1992; Tominaga and Nezu 1991; Bousmar and Zech 1999). The occurrence of large 

eddies due to the vertical vortices and helical secondary flows is most substantial feature in 

the longitudinal direction (Rodi 1980). Ignorance of such coherent structure may always 

lead to the error, in prediction of the velocity and the boundary shear stress distribution. 

Velocity distribution and boundary shear stress distribution is the key feature for the 

prediction of the water surface profile, compound open channel design, and sediment and 

pollutant transport in the overbank flow. Many modelling techniques are presented in the 

past literature for the prediction of the velocity distribution, such as single channel method, 

divided channel method (Lotter 1933; Te Chow 1959), coherence method (Ackers 1992, 

1993; Lambert and Sellin 1996), weighted divided channel method (Lambert and Myers 

1998), exchange discharge model (Bousmar and Zech 1999), lateral discharge method using 

Reynolds averaged Navier-Stokes equation (RANSE) (Shion and Knight 1988,1991; Ervine 

et al. 2000) and so on. The prediction of the boundary shear stress distribution in a gravity 

flow channel is very significant because this is that parameter which influence flow 
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structures in the channel, the conveyance capacity and the transportation of the sediments 

in the channel (Knight 1981; Graf 1991; Knight and Sterling 2000; Sterling et al. 2008).  

On the other hand, climate change is another factor affecting the hydrological processes, 

which has profoundly changed the approach of the engineers in the past few decades. 

Further, engineers and hydrologist face problems related to the hydrology of the ungauged 

basin because of the unavailability of the morphological, hydrological and hydrometric data 

for the basins, especially in the developing and under-developed countries (Perumal and 

Price 2013). These problems of hydrological non-stationarity and ungauged basins 

necessitates decision making based on the hydrological models that are numerically 

governed solution for the basic equation of flow which are integral to these hydrological 

component processes. 

Flood routing is another approach for the flood planning and management. Study of flood 

wave movement in the channel and Natural River is one of the most important hydrological 

investigation using the basic governing equation of flow. Many studies have been performed 

which showed the consistency of such hydrological routing methods. Ponce (1981) and 

Merkel (2002) showed the consistency of the MC method (constant parameter) and 

developed the outflow hydrograph using different step and time size interval. Reid (2009) 

suggested more research on the short reaches and small drainage area, which are the 

conventional cases experienced while the application of the hydrological channel routing 

method.  

The difficulties in dealing with a small channel are the milder slope, which lack good quality 

flow data, which are most significant for modelling and comparison purpose. These aspects 

influence the precision of the two approaches and introduce sources of error in the 

assessment process. 

1.2 Velocity distribution 

In a circular duct, the profile is considered parabolic for laminar flow conditions. However, 

the velocity profile in open channel flow is usually turbulent and fluctuates because of 

friction generated at the bottom and sidewalls. The velocity increases as we move away 

from the boundaries in either lateral or longitudinal direction, or it would indicate that the 

maximum velocity would occur at the midway from both side boundaries and over the free 

surface away from the bottom wall. Other factors like secondary flow current usually does 
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not make the ideal condition possible for the location of maximum velocity and hence the 

velocity dip near surface comes into the picture. In case of rectangular channel, the point of 

maximum velocity on a vertical line would occur close to the water surface if the vertical 

line is taken at the centre. As we move closer to the banks, the point of maximum velocity 

will tend to move downward. In contrast to narrow rectangular channel if wide rectangle 

channels are considered the maximum velocity will occur closer to the water surface in wide 

channels.  

Some of the important observations regarding the velocity distribution in open channel flow 

are as follows: 

1. The velocity at the depth of 0.6 times the total flow depth from the water surface 

level is considered as the depth average velocity in general. This has important 

application since discharge is sometimes calculated from the contour diagram 

through area-velocity method. Rather calculating velocity at every point and then 

averaging it to obtain the average velocity, it would be more convenient to measure 

the average velocity at a particular point which is 0.6y below the water surface, and 

where y is the flow depth at that vertical line. 

2. An even more accurate method to estimate the average velocity is to measure the 

point velocity at two different location i.e. 0.2y and 0.8y from the water surface. 

Note that these locations are nearly identical with the location of Gauss points, which 

are numerically integrate an arbitrary function with best possible accuracy using two 

points the values of Gauss points are 0.5[1± (1/√3 )], i.e. 0.79 and 0.21 of the flow 

depth. 

3. The magnitude of the surface velocity is almost 5-25% more than that of the average 

velocity. The channel dimension and flow characteristics play significant role in 

determining the exact ratio of the surface velocity and average velocity. This ratio 

remains more or less constant for a given channel under comparable flow conditions.  

1.3 Boundary shear stress 

The average boundary shear stress on the channel has been shown (through a balance of 

driving and resisting forces under uniform flow conditions) to be equal to ρgRS where R is 

the hydraulic radius, S is the bed slope in uniform flow condition and ρ and g are density of 

fluid and acceleration due to gravity respectively.  
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Figure 1 Shear stress distribution on the boundary of a trapezoidal channel 

However, the variation of shear stress near wall and bottom is very different and thus may 

not be considered constant or equal to theoretical value. For example trapezoidal channel 

has shear stress distribution as shown in Fig. 1. The variation in the shear stress may vary 

with the bed width, side slope and even to the depth ratio. Similarly, the shear stress 

variation in the rectangular channel depends on the aspect ratio. Guo and Julien (2005) gave 

a graphical relation relating the average shear to ρgyS. Instead of using hydraulic radius 

flow depth is used since for wide channels, these would be almost identical. 

Since we are generally concerned with the maximum shear stress at any point on bed or 

sides (e.g. to analyse the stability of a sediment particle), it is desirable to look at the 

maximum shear stress on the bed as well as sides (since the stability analyses for particles 

on sides and those on the channel are different). It is found that the maximum shear for the 

trapezoidal channel with side 2H:1V is around 75% of ρgyS on the sloping sides while it is 

almost ρgyS for the bed. 

1.4 Stage discharge 

The relationship within the water-surface stage (i.e. the water depth) and the coincident flow 

discharge in an open channel is known as stage-discharge relation or rating curve or just 

rating. This relationship is either empirical or theoretical which are can be used 

interchangeably since they are practically the same. The dependability on a rating curve as 

a tool is very high in surface hydrology since discharge data can be extrapolated from stage-

discharge relationship at gauging station. However, the accuracy of this relationship is 

another concern. The formulation of rating curve is mostly dependent on the empiricism, 



Chapter 1                                                                                                            Introduction 

21 

which necessitates an extensive theoretical background to establish a significantly accurate 

tool to compute discharge from measured flow depth. The wide applicability of the rating 

curve as a tool to estimate discharge in natural and/or artificial open channel and its 

extensive use in the field of hydrology makes it more demanding. Its application to the field 

of hydrology first came to knowledge in early XIX century where it was practiced to 

measure the discharge of a stream at suitable time using a current meter or other methods 

(Rantz 1982; ISO 1100-2, 1998). The corresponding stage is measured by regression or 

fitting the data set with power or exponential curve (see Fig. 2), a curve of the stage against 

discharge can then be useful to obtain the empirical equation depending upon the availability 

of data. One of the oldest methods of collecting current discharge data is to measure water 

level with gauges and then using the stage-discharge equation to estimate the flow 

discharge. The difficulty aroused during flood time is unrealistic for direct measurement of 

discharge in open channel in terms of risk of life, cost and time. 

1.4.1 Hydraulics governing stage-discharge relationships 

The stage-discharge relation in the open channel flow is dependent on the downstream 

condition from the gauge station. The channel conditions and characteristics understanding 

are very essential for the stage-discharge relationship and thus it is a very crucial component 

in developing rating curves. Three types of control are identified based on the channel and 

flow characteristics. 

– A section control affects the low flow depths; 

– A channel control affects the high flow depths; 

 – Both types of flow controls affect the intermediate flow depths.  

The sequence of section and channel control can occur at some stages. A section control is 

defined as the explicit cross-section of a channel, which is downstream from the gauge 

station having water level gauge regulating the relation between gauge height and discharge 

at the gauge. A section control such as rock ledge, a sand bar, a severe constriction in the 

channel, or an accumulation of debris can be identified as a natural feature section control. 

Similarly, a fabricated section control such as a small dam, a weir, a flume, or an overflow 

spillway is identified as the artificial section control. A pronounced drop of the water surface 

can be easily found in the field over section control, which signifies the meaning of control 

section itself, Fig. 3. 
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Figure 2 Stage Discharge Curve for B/b 4.2 Flood channel facility phase A series 02 

Sometimes when the flow depth increase limitlessly these section controls get flooded and 

inundated in such a way that it no longer regulates the discharge in relation to the flow depth. 

At this particular instant, the drop is no longer visible, and flow either is controlled over 

another section control downstream or through the channel characteristics such as hydraulic 

geometry and the roughness of the channel downstream (i.e. channel control).  A sequence 

of features throughout a reach downstream from a gauge is required in channel control. 

These features include channel size, shape, curvature, slope, and roughness. Dependency of 

the stage-discharge relation to the channel reach length can be extremely variable. A much 

longer reach is able to control the relation of the stage-discharge over the channel length of 

the flat or very milder channel, whereas very short channel reach may control the stage-

discharge relation for the steeper channels. In addition, the magnitude of flow is also another 

parameter, which affects the length of channel control. The difficulty to define the length of 

a channel control reach is such a problem, which can be solved through numerical methods. 

As discussed above, the combination of the section and channel control are found in some 

of the specific stages, such as short range in stage between section-controlled and channel-

controlled segments of the rating (Fig. 3). The development of stage-discharge curves where 

one control feature changes to another or combination of controls are possible or where 

number of measurement are handful, usually needs a wide understanding of the flow 

characteristics, in order to make a possible interpolation between measurements and 

extrapolation beyond respectively the lowest or highest measurements. This becomes 
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extremely reasonable where fluctuation of the controls is very high and have altered 

frequency time after time, resulting in a variation of the positioning of segments of the stage-

discharge relation. The term transition zone is used where part of the resulting rating curve 

is regulated through both section and channel control. Both the controls acting 

simultaneously is usually a rare condition, though a combination control may be possible 

where each has a partial controlling effect. Plotting procedures are always used to identify 

the control and their behavior according to the stage-discharge relation. The characteristic 

of the transition zones, in particular, is distinguished through a change in slope or shape on 

the stage-discharge relation. The stage-discharge relationship for stable controls, such as 

fabricated structures are usually easy and have very less problem in terms of maintenance 

and calibration. For unstable controls problem arises in multiple when backwater occurs. In 

addition, segment of stage-discharge relation changes abruptly in unstable controls when 

severe flood or any other rare event occurs. 

Figure 3 Schematic representation of controls range in rating curve 

1.5 Flood hydrograph 

The term hydrograph is a graphical representation of variation of discharge over a given 

period for a catchment area Fig. 4. It can also be stated as the response of a catchment area 

for a given input as rainfall intensity.  
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the volume and the remaining volume of water is denoted as the surface run-off or the quick 

response. 

Figure 4 Hydrograph of inflow and outflow flood event 1994 River Brosna, Ireland 

Iisrflow are also part of the quick response. As the name suggests the quick response are the 

volume of water that enters the stream immediately after the rainfall. As shown in the Fig. 

5, a hydrograph has a rising limb, point of inflection, upper crest and then the recession 

limb. The characteristic of the curve shows the response of the catchment in a unique way 

where primarily during the rainfall the peak is built for over a period. The division of the 
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base flow from the hydrograph is transitional and called as base flow separation, which have 

been proposed to distinguish surface run-off from the base flow.  

1.5.1 Base flow separation  

In many hydrographs analyses, a relationship between surface-flow hydrograph and the 

excess rainfall (i.e. rainfall minus losses) is sought to be established. The surface run-off 

hydrograph is obtained from the total run-off hydrograph through the technique called base 

flow separation. The graphical technique is established on locating the base flow recession 

points on the graph, which lies on the falling and the rising limb of the quick flow response. 

Another method called filtering techniques operate on the complete hydrograph data for 

obtaining the base flow hydrograph (Connected Water 2006).  

1.5.2 Graphical separation method 

Graphical techniques vary in complexity and they include: 

 An empirical approach, which is based on the different parameters related to the 

characteristic of the catchment area Eq. 1.1. The basic idea behind this formulation 

is to find a point along the falling limb, which indicate the start of base flow 

recession on the curve.  

D = 0.827 A0.2         (1.1) 

Where, D is the number of days between the storm crest and the end of the quick 

response flow and A is the catchment are in square Kilometres.  

 The constant discharge method assumes that a constant discharge of base flow 

occurs throughout the storm hydrograph.  

 The constant slope method is established on the link between the start of the rising 

limb and the point of inflection on the falling limb. This method assumes the instant 

base flow response to the rainfall event, hence it is more suitable for the topography 

where base flow dominant. 

 The concave method considers the initial recession in the base flow during the rising 

limb by projecting the decrease in the hydrograph trend prior to rainfall event to 

directly to the line joining the centre of the crest line perpendicular to horizontal 

axis. This projection is then connected to the point of inflection on the falling limb 

of a storm hydrograph.  
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Han (2010) suggested the constant discharge method and the constant slope method 

because of their simplicity and wide applicability.  

1.5.3 Filtering separation methods    

Another method, which is also used, for the base flow separation is the data processing or 

filtering procedures. This method uses the automation index of the base flow response of 

the catchment area. The ratio of base flow to the total flow calculated from the storm 

hydrograph smoothing and separation procedure using daily discharge are called as a base 

flow index (BFI) or reliability index (Tallaksen and van Lanen 2004).  

1.6 Flood routing 

A mathematical method to calculate variations in the magnitude and celerity of a flood wave 

when it proliferates down the river or across the reservoir is called flood routing. As the 

flood wave moves downstream its peak and the whole shape of the flood wave transforms 

throughout the movement (Tewolde 2005).  

Considering the storage effect of the reservoir, the peak of the outflow hydrograph always 

have less attenuation in comparison to the inflow hydrograph. This relative decrement in 

the peak of the two consecutive hydrograph is attenuation Fig. 6. In addition, there is a 

translation, which indicates the delay in time of the peak discharge Fig. 6 while delay in 

travel time of the water mass moving downstream is called as lag time (Heatherman 2008).  

Figure 6 Flood routing hydrograph for natural river Brosna, Offaly, Ireland 

Elbashir (2011) 
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The inflow hydrograph is considered as the flow of water at the upstream while the outflow 

hydrograph is the consequence of the inflow hydrograph at the downstream section. Flood 

hydrograph can be broadly classified as the reservoir routing and the channel routing 

(Subramanya 2009). However, the main difference explicitly depends on the outflow 

hydrograph for both the type i.e. when determined over the spillway is called reservoir 

routing and when estimated over the river reach is called channel routing (Chadwick and 

Morfett 1993). 

1.6.1 Kinematic, dynamic wave speed and Froude number 

In numerous past studies, researchers suggested that the travelling of flood wave is 

explained by the wave ‘celerity’ (Heatherman 2008). In an open channel flow, the dynamic 

celerity ‘cd’ is defined as the small disturbance or wave in the direction relative to the depth 

of the average velocity flow. To travel long enough wave must have low amplitude, long 

periods and negligible losses of energy.  

cd = √𝑔𝑦   for wide rectangular channel       (1.2) 

 cd = √𝑔𝐷𝑚   for channel in general        (1.3) 

Where, Dm = A/T i.e. ratio of Area of the channel to the top width of the channel called 

hydraulic depth. 

From the equation above, cd is called as dynamic celerity and its unit is m/sec, g is the 

acceleration due to gravity m/sec2, y is the depth of the flow in m, A is the area of the 

channel in m2 and T is the top width of the channel in m. 

The flow can be characterized by the dimensionless quantity called Froude number, which 

can be defined as the ratio of the average velocity ‘V’ of the flow to the dynamic celerity.  

Fr = 
𝑉

√𝑔𝑦
          (1.4) 

When the wave velocity surpasses the water velocity, the disturbance travel upstream and 

downstream, as well as the upstream depth of flow is affected by the downstream control. 

This case in particular is called as subcritical flow and the Froude number is less than one. 

In contrast to this when the flow velocity is more than the dynamic celerity than the 

supercritical flow is said to occur where Froude number is more than one and the disturbance 

now travel downstream only. The net possible case is when the velocity and dynamic 
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celerity is equal then the flow is called critical with Froude number equal to one (Chadwick 

and Morfett 1993).  

Kinematic waves ‘ck’ move with much lower velocities in contrast to the dynamic waves, 

which are characterized by quick attenuation, and higher velocities. Singh (1996) defined 

the Kinematic waves as the slope of the discharge-area rating curve. However, it can be 

estimated as the product of mean velocity and a factor called β. Table 1 shows the value for 

the factor β for various channel shapes.  

Table 1 Factors for computing wave speed from average velocity (US Army Corps of 

Engineers, 2008 

Channel shape Factor β = 
𝑐𝑘

𝑉
 

Wide rectangular 1.67 

Wide parabolic 1.44 

Triangular 1.33 

Natural channel 1.5 

 

1.6.2 Distributed and lumped models 

Commonly, the flood routing techniques are either lumped or distributed models. Lumped 

models consider complex parameters of flow behaviour between the upstream and 

downstream section of the channel. However, in the distributed models, more features of 

the flow behaviours are given at the points in between the reach located at the station from 

upstream to downstream section of the channel. Thus a model requiring lumped parameter 

are called hydrological routing, and flow routing through distributed parameter models is 

called hydraulic routing (Chin 2000). 

1.6.2.1 Hydraulic method 

When the flow computation is varied in both time and space (Mays and Tung 2002) then 

that type of flood routing technique is called hydraulic routing. Because of its computational 

ability over both space and time, this procedure is becoming popular for flood routing.  

Hydraulic routing is exercised through the continuity equation as well as the momentum 

equation of motion of unsteady flow (Subramanya 2009) Eq. 1.5 and 1.6. 
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𝜕𝐴

𝜕𝑡
+

𝜕𝑄

𝜕𝑥
= 0          (1.5) 

𝑆𝑓 =  𝑆𝑜 − 
𝜕𝑦

𝜕𝑥
−  

𝑣

𝑔
 

𝜕𝑣

𝜕𝑥
− 

1

𝑔
 
𝜕𝑣

𝜕𝑡
       (1.6) 

Where t is time, x is the distance down the channel, y is depth of flow, v is the mean cross 

sectional velocity, A is the area, Q is discharge, g is the acceleration due to gravity, 𝑆𝑓 is the 

frictional slope, 𝑆𝑜 is the bed slope, 
𝜕𝑦

𝜕𝑥
 is the longitudinal gradient of water profile, 

𝑣

𝑔
 

𝜕𝑣

𝜕𝑥
 is 

the convective acceleration slope and 
1

𝑔
 
𝜕𝑣

𝜕𝑡
 is the local acceleration slope. The magnitude of 

other terms are usually very less as compared to the bed slope 𝑆𝑜.  

This one dimensional continuity and momentum equation presented by the Barre de Saint-

Venant (1871) are famously known as the St. Venant equations. Ignoring all other terms in 

the kinematic wave equation except pressure gradient term 
𝜕𝑦

𝜕𝑥
, the diffusive wave equation 

becomes : 

𝑆𝑓 =  𝑆𝑜 − 
𝜕𝑦

𝜕𝑥
          (1.7) 

The pressure gradient term plays an important role in modelling the wave propagation and 

the storage effect within the channel for mild slope and steeply falling and rising 

hydrographs. Diffusive wave approximation equation simulates well, most of the flood 

wave travelling in the mild sloped river channels having some physical diffusion (Boroughs 

et al. 2002).  

The full dynamic wave equation is those equations, which uses all the terms in the 

momentum equation. Its applicability is more often in the dam break analysis because it 

counters the backwater effects that other model neglect (Boroughs et al. 2002). The solution 

of such equations is more sophisticated, they use numerical modelling through high level 

computing techniques using implicit and explicit finite difference algorithm. Otherwise, it 

can be solved through the method of characteristics (Chin 2000). Other than this modelling 

techniques, one can also go for software packages which simulate momentum equation 

through different numerical schemes, commonly used are one dimensional HEC-RAS 

(Hydraulic Engineering Centre’s- River Analysis System) or MIKE 11 (DHI) to perform 

steady and unsteady flow river hydraulics calculations.  
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The demerits related to such model is the complexity of the model solution, problem of 

convergence and it often leads to the numerical unstable solution. Such model also requires 

costly computational resources and computation time. Other simplified methods were 

improved to assist the computation, generally hydrological method that is easy, requires low 

computational resources and less time consuming (Johnson 1999). 

1.6.2.2 Hydrological methods  

The basis of continuity equation i.e. the mass balance of inflow, outflow and the volume of 

storage remain conserved is used in hydrological methods for channel routing. This method 

of channel routing requires storage-stage-discharge behaviour to establish the outflow for 

each time step (Guo 2006). Hydrological method considers mathematical practices that 

initiate translation or attenuation to an inflow hydrograph (Heatherman 2008). 

The equation presented below is continuity equation Eq. 1.8: 

𝑑𝑆

𝑑𝑡
=  𝐼(𝑡) −  𝑂(𝑡)         (1.8) 

where S is the storage between upstream and downstream in m3, t is the time in s and 𝐼(𝑡) and 

𝑂(𝑡) are the inflow at upstream and outflow at downstream respectively in m3/s. 

Over the finite interval of time between t and t+∆t Eq. (7) can be written in finite difference 

form as: 

𝑆1−𝑆2

∆𝑡
=

𝐼1+𝐼2

2
−

𝑂1+𝑂2

2
         (1.9) 

where subscripts 1 and 2 refers to two consecutive times t and t+∆t respectively (Chin 2000). 

A hydrological method, which initiates with continuity equation and comprises the 

dispersion form of the momentum equation, known as the MC (Johnson 1999) is used here 

for flood routing of Brosna River Offaly, Ireland (Elbashir 2011). The derivation and 

application of this method are discussed in further chapters. 
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1.6 Aim and Objectives 

This research program has been pursued with the following principal aims: 

- To study modelling techniques based on the Lateral discharge method using 

Reynolds Averaged Navier-Stokes Equation (RANSE) model for the computation 

of Stage discharge. 

- To study the effects of secondary flow in compound channels through calibration 

coefficient Г and k which was given by Shiono and Knight (1991) and Ervine et al. 

(2000).  

- To analyse the lateral variation of depth averaged velocity and boundary shear stress 

at different relative depths for compound channels. 

- To substantiate the analytical solution results produced by four different methods 

with/without secondary flow term by means of a numerical method called K-ϵ 

(standard eddy viscosity model using ANSYS-Fluent). 

- To study the application of hydrological flood routing technique using the constant 

variable MC method for a river Brosna Offaly.  

- To examine the steady state and mass conservation condition of the constant 

parameter MC method using mass balance equation and storage equation based on 

prism and wedge storage principle.  

Apart from the principal aims, following sub objectives can be enumerated as below: 

- To analyze the depth averaged velocity distribution and the boundary shear stress 

distribution curves for non prismatic compound channels with a B/b ratio of 2.2 for 

three different relative depths as 0.100, 0.245 and 0.500. 

- To analyze the depth averaged velocity distribution and the boundary shear stress 

distribution curves for non prismatic compound channels with a B/b ratio of 4.2 for 

three different relative depths as 0.111, 0.242 and 0.479. 

- To validate the results for analytical and numerical solution using percentage error 

analysis for each relative depth.  

- To validate the stage discharge curve using the data presented in the FCF phase A 

series 02 and 03 (www.flowdata.bham.ac.uk). 

- To analyze the stage hydrograph plot for 8 Km reach of river Brosna Offaly taken 

from Elbashir (2011).  
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- To validate the results obtained from the constant parameter MC method with the 

two software packages, namely HEC-RAS (US Army Corps) and MIKE 11 (DHI). 

1.7 ORGANISATION OF THE THESIS 

This thesis has been organized into six chapters, including Introduction. Chapter 1 is the 

‘INTRODUCTION’, which contributes a concise background of the rating curves, flood 

routing terminologies and aims & objectives of the present study undertaken. 

Chapter 2 contains a brief appraisal of literature on compound river sections. All these 

subjects are considered in two different sections. The first section is about the different 

modelling techniques for depth-averaged velocity distribution, boundary shear stress 

distributions and stage discharge curve for compound channels. The second section is about 

different approaches of flood routing. 

 

Chapter 3 describes the theoretical background of different modelling techniques and the 

important parameters related to them. 

 

Chapter 4 deals with the results and discussions of the SKM with/without secondary flow 

term, K-method, extended SKM and K-ϵ model. It presents the results of depth averaged 

velocity distribution, boundary shear stress distribution and stage discharge curve for the 

two compound channel. In the next section, flood routing results are illustrated through the 

validation of the hydrologic routing technique (i.e. MC method) with the two software 

packages. Beside this water storage, analysis is done for the outflow hydrographs obtained. 

 

Chapter 5 is error analysis, which compares the predicted depth averaged velocity with the 

measured depth-averaged velocity. Error analysis is also done to illustrate the contrast 

among all the contending models against extensive experimental datasets for ascertaining 

the efficiency of different models. The relative percentage error analysis is done in which 

the relative percentage error is plotted against the cross sectional lateral position. For 

outflow flood-hydrograph water conservation analysis is done and represented in the table.  

In Chapter 6 some conclusions and scope for future work are drawn from the results 

obtained for the compound channels. The chapter also illustrates the scope of this study for 

the field engineers and for the future studies.  
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Chapter 2 

LITERATURE REVIEW 

2.1 Stage Discharge, velocity distribution and boundary 

shear stress  

In the past several years, many attempts had been made in terms of mathematical modelling 

to predict the structure of turbulence in a compound channel incorporating the mass and 

momentum transfer over the interface region. A number of numerical models as that of 

Keller and Rodi (1988), Pasche et al. (1985), and the 3D algebraic stress model of 

Krishnappan and Lau (1986) has been undertaken along with many experimental work 

coming in between from Myers (1978) Rajaratnam and Ahmadi (1981), Knight and 

Demetriou (1983), Tominaga et al. (1989), Knight, and Abril (1996), and Knight (2006) in 

order to understand the structure of the flow. A number of empirical formulas are available 

in literature for the prediction of stage-discharge, velocity distribution and boundary shear 

stress but the dynamicity of such equation is very limited to very few channels or specific 

type of channel itself. 

However, despite this progress an analytical solution for a compound channel, which will 

give depth-averaged velocity, boundary shear stress distribution in the transverse direction; 

together with the stage-discharge curve, has been given by different researchers such as 

Shiono and Knight (1988 and1991), Ervine et al (2000), Abril and Knight (2004), Omran 

(2008) Tang and Knight (2009) and Kordi et al. (2015). 

Shiono and Knight (1988) gave an analytical solution based on the depth average eddy 

viscosity approach and momentum equation. The analytical solution is applied to steady and 

uniform flow in a compound channel and the results displayed confirms the capability of 

the model for the calculation of certain features of the flow sufficiently accurately for 

engineering design purposes.  

Tominaga et al. (1989) shows that the secondary current produced and transformed due to 

anisotropy of turbulence, which results from the boundary conditions of the bed, the side 

wall and the free surfaces, as well as the aspect ratio of the channel and the channel 
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geometry. The three dimensional structure formed due to the coherent structures modifies 

the primary mean flow. The longitudinal vorticity equation explains and forms the basis of 

such a secondary current mechanism in closed and gravity flow. The measurement of 

coherent flow structure is necessary to understand 3D flow structure, but since the velocity 

of the secondary current is within a few percent of main channel flow it becomes difficult 

to measure them. The secondary current structure are very different in pressure and gravity 

flow. In an open channel flow free surface vortex and the bottom surface vortex are 

separated and forms the main reason in the dip of maximum velocity position and 

deceleration of mean velocity near surface. The secondary flow structure in rectangular 

channel are very much different from the secondary flow structure formed in trapezoidal 

channel. 

Shiono and Knight (1991) again came up with the analytical solution but this time they have 

considered the secondary flow current denoted by Г. The calibration of coefficient of 

viscosity λ, friction factor f and secondary current Г has been done for the Flood Channel 

Facility FCF series 01-03 i.e. two stage trapezoidal channel. For the case of overbank flow, 

the experimental data from the FCF have provided comparable details for the 3D flow 

structures incorporated into the 2D analytical model through parametrization. The only 

realistic way of determining the depth-averaged secondary flow term has been shown 

through magnitude of boundary shear stresses and Reynolds stresses. The comparative 

intensity of secondary term and its impact on the lateral dissemination of the shear layer, 

have been shown to be unrelated of the relative depth, Dr (= (H-h)/H). In two-stage channels 

the point friction factors, f (=8τb/(ρUd
2) are nearly uniform, but differ from main channel to 

floodplain due to varying depth. Dimensionless eddy-viscosity values λ, have been obtained 

through apparent shear stress, and depth averaged Reynolds stresses. Generally, coefficient 

of eddy-viscosity is taken as constant in overbank flow but in inbank flow consideration, it 

plays significant role. 

Knight and Abril (1996) presented a philosophy for calibration of a river model through 

numerical simulation for overbank flow using three coefficients related to local friction 

factors, eddy viscosities and secondary flow. The numerical simulations of the lateral 

distributions of depth-mean velocity, boundary and Reynolds shear stresses give some 

useful insight into the calibration philosophy. The calibration philosophy of the model is 

found to be sensitive to friction factor f and secondary flow term Г values, particularly 

regarding their main channel and floodplain. On the other hand, it has been also shown that 
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insensitivity to dimensionless eddy viscosity λ ratios, wherein even constant values across 

the section may give satisfactory results.  

Ervine et al. (2000) gave new model by rearranging the terms in lateral gradient of H(ρUV)d 

also called as secondary flow term. They also considered the effect of transverse velocity 

by considering the ratio of longitudinal and transverse velocity as a new constant k and 

replacing in the secondary flow term. This constraint k predominantly comprises the 

secondary cells and their intensity in the two-stage channel. They also showed that the value 

of k < 0.5% for straight compound channel flows and 2% k < 5% for meandering compound 

flows at least at the apex cross section. The model proposed has the plus point of being 

applicable to both straight and meandering two-stage channels by accepting an suitable 

value of k. 

Abril and Knight (2004) gave a finite element model for depth-averaged turbulent flow 

using three hydraulic constraints governing local bed friction, lateral eddy viscosity and 

depth-averaged secondary flow for prediction of the rating curve relationship for inundating 

river. The subsequent lateral distribution of depth-averaged velocity are then integrated to 

give stage-discharge relationship. The comparison of the river flow model using finite 

element method with the coherence model of Ackers (1991 1992) in two study cases with 

homogeneous and heterogeneous roughness distribution helped to develop a calibration 

approach. It is also observed that from comparison of both models and experimental FCF 

data with homogeneous roughness, the coherence model yields inaccurate results in the 

prediction, which can be easily improved by using a higher value of the secondary flow term 

at low relative depths. 

Knight et al. (2007) modelled depth-averaged velocity and boundary shear stress in 

trapezoidal channels with secondary flows incorporating some key 3D flow features into a 

lateral distribution model for streamwise motion. They suggested that the SKM is based on 

using a constant value of secondary flow term Г, commensurate with the lateral gradient of 

term H (ρUV) d and therefore each time sense of the secondary flow term Г changes, an 

additional panel is required. Therefore, separate four panels are essential for modelling 

secondary current flows in symmetric half of a simple trapezoidal channel. Aspect ratio b/H 

plays a significant role in determining the number of secondary flow cells. Although, 

accurate depth-averaged velocity distribution prediction, the corresponding boundary shear 
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stress does not always match the experimental data due to poor modelling of secondary 

current cells. 

Omran (2008) justified that the SKM can account for 3D flow in simple and two-stage 

channels, is an easy method to program and can produce useful information required by 

river engineers, such as the stage-discharge relationship and lateral distribution of depth-

averaged velocity and boundary shear stress. He also depicted that the accurate prediction 

of depth-averaged velocity not necessarily obtain the corresponding predicted boundary 

shear stress as precise as experimental data mainly due to poor modelling of the secondary 

current cells. The advantage such analytical model is that when no experimental data are 

available for the ungauged reach, the user can still model the reach through just allocating 

the roughness value because λ and Г are automatically determined across the channel via 

sense of semi-empirical equations. 

Tang and Knight (2008) showed the application of the analytical solution to the depth-

integrated Reynolds-averaged Navier-Stokes equation with an extra term encompassed to 

counter the effect of drag due to vegetation. An additional term drag force is used in the 

momentum equation to model the problem involving vegetation. The approach embraces 

the effects of bed friction, drag force, lateral turbulence and secondary flow via four 

coefficients f, CD, λ, Г respectively. The new analytical scheme applied to the lateral 

dissemination of streamwise depth-averaged velocity in a vegetated channel has been 

employed to symmetric two-stage channel with fractional roughness at the floodplain/ main 

channel edge, i.e. a single line of trees. It is illustrated in their work that the density of the 

vegetation affects the shear layer formation over the vegetated and non-vegetated region. In 

fact, a strong shear layer is generated over the rough surface and the transfer of momentum 

over interface enhances due to high density of vegetation.  

Tang and Knight (2009) presented different analytical models of the depth-averaged Navier-

Stokes equations applied to the gravity flow and validated those results with the 

experimental datasets. The models developed by Shiono and Knight (1988, 1991) are 

contrasted with those by Ervine et al. (2000) and Castanedo et al. (2005) by means of 

mathematical experiments on both simple and two-stage channels. All the three analytical 

solution are similar and approximately similar since they contain similar hydraulic 

constraints signifying boundary resistance via the bed friction factor f, lateral shear via 

dimensionless eddy viscosity λ, and the depth-averaged secondary flow via parameter Г or 
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K. They also demonstrated the significance of the secondary flow term by comparing results 

of those models where secondary flow term are not considered with the experimental data. 

The shortcomings with the assumptions of K model are also discussed. The coefficient K is 

arguably considered always positive even though the K-value can be either positive or 

negative, contingent on the rotation of secondary cell. The extended λ method with Г 

included, produced reasonably good results even though this model is found sensitive to λ-

values.  

Omran and Knight (2010) modelled the boundary shear stress distribution using depth-

averaged Shiono Knight Method and shown that the poor modelling of secondary flow leads 

to the inaccurate results. To improve modelling by capturing the secondary current cell 

effects were analysed through the perturbation in experimental boundary shear stress 

dissemination. They indicated the poor modelling of the secondary flow term to be an 

important shortcoming in the prediction of boundary shear stress. The perturbation of the 

boundary shear stress distribution trend is visible in the aspect ratio larger than one, which 

in turn can be used as to decide the number, position and rotational direction of secondary 

current cells. They suggested that in rectangular channel, half the channel counted for 

modelling should be distributed into four panels to counter the effects of secondary current 

cells. 

Azevedo et al. (2012) used the 2D Laser Doppler Velocimeter in an experimental compound 

channel to obtain the streamwise and vertical velocity component. They showed that the 3D 

behaviour of the flow is more noticeable. The results obtained are examined by comparing 

with the universal laws drawn for isotropic turbulent 2D fully developed open channel flow. 

They showed that the validity of the universal laws for 2D fully developed open channel 

flows in the upper interface and floodplain, although the coefficient has to be increased due 

to increase in turbulent intensity. The non-validity of the universal law in the lower interface 

or the main channel is mostly due to the strong secondary currents even if their coefficients 

are changed.  

Al-Khatib et al. (2012) used the separate channel division methods in asymmetric two-stage 

channels with erratic floodplain widths and step heights. Three different interfaces, namely 

horizontal, vertical and diagonal is selected between the main channel and floodplain 

subsection. Then the discharge value in each subsection is evaluated in every interfaces 

together with the whole cross section. From the experimental results, it is observed remarked 
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that, none of the distinct channel approaches used assessed the calculated discharges 

correctly for the different ratio of depths in floodplain to main channel.  

Zeng et al. (2012) presented different approaches to quantify the friction factor f and eddy 

viscosity coefficient λ for the application of the analytical solution and to improve the 

accuracy of the prediction of the lateral depth-averaged velocity in the trapezoidal 

compound channel flow. In their results, it is quite evident that the friction factor affects the 

accuracy of the solution. The coefficient of the eddy viscosity can be determined empirically 

since the precision of the solution has been less dependent on the effects of dimensionless 

eddy viscosity. Over the interface zone the difficulties to simulate the turbulent flow 

characteristics multiplies. The main cause of such challenging simulation is the 

discontinuity of the parameters especially in the interface zone and the channels is divided 

into different panels considering the cross section of the geometry rather than the internal 

structure of the turbulence.  

Conway et al. (2012) offered a better technique for operating 3D computational fluid 

dynamics models to guesstimate the stage discharge and velocity distribution of straight 

open channel flow. In their approach, they used eddy viscosity k-ϵ turbulence closure model 

since in commonly used analytical solution model the coefficients are calculated through 

empiricism and vary with different flow conditions. The momentum transfer over the 

interface may or may not be taken into account, which potentially overestimate the 

conveyance capacity of the compound channels. The proposed approach is based on 

inputting (rather than calibrating) physically realistic resistance value and iteratively 

adjusting the downstream water depths until uniform flow conditions within a specified 

tolerance are established. They also suggested that the increase in relative depth of flow 

increases the momentum transfer due to difference in flow depth and velocity in the main 

channel and floodplain, which in turn over predict the flow ratio. Also, increasing depth 

increases the overestimation, which is more pronounced in roughened floodplain case.  

Liu et al. (2013) presented an approach to model the depth-averaged velocity and boundary 

shear stress in a submerged and emerged both types of vegetation. In their study, they 

calibrated an extra coefficient to tackle the drag force due to the vegetation called coefficient 

of drag Cd. The analytical solution for the transverse variation of depth-averaged velocity is 

presented through the Shiono Knight Method (1991). Beside the calculation of an extra 

coefficient, secondary flow cells and eddy viscosity terms are also analysed and their effects 
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on the solution for the compound channel is presented. For dealing with the secondary flow 

term, the modified equation of Ervine et al. (2000) model is considered where coefficient K 

is taken into account. In their study, the most significant factor in the modelling approach is 

found to be secondary flow parameter K and also its sign, absolute value being determined 

by the rotational direction and the intensity of secondary flow cell plays an important role.  

Jesson et al. (2013) examined a heterogeneous roughed bed in open channel flow through 

physical and numerical simulation. Depth-averaged velocity and boundary shear stress are 

experimentally calculated at four different cross sections by acoustic Doppler velocimeter 

and Preston tube technique respectively. The roughness aspects governs the behaviour of 

the flow and act as the source of vorticity, which is primarily established as local boundary 

shear stress and, in turn, affects imitates the momentum transfer and secondary flow in the 

channel. The flow field adjusts relatively quickly to the boundary roughness. The 

dissemination of vertical Reynolds stress is complicated and take longer to adjust over the 

change in boundary roughness unlike streamwise velocity component. Large fluctuation in 

the eddy viscosity model can be observed in the numerical simulation for the rough 

boundary conditions.  

Yang et al. (2013) used the depth-averaged equation in a rectangular channel derived using 

the Newton’s second law established on an elemental water body. The analytical solution 

of the lateral variation of the depth-averaged equation is used which comprises the 

consequences of lateral momentum transfer and secondary flow in supplement to bed 

friction. The result shows the significance of the parameters used in the analytical solution 

and their influence together with boundary conditions used. The friction factor f in each 

subarea is estimated through the Colebrook-White equation and for a known geometry; 

secondary flow coefficient Г may be contemplated as uniform for various relative depths, 

but varies from the main channel and the floodplain respectively. The momentum transfer 

effects are prior and influencing in the shear layer region and may be practically overlooked 

outside the shear layer region. 

Chao et al. (2013) conducted the experiments in the compound channel with vegetated 

floodplains for the investigation of the secondary flow characteristics. The variation in the 

vegetation in terms of size and shape changes the direction of rotation in the whole cross 

section. Meanwhile the intensities of the secondary flow current in the floodplain are 

stronger in comparison to the main channel when the flow depth is less. In the higher flow 
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depth, intensity of the secondary flow decreases rapidly in the floodplain; however, those in 

main channel are almost the same and keep weak. 

Knight (2013) developed the integrating mathematical modelling with experimental work 

both in the field and in laboratory and exemplified through the development of a software 

tool that deals with the primary practical issues related to rivers in flood. He emphasized the 

practical issues in obtaining data and the theoretical problems in identifying relevant flow 

parameters for streamwise and planform vorticity, turbulence shear stresses and frictional 

resistance. He also highlighted the concern regarding the conversion of the data to the theory 

(or vice-versa), then to practical application, are desired in general terms, beginning with 

how to develop  models as a research tool, testing it against different data sets, through to 

using the model in practice with the embedded tools. 

Liu et al. (2014) established the principal equation of discharge per unit width from 

continuity equation and momentum equation. The analytical solution of the equation 

derived, including the effects of bed friction, lateral momentum transfer, drag force, and 

secondary flows. A simple method for estimated solution of the sub-area discharge and the 

total discharge is presented. Different coefficients are calculated and their sensitivity in the 

solution is analysed. They stated that the effects of secondary flow cannot be ignored during 

calculation and their sensitivity varies from floodplain to main channel differently in 

vegetation and non-vegetation floodplain.  

Proust et al. (2015) studied the turbulent non-uniform flows experimentally in compound 

channels, with vertical and sloping banks in the main channels. An advective transport of 

momentum and time-averaged transverse flow occurred until the downstream measuring 

section. The variation in the water depth reaches equilibrium much more easily than the 

variation in the velocity distribution between the sub-sections. They demonstrated that the 

depth-averaged Reynolds stresses rises in expense of the depth-averaged value of apparent 

shear stress and the lateral Reynolds stresses at floodplain edge and in the main channel. 

The shear layer turbulence and the flux of depth-averaged Reynolds shear stress are superior 

by the sloping bank relative to the vertical bank. They have also shown that the dispersive 

term of spanwise velocity can also be of the same order of magnitude as depth-averaged 

Reynolds stress -ρUdVd and is dependent on the flow direction. Therefore, 2D depth-

averaged model does not account for the vertical dispersion of the velocity may reproduce 

poorly the actual transverse momentum flux. 
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Parsaie and Haghiabi (2015) presented the stage-discharge relationship for two-stage 

channel flow using single channel method, divided channel method, modified divided 

channel method, and contrasted together with the experimental data. The results for all the 

empirical methods are same when discharge flows in the main channel, whereas by 

increasing the discharge and covering the floodplains the results of the different models are 

different. The effects of momentum and energy correction factor have significant effects on 

distribution of Froude number and specific energy. The non-uniformity of the flow and 

velocity distribution increases with the flow depth.  

Fernandes et al. (2015) improvised the 1D predictors of stage-discharge curves in two-stage 

channel. The authors used seven different models and validated with experimental datasets. 

The models used are traditional single and divided channel method along with the Debord 

method, coherence method, weighted divided channel method, apparent shear stress method 

and the exchange discharge method. They concluded that the models, which accounts for 

the momentum transfer over the interface area produces substantially superior results than 

the conventional approaches. For higher relative depths, predicted discharges for the model, 

which count turbulent exchange, are very close to the observed value. In their conclusions, 

they suggested that the exchange discharge models might be used for symmetric 

configuration while coherence models are more appropriate for the asymmetrical channels.   

Kordi et al. (2015) proposed a new model considering both the dispersion and the transverse 

convection component. The coefficients quantifying secondary flow terms are calibrated 

and quantified for the distinct lateral sections, expressed based on the perturbation in 

dissemination of depth-averaged velocity and boundary shear stress distribution. The poor 

modelling of the secondary flow cells in SKM (Shiono and Knight 1991) and Ervine et al 

(2000) K method has ascribed the imprecision in calculation of lateral depth-averaged 

velocity, particularly adjoining the boundary region. To enhance the depth-averaged 

velocity calculation, the secondary flow term is expressed as the function of the bed shear 

stress (ρghSo) and the depth averaged streamwise velocity (Ud). The improved SKM method 

is validated for the natural asymmetrical homogeneous and non-homogeneous boundary 

condition where it is found that the new method does exceptionally well in both the cases 

and improved the evaluation of the depth-averaged velocity with average relative error of 

5% over the boundary region between the main channel and floodplain area. 
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2.2 Flood hydrograph and flood routing 

McCarthy (1938, 1940) proposed a model originally called as a hydrological flood routing 

model, which eventually gained wide recognition under the name of Muskingum approach. 

The hydrological routing is the method, which is parametrised in such a way that the outflow 

is derived as function of inflow for a particular reach of the channel while considering the 

lumped number of parameter characterizing geomorphological and hydraulic properties.  

Nash (1958) used the cascade model of linear reservoir to derive the instantaneous unit 

hydrograph. The catchment is assumed to be divided as number identical sub-reservoir each 

having same storage constant. The output of the first reservoir is considered as the input for 

the second reservoir and so on. The conceptual cascade of the reservoirs is used to obtain 

the shape of the outflow hydrograph from each reservoir of the cascade. The outflow 

hydrograph of the nth reservoir is considered as the instantaneous unit hydrograph of the 

catchment.  

Kalinin and Miljukov (1958) presented the applicability of the cascading non linear 

reservoir method of the Nash (1958) and later, Liu and Todini (2002, 2004) developed 

TOPKAPI hydrological model using the cascade of linear reservoir model. 

Cunge (1969) continued the extension of Muskingum method to time variable parameters 

whose value can be obtained as the function of the reference discharge. Cunge in 1969 

established the Muskingum method as the first order kinematic approximation of a diffusion 

wave model. By parabolic approach for the estimation of the parameters, Cunge (1969) took 

the method one-step ahead. This approximation guaranteed the real diffusion equal to the 

numerical diffusion.  

Chow (1964) and Chow et al. (1988) pointed that the original initial derivation presumes 

that the prior origin of the Muskingum routing technique is that the storage consist both the 

“prism’ level pool storage and the “wedge” storage that counters the imbalance between the 

inflow and the outflow. Rather, they suggested that the model could be more profoundly 

seen as the two parameters “lumped” model at the river reach scale, the storage of which 

can be expressed at any point in time. 

Tang et al. (1999) and Tang and Samuels (1999) and numerous other researchers pointed 

out the shortcoming of the widely used Muskingum method that the method compromises 
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the mass balance that to reach the values of 8-10%. Although many researcher (Ponce and 

Yevjevich, 1978; Koussis, 1983; Ponce and Chaganti, 1994; Perumal et al., 2001) have 

worked on this problem and tried to solve the inconsistency of the mass balance, a decisive 

and substantial logic was never confirmed. 

Beside the wide applicability of the Muskingum Cunge approach, it is also utilised as the 

routing element in different disseminated and semi-disseminated hydrological models, in 

which case the conservation of the mass balance is an indispensable attribute. Furthermore, 

numerous software packages are accessible today to solve the full Saint Venant equations 

like Stelling and Duinmeijer (2003) and Stelling and Verwey (2005) SOBEK, MIKE 11- 

DHI Water & Environment (2000), HEC-RAS- US Army Corps of Engineers (2005) and 

many others. The lack of data of the river reach and cross-section make Muskingum Cunge 

method more applicable by disregarding the practise of more complicated routing methods. 

Another reason for its use is that it can be certainly coded at virtually no cost.  

Perumal et al. (2007) came up with a new model called variable parameter Muskingum stage 

hydrographs routing technique for the elaboration of the standard rating curves at an 

ungauged river location. In their model, stage is used as the routing variable, and this can 

be justified by the sensitivity of the stage variable with respect to the local variation of the 

cross sectional flow area of the river reach. This model encompasses a technique to evaluate 

quantitatively the corresponding prismatic channel section of the reach employing two 

bounded natural channel cross sections of the reach.  

Todini (2007) presented a new model based on the Muskingum Cunge method since several 

variable parameter Muskingum Cunge flood routing method, mutually with numerous 

modifications suggested in the literature, does not completely conserve the mass balance, 

mostly in the mild slopes. Furthermore, he showed that beside the inconsistency of the mas 

balance another important inconsistency of different variable parameter methods are that 

the storage inconsistency. If one substitutes back into the Muskingum equations, the 

parameters derived using Cunge approach, two different and inconsistent values for the 

water volume stored in the channel is obtained. The effect of pressure term is also tested for 

the new model, which improved the model dynamics when compared to the solution of full 

Saint Venant equations, without any adverse effects on the mass balance and compliance 

with the Muskingum equations. He also claimed that his proposed method would also be 
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useful for routing waves in channel as well as natural channels with bed slope of range 10-3 

to 10-4 where the flood crest subsidence is one of the dominant phenomena.  

Perumal et al. (2009) analysed the multilinear stage-hydrograph routing grounded on the 

time dissemination system. The nonlinear dynamics of the flood wave transmission by 

adjusting the model constraints at every routing time step are implicitly solved in the 

proposed method. The proposed model is verified by the experimental datasets and even in 

the Tiber River of central Italy. The outline of the proposed model is based on the 

Muskingum-type routing method, which is used as a linear sub model. The input stage 

hydrograph is divided into block of constant duration equal to the routing time interval, each 

of which is routed by Muskingum sub model. The form of the input stage hydrograph is 

considered as the series of pulses (uniform blocks of duration) and the routed output by this 

model is sampled at discrete time intervals.  The model gave good results and conveniently 

applied to the real world flood routing problem. The stage-hydrograph produced for the 

purpose of flood forecasting is reliable when applied to the prismatic section and to the 

automatic operations of canals.  

Perumal et al. (2010) presented a method for accuracy enhancement of the variable 

Muskingum stage hydrograph routing technique suggested by the Perumal et al. (2007) for 

rating curve prediction of the ungauged river sites having irregular section. The method 

enhanced for routing the prismatic channel reaches are used for the application to a natural 

river reach. It involves rough calculation of the real river reach section at the extreme ends 

of the reach to an comparable prismatic section with one-to-one correlation recognised 

among water level of the real section of a given flow area with the corresponding water 

level of the prismatic channel section of the same flow area. It is conclude from the analysis 

that the technique of determining the comparable prismatic channel section for a given river 

reach using real channel section and vice-versa are conveniently applicable method for the 

flood routing method. 

Perumal and Price (2013) presented the hydraulic derivation of a fully conservative, variable 

parameter MaCarthy Muskingum method derived from the full Saint Venant equation for 

routing flood wave in prismatic channel using Manning’s friction law. The model justified 

the heuristic assumption of the MaCarthy (1938) theoretically, in which he expressed 

storage as the prism (i.e. level pool storage) and the wedge storage. The approach used in 

the model also fulfil the conservation of mass problem which is associated with variable 
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parameter Muskingum routing method, which has been major issue in past three decades. 

The model exhibited is used to obtain the stage-hydrograph corresponding to a given inflow 

or routed discharge hydrograph. In the model the parameter travel time is derived in a same 

way that of Todini (2007) and Price (2009), but the parameter weighting factor is different 

from that of Todini (2007) and Price (2009) method. They validated their model with Todini 

(2009) model with and without using; the diffusion correction advocated by the Cappelaere 

(1997). The results reveal that the proposed model provides better insight into the rationale 

behind the Muskingum method, and additionally it enables the stage hydrograph 

corresponding to the routed discharge hydrograph.  

Bhabagrahi et al. (2014) presented the application of the simplified discharge routing 

method and estimated the stage-hydrograph simultaneously in channel with floodplains. 

They showed that the performance of the variable parameter of Muskingum discharge 

hydrograph model and its capability of accurately routing the discharge hydrograph, 

corresponding stage hydrograph and synthesizing the normal rating curves at the 

downstream of ungauged river site which is not affected by the downstream effect. They 

also suggested that the variable parameter of Muskingum discharge hydrograph model 

should not be used for very mid slopes, which are subjected to backwater effects. This model 

is best used when no lateral inflow is considered in the river reach.  Their study can be used 

as the base for the planning and management of river water resources in both the diagnostic 

and prognostic modes, which can be incorporated in the meso- and macro- scale basin 

models, and land surface schemes of the climate change models. 

2.3 Critical Review 

There are number of past studies regarding the flow modelling for both inbank and outbank 

flows, but these tend to examine flow where secondary flow terms are either neglected or 

included beside considering the computational time and resource requirement to model the 

flow. Bousmar and Zech (1999) showed that the models where secondary flow terms are 

not included there overestimation of depth averaged velocity is very common and thus 

significant modelling of these coherent structures plays a vital role for the prediction. In this 

study, total five methods are used to justify the importance of the parameters like secondary 

flow term and mass transfer effect over the interface region which when ignored, affect the 

results adversely. Again, computational resources required for the analytical solution of 

RANSE model is comparably very less and robust for field engineers. Review of past 
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researchers model are done together with the analysis of the effects of secondary flow terms 

given by Shiono and Knigth (1989, 1991), Ervine et al. (2000), and Kordi et al. (2015) 

model. Using k-ϵ model gives an extra edge to compare the numerical model with the 

analytical model solution technique and also validates the computational resource and time 

required by these two different approaches.  

Later half of the study aims at the stage hydrograph and flood routing techniques by constant 

parameter MC method. Todini (2007) showed that the loss of mass identified by many 

researchers and authors are very common in this method. However, no one seems to 

estimate the storage in the reach using two equations derived through the mass balance 

equation and storage equation given by heuristic assumption of prism and wedge storage by 

McCarthy (1938).  
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Chapter 3 

THEORETICAL BACKGROUND 

3.1 Introduction 

This chapter aims to give an outline of the previous study done in the field of open channel 

hydraulics. A review of the flow features and energy transfer mechanisms is specified with 

the evaluation of different modelling techniques.  

3.2 Flow mechanism 

It is fundamental to comprehend the flow behaviour and physics related to it before 

engaging in any type of modelling either it can be analytical or numerical. The structure of 

flow affects the velocity distribution, boundary shear stress, resistance of flow and therefore 

the total conveyance (Knight 2001). 

The structure of flow can be classed as the energy transfer mechanisms which cascade 

energy from one form to another via growth of eddies over different length scale and time 

scale (Kolmogarov 1942). Vortices can be created due to the turbulence over the boundary 

shear, vertical and horizontal interface shear, transverse current and coherent structures. 

Beside that, it can be also created from the geometry of the channel, depth of flow and the 

nature of flow. (Tominaga et al.1989).  

3.3 Boundary shear and turbulence 

Flow may be measured as being laminar, transitional or turbulent and open channel flow is 

no exemption. In case of laminar flow there are no turbulent variations with respect to time, 

within the transition zone there are turbulent ‘bursts’ and within the turbulent zone there are 

recurrent, random turbulent variations. Vortices can induce by either boundary shear, 

bursting phenomena or combination of both. 

The boundary shear because of surface roughness may be the reason formation of vortices 

(Nezu & Nakagawa, 1993). The term smooth turbulent flow can be defined when the 

streamlines adjacent to the bed run parallel to it and so the separation will occur. When 
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roughness elements enters outwards from the viscous sub layer, the boundary vortices 

adjacent to the bed tend to accelerate over the asymmetries and come to a standstill between 

roughness elements which results in flow separation as the velocity is reduced to zero 

(McGahey, 2006). This flow condition is present in most rivers, which is termed as 

“Hydraulically rough” turbulent flow. 

If the boundary is subjected by sequences of events such as ejections and sweeps, which is 

a second type of boundary turbulence known as “bursting phenomena” (Nezu & Nakagawa, 

1984). This condition will occur on smooth and rough bed and due to local uplift of fluid in 

the area of flow velocity parallel to the channel bed, sudden oscillations, bursting and 

ejection occurs randomly (Kline et al., 1967). When high velocities flow move closer to the 

boundary, it builds up near wall vortices by lateral lenghtwise stretch generating new 

vortices, which is successively transported away by the ejections (McGahey, 2006). 

Turbulence has many definitions, attempted in many ways by many researchers. In this 

manner, thus an outline will be given of possible definitions of turbulence and some 

background to behaviour induced by turbulence. If the reader wishes to develop these ideas, 

they should consult one of the many works on turbulence. 

Chow (1959) explains it, as “…flow is turbulent if the viscous forces are weak relative to 

the inertial forces. In turbulent flow, the water particles move in irregular paths which are 

neither smooth nor fixed but which in the aggregate still represent the forward motion of 

the entire stream.” Whereas others, such as Johansson & Alfredsson, (1986), prefer not to 

define it and simply state “Existing theories are unable to give detailed and quantitative 

explanations of the mechanism of turbulence generation…” Similarly Munson et al. (2002) 

state “…turbulent flow is a very complicated process. Various researchers have dedicated 

substantial attempt in trying to appreciate the variation of inexplicable attributes of 

turbulence. Even though an extensive work on the topic has been done, still the subject of 

turbulent flow remains the least understood area of fluid mechanics.” They go on to say that 

“A unsophisticated means of considering the turbulent flow is to think of it as a series of 

random, three-dimensional eddy type motions…These vortices varies in size from very 

small diameter (on the order of size of a fluid particle) to fairly large diameter (on the order 

of the size of the object or flow geometry considered). They travel arbitrarily, carrying 

mass…promotes mixing and increases the transport of momentum”. 
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It is known that turbulent flows show unsteady, irregular and random behaviour and contain 

eddies of irregular motion. The Reynolds number (Re) is utilized when the fluid changes 

from laminar flow to turbulent while defining the approximate location. For example in a 

pipe flow, the fluid with a Re value of less than 2000 is considered laminar whereas when 

it is in excess of 4000 it is considered to be fully turbulent. Similarly on plate flows, the 

transition between laminar and turbulence begins when Re is approximately 500,000. The 

Reynolds number is the effect of viscosity relative to inertia and is defined as Eq.3.1 for 

pipe flow. 

Re = 
𝑈𝐷

𝜗
                                                                                                                                    (3.1) 

Where, U is the mean velocity, D is the pipe diameter and 𝜗 the kinematic viscosity. 

However, in open channel flows, it is taken that D= 4R[𝑅 =  
𝐴

𝑃
=  

𝜋𝐷2

4𝜋𝐷
], where R is the 

hydraulic radius, A is the cross-sectional area and P the wetted perimeter hence Eq. 3.2 is 

applicable. 

Re = 
4𝑈𝑅

𝜗
                                                                                                                 (3.2)     

In open channel flow, if Re<500 the flow is generally laminar flow and if Re>12,500 it is 

turbulent flow. It should be noted that these are estimated guidelines, even if the transition 

is usually taken as 2000. Generally in open channel flow the viscosity is low subsequent in 

a large Reynolds number, therefore, most open channel flows are not within the laminar 

region. 

In turbulent flows, the tumultuous behaviour is predominant in velocity, pressure and shear 

stress and is categorized by random three-dimensional eddies. Sum of the mean velocity (U) 

and the fluctuating portion of the velocity, 𝑢’ is the instantaneous velocity (u) which is the 

time varying part of the velocity in turbulent flow, which varies from the average value. 

A transfer of the momentum generated by shear stresses is due to the fluctuation of velocity. 

These turbulent shear stresses are mentioned as Reynolds stresses and as they only occur in 

turbulent flow, they result in increased shear stresses from those found in laminar flow. 

3.3.1 Vertical and horizontal interfacial shear 

Because of shear velocity, gradients at the main channel and floodplain interface the vertical 

and horizontal vortices may be persuaded in straight channels for overbank flow. Vortices 
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persuaded by vertical interfacial shear tend to be small scale, with the eddy structures being 

smallest at the floodplain bed and gradually expanding the water surface.  

Two flow when acting in different direction generally happen in case of meandering, 

skewed channel flow, or lateral inflow induces horizontal interfacial shear. At lower relative 

depths (e.g. Dr=0.15), the floodplain flow or overbank flow tend to trail the main channel 

flow direction. Meanwhile in higher relative depths (e.g. Dr=0.25), the overbank flow 

usually flows parallel to the floodplain (Shiono and Muto 1998).  

3.3.2 Transverse (secondary) currents 

The anisotropic of turbulence causes secondary currents to be generated and modified. This 

anisotropic is initiated by the boundary conditions of the bed, sidewall, the free surface 

along with the aspect ratio and channel geometry (Tominaga et al. 1989). These secondary 

currents are about only 2-3% of the mean streamwise velocity, which makes it exceptionally 

challenging to quantify. 

The free surface influences the pattern of secondary currents and in rectangular prismatic 

channels, the free surface causes the secondary currents to flow toward the side wall along 

the horizontal plane at about y/H=0.6 (Tominaga et al. 1989) where ‘y’ is the lateral distance 

of channel and ‘H’ is height of the channel. Due to the horizontal plane a pair of separated 

vortices is generated near the sidewall, hence, the upper vortex is termed the “free surface 

vortex” and the lower side vortex is called the “bottom vortex”. At large aspect ratios, the 

spanwise scale of the free surface vortex increase and reach about 2H. The bottom vortex is 

confined to less than about H in open channel flows. In open channels to closed conduit 

flows, the pattern of different vortices can be seen in Chlebeck (2009). 

The pattern of secondary flows cells is very different from that of rectangular channel flows 

from the trapezoidal channels; Tominaga et al. (1989) discovered that the patterns of 

longitudinal vortices depend on the angle of the sidewall. They considered the pattern of 

these vortices in three trapezoidal channels with varying side slopes of 600, 400 and 320, the 

results of which suggests the direction and size of the vortices varies with cross section of 

the channel. Here they named the vortices A, B and C that correspond to the bottom vortex, 

the longitudinal vortex and the free surface vortex respectively. As the side slope angle 

reduces from 900, vortex B is generated, vortex C is weaker and vortex A develops into the 

depth-scale vortex Fig. 7. In trapezoidal channels, the maximum value of the secondary 

currents is of the similar extent as that in rectangular channels, although the pattern differs. 
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Figure 7 Secondary current vectors in trapezoidal smooth channels (Tominaga et al. 

1989) 

3.3.3 Coherent structure 

Coherent structures, also known as large planform eddies, where there is high velocity 

gradient it causes the shear instability in regions, for example, at the interface of the main 

channel and floodplain (Ikeda &Kuga, 1997). Ikeda et al. (2001) conducted a series of 

laboratory experiments for compound channels of varying relative depth.  

Elliott & Sellin (1990), observed in skewed compound channels the slower moving flow on 

the narrowing floodplain moves over the main channel flow in a different flow direction, 

which resulted in helical secondary currents developing adjacent to the centreline of the 

main channel. The increasing floodplain experienced increased velocity due to the faster 

moving main channel flow entering this region. When it was compared to the equivalent 

straight channel case, the overall effect was a reduction in the transmission. 

Richardson (1992) précises the pattern of the breaking up of eddies as “…big whorls have 

little whorls, which feed on their velocity; and little whorls have lesser whorls, and so on to 

viscosity”. 
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3.3.4 Other causes of vortices in channels 

Vortices can also be induced due to the natural form of the channel or by man-made 

obstructions. These include: 

 As the floodplain effects only the side of the main channel, the irregular channels 

have different channel circulations. 

 Berms affect the structure of secondary flows and their orientation with depth. 

  Braided channels often have a common floodplain; this possibly result in the 

floodplain flow structures interacting causing further uncertainty and flow 

separation. 

 Natural channels tend to encompass larger width to depth ratios which results in 

non-homogeneous turbulence, hence the stream is affected by minor wall turbulence 

(scaled by depth) and free turbulence from the extensive eddy structures which 

ensures horizontal freedom (Ikeda, 1999). 

 Vegetation may cut down or eliminate the vertical interfacial turbulent exchange as 

it acts as a stream wise barrier between the main channel and floodplain, 

 Structures such as bridges and weirs may generate a “vortex street” which may affect 

the downstream reach.  

 

3.4 Boundary shear stress 

Numerous researches are carried in boundary shear stress, as it is a significant factor in 

flow structure in open channels. Factors including the channels geometry (both cross-

sectional and longitudinal), the variation of roughness and sediment concentration all 

effects the boundary shear stress distribution. 

For calculating the boundary shear stress, a simple method was given by Preston (1954) 

which comprises the placement of a Pitot tube against a boundary and a second static 

tube placed in the centre of the channel. Initially it was established by using a Pitot tube 

touching the bottom surface for smooth boundaries in a turbulent boundary layer. This 

method assumes the boundary shear stress is related to the velocity distribution near the 

wall (law of the wall). Evaluation of the velocity distribution near the wall is empirically 

inferred from the differential pressure of the Pitot tube and the static pressure. 
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The Preston tube technique has a few limitations however; Patel (1965) found that the 

Preston tube overvalues the surface drag in critical favourable and adverse pressure 

gradients. It has also been found that in order to take a precise reading of static pressure 

none of the fluid’s kinetic energy can be transformed to a pressure energy at the point 

of measurement indicative of rise in tube. Therefore, an even hole with no flaws must 

be used and no additional pressure should be applied to rather tube. In case of both the 

static and dynamic tubes a great care must be taken in the lateral positioning as slight 

deviation in arrangement will yield a non-symmetrical flow field, which can induce 

errors. It is unlikely in practice that the tube positioning will be directly into the flow, 

however yaw angles of between 120 to 200 (depending on the specific probe design) give 

typical errors of less than 1% from the straight aligned values. In order to assist the user, 

direction finding static Pitot tubes are available which have 3 small holes drilled into a 

small circular cylinder, one in the centre and one either side which are coupled to three 

pressure transducer. The cylinder is revolved until the two side holes comes to same 

pressure value, with the central tap measuring the pressure (Munson et al. 2002). In the 

skewed channel, the Pitot tube was aligned parallel to the centreline of the main channel 

and near the walls of the floodplain. 

Pursuing Patel’s standardization, several researchers have examined boundary shear 

stress dissemination in separate channel geometries by means of the Preston tube. Myers 

and Elsawy (1975) investigated boundary shear stress dissemination in two-stage 

channels with a single floodplain and observed distorted boundary shear stress 

distributions. Myers (1978) studied momentum transfer mechanisms and found the 

apparent shear stresses were appreciably larger in comparison to those employed on a 

compact boundary or floodplain wall at the interface. McKee et al. (1985) substantiated 

Myers momentum balance methodology by means of the Laser Doppler Anemometry 

(LDA) method. 

Rajaratnam & Ahmadi (1981) exhibited that the boundary shear stress decreases from 

the centres of the main channel in the direction of the bank of the main channel and 

floodplain where it grows suddenly. They also find that the boundary shear stress 

distribution levels off along the main channel before reducing at the walls. They also 

concluded that in the main channel due to the slower moving floodplain flow the effect 

of floodplain reduces the boundary shear stress. 
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Nikuradse in 1926 observed alteration in isotach (lines of equal velocity) patterns in 

turbulent flow but it was Prandtl (1926) who suggested that turbulent velocity 

fluctuations in regions of isotach curvature causes secondary flow (Gessener, 1973). 

However, it was work carried out by Knight and Patel in the 1980’s which suggested a 

link between the agitations in shear stress and the location of secondary cells and also 

that the number of cells increased with aspect ratio. 

Tominaga et al. (1989) and Knight & Demetriou (1983) stated that the shear stress 

distribution is significantly affected by secondary currents flow towards the wall and 

reduces when they move in direction opposite to the wall. In addition, Rhodes & Knight 

(1994) proposed that at the border of the main channel and floodplains of the bank slope 

has significantly effect on boundary shear distributions. 

Hence, by using a model, which is able to replicate the boundary shear stress distribution 

across the channel, river engineers will be able to accurately determine sediment 

transport, bank erosion and river morphology. 

Flow resistance was classified into four components by Rouse (1965); 

i. Surface or skin friction 

ii. Form resistance or drag 

iii. Wave resistance from free surface distortion 

iv. Resistance associated with local acceleration or flow unsteadiness 

3.5 Modelling techniques 

With advancing technology, there are increasing complex methods of flow, velocity and 

shear stress calculation tools. This section examines a number of common techniques 

ranging from simple one-dimensional equation to complex two- and three-dimensional 

models. The models and methods reviewed herein is not a complete list, but gives an 

indication to the variety of methods available.  

3.5.1 Single channel method (SCM) 

This scheme considers the channel as an individual cross-section, irrespective of geometry 

or flow resistance constraints. These uncomplicated manual computations are generally 

centered on the Chezy or Manning’s equations (the latter is in common use in the UK and 

is given below in Eq. 3.3). 
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Q= 
𝐴𝑅2/3

𝑛
 √𝑆0                                                                                       (3.3) 

However, in real time scenario, boundary roughness varies through the channel interface as 

a result of change in bed material, vegetation or flow obstructions as well as depth. In 

addition, in immensely vegetated channels the roughness varies with vegetation 

characteristics (McGahey, 2006). Therefore, different techniques are presented in past 

literature to evaluate effective roughness such as Pavlovskii (1931), Horton (1933) and 

Lotter (1933). 

A SCM can give a crude approximation to discharge in a channel, but implies that the 

boundary shear stress is not varying through wetted perimeter, which is not true. The total 

conveyance in the flume may also be overrated as the model cannot for secondary flow 

cells, coherent structures or lateral shearing. Myers and Bernnan (1990) shown that this 

method have significant errors at low overbank flow due to the sudden decrease in hydraulic 

radius just above bankfull level. Divided channel method was a try to overcome such 

problem associated with SCM. 

3.5.2 Divided channel method (DCM) 

Divided channel methods try to overcome some of the limitations of the single channel 

method, but are often uses the Manning’s formula and quickly evaluate manually. As shown 

in Fig. 8, DCM segregate the channel into different zones depending on their flow 

behaviour. These lines dividing the channels into zones usually coincide with physical 

boundaries and can be horizontal, vertical or inclined. The overall summation of the 

individual discharge obtained for individual zones are estimated using the Manning or 

Chezy’s equations. Since the momentum exchange between the divisions is not accounted 

for this method also overestimates the total flow within the channel. 

Where there are vertical partitions (which resembles to the bank periphery), the 

perpendicular boundaries are part of the wetted perimeter of the main channel but omitted 

from the floodplain-wetted perimeter. This compensate the overbank flow retardation due 

to variation of flow velocity from main channel to floodplain and the interfacial shearing. 

This concept is not well suited in case of the low relative depth since overall effect of 

overbank retardation and interfacial shear is so small that it hardly affect the calculations. 



 Chapter 3                                                                                      Theoretical Background 

56 

 

Figure 8 Possible division lines (both horizontal, vertical and inclined) for divided 

channel method (Chlebeck 2009) 

Inclined divisions are based on lines of zero shear stress (Yen & Overton, 1973), i.e., where 

the velocity gradients and hence momentum exchange is minimum. Typically, these 

division lines start at the top of the bank and extend out towards the surface at 450. 

The weighted DCM (Lambert & Myers, 1998) uses both horizontal and vertical partition 

lines and utilizes a weighting factor for each zone. The empiricism used in this method to 

estimate the factor is able model the two-stage channels with varying roughness, but its 

usage limits to prismatic channels only. 

The coherent method (COHM) is applicable to two-stage and irregular rough channel flow, 

which is a manual calculation proposed by Ackers. This method calculates the flow based 

on both SCM and DCM methods and the coherence is determined as a ratio of them (i.e. 

QSCM, QDCM), as shown in Eq. 3.4. 

COH = 

∑ 𝐴𝑖
𝑛
𝑖 √[

∑ 𝐴𝑖
𝑛
𝑖

∑ 𝑓𝑃𝑖
𝑛
𝑖

]

∑ [𝐴𝑖√
𝐴𝑖

𝑓𝑖𝑃𝑖
]𝑛

𝑖

                                                                                  (3.4) 

It is assumed that the shear stresses among the assumed interfaces in the DCM will be trivial 

when contrasted by the boundary stresses and are ignored in the model. The coherence is 

always less than unity and a discharge adjustment factor is applied to each zonal flow. The 

method identifies four distinct regions as follows: 

Region 1-Low relative flow depths, interaction increasing with depth 
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Region 2- Moderate relative flow depths, interaction decreases 

Region 3-At high relative flow depths a further interaction occurs 

Region 4-Compound channel behaves like a single channel 

A total of 22 equations for different scenarios have prevented this method being widely 

adopted. 

DCMs require highly idealised and simplified geometries to compute flow within the 

channel. These methods are generally only applicable to prismatic channels or mildly 

skewed channels, but cannot be applied to meandering channels. It is taken that the flow is 

homogeneous and most methods cannot compute discharge in heterogeneously roughened 

channels. 

3.5.3 Exchange discharge model (EDM) 

Bousmar & Zech (1999) recommended the exchange discharge model (EDM), which 

measures transfer of momentum over the interface of the main channel and prismatic or 

non-prismatic floodplains in one-dimensional model. This model is based on two physical 

concepts: 

 Turbulence exchange due to shear layer development  

 Geometrical transfer due to cross-sectional changes 

The standardization of turbulent and geometric exchange parameter are important aspect of 

this model. In addition, realistic cross-sectional geometry is compulsory and is not 

applicable to meandering channels. 

3.5.4 Lateral distribution methods (LDMs) 

There are many of such models, which are established on the depth averaged Reynolds 

Averaged Navier-Stokes equations (RANSE), Eq. 3.5. 

𝜕𝑢

𝜕𝑡
+U 

𝜕𝑢

𝜕𝑥
+V 

𝜕𝑢

𝜕𝑦
 + W

𝜕𝑢

𝜕𝑧
 = - 

1

𝜌

𝜕𝑝

𝜕𝑥
 + 

𝜇

𝜌
[

𝜕2𝑢

𝜕𝑥2
+

𝜕2𝑢

𝜕𝑦2
+

𝜕2𝑢

𝜕𝑧2
] − 

                                                       [
𝜕𝑢′2

𝜕𝑥
+

𝜕𝑢′𝑣′

𝜕𝑦
+

𝜕𝑢′𝑤′

𝜕𝑧
]                         (3.5)                                                        

The physical and theoretical soundness of this model can be expected since these equations 

are derived from the fundamental fluid flow equations. The basic idea of the method is to 
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separate the channel into number of “panels” and the unit flow rate (or depth-averaged 

velocity) is estimated at each zone whose summation give the overall discharge Eq. 3.6. 

Q= ∫ 𝑞𝑑𝑦 =  ∫ 𝑈𝑑
𝐵

0

𝐵

0
𝑑𝐴                                                                                   (3.6) 

These models are not strictly 1-D or 2-D and are perhaps best described as 1-D models with 

2-D terms describing 3-D effects. Many methods are classified in this category some of it 

are flood discharge assessment by Wark et al. (1990), Cunge (1980), Vreugdenhill and 

Wijbenga (1982), Samuels (1985), Wormleaton (1988), Wark et al. (1991), the k-method 

by Ervine et al. (2000) and the Shiono-Knight method (Shiono & Knight, 1988 & 1990). 

Every other model considers its own assumptions, emphasising the significance of 

individual constraint, but anyhow each processes end up modelling them in place of 

evaluating the terms. A comprehensive appraisal of the methods can be found in McGahey 

(2006). A complete analysis of the Shiono and Knight Method (SKM) is presented in the 

next section.     

3.5.4.1 Shiono and Knight Method (SKM) 

The governing RANS equation is derived from fundamental fluid flow equation, which is 

theoretical as well as physical based equation governing fluid flow. RANS equation for the 

streamwise motion of a fluid element in an open channel, with a plane bed inclined in the 

streamwise direction, may be combined with the continuity equation to give  

𝜌 [
𝜕

𝜕𝑥
(𝑈𝑉) +

𝜕

𝜕𝑥
(𝑈𝑊)] = 𝜌𝑔𝑆𝑜 +

𝛿𝜏𝑦𝑥

𝛿𝑦
+

𝛿𝜏𝑧𝑥

𝛿𝑧
     (3.7) 

where {UVW} is the velocity component in the {xyz} directions, x-streamwise parallel to 

the channel bed, y lateral and z normal to the bed, ρ is fluid density, g is gravitational 

acceleration, 𝑆𝑜 is the channel bed slope, and {𝜏𝑦𝑥, 𝜏𝑧𝑥} is the Reynolds stresses on the plane 

perpendicular to the y and z directions, respectively. Thus Eq. (3.7) can be expressed 

physically as Secondary flows = weight force + gradient of (lateral + vertical) Reynolds 

stresses. 

Shiono and Knight (1991) gave an analytical solution for prediction of depth-averaged 

velocity and boundary shear stress by integrating Eq. (3.7) over the flow depth H, to give  

ρg𝑆𝑜 − 𝜌
𝑓

8
𝑈2√1 +

1

𝑠2 +
𝜕

𝜕
{𝜌𝜆𝐻2 (

𝑓

8
)

1

2
𝑈

𝜕𝑈

𝜕𝑦
} =  

𝜕

𝜕𝑦
{𝐻(𝜌𝑈̅̅ ̅̅ �̅�)𝑑}= Г        (3.8) 
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where f is the Darcy-Weishbach friction factor; λ is dimensionless eddy viscosity; s is 

channel side slope of banks (1:s, vertical: horizontal); Г is the lateral gradient of the 

secondary flow force per unit length of the channel and Ud is the depth-averaged velocity 

given by   

Ud = 
1

𝐻
∫ 𝑈 𝑑𝑧

𝐻

0
;    𝜏𝑏 = (

𝑓

8
) 𝜌𝑈𝑑

2;   𝜏�̅�𝑥 = 𝜌휀�̅�𝑥
𝜕𝑈𝑑

𝜕𝑦
;  휀�̅�𝑥 = 𝜆𝑈∗𝐻        (3.9) 

where 𝑈∗= (τb/ρ)1/2 = shear velocity. Shiono and knight (1989) gave the analytical solution 

to the Eq. (2) while neglecting secondary flow parameters. 

ρg𝑆𝑜 − 𝜌
𝑓

8
𝑈2√1 +

1

𝑠2
+

𝜕

𝜕
{𝜌𝜆𝐻2 (

𝑓

8
)

1

2
𝑈

𝜕𝑈

𝜕𝑦
} = 0  (i.e Г=0)                 (3.10) 

Equation (3.8) thus includes both vortices about vertical and horizontal axes, and their 

effects are very significant in the overbank flow where flow moves over the interface and 

enters floodplain. The analytical solution to Eq. (3.8) may then be expressed for a constant 

depth, H, domain as  

𝑈𝑑 = [𝐴1𝑒ϒ𝑦 + 𝐴2𝑒−ϒ𝑦 + 8𝑔𝑆𝑜𝐻𝑓] 
1

2         (3.11) 

and for a linear side slope domain as 

𝑈𝑑 = [𝐴1𝜉𝛼 + 𝐴2𝜉−𝛼−1 + 𝜔𝜉] 
1

2          (3.12) 
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8

 ; ξ=H-(
𝑦−𝑏

𝑠
)     (3.13) 

Equation (3.13) can be used for the analytical solution of the Eq. (3.10) without considering 

secondary flow term. Solution to Eq. (3.8) is expressed as Eq. (3.14) and (3.15) for constant 

depth flow and linearly varying side slope respectively. 

𝑈𝑑 = [𝐴1𝑒𝛼𝑦 + 𝐴2𝑒−𝛼𝑦 + 8𝑔𝑆𝑜𝐻𝑓(1 − 𝛽)] 
1

2        (3.14) 

𝑈𝑑 = [𝐴1𝜉𝛼 + 𝐴2𝜉−𝛼−1 + 𝜔𝜉 + 𝜂] 
1

2          (3.15) 
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𝜔 =
𝑔𝑆𝑜
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𝑠
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𝑠
𝜌

𝐹

8

          (3.16) 

where A1 to A4 are unknown constants, and the local depth is given by ξ = H-(y-b)/s (for 

y>0) and ξ = H + (y+b)/s  (for y<0). 

The calibration of constraints f, λ, Г  have been done considerably for distinct cases by 

Shiono and Knight (1991), Knight and Shiono (1996) Knight and Abril (1996), Abril and 

Knight (2004), Tominaga and Knight (2004), Chlebeck and Knight (2006) and Tang and 

Knight (2008). For overbank flow, eddy viscosity coefficient is less significant in 

comparison to inbank flow. Even constant values for f, λ, Г gives a good approximation for 

specific sections or panels (a group of panels). McGahey (2006) and McGahey et al. (2006) 

illustrate the real time illustration of this model to natural rivers. 

3.5.4.2 K-method  

Ervine et al. (2000) assumed that the temporal mean velocity components on the right hand 

side of Eq. (3.8) are a fraction of the depth-averaged velocity as follows:  

�̅� = 𝐾1𝑈𝑑;  �̅� =  𝐾2𝑈𝑑           (3.17) 

and therefore  𝑈𝑉̅̅ ̅̅ = 𝐾 𝑈𝑑
2           (3.18) 

in which K = empirical coefficient that varies with geometry and roughness of the 

boundaries. The term 𝐾 𝑈𝑑
2 completely takes over the complex three-dimensional mixing 

process, which not only includes a horizontal shear layer due to mass exchange in and out 

of the main channel but also takes care of expansion and contraction losses. This method is 

referred as K-method here for simplicity.  

ρg𝑆𝑜 − 𝜌
𝑓

8
𝑈2√1 +

1
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𝜕

𝜕
{𝜌𝜆𝐻2 (
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𝑈

𝜕𝑈

𝜕𝑦
} =

𝜕

𝜕𝑦
{𝐻𝜌𝐾𝑈𝑑

2}   (3.19) 

The analytical solution of Eq. (3.19) is  

𝑈𝑑 = [𝐴1𝑒ϒ1𝑦 + 𝐴2𝑒−ϒ2𝑦 + 𝐺] 
1

2       (3.20) 

for a domain of constant depth while for a domain with linearly varying side bed (1: s) 

𝑈𝑑 = [𝐴1𝜉𝛼1 + 𝐴2𝜉−𝛼2 + 𝜔𝜉] 
1

2       (3.21) 
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where  
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     (3.22) 

When secondary flow is ignored, i.e. K = 0, the solutions of Eq. (3.20) and (3.21) by the K-

method becomes equal to that of Ud solution by the SKM method, namely Eq. (3.10). 

3.5.4.3 Extended SKM model 

The two-dimensional Saint-Venant equations streamwise multiplied by ρH can be 

written as follows (Yulistianto 1997): 

𝜕𝐻

𝜕𝑡
+

𝜕

𝜕𝑥
𝑈𝐻 +

𝜕

𝜕𝑦
𝑉𝐻 = 0        (3.23) 
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𝑧𝑏

𝑧𝑤

𝑧𝑏
      (3.24) 

For a uniform flow, Eq. (3.24) reduces to Eq. (3.25) which is analogous to the conventional 

lateral distribution model: 

 

 

ρgH𝑆𝑜𝑥 + 
𝜕

𝜕𝑦
𝐻τ𝑥𝑦- ρ𝑔𝐻𝑆𝑓𝑥 = ρ

𝜕

𝜕𝑦
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𝑧𝑤

𝑧𝑏
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𝜕𝑈

𝜕𝑦
    (3.25) 

 

This Eq. (3.25) show that the secondary current term Г can be split into the dispersion term 

due to helical secondary currents, called Г1 here, and the transverse convection term (or 

mass transfer between subsections), Г2, where the velocity transverse component V does 

not equal zero. Shiono and Knight (1990) showed that the term Г1 can appear as a ratio of 

Г1 Г2 

Secondary current term Г 

Dispersion term Secondary-current term, Г 

(Shiono and Knight 1990) 

Transverse convection term 

(mass-transfer effect) 
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the bed shear stresses that is verified by Shiono and Knight (1991). The term Г2 can be 

calibrated by K- model. The extended can be rewritten as Eq. (3.26).  

ρg𝑆𝑜 − 𝜌
𝑓

8
𝑈2√1 +

1

𝑠2
+

𝜕

𝜕
{𝜌𝜆𝐻2 (

𝑓

8
)

1

2
𝑈

𝜕𝑈

𝜕𝑦
}= 

𝜕

𝜕𝑦
{𝐻(𝜌𝑈̅̅ ̅̅ �̅�)𝑑} +  

𝜕

𝜕𝑦
{𝐻𝜌𝐾𝑈𝑑

2}    (3.26) 

Bousmar (2002) stated that the secondary flow term Г1 has no significant effect over 

floodplains, displays less influence in the main channel, contrasted to the mass-transfer term 

Г2 since the difference in momentum can be observed easily over the main channel and 

floodplain, and their initial velocities are not same. He also showed that lateral inflow has 

the most significant effect over momentum while the outflow effect is implicitly considered 

in the kinetic head variation. This asymmetry in the inflow and outflow effect over main 

channel to floodplain and vice-versa is consequently due to transfer of mass due to 

turbulence, which persist even if the mean mass transfer is equal to zero. 

3.5.4.4 Eddy viscosity model 

The most famous eddy viscosity model can be found in most of the CFD software packages 

like ANSYS-FLUENT or CFX. The highly used two-equation empirical turbulence closure 

model like k- ε or k-ω are used widely because of their ability to perform wel in fully 

turbulent flow and near wall problems respectively. The basic ideologies of these models is 

to counter the small high-frequency fluctuation through time averaging which gives 

additional term. These additional terms are calculated through empiricism and are stated as 

quantifiable terms for closure model. This approximation leads to the semi-empirical model 

based on the transport equations for turbulent kinetic energy ‘k’ and its dissipation rate ‘ε’. 

This can be expressed as the following expression Eq. 3.27: 

𝜕𝑘

𝜕𝑡
+ 𝑈𝑖

𝜕𝑘

𝜕𝑥𝑖
= −

𝜕

𝜕𝑥𝑖
[�̀�𝑖 (

�́�𝑗�́�𝑗

2
+

�̀�

𝜌
)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
] − 𝑢𝑖́ 𝑢�́�

̅̅ ̅̅ ̅ 𝜕𝑈𝑖

𝜕𝑋𝑗
− 𝜈

𝜕�́�𝑖

𝜕𝑥𝑗

𝜕�́�𝑖

𝜕𝑥𝑗

̅̅ ̅̅ ̅̅ ̅̅
     (3.27) 

 

Beside all the possible approximation, the transport k-equations derived are of no use 

because new unknown correlations emerges in term of turbulent transport and dissipation 

terms. These problems can be resolved through following assumptions. Postulating that the 

turbulent transport of k is proportional to the gradient of k (Rodi 1993). 

𝑢𝑖́ (
�́�𝑗�́�𝑗

2
+

�́�

𝜌
)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
=

𝜈𝑡

𝜎𝑘

𝜕𝑘

𝜕𝑥𝑖
         (3.28) 
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Tominaga and Stathopoulos (2007) gave an empirical value for turbulent Schmidt number 

denoted as σk. In their studies it ranges from 0.2-1.3, the selected values of σk has a significant 

effects on the results. They acclaimed that σk value should be evaluated accounting the 

domineering coherent structures for every case. Though, σk usually taken as 1.0 (e.g. Nezu 

and Nakagawa 1993, Pope 2000, Rodi 1993).   

Reynolds stress tensor can be correlated to average flow velocity through: 

−�́�𝑖�́�𝑗 =  𝜈𝑡 [
𝜕𝑈𝑖

𝜕𝑥𝑖
+

𝜕𝑈𝑖

𝜕𝑥𝑖
] −  

2

3
𝑘𝛿𝑖𝑗       (3.29) 

where 𝜈𝑡 is the eddy viscosity, 𝛿𝑖𝑗 is the kronecker delta (𝛿𝑖𝑗=1 for i=j; and  𝛿𝑖𝑗=0 for i≠j); 

and k is the turbulent kinetic energy, defined as k=�́�𝑖�́�𝑖/2. 

Using Eq. (3.27), (3.28) and (3.29) 

𝜕

𝜕𝑡
+ 𝑈𝑖

𝜕

𝜕𝑥𝑖
=  

𝑘
(𝐶 1𝑃 − 𝐶 2휀) +

𝜕

𝜕𝑥𝑖
(

𝜈𝑡

𝜎𝑡

𝜕𝑘

𝜕𝑥𝑖
)       (3.30) 

 

where the eddy viscosity can be substituted as:  

𝜈𝑡 = 𝐶𝜇𝑘2/𝜖          (3.31) 

Total five empirical constants are found in k-ε method table 2, whose standard value for 

open channel flow are dependent on the model to contemplate the logarithmic distribution 

near the wall in channel flow with Von-karman k=0.4 (Nezu and Nakagawa 1993). 

 

 

3.6 The Muskingum-Cunge (MC) method 

The biggest advantage of the MC method is parameterization, which does not depend on 

the flow data availability. This notion is still functional when field flow data are accessible, 

but compromising over certainty (Tewolde, 2005). Tewolde (2005) also mentioned that the 

𝐶𝝁 𝑪𝜺𝟏 𝑪𝜺𝟐 𝝈𝒌 𝝈𝜺 

0.09 1.44 1.92 1.2 1.2 

Rate of 
change 

of ε 

Rate of 
change 

of ε 

Production and 
dissipation rate 

of ε 
 

Turbulent 
transport of ε 

 

Table 2 Values of the constants in the k-ε model for open-channel flows  
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MC constraints are estimated on the ground of flow and channel features. Boroughs et al. 

(2002) used the finite difference method for solving MC equation, while the parameters are 

estimated through the spacing between grids in finite differences scheme and the channel 

geometry features. The MC can be solved on two different sets of formulation, which can 

be differentiated based on the routing coefficients of the mathematical solution. They 

include: 

3.6.1 Constant coefficient method  

In this approach, reference discharge is used to estimate the routing coefficients. These 

coefficients have a commanding role in the solution of the routing equation. The reference 

discharge could be the average of the peak flow and base flow or the peak flow itself. The 

basic idea behind this approach is that the volume remains constant throughout the reach 

(i.e. volume is conserved between upstream and downstream end). This approach is counted 

as an efficient direct solution technique (Merkel, 2002).  

3.6.2 Variable coefficient method  

The routing constants in such type of approach is time dependent and vary at every time 

interval to manifest the flow features mainly wave celerity, friction slope, and top width 

variation of the increasing and decreasing flood wave. The explicit approach at every time 

step helps to incorporate the difference in the velocity of flow and the changing top width 

at each cross section of main channel and floodplain. This provides a robust computation of 

the real outflow covering most of the variables in the routing coefficient calculation. The 

three points direct and four points iterative procedure for solving the finite difference 

scheme. In the three point direct solution, routing coefficients are resultant of the known 

discharges (inflow at the first and second time steps and outflow at the first time step). The 

four point iterative technique calculates the outflow at the second time step based on the 

three known discharges. The iterative solution to such routing technique should converge to 

the resulting discharge depending upon error tolerance (Merkel, 2002). 

3.6.3 Selection of routing time and distance steps  

The variation in time step ∆𝑡 and space step ∆𝑥 in MC constant parameter method is used 

for characterizing the simulation outflow hydrograph on the basis of time and space step 

parameters. This study have been performed by Ponce (1981) and he exhibited in his study 
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that MC produces reliable results, within a practical range of  ∆𝑡 and ∆𝑥. This method select 

∆𝑥 on the basis of Eq. (3.32). 

∆𝑥 ≤  
1

2
 {𝑐∆𝑡 +

𝑄𝑜

𝐵𝑆𝑜𝑐
}            (3.32) 

Where, c is the wave celerity in (m/s), 𝑄𝑜 is the reference discharge in (m3/s), B is the top 

width of channel in (m), and 𝑆𝑜 is the bed slope.  

1. Single step reach is that reach where ∆𝑥 is more than the length of the reach L. 

2. The reach is divided into steps only when the length of reach L is more than 3/2 

times the ∆𝑥. If number of steps considered is two then the routing will be done for 

two reach in place of one whole reach. In this case, the outflow of the first reach will 

be the inflow data for the next reach. In another word, the routing calculations are 

done for the upstream section of the reach and the solution for outflow hydrograph 

is obtained by routing the next downstream half of the reach (Merkel, 2002). 

Garbrecht and Brunner (1991) illustrated that the discrete value of time step produces better 

results in routing flood hydrograph. The range of ∆𝑡 should be one day to five minutes. The 

routing time interval can be selected based on equality 
∆𝑥

𝑐∆𝑡
 < value of the curve derived 

from X value in Cunge curve. For having good temporal resolution, ∆𝑡 must be selected 

such that there is at least minimum five discrete points on the rising part of inflow 

hydrograph. 

3.6.4 Derivation of the Muskingum-Cunge (MC) equation  

Cunge (1969) used the diffusive effect by transforming the original Muskingum equation 

into proper diffusive model. The kinematic routing model considered: 

𝜕𝑄

𝜕𝑡
+ 𝑐 

𝜕𝑄

𝜕𝑥
= 0             (3.33) 

where Q is the discharge in (m3/s), x is the longitudinal coordinates in m, t is the time 

coordinates in s and c is the wave celerity in (m/s). 

Cunge discretized the respective finite difference weighted approximation for the partial 

derivative on a four-point scheme: 

𝜕𝑄

𝜕𝑡
 ≈ (𝑋 (𝑄𝑖+1

𝑗 − 𝑄𝑖
𝑗) + (1 − 𝑋) (𝑄𝑖+1

𝑗+1 − 𝑄𝑖
𝑗+1))/∆𝑡       (3.34) 
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𝜕𝑄

𝜕𝑡
 ≈ (𝛽 (𝑄𝑖+1

𝑗+1 − 𝑄𝑖+1
𝑗) + (1 − 𝛽) (𝑄𝑖

𝑗+1 − 𝑄𝑖
𝑗))/∆𝑥      (3.35)

  

where,  𝑄𝑖+1
𝑗+1= Q((i+1) ∆𝑡, (j+1) ∆𝑥),   𝑄𝑖+1

𝑗= Q((i+1) ∆𝑡, j∆𝑥),  𝑄𝑖
𝑗+1= Q(i∆𝑡, (j+1) ∆𝑥) 

𝑄𝑖
𝑗=Q(i∆𝑡, j∆𝑥). 

X(0 ≤ 𝑋 ≤ 1) is the space weightage factor and 𝛽(0 ≤ 𝛽 ≤ 1) is the time weightage factor. 

After rearranging the approximation Eq. (3.33), leads to the following first order kinematic 

wave equation as: 

[𝑋(𝑄𝑖+1
𝑗−𝑄𝑖

𝑗)+(1−𝑋)(𝑄𝑖+1
𝑗+1−𝑄𝑖

𝑗+1)]

∆𝑡
+ 𝑐 

[𝛽(𝑄𝑖+1
𝑗+1−𝑄𝑖+1

𝑗)+(1−𝛽)(𝑄𝑖
𝑗+1−𝑄𝑖

𝑗)]

∆𝑥
= 0                 (3.36) 

In a more formal way, it can be rewritten as: 

[𝑋(Q((i+1)∆𝑡,j∆𝑥)−Q(i∆𝑡,j∆𝑥))+(1−𝑋)(Q((i+1)∆𝑡,(j+1)∆𝑥)−Q(i∆𝑡,(j+1)∆𝑥))]

∆𝑡
+

𝑐 
[𝛽(Q((i+1)∆𝑡,(j+1)∆𝑥)−Q((i+1)∆𝑡,j∆𝑥))+(1−𝛽)(Q(i∆𝑡,(j+1)∆𝑥)−Q(i∆𝑡,j∆𝑥))]

∆𝑥
= 0       (3.37) 

By assuming 𝛽 =  ½ i.e. time centred scheme. Eq. (3.36) can be rearranged as Eq. (3.38) 

after some algebraic calculation. 

𝑄𝑖+1
𝑗+1 = 𝐶𝑜 𝑄𝑖+1

𝑗+ 𝐶1𝑄𝑖
𝑗 + 𝐶2𝑄𝑖

𝑗+1         (3.38) 

Where,  

𝐶𝑜 =  
2∆𝑥 𝑋+ 𝑐∆𝑡 

2∆𝑥(1−𝑋)+𝑐∆𝑡
            (3.39) 

𝐶1 =  
−2∆𝑥 𝑋+ 𝑐∆𝑡 

2∆𝑥(1−𝑋)+𝑐∆𝑡
            (3.40) 

𝐶2 =  
2∆𝑥 (1−𝑋)− 𝑐∆𝑡 

2∆𝑥(1−𝑋)+𝑐∆𝑡
            (3.41) 

The main difference between the original Muskingum method and the MC method is that 

the original Muskingum solution is derived from ordinary differential equation after 

integration of the continuity of mass equation in space while in another case its partial 

derivative solution of diffusion wave model. 
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A variable constraint can be formulated from the discretization of any explicit parabolic and 

hyperbolic scheme, by using the Taylor series expansion for the discharge Q. Cunge (1969) 

showed that the Eq. (3.38) is first order approximation, with second order residual equal to 

zero, of the kinematic model given in Eq. (3.33). By using Taylor series expansion for 

discharge Q one can write: 

𝜕𝑄

𝜕𝑡
+ 𝑐

𝜕𝑄

𝜕𝑥
−  

𝑄𝑜

2𝐵𝑆𝑜

𝜕2𝑄

𝜕𝑥2 =0            (3.42) 

with numerical diffusion, given by: 

𝑅 =  
𝑐∆𝑥

2
(1 − 2𝑋)

𝜕2𝑄

𝜕𝑥2
+ ⋯           (3.43) 

In Eq. (3.42), B is the surface width in m; So is the bed slope in (m/m). 

Eq. (3.37) can also be interpreted as the solution of the parabolic Eq. (3.42), providing the 

following relation holds: 

𝑐∆𝑥

2
(1 − 2𝑋) =  

𝑄𝑜

2𝐵𝑆𝑜
            (3.44) 

Cunge (1969) obtained an equation for X by imposing a condition where numerical 

diffusion equated to the physical one. 

𝑋 =  
1

2
 (1 −  

𝑄𝑜

𝑐∆𝑥𝐵𝑆𝑜
)             (3.45) 

Where X denotes the weighting factor whose value differs in between 0.0 to 0.5 

(dimensionless). Qo is defined as the reference discharge in (m3/s), So is the bed slope in 

(m/m), c is the kinematic wave celerity in (m/s), ∆𝑥is the routing reach or sub-reach length 

in m and B is the top width of water surface in m. 

Tewolde (2005) shown the reference discharge as: 

𝑄𝑜 =  𝑄𝑏 + 0.5 (𝑄𝑝 −  𝑄𝑏)           (3.46) 

Where, 

𝑄𝑜is the reference discharge in (m3/s), 𝑄𝑏 is the base flow in (m3/s) taken from the inflow 

hydrograph and  𝑄𝑝  is the peak discharge of inflow in (m3/s). The base flow is defined as 
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the minimum inflow mostly composed of the groundwater or infiltrated water (Tewolde and 

Smithers, 2006).  

K is defined as the storage time constant in s, which has same analogy to that of wave travel 

time within the river reach and calculated approximately as: 

K= ∆𝑥/𝑐             (3.47) 

Ponce and Yevjevich (1978) presented the following expression for the Co, C1, C2 as: 

𝐶𝑜 =  
−1+𝐶+𝐷

1+𝐶+𝐷
             (3.48) 

𝐶1 =  
1+𝐶−𝐷

1+𝐶+𝐷
             (3.49) 

𝐶2 =  
1−𝐶+𝐷

1+𝐶+𝐷
             (3.50) 

The ratio of physical and numerical diffusivities is derived in terms of the dimensionless 

“Courant number” (C); and “cell Reynolds number” (D), as; 

C=
𝑐∆𝑡

∆𝑥
              (3.51) 

D= 
𝑄𝑜

𝑐∆𝑥𝐵𝑆𝑜
             (3.52) 

In case of VPMC method, parameters C and D varies at each time interval, as a function of 

the reference discharge Qo relevant to each computational section in which river reach will 

be divided. By comparing Eq. (3.39) to (3.41) with the Eq. (3.48) – (3.50), the original 

parameters of the Muskingum can be expressed as: 

K=
∆𝑡

𝑐
              (3.53) 

X = 
1−𝐷

2
             (3.54) 

Todini(2007) used these parameters to define the VPMC method by estimating parameters 

Eq. (3.53) and (3.54) at every length and time steps.  

For ease, the value of courant number and cell Reynolds number is substituted in the Eq. 

(3.48) to (3.50) to derive a final expression for the routing coefficients Co, C1, C2 as: 
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𝐶𝑜 =  
∆𝑡

𝐾
−2𝑋

∆𝑡

𝐾
+2 (1−𝑋)

            (3.48) 

𝐶1 =  
∆𝑡

𝐾
+2 𝑋

∆𝑡

𝐾
+2 (1−𝑋)

            (3.49) 

𝐶2 =  
− 

∆𝑡

𝐾
+2 (1−𝑋

∆𝑡

𝐾
+2 (1−𝑋)

            (3.50) 

3.6.5 Range of “X” parameter  

Heatherman (2008) showed that the range for parameter X might vary from 0 to 0.5. 

However, a positive value of this parameter in the MC method produces a lower limit of 

size of distance step. Ponce and Theurer (1982) for time and distance step confirmed that 

the negative value of X in practical manner triggered no computational problem. Beside the 

negative value of X a better computational simulation of the problem is possible. A negative 

value of the X is indicative factor showing that the outflow contribution in storage is higher 

in comparison to the inflow contribution. This is possible when the backwater is 

significantly conceivable (Reid, 2009). Heatherman (2008) also reported that weighting 

parameter is insignificant in the MC and even the negative value for X sometimes tend to 

procure stable and more accurate solution.  

3.6.6 Limitation of the Muskingum-Cunge (MC) method 

Even though the applicability of the MC is very extensive it does has many limitation and 

foremost one is the inability of the method to account for the backwater effects, in a very 

similar way that of original Muskingum method. Beside this, no lateral inflow is considered 

while routing through the channel or reservoir, which makes it incomplete even though 

results produced are quite admissible.  

Although, constant coefficient method works well for very long reaches and large drainage 

areas, more work still need to be conducted for small reaches having very small bed slope 

channel, which is found in real time scenario. In variable parameter Musingum-Cunge 

method, mass conservation and balance is the most appearing defect where volume of water 

upstream does not come equal to volume of water downstream disregarding mass 

conservation (Todini, 2007; Perumal et al. 2009).  
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In usual circumstances, computational stability may deferred when the wave travels time is 

less than the computational interval ∆𝑡. The stability condition for optimise solution is when 

the courant number is more than one. This in turn shows the relation between the ∆𝑡 and ∆𝑥 

which can be presented as ∆𝑡 = ∆𝑥/𝐶 (Johnson, 1999). Where ∆𝑡 and ∆𝑥 are the temporal 

and spatial weightage factor and C is the Courant number. 

The deciding standards for the routing models is affected by the features such as accuracy 

required, availability and type of data, computational facility availability, computational 

time and cost availability, and the extent of flood wave information desired. The analysis of 

the data taken from Elbashir (2011) is done in the next part followed by HEC-RAS and 

MIKE 11 analysis of same data. 

3.7 River Analysis System, HEC-RAS 

The HEC-RAS software code and authorization are released to public domain by the 

Hydrologic Engineering Center for the U.S. Army Corps of Engineers. This software 

package provides their users to perform one-dimensional steady flow, unsteady flow, and 

sediment transport problems. The Hydrologic Engineering Center’s develops the HEC-RAS 

as a part of "Next Generation" (NexGen) of hydrologic engineering software. This project 

named NexGen project incorporates different aspects of hydrologic engineering, mainly 

comprising river hydraulics; real-time river forecasting for reservoir operations; rainfall-

runoff analysis; reservoir system simulation; flood damage analysis. The following steps 

are used to model the problem. 

3.7.1 Geometric Data 

The very first step includes geometric data input which can be selected from the main 

program window. This will trigger the Geometric Data Editor and exhibits the river system. 

The river name is entered and the upstream is denoted as “Upper Reach”. Total eight cross 

sections are defined, with cross section eight being the upstream cross section and the first 

being the downstream cross section. The following method of identifying the highest 

number being the upstream section is used in the program for placing the cross sections in 

numerical order is the only cross section identifier. The Cross section Data Editor is used 

for entering cross sectional data, which pops up when Cross Section icon on the Geometric 

Data Editor. The X-Y coordinates for the eight cross sections are entered in the editor 

window. Four or more coordinates are required to be entered for defining the cross section. 
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The geometric consideration, which is made according to cross section identifier, illustrates 

the spacing between the cross section as 1000 m apart. The elevation difference between 

the 8000 km long reach (i.e. between upstream and downstream) is approximately 3.76m. 

Consequently, the slope obtained from this is around 0.00047 m/m, which is fairly milder 

slope. Other geometric data that is considered in this is Manning’s n values of 0.04 in the 

left overbank (LOB), main channel, and right overbank (ROB), respectively. Before saving, 

the geometry data as the file name “Brosna Geometry”, coefficient of expansion and 

contraction are given as 0.30 and 0.10 respectively. 

3.7.2 Unsteady Flow Data 

The Boundary condition and the initial conditions are added for the given set of system at 

the commencement of the simulation period. Under the edit option, in the main program the 

Unsteady Flow Data Editor can be found where all the boundary and initial conditions are 

inserted. 

3.7.3 Boundary Conditions 

The farthest two points in the geometric data are upstream and downstream cross-section 

which are also situated in the boundary condition column in Unsteady Flow Data Editor. 

Moreover, in this particular case user can find River Station 8 on the upstream and River 

Station 1 on the downstream according to the cross section identifier. Boundary conditions 

are set by highlighting the adjacent cell under Boundary Condition Type. After cell is 

highlighted, not all option for boundary conditions are available. The program will 

automatically gray out all irrelevant boundary condition types. Under the option “Add 

Boundary Condition Location”, Internal boundary conditions may be added according to 

the problem statement. 

3.7.4 Upstream Boundary Condition 

For River Brosna flow hydrograph is selected by highlighting the cell and pressing the Flow 

Hydrograph button. In this particular example, the inflow hydrograph is manually inserted 

in the respective Enter Table radio button. The radio button use Simulation time is selected 

after Data Time Interval is set to 15 minutes. Another option for the user is to read 

hydrograph data from a DSS file. The DSS file and path option is when selected, a screen 

will pop-up. In this window, the user has to select the desired DSS file by browsing it in the 
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memory. Once the DSS file is selected, a list of all of the DSS pathnames within that file 

will be displayed in the table. Pathnames filter are provided to reduce the number of 

pathnames. After the chosen DSS pathnames are found, the user can close the window and 

the filenames and pathnames are found to be logged in the Flow Hydrograph Window. 

3.7.5 Downstream Boundary Condition 

The downstream river station (i.e. identified as 1 river station) are given normal depth as a 

boundary condition. Similarly, as in the above upstream boundary condition case, here also 

the cell corresponding to the river station is highlighted and the normal depth button is 

emphasized. The window, which pops-up after selecting the normal depth option, acquires 

the value of slope as 0.00047. This indicates that the user has to enter the friction slope for 

the reach near the boundary condition thus usually slope of the bed is taken a good estimate 

in place of friction slope.  

3.7.6 Initial Conditions 

Flow and stage information at every cross sections, as well as the elevation input at any 

storage area for the given system is considered as the Initial conditions. The initial condition 

tab in the Unsteady Flow Data Editor is used to establish the initial condition for the system. 

For the program, to perform a steady-flow backwater run to compute the corresponding 

stage at every cross section requires flow data of the reach. The upstream initial flow of 

53.633 m3/s, corresponding the baseflow of the hydrograph is entered at the upstream 

boundary condition. In addition to the flow data, Initial elevation for each storage area is 

required. Finally, data in the editor window are saved and closed. 

3.7.7 Unsteady Flow Analysis 

An unsteady flow analysis can be initiated after all the geometry and unsteady flow data are 

inserted. Under Run menu within the main program window one can find unsteady flow 

analysis. After selecting aforementioned option, a window will display for Unsteady Flow 

Analysis. After selecting the geometry file “Brosna Geometry” and the Unsteady Flow File 

“Unsteady Flow” in the plan window, save the plan selected and title it as “Brosna Plan”. A 

short identifier is entered as “Brosna” and then the plan is saved. 
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3.7.8 Simulation Time Window 

In the Simulation Time Window, start and end dates and times for the flood events are 

mandatory. The format for entering date and time are as follows: either 01Jan1990 or 

01/01/1990 while considering the time field 24 hours system is maintained (i.e. 1 p.m. is 

entered as 1300). For this application, the simulation time began and ended at 0800.After 

saving the date and time in the given particular format the simulation time window is closed.  

3.7.9 Computation Settings 

Within the Unsteady Flow analysis editor window, several computational settings are 

possible such as the computational interval; hydrograph output interval; instantaneous 

profiles interval; and the name and path of the output DSS file. 

In this case, the computational interval is kept at 2 minutes, which is small enough to 

accurately counter the rise and fall of the flood wave. The simulation time depends on the 

computational interval hence it should be kept as low as possible considering the 

computational time requirement. The output hydrographs are set to interval of 15 minutes. 

This defines the relation of the output computed stage and the flow hydrographs written in 

HEC-DSS. The detailed output interval was set at 6 hours, which justifies the interval over 

which hydraulic output are computed within the post processor. The amount of post 

processing time depend on the detailed output interval hence it should be fairly large to 

reduce the time and storage. The path selected for the output to DSS was 

“C:\HEC\RAS\Unsteady\Brosna.dss.” 

3.7.10 Location of Stage and Flow Hydrographs 

There are options for denoting position to obtain the processed hydrographs and presented 

for display. The operator may choose different cross sections, group of cross sections, or 

entire reach from the option menu in the Unsteady Flow Analysis Window. For particular 

instance, “All Reaches” are chosen. This selection will compute hydrographs throughout 

the cross section selected. If the operator is operating on extremely large data set, 

computation time and data storage can be cut down by only picking the most crucial cross 

sections for output. Fig. 9 shows the results obtained through above procedure in HEC-RAS. 



 Chapter 3                                                                                      Theoretical Background 

74 

Figure 9 Flood event Nov-Dec 1994 Brosna River using HEC-RAS 

3.8 About Mike 11 Software 

MIKE 11 simulation software product has been presented by the DHI (Danish Hydraulic 

Institute) which is compatible to perform Hydrodynamics, Rainfall-Runoff, Structure 

Operation, Dam Break, Advection Dispersion, and Water Quality model simulation. In a 

network of open channel flow, which is mostly unsteady and non-uniform, can be simulated 

using the implicit finite difference model i.e. Hydrodynamic Module (HD) in MIKE 11. The 

HD simulations comprises of the time series of water depth/levels and discharges associated 

with it. The one dimensional St. Venant equations (1D) continuity and momentum equations 

are used in MIKE 11 for open channel flow analysis.  

MIKE 11 software are based on the following assumptions, which are: 

1. Water is incompressible and homogeneous, 

2. Bottom slope is small,  

3. Flow everywhere is parallel to the bottom (i.e. wave lengths are large compared with 

water depths).  

The flow is described according to the number of terms used in momentum equations.  

1. Dynamic wave (full Saint Venant equations)  

2. Diffusive wave (backwater analysis) and 

3. Kinematic wave (relatively steep rivers without backwater effects). 
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Figure 10 Six (6) Point Abbott-Ionesco schemes and implicit scheme used in Mike 11 

In MIKE 11, implicit finite difference scheme is used for computing discharge Q and flow 

depth H at every time step consecutively. The solution scheme used here i.e. implicit finite 

difference convert the partial difference equation into implicit finite difference equations, 

which are solved over computational grid swapping Q and H points. Abbott-Ionescu six-

point numerical scheme is coupled in the software for grid generation shown in Fig 10. 

3.8.1 Boundary conditions  

The concept of boundary condition (BC) in the MIKE 11 software is segregated as external 

boundary condition and internal boundary condition. The external BC looks for the 

upstream and the downstream condition of the river reach. Meanwhile, internal BC takes 

care of hydraulic structures where St. Venant equations are not applicable. Some of the 

typical upstream BC and downstream BC for analysis are inflow hydrograph for specific 

event upstream and constant water level time series in downstream with reliable rating 

curves respectively. 

3.8.2 Initial condition  

Initially time is assumed to be zero as initial condition. 

3.8.3 River Branches 

In the HD module of MIKE 11, the river branches are discretized and denoted as reach node. 

The actual stream flow and the concept of discretization of stream corridor is shown in Fig. 

11. 
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3.8.4 Representation of cross sections 

The coordinate system used to represent the river cross sections is X & Z coordinate system 

shown in Fig. 12. The abscissa denotes the width of river while z coordinate signify the 

vertical distance of x coordinates. To define the flow characteristic like bed slope, flow 

changes, shape, flow resistance etc. properly in MIKE 11, river cross section should be 

represented accurately.  

 

Figure 11 Discretization of river branch in the Mike 11 hydrodynamic model 

(Source: https://bwk.kuleuven.be/hydr/Research/urban-river/River) 

3.8.5 Equations used  

To determine the backwater profile across the bridge or the discharge, energy equation can 

be utilized as it takes into account the friction loss and the contraction/expansion losses. 

Total four cross sections are required out of which all one is the river cross section and other 

are randomly expressed in the cross section editor.  

Ideally, the distance within the bridge and the up- and downstream cross-sections is 

maintained within the order of b, where b is the bridge opening width. Lastly, the 

streamlines are confirmed to be parallel at section one and four. 

The equation solved from section i to i-1 reads 

hi-1 + hv(i-1)=hi + hvi + hf(i, i-1) + he(i, i-1)          (3.51) 



 Chapter 3                                                                                      Theoretical Background 

77 

where h and hv are water level and velocity head at cross section (i denotes the subsection) 

and hf  and he are the friction and expansion losses respectively between two sections i and 

i-1 in Eq. (3.51). 

 

Figure 12 Discretization of cross section of river in the Mike 11 and illustration of 

both the lateral profile and the cross-section for the Brosna Offaly river reach 

The velocity head is defined as  

hv = 
𝛼 𝑄2

2𝑔 𝐴2
             (3.52) 

where discharge is calculated through manning’s equation i.e. conveyance k times the 

square root of bed slope 

ki = 
𝑎𝑖 𝑟𝑖

2
3

𝑛𝑖
;   K = ∑ 𝑘𝑖

𝑁
1 ;   A = ∑ 𝑎𝑖

𝑁
1           (3.53) 

Where  

Q = Discharge at the section.  
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V = velocity distribution coefficient.  

k = Subsection conveyance.  

a = Subsection area.  

K = Total cross section conveyance.  

A = Total cross section area.  

r= Hydraulic radius.  

n= Manning’s roughness coefficient.  

N =Number of subsections        

The friction loss between cross-section i and i-1 can be estimated by Eq. (3.54). 

hf(i, i-1) = 
𝐿

𝑖,𝑖−1 𝑄2

𝑘𝑖𝑘𝑖−1
            (3.54) 

where Li,i-1 is the flow length in the approach reach. 

Expansion or contraction between two sections can be expressed as Eq. (3.55) 

he(i,i-1) = C |
𝑎𝑖𝑣𝑖2

2𝑔
−

𝑎𝑖−1𝑣𝑖−1
2

2𝑔
|           (3.55) 

where C is the contraction or expansion coefficient. This coefficient is dependent upon the 

channel shape and size while the default values for contraction and expansion are 0.3 and 

0.5 respectively indicating that the losses due to expansion are typically larger than losses 

due to contraction. 

3.8.6 Solution method 

The assumption considered in the energy equation method is that the flow through reach is 

sub-critical. Further, iteration technique is used for obtaining solution. The bridges are pre-

estimated grounded on a series of water level upstream and downstream value. As a result 

discharge is calculated depending upon each series of water level. The algorithm for 

determining the discharge has the following steps:   

1. Trial discharge estimation. 

2. Calculation for backwater from section 3 to section 4. 
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3. Calculation for backwater from section 3 to section 2 established through the result 

from step 2. 

4. Calculation for backwater from section 2 to 1 established through the result from 

step 3. 

5. Comparison of the flow depth determined through step 4 and actual flow depth at 

section 1. 

6. The modification of discharge is based on the comparison in step 5. And if the 

deviation is within the limit, algorithm terminates there itself or return to step 2. 

All the way through the calculations, the outcomes are matched with critical flow. Code by 

default considers the critical flow at the location either if the solution found is below the 

critical flow depth or if the step 2-4 do not converge. Further, code by default take critical 

flow at section one if valid solution is not obtained after reaching maximum number of 

iterations (default 50). 

3.8.7 Working procedure and simulation 

This annex describes basic methodologies of the following work items of MIKE11 

modelling, referring to a simple sample model with eight cross sections. These items are 

listed in order of the actual procedure of modelling. 

1. Preparing time series file (**.dfs0)  

2.  Preparing network file (**.nwk11)  

3.  Preparing cross section file (**.xns11)  

4.  Preparing HD (hydrodynamic) file (**.hd11)  

5.  Preparing boundary file (Empty file) (**.bnd11)  

6.  Preparing simulation file (**.sim11)  

7.  Inputting boundary data (**.bnd11)  

8.  Simulation (**.sim11)  

9.  Viewing result file (**.res11) 

 

3.8.7.1 STEP-1(Preparing Time Series File) 

File extension of this file is *.dfs0, since MIKE 11 does not take excel file directly it is 

important to make time series file of given extension file. Inflow discharge data of Brosna 

Offaly River at upstream and downstream of 8km reach is known. An excel file is first made 
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for time and discharge and then copied to the time series file in MIKE zero. In file properties 

give general information of the river like name or reach length etc. and then select 

equidistant calendar axis in our case we have selected flood events of 4/11-11/11 1994. In 

item information select discharge save **.dfs0 file in an appropriate folder. 

3.8.7.2 STEP-2 (Preparing Network File) 

The following network file is of *.nwk11 file extension. Major information to be included 

for network files are river name, coordinates of cross section locations and chainage (i.e.  

distances of cross sections from the upstream end). Either prepare excel file or text file for 

cross sectional coordinates and input other necessary data on nwk11 file on the basis of 

topographic survey results or directly input the data if the dimensions are uniform and not 

complex as in our case where cross section is uniform throughout i.e. trapezoidal for 8000 

m reach length. The network data consists of coordinates of each station on the river, branch 

name and the distance between each station. After importing, file data to ntwk11 file and 

input other necessary data on nwk11 file save the file to appropriate folder.  

3.8.7.3 STEP-3(Preparing Cross-Section File)  

The file extension of this particular file is *.xns11 containing major information of the cross 

section of each station also including information of river name, cross section ID, chainage, 

cross sectional shapes (X, Y), and roughness coefficient. Provide cross sectional data of the 

stations in x and y coordinates which is depicted in each station of the network file. Chainage 

shows the number of the station on the network for example first chainage is named as zero 

i.e the upstream of the river where inflow hydrograph data is known. Save this file in 

appropriate folder. 

3.8.7.4 STEP 4 (Preparing HD (Hydrodynamic) File)  

This file takes the initial conditions with the file extension as *.hd11. Major information 

contained in a hydrodynamic file are initial conditions and additional output files. Input 

necessary information and check water depth, Froude number, wind input, sedimentation 

data or other morphological data if available. Also, save this file in appropriate folder. 

3.8.7.5 STEP-5(Preparing Simulation File)  

Simulation file having file extension *.sim11 have major information such as directories 

and names of input files, simulation time step and period and directories and names of a 
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result file. Make a .sim11 file by specifying directories and names of input files, input 

simulation and result information.   

3.8.7.6 STEP-6(Inputting Boundary Data)  

Boundary data determined by the boundary file with file extension as *.bnd11 are chainage 

(location) and time series of boundary inflow/ water level, upstream boundary of the demo 

model i.e. inflow discharge and downstream boundary of the demo model. Open network 

editor through .sim11 file and input boundary data. After that open “Start” page of the sim11 

file and start the simulation, which will take some time depending upon the time step and 

complexity of the model.  

3.8.7.7 RESULT 

Use application called MIKE VIEW to open the result file of extension *.res11 Fig. 13. 

Figure 13 Flood event Nov-Dec 1994 Brosna River using MIKE 11 
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Chapter 4 

RESULTS & DISCUSSIONS 

4.1  General 

This section deal with the calculation, solution and the discussions of the different models 

and their application analogy. Different models used for the stage discharge prediction and 

flood routing techniques are presented in the previous chapter while their working and 

principles are also stated above with the clarity that the user can apply these methods to 

produce the results for different channels. In this section, more of the application analogy 

and their working will be discussed together with the discussion of the model on the basis 

of their performance. For stage discharge prediction, the models are reviewed and presented 

for a compound channel from Flood Channel Facility (FCF) phase A series 02 and 03 at 

different relative depths. The systematic outcomes from discussed models are contrasted to 

each other and with experimental data from compound trapezoidal channel tests. All the 

data related to compound channel FCF phase A series 02 and 03 may be found at 

www.flowdata.bham.ac.uk. Fig. 14 shows the symmetric compound channel with side 

slope ‘s’ equals to one, while ‘b’ is half of bed width equals to 0.75 m (constant for both 

channel dimensions with B/b ratio as 2.2 and 4.2 respectively), ‘B’ is the length from 

centerline to start of the side slope in floodplain area, ‘h’ is the height of the main channel 

0.15m fixed, ‘H’ is the depth of water and bed slope So is equal to 0.001027. 

Figure 14 Symmetric compound channel with side slope s=1 

Flood routing has been done on the river Brosna Offaly of Ireland whose dataset can be 

found in the Elbashir (2011) thesis. The river dimension are as follows total length of the 

http://www.flowdata.bham.ac.uk/
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river reach considered is of 8 Kms while main channel is having trapezoidal cross section 

with bed width ‘b’ equals to 22.86m, side slope ‘s’ equals to 1.25 and depth of water at 

upstream and downstream are 3.048m and 2.4384m respectively . Data of flood event Nov-

Dec 1994 is considered since its hydrograph obtained is more or less have familiar shape as 

discussed in the theoretical background (i.e. prominent rising limb, crest area and the 

recession limb). Other reason of choosing this data set is the prominent nature (i.e. 

attenuation and lag) displayed by the inflow and outflow hydrograph obtained is very much 

visible. Table 3 represents the reach characteristics of river Brosna while Fig. 15 illustrates 

the cross section of the river reach. 

Table 3 River Brosna reach characteristics 

Length  

(Kms) 

Bed width 

(m) 
Side slope Water depth (m) 

Average bed 

slope (m/m) 

Manning’s 

roughness 

(m1/3/s) 

8 22.86 1.25 
3.048 Upstream 

0.00047 0.04 
2.4384 Downstream 

Figure 15 Cross section of the river reach 

4.2  Discussion of SKM, K method, Extended SKM  

Tang and Knight (2009) stated that at the side edge (UV)d =0 (i.e. the depth averaged 

secondary current cell) since V=0 at this location. A viable assumption to be made is that 

(UV)d is zero at the edge of the secondary cell and it enhances either taking positive or 

negative value towards centerline of the cell, influenced by the sense of cell rotation. The 

convention for rotational cell of (UV)d is considered positive for clockwise cell and vice-
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versa for anti-clockwise cell, as shown by Chlebeck and Knight (2006) and Knight et al. 

(2007), same convention adopted herein. The value of Г is then depends on the lateral 

gradient of (UV)d for each half of the cells. The thinking behind SKM is that the panels are 

preferred with an understanding of the configuration of the secondary flow cells, which tend 

to ascribe the constant value of Г to each panel. 

4.2.1 Discussion on K-method 

Complex behavior of fluid flow across the floodplain varies with the water depth over the 

floodplain. It is questionable whether the secondary cell component expressed by Eq. (11) 

varies linearly with depth-averaged velocity Ud. Lorena (1992) exhibited that for a given 

geometry the fraction of transverse to longitudinal component �̅�/�̅� varies in the range of 2-

4% for straight compound channels. Tang and Knight (2009) stated that the assumption that 

K is constant does not hold true rather it varies laterally, unlike Г, which remains constant 

throughout the panel. Transverse component can either be negative which makes 

assumption taken by Ervine et al. (2000) again debatable since value of K can also be 

negative as well.  This indicates that the proposition by Ervine et al. (2000) that K is positive 

is not always true. 

4.2.2 Discussion on Extended SKM 

Kordi et al. (2015) showed that the significance of dispersion term corresponding to Eq. 

(3.25) Г1 is comparatively less over floodplain than mass-transfer term Г2. The momentum 

transfer secondary current term Г2 appears at the interface of the subsection and its 

consequences proliferates into the floodplains. In the improved, model both dispersion and 

the assumptions made by Shiono and Knight (1991) and Ervine et al. (2000) respectively 

estimate mass-transfer terms.  The term Г1 can be estimated as the ratio of bed shear stresses 

while the ratio of transverse to longitudinal component K=U/V appears to be an invariable 

coefficient influenced by the geometry of the channel. 

4.3 Boundary conditions for Ud solution 

For a symmetric channel, half channel is considered and divided into number of panels 

depending upon channel geometry and secondary flow cell parameter. In this study FCF 

phase A channel series 02 and series 03 with B/b ratio of 4.2 and 2.2 is divided into four 

panels from centerline to side slope of floodplain with either constant depth or linear depth 



 Chapter 4                                                                                           Results & Discussions 

85 

domains as shown in Fig. 14, the analytical solution for Ud was given using matrix product 

of matrices formed by coefficients A1, A2, A3, and so on. For every panel two coefficient, 

A1 to A2 or A3 to A4 has to be eliminated using proper boundary conditions as: 

 The velocity gradient with respect to y at the centre of the main channel is zero 

because of symmetry i.e. 
𝜕𝑈

𝜕𝑌
= 0 𝑎𝑡 𝑦 = 0. 

 All joints of domains must satisfy the continuity of the velocity which gives 

boundary condition as follows i.e. 𝑈𝑖 = 𝑈𝑖+1 & 
𝜕𝑈𝑖

𝜕𝑦
=

𝜕𝑈𝑖+1

𝜕𝑦
 

 Finally, the velocity must be zero at the edge of the flood plain side slope (U=0). It 

therefore follows that seven unknown constants are required in the analytical 

solution which can be obtained by solving seven linear equations.  

 Omran (2005) went on to include a μ factor into the boundary conditions to account 

for continuity of unit force where f and λ are different between panels. For a constant 

depth domain, Equation holds as (μ
𝜕𝑈𝑑

𝜕𝑦
)𝑖 = (𝜇

𝜕𝑈𝑑

𝜕𝑦
)𝑖+1; μ=λ√

𝑓

8
. 

 When the channel is symmetrical, the flow can be modelled for half of the channel 

and doubled to give the overall discharge. In this case, an extra “boundary” 

condition is stipulated at the centreline which states: (𝜇
𝜕𝑈𝑑

𝜕𝑦
)𝑖=0. 

4.4  Application philosophy and calibration of coefficient  

The analytical solution of SKM is based on the calibration of three parameters namely 

friction factor f, eddy viscosity coefficient λ, and secondary flow parameter Г. Constant 

parameters for each panel is used to evaluate the coefficients in the matrix which in turn are 

used for the calculation of Ud. Generally, for simplicity panel junction coincides with the 

location where flow depth is discontinuous. Thus for modeling a symmetric rectangular 

compound channel only two panels are more than enough for the half of the channel. If 

more complex secondary flow cells are present, then further division of the channel into 

more panels may be required (Knight et al. 2007). 

Darcy-Weishbach formula is applied for the calculation of friction factor f for every panel 

using experimental data using back calculation. Usually, to make the evaluation easier it is 

recommended that the standard value of λ = 0.067≈ 0.07 is imposed on most of the panels.  

Note that standard value of λ does not affect the solution for the overbank flow where Г and 
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f play important role while in case of inbank flow it has a major effect on the results. Also, 

note that the sign of Г can be assumed positive in main channel and negative over floodplain 

(Shiono and Knight 1991). For the calculation of boundary shear stress Ud evaluated from 

analytical solution can be used to obtain τb=ρfUd
2/8. 

A CFD code ANSYS Fluent is used for the application of k-ϵ model using multiphase flow 

volume of fluid (VoF) formulation in pressure based solver. This software package is used 

for the analysis of heat flow and fluid flow in any type of geometry. Finite volume method 

is adopted as a numerical scheme in which integral form of conservational equations are 

solved over each control volume and control surface. Surface and volume integrals are 

approximated using suitable quadrature formulae. In an open channel flow, fluid flow is 

multiphase governed by force of gravity and inertia. By tracking the volume fraction of two 

or more immiscible fluid VoF solves single set of momentum equations for each domain. 

For calculation of pressure term pressure-velocity coupled algorithm called SIMPLE 

(Patankar 1980) is used. Velocity inlet has been given as an inlet boundary condition while 

for the walls no slip condition is considered as a boundary condition. 

4.4.1 Application to compound channel  

To analyze the difference between the various models, data from two symmetric compound 

channels were chosen: FCF phase A channel (Knight and Sellin 1987; Knight 1992, 

www.flowdata.bham.ac.uk). These had bed slope of 0.001027and channel width ratio of 2.2 

and 4.2 with varying relative depth from 0.1≤Dr≤0.5.  Due to symmetricity, only half of 

the channel is modeled with four panels as shown in Fig. 14. The parameter Г for each 

panels are considered from the lateral variation of apparent stress and force per unit length 

due to secondary flows plot from Shiono and Knight (1991). While Abril and Knight (2004) 

also gave different expression for Г as 0.05ρghSo for inbank flow, 0.15ρgHmcSo for the main 

channel during overbank flow, and -0.25ρgHfpSo for the floodplain during overbank flow 

where ρ is the density of fluid, g = 9.81 m/s2 acceleration due to gravity, So is the bed slope, 

and H, Hmc, and Hfp are the channel depth for main channel and floodplain depths. Kordi et 

al. (2015) stated that the value of K varies linearly from zero, on the centerline axis of main 

channel, to maximum amount at the end of panel 1 (see Fig. 14). Similarly, in panel 2 K 

value decreases linearly from beginning of the floodplain to the end of panel 2. In panel 3 

and 4, K is zero Ervine et al. (2000). The predicted lateral distribution of Ud is shown in Fig. 

http://www.flowdata.bham.ac.uk/
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16 along with the experimental data for the channel B/b 2.2 with varying relative depth ratio 

as 0.1, 0.245, and 0.5.  
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Figure 16 Ud (y)) distribution for experiment FCF phase A series 02 and 03 (a) to (c) 

B/b 2.2 & (d) to (f) B/b 4.2 for various model with and without inclusion of secondary 

flow in SKM 
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4.4.2 Boundary Shear stress results 

The boundary shear stress distribution is another important parameter for river flow 

modelling. It is prerequisite while analyzing force balances, or when standardizing a 

numerical model for flow prediction, which frequently demands the acquaintance of the 

variation of local resistance coefficients. The calculation of boundary shear stress through 

analytical solution model is done with help of Darcy weisbach equations for friction factor. 

From the experimental dataset of FCF channel phase A series 02 and 03 boundary shear 

stress, depth averaged velocity are known which in turn helped for the estimation of the 

friction factor as 𝑓 =  8𝜏𝑑/𝜌𝑈𝑑
2. By using the estimated depth averaged velocity 𝑈𝑑 and 

friction factor f one can estimate boundary shear stress 𝜏𝑑 by reverse substitution of the 

parameters in the Darcy weisbach equations. Following Fig. 17 represents the lateral 

boundary shear stress distribution 𝜏𝑑 using different methods. 
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Figure 17 τb (y) distribution for experiment FCF phase A series 02 and 03 (a) to (c) 

B/b 2.2 & (d) to (f) B/b 4.2for various model with and without inclusion of secondary 

flow in SKM 

4.5 Stage discharge 

After calculation of depth-averaged velocity 𝑈𝑑 stage discharge at three different relative 

depths for both channel is estimated at three cross sections. From experimental data, stage 

discharge is plotted for several cross sections and then the estimated stage discharge of three 

cross section for both channels are validated with them using different models. Following 

Fig. 18 shows the stage discharge distribution of both channel and their estimated stage with 

respect to the flow depth for each relative depth. 
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Figure 18 Stage discharge curve for FCF phase A series 02 and 03 

4.6 Calibration of Muskingum-Cunge (MC) parameters 

As discussed in section 3.6, the MC method is applied where parameters K and X are 

estimated on the basis of the reach characteristics and the inflow hydrographs. From the 
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obtained on the relationship mentioned in Table 1, which is coming to be 1.549 m/s. The 

routing reach length ∆𝑥 can be estimated by Eq. 3.32 as: 

∆𝑥 ≤  
1

2
(1.549 × 0.25 × 60 × 60 +

44.2947

27.148×0.00047×1.549
)    (4.2) 

Hence, ∆𝑥 ≤ 2308.35m, which is less than 2/3 the length of the total reach as discussed in 

section 3.6.3, therefore the reach is divided into eight sub-reaches of equal distance 1000m.  

So, ∆𝑥 = 1000m. Then the value of MC weighting factor can be estimated using ∆𝑥 value 

as shown in Eq. 3.45. 

𝑋 =  
1

2
(1 −

44.2947

27.148×0.00047×1.549×1000
)      (4.3) 

So, X = -0.62 and the travel time K can be estimated as the ratio of the routing reach length 

to the celerity which is equals to 645.577 sec. This indicates the time required by the wave 

to reach downstream as (645.577/3600) = 0.18 hours. By substituting the calculated values 

of K, X, ∆𝑡 in Eq. 3.48, 3.49 and 3.50, the coefficients Co, C1, C2 of the MC method can be 

determined as: 

𝐶𝑜 =  
0.25

0.18
−2×−0.62

0.25

0.18
+2 (1−(−0.62))

= 0.569       (4.4) 

𝐶1 =  
0.25

0.18
+2 ×−0.62

0.25

0.18
+2 (1−(−0.62))

 = 0.034       (4.5) 

𝐶2 =  
− 

0.25

0.18
+2 (1−(−0.62))

0.25

0.18
+2 (1−(−0.62))

 = 0.398       (4.6) 

Now, the outflow can be calculated on each routing reach step using the Eq. 3.38.  

Table 4 Hydraulic parameters of the cross sectional area of river Brosna for flood 

event 1994 

Qo (m
3/s) B (m) A (m2) Vavg (m/s) C (m/s) 

44.2947 27.148 50.235 1.033 1.549 
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The resulting calculations of characteristic reach parameters such as reference discharge, 

top width, cross sectional area, the average velocity and the wave celerity are shown in table 

4 and resulting routing coefficients calculations are shown in table 5. 

Table 5 Coefficients of routing calculation for river Brosna for flood event 1994 

Time to peak 

(h) 

Qo 

(m3/s) 

∆𝑡 

(h) 

∆𝑥 

(m) 
X K (h) 𝐶𝑜 𝐶1 𝐶2 

87.25 44.2947 0.25 1000 -0.62 0.18 0.569 0.034 0.398 

 

4.7 Results of Muskingum-Cunge (MC) application 

The results obtained by the application of the constant parameter MC method have been 

demonstrated as the hydrograph in Fig.19 This is clear from the figure that the lag in the 

following outflow hydrograph in each sub-reach is very minute and the smaller time 

increment ∆𝑡 used gives results with considerable change in the attenuation of the computed 

outflow which is remarkably very small for such time increment parameter ∆𝑡 as 0.25 h. 
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Figure 19 Flood hydrograph at eight sub-reaches of river Brosna for flood event 

1994 
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The flood hydrographs of Nov-Dec 1994 is having a good shape as shown in above Fig. 19. 

Despite this, the model parameters (i.e. K and X) plays a vital role and should be estimated 

very precisely. Here in this case due to the difference between the actual and the estimated 

values of these parameters, prediction suffers in cost of poor reproduction of outflow 

hydrograph at sub-reaches.  

The application of constant parameter MC method to the flood event 1994 illustrated in 

Fig.19 indicates that the outflow computed from time increment 0.25 hour is not even close 

to the outflow hydrograph predicted from the experimental set ups. Even higher value of 

time increment step induce dispersion error and thus use of this method merely relates to 

the actual outflow hydrographs. The inflow and computed outflow reaches their peak value 

at same time which means that the travel time K is less than ∆𝑡.  

The validation of the outflow hydrograph obtained from constant parameter MC method is 

done with the two software packages HEC-RAS and MIKE 11, which is shown in Fig. 20 

below. The outflow obtained in both the software package are very different. The variation 

of the results obtained can be illustrated more clearly on the basis of graphs obtained from 

all application methodologies. The poor prediction of the MC method is not well trusted 

here in this case, which gives upper hand to the software approaches because they are easy 

approach wise and also results obtained in the HEC-RAS are more relatable and acceptable 

as compared to the Constant parameter MC method. In addition, the input parameters of 

such software packages are also very much similar to that of the MC method and hence no 

more parameters are required to work on them. 

Despite the fact that more parameters help to define problem completely and more 

accurately with no compromise over physic of problem. 
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Figure 20 Flood hydrograph at eight sub-reaches for river Brosna for flood event 

1994 using Muskingum-Cunge, HEC-RAS and MIKE 11 

In the above Fig. 20 , the most significant change in terms of attenuation and lag can be 

found in the HEC-RAS results (also see Fig. 9) while MIKE 11 also shows some of the 

variation but the peak flow of the computed outflow reaches almost at same time of the 

inflow hydrograph. Beside the fact that in MIKE 11 the variation of the outflow hydrograph 

is very trivial but it pronounces when it comes to lower sub-reaches. This can be explained 

on the basis of the milder slope of the river Brosna considered which makes it difficult to 

simulate in the MIKE 11 software since significant outputs are not much distinct. MIKE 11 

is the software, which is a complete package for flood forecasting, is developed on a small 

river reach by DHI. Despite the similarity of the river reach considered here in this case, 

problem is not well simulated. 
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4.7 Water storage analysis  

The MC parameters K and X are two most substantial parameters estimated once for 

constant parameter MC method and are most widely used in many other methods including 

VPMC method. Regardless of its wide usage there two discrepancy which are found in the 

practical use of MC method. The first one is the incompetency of the method to conserve 

mass even though whole concept of flood routing is based on continuity and conservation 

of mass equations. Second most profound discrepancy is the unsteady state of storage and 

difference in the peak value of storage obtained using two different equations derived from 

continuity and prism & wedge storage equations are very indefinite in nature. 

𝑆𝑡+∆𝑡 =  𝑆𝑡 + (
𝐼𝑡+∆𝑡+ 𝐼𝑡

2
−  

𝑂𝑡+∆𝑡+ 𝑂𝑡

2
)∆𝑡      (4.7) 

The same storage can also be estimated by discretizing Eq. (4.8) and using the value of K 

and X determined in the section 4.6.  

𝑆 = 𝐾𝑋 𝐼 + 𝐾 (1 − 𝑋)𝑂        (4.8) 

𝑆𝑡+∆𝑡 =  𝐾 𝑋 𝐼𝑡+∆𝑡 + 𝐾(1 − 𝑋)𝑂𝑡+∆𝑡        (4.9) 

The below Fig.21 illustrates the plot of storage on two different storage Eq. (4.7) and (4.9). 
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Figure 21 Storage volume computed using eq. (4.7) and (4.9) 
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The above figure shows the inconsistency of the MC method. Unexpectedly, none of the 

two equations produces same results for storage in addition to that both equations are found 

inconsistent to steady state conditions. From the Fig. 21 one can easily notice that both 

storage plot does not return to the original steady state as the consequence of the 

aforementioned mass imbalance (in practical experience the water is not lost but rather 

stored in the channel) and another possible observation is that the Eq. (4.9) always produce 

storage lower than it should be.  
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Chapter 5  

ERROR ANALYSIS 

5.1  Predicted Relative Error for Different Models 

An overall comparison of the estimated values of depth-averaged velocity Ud value has been 

done for different models based on relative error values. A relative error value can be 

estimated through {((𝑈𝑝 − 𝑈𝑚)/𝑈𝑚) × 100} where 𝑈𝑝 is the predicted depth-averaged 

velocity and 𝑈𝑚 is the measured depth-averaged velocity i.e. experimental Ud. The relative 

errors are plotted against the lateral position of channel and the fluctuation of error is 

observed for the lateral distribution of depth-averaged velocity. In Fig 22 the relative error 

distribution over lateral position of the cross section of channel is represented.  

The comparison among the measured value and predicted value for different methods are 

also done on the basis of the line of good agreement. The predicted values of depth-averaged 

velocity is plotted against the measured value of depth-averaged velocity and the values 

which are closer to the line drawn at 45° from origin in first quadrant (also known as line of 

good agreement) is considered to be good prediction. In Fig 23 the comparison of the 

predicted and measured value are represented. 
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Figure 22 A comparisons among the predicted relative error values by the different 

models 

-20

-10

0

10

20

0 0.5 1 1.5 2

P
re

d
ic

te
d

 R
el

a
ti

v
e 

E
rr

o
r 

%

Lateral Position ‘y’ in m

(c) Error percentage analysis of B/b 2.2 Dr=0.500 
Error % SKM W/O Г

Error % SKM W Г

Error % K-ϵ

Error % K Model

Error % Extended SKM

-100

-50

0

50

100

0 0.5 1 1.5 2 2.5 3 3.5

P
re

d
ic

te
d

 R
el

a
ti

v
e 

E
rr

o
r 

%

Lateral Position ‘y’ in m

(d) Error Percentage Analysis of B/b 4.2 Dr=0.111  

Error % SKM W/O Г

Error % K-ϵ

Error % SKM W Г

Error % in K Model

Error % Extended SKM

-50

0

50

0 0.5 1 1.5 2 2.5 3 3.5

P
re

d
ic

te
d

 R
el

a
ti

v
e 

E
rr

o
r 

%

Lateral Position ‘y’ in m

(e) Error percentage analysis of B/b 4.2 Dr=0.242 
ERROR % w/o Г

ERROR % w Г

ERROR % K-ϵ

Error % in K Model

Error % Extended SKM

-50

0

50

100

0 0.5 1 1.5 2 2.5 3 3.5

P
re

d
ic

te
d

 R
el

a
ti

v
e 

E
rr

o
r 

%

Lateral Position ‘y’ in m

(f) Error percentage analysis of B/b 4.2 Dr=0.479 
Error % w/o Г

Error % w Г

Error % in k-ϵ

Error % in K Model

Error % Extended
SKM



 Chapter 5                                                                                                       Error Analysis 

105 

 

0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8 1 1.2

M
ea

su
re

d
 U

d
in

 m
/s

 

Predicted Ud in m/s 

(a) Error analysis B/b 2.2 Dr= 0.100
U from SKM W/O Г

U from SKM With Г

Velocity Magnitude 
by K-ϵ model
K- Model

Extended SKM

Line of good
agreement

0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8 1 1.2

M
ea

su
re

d
 U

d
in

 m
/s

 

Predicted Ud in m/s 

(b) Error analysis B/b 2.2 Dr=0.245

U from SKM W/O Г

U from SKM With Г

Velocity Magnitude 
by K-ϵ model
K- Model

Extended SKM

Line of good
agreement

0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8 1 1.2

M
ea

su
re

d
 U

d
in

 m
/s

 

Predicted Ud in m/s 

(c) Error analysis B/b 2.2 Dr=0.500

U from SKM W/O Г

U from SKM With Г

Velocity Magnitude by 
K-ϵ model
K- Model

Extended SKM

Line of good
agreement

0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8 1 1.2

M
ea

su
re

d
 U

d
in

 m
/s

 

Predicted Ud in m/s 

(d) Error analysis B/b 4.2 Dr=0.111

U from SKM W/O Г

U from SKM With Г

Velocity Magnitude 
by K-ϵ model

K Model

Extended SKM

Line of good
agreement



 Chapter 5                                                                                                       Error Analysis 

106 

Figure 23 A comparisons among the predicted values and the Measured value of 

depth-averaged velocity by the different models 

5.2 Conservation of Mass Consideration 

The percentage error in the volume storage can be estimated through Eq. 4.10. 

EVOL% =  [{
∑ 𝑄𝑐𝑖

𝑁
𝑖=1

∑ 𝐼𝑖
𝑁
𝑖=1

} − 1] × 100       (4.10) 

where 𝑄𝑐𝑖 is the ith ordinate of the computed discharge hydrograph and 𝐼𝑖is the ith ordinate 

of inflow hydrograph at the same time level as that of outflow discharge hydrograph. A 

negative sign of EVOL% indicates that the loss of mass is occurring while positive sign 

mean that the gain of mass occurred. A value of EVOL% is zero when total mass is 

conserved. 
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Following table 6 represent the value of EVOL% for the constant parameter MC method, 

HEC-RAS, and Mike 11. 

Table 6 Conservation of mass consideration EVOL% of every sub-reach of river 

Brosna flood event 1994 

Model Branch 

1000m 

Branch 

2000m 

Branch 

3000m 

Branch 

4000m 

Branch 

5000m 

Branch 

6000m 

Branch 

7000m 

Muskingum-

Cunge model 

(Constant 

parameter) -0.0479 -0.0463 -0.0419 -0.0386 -0.0365 -0.0350 -0.0603 

HEC-RAS 

1.5175 3.6312 2.9222 2.2722 1.6670 1.0932 0.5410 

MIKE 11 

0.1630 -0.1399 -0.1327 -0.1222 -0.1100 -0.0948 -0.0677 
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Chapter 6 

CONCLUSIONS AND SCOPE FOR 

FUTURE WORK 

6.1  Analysis of modelling technique for stage discharge 

The results obtained for the lateral distribution of depth-averaged velocity, boundary shear 

stress and stage-discharge curve for the trapezoidal compound channel using SKM model 

with/without secondary flow term, K-model, Kordi et al. (2015) model and k-ϵ model are 

represented in the last section. A number of conclusions drawn from Fig.16, Fig.17 and Fig. 

18 can be stated as: 

1) In general, all five models shows same trend for the Ud (y) results which agree 

reasonably well with experimental data in some model while in others there is no 

such agreement over some part of the channel or the floodplain due to poor 

calibration of the parameters. 

2) In SKM, without Г model has always over predicted for both Ud (y) and τb (y) in 

floodplain and interface region since in both the region secondary flow cells have 

significant effect due to mass transfer. No secondary flow consideration means that 

the only governing parameter is friction factor f since eddy viscosity coefficient λ is 

taken constant for every model. Meanwhile for main channel it have comparatively 

shown closer plots with experimental result in both Ud (y) and τb (y) prediction.  

3) In the SKM with Г model gives better results in comparison to SKM without Г over 

both flood plain and main channel but over interface region its dependability is very 

much doubtful since it only estimates the dispersion term due to helical secondary 

current.  

4) In the K-method, the value of K has to be positive for floodplain region and negative 

to the main channel region, which is overruled in the assumption. Despite that, it 

produces agreeable result over main channel region but in case of floodplain, it has 

underestimated the results. 
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5)  The extended SKM model does perform well over interface region in all relative 

depths. However, in higher Dr = 0.500 and 0.479 it underestimate the result over 

floodplain which can be tackled by considering the sign of coefficient K over the 

floodplain region.  

6) It is clear from the Fig. 17 and Fig. 18 that k-ε performed exceptionally well which 

tend to indicate the ability of the model to evaluate secondary flow. By increasing, 

the meshing criteria in the ANSYS fluent one can achieve finer result by 

compromising computational time.  

7) It is also clear from Fig. 17 and 18 that the main differences in the predicted results 

are over the mixing region where secondary flow is inevitable. As the relative depth, 

increases the results of various models underestimate the prediction of the depth 

average velocity except k-ε model. 

8) Overall prediction of τb (y) for both the channels are showing same trend for SKM 

with Г, K method, extended SKM and k-ϵ method. However, in the SKM without Г 

model there is a drastic change in trend over the interface of the main channel and 

floodplain. This can also be observed for some other models, which indicatively 

shows poor calibration of coefficients.  

9) Beside the good approximation of the Ud (y), prediction of τb (y) distribution not 

necessarily always have good agreement with experimental data, mainly due to poor 

modelling of secondary current cells. The sign of Г varies laterally depending upon 

the sense of secondary flow current and the region of the channel it is formed. Based 

on the sign of Г and the number of secondary flow cells, the number and the location 

of the panels should be determined. 

10) All the models do exceptionally well over the main channel region. However, 

prediction of τb (y) over the interface region only k-ϵ and extended SKM predicted 

well. In the extended SKM method prediction of both Ud (y) and τb (y) can be refined 

by the good calibration of the coefficients. 

11) Stage discharge plot for both the FCF phase A series 02 and 03 have been plotted 

for different models and they are validated with the experimental data. It is clear 

from the Fig. 18 that the stage discharge curve has a reasonably good agreement for 

both the series. Extrapolation can be used to obtain further discharge depth relation 

since plot obtained are overall satisfactory.  

The following points may also be noted from Fig. 22 and Fig. 23: 
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1) A comparison of the percentage relative error values {((Upredicted – U 

measured)/Umeasured)*100} is shown in Fig. 22 for all the models having B/b 2.2 and 4.2 

with respect to different relative depth considered. It is quite visible from the plot 

that the most significant errors are found over the interface area in all the models.  

2) The SKM model with and without Г consideration have overall average percentage 

error of 8-20 % and 5-10% respectively. Meanwhile least overall average percentage 

error is of 0-3% in k-ε method whereas 3-8% and up to 10% of overall average 

percentage error is visible in extended SKM method and K-method respectively.  

3) Similarly, in Fig. 23 a comparison of predicted depth-averaged velocity is done with 

the measured depth-averaged velocity. The plot obtained has a line of good 

agreement around which the scattered plot is represented. It is clear from the Fig. 23 

that the SKM model without Г consideration falls out of the line of good agreement 

which illustrates the significance of mass transfer and planform vortices 

consideration for such models. 

4) Best results are obtained in k-ϵ models in all relative depths. Meanwhile other 

models such as K-model and extended SKM model do perform well in the lower 

relative depths but in the Dr = 0.479 plot of B/b 4.2 most of the analytical model fall 

out from the line of good agreement. 

6.2  Analysis of flood routing and flood hydrograph 

Flood routing through hydrological technique (i.e. MC method) and two software packages 

(i.e. HEC-RAS and MIKE 11) are used to obtain the outflow hydrograph at eight sub-

reaches for river Bosna offaly of Ireland. The flood hydrograph of flood event Nov-Dec 

1994 is considered because of its good shape as shown in Fig. 4.  The following outcomes 

can be obtained from Fig. 19 and Fig. 20. 

1. It is clear from the Fig. 19 that constant parameter MC method does not produce 

noticeable change in the outflow hydrograph shape for the minimum routing time 

increment of 0.25 hours. The outflow hydrograph computed at every 1000m does 

not have significant lag and hence are very close to the inflow hydrograph. 

2. This same trend is visible for the MIKE 11 meanwhile HEC-RAS Fig. 20 produces 

a result, which have more lag and are more accurate when compared to the outflow 

hydrograph obtained experimentally.  
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3. The inflow and the computed outflow hydrograph reach their peak almost at the 

same time, which indicates that the routing time increment is greater than the travel 

time.  

4. It is evident from the Fig. 20 that the constant parameter MC method is not capable 

for producing outflow hydrograph for this instance. This could be explained on the 

basis of the mild slope of the channel which does not dampen the error in the routing 

procedure. 

This can also be noted from Fig. 21 and Table 6. 

1. In the water storage analysis Fig. 21, the steady state of the storage plot is not 

achievable in the constant parameter MC method even though the inflow and 

outflow are identical. This can be another indication of the wrong estimation of the 

travel time parameter.  

2. Second most evitable observation is the two-storage plot for the same outflow 

hydrograph is obtained from Eq. 4.7 and Eq. 4.9. Equation 4.9 obtained from 

discretizing the storage equation obtained from the assumption of prism & wedge 

storage always estimates lower storage than it should be. 

3. The mass conservation is another big issue of these models despite the fact that the 

models are developed on the continuity and mass conservation equations. The loss 

of water is not possible case instead it is stored in the channel reach i.e. water is 

never lost. This can be possibly due to the milder slope and due to the inaccurate 

discretization of the diffusion wave model. 

4. The loss of mass is estimated through the EVOL(in%) = [{∑ 𝑄𝐶𝑖
𝑁
𝑖=1 / ∑ 𝐼𝑖} − 1] ∗𝑁

𝑖=1

100 for each method of flood routing considered and illustrated in the table 6. A 

negative sign indicated the loss of mass and positive sign indicates the gain of mass. 

Meanwhile EVOL(in%) is when zero it indicates that the mass is fully conserved. 

5. From table 6 it is clearly evident that no mass is conserved in any of the model. The 

loss of mass is seen in every sub-reaches of the constant parameters MC method.  

6.3 Overall conclusion 

The SKM and K-method includes secondary flow term while extended SKM beside the 

dispersion term it also takes account of mass transfer term. The analytical models have a 

similar trend because of the similar hydraulic parameters representing boundary resistance 
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via bed friction factor f, lateral shear via dimensionless eddy viscosity λ, and depth-averaged 

secondary flow via parameters Г or K. Beside the similar trend, variation in results is mainly 

due to poor calibration or modelling of the secondary flow terms in overbank flow. Thus, 

analytical method accounts for the complex three-dimensional flow in compound channel 

and can produce useful information to the field engineers. It is demonstrated that the 

analytical solution of those model, which do not consider secondary flow term, are less 

dependable in comparison to models considering secondary flow parameters. This in turn 

necessitate the modelling of secondary flow and also reinforce the importance of including 

such effects in all open channel flow modelling of velocity and boundary shear stress 

distribution (via Г or k). The K-method gives reasonably good results in some cases, but it 

is dependent on the K-values. Either coefficient K can be negative or positive which is to 

be considered while solving analytically for Ud. For the extended SKM method, secondary 

flow term is defined as a function of the bed shear stress and the depth-averaged streamwise 

velocity. Even though this method gives good results compared to others analytical solution, 

modelling of secondary flow term becomes a primary issue since a good calibration of 

secondary flow term can only fetch a good result. Most of the analytical model fails to 

predict precisely in higher relative depth but k-ε numerical model predicted best out of the 

various models. Over interface region k-ε predicted closest in most of the result. Results can 

be more enhanced using grid convergence index and by refining and sizing of the mesh 

component but due to less computational resource it is compromised in this study. In 

ANSYS fluent computational time can be optimized by the meshing criteria which can 

always fetch a fast result in cheap computational resources. Applicability of numerical 

model is self-justified by the results but analytical models provide easier way in least 

computation cost. Further experimental work is needed to investigate and model planform 

and streamwise vorticity in overbank flow to momentum transfer, and how turbulence 

parameters should be properly represented in RANS models.  

The constant parameters MC method is used for the prediction of outflow hydrograph for 

river Brosna for the flood event 1994. Despite the simplicity and the extensive applicability 

of the method, their use is narrowed when it comes to mass conservation and milder slope 

of the channel reach. Most of the channels and rivers have milder slope and hence alternative 

method is required to facilitate the solution of such flood events discussed above. Software 

packages are reliable when the hydrologic parameters available to the user are sufficiently 

correct. The stage-hydrograph and flood routing are significant in terms of flood planning 
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and management. The overall dependency on stage-discharge and stage-hydrograph is very 

high which in turns depend on the correctness of the modelling approach. Flood forecasting 

can also be done on the basis of the methods shown in this study. The methods discussed 

above are easy and can be used by field engineers for flood studies and management. 

6.4   Scope for Future Research Work 

Application of the different modelling techniques in stage–discharge are done for the 

trapezoidal compound channels. It can also be done for the natural river reach using all the 

five models as discussed above. Calibration of the different parameters like friction factor, 

eddy viscosity coefficients and secondary flow term in the natural river system will also 

play a key role for prediction of depth-averaged velocity distribution, boundary shear stress 

distribution and stage discharge curve.   

For the flood routing technique one can go for VPMC method in which parameters like 

travel time and weighting factor varies at each routing time step. The incapability of the 

constant parameter MC method in terms of mass conservation and unsteady state of storage 

can be resolved through proper discretization of the storage equation and also by correcting 

the travel time parameter. Different channels with different slopes can also be used to check 

the feasibility of the above-discussed models in steeper slope. Finally, different routing time 

size can be used to obtain outflow hydrograph and one can check the variation of the results 

based on the routing time size. 
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