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ABSTRACT 


Rivers  are one of the most important  sources of water,  which are constantly changing.  It is 
vital to recognize and perceive components which influence the conduct and the morphology 
of the waterway or channel, for example,  the type of the Meander River, conduit geometry, 
the  state  of  the  channel  bed  and  the  profile  of  the  channel.  In  particular,  these  factors  are 
valuable  for  meandering  channel  which  has  unsteady  flow  patterns.  The  geometry  selected 
for  this  study  is  that  of  a  meandering  channel.  In  this  research  work  the  parameters,  water 
depth  and  incoming  discharge  of  the  main  channel  were  gradually  varied.  This  aggregate 
subject speaks to the variety of speed profile along the width  and profundity of the channel 
has been systematically broken down at curve peak along a wander way of a crooked channel 
of 60° crossover edge. Riverway considered is starting with one curve pinnacle then onto the 
next  twist  zenith,  which  changes  its  course  at  the  crossover.  Bend  apex  is  the  position  of 
maximum  curvature  and  crossover  represents  the  section  at  which  the  sinuous  channel 
changes  its  sign.  Flow  structure  in  meandering  channel  is  more  complex  than  straight 
channels  due  to  the  3-Dimentional  nature  of  the  flow.  The  constant  variation  of  channel 
geometry  along  the  water  course  associated  with  secondary  currents  makes  the  depth 
averaged  velocity  computation  difficult.  The  present  experimental  meandering  channel  is 
wide  (aspect  ratio  =  b/h  >  5)  and  with  a  sinuosity  of  2.04.  Then  the  numerical  method  is 
applied to calculate water surface elevation in a meandering channel configuration, the output 
of  calculations  show  good  agreement  with  the  experimental  data.  As  statistical  hydraulic 
models can significantly reduce costs associated with the experimental models, an effort has 
been made through the present investigation to establish the different flow characteristics of a 
meandering  channel  such  as  longitudinal  velocity  distribution,  depth  averaged  velocity 
distribution. As a complementary study of the experimental research undertaken in this work, 
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three  numerical  hydrodynamic  tools  viz.three-dimensional  CFD  model  (ANSYS  – 
 FLUENT),  two  dimensional  numerical  model  National  Center  of  Computational 
 Hydrodynamic  and    Engineering  of  2D  (CCHE2D)  developed  by  NCCHE,  University  of 
 Mississippi,  US  and  a  quasi1D  model  Conveyance  Estimation  System  (CES)  developed  by 
 HR  Wallingford,UK  are  applied  to  simulate  the  flow  in  meandering  channels  .This  study 
 aims  to  validate  CFD  simulations  of  free  surface  flow  by  using  Volume  of  Fluid  (VOF) 
 method by comparing the data observed in the hydraulics laboratory of the National Institute 
 of  Technology,  Rourkela.  The  volume  of  fluid  (VOF)  method  was  used  to  allow  the  free-
 surface  to  bend  freely  with  the  underlying  turbulence.  In  this  study  Smagorinsky  model  is 
 used to  carry out  for both three dimensional  and two dimensional  flow  simulation.The  LES 
 results  are  shown  to  accurately  predict  the  flow  features,  specifically  the  distribution  of 
 secondary circulations for in-bank channels at varying depth and width ratios in meandering 
 sections. 


Keyword- Aspect Ratio, Depth average velocity, Bend apex,Crossover,CFD simulation, LES 
turbulence  model,  Longitudinal  Velocity  profile,  VOF  method,  Smagorinsky  model, 
CCHE2D, CES. 
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INTRODUCTION 


1.1 OVERVIEW 


Water is  one of the prime factors  which is  responsible for life on the earth. Waterways 
 are  dependably  wondrous  things  and  the  historic  livelihood  of  a  habitation.  Individuals  have 
 been living close to the banks of rivers for quite a long time for the enthusiasm of nourishment, 
 water  and  transport.  However,  flooding  in  rivers  has  always  been  danger  for  mankind  as  this 
 causes a huge loss of property and lives. Moreover, the frequency of occurrence of floods has 
 increased  recently  due  to  result  of  climate  change,  excessive  human  intervention,  growing 
 population on the banks of rivers and industrialization. Hence it is essential to take measures to 
 understand flooding situations by analyzing the physics behind it. Generally, river engineer’s to 
 use the water powered model to make a flood prediction. The hydraulic model integrates many 
 flow features  such as  average velocity,  accurate  discharge,  water level  profile and forecasting 
 of  shear  stress.  Earlier  for  producing  hydraulic  models  capable  of  modeling  all  these  flow 
 features  detailed knowledge of open channel  hydrodynamics  is  required.  Here first  comes the 
 understanding  of  geometry  and  hydraulic  parameters  of  the  river  streams.  Even  the  flow 
 properties in rivers vary with the geometrical shape.


A  Channel  is  a  wide  watercourse  between  two  landmasses  that  lie  near  to  one  another.  A 
 channel can likewise be the most profound piece of a conduit or a limited waterway that join 
 two bigger waterways. For the most part there are 3 sorts of channels. They are  


1.1.1 Straight channel: 


If  on  a  channel  no  variation  occurs  in  its  passage  along  its  flow  path,  then  it  is  called  a 
straight channel.  The channel is usually controlled by a direct zone of fault in the underlying 
rock, like a fault or joint system. 
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 1.1.2. Braided channel: 


These  are  the  channels  consist  of  a  network  of  small  channels.  During  periods  of  low 
 discharge  ,  in  streams  having  highly  variable  discharge  and  easily  eroded  banks,  sediment 
 gets deposited to form bars and islands that are exposed. In such a stream the water flows in a 
 braided  pattern  around  the  islands  and  bars,  dividing  and  reuniting  as  it  flows  downstream. 


Such a channel is termed a braided channel.  


1.1.3. Meandering channel:  


 If  a  channel  deviates  from  its  axial  path  and  a  curvature  of  reverse  order  developed  with 
 short straight reaches, it is known as meandering channel. Because of the velocity structure of 
 a  stream  and  especially  in  streams  flowing  over  low  gradients  which  easily  eroded  banks, 
 straight channels will eventually erode into meandering channel. 


Figure1.1 Straight Channel    Figure1.2 Braided Channel     Figure1.3 Meandering Channel 


A  river  is  considered  straight,  if  its  length  is  straight  for  about  10  to  12  times  its  channel 
width,  which  is  not  usually  possible  in  natural  conditions.  Sinuosity  is  characterized  as  the 
proportion  ofthe  valley  slope  to  channel  slope.  Rivers  having  sinuosity  greater  than  1.5  are 
considered  to  be  meandering.  Nearly  all  natural  rivers  meander.In  general,  a  meander  is  a 
curve in a sinuous water course which is formed when flowing water in a stream erodes the 
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outer  bank  and  widens  its  valley.  Theoretically  a  sine  produced  bendwell  represents  a 
 meander  channel.  River  meandering  is  an  entangled  methodology  which  includes  the 
 collaboration  of  move  through  channel  twists,  bank  disintegration,  and  silt  transport.  In 
 rivers,themeanderwind  development  is  an  unpredictable  wonder  that  resultsfrom  erosionon 
 the  external  bank  and  deposition  on  the  inner  side.  So  the  investigation  of  meandering 
 channels  under  different  geometric  and  hydraulic  condition  is  necessary  to  understand  the 
 flow  properties,  for  example,  distribution  of  velocity  and  boundary  shear,  which  are  better 
 indicators  of  secondary  flows,  with  the  variation  of  different  parameters  like  aspect  ratio, 
 sinuosity,  ratio  of  minimum  radius  of  curvature  of  width  and  hydraulic  parameter  such  as 
 relative depth and aspect ratio. 


1.2 MEANDER PATH 


Meander  path  is  a  flow  path  undertaken  by  a  river.  The  meander  path  under  study  is  taken 
starting  with  one  curve  summit  then  onto  the  next  twist  peak.  The  axis  of  the  bend  is  the 
section at which the river has the most extreme curvature. A channel while moving from one 
bend apex to the other passes through the crossover. A crossover is a segment at the purpose 
of expression where the meander path changes its course as shown in Fig. 1.4. The concave 
bank  or  the  outer  bank  becomes  the  convex  bank  or  the  inner  bank  after  the  crossover  and 
similarly the convex bank or the inner bank becomes the concave bank or the outer bank. In 
the  Fig.1.4  W  shows  the  width  of  the  channel,  λ  represents  the  wavelength,  L  shows  the 
length of channel for one wavelength and rc represents the radius of the channel. 
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Figure 1.4: Properties of River Meander (Leopold and Langbein, 1966) 


1.3 VELOCITY DISTRIBUTION 


Velocity distribution benefits to recognize the velocity magnitude at individual point across a 
 flow section. Many researchers have been done on various aspects of velocity distribution in 
 curved meander rivers, but no logical effort has been made to study the variation of velocity 
 along  a  meander  path.  In  straight  channel  velocity  distribution  differs  with  changed  width-
 depth  ratio,  while  in  meandering  channel  velocity  distribution  differs  with  aspect  ratio, 
 sinuosity,  etc.  making  the  flow  more  complex  to  investigate.  In  laminar  stream  max  flow 
 wise  velocity  occurs  at  water  level;  for  turbulent  streams,  it  happens  at  about  5-25%  of  the 
 water depth underneath the water surface (Chow, 1959). Typical stream wise velocity contour 
 lines (isovels) for flow in different cross sections are shown in Fig. 1.5. 


Figure.1.5: Contours of constant velocity in various open channel sections (Chow, 1959) 
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The above velocity contours satisfy for straight channels as the highest velocity is considered 
 to be present somewhere in the middle of cross-sectional area below the free water surface. 


This condition is not true in case of meandering river as the local maximum velocity is seen 
 to  occur  at  the  convex  side  of  the  channel.  In  this  project  the  experimental  channel 
 understudy  of  changes  its  course  and  both  the  clockwise  and  anticlockwise  curves  of  the 
 meandering channel are analyzed. Hence the movement of velocity can be studied from one 
 bank of the channel to the other bank. The depth average velocity is quite difficult to model 
 flows  in  meanderingrectangular  channel  as  the  inward  and  external  banks  apply  equivalent 
 shear  delay  the  fluid  flowthat  at  last  controls  the  depth-averaged  velocity  .Depth-averaged 
 velocity means the average velocity for a depth ‘h’ is assumed to occur at a height of 0.4h 
 from the bed level. 


1.4 BOUNDARY SHEAR STRESS 


When  water  flows  in  a  channel  the  force  developed  in  the  flow  direction  is  resisted  by  the 
reaction  from  channel  bed  and  side  walls.  This  resistive  force  is  manifested  in  the  form  of 
boundary  shear  force.  The  distribution  of  boundary  shear  force  along  the  wetted  perimeter 
directly affects the flow structure in an open channel. Understanding of boundary shear stress 
distribution  is  necessary  to  define  the  velocity  profile  and  fluid  field.  Also,  computation  of 
bed form resistance, sediment transport, side wall correction, cavitations, channel migration, 
conveyance estimation and dispersion are among the hydraulic problems which can be solved 
by bearing the idea of boundary shear stress distribution. From hypothetical considerations, in 
steady, uniform  flow in  the boundary shear stress is  related to  channel  bed slope, hydraulic 
radius  and  unit  weight  of  fluid.  Tominaga  et  al.(1989)and  Knight  and  Demetriou 
(1983)declared  that  boundary  shear  stress  increases  where  secondary  currents  flow  towards 
the  wall  and  shear  stress  decreases  as  they  flow  away  from  the  wall.  The  presence  of  the 
secondary  flow  cells  in  the  main  flow  influences  the  distribution  of  shear  stress  along  the 



(24)6 


channel  wetted perimeter which is illustrated in Fig.1.6.  In meandering channels  the factors 
 increases  by  many  folds  due  to  growth  in  3-Dimensional  nature  of  the  flow.  Sinuosity  of 
 meandering channel is considered to be a critical parameter for calculating the percentage of 
 shear force at channel walls and bed. 


Figure1.6: Schematic influence of secondary flow cells on boundary shear distribution 
 1.5 NUMERICAL MODELLING 


Computational Fluid Dynamics (CFD) is a computer based numerical analysis tool. The basic 
 principle in the application of CFD is to analyze fluid flow in-detail by solving a system of 
 nonlinear governing equations over the region of interest, after applying specified boundary 
 conditions. A step has been taken to do numerical analysis on a meandering channel flow for 
 in  bank.  The  use  of  computational  fluid  dynamics  was  another  integral  component  for  the 
 completion  of  this  project  since  it  was  the  main  tool  of  simulation.  In  general,  a  CFD  is  a 
 means to accurately predict phenomena in applications such as fluid flow, heat transfer, mass 
 transfer, and chemical reactions.  


1.5.1  ANSYS 


 There  are  a  variety  of  CFD  programs  available  that  possess  capabilities  for  modeling 
multiphase  flow.  Some  common  programs  include  ANSYS  and  COMSOL,  which  are  both 
multiphysics  modeling  software  packages  and  FLUENT,  which  is  a  fluid-flow-specific 
software  package.  A  CFD  is  a  popular  tool  for  solving  transport  problems  because  of  its 
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ability to give results for problems where no correlations or experimental data exist and also 
 to produce results not possible in a laboratory situation and also useful for design since it can 
 be directly translated to a physical setup and is cost-effective (Bakker et al., 2001). 


In  the  present  work,  an  effort  has  been  made  to  investigate  the  velocity  profiles  for 
 meandering channel by using a computational fluid dynamics (CFD) modeling tool, named as 
 FLUENT.  The  CFD  model  developed  for  a  real  open-channel  was  first  validated  by 
 comparing  the  velocity  profile  obtained  by  the  numerical  simulation  with  the  actual 
 measurement  carried  out  by  experimentation  in  the  same  channel  using  Preston  tube.  The 
 simulated flow field  in  each  case is  compared with  corresponding laboratory  measurements 
 of velocity and water surface elevation. Different models are utilized to solve Navier-Stokes 
 equations  which  are  the  governing  equation  for  any  fluid  flow.  Finite  volume  method  is 
 connected  to  discretize  the  governing  equations.  The  accuracy  of  computational  results 
 mainly depends on the mesh quality and the model used to simulate the flow. 


1.5.2  CONVEYANCE ESTIMATION SYSTEM (CES)  


CES  developed  by  joint  Agency/DEFRA  research  program  on  flood  defense,  reduces 
 uncertainties in the estimation of river flood levels, discharge capacities, velocities and extent 
 of inundation and is now recommended in the UK and other European nations as a major tool 
 for estimating  discharge, depth  averaged velocities and boundary shear  for natural  channels 
 of straight and meandering plan form as well as for laboratory flumes.CES considers all the 
 physical  flow  processes  that  are  present  in  a  flow  situation  and  where  necessary,  includes 
 empirical  or  calibration  coefficients  based  on  previous  research  and  expert  advice. 


TheConveyance  describes  mainly  three  key  components  of  the  Conveyance  Estimation 
System  (CES):  the  Roughness  Advisor,  the  Conveyance  Generator  and  the  Uncertainty 
Estimator.  It  gives  an  overview  of  the  hydraulic  equations  and  fundamental  channel  flow 
processes, with emphasis on their relevance to the successful model application and usage. 
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 1.5.3  CCHE2D 


National Center for Computational Hydro-Science and Engineering (NCCHE) University of 
 Mississippi,  USA,  alternatively  referred  to  as  (CCHE2D).The  CCHE2D  model  is  an 
 integrated package for simulation and analysis of free surface flows, sediment transport and 
 morphological  processes.  It  is  a  two-dimensional  depth-averaged,  unsteady,  flow  and 
 sediment  transport  model.  The  flow  model  is  based  on  depth-averaged  Navier-Stokes 
 equations.TheCCHE2D mesh generator allows the rapid creation of complex structured mesh 
 systems for the CCHE2D model with several integrated useful techniques and methods. The 
 CCHE2D  Mesh  Generator  provides  meshes  for  CCHE2D-GUI  and  CCHE2D  numerical 
 model, while the CCHE2D-GUI  provides a  graphical  interface to  handle the data input  and 
 visualization  for  CCHE2D  numerical  model.  The  CCHE2D-GUI  is  a  graphical  user’s 
 environment  for  the  CCHE2D  model  with  four  main  functions:  preparation  of  initial 
 conditions  and  boundary  conditions,  preparation  of  model  parameters,  run  numerical 
 simulations, and visualization of modeling results. 


1.6 ADVANTAGES OF NUMERICAL MODELLING 


In spite of exact results and clear understanding of stream phenomena; experimental approach 
 has  some  disadvantages  such  as  difficult  data  collection  and  data  can  be  collected  for  a 
 limited number of points because of instrument operation limitations; the model is usually not 
 at  full  scale  and  the  three  dimensional  flow  behavior  or  some  complex  turbulent  structure 
 which is the nature of any open channel flow cannot effectively capture through experiments. 


So  in  these  circumstances,  computational  approach  can  be  adopted  to  overcome  some  of 
 these  issues  and  thus  provide  a  corresponding  tool.  In  comparison  to  experimental  studies; 


computational  methodology  is  repeatable,  can  simulate  at  full  scale;  can  generate  the  flow 
taking all the data points into consideration & moreover can take greatest technical challenge 
i.e.;  prediction  of  turbulence.  The  complex  turbulent  structures  like  secondary  flow  cells, 



(27)9 


vortices,  Reynolds  stresses  can  be  identified  by  numerical  modeling  effectively,  which  are 
 very vital to the investigation of energy outflow in open channel flows. Numerous researchers 
 in  the  recent  centuries  have  numerically  modeled  open  channel  flows  and  has  successfully 
 validated with the experimental results. 


1.7 OBJECTIVE OF PRESENT STUDY  


The  present  work  is  aimed  to  study  the  distribution  of  velocity  profile  and  boundary  shear 
 stress in a meandering channel. The distribution of velocity profile at a bend apex and cross 
 over along the channel depends on aspect ratio, relative depth. Out of these parameters aspect 
 ratio plays a major role in the estimation of velocity distribution in meandering channels. It is 
 concluded  from  the  literature  review  that  very  less  work  is  regarded  lateral  distribution  of 
 depth-averaged  velocity  in  a  meandering  channel.  Still  lack  of  qualitative  and  quantitative 
 experimental data on the depth averaged velocity in meandering channels is silent a matter of 
 concern.  The  present  study  aims  to  collect  velocity  data  from  the  meandering  channel  at 
 different depth in bend apex and cross over. Hence, the present study follows an analysis of 
 resistance and discharge in a meandering channel flow.  


The present study focuses on the following aspects: 


  Study of change in the water surface profile as the water moves in the meander path, 
 changing its course of travel at the crossover. 


  Determination  of  horizontal  profile  of  longitudinal  velocity  along  the  width  of 
channel.  The  horizontal  profiles  are  studied  at  the  bed,  0.2H,  0.4H,  0.6H,  0.8H  and 
0.9H  above  the  channel  bed.  H  being  the  average  depth  of  flow  of  water  in  the 
corresponding  section.  The  horizontal  profile  helps  to  analyze  the  movement  or 
position of maximum velocity at every section along the meander path. 
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  To study the distribution of stream  wise depth-averaged velocity  at  different  section 
 for two different flow depth. Also to study its variation at different flow depths for in 
 bank flow conditions. 


  To  quantify  the  effects  of  the  flow  variables  such  as  width  ratio,  depth  ratio,  aspect 
 ratio etc. for the prediction of flow. 


  To simulate a 60° simple meandering channel for analysing the flow phenomena such 
 as  velocity  distribution  of  a  meandering  channel  by  Large  Eddy  Simulation  (LES) 
 model using a CFD tool. 


  To  validate  the  depth  averaged  velocity  data  with  quasi  one  dimensional  model 
 Conveyance Estimation System (CES) for overbank flow conditions. 


  To simulate the experimental meandering channel for analyzing the flow phenomena 
 at  bend  apex  and  cross  over  by  Smagoriski  turbulence  model  using  CCHE2D 
 numerical tool. 


1.8 ORGANISATION OF THESIS 


The  thesis  consists  of  six  chapters.  General introduction  is  given  in  Chapter  1, literature 
 survey is presented in Chapter 2, experimental set up is described in Chapter 3, description of 
 numerical modeling are explained in Chapter 4, numerical simulation is described in Chapter 
 5, Chapter 6 comprises verification of numerical models and discussion of result  and finally 
 the conclusions and scope of further work is presented in Chapter 7.In lastly, referances and 
 publications are present in this thesis. 


General view of the river flow system is provided at a glance in the first chapter. Also 
the  chapter  introduces  types  of  channel,  meander  path,  concept  of  velocity  distribution  and 
boundary  shear  is  also  described.  It  gives  an  overview  of  numerical  modelling  in  open 
channel flows. 
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Second  chapter  contains  the  detailed  of  literature  study  by  numerous  researcher  on 
 velocity  distribution  and  boundary  shear  of  meandering  channel  for  in  bank  flow.  The 
 previous research works arranged according to the year of publication with the latest work in 
 the latter. 


The  laboratory  setup  and  whole  experimental  procedure  are  clearly  described  in 
 chapter  three.  The  methodology  adopted  for  obtaining  velocity  distribution,  boundary  shear 
 stress  and  boundary  shear  force  is  also  discussed.  Also  the  detailed  information  about  the 
 instrument used for taking an observation and geometry of experimental flume is described in 
 this chapter. 


The  description  of  the  numerical  model  parameter  regarding  turbulence  modeling, 
 governing equation related to turbulence model and finite volume method is briefly described 
 in  chapter  four.  This  chapter  also  discusses  the  technique  adopted  for  analyzing  the  flow 
 variables. The 1-D, 2-D and 3-D numerical tools are briefly described in this chapter. 


Chapter  five  presents  significant  contribution  to  numerical  simulation  of  the 
 meandering channel. The numerical model and the software used within this research are also 
 discussed  in  this  chapter.  The  methodology  adopted  for  performing  simulation  is  clearly 
 discussed  in  this  chapter.  This  chapter  also  gives  the  brief  idea  about  the  VOF  model, 
 Volume of fraction and LES turbulence model, CES and CCHE 2D software. 


Chapter  six  presents  the  validation  of  experimental  data  with  three  numerical  tools 
and analyzed the result by depth average velocity distribution , longitudinal velocity profile, 
velocity  contour  and  streamline  flow  with  two  different  aspect  ratio  for  bend  apex  and 
crossover also. It also described the several velocity contours by using CCHE-2D numerical 
tools. 
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Lastly,  in  chapter  seven  conclusions  is  pointed  out  by  simulations  and  observations  of 
 numerical and experimental results. After that scope for the further work is listed out in this 
 chapter.  


References that have been made in subsequent chapters are provided at the end of the thesis. 
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LITERATURE REVIEW 


2.1 OVERVIEW  


In this chapter a detailed literature survey is essential to any expressive and fruitful research 
 in any subject. The present work is no exemption and consequently a focused and intensive 
 review of  the  literature  was  completed covering various  aspects concerning the meandering 
 channels. In the literature review the researchers‟ considered mostly on hydraulic engineering 
 problem which was identified with the behavior of rivers and channels gathered to obtain the 
 various  features  and  attributes  of  meandering  rivers.  Almost  river  systems,  analysis  of  its 
 velocity distribution, boundary shear distribution along its meander path study is very critical. 


In a river the flow characteristics are overbearing for different conditions, for example, flood 
 control,  channel  design,  and  renewal  projects  include  the  transport  of  pollutants  and 
 sediments. Flow in meandering channels is common in natural rivers, and research work was 
 conducted  in  this  category  of  channel  for  flood  control,  discharge  estimation  and  stream 
 restoration. 


Flow  structure  in  meandering  channels  is  unpredictable  when  contrasted  with  straight 
 channels.  This  is  because  of  the  velocity  distributions  in  meandering  paths  as  exhibited  via 
 researchers.  The  level  of  meandering  was  calculated  by  the  term  of  sinuosity,  which  is 
 characterized as the proportion of channel length to valley length. Chow (1959) said the level 
 of meandering as follows: 


Sinuosity ratio  Degree of meandering 


1.0-1.2  Minor 


1.2-1.5  Appreciable 


1.5 and greater  Severe 


Table 2.1:-Degree of meandering 
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In  a  meander  path  the  flow  investigation  is  not  only  limited  to  its  velocity  distribution,  but 
 also  the  shear  force  variations  for  the  bed  is  also  considered  to  get  an  outline  of  the  shear 
 force sharing in meander path of different section in between them. Therefore this chapter is 
 divided  into  sections  related  to  the  earlier  research  carried  out  on  velocity  distributions  and 
 boundary shear force distribution of meandering channels. 


The  forecast  of  the  flow  qualities  in  meandering  channels  is  a  challenging  assignment  for 
 rivers  engineers  because  of  the  three-dimensional  nature  of  flow.  The  prevailing  element 
 comprises  of  the  cooperation  impact  between  the  quick  moving  streams  in  the  wandering 
 channel.  This  results  in  a  high  shear  layer  at  the  meandering  channel,  prompting  the  era  of 
 substantial scale vortices with longitudinal axes. However, the centre of the present work is 
 on modelling flow in meandering channels. 


2.2 PREVIOUS RESEARCH ON LONGITUDINAL VELOCITY DISTRIBUTION  
 The  longitudinal  velocity  shows  the  speed  at  which  the  flow  is  moving  in  the  stream  wise 
 direction.  If  a  number  of  velocity  estimations  are  taken  throughout  the  depth  over  the 
 channel, it is possible to create a distribution of the isovels that represents contour lines. Each 
 of these lines  stands for the same velocity magnitude over the channel.  The isovels  achieve 
 values as low as  zero in  the vicinity of the channel  perimeter and increment to  a maximum 
 value below the water surface in the area surrounding the centre of the channel. These isovels 
 are influenced by the secondary currents that result in a lump in their distribution.  


Thomson (1876)studies concerning the flow in meandering channels are mentioned for they 
 give  understanding  to  the  nature,  flow  qualities  and  related  mechanisms  happening  in  a 
 simple  meandering  channel  where  the  path  of  river  or  flume  continues  changing  along  its 
 course.  


Coles  (1956) proposed  a  semi-empirical  equation  of  velocity  distribution,  which  can  be 
connected to external region, wall region of plate and open channel.  
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The Soil Conservation Service (1963) proposed an empirically-based model which provides 
 for  description  for  meander  losses  by  adjusting  the  basic  value  of  Manning's n utilizing 
 sinuosity of the channel only. The balanced estimation of Manning's n was proposed for three 
 distinct scopes of sinuosity. 


Toebes  and  Sooky  (1967) conducted  analyses  in  a  small  laboratory  channel  with  sinuosity 
 1.09. They proposed a conformity to the roughness f as a element of hydraulic radius below a 
 critical value of the Froude number. From the experimental result they reasoned that energy 
 loss  per  unit  length  for  meandering  channel  was  up  to  2.5  times  as  huge  as  those  for  a 
 uniform channel of same width and for the same hydraulic radius and discharge.  


Chang  (1983)examined  the  energy  expenditure  in  meandering  channels  and  determined  an 
 analytical  model  for  getting  the  energy  gradient,  based  on  fully  developed  secondary 
 movement. By making simplifying assumptions he found himself able to simplify the model 
 for wide rectangular areas. 


Johannesson  and  Parker  (1989a)introduced  an  investigative  model  for  ascertaining  the 
 lateral distribution of depth averaged primary flow velocity in meandering rivers. By utilizing 
 an  approximate  "moment  method"  they  accounted  for  the  auxiliary  flow  in  the  convective 
 transport  of  primary  flow  momentum,  yielding  satisfactory  results  of  the  redistribution  of 
 primary flow velocity. 


James  (1994)explored  the  variety  of  approaches  for  bend  loss  in  meandering  channel 
proposed by different investigators. He tried the consequences of the techniques by using the 
data  of  FCF,  trapezoidal  channel  of  Willets,  at  the  University  of  Aberdeen,  and  the 
trapezoidal channels measured by the U.S. Army Corps of Engineers at the River Experiment 
Station, Vicksburg. His customized methods predicted well the stage discharge relationships 



(34)16 


for  meandering  channels.  He  proposed  some  new  methods  representing  extra  resistance 
 because of twist by suitable changes of past techniques.  


Shiono,  et.  al.  (1999) investigated  the  impact  of  sinuosity  and  bed  slope  on  the  discharge 
 evaluation  of  a  meandering  channel.  Dimensional  analysis  was  utilized  to  derive  the 
 conveyance capacity of a meandering channel which facilitated in finding the stage-discharge 
 relationship  for  meandering  channels.  The  study  demonstrated  that  the  discharge  increased 
 with an increase in bed slope and decreased with increase in sinuosity for the same channel.  


Sarma, et al. (2000)attempted to describe the velocity distribution law in open channel flows 
 by  taking  generalized  type  of  binary  version  of  velocity  distribution,  which  joins  the 
 logarithmic law of the inner area and parabolic law of the outer region. The law developed by 
 taking velocity-dip into record.  


Patra,  Kar  and  Bhattacharya  (2004)established  the  longitudinal  velocity  distribution  for 
 meandering  channels  are  strongly  considered  by  flow  interaction.  They  proposed  exact 
 comparisons  which  were  discovered  to  be  in  normal  rivers  by  producing  all  the  interaction 
 effect.  Here  experimental  results  are  accepting  with  other  smooth  and  rough  sections  of 
 symmetrical and unsymmetrical channels.  


Wilkerson, et al. (2005) developed two models which is predicting depth-averaged velocity 
 distributions  using  data  from  past  investigators  for  straight  trapezoidal  channels.  The  1st 
 model gives velocity information for calibrating the model coefficients and 2nd model used 
 for  prescribed  coefficients.  When  depth-averaged  velocity  data  are  available  that  time  1st 
 model is suggested. When predicted depth-averaged velocities are required to be within 20% 


of actual velocities then 2nd model is utilized. 
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Patra  and  Khatua  (2006)observed  roughness  coefficient  that  Manning‟sn,  Chezy‟s  C, 
 Darcy‟sf arenot only shows the roughness attributes of a channel but also the energy loss in 
 the flow of channels.  


Afzal  et  al.  (2007)analyzed  the  power  law  velocity  profile  in  completely  created  turbulent 
 pipe  and  channel  flows  regarding  of  the  envelope  of  the  friction  factor.  This  model  gives 
 good  approximation  for  low  Reynolds  number  in  composed  procedure  of  actual  system 
 compared to log law. 


Khatua (2008)proposed consequence of energy loss in a meandering channel. It is considered 
 in  different  depth  of  flow  which  gives  the  resistance  factors  Manning‟sn,  Chezy‟sC,  and 
 Darcy-Weisbachf for meandering channel. Stage-discharge relationship is given from in-bank 
 to the over-bank flow in the channel. 


Pinaki (2010)investigated a progression of laboratory tests for smooth and rigid meandering 
 channels and created mathematical equation utilizing dimension analysis to assess roughness 
 coefficients of smooth meandering channels of less width proportion and sinuosity.  


Seo and Park  (2010) got  the lab and numerical  studies to  discover the impacts  of auxiliary 
 flow  on  flow  structures  and  scattering  of  pollutants  in  bended  channels.  Essential  flow  is 
 found to be skewed towards the inward bank at the bend while flow gets to be symmetric at 
 the cross-over.  


Absi  (2011)scientific  arrangement  of  the  Reynolds-Averaged  Navier-Stokes  equation  was 
 completed to get conventional differential equation for velocity distribution in open channel. 


The  proposed  equation  was  useful  in  foreseeing  the  maximum  velocity  underneath  the  free 
surface.  Two  distinct  degrees  of  estimate  was  finished.  A  semi-analytical  solution  of  the 
proposed customary differential equation for the full dip-modified-log-wake law and another 
simple dip-modified-log-wake law.  
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Bonakdriet.  al.  (2011) considered  numerical  investigation  of  a  flow  field  of  a  90°  bend. 


Expectation  of  data  was  carried  out  by  utilizing  Artificial  Neural  Network  and  Genetic 
 Algorithm.  CFD  model  was  utilized  to  examine  the  flow  patterns  and  the  velocity  profiles. 


ANN was used to foresee data at locations were experimental data was not available.  


Khatua  and  Patra  (2012) developed  a  mathematical  model  utilizing  dimension  analysis  by 
 taking arrangement of experiments data to assess roughness coefficients for smooth and rigid 
 meandering channels. The vital variables are needed for stage-discharge relationship such as 
 velocity,  hydraulic  radius,  viscosity,  gravitational  acceleration,  bed  slope,  sinuosity,  and 
 aspect ratio. 


Khatua  et.  al.  (2013)proposed  a  discharge  predictive  method  for  meandering  channels 
 considering  the  variety  of  roughness  with  depth  of  flow.  The  execution  of  the  model  was 
 assessed by contrasting and a few different models by different researchers.  


Dash (2013)analysed the critical parameters affecting the flow activities and flow resistance 
 in  term  of  Manning’s  n  in  a  meandering  channel.  The  factors  influencing  roughness 
 coefficient  are  non-dimensionalized  for  predict  and  find  their  dependency  with  different 
 parameters.  A  mathematical  model  was  defined  to  predict  the  roughness  coefficient  which 
 was practical to predict the stage-discharge relationship.  


Mohanty(2013)anticipated  lateral  depth-averaged  velocity  distribution  in  a  trapezoidal 
 meandering  channel.  A  nonlinear  type  of  equation  involving  overbank  flow  depth,  main 
 channel  flow  depth,  incoming  discharge  of  the  main  channel  and  floodplains  etc.  was 
 formulated.  A  quasi1D  model  Conveyance  Estimation  System  (CES)  was  significant  to  the 
 same  experimental  compound  meandering  channel  to  approve  with  the  experimental  depth 
 averaged velocity.   


Pradhan(2014) analysed the flow along the meander path of a highly sinuous rigid channel. 


Variations in the water surface profile throughout the meander path and longitudinal velocity 
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distributions along the width and depth of the channel, i.e. the horizontal and vertical velocity 
 profiles were investigated. 


Mohanta(2014)proposed  the  Flow  Modelling  of  a  Non  Prismatic  compound  channel  By 
 Using  CFD.  Large  eddy  simulation  model  is  used  to  accurately  predict  the  flow  features, 
 specifically the distribution of secondary circulations for both in-bank and over-bank flows at 
 different width  ratios  in symmetrically converging flood plain compound sections.  


2.3 PREVIOUS RESEARCH ON BOUNDARY SHEAR  


Wormleaton (1996)stated that the impacts of this shear layer extend across the width of the 
 floodplain and it decreases to realize zero toward the external edges of the floodplain.  


Cruff  (1965)appraisal  the  boundary  shear  stress  by  the  utilization  of  the  Preston  tube 
 technique  as  well  as  the  Karman-Prandtl  logarithmic  velocity-law  from  uniform  flow  in  a 
 rectangular  channel.  Despite  the  fact  that  he  did  not  compute  boundary  shear  stresses 
 distribution in a rectangular channel  with  overbank flow, mainly his  work was  known for a 
 technique  which  was  help  to  calculate  the  apparent  shear  stress  and  momentum  transfer 
 between a channel and its flood plain.  


Ghosh  and  Jena  (1972)gives  the  boundary  shear  distribution  for  rough  and  smooth  in  a 
compound channel. Utilizing the Preston tube technique combined with the Patel calibration, 
they  discovered  the  boundary  shear  distribution  along  the  wetted  perimeter  of  the  total 
channel  for  various  depths  of  flow.  From  the  investigation,  it  is  clearly  shows  that  the 
maximum shear stress on the channel bed and approximately midway between the centre line 
and corner. From the experimental analysis the shear distribution is probable to estimate τc' 
the average shear stress  in  the channel.  It  is  analysed that roughening the total  periphery of 
the boundary shear in the meandering channel could be redistributed with the maximum shear 
at the channel bed.  
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Myers  (1978)found  that  the  effects  of  the  shear  layer  were  greater  at  lower  overbank  flow 
 depths and decrease as the flow increases.  


Bathurst et al. (1979)obtainable the field data for calculating the bed shear stress in a curved 
 river and it is obtained that the bed shear stress distribution is affected by both the location of 
 core of the main velocity and the structure of secondary flows.  


Rajaratnam  and  Ahmadi  (1981)demonstrated  that  the  boundary  shear  stress  reduces  from 
 the  centre  of  the  meandering  channel  toward  the  edge  of  the  meandering  channel.  At  that 
 point it sharply increases at the interface with the edges, afterwards it decreases and levels off 
 for most of the width and finally decreases near the wall. They also concluded that the impact 
 of the meandering channel is to reduce the boundary shear stress. This is a direct effect of the 
 reduction of velocity in the meandering channel resulting from the slow moving flow towards 
 wall.  


Knight  and  Demetriou  (1983)completed  arrangement  of  investigations  in  straight 
 symmetrical compound channels to discover the characteristics of discharge, boundary shear 
 stress and boundary shear force distributions. Equations to calculate the percentage of shear 
 force carried by the floodplain were being proposed. The apparent shear force was seen to be 
 higher at the lower flow depth. For high floodplain widths for vertical interface between main 
 channel and floodplain the apparent shear force was also found to be higher.  


Knight and Mohammed (1984) expressed that in straight channels, the longitudinal velocity 
 in the channel is the most part quicker. This causes a shear layer at the interface of straight 
 channel. Due to the vicinity of this shear layer, the flow in the straight channel decreases due 
 to the impacts of the quicker. This result gives that the flows diminishes the entire release of 
 the cross section,  


Knight  and  Patel  (1985)take  the  laboratory  experiments  results  which  concerning  the 
boundary shears distribution in smooth rectangular cross section for diverse angle proportions 
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somewhere around 1 and 10. The boundary shear distributions were indicated to be subjective 
 by  the  number  and  shape  of  the  secondary  flow  cells,  which,  was  depended  mainly  on  the 
 aspect  ratio.  Equations  were  given  for  the  maximum,  centreline  and  mean  boundary  shear 
 stresses on the channel walls regarding the aspect ratio. 


Tominagaet.  al.  (1989)and Knight  and  Demetriou  (1983),  it  increases  where  the  auxiliary 
 currents  flow  toward  the  wall  and  reduced  when  they  flow  away  from  the  wall.  Numerous 
 different perspectives influence the boundary shear stress distribution across the channel.  


Knight,  Yuan  and  Fares  (1992)gives  the  experimental  data  of  SERC-FCF  about  the 
 boundary shear stress distributions in meandering channels through the path of one complete 
 wave  length.  They  additionally  reported  the  experimental  data  on  surface  topography, 
 velocity vectors, and turbulence for meandering channels. They studied the effects of channel 
 sinuosity, secondary currents, and cross section geometry on the value of boundary shear in 
 meandering channels and exhibited an energy power offset for the flow.  


Rhodes  and  Knight  (1994)expressed  that  the  bank  slope  had  critical  consequences  for  the 
 boundary shear stress distribution at the interface between the main channel and floodplain. 


Adopting  a  model  that  predicts  precisely  the  boundary  shear  stress  distribution  across  the 
 channel is crucial for river engineers since it represents sediment transport, bank erosion and 
 morphology. 


Shiono,  Muto,  Knight  and  Hyde  (1999) exhibited  the  secondary  flow  and  turbulence  data 
 utilizing two components Laser- Doppler anemometer. They built up the turbulence models, 
 and studied the behaviour of secondary flow for both in bank and over bank flow conditions. 


They  investigated  the  energy  losses  for  compound  meandering  channels  resulting  from 
boundary  friction,  secondary  flow,  turbulence,  expansion  and  contraction.  They  catagorized 
the channel into three sub areas, namely (i) the main channel below the horizontal interface 
(ii)  the  meander  belt  above  the  interfaces  and  (iii)  the  area  outside  the  meander  belt  of  the 



(40)22 


flood plain. They reported that the energy loss at the horizontal interface due to shear layer, 
 the  energy  loss  due  to  bed  friction  and  energy  loss  due  to  secondary  flow  in  lower  main 
 channel  have  the  real  commitment  to  the  shallow  over-bank  flow  and  concluded  that  the 
 energy loss due to expansion and contraction in meander belt have the huge part to the high 
 over-bank flow.  


Knight and Sterling (2000)broke down the boundary shear distribution in a circular channels 
 flowing  partially  full  with  and  without  a  smooth  level  bed  using  Preston-tube  method.  The 
 outcomes have been investigated that the variety of local shear stress with perimeter distance 
 and  the  percentage  of  total  shear  force  acting  on  wall  or  bed  of  the  channel.  The  %SFW 
 results have been accepting with Knight’s (1981) empirical formula for prismatic channels.  


Patra and Kar (2000)reported the test outcomes concerning the boundary shear stress, shear 
 force,  and  discharge  characteristics  of  compound  meandering  river  areas  made  out  of  a 
 rectangular  main  channel  and  maybe  a  couple  floodplains  disposed  of  to  its  sides.  Five 
 dimensionless  channel  parameters  were  utilized  to  frame  equations  representing  the  total 
 shear force percentage carried by floodplains. An arrangement of smooth and rough sections 
 was studied with aspect ratio altering from 2 to 5. They proposed a variable- slanted interface 
 for  which  apparent  shear  force  was  calculated  as  zero.  Observational  comparisons  were 
 introduced by foreseeing proportion of release conveyed by the main channel and floodplain.  


Jin  et.  al.  (2004)proposed  a  semi  investigative  model  for  forecast  of  boundary  shear 
 distribution in straight open channels. Secondary Reynolds stress terms were involved to add 
 the  simplified  stream-wise  vorticity  equation.  An  observational  model  was  produced  for 
 figuring the impact of the channel boundary on shear stresses.  


Duan  (2004)found  that a  2D  model  could  be  better  because  of  being  computationally  cost-
effective  for  parametric  examinations  required  by  policy  and  administration  planning  and 
also preparatory outline applications. They compared due to the flow analysis in  gently and 
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sharply curved or meandering channels through the use of depth averaged 2-D model and full 
 3-D  model  and  established  that  the  last  one  is  more  skilled  than  the  previous  in  taking  the 
 flow  fields  in  meandering  channels.  At  last  the  author  concluded  that  the  1D,  2D  and  3D 
 numerical models ought to be incorporated and cost effectiveness. 


Patra and Kar (2004)reported the test outcomes concerning the flow and velocity distribution 
 in meandering river sections. By using power law, they displayed equations about the three-
 dimensional variety of longitudinal, transverse, and vertical velocity in the principle channel 
 and  floodplain  of  meandering  compound  sections  regarding  the  channel  parameters.  The 
 consequences  of  definitions  contrasted  well  with  their  respective  experimental  channel  data 
 obtained  from  a  series  of  symmetrical  and  unsymmetrical  test  channels  with  smooth  and 
 unpleasant  surfaces.  They  additionally  confirmed  formulations  against  the  natural  river  and 
 other meandering compound channel data.  


Khatua  (2008)amplified  the  work  of Patra  and  Kar  (2000) to  meandering  compound 
 channels.  By  utilizing  five  parameters  (sinuosity,  amplitude,  relative  depth,  width  ratio  and 
 aspect  ratio)  general  mathematical  equations  indicating  the  total  shear  force  percentage 
 conveyed by floodplain was presented. The proposed equations are simple, quite reliable and 
 gave good quality results with the experimental data for straight compound channel of Knight 
 and Demetriou (1983) and also for the meandering compound channel. 


Khatua  (2010)reported  the  circulation  of  boundary  shear  force  for  highly  meandering 
 channels  having  particularly  different  sinuosity  and  geometry.  Taking  into  account  the 
 experimental  results,  the  interrelationship  between  the  boundary  shear,  sinuosity  and 
 geometry  parameters  has  been  indicated.  The  models  are  also  accepted  by  utilizing  the  all 
 around distributed information of different investigators.  


Patnaik (2013) examined boundary shear stress at the bend apex of a meandering channel for 
both in bank and overbank flow conditions. Under different discharge and relative depths the 
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experimental  data  were  gathered  by  keeping  up  the  geometry,  slope  and  sinuosity  of  the 
 channel.  Impact of aspect ratio and sinuosity on wall (inner and outer) and bed shear forces 
 were  evaluated  and  equation  was  developed  to  determine  the  percentage  of  wall  and  bed 
 shear forces in smooth trapezoidal channel for in bank flows only. The proposed comparisons 
 were contrasted and past studies and the model was stretched out to wide channel. 


Pradhan (2014)analysed the flow along the meander path of a highly sinuous rigid channel. 


Variations in the depth of the channel and boundary shear distributions along the width were 
 investigated. 


2.4 PREVIOUS RESEARCH ON NUMERICAL MODELLING ON OPEN CHANNEL 
 FLOW 


2.4.1 ANSYS 


Salvetti et al. (1997) has conducted LES simulation at a relatively large Reynolds number for 
 producing  results  of  bed  shear,  secondary  motion  and  vorticity  well  comparable  to 
 experimental results. 


Rameshwaran P, Naden PS.(2003)analyzed three dimensional  nature of  flow in  compound 
 channels. 


Sugiyama et al. (2006) utilized turbulence model consists of transport equations for turbulent 
energy and dissipation, in conjunction with an algebraic stress model based on the Reynolds 
stress transport equations. They have exposed that the fluctuating vertical velocity approaches 
zero  near  the  free  surface.  In  addition,  the  compound  meandering  open  channel  is  clarified 
somewhat  based  on  the  calculated  results.  As  a  consequence  of  the  analysis,  the  present 
algebraic Reynolds stress model is shown to be able to reasonably predict the turbulent flow 
in a compound meandering open channel. 
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Cater and Williams (2008)exhibited exhaustive Large Eddy Simulation of turbulent flow in a 
 long compound open channel with one floodplain. The Reynolds number is about 42,000 and 
 the  free  surface  was  treated  as  fully  deformable.  The  results  are  in  concurrencewith 
 experimental  measurements  and  support  the  use  of  high  spatial  resolution  and  a  large  box 
 length in contrast with a previous simulation of the same geometry.  


Jing,  Guo  and  Zhang  (2009)  simulated  a  three-dimensional  (3D)  Reynolds  stress  model 
 (RSM) for compound meandering channel ﬂows. The velocity ﬁelds, wall shear stresses, and 
 Reynolds  stresses  are  ascertained  for  a  scope  of  information  conditions.  Great  similarity 
 between  the  simulated  results  and  measurements  demonstrates  that  RSM  can  successfully 
 predict the complicated ﬂow occurrence. 


B. K. Gandhi, H.K. Verma and Boby Abraham (2010) observed the velocity profiles in both 
 the directions under different real flow conditions, as ideal flow conditions rarely exist in the 
 field.  ‘Fluent’,  a  commercial  computational  fluid  dynamics  (CFD)  code,  has  been  used  to 
 numerically model various situations. He investigated the effects of bed slope, upstream bend 
 and a convergence / divergence of channel width of velocity profile. 


Esteve  et.al.,  (2010)  simulated  the  turbulent  flow  structures  in  a  compound  meandering 
 channel by Large Eddy Simulations (LES) using the experimental configuration of Muto and 
 Shiono (1998). The Large Eddy Simulation is performed with the in-house code LESOCC2. 


The  predicted  flow  wise  velocities  and  secondary  current  vectors  as  well  as  turbulent 
 intensity are in good agreement with the LDA measurements.  


Ansari  et.al.,  (2011)  determined  the  distribution  of  the  bed  and  side  wall  shear  stresses  in 
trapezoidal channels and analyzed the contact of the variation of the slope angles of the side 
walls,  aspect  ratio  and  composite  roughness  on  the  shear  stress  distribution.  The  grades 
explained  a  significant  contribution  on  secondary  currents  and  overall  shear  stress  at  the 
boundaries.  
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