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ABSTRACT 
 

 

 

 

 

 

 

Most of the Indian peninsular rivers are generally low sinuous rivers. The three-

dimensional flow structures in curved channels control the hydrodynamic and 

morphological adjustments of the river system. In addition, physio-hydrological 

characteristics of the river, engineering interventions and river corridor vegetation alter the 

flow structure in these rivers. The flow-vegetation-sediment interactions and management 

of flood-plain vegetation can be helpful for morphological stability and ecological 

maintenance of the rivers. The present thesis aims to understand the hydraulics of the 

compound meandering channel of low sinuosity with the different cases of flood-plain 

vegetation under varying flow conditions. An experimental methodology is framed to 

investigate the (a) effect of flood-plain vegetation grasses of varying densities; (b) effect of 

heterogeneous forms of flood-plain vegetation; (c) combined effect of bridge pier and 

flood-plain vegetation; on turbulent structure in the main channel under emergent and 

submerged vegetation conditions. Further, an inter-comparison study is carried out between 

numerical model simulations and experimental results for evaluating the performance of 

CFD model in predicting the hydrodynamics structure with the influence of flood-plain 

vegetation in the meandering channel. 

The first objective deals with the investigation of the effect of natural flood-plain 

vegetation grasses of varying densities (100, 150, 200 and 400 plants/m2) under submerged 

vegetation conditions. The presence of higher density of flood-plain vegetation resulted in 

increased streamwise velocity up to 25% as compared to other vegetation layouts. The 

turbulent shear production near the channel-floodplain interface is observed to increase 

with increasing vegetation density. This resulted in an increase in turbulence parameters 

such as turbulence intensity, Reynold’s stress and turbulent kinetic energy showing peak 

near the inner bank. Further, the floodplain vegetation shifts the flow structure into the 
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mainstream and thus creating more turbulence and altering distribution of velocity 

profiles.  The variability of flow angle at cross-section apex, bend and crossover region is 

dominant under different flow conditions and vegetation densities. These findings provide 

better understanding of the effect of shear layer mechanism and momentum transfer in the 

main channel with the effect of floodplain vegetation. 

The vegetation is often observed as patches of reeds, grasses and other 

heterogeneous plant forms in natural river environments. In the second objective, an 

experimental investigation on the turbulent flow characteristics in flood-plain vegetation 

patches of varying plant forms (leafy, grass, and cylindrical forms) in a staggered pattern. 

The results show that the presence of leafy vegetation patches increases the main channel 

velocities compared to other vegetation forms. The additional drag due to leafy vegetation 

increases the shear generated turbulence at the channel floodplain transition. The different 

floodplain vegetation forms are observed to change the cross-section distribution of 

velocity and turbulent fields at apex, bend and cross-over regions of the channel. 

Specifically, different plant forms significantly altered the velocity increments and 

momentum transfer between the floodplain-vegetation interface.  Further, the flow angle is 

observed as 11°, 9°, 7.3° and 5.5° for leafy, mixed, grass and cylindrical vegetation 

respectively. However, the transverse flow motion and transverse surface gradient in the 

region of leading edge of the outer bank is enhanced by strengthening of secondary flows. 

The understanding of flow and floodplain vegetation interaction is extended to 

study the hydrodynamic response of the sinuous river subjected to combined effect of 

bridge piers and vegetation cover over the floodplain. The results reveal the presence of 

bridge piers and vegetation roughness tends to cause more turbulence in the main channel 

of a river. At the channel-floodplain interface, the velocity gradient in the lateral direction 

increased with addition of bridge piers, thus forming a strong shear layer at that location. 

The provision of the large diameter pier additionally causes more secondary circulations in 

the main channel due to the combination of horseshoe vortex, shear vortex and curvature 

vortex resulting from bridge pier, vegetation elements and channel curvature. Further, the 

large diameter pier increases the main channel velocity up to 36% compared to smaller 

diameter pier, only vegetation and no-obstruction conditions on the floodplain. 

The turbulence characteristics of sinuous channel with floodplain vegetation have 

been studied through laboratory experiments and numerical computations. Vegetation 

cover and bridge piers are incorporated in the CFD model, and hydrodynamic simulations 

are carried out for the turbulence characteristics. The results reveal the hydraulic parameters 
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such as primary and secondary flow velocities, and turbulent kinetic energy behavior in the 

main channel were captured by FLOW3D solver using the RNG (Renormalization-Group) 

turbulence model. Moreover, the analysis of turbulence statistics reveal the interaction of 

the main channel and floodplain flow were predicted well. These results obtained from the 

study have shown the capability of the RNG model to capture the shear layer mechanism 

and momentum transfer phenomenon at the channel-floodplain transition. The vegetation- 

bridge pier-flow response can be extended further by monitoring the process at field scale 

for river corridor management. The present thesis work provides a comprehensive 

understanding on the effect of floodplain vegetation of various scenarios on main channel 

turbulent characteristics of sinuous rivers.  
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1 
 

INTRODUCTION 
 

 

 

 

 
Most of the Indian peninsular rivers are generally low sinuous rivers (Pradhan et 

al., 2017). Determining the three-dimensional structures in curved channels has become 

one of the key challenges in river engineering. Natural river characteristics, including the 

protection of riverbank and floodplain vegetation, have further complicated the hydraulic 

design process. Moreover, channel-floodplain vegetation interactions are considered a 

fundamental part of the fluvial ecosystem (e.g., Newson 1992, Brookes 1996) to maintain 

the ecological health of waterways. In a river, the study of turbulence characteristics in the 

channel with the effect of floodplain vegetation is important to stabilize bank erosion 

control and maintain ecological balance. This thesis aims to work for understanding the 

river turbulence with the effect of floodplain roughness.  

1.1 GREEN CORRIDOR OF THE RIVER SYSTEM 

The riparian green corridor is a fundamental feature of natural riverine systems, and 

it has a significant impact on the river ecological system. In general, the vegetation is rigid 

or flexible depending on the plant characteristics and the flow conditions. The presence of 

floodplain vegetation significantly alters the flow field in terms of drag variation, changes 

in velocity distribution, and turbulence structures. Further, the flow structure in emergent 

and submerged vegetation widely differs due to vegetation interaction with flow depth at 

different scales (Shucksmith et al., 2010).  Vegetation also alters local velocities, turbulence 
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intensities, turbulent Reynold's stresses, and vertical and horizontal distributions (Liu et al. 

2008, 2010; Kubrak et al. 2008; Wilson 2007; Garcia et al. 2004; Stone and Shen 2002; 

Nepf 1999; Shimizu 1994). Many past studies focused on the flow structure affected by 

riparian vegetation zone; however, limited efforts were made to understand the impact of 

plant density on spatial turbulence features in a partially vegetated river with gradually 

changing flow conditions. Generally, the riparian vegetation consists of emergent aquatic 

plants, shrubs, and trees in the riparian zone. The majority of the research has been done in 

laboratory flumes with artificial, rigid (e.g., Bennett et al., 2002; Liu et al., 2008; King et 

al., 2012) or flexible type (e.g., Velasco et al., 2008; Chen et al., 2011) cylindrical 

vegetation, where flow complexities arising from plant morphology were ignored (Nepf, 

1999; Tanino and Nepf, 2008; Siniscalchi et al., 2012). To study the effect of plant 

morphology on turbulence structure, Wilson et al. (2003) have conducted laboratory 

experiments on flexible vegetation with and without fronds. The present study attempts to 

understand the flow behavior with the effect of different floodplain vegetation layouts such 

as cylindrical vegetation, flexible grasses, leafy vegetation and mixed of above plant forms, 

which are mainly focused. 

The design of bridge piers mainly depended upon the economic and structural point 

of view. But nobody considers the effect of bridge pier and surrounded with floodplain 

vegetation on main channel flow structures. Several authors like Kothayari et al.,1992; 

Koken 2008, Keshavarzi et al., 2014; Morales 2013; Lee 2019 have discussed about the 

turbulent flow and scour around the bridge piers. When bridge piers restrict the flow in an 

alluvial channel, dynamic pressure rises in front of the pier, resulting in an adverse pressure 

gradient from the free surface to the channel's bottom. As a result, flow separation occurs 

near the pier, resulting in the creation of vortices surrounding the pier (Narayana et al., 

2021). Present study mainly focuses on how the main channel flow structures will get 

affected by the bridge piers along with floodplain vegetation.  

The understanding of experimental results became easier using quasi measurement 

techniques. However, it comes with costs and the technological advantage of linked 

interdisciplinary expertise. In these cases, computational fluid dynamics plays a pivotal 

role. Previously, researchers have detailed studies on turbulence closure models, which 

have eased the process of turbulence modelling (Ferziger et al., 2002; Morvan et al., 2002; 

Morvan 2005). Furthermore, the major approach of these models on open channel flow has 

intimidated researchers with producing better results for a wide range of channels including 

complex geometries like meandering, gravel bed and complex flows in vegetation (Singh 
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et al., 2021; Rahimi et al., 2020; Cacqueray et al., 2009). Present study, numerical study on 

turbulence characteristics in the main channel effected by the presence of bridge piers and 

floodplain vegetation have been examined.  

The main objective of this study is to provide comprehensive details of the low 

sinuous river of different flow depths by analyzing the relationship between secondary flow 

structures, turbulence intensities, turbulent kinetic energy and Reynold's shear stresses of a 

river. Also, most of the flow structure studies along the cross-section of the channel 

describe the flow structure within the layer of vegetation. The effects of the vegetated layer 

on the channel, however, are limited to the vegetated portion. Hence the study is motivated 

to investigate the flow features in the main channel with the effect of the green corridor 

with different vegetation densities with respect to spacing between them. From the results, 

to attain the optimum density of vegetation, our study has chosen four different 

configurations of vegetation. This research comprises various cross-sections of flow due to 

curvature of the channel and, with the impact of the green corridor, suits the best for 

studying the river channel behavior. This research contributes to understanding the 

hydrodynamic behavior of a sinuous river with different densities of homogeneous 

vegetation, flow through different vegetation patches, with the effect of obstructions 

(bridge pier) on the floodplain. In this study, an experimental investigation is conducted 

and analyzed the data measurements, and a computational fluid dynamic model is used for 

the hydrodynamic understanding of the river and green corridor. 

1 .2  AIMS AND SCOPE OF THE THESIS  

Considering the research needs in flow-vegetation interactions with emphasis to 

sinuous river the following are the objectives outlined for the present research study. 

 To study the effect of the homogeneous natural green corridor on hydrodynamic 

characteristics under emergent and submerged flow conditions in a sinuous river 

experimentally.  

 To study the impact of the natural vegetation patches on hydrodynamic 

characteristics under submerged flow conditions investigated in an experimental 

flume. 

 To study the combined effect of bridge piers and floodplain vegetation on main 

channel hydraulics and turbulence structures. 
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 To study the numerical investigation of effect of green corridor and bridge piers 

on river turbulence characteristics 

1 .3  ORGANISATION OF THE THESIS  

The research work in this thesis is presented in seven chapters. The thesis focuses 

on understanding the hydrodynamic behavior of a sinuous river with different densities of 

homogeneous vegetation, natural vegetation patches, obstructions (bridge pier) on the 

floodplain through lab and modeling-based approaches. The thesis is separated into 

chapters based on the objectives of the current study. Primarily, the effect of the 

homogeneous green corridor on a hydrodynamic system of the river is studied through 

experimental analysis. This is followed by understanding the river turbulence 

characteristics with the effect of the natural vegetation patches by experimental study. The 

later chapter investigates the flow-bridge pier-vegetation interaction through a lab-based 

experimental study. Lastly, numerical modeling is carried out to evaluate the performance 

evaluation of the CFD model to predict hydrodynamic changes due to the presence of green 

corridor. The chapter-wise description of the thesis is 

 Chapter 1 discussed the overview of the green corridor system and hydrodynamic 

characteristics followed by aims and scope of the thesis. 

 Chapter 2 reports the review of literature carried on hydrodynamics and flow-

vegetation interaction essential for the present investigation.  

 Chapter 3 deals with the experimental study on homogeneous natural green corridor 

on hydrodynamic characteristics under emergent and submerged flow conditions of 

the complex sinuous river system.  

 Chapter 4 deals with flow through vegetation patches on hydrodynamic 

characteristics under submerged flow conditions investigated in an experimental 

flume. 

 Chapter 5 deals with the experimental study on combined effect of bridge piers and 

floodplain vegetation on main channel hydraulics. 

 Chapter 6 deals with numerical investigation of effect of green corridor and bridge 

piers on river turbulence using a computational fluid dynamic model. 

 Chapter 7 summarizes the present research and suggests the future scope of the 

present work.               
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The green corridor is an important component of dynamic river systems. 

Vegetation exerts influences on flow resistance, flood prevention, sediment transport and 

riverbed evolution. When flow passes through vegetation, the flow characteristics will be 

affected on the floodplain and main channel of the river. The drag forces cause the stem 

of vegetation to change its location via bending or vibrating. On the other hand, 

depending on the roughness and shape of the body and the configuration of vegetation 

densities, the drag force changes the velocity around them. Shape, rigidity, configuration 

and the height of the vegetation cover have a significant effect on the flow properties. 

2 .1  FLOW THROUGH GREEN CORRIDOR 

The Green corridor changes flow structure and sediment transport and acts as a 

natural treatment facility by helping to purify the polluted water and maintain a good 

environment. The physical interaction of vegetation with water is usually considered at 

three different locations. i.e., the canopy height of the vegetation, just below the canopy 

and the stem of the plant and these locations are totally affected the velocity profile 

occurs in the channel. The vegetation is generally classified according to the flow 

conditions as emergent vegetation and submerged vegetation conditions in the water, and 

they create an interface for velocity profiles. Above the vegetation, the flow is similar as 

there is no friction or drag, whereas, within the vegetation, the velocity profile changes 

(Wu, Shen, & Chou, 1999). It is very well known that during flooding (fast flow), the 
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resuspension of sediment particles is unavoidable, primarily when the vegetation cover is 

sparsely distributed. On the other hand, dense vegetation will help to minimize the 

erosion of river banks and beds; thus, keeping river morphology as stable as possible. 

In nature, rivers are in the form of a compound cross-section with one deep main 

channel and one or two adjacent floodplains at the sides (Myers 1978). The structure of 

flow around the vegetation was widely studied by laboratory and field experiments 

(Gambi, Nowell, & Jumars, 1990; Liu et al., 2008; Sand‐Jensen & Pedersen, 1999). Hu et 

al., 2008 and Pujol et al., 2010 show in their experiment that the vegetation can 

considerably decrease the water flow velocity and the turbulence, respectively, as 

compared with that in non-vegetation zones (Ackerman & Okubo, 1993; Gambi et al., 

1990; Pujol, Colomer, Serra, & Casamitjana, 2010). For open channels like rivers and 

streams with both smooth and rough beds, the power and/or logarithmic velocity 

distribution with different forms agrees well with the real cases in most of the studies. 

Mostly, the vertical velocity distribution is connected directly to the bed shear stress for 

the non-vegetation stream, while for a vegetated stream, it’s mainly defined by the 

vegetation drag force since the vegetation roughness is much more than river bed 

roughness (Huai, Zeng, Xu, & Yang, 2009; Klopstra, Barneveld, Van Noortwijk, & Van 

Velzen, 1996; Righetti, 2008; Wilson, 2007). The resistance to flow due to vegetation 

cover has been studied by many researchers. The initial studies were based on adapting 

the Manning’s roughness coefficient, n, to the flow parameters and attaining a value to 

“n” for representing the vegetation resistance (Petryk & Bosmajian, 1975). 

Later, further studies on the effect of resistance or drag on flow structures are 

performed. Most of these studies were experimental and were focused on analyzing the 

impact of both rigid and flexible vegetation elements of flow structures (Cameron et al., 

2013; Carollo, Ferro, & Termini, 2002; Hu et al., 2008; Stone & Shen, 2002; Türker, 

Yagci, & Kabdaşlı, 2006). In most of these studies the resistance to flow and the 

variations on velocity profile is defined by the help of drag coefficient via the empirical 

relationships. On the other hand, the flow characteristics of vegetal regions are also 

described by using the velocity and turbulent intensity profiles at a single point or at an 

average of several points (Nepf, 1999). The effect of bank vegetation on channel flow is 

recognized to be confusing hydrodynamics since the lateral exchange of momentum from 

banks to the mainstream generates interface flow between flow in the main channel and 

lateral effect of flow from banks (Shiono & Knight, 1991). The impact of bank vegetation 

changes with respect to the flow discharge, bank slope, vegetation density and etc. 
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However, these studies have provided an understanding of flow through the green 

corridor, limited their work to flow parameters surrounding floodplain vegetation.  

2 .2  FLOW - GREEN CORRIDOR - INTERACTIONS 

Riparian green corridor development has a significant influence on river 

morphodynamics and plays a significant role in improving the river ecosystem (Gurnell et 

al., 2012). The importance of the riparian green corridor is recognized and is broadly used 

for river management. Vegetation causes the shear layer mechanism at the interface of the 

main channel and floodplain due to the velocity gradient and a significant momentum is 

exchange that leads to the generation of vortices and secondary current circulations 

(Shiono and Knight 1991, Tominaga and Nezu 1991, Myers et al., 2001, Bousmar 2002). 

When the flow exceeds the bankfull condition of the main channel, the faster flow 

interacts with the slow velocity in the floodplain vegetation, generating mixing shear 

layers near the interface between the main channel and the floodplain, which creates 

additional resistance. Many of the studies highlighted the vegetation arrangement, pattern 

(Nezu and Sanjou 2008, Chen et al., 2011) and effects of vegetation density (Li et al., 

2014, Chembolu et al., 2019, Devi et al., 2016) on flow and turbulent structure. 

Experimental data from the U.S. Army and the UK Flood Channel Facility (FCF), (Ervine 

et al. 1993) discussed the determining factors in curved compound channels for 

conveyance capability. Shiono et al., 1999, Khatua et al., 2011, Shan et al., 2015 and Liu 

et al., (2014, 2016) proposed methods to estimate discharge and distribution of lateral 

velocity, including flow interaction between the main channel and the floodplain of a 

meandering channel. The secondary motions strongly rely on the geometry of the 

waterway; both the sinuosity of the channel and the cross-sectional shape influence these 

motions. The secondary cell circulation and their effects on the streamwise velocity 

distribution (Moncho Esteve et al., 2017, Sun and Shiono 2009) emphasize that the option 

of vegetation spacing when the vegetation is planted for bank safety at the edge of the 

floodplain is very critical for flood risk management. (Wang et al., 2015) studied 

vegetation and its effects on flow and sediment transport. Researchers highlighted that 

vegetation characteristics such as shape, height and flexibility have important impact on 

the structure of the flow, however, limited their work to artificial floodplain vegetation. 

These studies have provided an understanding of flow-green corridor interactions. 

However, they limited their work to presence of vegetation cover in a straight channel 

and one particular flow condition. 

TH-2690_166152105



LITERATURE REVIEW 

8 
 

2 .3  FLOW THROUGH HETEROGENEOUS GREEN CORRIDOR  

Vegetation is the key component in a river-floodplain corridor which has a vital 

role in influencing the hydrodynamics, morphology and ecological characteristics of river 

systems (Brachet 2015). And vegetation can be found in a variety of forms on natural 

river corridors, and it is very significant for hydrologists and hydraulic engineers when 

conducting flood risk assessments, sediment transport studies, and designing river 

restoration plans (Bennett and Simon 2004, Aberle and Jarvela 2013, D'Ippolito et al., 

2013, and Vargas-Luna et al., 2016). The investigation on the interaction between fluid 

flow and vegetation is a quite complex subject, due to both the different physical 

mechanisms that play a role in the phenomenon, and the biomechanical properties that 

characterize the diverse type of vegetation. The interactions between flow, vegetation, 

and sediment involve several fluvio-hydro-ecological variables (Hupp 2000, Hughes et 

al., 2001). In natural river-floodplain corridor, the vegetation is often observed as patches 

of reeds, shrubs, grasses of varying densities. The heterogeneous vegetation on floodplain 

plays an important role in planform stability by increasing the flow resistance and also 

provide spatial heterogeneity in the flow and turbulence field helpful for river ecology 

(Chembolu et al., 2019).  

The recognition of importance of vegetation on planform stability and river 

ecological aspects has started in the recent decades (Gurnell 2014). Neary et al., 2012 

stated that vegetation can significantly alter the bulk, time-averaged and instantaneous 

flow characteristics of turbulent flows, and these changes have major effects on sediment 

transport and morphology of the rivers. Chembolu et al., 2019 observed the clear 

distinction of velocity profile characteristics in flow through homogeneous and 

heterogeneous vegetation in straight channels. Further, the local and patch scale turbulent 

structure, variability in turbulence parameters like Reynolds stresses and turbulence 

intensities were also influenced by vegetation (Liu et al., 2008, 2010; Kubrak et al. 2008; 

Wilson 2007; Garcia et al., 2004; Stone and Shen 2002; Nepf 1999; Shimizu 1994). 

Gorrick and Rodriguez 2014, conducted series of laboratory experiments on low-sinuous 

and varying width channel to observe the changes in flow and turbulence structure with 

and without vegetation on outer banks. Literature review suggests that previous works 

present a good process-based understanding of flow and vegetation interactions. 

However, most of the works focused on reporting the flow results through homogeneous 
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vegetation in straight channels and further limited works on using natural heterogeneous 

vegetation for experiments. 

2 .4  FLOW- BRIDGE PIER- GREEN CORRIDOR INTERACTIONS 

Generally, bridges will be seen on rivers with the surrounding green corridor 

system. However, the hydraulic engineers do not include the green corridor as a part of 

the river system. Evidently, these people considered the effect of bridge pier only but not 

assess the impact of the green corridor on turbulence characteristics of the mainstream. 

Further, the favorable conditions for constructing a bridge, the river should be straight at 

its upstream. When the river banks are stable and non-erodible, the bridge piers can also 

be placed at a curving part of the river. Although many studies were carried out the 

individual effect of flow resistance of green corridor and flow characteristics around 

bridge piers, none considered the combined effect of green corridor and bridge pier on 

flow features of a river. This study aims to estimate the shear layer mechanism resulting 

from green corridor and pier-like obstacles and the effect on the stream channel. 

The flow around the bridge pier is completely three-dimensional and it is quite 

complex to predict the coherent structures (Raudkivi and Ettema 1983; Melville and 

Chiew 1999; Kirkil and Constantinesu 2008). On river bars and floodplains, vegetation is 

ubiquitous, and it can have a significant impact on flow, sediment transport rates, stream 

temperature, bank stability, and aquatic ecology. (e.g., Ormerod et al., 1993; McKenney 

et al., 1995; Abernethy and Rutherfurd 1998; Simon and Collison 2002; Pollen 2007). 

And the presence of floodplain vegetation plays an important role in the river system by 

improving the biological characteristics (Brachet 2015). Basic physical properties of 

vegetation, such as variations in drag, changes in streamwise velocity, turbulence 

patterns, the occurrence of periodic vortices, deposition distributions, increased flow 

resistance, and lower conveyance capacities, were discovered in their investigations (e.g., 

Nepf 1999, Lopez and Garcia 2001, Bennett et al., 2002, James and Makoa 2006 and 

Zong and Nepf 2011). Different flow fields are generated due to the interaction of 

approach flow with bridge piers, including downflow, horse-shoe vortex, wake vortices 

and bow waves, which result a complex flow field in the stream channel. Several authors 

like Kothayari et al.,1992, Koken 2008, Keshavarzi et al., 2014, Morales 2013, Lee 2019 

have discussed about the turbulent flow and scour around the bridge piers. When bridge 

piers restrict the flow in an alluvial channel, dynamic pressure rises in front of the pier, 

resulting in an adverse pressure gradient from the free surface to the channel bottom. As a 
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result, flow separation occurs near the pier, resulting in the creation of vortices 

surrounding the pier (Narayana et al., 2021). The three-dimensional separated flows are 

typically composed of a complex system of vortices. Dargahi 1989 stated that the 

magnitudes of the vortices present around the vicinity of the cylinder are independent of 

Reynold’s number, and it is mainly influenced by the diameter of the pier. Goutam et al., 

2019 reported that compared to pier with and without pile cap, the flow structures such as 

mean velocities, turbulence intensities and Reynold’s shear stresses are lower than the 

simple pier. However, most of the works focused on reporting the results of scour and 

turbulence structures around the pier and further very limited works focused on 

turbulence behavior in the main channel with the effect of floodplain obstructions for the 

experimental investigation. 

2 .5  NUMERICAL MODEL APPROACH 

Numerical study is increased in past 10 years to better understand the 

hydrodynamic behavior of the fluvial studies. Development of 2D and 3D CFD models 

can be helpful for the investigation of hydrodynamic changes in a sinuous river along 

with different hydraulic structures and green corridor, at various cross-sections of the 

river. Abad et al., 2008 study is to assess the hydraulic performance of bendway weirs in 

a natural river at several flow stages. The three-dimensional velocity data collected at low 

flow depth within a meander bend containing bendway weirs are used to evaluate 

predictions of flow structure through the bend using a FLOW-3D 9.0 model. The 

validated model is then used to forecast the flow structure through the bend for medium 

and high-stage conditions. Flow structures in the meandering channel is more complex 

than the regular channels, though its complex three-dimensional nature. Vegetation in the 

riverine environment plays an important role in changes in the velocity distribution, 

turbulence patterns, formation of vortices, spreading deposition, extra flow resistance, and 

decreased conveyance efficiency. Several past studies have investigated the interaction 

between flow and flexible vegetation (Kouwen and Unny 1973; Temple 1986; Fathi-

Moghadam and Kouwen 1997; Wu et al. 1999; Kouwen and Fathi-Moghadam 2000; 

Jarvela 2002; Carollo et al. 2002; Jarvela 2004; Armanini et al. 2005; Carollo et al. 2005; 

Righetti 2008; Aberle and Jarvela 2013). Liu et al. (2008) conducted the experiments to 

determine the velocity distributions and turbulence properties in vegetated channels. The 

experimental and numerical studies on flow through vegetation in open channels were 
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investigated by Shimizu 1994, Nepf 1999, Nepf and Vivoni 2000, Stephan and Gutknecht 

2002, Neary 2003, Erduran and Kutija 2003, Stoesser et al., 2003, Defina and Bixio 2005, 

Choi and Kang 2004, Stoesser et al., 2010.  

Nikora et al., 2007 stated that the main turbulent models for hydrodynamic 

applications can be divided into three categories:1) no averaging Direct Numerical 

Simulation (DNS) models; 2) spatial averaging of the Navier-Stokes equations of Large 

Eddy Simulation (LES) models; and 3) Reynolds Averaged Navier-Stokes (RANS) 

models with temporal averaging of the Navier-Stokes equations. And also mentioned that 

the DNS method is extremely expensive, particularly for complex geometries and 

heterogeneous cases at higher Reynolds numbers. Cui and Neary 2008 and Stoesser et al., 

2009 used the LES approach to simulate flows influenced by aquatic vegetation. Huang et 

al., 2009 obtained the LES experimental results, which studied the effect of plant density 

on large-scale coherent structures inside the canopy sublayer. The k-ɛ turbulence model 

has been used to simulate flows impacted by vegetation by Choi and Kang 2004, Fischer-

Antze et al., 2001, López and García 2001, and Neary 2003. These studies demonstrate 

the model capabilities. However, the model still has some limitations due to configurable 

parameters and coefficients for flows with vegetation cover. Turbulent flow around a 

bridge pier is quite complex and that has been analyzed both computationally and 

experimentally by Melville and Raudkivi 1977; Dargahi 1990; Ahmed and Rajarantnam 

1998; Ettema et al., 2006; Unger and Hager 2006; Dey and Raikar 2007; Kirkil et al., 

2008. Chang et al., 1999 solved the flow equations around a bridge pier with a fixed bed 

and no scour using a large-eddy simulation (LES) model. Tseng et al., 2000 used the LES 

to run a numerical simulation for square and circular pier conditions. The flow patterns 

around a bridge pier with and without the scour hole were modeled by Richardson et al., 

1998. And reported that the FLOW-3D fluid dynamic model accurately predicts the 

complicated flow patterns around the bridge pier when they analyzed the simulated and 

experimental data. However, most of the works focused on reporting the results of 

hydrodynamic change due to presence of vegetation cover in a straight channel is studied 

using three-dimensional computational fluid dynamic model and further very limited 

works focused on the development of numerical models applicable to simulate the 

turbulent characteristics in a sinuous channel 
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2 .6  C H A P T E R  SUMMARY 

The literature review on green corridor and river hydro-dynamics exposed that 

while studying the flow structure, earlier studies limited to understand the process 

mechanisms of a sinuous river with the green corridor. However, the river behavior and 

response of influence of green corridor with varying vegetation configurations and plant 

forms are yet to be understood. The knowledge of river behavior is limited and remained 

challenging. The literature review on flow-vegetation interactions reveals the necessity of 

understanding the flow structure in heterogeneous green corridors which are frequently 

observed over the riverine corridor. Different flow fields are generated due to the 

interaction of approach flow with bridge piers, resulting in a complex flow field in the 

stream channel. 
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FLOW IN HOMOGENEOUS GREEN RIVER 
CORRIDOR 

 

 

 

 

 
The Green corridor is an essential component of fluvial systems that comprises 

various socio-ecological mechanisms (Dufour et al., 2019) such as to maintain the 

ecological health of waterways since it helps to balance the oxygen (O2), nutrients and 

sediment while also creating habitat and food for species. This green corridor nurtures along 

the banks of an estuary that extends to the floodplain's edge. The riparian zones of a river 

are covered with vegetation patches and this makes important to study vegetation influence 

on river turbulence. This chapter addresses the following questions through experimental 

study. 

 How the flow features are get affected in a river with the impact of different 

configurations of homogeneous flexible vegetation?  

 How do the turbulent structures behavior in the main channel for different flow 

and vegetation corridor conditions? 

3.1  INTRODUCTION 

Vegetation plays a significant role on ecology of a river corridor system. And also 

helpful for enhancing the physical features and ecological standards of the river corridor 

system (Wilson et al., 2003; Bennett and Simon 2004; Nepf and Ghisalberti 2008; Kondolf 

et al., 2013; Brachet et al., 2015; Gurbisz et al., 2016, 2017; Vargas-Luna et al., 2018; Lera 

et al., 2019). Bornette and Puijalon (2011) found that aquatic or riparian vegetation has a 

TH-2690_166152105



HOMOGENEOUS GREEN RIVER CORRIDOR 

14 
 

substantial impact on riverine habitat, water quality (Dosskey et al., 2010), and pollutant 

and nutrient distribution (Perucca et al., 2009; Shucksmith et al., 2010), and sediment 

transport (Lopez and Gracia 1998; Jordanova and Jame 2003; Baptist 2003; Kothyari et al., 

2009).  

Rivers generate energy on the bed of their channel while water flows downstream. 

A cross section of a meander would show the channel is very deep and concave on the 

outside bend. This is because the outer bend is where the river flows more rapidly and is 

more energetic so there is a lot of erosion and abrasion takes place. Here the vegetation 

supports the ecology of a river corridor system in different aspects such as drag variation, 

changes in the velocity distribution, turbulence structures, incidence of periodic vortices, 

spreading deposition, extra flow resistance and decreased the conveyance efficiency. As a 

result of the velocity gradient and large momentum exchange, a shear layer forms at the 

interface of the main channel and floodplain, resulting in the formation of vortices and 

secondary current circulation (Shiono and Knight 1991, Tominaga and Nezu 1991, Myers 

et al., 2001 and Bousmar 2002). Floodplains are generally rougher than main channels. 

Owing to the development of various types of vegetation in different alignments and 

configurations, such as one-line, double layered vegetation and fully vegetated floodplain. 

When the flow in the main channel exceeds the bankfull condition, the faster flow interacts 

with the slower flow on the floodplain, generating mixing shear layers near the main 

channel-floodplain contact, which causes additional resistance. Many of the studies 

highlighted the vegetation arrangement, pattern (Nezu and Sanjou 2008, Chen et al., 2011) 

and effects of density of vegetation (Li et al., 2014, Devi et al., 2016) on flow and turbulent 

structure. According to Neary et al., 2012, a taxonomy that defines vegetated flows as 

dense, sparse, or isolated based on threshold criteria such as stem diameter and stem spacing 

ratio is useful for comparing studies among researchers and anticipating possible 

morphological trajectories. The flow in a meandering channel and a straight compound 

channel completely differs from each other. Ervine et al., 1993 examined the determining 

elements in curved compound channels for conveyance capabilities based on experimental 

data from the US Army and the UK Flood Channel Facility (FCF). Shiono et al., 1999, 

Khatua et al., 2011, Shan et al., 2015 and Liu et al., (2014, 2016) proposed methods to 

estimate discharge and distribution of lateral velocity including flow interaction between 

main channel and the floodplain of a meandering channel. The secondary motions strongly 

rely on the geometry of the waterway; both the sinuosity of the channel and the cross-
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sectional shape, influence these motions. The secondary cell circulation and their effects 

on the streamwise velocity distribution is discussed by Moncho Esteve et al., 2017. Sun 

and Shiono 2009 highlighted that the option of vegetation spacing when the vegetation is 

planted for bank safety at the edge of the floodplain is very critical for flood risk 

management. Wang et al., 2015 studied about the vegetation and its effects on the flow and 

the sediment transport. They highlighted the characteristics of vegetation such as shape, 

height and flexibility have important effects on the structure of the flow. The main objective 

of this study is to provide an experimentally more comprehensive details of flow of low 

sinuous channel for different flow depths by analyzing the relationship between streamwise 

velocities, secondary flow structures, turbulence intensities, turbulent kinetic energy and 

Reynold’s shear stresses of the channel. In addition, that the most of the flow structure 

studies along the cross-section of the channel describe the flow structure within the layer 

of vegetation. The effects of the vegetated layer on the channel, however, are limited to 

vegetated portion. Hence the study is motivated towards the investigation of the flow 

features in the main channel with the effect of floodplain vegetation with different densities 

with respect to spacing between the vegetation. From the result, to attain the optimum 

density of vegetation our study chosen four different configurations of vegetation layout. 

 

Figure 3.1 Different experimental layouts used in the Fluvial hydro-ecological laboratory 
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3.2  MATERIALS AND METHODS  

3 .2 .1  Experimental Setup 

A series of experiments were conducted at the Fluvial hydro-ecological laboratory 

(Civil engineering department, IIT Guwahati) in 18 m long, 1 m wide and 0.3 m deep 

reinforced concrete flume filled with 1 m layer of river sand (Figure 3.1 (i)). Two 15 HP 

and one 3HP pumps were used to drive and recirculate the flow between 10,000 litres 

capacity of sump and the channel. Bed slope of the flume was maintained 0.001 throughout 

the experiments. The flume primarily consists of inlet chamber, stream channel, outlet 

chamber and recirculating system. A 4 m long, 1.5 m wide, and 1.5 m deep collecting 

chamber with concrete walls and roughness features was built upstream to reduce 

turbulence and straighten the incoming flow into the channel. Sinuosity has been taken for 

the channel is 1.1. Flow discharge is controlled by 3 pumps with 2-15 HP Pumps and 1-

3HP pump with a maximum discharge of 35 litres/sec. The D50 used for the sand 

distribution was 0.37 mm. The discharge was measured using a V-notch at the inlet of the 

flume, and the flow depth was measured using a digital point gauge. At a sampling 

frequency of 100 Hz, a three-dimensional acoustic Doppler velocimeter (4 probe, 10 MHz 

Vectrino ADV designed by Nortek) was used to get instantaneous velocity measurements. 

The duration of data acquisition was fixed to 2 minute and in total 10,000 samples were 

collected. The time series velocity data was post-processed using an accelerating threshold 

(Goring and Nikora, 2002) to remove the spikes. The 1.2 m long test segment was placed 

in the middle of the flume to reduce the impacts of upstream and downstream entry and 

exit. Natural rice plants (Oryza Sativa) were planted in various configurations along the 

test section, and laboratory experiments were conducted to determine the turbulence 

features. 
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Figure 3.2 (i) Flow chart of the water supply system presents in the Fluvial laboratory at 

IIT Guwahati, (ii) type of vegetation layouts/configurations experiments conducted,      

(iii) measurement locations at each cross-section. 

3.2 .2  Vegetation Types and Arrangement 

Natural vegetation of rice grass (Oryza sativa-young rice plants of bladed type) was 

used in experiments. In total 8 experiments with different vegetation configurations (Figure 

3.2 (ii)) and 2 experiments without vegetation were performed. All the plants were placed 

in a staggered pattern along the test section with a different density of 400, 200, 150, 100 

plants/m2. To carry out the experiments, four different vegetation layouts (Figure 3.1) were 

setup.  

3.2 .3  Flow Conditions and Measurement Locations 

Experiments were carried out in both emergent and submerged flow conditions. 

Table 3.1 lists the hydraulic conditions are maintained in the channel, Table 3.2 shows the 

plant bio-physical properties and Figure 3.2 (ii) shows for different vegetation layouts. 

Figure 3.3, flow measurements were carried at 5 cross-sections like apex, bend and cross-

over regions along 1.2m as a test section in the channel to study the effect of vegetation on 

flow and turbulent behavior. For experiments the measurement locations were positioned 

and shown in the Figure 3.1 (iii) these measurement locations are change in each cross-
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section. Instantaneous velocity components were measured along the flow depth at an 

increment of 1 cm from the near bed at each measurement point in the main channel in 

every cross-section in the test section. Thus, more than 14 measurement points at each 

vertical profile were obtained. 

 

Figure. 3.3 Plan view of the low sinuous channel and measurement sections for the test 
section 

 

 

Figure 3.4 Schematic diagram of secondary flow in the experimental channel 
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Table 3.1: Summary of the experiments 

H(cm) h(cm) α β 
Q 

(cumecs)

Amc 

(m2)

Rmc 

(m) 

𝒖∗ 

(m/s) 

Um 

(m/s) 
Fr Re 

11 8 1.88 0.27 0.008688 0.06 0.07 0.026 0.14 0.17 11000 

14 8 1.88 0.43 0.01536 0.07 0.09 0.029 0.20 0.21 18000 

Note: Q is the total discharge, α = B/b, Relative flow depth β = (H-h)/h, Sinuosity- 1.1, H 

is the total flow depth of the main channel, Um is the mean streamwise velocity at the apex 

section, 𝑢∗ ൌ ට𝑔𝑅௠௖ሺௌ೚

௦
ሻ is the shear velocity in the main channel, where ‘g’ gravitational 

acceleration, ‘Rmc’ main channel hydraulic radius, ‘𝑆0’  averaged bed slope and ‘s’ is the 

channel sinuosity.  F୰ ൌ 𝑈୫

ඥgR൘  , Re ൌ 𝑈୫R
νൗ  , ν is Kinematic viscosity = 0.01cm2/s. 

‘R’ hydraulic radius at apex (Liu et al., 2016). 

Table 3.2: Plant Parameters/ Bio- Physical properties 

S. No. Plant form Plant Parameter Value 

1 

 

 

Average Plant Height 6cm 

2 Average blade width 2mm 

3 
Approx. No. of Strands 

per plant 
12 

4 
Average Deflected 

Height (hd) 
0.5cm 

5 Projected Area 7.2cm2 

6 Plant flexibility (hd/h) 0.0625 
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Table 3.3: Details of channel geometry 

S. No. Parameter Description 

1 Type of Channel Simple meandering 

2 Flume dimensions (m) 18 X 1 X 0.3 

3 Meandering Channel geometry Compound section with side slopes 1:1 

4 Type of bed surface (No transport condition) Rigid and Main 

channel- Smooth, FP- rough  

5 Section of channel Compound channel 

6 Bankfull Depth (m) 0.08 

7 Bed Slope of the channel 0.001 

8 Sinuosity of the channel  1.1 

9 Angle of arc Φ (°) 60 

10 Meander wavelength Lw (m) 2.4 

12 Flood plain Width Bw (m) 0.47 

13 Bend radius rc (m) 0.40 

14 Crossover length Lco (m) 0.75 

15 Channel width Bmc (m) 0.53 

16 Amplitude/Width (R)  0.40 

17 Belt width (m) 1 

18 Radius of curvature(m) 0.665 

19 Bend length (m) 1.21 
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Figure 3.5 Sketch for representation of vegetation patch layouts.  
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Table 3.4: Trend of turbulence parameters for submerged condition 

Turbulence characteristics 
100 

Plants/m2 

150 

Plants/m2 

200 

Plants/m2 

400 

Plants/m2 

Streamwise velocity 10% 16% 18% 23% 

Secondary velocity 16% 19% 20% 22% 

Turbulence Intensity (urms) 5% 9% 11% 18% 

Reynold’s shear stress (-u’w’) 11% 21% 27% 39% 

Turbulent kinetic energy 12% 15% 19% 25% 

3 .2 .4  Turbulence term definitions 

A representative selection of velocities from despiked and ADV measurements of 

streamwise (u), cross-stream (v) and vertical velocity (w) were used to calculate time 

averaged components  Uഥ, Vഥ and Wഥ  from which fluctuating components (𝑢ᇱ, 𝑣ᇱand 𝑤′) were 

determined. Liu et al. (2016) utilizes the turbulence parameters followed by the turbulence 

intensities (σ) in a specific direction can be calculated σ௫ ൌ  ඥ𝑢ᇱഥ ଶ
 . Where ඥ𝑢ᇱഥ ଶ

  (root-

mean square of the time series of stream wise velocity fluctuations). Reynold’s shear 

stresses were calculated with fluctuated averaged velocities using the equation τ୶୸ ൌ

െρuᇱwᇱതതതതതതതത. Here ρ is the density of water; uᇱand 𝑤ᇱare the fluctuating velocities in 𝑥 and 𝑧 

direction, respectively. The factor TKE was estimated by using the formula, TKE ൌ

ଵ

ଶ
ቀ𝑢ᇱഥ ଶ

൅ 𝑣ᇱഥ ଶ
൅ 𝑤ᇱതതതଶ

ቁ.  

3.3  RESULTS 

3 .3 .1  Homogeneous Flexible Green Corridor  

Streamwise velocities 

This section discusses the variability in longitudinal streamwise velocity profiles of 

a sinuous channel with flood-plain vegetation of different densities and without vegetation. 

The velocity measurements were measured using ADV at different cross-sections (CS1 to 

CS5) along test section. Figure 3.6 shows the normalized velocity (𝑢/𝑢∗) contours at apex 

(CS1) with flood-plain vegetation of different densities for two flow depth scenarios of 
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Dr=0.27 and 0.43. In both the depth scenarios, the maximum core magnitude is found near 

the inner bank (Y/h= 5) at apex section. For submerged floodplain vegetation (Dr=0.43), 

the velocity magnitude increases by 10%, 16%, 18% and 23% with increase in vegetation 

densities from 100, 150, 200 and 400 plants/m2 relative to no-vegetation scenario           

(Table 3.4). Under emergent conditions (Dr=0.27), this difference in velocity magnitude 

was less predominant with increased vegetation densities. The mean velocity of streamwise 

velocity is around 7𝑢∗ for higher floodplain depth with all the vegetation densities with 

increasing order from 100 to 400 plants/m2. The average streamwise velocity for higher 

floodplain depth increases with increasing density of vegetation. However, in the higher 

floodplain depth the mean velocity in no-vegetation condition is less than to the vegetation 

cases. A strong velocity gradient is observed in the high vegetation density scenario i.e., 

400 plants/m2 because of flow diversion from floodplain to the main channel. Figure 3.6 

(II) shows the increased magnitude of velocity in main channel with increasing vegetation 

densities under submerged conditions. In emergent condition (Dr=0.27), there is no 

significant difference in velocity contours observed among varying densities. However, in 

general trend, there is increase in velocity with increase in flood-plain vegetation densities. 

The presence of lower velocity zones at the outer bank and maximum velocity cores at 

inner bank were observed to be similar for all the cases of flood-plain densities. Further, 

throughout the channel the large regions of maximum velocity are observed which indicates 

that the flow in meandering channel with lower flood-plain depth is dominant in 

longitudinal direction. In both the cases of emergent (Dr=0.27) and submerged (Dr=0.43) 

case, the increased flood-plain resistance is created with increase in vegetation density 

resulted in higher velocity magnitude in the main channel. 
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Figure 3.6 Normalized contour plots of streamwise velocities (u/u*) for the relative flow 

depths (I) Dr=0.27 and (II) Dr=0.43 of apex section (CS1) a) 400 plants/m2   b) 200 

plants/m2 c) 150 plants/m2 d) 100 plants/m2 

Secondary Velocities 

Figure 3.7 shows the velocity vectors (v′, w′) of the secondary currents and the 

background color represent the cross-stream velocity (v′) in the experimental channel under 

submerged conditions (Dr= 0.43) with vegetated and non-vegetated flood plain. It is 

observed that the magnitude of secondary velocity vectors increases with increase in 

vegetation densities. Further, this magnitude of secondary velocity vector is greater at 

cross-over regions followed by bend and apex regions for any vegetation density. On the 

other hand, the secondary circulations the scenario is quite different. In no-vegetation case, 

because of the free flood-plain surface and side bank, there was a turbulence anisotropy 

along the side wall of the main channel that transfers the flow into the main channel and 

the pair of vortices were created at the free surface and at the bottom of the channel. As the 

presence of flood-plain vegetation imposes the flow resistance and increases turbulence, in 

compare to non-vegetated condition the pattern of secondary flow has changed significantly 

in vegetation cases. Figure 3.8 (I, II) shows the secondary flow in Dr = 0.27 and 0.43 

conditions at apex-section for different densities. In both the scenarios, the magnitude of 

secondary velocity is observed higher at the outer bank for all the vegetation densities. 

However, the secondary cell circulations are noticed mostly near the outer bank for high 
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density flood-plain vegetation conditions (400 and 200 plants/m2). Further, the experiments 

were conducted in low sinuous channel that resulted in reduced the strength of secondary 

circulation cells as compared to the high sinuous channel.  

The cross-stream velocity (𝑣ᇱ) and vertical component (𝑤ᇱ) of velocities were 

smaller compared to streamwise velocities. In compared to no-vegetated channels the 

fluctuating component of cross-stream velocity (𝑣ᇱሻ has increased in emergent condition 

(Dr=0.27), and at submerged condition (Dr=0.43) the fluctuated values were low. In 

submerged condition (Dr=0.43), the maximum magnitude of secondary velocity vectors are 

22%, 19%, 18%, 16% and 12% of the maximum streamwise velocity for 400, 200, 150, 

100 plants/m2 and no-vegetation respectively. That is, the magnitude of secondary currents 

is strengthened as the vegetation density increases in higher floodplain flow depth. Further, 

the angle of inclination of secondary currents in higher floodplain flow condition are about 

2°, 6°, 6.5° and 7.3° for 100, 150, 200 and 400 plants/m2, respectively. The inclination 

angle of the flexible grasses increases with the increasing of the density of vegetation. The 

arrangement of vegetation on the floodplain has significant influence on the flow 

distribution in the channel.  
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Figure 3.7 Secondary velocity plots for the flow depth of 14 cm (Dr = 0.43) vegetation with 

different densities and non-vegetated condition at a) apex section (CS1); b) bend section 

(CS2); c) cross over region (CS3) 
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Figure 3.8 Secondary velocity plots for Dr= 0.27 (I) and 0.43 (II) at apex section (CS1)     

a) 400 plants/m2   b) 200 plants/m2 c) 150 plants/m2 d) 100 plants/m2  

Turbulent Intensity 

 Figure 3.9 shows the contour plot of turbulence intensity (TI) normalized by the 

shear velocity (𝑢∗) for different vegetation cases of two different relative depths i.e., Dr = 

0.27 and 0.43. For emergent floodplain vegetation Dr = 0.27 (Figure 3.9(I)), the high 

turbulence values were recorded near the bed (z/h = 0 to 0.25) of the channel. Further, with 

increase in vegetation densities, the turbulence intensity is higher and relatively uniform 

throughout the cross-section. At lower vegetation densities, the turbulence intensity is 

lesser and varies across the cross-section. For all the vegetation densities under emergent 

condition, the turbulence intensity shows peak near the outer bank (Y/h~0). In the case of 

submerged floodplain vegetation (Dr = 0.43, Figure 3.9(II)), the turbulence intensity core 

region is found near inner bank for all the vegetation densities. However, for higher density 

case (400 plants/m2), the turbulence core spreads across Y/h ~ 4 to 5 and z/h is 0.375. 

Further, this core region is deeper in the main channel which may be due to the more surface 

area occupied by the higher density of vegetation compared to other vegetation 

configurations. In other cases (200,150 and 100 plants/m2), the turbulence intensity is 

maximum at the inner bank water surface and then observed to decrease towards the bed 

which may be due to velocity dip phenomena. For submerged condition, the percentage 
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increase in turbulence intensity in the main channel by 5%, 9%, 11% and 18% with increase 

in vegetation densities from 100, 150, 200 and 400 plants/m2 relative to no-vegetation 

scenario. The maximum TI values highly dependent on the density of the vegetation. This 

is due to the turbulence shear production generated near the vegetation interface (channel 

floodplain transition) increasing with vegetation density in the submerged condition.  

 

Figure 3.9 Normalized contour plots of turbulence intensity (𝑇𝐼/𝑢∗) for Dr= 0.27 (I) and 

0.43 (II) at apex section (CS1) a) 400 plants/m2   b) 200 plants/m2 c) 150 plants/m2           

d) 100 plants/m2 

Reynolds Stresses 

Figure 3.10 shows the normalized Reynold’s shear stress distribution (െ𝑢ᇱ𝑤ᇱ/𝑢∗
2 ) 

in the sinuous channel with the effect of different vegetation densities. For Dr=0.43 

(submerged condition), the percentage increase in Reynold’s shear stress by 11%, 21%, 

27% and 39% with increase in vegetation densities from 100, 150, 200 and 400 plants/m2 

relative to no-vegetation scenario. For Dr=0.27 (emergent condition), this difference in 

Reynold’s shear stress was less predominant with increased vegetation densities. 

For submerged condition (Figure 3.10 (II)) the results reported that the maximum 

positive Reynold’s stresses occur at the interface of main channel and floodplain vegetated 

region in between the range of z/h~0.75 to 1.125 (h is floodplain depth), which indicates 

that the shear becomes dominant and the maximum along the inner bend apex of the main 

TH-2690_166152105



  HOMOGENEOUS GREEN RIVER CORRIDOR 
 

29 
 

channel. The Reynold’s stress is found to be zero along the cross-section line (Figure 3.10), 

which is observed to vary with different vegetation densities. The Reynold’s stress is 

negative and positive at the below and above of the zero-line. This can be anticipated from 

the lateral gradient of the streamwise mean velocity (Figure 3.6). Under emergent 

conditions (Figure 3.10 (I), the zero-Reynold’s stress line is deformed and moves up to the 

water surface with decreasing vegetation density. Figure 3.10 shows that for both Dr = 0.27 

and 0.43 conditions, the values were negative below the zero-Reynold’s stress line. This is 

due to the negative Reynold’s shear stress originates through the momentum transfer from 

the side wall into the center of the main channel. However, in a sinuous channel for different 

cross-sections, the momentum exchange is relatively different.  

Reynold’s shear stress provides us an understanding of the momentum fluxes 

produced by turbulent variations. The findings showed that in the main channel (Figure 

3.10), floodplain vegetation affects the Reynold’s shear stresses, producing strong lateral 

shear stresses at a higher floodplain flow depth. In comparison, the distribution of the 

interface shear stresses changed entirely at low flow depth, although its magnitude nearly 

same. Due to the velocity gradient and secondary circulations in the main channel there are 

broad transverse shear stresses along the vegetated area (Figure 3.10 (II)). The turbulence 

dissipation caused by the momentum is significantly related to exchange. Thus, the 

floodplain vegetation shifts the flow structure into the main stream, creates the more 

turbulence and alters the distribution of velocity profiles. 
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Figure 3.10 Normalized contour plots of Reynold’s shear stress (𝑅𝑆𝑆/𝑢∗
2) for Dr= 0.27 (I) 

and 0.43 (II) at apex section (CS1) a) 400 plants/m2   b) 200 plants/m2  c) 150 plants/m2  

d) 100 plants/m2 

Turbulent Kinetic Energy (TKE) 

Figure 3.12 shows the normalized turbulent kinetic energy (𝑇𝐾𝐸/𝑢∗
2) contours. In 

the case of emergent condition (Dr=0.27, Figure 3.11(I)), the TKE originates at the outer 

bank and spreads toward the inner bank. The maximum TKE values were observed at outer 

bank bottom (i.e., Y/h~ 0 to 1). And the scenario is relatively different in submerged 

condition where TKE originates at top of the inner bank and migrate towards outer bank. 

Further, the percentage increase in TKE 12%, 15%, 19% and 25% with increase in 

vegetation densities from 100, 150, 200 and 400plants/m2 relative to no-vegetation 

condition. Under higher vegetation densities, the maximum TKE is formed as waves 

(Figure 3.11 (II)) created near the floodplain-channel transition (Y/h~5) due to the 

vegetation structure interactions. This may be due to the discontinuity of the drag force at 

that region resulting a high velocity gradient near the vegetation interface. In this study, we 

are trying to correlate the distribution of TKE related to the secondary circulation cell 

produced in the channel. In emergent condition (Figure 3.8 (I)), the circulation of cells at 

apex section for different densities of vegetation correlates with the higher values of TKE 

(Figure 3.11(I)). This indicates the development of TKE is associated with recirculation 

cell generated by the local curvature. Figure 3.8 (II) shows the submerged condition, where 
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the minimum turbulent kinetic energy occurs underneath the water surface in the main 

channel, which is associated to the velocity dip feature causes due to the secondary currents. 

From the results, in the main channel the higher vegetation density causes to increase in 

TKE values observed in Figure 3.8 (II). Similar to the Reynolds stress, the turbulent kinetic 

energy shows a maximum near the interface, which increases with increase of vegetation 

density.  This is due to the turbulence shear production generated near the interface. Finally, 

the density of vegetation has a noteworthy influence on flow structures.  

 

Figure 3.11 Normalized contour plots of turbulent kinetic energy (𝑇𝐾𝐸/𝑢∗
2) for Dr= 0.27 

(I) and 0.43 (II) at apex section (CS1) a) 400 plants/m2   b) 200 plants/m2  c) 150 plants/m2 

d) 100 plants/m2 

3.3 .2  Flow Angle 

The flow angle can be resolved into components with an angle ‘Ɵ’. Where angle Ɵ 

is obtained as  Ɵ ൌ tanିଵሺ𝑣ᇱഥ / 𝑢ᇱഥ ሻ . Figure 3.12 shows the vertical ratio (Ɵ) distributions 

at apex, bend and cross-over regions in main channel with no-vegetation and varying 

vegetation densities on flood-plain (400 plants/m2 and 100 plants/m2). The experimental 

configurations of no-vegetation, higher (400 plants/m2) and lower (100 plants/m2) 

vegetation densities were chosen for discussion for better understanding at varying 

conditions. The flow angle is calculated with in the main channel to understand the 

variation of velocity gradient in each layer of the flow. This velocity gradient at the 
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interface results in shear layer generation and its consequence effects were discussed in 

above sections. It is observed that the maximum flow angle (Ɵ = 25°) is reported for lower 

flood-plain depth (Dr = 0.27, emergent vegetation) condition at cross-over region for 

vegetation density of 100 plants/m2. At other cross-section of bend (Ɵ = 25°) and apex 

region (Ɵ =4°), relatively lower flow angle is observed. Further, at the apex section the flow 

angle variability can be observed from near bed to the top surface in comparison to other 

two sections. In the case of higher flood-plain depth (Dr = 0.43, submerged vegetation), the 

maximum flow angle is Ɵ = 20°, which is observed for vegetation density of 400 plants/m2 

at COR and bend region. This analysis indicates the flow angle parameter also has similar 

response at lower and higher flood-plain depths like other turbulent parameters. In the case 

of no flood-plain vegetation condition, the effect on flow angle is insignificant in compared 

to other vegetated floodplain conditions.  

 

Figure 3.12 Flow angle for the relative flow depths of a) Dr = 0.27 and b) 0.43,                

no-vegetation case and vegetation with two different densities at apex section (CS1);  

bend section (CS2); and cross over region (CS3) 

Apex (No-vegetation) Bend (No-vegetation) COR (No-vegetation)

Apex (100 plants/m2) Bend (100 plants/m2) COR (100 plants/m2)

Apex (400 plants/m2) Bend (400 plants/m2) COR (400 plants/m2)
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3.4  DISCUSSIONS 

In this section, the shear layer generation mechanism and impact of vegetation 

density is discussed. Figure 3.6 represents the shear layer generation along the edge of the 

vegetated region which is laterally moving from inner bank to outer bank. It is pushed away 

from the vegetated zone to become a free shear layer with higher turbulence energy. Due 

to the vegetation drag effect, the shear layer at the interface of the vegetated floodplain was 

seen to be less elongated and wider than the non-vegetated case. Figure 3.6 (I), shows the 

emergent condition the maximum streamwise velocity increases with increase of vegetation 

density and shear layer width is extended to outer bank (Y/h~ 1.2) as the vegetation density 

increases and also noticed that among the vegetation densities there is no significant 

difference in their streamwise velocities. In the context of submerged condition, the 

streamwise velocities grows with increase of vegetation density. In addition to that the core 

velocity region and shear layer width is extended to outer bank (Y/h ~ 0.8) as the vegetation 

density increases. Yang et al., 2007 stated that in a flow-through compound channel, the 

flow interaction between the main channel and the flood plain occurs, and a shear layer 

forms as a result of the flow in the main channel moving faster than the flow in the vegetated 

flood plain. The development of the shear layer produces additional turbulence due to the 

mixing layer between floodplain and the meandering channel flow (Moncho- Esteve et al., 

2018).  

At the floodplain vegetation interface, the velocity gradient in the crosswise 

direction increases with increasing vegetation density, generating a strong shear layer at 

that position. The wavy isovel lines (Figure 3.6) were deepens as the vegetation density 

increases and these lines were occurred due to strong secondary currents. As the secondary 

circulation strength increases at the outer bank, it is helpful to restrict the wavy isovel lines 

extended to outer bank in the vegetated condition. In such cases, the velocity distribution 

in the channel appears to be uniform in the lateral direction unlike that in the non-vegetated 

zone. The water surface gradient increases with the increasing of density of vegetation. 

Jahra 2010 reported that the mass and momentum exchange between the main channel and 

the floodplain of a compound meandering channel is a complicated process and this will 

be the primary significance in the formation of secondary currents. Moncho-Esteve et al., 

2018 stated that secondary flow motions are highly influenced by the geometry of 

waterway, both by the sinuosity of the channel and by the cross-sectional form. Further, 

Rozoviskii, 1961 stated that the fully developed secondary current cell can be observed at 
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bend section having an angle of 220° leading to the fact of rare possibility in the 

development of secondary flow in a meandering channel. Muto 1999 reported that the 

behavior of the secondary circulation structures changes with increasing sinuosity from 

1.09 to 1.59 for Dr= 0.15. In this study, the experimental channel is having low sinuosity 

(bend angle of 60°), which reduced the strength of secondary circulation cells as compared 

to the high sinuous channel. 

Figure 3.10(II) shows the higher flood condition, the result reported that the 

maximum positive Reynold’s stresses occur at the interface of main channel and vegetated 

zone in between the range of z/h=0.75 to 1.125 (h is floodplain depth), which indicates that 

the shear becomes dominant and the maximum along the inner bend apex of the main 

channel. This may be due to the impact of vegetation density and shear layer effect. The 

maximum positive and negative values of Reynold’s stresses are observed at the interface 

of main channel and vegetated zone. The values were negative in the main channel. 

Azevedo et al., 2017 reported that the negative RSS originates through the momentum 

transfer from the side wall into the mid of the main channel. Jahra 2010, study for the 

emergent condition, the spanwise distribution of Reynolds shear stress, observed that with 

the increase of vegetation density the spanwise Reynold’s stress increases in terms of 

positive and negative along the two-inner apex of the meandering wave. In the present study 

for emergent condition (Dr=0.27), the Reynold’s shear stress also increase with increase of 

vegetation density (Figure 3.10 (I)). Kang 2006, found the Reynolds stress is zero along the 

vertical line and the values were negative and positive at the right-hand side and left-hand 

side of the line, respectively. This can also be expected from the lateral gradient of the mean 

streamwise velocity. With increasing vegetation density, the zero-Reynold’s stress line 

deforms and travels to the right bank. 

Figure 3.11 (II) represents, at the high flow flood water depth, the turbulent shear 

layer causes to give more TKE values at upper layer (z/h = 0.75 to 1.125) of the inner bank, 

whereas in the case of low flow flood water depth (Figure 3.12 (I)) the maximum values of 

TKE are at the outer wall (z/h= 0 to 0.25). Zhang et al., 2020 stated that the high value of 

TKE was observed at the top of the vegetation due to the discontinuity of the drag force at 

that region resulting a high velocity gradient near the vegetation interface. In submerged 

condition, the turbulent kinetic energy shows a peak near the inner bank and the maximum 

value increases as the vegetation density increases. Note that a minimum turbulent kinetic 

energy occurs underneath the water surface in the main channel, which is related to the 

TH-2690_166152105



  HOMOGENEOUS GREEN RIVER CORRIDOR 
 

35 
 

velocity dip produced due to the secondary currents. Similar to the turbulent kinetic energy, 

the Reynolds stress shows a maximum near the main channel and floodplain transition, 

which increases with vegetation density. When it comes to turbulence in a compound 

channel, it involves complex processes like the momentum transfer between the main 

channel and flood plain, vortex shedding, shear-driven instability, etc. For a vegetated flood 

plain, these processes are more complicated as vegetation canopy scale turbulence comes 

in picture. In present study, the vegetation density and different flow conditions have shown 

a significant effect on main channel flow structure. The response of the flow to varying 

vegetation densities and its characteristics certainly influences the flow structures. 

3 .5  CHAPTER SUMMARY 

In the present study, an analysis of laboratory experiments was conducted to 

investigate the effect of emergent and submerged homogeneous green corridor on flow 

structures. For this purpose, Oryza Sativa (young rice plants) of 400, 200, 150, 100 

plants/m2 were arranged in four different layouts (Figure 3.3). The results of the study 

provided the understanding of effect of homogeneous green corridor on flow 

characteristics.   

The following conclusions are the major observations in the study.  

i) A strong velocity gradient is observed in the high vegetation density scenario i.e., 

400 plants/m2 because of flow diversion from floodplain to the main channel, which 

resulted in increases the main channel velocity by 23% compared to the no-

vegetation scenario. 

ii) The angle of inclination of secondary currents in higher floodplain flow condition 

are about 2°, 6°, 6.5° and 7.3° for 100, 150, 200 and 400 plants/m2, respectively. 

This indicates the arrangement of vegetation on the floodplain has significant 

influence on the flow distribution in the channel. 

iii) The turbulence core region is mainly observed towards the inner bank                     

(Y/h ~ 4 to 5) and z/h is 0.375. Further, this core region is deeper in the main channel 

which may be due to more surface area occupied by the higher density of vegetation 

compared to other vegetation configurations. 

iv) The maximum positive Reynold’s stresses occur at the interface of main channel 

and vegetated zone in between the range of z/h~0.75 to 1.125 (h is floodplain 
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depth), which indicates that the shear becomes dominant and the maximum along 

the inner bend apex of the main channel.  

v) The findings showed the floodplain vegetation affects the Reynold’s shear stresses 

in the main channel, producing strong lateral shear stresses at a higher floodplain 

flow depth condition. Thus, the floodplain vegetation shifts the flow structure into 

the main stream, creates the more turbulence and alters the distribution of velocity 

profiles that play an important role in stabilizing the bank and ecological 

regeneration.  

The presence of high vegetation density on the floodplain of the river, increases the 

flow velocity and turbulent characteristics in the main channel. The variation of vegetation 

densities on floodplain provides appropriate feedback for river ecological restoration and 

bank erosion control. This work can be further extended to study on floodplain under the 

same flow conditions. To investigate further, comprehensive measurements in longitudinal 

and traverse directions of floodplain will, however, be helpful for better understanding and 

interpretation of the turbulent behavior in a river.  
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The green corridor functions as an active component of the floodplain ecological 

dynamics and interacts with fluvial mechanisms such as flow hydraulics and ecological 

processes and river morphological dynamics controlling river-riparian system functioning 

(Robertson and Augspurger 1999, Hupp 2000). River corridor vegetation consists of 

reeds, shrubs, grasses under emergent and submerged flow conditions. This heterogeneity 

in riparian vegetation influences hydraulics, sediment transport and nutrient distribution 

in main channel and floodplain transport. This chapter attempts to address the following 

questions concerning flow in heterogeneous vegetation corridor through experimental 

investigations. 

 

 What kind of the flow structure is observed in the main river with the effect of 

heterogeneous green corridor on floodplain? How is its influence on main 

channel hydraulics? 

 How heterogeneous vegetation zones on floodplain can be helpful for river and 

ecological restoration measures? 

4 .1  INTRODUCTION 

Vegetation is the key component in river-floodplain corridor which has a vital role 

in influencing the hydrodynamics, morphology and ecological characteristics of river 

systems (Brachet 2015). On natural river corridors, vegetation can be found in a variety of 
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forms (e.g., Figure 4.1), and it is very significant for researchers and hydraulic engineers 

when conducting flood risk impact assessments, bank erosion investigations, and 

planning of flood management (Bennett and Simon 2004, Aberle and Jarvela 2013, 

D'Ippolito et al., 2013, and Vargas-Luna et al., 2016). The investigation on the interaction 

between fluid flow and vegetation is a quite complex subject, due to both the different 

physical mechanisms that play a role in the phenomenon, and the biomechanical 

properties that characterize the diverse type of vegetation. The interactions between flow, 

vegetation and sediment involves changes in several fluvio-hydro-ecological variables 

(Hupp, 2000; Hughes et al., 2001). In natural river-floodplain corridor, the vegetation is 

often observed as patches of reeds, shrubs, grasses of varying densities. The 

heterogeneous vegetation on floodplain contributes to planform stability by increasing the 

flow resistance and providing spatial variability in the flow and turbulence field, both of 

which are beneficial to river ecology (Chembolu et al., 2019). 

The recognition of importance of vegetation on planform stability and river 

ecological aspects has started in the recent decades (Gurnell 2014). Neary et al., 2012 

stated that vegetation can significantly alter the bulk, time-averaged and instantaneous 

flow characteristics of turbulent flows, and these changes have major effects on sediment 

transport and morphology of the rivers. Chembolu et al., 2019 observed the clear 

distinction of velocity profile characteristics in flow through homogeneous and 

heterogeneous vegetation in straight channels. Further, the local and patch scale turbulent 

structure, variability in turbulence parameters like Reynolds stresses and turbulence 

intensities were also influenced by vegetation (Garcia et al., 2013; Liu et al. 2008, 2010; 

Kubrak et al., 2008; Wilson 2007; Stone and Shen 2002; Nepf 1999; Shimizu 1994). 

Gorrick and Rodriguez 2014, conducted series of laboratory experiments on low-sinuous 

and varying width channel to observe the changes in flow and turbulence structure with 

and without vegetation on outer banks. Literature review suggests that a good process-

based understanding of flow and vegetation interactions is presented by previous works. 

However, most of the works focused on reporting the results of flow through 

homogeneous vegetation in straight channels and further very limited works on using 

natural vegetation for experiments (e.g., Devi 2016).  

The current study examines the impacts of plant heterogeneity on flow and 

turbulence structure in a low sinuous channel, which is the primary goal of this study. The 

objectives of this study include: (a) investigate the main channel flow structures with the 

effect of different vegetation forms on flood-plain in a low-sinuous compound channel; 
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(b) Understand the flow behavior on different vegetation forms and organize the flow 

characteristics. To obtain these objectives, we conducted laboratory experiments with 

different vegetation forms and detailed flow measurements were taken to brief the 

heterogeneous characteristics. A series of laboratory experiments was carried out in a 

submerged flow condition, where the flow depth was equal to the height of the vegetation 

canopy. The findings provide better understanding on the impact of diverse features such 

as plant form on flow behavior. 

 

Figure 4.1 Riparian green corridor along the river bank system 

4.2  MATERIALS AND METHODS  

4.2 .1  Experimental Setup 

A series of experiments were conducted at the Fluvial hydro-ecological laboratory (Civil 

Engineering Department, IIT Guwahati) in an 18 m long, 4 m wide (flow constricts to 1 

m wide) and 0.3 m deep flume. Two 15 HP and one 3 HP pumps were utilised to drive 

and recirculate the flow between the channel and the 10,000 litres capacity of 

underground sump (10x10 m). A 4 m long, 1.5 m wide, 1.5 m deep collecting chamber 

with pebbles as roughness components was built upstream to reduce turbulence, and iron 

mesh screens were employed to straighten the incoming flow to the channel. Slope of the 

flume was fixed to 0.001 throughout the experiments. The discharge was measured using 

a triangular notch at the channel inlet, and the flow depth was measured using a digital 

point gauge. At each measuring point, the data was collected for up to two minutes using 
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a three-dimensional Acoustic Doppler Velocimeter (ADV) (4 probes, 10 MHz Vectrino 

ADV manufactured by Nortek) with a sample frequency of 100 Hz. To remove the spikes 

from the time series velocity data, the accelerating threshold method was utilised (Goring 

and Nikora, 2002; Dey et al., 2012; Devi, 2016). The signal-to-noise ratio of the 

measurements is maintained above 15, to ensure the quality of the data collected. To 

conduct the laboratory experiments, a 1.2-meter-long test section was chosen at a distance 

of 10.6 metres from the flume entrance to reduce the impacts of upstream entry and 

downstream exit. Natural plants with heterogeneous plant forms were planted in a 

staggered pattern along the test section, and studies were conducted to examine 

turbulence flow structures. 

4 .2 .2  Vegetation Types and Arrangement 

In the experimental studies, three different types of natural vegetation such as 

leafy, cylindrical and bladed vegetation were used to bring out the diverse characteristics 

of flow behavior. Sprigs of Duranta erecta for leafy type, the stems (without leaves) of 

Sphagneticola trilobata for rigid cylinders, and Oryza sativa (young rice plants) to 

represent bladed type were used. This vegetation morphologically illustrates the real 

species like leafy bushes, reedy vegetation and flexible grasses along the floodplain of the 

river (Figure 4.2). Certain plants reflect heterogeneity in terms of structure, swaying 

motion, and the drag effect. The leafy vegetation was semi-flexible with the stem being 

rigid and leaves, the cylindrical was rigid in nature, and, flexible bladed vegetation form 

was flexible to sway motion. Moreover, the canopy porosity and projected area occupied 

by these plants also vary differently. Table 4.1 describe the physical characteristics of the 

plant forms used in the work. To carry out the experiments, four different vegetation 

layouts (Figure 4.2) were designed along the floodplain of the river. All the plants were 

placed in a staggered pattern along the test section with a density of 400 plants/m2. The 

plant biomechanical properties have been reported from the study (Chembolu et al., 2019) 

4 .2 .3  Flow Conditions and Measurement Locations 

Experiments were conducted in submerged flow conditions in which flow depth is at the 

vegetation height. In the present work, considering the no bed load transport condition, 

the main channel depths were maintained lesser than the incipient motion depths (Devi et 

al., 2016).  The median sand diameter was taken as D50 =0.37 mm. The corresponding 

flow depth (H) and discharge (Q) were 14 cm and 0.0153 m3/s. Table 4.2 shows the 
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hydraulic conditions maintained in the channel for different vegetation layouts. Flow 

measurements were taken at several points of the test section to investigate the impact of 

varied vegetation types on flow and turbulence behavior. In all of the experiments, the 

number of plants per square metre remained constant regardless of plant type. 

Measurement locations in the experiments were positioned in main channel form P1 to 

P10. Figure 3.3 shows the measurement locations along each cross-section of the channel. 

ADV was used to collect instantaneous velocity components along the flow depth in 1 cm 

increments from the near bed. As a result, for each measuring point, 14-16 depth wise 

measurements were obtained. 

 

Table 4.1: Summary of plant parameters 

S. No. Plant form Plant parameter Value 

1 

 

Bladed vegetation 
Average plant height (h) 
Average deflected height (hd) 
Average blade width 
Approx. no. of blades in one plant 
Relative canopy porosity 
Projected area 
Plant flexibility (hd/h) 

 
6 cm 
4 cm 
2 mm 
6 
Medium 
7.2 cm2 
0.67  

2 

 

Leafy vegetation 
Average plant height (h) 
Average deflected height (hd) 
Diameter of the stem  
Approx. no. of leaves in each stem 
Average width of leaf 
Average length of leaf 
Relative canopy porosity 
Projected area  
Plant flexibility (hd/h) 

 
6 cm 
5.4cm 
0.1 cm 
9 
1.5cm 
2 cm 
Low 
21.795 cm2 

0.90 

3 

 

Cylindrical vegetation 
Average plant height (h) 
Average deflected height (hd) 
Diameter of the stem  
Relative canopy porosity 
Projected area 
Plant flexibility (hd/h) 

 

 
6 cm 
5.8 cm 
0.25 cm 
High 
1.5 cm2 

0.97 
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Figure 4.2 Sketch for representation of different experimental floodplain vegetation patches 

layout.  
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Table 4.2: Summary of the experiments 

S. 

No. 
Vegetation layout Pattern 

Flow 

Depth 

(cm) 

Fr Re 

1 Leafy vegetation Figure 5.3a 14 0.270 23127 

2 Mixed heterogeneous vegetation Figure 5.3b 14 0.229 19597 

3 Flexible bladed vegetation Figure 5.3c 14 0.213 18200 

4 Cylindrical vegetation Figure 5.3d 14 0.192 16380 

 

 

Table 4.3: Trend of turbulence parameters  

Characteristics 
Cylindrical 

Vegetation 

Grass 

Vegetation 

Mixed 

Vegetation 

Leafy 

Vegetation 

Streamwise velocity 21% 23% 27% 38% 

Secondary velocity 14% 22% 24% 26% 

Turbulence Intensity (urms) 2% 18% 24% 31% 

Reynold’s shear stress (-u’w’) 17% 39% 45% 56% 

Turbulent kinetic energy 9% 25% 29% 35% 
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Figure. 4.3 Conceptual diagram of heterogeneous green river corridor  

4.3  RESULTS 

4.3 .1  Floodplain vegetation patches effect on flow velocity 

distribution:  

Streamwise Velocity 

Figure 4.4a represents the vertical distribution profiles showing the variation of 

streamwise velocity in the main channel with effect of floodplain vegetation. The velocity 

profiles were observed to be logarithmic in nature in all the conditions. In apex region, 

the magnitude of cross-sectional average velocity vary as leafy> mixed> grass> 

cylindrical> no vegetation. At the measurement location P1, the velocity magnitude in the 

main channel vary as 0.14 to 0.25 m/s in flexible grasses, 0.18 to 0.25 m/s in cylindrical 

vegetation, 0.20 to 0.27 m/s in mixed vegetation layout, 0.22 to 0.29 m/s in leafy 
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vegetation and                   0.07 to 0.21 m/s in no-vegetation case. It is clear that the leafy 

vegetation and mixed vegetation layouts increased the velocity in main channel than other 

vegetation forms, which is due to higher resistance offered by leafy forms over the flood 

plain. The highly resistant vegetation layouts such as leafy and mixed vegetation 

conditions enhanced the flood-plain flow obstruction and diverted the flow towards the 

main channel causing increased velocities and better streamlining effect. 

Figure 4.5 shows the normalized stream wise velocity (𝑢/𝑢∗) contour plots for 

different vegetation layouts. In the no-vegetation condition the velocity core region is 

observed at top region of inner bank. While in vegetation influenced scenarios, the 

velocity core extended from inner bank towards outer bank depending on type of 

vegetation. The mean velocity is observed in the order of 9𝑢∗ for leafy vegetation and 

7.5𝑢∗ for mixed vegetation layouts, which is relatively higher than flexible grass (7𝑢∗) 

and cylindrical (6𝑢∗) layouts. Further, the percentage difference in primary velocities is 

observed as 38%, 27%, 23% and 21% for leafy, mixed vegetation, grasses and cylindrical 

layouts as compared with no-vegetation condition. The effect of shear layer is also 

observed to different for varying conditions, which increased from inner bank to outer 

bank. In cylindrical layout, the horizontal shear layer is observed at Y/h ~ 4.8 close to the 

inner bank, while in higher resistant leafy layout it is at Y/h ~ 1.5. In the case of leafy 

vegetation, the reduction in velocity in the channel from P1 to P10 is observed as 51% at 

vegetation canopy height.  
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Figure 4.4 Vertical distribution of (a) streamwise velocity (U), (b) turbulent kinetic energy 

(TKE) 

Figure 4.5 Normalized contour plots of streamwise velocity (𝑢/𝑢∗) for (a) no-vegetation 

(b) cylindrical (c) grass (d) mixed (e) leafy vegetation conditions 
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Secondary Velocity 

The effect of different flood-plain plant forms on secondary flow behavior is 

investigated in this section. Figure 4.6 shows the secondary flow vector contours at apex, 

bend and cross-over regions for cylindrical, grasses, leafy, mixed vegetation layouts and 

no-vegetation conditions. In no-vegetation condition, secondary circulations were noticed 

at the outer bank, while in vegetation layouts there is no such specific pattern. In highly 

resistant leafy and mixed vegetation layouts, the secondary circulations are observed only 

at the apex region nearer to channel bed. Moreover, the upward inclined flows are noticed 

in these layouts. In the cylindrical (high canopy porosity) and grasses (flexible) 

vegetation layouts, the main channel cross-section is relatively free of secondary 

circulation patterns. The maximum magnitude of secondary velocity vectors is about 

26%, 24%, 22%, 14% and 12% of the maximum streamwise velocity for leafy, mixed, 

grass, cylindrical and no-vegetation respectively. Further, the angle of inclination of 

secondary currents, which is flow angle is observed as 11°, 9°, 7.3° and 5.5° for leafy, 

mixed, grass and cylindrical vegetation respectively. However, the transverse flow 

motion and transverse surface gradient in the region of the leading edge of the outer bank 

is enhanced by strengthening of secondary flows. Secondary flows allow for more distinct 

flow mixing between low-velocity flow in the vegetated region and high-velocity flow in 

the open region, significantly dominating the mixing effect caused by strong horizontal 

secondary vortices. 
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Figure 4.6 Secondary velocity plots for vegetation with different plant forms and non- 

vegetated case at a) apex section (CS1); b) bend section (CS2); c) cross over region (CS3) 
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4 .3 .2  Flood plain vegetation patches effect on turbulence parameters:  

Turbulence Intensity 

The turbulence intensity components (i.e., streamwise u′, transverse v′, vertical w′) 

were measured in the experimental channel and examined to discuss the turbulence 

characteristics for transverse v′ further. The intensities are obtained by calculating the root 

mean square (RMS) of the fluctuating velocities for each direction. Figure 4.7, represents 

the turbulence intensities in the streamwise (urms), lateral (vrms) and vertical (wrms) 

directions of turbulence intensities. From the figure 4.7, the higher streamwise turbulence 

intensities can be observed for leafy vegetation from P1 (inner bank) to P10 (outer bank) 

in the main channel. This indicates the urms of leafy vegetation from inner bank to outer 

bank is significantly dominate with other vegetation forms. Figure 4.7 (a,b) shows the 

streamwise and lateral turbulence intensity components, observed the highest values at 

the water surface, due to both the presence of the highest gradients of the averaged 

streamwise velocity. From the results, the magnitude of urms and vrms are quite close to 

each other, the wrms values are relatively lower compared to the other two turbulence 

intensity components. In the context of vertical turbulence intensity (wrms), the values of 

leafy vegetation condition are found dominating than the other vegetation forms. Figure 

4.7c, for all the experimental cases the wrms increases with the distance from the bottom 

until z/h~0.05, and reaches higher at top of the water surface i.e., z/h~ 1. This indicates 

the increase in wrms shows energy transfer near the surface on the vertical direction of 

water flow. And also, this higher intensity of wrms indicates that the measure of vortex 

rotation in the channel. The flow is sheared because of the higher velocity in the upper 

flow region. The vertical and streamwise turbulence intensities are increased by shear 

induced turbulence at the vegetation top.  

As shown in Figure 4.7, the higher intensity values were observed at water surface 

of the channel at z/h~1 of all the vegetated floodplains. The turbulence intensity is 

maximum at inner bank (P1) and gradually decreases in the main river and get increased 

slightly to the outer bank (P10) for streamwise and lateral turbulence components. 

Further, the percentage increase in averaged turbulence intensities is observed as 12%, 

9%, 7% and 2% for leafy, mixed vegetation, grasses and cylindrical layouts relative to 

no-vegetation scenario. This indicates the higher degree of turbulence occurs with effect 

of floodplain frond (leafy) canopy than the rod (cylindrical) canopy, at a greater level of 
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relative flow depth. The results indicate that vegetation patches significantly reduce 

turbulence-induced flow mixing. 

 

Figure 4.7 Vertical distribution of turbulence intensity components i.e., (a) streamwise 

turbulence (urms), (b) lateral turbulence (wrms), and (c) vertical turbulence (wrms)  
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stress for the no-vegetation, cylindrical, grass, mixed and leafy vegetation forms at the 

location of apex (P1, P5 and P10) are shown. The percentage increase in Reynold’s shear 

stresses is observed as 56%, 45%, 39% and 17% for leafy, mixed vegetation, grasses and 

cylindrical layouts as compared with no-vegetation condition. The average Reynold’s 

stress values are more for leafy vegetation compared to other layouts (increasing order 

trend with other layouts). For highly resistant leafy layout, the peak value is 2.7, 1 and 

1.15 cm2/s2, which is observed at z/h ~ 0.8 to 1 (closer to top of flood-plain vegetation) of 

P1 (inner bank), P5 (mid) and P10 (outer bank). The near-bed (z/h= 0-0.2) values varied 

between -0.25 to -1.06, -0.03 to -0.7 and -0.05 to -0.87 at P1, P5 and P10 respectively. In 

addition, the variability of values is relatively higher above the channel-floodplain 

transition (from z/h ~0.4 to 1). In all other layouts (cylindrical and grasses), there is no 

significant changes in Reynold’s stress values near to the bed across the channel cross-

section. In the cylindrical layout, the vertical profile shows almost the uniform values 

throughout the flow depth, because of no significant interactions between flow and flood-

plain vegetation unlike other plant forms. The maximum value of Reynold’s stress and 

turbulent intensities occur near the point of inflexion in the velocity profile. From the 

Figure 3.8, the maximum exchange of mass and momentum at the upper vegetated layer, 

as evidenced by the achievement of maximum Reynold’s stress near the vegetation 

canopy top. This is due to the additional surface area of frond vegetation type such as 

leafy vegetation causes larger drag forces into the main channel, the shear-generated 

turbulence is increased due to the inhibition of momentum exchange by the frond surface 

area.  

Figure 4.4b shows the vertical distribution of turbulent kinetic energy (TKE) in a 

cross-section of apex section for different vegetation forms. In general, the patterns of 

Reynold’s stresses (RSu'v') and TKE are similar throughout the cross-section. The 

percentage difference in turbulent kinetic energy is observed as 35%, 29%, 25% and 9% 

for leafy, mixed vegetation, grasses and cylindrical layouts as compared with no-

vegetation condition. Similar to the Reynold’s shear stress, the turbulent kinetic energy 

shows a maximum near the interface, which increases with increases in vegetation 

density. As the mean flow accelerates into apex section, curvature-induced secondary 

circulation moves progressively closer to the outer bank. As a result, absolute magnitudes 

of the RSu'v' and TKE increase over the entire flow depth. At these locations the maximum 

values of RSu'v' and TKE occur near the water surface and decrease evidently near the bed. 

The maximum turbulent kinetic energy occurs near bed at z/h ~ 0.5 for leafy vegetation. 
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From the results, it has been revealed that, the additional surface area of vegetation and 

heterogeneity in plant forms, have a remarkable influence on flow patterns. Due to the 

maximum surface area of the plant causes more the streamwise velocity and TKE values 

in the main channel. 

 

Figure 4.8 Vertical distributions of Reynold’s shear stress components i.e., (a) vertical 

Reynold stress (RSu'w'), (b) lateral Reynold stress (RSu'v'), (c) streamwise Reynold stress 

(RSv'w') 
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4 .4  DISCUSSIONS 

This section discusses changes in flow structure due to different floodplain 

vegetation layouts. Figure 4.3 illustrates the process-based mechanisms in the main 

channel with the effect of floodplain heterogeneous green river corridor. A large velocity 

gradient is generated between the vegetated and non-vegetated regions, indicating that 

there must be remarkable mass and momentum exchanges at the junction of the two 

areas. In this study, flow through different vegetation layouts significantly alters the 

distribution of velocity profiles due to physical features of the plant form. The velocity 

profiles in leafy (frond canopy) and rigid cylindrical (rod canopy) vegetation can be 

clearly seen based on its shape. In the lower canopy zone, velocity is constant and, at 

canopy level (z/h > 0.8) velocity profile shows accelerating trend due to shear layer 

interaction. Whereas, the bladed vegetation has no such difference due to flexibility of the 

vegetation causing velocity profile accelerating throughout the canopy zone. Due to 

significant difference in velocity at above and below the vegetation layer, the momentum 

exchange will take place to formation of shear layer at the interface or top of the 

vegetation. A similar observation was noticed by Wilson et al., (2003). According to Past 

studies, the velocity profile in the canopy zone follows a logarithmic law (Jarvela, 2005; 

Chen et al., 2011; Li et al., 2014). This observation can be noticed in the present study as 

the measurements were taken in the main channel and submerged flow condition. The 

results showed that the effect of plant form is significant in controlling the velocity 

reduction. The presence of highly resistant leafy cover and mixed vegetation forms is 

supporting for increased velocity in the main stream. The alteration in peak value to 

slightly above the canopy top was also noticed. This is may be due to the increased drag 

caused by the presence of leaves (additional surface area) in leafy plant form alters the 

momentum transfer by limiting the vertical momentum exchange between the vegetated 

and the over flow region. Also, negative RSu’v’ at near bed is due to negative velocity 

gradient indicating upward momentum transfer (Figure 4.8). Similar phenomena were 

noticed by the Siniscalchi et al., 2012. According to the Jahra 2010 study, when the 

vegetation density grows, the streamwise velocity increases in the main channel and 

decreases in the vegetation, resulting in an increase in the vertical and spanwise Reynolds 

stresses at the vegetation interface. 

Trinci et al., 2017 reported that few aquatic species prefer zones of high 

turbulence intensity, intermediate velocities and low TKE. Hockley et al., 2014 
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recognized the importance of heterogeneous flow conditions in rivers. Present study also 

shows the high turbulent intensity values were observed for the leafy vegetation. Zhang et 

al., 2015 reported that the higher turbulence intensity intensifies the sediment transport in 

the water flow. This indicates the vegetated floodplain conditions are having more 

capacity of sediment entrapment regions which is helpful for creating ecological zones. 

Reynolds shear stress expresses the momentum exchange between particles due to the 

flow velocity variation in turbulence. As a result, It is an vital parameter in assessing the 

soil erosion and sediment movement. Turbulence has been observed to be higher at the 

frond canopy level than the rigid cylindrical vegetation, because lateral flow deflection 

around the canopy top produced strong shear layers in the wake of a frond canopy leaves 

(Xu and Nepf 2020; Boothroyd et al., 2017; Yagci et al., 2010 and Kitsikoudis et al., 

2016). Farzadkhoo et al., 2018 reported that the rigid vegetation over the floodplain can 

be employed as an addition parameter in river rehabilitation works for achieving of 

environmental management objectives. Similarly, our study also concluded that the 

turbulent structures are less in cylindrical (rigid stem) vegetation layout as compared with 

other vegetation layouts, which is helpful for river restoration schemes.  

4 .5  CHAPTER SUMMARY 

Vegetation has the ability to significantly alter the time-averaged, and instantaneous 

flow characteristics of turbulent flow seperation, with significant implications for 

sediment transport and river morphology. In the present study, an analysis of laboratory 

experiments was conducted to investigate the effect of submerged heterogeneous 

vegetation patches on flow structure. For this purpose, three natural plant forms (leafy, 

grass and cylindrical) arranged in four different layouts (Figure 4.2), namely leafy, mixed, 

flexible grass, cylindrical vegetation layouts were studied. Laboratory experiments were 

undertaken to investigate the effect of different plant forms under submerged vegetation 

conditions on turbulence characteristics in a low sinuous channel. The following are the 

conclusions derived from the present investigation. 

First, the percentage increment in primary velocities is observed as 38%, 27%, 23% 

and 21% for leafy, mixed vegetation, grasses and cylindrical layouts as compared with 

no-vegetation condition. This indicates the shear layer occupies the relatively larger 

portion in the main channel of the leafy vegetation than the cylindrical vegetation. Second 

in the case of leafy vegetation, the reduction in velocity in the channel from P1 (inner 

TH-2690_166152105



  FLOW THROUGH VEGETATION PATCHES 

55 
 

bank) to P10 (outer bank) is observed as 51% at vegetation canopy height. Third the 

maximum magnitude of secondary velocity vectors is about 26%, 24%, 22%, 14% and 

12% of the maximum streamwise velocity for leafy, mixed, grass, cylindrical and no-

vegetation respectively. Fourth the vertical turbulence intensity component (wrms) 

increases with the distance from the bottom until z/h~0.05, and reaches higher at top of 

the water surface i.e., z/h~ 1. This indicates the increase in wrms shows the energy transfer 

near the surface on the vertical direction of water flow. 

This work can be further extended to study with different layouts of heterogeneous 

vegetation covers under varying flow conditions. To investigate further, detailed 

measurements on floodplain of the river can be helpful for predicting the flow processes 

in a river. With further improvement in knowledge, heterogeneous vegetation patches can 

be developed for riparian management activities in order to improve ecological behavior 

and sediment deposition zones.  
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COMBINED EFFECT OF BRIDGE PIERS AND 
FLOODPLAIN VEGETATION ON MAIN 

CHANNEL HYDRAULICS 
 

 

 

 

 
The hydrodynamics of flow around the vicinity of bridge piers in rivers are of 

great importance to hydraulic engineers and researchers. Scientific research in and around 

bridge piers and floodplain vegetation presents the multilevel fluid dynamics of a River. 

This allows to understand the interactions of bridge pier and heterogeneous vegetation 

cover on the river corridor with flow field of stream channel. This chapter addresses 

following questions through experimental study. 

 What kind of flow structure is observed in main river with combined effect of 

bridge pier and floodplain vegetation?  

 How can the spatial variation of turbulence characteristics with the presence of 

bridge piers be occurred in a low sinuous river? 

5 .1  INTRODUCTION 

The flow around bridge pier is completely three-dimensional and it is quite 

complex to predict the coherent structures (Raudkivi and Ettema 1983; Melville and 

Chiew 1999; Kirkil and Constantinesu 2008). On river bars and floodplains, vegetation is 

ubiquitous, and it can have a major impact on flow, sediment transport rates, stream 

temperature, bank stability, and aquatic ecology. (e.g., Ormerod et al., 1993; McKenney 
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et al., 1995; Abernethy and Rutherfurd 1998; Simon and Collison 2002; Pollen 2007). 

And presence of floodplain vegetation plays an important role on river system by 

improving the biological characteristics (Brachet 2015). Basic physical properties of 

vegetation, such as variations in drag, changes in streamwise velocity, turbulence 

patterns, the occurrence of periodic vortices, deposition distributions, increased flow 

resistance, and lower conveyance capacities, were discovered in their investigations (e.g., 

Nepf 1999, Lopez and Garcia 2001, Bennett et al., 2002, James and Makoa 2006 and 

Zong and Nepf 2011). 

Different flow fields are generated due to the interaction of approach flow with 

bridge piers, including downflow, horse-shoe vortex, wake vortices and bow waves, 

which result a complex flow field in the stream channel. Several authors like Kothayari et 

al.,1992, Koken 2008, Keshavarzi et al., 2014, Morales 2013, Lee 2019 have discussed 

about the turbulent flow and scour around the bridge piers. When bridge piers restrict the 

flow in an alluvial channel, dynamic pressure rises in front of the pier, resulting in an 

adverse pressure gradient from the free surface to the channel's bottom. As a result, flow 

separation occurs near the pier, resulting in the creation of vortices surrounding the pier 

(Narayana et al 2021). The three-dimensional separated flows are typically composed of a 

complex system of vortices. Dargahi 1989 stated that the magnitudes of the vortices 

present around the vicinity of the cylinder are independent of Reynold’s number, and it is 

mainly influenced by the diameter of the pier. Goutam et al., 2019 reported that 

comparison of pier with and without pile cap, the flow structures such as mean velocities, 

turbulence intensities and Reynold’s shear stresses are lower than the simple pier.  

Present scenario, several studies assume rivers having a fixed width. Though, the 

studies did not consider the green corridor along the bank is also a part of the river. While 

constructing any hydraulic structures, we are disturbing the green corridor and the impact 

of river ecology has not been considered. Although, many studies have been carried on 

flow structures in the vicinity of bridge piers. This study investigated the combined effect 

of bridge pier and floodplain vegetation on main channel hydraulics. Experiments were 

conducted to obtain the contribution single and double bridge pier along with floodplain 

vegetation on flow behavior. Therefore, the three-dimensional analysis of velocity 

measurements was used to find the characteristics of turbulent flow in front of the bridge 

pier in association with the heterogeneous green corridor. The effect of size of bridge pier 

and floodplain vegetation on flow structures and their relations with erosion are presented 
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in this work. Figure 5.1 shows the downflow patterns and vortex mechanism around the 

bridge piers. The objectives of this work are, therefore: (a) to investigate the turbulent 

flow structures with the combined effect of bridge piers and floodplain vegetation; and 

(b) how their behavior is different from existing studies of without vegetation corridor. 

For these objectives, conducted laboratory experiments for four different layouts (Figure 

3), such as no-vegetation, with floodplain vegetation, single bridge pier (SP) and double 

bridge pier (DP) along with floodplain vegetation, and detailed flow measurements were 

taken to determine the flow response.  

 

Figure 5.1 Conceptual representation of bridge piers along with heterogeneous green river 

corridor 

5.2  MATERIALS AND METHODS  

5.2 .1  Experimental Setup 

Experiments were conducted in the Fluvial hydro-ecological laboratory, at IIT 

Guwahati. With a dimension of 18m long, 1 m wide and 0.3 m deep flume. The flume 

primarily consists of inlet chamber, stream channel, outlet chamber and recirculating 

system. A collecting chamber of 4 m long, 1.5 m wide and 1.5 m depth with concrete 

walls and roughness elements was placed at the upstream to diminish the turbulence and 

to straighten the incoming flow into the channel. The slope maintained throughout the 

channel is 0.001. Sinuosity has taken for the channel is 1.1. Two 15 HP pumps control 

flow discharge with a discharge of 15 litres/sec. The D50 used for the median sand particle 
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size was 0.37 mm. The flume was slowly allowed the water to saturate the sand bed. 

After complete saturation of bed, the required discharge was established with the flow 

depth was gradually increased or decreased by adjusting the height of tailgate until the 

target flow depth was obtained. The discharge was measured using V- notch located at 

the entrance of the flume and the digital point gauge was used to measure the flow depth. 

Instantaneous velocity measurements were obtained with three-dimensional acoustic 

Doppler velocimeter, (4 probe, 10 MHz Vectrino ADV manufactured by Nortek) at a 

sampling frequency of 100 Hz. The duration of data acquisition was fixed to 2 minutes 

and in total 10,000 samples were collected. Accelerating threshold (Goring and Nikora, 

2002; Dey et al., 2012; Devi, 2016) was used to post-process the time series velocity data 

for removing the spikes. 

To minimize the side wall effects, maintain the width of the channel is 14 times 

the diameter of the pier (Raudkivi and Ettema 1983). To avoid the sediment size effects, 

followed the ratio of pier diameter to sediment size was 79 (Raudkivi 1998). And also, 

Chiew and Melville (1987) determined that pier diameter should not exceed 10% of 

flume width, to eliminate the wall impact on scouring. The test section is chosen an apex 

section of the sinuous channel. The experiments were conducted for a single and double 

bridge pier along with the floodplain vegetation. Figure 5.2 shows the experimental 

layouts of a) no-vegetation condition b) with floodplain vegetation c) single bridge pier 

(SP), 2-inch ϕ cast iron pipe surrounding with floodplain vegetation and d) double bridge 

pier (DP) experiment, two 1-inch ϕ PVC pipes surrounding with floodplain vegetation 

were chosen. In case of floodplain vegetation, the natural heterogeneous vegetation forms 

were planted with a configuration of 400 plants/m2 in a staggered pattern, vegetation type 

were followed the section 4.2.2, and experiments were performed to analyze the turbulent 

characteristics. 

 

 

 

 

TH-2690_166152105



EFFECT OF BRIDGE PIERS AND FLOODPLAIN VEGETATION 

60 
 

Figure 5.2 Experimental flume setup at IIT Guwahati: (a) plan view showing basic 

components and dimensions; (b), (c) and (d) front view showing test section, with 

floodplain vegetation, single and double bridge piers along with vegetated floodplain and 

measuring equipment 

5.2 .2  Flow Conditions and Measurement Locations 

Experiments were conducted in submerged flow conditions in which flow depth is 

at the vegetation height. In the present work, considering the bed under no transport 

condition, the main channel depths were maintained lesser than the incipient motion 

depths (Devi et al., 2016). The corresponding flow depth (H) and discharge (Q) were 14 

cm and 0.0153 m3/s respectively. Table 5.1 shows the hydraulic conditions maintained in 

the channel for single and double bridge pier experimental layouts. Measurement 

locations in the experiments were positioned in the main channel form P1 to P6 at apex 

section. Figure 5.3 shows the measurement locations along the cross-section of the 

channel. Instantaneous velocity components were measured with Acoustic Doppler 

Velocimeter (ADV) along the flow depth at increments of 1 cm from the near bed. Thus, 

14 measurement points at each vertical profile were obtained.  
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Figure 5.3 A schematic representation of a) single and b) double bridge pier layouts and 

measurement locations.  

 

Table 5.1: Summary of the experiments 

S. No. Experiment layout Pattern Flow Depth (cm) Fr Re 

1 
Single bridge pier with 

heterogeneous vegetation 
Figure 5.3a 14 0.245 20930 

2 
Double bridge pier with 

heterogeneous vegetation 
Figure 5.3b 14 0.234 20020 

 

 

Table 5.2: Trend of turbulence parameters 

Turbulence characteristics Single Pier (SP) Double Pier (DP) 

Streamwise velocity (m/s) 0.25 0.23 

Secondary Velocity  0.011 0.027 

Turbulence Intensity (urms) - (m/s) 0.053 0.048 

Reynold’s shear stress (-u'w') - (m2/s2) -0.000019 -0.000047 

Turbulent kinetic energy - (m2/s2) 0.00312 0.00276 
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5 .3  RESULTS 

5 .3 .1  Main channel flow structures with effect of bridge piers and floodplain 

vegetation 

Streamwise Velocity: 

Figure 5.4(I) represents the normalized streamwise velocity contours in main 

channel cross-section influenced by single and double bridge piers on the floodplain 

surrounding with vegetation. The higher velocity zone is found at the inner bank and 

gradually decreasing towards the outer bank with increasing distance from the piers 

present on the right floodplain. The combined effect of bridge piers and flood-plain 

vegetation is observed by increased high velocity region with shear layer separating the 

low and high-velocity zones towards the outer bank. This indicates flow develops strong 

inward motion with in the main channel as flood-plain flow approaches the bridge pier. In 

the case of single- bridge pier (2-inch ϕ) condition, the length of the higher velocity 

region is more and lower velocity region is less, while in double piers of smaller 

diameters (1-inch ϕ each) condition, the length of velocity zones is opposite. This result 

in variability of shear layer zone in both the cases. In single pier, the shear layer is 

observed between Y/h: 0.7 to 2.2, and in double pier, it is observed from Y/h: 0.9 to 2.7. 

With the addition of bridge piers, the lateral velocity gradient increases at the interface, 

generating a significant shear layer at that position. The results show that the presence of 

other layouts in single large diameter pier with floodplain vegetation increases the 

velocity in the main channel up to 36% compared to no-obstruction on the floodplain. 

Figure 5.4(II), represents the vertical distribution profiles showing the variation of 

streamwise velocity in the main channel with combined effect of bridge piers and 

floodplain vegetation. The velocity profiles were observed to be follow the logarithmic 

nature for all the conditions. The velocity magnitude in the main channel, P1(near inner 

bank) and P4 (mid of the channel) shows the highest velocities which is close to 0.3 m/s 

at water surface level. However, at P6 (near outer bank) showing that the values at the 

surface level 0.1 m/s and at the bed level which is 0.03 m/s. This indicates the vertical 

streamwise velocities were very low at outer bank which follows the streamwise contour 

plots (figure 5.4 I). From these vertical profiles the study did not predict much effect of 

the size of the pier in the main channel. 
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Figure 5.4 Streamwise velocities; I) normalized contour plots for a) no-vegetation b) with 

floodplain vegetation c) single pier (SP) and d) double bridge pier (DP) conditions         

II) vertical distributions of longitudinal velocity at apex section  

Secondary Velocity: 

Figure 5.5 (I), shows the secondary flow patterns in the main channel influenced 

by bridge pier diameter and flood-plain vegetation. For a single bridge pier (SP) (Figure 

5.5 Ic), the circulation of secondary current cell is clearly visible at the mid of the channel 

and at a height of z/h = 0.2-0.4.  The secondary flow circulations were observed over the 

maximum part of the channel cross-section in this case. However, for the case of double 

pier condition, the secondary circulations were observed close to the banks and with 

relatively less intensity, which is closely similar to the case of only flood-plain vegetation 

(Figure 5.5 Ib).  This shows the secondary circulation patterns are more influenced by the 

larger diameter pier which is probably due to combined influence of horse-shoe vortex, 

curvature effects and shear zone vortex. The magnitude of secondary velocity vectors in 

single-pier case is 11% (at P1, inner bank), 7.5% (at P2), 7.5% (at P3), 4% (at P4), 4% (at 

TH-2690_166152105



EFFECT OF BRIDGE PIERS AND FLOODPLAIN VEGETATION 

64 
 

P5) and 6% (at P6, outer bank) of the streamwise velocity from near inner bank to outer 

bank. In double pier condition, the magnitude of secondary velocity vectors is relatively 

higher, which is 8% (P1), 19% (P2), 15% (P3), 12% (P4), 11% (P5) and 6% (P6) of the 

streamwise velocity. The results show the pier with less diameter does not influence the 

secondary circulations but increased the magnitude of secondary velocity. In both the 

cases, there is no significant effect of bridge pier on secondary velocity magnitude at 

outer banks. 

Figure 5.5 (II), shows the vorticity contours (clock wise and anti-clock wise) for 

the no-vegetation, with floodplain vegetation, single pier and double pier conditions. The 

secondary vortex (negative and anticlockwise vortex) originated from the boundary layer 

separation is observed underneath the primary vortex (clockwise vortex) at Y/h= 0 to 1 

(DP) and Y/h= 0 to 2 (SP). It is shown that the secondary vortex is found strong near 

outer bank for both the SP and DP conditions. In the single pier condition, the length of 

the vortex is more and its strength is 2 times more than double pier conditions. This 

reveals that secondary vortex grows its size and strength in case of the large diameter 

pier.  

Figure 5.5 Secondary flow and vorticity contour plots for a) no-vegetation b) with 

floodplain vegetation c) single pier and d) double bridge pier conditions at apex section 

Turbulence Intensity: 
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Figure 5.6 shows the normalized turbulence intensity (TI) behavior in the main 

channel for various conditions of flood-plain vegetation and bridge pier. Figure 5.6 (I) b 

representing the effect of flood-plain vegetation shows the TI core region (0.04 m/s) at      

z/h ~ 0.375 near to outer bank and surface core region at inner bank. In comparison to 

Figure 5.6 (I) c, d representing the cases of combined effect of bridge pier and vegetation, 

the turbulence intensity is relatively higher (0.055 m/s) and the maximum value is 

observed at the surface towards the inner bank. This may be because of increased 

turbulence generated due to bridge pier in the main channel. 

Figure 5.6 (II) shows vertical profiles of streamwise, lateral and vertical 

turbulence intensities at P1 (inner bank), P4 (mid) and P6 (outer bank). The comparative 

analysis of turbulence intensity in the main channel revealed significantly higher values in 

the channel influenced by combined effect of bridge pier and vegetation. Moreover, the 

larger diameter single pier has shown increased effect than smaller diameter and double 

number bridge piers. In almost all the cases, higher turbulence intensities are observed 

particularly at surface level of P1 (near inner bank), which is channel-floodplain interface 

and P4 (mid channel).  The percentage increase in streamwise turbulence intensity (urms) 

for different cases. Such as 22% more for only vegetation, 37% more for double pier with 

vegetation and 40% more for single pier with vegetation as compared no vegetation case. 

Figure 5.6 II b shows the lateral turbulence intensity (vrms) increases with the distance 

from the bottom until z/h=0.15, and higher than z/h=0.15 it decreases linearly until the 

floodplain elevation, reaching a minimum value at about z/h=0.3, and then increasing 

again upward to the water surface to form almost an S-shaped distribution at outer bank 

(P10). Figure 5.6 II c, for all the experimental cases the vertical turbulence intensities 

(wrms) increases with the distance from the bottom until z/h~0.05, and reaches higher at 

top of the water surface i.e., z/h~ 1. This indicates the increase in wrms shows energy 

transfer near the surface on the vertical direction of water flow.  
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Figure 5.6 Turbulence intensities; I) normalized contour plots for a) no-vegetation b) with 

floodplain vegetation c) single pier and d) double bridge pier conditions II) vertical 

distributions of turbulence intensity in u, v and w directions at apex section 
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Reynold’s Shear Stress: 

Figure 5.7 (I) shows normalized Reynold’s shear stress contours for different 

cases of flood-plain vegetation and bridge pier dimensions. The maximum positive 

Reynold’s stresses occur at the floodplain and channel transition for all the cases except 

for non-vegetated condition, which indicates that the shear becomes dominant and the 

maximum along the inner bend apex of the main channel. The floodplain resistance cause 

to alter the main channel Reynold’s stresses, with positive values close to the surface and 

negative values near to the bed. Further, zero Reynolds stress line is found along the 

cross-section just below the water surface. This type of behavior may also be expected 

from the lateral gradient of the streamwise mean velocity in Figure 5.4 (I). In single pier 

and double pier conditions influenced by vegetation, well-defined clusters can be seen at 

the near water surface of mid channel (Y/h = 2 to 4). This may be because of influence of 

wake regions formed due to bridge piers and the vegetation. The influence of horse-shoe 

vortices around the bridge pier and strong velocity gradient due to inflow-bridge pier-

flood plain vegetation interactions may also be responsible for varying patterns of 

Reynolds stresses.   

Figure 5.7 (II) shows the vertical profiles of Reynold’s stresses (RSu'w', others) for 

different scenarios of flood-plain vegetation and bridge piers. The results show that the 

absolute values of RSu'w' are higher compared to RSv'w' and RSu'v'. At P1 (near inner bank) 

for all Reynold’s stress components, the mixing activity can be observed at z/h > 0.6 

(floodplain-channel transition). At P4 (mid) the RSu'w', RSu'v' values were almost uniform 

upto the z/h > 0.8, the mixing activity can be observed at and above the z/h is 0.8. The 

maximum value of RSu'w' at P4 occurs close to the free surface and decreases to the zero at 

the bed. At P6 (near outer bank) of all the components of Reynold’s stresses were 

observed almost linear and there is not much significant mixing activity. Overall, the 

bridge piers and vegetation cover effecting the shear layer at P1 is more significant, 

which can be observed from vertical profiles in all components of Reynold’s Stresses. 
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 Figure 5.7 Reynold’s shear stresses; I) normalized contour plots for a) no-vegetation b) 

with floodplain vegetation c) single pier and d) double bridge pier conditions II) Vertical 

distributions of Reynold’s shear stresses, -u'w' (vertical), -u'v' (lateral) and -v'w' 

(streamwise) directions at apex section 
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Turbulent Kinetic Energy: 

Figure 5.8 (I), illustrates the contour plots of normalized turbulent kinetic energy 

influenced by bridge pier diameter and flood-plain vegetation. The maximum value of the 

TKE observed at a distance about z/h~1 from bed and Y/h~ 4 from the edge. The patterns 

of turbulent kinetic energy confirm that values of TKE are most significant at the surface 

level (z/h>1) for the SP and DP conditions amongst the SP condition having the highest 

TKE value. The magnitude of TKE within the shear layer (Figure 5.8 (I)) weakens, as 

shown in figure 5.4 (I), the clustered isovels between the low-velocity region near the 

outer bank for streamwise velocities. In the maximum TKE region, a closed interval of 

isovels at the inner bank can be observed, resulting in the strong shearing flow present in 

the channel due to the bridge piers surrounding with vegetation.  

Figure 5.8 (II), shows the combined effect of bridge pier and floodplain vegetation 

on turbulent kinetic energy behavior in the main channel at P1, P4 and P6 respectively. 

According to the figure, observed the combined effect of bridge pier and floodplain 

vegetation reflects in TKE at each location. The percentage increase in turbulent kinetic 

energy for different cases. Such as 30% more for only vegetation, 45% more for double 

pier with vegetation and 51% more for single pier with vegetation as compared no 

vegetation case. 
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Figure 5.8 Turbulent kinetic energy; I) normalized contour plots for a) no-vegetation b) 

with floodplain vegetation c) single pier and d) double bridge pier conditions. II) Vertical 

distributions of turbulent kinetic energy (TKE) at apex section 

5.3 .2  Flow angle with the effect of bridge piers and floodplain vegetation  

The flow angle can be resolved into components with an angle Ɵ. Where this angle 

obtained by Ɵ ൌ tanିଵሺ𝑣ᇱഥ / 𝑢ᇱഥ ሻ . The ratio of lateral velocity (Vmc) to longitudinal 

velocity (Umc) represents the intensity of secondary flow in the channel (Liu et al., 2016). 

The vertical distributions in the main channel of P1, P4 and P6 for SP and DP conditions 

are shown in the Figure 5.9, illustrating the angle between the main channel and 

floodplain flow induced by the curvature and roughness. At the outer bank (P6) bed level, 

the flow angle in SP condition is -44°and DP condition is -47°. The negative sign 

indicates that the sign of Vmc and Umc is different. The significant effect is observed by the 

flow angle i.e., at P1 and P4 in both the conditions. At P1, for SP condition the angle 

made by the flow is 0° at (z/h ~ 0.02) and in DP condition it is Ɵ > 0° at bed level. On the 

other hand, for DP condition, at P1 at z/h> 0.6 the flow angle is less than 0°. In SP 
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condition P1 and P4 at channel-floodplain transition (z/h> 0.8) Ɵ > 0°. This indicates the 

flow becomes complex near inner bank (P1) with presence of single bridge pier (larger 

diameter) and floodplain vegetation.

Figure 5.9 Flow angle for a) single bridge pier b) double bridge pier along with floodplain 

vegetation conditions 

5 .3 .3  Transverse profiles in the channel: 

Figure 5.10 shows the variation of flow characteristics across the transverse 

section is evaluated with the combined effect of bridge pier and floodplain vegetation. 

Figure 5.10a shows the transverse direction of streamwise flow velocities, near to the 

junction of main channel and bridge piers with floodplain vegetation is high, and the 

values of the velocity reduces suddenly when flowing out from the bridge piers and 

vegetated region (i.e from the mid channel), whereas the velocities gradually increase 

from P1 (near inner bank) to P4 (mid channel) and declining curve is observed from P4 to 

P6 (near outer bank). The percentage difference between P1 to P6 for different cases such 

as 27% for only vegetation, 34% more for double pier with vegetation and 36% more for 

single pier with vegetation. Due to the presence of bridge pier surrounding vegetation on 

right floodplain, more flow velocity is forced into the channel causing the increase of the 

velocities. And there are some relatively severe fluxes from inner bank (P1) to outer bank 

(P6) due to the higher lateral flow velocity and momentum exchange of the transition 

zone between bridge pier along with vegetated region. Figure 5.10b shows that the 
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turbulence intensities in transverse direction are determined. As shown in the figure, the 

turbulence intensity decreases gradually in the main channel from inner bank to outer 

bank. The range of turbulence intensity vary approximately 0.05 to 0.06 m/s for the single 

bridge pier condition, therefore the turbulence intensity of the single pier case dominant 

significantly with double bridge pier condition. 

Figure 5.10c shows the distributions of the Reynold’s shear stress along the 

transverse section corresponding to the single and double bridge pier along with 

floodplain vegetation. Reynold’s shear stresses show some relatively drastic fluctuations 

near inner bank (P1 to P4) for single bridge pier condition due to the adverse pressure 

gradient of the transition zone between roughness and smooth areas. Results indicate, the 

Reynold’s shear stresses are greatly affected by the presence of large diameter pier 

surrounded with floodplain vegetation. As shown in the figure 5.10d, the turbulent kinetic 

energy gradually decreases and tend to be stable along the transverse section. However, 

single pier condition at P3 due to the pressure gradient after that gradually vary flow 

along the section is observed. Based on the above discussion, the dominance of single 

large diameter over all the turbulence features in the main channel is noticed. The 

turbulence parameters significantly showed much difference between SP and DP cases.  
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Figure 5.10 Variation of turbulence characteristic profiles along the transverse section of 

apex region 

5 .4  DISCUSSIONS 

This section discusses the combined effect of bridge pier diameter and floodplain 

vegetation on the main channel flow structures of a low sinuous compound channel. 

Figure 5.1 represents the conceptual understanding of mean streamwise and secondary 

velocity distribution due to the interactions of main channel flow-bridge pier-floodplain 

vegetation. Figure 5.4 (I), shows the shear layer that generates along the edge of the 

vegetated region is therefore extended to lateral motion upto Y/h= 2.2 from inner bank in 

SP case. This indicates the shear layer is pushed away from the vegetated zone along with 

the presence of bridge piers.  

Figure 5.5 (II), secondary vortex (negative and anticlockwise vortex) originated 

from the boundary layer separation underneath the primary vortex (clockwise vortex) at 
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Y/h= 0 to 1 (DP) and Y/h= 0 to 2 (SP). Graf and Yulistiyanto (1998) and Beheshti (2010) 

reported the similar results in their study. Dargahi (1989) investigated flow structures 

around circular pier on rigid bed and also observed that and reported wake vortices were 

independent of horseshoe vortex. Figure 5.6 (II) shows that the streamwise turbulence 

intensity (urms) is larger than the vertical turbulence intensity (vrms), while the transverse 

turbulence intensity (wrms) is between the horizontal and vertical turbulence intensities. 

The higher turbulent intensities were found to occur close to the inner edge of the main 

channel z/h >0.8. Table 5.3 shows the double bridge pier condition having less values for 

turbulence intensity, Reynold’s shear stress and turbulent kinetic energy. This indicates, 

the large diameter of single bridge pier condition causes more turbulence in the channel. 

Figure 5.6 (I) revealed a high-level pocket of Vertical Reynold’s stress (RSu'w') 

component (about 2 times of corresponding values in the main channel) from contour 

plots near the surface level at a distance about (Y/h =4) from inner edge of the single pier 

condition. Figure 5.8-I, shows the magnitude of TKE within the shear layer is weakens. 

As shown in figure 5.4 (I) the clustered isovels between the low-velocity region near the 

outer bank for streamwise velocities. In this study the shear layer is pushed away from the 

vegetated zone along with the presence of bridge piers. This indicates the turbulent 

energy is more in the particular region. Similar observations are also reported by Abad et 

al., 2008. 

5 .5  CHAPTER SUMMARY 

In this study the combined effect of bridge pier and floodplain vegetation on main 

channel turbulence parameters were investigated. For this purpose, conducted laboratory 

experiments for four different layouts (Figure 3), such as no-vegetation, with floodplain 

vegetation, single bridge pier (SP) and double bridge pier (DP) along with floodplain 

vegetation. The results are helpful to predict the flow patterns inside the channel due to 

presence of river engineering structures on floodplain along with vegetation. The major 

observations in the study lead to the following conclusions. 

i) The presence of single large diameter pier with floodplain vegetation increases the 

main channel velocity up to 36% compared to no-obstruction on the floodplain. For 

the double pier condition, it is observed to be 31%. 
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ii) The variability in shear layer zone is observed to be different for different pier 

conditions. In the case of single pier, the shear layer is observed between Y/h: 0.7 to 

2.2, while in double pier, it is observed from Y/h: 0.9 to 2.7. With the addition of 

bridge piers to the floodplain vegetation, the lateral velocity gradient increases at 

the interface generating a significant shear layer. 

iii) In the single pier of larger diameter, the length of the vortex is more and its strength 

is 2 times more than double pier of smaller diameter. This reveals that secondary 

vortex grows its size and strength in case of the large diameter pier. 

iv) The percentage increase in streamwise turbulence intensity (urms) in the main 

channel for different cases is 22% more for only vegetation, 37% more for double 

pier with vegetation and 40% more for single pier with vegetation as compared no 

vegetation condition. 

v) The higher mixing activity can be observed at floodplain-channel interface with 

increase in Reynold’s shear stress components at the inner bank (P1). Overall, the 

bridge piers and vegetation cover effecting the shear layer at inner bank is more 

significant, which can be observed from vertical profiles in all components of 

Reynolds Stresses. 

vi) In both the single pier and double pier conditions, the magnitude of TKE within the 

shear layer is relatively less as compared to the inner bank where maximum TKE is 

observed at closed intervals of isovels. This is due to the strong shearing flow 

present in the channel with effect of bridge piers surrounded with vegetation. 

The larger diameter of the pier is more susceptible to the main stream in the context of 

streamwise and transverse velocities. Moreover, the convergence induced contraction of 

curved channel along with bridge pier on its floodplain is solely affected the turbulent 

structures in the main stream of the channel. The experiments associated with the pier 

diameter and number of piers placed on floodplain will be notable addition of 

understanding the flow behavior. The data can potentially be used to validate and verify 

with numerical model in the next chapter. 
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NUMERICAL INVESTIGATION OF EFFECT 
OF GREEN CORRIDOR AND BRIDGE PIERS 

ON RIVER TURBULENCE 
 

 

 

 

 
The river exhibits complex hydrodynamic characteristics with different levels of 

interdependent processes occurring simultaneously. On the other hand, vegetation 

improves the river ecological condition and helps for the planform stability. The riparian 

zones of river are generally covered with vegetation patches and this makes important to 

study vegetation influence on river turbulence. This chapter addresses following question 

through numerical modeling. 

 How the computational models like Flow-3D will predict the flow structures in 

a sinuous river with floodplain vegetation? 

 How much the correlation between turbulence features of experimental and 

numerical conditions will vary?  

6.1  INTRODUCTION 

Flow structures in the meandering channel is more complex than the regular 

channels due to complex three-dimensional nature. Vegetation in riverine environment 

plays an important role by changing in the velocity distribution, turbulence structures, 

incidence of periodic vortices, spreading deposition, increase in flow resistance and 

decrease in conveyance efficiency. Several past studies have investigated the interaction 
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between flow and flexible vegetation (such as Kouwen and Unny 1973; Temple 1986; 

Fathi-Moghadam and Kouwen 1997; Wu et al. 1999; Kouwen and Fathi-Moghadam 2000; 

Jarvela 2002; Carollo et al. 2002; Jarvela 2004; Armanini et al. 2005; Carollo et al. 2005; 

Righetti 2008; Aberle and Jarvela 2013). Liu et al. (2008) conducted the experiments to 

determine the velocity distributions and turbulence properties in the vegetated channels. 

The experimental and numerical studies on flow through vegetation in open channels were 

investigated by Shimizu 1994, Nepf 1999, Nepf and Vivoni 2000, Stephan and Gutknecht 

2002, Neary 2003, Erduran and Kutija 2003, Stoesser et al., 2003, Defina and Bixio 2005, 

Choi and Kang 2004, Stoesser et al., 2010. The turbulence structures in the main channel 

effected by floodplain vegetation have been examined through laboratory experiments and 

numerical studies. 

Nikora et al., 2007 stated that the main turbulent models for hydrodynamic 

applications can be divided into three categories:1) no averaging Direct Numerical 

Simulation (DNS) models; 2) spatial averaging of the Navier-Stokes equations of Large 

Eddy Simulation (LES) models; and 3) Reynolds Averaged Navier-Stokes (RANS) models 

with temporal averaging of the Navier-Stokes equations. Their study mentioned that the 

DNS method is extremely expensive, particularly for complex geometries and 

heterogeneous cases at higher Reynolds numbers. Cui and Neary 2008 and Stoesser et al., 

2009 used the LES approach to simulate flows influenced by aquatic vegetation. Huang et 

al., 2009 obtained the LES experimental results, which studied the effect of plant density 

on large-scale coherent structures inside the canopy sublayer. The k-ɛ turbulence model has 

been used to simulate flows impacted by vegetation by Choi and Kang 2004, Fischer-Antze 

et al., 2001, López and García 2001, and Neary 2003. These studies demonstrate the model 

capabilities of simulating the vegetation effects on the flow characteristics. However, due 

to configurable parameters and coefficients for flows with vegetation cover, the model still 

has some limitations. 

Present study, also includes the experimental and numerical investigation on effect 

of bridge piers along with floodplain vegetation on main channel hydraulics. The turbulent 

flow around a bridge pier is quite complex and that has been analyzed both computationally 

and experimentally by Melville and Raudkivi 1977; Dargahi 1990; Ahmed and 

Rajarantnam 1998; Ettema et al., 2006; Unger and Hager 2006; Dey and Raikar 2007; 

Kirkil et al., 2008. Chang et al., 1999 solved the flow equations around a bridge pier with 

a fixed bed and no scour using a large-eddy simulation (LES) model. Tseng et al., 2000 
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used LES to run a numerical simulation for square and circular type piers. The flow patterns 

around a bridge pier with and without the scour hole were modelled by Richardson et al., 

1998. They discovered that the FLOW-3D fluid dynamic model accurately predicts the 

complicated flow patterns around the bridge pier when they analyzed the simulated and 

experimental data. They discovered that the down flow originates at the pier's front face, 

which has an impact on the formation of the horseshoe vortex. They also compared the 

experimental results to simulated turbulence structures, lift coefficient, and drag coefficient 

and the agreements were found satisfactory. 

Considering the importance of vegetation for the flow phenomena of a river, in this 

objective hydrodynamic change due to presence of vegetation cover on floodplain is 

studied using three-dimensional computational fluid dynamic model, FLOW-3D. This 

study provides the assessment between the simulation and experimental data by conducting 

the range of comparisons. Present study asses the simulation of experimental sinuous 

channel for analyzing the flow features like velocity distribution and turbulent structures in 

the apex, bend and cross-over regions by the turbulence modelling such as 

Renormalization-Group (RNG) model in the FLOW-3D [FLOW-3D V.12, FLOW-3D 

HYDRO v1.0 u 1]. In the present work, the results are presented through an experimental 

investigation related to the case of flexible submerged vegetation that has been modeled by 

placing cylindrical (rigid vegetation) rods due to limitation of the model. And also in this 

study, numerical simulations were conducted to investigate the effect on turbulence 

structures due to bridge pier and floodplain vegetation. The CFD software FLOW-3D was 

used to predict the 3D flow patterns in the main channel due to bridge piers and floodplain 

vegetation. The turbulence modelling by FLOW-3D was satisfactorily tested against 

experimental data of turbulence in the main channel due to the effect of bridge pier 

surrounded with vegetation. Effects of bridge pier and floodplain vegetation on turbulence 

flow were investigated by comparing different results obtained from the experiments with 

numerical models.  

6 .2  METHODOLOGY 

6.2 .1  Exper imenta l  condi t ions  

A series of experiments were conducted in the fluvial tray contains the dimensions 

of 18m long and 1m wide of low sinuous channel. Median sand particle diameter used (D50) 

0.37mm for the bed in the fluvial hydro-ecological laboratory at IIT Guwahati. 
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Instantaneous velocity measurements were obtained with three-dimensional Acoustic 

Doppler Velocimeter (ADV), (4 probes, 10 MHz Vectrino ADV manufactured by Nortek) 

at a sampling frequency of 100 Hz with data collection up to 2 minute duration at each 

point. Accelerating threshold method was used to post-process the time series velocity data 

for removing the spikes (Goring and Nikora, 2002; Dey et al., 2012; Devi, 2016). The 

signal-to-noise ratio of the measurements is maintained above 15, to ensure the quality of 

the data collected. To carry out the experiments, test section of 1.2 m length was chosen. 

By measuring the velocity profiles at various cross-sections on the main channel, it is 

concluded that the flow at a distance 10.6 m from the inlet of flume, the flow becomes fully 

developed. Hence, the vegetation patch is located on the floodplain of the channel and with 

a distance of 8.95 m from the beginning of the flume. Figure 6.1 shows the representation 

of the vegetation in the model geometry as well as replicate the experimental flume.  

6.2 .2  F low condi t ions  and measurement  locat ions  

Experiments were conducted in submerged flow conditions in which flow depth is 

at the vegetation height. In the present work, considering the bed under no transport 

condition, the main channel depths were maintained lesser than the incipient motion depths 

(Devi et al., 2016). The corresponding flow depth (H) and discharge (Q) were 14 cm and 

0.0153 m3/s respectively. Instantaneous velocity components were measured with ADV 

along the flow depth at increments of 1 cm from the near bed. Thus, 14 measurement points 

at each vertical profile were obtained. The experimental parameters were discussed in the 

table 6.1 and 6.2 for different cases. 
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Table 6.1: Summary of the experiments with and without floodplain vegetation 

 H(cm) h(cm) α β 
Q 

(cumecs) 
Amc 

(m2) 
Rmc 
(m) 

𝑼∗ 
(m/s) 

Um 

(m/s) 
Fr Re 

No-
Vegetation 

14 8 1.88 0.43 0.01536 0.07 0.09 0.029 0.17 0.18 15470 

100 
Plants/m2 

14 8 1.88 0.43 0.01536 0.07 0.09 0.029 0.19 0.20 16926 

 

Table 6.2 Summary of the experimental conditions for bridge pier with floodplain 

vegetation cases 

S. No. Experiment layout 
Flow 
Depth 
(cm) 

Q 
(cumecs) 

𝑼∗ 
(m/s) 

Um 

(m/s) 
Fr Re 

1 
Single bridge pier with 

heterogeneous vegetation 
14 0.01536 0.029 0.25 0.245 20930 

2 
Double bridge pier with 

heterogeneous vegetation 
14 0.01536 0.029 0.23 0.234 20020 

6 .3  COMPUTATIONAL MODELLING 

6 .3 .1  F low 3D model l ing  and approaches  

 The Computational fluid dynamic (CFD) solver used in this study is Flow3D model, 

where employs specially developed numerical techniques to solve the equations of motion 

for fluids to obtain transient, three-dimensional solutions to multi-scale, multi-physics flow 

problems. This study considered the free surface and can be included in the one-fluid 

incompressible mode. The Volume of Fluid (VOF) method is deployed in the Flow3D 

model. The RNG equations for steady, incompressible flow have been solved by CFD 

software to quantify the interaction between flow and vegetation in a laboratory channel. 

The flow region is subdivided into a mesh of fixed rectangular cells by varying of suitable 

grid size (e.g., 0.05m, 0.04m, 0.03m, 0.02m, 0.01m, 0.005m and 0.0025m).  

The full unsteady non-hydrostatic Reynolds-averaged Navier-Stokes equations that 

describe the flow physics are solved by the FLOW-3D hydrodynamic model. The Two-

Equation Renormalization-Group (RNG) turbulence model has been used in this study. The 

selection of mesh sizes was chosen based on mesh size optimization. The model was 

simulated for two different cases: (a) floodplain vegetation with the density of 100 

plants/m2; (b) no floodplain vegetation condition; (c) single pier with floodplain vegetation; 
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and (d) double pier with floodplain vegetation. In all the cases the model simulations were 

carried out for flow depth 14cm, and turbulence parameters were analyzed. The 

hydrodynamic performance evaluation of the model was carried for no-vegetation and with 

vegetation condition by comparing with observed velocity data. The CFD model geometry 

is a simplified 3D rectangular cube, as shown in Figure 6.1. The vegetation, which has been 

modelled as a rigid cylinder, has 3.6 m length on both sides of the floodplain. 

 

Figure 6.1 FLOW-3D model geometry and boundary conditions. 

6.3 .2  Governing equations 

FLOW-3D solves the Reynolds Averaged Navier-Stokes (RANS) equation with a 

finite volume approach, using the Fractional Area/Volume Obstacle Representation 
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(FAVOR) technique to define problem geometry, and a free-gridding technique for mesh 

generation (Flow Science Inc. 2018). The equations are continuity and RANS equations 

with FAVOR variables that are applied for incompressible flows.  

𝝏
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where ui is the velocity in xi direction, t is the time, Ai is the fractional area open to flow in 

the subscript directions, VF is the volume fraction of fluid in each cell, p is the hydrostatic 

pressure, ρ is the density, gi is the gravitational force in subscript directions and fi is the 

Reynolds stresses. 

The most popular turbulence models include Zero-equation models, One-equation 

models, Two-equation models, Reynold's stress/Flux models, and Algebraic Stress/Flux 

models. The FLOW-3D software's formulation differs slightly from other formulations in 

that it incorporates the FAVORTM method's fractional areas/volumes and generalizes the 

turbulence creation (or decay) related with buoyancy forces.  

6 .3 .3  Turbulence Model 

The available turbulence models in FLOW-3D software are the Prandtl Mixing 

Length Model, the One-Equation Turbulent Energy Model, the Two-Equation Standard     

k-ε Model, the Two-Equation Renormalization-Group (RNG) Model and large Eddy 

Simulation Model (Flow Science Inc. 2018). In general, the RNG model is classified as a 

more widely-used application than the standard k-ε model. And in particular, the RNG 

model is more accurate in flows that have strong shear regions than the standard k-ε model 

and it is defined to describe low intensity turbulent flows. 

The 3D governing equations could be expressed as follows: 

The general mass continuity equation is: 
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where VF is the fractional volume open to flow, ρ is the fluid density, R is a turbulent 

diffusion term, and R is a mass source. The velocity components (u, v, w) are in the 
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coordinate directions (x, y, z) or (r, θ, z). Ax is the fractional area open to flow in the x-

direction, Ay and Az are similar area fractions for flow in the y and z directions, respectively. 

6 .3 .4  Boundary Conditions 

In this study, a structured and uniform block of mesh was used to simulate the main 

and floodplain channels. The meshes were finer at the vicinity of the fluid-structure 

interaction to increase the accuracy of computations. Boundary conditions included inflow 

discharge for the main channel and the lateral channel entrance, constant level outflow for 

the main channel outlet, wall for bed, right and left boundaries of the main channel, and 

atmospheric pressure for the top free surface. Other required wall conditions were produced 

using solid components. As per the restrictions in the available processing configuration, 

the study area mesh block is considered with more finer mesh block in order to increase the 

accuracy at the study section and reducing the number of mesh cells in less important areas 

like total channel mesh block. Considering the limitations in processing power (Xeon (R) 

CPU of 4.10 GHz), a mesh size optimization process was performed to find a proper 

balance between the consumed simulation time and the resulted accuracy of the 

simulations. Different mesh sizes were tested; to reduce the severe increase in 

computational time. Thus, a mesh domain, with 18 m length, 1 m width, and 0.14 m height 

and consisting of 4,424,000 cells, was opted to simulate the channels. As mentioned above, 

the cell sizes were reduced throughout the channel except at study area of the channel. 

Besides, the same cell size was identified at the corners of the interface and the space of 

flow mixing in order to increase the accuracy of the calculations. The front view of the all 

the simulated cases in this study is shown in Figure 6.2.  
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Figure 6.2 Front view of (a) no-vegetation (b) with floodplain vegetation (c) single bridge 

pier and (d) double bridge pier with vegetation of submerged simulated conditions. 

 

 

 

Figure 6.3 Side view of model geometry for floodplain vegetation condition 
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Table 6.3 Boundary condition for the experimental flume 

Geometry Type of boundary condition  

Flow inlet Volume flow rate 

Flow outlet outflow 

Right sidewall Wall 

Left sidewall Wall 

Bed of the channel Wall 

Surface of the channel Atmospheric pressure 

 

 
Table 6.4 Boundary conditions for the study area 

Geometry Type of boundary condition  

Flow inlet of the study section Symmetry 

Flow outlet of the study section Symmetry 

Right sidewall Wall 

Left sidewall Wall 

Bed of the channel Wall 

Top Surface of the channel Atmospheric pressure 

6 .3 .5  Meshing and grid size of the channel 
The mesh process is a very important stage that requires a lot of attention in CFD 

modeling. The domain had to be divided into smaller cells to analyze the fluid flow in 

which the governing equations would be solved as shown in Figure 6.12. The number and 

size of the cells are significant factors for numerical model simulation and limit the 

accuracy of the findings as well as the simulation time. An appropriate solution to 

determine the optimum mesh size is to begin with a relatively large mesh and then reducing 

it until the desired efficiency is reached; further mesh size reductions have no significant 

effect on the results. The same procedure has followed in the Figure 6.4. The mesh in the 

FLOW-3D numerical model divides the flow domain into tiny areas. The flow properties 

such as velocity, fluid fraction, and dynamic pressure are estimated in cells, which are the 

smallest component of the mesh. The accuracy of the results and simulation time depends 

directly on the mesh block size. Orthogonal mesh was used in cartesian coordinate systems.  

The main setup was the same for all models although floodplain vegetation density differs 

for each case. Each run applied one fluid, incompressible flow, and a free surface. The 
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water was set to 20 °C for all simulations. The gravity option was activated with 

gravitational acceleration in the z-direction set to (-9.81 m/s2). The viscosity and turbulence 

options were also activated with Newtonian viscosity being applied to the flow along with 

a selection of appropriate turbulence. The turbulence option used in this study, the two 

equations RNG (Renormalization-Group) model. Non-slip or partial slip was used for wall 

shear boundary conditions. A numerical model geometry was prepared by drawing flume 

channel models using 3D SolidWorks tool. These were exported into the stereo lithography 

(STL) format and then directly imported into FLOW-3D where the appropriate mesh was 

generated. 

Figure 6.1 shows the 3D computational domain model of a channel, consists of 18.0 

m length, 1 m width and 0.35 m height. In the model has study area section of 1.2 m length, 

1 m width and 0.14 m height and the size of meshes in X, Y, and Z directions for total 

channel and study area mesh sizes were taken as 0.01 m and 0.005 m respectively (Figure 

6.4). For the total channel model, the number of cells were 2,520,000 and for the study area, 

the number of cells were 1,904,000. The total number of cells equal to 4,424,000 (used for 

solving the flow equations).  

Boundary conditions should be used while solving the Navier-Stokes equation and 

continuous equations. Boundary conditions most significant task is to produce flow 

conditions that are equivalent to physical status. The FLOW-3D software has many 

categories of boundary condition; each type can be used for the specific condition of the 

models. The boundary conditions in FLOW-3D are symmetry, wall, pressure, velocity, 

volume flow rate, continuative, outflow, wave, periodic, and grid overlay. In the FLOW-

3D tool, there are two ways to enter a finite flow rate, either for the system's inlet discharge 

or the domain's outlet discharge: defined velocity and volume flow rate. In the present 

study, for the X-minimum boundary condition the volume flow rate has been chosen. For 

X-maximum boundary condition, the outflow was selected because there is nothing to be 

calculated at the end of the flume. The volume flow rate and the elevation of surface water 

was set for Q= 0.01534 m3/s and 0.14 m respectively. These results showed further 

investigation on turbulence characteristics in depth for understanding the interaction of 

main channel and floodplain flow on simulation ground. 
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Figure 6.4 The variation of turbulence parameters with different mesh sizes 

6 .4  RESULTS  

6 .4 .1  Experimental and Model results of with and without floodplain vegetation  

Case 1: Without Vegetation Cover over the Floodplain 

Figure 6.5-6.7 represent the comparison between experimental (left panel) and 

model (right panel) data for without floodplain vegetation condition. Figure 6.5 compares 

the measured stream wise velocity profiles with the simulated ones of different cross-

sections in the main channel such as apex, bend and cross-over sections. Figure shows the 

experimental velocity values were almost close to the simulated data as the streamwise 

velocity is observed as 0.24 m/s at apex section. The result indicates the reasonable 

agreement between simulated and experimental contour plots. From the results, the 

averaged streamwise velocities at the apex section in the simulated data (Usim = 0.17m/s) 

were approximately 1.2 times of the experimental result (Uexp = 0.14m/s). The mean 

velocity of streamwise velocity is around 5𝑢∗ for experimental condition and for simulated 

case is 5.9𝑢∗. The percentage increase for streamwise velocity of no-vegetated condition 

for experimental to simulated condition is estimated to be approximately 15%.  

Figure 6.6 represents the secondary flow comparison between measured and 

modeled data. The secondary flow structure is well defined in the simulated case at the 

apex section. The maximum magnitude of secondary velocity vectors at apex, bend and 

COR is about 7.5%, 11.5%, 12% respectively of the maximum streamwise velocity for 

experimental condition. The maximum magnitude of secondary velocity vectors at apex, 

bend and COR is about 3.6%, 12%, 16% respectively of the maximum streamwise velocity 

for simulation condition. The angle of inclination of secondary currents at apex bend and 

COR sections are about 2°, 7° and 9° respectively for experimental condition.  The angle 
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of inclination of secondary currents at apex bend and COR sections are about 1°, 5° and 9° 

respectively for simulation condition.  In Figure 6.6, secondary flow circulations in the 

simulated case at the outer bank (4 ≤ Y / h ≤ 5) is visible. Moreover, a weak main channel 

vortices in the no-vegetated condition at apex section throughout the channel is visible for 

the experimental plot (Figure 6.6(I)). At the inner bank, the circulations were strong that it 

reached from bed to the free surface as also shown in the experimental results. To 

understand the similarity index of both simulated and experimental results, at outer bank of 

no-vegetated condition is the better example (Figure 6.6). In the simulated results of no 

vegetation on the floodplain, the velocity distributions along the transverse direction have 

circulations at outer bank due to the curvature effect. Figure 6.7 shows the contour plots 

for the TKE of no-vegetation condition for both the experimental and simulated conditions, 

the maximum TKE observed at near bed surface in the simulated run which is not following 

the experimental patterns. The percentage increase in turbulent kinetic energy for 

experimental as 0.11% more at apex, 0.13% more at bend and 0.21% more at COR as 

compared to simulation case.  

Figure 6.5 Streamwise velocity contour plots for experimental (I) and simulated (II) 

conditions of no-vegetation condition at a) apex b) bend c) cross-over sections 
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Figure 6.6 Secondary velocity contour plots for experimental (I) and simulated (II) 

conditions of no-vegetation condition at a) apex b) bend c) cross-over sections 

Figure 6.7 Turbulent kinetic energy contour plots for experimental (I) and simulated (II) 

conditions of no-vegetation condition at a) apex b) bend c) cross-over sections 

Case 2: Vegetation Patch Density of 100 Plants/m2 over the Floodplain 

Figure 6.8-6.10 compares the experimental (left panel) with the simulated (right 

panel) results in an open channel with a low sinuosity of vegetation density 100 Plants/m2 

is considered. Figure 6.8 compares the measured stream wise velocity profiles with the 

simulated ones of different cross-sections in the main channel. From the results, the 

averaged streamwise velocities in the simulated data (Usim = 0.32m/s) were approximately 

1.5 times of the experimental result (Uexp = 0.2m/s). The mean velocity of streamwise 

velocity is around 7𝑢∗ for experimental condition and for simulated case is 11𝑢∗. However, 
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the apex and cross-over section in the main channel, measured locations show the 

reasonable results in the view of velocity core region between simulated and experimental 

contour plots. At the bend section the plot is relatively different indicating simulated one 

was not following the experimental observations. The percentage increase of mean 

streamwise velocity for floodplain vegetated condition for simulated condition is estimated 

to be approximately at apex is 47%, bend is 49.8%, and COR is 44% compared to 

experimental condition.  

Figure 6.9 represents the secondary flow comparison between measured and 

modeled data of floodplain vegetated condition, the secondary flow structure is well 

defined in the simulated one at apex section is observed. The maximum magnitude of 

secondary velocity vectors at cross-sections of apex, bend and COR is about 12%, 26%, 

and 37% respectively of the maximum streamwise velocity for experimental condition. The 

maximum magnitude of secondary velocity vectors at apex, bend and COR is about 5%, 

12%, and 21% respectively of the maximum streamwise velocity for simulation condition. 

The angle of inclination of secondary currents at apex bend and COR sections are about 3°, 

7.5° and 11° respectively for experimental condition.  The angle of inclination of secondary 

currents at apex bend and COR sections are about 2.2°, 7° and 12° respectively for 

simulation condition. In Figure 6.9, the secondary flow structure is well defined in the 

simulated one at apex section is observed. Due to the effect of floodplain vegetation, the 

secondary flow circulations were predicted well in the simulation case than experimental 

one. In Figure 6.8 (II), as z/h < 0.75, the distinct effect of secondary cell circulation in the 

main channel increased significantly in the simulated condition. The region of secondary 

flow circulation was shown at the apex between approximately 3 ≤ Y / h ≤ 5 which is near 

outer bank as seen in the simulation. These secondary cells were easily recorded in the 

simulated results, but were absent from the experimental results due to the data's inability 

to missed out the wake regions. Similar observations were also made out by Singh et al., 

2020. The wavy isovel lines are deepens as the vegetation introduces on the floodplain and 

these lines were occurred due to strong secondary currents. As the secondary circulation 

strength increases at outer bank, it is helpful to restrict the wavy isovel lines extended to 

outer bank in the vegetated condition (Figure 6.8). In such cases, the velocity distribution 

in the channel appears to be uniform in the lateral direction unlike that in the non-vegetated 

zone (Figure 6.5).  
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Figure 6.10 shows the contour plots for TKE of floodplain vegetated condition. The 

percentage increase in turbulent kinetic energy for experimental as 46% more at apex, 72% 

more at bend and 67% more at COR as compared to simulation case. The flow structures 

simulated by the CFD model presents an agreement with the measured data in our 

experimental channel. The results show some deviation between the model and the 

experimental data, particularly for the turbulent kinetic energy characteristics. This 

deviation might be related to the inability of the CFD model to simulate the micro-

turbulence structures occurs in the main stream and the flow separation. 

 

Figure 6.8 Streamwise velocity contour plots for I) experimental and II) simulated results 

of floodplain vegetation density of 100 plants/m2 a) apex b) bend and c) cross-over 

sections 

 

 

TH-2690_166152105



NUMERICAL INVESTIGATION ON RIVER TURBUENCE 

92 
 

 

Figure 6.9 Secondary velocity contour plots for I) experimental and II) simulated results of 

floodplain vegetation density of 100 plants/m2 a) apex b) bend and c) cross-over sections 

 

Figure 6.10 Turbulent kinetic energy contour plots for I) experimental and II) simulated 

results of floodplain vegetation density of 100 plants/m2 a) apex b) bend and c) cross-over 

sections 

Model Performance 

This study enumerates the numerical investigation of green river corridor effect on 

the hydrodynamics of a low sinuous river. Laboratory experiments and numerical modeling 

is to investigate flows in with and without floodplain vegetation. Figure 6.11, shows the 

result comparison between experimental and model data for no-vegetation case. And it 

represents that the good correlation between the model and experimental data of without 
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floodplain vegetation condition with R2 value of 0.87, 0.89 and 0.67 at apex section near 

inner bank (P1), mid channel (P5) and outer bank (P10) respectively. In Figure 6.10, the 

difference in correlation coefficient can be noticed. And from the experimental and model 

data, evaluated the standard error estimate (SEE) and n (sample size), Figure 6.10 at apex 

section near inner bank (channel- floodplain transition) i.e., 0.0078, 0.01 and 16.  

Figure 6.12 represents the comparison between experimental and model data of 

vegetation density of 100 plants/m2 condition. The results showed that the correlation 

between the model and experimental data of R2 =0.83 in leaving of surface values and it 

shows R2 =0.7 inclusion of surface level values. In experimental condition, the vegetation 

blades are flexible. whereas, in modelling the vegetation is considered as rigid. So, the 

values at the surface level difference could have observed. The prediction from correlation 

data at apex and COR is good but for the bend section it is quite different. According to 

Figure 6.11, it is observed that the streamwise velocity at the apex section along the 

vegetation patch reaches a maximum value close to the crest of vegetation, which is caused 

by the high-velocity gradient in this region. In figure 6.12 (a,b), the difference in correlation 

coefficient can be noticed. And from the experimental and model data, evaluated the 

standard error estimate (SEE) and n (sample size), For Figure 6.12 a) at crest of vegetation 

i.e., 0.00029, 0.00075 and 14, b) just below the surface level i.e., 0.0006 and 0.00053 and 

14 respectively. The result provides the useful insights into laboratory and numerical 

investigation of flow structures of a sinuous channel.  

Figure 6.11 Comparison of streamwise velocities between simulation and experimental 

data of no-vegetation condition at apex section 
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Figure 6.12 Comparison of streamwise velocities between simulation and experimental 

data of floodplain vegetation density i.e., 100 plants/m2 a) at crest of vegetation b) just 

below the surface level 

6 .4 .2  Experimental and Model results of Bridge Piers with Floodplain Vegetation  

This section discusses the effect of bridge piers surrounded with floodplain 

vegetation on main channel flow structures. Figure 6.13 shows the simulated conditions of 

single and double bridge piers surrounded with floodplain vegetation. The plan and side 

view of the mesh domain, are showed in Figure 6.13. Turbulent kinetic energy behavior 

around the bridge pier can be observed in Figure 6.14. 
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Figure 6.13 Simulated layouts of single and double bridge pier conditions 
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Figure 6.14 Simulated results for turbulent kinetic energy at bridge pier location 

Case 1: Single Bridge Pier Surrounding with floodplain vegetation  

Laboratory experiments and numerical modeling is to investigate flows in single 

bridge pier surrounded with floodplain vegetation condition. Figure 6.15 compares the 

experimental (left panel) with the simulated (right panel) results in an open channel of 

single pier with floodplain vegetation is considered. Figure 6.15a compares the measured 

stream wise velocity profiles with the simulated ones at apex in the main channel. From the 

results, the averaged streamwise velocities in the simulated data (Usim = 0.33m/s) were 

approximately 1.32 times of the experimental result (Uexp = 0.25m/s). The mean velocity 

of streamwise velocity is around 9𝑢∗ for experimental condition and for simulated case is 

11𝑢∗. However, the apex section in the main channel measured locations shows the 

reasonable results in the view of velocity core region between simulated and experimental 

contour plots. The percentage increase of mean streamwise velocity for single pier with 

floodplain vegetation condition for simulated to experimental condition is estimated to be 

approximately at the apex section is 27%.  

Figure 6.15b represents the secondary flow comparison between measured and 

modeled data of single pier surrounding with floodplain vegetated condition, the secondary 

flow structure is well defined in the simulated one at apex section is observed. The 

maximum magnitude of secondary velocity vectors at the apex section is about 22%, of the 

maximum streamwise velocity for experimental condition. The maximum magnitude of 
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secondary velocity vectors at apex is about 5% of the maximum streamwise velocity for 

simulation condition. The angle of inclination of secondary currents at apex is about 7° for 

experimental condition.  The angle of inclination of secondary currents at apex section is 

about 3° for simulation condition.  In Figure 6.14(II)b, secondary flow circulations in the 

simulated case at the outer bank (2 ≤ Y / h ≤ 5) is visible. Moreover, a larger span of vortex 

in the single pier surrounding vegetated condition at apex section for the region between 

(0.5 ≤ Y / h ≤ 3.5) is visible for the experimental plot (Figure 6.15(I)). And at the outer 

bank, a small circulation is visible at the bottom due to the curvature effect shown in the 

experimental results. The stronger secondary vortex is visible at outer bank in the simulated 

condition, due to the combined effect of bridge pier and vegetation along with curvature 

effect. To understand the similarity index of both simulated and experimental results, the 

parameters variability at outer bank is the better example (Figure 6.15).  

Figure 6.15c shows the contour plots for TKE of single pier surrounding with 

floodplain vegetation condition. The percentage increase in turbulent kinetic energy for 

experimental as 63% more at apex section as compared to simulation case. 

Case 2: Double Bridge Pier Surrounding with floodplain vegetation  

Laboratory experiments and numerical modeling is to investigate flows in double pier with 

floodplain vegetation condition. Figure 6.16 compares the experimental (left panel) with 

the simulated (right panel) results in an open channel of double bridge piers with floodplain 

vegetation is considered. Figure 6.16a compares the measured stream wise velocity profiles 

with the simulated ones at apex in the main channel. From the results, the averaged 

streamwise velocities in the simulated data (Usim = 0.3m/s) were approximately 1.3 times 

of the experimental result (Uexp = 0.23m/s). The mean velocity of streamwise velocity is 

around 8𝑢∗ for experimental condition and for simulated case is 10𝑢∗. However, the apex 

section in the main channel measured locations shows the reasonable results in the view of 

velocity core region between simulated and experimental contour plots. The percentage 

increase of mean streamwise velocity for double pier with floodplain vegetated condition 

for simulated to experimental condition is estimated to be approximately at apex is 25%. 

Figure 6.16b represents the secondary flow comparison between measured and 

modeled data of single pier surrounding with floodplain vegetated condition, the secondary 

flow structure is well defined in the simulated one at apex section is observed. The 

maximum magnitude of secondary velocity vectors at apex is about 18%, of the maximum 
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streamwise velocity for experimental condition. The maximum magnitude of secondary 

velocity vectors at apex is about 5% of the maximum streamwise velocity for simulation 

condition. The angle of inclination of secondary currents at apex is about 5°, for 

experimental condition.  The angle of inclination of secondary currents at apex section is 

about 2.6° for simulation condition. In Figure 6.16(II)b, secondary flow circulations in the 

simulated case at the outer bank (3 ≤ Y / h ≤ 5) is visible. In compared to single bridge pier 

the length of the vortex is lesser for double pier with vegetation condition. Moreover, 

smaller vortices in the single pier surrounding vegetated condition at apex section near 

inner bank top and near outer bank bottom are visible for the experimental plot (Figure 

6.16(I)). The longitudinal vortex, at the outer bank is visible due to the curvature effect 

showed in the experimental and simulated results. To understand the similarity index of 

both simulated and experimental results, at outer bank is the better example (Figure 6.16).  

Figure 6.16c shows the contour plots for TKE of single pier surrounding with 

floodplain vegetation condition. The percentage increase in turbulent kinetic energy for 

experimental is 66% more at apex as compared to simulation case. The distribution of 

turbulent kinetic energy shows an increase in anisotropy near the outer bank of the apex 

section, as demonstrated in the experimental investigation and compared with the 

simulation result. 

Figure 6.15 Contour plots for single bridge pier with floodplain vegetation for I) 

experimental II) simulation conditions of a) streamwise velocity b) secondary velocity 

and c) turbulent kinetic energy 

TH-2690_166152105



                                      NUMERICAL INVESTIGATION ON RIVER TURBLENCE 
   

99 
 

Figure 6.16 Contour plots for double bridge pier with floodplain vegetation of I) 

experimental II) simulation conditions of a) streamwise velocity b) secondary velocity 

and c) turbulent kinetic energy 

Model Performance 

Figure 6.17 shows the comparison between experimental and model data of single 

and double bridge pier along with floodplain vegetation. The plot representing laboratory 

and numerical studies provide useful insights into investigation of streamwise flow 

velocities at apex section of the channel. Figure 6.17 (I), shows the correlation between the 

model and experimental data for single bridge pier condition of R2 =0.86, 0.70 and 0.64 at 

P1 (inner bank), P4 (mid channel) and P6 (outer bank) respectively. Figure 6.17 (II), shows 

the correlation between the model and experimental data for double bridge pier condition 

of R2 =0.92, 0.75 and 0.77 at P1 (inner bank), P4 (mid channel) and P6 (outer bank) 

respectively.  

Figure 6.17 shows the correlation coefficient plots for the measuring locations of 

P1 (inner bank), P4 (mid channel) and P6 (outer bank), the difference in correlation 

coefficient can be noticed. And from the experimental and model data, evaluated the 

standard error estimate (SEE) and n (sample size), Figure 6.17 I) single bridge pier 

condition i.e., 0.00042, 0.0096 and 15, b) double bridge pier condition i.e., 0.0091, 0.0063 

and 15 respectively.  
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Figure 6.17 Comparison of streamwise velocities between experimental and simulation 

data of (I) single pier and (II) double pier along with floodplain vegetation conditions  

6 .5  DISCUSSIONS 

This section focuses on interprets the results of numerical analysis to understand the 

interaction between the main channel and floodplain. From the Figure 6.5, 6.8, 6.15a and 

6.16a, the results of simulation and experimental plots of No-vegetation, with floodplain 

vegetation, single and double bridge pier with the vegetation showed that the velocity isovel 

lines bulging along the bed of the channel and outer bank of the river, due to high-

momentum transfer by secondary current. The similar trend has also been noticed by Singh 

et al., 2020. In the above Figures, the characterization of shear layer (i.e., the width of shear 

layer) due to the velocity gradients effected by the main channel and different floodplain 

roughness result in formation of secondary vortices and this effect significantly implicated 

on other turbulence parameters in the channel. Jahra 2010 also observed similar kind of 

observations in their study.  

According to Figures 6.6 (I) and 6.6 (II), there is a slight discrepancy between the 

measured and the simulated values at the top of vegetation and just below the water surface 
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of it. This may be due to the effect of flexibility of vegetation in experimental modeling 

and rigid vegetation elements in numerical model. Although Flow3D model is not able to 

simulate the flexible vegetation, it helps to show the shear layer mechanism and the strong 

circulation in the main channel of all the cases with the rigid vegetation. Sonnenwald et al., 

2016 reported that minor disagreement between the measured and simulated observations 

at the top of vegetation by using porous zone model due to its inability to capture the flow 

separation and secondary circulation near the vegetation patch. Sinsicalchi et al., 2012 and 

Jahadi et al., 2020 discussed in their study the maximum velocities were observed at top of 

vegetation. According to Liu et al. (1996) the predicted turbulent kinetic energy was 100% 

larger than their experimental observations. Present study noticed that the turbulent kinetic 

energy is high in the vicinity of the interface (i.e., channel floodplain transition) near inner 

bank and the contour lines near the junction bulge towards the free surface due to secondary 

currents. The same feature is observed by Kang and Choi 2006 in their turbulence study. 

However, the results overpredicted in the simulated results than the observed results. 

Although, from the figures 6.11, 6.12 and 6.17, the correlation trend between the 

experimental and model simulations is found satisfactory. 

6 .6  CHAPTER SUMMARY 

In this study the numerical modelling is carried out for low sinuous channel with 

different cases of floodplain vegetation and bridge piers to evaluate the CFD model 

performance with the experimental. The hydraulic parameters such as primary and 

secondary flow velocities, and turbulent kinetic energy behavior in the main channel were 

analysed by FLOW3D solver using RNG turbulence model. The major observations in the 

study lead to the following conclusions. 

i) The averaged streamwise velocities in the no-vegetation condition at the apex 

section, the simulated data were approximately 1.2 times of the experimental result. 

ii) The percentage increase of mean streamwise velocity for floodplain vegetated 

condition, the simulated condition is estimated to be approximately at apex is 47%, 

bend is 49.8%, and COR is 44% compared to experimental condition. 

iii) For floodplain vegetation density of 100 plants/m2 condition, the correlation 

between the model and experimental data is R2 0.75. This is due to the difference in 

vegetation representation in laboratory experiments (flexible) and numerical 

simulation (rigid).  
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iv) The secondary flow circulations in the simulated case in the single pier surrounding 

vegetated condition at apex section at the outer bank (2 ≤ Y / h ≤ 5) is noticeable. 

Moreover, a larger span of vortex for the region between (0.5 ≤ Y / h ≤ 3.5) is 

evident in the experimental plot. 

v) The correlation between the model and experimental data for double bridge pier 

condition of R2 =0.92, 0.75 and 0.77 at P1 (inner bank), P4 (mid channel) and P6 

(outer bank) respectively. 

These results obtained from the study have shown the capability of the RNG model 

to captured the shear layer mechanism and momentum transfer phenomenon at the 

floodplain channel transition. However, extrapolation of turbulence characteristics has been 

noticed over the main channel and interface regions. The overall simulation results showed 

the shear layer mechanism and secondary circulation patterns followed the experimental 

results. Furthermore, the secondary circulations near the outer bank were significant in the 

simulated results, which are not noticeable in the experimental analysis, because these 

regions near the boundaries were identified and typically sometimes neglected as wake 

regions in the experimental analysis. we emphasize the disagreements in aspects of 

turbulent kinetic energy.  
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SUMMARY AND FUTURE SCOPE 
 

 

 

 

 
7.1  SUMMARY 

The present research aims to understand the hydrodynamic behavior of a low sinuous 

river. The flow structures in a curved channel are more complex than the regular channels 

due to complex three-dimensional nature. This study attempted to investigate river 

hydrodynamic behavior and the physics by analyzing the flow-vegetation interaction 

mechanisms.  For this work, we conducted a series of experiments in Fluvial hydro-

ecological laboratory. This study comprises of different vegetation layouts and varying 

flow conditions for different cross-sections of the sinuous channel, suits best for studying 

the river main channel behavior. The following sub-sections are the brief summary of the 

work done and findings made in the present research. 

7 .1 .1  Flow Through Green River Corridor 

In this objective, an analysis of laboratory experiments was conducted to investigate the 

effect of emergent and submerged homogeneous green corridor on flow structures. For 

this purpose, Oryza Sativa (young rice plants) of 400, 200, 150, 100 plants/m2 were 

arranged in four different layouts (Figure 3.3). The results of the study provided the 

understanding of effect of homogeneous green corridor on flow characteristics. 
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The major observations in the study lead to the following conclusions.  

1. A strong velocity gradient is observed in the high vegetation density scenario i.e., 

400 plants/m2 because of flow diversion from floodplain to the main channel, 

which resulted in increases the main channel velocity by 23% compared to the no-

vegetation scenario. 

2. The angle of inclination of secondary currents in higher floodplain flow condition 

are about 2°, 6°, 6.5° and 7.3° for 100, 150, 200 and 400 plants/m2, respectively. 

This indicates the arrangement of vegetation on the floodplain has significant 

influence on the flow distribution in the channel. 

3. The turbulence core region is mainly observed towards the inner bank (Y/h ~ 4 to 

5) and z/h is 0.375. Further, this core region is deeper in the main channel which 

may be due to more surface area occupied by the higher density of vegetation 

compared to other vegetation configurations. 

4. The maximum positive Reynold’s stresses occur at the interface of main channel 

and vegetated zone in between the range of z/h~0.75 to 1.125 (h is floodplain 

depth), which indicates that the shear becomes dominant and the maximum along 

the inner bend apex of the main channel.  

5. The findings showed the floodplain vegetation affects the Reynold’s shear stresses 

in the main channel, producing strong lateral shear stresses at a higher floodplain 

flow depth condition. Thus, the floodplain vegetation shifts the flow structure into 

the main stream, creates the more turbulence and alters the distribution of velocity 

profiles that play an important role in stabilizing the bank and ecological 

regeneration.  

7 .1 .2  Effect on Main Channel Flow Structures Due to Floodplain Vegetation 

Patches  

In this present study, an analysis of laboratory experiments was conducted to investigate 

the effect of submerged heterogeneous vegetation patches on flow structure. For this 

purpose, three natural plant forms (leafy, grass and cylindrical) arranged in four different 

layouts (Figure 4.2), namely leafy, mixed, flexible grass, cylindrical vegetation layouts 

were studied. Laboratory experiments were undertaken to investigate the effect of 

different plant forms under submerged vegetation conditions on turbulence characteristics 
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in a low sinuous channel. The following are the conclusions derived from the present 

investigation. 

First, the percentage increment in primary velocities is observed as 38%, 27%, 23% 

and 21% for leafy, mixed vegetation, grasses and cylindrical layouts as compared with 

no-vegetation condition. This indicates the shear layer occupies the relatively larger 

portion in the main channel of the leafy vegetation than the cylindrical vegetation. Second 

in the case of leafy vegetation, the reduction in velocity in the channel from P1 (inner 

bank) to P10 (outer bank) is observed as 51% at vegetation canopy height. Third the 

maximum magnitude of secondary velocity vectors is about 26%, 24%, 22%, 14% and 

12% of the maximum streamwise velocity for leafy, mixed, grass, cylindrical and no-

vegetation respectively. Fourth the vertical turbulence intensity component (wrms) 

increases with the distance from the bottom until z/h~0.05, and reaches higher at top of 

the water surface i.e., z/h~ 1. This indicates the increase in wrms shows the energy transfer 

near the surface on the vertical direction of water flow. 

7 .1 .3  Combined Effect of Bridge Piers and Floodplain Vegetation on Flow 

Characteristics  

This objective, the combined effect of bridge pier and floodplain vegetation on main 

channel turbulence parameters were investigated. For this purpose, conducted laboratory 

experiments for four different layouts (Figure 3), such as no-vegetation, with floodplain 

vegetation, single bridge pier (SP) and double bridge pier (DP) along with floodplain 

vegetation. The results are helpful to predict the flow patterns inside the channel due to 

presence of river engineering structures on floodplain along with vegetation. The major 

observations in the study lead to the following conclusions. 

1. The presence of single large diameter pier with floodplain vegetation increases the 

main channel velocity up to 36% compared to no-obstruction on the floodplain. 

For the double pier condition, it is observed to be 31%. 

2. The variability in shear layer zone is observed to be different for different pier 

conditions. In the case of single pier, the shear layer is observed between Y/h: 0.7 

to 2.2, while in double pier, it is observed from Y/h: 0.9 to 2.7. With the addition 

of bridge piers to the floodplain vegetation, the lateral velocity gradient increases 

at the interface generating a significant shear layer. 
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3. In the single pier of larger diameter, the length of the vortex is more and its 

strength is 2 times more than double pier of smaller diameter. This reveals that 

secondary vortex grows its size and strength in case of the large diameter pier. 

4. The percentage increase in streamwise turbulence intensity (urms) in the main 

channel for different cases is 22% more for only vegetation, 37% more for double 

pier with vegetation and 40% more for single pier with vegetation as compared no 

vegetation condition. 

5. The higher mixing activity can be observed at floodplain-channel interface with 

increase in Reynold’s shear stress components at the inner bank (P1). Overall, the 

bridge piers and vegetation cover effecting the shear layer at inner bank is more 

significant, which can be observed from vertical profiles in all components of 

Reynolds Stresses. 

6. In both the single pier and double pier conditions, the magnitude of TKE within 

the shear layer is relatively less as compared to the inner bank where maximum 

TKE is observed at closed intervals of isovels. This is due to the strong shearing 

flow present in the channel with effect of bridge piers surrounded with vegetation. 

7 .1 .4  Numerical Investigation of Different Floodplain Roughness Layouts 

In this objective, the numerical modelling is carried out for low sinuous channel with 

different cases of floodplain vegetation and bridge piers to evaluate the CFD model 

performance with the experimental. The hydraulic parameters such as primary and 

secondary flow velocities, and turbulent kinetic energy behavior in the main channel were 

analysed by FLOW3D solver using RNG turbulence model. The major observations in 

the study lead to the following conclusions. 

1. The averaged streamwise velocities in the no-vegetation condition at the apex 

section, the simulated data were approximately 1.2 times of the experimental 

result. 

2. The percentage increase of mean streamwise velocity for floodplain vegetated 

condition, the simulated condition is estimated to be approximately at apex is 

47%, bend is 49.8%, and COR is 44% compared to experimental condition. 
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3. For floodplain vegetation density of 100 plants/m2 condition, the correlation 

between the model and experimental data is R2 0.75. This is due to the difference 

in vegetation representation in laboratory experiments (flexible) and numerical 

simulation (rigid).  

4. The secondary flow circulations in the simulated case in the single pier 

surrounding vegetated condition at apex section at the outer bank (2 ≤ Y / h ≤ 5) is 

noticeable. Moreover, a larger span of vortex for the region between (0.5 ≤ Y / h ≤ 

3.5) is evident in the experimental plot. 

5. The correlation between the model and experimental data for double bridge pier 

condition of R2 =0.92, 0.75 and 0.77 at P1 (inner bank), P4 (mid channel) and P6 

(outer bank) respectively. 

These results obtained from the study have shown the capability of the RNG 

model to captured the shear layer mechanism and momentum transfer phenomenon at the 

floodplain channel transition. However, extrapolation of turbulence characteristics has 

been noticed over the main channel and interface regions. The overall simulation results 

showed the shear layer mechanism and secondary circulation patterns followed the 

experimental results. Furthermore, the secondary circulations near the outer bank were 

significant in the simulated results, which are not noticeable in the experimental analysis, 

because these regions near the boundaries were identified and typically sometimes 

neglected as wake regions in the experimental analysis. we emphasize the disagreements 

in aspects of turbulent kinetic energy.  

7 .2  FUTURE SCOPE 

The present research has provided better insights to understand the hydrodynamic 

behavior of a sinuous channel. However, there are many other important aspects to be 

looked in detail for process-form based understanding of this river. The present work can 

be extended further with prime focus to following aspects 

 Experimental study for different sinuosity of the channel to find out the 

interactions of flow structures with vegetation. 

 To better understanding the turbulence behavior of a river, the experimental 

investigation should extend to the floodplain of a curved channel. 

 Interlinking of flow-vegetation-turbulence interactions to aquatic life behaviour 

can be helpful for management of ecological zones of a river.  
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HOMOGENEOUS GREEN CORRIDOR- 
EMERGENT CONDITION 

 

 

 

 
B.1  EMERGENT VEGETATION CONDITION 

Flow through emergent condition, Figure B-1 and B-2 shows the trend between the 

turbulence parameters and vegetation densities. All the turbulence characteristics such as 

streamwise velocity, secondary velocity, turbulence intensity, Reynold’s shear stresses and 

turbulent kinetic energy are showing the trend is almost linear with respect to vegetation 

densities (i.e., 0, 100, 150, 200 and 400 Plants/m2). This indicated the turbulence parameters 

in emergent condition not much significant effect among the different densities of 

vegetation. 

 

Figure B-1 Streamwise and secondary flow velocities trend between the different 

configurations of vegetation densities (i.e., 0, 100, 150, 200 and 400 Plants/m2).  
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Figure B-2 Turbulence intensity (TI), Reynold’s shear stress (RSS) and turbulent kinetic 

energy (TKE) trend between the different configurations of vegetation densities (i.e., 0, 

100, 150, 200 and 400 Plants/m2).  
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