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 ABSTRACT 


For many years, river modelling has been a core subject in the field of hydraulics. Over the past 
 few decades, various attempts have been made to build models for flow. The distribution of shear 
 stress  over  the  wetted  perimeter  of  a  meandering  open  channel  is  one  of  the  common  river 
 engineering problem.  It is a key parameter to determine bank erosion and river migration. The 
 influence of turbulence, the secondary flow, the curvature effect, the shape of the cross-section 
 and the boundary condition are some among many technical hitches that are generally related in 
 one way or  another to  the boundary shear stress  making it difficult  to  analyse.  Although some 
 recent  works  have shed light  on the phenomenon of boundary shear distribution, there are still 
 several unexplored aspects that worth consideration. 


The research work which is presented in this thesis is an attempt to devise an analytical 
 method, which could compute the average shear stress acting on the bed, inner wall and outer wall 
 of a meandering channel. The attempt relies on splitting the channel cross-section into sub-regions 
 and  computing  respective  hydraulic  radii  by  energy  balance  method.    The  concept  of  energy 
 transportation, well studied, by Einstein (1942) and Yang and Lim (1997) is to be used for first 
 achieving  a  theoretical  basis  and  then  modifying  it  with  perceptive  changes  to  account  the 
 curvature of a meandering channel. 


Keywords:  Meander,  Boundary  Shear,  Energy  Balance,  RANS,  Order  of  Magnitude,  Flow 
Division 
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1.1.  General 


“Rivers know this: there is no hurry, we shall get there someday – A.A. Milne”. 


For many years, river modelling has been a core subject in the field of hydraulics. Over 
 the  past  few  decades,  various  attempts  have  been  made  to  build  models  for  flow.  The 
 distribution of shear stress over the wetted perimeter of a meandering open channel is one of 
 the common river engineering problem. It is a key parameter to determine bank erosion and 
 river migration. The influence of turbulence, the secondary flow, the curvature effect, the shape 
 of the cross-section and the boundary condition are some among many technical hitches that 
 are generally related in one way or another to the boundary shear stress making it difficult to 
 analyse. Although some recent works have shed light on the phenomenon of boundary shear 
 distribution, there are still several unexplored aspects that worth consideration. 


Accurate computation of the local or mean shear stress is  a difficult task even using 
 sophisticated turbulence models. As an alternative, various empirical, analytical or simplified 
 computational methods were developed to calculate the open channel boundary shear stresses. 


Leighly  (1932),  Einstein  (1942),  Ghosh  and  Roy  (1970),  Kartha  and  Leutheusser  (1970), 
Knight and Macdonald (1979), Knight (1981), Knight et al. (1984), Knight and Patel (1985), 
Knight and Sterling (2000), Yang and McCorquodale (2004), Lashkar and Fathi (2010) carried 
out ample studies in straight channels on boundary shear computation. Research work has also 
been carried out on meandering channel for predicting the boundary shear.  Most of them are 
through large experimentation and then determining empirical model using the experimental 
evidences.  Knight,  Yuan  and  Fares  (1992),  Shiono,  Muto  and  Knight  (1999),  Ervine,  Alan, 
Koopaei  and  Sellin  (2000),  Patra  and  kar  (2000),  Khatua  (2008)  and  many  research  works 
introduced and examined various aspects of meandering channel. Regardless of this vast work 
carried out, limited information exists in literature to describe the actual fraction from the flow 
field required to calculate the sidewall and bed shear stress distributions along the channel cross 
section of a meandering channel. Yang and Lim (1997) and Guo and Julien (2005) has proposed 
two such mechanism to divide the flow field, but both of them are on straight channels which 
gives equal distribution of shear on both the banks. Hence this can cannot be applied on channel 
with extensive curvature where the shear distribution is unequal on both the banks. 
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1.2.  Problem Statement 


In a meandering channel flow, the boundary shear stress and its distribution along the 
 boundary is of great importance. A knowledge of this variable, be it local or mean values, is 
 required in many hydraulic problems associated with computation of flow resistance, side wall 
 correction, sediment transport rate, channel erosion or deposition and designs of the channels 
 for the long term stability (Yang & Lim, 1998) and most pertinently channel migration that 
 occurs in a meander river with time.   


The problem of separating the bed shear stress, inner and outer wall shear stress from 
 the total shear stress acting on a channel is of great importance. Experimental evidences are 
 also available in the literature which shows, there is non-uniform distribution of shear stress on 
 both the banks of a meander channel. Higher at the inner bank and lower at the outer bank. All 
 this three stress has individual significance. Say, for bed sediment transport bed shear stress is 
 required  and  for  study  of  channel  migration  one  must  know  the  shear  stress  acting  at  the 
 concave side of a curve to predict the amount of erosion it might lead to. This can be achieved 
 either by rigorous measurement or by certain theoretical analysis to devise an analytical model, 
 which will compute the same.  


The research work which is presented in this thesis is an attempt to devise an analytical 
 method, which could compute the average shear stress acting on the bed, inner wall and outer 
 wall of a meandering  channel.  The  attempt relies on splitting the channel  cross-section into 
 sub-regions and computing respective hydraulic radii by energy balance method.  The concept 
 of energy transportation, well studied, by Einstein (1942) and Yang and Lim (1997) is to be 
 used for first achieving a theoretical basis and then modifying it with perceptive changes to 
 account the curvature of a meandering channel. 



1.3.  Objectives 


The main aim of the work is to divide the flow cross section into three sub-regions to 
 compute average shear stress on the bed and walls of a meandering channel. To attain this the 
 following objectives are defined – 


(i)  Generalize a method to divide the main flow cross section into its various subsections 
inside  which  energy  will  be  balanced,  the  weight  of  fluid  is  balanced  by  shear  force  acting 
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 along the corresponding wall sections for computation of the mean wall and the mean bed shear 
 stress in meandering channels.  


(ii)  Study of steady non-uniformity characteristics of flow and introducing the same into 
 the model for correct prediction. 


(iii)  Validation of the proposed model with other available experimental data. 



1.4.  Organization of the thesis 


The thesis consists of five chapters, General introduction and the problem statement is provided 
 in Chapter 1, Chapter 2 contains basic concepts of a channel, literature reviews are given in 
 Chapter 3, Chapter 4 covers the details on model derivation, Chapter 5 deals with evaluation 
 of the model and finally Chapter 6 gives the conclusions drawn from the analysis and then the 
 references are presented.


Chapter 2 focuses on the basic concepts of meanders, channel conditions and flow mechanisms 
 In  Chapter  3,  a  literature  review  is  presented  on  various  works  carried  out  by  different 
 researchers. 


Chapter 4 covers the theoretical considerations and analytical formulations done to devise the 
 model to predict the average shear stress on bed, inner and outer bank of a meander channel at 
 the bend apex. It also details the basic assumptions and limitation of the model. 


Chapter 5 focuses on the result generated from the model. Various experimental measurements 
 carried out by different research work are used to compare with model generated output for 
 model validation. 


In Chapter 6, the conclusions of the research are presented. 
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2.1  Overview 


This  chapter  provides  a  brief  description  of  the  key  concepts,  mechanisms  and  other 
 characteristics of  a meandering channel.  The term  fluvial  is  commonly used to  describe the 
 processes  associated  with  rivers  or  streams,  and  the  erosion  or  deposition  and  morphology 
 created  by  them.  The  fluvial  processes  include  transport  of  sediments  and  aggregations  or 
 degradation of river beds. The flow in a bed formed by the loose sediment exerts shear stress 
 on the bed. The fluid flows as a result of the action of the forces introduced by the difference 
 of pressure or gravity. The movement of the fluid is controlled by the fluid inertia and the effect 
 of the shear stress  exerted by the surrounding fluid.  As the fluid  flows  in  a solid boundary, 
 either stationary or in motion, the velocity of the fluid in contact with the boundary must be the 
 same as the boundary, called no slip. Therefore, a velocity gradient is created at the boundary, 
 because the velocity of the fluid increases with the normal distance from the boundary. The 
 resulting differential normal velocity to the boundary give rise to shear stress in the fluid and 
 on the boundary, as suggested by Newton's law of viscosity. (Dey, 2004) 



2.2  Meander 


Leopold and Langbein (1966), Meanders are distinct curves or forms in which a river does the 
 least  work  in  turning.  A meander,  in  general,  is  a  bend  in  a sinuous watercourse  or  river.  It 
 forms  in  a  river  when  material  is  eroded  from  the  concave  portion,  transported  towards 
 downstream and deposited on the convex portion of a meander. 


Meander path is a flow path undertaken by a river. Bend apex or the axis of bend in the section 
at which the river has the maximum curvature. A channel while moving from one bend apex 
to  the  other  passes  through  the  cross-over.  Cross-over  is  a  section  at  the  point  of  inflection 
where the meander path changes its course as shown in Fig. 2.1. ‘w’ represents the width of the 
channel, λ represents the wavelength, L represents the length of channel for one wavelength 
and rc represents the radius of curvature of the channel. 
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 Fig. [2.1]: Properties of River Meander ( Leopold and Langbein, 1966 ) 



2.3  Sinuosity 


Sinuosity is used to describe meandering channel geometry.   When sinuosity is greater than 
 1.5,  the  channel  is  classified  as  meandering, Knighton  (1998).  Equation  [2.1]  used  for 
 calculating channel sinuosity- 


Sinuosity,


v
 c


r L


S  L [2.1] 


Where  Lc= the channel length 


Lv= the straight line valley length. 



2.4  Flow Through Meandering Channel 


When a flow enters a meander it is influenced by radial force due to centrifugal action. This 
induces  a  three  dimensionality  in  the  flow  characterized  by  a  helical  (spiral)  motion  with  a 
super-elevated  free  surface.  The  helical  motion  can  be  viewed  across  a  cross  section  as  a 
transverse circulation. The differential centrifugal acceleration u2/r along a vertical line due to 
vertical  variation of stream  wise velocity u  (greater near surface and less  near bed) in  open 
channel is the cause of the transverse circulation. As a result, a helical motion is initiated when 
the flow enters the curved (bend) portion of the channel. The streamlines near the free surface 
are deflected toward the outer bank, whereas those near the bed are inclined toward the inner 
bank. Hence, the near-bed velocity and the bed shear stress are generally directed toward the 
inner bank. 
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 Fig [2.2]- Flow in a curved section of meandering channel (Subhashish Dey, Fluid 


Hydrodynamics, 2014) 



2.5  Shear Velocity 


Shear  velocity  or  friction  velocity  is  a  form  by  which  a shear  stress is  written  in  units 
 of velocity. According to Chow (1959) it can be defined as: 





0


 


u [2.2] 


In which τ0 is the bed-shear stress (bottom shear stress) and ρ is the density of fluid. 



2.6  Channel Roughness 


Roughness or hydraulic roughness is the measure of the amount of frictional resistance water 
 experiences when passing over the channel features. The effective height of the irregularities 
 forming the roughness elements is called the roughness height, Chow (1959). It is denoted by 
 k.  


The flow can be hydraulically either smooth or rough. Hydraulically smooth flow occurs when 
 the surface irregularities are so small that all roughness elements are entirely submerged in the 
 laminar  sub-layer, Chow  (1959).  Therefore,  the  bed  roughness  will  not  affect  the  velocity 
 distribution. According to Graf (1998) and Schlichting & Gersten (2000) the flow is smooth if  


5
 0  



 k


u [2.3a] 


where u* is the friction velocity [m/s]; and k is the roughness height [mm]. The flow is rough 
when bed roughness is so large that it produces eddies close to the bottom, Liu (2001). There 
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 is  no  viscous  sub-layer  and  the  velocity  distribution  is  affected  only  by  bed  roughness. 


According to Graf (1998) and Schlichting & Gersten (2000) the flow is hydraulically rough if 



 k
 u





70 [2.3b] 


For the term hydraulically rough, also term fully rough is used (Schlichting & Gersten, 2000). 


The flow is in the transition region if 
 70


5  



 k


u     [2.3c] 


then the velocity distribution is affected by bed roughness and viscosity (Chow, 1959). 



2.7  Law of Wall 


The law  of  the  wall states  that  the  average velocity of  a  turbulent  flow  at  a  certain  point  is 
 proportional to the logarithm of the distance from that point to the wall, or the boundary of 
 the fluid region  as  first  published  by Theodore  von  Karman  (1930). It  is  only  technically 
 applicable to parts of the flow that are close to the wall, though it is a good approximation for 
 the entire velocity profile of natural streams. The logarithmic law of wall can be expressed, 
 Schlichting (2000), as: 


y B
 A u


u


u 





 





   


ln      [2.4a] 


Where u is the velocity parallel at a distance y from the wall, 
 u is the shear velocity 


ν is the kinematic viscosity 


A and B are the constants. Where A is reciprocal of von Karman constant 
 This inner layer comprises of viscous sub-layer, buffer layer and log-law region. 


For two-dimensional flows the shear stress in the viscous sub-layer is considered to be constant, 
 and is given by: 





 











 
 y
 u


o 


     [2.4b] 


which after integration yields: 



 y
 u
 u


u 





 [2.4c] 


The viscous sub-layer is extremely thin and as a consequence equation [2.4c] is only valid for 
the range (uy)/ν < 5. Outside this layer both viscous and turbulent effects are important. For 
5<(uy)/ν<30, the buffer layer, neither equation [2.4a] nor [2.4c] holds. 
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2.8  Boundary Shear 


Resistance_from_bed_and_side_slope_is_exerted_on_the_water_flowing_in_an_open_chann
 el.This_resistance_force_is_apparently_the_boundary_shear_force._Boundary_shear_stress 
 is_the_tangential_component_of_the_hydrodynamic_forces_acting_along_the_channel_bed.


Flow_characteristics_of_an_open_channel_flow_are_directly_dependent_on_the_boundary_


shear_force_distribution_along_the_wetted_perimeter_of_the_channel. 


The_shear_force,_for_steady_uniform_flow_is_related_to_bed_slope,_hydraulic_radius_and
 unit_weight_of_fluid._However,_in_a_practical_point_of_view,_these_forces_are_not_unifo
 rm_even_for_straight_prismatic_channels._The_nonuniformity_of_shear_stress_is_mainly_d
 ue_to_secondary_currents_formed_by_the_anisotropy_between_vertical_and_transverse_tur
 bulent_intensities,_given_by_Gessner_(1973)._Boundary_shear_stress_increases_when_the_


secondary_currents_flow_towards_the_wall_and_shear_stress_decreases_when_it_flows_aw
 ay_from_the_wall,_Tominagaet_al._(1989)_and_Knight_and_Demetriou_(1983)._The_prese
 nce_of_secondary_flow_cells_in_main_channel_affects_the_distribution_of_shear_stress_al
 ong_the_channel’s_wetted_perimeter_which_is_illustrated_in_Fig._2.3._Other_factors_affec
 ting_the_shear_stress_distribution_are_the_shape_of_channel_crosssection,_depth_of_flow,
 _later_longitudinal_distribution_of_wall_roughness_and_sediment_concentration._For_the_


case_of_meandering_channels,_the_factors_increase_even_more_due_to_the_nature_of_flo
 w_of_water_in_such_channels._Sinuosity_in_the_case_of_meandering_channel_is_regarded
 _to_be_a_critical_parameter_in_the_shear_stress_distribution_along_the_channel_bed_and 
 walls 


Fig.2.3: Schematic influence of secondary flow cells on boundary shear distribution in a 
trapezoidal section (Knight et al., 1944) 
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 3.1  
Overview


In this chapter a detailed literature survey  of various research works are given which covers 
 various aspects concerning the meandering channels and boundary shear.


3.2  
Reviews on past research works 


Leighly (1932) - idea to use conformal mapping was first suggested by him. By neglecting the 
 effects  of  secondary  currents,  the  boundary  shear  stress  acting  on  the  channel  bed  must  be 
 balanced  by  the  component  of  the  weight  contained  between  each  of  the  two  adjacent 
 orthogonals, but his proposal did not render any conclusive results. 


Einstein (1942) - divided the channel flow cross section into two subsections that correspond 
 to the channel bed and sidewalls, this division is made by an imaginary separation boundary, 
 namely the division curve. Although Einstein did not propose any method for determining the 
 exact location of the division curves, his suggestion laid the foundation for the development of 
 methods used to isolate the flow cross section into bed and sidewall sub-sections. 


Rozovskii (1961) - analysed the flow characteristics in a meandering channel and proposed a 
 method  to  compute  the radial  shear  stress  in  a  meandering  channel.  He  even  provided  a 
 comparison and discussion of other researcher s’ studies. 


Ghosh_and _Roy_(1970)-


presented_the_boundary_shear_distribution_in_both_rough_and_smooth_open_channels_of 
 rectangular_and_trapezoidal_sections_obtained_by_direct_measurement_of_shear_drag_on_


an_isolated_length_of_the_test_channel_utilizing_the_technique_of_three_point_suspension
 _system_suggested_by_Bagnold._Existing_shear_measurement_techniques_were_reviewed_


critically.Comparisons_were_made_of_the_measured_distribution_with_other_indirect_esti
 mates,_from_isovels,_and_Preston_tube_measurements._The_discrepancies_between_the_ 


direct_and_indirectestimates_were_explained_and_out_of_the_two_indirect_estimates_the_ 


_Pitot_tube_technique_was_found_to_be_more_reliable._The_influence_of_secondary_flow
 _on_the_boundary_shear_distribution_was_not_accurately_defined_in_the_absence_of_a_de
 pendable_theory_on secondary_flow.


Kartha and Leutheusser (1970)- expressed that the designs of alluvial channels by the tractive 
force  method  requires  information  on  the  distribution  of  wall  shear  stress  over  the  wetted 
perimeter of the cross-section. The experiments were carried out in a smooth-walled laboratory 
flume at various aspect ratios of the rectangular cross-section. Wall shear stress measured with 
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 Preston tubes were calibrated by a method exploiting the logarithmic form of the inner law of 
 velocity distribution. Results were presented which clearly suggested that none of the present 
 analytical techniques could be counted upon to  provide any precise details on tractive force 
 distribution in turbulent channel flow. 


Ghosh and Kar (1975) -  studied the evaluation  of interaction effect  and  the distribution of 
 boundary shear stress in meander channel with floodplain. Using the relationship proposed by 
 Toebes  and  Sooky  (1967)  they  evaluated  the  interaction  effect  by  a  parameter  (W).  They 
 concluded that the channel geometry and roughness distribution did not have any influence on 
 the interaction loss. 


Knight_(1981)_-proposed_an_empirically_derived_equation_that_presented_the_percentage 
 of_the_shear_force_carried_by_the_walls_as_a_function_of_the_breadth/depth_ratio_and_ 


the_ratio_between_the_Nikuradse_equivalent_roughness_sizes_for_the_bed_and_the_walls.


The_results_were_compared_with_other_available_data_for_the_smooth_channel_case_and
 some_disagreements_noted._The_systematic_reduction_in_the_shear_force_carried_by_the_


walls_with_increasing_breadth/depth_ratio_and_bed_roughness_was_illustrated._Further_  


equations_were_presented_giving_the_mean_wall_and_bed_shear_stress_variation_with_ 


aspect_ratio_and_roughness_parameters._Although_the_experimental_data_was_somewhat_


limited,_the_equations_were_novel_and_indicated_the_general_behaviour_of_open_channel
 flows_with_success. 


Knight_and_Patel_(1985)-_reported_some_of_the_experimental_results_concerning_the_ 


distribution_of_boundary_shear_stresses_in_smooth_closed_pipes_of_a_rectangular_cross_ 


section_for_aspect_ratios_between_1to10.The_distributions_were_shown_to_be_influenced 
 by_the_number_and_shape_of_the_secondary_flow_cells,_which,_in_turn,_depended_ 


primarily  upon_the_aspect_ratio.For_a_square_cross_section_with_8_symmetrically_ 


disposed_secondaryflow_cells,a_double_peak_in_the_distribution_of_the_boundary_shear_s
 tress_along_each_wallwas_shown_to_displace_the_maximum_shear_stress_away_from_the
 _centre_position_towards_each_corner._For_rectangular_cross_sections,_the_number_of_se
 condary_flow_cells_increasedfrom_8_by_increments_of_4_as_the_aspect_ratio_increased,_


causing_alternate_perturbations_in_the_boundary_shear_stress_distributions_at_positions_w
 here_  there_were_adjacent_contra-rotating_flow_cells._Equations_were_presented_for_the_ 


maximum,_centreline_and_mean_boundary_shear_stresses_on_the_duct_walls_in_terms_of
_the_aspect_ratio. 
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 Chein and Wan (1986) – They concisely explained the physical meaning of Einstein’s idea in 
 terms of how the surplus energy in main flow should be transferred and eventually dissipated 
 as heat at the boundary. According to them, it is physically impossible for energy contained in 
 any unit flow volume to be transported in all direction towards the boundary and hence it should 
 transport towards the nearest boundary with constant energy slope. 


Knight, Yuan and Fares (1992) - reported the experimental data of SERC-FCF concerning 
 boundary  shear  stress  distributions  in  meandering  channels  throughout  the  path  of  one 
 complete wave length. They examined the effects of secondary currents, channel sinuosity, and 
 cross section geometry on the value of boundary shear in meandering channels and presented 
 a momentum-force balance for the flow. 


Yang  and Lim (1997, 1998)  -  gave  an analytical  approach  for partitioning the flow  cross-
 section  for  steady  and  uniform  three-dimensional  channels.  Their  approach  is  based  on  the 
 premise that the surplus energy of any arbitrary unit volume of fluid in three dimensional flow 
 channels will be transmitted towards and dissipated at a unit area on the wetted perimeter. They 
 gave the concept which states that the direction of energy transportation will define a minimum 
 relative distance between the source of energy in the flow field and the boundary.  


Shiono, Muto and Knight (1999) - presented the experimental data of secondary flow and 
 turbulence  using  two  components  Laser-  Doppler  Anemometer  for  both  straight  and 
 meandering  channels  to  understand  the  flow  mechanism  in  meandering  channels.  They 
 developed turbulence  models  and  studied  the  behaviour  of  secondary  flow  and  centrifugal 
 forces for both in-bank and over-bank flow conditions. They investigated the energy loss due 
 to  boundary  friction,  secondary  flow,  turbulence,  expansion  and  contraction  in  meandering 
 channels. 


Ervine,  Alan,  Koopaei  and  Sellin  (2000)-  presented  an  analytical  solution  to  the  depth-
 integrated  turbulent  form  of  the  Navier-Stokes  equation  that  includes  lateral  shear  and 
 secondary flows in addition to bed friction. They applied this analytical solution to a number 
 of channels, at model, and field scales, and predicted depth averaged velocity and shear stress 
 for straight and meandering over bank. 


Patra  and  Kar  (2000)  -  used  five  dimensionless  channel  parameters  to  form  equations 
representing the total shear force percentage carried by floodplains. They proposed a variable-
inclined interface for which apparent shear force was calculated as zero. They even presented 
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 empirical  equations  for  predicting  proportion  of  discharge  carried  by  the  main  channel  and 
 floodplain. 


Sterling and Knight (2002)- used Shannon’s (1948) entropy concept to predict the shear stress 
 distribution  on  the  wetted  perimeter  of  a  transverse  section.  They  used  two  Langrangian 
 multiplier,  one  for  bed  and  other  for  the  walls,  for  maximizing  their  entropy  model.  It  was 
 based on the hypothesis that in an open channel there are two certain regions in a cross section 
 influencing the bed and wall respectively. Later in their study it was shown, the approach is 
 roughly agreeable for circular channels with flatbed but could be of use if average trend value 
 is of interest. They even stated the method predicts well for higher water depths than lower one 
 but again when secondary current comes into play there would be a shift of max velocity from 
 centerline which would lead to misleading prediction. 


Yang  and  McCorquodale  (2004)  -developed  a  method  for  computing  3D  Reynolds  shear 
 stresses and boundary shear stress distribution in smooth rectangular channels by applying an 
 order  of  magnitude  analysis  to  integrate  the  Reynolds  equations.  A  simplified  relationship 
 between  the  lateral  and  vertical  terms  was  hypothesized  for  which  the  Reynolds  equations 
 become solvable. This relationship was in the form of a power law with an exponent of n = 1, 
 2,  or  infinity.  The  semi-empirical  equations  for  the  boundary  shear  distribution  and  the 
 distribution of Reynolds shear stresses were compared with measured data in open channels. 


The power-law exponent of 2 gave the best overall results while infinity gave good results near 
 the boundary. 


Dey  and  Lambert  (2005)  -derived  a  theoretical  model  using  2D  Reynolds  equation  and 
 continuity  equation  to  compute  the  Reynolds  stress  and  bed  shear  stress  for  a  non-uniform 
 unsteady nature of flow in a channel. They used the logarithmic law of velocity distribution 
 and mixing length theory to derive the expressions for the mentioned purpose. 


Guo and Julien (2005) - used continuity and momentum equation for a steady uniform flow 
to derive shear stress equations for wall and bed. Their approach was presented in two different 
approximations, first neglecting secondary current with constant eddy viscosity and in second 
empirical correction factors were used to take into account the effects of secondary current and 
variable  eddy  viscosity. Conformal  Mapping  was  used  to  delineate  the  flow  area  into  sub 
section  based  on  hydraulic  separation  method  as  outlined  by  Leighly  (1932)  and  Einstein 
(1942).  These  subsections  were  used  to  determine  the  shear  stress  by  means  of  the  derived 
equations  for  a  rectangular  straight  channel.  The  second  approximation  gave  an  average 
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 relative error of 5.6 % having correlation coefficient of 0.994, while the first approximation 
 underestimates the side wall shear stress. 


Yu and Tan (2007) - used the shear stress equation proposed by Parker (1989). Assuming a 
 2D flow where the energy dissipates in the direction perpendicular the flow velocity isovels 
 they proposed a method to estimate boundary shear stress using flownet, for a straight open 
 channel either of circular, trapezoidal, rectangular or compound cross section. The model was 
 based on discretising a set of differential equation with stream and potential functions, using a 
 boundary  fitted  coordinate  system  over  the  wetted  cross  section.  The  flow  net  so  mapped 
 divides the flow area into various sub areas, each enclosed by two potential lines and a fraction 
 of the wetted perimeter to which the area dissipates its energy.  The effect of secondary flow 
 was not considered, hence the method over estimates the value at sharp corners or protrusion. 


Else it showed a fair result for rectangular except at the toes, an error of around 6% for circular, 
 for  trapezoidal  and  compound  the  method  estimates  better  than  the  Merged  Perpendicular 
 Method given by Khodashenas and Paquier (1999). 


Khatua (2008) - extended the work of Patra and Kar (2000) to meandering compound channels 
 and  presented  a  general  equations  representing  the total  shear  force  percentage  carried  by 
 floodplain. 


Sclafani  (2008)  -  carried  out Preston  tube  calibration  and  obtained  a  close  relationship 
 between differential pressure and bed shear stress. 


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


Pattnaik (2012) - investigated the effect of sinuosity and channel aspect ratio on the boundary 
 shear  in  a  meandering  channel  and  proposed  an  equation  to  estimate wall  shear  forces  for 
 simple meandering with higher aspect ratio. 


Samani,  Farshi  and  Chamani  (2013)  -based  on  Guo  and  Julien  (2005)  study,  provided 
somewhat similar expressions to determine the actual fraction of the field contribution to bed 
and  wall  shear  for  a  trapezoidal  channel.  The  work  was  based  on  conformal  mapping  and 
Schwarz-Christoffel transformation of the isovels and their orthogonals. 
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 3.3  
Critical Review 


The research papers by Leighly (1932), Guo and Julien (2005), Samani, Farshi and Chamani 
 (2013) concerns on isovels pattern of dividing the flow field of a straight channel to compute 
 boundary  shear  stress.  But  the  main  drawback  is  that,  firstly,  it  requires  an  extensive 
 experimental  study  and,  secondly,  it  is  particularly  difficult  to  employ  it  in  a  meandering 
 channel where the isovels are distributed in a quite eccentric manner. 


This  implies  us  to  go  for  the  surplus  energy  approach  which  could  be  relatively  simpler  to 
 employ. As Yang and Lim (1997, 1998) clearly explained the theory and its application, the 
 main  concern  would  be  to  extend  the  concept  to  meandering  channels.  In  their  method  the 
 distribution of boundary shear is uniform for the both walls which is unlikely to happen in a 
 meandering  channel  as  considerable  curvature  effects  the  flow.  And  even  from  any 
 experimental data sets on boundary shear of a meandering channel it can be proven the same. 


So to incorporate the varying distribution, the effect of centrifugal force acting in a curve should 
be considered. 
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 4.1  
Overview


This chapter contains the theory and assumptions behind the method developed to predict the 
 boundary shear stress on the inner wall, outer wall and bed of a cross-section of a meandering 
 channel at its bend apex. The flow of water in channels is generally governed by the Reynolds-
 Averaged Navier–Stokes (RANS) Equations (Schlichting 1979). RANS equation in a Cartesian 
 coordinate system is used in order of magnitude analysis to seek the relative dependency and 
 weightage of different parameter in the said problem. A meandering channel is characterised 
 by substantial curvature and the equation used should be of curvilinear coordinate system, but 
 for  attaining  relative  ease  in  modelling,  the  Cartesian  coordinate  system  is  adopted  with  an 
 assumption that, there won’t be any notable difference. A model will be established to compute 
 the shear stresses on the respective boundaries. As it is clear a model would be very difficult 
 to be established based on only theory. The proposed model is established based on the energy 
 balance of turbulent flow in a channel.. 


4.2  
Theoretical Consideration 


4.2.1  Reynolds-Averaged Navier-Stokes Equation 


The  Reynolds-Averaged  Navier-Stokes  equations  for  an  incompressible  fluid  flow  in  the  Cartesian 
 coordinate system can be expressed as- 
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 where u,vandware the time-averaged velocity components while p is the time-averaged pressure 
 intensity; and u,vand ware the fluctuations of u, v and w in x,y, and z direction respectively; and 
 similarly instantaneous pressure, p, too has a fluctuating component, p’. Here u, v and w represent the 
 instantaneous velocities at a point in the Cartesian coordinate system (x,y,z) which can be expressed as; 


u
 u


u  ,      vvv,      www      and        p  p p [4.4] 


 The time-averaged value of a hydrodynamic quantity, say u, is given by 
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where t0 is any arbitrary time and t is the time over which the averaging is performed which should 
 be sufficiently long so that the fluctuating component could be zero. 


The tensor form of the equation set [4.1] to [4.3] can be expressed as 
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where gx, gy, and gz are the body forces per unit mass in x, y ,z directions and ρ is the mass density of 
 fluid. u  represents the time averaged velocity and u’ is its fluctuation in i or j direction. Here i and j 
 denotes 1,2 or 3 which represent x, y,z direction respectively.   is the usual denotation for kinematic 
 viscosity. 


4.2.2  Order of Magnitude Analysis 


The_entire_set_of_Navier-Stokes_equations_is_so_complex_that_it_is_unlikely_and_unrevealing_ 


to_search_for_the_most_general_solutions.Approximations_valid_for_certain_specific_circumstance
 are_much_more_useful.To_make_systematic_approximations_it_is_necessary_to_have_a_procedure 
 that_helps_us_discern_precisely_what_is_small_and_what_is_not._A_standard_procedure_is_to_first
 find_the_scales_relevant_to_the_problem_at_hand._Normalization_by_these_scales_leads_to_ 


dimensionless_parameters_which_represent_the_relative_importance_of_various_parts_of_the_full_ 


equations._Depending_on_the_magnitudes_of_these_parameters,_suitable_approximations_can_be_ 


devised_which_can_lead_to_answers_that_capture_the_essence_of_the_problem. 
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  ‘Order of Magnitude Analysis’ or ‘Scaling Analysis’ is a powerful tool used in mathematical science 
 to extract useful and fundamental information from equations with many terms. In scaling analysis one 
 does not seek to find a solution to the mathematical model in the conventional sense, but rather to make 
 order of magnitude estimates for the likely outcome of computational solutions (Dowell and Jaworski, 
 2011). The purpose here is to provide a benchmark for the expected results of computational studies 
 and also to estimate the relative importance of various effects that could be included in the model. 


To  define  a  model  for  meandering  channel  for  calculating  the  boundary  shear  stress  the  analytical 
 approach  carried  out  by  Yang  and  Lim  (1997) for  steady  uniform  straight channel  based  on surplus 
 energy theory is initially taken into account; but the model is further rationally modified to include the 
 non-uniformity characteristics of flow due to existence of substantial curvature in the channel. Hence 
 here we aim to derive a steady non-uniform model that can predict the boundary shear stress on the 
 inner, bed and outer wall of a cross-section. 


Starting with the tensor form of Reynolds-Averaged Navier-Stokes (RANS) equation, 
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Multiplying uito the eq. [3.6], we get 
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where the last two terms can be written as: 
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Now substituting eq. [4.8] and [4.9] in eq [4.7], the equation becomes; 
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In a Cartesian coordinate system, shear stress is expressed as 
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So, the eq. [4.10], turns to 
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In the above eq. [4.12], the left side represents the change in kinetic energy per unit mass and is equal 
 to the algebraic sum of the quantities at its right side where the first term represents the work done by 
 the body force, the second term is the work done by pressure force, third is the rate of energy transferred 
 and the last one is the rate of energy dissipated. The left term can be expressed as: 
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The change in the depth averaged velocity is zero in the same direction of averaging. Therefore, 
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As the flow is non-uniform the rate of energy transfer in x direction won’t be zero. As we are concerned 
about quantifying the shear stress energy, following the hypothetical assumption that, the shear stress 
at the wetted boundary is the surplus energy available at its wetted cross section. And this surplus energy 
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 gets  transferred  to  the  boundary  by  a  certain  path.  Hence  expanding  only  the  third  term,  which  is 
 concerned with the energy transfer in a flow, we get: 
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Now to find the direction to which energy is transferred, ‘Order of Magnitude Analysis’ as followed 
 by Yang and Lim [1997] will be carried out.  


Let Lx, Ly, Lz denotes w.r.t x, y and z direction respectively. Assuming the shear stressxy,yy,xzand  


zzare of same order they are represented as  for analysis, that means  the ratio between any two 
 would be one or less than one. This assumption is proved correct at the later of this section. So a term 
 is represented as-
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where “O” represent “of the order of”. Then eq. [4.16] would be 


;


;


;


;


;
 2 ;


2
 2


3


x
 x


zx
 x
 x


yx
 x
 x
 j xx


i
 ij
 i
 j


t L


u
 w
 L
 w
 L


u
 v
 L
 v
 L
 u
 L
 u u


u u


E x    


 





 





 





 





 





 


       ; ; ; ; ; ;


2
 3


2


y
 y
 y
 y
 y


y L


v
 w
 L
 w
 L
 v
 L
 v
 L


v
 u
 L


u  


       


z
 z
 z
 z
 z


z L


w
 L
 w
 L


w
 v
 L
 v
 L


w
 u
 L


u 2 2 3


;


;


;


;


;  


 [4.17] 


Hence the simplified form of eq. [4.17] is 
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