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ABSTRACT 
Alluvial streams with braided patterns are frequently encountered in nature. Braided streams are 

characterized by a random pattern of multi-thread channel networks owing to the appearance of braid 

bars within the overall waterway of the river. The presence of braid bars increases the total flow 

resistance and the energy losses along the boundary, thereby promoting the development of networks 

of hydraulically inefficient channels. The mid channel deposition is considered as one of the main 

reasons of initiation of braiding. Extensive laboratory investigations and stringent analysis have been 

carried out to study the turbulence flow hydraulics in the vicinity of mid-channel bar.  

Researchers such as Nakagawa and Nezu (1978), Wu and Jiang (2007) observed that the bursting 

events are more closely associated to the sediment entrainment rather than the total shear stress. Thus 

for thoroughly understanding the flow behaviour, the conditional technique is used for decomposing 

the Reynolds stress into the bursting events. Researchers Jennifer et al. (2011), Nezu et al. (1994) 

observed that only the extreme turbulent events contribute to the turbulent burst. They used the 

concept of Hole size for segregating the extreme quadrant events from the low intensity quadrant 

events. The effect of Hole size on the bursting events are studied in details. The velocity fluctuations 

are modelled using the Gram-Charlier method.  The joint probability distribution of quadrant events 

is analysed. It will help in analysing the structure of turbulent burst generated due to the fluid bar 

interaction. The Hole size effect on joint probability distribution of velocity fluctuations is also 

studied. The extreme events are observed at sections near the upstream end of mid-channel bar. 

These extreme turbulent bursts are generated by the fluid bar interaction. The sweep events are found 

to be dominant near the boundary and ejection events are observed to be dominant away upward 

from the boundary. From the results, it was found that the dominance of sweep events decreases as 

the hyperbolic Hole size increases.  The results bring out that the higher stresses are produced mainly 

due to ejection events. 

The transverse component of turbulent kinetic energy is found significant in the vicinity of mid-

channel bar. Thus, the three-dimensional bursting analysis is carried out for analysing the turbulent 

flow structure. The ‘3-Dimensional Burst Index’ (3DBI) and ‘Transition Ratio’ (TR) parameters are 

proposed in this work for linking the bursting events with the local stream bed elevation change 

observed in the vicinity of mid-channel bar. The 3-Dimensional Burst Index and Transition Ratio 

exhibit linear relationship with the scouring/deposition phenomena observed in the vicinity of mid-



ii 
 

channel bar with their Coefficient of Determination and Pearson R value are found to be above 0.9. 

The high value of correlation coefficients indicate that these parameters are closely related with the 

local stream bed elevation change observed in the vicinity of mid-channel bar.  

For studying the interaction of sweep and ejection events, a new parameter ‘3-Dimensional 

Dominance Function’ (3DDF) is proposed in this study.  This parameter helps in analysing the kolks-

boils phenomenon observed in the vicinity of mid-channel bar.  

Researchers have utilized the concept of Hole size for two-dimensional bursting events. The 

concepts of Hole size for octant events is yet to be developed till now as could be seen from literature. 

At region where the flow is three dimensional, the Hole size concept for octant events is necessary 

for segregating the extreme octant events from the low intensity octant events. Thus, for defining 

the Hole size concept for octant events, the new parameter ‘3-Dimensional Hole Size’ (3DHS) is 

proposed in this study. The variations of octant events with the 3DHS are analysed. The results 

indicate that the presence of mid-channel bar leads to the creation of high turbulent burst. The one 

more notable conclusion drawn from this analysis is that the dominant events becomes more 

dominant with increase in the 3DHS value. 

Three dimensional transitional movements are modelled using the first order Markov chain. The 

linkage of these transitional movements with the scouring/deposition occurred in the vicinity of mid-

channel bar are analysed. The relationship is proposed between the stable transitional movements 

using the Nonlinear Fit Toolbox of MATLAB Software. The high value of correlation for these 

expressions indicates that they are correctly predicting the relationship between the stable 

movements. 

The spatial contours of turbulent parameters are studied for bar and no bar conditions. High level 

turbulent intensities are observed at region near upstream end of mid-channel bar and level of 

turbulent intensities decreases with increase in distance from the upstream end of mid-channel bar.  

The high level of turbulent intensities at region near upstream end of mid-channel bar is responsible 

for occurrence of scouring at that region.  

As could be seen from literature, hardly any work had been done on this type of experimental setup. 

Thus, for validating the experimental results, the laboratory model is developed in the Fluent 

Software. The Ansys Mesher is used for meshing the simulated model.  The Reynolds stress model 

is used for modelling purpose. The three-dimensional implicit steady pressure-based solver is 
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utilized for the computation. Discretization of pressure is done using the Presto method. The 

momentum and Reynolds stress are discretized using the second order upwind scheme. 

The depth-wise profile of velocity and turbulent parameters are investigated at locations upstream 

and downstream of mid-channel bar. The effect of submergence ratio on the flow structure is 

analysed by closely observing the depth-wise distribution profile of velocity and turbulent 

parameters. The results indicate that the increase in the height of mid-channel bar causes greater 

reduction in longitudinal velocity. The vertical velocity is negative at sections upstream of the mid-

channel bar. The negative vertical velocity indicates the downflow at these sections. The magnitude 

of transverse velocity is significant at sections downstream of mid-channel bar. This highlights that 

the flow structure is three dimensional at downstream region of the mid-channel bar. The increase 

in height of mid-channel bar causes increase in the magnitude of longitudinal turbulent intensity. 

Results confirm that the experimental results are correctly validated by the Reynolds stress model 

simulation of Fluent Software. The deviation of velocity profile from logarithmic law is more 

discernible for sections located in close vicinity of the mid-channel bar.   

The longitudinal turbulent intensity at sections downstream of mid-channel bar is much more 

pronounced as compared to the upstream sections. This is mainly due to the interaction of surface 

wave with the downstream flow. The increase in vertical and transverse component of turbulent 

intensity is observed for higher submergence ratio.  

Third order moments of velocity fluctuations transmit the stochastic information of the turbulent 

fluctuation in terms of flux and advection of turbulent stresses. The behaviour of these third order 

moments of velocity fluctuations at locations upstream and downstream of mid-channel bar are 

analysed. The presence of mid-channel bar causes increase of skewness in the longitudinal velocity 

distribution. The value of 𝑆𝑆𝑢𝑢 is greater for higher submergence ratio. This indicates that the high 

submergence ratio creates greater skewness of longitudinal velocity. The magnitude of 𝑆𝑆𝑤𝑤 is more 

at sections in the close vicinity of mid-channel bar. This highlights that the presence of mid-channel 

bar causes greater skewness in the vertical velocity distribution.  

Presence of mid-channel bar causes redistribution of 𝐹𝐹𝐹𝐹𝐹𝐹 and 𝐹𝐹𝐹𝐹𝐹𝐹 coefficients. The magnitude of 

𝐹𝐹𝐹𝐹𝐹𝐹 and 𝐹𝐹𝐹𝐹𝐹𝐹 are greater for higher submergence ratio. This indicates that the greater energy transfer 

takes place for higher submergence ratio.  
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New parameters are developed in this study for an insight into turbulent flow structure in the vicinity 

of mid- channel bar. The concept of Hole size is proposed for the octant events in this study. The 

newly introduced Three-Dimensional Hole Size in this research helps in minutely studying the 

turbulent flow structure. Not many prominent studies have been done on the flow structure in the 

vicinity of mid-channel bar. Due to the lack of experimental data on this topic, the Reynolds stress 

modelling is done for validating the experimental results.  The effect of submergence ratio on the 

turbulent flow structure in the vicinity of mid-channel bar are analysed. Effect of fluid-bar interaction 

on the third order moments of velocity fluctuations is investigated. The present study contributes 

towards better comprehension of the intricate linkage of turbulent burst events with the local stream 

bed elevation changes that are observed in the vicinity of mid-channel bar of braided river. 
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CHAPTER-1 INTRODUCTION 
  

1.1 Background 
Braiding phenomenon is an occurrence usually observed in alluvial rivers. In Indian sub-continent 

the river Brahmaputra is known for its braiding characteristics. Bar patterns affect the sedimentary 

characteristics of anabranching and braided rivers (Ferguson 1993; Kleinhans 2010; Kleinhans and 

van den Berg 2011; Richardson and Thorne 2001).  In the past, a lot of work had been done on 

braided rivers and their channel pattern forms by several researchers such as (Ahrens 2006; 

Ashworth et al. 1992; Ashworth et al. 2011; Lane 1957; Parker 1976) etc. and yet, when compared 

to the wealth of literature upon meandering systems, the braided rivers have been comparatively 

understudied. 

Qualitative and geomorphic models have cited mid-channel bar initiation and growth due to stalling 

of bed load around the channel centreline as a primary process in braiding (Ashmore 1982; Ashworth 

et al. 1992; Leopold and Wolman 1957; Schumm and Khan 1972; Schumm and Lichty 1963). Mid-

channel bar formation, termed ‘central bar deposition’ by Ferguson (1993) is still recognised as 

major cause of channel division in many braided rivers. In spite of the significance of mid-channel 

bar, only few studies have been done on assessing the flow behaviour in the vicinity mid-channel 

bar. 

Understanding the complex fluvial interaction between the fluid and mid-channel bar has continued 

to pose a challenging task for hydraulic engineers to deal with and for modellers to simulate. 

Braiding process generally starts with the formation of small mid-channel bar (Ashmore 1982; 

Ashworth et al. 1992; Ferguson 1993; Flügel 1995, Rice et. al. 2009, Bridge 1993, Bathurst 1985). 

Initiation of mid-channel bar formation is of serious concern for people living in the flood plain, as 

it diverts the flow toward outer region which leads to the erosion of bank. Low flow and high 

sediment discharge lead to the shedding of sediment. The deposition in the mid-channel acts as 

hindrance to flow, which leads to further deposition. With time, the deposition becomes pronounced 

and it takes the form of islands (Federici and Paola 2003; Leopold and Wolman 1957; Richardson 

and Thorne 1998; Schumm and Khan 1972).  
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A turbulent phenomenon in braided rivers is much more complex than that in straight and 

meandering rivers. Turbulent flow characteristics around the braid bar are not well known till now 

 (Lu and Willmarth 1973; Parker 1976; Surian 2015). Turbulent flow characteristics around the mid-

channel bar are studied in the past. However, the association of deposition and sediment entrainment 

around the mid-channel bar with the turbulent bursts still remains least understood. The concept of 

Hole-size (H) is used by researchers mainly for two-dimensional turbulent bursting in order to 

exclude the extreme bursting events from the low intensity events (Jennifer et al. 2011; Naot et al. 

1993). Keshavarzi et al. (2014), Keshavarzi and Gheisi (2006) developed a method of three-

dimensional octant analysis to account for the effect of secondary flow. The third-order velocity 

fluctuations are sensitive to the occurrence of burst–sweep cycles and turbulent flux contributions 

(Balachandar and Bhuiyan 2007; Barman et al. 2017; Nagano and Tagawa 1988) and it is directly 

related to coherent structures through turbulence characteristics (Bhosekar et al. 2007; Bhosekar et 

al. 2011; Gad-el-Hak and Bandyopadhyay 1994). 

 

1.2 Earlier Research 
Although recent work has begun to provide quantitative information on bedform and sediment 

transport dynamics in large sand-bed rivers (Julien & Klaassen 1995; Kostaschuk & Ilersich, 

1995; Kostaschuk & Villard 1996; Amsler & Garcia 1997),  the flow structure associated with 

developing mid-channel sand bars (Richardson and Thorne 1998, Richardson and Thorne 2001), and 

changes in channel morphology  (Klaassen 1999; Mosselman 2009), there is still lack of knowledge 

concerning the nature of bar evolution and aggradation, and the contribution of bed forms to the 

overall alluvial architecture. The laboratory study of mid-channel bar is vital for understanding the 

flow structure observed in the vicinity of mid-channel bar (Ashworth et al. 1992).  Detailed literature 

review on the present research is thoroughly discussed in Chapter 2.  

 

1.3 Research Gap 
The experimental study on analyzing the turbulent flow structure is necessary for understanding the 

flow behavior in the vicinity of mid-channel bar.  Only few researches have been done on the flow 

behavior changes observed due to mid-channel bar formation. No literature is available which relates 

the bursting events to the local stream bed elevation change observed in the proximity of mid-

channel bar. In-depth study of turbulent flow structure is necessary to minutely examine the bursts 

generated due to the fluid bar interaction. Recently researchers have observed that the shear stress 

http://onlinelibrary.wiley.com/doi/10.1046/j.1365-3091.2000.00305.x/full#b44
http://onlinelibrary.wiley.com/doi/10.1046/j.1365-3091.2000.00305.x/full#b49
http://onlinelibrary.wiley.com/doi/10.1046/j.1365-3091.2000.00305.x/full#b49
http://onlinelibrary.wiley.com/doi/10.1046/j.1365-3091.2000.00305.x/full#b50
http://onlinelibrary.wiley.com/doi/10.1046/j.1365-3091.2000.00305.x/full#b1
http://onlinelibrary.wiley.com/doi/10.1046/j.1365-3091.2000.00305.x/full#b48
http://onlinelibrary.wiley.com/doi/10.1046/j.1365-3091.2000.00305.x/full#b56
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does not directly relate to sediment motion but turbulent bursts (ejection, sweep) are indeed 

responsible for sediment entrainment. Thus, the decomposition of shear stress into the bursting 

events is imperative for analysing the flow behavior. Researchers such as Jennifer et al. (2011),  Naot 

et al. (1993) observed that only the high magnitude bursting events contribute to the turbulent burst. 

Therefore, the Hole-size analysis is required for segregating the extreme bursting events from the 

low intensity events. Concept of three dimensional burst analysis is relatively new for open channel 

flow. The Two-Dimensional analysis of the bursting process cannot completely define the turbulent 

structure of flow (Keshavarzi et al. 2005; Keshavarzy 1997). Therefore, the Three-Dimensional 

analysis is essential to provide more resolution to the turbulent burst study. Effect of fluid- bar 

interaction on the third-order velocity fluctuations is not available in literature. A reliable pattern of 

sediment transport in the vicinity of mid-channel bar robustly relies on resolving the flow structure 

at different spatial locations. In due course, research is desirable to quantify the turbulent flow field 

at close proximity of mid-channel bar. 
 

 1.4 Objectives of the Study 
1. To study the effect of Hole size concept on the turbulent burst generated due to the 

fluid bar interaction. 

2. To study the spatial distribution of Reynolds stress and other turbulent parameters in 

the vicinity of mid-channel bar. 

3. To develop parameters which relate the bursting events with the local stream bed 

elevation change observed in the vicinity of mid-channel bar. 

4. To analyse the interaction of sweep/ejection events and their association with the 

scouring occurred in proximity of mid-channel bar. 

5. To study the three-dimensional burst analysis and model the transition movements 

using the first order Markov chain.  

6. To investigate the concept of Hole size for three-dimensional bursting events. 

7. To develop the relationships between the stable transitional movements.  

8. To validate the experimental results using the Reynolds stress model. 

9. To analyse the depth-wise distribution of velocity components and turbulent 

parameters in close proximity of mid-channel bar and to study the effect of 

submergence ratio on the flow behaviour in the vicinity of mid-channel bar 
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10. To study the effect of fluid- bar interaction on third-order moment of velocity 

fluctuations. 

 

1.5 Research Contribution 
The present study addresses the variation of turbulent flow structure that occurs due to the fluid 

bar interaction. Although the static mid-channel bar is not precisely an actual representation of 

the natural prototype bar, the study for fixed bar will undeniably improve the understanding of 

turbulent structure in the vicinity of mid-channel bar. It will give an insight to the comprehension 

of the phenomena which are vital for understanding the intrinsic fluvial processes of fluid bar 

interaction. The deviations of mean velocity and turbulence due to the presence of mid-channel 

bar need a special attention. The present research is basically a small but important step for 

enhancement in discerning the turbulent flow structure in the vicinity of mid-channel bar. The 

main motive of this study is to analyse the changes that occur in turbulent flow due to the fluid 

bar interaction and to better understand the mechanics of flow which are responsible for sediment 

entrainment and deposition in the vicinity of mid-channel bar. It is desirable to study the 

mechanics of turbulence from the data collected using ADV at different locations. The Reynolds 

stress model is used for validating the experimental results. The ‘3-Dimensional Burst Index’ 

and ‘Transition Ratio’ parameters are proposed in this study. These parameters have intimate 

linkages with the local stream bed elevation changes observed in the vicinity of mid-channel bar. 

For analysing the sweep and ejection events interaction, another new parameter ‘3-Dimensional 

Dominant Function’ is developed in this study. Furthermore, the concept of Hole size for three-

dimensional bursting events is proposed in this study. Results indicate that the stable movements 

are associated with the local stream bed changes observed in the vicinity of mid-channel bar. 

The summation of transitional probability is equal to one, so change in probability of one stable 

movements leads to the change in the other transitional movements. Thus, the association of 

stable movements are analysed by developing the relationships using the Nonlinear Fit Toolbox 

of MATLAB Software.  The effect of submergence ratio on the turbulent flow behaviour is also 

analysed in this study. The Reynolds stress modelling is done for validating the experimental 

data. 
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 1.6 Limitation of Research work 
The changes induced in the turbulent flow due to the fluid bar interaction are analysed in the present 

study. The experiments were carried out for only one bed material. This study can be extended in 

future for different sizes of bed material. 

 

1.7 Organisation of the Thesis 
The study carried out is organised in the following way: 

Chapter-1 Portrayal of preparatory views of the topic studied, fundamental objectives and the   setup 

of the thesis. 

Chapter-2 Presents a comprehensive review of literature to provide the knowledge of researches 

done on the mid-channel bar. 

Chapter-3 This Chapter presents the detailed experimental setup, which has been used for the study.  

Chapter-4 This chapter deals with the two-dimensional bursting analysis. 

Chapter-5 This Chapter provides the detail of spatial distribution of turbulent parameters in the 

vicinity of mid-channel bar. 

Chapter-6 Presents the results of three-dimensional bursting events analysis 

Chapter-7 This Chapter provides the detail of Reynolds stress model inbuilt in Fluent Software used 

for validating the experimental results. 

Chapter-8 Presents analysis of the velocity and turbulent parameters distribution in the vicinity of 

mid-channel bar. 

Chapter-9 This chapter presents the depth-wise distribution of third order moment of velocity 

fluctuations.  

Chapter-10 Presentation of summary and conclusions of research work. It also provides the 

information about scope for future work. 

Bibliography 
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Furthermore, at the end of the thesis two annexes are placed for ready reference. 

Annex-1 MATLAB codes for establishing relationships between the stable transitional movements. 

Annex-II List of Publications (Published/Communicated). 
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CHAPTER-2 REVIEW OF LITERATURE 
 

2.1 General  
Braiding phenomenon is observed in alluvial rivers with large fluvial energy. In Indian subcontinent 

the river Brahmaputra is well kno,,wn for its intense braiding characteristics. In the past, a lot of 

work has been done on braided rivers and their channel pattern forms by many researchers (Callander 

1969; Leopold and Wolman 1957; Mosley 1976; Parker 1976; Sharma 2004; Singh et al. 2010; 

Thorne et al. 1993) etc. and yet, when compared to the wealth of literature upon meandering systems, 

the braided rivers have been comparatively understudied.  

Only few laboratory and field researches have been done on the flow behaviour in braided streams 

and as a consequence their association with the braided morphology is not adequately understood. 

Unlike meandering channel, in which important flow processes can be observed over a range of flow 

stages, in braided stream most of the morphology changes have been occurring at high level of 

discharges when data collection is extremely difficult (Church and Ferguson 2015; Richardson and 

Thorne 1998; Rust 1977; Smith 1970).  Study of secondary flow in braided channel is mainly 

restricted to the channel confluences, whereas the effect of secondary flow on bifurcating flow 

around the braid bar has been mostly neglected (Richardson and Thorne 2001; Sankhua et al. 2005). 

Braided reaches have complex structure which consists of distributaries and bars in the high energy 

environment (Bristow and Best 1993; Cant and Walker 1978; Howard et al. 1970).  Multi threads 

braided streams cause high energy dissipation due to the enhancement of total resistance (Richardson 

and Thorne 2001; Schumm and Lichty 1963).  

Braiding of the river is characterized by the division of channel flow around the alluvial island. The 

growth of the islands starts as the coarser portion of sediment load start depositing. The bar grows 

downstream and in height due to the continuous deposition of sediment on its surface, deviating the 

water into the flanking channels, which are to carry the flow, deepens and cut laterally into the 

original banks. Intensifying of flanking channels lower the water depth and the bar emerges as an 

island which becomes stabilized by vegetation (Leopold and Wolman 1957).  

The braided streams are hydraulically less efficient and the formation of braid bars plays the 

significant role in adjustment of the energy loss due to friction (Thorne and Tovey 1981). Sharma 

(2004) had developed Plan Form Index (PFI) and Flow geometry index (FGI) for classifying the 
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degree of braiding. These indices are more logical as compared to the previous proposed indices due 

to the incorporation of river hydraulic variables.  

Plan Form Index represents the percentage of actual flow width per braided channel.  

PFI is computed using the Equation 2.1. 

PFI=
𝑇𝑇
𝐵𝐵×100

𝑁𝑁
                                                                                                                                 (2.1) 

With reference to Figure 2.1, T is top width of flow =T1+T2, B is Overall width of flow and N is 

number of braided channels. This index indicates the fluvial landform with respect to a given water 

level. Lower value of PFI indicate the high degree of braiding.  
 

Flow geometry Index (FGI) is given by Equation 2.2. 

 

FGI = ∑𝑑𝑑𝑖𝑖∗𝑥𝑥𝑖𝑖
𝑅𝑅∗𝑇𝑇

× 𝑁𝑁                                                                                                                      (2.2) 

With reference to Figure 2.2, 𝑑𝑑𝑖𝑖 and 𝑥𝑥𝑖𝑖  represent the depth and width of submerged channel, 𝑅𝑅 

represent the hydraulic mean depth of stream, T represents the top width of flow and N is number 

of braid channel. 

The flow geometry index indicates the underwater sub-channel disposition and the hydraulic 

efficiency of a braided stream. Its higher value signifies the occurrence of higher degree of braiding.  
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Figure 2.1 A typical flow cross section 

 

 

Figure 2.2 Flow geometry 
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Present knowledge of braiding process and mainly mid-channel bar formation is obtained from only 

few researches works (Akhtar et al. 2011; Bluck 1979; Ore 1964).  The mechanism of mid-channel 

bar formation is not properly understood (Ferguson 1993; Mosselman 2009; Sapozhnikov and 

Foufoula‐Georgiou 1996; Smith 1970). Mid-channel bar formation is considered as the prominent 

feature of complex morphology of braided streams. Several researchers have tried to characterize 

the braided bar pattern by using the criteria such as elongation, symmetry and absence or presence 

of avalanche face (Chahar 2007; Church and Jones 1982). However, there is not much agreement on 

these classifications and unambiguous classification is almost impossible (Ashmore 1982; Ashworth 

et al. 1992; Ashworth 1996). The morphological processes in braided streams are vital for 

understanding the river engineering and prevent disasters from flood, bank erosion and 

environmental purposes to maintain river ecosystem. The morphological changes of braided streams 

are closely related to the bank erosion and deformation due to the mutual interlinking between the 

sediment transport and water flow. In braided stream, the channel development process is initiated 

with the bar emergence under certain flow condition due to the widening of initially straight channel 

(Ashworth et al. 2000; Best 1986; Best et al. 2007; Jang and Shimizu 2007; Sarma and Phukan 

2006).  

 

2.2 Study of Mid-Channel Bar Formation 
Mid-channel bar formation is primarily responsible for the initiation of braiding process (Ashmore 

and Parker 1983; Ashmore 1982; Ashworth et al. 1992; Ferguson 1993; Kang et al. 2010). Thus, the 

literature regarding the morphological structure of mid-channel bar formation is analysed in this 

section.  

Although their appearance is quite similar to that of alternating bars, their occurrence is mainly 

depending on the local flow conditions which cause deposition and scouring in a non-periodic 

manner. This is in opposite to the scours that are responsible for the alternate bars which are mostly 

periodic in nature (Baki and Gan 2012; Coleman 1969). Bristow (1993), Cant and Walker (1978), 

Hein and Walker (1977), Sarma (2005) observed that the change in local flow condition may 

generate mid-channel bar in streams. Bar formation is initiated whenever there is decrease in 

sediment transport capacity.  

There is no universal mechanism for bar development.  Rather bar development can be initiated 

either by central deposition or by erosional dissection of topographic highs (Goff and Ashmore 1994; 

Lunt et al. 2004; Szupiany et al. 2009).  
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The division of velocity field into the multiple threads and the development of mid-channel bar is 

crucial for understanding the braiding process (Ashmore 1991; Ashworth 1996; Ashworth et al. 

2011; Leopold and Wolman 1957). However, lack of data at the point of braid bar initiation and lack 

of knowledge concerning the fluvial and sediment processes responsible for braiding have limited 

the degree to which braiding in alluvial channels can be understood and explained (Ashmore 1991; 

Bristow et al. 1993; Luchi et al. 2010; Rosgen 1985).  It is significant that the process of deposition 

of bed load at the centre of the channel as pointed out by Ashworth et al. (2011) and Ferguson (1993) 

is not adequately understood and remains a relevant topic for study. 

The factors responsible for mid-channel bar development are not yet completely known. Leopold 

and Wolman (1957) reported that the mid-channel deposition diverts the flow towards the banks 

which leads to the erosion and positive feedback then accentuates bar development and widening. 

Some researchers have been done in assessing the flow structure in the vicinity of mid-channel bar 

(Detert et al. 2007; Mahanta 2010; Nelson et al. 1995), which are considered as the precursors to 

braiding. However, these research works do not analyse the turbulent flow dynamics and may be not 

apt for the low sinuosity channels that are characteristics of braided channels (Bridge et al. 1986; 

Klaassen 1999; Lewin 1976). 

Ashmore (1982), Ashworth et al. (1992) carried out measurements in flumes and in streams. They 

had proposed the process-based explanations of mid-channel bar initiation and its growth on the 

basis of flow behaviour and sediment deposition downstream of the channel confluence. Ashmore 

and Parker (1983), Ashmore (1988) observed that the initial deposition is caused by the ‘slight 

change in competence near the centre of the channel’ which is plausible if the flow is shallow and 

close to critical. Ferguson (1993) had observed that the high turbulence zone lies in the central region 

of the channel at location just downstream of confluence, but progressively moves away from the 

bed and dissipate within a few channel widths downstream. The turbulent kinetic energy 

redistribution causes decrease in the vertical energy gradient and thus create a zone of high sediment 

deposition and subsequent bar growth. 

Ashworth (1996) had developed a physical model on mid-channel bar growth on the basis of 

(Ashmore 1991; Ashworth 1996; Leopold and Wolman 1957) works. Figures 2.3 (a-d) are showing 

the stages of mid-channel bar development at location just downstream of a recently formed 

confluence.   

For unconfined braid plains, channel avulsions are commonly observed and new distributary is often 

created (Figure 2.3a).  For the case of recently formed Y’ shaped confluence having almost equal 
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sediment and water discharge, the deposition occurred at location downstream of the confluence 

(Figure 2.3b).  The distance between the channel confluence and sediment accumulation zone is 

primarily depends on the total discharge, sediment supply, turbulence discharge ratio (Mosley 1976; 

Yalin 1992).  The bar growth continues by deposition of all sizes of bed load in the low velocity 

region that is created behind the coarse bar head. With passage of time, the bar becomes quite bigger 

and it deflects the flow towards the banks (Figure 2.3c), causing reduction in reach average shear 

stress. 

The change in flow behaviour from convergence to divergence leads to shifting of high velocity zone 

from the centre of channel to the distributaries. The decrease in shear stress caused by the widening 

of channel promotes further growth of bar (Figure 2.3d). The emergent mid-channel bar may 

stabilize by the vegetation (Leopold and Wolman 1957).  

 

 



13 
 

 

Figure 2.3. (a)-(d) Model of mid-channel bar growth downstream of a confluence proposed by 
Ashworth (1996). Arrows refer to surface flow direction 

 

The interaction between the fluid and mid-channel bar is a challenging task for hydraulic engineers 

to deal with and for modellers to simulate (Best 1986; Bhosekar et al. 2011; Izadinia et al. 2013; 

Bridge et al. 1986; Bridge 1993; Rice et al. 2009). It has greater effects on people living on flood 

plains. Field data collection for large braided river over long period of time is very tedious and 

financially challenging task (Crosato et al. 2011; Dobler and Ahrens 2008; Gaur et al. 2011; Van der 

Wegen and Roelvink 2008). In recent years, many researchers had used physically based models for 

modelling the fluvial processes. However, limited works have been done on modelling the process 

of bar evolution (Ashmore 1991; Eaton et al. 2010; Ferguson and Werritty 1983; Lunt and Bridge 

2004). 
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2.3 Study of Turbulent Burst 
Several channel patterns such as straight, braided, meandering river exist in the natural conditions. 

Few research works have been done for analysing the turbulent flow behaviour in the vicinity of 

mid-channel bar. However, these works are not enough to adequately understand the flow structure 

around the mid-channel bar (Goel 2008; Mahanta 2010; Murray and Paola 1994; Richardson and 

Thorne 2001; Roy et al. 2004). The turbulence phenomenon in the braided river is much more 

complicated as compared to the meandering rivers. Turbulent characteristics of flow in the vicinity 

of mid-channel bar is not studied much till now (Ferguson 1993; Girija et al. 2007; Joglekar and 

Gedam 2012; Parker 1976). The literature regarding the characteristics of turbulent burst is discussed 

in this section. 

Braiding network comprises of number of channels which divide and re-join thus forming the 

complex network around the mid-channel bar. Schumm and Lichty (1963) defined the braided river 

as a single channel which at low flow season has islands formed by sediment and stabilized by 

vegetation. Braided river is currently important topic of study, and several scientists are doing 

research on the complexity of braided river and flow characteristics around mid-channel bar. 

Turbulent flow characteristics around mid-channel bar are studied in the past; however, the 

association of deposition and sediment entrainment around mid-channel bar with the turbulent bursts 

phenomenon still remains not adequately investigated. 

The concept of turbulent burst and its impact on near-bed stress generation was first introduced by 

(Kim 1985; Kline et al. 1967) as a quasi-periodic process which leads to transfer of momentum in 

the boundary layer.  Researchers (Khan et al. 2016; Nakagawa and Nezu 1978; Nakagawa et al. 

1975; Nelson et al. 1995; Williams et al. 1989) had studied the 2-D bursting events and observed 

that the sweep event is primarily responsible for sediment entrainment. Mazumder and Ojha (2007) 

and Wu and Jiang (2007) found that the shear stress does not directly relate to sediment motion but 

turbulent bursts (ejection, sweep) are responsible for sediment entrainment. 

Nakagawa and Nezu (1978,1981) had performed experiments in a fully developed turbulent open 

channel flow. They studied the space time correlation structure of the bursting events using the 

conditional sampling technique. They observed that temporal and spatial scale of sweep events 

extend more toward downstream than upstream. Bogard and Tiederman (1986) provided seven new 

methods for detecting bursting events in open channel flow. They had applied the quadrant technique 
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to single point velocity measurements. They observed that the quadrant technique is able to detect 

burst. They also found that other algorithms are significantly less accurate for detecting coherent 

structure in turbulent flow. The effectiveness of those algorithms depends on the so-called threshold 

levels and the optimum threshold for the quadrant technique was found to be about 1. Sumer and 

Deigaard (1981) found that the ejection bursting events are primarily responsible for saltation motion 

of sediment particles in the inner region of flow. In the past few years the research on coherent 

structure of turbulent flow have significantly increased and have been executed in both natural 

channels (Goel 2008; Nikora and Goring 2000; Roy and Bergeron 1990), as well as in laboratory 

flumes (Detert et al. 2007). The proper knowledge of sediment transport process is required for 

solving various problems such as reservoir sedimentation, soil erosion in catchment, river 

morphological computation etc. In the alluvial rivers, the sediment transport is accompanied with 

the formation of various bed forms, thus the turbulent characteristics of such flows are quite different 

from the flow passing through the plane bed.  

The velocity fluctuations are defined as variation of temporal velocities.  Algebraically these 

fluctuations in longitudinal, transverse and vertical directions are defined as 𝑢𝑢, = 𝑢𝑢 − 𝑢𝑢�, 𝑣𝑣 , = 𝑣𝑣 − 𝑣̅𝑣 

, 𝑤𝑤 , = 𝑤𝑤 − 𝑤𝑤�  respectively.  Here, 𝑢𝑢 , 𝑣𝑣 and 𝑤𝑤 are the instantaneous sample velocities in the 

longitudinal, transverse and vertical directions respectively. 𝑢𝑢� , 𝑣̅𝑣 and 𝑤𝑤�  are the temporal mean 

velocities in the longitudinal, transverse and vertical directions respectively. The temporal mean 

velocities are defined (Equations 2.3 to 2.5). 
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here n is the total number of velocity samples. 𝑢𝑢𝑖𝑖, 𝑣𝑣𝑖𝑖 and 𝑤𝑤𝑖𝑖 are the magnitude of velocity in 

longitudinal, transverse and vertical directions respectively for ith velocity sample.  

The conventional quadrant method involves studying the relationship between temporal fluctuations 

of velocity components, 𝑢𝑢′ and 𝑤𝑤′, particularly their distribution between four quadrants numbered 

as shown in Figure 2.4. 𝑢𝑢′ and 𝑤𝑤′ are the velocity fluctuations in longitudinal and vertical direction 

respectively.  
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Based on quadrant analysis turbulent phenomenon is characterized into the four quadrants depending 

on the sign of fluctuating velocity 𝑢𝑢′ and 𝑤𝑤′ (Kline et al. 1967). Figure 2.5 shows the sample velocity 

fluctuations of longitudinal and vertical velocity with respect to the mean value. The Q1, Q2, Q3 

and Q4 in Figure 2.5 represent the quadrants 1, 2 ,3 and 4 respectively. 

 

 
 

Figure 2.4 showing the four classes of bursting events and the associated quadrant 
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Figure 2.5 Example of the fluctuating components of velocity 

 

Quadrant analysis of bursting events indicates that the sweep events are linked with the high speed 

fluid moving away from the main flow into the boundary layer (Offen and Kline 1975). Ejection 

events represent the low speed fluid moving into the main flow away from the boundary layer. The 

sweep events create many small scale eddies in the boundary layer (Cellino and Lemmin 2004; 

Cuthbertson and Ervine 2007; Czernuszenko and Rowiński 2008; Dey et al. 1995). Outward 

interaction events create high velocity pulses moving toward the main flow from the boundary layer 

and in the flow direction. While, inward interactions events create low velocity pulses moving away 

from the outer flow region into the boundary layer and opposite to the direction of flow (Katul et al. 

1997; Li et al. 1992; Shvidchenko and Pender 2001; Wohl 2000). 

Conditional quadrant technique is applied to decompose the instantaneous Reynolds stress, i.e., the 

product of 𝑢𝑢′𝑤𝑤'. For a better detection, a threshold level ‘Hole’ H is introduced and u′-w′ plane is 

divided into five regions. The additional region is called a ‘Hole’, and is bounded by the curves |u' 
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w'| = H𝑢𝑢′�𝑤𝑤′��� in the plane u′-w′, where 𝑢𝑢′�  and 𝑤𝑤′���are the mean- values of the longitudinal and vertical 

components of turbulent velocities. Jennifer et al. (2011), Nezu et al. (1994) observed that only 

extreme events contribute to the turbulent burst. Therefore, the concept of Hole size (H) is used in 

order to exclude the extreme bursting events from the low intensity events.  

In fluid dynamics, the turbulent kinetic energy (TKE) is the mean kinetic energy per unit mass 

associated with eddies in turbulent flow. Physically, the TKE is characterized by measured root-

mean-square (RMS) value of velocity fluctuations (Afzal et al. 2009; Kozioł 2015; Lien and D'Asaro 

2006). The study of TKE is necessary for thoroughly understanding the turbulent structure of flow 

(Afzal et al. 2009; Bergé et al. 1984; Box and Cox 1964).  

The temporal structure of bursting process consists of the movements from one condition to another 

with time increment.  The bursting events are quasi-periodic in nature which occurs randomly in 

space and time.  The position of turbulent events at any instant of time is crucial for sediment 

entrainment and deposition. Blanckaert and De Vriend (2005), Drake et al. (1988), Hussain (1983) 

observed that the coherent structure is an aggregation of turbulent eddies which has a rotary motion 

and bursting processes are evolved from the coherent flow structure during their birth, growth and 

successive breakdown. 

Keshavarzi and Gheisi (2007) found that the flow near the bridge is three dimensional, thus 2D 

bursting analysis is not apt for analysing the turbulent flow structure.  They utilized the 3-D bursting 

process for analysing the turbulent flow structure in the vicinity of bridge pier. In the 3-D bursting 

analysis, the effect of transverse velocity fluctuations on the sediment entrainment is also included. 

In three-dimensional bursting analyses, the bursting events are classified into eight events depending 

on the sign of longitudinal, vertical and transverse velocity fluctuations (Figure 2.6). The three-

dimensional bursting events are also termed as octant events due to the presence of eight different 

events.  
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Figure 2.6 Showing the eight classes of bursting events and the associated octant for the three-
dimensional bursting analyses 

 

In order to study the stochastic nature of the bursting events, Keshavarzi and Shirvani (2002); 

Keshavarzi et al. (2005) had utilized the Markov chain process for modelling the transitional 

movements. Keshavarzi et al. (2014), Keshavarzi and Gheisi (2006) studied the probability of 

bursting events movements from one condition to another condition. Neary and Odgaard (1993) 

studied the flow structure at open channel diversion. They observed that the diversion flow is 

distinctly three-dimensional and have a strong analogy with the bend flow. They also observed that 

the similarity between diversion flows and bend flows may justify the application of relatively 

simple bend-flow models to predict the three-dimensional flow features at open-channel diversions. 

The “kolks” and “boils” phenomenon was first proposed by Matthes (1947). The “kolks” and “boils” 

are the upward leaning vortices originated from downstream of dune crest. The kolks-boils 

phenomenon creates negative pressure gradient which leads to the suspension of bed particle.   

The higher moments measure the skewness of fluctuating velocity with respect to the mean 

components of velocity. The negative or positive values of higher moment coefficients represent the 

skewness in terms of left and right tail respectively (Nagano and Tagawa 1988).  
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The higher order moments are related to the turbulent flux contributions and burst-sweep cycles and 

hence, it is closely related to the turbulent burst (Gad-el-Hak and Bandyopadhyay 1994). Third order 

moment transmits the stochastic information of the fluctuating velocity in the form of advection and 

flux of the turbulent stresses.  

2.4 Concluding Remarks 
Researchers such as Leopold and Wolman (1957), Schumm and Lichty (1963) had analysed the 

patterns of braided rivers. Brice (1960), Howard et al. (1970), Rust (1977), Sharma (2004) had 

developed indices for classifying the degree of braiding.  Most of the researchers have studied the 

braiding on a macro level with regard to its fluvial landform configuration. The micro level study on 

the underlying internal mechanism of turbulence generated due to the fluid bar interaction is hardly 

done till now.  

Researchers have done few quantitative studies on the mid-channel bar development process and its 

association with the flow velocity and shear stress approach.  Most of the literature available on the 

mid-channel bar are based on the shear stress. Researchers such as Mianaei and Keshavarzi (2008), 

Wu and Jiang (2007) observed that the shear stress does not directly relate to sediment motion but 

the bursting events stresses are responsible for sediment entrainment. Thus, the bursting events 

analysis is necessary for minutely analyzing the turbulence structure generated due to the fluid bar 

interaction.  Modelling the fluid bar interaction will be extremely useful, as it holds the clue on the 

factors causing the mid-channel bar growth in a braided river. 

 Ashmore and Parker (1983), Ashworth (1996), Ferguson and Werritty (1983) observed that the mid-

channel deposition is primarily responsible for initiation of braiding process. Inspite of the 

importance of mid-channel deposition, only few investigations have been done on the flow 

behaviour in the vicinity of mid-channel bar.  Ashworth (1996) had carried out experiments on the 

mid-channel bar development in a flume model. He had presented only the direction and magnitude 

of surface velocity.  Detailed analysis of velocity and turbulence parameters in the vicinity of mid-

channel bar are required for understanding the mechanism of mid-channel bar growth. 

In most of the studies, the transverse component of flow velocity is not considered, although recent 

researches indicate that the significant secondary flow present at bar sites causes changes in the near 

bed flow structure. Thus, the three-dimensional bursting analysis is essential for thoroughly 

understanding the pertinent turbulent flow structure. Notably, Ashworth (1996) observed that the 

mid-channel bar formation is mainly responsible for initiation of braiding process. The study of flow 

characteristics in the vicinity of mid-channel bar is vital for unravelling the braiding process. Thus, 
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it is imperative to undertake research into the turbulent flow hydraulics in the vicinity of mid-channel 

bar which has hardly been investigated with proper insight. 
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CHAPTER-3 EXPERIMENTAL PROGRAM 
 

3.1 General 
Our ability to distinguish natural processes depends on the experimental methods and observations 

as well as on fundamental principle of diverse fields. Hydraulic processes are arbitrary and thus the 

improbability because of variability and may be aptly quantified by means of the experimental and 

empirical approach.  

 River morphological processes are among the most complex and least understood phenomena in 

nature. Due to the fact that they intimately affect our living conditions, scientists and engineers have 

been looking for better tools to improve our understanding and enhance the quality of our lives ever 

since the beginning of human civilization (Wang et al. 2012). Understanding flows through open 

channel is of crucial importance for addressing hydraulic engineering problems. A prerequisite for 

arriving at such optimal solutions is to comprehend the underlying complex physics of open channel 

flow.  

Traditional approaches for studying the natural river flows and morpho-dynamic study are based on 

field measurements and laboratory experiments. Owing to site and event specific concerns, field 

studies of natural open channel flows are very expensive, tedious and time consuming. Laboratory 

methods are generally based on three steps, namely: experimental design, data collection, 

rectification and data analysis.  

3.2 Specifications of experimental components 
3.2.1 Bed Material 
Bed material of channel is classified on the basis of grain size distribution. From the grain size 

distribution curve, representative bed size (d50) was calculated. Sand of d50 =0.25 mm was used as 

the bed material in the present study.  

3.2.2 Velocity Measuring Instrument 
3.2.2.1 Acoustic Doppler velocimetry 
The Acoustic Doppler Velocimetry (ADV) is used to measure the three dimensional velocity 

components of flow. Measurements are performed by measuring the velocity of particles in a remote 

sampling volume based upon the Doppler shift effect. The technique employed in ADV is superior 
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to the other conventional methods, since the actual sampling volume is located at a lower depth (0.05 

m below the probe in the present case) than the probe and hence is less disturbed. ADV has been 

recommended as a capable instrument for characterizing near bed flow, particularly in the first 10 

mm above the bed (Finelli et al. 1999). The image of ADV is shown in Figure 3.1. 

 

Figure 3.1 Showing the image of ADV 

In most of these cases, Acoustic Doppler Velocimetry is the technique of choice, because it is 

relatively low in cost, can record at a relatively high frequency up to 100 Hz. The velocity 

measurements are taken at a frequency of 25 Hz in our experiment; this value is taken on the basis 

of fact, that the high frequency of measurement may induce spike in velocity measurement (Franca 

and Lemmin 2006; Voulgaris and Trowbridge 1998). The sample volume is a cylinder of diameter 

4.0 mm and height of 5.6 mm.  A recent near-bed turbulence measurement by Radice et al. (2009) 

showed that a typical size of sweep events contributing to bed load motion has a representative length 

of 0.8cm given the duration of 0.05s and celerity of 16cm/s. This length is the same order of 

magnitude as that of a typical ADV sampling volume.  The measurements of ADV are affected by 

the noise contributions. Considering the importance of noise, several methodologies have been 

proposed to detect and remove noise from velocity signals (Nikora and Goring 2000). Phase space 

threshold method is the most widely accepted technique due to its non-parametric characteristics 

(Cea et al. 2007; Mori et al. 2007). Therefore, this method is used for removing the signal noise 

using the WinADV software. Velocity measurements are taken for 4 min duration at each point to 

ensure that observations become stationary (Kumar et al. 2012).  
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3.2.2.2 Point Gauge 
The measurements of bed levels are done by using the manually adjusted hook and a reading is taken 

from the vertical movement using a scale. The complete setup of hook and scale is known as Point 

Gauge. A Vernier Scale on point gauge have a least count of 0.1 mm. The bed levels at measuring 

points are taken before starting and after completion of the experiments. The differences between 

the initial bed level and the final bed level after the completion of experiments are calculated, 

wherein negative values of difference represent the scouring and positive values represent the 

deposition at those points.  
 

3.2.3 Flume 
Flume is essential part of open channel flow experiments. The experiments are conducted in a flume 

2.6 m wide, 1 m deep and 10 m long. The sides of the flume are made up of perspex glass. Discharges 

of the flume have been measured with the calibrated ‘V’ notch in the River Engineering Laboratory. 

Accuracy of discharge from ‘V’ Notch depends on the water head from the crest level. Measurement 

of water head has been carried out using the point gauge (equipped with Vernier scale). 

3.3 Details of Experimental Work 
The experiments are carried out at River Engineering Laboratory, Department of Water Resources 

Development and Management, Indian Institute of Technology Roorkee, India. Depth of flow is 

maintained using the tailgate. The experiments are performed in clear water condition. The bed slope 

is kept constant at 0.005 for all experimental runs. The mid-channel bar of elliptical shape is 

constructed in the mid portion of channel (Figure 3.2). Experiments are performed for two different 

phases. In first phase, the flow structure at the side of mid-channel bar are studied in detail. In second 

phase, the flow behavior at the location upstream and downstream of mid-channel bar are 

investigated.  
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Figure 3.2 Shows the image of mid-channel bar model constructed in River Engineering Lab 
IIT Roorkee 

 
 

3.3.1 First phase of Experiments 
First phase experiments are carried out at the flow rate of 0.12 𝑚𝑚3/sec. The details of experiments 

are given in Table 3.1.  The plan and dimensions of mid-channel bar model are shown in Figure 3.3.   

The velocities are measured at 24 different points for no bar and bar conditions. The effect of fluid 

bar interaction is more at location in the close vicinity of mid-channel bar. The points at which effect 

of fluid bar interaction is prominent are named from a to l (Figure 3.3). The present study is mainly 

focused on these named points.  

For each point, the velocity is measured at 16 different vertical distances from the bed. The detail of 

relative depths at which velocity are measured for each points are shown in Table 3.2.  Relative 

depth is the ratio of vertical distance from bed (z) to the depth of flow (h). In this phase of study, the 

bursting events are analysed. The effect of bursting events is more predominant in the near bed 
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region (Kline  et al. 1967). Thus, the velocity measurements are done in the near bed region (z/h≤ 

0.1).  For both experimental runs, the average bed shear stress is kept less than the critical shear 

stress 𝜏𝜏𝑐𝑐 for sediment movement. As mentioned, the bed shear stress is less than the critical shear 

stress. Therefore, the scouring occurs only due to the interaction of fluid and mid- channel bar.  

Table 3.3 shows the experimental results of scouring and deposition patterns at 12 main points. The 

results of first phase of experiments are discussed in Chapters 4 ,5 and 6. In Table 3.1,  𝑙𝑙 and 𝑏𝑏 

represent the length of major axis and minor axis of elliptical mid-channel bar respectively and ℎ𝑏𝑏 

represent the height of mid-channel bar. 

 

 
 

Figure 3.3 Showing the sketch of the mid-channel bar model and measuring points for first phase 
of experiments (All dimensions in Meters) 
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Table 3.1 Showing the details for first phase of experiments 

Experiment 

code 

Discharge m3/sec Bar Size (𝑙𝑙 × 𝑏𝑏 ×

ℎ𝑏𝑏) cm 

Condition Velocity 

(m/sec) 

Depth (cm) 

No Bar 

condition 

0.12 No bar No bar 0.22 26 

Bar 

condition 

0.12 90 by 60 by 8 Presence of bar 0.25 26 

 

 

Table 3.2 Shows the relative depths at which velocity are measured for each point 
(First phase of experiments) 

Relative Depth (z/h) 
0.05 

0.053 
0.055 
0.057 
0.059 
0.061 
0.063 
0.067 
0.071 
0.075 
0.08 

0.084 
0.088 
0.092 
0.096 

0.1 
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Table 3.3 Showing the scouring and deposition patterns at different positions in the 
vicinity of mid-channel bar (First phase of Experiment) 

Points Scouring/deposition in 

cm (bar condition) 

a -4.32 
b -5.12 
c -3.45 
d -4.28 
e -0.72 
f -1.21 
g 0.22 
h 0.41 
i 0.43 
j 0.81 
k 0.92 
l 1.10 

 

 

3.3.2 Second Phase of Experiments 
In this experimental phase, the effects of submergence ratio on the flow characteristics in the vicinity 

of mid-channel bar are analysed. Submergence ratio is the ratio of height of mid-channel bar to the 

depth of flow. Second phase experiments are carried out at the flow rate of 0.15 𝑚𝑚3/sec. Table 3.4 

shows the details of experiments performed in this phase. Dots shown in Figure 3.4, indicate the 

measurement points. The depth of flow is maintained at 30 cm for all experimental runs using the 

tail gate. 

The velocity is measured at 20 points, 10 of which are upstream and 10 points are present 

downstream of mid-channel bar (Figure 3.4). For each points, the velocity is measured at 16 different 

vertical distances from the bed. The detail of relative depths at which velocity are measured for each 

points are shown in Table 3.5. In this phase, the velocity is measured at locations just upstream and 

downstream of the mid-channel bar.  For all experimental runs, the average bed shear stress is less 

than the critical shear stress 𝜏𝜏𝑐𝑐 for sediment movement. The results of second phase of experiments 

are discussed in Chapters 8 and 9. 
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Figure 3.4 Shows the sketch of the mid-channel bar model and measuring points for second 
phase of experiments (All dimensions in Meters) 
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Table 3.4 Shows the details for second phase of experiments 

Experimental Code Bar Size (𝑙𝑙 × 𝑏𝑏 × ℎ𝑏𝑏) Discharge m3/sec Submergence Ratio 

(ℎ𝑏𝑏/ℎ) 

 

1R 90 by 60 by 6 cm 0.15 0.2 

 

2R 90 by 60 by 9 cm 0.15 0.3 

 

3R 90 by 60 by 12 cm 0.15 0.4 

 

4R 90 by 60 by 14.5 cm 0.15 0.48 

 

5R 90 by 60 by 16 cm 0.15 0.53 

 

6R 90 by 60 by 18 cm 0.15 0.6 

 

7R 90 by 60 by 21 cm 0.15 0.7 

 

8R 90 by 60 by 23 cm 0.15 0.77 

 

9R 90 by 60 by 25 cm 0.15 0.83 
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Table 3.5 shows the relative depths at which velocity are measured for each points 
(Second phase of experiments) 

Relative Depth (z/h) 
0.03 
0.07 
0.12 
0.17 
0.22 
0.26 
0.31 
0.36 
0.43 
0.48 
0.50 
0.54 
0.57 
0.62 
0.69 
0.70 
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CHAPTER-4 TWO-DIMENSIONAL BURSTING PROCESS 
 

4.1 General 
The bursting process was first introduced by Kline et al. (1967) for describing transfer of momentum 

between the turbulent and laminar region near the boundary. The rate of sediment entrainment 

depends on the intensity of quadrant events (Kline et al. 1967). Turbulent bursts have greater 

influence on the sediment entrainment mechanism (Naot et al. 1993, Cuthbertson and Ervine 2007). 

Turbulent burst induces a rapid pressure fluctuation on the bed. As soon as the instantaneous pressure 

becomes lower than the local pressure, sediment particle will be entrained from the bed (Williams 

et al. 1989). 

The two-dimensional bursting process involves studying the relationship between temporal 

fluctuations of velocity components u′ and w′, particularly their distribution in the four quadrants 

(Kline et al. 1967). Here, u′ and w′ are the velocity fluctuations in longitudinal and vertical direction 

respectively.  

The velocity fluctuations are characterized into four quadrants depending on the sign of fluctuating 

velocity u′ and w' (Figure 2.4). 

First quadrant- Outward interaction in which u'>0, w'>0   

Second quadrant- Ejection in which u'<0, w'>0   

Third quadrant- Inward interaction in which u'<0, w'<0   

Fourth quadrant- Sweep in which u'>0, w'<0   

Out of these four quadrants events, sweep and ejection events are relatively more important and they 

are related to the sediment entrainment in river (Nakagawa and Nezu 1981). The approaches given 

by previous investigators Cellino and Lemmin (2004) indicated that flow structures exhibiting 

ejection and sweep features are the two main events composing the burst cycle and they may extend 

over the whole depth of flow. In this chapter, the turbulent flow structures in the vicinity of mid-

channel bar are analysed using the Two-Dimensional bursting process. The bursting events are 

depth-averaged for near bed region (z/h≤0.1).  
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4.2 Decomposition of Reynolds stress using the conditional sampling technique 
Near bed turbulence occurs due to presence of vortices that are organized in time and space called 

coherent structures, and they are the major resistance of motion and process (Mazumder and Ojha, 

2008). The production of turbulence depends on the bursting events which are demonstrated by the 

conditional sampling technique (Wallace et al. 1972, Lu and Willmarth 1973). Researchers Wu and 

Jiang (2007) concluded that the shear stress does not directly relate to sediment motion but turbulent 

bursts (e.g. sweep, ejection) are responsible for entrainment of sediment particle from the bed. The 

above discussion indicates that the bursting events play an important role in defining the turbulent 

structure of flow. Thus, the Conditional Quadrant technique is applied for decomposing the 

instantaneous Reynolds stress, i.e., the product of 𝑢𝑢′𝑤𝑤' into the quadrant bursting events (Wallace et 

al. 1972, Lu and Willmarth 1973). 

Nakagawa and Nezu (1981) observed that only the extreme bursting events contributes to the 

occurrence of significant bursting phenomenon causing sediment entrainment. Thus, the concept of 

Hole size (H) is used in order to exclude the extreme bursting events from the low intensity events. 

After the application of Hole concept, the u′-w′ plane is divided into five regions (Figure 4.1). The 

Hole region is bounded by the curves |u' w'| = H𝑢𝑢′�𝑤𝑤′��� in the plane u′-w′. Here, 𝑢𝑢′�  and 𝑤𝑤′��� are the mean 

values of turbulence velocity fluctuations in the longitudinal and vertical direction respectively. Hole 

size (H) is the threshold parameter in the Reynolds stress signal; and this parameter is used to extract 

the Reynolds stress value which is greater than the H times of its average value. 
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Figure 4.1 Definition sketch of the 𝑢𝑢’𝑤𝑤’ plane representing Hole 

 

Contributions to the Reynolds stress from each quadrant for Zero-Hole size are calculated using 

Equation 4.1.  

𝑅𝑅𝑅𝑅𝑖𝑖 = − 𝜌𝜌
𝑁𝑁𝑡𝑡
∑ �𝑢𝑢′𝑤𝑤′

𝑗𝑗(𝑡𝑡)�
𝑖𝑖

𝑁𝑁𝑡𝑡
𝑗𝑗=1              (4.1) 
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Here �𝑢𝑢′𝑤𝑤′
𝑗𝑗(𝑡𝑡)�

𝑖𝑖
 represents product of fluctuating instantaneous velocity in longitudinal and vertical 

direction belonging to 𝑖𝑖𝑡𝑡ℎ quadrant., 𝑅𝑅𝑅𝑅𝑖𝑖 is fractional contribution to Reynolds stress from 𝑖𝑖𝑡𝑡ℎ  

coordinate; 𝑁𝑁𝑡𝑡 is the total number of products 𝑢𝑢′(t) 𝑤𝑤′(t) and 𝜌𝜌 is density of water. 

For Hole Size H, fractional Reynolds stress contribution for each quadrant is given by Equation 4.2. 

𝑅𝑅𝑅𝑅𝑖𝑖,𝐻𝐻 = − 𝜌𝜌
𝑁𝑁𝑡𝑡
∑ 𝑋𝑋𝑄𝑄�𝑢𝑢′𝑤𝑤′

𝑗𝑗(𝑡𝑡)�
𝑖𝑖

𝑁𝑁𝑡𝑡
𝑗𝑗=1                         (4.2) 

The indicator function 𝑋𝑋𝑄𝑄, for performing conditional averaging procedure, is defined in Equation 

4.3. 

𝑋𝑋𝑄𝑄 = �
1𝑓𝑓𝑓𝑓𝑓𝑓 �𝑢𝑢′𝑤𝑤𝑗𝑗

′�
𝑖𝑖
≥𝐻𝐻�𝑢𝑢,2�����𝑤𝑤,2�����

0𝑓𝑓𝑓𝑓𝑓𝑓 �𝑢𝑢′𝑤𝑤𝑗𝑗
′�
𝑖𝑖
<𝐻𝐻�𝑢𝑢,2�����𝑤𝑤,2������              (4.3) 

𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = ∑ 𝑅𝑅𝑅𝑅𝑖𝑖5
𝑖𝑖=1                    (4.4)  

In Equation 4.4,  𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡is the total stress for the whole observation time related to the chosen pairs 

of turbulence velocities, �𝑢𝑢′𝑤𝑤𝑗𝑗′�𝑖𝑖 represents the products of 𝑗𝑗𝑡𝑡ℎ fluctuating components of 

longitudinal and vertical velocities which belongs to quadrant i and j =1,2……. N.   

4.3 Variation of Bursting Events with the Hole-size  
The contribution to the Reynolds stress from each quadrant events are computed using the Equation 

4.2. Small value of Hole-size leads to the selection of both low and high intensity events and large 

value of Hole size segregate the high intensity events from the low intensity events. The effect of 

Hole size on the quadrant bursting events are studied in this section. Twelve different Hole sizes are 

arbitrarily selected for analysing the quadrant events variation with the Hole size. The Hole size 

values lie from 0 to 7.  The variations of quadrant events with the Hole size are computed for all 24 

measuring points. As it is not possible to display all the graph. so, only the four points ‘b’, ‘d’, ‘f’ 

and ‘l’ are selected for displaying the graph (Figures 4.2 and 4.3). 

Figure 4.2 shows the variation of depth-averaged quadrant stresses with the Hole size for bar 

condition. For ‘b’, ‘d’ and ‘f’ points, the quadrant stresses greatly increase with increase in the Hole 

size. For ‘l’ point, the depth-averaged quadrant stresses do not show great variation with the Hole 

size. This indicates that the extreme events are present at ‘b’, ‘d’ and ‘f’ points (Figure 4.2). These 
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extreme turbulent bursts are generated by the fluid bar interaction. The effect of this interaction is 

not visible for ‘l’ point.  

 

 
Figure 4.2(a) Showing the variation of depth-averaged quadrant stresses with the Hole size for Point 

b (bar condition) 
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Figure 4.2(b) Showing the variation of depth-averaged quadrant stresses with the Hole size for Point 

d (bar condition) 
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Figure 4.2(c) Showing the variation of depth-averaged quadrant stresses with the Hole size for Point 

f (bar condition) 
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Figure 4.2(d) Showing the variation of depth-averaged quadrant stresses with the Hole size for Point 

l (bar condition) 

 

 

Figure 4.3 shows the variation of depth-averaged quadrant stresses with the Hole size for no bar 

condition. For no bar condition, the increase in depth-averaged quadrant stresses with the Hole size 

are much lesser as compared to the bar condition. This indicates that the extreme quadrant events 

are present only for bar condition and effect of fluid bar interaction is dominant at location near 

upstream end of mid-channel bar. 
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Figure 4.3(a) Showing the variation of depth-averaged quadrant stresses with the Hole size for Point 

b (no bar condition) 
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Figure 4.3(b) Showing the variation of depth-averaged quadrant stresses with the Hole size for Point 

d (no bar condition) 
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Figure 4.3(c) Showing the variation of depth-averaged quadrant stresses with the Hole size for Point 

f (no bar condition) 

 

 

 

 

Figure 4.2(d) Showing the variation of depth-averaged quadrant stresses with the Hole size for Point 

l (no bar condition) 

 

4.4 Sweep/Ejection Interaction 
The Reynolds stress contribution of quadrant i for H Hole size is represented by 〈𝑢𝑢′𝑤𝑤′〉𝑖𝑖,𝐻𝐻. Sweep 

and Ejection events are the main contributors to the turbulent burst (Nakagawa and Nezu 1981). 

These two events are important for analysing the structure of turbulent burst. For studying the 

interaction between the sweep and ejection events, we have used the Dominance Function (DF) 

=〈𝑢𝑢′𝑤𝑤′〉2,𝐻𝐻
〈𝑢𝑢′𝑤𝑤′〉4,,𝐻𝐻

 . It is the ratio of ejection events to the sweep events for Hole size H. It indicates the 

relative dominance of ejection /sweep events. 

Figure 4.4 is showing the location of measurement points. Upstream end of mid-channel bar is set 

as origin for measuring points.  The longitudinal and transverse distances in Figure 4.4 are 
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normalized by the length of mid-channel bar (L). The depth-wise contours of DF are plotted for bar 

condition along the dotted line shown in Figure 4.4. 

Depth-wise contours of DF are plotted for three different Hole sizes of 0, 2 and 4 for bar condition 

(Figure 4.5).  Arbitrary values of Hole sizes are taken in order to study the effect of Hole size on the 

coherent structure of flow. These Hole sizes are selected on the basis of pertinent study of Ojha and 

Mazumder (2010). The longitudinal distance x and vertical distance z in Figure 4.5 are normalized 

by the length of mid-channel bar (L) and depth of flow (h) respectively.  

White region in Figure 4.5, indicate the ejection dominance and black region indicate the sweep 

dominance. The sweep events are dominant near the boundary and ejection events are dominant 

events away from the boundary (Figure 4.5). From the Figure 4.5, it was found that the dominance 

of sweep events decreases as the Hole size increases.  This shows that the higher stresses are 

produced mainly due to ejection events. At the interface of sweep and ejection events dominance, 

the interaction of these events occurs. The interaction is responsible for the kolk-boil phenomenon 

(Nezu and Nakagawa 1989).  The “kolks” and “boils” are the upward tilting vortices generated by 

the fluid bar interaction. Near the bed, the area of interaction between the sweep and ejection events 

is shown by the circle. By referring the Table 3.3 and Figure 4.5, it was observed that the scouring 

is observed at the area of interaction. Although the scouring is observed at the area of interaction, 

but the region of highest scouring is located upstream of the area of interaction (Table 3.3 and Figure 

4.5). This indicates that the Dominance function is not completely related to the region of high 

scouring. Therefore, in Chapter 6 the new parameter “3-Dimensional Dominance Function” is 

proposed for relating the high scouring region with the bursting events. 
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Figure 4.4 Showing the locations of velocity measuring points 
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Figure 4.5 (a) Shows the contour of parameter Dominance Function which indicates the relative 
dominance of sweep / ejection events for 0 Hole size. 

 

 

Figure 4.5 (b) Shows the contour of parameter Dominance Function which indicates the relative 
dominance of sweep / ejection events for 2 Hole size. 
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Figure 4.5 (c) Shows the contour of parameter Dominance Function which indicates the relative 
dominance of sweep / ejection events for 4 Hole size. 

 

4.5 Joint probability distribution of bursting events 
Our attention is in particular turned on the evolution of the horizontal bursting sequences, which 

would be responsible for the alternate bar initiation. The knowledge of the Joint Probability 

Distribution (JPD) of bursting events helps in better understanding the turbulence bursting 

phenomenon (Nelson 1995, Afzal et al 2009). In this section, the JPD of bursting events for points 

in the vicinity of mid-channel bar are analysed.  

In order to plot the joint probability distribution of bursting events, the cumulant discard method is 

utilized (Nakagawa et al. 1975). The joint probability function of 𝑢𝑢’ and 𝑤𝑤’ fluctuations is given by 

Equation 4.5. 

𝑃𝑃(𝑢𝑢’, 𝑤𝑤’)= 1
2𝜋𝜋 ∫ ∫ exp[−𝑖𝑖(𝑢𝑢’𝑥𝑥 + 𝑤𝑤’𝑦𝑦)]+∞

−∞
+∞
−∞ 𝜒𝜒(𝑥𝑥,𝑦𝑦)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑                                                          (4.5) 

Here, 𝜒𝜒(𝑥𝑥,𝑦𝑦)  is the characteristics function of joint probability distribution  𝑃𝑃(𝑢𝑢’, 𝑤𝑤’). 
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𝜒𝜒(𝑥𝑥,𝑦𝑦) is defined by Equation 4.6. 

𝜒𝜒(𝑥𝑥,𝑦𝑦) = ∫ ∫ exp[𝑖𝑖(𝑢𝑢’𝑥𝑥 + 𝑤𝑤’𝑦𝑦)]𝑃𝑃(𝑢𝑢’,𝑤𝑤’)+∞
−∞

+∞
−∞ 𝑑𝑑𝑢𝑢’𝑑𝑑𝑑𝑑’                                                            (4.6) 

 By expanding the integration, the Equation 4.5 can be rewritten as  

𝑃𝑃(𝑢𝑢’, 𝑤𝑤’)= 𝜙𝜙(𝑢𝑢’, 𝑤𝑤’) �1 + ∑ 𝑞𝑞𝑠𝑠𝑠𝑠
𝑠𝑠!𝑡𝑡!

𝐻𝐻𝑠𝑠𝑠𝑠(𝑢𝑢’,𝑤𝑤’)4
𝑠𝑠+𝑡𝑡=3 �                                                                        (4.7)                                                                  

Here,  𝜙𝜙(𝑢𝑢’, 𝑤𝑤’) is the Gaussian distribution function for  𝑢𝑢’and 𝑤𝑤’ variables. 𝐻𝐻𝑠𝑠𝑠𝑠 is the Hermite 

polynomial of order (s+t).  In Equation 4.7, the term between the square bracket is an orthogonal 

polynomial expansion of 𝑃𝑃(𝑢𝑢’, 𝑤𝑤’)/ 𝜙𝜙(𝑢𝑢’, 𝑤𝑤’) ratio. 

Equation 4.7 represents the Gram-Charlier bivariate joint probability density distribution for 𝑢𝑢’ and 

𝑤𝑤’  variables (De Feriet 1966). The JPD graphs are plotted for different points in the vicinity of 

mid-channel bar. 

Figure 4.6 shows the JPD graphs plotted for ‘b’, ‘d’, ‘h’ and ‘l’ points at relative depth of 0.05 (zero 

Hole-size, bar condition). At points ‘b’ and ‘d’, the graph of JPD is ellipsoidal in shape and eccentric 

toward the II and IV quadrants. This indicates that the sweep and ejection events are dominant at 

these points.  At point ‘h’, the zone of high probability lies in the third quadrant. For l point, the high 

probability zone lies in the first quadrant. The probability distribution graph is eccentric towards the 

odd quadrants for points ‘h’ and ‘l’. The high probability of sweep and ejection events observed at 

points located near upstream end of mid-channel bar due to the turbulent burst generated by the fluid 

bar interaction (Figure 4.6).   
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Figure 4.6 (a) shows the joint probability distribution of bursting events for Point ‘b’ at the 
relative depth of 0.05 (Hole-size 0, bar condition) 
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Figure 4.6 (b) shows the joint probability distribution of bursting events for Point ‘d’ at the 
relative depth of 0.05 (Hole-size 0, bar condition) 

 

Figure 4.6 (c) shows the joint probability distribution of bursting events for Point ‘h’ at the 
relative depth of 0.05 (Hole-size 0, bar condition) 
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Figure 4.6 (d) shows the joint probability distribution of bursting events for Point ‘l’ at the 
relative depth of 0.05 (Hole-size 0, bar condition) 

 

Figure 4.7 shows the JPD graphs plotted for points ‘b’, ‘d’, ‘h’ and ‘l’ at relative depth of 0.05 (1.5 

Hole-size, bar condition). At points ‘b’, the high probability zone shifted from quadrant 4 to quadrant 

2, as the Hole size increases from 0 to 1.5 (Figures 4.6 and 4.7). This indicates that the higher stresses 

are produced mainly by the ejection events. For point ‘h’, the area of joint probability graph that 

comes under the odd quadrants increases, as the Hole size increases from 0 to 1.5 (Figures 4.6 and 

4.7). The high probability zone becomes more eccentric toward the dominant quadrants as the Hole 

size increases from 0 to 1.5. 
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Figure 4.7 (a) shows the joint probability distribution of bursting events for Point ‘b’ at the 
relative depth of 0.05 (Hole size 1.5, bar condition) 

 

-10 -8 -6 -4 -2 0 2 4 6 8 10
-6

-4

-2

0

2

4

6

u'

w
'

0.000
0.003
0.006
0.009
0.013
0.016
0.019
0.022
0.025
0.028
0.032
0.035
0.038
0.041
0.044
0.047
0.050

p(u'w')

-10 -8 -6 -4 -2 0 2 4 6 8 10
-6

-4

-2

0

2

4

6

u'

w
'

0.000
0.004
0.008
0.013
0.017
0.021
0.025
0.030
0.034
0.038
0.042
0.046
0.051
0.055
0.059
0.063
0.068

p(u'w')

(a) 

(b) 



53 
 

Figure 4.7 (b) shows the joint probability distribution of bursting events for Point ‘d’ at the 
relative depth of 0.05 (Hole size 1.5, bar condition) 

 

 

Figure 4.7 (c) shows the joint probability distribution of bursting events for Point ‘h’ at the 
relative depth of 0.05 (Hole size 1.5, bar condition) 
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Figure 4.7 (d) shows the joint probability distribution of bursting events for Point ‘l’ at the 
relative depth of 0.05 (Hole size 1.5, bar condition) 

 

Figure 4.8 shows the JPD graphs plotted for ‘b’, ‘d’, ‘h’ and ‘l’ points at relative depth of 0.1 (0 

Hole-size, bar condition). Figure 4.8 also shows that the area of probability graph that comes under 

the II quadrant is highest.  This indicates that the ejection event is dominant at greater distance from 

the bed.  
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Figure 4.8 (a) shows the joint probability distribution of bursting events for Point ‘b’ at the relative 

depth of 0.1 (Hole size 0, bar condition) 
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Figure 4.8 (b) shows the joint probability distribution of bursting events for Point ‘d’ at the relative 

depth of 0.1 (Hole size 0, bar condition) 

 

 

Figure 4.8 (c) shows the joint probability distribution of bursting events for Point ‘h’ at the relative 

depth of 0.1 (Hole size 0, bar condition) 

 

-16 -12 -8 -4 0 4 8 12 16

-8

-6

-4

-2

0

2

4

6

8

u'

w
'

0.000
0.001
0.002
0.003
0.005
0.006
0.007
0.008
0.009
0.010
0.011
0.013
0.014
0.015
0.016
0.017
0.018

p(u'w')

(c) 



57 
 

 

Figure 4.8 (d) shows the joint probability distribution of bursting events for Point ‘l’ at the relative 

depth of 0.1 (Hole size 0, bar condition) 

 

Figure 4.9 shows the JPD graphs plotted for ‘b’, ‘d’, ‘h’ and ‘l’ points at relative depth of 0.05 (0 

Hole-size, no bar condition). Figure 4.9 shows that the probability density graphs are evenly 

distributed among the four quadrants. The levels of turbulence fluctuations are very low as compared 

to bar condition.   
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Figure 4.9 (a) shows the joint probability distribution of bursting events for Point ‘b’ at the 
relative depth of 0.05 (Hole size 0, no bar condition) 
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Figure 4.9 (b) shows the joint probability distribution of bursting events for Point ‘d’ at the 
relative depth of 0.05 (Hole size 0, no bar condition) 

 

 

Figure 4.9 (c) shows the joint probability distribution of bursting events for Point ‘h’ at the 
relative depth of 0.05 (Hole size 0, no bar condition) 
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Figure 4.9 (d) shows the joint probability distribution of bursting events for Point ‘l’ at the 
relative depth of 0.05 (Hole size 0, no bar condition) 

 

Evidently, the presence of mid-channel bar causes redistribution of turbulent burst with high 

occurrence probability for even events at location near upstream end of bar. The high magnitude of 

turbulent burst generated due to the fluid bar interaction causes scouring at these locations (Table 

3.3).  
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CHAPTER-5 ANALYSIS OF SPATIAL DISTRIBUTION OF 
TURBULENCE PARAMETERS 

 

5.1 General   
As observed in Section 4.1, the turbulent stresses are much greater for bar condition as compared to 

the no bar condition. This indicates that the flow characteristics in the vicinity of bar is greatly 

affected by the presence of mid-channel bar. Therefore, in this section the depth-averaged contours 

of turbulence parameters are analysed for bar and no bar conditions.  These contours give more 

details about the turbulent structure of flow in the vicinity of mid-channel bar. Figure 4.4 is showing 

the points of measurements for plotting the contours. Upstream end of bar is set as origin for 

measuring points. The turbulence parameters are depth-averaged for near bed region (z/h≤0.1).  

 

 5.2 Turbulent Intensity 
The root mean squared values of turbulent fluctuating velocity (𝑢𝑢’, 𝑣𝑣’𝑎𝑎𝑎𝑎𝑎𝑎 𝑤𝑤’) are normalized by the 

shear velocity and presented in the form of 𝑇𝑇𝑇𝑇𝑢𝑢 =
�𝑢𝑢,2����

𝑢𝑢∗
 (in the longitudinal direction), 𝑇𝑇𝑇𝑇𝑣𝑣 =

�𝑣𝑣,2����

𝑢𝑢∗
 (in 

the transverse direction) and 𝑇𝑇𝑇𝑇𝑤𝑤 =
�𝑤𝑤,2�����

𝑢𝑢∗
 (in the vertical direction). Here, 𝑢𝑢∗ is the shear velocity of 

approach flow.  The fluctuating velocity 𝑢𝑢’, 𝑣𝑣’𝑎𝑎𝑎𝑎𝑎𝑎 𝑤𝑤’ are already defined in Chapter 2. 

The contours for depth-averaged turbulent intensity components are plotted for bar and no bar 

conditions. The longitudinal distance x and transverse distance y are normalized by the length of bar 

(L).  

Figure 5.1 shows the depth-averaged contours of 𝑇𝑇𝑇𝑇𝑢𝑢 , 𝑇𝑇𝑇𝑇𝑣𝑣 and 𝑇𝑇𝑇𝑇𝑤𝑤 for bar condition. Figure 5.1 

shows that the high values of 𝑇𝑇𝑇𝑇𝑢𝑢 , 𝑇𝑇𝑇𝑇𝑣𝑣 and 𝑇𝑇𝑇𝑇𝑤𝑤 are observed at region near upstream end of mid-

channel bar. The values of 𝑇𝑇𝑇𝑇𝑢𝑢 , 𝑇𝑇𝑇𝑇𝑣𝑣 and 𝑇𝑇𝑇𝑇𝑤𝑤 decreases with increase in the x/L value. This indicates 

that the effect of bar on turbulent intensity components are mostly observed at region close to the 

upstream end of mid-channel bar.   

Figure 5.2 shows the depth-averaged contours of 𝑇𝑇𝑇𝑇𝑢𝑢 , 𝑇𝑇𝑇𝑇𝑣𝑣 and 𝑇𝑇𝑇𝑇𝑤𝑤 for no bar condition. For no bar 

condition, the turbulent intensities contours have lesser spatial variation. Near the downstream end 
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of mid-channel bar (x/L=1), the values of    𝑇𝑇𝑇𝑇𝑣𝑣 and   𝑇𝑇𝑇𝑇𝑤𝑤 for bar condition are comparable to the 

corresponding values for no bar condition (Figures 5.1 and 5.2). 

The   𝑇𝑇𝑇𝑇𝑢𝑢 values for bar condition is much greater as compared to the corresponding values for no 

bar condition. Similarly, 𝑇𝑇𝑇𝑇𝑣𝑣 and  𝑇𝑇𝑇𝑇𝑤𝑤 values are also greater for bar condition (Figures 5.1 and 5.2). 

The presence of mid-channel bar had caused non-homogeneity in the turbulent intensities contours. 

The high level of turbulent intensities is observed at region near upstream end of mid-channel bar 

and level of turbulent intensities decreases with increase in the distance from the upstream end of 

mid-channel bar.   

 

 

Figure 5.1 (a) showing the depth-averaged contour of normalized longitudinal turbulent intensity 

for bar condition 
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Figure 5.1 (b) showing the depth-averaged contour of normalized transverse turbulent intensity for 

bar condition 
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Figure 5.1 (c) showing the depth-averaged contour of normalized vertical turbulent intensity for bar 

condition 
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Figure 5.2 (a) showing the contour of depth-averaged normalized longitudinal turbulent intensity 

for no bar condition 
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Figure 5.2 (b) showing the contour of depth-averaged normalized transverse turbulent intensity for 

no bar condition 
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Figure 5.2 (c) showing the contour of depth-averaged normalized vertical turbulent intensity for no 

bar condition 

 

 5.3 Reynolds Shear Stress 
The contours for depth-averaged Reynolds stress components are plotted for bar and no bar 

conditions. Figure 5.3 shows the contours of depth-averaged Reynolds stress components −𝜌𝜌𝜌𝜌′𝑤𝑤′ , 

−𝜌𝜌𝜌𝜌′𝑣𝑣′ , and−𝜌𝜌𝜌𝜌′𝑤𝑤′ for bar condition. The values of depth-averaged Reynolds stress components 

for bar condition are much greater as compared to the no bar condition (Figures 5.3 and 5.4). The 

presence of mid-channel bar induces a series of critical changes to the turbulent flow structure, where 

high Reynolds stresses are generated at region near upstream end of mid-channel bar. These high 

Reynolds stresses may be expected to generate increased bed scouring. The level of Reynolds stress 

component decreases with increase in the x/L value.  
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Figure 5.3 (a) showing the depth-averaged contour of -𝜌𝜌𝑢𝑢′𝑤𝑤′Reynolds stress for bar 
condition 
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Figure 5.3 (b) showing the depth-averaged contour of -𝜌𝜌𝑢𝑢′𝑣𝑣′Reynolds stress for bar condition 
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Figure 5.3 (c) showing the depth-averaged contour of -𝜌𝜌𝑣𝑣′𝑤𝑤′Reynolds stress for bar condition 
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Figure 5.4 (a) showing the depth-averaged contour of -𝜌𝜌𝑢𝑢′𝑤𝑤′Reynolds stress for no bar condition 
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Figure 5.4 (b) showing the depth-averaged contour of -𝜌𝜌𝑢𝑢′𝑣𝑣′Reynolds stress for no bar condition 

 

Figure 5.4 (c) showing the depth-averaged contour of -𝜌𝜌𝑣𝑣′𝑤𝑤′Reynolds stress for no bar condition 
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CHAPTER-6 THREE-DIMENSIONAL BURSTING ANALYSIS 

 

6.1 Analysis of Turbulent Kinetic Energy 
Turbulent Kinetic Energy (TKE) is characterized by the root mean square values of velocity 

fluctuations (Lien and D'Asaro 2006, Ali et al. 2013). The total turbulent kinetic energy is given 

by Equation 6.1. 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 1
2
�(𝑢𝑢′)2�������+ (𝑣𝑣′)2������� +   (𝑤𝑤′)2��������                             (6.1) 

The turbulent kinetic energy value for each individual direction was also computed. The TKE for 

x direction (𝑇𝑇𝑇𝑇𝑇𝑇𝑥𝑥) is equal to 1
2
∗ (𝑢𝑢′)2�������. Similarly, the turbulent kinetic energy for y direction 

(𝑇𝑇𝑇𝑇𝑇𝑇𝑦𝑦) and z direction (𝑇𝑇𝑇𝑇𝑇𝑇𝑧𝑧) are represented by the 1
2
∗ (𝑣𝑣′)2������� and 1

2
∗ (𝑤𝑤′)2������� respectively. x, y and 

z represent the longitudinal, transverse and vertical directions respectively. 

The depth averaged values of the TKE in all three directions (x, y and z)  and the total kinetic 

energy 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 are displayed in Figure 6.1 for bar condition. Figure 6.1 shows that the 𝑇𝑇𝑇𝑇𝑇𝑇𝑦𝑦 has 

a significant contribution. The percentage contribution of 𝑇𝑇𝑇𝑇𝑇𝑇𝑦𝑦 lies between 20-28%.  
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Figure 6.1 shows the depth averaged turbulent kinetic energy contribution for each direction 

and total turbulent kinetic energy for bar condition 

 

Figure 6.2 displays the contribution of  𝑇𝑇𝑇𝑇𝑇𝑇𝑦𝑦 for bar and no bar conditions. Figure 6.2 shows that 

the contribution of 𝑇𝑇𝑇𝑇𝑇𝑇𝑦𝑦 for bar condition is almost 1.5 times as compared to the no bar condition. 

The above results show that the transverse flow component has significant contribution for bar 

condition. Thus the transverse flow component is also taken into account for analysing the 

turbulent structure in the vicinity of mid-channel bar. Therefore, in the next part the three-

dimensional bursting events are analysed in the vicinity of the mid-channel bar. 
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Figure 6.2 shows the percentage contribution of depth averaged transverse turbulent kinetic 

energy for no bar and bar condition 

 

In Chapter 4, the two-dimensional bursting events are studied in detail. It is very difficult to 

analyse the joint probability distribution of all three components of velocity from mathematical 

point of view. Although the three-dimensional analysis will provide the better results but for sake 

of simplifying the analysis only the longitudinal and vertical components of velocity fluctuations 

are taken into account.  

In this chapter, all three components of velocity are taken into consideration for more precise study 

of turbulent flow structure. The three-dimensional bursting analysis results are also compared with 

the two-dimensional bursting analysis results in this chapter. 
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6.2 Analysis of three-dimensional bursting events 
In section 6.1, it was found that the turbulent flow becomes predominantly three dimensional in 

the vicinity of mid-channel bar. Thus, the three-dimensional turbulent flow characteristics in the 

vicinity of mid-channel bar is analysed in this section. 

On the basis of three-dimensional velocity fluctuations, the bursting events are classified into eight 

categories (Table 6.1).  The bursting events classification are done as per Keshavarzi and Gheisi 

(2006). The three-dimensional analysis of laboratory experiment would provide greater details 

regarding the sediment transport mechanism (Tiwari and Sharma 2014). Herein, the octagonal 

bursting events are analysed at locations in the vicinity of mid-channel bar. 

The occurrence probability of each octagonal bursting event is determined by Equation 6.2 

(Keshavarzi et al. 2006). 

𝑃𝑃𝐾𝐾 = 𝑛𝑛𝐾𝐾
𝑛𝑛

                                                                                                     (6.2)

                   

𝑛𝑛 = ∑ 𝑛𝑛𝐾𝐾8
𝐾𝐾=1               (6.3) 

Here, 𝑃𝑃𝐾𝐾 is the occurrence probability of bursting event which belongs to the Kth octant. The K 

values are integer lies from 1 to 8 (Table 6.1).  𝑛𝑛𝐾𝐾  is the total number of bursting events present 

in octant K and n is the length of velocity sample. n is determined using the Equation 6.3.  

Keshavarzi and Gheisi (2006) divided the bursting events into two Zones i.e. Zone A and Zone B. 

The terminology of each of the eight bursting events have been adopted as per Keshavarzi and 

Gheisi (2006). For e.g. Internal Outward interaction (I-A) is named as 𝑃𝑃1 (Table 6.1). 

Primary Y axis in Figure 6.3, shows the values of depth averaged occurrence probability of octant 

events for twelve points in the vicinity of mid-channel bar.  Secondary Y axis in Figure 6.3, shows 

the scouring /deposition values observed at these twelve points. By comparing the primary and 

secondary Y Axis of Figure 6.3, it was found that the even events are dominant at scouring points 

and odd events are dominant at depositional points. 
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Figure 6.3 Show the variation of depth averaged octant events along-with the magnitude 

of scouring/deposition in centimeter observed in the vicinity of mid-channel bar (bar 

condition) 

 

 

 In order to club the effect of bursting events on the turbulent flow characteristics in the vicinity 

of mid-channel bar, a new parameter 3-Dimensional Burst Index (3DBI) is introduced in the 

present study (Equation 6.4). It is the ratio of summation of odd events to the summation of even 

events.  

3DBI = �𝑃𝑃1+𝑃𝑃3+𝑃𝑃5+𝑃𝑃7
𝑃𝑃2+𝑃𝑃4+𝑃𝑃6+𝑃𝑃8

�                                                                                                                               (6.4) 
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High values of 3DBI is observed at depositional points and low values for scouring points. Figure 

6.4 shows that the 3DBI exhibits linear relationship with the scouring/deposition phenomenon 

observed in the vicinity of mid-channel bar with Coefficient of Determination R2 and Pearson R 

value equal to 0.94 and 0.97 respectively. The high values of correlation coefficients indicate that 

the 3DBI is closely related with local stream bed elevation change occurred in the proximity of 

mid-channel bar. 

 

 

Figure 6.4 Shows the variation of 3-Dimensional Burst Index with the magnitude of 

scouring/deposition in centimetre observed in the vicinity of mid-channel bar (bar condition) 
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Figure 6.5 Shows the variation of 2-Dimensional Burst Index with the magnitude of 

scouring/deposition in centimetre observed in the vicinity of mid-channel bar (bar condition) 

 

The average Burst Index for 2-D Quadrant Events is also computed. Two-dimensional Burst Index 

(2DBI) is defined as the ratio of summation of odd events to the summation of even events 

(Equation 6.5).  

 2DBI= �𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖+𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
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�                                                                                         (6.5) 

Figure 6.5 shows the relationship of 2DBI with the scouring/deposition phenomenon observed in 

the vicinity of mid-channel bar. The linear relationship between the 2DBI and scouring/deposition 

data has Coefficient of Determination and Pearson R value equal to 0.76 and 087 respectively. 

Results indicates that the 3DBI parameter is better for analysing the local stream bed elevation 

change occurred in the vicinity of mid-channel bar.  
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Table 6.1 Showing the classification for three-Dimensional Octant Bursting Events 

Bursting Event 

Number (k) 

Sign of fluctuating velocity Octant Events         Zone 

𝑢𝑢′ 𝑣𝑣′ 𝑤𝑤′   

 𝑃𝑃1 + + + Internal Outward 

interaction (I-A) 

 

 𝑃𝑃2 _ - + Internal Ejection  

(II-A) 

Zone A 

 𝑃𝑃3 _ _ _ Internal Inward 

interaction (III-

A) 

 

 𝑃𝑃4 + + - Internal sweep  

(IV-A) 

 

 𝑃𝑃5 + - + External 

Outward 

interaction (I-B) 

 

 𝑃𝑃6 _ + + External 

Ejection (II-B) 

Zone B 

 𝑃𝑃7 _ + - External Inward 

interaction (III-

B) 

 

 𝑃𝑃8 + _ _ External Sweep 

(IV B) 

 

 

6.3 Three-Dimensional Hole Size Analysis 
Researches have been done on the effect of Hole size on two-dimensional bursting events. The 

effect of Hole size concepts for octant events is not studied till now. As the flow is three 

dimensional in the vicinity of mid-channel bar, thus the Hole size analysis of octant events will be 

beneficial for analysing the turbulent flow structure.  

 We have defined the Hole size concept for three-dimensional flow. Three-Dimensional Hole Size 

(3DHS) is the threshold parameter which extracts the signal greater than the H times the product 

of the mean values of turbulence fluctuations (Equation 6.6). 

|u' v' w'| >H𝑢𝑢′� 𝑣𝑣′�𝑤𝑤′���                                                                                                                              (6.6) 
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For Three-Dimensional Hole Size H, octants events for which product |u' v' w'| is less than 

H*𝑢𝑢′� 𝑣𝑣′�𝑤𝑤′��� are removed using the ‘and’ operator in Microsoft excel. 𝑢𝑢′� , 𝑣𝑣′�  and 𝑤𝑤′��� are the mean 

values of longitudinal, transverse and vertical velocity fluctuations respectively. The 3DHS helps 

in segregating the extreme octant events from the low intensity octant events. 

The variation of octant events with the 3DHS will be discussed in this section. As observed by 

Cellino and Lemmin (2004) the effect of Hole size is mainly observed in the boundary region, 

thus the octant events are depth averaged for near bed region (z/h≤0.06).  

 The variation of octant events with the 3DHS for bar condition is shown in Figure 6.6. For ‘b’ 

and ‘d’ points, the even events are dominant. The occurrence probability of even events is 

increasing with increase in the value of 3DHS. The occurrence probability of odd events is 

decreasing with increase in the 3DHS value (Figure 6.6).   

For “h’ and ‘l’ points, the occurrence probabilities of odd events are greater as compared to the 

even events. The occurrence probabilities of odd events show increasing trend with the 3DHS.  

For ‘h’ points, the 𝑃𝑃6 and 𝑃𝑃8 events do not show much variation with the 3DHS (Figure 6.6).  

 

 
Figure 6.6 (a) shows the variation of depth averaged octant events with the 3DHS for Point ‘b’ 

(bar condition) 
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Figure 6.6 (b) shows the variation of depth averaged octant events with the 3DHS for Point ‘d’ 

(bar condition)  

 

 
Figure 6.6 (c) shows the variation of depth averaged octant events with the 3DHS for Point ‘h’ 

(bar condition) 
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Figure 6.6 (d) shows the variation of depth averaged octant events with the 3DHS for Point ‘l’ (bar 

condition) 

 

Figure 6.7 shows the variation of octant events with the 3DHS for no bar condition. Figure 6.7 

indicates that the occurrence probabilities of even events are greater as compared to the odd events.  

The octants events show little variation with the 3DHS. This indicates that the extreme turbulent 

burst is not observed for no bar condition. In other words, it can be written that the presence of 

mid-channel bar leads to the creation of high turbulent burst. The one more conclusion drawn from 

this section is that the dominant events becomes more dominant with increase in the 3DHS value.  
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Figure 6.7 (a) shows the variation of depth averaged octant events with the 3DHS for Point ‘b’ 

(no bar condition) 
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Figure 6.7 (b) shows the variation of depth averaged octant events with the 3DHS for Point ‘d’ 

(no bar condition) 

 

 
Figure 6.7 (c) shows the variation of depth averaged octant events with the 3DHS for Point ‘h’ (no 

bar condition) 
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Figure 6.7 (d) shows the variation of depth averaged octant events with the 3DHS for Point ‘l’ (no 

bar condition) 

 

6.4 Ejection/Sweep Interaction 
In this study, the three-dimensional bursting events responsible for kolks-boils phenomenon are 

studied in detail. For studying the interaction between the sweep and ejection events, we have 

introduced a new parameter 3-Dimensional Dominance Function (3DDF)=𝑃𝑃2,𝐻𝐻+𝑃𝑃6,𝐻𝐻
𝑃𝑃4,𝐻𝐻+𝑃𝑃8,𝐻𝐻

, which is the 

ratio of summation of ejection events to the summation of sweep events. 𝑃𝑃2,𝐻𝐻 and 𝑃𝑃6,𝐻𝐻  represents 

the occurrence probability of internal ejection (II-A) and external ejection ( II-B) events 

respectively for H Hole size. 𝑃𝑃4,𝐻𝐻 and 𝑃𝑃8,𝐻𝐻  represent the occurrence probability of internal sweep 

(IV-A) and external sweep (IV-B) events respectively for H Hole size (Table 6.1).  

Figure 4.4 is showing the location of measurement points. Upstream end of bar is set as origin for 

measuring points.  The 3DDF contours are plotted for bar condition in Figure 6.8 along the dotted 

line indicated in Figure 4.4. 

Depth-wise distribution of 3DDF is plotted for bar condition (Figure 6.8). The longitudinal 

distance (x) and vertical distance (z) in Figure 6.8 are normalized by the length of bar (L) and 

depth of flow (h) respectively. White region indicates the ejection dominance and black region 
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indicates the sweep dominance. The Sweep events are dominant near the bed and Ejection events 

are dominant at greater distance from the bed (Figure 6.8).  

 

Figure 6.8 (a) Shows the depth-wise distribution of 3-Dimensional Dominance Function 

parameter for 0 Hole size  
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Figure 6.8 (b) Shows the depth-wise distribution of 3-Dimensional Dominance Function 

parameter for 2 Hole size 

 

It is observed that the region of ejection dominance increases as the Hole size increases from 0 to 

2.  At the interface of sweep and ejection events dominance, the interaction of these events occurs. 

The interaction is responsible for the kolks-boils phenomenon (Mao 2003; Matthes 1947). The 

“kolks” and “boils” are the upward tilting vortices generated by the fluid bar interaction. kolks-

boils phenomenon creates negative pressure gradient which leads to the suspension of bed particle.  

Near the bed, the area of interaction between the sweep and ejection events is shown by the red 

quadrilateral. By referring the Figure 6.8 and Table 3.3, it was found that the high scouring is 

observed at the area of interaction. The above discussion indicates that the 3DDF parameter is 
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successful in predicting the high scouring region. From section 4.4, it was found that the Two- 

Dimensional Dominance Function is not able to predicts the high scouring region successfully. 

The main purpose of defining 3DDF parameter is to predict the high scouring region, which is 

fulfilled as indicated by the above results. 

6.5 Three-Dimensional Transitional Movements Modelling 
Bursting phenomena consist of quasi-organized and quasi-periodic events that occur randomly in 

turbulent flow (Kline  et al. 1967). These events have spatio-temporal nature. Keshavarzi and 

Gheisi (2006) observed that the movements of these bursting events from one octant event to an 

another octant one with time increment play a crucial role in understanding the micro structure of 

turbulence.  

The bursting events can be modelled as continuous or discrete variable. As per Keshavarzi and 

Gheisi (2007), the bursting events are considered as discrete for modelling the transitional 

movements. Markov chain process is most commonly used for modelling the time series of 

discrete variable. Thus, the Markov chain process is used herein for modelling the spatio-temporal 

transitional movements. 

 Bt represents the bursting event at time t. At any point of time, the Bt can occur in any of the 

octant.  The change in current state of Bt with respect to time increment is defined as movement 

(Gheisi et al. 2006). These movements were modelled by Gheisi et al. (2006) using the Markov 

chain process. The probability of these movements is defined as transition probability. Keshavarzi 

and Gheisi (2007) modelled transition probability using the zero, first and second order Markov 

chain.  They observed that the first order Markov chain is best for modelling the transition 

movements. First order Markov chain process is used in this study for transitional movements 

modelling as per Keshavarzi and Gheisi (2007). 

In first order Markov chain process, the next situation depends on the present situation (Gilks et 

al. 1995). The probability of first order Markov chain transitional movements are calculated with 

the help of maximum likelihood estimates (Equation 6.7).  

𝑃𝑃𝑖𝑖𝑖𝑖 = 𝑛𝑛𝑖𝑖𝑖𝑖
𝑛𝑛𝑖𝑖

                                                                                                                                                 (6.7) 

𝑛𝑛𝑖𝑖𝑖𝑖 = 𝑛𝑛𝑖𝑖1 + +𝑛𝑛𝑖𝑖2 + 𝑛𝑛𝑖𝑖3 + 𝑛𝑛𝑖𝑖4 + 𝑛𝑛𝑖𝑖5 + 𝑛𝑛𝑖𝑖6 + 𝑛𝑛𝑖𝑖7 + 𝑛𝑛𝑖𝑖8                                                                        (6.8) 

 

Here 𝑛𝑛𝑖𝑖𝑖𝑖is the number of transitional movements from octant event 𝑖𝑖 to octant 

event  𝑗𝑗 (Equation 6.8). 𝑛𝑛𝑖𝑖 is number of events belonging to octant 𝑖𝑖 at any instant t. The 𝑃𝑃𝑖𝑖𝑖𝑖  is 
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probability of transitional movement from  octant event 𝑖𝑖 at instant time t to octant event 𝑗𝑗 at time 

t+1.  

The 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝐴𝐴) is displaying the location of transitional movements obtained from the first order 

Markov chain . 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝐴𝐴) =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡

 

𝑷𝑷𝟏𝟏→𝟏𝟏 𝑃𝑃1→2 𝑃𝑃1→3 𝑃𝑃1→4 𝑃𝑃1→5 𝑃𝑃1→6 𝑃𝑃1→7 𝑃𝑃1→8
𝑃𝑃2→1 𝒑𝒑𝟐𝟐→𝟐𝟐 𝑃𝑃2→3 𝑃𝑃2→4 𝑃𝑃2→5 𝑃𝑃2→6 𝑃𝑃2→7 𝑃𝑃2→8
𝑃𝑃3→1 𝑃𝑃3→2 𝑷𝑷𝟑𝟑→𝟑𝟑 𝑃𝑃3→4 𝑃𝑃3→5 𝑃𝑃3→6 𝑃𝑃3→7 𝑃𝑃3→8
𝑃𝑃4→1 𝑃𝑃4→2 𝑃𝑃4→3 𝑷𝑷𝟒𝟒→𝟒𝟒 𝑃𝑃4→5 𝑃𝑃4→6 𝑃𝑃4→7 𝑃𝑃4→8
𝑃𝑃5→1 𝑃𝑃5→2 𝑃𝑃5→3 𝑃𝑃5→4 𝑷𝑷𝟓𝟓→𝟓𝟓 𝑃𝑃5→6 𝑃𝑃5→7 𝑃𝑃5→8
𝑃𝑃6→1 𝑃𝑃6→2 𝑃𝑃6→3 𝑃𝑃6→4 𝑃𝑃6→5 𝑷𝑷𝟔𝟔→𝟔𝟔 𝑃𝑃6→7 𝑃𝑃6→8
𝑃𝑃7→1 𝑃𝑃7→2 𝑃𝑃7→3 𝑃𝑃7→4 𝑃𝑃7→5 𝑃𝑃7→6 𝑷𝑷𝟕𝟕→𝟕𝟕 𝑃𝑃7→8
𝑃𝑃8→1 𝑃𝑃8→2 𝑃𝑃8→3 𝑃𝑃8→4 𝑃𝑃8→5 𝑃𝑃8→6 𝑃𝑃8→7 𝑷𝑷𝟖𝟖→𝟖𝟖⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

 

  𝑃𝑃1→2  represents the probability of movement from octant 𝑃𝑃1  to octant 𝑃𝑃2 . In the similar manner, 

the remaining elements of above matrix can be defined.  

The transitional movements are divided into two main classes. The first class consists of 

movements that take place between the events that belong to same zone, for e.g. 𝑃𝑃1→3 or 𝑃𝑃2→4. 

The second class contains movements that occur between the events which belong to different 

zone, for eg. 𝑃𝑃1→6 or 𝑃𝑃8→3 (Keshavarzi and Gheisi 2006). The transitional movements that belong 

to first class are called inner class movements. These inner class movements are further divided 

into three sub classes mentioned below. 

Stable movements: The event stays in the same octant as the time changes from t to t+1. These 

movements are located at the main diagonal of 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝐴𝐴) highlighted by bold letter. For e.g. 

𝑃𝑃1→1, 𝑃𝑃8→8. These movements are further classified into the Class A and Class B transitional 

movements on the basis of their octant Zone (Table 6.1). Class A stable transitional movements 

are 𝑃𝑃1→1, 𝑃𝑃2→2, 𝑃𝑃3→3 and 𝑃𝑃4→4. Class B stable transitional movements are 𝑃𝑃5→5 

, 𝑃𝑃6→6,𝑃𝑃7→7 and 𝑃𝑃8→8. 

Marginal movements: The event moves to the neighboring event of same zone as the time changes 

from t to t+1. For e.g. 𝑃𝑃3→4, 𝑃𝑃7→8. 

Cross movements: The bursting events move to the cross events of same zone as the time changes 

from t to t+1. For e.g. 𝑃𝑃2→4, 𝑃𝑃6→8. 

It is difficult to analyse all 64 probable transitional movements. Keshavarzi and Gheisi (2006) 

found that only inner group movements play significant role in defining the turbulent structure of 

flow. Therefore, in this research only the inner group movements are analysed.  
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The depth averaged values of transition probability of stable movements are plotted for bar 

condition (Figure 6.9). From Figure 6.9, it was found that the higher values of 𝑃𝑃2→2, 𝑃𝑃4→4, 𝑃𝑃6→6, 

𝑃𝑃8→8 observed at scouring points and higher values of 𝑃𝑃1→1, 𝑃𝑃3→3, 𝑃𝑃5→5, 𝑃𝑃7→7 observed at 

depositional points. Thus, the odd stable movements are related to deposition and even stable 

movements are related to the scouring occurred in the vicinity of mid-channel bar.  

 

Figure 6.9 Shows the histogram plot of depth averaged stable transition movement along-

with the magnitude of scouring/deposition in centimetre observed in the vicinity of mid-

channel bar (bar condition) 

 

Keshavarzi and Gheisi (2006) had analysed the stable movements. But they have not proposed 

any parameter which could summarize the effect of stable movements into one parameter.  In the 

present study, the new parameter Transition Ratio (TR) is proposed. (Equation 6.9). This 
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parameter has taken into account the effect of stable movements on the local stream bed elevation 

change occurred in the proximity of mid-channel bar.  

It is the ratio of summation of odd stable movement to the summation of even stable movement 

(Equation 6.9).  

TR=𝑃𝑃1→1+ 𝑃𝑃3→3+ 𝑃𝑃5→5+ 𝑃𝑃7→7 
𝑃𝑃2→2+ 𝑃𝑃4→4+ 𝑃𝑃6→6+ 𝑃𝑃8→8 

                                                                                                                  (6.9) 

Transition Ratio is plotted against the scouring/deposition observed in the vicinity of mid-channel 

bar (Figure 6.10). Figure 6.10 shows that the Transition Ratio follows linear relationship for the 

scouring/deposition data with Coefficient of Determination and Pearson R values are equal to 0.89 

and 0.94 respectively. The high values of correlation coefficients indicate that the Transition Ratio 

parameter is closely related with the local stream bed elevation change observed in the vicinity of 

mid-channel bar. Evidently, the TR values less than unity signify scouring, whereas the values 

greater than one represent deposition. 
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Figure 6.10 Shows the variation of Transition Ratio with the magnitude of scouring/deposition 

in centimetre observed in the vicinity of mid-channel bar (bar condition) 

 

Depth averaged values of Marginal and Cross movements are also plotted for 12 points for bar 

condition (Figures 6.11 and 6.12). These transition movements do not show any linkage with 

scouring and deposition that occurred in the vicinity of the mid-channel bar.  
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Figure 6.11 Shows the histogram plot of depth averaged marginal transition movements 

along-with the magnitude of scouring/deposition in centimetre observed in the vicinity of mid-

channel bar (bar condition) 
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Figure 6.12 Shows the histogram plot of depth averaged cross transition movements along-

with the magnitude of scouring/deposition in centimetre observed in the vicinity of mid-

channel bar (bar condition) 

 

The results indicate that only the stable transition movements are related to the local stream bed 

elevation change occurred in the vicinity of mid-channel bar. As we know sum of probabilities is 

equal to one, so change in probability of one stable movement will cause changes in the other 

stable movements. Therefore, we modelled a relationship between these stable movements for our 

experimental dataset. By using the statistical analysis, it was observed that the best mathematical 

relationships will be obtained if the Class A and Class B transition movements are modelled 

separately. In this study the relationships have been developed for Class A and Class B stable 

movements using the Nonlinear Fit toolbox of MATLAB Software (Table 6.2). The high values 

of correlation for these expressions indicate that they are correctly predicting the relationship 
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between the stable movements. These mathematical equations are valid only for our experimental 

data. 

 

Table 6.2 Showing the mathematical relationships for class A and class B stable 

transition movements 

Transition 

Movements 

Mathematical Equations Correlation 

(R) 

Class A 

Transition 

Movement 

𝑃𝑃1→1 = −2.52 ∗ 𝑃𝑃2→23.27 +0.93∗ 𝑃𝑃3→31.14 + 1.42 ∗ 𝑃𝑃4→42.42 0.94 

𝑃𝑃2→2 = −0.58 ∗ 𝑃𝑃1→10.44 +0.51∗ 𝑃𝑃3→30.54 + 0.98 ∗ 𝑃𝑃4→40.87 0.93 

𝑃𝑃3→3 = 0.99 ∗ 𝑃𝑃1→10.88 -0.28∗ 𝑃𝑃2→2−0.71 + 0.24 ∗ 𝑃𝑃4→4−0.87 0.92 

𝑃𝑃4→4 = −0.66 ∗ 𝑃𝑃1→10.46 +1.04∗ 𝑃𝑃2→21.18 − 0.57 ∗ 𝑃𝑃3→30.57 0.94 

Class B 

Transition 

Movement 

𝑃𝑃5→5 = −1.94 ∗ 𝑃𝑃6→63.27 +0.91∗ 𝑃𝑃7→71.21 + 1.22 ∗ 𝑃𝑃8→82.12 0.91 

𝑃𝑃6→6 = −0.08 ∗ 𝑃𝑃5→5−0.13 -0.02∗ 𝑃𝑃7→73.84 + 0.85 ∗ 𝑃𝑃8→81.17 0.92 

𝑃𝑃7→7 = 1.2 ∗ 𝑃𝑃5→50.97 -0.37∗ 𝑃𝑃6→6−0.81 + 0.32 ∗ 𝑃𝑃8→8−0.95 0.89 

𝑃𝑃8→8 = −0.78 ∗ 𝑃𝑃5→50.58 +1.14∗ 𝑃𝑃6→61.29 − 0.69 ∗ 𝑃𝑃7→70.68 0.92 

 

The transition probabilities averaged for 24 points for bar condition are displayed in Table 6.3. 

The arrangements of transitional movements in Table 6.3 are same as displayed in 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝐴𝐴). 

The transition movements in bold letters show the stable movements; these movements have the 

highest transition probability.  
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Table 6.3 The transition probabilities averaged for 24 Points near the bed around 

the mid-channel bar in a braided river model 

 𝑃𝑃1(𝑡𝑡 + 1) 𝑃𝑃2(𝑡𝑡 + 1) 𝑃𝑃3(𝑡𝑡 + 1) 𝑃𝑃4(𝑡𝑡 + 1) 𝑃𝑃5(𝑡𝑡 + 1) 𝑃𝑃6(𝑡𝑡 + 1) 𝑃𝑃7(𝑡𝑡 + 1) 𝑃𝑃8(𝑡𝑡 + 1) 

𝑃𝑃1(𝑡𝑡) 0.31 0.16 0.09 0.19 0.09 0.04 0.09 0.08 

𝑃𝑃2(𝑡𝑡) 0.15 0.24 0.13 0.12 0.09 0.08 0.11 0.13 

𝑃𝑃3(𝑡𝑡) 0.17 0.14 0.25 0.14 0.1 0.07 0.09 0.08 

𝑃𝑃4(𝑡𝑡) 0.17 0.11 0.12 0.17 0.1 0.14 0.1 0.12 

𝑃𝑃5(𝑡𝑡) 0.09 0.11 0.1 0.1 0.26 0.15 0.11 0.09 

𝑃𝑃6(𝑡𝑡) 0.16 0.11 0.12 0.14 0.08 0.22 0.19 0.09 

𝑃𝑃7(𝑡𝑡) 0.09 0.08 0.09 0.13 0.14 0.14 0.18 0.17 

𝑃𝑃8(𝑡𝑡) 0.12 0.08 0.08 0.14 0.09 0.18 0.19 0.18 

 

 

 

 

 



98 
 

  



99 
 

 

CHAPTER-7 VALIDATION OF EXPERIMENTAL RESULTS USING 
THE FLUENT SOFTWARE 

 

7.1 General 
The Reynolds stress model (RSM) is one of the most elaborate turbulence model inbuilt in the CFD 

code Fluent. In RSM, the isotropic eddy-viscosity hypothesis is neglected. The RSM closes the 

Reynolds-Averaged Navier-Stokes (RANS) equations by solving transport equations for the 

Reynolds stresses together with an equation for the dissipation rate. This indicates that five more 

transport equations are required for 2-D flows and seven additional transport equations are required 

for 3-D closure of RANS equations. The RSM takes into accounts the effects of rotation, swirl, 

abrupt change in strain rate and stream line curvature in a more effective manner as compared to the 

one-equation and two equation models.  It has a greater accuracy for complex flow (Cambon et al. 

1992; Durbin 1993). 

The appropriate Reynolds stress equations may be obtained by taking moments of the momentum 

equation. In this process the momentum equations are multiplied by the fluctuating property, then 

the Reynolds average of the product is computed.  In Reynolds stress model, the individual Reynolds 

stress components are computed using the differential transport equations. The computed Reynolds 

stresses are used for obtaining closure of the Reynolds-averaged momentum equation.  

 

7.2 Details of Meshing 
Structured meshing is done using the Ansys Mesher. The view of the mesh is shown in Figure 7.1. 

Face sizing method is used for meshing the area in the vicinity of the mid-channel bar. The element 

size for face sizing is kept at 0.001mm for region in the vicinity of mid-channel bar. For the 

remaining portion of the model, the element size is kept at 0.01mm. The low value of element size 

in the vicinity of mid-channel bar is taken in order to study the velocity and turbulence parameters 

precisely at region close to the mid-channel bar. The experiments performed in second phase of 

study are validated using the Fluent Software. 
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Figure 7.1 Showing the mesh of three dimensional model developed in Fluent Software 

 

7.3 Details of Modelling 
As could be seen from literature, hardly any work had been done on this type of experimental setup. 

Thus, for validating the experimental results, the laboratory model is developed in the Fluent 

Software. Steady state simulations are carried out using the Reynolds stress model of Fluent 

Software on the basis of the study by Sarkar and Ratha (2014). The three dimensional implicit steady 

pressure based solver is utilized for the computation. Air and water are considered as two immiscible 

fluids. The implicit volume of fluid model and channel boundary conditions are used for solving the 

momentum equation and track the volume fraction of each of the fluids over the computational 

domain. The velocity boundary condition is applied at the inlet, whereas velocity outlet and velocity 

inlet boundary conditions are utilized for the outlet. The turbulence parameters are computed using 

the SIMPLE pressure velocity coupling. Discretization of pressure is done using the Presto method. 



101 
 

The momentum and Reynolds stress are discretized using the second order upwind scheme. The 

convergence criteria for the residual of all the parameters are kept at 1 × 10−8.The number of 

iterations were kept at 1 × 106.  The Initialization of solution was done using the standard 

initialization toolbox in Fluent software.  The comparison of experimental data with the results 

obtained from the Fluent simulation will be discussed in the Chapter 8. 
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CHAPTER-8 STUDY OF TURBULENT FLOW CHARACTERISTICS IN 

THE VICINITY OF MID-CHANNEL BAR 

 

8.1 General 
Shamloo et al. (2001), Sarkar and Ratha (2014) had observed the down-flow at locations just 

upstream and wake at locations downstream of the submerged structure. Dey et al. (2008) found that 

the down-flow occurred at upstream of the submerged cylinder to act as a main scouring agent. They 

also observed that the vortex formed at the top of the submerged cylinder joins the main flow 

downstream of the cylinder. As discussed above, the flow at locations upstream and downstream of 

the submerged structure have great importance. Thus in this experimental phase, the flow structure 

at locations upstream and downstream of the mid-channel bar is studied (Figure 3.4). The 

experiments are performed for different submergence ratios (Table 3.4). The aim of performing 

experiments is to analyse the effect of mid-channel bar on the flow structure at locations upstream 

and downstream of mid-channel bar and to study the effect of bar height on the turbulent structure 

of flow in the vicinity of mid-channel bar.  

The velocity is measured at 20 points, 10 of which are upstream and 10 points are present 

downstream of mid-channel bar (Figure 3.4). The depth-wise distributions of velocities and 

turbulence parameters are computed for all 20 points. The results indicate that the effect of mid-

channel bar is observed only for points that are present in the close proximity of mid-channel bar.  

Thus the velocity and turbulence parameters are only displayed for six points (x1, x2, x3, y1, y2 and 

y3), three of which are upstream of the mid-channel bar and remaining three points of which are 

located downstream of mid-channel bar (Figure 3.4). 

8.2 Depth wise Distribution of Flow Parameters 
      8.2.1 Velocity Distributions 
The depth-wise profile of velocity distribution helps in understanding the behaviour of flow in the 

vicinity of mid-channel bar. The depth-wise distributions of all three velocity components are plotted 

for 3R, 5R and 7R experimental runs (Table 3.4). For each point, the velocity is measured at 16 

different vertical distances from the bed. The velocities are normalized by the approach flow 
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velocity. The normalized velocities are plotted against the relative depth of flow (z/h). The depth-

wise distribution of normalized longitudinal velocity is shown in Figures 8.1 and 8.2.  The 

deceleration occurs at points just upstream of the mid-channel bar (Figure 8.1). The deceleration is 

more for point ‘x1’ because this point is in close proximity of mid-channel bar. The deceleration 

was also reported by Shamloo et al. (2001). The longitudinal velocity is lesser for higher 

submergence ratio. This indicates that the increase in the height of mid-channel bar causes reduction 

in the longitudinal velocity. For points downstream of mid-channel bar, the flow velocity is lesser 

as compared to the upstream points (Figure 8.2).  

 

 

Figure 8.1 (a) Shows the depth-wise variation of normalized longitudinal velocity for ‘x1’, 
point (Experimental and Simulation) 
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Figure 8.1 (b) Shows the depth-wise variation of normalized longitudinal velocity for ‘x2’, 
point (Experimental and Simulation) 
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Figure 8.1 (c) Shows the depth-wise variation of normalized longitudinal velocity for ‘x3’, 
point (Experimental and Simulation) 

 
 

 

 

Figure 8.2 (a) Shows the depth-wise variation of normalized longitudinal velocity for ‘y1’, 
point (Experimental and Simulation) 
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Figure 8.2 (b) Shows the depth-wise variation of normalized longitudinal velocity for ‘y2’, 
point (Experimental and Simulation) 
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Figure 8.2 (c) Shows the depth-wise variation of normalized longitudinal velocity for ‘y3’, 
point (Experimental and Simulation) 

 
The depth-wise distribution of normalized vertical velocity for experimental runs 3R, 5R and 7R are 

shown in Figures 8.3 and 8.4. The vertical velocity is negative at points upstream of the bar. The 

negative vertical velocity indicates the downflow at these points (Figure 8.3). For region upstream 

of mid-channel bar, the magnitude of vertical velocity is greatest at point closest to the mid-channel 

bar i.e. “x1”.  The presence of mid-channel bar causes negative vertical flow velocity in the 

proximity of bar.  

The vertical velocity is also negative for points downstream of mid-channel bar (Figure 8.4). At 

points downstream of mid-channel bar, the magnitude of negative vertical velocity is greater as 

compared to the upstream points (Figures 8.3 and 8.4). The magnitude of negative vertical velocity 

is greater for high submergence ratio. This indicates that the increase in mid-channel bar height 

causes increase in the magnitude of downflow. 

 

Figure 8.3 (a) Show the depth-wise variation of normalized vertical velocity for ‘x1’ point 
(Experimental and Simulation) 
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Figure 8.3 (b) Show the depth-wise variation of normalized vertical velocity for ‘x2’ point 
(Experimental and Simulation) 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

-0.15 -0.1 -0.05 0

Re
la

tiv
e 

de
pt

h 
(z

/h
)

Normalized Vertical Velocity

(b)

3R run

5R run

7R run

3R run Fluent

5R run Fluent

7R run Fluent

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

-0.12 -0.1 -0.08 -0.06 -0.04 -0.02 0

Re
la

tiv
e 

de
pt

h 
(z

/h
)

Normalized Vertical Velocity

(c)

3R run

5R run

7R run

3R run Fluent

5R run Fluent

7R run Fluent



110 
 

Figure 8.3 (c) Show the depth-wise variation of normalized vertical velocity for ‘x3’ point 
(Experimental and Simulation) 

 
 

 

 Figure 8.4 (a) Shows the depth-wise variation of normalized vertical velocity for ‘y1’ point 

(Experimental and Simulation) 
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Figure 8.4 (b) Shows the depth-wise variation of normalized vertical velocity for ‘y2’ point 

(Experimental and Simulation) 
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Figure 8.4 (c) Shows the depth-wise variation of normalized vertical velocity for ‘y3’ point 

(Experimental and Simulation) 

 

The depth-wise distribution of normalized transverse velocity for experimental runs 3R ,5R and 7R 

are shown in Figures 8.5 and 8.6. At points upstream of mid-channel bar, the magnitude of transverse 

velocity is less as compared to the downstream points (Figures 8.5 and 8.6). The magnitude of 

transverse velocity is significant at points downstream of mid-channel bar (Figure 8.6). This 

indicates that the flow is three dimensional at downstream region of mid-channel bar. At downstream 

of mid-channel bar, the transverse velocity is greatest at point closest to the bar i.e. ‘y1’ (Figure 8.6). 

The transverse velocity is greater for higher submergence ratio. This indicates that the increase in 

mid-channel bar height causes increase in the transverse velocity.  

 

 

Figure 8.5 (a) Shows the depth-wise variation of normalized transverse velocity for ‘x1’ point 

(Experimental and Simulation) 
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Figure 8.5 (b) Shows the depth-wise variation of normalized transverse velocity for ‘x2’ point 

(Experimental and Simulation) 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.02 0.04 0.06 0.08 0.1 0.12

Re
la

tiv
e 

de
pt

h 
(z

/h
)

Normalized Transverse Velocity

(b)

3R run

5R run

7R run

3R run Fluent

5R run Fluent

7R run Fluent

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.02 0.04 0.06 0.08 0.1 0.12

Re
la

tiv
e 

de
pt

h 
(z

/h
)

Normalized Transverse Velocity

(c)

3R run

5R run

7R run

3R run Fluent

5R run Fluent

7R run Fluent



114 
 

Figure 8.5 (c) Shows the depth-wise variation of normalized transverse velocity for ‘x3’ point 
(Experimental and Simulation) 

 

 

Figure 8.6 (a) Shows the depth-wise variation of normalized transverse velocity for ‘y1’ point 
(Experimental and Simulation) 
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Figure 8.6 (b) Shows the depth-wise variation of normalized transverse velocity for ‘y2’ point 
(Experimental and Simulation) 
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Figure 8.6 (c) Shows the depth-wise variation of normalized transverse velocity for ‘y3’ point 
(Experimental and Simulation) 

 

 

For validating the experimental results, the commercial CFD code Fluent is used. Flow simulations 

are carried out using the Reynolds stress model as recommended by Sarkar and Ratha (2014). The 

experimental velocity profile is plotted along with the simulated profile obtained from the Reynolds 

stress model inbuilt in the Fluent Software. The experimental profiles are lying very close to the 

simulation profiles. This indicates that the Reynolds stress model results are in agreement with the 

experimental data profiles.  

 

 

Figure 8.7 (a) Shows the depth-wise variation of normalized longitudinal turbulent intensity 
for ‘x1’ point   
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Figure 8.7 (b) Shows the depth-wise variation of normalized longitudinal turbulent intensity 
for ‘x2’ point   
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Figure 8.7 (c) Shows the depth-wise variation of normalized longitudinal turbulent intensity 
for ‘x3’ point   

 

 

Figure 8.8 (a) Shows the depth-wise variation of normalized longitudinal turbulent 
intensity for ‘y1’ point 
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Figure 8.8 (b) Shows the depth-wise variation of normalized longitudinal turbulent 
intensity for ‘y2’ point 
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Figure 8.8 (c) Shows the depth-wise variation of normalized longitudinal turbulent intensity 
for ‘y3’ point 

 
8.2.2 Turbulent Intensity Distributions 
The depth-wise distribution of turbulence parameters helps in analysing the turbulent flow structures 

generated by the fluid and mid-channel bar interaction. The depth-wise distributions of turbulence 

parameters are studied in detail in this section. The determination of normalized turbulent intensities 

is explained in Section 5.2 

The vertical distribution of the normalized longitudinal turbulent intensity (𝑇𝑇𝑇𝑇𝑢𝑢) is shown in Figures 

8.7 and 8.8. At upstream of mid-channel bar, the value of 𝑇𝑇𝑇𝑇𝑢𝑢 is maximum for point present at closest 

proximity of bar i.e. ‘x1” (Figure 8.7). The value of 𝑇𝑇𝑇𝑇𝑢𝑢 is more for points in the vicinity of mid-

channel bar. This indicates that the presence of mid-channel bar causes increase in the magnitude of 

𝑇𝑇𝑇𝑇𝑢𝑢. The value of 𝑇𝑇𝑇𝑇𝑢𝑢 at points downstream of mid-channel bar are much more as compared to 

upstream points (Figures 8.7 and 8.8). This is mainly due to the interaction of surface wave with the 

downstream flow. The increase in 𝑇𝑇𝑇𝑇𝑢𝑢 value at locations downstream of submerged body is also 

reported by the Sarkar and Ratha (2014). For downstream points, the maximum value of 𝑇𝑇𝑇𝑇𝑢𝑢 is 

observed for ‘y1’ point. The 𝑇𝑇𝑇𝑇𝑢𝑢value is greater for higher submergence ratio (Figures 8.7 and 8.8). 

This indicates that the increase in height of mid-channel bar causes increase in the magnitude of 𝑇𝑇𝑇𝑇𝑢𝑢.  

The depth-wise distribution of normalized vertical and transverse components of turbulent intensity 

is illustrated in (Figures 8.9 to 8.12). The increase in normalized vertical and transverse component 

of turbulent intensity is observed for higher submergence ratio. At points upstream of mid-channel 

bar, the normalized vertical and transverse components of turbulent intensity are much lesser as 

compared to the downstream points (Figures 8.9 to 8.12).  For downstream points, the transverse 

and vertical components of turbulent intensity have significant values (Figures 8.10 and 8.12). 
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Figure 8.9 (a) Shows the depth-wise variation of normalized vertical turbulent intensity for 
‘x1’ point  
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Figure 8.9 (b) Shows the depth-wise variation of normalized vertical turbulent intensity for 
‘x2’ point  

 

Figure 8.9 (c) Shows the depth-wise variation of normalized vertical turbulent intensity for 
‘x3’ point  
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Figure 8.10 (a) Shows the depth-wise variation of normalized vertical turbulent intensity for 
‘y1’ point 
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Figure 8.10 (b) Shows the depth-wise variation of normalized vertical turbulent intensity for 
‘y2’ point 

 

Figure 8.10 (c) Shows the depth-wise variation of normalized vertical turbulent intensity for 
‘y3’ point 
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Figure 8.11 (a) Shows the depth-wise variation of normalized transverse turbulent intensity 
for ‘x1’ point  

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.01 0.02 0.03 0.04 0.05

Re
la

tiv
e 

de
pt

h 
(z

/h
)

Normalized Transverse Turbulent Intensity

(a)

3R run

5R run

7R run

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.01 0.02 0.03 0.04

Re
la

tiv
e 

de
pt

h 
(z

/h
)

Normalized Transverse Turbulent Intensity

(b)

3R run

5R run

7R run



126 
 

Figure 8.11 (b) Shows the depth-wise variation of normalized transverse turbulent intensity 
for ‘x2’ point  

 

Figure 8.11 (c) Shows the depth-wise variation of normalized transverse turbulent intensity 
for ‘x3’ point  
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Figure 8.12 (a) Shows the depth-wise variation of normalized transverse turbulent intensity 
for ‘y1’ point  
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Figure 8.12 (b) Shows the depth-wise variation of normalized transverse turbulent intensity 
for ‘y2’ point  

 

Figure 8.12 (c) Shows the depth-wise variation of normalized transverse turbulent intensity 
for ‘y3’ point  

 

Total turbulent intensity is the summation of turbulent intensity in all three directions (Equation 8.1). 

  𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡= 𝑇𝑇𝑇𝑇𝑢𝑢 +𝑇𝑇𝑇𝑇𝑣𝑣 +𝑇𝑇𝑇𝑇𝑤𝑤                                                                                                                      (8.1) 

The total turbulent intensity(𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) is plotted against the relative depth of flow (z/h) (Figures 8.13 

and 8.14).  

The longitudinal turbulent intensity is much greater than the vertical and transverse turbulent 

intensity. Thus, the distribution of total turbulent intensity distribution is similar to the longitudinal 

turbulent intensity distribution. The Reynolds stress model of Fluent software does not provide the 

detail of turbulent intensity of each direction. It only provides the detail of total turbulent intensity. 

Thus, the total turbulent intensity computed from the experiments are plotted along with the 

simulation profiles obtained from Reynolds stress model results of Fluent. The value and pattern of 

simulation results are almost similar to the experimental results (Figures 8.13 and 8.14). This 
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indicates that the experimental results are reasonably validated by the Reynolds stress model 

simulations of Fluent Software.  

 

Figure 8.13 (a) Shows the depth-wise variation of total turbulent intensity for ‘x1’ point 
(Experimental and Simulation) 
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Figure 8.13 (b) Shows the depth-wise variation of total turbulent intensity for ‘x2’ point 
(Experimental and Simulation) 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.05 0.1 0.15 0.2 0.25 0.3

Re
la

tiv
e 

de
pt

h 
(z

/h
)

Total Turbulent Intensity

(b)

3R run

5R run

7R run

3R run Fluent

5R run Fluent

7R run Fluent

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.05 0.1 0.15 0.2 0.25 0.3

Re
la

tiv
e 

de
pt

h 
(z

/h
)

Total Turbulent Intensity

(c)

3R run

5R run

7R run

3R run Fluent

5R run Fluent

7R run Fluent



131 
 

Figure 8.13 (c) Shows the depth-wise variation of total turbulent intensity for ‘x3’ point 
(Experimental and Simulation) 

 

 

Figure 8.14 (a) Shows the depth-wise variation of normalized total turbulent intensity for 
‘y1’ point (Experimental and Simulation) 
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Figure 8.14 (b) Shows the depth-wise variation of normalized total turbulent intensity for 
‘y2’ point (Experimental and Simulation) 
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Figure 8.14 (c) Shows the depth-wise variation of normalized total turbulent intensity for 
‘y3’ point (Experimental and Simulation) 

 

8.3 Wake flow Analysis 
The wake flow characteristics in the vicinity of mid-channel bar is analysed by plotting the 𝑈𝑈/𝑢𝑢∗ 

against the dimensionless parameter 𝑧𝑧𝑢𝑢∗
𝜗𝜗

 for three different experimental conditions (Figure 8.15). 

Here, 𝑈𝑈 is the mean velocity of flow, 𝑢𝑢∗  is shear velocity of approaching flow, 𝜗𝜗 is dynamic viscosity 

of water and 𝑧𝑧 is vertical distance from the bed.  In Figure 8.15, the straight line follows the Prandtl-

Karman log law distribution shown by Equation 8.2. 

𝑈𝑈
𝑢𝑢∗

= 1
𝑘𝑘
𝑙𝑙𝑙𝑙 � 𝑧𝑧

𝑦𝑦0
�                                                                                                                                           (8.2) 

Here, 𝑘𝑘 is the von Karman's constant and its value is 0.41 for clear water. 𝑦𝑦0 is zero velocity level.  

As mentioned in Van Rijn(1993), the expression of 𝑦𝑦0 is given by Equation 8.3. 

𝑦𝑦0 = 𝜗𝜗
9.1𝑢𝑢∗

                                                                                                                                      (8.3) 

The deviation of velocity profile from the log law distribution indicate the presence of wake vortices 

(Purtell et al. 1981). 

The velocity profile is plotted for four points located downstream of the mid-channel bar (Figure 

8.15). Dey et al. (2008), Shamloo et al. (2001) observed that the wake flow is observed at 

downstream region of submerged structure. Thus, the points downstream of mid-channel bar are 

selected for analysis of log law distribution. The deviation of velocity profile from the log law 

distribution indicates the presence of wake flow (Figure 8.15). 

The deviation from log law is more for points located at close vicinity of the mid-channel bar. The 

maximum deviation from the log law line is observed for ‘y1’ point.  The greater deviation of 

experimental data from the log law for points close to the mid-channel bar may occur due to the 

formation of wake vortices. The deviations of experimental data from log law line increases as the 

submergence ratio increase (Figure 8.15). 
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Figure 8.15(a) Showing the variations of 𝑈𝑈/𝑢𝑢∗ versus 𝑧𝑧𝑢𝑢∗
𝜗𝜗

 for different points located at 
downstream of mid-channel bar (3R Experimental run) 
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Figure 8.15(b) Showing the variations of 𝑈𝑈/𝑢𝑢∗ versus 𝑧𝑧𝑢𝑢∗
𝜗𝜗

 for different points located at 
downstream of mid-channel bar (5R Experimental run) 
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Figure 8.15(c) Showing the variations of 𝑈𝑈/𝑢𝑢∗ versus 𝑧𝑧𝑢𝑢∗
𝜗𝜗

 for different points located at 
downstream of mid-channel bar (7R Experimental run) 
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CHAPTER-9 STUDY OF THIRD ORDER MOMENTS OF VELOCITY 

FLUCTUATIONS CHARACTERISTICS IN THE VICINITY OF MID-

CHANNEL BAR 

 

9.1 Third Order Moments  
Third order moments of velocity fluctuations provide the information about skewness of velocity 

fluctuations with respect to the mean velocity. Third order moments are closely related to the 

coherent structure due to the preservation of their signs. These third order moments of velocity 

fluctuations transmit the stochastic information of the turbulent fluctuations in terms of flux and 

advection of turbulent stresses (Balachandar and Bhuiyan 2007; Bey et al. 2007; Gad-el-Hak and 

Bandyopadhyay 1994). In this chapter, the characteristics of third order moments of velocity 

fluctuations are studied in detail. For analysing the third order moment, the turbulent fluctuations in 

longitudinal and vertical directions are used. The turbulent fluctuation in transverse direction is not 

considered in this chapter.  
 

 9.1.1 Skewness Coefficients  
The skewness coefficient provides a measure of skewness which is an important criterion for 

measuring the degree of symmetry of the distribution of velocity fluctuations with respect to the 

mean velocity components. The positive and negative values of skewness represent the useful 

statistical information of the distribution in term of right and left tail respectively (Dey et al. 2011).  

The skewness coefficients in the longitudinal and vertical directions are given by 𝑆𝑆𝑢𝑢= 𝑢𝑢′3�����

(𝑢𝑢′���)3
, 𝑆𝑆𝑤𝑤 =

𝑤𝑤′3�����

(𝑤𝑤′���)
3 respectively (Dey et al. 2011). Here, 𝑢𝑢′ and 𝑤𝑤′ are velocity fluctuations in the longitudinal and 

vertical directions respectively. 𝑢𝑢′�  and 𝑤𝑤′���� are the mean values of 𝑢𝑢′ and 𝑤𝑤′ fluctuations respectively.  

 The depth-wise distribution of 𝑆𝑆𝑢𝑢 is plotted at six different points for 3R, 5R and 7R experimental 

runs (Figures 9.1 and 9.2).  

The detail of experimental runs is given in Table 3.4. The location of measuring points is shown in 

Figure 3.4. At point ‘x3’, the value of 𝑆𝑆𝑢𝑢 is positive up to the relative depth (z/h) of 0.5, changing 
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over to a negative value afterward. At ‘x1’and ‘x2’ points, the value of 𝑆𝑆𝑢𝑢 is positive in the near bed 

region (z/h<0.15), changes sign between ( 0.15>z/h<0.2) and stay negative for the remaining depth 

of flow (Figure 9.1).  For points downstream of mid-channel bar, the 𝑆𝑆𝑢𝑢 is negative for (z/h<0.2) and 

becomes positive afterward (Figure 9.2).  

For (z/h<0.2), the magnitude of  𝑆𝑆𝑢𝑢 is greater for points in the close vicinity of mid-channel bar ‘x1’ 

and ‘y1’ (Figures 9.1 and 9.2). This indicates that the presence of mid-channel bar causes increase 

of skewness in the longitudinal velocity distribution.  

The value of 𝑆𝑆𝑢𝑢 is greater for higher submergence ratio. This indicates that the high submergence 

ratio creates greater skewness of longitudinal velocity. The effect of submergence ratio is mainly 

predominant for z/h<0.2. 

 

   

Figure 9.1 (a) Shows the depth-wise variation of 𝑆𝑆𝑢𝑢 for ‘x1’ point 
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Figure 9.1 (b) Shows the depth-wise variation of 𝑆𝑆𝑢𝑢 for ‘x2’ point 

 

Figure 9.1 (c) Shows the depth-wise variation of 𝑆𝑆𝑢𝑢 for ‘x3’ point 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

-0.70 -0.50 -0.30 -0.10 0.10 0.30 0.50 0.70

z/
h

Su

(b)

3R run

5R run

7R run

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

-0.70 -0.20 0.30

z/
h

Su

(c)

3R run

5R run

7R run



140 
 

 

 

Figure 9.2 (a) Shows the depth-wise variation of 𝑺𝑺𝒖𝒖 for ‘y1’ point 
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Figure 9.2 (b) Shows the depth-wise variation of 𝑺𝑺𝒖𝒖 for ‘y2’ point 
 

 

Figure 9.2 (c) Shows the depth-wise variation of 𝑺𝑺𝒖𝒖 for ‘y3’ point 

  
The 𝑆𝑆𝑤𝑤 is plotted at six different points and for three different experimental conditions (Figures 

9.3 and 9.4).  For point ‘x3’, the value of 𝑆𝑆𝑤𝑤 is negative throughout the flow depth.  At ‘x1’ and 

‘x2’ points, the value of 𝑆𝑆𝑤𝑤 is negative for region z/h<0.2 and become positive afterward (Figure 

9.3). For ‘y1’, ‘y2’and ‘y3’ points, the value of 𝑆𝑆𝑤𝑤 is positive for z/h<0.2 and then it becomes 

negative (Figure 9.4). The magnitude of 𝑆𝑆𝑤𝑤 is more at points in the close vicinity of mid-channel 

bar ‘x1’ and ‘y1’ (Figures 9.3 and 9.4). This indicates that the presence of mid-channel bar causes 

greater skewness in the vertical velocity distribution.  

Near the bed, the value of 𝑆𝑆𝑤𝑤 is negative for points upstream of mid-channel bar and positive for 

points downstream of mid-channel bar (Figures 9.3 and 9.4). The value of 𝑆𝑆𝑤𝑤 is more for higher 

submergence ratio. This shows that the higher submergence ratio causes greater skewness in the 

transverse velocity distribution.  
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For near bed region, the positive value of 𝑆𝑆𝑢𝑢 and negative value of 𝑆𝑆𝑤𝑤 at points upstream of mid-

channel bar mean that the value of 𝑢𝑢′ and 𝑤𝑤′ are positive and negative respectively (Figures 9.1 

and 9.3). Positive value of 𝑢𝑢′ and negative value of 𝑤𝑤′ contributes to the sweep event (Figure 2.4). 

Similarly at downstream points, the negative value of 𝑆𝑆𝑢𝑢 and positive value of 𝑆𝑆𝑤𝑤 indicate the 

dominance of ejection event (Figures 9.2 and 9.4). 

 

 

Figure 9.3 (a) Shows the depth-wise variation of 𝑆𝑆𝑤𝑤 for ‘x1’ point 
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Figure 9.3 (b) Shows the depth-wise variation of 𝑆𝑆𝑤𝑤 for ‘x2’ point 

 

Figure 9.3 (c) Shows the depth-wise variation of 𝑆𝑆𝑤𝑤 for ‘x3’ point 
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Figure 9.4 (a) Shows the depth-wise variation of 𝑆𝑆𝑤𝑤 for ‘y1’ point 
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Figure 9.4 (b) Shows the depth-wise variation of 𝑆𝑆𝑤𝑤 for ‘y2’ point 

 

Figure 9.4 (c) Shows the depth-wise variation of 𝑆𝑆𝑤𝑤 for ‘y3’ point 
 

9.1.2 Stream-wise and Vertical Fluxes of turbulent kinetic energy 
The depth-wise distribution of stream-wise and vertical fluxes of the turbulent kinetic energy are 

plotted. The stream wise and vertical fluxes of turbulent kinetic energy are expressed as 𝑓𝑓𝑓𝑓𝑓𝑓 =

 0.75( 𝑢𝑢′𝑢𝑢′𝑢𝑢′�������� + 𝑢𝑢′𝑤𝑤′𝑤𝑤′���������)  and 𝑓𝑓𝑓𝑓𝑓𝑓 =  0.75( 𝑤𝑤′𝑤𝑤′𝑤𝑤′���������� + 𝑤𝑤′𝑢𝑢′𝑢𝑢′���������)  respectively (Bey et al. 2007; 

Krogstadt and Antonia 1999). The stream wise and vertical fluxes of turbulent kinetic energy are 

normalized by the (𝑢𝑢′� )3 and (𝑤𝑤′����)3 respectively. The normalized stream-wise and vertical fluxes are 
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(𝑤𝑤′���� )3

 respectively.  

At point ‘x3’, the value of 𝐹𝐹𝐹𝐹𝐹𝐹 is positive throughout the flow depth.  For  ‘x2’ point, the value of 
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positive. For ‘x1’ point, the value of 𝐹𝐹𝐹𝐹𝐹𝐹 is positive throughout the depth (Figure 9.5).  

For ‘y1’, ‘y2’ and ‘y3’ points, the value of 𝐹𝐹𝐹𝐹𝐹𝐹 is negative throughout the flow depth (Figure 9.6). 
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the transfer of energy in the negative longitudinal direction (Figure 9.6). The magnitude of 𝐹𝐹𝐹𝐹𝐹𝐹 is 

greater for higher submergence ratio. This indicates that the greater energy transfer takes place for 

higher submergence ratio (Figures 9.5 and 9.6). The effect for submergence ratio is mainly found in 

the lower layer of flow (z/h<0.2).  

 

 

Figure 9.5 (a) Shows the depth-wise variation of 𝐹𝐹𝐹𝐹𝐹𝐹 for ‘x1’ point 
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Figure 9.5 (b) Shows the depth-wise variation of 𝐹𝐹𝐹𝐹𝐹𝐹 for ‘x2’ point 

 

Figure 9.5 (c) Shows the depth-wise variation of 𝐹𝐹𝐹𝐹𝐹𝐹 for ‘x3’ point 
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Figure 9.6 (a) Shows the depth-wise variation of 𝐹𝐹𝐹𝐹𝐹𝐹 for ‘y1’ point  
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Figure 9.6 (b) Shows the depth-wise variation of 𝐹𝐹𝐹𝐹𝐹𝐹 for ‘y2’ point  

 

Figure 9.6 (c) Shows the depth-wise variation of 𝐹𝐹𝐹𝐹𝐹𝐹 for ‘y3’ point  
 

The depth-wise distribution of 𝐹𝐹𝐹𝐹𝐹𝐹 is also plotted (Figures 9.7 and 9.8). At point ‘x3’, the 𝐹𝐹𝐹𝐹𝐹𝐹 is 

positive almost throughout the flow depth. At ‘x2’ and ‘x3’ points, the value of 𝐹𝐹𝐹𝐹𝐹𝐹 is negative for 

(z/h <0.2) and stays positive for remaining depth of flow (Figure 9.7). The negative and positive 

values of 𝐹𝐹𝐹𝐹𝐹𝐹 indicate the transport of energy in the downward and upward direction respectively 

(Dey et al. 2011).  The magnitude of 𝐹𝐹𝐹𝐹𝐹𝐹 increases with increase in the submergence ratio (Figures 

9.7 and 9.8). This indicates that the higher energy transport in vertical direction takes places for 

higher submergence ratio. 

Presence of mid-channel bar causes redistribution of 𝐹𝐹𝐹𝐹𝐹𝐹 and 𝐹𝐹𝐹𝐹𝐹𝐹 coefficients. At ‘y2’ and ‘y3’ 

points, the negative value of 𝐹𝐹𝐹𝐹𝐹𝐹 and positive value of 𝐹𝐹𝐹𝐹𝐹𝐹 indicate the transport of energy in 

backward and upward direction respectively (Figures 9.6 and 9.8). At upstream points for (z/h< 0.2), 

the positive value of 𝐹𝐹𝐹𝐹𝐹𝐹 and negative value of 𝐹𝐹𝐹𝐹𝐹𝐹 indicate the transport of energy in forward and 

downward direction respectively (Figures 9.5 and 9.7).  
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Figure 9.7 (a) Shows the depth-wise variation of 𝐹𝐹𝐹𝐹𝐹𝐹 for ‘x1’ point respectively 
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Figure 9.7 (b) Shows the depth-wise variation of 𝐹𝐹𝐹𝐹𝐹𝐹 for ‘x2’ point respectively 

 

Figure 9.7 (c) Shows the depth-wise variation of 𝐹𝐹𝐹𝐹𝐹𝐹 for ‘x3’ point respectively 
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Figure 9.8 (a) Shows the depth-wise variation of 𝐹𝐹𝐹𝐹𝐹𝐹 for ‘y1’ point 

 

Figure 9.8 (b) Shows the depth-wise variation of 𝐹𝐹𝐹𝐹𝐹𝐹 for ‘y2’ point 
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Figure 9.8 (c) Shows the depth-wise variation of 𝐹𝐹𝐹𝐹𝐹𝐹 for ‘y3’ point 
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CHAPTER-10 SUMMARY, CONCLUSIONS AND 
RECOMMENDATIONS 

 

10.1 Summary of Research Work 
In the present research, extensive laboratory investigations have been conducted to study in depth 

the turbulent flow hydraulics in the vicinity of mid-channel bar of alluvial stream. The experimental 

study is divided into two phases.  

In first phase of study, the flow behaviour along the side of mid-channel bar is investigated. The 

changes induced in turbulent flow structure by the mid-channel bar are examined. The turbulent flow 

structures are analysed using the quadrant and octant techniques.  

In the second phase of study, the velocity and turbulence parameters are thoroughly investigated at 

locations upstream and downstream of mid-channel bar. The main aim of performing second phase 

of experiments is to analyse the effect of mid-channel bar on the flow structure and to study the 

effect of mid-channel bar height on the turbulent structure of flow.  

Quadrant technique is employed for analysing the joint probability distribution of bursting events. 

The velocity fluctuations are modelled using the Gram-Charlier method. The variation of bursting 

events with the Hole size is also analysed using the quadrant technique. The Hole size concept is 

used to segregate extreme events from low intensity events. The transverse flow component is found 

to make significant contribution to turbulent bursts in the vicinity of mid-channel bar.  Thus, the 

three-dimensional bursting analysis is carried out in this study. The joint probability analysis of 3-D 

bursting events will be very complex from mathematical point of view. Although the two-

dimensional joint probability analysis will not fully represent the flow structure in the vicinity of 

mid-channel bar, it will still give an idea of bursting events distribution in the vicinity of mid-channel 

bar. Hence, the joint probability distribution of bursting events is analysed using the quadrant 

technique. 

 The occurrence probabilities of three-dimensional octant events are computed using the method 

given by Keshavarzi and Gheisi (2006). The results indicate that the even octant events are related 

to the scouring and odd octant events are associated to the deposition observed in the vicinity of mid-
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channel bar. Thus, in order to club the effect of bursting events on the flow characteristics in the 

vicinity of mid-channel bar, a new parameter 3-Dimensional Burst Index (3DBI) is introduced in the 

present study. It is the ratio of summation of odd events to the summation of even events. The 3DBI 

exhibits linear relationship with the scouring/deposition phenomenon observed in the vicinity of 

mid-channel bar with Coefficient of Determination and Pearson R value equal to 0.94 and 0.97 

respectively. The high value of correlation coefficients indicates that the 3DBI is closely related with 

the local stream bed elevation change occurred in the proximity of mid-channel bar. Researches have 

been done on the effect of Hole size on two-dimensional bursting events. The Hole size concept for 

octant events is not yet defined in the literature. At region where the flow is three dimensional, the 

Hole size concept for octant events is necessary for segregating the extreme octant events from the 

low intensity octant events. Therefore, for defining the Hole size concept for octant events, a new 

parameter ‘3- Dimensional Hole Size’(3DHS) is proposed in this study.  For studying the interaction 

between the sweep and ejection events, a new parameter 3-Dimensional Dominance function 

(3DDF)=𝑃𝑃2,𝐻𝐻+𝑃𝑃6,𝐻𝐻
𝑃𝑃4,𝐻𝐻+𝑃𝑃8,𝐻𝐻

 is introduced which is the ratio of summation of ejection events to the summation 

of sweep events. The high rate of scouring is observed in the area of interaction due to the kolks-

boils phenomenon. First order Markov chain process is used in this study for transitional movements 

modelling as per Keshavarzi and Gheisi (2006).  

The depth averaged values of transition probability of stable movements are plotted for bar 

condition. Results indicate that the higher values of 𝑝𝑝2→2, 𝑝𝑝4→4, 𝑝𝑝6→6, 𝑝𝑝8→8 are observed at scouring 

points and higher values of 𝑝𝑝1→1, 𝑝𝑝3→3, 𝑝𝑝5→5, 𝑝𝑝7→7 are observed at depositional points. Thus, the 

odd stable movements are related to deposition and even stable movements are related to the 

scouring which occur in the vicinity of mid-channel bar.  In the present study, the new parameter 

Transition Ratio (TR) is proposed. This parameter takes into account the effect of stable transition 

movements on the local stream bed elevation change that occurred in the proximity of mid-channel 

bar. In this study the relationships have been developed for Class A and Class B stable movements 

using the Nonlinear Fit toolbox of MATLAB Software.  

From literature survey, it could be found that the turbulent flow structure in the vicinity of a mid-

channel bar is not much researched in the past. Therefore, for validating the experimental results, 

the commercial CFD code Fluent is used. Steady state simulations are carried out using the Reynolds 

stress model of Fluent Software on the basis of the study by Sarkar and Ratha (2014). The flow 



157 
 

structure in the vicinity of mid-channel bar is greatly affected by the mid-channel bar. The depth-

averaged contours of turbulence parameters are analysed for bar and no bar conditions. The depth-

wise distributions of velocities and turbulence parameters are plotted for different submergence ratio. 

The effects of submergence ratio on the turbulent flow structure are analysed. The characteristics of 

third order moments of velocity fluctuations are studied in detail.  

The present study contributes towards better comprehension of the intricate linkage of turbulent 

burst events with the local stream bed elevation changes that are observed in the vicinity of mid-

channel bar. New parameters are developed for an insight into the turbulent flow structure in the 

vicinity of mid- channel bar. The concept of Hole size is proposed for the three-dimensional octant 

events in this study. The newly introduced Three-Dimensional Hole Size in this research helps in 

minutely studying the turbulent flow structure. Not many prominent studies have been done on the 

flow structure in the vicinity of mid-channel bar. Due to the lack of experimental data on this topic, 

the Reynolds stress modelling is done for validating the experimental results using the CFD code of 

Fluent software. The effect of submergence ratio on the turbulent flow structure in the vicinity of 

mid-channel bar are analysed. Effect of fluid-bar interaction on the third order moments of velocity 

fluctuations is investigated.  

10.2 Conclusions  
The following prime results and conclusions have been drawn from the study: 

1. The results indicate that the extreme events are observed at sections near the upstream end 

of mid-channel bar. These extreme turbulent bursts are triggered by the fluid bar interaction. 

The sweep events are found to be dominant near the boundary and ejection events are 

observed to be dominant away upward from the boundary. From the results, it was found 

that the dominance of sweep events decreases as the hyperbolic Hole size increases.  The 

results bring out that the higher stresses are produced mainly due to ejection events. 

2. The presence of the mid-channel bar causes redistribution of turbulent bursts with high 

occurrence probability for even events at location near upstream end of mid-channel bar. 

The high magnitude of turbulent burst generated due to the fluid bar interaction causes 

scouring at these locations. The zone of high probability becomes more eccentric toward the 

dominant quadrants as the Hole size increases from 0 to 1.5. 
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3. The presence of mid-channel bar causes non-homogeneity in the contours pattern of 

turbulent intensities. High level turbulent intensities are observed at region near upstream 

end of mid-channel bar and level of turbulent intensities decreases with increase in distance 

from the upstream end of mid-channel bar.  The high level of turbulent intensities at region 

near upstream end of mid-channel bar is responsible for occurrence of scouring at that 

region. For no bar condition, the turbulent intensities contours have lesser spatial variation. 

4. The presence of mid-channel bar induces a series of critical changes to the turbulent flow 

structure, where high Reynolds stresses are generated at region near upstream end of mid-

channel bar. These high Reynolds stresses may be expected to generate increased stream 

bed scouring. 

5. The magnitude of turbulent kinetic energy for each individual direction is computed. The 

results show that the transverse flow component is significant for bar condition. The 

contribution of 𝑇𝑇𝑇𝑇𝑇𝑇𝑦𝑦 for bar condition is almost 1.5 times as compared to the no bar 

condition. This indicates that the transfer of turbulent energy takes place from longitudinal 

to the lateral direction due to the presence of mid-channel bar. 

6. The new parameters 3DBI and TR are evolved in this research to reflect streambed elevation 

changes and stable transitional movements. These parameters show linear relationships with 

the scouring/deposition occurred in the vicinity of mid-channel bar. These two parameters 

are closely related with the local stream bed elevation changes that occurred in the vicinity 

of mid-channel bar.  

7. The new parameter 3DHS is defined in the present research to closely examine high intensity 

3-Dimensional bursts with Hole size for fluid bar interaction. This parameter has defined 

the Hole size concept for three-dimensional flow. The 3DHS helps in segregating the 

extreme octant events from the low intensity octant events. The variations of octant events 

with the 3DHS are analysed. The results indicate that the presence of mid-channel bar leads 

to the creation of high intensity turbulent burst. The one more notable conclusion drawn 

from this analysis is that the dominant events become more dominant with increase in the 

3DHS value.  

8. Another new parameter 3DDF formulated in this research brings out the relative dominance 

and interaction between sweep and ejection events in three-dimensional bursting process. 

“kolks-boils” phenomenon is observed due to the interaction of sweep and ejection events. 



159 
 

The results indicate that the 3DDF parameter is successful in predicting the high scouring 

region. 

9. The three-dimensional transitional movements of bursting events are modelled using the 

first order Markov chain. The transition probabilities of stable movements are closely related 

to the Scouring/Deposition that occurred in the vicinity of mid- channel bar. The 

relationships have been developed for Class A and Class B stable movements using the 

Nonlinear Fit toolbox of MATLAB Software. The high value of correlation for these 

expressions indicates that they are correctly predicting the relationship between the stable 

movements. 

10. The literature survey brings out that the turbulent flow structure in the vicinity of the mid-

channel bar is not investigated in the past. Therefore, the computational fluid dynamic CFD 

code Fluent is used for validating the present experimental results of the study. The flow 

simulations are carried out using the Reynolds stress model. The value and pattern of 

simulation results are almost similar to the experimental results. Hence, the Reynolds stress 

model is successfully predicting the depth-wise profile of turbulent and velocity 

distributions. 

11. The longitudinal velocity is lesser for higher submergence ratio. This indicates that the 

increase in the height of mid-channel bar causes greater reduction in longitudinal velocity. 

The vertical velocity is negative at sections upstream of the mid-channel bar. The negative 

vertical velocity indicates the downflow at these sections. The magnitude of transverse 

velocity is significant at sections downstream of mid-channel bar. This highlights that the 

flow structure is three dimensional at downstream region of the mid-channel bar. 

12. The longitudinal turbulent intensity is greater for higher submergence ratio. This indicates 

that the increase in height of mid-channel bar causes increase in the magnitude of 

longitudinal turbulent intensity. The longitudinal turbulent intensity at sections downstream 

of mid-channel bar is much more pronounced as compared to the upstream sections. This is 

mainly due to the interaction of surface wave with the downstream flow. The increase in 

vertical and transverse component of turbulent intensity is observed for higher submergence 

ratio.   

13. The deviation of velocity profile from logarithmic law is more discernible for sections 

located in close vicinity of the mid-channel bar. The deviations from logarithmic profile 

increases as the submergence ratio increases.  
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14. The presence of mid-channel bar causes increase of skewness in the longitudinal velocity 

distribution. The value of 𝑆𝑆𝑢𝑢 is greater for higher submergence ratio. This indicates that the 

high submergence ratio creates greater skewness of longitudinal velocity. The magnitude of 

𝑆𝑆𝑤𝑤 is more at sections in the close vicinity of mid-channel bar. This highlights that the 

presence of mid-channel bar causes greater skewness in the vertical velocity distribution.  

15. Presence of mid-channel bar causes redistribution of 𝐹𝐹𝐹𝐹𝐹𝐹 and 𝐹𝐹𝐹𝐹𝐹𝐹 coefficients. The 

magnitude of 𝐹𝐹𝐹𝐹𝐹𝐹 and 𝐹𝐹𝐹𝐹𝐹𝐹 are greater for higher submergence ratio. This indicates that the 

greater energy transfer takes place for higher submergence ratio.  

 

10.3 Future Scope of the Study 
The present study utilized the bursting phenomena for investigating the turbulence in the vicinity of 

mid-channel bar. Hydraulic parameters are proposed for relating the three-dimensional bursting 

events with the local stream bed elevation changes observed in the vicinity of mid-channel bar. The 

bursting approach is applied for only one Aspect Ratio of mid-channel bar with an oval like shape. 

For greater insight into the turbulent flow structure, the present study may be extended for different 

sizes with varying Aspect Ratios and shapes of mid-channel bar. The present experiments were 

carried out for only one bed material. The future study can be extended for different sizes of bed 

material.  
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ANNEX-I 
MATLAB codes for computing the relationships between the stable transition movements 
% Program by Mohammad Amir Khan 

% Program for Ph.D Thesis 

% For developing the relationships between the stable transitional movements 

% Program for Class A stable transitional movements 

% Reading Excel File 

d=xlsread('D:\excel for transition prob.xlsx'); 

[RR,C]=size(d); 

%defining the Data 

i=d(:,4);  ii=d(:,5); iii=d(:,6); iv=d(:,7); v=d(:,8); vi=d(:,9); vii=d(:,10); 

viii=d(:,11); 

% i represent the transition probability of  𝑷𝑷𝟏𝟏→𝟏𝟏 movements. Similarly, other 

stable transition movements are defined.  

% Defining the dependent variables 

a1=ii; 

a2=iii; 

a3=iv; 

a=[a1,a2,a3]; 

% Defining the independent variable 

p=ia; 

% Defining the dependent variables 

b1=i; 

b2=iii; 

b3=iv; 

b=[b1,b2,b3]; 

% Defining the independent variable 

q=ii; 

% Defining the dependent variables 

c1=i; 

c2=ii; 

c3=iv; 

c=[c1,c2,c3]; 

% Defining the independent variable 

r=iii; 

% Defining the dependent variables 

e1=i; 

e2=ii; 
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e3=iii; 

e=[e1,e2,e3]; 

% Defining the independent variable 

s=iva; 

% beta function for developing the relationships 

% All initial values are taken as one for first iteration 

beta0 =[1.0 1.0 1.0 1.0 1.0 1.0]; 

% brate Function defined later 

% “nlinfit” MATLAB Toolbox for performing the Nonlinear fitting 

betaa= nlinfit(a,p,'brate',beta0); 

coefft1=[betaa]; 

phat = brate(betaa,a); 

% computing the coefficients of brate function 

betab= nlinfit(b,q,'brate',beta0); 

coefft2=[betab]; 

qhat = brate(betab,b); 

betac= nlinfit(c,r,'brate',beta0); 

coefft3=[betac]; 

rhat = brate(betac,c); 

betad= nlinfit(e,s,'brate',beta0); 

coefft4=[betad]; 

shat = brate(betad,e); 

% Figures for displaying the relating between the exact values and computed 

values 

for i=1:1 

  figure(i) 

  [m1,b1,r1] = postreg(phat,p); 

end 

for i=2:2 

  figure(i) 

  [m1,b1,r1] = postreg(qhat,q); 

end 

for i=3:3 

  figure(i) 

  [m1,b1,r1] = postreg(rhat,r); 

end 

for i=4:4 

  figure(i) 

  [m1,b1,r1] = postreg(shat,s); 
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end 

% for testing and fitting of experimental data 

iifit = [1:10:RR,2:10:RR,3:10:RR, 4:10:RR, 6:10:RR, 7:10:RR, 8:10:RR,9:10:RR]; 

iitst = [5:10:RR, 10:10:RR]; 

a1fit=iia(iifit,:); 

a2fit=iiia(iifit,:); 

a3fit=iva(iifit,:); 

  

b1fit=ia(iifit,:); 

b2fit=iiia(iifit,:); 

b3fit=iva(iifit,:); 

  

c1fit=ia(iifit,:); 

c2fit=iia(iifit,:); 

c3fit=iva(iifit,:); 

  

e1fit=ia(iifit,:); 

e2fit=iia(iifit,:); 

e3fit=iiia(iifit,:); 

  

afit=[a1fit,a2fit,a3fit]; 

bfit=[b1fit,b2fit,b3fit]; 

cfit=[c1fit,c2fit,c3fit]; 

efit=[e1fit,e2fit,e3fit]; 

  

pfit=ia(iifit,:); 

qfit=iia(iifit,:); 

rfit=iiia(iifit,:); 

sfit=iva(iifit,:); 

phatfit = brate(betaa,afit); 

qhatfit = brate(betab,bfit); 

rhatfit = brate(betac,cfit); 

shatfit = brate(betad,efit); 

  

  

a1tst=iia(iitst,:); 

a2tst=iiia(iitst,:); 

a3tst=iva(iitst,:); 
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b1tst=ia(iitst,:); 

b2tst=iiia(iitst,:); 

b3tst=iva(iitst,:); 

  

c1tst=ia(iitst,:); 

c2tst=iia(iitst,:); 

c3tst=iva(iitst,:); 

  

e1tst=ia(iitst,:); 

e2tst=iia(iitst,:); 

e3tst=iiia(iitst,:); 

  

atst=[a1tst,a2tst,a3tst]; 

btst=[b1tst,b2tst,b3tst]; 

ctst=[c1tst,c2tst,c3tst]; 

etst=[e1tst,e2tst,e3tst]; 

  

ptst=ia(iitst,:); 

qtst=iia(iitst,:); 

rtst=iiia(iitst,:); 

stst=iva(iitst,:); 

phattst = brate(betaa,atst); 

qhattst = brate(betab,btst); 

rhattst = brate(betac,ctst); 

shattst = brate(betad,etst); 

  

  

% For doing the performance analysis  

xx1=[pfit,phatfit]; 

xx2=[qfit,qhatfit]; 

xx3=[rfit,rhatfit]; 

xx4=[sfit,shatfit]; 

perfit1=performance(xx1); 

perfit2=performance(xx2); 

perfit3=performance(xx3); 

perfit4=performance(xx4); 

  

xx5=[ptst,phattst]; 

xx6=[qtst,qhattst]; 
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xx7=[rtst,rhattst]; 

xx8=[stst,shattst]; 

pertst1=performance(xx5); 

pertst2=performance(xx6); 

pertst3=performance(xx7); 

pertst4=performance(xx8); 

perf_Column=[perfit1;perfit2;perfit3;perfit4;pertst1;pertst2;pertst3;pertst4]; 

fclose('all'); 

 

% Program for Class B stable transition movements  

% Reading Excel File 

d=xlsread('D:\excel for transition prob.xlsx'); 

[RR,C]=size(d); 

%defining the Data 

v=d(:,8); vi=d(:,9); vii=d(:,10); viii=d(:,11); 

defining the dependent variables 

a1=vi; 

a2=vii; 

a3=viii; 

a=[a1,a2,a3]; 

defining the independent variable 

p=v; 

defining the dependent variables 

b1=v; 

b2=vii; 

b3=viii; 

b=[b1,b2,b3]; 

defining the independent variable 

q=vi; 

defining the dependent variables 

c1=v; 

c2=vi; 

c3=viii; 

c=[c1,c2,c3]; 

defining the independent variable 

r=vii; 

defining the dependent variables 

e1=v; 

e2=vi; 
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e3=vii; 

e=[e1,e2,e3]; 

defining the independent variable 

s=viii; 

% beta function for developing relationships between the class b transition 

movements 

% all initial values are taken as one for first iteration 

 

beta0 =[1.0 1.0 1.0 1.0 1.0 1.0]; 

% “nlinfit” MATLAB toolbox for performing the Nonlinear fitting 

 

betaa= nlinfit(a,p,'brate',beta0); 

% Computing the coefficients of brate function 

coefft1=[betaa]; 

phat = brate(betaa,a); 

betab= nlinfit(b,q,'brate',beta0); 

coefft2=[betab]; 

qhat = brate(betab,b); 

betac= nlinfit(c,r,'brate',beta0); 

coefft3=[betac]; 

rhat = brate(betac,c); 

betad= nlinfit(e,s,'brate',beta0); 

coefft4=[betad]; 

shat = brate(betad,e); 

% Figures for displaying the relating between the exact values and computed 

values 

 

for i=1:1 

  figure(i) 

  [m1,b1,r1] = postreg(phat,p); 

end 

for i=2:2 

  figure(i) 

  [m1,b1,r1] = postreg(qhat,q); 

end 

for i=3:3 

  figure(i) 

  [m1,b1,r1] = postreg(rhat,r); 

end 
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for i=4:4 

  figure(i) 

  [m1,b1,r1] = postreg(shat,s); 

end 

% for testing and fitting of experimental data 

iifit = [1:10:RR,2:10:RR,3:10:RR, 4:10:RR, 6:10:RR, 7:10:RR, 8:10:RR,9:10:RR]; 

iitst = [5:10:RR, 10:10:RR]; 

a1fit=iib(iifit,:); 

a2fit=iiib(iifit,:); 

a3fit=ivb(iifit,:); 

  

b1fit=ib(iifit,:); 

b2fit=iiib(iifit,:); 

b3fit=ivb(iifit,:); 

  

c1fit=ib(iifit,:); 

c2fit=iib(iifit,:); 

c3fit=ivb(iifit,:); 

  

e1fit=ib(iifit,:); 

e2fit=iib(iifit,:); 

e3fit=iiib(iifit,:); 

  

afit=[a1fit,a2fit,a3fit]; 

bfit=[b1fit,b2fit,b3fit]; 

cfit=[c1fit,c2fit,c3fit]; 

efit=[e1fit,e2fit,e3fit]; 

  

pfit=ib(iifit,:); 

qfit=iib(iifit,:); 

rfit=iiib(iifit,:); 

sfit=ivb(iifit,:); 

phatfit = brate(betaa,afit); 

qhatfit = brate(betab,bfit); 

rhatfit = brate(betac,cfit); 

shatfit = brate(betad,efit); 

  

  

a1tst=iib(iitst,:); 
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a2tst=iiib(iitst,:); 

a3tst=ivb(iitst,:); 

  

b1tst=ib(iitst,:); 

b2tst=iiib(iitst,:); 

b3tst=ivb(iitst,:); 

  

c1tst=ib(iitst,:); 

c2tst=iib(iitst,:); 

c3tst=ivb(iitst,:); 

  

e1tst=ib(iitst,:); 

e2tst=iib(iitst,:); 

e3tst=iiib(iitst,:); 

  

atst=[a1tst,a2tst,a3tst]; 

btst=[b1tst,b2tst,b3tst]; 

ctst=[c1tst,c2tst,c3tst]; 

etst=[e1tst,e2tst,e3tst]; 

  

ptst=ib(iitst,:); 

qtst=iib(iitst,:); 

rtst=iiib(iitst,:); 

stst=ivb(iitst,:); 

phattst = brate(betaa,atst); 

qhattst = brate(betab,btst); 

rhattst = brate(betac,ctst); 

shattst = brate(betad,etst); 

  

% For doing the performance analysis  

xx1=[pfit,phatfit]; 

xx2=[qfit,qhatfit]; 

xx3=[rfit,rhatfit]; 

xx4=[sfit,shatfit]; 

perfit1=performance(xx1); 

perfit2=performance(xx2); 

perfit3=performance(xx3); 

perfit4=performance(xx4); 
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xx5=[ptst,phattst]; 

xx6=[qtst,qhattst]; 

xx7=[rtst,rhattst]; 

xx8=[stst,shattst]; 

pertst1=performance(xx5); 

pertst2=performance(xx6); 

pertst3=performance(xx7); 

pertst4=performance(xx8); 

perf_Column=[perfit1;perfit2;perfit3;perfit4;pertst1;pertst2;pertst3;pertst4];f

close('all'); 

% Brate Function for performing Nonlinear fitting 

function yhat =brate(beta,x) 

b1 = beta(1); 

b2 = beta(2); 

b3 = beta(3); 

b4 = beta(4); 

b5 = beta(5); 

b6 = beta(6); 

  

x1 = x(:,1); 

x2 = x(:,2); 

x3 = x(:,3); 

%yhat=b1.*(x1.^b2.)*(x2.^b3.)*(x3^b4.)+b5.;MOHSIN 

%yhat=b1.*(x1.^b2).*(x2.^b3).*(x3.^b4).*(x4.^b5); 

%yhat=(x1.^b1).*(x2.^b2).*(x3.^b3).*(x4.^b4)+b5; 

yhat=b1.*(x1.^b2)+b3.*(x2.^b4)+b5.*(x3.^b6): 
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