

  
    
            
        
      
      
        
          
        

        
          
            
          
        
        
          
            
              
                
              
            

            
              
                
                  Recently Searched
                

              

                
                  
                      
                      
                        
                      
                  

                
              
                No results found
              

            

          

          
            
              

                
              
            

            
              
                Tags
              

              
                
                  
                      
                  
                
              

              
                

              

              
                No results found
              

            

          

          
            
              
                
              
            

            
              
                Document
              

              
                
                  
                      
                  
                
              

              
                

              

              
                No results found
              

            

          

        

      

    

    
      
        
          
        
      
              

                        
  
  

                
            
            
        
        English
                        
          
            
            
              
                Home
                
                  
                
              
              
                Schools
                
                  
                
              
              
                Topics
                
                  
                
              
            

          

        


        
          Log in
        
        
        
        
        
          

  





  
    
      
      	
            
              
              
            
            Delete
          
	
            
              
              
            
          
	
            
              
                
              
              
            
          
	
          

        
	No results found


      
        
          
        
      
    

  







  
      
  
    
    	
                                    
              Home
            
            




	
                          
                
              
                        
              Other
            
            


      
                  Flow Modelling of a Non Prismatic compound channel By Using C .F .D
      

      
        
          
            
              
                
              
            
            
            
              
                Share "Flow Modelling of a Non Prismatic compound channel By Using C .F .D"

                
                  
                    
                  
                  
                    
                  
                  
                    
                  
                  
                    
                  
                

                
                  

                  
                    COPY
                  
                

              

            

          

          
            
              

                
              
            
          

        

      

    

    
      
        
          
            
              
            
                          
                N/A
              
                      


          
            
              
            
                          
                N/A
              
                      

        

        
                      
              
                
              
                               Protected
                          

                    
            
              
            
            
              Academic year: 
                2022
              
            

          

        

        
          
            
            
                
                    
                
                Info
                
                

            
            

            

                        
  

                
        Download
          
              

          
            
              
                
                Protected

              

              
                
                
                  Academic year: 2022
                

              

            

            
              
                
                  
                
                
                
                  
                    Share "Flow Modelling of a Non Prismatic compound channel By Using C .F .D"

                    
                      
                        
                      
                      
                        
                      
                      
                        
                      
                      
                        
                      
                    

                    
                      

                      
                        
                      
                    

                    Copied!

                  

                

              

              
                
                  
                
              

            

            
              
                
                123
              

              
                
                0
              

              
                
                0
              

            

          

        

      

      
        
                              
            
            123
          

          
            
            0
          

          
            
            0
          

        

      

    

  



  
        
                    
  
    
    
      
        Loading....
        (view fulltext now)
      

      
        
      

      
      

    

  




  
      

                    Show more (   Page )
        
  


  
      

                    Download now ( 123 Page )
      



      
            
  
    Full text

    
      (1)
Flow Modelling of a Non Prismatic  compound channel By Using C .F .D 


A Thesis Submitted in Partial Fulfillment of the Requirements for 
 the Degree of



Master of Technology in



Civil Engineering



ABINASH MOHANTA



DEPARTMENT OF CIVIL ENGINEERING



NATIONAL INSTITUTE OF TECHNOLOGY, ROURKELA

2014



(2)
Flow Modelling of a Non Prismatic compound  channel By Using C .F .D


A Thesis Submitted in Partial Fulfillment of the Requirements for the 
        Degree of



      Master of Technology       in



       Civil Engineering 


      WITH SPECIALIZATION IN  
        WATER RESOURCES ENGINEERING


       Under the guidance and supervision of


       Prof K. K. Khatua & K. C. Patra  


       Submitted By:


      ABINASH MOHANTA
       (ROLL NO. 212CE4435)


DEPARTMENT OF CIVIL ENGINEERING


NATIONAL INSTITUTE OF TECHNOLOGY, ROURKELA 
2014



(3)
i 


National Institute Technology
 Rourkela



CERTIFICATE 


This  is  to  certify  that  the  thesis  entitled  “FLOW  MODELLING  OF  A  NON 
 PRISMATIC  COMPOUND  CHANNEL  BY  USING  C.F.D”  being  submitted  by 
 ABINASH MOHANTA in partial fulfillment of the requirements for the award of 
 
Master of Technology
 Degree in Civil Engineering
 with specialization 

in  
Water  Resources Engineering 
 at  National  Institute  of  Technology 
 Rourkela,  is  an  authentic  work  carried  out  by  his  under  my  guidance  and 
 supervision. 

To  the  best  of  my  knowledge,  the  matter  embodied  in  this  report  has  not  been 
 submitted to any other university/institute for the award of any degree or diploma. 


  Dr. Kishanjeet Kumar       Dr. Kanhu Charan      
        Khatua      Patra       


Place: Rourkela      Professor


Date:       Department of Civil Engineering



(4)ii  



ACKNOWLEDGEMENT 


A  complete  research  work  can  never  be  the  work  of  anyone  alone.  The 
 contributions  of  many  different  people,  in  their  different  ways,  have  made  this 
 possible. One page can never suffice to express the sense of gratitude to those whose 
 guidance and assistance was indispensable for the completion of this project. 


I  would  like  to  express  my  special  appreciation  and  thanks  to  my  supervisors 
 Professor  Dr.  Kishanjeet  Kumar  Khatua  and  Professor  Dr.  Kanhu  Charan  Patra, 
 you  both  have  been  tremendous  mentors  for  me.  I  would  like  to  thank  you  for 
 encouraging my research and for allowing me to grow as a research scholar. Your 
 advices on both researches as well as on my career have been priceless. 


I would also like to thank my committee members, Professor, Nagendra Roy; Head 
 of the Civil Department. And also I am sincerely thankful to Prof. Ramakar Jha, 
 and Prof. A. Kumar for their kind cooperation and necessary advice. I also want to 
 thank you for letting my seminars be an enjoyable moment, and for your brilliant 
 comments and suggestions, thanks to you. 


I wish to express my sincere gratitude to Dr. S K Sarangi, Director, NIT, Rourkela 
 for giving me the opportunities and facilities to carry out my research work. 


A  special  words  of  thanks  to  Mr.  Swayam  Bikash  Mishra  Ph.D.  scholar  of 
Production  Engineering  and  Mrs.  Bandita  Naik,  Manaswinee  Patnaik,  Laxmipriya 
Mohanty  Ph.D.  scholar  of  Civil  Engineering  Department,  for  his  suggestions, 
comments and entire support throughout the project work. I express to my special 



(5)iii  


thanks  to  my  dear  friends  Monalisa,  Ellora,  Aparupa,  Chita,  Bibhuti,  Arpan,  B. 


Mohan Kumar for their continuous support, suggestions and love. 


Last but not least I would like to thanks to my father Mr. Arjun Chandra Mohanta 
 and mother Mrs. Sabita Mohanta, who taught me the value of hard work by their 
 own example. Thanks a lot for your understanding and constant support, and to 
 my  sister  Priyanka  Mohanta  and  brother  in  law  Sailendra  Mohanta  for  his 
 encouragement.  They  rendered  me  enormous  support during  the  whole  tenure  of 
 my study at NIT Rourkela. Words cannot express how grateful I am to my Father, 
 Mother,  Sister,  Brother  in  law  and  my  little  nephew  Pragyan  for  all  of  the 
 sacrifices that you have made on my behalf. Your prayer for me was that sustained 
 me thus far. 


    



Abinash Mohanta. 



(6)iv  



ABSTRACT 


Flooding  situation  in  river  is  a  complex  phenomenon  and  affects  the  livelihood  and  economic 
 condition of the region. The modelling of such flow is primary importance for a river engineers 
 and  scientists  working  in  this  field.  Water  surface  prediction  is  an  important  task  in  flood  risk 
 management.  As  a  result  of  topography  changes  along  the  open  channels,  designing  the 
 converging compound channel is an essential. Fluvial flows are strongly influenced by geometry 
 complexity and large overall uncertainty on every  single measurable property, such as velocity 
 distribution  on  different  sectional  parameters  like  width  ratio,  aspect  ratio  and  hydraulic 
 parameter such as relative depth. The geometry selected for this study is that of a non-prismatic 
 compound  channel  having  converging  flood  plain.  For  the  research  work  the  parameters,  the 
 water  depth,  incoming  discharge  of  the  main  channel  and  floodplains  were  varied.  This  total 
 topic  represents  a  practical  method  to  predict  lateral  depth-averaged  velocity  distribution  in  a 
 non-prismatic  converging  compound  channel.  Flow  structure  in  non-prismatic  compound 
 channel is more complex than straight channels due to 3-Dimentional nature of flow. Continuous 
 variation of channel geometry along the flow path associated with secondary currents makes the 
 depth averaged velocity computation difficult. Design methods based on straight-wide channels 
 incorporate large errors while estimating discharge in converging compound channel.  


Then  the  numerical  method  is  applied  to  calculate  water  surface  elevation  in  a  non-prismatic 
compound  channel  configurations,  the  results  of  calculations  show  good  agreement  with  the 
experimental data. As numerical hydraulic models can significantly reduce costs associated with 
the experimental models, an effort has been made through the present investigation to determine 
the  different  flow  characteristics  of  a  converging  compound  channel  such  as  velocity 
distribution, depth averaged velocity distribution, boundary shear etc. In this Thesis a complete 
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three-dimensional  and  two  phase  CFD  model  for  flow  distribution  in  a  converging  compound 
 channel is investigated. The models using ANSYS – FLUENT, a Computational Fluid Dynamics 
 (CFD)  code,  are  found  to  give  satisfactory  results  when  compared  to  the  newly  conducted 
 experimental data under controlled system.  


Computational  Fluid  Dynamics  (CFD)  is  often  used  to  predict  flow  structures  in  developing 
 areas  of  a  flow  field  for  the  determination  of  velocity,  pressure,  shear  stresses,  effect  of 
 turbulence  and  others.  A  two  phase  three-dimensional  CFD  model  along  with  the  Large  Eddy 
 Simulation  (LES)  model  is  used  to  solve  the  turbulence  equation.  This  study  aims  to  validate 
 CFD  simulations  of  free  surface  flow  or  open  channel  flow  by  using  Volume  of  Fluid  (VOF) 
 method  by  comparing  the  data  observed  in  hydraulics  laboratory  of  the  National  Institute  of 
 Technology,  Rourkela.  The  finite  volume  method  (FVM)  with  a  dynamic  subgrid  scale  was 
 carried  out  for  five  cases  of  different  aspect  ratios  and  convergence  condition.  The  volume  of 
 fluid  (VOF)  method  was  used  to  allow  the  free-surface  to  deform  freely  with  the  underlying 
 turbulence.  Within  this  thesis  over-bank  flows  have  been  numerically  simulated  using  LES  in 
 order to  predict accurate open channel  flow  behavior. The  LES results  are shown to  accurately 
 predict the flow features, specifically the distribution of secondary circulations both for in-bank 
 channels  as  well  as  over-bank  channels  at  varying  depth  and  width  ratios  in  symmetrically 
 converging flood plain compound sections. 


Key Words:  


CFD simulation, Converging floodplain, compound channel, Experimental model, FVM method, 
LES  turbulence  model,  prismatic  and  non-prismatic  section,  Two  phase  modelling,  Velocity 
profile, VOF method. 
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INTRODUCTION 


1.1 RIVER SYSTEM 


Rivers play an integral part in the day to day functioning of our planet. Therefore it is important 
 to understand the flow characteristics of rivers in both their in bank and overbank flow condition. 


An  open  channel  is  a  passage  in  which  liquid  flows  with  a  free  surface.  An  open  channel  is  a 
 passage  in  which  liquid  flows  with  a  free  surface,  open  channel  flow  has  uniform  atmospheric 
 pressure  exerted  on  its  surface  and  is  produced  under  the  action  of  fluid  weight.  It  is  more 
 difficult  to  analyze  open  channel  flow  due  to  its  free  surface.  Flow  is  an  open  channel  is 
 essentially governed by Gravity force apart from inertia and viscous forces. 


Examples of Open Channel Flow 


  The natural drainage of water through the numerous creek and river systems. 


  The flow of rainwater in the gutters of our houses. 


  The flow in canals, drainage ditches, sewers, and gutters along roads. 


  The flow of small rivulets, and sheets of water across fields or parking lots. 


  The flow in the chutes of water rides. 


An open channel is classified as natural or artificial. 


Natural: Open channels  are said  to  be natural  when channels  are irregular in  shape, alignment 
 and surface roughness. Eg. Streams, rivers, estuaries etc. 


Artificial:  When  the  open  channels  are  regular  in  shape,  alignment  and  uniform  surface 
roughness  which  are  built  for  some  specific  purpose,  such  as  irrigation,  water  supply,  water 
power development etc. are called as artificial open channels.  
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Figure 1.1. Classification of Open channels 
 The river generally exhibit a two stage geometry       


  Deeper main channel. 


  Shallow floodplain called compound section. 


Figure 1.2. Two Stage Geometry of Open Channel 
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Compound Channel: 


When the flow is out of bank, like during flood it is known as compound channel flow. 


Generally compound channels are classified as 


  Prismatic compound channel 


  Non prismatic compound channel 


Figure.1.3. Geometry of a Compound Channel
 i.  Prismatic compound channels:  


A channel is said to be prismatic when the cross section is uniform and the bed slope is constant 
 and having fixed alignment.  


 Eg. Most of the manmade channels i.e. Rectangular, trapezoidal, circular and parabolic. 
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ii.  Non prismatic compound channels:  


A channel is said to be non-prismatic when its cross sectional shape, size and bottom slope are 
 not constant longitudinally. 


  Eg.  All  the  natural  channels  i.e.  River,  Streams  and  Estuary.  Some  examples  of  non-
 prismatic  channels  are  flow  through  culverts,  flow  through  bridge  piers,  high  flow 
 through bridge pier and obstruction, channel junction etc. 


Non-prismatic compound channel may be converging and diverging or skewed type. 


1.2 RIVER AND FLOODING 


Rivers have fascinated scientists and engineers. It is the main source of providing water supply 
for domestic, irrigation, industrial consumption or transportation and recreation uses. However, 
the design and organizing these systems require a full perception of mechanics of the flow and 
sediment  transport.  River  channels  do  not  remain  straight  for  any  appreciable  distance.  Flow 
separation  in  open  channel  expansion  has  been  identified  as  one  of  the  major  problems 
encountered  in  many  hydraulic  structures  such  as  irrigation  networks,  bridges,  flumes, 
aqueducts, power tunnels and siphons. Eventually, it becomes hard to believe that during flood a 
gentle river inundate its flood plain thereby causing serious damage to the lives and shelter of the 
people residing in  low-lying  areas.  Nowadays debate on flooding is  gaining momentum due to 
combining consequences of climate change. From recent times, river engineer’s devise solutions 
by  designing  flood  defenses  so  as  to  ensure  minimum  damage  from  flooding.  Generally  river 
engineer’s  use  hydraulic  model  to  make  flood  prediction.  The  hydraulic  model  incorporates 
many  flow  features  such  as  accurate  discharge,  average  velocity,  water  level  profile  and  shear 
stress forecast. Prior to producing hydraulic models capable of modeling all these flow features 
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detailed  knowledge  on  open  channel  hydrodynamics  is  required.  In  this  regard,  first  comes  the 
 understanding  of  geometrical  and  hydraulic  parameters  of  the  river  streams.  Even  the  flow 
 properties in rivers vary with the geometrical shape.  


1.3    OVERBANK FLOW IN NON-PRISMATIC COMPOUND CHANNEL 


         In  non-prismatic  compound  channels  with  converging  floodplains,  due  to  further 
 continuous  change  in  floodplain  geometry  along  the  flow  path,  the  resulting  interactions  and 
 momentum  exchanges  are  further  increased.  This  extra  momentum  exchange  is  very  important 
 parameter  and  should  be  taken  into  account  in  the  overall  flow  modelling  of  a  river.  Super-
 elevation,  secondary  flows  and  their  tending  to  redistribute  the  mean  velocity,  permuting  the 
 boundary  shear  stress,  bank  erosion  and  shifting,  flow  separation  and  bed  migration  in  mobile 
 boundary channels have made the study of the non-prismatic open channels of a high interest in 
 the  field  of  river  engineering.  In  most  of  the  cases,  the  flows  are  subcritical  in  nature.  In 
 convergent channel sections, the flow can lead to a continuous reduction of kinetic energy which 
 causes its conversion in  part to  pressure energy.  During this  process,  energy losses  taken place 
 due to changing flow condition in the channel compression. Moreover, the presence of adverse 
 pressure gradient causes flow separation due to the inability of flow to adhere to the boundaries 
 and losses of head taking place due to subsequent formation of eddies. To reduce bed and bank 
 erosion,  control  of  flow  separation  is  required.  In  the  past,  to  avoid  flow  separation  transition 
 walls were designed. Therefore, it is desirable in hydraulic engineering to investigate structures 
 of open channel expansions to evaluate the velocity distribution, boundary shear distribution, to 
 control flow separation, and to design hydraulic structures properly. 


         As  natural  river  data  during  flood  are  very  difficult  to  obtain,  research  on  such  a  topic  is 
generally  done  in  laboratory  flumes.    In  a  converging  compound  channel  if  the  flood  plain  is 
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contracted, the flow is forced to leave the flood plains and enter to the main channel because of 
 change in cross section area which brings a huge change in mass and momentum transfer.  


         So  the  experiments  will  be  conducted  to  analyze  the  flow  effect  due  to  change  in  flood 
 plain geometry in terms of converging angle in the Hydraulics and Fluid mechanics Laboratory 
 of Civil Engineering Department of NIT, Rourkela. In the present work, an effort has been made 
 to  investigate  the  velocity  profiles  for  various  open-channel  geometries  using  a  commercial 
 computational fluid dynamics (CFD) code, namely FLUENT.  


1.4     NUMERICAL MODELLING 


      Computational  Fluid  Dynamics  (CFD)  is  a  computer  based  numerical  analysis  tool.  The 
 growing  interest  on  the  use  of  CFD  based  simulation  by  researchers  have  been  identified  in 
 various  fields  of  engineering  as  numerical  hydraulic  models  can  significantly  reduce  costs 
 associated  with  the  experimental  models.  The  basic  principle  in  the  application  of  CFD  is  to 
 analyze  fluid  flow  in-detail  by  solving  a  system  of  non-linear  governing  equations  over  the 
 region  of  interest,  after  applying  specified  boundary  conditions.  A  step  has  been  taken  to  do 
 numerical  analysis  on  a  non-prismatic  compound  channel  flow  having  converging  floodplains. 


The  work  will  help  to  simulate  the  different  flow  variables  in  such  type  of  complex  flow 
 geometry.  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, CFD is a means to 
 accurately predict phenomena in applications such as fluid flow, heat transfer, mass transfer, and 
 chemical reactions.  


      There  are  a  variety  of  CFD  programs  available  that  possess  capabilities  for  modelling 
multiphase flow. Some common programs include ANSYS and COMSOL, which are both multi 
physics  modelling  software  packages  and  FLUENT,  which  is  a  fluid-flow-specific  software 
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package.  CFD  is  a  popular  tool  for  solving  transport  problems  because  of  its  ability  to  give 
 results for problems where no correlations or experimental data exist and also to produce results 
 not  possible  in  a  laboratory  situation.  CFD  is  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  five 
 different  sections  of  a  compound  channel  having  converging  flood  plain  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  CFD  model  has  been  the  used  to  analyze  the  effects  of 
 flow  due  to  convergence  of  flood  plain  width  and  bed  slope,  and  to  study  the  variations  in 
 velocity  profiles  along  the  horizontal  and  vertical  directions.  The  simulated  flow  field  in  each 
 case  is  compared  with  corresponding  laboratory  measurements  of  velocity  and  water  surface 
 elevation. Computational Fluid Dynamics (CFD) is a mathematical tool which is used to model 
 open  channel  ranging  from  in-bank  to  over-bank  flows.  Different  models  are  used  to  solve 
 Navier-Stokes  equations  which  are  the  governing  equation  for  any  fluid  flow.  Finite  volume 
 method  is  applied  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       ADVANTAGES OF NUMERICAL MODELLING 


       Despite exact results and clear understanding on flow phenomena; experimental approach 
has  some  drawbacks  such  as  laborious  data  collection  and  data  can  be  collected  for  limited 
number of points  due to  instrument  operation limitations;  the model is  usually not at  full  scale 



(29)       INTRODUCTION      
        


Page | 8 


and the three dimensional flow behavior or some complex turbulent structure which is the nature 
 of  any  open  channel  flow  cannot  effectively  captured  through  experiments.  So  in  these 
 circumstances,  computational  approach  can  be  adopted  to  overcome  some  of  these  issues  and 
 thus  provide  a  complementary  tool.  In  comparison  to  experimental  studies;  computational 
 approach 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,  vortices,  Reynolds 
 stresses  can  be  identified  by  numerical  modeling  effectively  which  are  quite  essential  for  the 
 study of energy outflow  in  open channel  flows.   Many  researchers in  the  recent  centuries  have 
 numerically  modeled  open  channel  flows  and  has  successfully  validated  with  the  experimental 
 results.  


1.6  OBJECTIVE OF PRESENT STUDY  


      The present work is aimed to study the distribution of velocity profile in a non-prismatic 
converging  compound  channel.  The  distribution  of  velocity  profile  at  five  different  sections 
along  the  channel  depend  on  width-depth  ratio,  relative  depth.  Out  of  these  parameters  width-
depth ratio or aspect ratio plays a major role in estimation of velocity distribution in compound 
channels. Flow in a compound open channel is generally turbulent in nature. The turbulent nature 
of  flow  in  such  channels  is  three  dimensional  due  to  strong  secondary  lateral  flow.  It  is 
concluded from literature review that very less work has been done regarding lateral distribution 
of depth-averaged velocity in non-prismatic compound channel. However lack of qualitative and 
quantitative  experimental  data  on  the  depth  averaged  velocity  in  non-prismatic  compound 
channels is still a matter of concern. Furthermore, it has been observed from earlier studies that 
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turbulence  flow  structure  has  direct  impact  in  predicting  the  discharge  and  resistance  in 
 compound  channel.  The  present  study  aims  to  collect  velocity  data  from  the  non-prismatic 
 converging compound channel at different cross section and different depth. Hence, the present 
 study follows an analysis of resistance and discharge in a non-prismatic compound channel flow.  


The present study focuses on the following aspects: 


  To conduct experimentations on non-prismatic compound channels of a converging angle 
 to analyze the nature of change of flow variables throughout the non-prismatic reaches.  


  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 
 and overbank flow conditions. 


  To  study,  the  use  of  computational  fluid  dynamics  (CFD)  to  predict  the  flow 
 characteristics of non-prismatic open channels.  


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


  To study the turbulent flow structures of a non-prismatic compound  channel flow using 
 Large Eddy Simulation turbulent method. 


  The purpose of this project is to choose a computational fluid dynamics (CFD) program 
 that  would  be  utilized  to  simulate  with  the  experimental  convergent  channel  and  to 
 produce  results  on  velocity  distribution,  boundary  shear  distribution  in  non-prismatic 
 channel system.  


  Validation  and  verification  of  the  turbulent  flow  structure  from  CFD  results  such  as 
secondary  current,  turbulent  transport  and  flow  variables  such  as  velocity  distribution, 
boundary shear stress with that of the experimental results. 
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1.7   ORGANISATION OF THESIS 


The thesis consists of six chapters. General introduction is given in Chapter 1, literature survey 
 is presented in Chapter 2, experimental work is described in Chapter 3, description of numerical 
 parameters are explained in Chapter 4, numerical modelling is described in Chapter 5, Chapter 6 
 comprises verification  of  numerical  model  and discussion of  result   and finally the conclusions 
 and references are presented in Chapter 7. 


General view on open channel flow is provided at a glance in the first chapter. Also the 
 chapter introduces river system and flooding in non-prismatic converging compound channel. It 
 also  gives  the  general  idea  of  overbank  flow  condition  in  non-prismatic  converging  compound 
 channel. It gives an overview of numerical modeling in open channel flows. 


Chapter  2  contains  the  detailed  literature  survey  by  many  renowned  researchers  that 
 relates to the present work from the beginning till date. The chapter emphasizes on the research 
 carried  out  on  velocity  distribution  of  straight  prismatic  and  non-prismatic  compound  channels 
 for overbank flow conditions.  


The  laboratory  setup  and  whole  experimental  procedure  is  clearly  described  in  chapter 
three.  This  section  explains  the  experimental  arrangements  and  procedure  adopted  to  obtain 
observation  at  different  points  of  five  different  sections  in  the  channel.  Also  the  detailed 
information  about  the  instrument  used  for  taking  observation  and  geometry  of  experimental 
flume is described in this chapter. 
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The description of numerical model parameter regarding turbulence modelling, governing 
 equation  related  to  turbulence  model  and  finite  volume  method  is  briefly  described  in  chapter 
 four. Also this chapter discusses the technique adopted for analyzing the flow variables. 


Chapter  five  presents  significant  contribution  to  numerical  simulation  of  the  non-
 prismatic converging compound 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  Two-phase 
 modelling, VOF model, Volume of fraction and LES turbulence model. 


Finally,  chapter  six  summarizes  the  conclusion  reached  by  the  present  research.  In  this 
 chapter  simulation  of  numerical  modeling  is  shown.  Also  in  this  chapter  the  validation  of 
 longitudinal velocity profile, depth average velocity distribution, streamlines and boundary shear 
 distribution are shown for two different relative depth of flow. 


      Lastly  in  chapter  seven  conclusions  are  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 SURVEY 


2.1 OVERVIEW 


This chapter outlines about the previous research done by other researchers in the field of open 
 channel flow which is relevant to the current work. Distribution of flow velocity in longitudinal 
 and lateral direction is one of the important aspects in open channel flows.  It directly relates to 
 several flow features like water profile estimation, shear stress distribution, secondary flow and 
 channel  conveyance. The distribution of velocity in  open channel  flow is generally  affected by 
 various  factors  such  as  channel  geometry,  types  of  channel  and  patterns  of  channel,  channel 
 roughness and sediment concentration in flow which have critically studied by many renowned 
 researchers.  Many  approaches  are  there  for  predicting  stage  discharge  relationships,  velocity 
 distribution and boundary shear distribution on main channel and flood plain perimeter which are 
 mainly  applicable  to  prismatic  compound  channels.  There  are  many  study  found  in  literature 
 related to both prismatic and non-prismatic compound channels flow.  


2.2 PREVIOUS  EXPERIMENTAL  RESEARCH  ON  VELOCITY  DISTRIBUTION  IN     
 COMPOUND CHANNEL 


Many  practical  problems  in  river  engineering  require  accurate  prediction  of  flow  in  compound 
 channels. Over-bank channels can be characterized by a deep main channel, bounded on one or 
 both  sides  by  a  relatively  shallow  floodplain,  which  is  often  hydraulically  irregular. 


Consequently,  velocities  in  the  main  channel  tend  to  be  significantly  greater  than  those  on  the 
floodplain.  This  difference  in  velocity  can  lead  to  large  velocity  gradients  in  the  region  of  the 
interface  between  the  main  channel  and  floodplains.Likewise,  local  flow  conditions  determine 
the  erosion  and  deposition  rates  of  sediment  in  the  main  channel  and  floodplains.  Therefore, 
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accurate prediction of discharge capacity of compound channels is essential for flood mitigation 
 systems. 


2.2.1  Prismatic Compound Channel 


The flow structure in open channels is highly dependent on the regime of the flow, i.e. laminar or 
 turbulent.  It  also  depends  upon  existence  of  vortices  at  various  length  scales,  acting  toward  all 
 three  directions,  typically  generated  by  high  shear  between  fluid  layers  and  its  boundaries,  as 
 noticed  by Van  Prooijen  et  al.(2000)  (Figure  2.1).  Such  vortices  are  a  form  of  energy  transfer 
 that  converts  part  of  the  kinetic  energy  of  the  flow  into  heat  through  viscosity.  The  common 
 types of vortices that develop in open channel flow are due to surface roughness, the anisotropy 
 of turbulent velocity fluctuations in the y and z directions, leading to secondary flows and high 
 velocity  gradients  between  the  main  channel  and  floodplain,  explained  by Shiono  &  Knight 
 (1990)  leading  to  planform  vortices  at  this  interface  (Figure  2.2).  Each  of  these  components  is 
 described clearly in the following sections. 


Figure 2.1. Large vortices experimentally observed at the main channel/floodplain 
interface  
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Figure 2.2.  Flow structures in a straight two-stage channel (Shiono and Knight, 1990) 
       Investigation  of  the  interaction  between  the  main  channel  and  the  adjoining  floodplain 
 was  determined  by Zheleznyakov  (1965).  He  also  explained  the  effect  of  momentum  transfer 
 mechanism under laboratory conditions, which was responsible for decreasing the overall rate of 
 discharge for floodplain depths just above the bank full level and also explain that by increasing 
 the depth of floodplain, the phenomenon diminishes. 


By introducing an interface shear stress between adjacent compartments parameterized in 
 terms  of  the  velocity  difference  between  main  channel  and  floodplains  and  the  channel 
 dimensions the lateral momentum transfer was described by Prinos and Townsend (1984).  


Myers (1987) has explained that the theoretical considerations of ratios of main channel 
velocity and discharge to the floodplain values in compound channel which follow a straight line 
relationship  with  flow  depth  and  are  independent  of  bed  slope  but  dependent  on  channel 
geometry only.  
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       By using fibre-optic laser-Doppler anemometer in steep open-channel flows over smooth 
 and  incompletely  rough  beds  the  velocity  was  measured  by Tominaga  &  Nezu  (1992)  and 
 discussed  about  the  velocity  profile  in  steep  open  channel.  They  explained  that  the  velocity 
 profile  is  necessary  for  solving  the  problems  of  soil  erosion  and  sediment  transport  and  also 
 observed  that,  the  integral  constant  used  in  the  log  law  coincided  with  the  usual  value  of  5.29 
 regardless  of  the  Reynolds  and  Froude  number  was  in  subcritical  flows,  whereas  it  decreases 
 with an increase of the bed slope in supercritical flows. 


       By the measurement of stage–discharge relationship and observation of velocity fields in 
 small  laboratory  two  stage  channels Willetts  and  Hardwick  (1993)  have  found  the  zones  of 
 interaction between the main channel and floodplain flows which was occupied the whole or at 
 least  very  large  portion  of  the  main  channel.  They  have  also  explained  that  the  water,  which 
 approaches the channel by way of floodplain, penetrates to its full depth and there is a dynamic 
 exchange of water between the inner channel and floodplain. This lead to consequent circulation 
 in the channel in the whole section. The energy dissipation mechanism of the trapezoidal section 
 was found to be quite different from the rectangular section and they have suggested for further 
 study in this respect. They have also suggested for further investigation to quantify the influence 
 of floodplain roughness on flow parameters.  


       For  evaluating  discharge  in  straight  compound  channels,  Ackers  (1992,  1993)  has 
 proposed  a  set  of  empirical  equations  based  on  coherence  concept  considering  the  momentum 
 transfer between main channels and flood plains.  


      A  model  was  proposed  by Shiono  and  Knight  (1999)  that  resolves  the  depth-averaged 
flow  velocity  U(y),  as  a  function  of  the  cross-channel  coordinate,  to  improve  the  prediction 
capability.  
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      Bousmar  and  Zech  (1999)  have  accounted  momentum  transfer  proportional  to  the 
 product  of  velocity  gradient  at  the  interface  and  the  mass  discharge  exchanged  through  the 
 interface between the flood plain and main channels due to turbulence and the resulting averaged 
 flow  velocities  are  determined  from  a  rather  complicated  set  of  analytical  equations.  For 
 estimating  discharge  in  compound  channels  they  have  proposed  a  method  named  as  Exchange 
 Discharge Method. 


      Some  turbulence  measurements  was  carried  out  by Czernuszenko  et.al.  (2007)  in  an 
 experimental  prismatic  compound  channel  in  which  the  surface  of  the  main  channel  bed  was 
 smooth  and  made  of  concrete,  whereas  the  flood  plains  and  sloping  banks  were  covered  by 
 cement mortar composed with terrazzo. They have measured Instantaneous velocities be means 
 of  a  three-components  by  using  acoustic  Doppler  velocity  meter  (ADV).  They  have  discussed 
 about the results of primary velocity, the distribution of turbulent intensities, Reynolds stresses, 
 autocorrelation functions, turbulent scales, as well as the energy spectra. 


      Huttoff  et  al.  (2008)  have  proposed  a  new  method  named  as  Interactive  Divided 
 Channel  Method  (IDCM)  which  was  based  on  a  new  parameterization  of  the  interface  stress 
 between  adjacent  flow  compartments,  typically  between  the  main  channel  and  floodplain  of  a 
 two stage channel.  


 Zeng  (2010)  have  studied  the  accuracy  of  prediction  by  analytical  model  for  a  lateral 
 depth varying open channel flow.  


Khatua  and  Patra  (2012a  and  2012b)  have  presented  apparent  shear  stress  and 
developed  a  new  method  named  as  MDCM  to  predict  the  stage  discharge  relationships  in 
compound channel of higher width ratio. 
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2.2.2  Non-Prismatic Compound Channel 


       Schlichting et al. (1955) explained that the pressure increases in the direction of flow 
 and thus the flow decelerates. As a result, the retarded fluid particles cannot penetrate too far into 
 the  region  of  increased  pressure.  Thus  the  boundary  layer  is  deflected  sideways  from  the  wall, 
 separates from it and moves into the main stream. 


      James  &  Brown  (1977)  carried  out  research  on  compound  channel  where  floodplains 
 were skewed. They worked on three different skew angle of 7.2°, 11.0° and 24.0° and concluded 
 that  resistance  to  the  flow  increased  with  the  skew  angle  and  also  explained  the  flow  on  the 
 expanding floodplain accelerated while the flow on the converging floodplain decelerated.  


       Johnson  et  al.  (1987a)  explained  that,  like  a  typical  jet  flow,  a  stalled  region  develops 
 near one wall while the flow becomes attached to the other wall if a density current with large 
 densimetric Froude number travels in a diffuser with certain range of half angle. 


       Johnson & Stefan (1988) and Johnson et.al. (1989) performed a comprehensive study of 
 separated undercurrent in diffusers. They concluded that whether or not a density current remains 
 attached to both the walls or separated from one, depends strongly not only on the diffuser angle 
 but also on the inflow densimetric Froude number. 


       Johnson  et.al.  (1989)  investigated  on  attached  flow  in  diffuser  with  small  divergence 
angle.  He  concluded  that  for  a  diffuser  half  angle  of  less  than  5o,  the  density  current  remains 
attached  to  both  walls  in  a  diffuser  with  horizontal  bottom.  He  also  concluded  that  if  the 
densimetric Froude number is less than 2.0, the density current does not separate from the wall at 
diffuser half angle as large as 40o. 
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      Further  skewed  channel  experiments  were  done  at  the  Flood  Channel  Facility  (FCF)  by 
 researchers Elliott & Sellin (1990), with three different skew angle of 2.1°, 5.1° and 9.2°.  


      Elliott (1990) carried out further work at the Flood Channel Facility in the UK as part of 


the  Series-  A  experiments  on  straight  channels.  He  carried  out  detailed  measurements  of 
 velocity, boundary shear stress and direction of flow. 


         The reduced conveyance of a skewed compound channel was confirmed by Jasem (1990) 
 by compared it with a prismatic channel of similar cross-section.  


         Ervine and Jasem (1995) concluded that the velocity in the main channel is approximately 
 constant  or  decreases  slightly  downstream.  It  causes  a  process  of  substitution  occurs  along  the 
 channel,  due  to  the  cross-over  flow  whereby  the  flow  enters  the  main  channel  from  the  right 
 floodplain  must  produce  analogous  removal  of  fluid  from  the  main  channel  onto  the  left 
 floodplain. 


         Bousmar  (2002)  and  Bousmar  et  al.  (2004a)  analyzed  the    experiments  on  converging 
 compound  channels  with  symmetrically  narrowing  floodplains  and  explained  about  the 
 geometrical  momentum  transfer  and  the  associated  additional  head  loss  due  to  symmetrically 
 narrowing floodplains. They also estimated the additional head loss due to the mass transfer. 


      Bousmar  et  al.  (2004b)  also  executed  an  additional  investigations  by  using  digital 
 imaging to record surface velocities and horizontal turbulent structures that generally develop in 
 prismatic channels. 


      Proust (2005) and Proust et al. (2006) investigated the flow analysis of a non-prismatic 
compound channel with asymmetric geometry with rushed convergence. They also found that a 
larger mass transfer and total head loss occurs at higher convergence angle as 22°. 
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      Bahram  Rezaei  (2006)  analyzed  the  experimental  results  of  non-prismatic  compound 
 channels with converging floodplains. Due to change in floodplain geometry they found that the 
 flow  interaction  of  main  channel  and  flood  plain  increases  which  causes  large  exchanges  of 
 momentum. 


       Chlebek  (2009)  has  carried  out  a  new  experimental  work  on  skewed  channel  and 
 produced much more detailed data sets than the previously existing ones. 


       Rezaei  and  Knight  (2009) developed  a  method  for  compound  channels  with  non-
 prismatic  floodplains  by  modifying  the  SKM  method  named  as  Modified  SKM.  In  this  the 
 convergence effects were accounted by substituting the energy line slope (Se) with the channel 
 bed slope (S0x).  


      J.Chlebek,  Bousmar  et.al.  (2010) have  explained  the  comparison  of  overbank  flow 
 conditions  in  skewed  and  converging/diverging  channels.  They  observed  that  head  losses 
 increased due to the mass and momentum transfer and increased velocity gradient increased due 
 to  the  expand  of  floodplains.  They  also  observed  the  differences  in  the  flow  forcing  from  one 
 subsection to another, velocity and bed shear stress measurements and significant differences in 
 the flow distribution between main channel and floodplains. 


       Proust  et  al.  (2010) estimated  the  energy  losses  in  straight,  skewed,  divergent,  and 
 convergent compound channels by using first law of thermodynamics. They also concluded that 
 the slope of energy line equals the head loss gradient at the total cross-section, yet the gradient of 
 head loss differs with slope of energy line in the main channel or the floodplain.  


      Rezaei  and  Knight  (2011) investigated  the  discharge  distributions  along  three  non-
prismatic compound channel configurations for different converging angles. They also found that 
the discharge evolution seems linear for lower water depths; whereas non- linear for higher water 
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depths and in the second half of the converging length the mass transfer is higher than that in the 
 first  half  of  the  converging  reach  i.e.  velocity  increases  significantly  in  the  second  half  of  the 
 converging length. 


2.3   OVERVIEW OF NUMERICAL MODELLING ON OPEN CHANNEL FLOW  


The  features  characterized  in  open  channel  flow  result  from  the  complex  interaction 
 between the fluid and a number of mechanism including shear stress along the channel bed and 
 walls,  friction,  gravity  and  turbulence.  As  numerical  hydraulic  models  can  significantly  reduce 
 costs associated with the experimental models, therefore in recent decades the use of numerical 
 modelling has been rapidly expanded. With widely spread in computer application, interest has 
 risen in applying more techniques providing more accurate results. In other fluid flow fields such 
 as aeronautics and thermodynamics the implementation of more complex models has represented 
 the advances in computer technology and 3D models are now commonly used. However in open 
 channel  flow  this  conversion  has  not  occurred  as  rapidly  than  other  sector  of  engineering  and 
 most  hydraulics  models  are  either  1D  or  2D  with  very  few  application  of  3D  models.  In  this 
 work the application of Computational Fluid Dynamics (CFD) package to open channel flow has 
 been  considered.  The  software  includes  various  models  to  solve  general  fluid  flow  problems. 


Across the globe various numerical models such as standard k-ε model, non-linear k-ε model, k-
ω model, algebraic Reynolds stress model (ASM), Reynolds stress model (RSM) and large eddy 
simulation  (LES)  have  been  implemented  to  simulate  the  complex  secondary  structure  in  open 
channel  flow. The standard k- ε model  is  an isotropic turbulence closure  but  fails to  reproduce 
the secondary ﬂows. Although nonlinear k- ε model can simulate secondary currents successfully 
in a compound channel, it cannot accurately capture some of the turbulence structures. Reynolds 
stress  model  (RSM)  is  very  effective  in  computing  the  time-averaged  quantities  and  requires 
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much less computing cost. RSM computes Reynolds stresses by directly solving Reynolds stress 
 transport equation but its application to open channel is still limited due to the complexity of the 
 model.  Large  eddy  simulation  (LES)  solves  spatially-averaged  Navier-Stokes  equation.  Large 
 eddies  are  directly  resolved,  but  eddies  smaller  than  mesh  are  modelled.  Though  LES  is 
 computationally expensive to be used for industrial application but can efficiently model nearly 
 all  eddy  sizes.  The  work  of  previous  researchers  regarding  the  advancements  in  numerical 
 modelling of open channel flow has been listed below. 


Cokljat  &  Younis  and  Basara  &  Cokljat  (1995)  proposed  the  RSM  (Reynolds  Stress 
 Model)  for  numerical  simulations  of  free  surface  flows  in  a  rectangular  channel  and  in  a 
 compound channel and found good agreement between predicted and measured data. 


       Thomas and Williams (1995) described about Large Eddy Simulation of steady uniform 
 flow  in  a  symmetric  compound  channel  of  trapezoidal  cross-section  at  a  Reynolds  number  of 
 430,000. The complex interaction between the main channel and the flood plains was found out 
 by  simulation  and  they  have  predicted  the  bed  stress  distribution,  velocity  distribution,  and  the 
 secondary  circulation  across  the  floodplain.  The  results  were  compared  with  experimental  data 
 from the SERC Flood Channel Facility at Hydraulics Research Ltd, Wallingford, England. 


       Salvetti  et  al.  (1997)  has  conducted  LES  simulation  at  a  relatively  large  Reynolds 
 number for producing results of bed shear, secondary motion and vortices and then simulate with 
 experimental results.  


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


 Ahmed  Kassem,  Jasim  Imran  and  Jamil  A.  Khan  (2003) analyzed  from  the  three-
dimensional modeling of negatively buoyant flow in a diverging channel with a sloping bottom. 
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He modified the k-  turbulence model for the buoyancy effect and Boussinesq approximation for 
 the Reynolds-averaged equations in diverging channels.  


 Lu  et  al.  (2004) applied  a  three-dimensional  numerical  model  to  simulate  secondary 
 flows, the distribution of bed shear stress, the longitudinal and transversal changes of water depth 
 and  the  distribution  of  velocity  components  at  a  180°  bend  using  the  standard  k-   turbulence 
 model. 


      Bodnar  and  Prihoda  (2006) presented  a  numerical  simulation  of  the  turbulent  free-
 surface flow by using the k- turbulence model and analyzed the nature of non-linearity of water 
 surface slope at a sharp bend.  


Sugiyama  H.,  Hitomi  D.,  Saito  T.  (2006)  used  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 shown that the fluctuating vertical 
 velocity  approaches  zero  near  the  free  surface.  In  addition,  the  compound  meandering  open 
 channel  was  clarified somewhat based on the calculated results. As a result 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.  


 Booij (2003) and VanBalen et al. (2008) modelled the flow pattern at  a mildly-curved 
 180º bend and assessed the secondary flow structure using large eddy simulation (LES).  


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  calculated  for  a  range  of  input  conditions.  Good  agreement  between  the 
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simulated results and measurements indicates that RSM can successfully predict the complicated 
 ﬂow phenomenon. 


Cater and Williams (2008) reported a detailed Large Eddy Simulation of turbulent flow 
 in a long compound open channel  with one floodplain. The Reynolds number is approximately 
 42,000  and  the  free  surface  was  treated  as  fully  deformable.  The  results  are  in  agreement  with 
 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.  A  secondary  flow  is  identified  at 
 the internal corner that persists and increases the bed stress on the floodplain.  


 B. K. Gandhi, H.K. Verma and Boby Abraham (2010) determined 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.  


  Balen et.al. (2010) performed LES for a curved open-channel flow over topography. It 
 was  found  that,  notwithstanding  the  coarse  method  of  representing  the  dune  forms,  the 
 qualitative agreement of the experimental results and the LES results is rather good. Moreover, it 
 is  found  that  in  the  bend  the  structure  of  the  Reynolds  stress  tensor  shows  a  tendency  toward 
 isotropy  which  enhances  the  performance  of  isotropic  eddy  viscosity  closure  models  of 
 turbulence.  


 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 
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predicted stream 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  impact  of  the  variation  of  the  slant  angles  of  the  side 
 walls, aspect ratio and composite roughness on the shear stress distribution. The results show a 
 significant contribution on secondary currents and overall shear stress at the boundaries.  


 Rasool  Ghobadian  and  Kamran  Mohammodi  (2011)  simulated  the  subcritical  flow 
 pattern  in  180°  uniform  and  convergent  open-channel  bends  using  SSIIM  3-D  model  with 
 maximum bed shear stress. He observed at the end of the convergent bend, bed shear stress show 
 higher values than those in the same region in the channel with a uniform bend. 


Khazaee  &  M.  Mohammadiun  (2012)  investigated  three-dimensional  and  two  phase 
 CFD  model  for  flow  distribution  in  an  open  channel.  He  carried  out  the  finite  volume  method 
 (FVM)  with  a  dynamic  Sub  grid-scale  for  seven  cases  of  different  aspect  ratios,  different 
 inclination angles or slopes and convergence divergence condition. 


 Omid  Seyedashraf,  Ali  Akbar  Akhtari&  Milad  Khatib  Shahidi  (2012) concluded  that 
 the  standard  k-ε  model  has  the  capability  of  capturing  specific  flow  features  in  open  channel 
 bends  more  precisely.  Comparing  the  location  of  the  minimum  velocity  occurrences  in  an 
 ordinary sharp open channel bend, the minimum velocity occurs near the inner bank and inside 
 the separation zone along the meandering.  


 Anthony G. Dixon (2012) simulated Computational fluid dynamics (CFD) software with 
fluid flow interactions between phases and he analyzed and improved it. He included use of CFD 
to  simulate  an  experiment  on  multiphase  flow  to  compare  results  on  flow  regime  and  pressure 
drop.  
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