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ABSTRACT 

 

Riparian vegetation plays a crucial role in determining the flow behavior in the channel. The 

effect of flow on the slope and main channel varies based on the size, type, and density of 

floodplain vegetation in a compound channel. Though vegetation distribution in different water 

bodies is non-uniform, most studies mainly concentrate on uniformly distributed vegetation 

with fixed vegetation height. Laboratory studies were conducted to address this issue as it was 

not explored properly. Experiments were performed by taking partially vegetated rectangular 

channels and compound channels. Rectangular channels were considered to compare flow 

between homogeneous height/single-layered partially vegetated channels and heterogeneous 

height/multi-layered partially vegetated channels. Compound channels of three bank angles, 

namely 310, 450 and 900 were considered with vegetated floodplains. 

In the partially vegetated channels, although the average frontal area of both submerged cases 

is equal, flow characteristics differ in the main channel. It is because of the variation in height 

of vegetation in the fully submerged multi-layered case compared to the single-layered case. 

As the vegetation emergence and density increase, the flow characteristics near the interaction 

zone between the floodplain and the main channel undergo significant enhancements. In fully 

emergent cases, a dip phenomenon is noticeable near the water surface within the main channel. 

This dip phenomenon is characterized by the presence of positive velocity gradients near the 

wall and negative velocity gradients near the surface. Furthermore, the dip phenomenon 

induces negative streamwise Reynolds shear stress near the surface, indicating the prevalence 

of outward and inward interactions in fully emergent cases. The quadrant analysis for different 

vegetation distribution cases showed the dominance of sweep and ejection events near the 

channel bed of the main channel.  

While investigating 310 bank angle compound channels, the flow properties are more 

pronounced for uniformly distributed vegetation than non-uniform distribution. The multi-

layered vegetation showed higher velocity, turbulent intensity, and turbulent kinetic energy 

than single-layered vegetation on slopes and main channel sections. Turbulent anisotropy was 

studied in detail to get further insight into flow behavior in different vegetation setups with a 

combination of submerged and emergent vegetation in compound channels. The anisotropic 

invariant map (AIM) and invariant function F reveal that the main channel section of 67 percent 
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emergent vegetation case has a greater tendency to approach two-dimensional turbulence than 

other non-uniform vegetation setups. 

The role of bank angles in compound channels was also compared by considering two sets of 

450 and 900 bank angle. The flow characteristics like velocity, Reynolds shear stress (RSS), 

and turbulent kinetic energy (TKE) do not vary much in the cross-section in the absence of 

vegetation. However, with vegetation, the slopes and nearby region are affected the most as it 

acts as an intermediary region between the main channel and floodplain. The analysis of the 

Anisotropic Invariant Map (AIM) shows the dominance of the transverse component in the 

slopes compared to the main channel and floodplain. The velocity in and around slopes is 

higher for steep slopes (900) compared to a gradual slope (450) compound channel. The 

streamwise RSS and bursting events also show higher magnitude near the channel bed in and 

around the sloping region. It indicates the instability of the steep banks compared to gradual 

bank slopes. The increase in floodplain vegetation emergence also affects the slopes. The 

magnitude of RSS and TKE in the slopes is higher with greater vegetation emergence in the 

floodplain. It shows the higher vulnerability of the slopes in the presence of higher vegetation 

emergence. From the hydraulic engineering perspective, this study will be helpful in the field 

of understanding the failure of banks and ways to maintain their stability. 
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(𝐶𝑑) Coefficient of discharge 

𝐻 water head over the notch 

𝑔 acceleration due to gravity 

𝑢, 𝑣, 𝑤 Instantaneous velocities in streamwise (𝑋), transverse (𝑌), and 

vertical (𝑍) directions. 

𝑢′, 𝑣′, 𝑤′ Instantaneous fluctuations in streamwise (𝑋), transverse (𝑌), and 

vertical (𝑍) directions. 

𝑢, 𝑣, 𝑤 Average velocities in streamwise (𝑋), transverse (𝑌), and vertical 

(𝑍) directions. 

√𝑢′𝑢′ 
Turbulence intensity in streamwise direction 

√𝑣′𝑣′ 
Turbulence intensity in transverse direction 

√𝑤′𝑤′ 
Turbulence intensity in transverse direction 

−𝜌𝑢′𝑤′ Reynolds shear stress in streamwise direction 

−𝜌𝑢′𝑣′ Reynolds shear stress in transverse direction 

𝑎 Average frontal area 

ℎ𝑣𝑒𝑔 Average vegetation height 

𝑑 Diameter of single vegetation 

∆𝑆 Average spacing between elements 

𝑅𝑒 Reynolds number 

𝑅𝑒𝑑 Stem Reynolds number 

U Average velocity in the channel 

𝑈̅ Depth-averaged velocity 

𝑑 Diameter of reed 

𝜈 Kinematic viscosity 

𝐹𝑟 Froude number 

𝑦 Characteristic length 

𝑧 Vertical distance from the bed surface 

ℎ Depth of flow 

𝑘 Von Karman constant 

𝑧+ Non-dimensional vertical height 

∆𝑧 Virtual bed level depth 

𝑧0 Zero velocity level 

𝐼𝑖,𝐻 Indicator function 

𝑆𝑖,𝐻 Stress fraction 

𝑇 Total sampling time of velocity pulse 

𝐻 Hyperbolic hole region 
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𝑏𝑖𝑗 Non-dimensional Reynolds anisotropic tensor 

𝛿𝑖𝑗 Kronecker's delta 

𝜆1, 𝜆2, 𝜆3 Eigenvalues 

𝐼1, 𝐼2, 𝐼3 First, second and third invariants respectively 

ξ Nature of anisotropy 

𝜂 Degree of anisotropy 

TKE Turbulent Kinetic Energy 

F Invariant function 
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1 Flow Characteristics in Multi-Layered Vegetated Channels 

1 Introduction 
 

1.1 Overview 

Vegetation in river channels is an integral part of the river system. Vegetation in open channel 

flow affects the flow behavior and sediment transport as it obstructs the natural flow of the 

river. Majority of the rivers are covered with vegetation in the bed and in the banks. 

Understanding the flow and turbulent behavior in a vegetated channel is very important for the 

study and management of fluvial processes.  

The presence of vegetation in water bodies can be discussed from two contrasting perspectives. 

Firstly, the flow resistance increases in the presence of aquatic vegetation, decreasing the 

conveyance capacity, which leads to the removal of vegetation to increase the flow passage 

(Kouwen 1992; Masterman and Thorne 1992; Wu et al. 1999). A case study on Dongting lake, 

China, concludes that the presence of aquatic vegetation decreases suspended sedimentation 

ultimately increasing the thickness of sediment deposition and reduces the conveyance capacity 

over one flood season (Zhang et al. 2020). The excessive growth of some vegetation, like water 

hyacinth obstructs the flow passage, creating problems for waterways and affecting water 

quality (Urantinon, 2017; Zarkami et al., 2020). Secondly, aquatic vegetation provides food 

sources and habitat for fishes and other aquatic beings (Edgar 1990; Kemp et al. 2000). It also 

plays a crucial role in regulating the concentration of oxygen, carbon and nutrients through 

their uptake and biological transformation (Carpenter and Lodge, 1986; Stamati et al., 2010; 

Wang et al., 2010; Pierobon et al., 2013; Soana et al., 2021). Furthermore, the presence of 

aquatic vegetation has a direct impact on the natural flow structure (Nepf, 1999; Jarvela, 2002; 

Ghisalberti and Nepf, 2006; Chen et al., 2011; Vandenbruwaene et al., 2011; Meire et al., 

2014; Yamasaki et al., 2021), thereby indirectly influencing the transportation and diffusion of 

pollutants and sediments (Okamoto et al.; 2012; Le Bouteiller and Venditti, 2015; Huai et al., 

2019). It helps to reduce the concentration of heavy metals in water bodies as they use the 

metals for their growth (Wang and Freemark, 1995; Zayed et al., 1998; Mohan and Hosetti, 

1999; Vincent et al., 2001). Aquatic vegetation plays a crucial role in shaping hydrodynamic 

behavior, maintaining ecological equilibrium, and influencing flow characteristics (Wilcock et 

al., 1999; Lee and Shih, 2004; Turker et al., 2006; Cao et al., 2011; Zhu et al., 2016). The 

existence of vegetation canopies in rivers is considered a vital aspect of water management and 

river environment, emphasizing the need to preserve flow structures in vegetated channels 
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(Poggi et al., 2004; Ghisalberti and Nepf, 2006; Tanino and Nepf, 2008; Nepf, 2012; Dupuis 

et al., 2017; Caroppi et al., 2021). Vegetation offers numerous benefits, such as enhancing 

bank stability, reducing erosion, mitigating floods, providing aesthetic value, and acting as a 

natural filter for pollutants (Kemp et al., 2000; Gholami and Khaleghi, 2013; Bertoldi et al., 

2015; Rowiński et al., 2018; Tisserant et al., 2021; Rauch et al., 2022). Overall, there are 

benefits and drawbacks of aquatic vegetation, and appropriate management is necessary to 

maintain a proper fluvial system. 

1.2 Vegetation categories 

Before studying the flow characteristics in vegetated channels, the study of different types of 

vegetation is necessary. The different types of vegetation are shown in figure 1.1. Based on the 

height of vegetation, it is divided into submerged and emergent vegetation. As the name 

suggests, submerged vegetation is found inside the water body, i.e., the height of the vegetation 

is lower than the flow depth (For example, hydrilla, coontail, muskgrass, pondweed etc.). 

Submerged vegetation can have a positive impact on water quality by removing Nitrates and 

Phosphates from the river and other water bodies (Velasco et al. 2003). Emergent vegetation 

protrudes out of the water body, i.e., the flow depth of the channel is less than the height of 

vegetation (For example, cattails, flowering rush, wild rice species, etc.). Another form of 

vegetation classification is based on the stiffness of plants. It is classified into flexible and rigid 

vegetation. The flexible vegetation height varies with different flow conditions, whereas the 

rigid vegetation height remains constant regardless of the prevailing flow conditions. Flexible 

vegetation, such as grass-like plants, tends to be submerged due to their relatively small average 

height. Shrubby vegetation is considered rigid, which could have both submerged and emergent 

configurations. During a flood event, a channel has the potential to completely bend rigid 

vegetation, causing it to break and lie on the bed (Ferro, 2006). The bending stiffness in 

vegetation can be expressed as EI, where E is the streamwise modulus of elasticity of the 

vegetation element and I is the moment of inertia of the cross-section of the element itself 

(Kouwen et al., 1969; Kowobari et al., 1972). More the bending stiffness, less will be the 

flexibility of the plant. The present thesis considers experiments with only rigid vegetation. 
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Figure 1.1 (a) Submerged Vegetation (b) Picture of hydrilla (Courtesy: 

consciouslifestylemag.com) (c) Emergent vegetation (d) Picture of cattails (Courtesy: 

fotosearch.com) (e) Flexible and Rigid vegetation 

1.3 Flow Characteristics in Vegetated Channels 

The study of the hydrodynamics of channels in the presence of vegetation is a complicated 

problem. Resistances offered by vegetation will vary based on the height, density and nature 

of vegetation which makes it more complicated. Kouwen (1988) explored the resistance 

provided by herbaceous and algal vegetation. A significant number of researches were 

conducted regarding resistances by woody (Righetti and Armanini, 2002; Järvelä, 2004; Box 

et al., 2021; Nicosia and Ferro, 2023); submerged (Stephan and Gutknecht, 2002; Carollo et 

al., 2005; Baptist et al., 2007; Ferro, 2019; Cui et al., 2023) and rigid and emergent vegetation 
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(Ishikawa et al., 2000; Kothyari et al., 2009b; Tanino and Nepf 2008; D'Ippolito et al., 2019). 

Studies have also been carried out to see the relationship between flow characteristics and drag 

resistances offered by vegetation (Nepf, 1999; Nezu and Sanjou, 2008; Devi et al., 2016). 

Because of its complexity, studies are now focusing on the structure of turbulence and sediment 

transport and deposition due to vegetation (Nepf and Ghisalberti, 2008; Ghisalberti and Nepf, 

2009; Meire et al., 2014; Liu and Nepf, 2016; Kitsikoudis et al., 2020; Wu et al., 2023). 

Laboratory studies have been conducted in the past in order to get a better understanding of 

sediment transport. These studies aimed to observe the impact of artificial vegetation with rigid 

stems (e.g., Fairbanks, 1998; Kothyari et al., 2009; Follett and Nepf, 2012; Fu et al., 2020) as 

well as flexible stems (e.g., Nepf and Vivoni, 2000; Wilson et al., 2003; Ghisalberti and Nepf, 

2006; Wang et al., 2015; Mu et al., 2019) on both steady and unsteady turbulent flow structures. 

Flume studies were conducted by numerous researchers to understand the flow turbulence using 

artificial and natural vegetation (Meijer & Van Velzen, 1999; Stephan & Gutknecht, 2002; 

Järvelä, 2002; Righetti & Armanini, 2002; Devi et al., 2016). Various materials have been used 

to depict vegetation which includes wooden cylindrical dowels or rods (Stone and Shen, 2002; 

Poggi et al., 2004; Liu et al., 2008; Truong et al., 2019; Shi et al., 2023), flexible strips or 

blades (Nepf and Vivoni, 2000; Ghisalberti and Nepf, 2006; Nezu and Sanjou, 2008; Chen et 

al., 2011) and natural vegetation (Stephan and Gutknecht, 2002; Järvelä, 2005; Carollo et al., 

2005; Devi et al., 2016; Chembolu et al., 2019). Though use of artificial vegetation is easy to 

analyse the flow, it fails to present the real hydrodynamics as compared to natural vegetation.  

 

 

Studying and analyzing the mean velocity profile is considered the foremost and one of the 

most important parameters for understanding hydrodynamics. The velocity profile varies when 

vegetation is present, and it differs from the logarithmic nature, which is seen in the free stream. 

The velocity profile in emergent vegetation is mostly uniform except near the channel bed, 

Figure 1.2 Artificial vegetation with (a) rods (Courtesy: Poggi et al. 2004) (b) flexible strips (Courtesy: 

Ghisalberti and Nepf, 2006) and natural vegetation with (c) rice (Courtesy: Devi et al., 2016) 
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where a high gradient is observed (Nepf and Vivoni, 2000; Devi et al., 2019), whereas for the 

submerged flexible vegetation, it is an S-shaped profile (Kouwen et al., 1969; Ikeda and 

Kanazawa, 1996; Carollo et al., 2002). However, the velocity profile in submerged vegetation 

follows a logarithmic nature from the top vegetation to the flow surface (Carollo et al., 2002; 

Nepf, 2012).  

Apart from mean flow, turbulence structure, vortex flow, and erosion pattern in a vegetated 

channel have also been studied in detail. Researchers have focused on studying atmospheric 

flows within and above terrestrial vegetation to comprehend the turbulent structure of rough 

flows involving vegetation as roughness elements, such as forests and bushes (Wilson and 

Shaw, 1977; Finnigan, 1985; Raupach and Shaw, 1982). This flow behavior in terrestrial 

vegetation is attempted to understand the turbulent structure in aquatic vegetation channels 

(Tsujimoto et al., 1992; Shi et al., 1996; Nepf, 1999; López & García, 2001; Nezu and Sanjou, 

2008; Righetti, 2008; Caroppi et al., 2021). Fairbanks (1998) understood the local scour 

patterns due to horseshoe vortex in rigid vegetation. Flow in submerged vegetation with 

sufficient vegetation density could lead to the formation of Kelvin-Helmholtz (KH) vortices 

due to the formation of a shear layer at the top of vegetation (Nepf and Ghisalberti, 2008; 

Termini, 2015). These KH vortices might generate a waving motion called monami when it 

passes over the top of flexible vegetation (Nepf and Ghisalberti, 2008; Nepf, 2012). The 

formation of wakes and vortices in vegetated channels can play a significant role in sediment 

movement (Vandenbruwaene et al., 2011; Nepf, 2012). 

The arrangement of vegetation in the laboratory flume can be either fully covered (Järvelä, 

2002; Nepf and Ghisaberti, 2008; Termini, 2019; Xu and Nepf, 2020) or partially covered 

(Truong et al., 2019; Caroppi et al.,2021; Shi et al., 2023) along the width of the flume. In the 

submerged vegetation fully covered channel, only vertical momentum exchange occurs 

between the vegetation and the free flow region. On the other hand, a partially vegetated channel 

mainly simulates a river channel ecosystem where alongwith vertical momentum exchange, 

horizontal exchange of momentum also occurs between the vegetated and main channel 

regions. Laboratory studies were also conducted considering compound channels which are an 

extension of partially vegetated channels with slopes (Dupuis et al., 2017; Mehrabani et al., 

2020; Rao et al., 2022). The present thesis considers partially vegetated (objective 1) and 

compound channel (objectives 2 and 3) vegetation arrangements. 

TH-3317_196104010



 

6 Flow Characteristics in Multi-Layered Vegetated Channels 

 

 

 

Kouwen et al. (1969) performed laboratory experiments to study the velocity profile using 

styrene strips as vegetation. They observed that the velocity profile followed logarithmic law 

above the vegetation layer, which was constant inside it. 

Ikeda and Kanazawa (1996) studied the three-dimensional vortices which arise above flexible 

vegetation. They observed an inflection point in the velocity profile near the top of vegetation, 

which makes the flow unstable, and ultimately discrete vortices are formed. These vortices 

consist of a pair of counter-rotating vortices in both horizontal and lateral sections. The vortices 

have an elliptical shape and are also inclined downward toward the front. 

Carollo et al. (2002) studied the flow velocity profile in submerged flexible vegetation in the 

laboratory using Acoustic Doppler Velocimeter (ADV). The shape of the velocity profile 

follows an S-shaped profile which agrees with Kouwen et al. (1969). Furthermore, they also 

found three different zones in the velocity profile when it passes through submerged flexible 

vegetation. Zone Ⅰ corresponds to the lower region of canopies where the velocity gradient 

increases and velocity is less; Zone Ⅱ represents the middle portion and from which a 

logarithmic profile can be fitted. It contains the inflection point, which can be found at the top 

of vegetation; Zone Ⅲ is characterized by positive velocity gradients, which decrease to zero 

on the free water surface. They also found that velocity increases inside the vegetation with 

decreasing stem concentration, whereas it decreases above it. 

Nepf and Ghisalberti (2008) studied mean velocity profiles, turbulent structure and dispersion 

in submerged vegetation. The submerged canopies with sufficient vegetation density can 

generate shear layer at the top of the vegetation, ultimately creating Kelvin- Helmholtz (KH) 

Figure 1.3 (a) Snapshot of the fully covered experimental flume (Courtesy: Chembolu et al., 2019). 

Cross-section of (b) partially vegetated and (c) compound channel (Courtesy: Truong and Uijttewaal, 

2019) 
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instability. Due to this instability, coherent vortices are formed, which travels with the flow. 

When these vortices pass above a flexible vegetation, it produces a wavy motion called 

monami. Sometimes, the presence of KH vortices may not guarantee a monami due to the high 

flexural rigidity of the elements. KH vortices penetrate a certain scale into the canopy dividing 

it into two layers. The upper layer comprises of KH vortices which are more energetic and have 

bigger scale size as compared to the lower wakes which are formed in the lower part of canopies 

due to canopy elements.        

Nezu and Sanjou (2008) conducted experiments considering submerged vegetation canopy 

and concluded that the mechanism of flow in the terrestrial and aquatic canopy is the same. 

They also studied the turbulent kinetic energy (TKE) budget, which shows that turbulent 

diffusion plays a crucial role in the TKE budget. Furthermore, ejection and sweep events are 

formed due to the shear instability between the vegetation top and the free-flow region. These 

events play a dominant role in shaping the turbulent structure and coherent movement within 

aquatic flows. 

Devi and Kumar (2016) studied flow nature in submerged flexible vegetation patches with 

conditions of downward seepage. They concluded that flow velocity and Reynolds shear stress 

increase in the case of downward seepage condition compared to no seepage condition.  

Dupuis et al. (2017) investigated the development of mixing layer in the compound channel by 

performing experiments considering uniform height rigid vegetation for submerged and 

emergent vegetation in a compound channel. They concluded two mixing layer widths in the 

floodplain (𝛿𝑓) and main channel (𝛿𝑚) on either side of the mean velocity inflection point. The 

growth rate of both the widths differ according to the submergence of the vegetation in the 

floodplain. They also concluded that wooded floodplain provides more secondary currents than 

grassed floodplains.  

Huai et al. (2019) studied the velocity flow profile in submerged flexible vegetation using a 

vegetation zone of 8 𝑚 length. They used a large vegetation zone to observe the longitudinal 

development of the velocity profile. The experimental set up used here is an upgrade as 

compared to Okamoto and Nezu (2013), as it could capture the complexity of real field to some 

extent. They wanted to see the equilibrium stage after which profile shape is no longer 

dependent on distance. The whole vegetation zone is divided into three stages based on the 

velocity profile: diverging flow stage, developmental stage and completely developed stage. 

They also observed that Reynolds shear stress and turbulent intensities are maximum at the top 
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of the vegetation and decrease as it reaches the top and bottom of the channel. The ejection 

events are also seen to be dominated above the vegetation, whereas sweep events dominate 

below the canopies. 

Proust and Nikora (2019) analyzed the transverse currents in a compound channel by releasing 

different flow discharges in the floodplain and the main channel in the upstream portion of the 

flume. The floodplain of the experiments was covered with dense artificial grass. Three 

developed secondary current cells were observed in both uniform and non-uniform flow, with 

transverse currents flowing in the direction of the floodplain. These secondary current cells 

were induced by turbulence anisotropy. When there is a transverse mean flow in the direction 

of the primary channel, these cells are replaced by a single cell. 

Termini (2019) analysed the turbulent kinetic energy (TKE) budget in a flume covered with 

real flexible vegetation. It was found that the vegetation density plays a crucial role in 

determining various TKE budget terms. The ejection and sweep events determine the 

turbulence structures between the vegetated and free-flow zone, which remains consistent with 

Nezu and Sanjou (2008). The analysis of the TKE budget terms in the vegetated region has 

shown three layers along the vertical: wake layer, mixing layer and above mixing layer.  The 

turbulent intensities are observed to maximum value in the mixing layer.   

Truong et al. (2019) studied the transverse momentum exchange in a partially vegetated 

compound channel considering emergent vegetation. They analysed large horizontal coherent 

structures (LHCSs) which induces the transverse momentum exchange in the interface of 

vegetated and main channel. They concluded that in a gently sloping compound vegetated 

channel, the characteristics of the shear layer are primarily influenced by the vegetation rather 

than the disparity in water depth. The moving of the LHCSs along the vegetation interface is 

linked to the occurrence of sweeps, ejections, as well as stagnant and reverse flows, which 

collectively forms a cycloid motion. 

Xu and Nepf (2020) studied TKE in emergent vegetation considering real plant (Typha latifolia 

and Rotala indica). They demonstrated that the shape of a plant determines the flow nature in 

the channel. The Typha latifolia had non-uniform vertical distribution, and its frontal area 

varies. The flow parameters were also non-uniform in the canopy region with a higher frontal 

area. On the other hand, the Rotala indica had a uniform vertical distribution of frontal area 

which ensured vertically uniform flow parameters. 
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Mehrabani et al. (2020) performed experiments in compound channels considering prismatic 

and non-prismatic cross-sections. They considered two non-prismatic channels with 

convergence angle of 7.250 and 11.30. They found that the convergence of floodplain in the 

upstream of the compound channel created a transverse current that was directed from the 

floodplain to the main channel. This transverse current ultimately leads to helical secondary 

cells forming, which causes sediment, pollutants and nutrient movement. The lateral shear 

stress is also observed to be higher in the case of the non-prismatic channel compared to the 

prismatic compound channel. 

Caroppi et al. (2021) compared flow when it encountered flexible and rigid vegetation in a 

partially vegetated channel. They used reconfiguring plants for flexible vegetation and rigid 

cylinders for rigid vegetation. They concluded that penetration of large-scale vortices and 

lateral momentum transport is greater for flexible vegetation compared to the rigid cylinders. 

They also observed that the use of natural vegetation in the laboratory gives an accurate 

understanding of the flow nature in real field situations.  

Li et al. (2022) performed experiments considering partially vegetated channel where they used 

wooden circular cylinders to replicate emergent vegetation. In their newly proposed eddy 

viscosity model, they discovered that the primary cause of the momentum exchange is 

turbulence brought on by coherent structures. They also concluded that the proposed model 

agrees with measured profiles obtained from experiments. 

Shi et al. (2023) conducted laboratory experiments to study coherent structures and secondary 

flows in a partially submerged vegetated channel. They concluded that the longitudinal velocity 

profile in the interface of vegetation and the main channel follows an S-shaped profile in a 

narrow channel (breadth of channel/flow depth<5). Secondary currents which are induced by 

the riparian vegetation are responsible for the S-shaped profile. This profile, in turn, creates two 

distinct vertical mixing layers that promote the development of coherent structures through 

shear-induced forces. These structures generate correlations between longitudinal and vertical 

velocity fluctuations. 

1.4 Heterogeneity in vegetated channels 

The distribution of vegetation in river channels and floodplains is heterogeneous. So, 

conducting field studies is more applicable to understanding the flow behavior and its 

interaction with vegetation. Though some researchers have performed experiments in the field, 
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it is limited due to the flow complexity (Sukhodolov and Sukhodolova, 2010; Lacy and Wyllie-

Echerverria, 2011; Sukhodolov et al., 2016; Vershoren, 2017; Przyborowski and Loboda, 

2021; Caroppi et al., 2022). On the other hand, laboratory studies are less complex, and it also 

has the provision to change the condition according to the requirement. Laboratory studies 

related to heterogeneous vegetation have been fast-growing since the last decade. However, it 

is limited compared to homogeneous vegetation. Laboratory experiments are conducted 

considering varying heterogeneous conditions like heterogeneity in height, types and spacing 

of vegetation to study the flow behavior. Devi et al. (2016) and Li et al. (2022) attained 

heterogeneity in spacing by mixing the vegetation densities in the test section. Chembolu et al. 

(2019) achieved heterogeneity by changing the vegetation type in the test section. They studied 

the flow behavior in mixed vegetation and compared it with a single vegetation type. 

Heterogeneity in height is obtained either by naturally growing vegetation in the laboratory 

(Stephan and Gutknecht, 2002; Shucksmith et al., 2010) or experimented with different 

vegetation layers or heights (Li et al., 2014; Hamed et al., 2017; Horstman et al., 2018; Tang 

et al., 2021). Furthermore, river channels are characterized by the presence of both submerged 

and emergent vegetation, forming a mixed combination within their ecosystems. Figure 1.4 

shows a typical example of floodplain region near the Brahmaputra River during the rainy 

season. Flow structure in channels with varying heights is very complex due to varying flow 

resistance provided by vegetation (Liu et al., 2010; Li et al., 2014; Hamed et al., 2017; 

Horstman et al., 2018; Tang et al., 2021). The flow characteristics change when it encounters 

different types of vegetation in the measured area. The drag resistance and other turbulent 

characteristic shows non-uniform traits throughout the vegetation area (Chembolu et al., 2019). 

Flow resistance also shows variation when the concentration of vegetation in a particular area 

changes. Increasing the stem concentration increases the resistance and decreases the velocity 

(Carollo et al., 2005). As a result of this, sediment deposition takes place (Sharpe and James, 

2006). Studies have shown that higher stem density in a region increases the depositional nature 

of sediments (Bos et al. 2007; Devi et al. 2016). Sediment deposition is also affected by spacing 

between vegetation patches. Different numerical and analytical models of heterogeneous 

vegetation also indicate the difference in treatments compared to homogeneous vegetation 

(Huai et al., 2014; Anjum and Tanaka, 2020). 
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 Nepf and Vivoni (2000) conducted laboratory experiments to see the flow behavior from the 

emergent to the submerged phase. This was done by changing the flow depth with respect to 

vegetation height. The laboratory model is divided into two distinct zones of aquatic canopy: 

the lower canopy, called the longitudinal exchange zone and the upper canopy, called the 

vertical exchange zone. Exchanges in neighbouring water occur by longitudinal advection in 

the lower canopy and emergent vegetation, whereas vertical exchange takes place in the upper 

canopy. 

Stephan and Gutknecht (2002) studied the roughness caused by aquatic plants with different 

relative submergence, which was attained by running the experiments for 7-10 days for each 

plant type. They found that the turbulent intensities are independent of relative submergence 

because plants are flexible and adapt their shape with the flow initiating wavy motion of plants 

without damping turbulent intensities. 

Carollo et al. (2007) conducted experiments on submerged flexible vegetation at three 

different concentrations (280, 377, 440 stems dm2⁄ ). They found that with increasing relative 

vegetation roughness (bent vegetation height/flow depth), the turbulent intensity profile gets 

shifted towards the free surface. Also, with increasing vegetation concentration, turbulent 

intensity is damped because there is a reduction of momentum exchange between the 

vegetation zone and the free-flowing zone. 

Figure 1.4 Snapshots from the Brahmaputra River, India (26°12'24.5"N 91°35'49.7"E) 
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Shucksmith et al. (2010) conducted flume study and observed the growth of 2 types of 

vegetation (Phragmites australis and Carex) over a period of 26 weeks. During this time, they 

studied turbulent characteristics and longitudinal mixing and how it changes with passing time. 

They found that longitudinal mixing in submerged vegetation is more than emergent vegetation 

due to greater vertical velocity shear in submerged vegetation. The wake zone considered in 

submerged vegetation is significant, which indicates that longitudinal mixing is a function of 

degree of submergence. 

 

 

Liu et al. (2010) performed experiments considering array of short and long vegetation in the 

flume. They compared single-layered (uniform height) vegetation with double-layered (non-

uniform height) vegetation and concluded that double-layered vegetation flows are more 

complex than single-layered vegetation. Multiple inflection points were observed in velocity 

profiles in the case of double-layered vegetation as opposed to a single inflection point in single-

layered vegetation.  

 

Figure 1.5 Vegetation growth at the end of (a) 2 weeks and (b) 26 weeks (Courtesy: Shucksmith et 

al. 2010) 

Figure 1.6 Double -layered vegetated zone (Courtesy: Liu et al. 2010) 
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Y. LI et al. (2014) tried to explain the heterogeneous vegetation by combining emergent and 

submerged vegetation. They found that number of inflection points in streamwise velocity 

profile are more as compared to single type of vegetation. The turbulent intensities are mostly 

invariant in the bottom layer of the combined vegetation area, which is contrary to the flow in 

submerged vegetation type. The turbulent intensities mostly fluctuated at the top of the canopy 

of submerged vegetation. 

Huai et al. (2014) proposed an analytical model to predict velocity profiles in double-layered 

vegetation. They arranged the vegetation in a uniform pattern with tall and short dowels 

precisely behind each other. They also performed experiments and found that the proposed 

analytical model is in good agreement with experimental findings. 

 

 

Devi et al. (2016) attained heterogeneity in spacing by mixing the vegetation densities in the 

test section. In the upstream half of the test section, the spacing between vegetation was kept 

at 10 𝑐𝑚 centre to centre, whereas in the downstream half, the spacing was kept at 5 𝑐𝑚 centre 

to centre. There is a decrease in flow characteristics like velocity, Reynolds shear stress and 

turbulent intensities when higher vegetation density is placed downstream of flow. The 

domination of sweep events also decreases in the higher vegetation density part, which 

indicates less deposition as compared to low density portion. 

Hamed et al. (2017) conducted experiments investigating the heterogeneity of vegetation 

height using a particle image velocimeter (PIV). They observed that flow characteristics like 

Reynolds stress and turbulent kinetic energy are more pronounced in heterogeneous canopies 

than in homogeneous canopies. The momentum exchange is also higher in the case of the 

heterogeneous canopy at the top of the canopy.  

Figure 1.7 Laboratory flume set up for double -layered vegetated zone (Courtesy: Huai et al. 2014) 
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Horstman et al. (2018) replicated a real mangrove vegetation distribution in the laboratory 

flume and compared results with uniform height vegetation. They used the pneumatophore of 

Avicennia marina (var. australasica) and rigid dowel for the experiments. They found that as 

compared to homogeneous distribution, heterogeneous distribution appears to reduce the 

strength of the canopy shear layer significantly. They also concluded that turbulent stresses and 

bed shear stresses were smaller in pneumatophore canopies compared to uniform-height dowel 

canopies with similar densities. 

 

 

 

Chembolu et al. (2019) observed the flow behavior by conducting laboratory experiments 

taking three vegetation (bladed, leafy and cylindrical) and mixing them in a staggered pattern. 

They found that there is a reduction of velocity in the mixed heterogeneous patches as 

compared to homogeneous flexible bladed stems. Moreover, due to spatial heterogeneity in 

mixed patches, different zones of increasing and decreasing turbulence was observed. 

 

 

Figure 1.8 Side view of the data collection area in the flume for the high-density pneumatophore 

experiment (Courtesy: Horstman et al. 2018) 

Figure 1.9 Snapshots of different homogeneous and heterogeneous vegetated zone layout with uniform 

vegetation height (Courtesy: Chembolu et al. 2019) 
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Ahmad et al. (2020) performed numerical simulations using a computational fluid dynamics 

(CFD) code FLUENT on a double-layered floodplain vegetated compound channel. The 

turbulence closure was achieved by implementing a RANS technique based on Reynolds stress 

model. They observed quite S-shaped velocity profile when the short vegetation was 

submerged, whereas during low floods or when both short and long vegetation are emergent, 

velocity profile seems to be uniform or almost logarithmic. 

Anjum and Tanaka (2020) used a 𝑘 − 𝜀 turbulence model to understand the flow behavior 

when it encounters double-layered vegetation. The turbulence model was developed using 3-D 

numerical code FLUENT (ANSYS). The experimental validation was performed using the data 

from Liu et al. (2010). They found that the 𝑘 − 𝜀 model was efficient in modeling the turbulent 

characteristics through double-layered vegetation. 

Tang et al. (2021) analyzed different flow characteristics in a double-layered partially 

vegetated channel. They found that Reynolds stresses behave differently in different locations 

because of the combined effect of short and long vegetation in the vegetated portion. In order 

to more accurately reflect the circumstances found in nature, they also provided a modified 

hydraulic radius for calculating Mannings' coefficient in double-layered vegetated flows. 

 

 

 

Li et al. (2022) achieved heterogeneity in vegetation by alternating the density in the vegetated 

zone and keeping the vegetation height uniform. They performed flume experiments 

considering the vegetation to be covered partially. They observed that a longer adjustment 

distance is required for reaching the quasi-equilibrium region for the heterogeneous case 

(mixture of dense and sparse vegetation) compared to the homogeneous case where the 

vegetated zone is covered with the same density. The heterogeneous canopy was also observed 

Figure 1.10 Schematic diagram of partially-placed, double-layered vegetation (Courtesy: Tang et al. 

2021) 
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to have higher Reynolds stress at the interface between the vegetation and the main channel, 

indicating higher momentum exchange.  

Hu and Zhang (2022) developed a new analytical method to analyze the transverse 

distribution of streamwise velocity in a compound channel containing both submerged and 

emergent vegetation. They modified the Shiono and Knight Method (SKM) and used a two-

layer model to obtain more accurate results. They found that the developed model is consistent 

with the experimental data after using proper boundary conditions. They observed that the 

dimensionless eddy viscosity coefficient has a clear effect on the main channel, whereas the 

depth-averaged secondary flow coefficient has only a definite effect in the slope sub-region. 

Tang et al. (2023) investigated two vegetation scenarios to simulate water flow in a shallow 

lake with vegetated channels. These scenarios included a channel with partially covered rigid 

emergent vegetation, and a channel with mixture of emergent-submerged vegetation. They 

concluded that in the combined case scenario, inflection point was observed near the bed and 

at the top of submerged vegetation within the flexible vegetation canopy. They also observed 

distinct and transverse coherent vortices at the top of the submerged vegetation and the 

interface between emergent and submerged vegetation respectively. 

 

 

 

Figure 1.11 Formation of horizontal and vertical coherent vortices in a mixture of emergent-

submerged vegetation (Courtesy: Tang et al. 2023) 
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1.5 Need for Research 

The impact of vegetation on flow behavior and morphological changes in conveyance channels 

is well-documented in the literature. However, the distribution of vegetation in river channels 

is typically heterogeneous, with varying densities, types, and vegetation heights. This 

heterogeneity creates non-uniform resistances to flow, posing challenges for flow analysis. In 

particular, the effects of varying vegetation height and density on flow in partially vegetated 

channels require further investigation, as this area of study has not been thoroughly explored. 

Additionally, the complexities that arise with the presence of vegetation with varying height 

and density in a compound channel make it an untapped topic for investigation. Therefore, it 

is essential to conduct experiments to study the impact of heterogeneous vegetation in a 

compound channel and to understand the flow behavior in combined emergent and submerged 

vegetation. The role of bank angles in a compound channel, considering varying vegetation 

height, is also an area that requires exploration. This research will help advance the 

understanding of how to recreate a natural flow in vegetated channels, moving us one step 

closer to accurately predicting the impact of vegetation on flow dynamics. 

1.6 Objectives 

The main objectives of this research are as follows: 

1. Hydrodynamics of partially vegetated channel with multi-layered vegetation.  

➢ Comparing flow behavior between homogeneous/single-layered and 

heterogenous/multi-layered height vegetation in partially vegetated channels. 

➢ Exploring the role of vegetation emergence and density on the overall flow in the 

channel. 

2. Flow behavior in a multi-layered vegetated floodplain region of a compound channel.  

➢ Analyzing the effect of floodplain vegetation on the slopes and main channel of the 

compound channel with 310 bank angle. 

➢ Comparing single-layered and multi-layered floodplain vegetation in  310 compound 

channel. 

3. Flow in multi-layered vegetated compound channels with different bank slopes. 

➢ Study the role of bank slopes in the overall flow structures in the channel considering 

multi-layered floodplain vegetation. 

➢ Understanding the role of vegetation emergence and its impact on the channel, 

considering 450 and 900 bank angle compound channels. 
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1.7 Organization of Thesis 

Given below is a brief description of each chapter: 

Chapter 1 “Introduction” provides a comprehensive outline highlighting the significance of 

vegetation within aquatic environments. Detailed descriptions of laboratory experiments 

concerning vegetation by different researchers are discussed. A detailed description of previous 

researches concerning homogeneous and heterogeneous vegetation height are discussed. The 

problem statement and research gap are thoroughly examined, followed by a discussion on the 

study's objectives. 

Chapter 2 “Methodology” describes the experimental methodology with details of 

experimental design, vegetation procurement, the overall experimental program, and the 

methods employed for data collection. Furthermore, comprehensive information regarding the 

instruments utilized in the experimental study is also presented. 

Chapter 3 “Hydrodynamics of partially vegetated channel with multi-layered vegetation” 

presents the flow difference when it interacts single-layered and multi-layered vegetation in 

partially vegetated channels. For multi-layered vegetation distribution, three vegetation heights 

are considered. The effect of vegetation density and emergence are observed in this section. 

Chapter 4 “Flow behavior in a multi-layered vegetated floodplain region of a compound 

channel” discusses the importance of uniform and non-uniform vegetation in spacing and 

height in compound channels. The effect of floodplain vegetation on the slopes and main 

channel is also discussed in this section. 

Chapter 5 “Flow in multi-layered vegetated compound channels with different bank 

slopes” discusses the role of bank angles in compound channels considering multi-layered 

vegetation in the floodplain region. This section compares the flow characteristics of two bank 

angles with their impact on the slopes. 

Chapter 6 “Conclusion and Recommendations” summarizes the key findings from the 

current research work. Additionally, this chapter offers recommendations based on these 

findings and explores potential future scope of the work. 
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2 Methodology 

 

Experimental studies on laboratory flume give a proper understanding of the flow behavior of 

a channel. The conditions of an experimental set up can be altered according to the need of the 

researcher, which gives an advantage over field study. The following sections provide the 

methods and procedure of the experiments. 

2.1 Experimental Setup and Procedure 

Experiments were carried out on a laboratory flume of 17.2 𝑚 long, 1 𝑚 wide and 0.72 𝑚 deep 

(Figure 2.1). At the upstream of the flume, a tank of length 2.8 𝑚, width 1.5 𝑚 and depth 1.5 𝑚 

was provided to regulate straight flow into the main channel. The water was gradually released 

with the help of a valve from the overhead storage tank to the inlet tank and ultimately to the 

main flume. Since it is a recirculating flume, the water is drained into an underground tank and 

pumped again to the upstream overhead storage tank. Flow depth and discharge in the flume 

were regulated with the help of the tail gate and rectangular notch, both situated at the 

downstream of the flume. 
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2.2 Bed Material 

The experiments were conducted using river sand with a median particle diameter (𝐷50) of 

1.1 𝑚𝑚. The sand was uniform (Figure 2.2) with a geometric standard deviation of 1.03. The 

sand can be defined as uniform as the geometric standard deviation (𝜎𝑔) is less than 1.4 (Marsh 

et al. 2004). It can be calculated as: 

𝜎𝑔 =
𝐷84 − 𝐷16

𝐷50
 

(2.1) 

where, 𝐷84(𝐷16) is the grain size for which 84% (16%) of the sample has a finer grain content 

by weight. The dry angle of repose of the sand used for experiments was 31.1°. The sand bed 

is movable, and the flow depth and velocity measurements were acquired once the initial 

movement of sediment stopped and a steady condition is attained. 

 

Figure 2.1 Side view and plan view of the experimental flume present at IIT Guwahati. 
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2.3 Bed Preparation 

Each experiment begins with the preparation of a plain channel bed. The sand was evenly 

distributed above the fine mesh over the 15.2 𝑚 length of the channel. A cutter on a trolley 

was used to prepare the plain bed as shown in figure 2.3. The gradual levelling of the sand bed 

began at the channel's downstream end and extra sand was carefully taken out from the channel. 

The water was emptied from the channel after the completion of each experiment. After 

allowing the exposed channel bed to dry naturally, the top layer of the sand bed was disturbed 

using trowels, and then the plain bed was prepared for the subsequent experiment. Experiments 

for objective 1 were conducted in the plain bed where vegetation partially covers the flume 

width. The details of vegetation distribution for objective 1 are discussed in detail in section 

2.9.1. For objectives 2 and 3, compound channels were constructed on the plain bed which is 

discussed in the next section. 

Figure 2.2 Grain size distribution of sediment. 
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2.4 Preparation of compound channels 

The compound channels are divided into 3 regions across the cross-section: Floodplain, 

Sloping and main channel region. Figure 2.4 demonstrates a rough illustration of a compound 

channel. The thesis considers three compound channels of 3 bank angles (θ): 310, 450 and 900. 

The compound channels were constructed after levelling the sand bed (section 2.3) by using 

angled cutters of 310, 450 and 900. The slopes of the compound channels were made rigid 

with an aluminum sheet and kept at a fixed angle. This was done so that the slopes did not 

break away because of the force of the flow. In the thesis, compound channels were constructed 

for objectives 2 and 3. The width of the floodplain region of all the rectangular and compound 

channels for all objectives is considered to be 0.5 𝑚. For objective 1, experiments were 

Figure 2.3 Snapshots of (a) metal cutter and (b) flat sand bed. 
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performed in the rectangular channel of figure 2.3. The distribution of vegetation for all the 

objectives is discussed in section 2.9. For the 2nd objective, a compound channel of 9 𝑚 length 

was constructed in the rectangular flume with 𝜃 = 310. For the 3rd objective, compound 

channels of 10 𝑚 lengths were constructed in the flume with 𝜃 = 450 and 𝜃 = 900. Positions 

were marked from the downstream to upstream of the channel (figure 2.11 (a, b)) for better 

representation and understanding of the experiments, as will be seen while discussing 

vegetation distribution for all objectives.  

 

 

2.5 Vegetation Collection 

The present study considers two types of vegetation: Vetiver grass (Chrysopogon zizanioides) 

and Perennial reed (Phragmites karka). Vetiver grass can grow up to 5 𝑓𝑡 tall, and the roots 

grow from 7 𝑓𝑡 to 13 𝑓𝑡 in depth. The vetiver grass is known for its very strong root system, 

so it is used in controlling bank erosion in many parts of the world. Various studies concerning 

vetiver grass and its uses in bank protection have been discussed by researchers (Focks and 

Algera, 2006; Islam et al., 2013; Hamidifar et al., 2018).  The perennial reed is a reed species 

that resembles bamboo. It has a cylindrical stem whose culms grow up to 10 𝑚. Both 

vegetation types used in the experiments are erect and rigid. It reduces analyzing complications 

when the flow encounters mixed vegetation. Furthermore, to compare vegetation effect with 

different heights, it is necessary to consider vegetation which can remain intact after 

encountering with high discharge flow which is only possible by considering rigid vegetation. 

The vetiver grass is used only for submerged vegetation, as will be seen in section 4 (objective 

Figure 2.4 A rough illustration of a compound channel 
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2). The perennial reed is used as both submerged and emergent vegetation, as will be seen in 

section 3 (objective 1) and 5 (objective 3).  

 

 

2.6 Main Flow Discharge 

A rectangular notch at the downstream collecting tank's end was used to measure the main 

channel discharge (Q) (Figure 2.6). The water passes through wooden baffles to give a smooth 

flow over the notch. The notch (𝐿𝑛) has a 0.5 𝑚 width. The rectangular notch's coefficient of 

discharge (𝐶𝑑) was found to be 0.82. The experiment's flow discharge was calculated as 

𝑄 =
2

3
𝐶𝑑√2𝑔𝐿𝑛𝐻

3
2 

(2.2) 

where 𝑔 denotes acceleration due to gravity, and 𝐻 denotes water head over the notch. 

Figure 2.5 Snapshots of (a) Vetiver grass and (b) Perennial Reed from the sites of collection  
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2.7 Flow depth measurement 

The flow depth was measured using a digital point gauge in relation to the bed level (Figure 

2.7). The liquid crystal display (LCD) on the point gauge has a least count of 0.01 millimeters. 

Before beginning the experiments, the instrument was reset to zero at the channel bed. The 

flow depth is measured after the flow is fully developed in the channel. The flow development 

in the present study for different objectives is discussed in section 2.9. The point gauge can 

move both longitudinally (along the flume length) and transversely (along the flume breadth) 

with the help of a movable trolley. In the thesis, the flow depth in the rectangular channel for 

objective 1 was 0.165 𝑚 so that flow characteristics above the submerged vegetation region 

could be properly captured. For objective 2 and 3, floodplain (FP) depth of 0.1 𝑚 and main 

channel (MC) depth of 0.2 𝑚 with a 𝐹𝑃/𝑀𝐶 = 0.5 were considered. In river channels, this is 

the maximum ratio that is majorly found and previous researchers also considered 𝐹𝑃/𝑀𝐶 ≤

0.5 (Tominaga and Nezu, 1991; Dupuis et al., 2017; Shan et al. 2018; Li et al., 2021; Naghavi 

et al., 2022). 

Figure 2.6 Discharge measurement at rectangular notch.  
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2.8 Velocity Measurement 

For all objectives, the Nortek® Vectrino+ Acoustic Doppler Velocimeter (ADV) from Nortek 

AS in Norway was used to measure the instantaneous velocities at different locations of the 

flume. The ADV uses the Doppler shift principle to measure velocity. The Doppler effect refers 

to the apparent change in the wave's frequency brought on by the relative motion of the wave's 

source and the observer. The Vectrino+ used in the study is equipped with a single transmitter 

and four beam receivers (Figure 2.8). At the center is the transmitter, which sends out brief 

pairs of sound waves, hears their echoes, and then calculates the frequency shift of the returned 

sound. The transmitted waves are reflected by the sediment suspended in water because their 

average speed is equal to that of the water. The four sensors pick up the returned waves. The 

current study uses a fixed stem downward-looking probe as a velocimeter. The three flow 

velocities that the ADV measures—the 𝑋, 𝑌, and 𝑍 directions—are then geometrically 

combined to yield the three orthogonal velocity components. The red rubber band used to 

denote the X-direction should always point in the direction of flow. During data gathering, the 

beam's proper alignment should be guaranteed. The Nortek ADV used in the experiment can 

capture velocity data 50 𝑚𝑚 from the central transmitter. That is why all data were collected 

near the channel bed to 50 𝑚𝑚 below the free surface. The velocimeter emits frequency of 

10MHz and can sample data at rates up to a maximum of 200 𝐻𝑧. 

Figure 2.7 Digital point gauge. 
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At a specific location, the velocity measurement provides the current velocities 𝑢, 𝑣, and 𝑤 in 

the streamwise (𝑋), transverse (𝑌), and vertical (𝑍) directions, respectively. These 

instantaneous velocities (𝑢, 𝑣, and 𝑤) can be decomposed into time-averaged velocities 

(𝑢, 𝑣, and 𝑤) and fluctuating components of velocities (𝑢′, 𝑣′and 𝑤′) as 𝑢 = 𝑢 + 𝑢′, 𝑣 = 𝑣 +

𝑣′, and 𝑤 = 𝑤 + 𝑤′, respectively. The time-averaged velocities are calculated as: 

𝑢̅ =
1

𝑛
∑ 𝑢𝑖

𝑛
𝑖=1  ,  𝑣̅ =

1

𝑛
∑ 𝑣𝑖

𝑛
𝑖=1    and    𝑤̅ =

1

𝑛
∑ 𝑤𝑖

𝑛
𝑖=1                                                            (2.3) 

The Vectrino plus created by Nortek®, captures the velocity signals in a computer system. The 

software records the correlation in percentage (%) and the signal-to-noise ratio (SNR) in 

decibels (dB).  

Figure 2.8 ADV transmitter and receivers. 
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The ADV signal output consists of doppler noise, signal aliasing and other disturbances. The 

output is also affected by velocity shear in the near-bed of the channel. That’s why, the 

collected data from ADV requires to be filtered. Islam and Zhu (2013) created a filtering code 

for separating the spikes by employing bivariate Kernel density estimation. The linear 

interpolation method is used to replace the removed spikes. This filtering method works better 

in high contamination regions than other filtering methods like Goring and Nikora (2002), 

Wahl (2003), Cea et al. (2007), etc. The present research involves taking data in vegetated 

regions, which are considered to be highly contaminated. So, the filtering method by Islam and 

Zhu (2013) is apt for the present research. Figure 2.10 shows the velocity power spectra of 

unfiltered and filtered time series at vegetated portion of an experimental case. It is observed 

that the filtered graph (red) aligns well with the Kolmogorov -5/3 law.  

 

 

Figure 2.9 Snapshot of Acoustic Doppler Velocimeter (ADV) capturing velocity measurement. 

 

Figure 2.10 Velocity power spectra of unfiltered and filtered time series in vegetated portion 
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The accuracy of ADV data for the present study was checked by taking 15 readings of velocity 

data near the channel bed at 𝑧 ℎ = 0.1⁄ . Table 2.1 displays the standard deviation and 

uncertainty where 𝑢, 𝑣 and 𝑤 are the mean velocities and √𝑢′𝑢′, √𝑣′𝑣′ and √𝑤′𝑤′ are the root 

mean square of fluctuating components of velocity. The −𝑢′𝑤′̅̅ ̅̅ ̅̅  and −𝑢′𝑣′̅̅ ̅̅ ̅̅  are the streamwise 

and transverse Reynolds shear stress respectively. The uncertainty of different flow 

characteristics is very low which shows that the instrument is accurate. The uncertainty 

percentage in the present study compliments other researchers like Rolland (1994), Hurther 

(2001) and Blanckaert (2010) who found uncertainty as less than 4% in the streamwise 

velocity, 15% for turbulent shear stress and 20% for turbulent normal stresses.  In the present 

study, the ADV collected data with 100 𝐻𝑧 frequency for 2 minutes. The total number of 

samples acquired for a single reading is 12000. Garcia et al. (2005) assumed implicitly that 

6000 samples were enough to describe turbulence. In the presence of vegetation, Dupuis et al. 

(2017) considered a sample time of 2 minutes for single velocity reading. Moreover, Horstman 

et al. (2018) and Tang et al. (2021) considered a sample time of 1 minute for velocity data in 

mixed vegetation (submerged and emergent) cases. Horstman et al. (2018) observed that 60 

secs or 1 minute is long enough to obtain consistent flow characteristics.  

 

   u(m/s) 
v(m/s) w(m/s) √𝑢´𝑢´̅̅ ̅̅ ̅  

(m/s) 

√𝑣´𝑣´̅̅ ̅̅ ̅ 

(m/s) 

√𝑤´𝑤´̅̅ ̅̅ ̅̅  

(m/s) 

−𝑢′𝑤′̅̅ ̅̅ ̅̅  

(𝑚2/𝑠2) 

−𝑢′𝑣′̅̅ ̅̅ ̅̅  

(𝑚2/𝑠2) 

Standard 

deviation 

2.42
∗ 10−3 

6.93
∗ 10−4 

3.58
∗ 10−4 

1.008
∗ 10−3 

3.38
∗ 10−4 

2.32
∗ 10−4 

1.008 ∗ 10−3 3.38 ∗ 10−4 

Uncertainty 0.0037 0.0013 0.00061 0.001565 

 

0.000506 

 

0.00038 

 

1.03 ∗ 10−5 1.9 ∗ 10−5 

 

2.9 Experimental Program 

The experimental program consists of three sections. In section 2.9.1, the experimental 

program for objective 1 was performed in rectangular channels where different flow 

characteristics are compared when it encounters single-layered and multi-layered vegetation 

for two density distributions. Section 2.9.2 (objective 2) compares single-layered and multi-

layered vegetation in compound channels. Section 2.9.3 (objective 3) focuses on the role of 

bank slopes of compound channels considering multi-layered floodplain vegetation. 

Table 2.1 Accuracy of the ADV data 
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2.9.1 Partially vegetated rectangular channel with single-layered and multi-layered 

vegetation  

The vegetation in the flume is distributed over half the width (0.5 𝑚) of the flume to achieve a 

partially vegetated channel. Figures 2.11 (a, b) show the plan view distribution of vegetation 

in the flume. Perennial reed (Phragmites karka) was used for both submerged and emergent 

vegetation. It is erect and rigid. The vegetation was collected from the field as it is readily 

available. The perennial reeds used in the experiments were around 11 − 12 𝑚𝑚 in diameter. 

The reed was used as both submerged and emergent vegetation so that different emergence 

cases could be compared with less complexity. Two sets of experiments were considered for 

Partially Vegetated (PV) experiments. The length of the vegetation zone in both sets is 6 𝑚 

and is long enough to capture the flow effect of different vegetated cases in the floodplain and 

main channel regions. In the first set, the spacing in two vegetation line is 0.1 𝑚 in the 

longitudinal and lateral directions, as seen in Figure 2.11 (a). This distribution for submerged 

vegetation can be considered to be in the sparse distribution according to Nepf (2011), where 

𝑎ℎ𝑣𝑒𝑔 < 0.1. Here, ℎ𝑣𝑒𝑔 represents average vegetation height and 𝑎 represents the frontal area 

given by 𝑎 =
𝑑

∆𝑆2 , where d is the diameter of single vegetation and ∆𝑆 is the average spacing 

between elements. In the second set, the vegetation patch distance in the lateral direction is 

0.05 𝑚 and densely packed compared to the first set (figure 2.11 (b)). In this case, 𝑎ℎ𝑣𝑒𝑔 ≈

0.1, which falls under the transitional canopy (Nepf (2011)). Four different vegetation 

arrangements were considered in each set based on the submergence/emergence level. These 

include: 6 cm uniformly distributed vegetation, 3-6-9 cm multi-layered vegetation, 34% 

emergent vegetation and 100% emergent vegetation. For convenience, the experiments in the 

sparse vegetation (Figure 2.11 (a)) are denoted as PV 6 for equal height submerged vegetation, 

PV 3-6-9 for multi-layered vegetation, PV 34E for 34% emergent vegetation, and PV 100E for 

fully emergent vegetation cases. The term PV 3-6-9 means that height of vegetation is 3 𝑐𝑚, 

6 𝑐𝑚 and 9 𝑐𝑚 which is spread throughout the submerged vegetated zone. Furthermore, PV 

34E means that 34% of the whole vegetation is emergent. This was achieved by replacing the 

3 𝑐𝑚 height vegetation from 3-6-9 submerged with an emergent vegetation. The same process 

is repeated for PV 100E where all the vegetation is emergent in nature. In the same way, the 

second set of experiments from Figure 2.11 (b) are named by adding the 'D', which represents 

dense like PV D 6, PV D 3-6-9, PV D 34E, and PV D 100E. Illustrations of the plan view of 

the vegetation distribution of Set 1 and Set 2 are shown in Figure 2.12 for 1 m length in the 

downstream region. It is important to highlight that the vegetation distribution illustrated in 
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Figure 2.12, representing a 1 𝑚 section, is replicated throughout the 6 𝑚 vegetation zone. The 

representation of vegetation height for different dot colors is blue for 6 𝑐𝑚, yellow for 3 𝑐𝑚, 

green for 9 𝑐𝑚, and black for emergent vegetation (20 𝑐𝑚). The 'cross' sign in red represents 

the velocity measurement sections in the vegetated portion of the channel. Previous researches 

which considered heterogeneous vegetation height mainly focussed on double-layered 

vegetation (Huai et al., 2014; Ahmad et al., 2020; Tang et al., 2021; Rao et al., 2022). The 

present research considered triple-layered vegetation (PV 3-6-9 and PV 34E) to get a wider 

range of heterogeneity in height. The analysis of different flow characteristics for this 

vegetation set-up is discussed in detail in section 3. 

 

 

 

 

Figure 2.11 Plan view for vegetation (a) set-up1 and (b) set-up 2. (c) Velocity measurement locations 

at 5.5m cross-section for both set-ups 

(c) 

 

(e) 
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Figure 2.12 Plan view vegetation distribution and snapshots of experimental cases for Setups 1 and 2 
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Two separate discharges of 35 𝑙𝑝𝑠 and 42 𝑙𝑝𝑠 were considered for the first set and 35 𝑙𝑝𝑠 for 

the second set. The flow depth in the channel measurement cross-section (5.5 𝑚) was kept at  

0.165 𝑚 for all the cases. The Reynolds number (𝑅𝑒) for the two discharges in the upstream 

region before it encountered the vegetation were 29461 and 35351, respectively. Inside the 

vegetated zone, the stem Reynolds number is calculated as: 𝑅𝑒𝑑 =
𝑈̅𝑑

𝜈
 where 𝑈̅ is the depth-

averaged velocity inside the vegetated zone, 𝑑 is the diameter of the reed and 𝜈 is the kinematic 

viscosity. The stem Reynolds number (𝑅𝑒𝑑) for different vegetated cases lies in the range of 

1000-1700 for Set 1 and 800-1400 for Set 2. In natural vegetation, stem-scale turbulence is 

observed at 𝑅𝑒𝑑 > 200 (Naden et al.,2006). Furthermore, 𝑅𝑒𝑑 > 200 has also been used in 

laboratories by many researchers (Liu et al., 2008; Ricardo et al., 2014; Liu et al., 2021). The 

Froude number defined as 𝐹𝑟 =
𝑈̅

√𝑔𝑦
 , where y represents characteristic length. The Froude 

number is found to be less than 1 in the vegetated and main channel regions in both the sets for 

both discharges. The flow is fully turbulent and in a sub-critical condition.  

For both setups (Figure 2.11 (a, b)), the instantaneous velocities at various sections of the 5.5 𝑚 

cross-section were measured using an Acoustic Doppler Velocimeter (ADV) which was 

discussed in detail in section 2.8. The full development of flow at 5.5 𝑚 cross-section was 

ensured by adjustment length given by Zeng and Li (2014). They found after performing 

experiments in the presence of vegetation that flow development occurs within 2 𝑚 from the 

starting of vegetation zone. Yan et al. (2016) conducted experiments to observe the flow 

development in partially vegetated channels. They found that the adjustment length 𝑥𝑎 for 

submerged vegetation is 0.7𝐿𝑃 and for emergent vegetation is 0.6𝐿𝑃, where 𝐿𝑃 represents 

length of the vegetated zone. These adjustments lengths by Yan et al. (2016) are also consistent 

with Moltchanov et al. (2011) for submerged vegetation and Rominger and Nepf (2011) for 

emergent vegetation. In the present study, using Yan et al. (2016) adjustment length (𝑥𝑎) 

formula, fully developed flow was attained at 4.2 𝑚 for submerged vegetation and 3.6 𝑚 for 

fully emergent vegetation from the beginning of vegetation. These adjustment lengths are 

ahead of the present study (5.5 𝑚) suggesting fully developed flow at the measured cross-

section of 5.5 𝑚. In case of heterogeneous vegetation cases (3-6-9 submerged and 34% 

emergent) for Set 1 and Set 2, flow variations will occur inside the vegetation because of 

variable vegetation height. These variations are analysed in this study to understand the effect 

of variable vegetation height in and around vegetated and main channel interface. Moreover, 

for mixed vegetation cases of submerged and emergent vegetation, Horstman et al. (2018) and 
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Tang et al. (2021) collected readings at 3 𝑚 and 2.7 𝑚 from starting point of vegetation 

respectively. In the present study, the flow development was analyzed by measuring velocities 

in the middle of the main channel, from the upstream region at 10.5 𝑚 to the downstream 

region at 5.5 𝑚 (Figure 2.11(a, b)), as depicted in Figure 2.13(a). The results indicate that the 

velocity profile from 7 𝑚 to 5.5 𝑚 remains almost constant, implying the flow development in 

the measurement cross-section of 5.5 𝑚 for the present study. In that 5.5 𝑚 cross-section, 

measurements were taken at 15 verticals at a space of 50 𝑚𝑚, as shown in Figure 2.11 (c). At 

each vertical location, 25-30 measurements were obtained. The abbreviation VC represents the 

vegetated channel, and MC is the main channel. The number associated with VC and MC 

represents the distance (cm) from the left wall, as seen from the upstream of the channel. The 

abbreviation VCMCI denotes the vegetated channel and main channel interaction. It is situated 

in the mid-region of the flume width where the vegetated channel ends and the main channel 

starts. The details of the experimental cases for partially vegetated rectangular cases are given 

in Table 2.2.  Furthermore, the convergence analysis of PV D 34E and PV D 100E at VC 45 

and MC 55 sections were checked as shown in Figure 2.13(c, d). The convergence reading near 

the bed at  𝑧 ℎ ≈ 0.1⁄  were considered by taking 12000 samples.  The velocity and RSS were 

made non-dimensional by dividing with average streamwise velocity and streamwise RSS after 

12000 samples respectively. It is observed that the velocity converges after 7000 samples and 

its error is less than 2%. On the other hand, the streamwise RSS in Figure 2.13(d) starts 

properly converging after 8000 samples for both PV D 34E and PV D 100E cases. Its error 

percentage is less that 10% after 8000 samples. Cassan et al. (2015) checked the convergence 

of velocity and RSS in a vegetated channel by considering 25 Hz and 56 sec. They found that 

the data convergences at 1400 samples with error less than 2%  for longitudinal velocity and 

less than 10% for Reynolds stress. This shows that consideration of 12000 samples for the 

present study with 100 𝐻𝑧 and 120 𝑠 sampling rate are enough for achieving converged 

second-order flow statistics. 
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Discharge

(litres/sec) 

Experimental 

cases 

Notation of 

Experimental 

cases 

Vegetation 

height (ℎ𝑣𝑒𝑔) 

Vegetation 

density (𝑁) 

(reeds/m2)  

1 

35 Homogeneous height PV 6 6 𝑐𝑚 116 

42 Homogeneous height PV 6 6 𝑐𝑚 116 

35 
Fully submerged 

heterogeneous height 
PV 3-6-9 6 ± 3 𝑐𝑚 

116 

42 
Fully submerged 

heterogeneous height 
PV 3-6-9 6 ± 3 𝑐𝑚 

116 

35 
Partially emergent 

heterogeneous height 
PV 34E 6, 9, 20 𝑐𝑚 

116 

Figure 2.13 (a) Velocity change in the main channel from upstream to downstream region. (b) Velocity power spectra 

of unfiltered and filtered time series at 𝑧 ℎ ≈ 0.03⁄  of PV 6 for 35𝑙𝑝𝑠. Convergence analysis of (c) velocity and (d) 

streamwise RSS 

 

Table 2.2 Description of various experimental cases for Section 2.9.1 
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42 

 

Partially emergent 

heterogeneous height 
PV 34E 6, 9, 20 𝑐𝑚 

116 

35 
Fully emergent 

homogeneous height 
PV 100E 20 𝑐𝑚 

116 

42 
Fully emergent 

homogeneous height 
PV 100E 20 𝑐𝑚 

116 

2 

35 
Dense homogeneous 

height 
PV D 6 6 𝑐𝑚 

231 

35 
Dense fully submerged 

heterogeneous height 
PV D 3-6-9 6 ± 3 𝑐𝑚 

231 

35 

Dense partially 

emergent 

heterogeneous height 

PV D 34E 6, 9, 20 𝑐𝑚 

231 

35 
Dense fully emergent 

homogeneous height 
PV D 100E 20 𝑐𝑚 

231 

 

2.9.2 Single-layered and multi-layered floodplain vegetated compound channel 

A compound channel of 9 𝑚 length was constructed for objective 2 in the rectangular flume 

from 13m to 4 𝑚 which was discussed in section 2.4 and shown in Figure 2.14. Vegetation 

was distributed in the floodplain region in a staggered manner from 11 𝑚 to 5 𝑚 in the flume. 

For this objective, vetiver grass and perennial reed were used for submerged and emergent 

vegetation respectively (Figure 2.15). Two sets of experiments were conducted on the 

compound channel. In Set 1, the vegetation zone was uniformly distributed, which implies that 

the distance between vegetation patches is equal throughout the vegetated zone. In Set 2, it was 

non-uniformly distributed, meaning that the distance between vegetation patches varies in the 

vegetated zone. No-vegetation cases where the flow was allowed to move without vegetation 

in the floodplain zone were performed for both discharges. In Set 1, the spacing between two 

vegetation patches was 10 𝑐𝑚 center to center (c/c) from 11 𝑚 (Upstream) to 5 𝑚 

(Downstream) in the flume. It consists of 3 experimental cases according to the height of 

vegetation in the floodplain: a single-layered (6cm submerged) and two multi-layered 

vegetation cases (3-6-9cm submerged and 34% emergent). The multi-layered vegetation 

comprises three layers of vegetation height of 3 𝑐𝑚, 6 𝑐𝑚, and 9 𝑐𝑚 in one case and 34% 
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emergent vegetation where the heights of vegetation were 6 𝑐𝑚, 9 𝑐𝑚 and 15 𝑐𝑚. For 

convenience, the experiments in the uniform setup are denoted as U 6 for uniform single-

layered vegetation, U 3-6-9 for uniform multi-layered vegetation and U 34E for 34% emergent 

vegetation. The Set 2 experiments were divided into three vegetation zones with different 

spacing between vegetated patches in these zones as shown in Figure 2.14(b). Flow occurs 

from the sparsely vegetated portion upstream to the denser region downstream of the flume. 

This was done to achieve non-uniformity in spacing in the vegetated floodplain. The spacing 

between two vegetation patches in these three vegetated zones from upstream to downstream 

was 20 𝑐𝑚, 15𝑐𝑚, and 10𝑐𝑚, respectively. The cases performed for Set 1 were repeated for 

Set 2, i.e., single-layered and multi-layered submerged vegetation. In addition to that, 2 new 

experiments were added namely: 67% emergent and 100% emergent cases. For convenience, 

the experiments for non-uniform setup are named as: NU 6, NU 3-6-9, NU 34E, NU 67E and 

NU 100E. Detailed explanation of the experiments and distribution of vegetation is shown in 

Figures 2.14 and 2.15 and Table 2.3.  

Velocity readings were collected by ADV in the compound channel at upstream (9.5m), middle 

(7.5m) and downstream (5.5m) section of vegetation zone (Figure 2.14 (a) and (b)). Readings 

were taken at six critical regions across the cross-sections, as shown in Figure 2.14 (c). The 

notations at each section are denoted as follows: FP 20 means floodplain at 20cm from the left 

wall of the flume as seen from upstream, FP 35 is floodplain at 35cm from the left wall, SFPI 

denotes Slope Floodplain Interaction, SM denotes slope mid, SE is Slope end, and MC denotes 

the main channel of the compound channel. The average flow depth in the floodplain and main 

channel was considered to be 0.1 𝑚 and 0.2 𝑚 respectively. 
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Figure 2.14 Vegetation set up of (a) Set 1 and (b) Set 2. (c) Velocity reading at 9.5m, 7.5m and 

5.5m test sections for Set 1 and Set 2 
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Set 
Discharge

(litres/sec) 

Experimental 

cases 

Notation of 

Experimental 

cases 

Vegetation 

distribution type 

 
20 No-vegetation NV Nil 

35 No-vegetation NV Nil 

1 

20 
6cm uniform 

vegetation 
U 6 

Uniform single-

layered 

20 
3-6-9cm 

Submerged 
U 3-6-9 

Uniform multi-

layered 

Figure 2.15 Snapshots of 310 bank angle compound channels (a) no-vegetation (b) 6cm uniform 

vegetation (c) 3-6-9cm submerged vegetation (d) 34 percent emergent vegetation (e) 67 percent 

emergent vegetation (f) 100 percent emergent vegetation  

Table 2.3 Description of different experimental cases for Section 2.9.2 
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20 
34 percent 

emergent vegetation 
U 34E 

Uniform multi-

layered 

35 
6cm uniform 

vegetation 
U 6 

Uniform single-

layered 

35 

 

3-6-9cm 

Submerged 

 

U 3-6-9 

 

Uniform multi-

layered 

 

35 

 

34 percent 

emergent vegetation 
U 34E 

Uniform multi-

layered  

2 

20 
6cm uniform 

vegetation 
NU 6 

Non-Uniform 

single-layered 

20 

3-6-9cm 

Submerged 

 

NU 3-6-9 

 

Non-Uniform 

multi-layered 

 

20 
34 percent 

emergent vegetation 
NU 34E 

Non-Uniform 

multi-layered 

20 
67 percent 

emergent vegetation 
NU 67E 

Non-Uniform 

multi-layered 

20 
100 percent 

emergent vegetation 
NU 100E 

Non-Uniform 

single-layered 

35 
6cm uniform 

vegetation 
NU 6 

Non-Uniform 

single-layered 

35 

3-6-9cm 

submerged 

 

NU 3-6-9 

 

Non-Uniform 

multi-layered 

 

35 
34 percent 

emergent vegetation 
NU 34E 

Non-Uniform 

multi-layered 

35 
67 percent 

emergent vegetation  
NU 67E  

Non-Uniform 

multi-layered 

35 
100 percent 

emergent vegetation  
NU 100E  

Non-Uniform 

single-layered 
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2.9.3 Multi-layered floodplain vegetated channel with varying bank slopes 

Compound channels of 10 𝑚 lengths were constructed in the flume for objective 3. The 

compound channels were constructed from 3 𝑚 (downstream) to 13 𝑚 (upstream) of the flume 

(figure 2.16). Two sets of experiments were considered for the study. In Set 1, the bank angle 

of the compound channel was considered to be 450 while for Set 2, 900 bank angle was 

considered as seen in Figure 2.16 and Figure 2.17. The bank angles (450 and 900) chosen for 

the study is greater than the angle of repose of the sand (31.10). The floodplain width of both 

sets of compound channels was considered to be 0.5 𝑚 to get the same flow effect from the 

floodplain region for various experimental cases. The slopes in both cases were fixed using the 

aluminium sheet, as seen in Figure 2.17.  

  

 

 

Figure 2.16 Plan view for vegetation (b) Set-up 1/450 bank slope and (c) Set-up 2/900 bank 

slope compound channel 
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The vegetation used in the floodplain of the experiments for this objective is perennial reed 

(Phragmites karka). The vegetation is rigid and erect in nature. The same vegetation was used 

for both submerged and emergent vegetation to compare different experimental cases with less 

complications. Perennial reeds of cylindrical shape were employed in the experiments. By 

using the same diameter (1.1 𝑐𝑚) for all plants, it is possible to focus entirely on the effects of 

vegetation height on the channel's overall flow. The length of the vegetation zone considered 

in the floodplain region is 6 𝑚 (figure 2.16) which is the same as observed in sections 2.9.1 

and 2.9.2. The distance between vegetation patch lines is 0.1 𝑚 along the width and length of 

the vegetation zone, as shown in Figure 2.18. The whole vegetation zone is staggered in nature. 

Multi-layered vegetation is considered for the study, meaning that the height of vegetation 

patches changes throughout the floodplain vegetation zone.  In Set 1/450 bank slope of the 

compound channel, three experimental cases with different vegetation arrangements were 

considered. The cases are no vegetation (NV), multi-layered submerged vegetation (3-6-9 

submerged), and multi-layered partially emergent cases (34% emergent). The same cases were 

repeated for Set 2/900 bank slope of the compound channel. The snapshots of the experimental 

Figure 2.17 Snapshots of Experimental cases for Set-up 1/ 450 bank slope and Set-up 2/900 bank 

slope compound channel 
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cases are shown in Figure 2.17. The distribution of multi-layered vegetation is shown in a rough 

illustration for 1 𝑚 vegetation length in Figure 2.18(a, b). The vegetation distribution that is 

shown in Figure 2.18 for 1 𝑚 is followed for the whole vegetation zone of 6 𝑚. The distribution 

of vegetation in this section is similar to that observed in Figure 2.12 from section 2.9.1 for Set 

1. However, the difference between the two cases is that experiments from section 2.9.1 were 

performed in rectangular channels, whereas in this section, experiments were performed in 

compound channels with different bank angles. Experimental cases for Set 1 are named 45 NV, 

45 3-6-9 and 45 34E for simplicity. Similarly, for Set 2, cases are named as 90 NV, 90 3-6-9 

and 90 34E. Two discharges of 35 𝑙𝑝𝑠 and 42 𝑙𝑝𝑠 were considered for each set. The Reynolds 

number (Re) in the compound channel for 35 𝑙𝑝𝑠 and 42 𝑙𝑝𝑠 for both setups is around 30000 

and 35000, respectively. The flow is also in sub-critical condition as the Froude number is less 

than 1 for all cases. The flow depths (FD) in the floodplain (FP) and main channel (MC) were 

considered to be 0.1 𝑚 and 0.2 𝑚, respectively, for all the experimental cases. The different 

experimental case details are shown in Table 2.4. 
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Figure 2.18 A rough illustration of plan view of vegetation arrangements in the floodplain for (a) 

3-6-9 submerged and (b) 34% emergent vegetation for both set ups. Side view or X-X section of 

vegetation in the floodplain for (c) 3-6-9 submerged and (d) 34% emergent vegetation for both set 

ups. 
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The velocity reading was captured by Acoustic Doppler Velocimeter (ADV) after the initial 

sediment movement was stopped and the flow was fully developed in the channel. The velocity 

reading for both setups was performed at 5.5 𝑚 cross-section, which is situated in the 

downstream of the vegetated zone (figure 2.16(a, b)). Reading in the 5.5 𝑚 cross-section was 

also collected for rectangular partially vegetated channel in section 2.9.1 and 310 compound 

channel in section 2.9.2. Figure 2.19 (c) and 2.19 (d) shows the change of velocity profile in 

the middle of main channel from upstream (10.5 𝑚) to downstream (5.5 𝑚) for the 450 and 

900 bank slope compound channel respectively. It is observed that velocity profile remains 

almost constant after 7 𝑚 section for both bank angles. This suggests that the flow is fully 

developed in the measurement section (5.5 𝑚) of the present study for both bank angles. The 

Figure 2.19 Different sections in the 5.5 m cross-section where ADV reading was captured for (a) 

Set-up 1/450 bank slope and (b) Set-up 2/900 bank slope compound channel. Velocity change in 

main channel from upstream (10.5 m) to downstream (5.5 m) for (c) Set-up 1/450 bank slope and 

(d) Set-up 2/900 bank slope compound channel.  
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velocity reading at 5.5 𝑚 cross-section was captured at 17 vertical sections for both setups, as 

shown in Figure 2.19 (a, b). The distance between the two vertical sections is 5 𝑐𝑚 apart in the 

floodplain and main channel. However, in and around the slopes, the distance is 2.5 𝑐𝑚 as it 

acts as the flow interaction region between the main channel and the floodplain of the channel. 

The notations in Figure 2.19 (a, b) are: FP stands for floodplain; SL is slopes and MC is the 

main channel. The number adjacent to the abbreviation denotes the distance in ‘cm’ from the 

left wall as seen from upstream of the flume. It is crucial to note that even though SL 52.5 and 

SL 55 are located at Set 2's main channel (figure 2.19(b)), they are referred to as "SL" so that 

Set 2 and Set 1 can be compared without any misunderstanding. At each vertical section, more 

than 20, 25, and 30 readings were captured at the floodplain, slopes, and main channel 

respectively. The red cross sign in Figure 2.18 (a, b) shows the sections in the floodplain where 

ADV reading was captured for 3-6-9 and 34E cases for both setups. The vegetation preceding 

and succeeding the red cross sign is blue (6 𝑐𝑚) for all the vegetation cases (figure 2.18). This 

was done to ensure that the identical condition is seen in all experimental scenarios right before 

and after the velocity measurement locations. 
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Set 
Bank 

Slope 
Re 

FP 

depth 

(𝑚) 

MC 

depth 

(𝑚) 

Discharge 

(𝑙𝑝𝑠) 

Experimental 

cases 

Notation of 

experimental 

cases 

1 450 

30000 0.1 0.2 35 No vegetation 45 NV 

30000 0.1 0.2 35 

Multi-layered 

fully 

submerged 

45 3-6-9 

30000 0.1 0.2 35 

Multi-layered 

partially 

emergent 

45 34E 

35000 0.1 0.2 42 No vegetation 45 NV 

35000 0.1 0.2 42 

Multi-layered 

fully 

submerged 

45 3-6-9 

35000 0.1 0.2 42 

Multi-layered 

partially 

emergent 

45 34E 

2 900 

30000 0.1 0.2 35 No vegetation 90 NV 

30000 0.1 0.2 35 

Multi-layered 

fully 

submerged 

90 3-6-9 

30000 0.1 0.2 35 

Multi-layered 

partially 

emergent 

90 34E 

35000 0.1 0.2 42 No vegetation 90 NV 

35000 0.1 0.2 42 

Multi-layered 

fully 

submerged 

90 3-6-9 

35000 0.1 0.2 42 

Multi-layered 

partially 

emergent 

90 34E 

Table 2.4 Description of various experimental cases for Section 2.9.3 
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3 Hydrodynamics of partially vegetated channel 

with multi-layered vegetation1 
 

3.1 Introduction 

The flow mechanism of river channels spanning both the main channel and floodplain regions 

is better understood by laboratory research that takes into account the partial vegetation cover 

of the flume width.  The main channel flow is influenced by vegetation in the floodplain region 

during the high flood season (Dupuis et al., 2017; Proust and Nikora, 2019; Mehrabani et al., 

2020; Modalavalasa et al., 2023). The interaction between the floodplain and main channel 

regions is known to exhibit high turbulence due to the significant momentum exchange taking 

place (Nezu and Onitsuka, 2001; Truong et al., 2019; Caroppi et al., 2021; Shi et al., 2023; 

Yan et al., 2022). However, the strength of the momentum exchange depends upon factors like 

distribution, submergence level and density of vegetation. This chapter investigates the role of 

vegetation height and density on flow characteristics in partially vegetated channels. The study 

considers single-layered and multi-layered vegetation with three different vegetation heights 

for multi-layered vegetation to obtain a wider range of height heterogeneity. In previous 

studies, only two different heights were considered for heterogeneous vegetation (Huai et al., 

2014; Ahmad et al., 2020; Tang et al., 2021; Rao et al., 2022). Previous studies have analyzed 

transverse Reynolds shear stress (RSS) and quadrant analysis as means to comprehend the 

intricate interaction between vegetated and main channel regions in partially vegetated 

channels (Nezu and Onitsuka, 2001; Truong et al., 2019; Truong and Uijttewaal, 2019; Koken 

and Constantinescu, 2021; Caroppi et al., 2021; Taborda et al., 2022; Shi et al., 2023). 

However, these studies did not thoroughly examine streamwise RSS, which is crucial for 

understanding turbulence in the vertical plane. This chapter analyzes both streamwise and 

transverse RSS to explain the role of vegetation emergence and density in determining overall 

flow. It will specifically investigate the influence of vegetation emergence and density within 

the vicinity of the intersection between the vegetated channel and the main channel. 

Additionally, the chapter also expands on quadrant analysis to understand bursting events in 

 
1 Barman, J., Kumar, B., & Balachandar, R. (2024). Hydrodynamics in Channels with Partial Vegetation Cover: 

Investigating the Effects of Homogeneous and Heterogeneous Vertical Vegetation Distribution. Advances in 

Water Resources, 104642. https://doi.org/10.1016/j.advwatres.2024.104642 
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regions of heterogeneous vegetation height, expanding upon previous studies that considered 

only uniform vegetation height (Afzalimehr et al., 2011; Devi and Kumar, 2016; Truong et al., 

2019; Li et al., 2020; Wang et al., 2022; Shi et al., 2023). By conducting the above-mentioned 

analysis, a deeper understanding of the flow dynamics present in areas with submerged and 

emergent vegetation can be achieved. 

3.2 Velocity distribution 

 

The arrangement of vegetation and its geometry, coupled with the submergence level determine 

the flow nature in the partially vegetated channel. Figure 3.1 displays the contours of 

streamwise mean velocity (𝑢̅) for the partially vegetated scenarios with varying vegetation 

heights and emergence levels. To make comparisons across different test cases, the velocity 

values are non-dimensionalized by the average velocity (U) in the channel. The black vertical 

dotted line demarcates the vegetated channel (VC) from the main channel (MC). The horizontal 

dotted line in Figures 3.1(a) and 3.1(b) show the vegetation height (VH). The heights of 

different vegetation cases and velocity measuring locations for this chapter were explained in 

detail in section 2.9.1. In the heterogenous height/mulit-layered cases (Figures 3.1(c, d)), the 

vegetation height in the cross-section of the floodplain region is shown at different locations 

by short dashes and the notation ‘VH’. The velocity distribution in a partially vegetated channel 

with uniform vegetation of height 0.06 𝑚 on the floodplain is depicted in Figure 3.1(a).  It is 

observed that velocity in the vegetated region of PV 6 (Figure 3.1(a)) is low for 𝑧 ℎ ≲ 0.3⁄  due 

to the presence of the cylinder wakes, after which it increases towards the surface of water. It 

is crucial to acknowledge that the observed pattern of velocity distribution arises from the 

interaction between the vegetation and water flow. The presence of vegetation induces the 

formation of wakes behind the vegetation elements, thereby influencing the velocity 

distribution within the VC. Other researchers have noted a similar behavior (Kouwen et al., 

1969; Ikeda and Kanazawa, 1996; Carollo et al., 2002; Nepf, 2012). This drag is influenced by 

frontal area of the vegetation which is also observed in Figure 3.1. The location of velocity 

increase in PV 6 remains consistent across the cross-sectional area of the floodplain region due 

to the uniformity of vegetation height within the channel. As the vegetation in PV 100E is 

emergent in Figure 3.1(b), the resistance from the vegetation elements completely characterizes 

the floodplain region. The velocity profile in VC of PV 100E is uniform throughout the flow 

depth. It is observed that velocity in the VC of PV 100E is lower compared to PV 6 as the 

height and frontal area in PV 100E is higher, providing more obstruction capacity in the VC. 
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Figures 3.1(c) and 3.1(d) show the velocity contours under the influence of multi-layered cases 

in the VC. The location of velocity increase in the VC is in accordance with the change in the 

height of the vegetation in the region. It is observed from PV 3-6-9 (Figure 3.1(c)) that velocity 

starts to increase at a lower 𝑧/ℎ ratio when the vegetation height is short (0.03 𝑚), whereas it 

starts to rise at higher location for longer vegetation (0.09 𝑚). The same behavior is also 

observed in the case of PV 34E (Figure 3.1(d)), with greater obstruction in the VC with the 

emergent vegetation height (0.2 𝑚). The vegetation height also affects the flow velocity in the 

MC, as seen in Figure 3.1. The velocity in the MC is highest for PV 100E followed by PV 34E. 

The MC velocity in PV 3-6-9 is slightly higher than PV 6 even though the average frontal area 

for both cases is same in the VC. This can be attributed to the varying height of vegetation near 

the VCMCI location (VC 45), which impacts the flow velocity in the MC. In the case of PV 6, 

VC 45 is obstructed by 6 𝑐𝑚 height vegetation, whereas it is 9 𝑐𝑚 for PV 3-6-9 case. The 

higher frontal area in the intersection of VC and MC allowed for slightly higher velocity in the 

main channel. This finding was supported by examining the velocity profile of homogeneous 

height/single-layered (PV 6 and PV D 6) and multi-layered (PV 3-6-9 and PV D 3-6-9) at the 

middle of the MC, as depicted in Figures 3.2(b, d). At MC 75 location from Figure 3.2(b), there 

is an increase of 5.6% in depth-averaged velocity for PV 3-6-9 compared to PV 6. This 

percentage increases to 15.8% when the density in the VC increases (Figure 3.2(d)).  

Figures 3.2(a) and 3.2(c) shows comparison of velocity profiles in the middle of the floodplain 

(location VC 25) for Set 1 and Set 2 of vegetation arrangements. It is observed that velocity 

profiles for PV 6, PV 3-6-9 and PV 34E at section VC 25 for both density arrangements show 

an increase in value from the top of vegetation towards the water surface. However, velocity 

profile of PV 100E and PV D 100E is uniform throughout the flow depth in the VC as the 

vegetated zone is fully emergent. The role of vegetation density in the MC is also observed in 

Figures 3.2(b) and 3.2(d), where there is a depth-averaged velocity increase of more than 25% 

for PV D 34E compared to PV D 3-6-9 (Figure 3.2(d)), whereas it is under 25% in case of Set 

1 (Figure 3.2(b)). The velocity profiles of 100% emergent vegetation (green colour) at the MC 

75 location from Figures 3.2(b) and 3.2(d) show that the location of maximum velocity is at 

𝑧 ℎ ≈ 0.3⁄ . It is observed that as 𝑧 ℎ > 0.3⁄ , the velocity in the 100% emergent case decreases 

slightly as it approaches the water surface. This velocity dip phenomenon in the MC zone was 

observed in simulated data by Choi and Kang (2006) and measured data by Shimizu and 

Tsujimoto (1994) while considering submerged vegetation. However, the dip phenomenon is 

not observed for submerged vegetation conditions in the present study. This absence of dip 
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phenomenon for submerged vegetation was also confirmed by Naot et al. (1996a) and Nezu 

and Onitsuka (2001). The dip phenomenon is only observed in fully emergent cases for both 

sets in the present study. Kirkgöz and Ardiçlioğlu (1997) showed velocity dip in open channel 

flow near the sidewall. However, in the present study the fully emergent vegetation acts as a 

sidewall which creates the dip phenomenon.  

 

 Figure 3.1 Velocity contours of partially vegetated cases of Set 1 for 35 𝑙𝑝𝑠 
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Figures 3.3(a) and 3.3(b) shows streamwise velocity profiles of fully emergent cases at 

different locations of MC for both sets. The maximum velocity location progressively shifts 

towards the water surface while moving from the MC 55 to the MC 85 section. It is observed 

that because of the dip phenomenon, positive gradient is observed near the channel bed and 

negative velocity gradient is observed near the water surface. The dip phenomenon in the main 

channel of emergent cases is prominent because of secondary circulations observed in the main 

channel of PV 100E and PV D 100E in Figure 3.3(c, d). Furthermore, in the vegetated zone of 

PV 100E and PV D 100E, negative transverse velocity dominates over vertical velocity 

showing the flow to move from the vegetated region to the main channel. This shows that the 

flow is two dimensional for emergent cases where only horizontal interaction is observed 

between the floodplain and main channel. Though hints of circulation are observed in the 

present study, further experimentation need to be done with different vegetation emergence 

and dense measurement spacing for proper qualitative assessment. Choi and Kang (2006) also 

mentioned that the dip phenomenon is important for streamwise RSS (𝑢′𝑤′̅̅ ̅̅ ̅̅ 𝑈2⁄ ) near the 

VCMCI section as seen in Figure 3.4(b, f). It is observed that the magnitude of negative RSS 

decreases as one moves away from VCMCI section. The presence of these negative RSS near 

Figure 3.2 Velocity profile of partially vegetated cases at VC 25 and MC 75 sections for 35 𝑙𝑝𝑠 
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the VCMCI section and its link to different bursting events will be discussed in detail in the 

subsequent sections. 

 

 

 

3.3 Momentum exchange at the downstream cross-section of the vegetated channel 

Figure 3.4 presents the normalized streamwise Reynolds shear stress (RSS) in the 5.5 m cross-

section of the channel for different submergence and density conditions. The RSS in the 

uniform vegetation setup (Figure 3.4(a) and 3.4(b)) have uniform values at nearly the same 

location in the vegetated portion. The RSS for PV 6 in Figure 3.4(a) has larger values in the 

region 𝑧 ℎ = 0.3 − 0.6⁄  across the floodplain cross-section because of uniform vegetation 

height of 0.06 𝑚. The same scenario is observed for PV 100E in Figure 3.4(b), where RSS is 

very low in the VC as all vegetation is above the water surface. However, the RSS in the VC 

of PV 3-6-9 (Figure 3.4(c)) reaches maximum at different locations compared to the PV 6 case. 

The reason is the combined influence of variable vegetation height in the vegetated portion of 

PV 3-6-9 which provides variable flow obstruction. The RSS reaches the highest magnitude 

Figure 3.3 Transformation of velocity profile from MC 55 to MC 85 in the main channel of (a) PV 

100E and (b) PV D 100E. Secondary flow direction for (c) PV 100E and (d) PV D 100E at the 5.5 m 

cross-section 
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near the top of submerged vegetation. That is why the location of maximum RSS varies in PV 

3-6-9 and PV 34E. The RSS behind 0.03 𝑚 height vegetation in PV 3-6-9 indicates higher 

values at a lower height compared to 0.06 𝑚 and 0.09 𝑚 height vegetation. This pattern in the 

RSS is also observed in PV 34E (Figure 3.4(d)). The RSS for PV 34E is comparatively lesser 

compared to the PV 6 and PV 3-6-9 cases because of higher flow obstruction in the floodplain 

region of PV 34E case. The magnitude of RSS in the MC is also influenced by vegetation 

arrangement in the VC. The percentage of emergent vegetation in the vegetated portion is 

directly proportional to the magnitude of RSS in the MC. The RSS magnitude of PV 34E and 

PV 100E from 0.7 − 0.85 𝑚 channel width at 𝑧 ℎ⁄ ≲ 0.2  is more compared to submerged 

cases of PV 6 and PV 3-6-9. This magnitude is enhanced with an increase of vegetation density 

in the VC as observed in Figures 3.4(f) and 3.4(h). Emergence of vegetation in the VC ensured 

negative RSS near the VCMCI location in the MC, which is evident from Figure 3.4(b, d). The 

negative RSS in the vicinity of VCMCI section shows the presence of outward and inward 

interactions. The magnitude of negative RSS is high for PV 100E as compared to PV 34E, 

which shows that vegetation emergence percentage is directly proportional to the magnitude of 

negative RSS in the MC. The penetration of negative streamwise RSS in the VC increases with 

high vegetation density and emergence as observed for PV D 100E in Figure 3.4(f). The 

negative streamwise RSS in PV D 100E shows high magnitude inside the VC till  0.2 𝑚 from 

VCMCI and is observed to enter deep inside the floodplain region.
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Figure 3.4 Streamwise RSS for different partially vegetated cases at 35 𝑙𝑝𝑠 for Set 1 and Set 2 
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The momentum exchange across the VCMCI section for different vegetation emergence and 

density in the horizontal plane could be better understood by studying the transverse RSS. The 

region near the VCMCI section gets affected the most as can be observed in Figures 3.5 and 

3.6. The normalized transverse RSS (𝑢′𝑣′̅̅ ̅̅ ̅ 𝑈2⁄ ) is negative and its magnitude is higher from 

0.4 𝑚 − 0.6 𝑚 channel width for all the vegetation arrangements in Figure 3.5. The white 

portion in Figures 3.5(b) and 3.5(d) depicts that the value of normalized transverse RSS is very 

high. This means that the momentum near the VCMCI section is towards the floodplain region 

(Truong et al. 2019). With increase in vegetation emergence, the magnitude of negative RSS 

also increases. The increase of white patch in Figures 3.5(f) and 3.5(h) indicates that as 

vegetation density in the floodplain region increases, the contribution of high transverse RSS 

in the MC also increases. This observation further suggests the presence of horizontal vortices 

within this particular region. These vortices are strongest in case of 100% emergent vegetation 

followed by 34% emergent vegetation. Nezu and Onitsuka (2001) also concluded that with the 

increase in vegetation density and Froude number, transverse RSS peaks near the junction of 

vegetated and main channel zone. With increase in distance from the VCMCI section towards 

the MC, the transverse RSS mostly adopts positive values which shows that the momentum is 

opposite to that observed near the VCMCI section. Furthermore, this positive RSS is observed 

with increased vegetation density and emergence in the floodplain region. The contribution of 

transverse RSS in the cross-section of the channel for all vegetation arrangements is also 

depicted in Figure 3.6. The normalized transverse RSS is shown for the mid-depth portion of 

the channel. The region near vegetation-main channel interaction is observed to be affected the 

most throughout the cross-section. These peaks in transverse RSS near VCMCI section for 

partially vegetated channels were also observed by other researchers like Nezu and Onitsuka 

(2001), Koken and Constantinescu (2021) and Caroppi et al. (2021). The present study shows 

that the peak of transverse RSS is directly proportional to the vegetation density and emergence 

in the VC. That is why the peaks in PV D 34E and PV D 100E are the highest among all the 

cases. The influence of transverse RSS at the mid-depth in the VC is almost similar for all 

vegetation cases.  However, its impact on the VCMCI and MC is dependent on the vegetation 

arrangement in the floodplain region. Another point that is to be noted is that some of the maps 

in Figures 3.4 and 3.5 appears to be noisy mainly in the VC. The reason is that the measurement 

distances are not dense enough to capture a continuous flow description in the VC. A single 

vertical velocity measurement between two stems were captured which makes the Figures 3.4 

and 3.5 to be noisy. However, the underlying idea of the analysis is to show the influence of 

TH-3317_196104010



 

57 Flow Characteristics in Multi-Layered Vegetated Channels 

different vegetation arrangements on the overall cross-section of the channel for better 

visualization of the flow dynamics. As this section showed the role of vegetation emergence 

and density in the overall downstream cross-section, Section 3.3 will concentrate the analysis 

in the VCMCI section (Figures 3.7, 3.9 and 3.10) or in the adjacent sections (Figures 3.8 and 

3.12).
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 Figure 3.5 Transverse RSS contouring of different partially vegetated cases at 35 𝑙𝑝𝑠 for Set 1 and Set 2 
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3.4 Flow dynamics in and around vegetated channel-main channel interface 

Previous researchers like Lightbody and Nepf (2006), Nepf (2012) and Huai et al. (2021) have 

considered spatial averages to remove spatial heterogeneity. They mentioned that in case of 

emergent vegetation, when diameter (d) of vegetation elements is less than spacing between 

vegetation (s) i.e., 𝑑 < 𝑠, the dominant turbulence length scale is 𝑑 which is also the case in the 

present study. However, this section focusses on the flow analysis at the VCMCI location of 

the 5.5 𝑚 cross-section to get a better clarity of the role of vegetation height. The implications 

of varying vegetation height on the interface of vegetation and main channel are shown in 

Figure 3.7. The magnitude of RSS for single-layered (PV 6 and PV D 6) and multi-layered (PV 

3-6-9 and PV D 3-6-9) submerged vegetation height reaches maximum values at different 

heights (𝑧 ℎ⁄ ≈ 0.3 and 𝑧 ℎ⁄ ≈ 0.5). The reason is because of the local effect of different 

heights of vegetation in front of VCMCI section as seen in the plan view of Figure 2.12. As the 

emergence in the VC increases (34%), the streamwise RSS distribution (blue color) in both 

sets exhibits significantly lower values throughout the flow depth, as compared to the case of 

multi-layered submerged vegetation (red color). Despite the fact that the height (9 𝑐𝑚) in front 

of the VCMCI section remains the same for both cases, this observation indicates that the 

momentum exchange occurring in the VCMCI section is influenced by the overall vegetation 

emergence rather than being solely dependent on the local effects of individual vegetation 

elements. However, this point mainly works when the average frontal area varies which is 

observed for 34% emergent vegetation. In the case of the same average frontal area in the VC, 

the maximum RSS is almost the same as observed in submerged single-layered (black color) 

and multi-layered (red color) vegetation distribution in Figure 3.7. Furthermore, Shi et al. 

(2023) observed negative RSS in the near-bed in the VCMCI section for submerged vegetation. 

Figure 3.6 Transverse RSS (𝑢′𝑣′̅̅ ̅̅ ̅ 𝑈2⁄ ) at mid-depth portion of 5.5 m cross-section for Set 1and Set 2 
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However, no such negative RSS is observed for submerged vegetation in the present study, as 

depicted in Figure 3.7. The present study considered sparse and transition canopy for 

submerged vegetation which does not show negative RSS. However, with fully emergent cases 

(green color) for both sets, negative RSS is observed near the surface, as seen in Figure 3.4(b, 

f). This shows the presence of inward and outward interactions near the water surface and it 

transitions to ejection and sweep events as it approaches the channel bed. 

 

 

The strength of these bursting events near the VCMCI section at MC 55 for both emergent 

cases is shown in Figure 3.8. The streamwise and transverse Reynolds shear stress (−𝑢′𝑤′̅̅ ̅̅ ̅̅  and 

−𝑢′𝑣′̅̅ ̅̅ ̅̅ ) can be divided into four quadrants based on the signs of the fluctuating components 

streamwise (𝑢′), vertical (𝑤′) and transverse (−𝑣′) velocity (Lu and Willmarth, 1973 and Shi 

et al., 2023). The four quadrants and their events are 1st quadrant, outward interaction (𝑢′ > 0, 

𝑤′ > 0) and (𝑢′ > 0, −𝑣′ > 0); 2nd quadrant, ejection (𝑢′ < 0, 𝑤′ > 0) and (𝑢′ < 0, −𝑣′ >

0); 3rd quadrant, inward interaction (𝑢′ < 0, 𝑤′ < 0) and (𝑢′ < 0, −𝑣′ < 0); 4th quadrant, 

sweep (𝑢′ > 0, 𝑤′ < 0) and (𝑢′ > 0, −𝑣′ < 0). The contribution of different events to total 

streamwise RSS (𝑢′𝑤′̅̅ ̅̅ ̅̅ ) at a particular point is calculated as follows (Raupach, 1981): 

〈𝑢′𝑤′〉𝑖,𝐻 = lim
𝑇→∞

1

𝑇
∫ 𝑢′𝑇

0
(𝑡)𝑤′(𝑡)𝐼𝑖,𝐻[𝑢′(𝑡)𝑤′(𝑡)]𝑑𝑡                                                             (3.1) 

Where 𝐼𝑖,𝐻 denotes indicator function which is defined as: 

𝐼𝑖,𝐻[𝑢′(𝑡)𝑤′(𝑡)] = {
1, 𝑖𝑓 (𝑢′𝑤′)𝑖𝑠 𝑖𝑛 𝑞𝑢𝑎𝑑𝑟𝑎𝑛𝑡 𝑖 𝑎𝑛𝑑 |𝑢′𝑤′| ≥ 𝐻(𝑢′𝑢′̅̅ ̅̅ ̅̅ )0.5(𝑤′𝑤′̅̅ ̅̅ ̅̅ ̅)0.5

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
    (3.2) 

Figure 3.7 Streamwise RSS for (a) Set 1 and (b) Set 2 at VCMCI location  
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The stress fraction is defined as: 

𝑆𝑖,𝐻 =
〈𝑢′𝑤′〉𝑖,𝐻

𝑢′𝑤′̅̅ ̅̅ ̅̅ ̅                                                                                                                           (3.3) 

Here, 𝐻 represents the hole size which is called the hyperbolic hole region. If 𝐻 = 0, it 

considers all the fluctuating components of 𝑢′ and 𝑤′. With the increase in hole size, only the 

strong events are considered. In Figure 3.8, two points are selected near the water surface 

(𝑧 ℎ⁄ = 0.6) and channel bed (𝑧 ℎ⁄ = 0.1) at MC 55 to understand the strength of the bursting 

events. As the hole size increases, the value of 𝑆𝑖,𝐻 decreases and ultimately becomes zero after 

a certain 𝐻. The outward (Q1) and inward interactions (Q3) are positive and dominate at 𝑧 ℎ⁄ =

0.6 compared to ejection (Q2) and sweep (Q4) as seen in Figure 3.8 (a, b). The value of Q1 is 

slightly greater than Q2, which implies the movement of the parcel of water upwards in that 

region. In the near-bed at 𝑧 ℎ⁄ = 0.1, Q2 and Q4 are positive and have higher values compared 

to Q1 and Q3. This is true for all cases as seen in Figure 3.4, where near the channel bed 

streamwise RSS is high and positive in and around the VCMCI section. It shows the prevalence 

of Q2 and Q4 near the channel boundary in the vertical plane, which helps increase the 

sediment transport in the region.  
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The turbulence across VCMCI in the horizontal plane for different vegetation emergence and 

density could be understood better by analysing quadrant distribution between 𝑢’ and 𝑣’. 

Figures 3.9 and 3.10 shows the distribution of  𝑢′ vs 𝑣′ at VCMCI section in the near bed-

region (𝑧 ℎ⁄ ≈ 0.1) for Set 1 and Set 2 respectively. The points for different vegetation cases 

in the near-bed region (𝑧 ℎ⁄ < 0.2) at the VCMCI section behaves the same way as observed 

in Figures 3.9 and 3.10. However, for a proper comparison, 𝑧 ℎ⁄ ≈ 0.1 is selected for 

comparing experimental cases. It is observed that in submerged vegetation cases for Set 1 (PV 

6 and PV 3-6-9), the contribution of different events is almost symmetrical. As the emergence 

level increases (PV 34E and PV 100E), the contribution slightly aligned towards the ejection-

sweep direction. This was also confirmed by Truong and Uijttewaal (2019) where they 

observed the dominance of ejection and sweep events in the VCMCI section in presence of 

emergent vegetation. As the density in the vegetated region is increased as observed in Figure 

3.10 for submerged vegetation (PV D 6 and PV D 3-6-9), the bursting events are almost evenly 

Figure 3.8 Quadrant hole function at MC 55 for PV 100E and PV D 100E at (a)-(b) 𝑧 ℎ⁄ = 0.6 and (c)-(d) 

𝑧 ℎ⁄ = 0.1 
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distributed which is contrary to Shi et al. (2023). The reason for this is that they considered a 

denser vegetated canopy whereas in the present study, sparse and transitional canopy is 

considered for submerged vegetation. This point shows the dependence of density in the 

floodplain region for the strength of coherent structures. Furthermore, the dominance of sweep 

and ejection are highest for PV D 34E and PV D 100E as shown in Figure 3.10. The alignment 

of the points towards ejection and sweep is more pronounced as density and emergence level 

of vegetation increases as seen in PV D 34E and PV D 100E. This shows that alongwith density 

of vegetation, horizontal coherent structures also depend on the emergence of vegetation in the 

floodplain region. Higher density and emergence of vegetation results in strong movement of 

the fluid parcel near the VCMCI section, which aids in sediment transport. 

 

 Figure 3.9 Quadrant distribution of different partially vegetated cases at VCMCI for Set 1 in the near-bed 

region of 𝑧 ℎ⁄ ≈ 0.1 
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Researchers have observed the dependence of turbulent kinetic energy (𝑘) on vegetation 

density and height. Hamed et al. (2017) observed higher TKE in heterogeneous height 

vegetation compared to homogeneous height as one moves towards downstream of vegetated 

zone. Li et al. (2022) studied the behavior of TKE in the mix vegetation of sparse and dense 

canopies. They also found that the TKE reaches the peak near the interface of vegetation and 

main channel. Figure 3.11 shows the convergence analysis of partially emergent (PV 34E and 

PV D 34E) and fully emergent (PV 100E and PV D 100E) cases in the near-bed (𝑧 ℎ = 0.1⁄ ) 

and near-surface (𝑧 ℎ = 0.5⁄ ) region at VC 45 and MC 55 sections. The TKE is observed to 

converge at around 6000 samples for Set 1, whereas it converges from around 8000 samples in 

Set 2 at an error percentage range of  ±5%. Though the rate of converging is different in both 

the sets as observed from the figure, it properly converges at 12000 samples which is 

considered in the study. Figure 3.12 shows the difference of TKE magnitude between vegetated 

and main channel region near the VCMCI for partially and fully emergent vegetation cases. 

The 𝑘 in Figure 3.12 is calculated as: 𝑘 = 0.5(𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅ ̅), where 𝑢′, 𝑣′ and 𝑤′ are 

fluctuating velocities in streamwise, transverse and vertical directions respectively. The 

presence of transitional and dense canopy shows substantial change in energy as one move 

from floodplains to the main channel. For Set 1 in Figure 3.12(a, b), TKE dominates at MC 55 

Figure 3.10 Quadrant distribution of different partially vegetated cases at VCMCI for Set 2 in the near-

bed region of 𝑧 ℎ⁄ ≈ 0.1 
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compared to VC 45 after a certain height (𝑧 ℎ > 0.4⁄  and 𝑧 ℎ > 0.3⁄ ). However, for Set 2 in 

Figure 3.12(c, d), the TKE in MC 55 is greater throughout the flow depth compared to VC 45 

section. The average percentage increase at MC 55 compared to VC 45 for emergent cases is 

under 25% for Set 1. On the other hand, it is more than 50% for Set 2. The low TKE magnitude 

in the vegetated region can be attributed to the fact that presence of vegetation breaks the eddies 

leading to decrease of eddies length, ultimately increasing energy dissipation without TKE 

production (Grinvald and Nikora, 1988; Koziol, 2011). The TKE magnitude further decreases 

with higher vegetation emergence and density in the floodplain region as observed in PV D 

100E. High turbulent fluctuations is observed in Set 2 (Figure 3.12(c, d)) compared to Set 1 

which results in high TKE magnitude at MC 55 section. The jump in TKE at MC 55 from VC 

45 is highest for PV D 100E case as the degree of obstruction is highest which led to higher 

diversion of turbulent fluctuations in the main channel. As one moves further away from the 

VCMCI section in the main channel, there is a gradual decrease of TKE magnitude from the 

channel bed to the surface which is depicted as dashed lines (MC 80 and MC 85) in Figure 

3.12. These TKE profiles follows a trend which is observed in open-channel experiments by 

researchers like Nezu and Nakagawa (1993), Rowiński et al. (2002) and Koziol (2011). These 

profiles show that turbulent fluctuations, specially streamwise (𝑢′) and transverse (𝑣′) have 

greater prominence near the water surface in the vicinity of VCMCI section and it decreases as 

one move away from it. The prominence of 𝑢′ and 𝑣′near the VCMCI was also observed while 

analysing transverse RSS in Figures 3.5 and 3.6.  
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Figure 3.12 Turbulent Kinetic Energy (TKE) profiles at VC 45, MC 55, MC 80 and MC 85 for (a, b) Set 1 

and (c, d) Set 2 for 35 𝑙𝑝𝑠 

 

Figure 3.11 Convergence analysis of turbulent kinetic energy for Set 1 and Set 2 for (a, b) 𝑧 ℎ = 0.1⁄  

and (c, d) 𝑧 ℎ = 0.5⁄  at VC 45 and MC 55 sections. 
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3.5 Conclusion 

This study was done to understand the role of vegetation height and density in channels which 

is partially covered with vegetation. Measurements were conducted both in the vegetation 

portion and main channel regions to understand the role of different submerged/emerging 

vegetation with two different densities. In the floodplain regions with homogeneous/single-

layered vegetation height, the velocity distribution is similar at different sections, as the 

vegetation is equally distributed across the cross-section. However, in cases where the 

vegetation height is heterogeneous/multi-layered, the velocity distribution in the vegetated 

portion changes according to the height of the vegetation. The study showed that when the 

average frontal area of the vegetated zone is the same, the flow nature in and around the 

vegetated channel-main channel interface depends on the local resistance provided by the 

vegetation elements near the VCMCI section. This was observed when analysing the flow in 

submerged multi-layered (PV 3-6-9 and PV D 3-6-9) and single-layered (PV 6 and PV D 6) 

vegetation where velocity and Reynolds shear stress (RSS) varies for both cases, although the 

average frontal area in the vegetated zone is same. Furthermore, when the vegetated zone 

partially emerges (34%), flow characteristics in both the VCMCI section and the main channel 

are mainly governed by the overall vegetation distribution rather than depending on individual 

vegetation elements near the interface.  

The VCMCI section and its adjacent areas hold significant importance in fluid dynamics and 

sediment transport due to continuous momentum exchange. This momentum exchange 

becomes particularly prominent in fully emergent cases, where a distinct velocity dip is 

observed near the water surface within the main channel. This dip phenomenon was not 

observed in other cases as the submerged vegetation distribution considered for the study was 

either sparse (𝑎ℎ𝑣𝑒𝑔 < 0.1) or transitional (𝑎ℎ𝑣𝑒𝑔 ≈ 0.1). Because of this dip in fully emergent 

cases, negative streamwise RSS was observed in the upper region of the main channel. This 

indicates the dominance of inward and outward interactions near the surface in the vicinity of 

VCMCI section. The RSS and turbulent kinetic energy (TKE) were also observed to be 

significant near the VCMCI section for all the cases. The RSS and TKE in the vicinity of 

VCMCI are enhanced with increased emergence, as observed in PV 34E and PV 100E cases. 

The increase in density in addition to vegetation emergence increases the magnitude of TKE 

and RSS across VCMCI section as observed in cases of PV D 34E and PV D 100E. The 

transverse RSS analysis showed that the strength of horizontal vortices increases with increase 
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of vegetation emergence in partially vegetated channels. Quadrant analysis considering the 

vertical (𝑢′ vs 𝑤′) and horizontal (𝑢′ vs 𝑣′) plane showed that ejection and sweep events 

dominate near the channel bed (𝑧 ℎ < 0.2⁄ ) in the vicinity of VCMCI sections in the main 

channel region. This ejection and sweep events play a crucial role in facilitating sediment 

movement. The magnitude of these events increases as density and emergence of vegetation 

increases in the floodplain, increasing the chances of sediment transport. 
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4 Flow behavior in a multi-layered vegetated 

floodplain region of a compound channel2,3 
 

4.1 Introduction 

The study of flow considering multi-layered vegetation can be extended to a compound channel 

to move closer to a real or practical field. During the high flood season, the floodplain gets 

submerged, where vegetation contributes to the flow behavior in the channel. A case study on 

a tributary of Conodoguinet Creek, Pennsylvania, USA, concludes that there is more erosion 

and bank migration in the non-forested area than the forested area (Allmendinger et al., 2005). 

Previous studies on the compound channels mainly focused on the single-layered vegetated 

floodplain (Yang et al., 2007; Dupuis et al., 2017; Proust and Nikora, 2019; Caroppi et al., 

2021). The analytical approach in compound channel was also investigated by many 

researchers (Shiono and Knight, 1991; Tang and Knight, 2008; Pu, 2019; Pu et al., 2020). 

However, these researches did not consider the variation of vegetation height in the floodplain 

of the compound channel. Ahmad et al. (2020) and Tang et al. (2021) explained flow dynamics 

in double-layered vegetation on a compound and partially vegetated channel respectively. 

However, their studies did not incorporate the variation of double-layered vegetation with 

single-layered or uniformly distributed vegetation. Laboratory experiments regarding multi-

layered vegetated floodplain compound channels are mostly unexplored due to the sheer 

complexity of handling vegetation with varying heights and densities. In addition to that, 

researchers have to also deal with flow interaction between the floodplain and the main channel 

region where constant momentum exchange takes place, making its study more interesting. 

Previous researchers complimented this floodplain-main channel interaction on a single-

layered floodplain but did not explore it in the multi-layered vegetated region (Knight and 

Shiono, 1990; Tominaga and Nezu, 1991; Truong et al., 2019; Proust and Nikora, 2019). The 

momentum exchange depends on vegetation density, height, submergence level, and 

 
2 Barman, J., & Kumar, B. (2022). Turbulence in a compound channel with the combination of submerged and 

emergent vegetation. Physics of Fluids, 34(4), 045114. https://doi.org/10.1063/5.0086739 

 
3Barman, J., & Kumar, B. (2022). Flow behavior in a multi‐layered vegetated floodplain region of a compound 
channel. Ecohydrology, 15(4), e2427. https://doi.org/10.1002/eco.2427 
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vegetation type. This changed vegetation distribution can affect the flooding and erosion 

pattern, making its study important. 

This chapter attempts to observe the flow behavior in multi-layered vegetation in the floodplain 

region of the compound channel. Heterogeneity in spacing and height is used to study the flow 

nature and its impacts on the slopes and main channel. Despite the fact that many researches 

have performed experiments on vegetation in compound channels, detailed investigation of 

flow behavior in multi-layered vegetation in the floodplain zone has been scarce. This chapter 

also attempts to address the flow nature differences between single-layered and multi-layered 

vegetation in a compound vegetated channel, which have never been investigated before. 

Although vegetation height and distribution are more random in the real field, the study is 

considered by using three layers of vegetation to reduce complexity during analysis. The 

experimental set up and different vegetation arrangement were discussed in detail in section 

2.9.2. 

4.2 Velocity 

Floodplain vegetation density influences the flow behavior in the entire cross-section of the 

channel. This effect can be seen in the main channel of the compound channel, as seen in figure 

4.1. Velocity for uniform set up in the main channel does not show any particular consistent 

trend throughout the flow depth (Figures 4.1 (a, c)). It is almost equal for 𝑧 ℎ > 0.4⁄ . The 

introduction of different vegetation density zones showed a trend where the velocity profile at 

5.5 𝑚 main channel section is highest whereas at 9.5𝑚 it shows the lowest velocity magnitude 

for both discharges (Figures 4.1 (b, d)). It is seen that there is more than 20% increase of depth-

averaged streamwise velocity in the main channel section from 9.5𝑚 section to 5.5𝑚 section. 

The role of vegetation density can also be seen in figure 4.2, where velocity profiles at various 

uniform and non-uniform setup sections are shown. The 5.5𝑚 cross-section was chosen to 

compare vegetation density in that region (7𝑚 to 5𝑚) is the same for both the setup as 

discussed in section 2.9.2 in figures 2.14 (a, b). In all the sections from SFPI to MC section, 

velocity in uniform vegetation set up is higher compared to non-uniform vegetation set up. 

However, the velocity at the MC section for uniform setup starts to diverge or increase from 

non-uniform set up at 𝑧 ℎ⁄ > 0.5. The velocity is almost the same for both vegetation setup at 

𝑧 ℎ⁄ = 0 − 0.5. The flow in the vegetation zone in a non-uniform setup travel from a sparsely 

vegetated zone to a densely vegetated zone, whereas in uniform case, the whole vegetation 

zone is densely populated from 11𝑚 to 5𝑚 (Figure 2.14 (a, b)). This decreases the velocity in 
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the floodplain zone of uniform cases, increasing the velocity in the slope and main channel 

sections. Figure 4.2 also shows the importance of vegetation height to divert the flow towards 

the main channel. The velocity in the U 3-6-9 case is greater than the U 6 case at SFPI, SM, 

and SE throughout most of the flow depth. In the MC section, velocity in both U 6 and U 3-6-

9 are almost comparable. The reason for greater velocity in slope and main channel sections 

for multi-layered vegetation (U 3-6-9 and NU 3-6-9) for most cases is the resistance it gets 

from 9𝑐𝑚 length vegetation in the SFPI section. This shows that though 33% of the vegetation 

is 3𝑐𝑚 in length, the resistance in flow is mainly provided by 9cm length vegetation. The 9𝑐𝑚 

vegetation provides more frontal area and flow obstruction. This ultimately decreases the flow 

velocity in the floodplain region and increases the velocity in the slope and main channel 

sections. This point can be seen in figure 4.2, where the velocity of NU 3-6-9 (pink color) case 

is less than the NU 6 case (blue color) at the SFPI section and becomes more significant at SE 

and MC sections. 

 

 

Figure 4.1 Velocity in the main channel of U 6 and NU 6 case from upstream (9.5m) to 

downstream (5.5m) for (a, b) 20lps and (c, d) 35lps 
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4.3 Reynolds shear stress 

The Reynolds shear stresses (RSS) help to get a better glimpse of the momentum transfer 

between different layers in streamwise, spanwise and vertical directions. There is a constant 

momentum transfer between the floodplain and the main channel region in the compound 

channel because of differences in velocities and flow depth across the cross-section (Dupuis et 

al., 2017; Proust and Nikora, 2019). Figures 4.3 and 4.4 shows streamwise and transverse RSS 

(−𝑢ˊ𝑤ˊ̅̅ ̅̅ ̅̅  and −𝑢ˊ𝑣ˊ̅̅ ̅̅ ̅) for different vegetation cases at 5.5𝑚 cross-section for 35𝑙𝑝𝑠. In all cases, 

irrespective of discharge and uniformity conditions, the RSS is more pronounced in the slope 

and the main channel sections. For higher flow depths of 𝑧 ℎ⁄ > 0.4, the streamwise RSS in 

uniform set up (U 6 and U 3-6-9) is greater than in non-uniform cases, primarily at SE and MC 

sections (Figure 4.3 (e, f)). However, no particular trend is observed for 𝑧 ℎ⁄ < 0.4  at both SE 

Figure 4.2 Velocity profile in different locations of different vegetation cases for 35 𝑙𝑝𝑠 at 5.5𝑚 cross-

section 

TH-3317_196104010



 

73 Flow Characteristics in Multi-Layered Vegetated Channels 

and MC sections.  The reason might be because of flow irregularities in the lower depth of the 

channel. The uniform setup increases the velocity in the slope and main channel sections, as 

seen in figure 4.2. As a result, the difference in velocity between the floodplain and main 

channel increases, ultimately increasing the momentum exchange compared to the non-

uniform setup. The pointwise RSS profile of SE and MC (Figure 4.3 (e, f)) shows that the RSS 

increases from 𝑧 ℎ⁄ ~0.75 to 𝑧 ℎ⁄ = 0.2, after which it decreases till the channel bed. The 

maximum magnitude of RSS in multi-layered vegetation (U 3-6-9 and NU 3-6-9) reaches more 

than 0.0003𝑚2/𝑠2 which is greater than the single-layered vegetation (U 6 and NU 6). 

Negative streamwise RSS is observed for all cases, mainly in the floodplain and SFPI regions. 

This point shows the presence of a strong circulation system in the region. However, the 

magnitude of negative RSS at the SFPI section of NU 3-6-9 case is higher than all other cases. 

An important point to be noted is that the negative streamwise RSS at the interface of vegetated-

main channel in Chapter 3 is only observed in case of emergent cases (Figure 3.4 (b, d)) and 

was absent from submerged vegetation cases (Figure 3.4 (a, c)). However, in this chapter, 

negative streamwise RSS is also observed at the SFPI for submerged vegetation (U 6 and U 3-

6-9) at the same vegetation spacing and discharge as in Chapter 3. The reason is that, in this 

chapter, in addition to the effect of vegetation, the cross-section is also non-uniform (compound 

channel), creating varying flow depth and ultimately increasing the momentum exchange 

across floodplain and main channel. The magnitude of this momentum exchange also depends 

on the bank slopes which will be discussed in detail in Chapter 5. The SFPI and SM sections 

are also subjected to high transverse RSS (−𝑢′𝑣′̅̅ ̅̅ ̅) for all cases, as seen in figure 4.4. The white 

portion in slopes shows the extreme magnitude of −𝑢ˊ𝑣ˊ̅̅ ̅̅ ̅ and display the importance of 

transverse velocity fluctuations (vˊ) in overall flow in a compound channel. It is also seen that 

the magnitude of transverse RSS (−𝑢ˊ𝑣ˊ̅̅ ̅̅ ̅) is also higher than streamwise RSS (−𝑢ˊ𝑤ˊ̅̅ ̅̅ ̅̅ ) 

especially on the slopes, implying the importance of cross-sectional momentum exchange. 
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Figure 4.3 (a-d) Contouring of streamwise RSS( −𝑢´𝑤ˊ̅̅ ̅̅ ̅̅ ̅̅ )  and (e, f) pointwise RSS at SE and MC for 35 𝑙𝑝𝑠 

at 5.5m cross-section 
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4.4 Turbulent intensities 

Figures 4.5 and 4.6 show the streamwise and transverse intensities, respectively at the 5.5𝑚 

cross-section for 35𝑙𝑝𝑠. It is evident from the figures that both intensities are greater in uniform 

set up at the slopes and main channel sections as compared to non-uniform vegetation setup. 

The maximum streamwise and transverse intensities in the SE and MC sections are greater than 

0.08𝑚/𝑠 for a uniform setup, whereas it is within 0.08𝑚/𝑠 for a non-uniform setup (Figures 

4.5 (e, f) and 4.6 (e, f)). The magnitude of intensities is also seen to be maximum in the SFPI 

section as it acts as the boundary where momentum exchange occurs between the floodplain 

and the main channel. It is also observed that the magnitude of streamwise and transverse 

intensities of multi-layered vegetation (U 3-6-9 and NU 3-6-9) at SE and MC sections are 

higher than single-layered vegetation (U 6 and NU 6) throughout the flow depth. However, the 

percentage increase of depth-averaged intensities is different for uniform and non-uniform 

vegetation set up. There is a more than 15% increase in averaged streamwise intensities (𝜎𝑢) 

at SE and MC sections in case of NU 3-6-9 to NU 6 whereas it is within 15% for U 3-6-9 

compared to U 6. Furthermore, in the case of average transverse intensity (𝜎𝑣), it is more than 

20% for non-uniform vegetation setup, whereas it is within 20% for uniform vegetation setup. 

The combined effect of varying height and vegetation density zones could result in greater 

intensity increase in the case of a non-uniform setup. On the other hand, only vegetation height 

acts as a variable, whereas vegetation spacing is constant throughout the vegetation zone in the 

uniform vegetation setup. 

Figure 4.4 Contouring of transverse RSS ( −𝑢´𝑣ˊ̅̅ ̅̅ ̅̅ ̅)  case respectively for 35 𝑙𝑝𝑠 at 5.5m cross-section 
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Figure 4.5 (a-d) Contouring of streamwise Intensity 𝜎𝑢 and (e, f) pointwise 𝜎𝑢  at SE and MC for 35 𝑙𝑝𝑠 

at 5.5m cross-section 
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4.5 Turbulent Kinetic Energy 

The results of TKE resemble turbulent intensities to some extent, as shown in Figures 4.5 and 

4.6. The magnitude of TKE is more pronounced in the slopes and main channel sections, 

irrespective of vegetation setup (Figure 4.7). Like turbulent intensities, the magnitude of TKE 

in uniform set up is greater than that of non-uniform vegetation throughout the flow depth. The 

TKE magnitude in multi-layered vegetation cases for both uniform and non-uniform setup is 

also greater than single or constant vegetation height cases, especially at slope and MC 

sections. However, there is more than a 30% increase in average TKE magnitude for multi-

layered vegetation compared to single-layered vegetation in non-uniform setup, whereas it is 

within 30% for uniform vegetation setup. It is also observed in figure 4.7 that TKE magnitude 

in the floodplain sections is comparatively less than in sloping sections. It signifies that the 

velocity fluctuating components in different directions are more pronounced in the slopes than 

in the floodplain sections. 

 

Figure 4.6 (a-d) Contouring of transverse intensity 𝜎𝑣 and (e, f) pointwise 𝜎𝑣 at SE and MC for 35 𝑙𝑝𝑠 

at 5.5m cross-section 
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4.6 Turbulent Anisotropy 

The previous sections (4.1-1.5) from this chapter compared submerged single-layered and 

multi-layered vegetation in uniform and non-uniform set up in a compound channel. However, 

the analysis of combined presence of submerged and emergent vegetation for both uniform and 

non-uniform set up will be performed in this section by using turbulent anisotropy. The 

Reynolds stress anisotropy is used to observe the deviation and quantify the anisotropy in the 

flow. Lumley and Newman (1977) expressed the non-dimensional Reynolds anisotropic tensor 

𝑏𝑖𝑗 as: 

𝑏𝑖𝑗 =
𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ ̅

2 𝑘
−

𝛿𝑖𝑗

3
                                                                                                                                     (4.1) 

where 𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅  represents Reynolds stresses in different directions, 𝑘 represents turbulent kinetic 

energy (TKE) =
1

2
(𝑢1

′2̅̅ ̅̅ + 𝑢2
′2̅̅ ̅̅ + 𝑢3

′2̅̅ ̅̅ ) and 𝛿𝑖𝑗= Kronecker's delta. The 𝑏𝑖𝑗 is a symmetric and 

traceless tensor and is bounded by −
1

3
≤ 𝑏𝑖𝑗 ≤

2

3
. The 𝑏𝑖𝑗 tensor is 0 during isotropic 

turbulence. Physically, the diagonal elements of 𝑏𝑖𝑗 (𝑏11, 𝑏22, 𝑏33) represents the relative 

contribution of Reynolds normal stress or turbulent intensity to turbulent kinetic energy. 

Furthermore, other components of 𝑏𝑖𝑗 (𝑏13, 𝑏12, 𝑏23) represents the Reynolds shear stresses to 

average turbulent kinetic energy. The eigenvalues (𝜆1, 𝜆2, 𝜆3 ) of bij tensor is found out by 

solving the characteristic equation |𝑏𝑖𝑗 − 𝜆𝛿𝑖𝑗| = 0, which gives the following polynomial:  

𝜆3 − 𝐼1𝜆2 + 𝐼2𝜆 − 𝐼3 = 0                  (4.2) 

Figure 4.7 (a-d) Contouring of TKE k and (e, f) pointwise TKE at SE and MC for 35𝑙𝑝𝑠 at 5.5m 

cross-section 
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Where 𝐼1, 𝐼2 and 𝐼3 represents first, second and third invariants respectively. These invariants 

are given as follows: 

𝐼1 = 𝑏𝑖𝑖 = 0                    (4.3) 

𝐼2 = −𝑏𝑖𝑗𝑏𝑗𝑖/2                                                                                                                                         (4.4) 

𝐼3 =
𝑏𝑖𝑗𝑏𝑗𝑘𝑏𝑘𝑖

3
= 𝑑𝑒𝑡 (𝑏𝑖𝑗)                                                                                                                                     (4.5) 

Since the 𝑏𝑖𝑗 tensor is a traceless tensor so the first invariant vanishes. Using the 2nd and 3rd 

invariant (Equation 4.4 and 4.5), an anisotropic invariant map (AIM) was constructed, which 

gives the deviation of turbulent flow from isotropy (Lumley, 1979). The – 𝐼2 and  𝐼3 represents 

the degree and nature of anisotropy, respectively (Mera et al. 2015). However, in this section 

AIM is constructed using ξ and η where ξ = (𝐼3/2)1/3 and 𝜂 = (−𝐼2/3)0.5 (Choi and Lumley, 

2001). The ξ vs η plot shows the turbulent behavior more clearly as compared to −𝐼2 vs 𝐼3 plot. 

The vertices of the Lumley triangle are:  ξ = 0, η = 0; ξ = − 1
3⁄ , η = 1

6⁄  and ξ = 1
3⁄ , η =

1
3⁄ . ξ = η = 0 represents 3D isotropic turbulence where all three components are equal 

(Simonsen and Krogstad, 2005). The left-hand side vertex of ξ < 0  denotes 2D isotropic 

turbulence and the right vertex where ξ > 0   is the 1D turbulence. The expression of the upper 

boundary which connects the 2D and 1D components is given as: 𝜂2 =
1

27
+ 2𝜉3 which also 

represents 2D turbulence. The points on the left margin denote a transformation from 3D to 2D 

where two components are equal in magnitude and dominant over the third one. When it lies 

on the right margin, it represents a transformation from 3D to 1D where one component is more 

dominant than the other two equally distributed components. The transformation from 3D to 

2D is given as a pancake-shaped structure, whereas the transformation from 3D to 1D is given 

as a rod-like or cigar-shaped structure. The pancake-shaped structures formed due to 

axisymmetric contraction, whereas cigar-shaped forms due to axisymmetric expansion 

(Lumley and Newman, 1977). The 𝐼2 and 𝐼3 invariants are also used to find the invariant 

function F which is given as: 𝐹 = 1 + 9𝐼2 + 27𝐼3 (Lumley and Newman, 1977). This invariant 

function gives information about the anisotropy level at a particular location. If 𝐹 =  0, it 

denotes 2D, whereas 𝐹 =  1 implies 3D isotropic turbulence. In AIMs, the two invariants give 

information about the degree (I2) and nature (I3) of anisotropy. However, the invariant function 

F gives an overall scenario of anisotropy at a point.  
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Figures 4.8-4.11 shows the contouring of 𝑏𝑖𝑗 stress anisotropy tensor for different vegetation 

set up at 5.5 𝑚 cross-section for 35𝑙𝑝𝑠. Figure 4.8 shows the contouring of 𝑏11 for uniform 

and non-uniform vegetation setup. It can be seen that 𝑏11 dominates in the slope and main 

channel region irrespective of the vegetation setup. The magnitude is also seen to be more 

prevalent in the uniform setup (Figure 4.8 (a) and (b)) as compared to the non-uniform setup 

(Figure 4.8 (c)-(f)). The reason can be attributed to the fact that flow is diverted more towards 

the main channel in the uniform setup. On the other hand, in the non-uniform setup, less 

diversion of flow velocity in the main channel region decreases the momentum exchange 

compared to a uniform setup. The magnitude of 𝑏11 in the slope and the main channel region 

is mostly above 0.16, whereas it is within 0.12 in the floodplain region. The situation is a little 

different in the case of 𝑏22 anisotropic tensor as shown in figure 4.9. It can be seen that the 

points in the main channel and slope end section fluctuate in the positive and negative values 

throughout the flow depth. The magnitude of  𝑏22 is less than 𝑏11 in the main channel for all 

vegetation setup cases. It means that 𝑏22 component provides less anisotropic turbulence as 

compared to 𝑏11 component in the main channel. However, in the floodplain region, the b22 

tensor is more prevalent as compared to 𝑏11 tensor. Figures 4.10 and 4.11 shows the 

contribution of 𝑏𝑖𝑗 tensor component when 𝑖 ≠ 𝑗 for different vegetation set up for 35 𝑙𝑝𝑠. 

From figure 4.10, it can be seen that 𝑏13 component heavily dominates the main channel region. 

However, its contribution in the slope end and main channel section of NU 67E and NU 100E 

case (Figures 4.10 (e, f)) somewhat consist of both positive and negative values. This behavior 

of combination of positive and negative values can also be seen for  𝑏12 component as shown 

in figure 4.11. It is also seen that the contribution of  𝑏12 in the slope region is very high as 

compared to 𝑏13. There is also a resemblance of 𝑏13 and 𝑏12 contouring with that of −𝑢′𝑤̅̅ ̅̅ ̅′ and 

−𝑢′𝑣̅̅ ̅̅ ′ contouring respectively because physically, 𝑏13 and 𝑏12 are ratio of Reynolds shear 

stress to the average turbulent kinetic energy. 
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Figure 4.8 Contouring of 𝑏11 anisotropic stress tensor of uniform and non-uniform cases at 5.5 𝑚 cross-

section for 35 𝑙𝑝𝑠 

Figure 4.9 Contouring of 𝑏22 anisotropic stress tensor of uniform and non-uniform cases at 5.5 𝑚 cross-

section for 35 𝑙𝑝𝑠 
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Though the contribution of different anisotropic tensor component 𝑏𝑖𝑗 are shown in figures 4.8-

4.11, the nature and degree of anisotropy at various points of 5.5 𝑚 cross-section for different 

vegetation setups could be understood more clearly by analyzing the anisotropic invariant map 

(AIM) as shown in Figure 4.12. The map shows the ξ vs η graph for uniform and non-uniform 

vegetation setups. From the map, it can be seen that all the points of 5.5𝑚 cross-section can be 

Figure 4.10 Contouring of 𝑏13 anisotropic stress tensor of uniform and non-uniform cases at 5.5 𝑚 cross-

section for 35 𝑙𝑝𝑠 

Figure 4.11 Contouring of 𝑏12 anisotropic stress tensor of uniform and non-uniform cases at 5.5 𝑚 cross-

section for 35 𝑙𝑝𝑠 
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either classified as pan-caked or cigar-shaped turbulence. The figure shows that most points in 

the floodplain region (FP 20 and FP 35) for all vegetation setup are pan-caked turbulence 

anisotropy (Mera et al., 2015). This means that streamwise and spanwise components dominate 

over the vertical component in the floodplain region. However, it is observed that there is a 

shift from pancake-shaped turbulence to cigar-shaped turbulence for all vegetation cases as it 

moves from the floodplain to the SFPI region. This is because SFPI is influenced by high flow 

velocity from the main channel region as it acts as the boundary where momentum exchange 

occurs. The nature and degree of approaching the 1D vertex for the SFPI section are different 

for different vegetation setups. In the non-uniform vegetation setup, the tendency of 

approaching 1D from 3D is stronger for NU 67E (Figure 4.12 (e)) as compared to NU 34E and 

NU 100E (Figure 4.12 (d, f)). The reason is that in NU 67E, combined effect of higher frontal 

area of submerged vegetation (vetiver grass) and 67% of the emergent vegetation (perennial 

reed) results in higher momentum exchange at SFPI as compared to NU 34E and NU 100E. It 

is observed from Figure 2.15 (f) that, though 100% of the vegetation is emergent in NU 100E, 

the frontal area is lesser compared to NU 67E (figure 2.15 (e)). The anisotropy of other sections 

of the 5.5 𝑚 cross-section (SM, SE, and MC) behaves in a diverse set of pancake-shaped and 

cigar-shaped structures throughout the flow depth. In the SM section, in most of the vegetation 

cases, it approaches 1D component (cigar-shaped) in the upper flow depth (z h⁄ > 0.15) 

whereas in the lower portion of the flow depth (z h⁄ < 0.15) it tends to approach 2D (pancake-

shaped) turbulence anisotropy. However, there is an exception for NU 67E and NU 100E where 

2D turbulence anisotropy seems to approach at an upper flow depth (z h⁄ ≈ 0.3) compared to 

other non-uniform vegetation set-up cases. When it comes to SE and MC, with the addition of 

lower flow depth influenced by 2D turbulence anisotropy, most vegetation cases also show a 

2D approach in the upper region of flow depth. However, all the points in the main channel 

section of NU 67E approach 2D component (pancake-shaped) turbulence compared to other 

vegetated cases where a mixed distribution of 2D and 1D components is observed throughout 

the flow depth. 
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The turbulence state in the vegetated channel can be further enhanced by studying the invariant 

function F across the 5.5𝑚 cross-section. Figure 4.13 shows the distribution of F across the 

cross-section of different vegetation setup cases for 35 𝑙𝑝𝑠. The value of F is more in most 

vegetation cases in the upper region of flow depth (>0.08m) in the slope and main channel 

region. It suggests flow in the sloping and main channel zone has a lesser tendency to approach 

2D state than floodplain region. Further, the magnitude of F in the NU 67E case is relatively 

lower in the slope and main channel region than other non-uniform vegetation setups, 

suggesting a greater tendency to attain a 2D turbulence state. This point was also seen while 

analyzing the AIM in Figure 4.12 (e). Figure 4.13 (g, h) show the point distribution of F in the 

main channel of 6cm uniform and 34E cases. It can be seen that there is a decrease in F for 

Figure 4.12 Anisotropic invariant map of uniform and non-uniform cases at 5.5m cross-section for 35𝑙𝑝𝑠 
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both cases as it approaches the channel bed. However, the decrease is more in the 34E case 

than in the 6cm uniform case for both uniform and non-uniform setups, suggesting more 

anisotropy in the 34E case.  

 

 

 

4.7 Conclusion 

Laboratory experiments were performed to study the flow behavior in multi-layered compound 

vegetated channels. The multi-layered vegetation in the floodplain of the compound channel 

was attempted to match the real field situation by using vetiver grass as submerged vegetation 

and perennial reed as emergent vegetation. It is also observed that there is an increase of more 

than 20% velocity in the main channel section as the flow progresses from sparsely vegetated 

Figure 4.13 (a)-(f) Contouring of evolution of invariant function F and (g)-(h) point distribution of 𝐹 at 

main channel of uniform and non-uniform cases at 5.5 𝑚 cross-section for 35 𝑙𝑝𝑠 
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(20cm c/c) to densely vegetated (10cm c/c) region in NU 6. Multi-layered vegetation was 

considered and compared to single-layered vegetation in compound channels. It was seen that 

flow characteristics like velocity, streamwise RSS, turbulent intensities and TKE shows higher 

magnitude for uniform set up (U 6 and U 3-6-9) compared to non-uniform set up (NU 6 and 

NU 3-6-9) in the SE and MC sections. These findings show that vegetation distribution should 

preferably be in a non-uniform set up with varying spacing to decrease turbulence and maintain 

stability of banks. Comparing the multi-layered submerged vegetation (U 3-6-9 and NU 3-6-

9) with single-layered submerged vegetation (U 6 and NU 6) showed that flow characteristics 

like velocity, RSS, and intensity are greater in the multi-layered cases. The flow contrast 

between U 6 and U 3-6-9 remains consistent, as observed in Chapter 3 for PV 6 and PV 3-6-9. 

This consistency applies across different vegetation types, where the flow characteristic 

depends on the resistance offered locally near the SFPI sections. 

The different degrees of emergent cases (34%, 67% and 100%) are compared by observing 

the flow deviation from isotropic behavior by analyzing stress anisotropic tensor for different 

vegetation cases. The analysis of anisotropic tensor component 𝑏𝑖𝑗 showed that the main 

channel is dominated by 𝑏11 whereas 𝑏22 mostly dominates the floodplain region of the 

channel. However, the difference in nature and degree of anisotropy of different vegetation 

cases could be better understood with the help of an anisotropic invariant map (AIM). The 

floodplain region of almost all the cases was seen to follow a pancake structure. This means 

the floodplain region was dominated by 2D component anisotropy. The case differs slightly in 

the SFPI section, where the points approach from 3D to 1D (cigar-shaped structure). The SFPI 

section of NU 67E is more inclined to 1D turbulence than NU 34E and NU 100E. The other 

sections (SM, SE, and MC) offer a mixed distribution of pancake-shaped and cigar-shaped 

structures for different cases. However, a higher percentage of points in the main channel 

region in the NU 67E case approaches 2D turbulence than other non-uniform vegetation setups. 

This was also seen while analyzing the invariant function 𝐹 where the value of F is less for NU 

67E than other cases, which indicates the approach towards 2D turbulence state. Further, the 

34E case also seems to have a lower F value than the 6cm uniform case for both vegetation 

setups.
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5 Flow in multi-layered vegetated compound 

channels with different bank slopes4 

 

5.1 Introduction 

A variety of factors influence a compound channel's flow. The bank angle is a key factor in 

determining the flow patterns in the channel, together with the pattern of vegetation distribution 

on the floodplain. Researchers have attempted studies concerning the bank angle effect on the 

flow in the compound channel. McBride et al. (2007) compared compound channels with 

different bank slopes (360 angled, 900 vertical and 1440 undercut) with rigid emergent 

vegetation in the floodplain portion. They found that streamwise velocity was higher in the 

angled banks' main channel than in the vertical and undercut banks. Tominaga et al. (1989) and 

Xiao et al. (2018) considered experiments in compound channels with bank slopes varying 

from 300 to 900. They found that flow characteristics like Reynolds shear stress and turbulent 

intensities are correlated with bank slopes. Xiao et al. (2018) concluded that lower-value bank 

slopes are better at maintaining riverbed stability. Yan et al. (2020) did a numerical study 

considering a curved compound channel with different bank slopes. They developed a 𝑘 − 𝜀 

turbulence model and found that flow characteristics change with a change in the channel bank 

slope. Wang et al. (2018) and Xiao et al. (2022) studied the hyporheic transport in the 

transverse direction and biogeochemical reactions in a compound channel. They changed the 

bank slopes to observe the transport of nutrients in the compound channel. Xiao et al. (2022) 

concluded that a gentle bank slope with protection of the bank slope by large stones and gravels 

is required for maintaining biogeochemical reactions, which are crucial for streambed ecology. 

Taye et al. (2023) considered meandering channels with side slopes of 900 and 350 to observe 

the morphological changes in the presence of seepage. They found that the bank gets more 

deformed in the presence of seepage as compared to no seepage condition. The studies 

mentioned focused mainly on the varying bank slopes, and little emphasis was given to the 

floodplain vegetation. The type of vegetation in the floodplain influences the flow dynamics in 

the slopes and main channel of the compound channel. When flow encounters flexible 

 
4 Barman, J., & Kumar, B. (2023). Flow in multi-layered vegetated compound channels with different bank 
slopes. Physics of Fluids. 35(3), 036601.https://doi.org/10.1063/5.0142400 
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vegetation as opposed to rigid vegetation, the channel's turbulence changes. A lot of researchers 

have used flexible vegetation in the laboratory to understand turbulence and roughness in the 

channel (Nepf and Vivoni, 2000; Carollo et al., 2002; Nepf and Ghisalberti, 2008; Huai et al. 

2019; Caroppi et al. 2021). In the present study, rigid vegetation is considered for experiments 

as the role of non-uniform height is better displayed using rigid vegetation. Furthermore, rigid 

vegetation also reduces complexities when flow encounters both submerged and emergent 

vegetation.  

The difference of flow as it encounters single-layered and multi-layered vegetation in partially 

vegetated and compound channels were discussed in detail in Chapters 3 and 4 respectively. 

That is why only multi-layered vegetation is considered in the floodplain areas in this chapter. 

This chapter attempts to understand the impact of vegetation height on the bank slopes of a 

compound channel. Studies comparing multi-layered vegetated compound channels with 

different bank slopes have also not been explored previously. The region in and around the 

slopes will be emphasized in this study as maximum flow interaction occurs in this portion of 

the compound channel. This study will also help to understand the role of slopes in determining 

the bank stability of the channel. The experimental setup of different bank angle compound 

channels was discussed in section 2.9.3. 

5.2 Streamwise velocity 

Figure 5.1 shows streamwise velocity (𝑢̅ 𝑈⁄ ) contours of 450and 900 bank slope of compound 

channel for no-vegetation and multi-layered vegetated cases. The time-averaged velocity (𝑢̅) 

is made non-dimensional by average velocity 𝑈 in the channel. The velocity contours of NV 

cases for both sets/bank slopes are shown in Figures 5.1 (a, b). The velocity difference in the 

floodplain and main channel domain is almost comparable because of the absence of 

vegetation. The little contrast in velocity between floodplain and main channel in NV cases 

(figure 5.1 (a, b)) is mainly observed because of the non-uniform cross-section of the channel. 

However, the velocity magnitude in the main channel of 450 compound channel varies 

compared to 900 compound channel. The velocity in the main channel of 45 NV case in Figure 

5.1 (a) is larger than the 90 NV case in Figure 5.1 (b). The NV cases show the bank slopes role 

while determining the channel flow. Previous researchers like Tominaga et al. (1989), 

Tominaga and Nezu (1991), and Xiao et al. (2018) also discussed the impact of bank slopes on 

the flow in compound channels in the absence of vegetation. The inclusion of vegetation in the 

floodplains gives different flow dynamics as seen in Figures 5.1(c) to 5.1(f). The velocity in 
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the floodplain for both bank slopes is very less because of vegetation obstruction. With the 

increase of emergence level (Figure 5.1(e, f)), the average frontal area increases, which 

provides more restriction to the flow in the floodplain region. Due to the flow obstruction in 

the floodplain region, flow is shifted to the main channel. However, the magnitude of shifting 

is different as it also depends on the bank slope and vegetation emergence. The velocity in the 

main channel region (0.7 𝑚<channel width<0.9 𝑚) of 45 3-6-9 is almost comparable to that of 

the 90 3-6-9 case. However, with the increase of vegetation emergence in Figures 5.1 (e, f), a 

more distinguishable difference is observed in the main channel where velocity in 45 34E is 

more than 90 34E. This increase of velocity in the main channel by lower bank angle (360 

slope) compared to vertical banks (900 slope) was also observed by Mcbride et al. (2007). This 

change in flow dynamics in the main channel is because of the change of bank slopes for both 

vegetation arrangements (3-6-9 and 34E). Therefore, it is necessary to analyze and compare 

the velocity profiles in the sloping regions of both 450and 900 compound channel, as seen in 

Figures 5.2 and 5.3. 

 

 

Figure 5.2 depicts the velocity profiles in the sloping and its nearby regions (FP 50, SL 52.5, 

SL 55, MC 60) of Set 1 and Set 2 compound channels for multi-layered vegetated cases. As 

shown in Figure 5.1, the velocity on the slopes and nearby also affects the velocity in the main 

channel. From Figure 5.2, it is seen that the velocity in 900 slopes are more compared to 450 

slopes for both multi-layered vegetation arrangements. However, the magnitude is different for 

different slope positions. In FP 50 section of Figure 5.2(a), though velocity of 900 slopes are 

Figure 5.1 Velocity contours of Set 1and Set 2 compound channel for 42 𝑙𝑝𝑠 
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greater than 450 slopes, its extent is still less than SL 52.5 and SL 55 sections in Figures 5.2(b) 

and 5.2(c). The depth-averaged velocity increase of 900 slopes in FP 50 section is around 20 −

30% for both vegetation cases. On the other hand, depth-averaged velocity increase of 900 

slopes in SL 52.5 and SL 55 sections are more than 50%. The high percentage increase of 

velocity in the 900 slopes can be attributed to the abrupt change of flow depth from FP 50 to 

SL 52.5 and SL 55 in the case of 900 compound channel. On the other hand, the change of 

flow depth in the case of 450 compound channel is very gradual. This means that the energy 

head gradually increases from FP 50 to MC 60. The slope in  450 compound channel acts as 

an extended part of the floodplain with a gradual increase of flow depth. However, in 900 bank 

slope, SL 52.5 and SL 55 are already part of the main channel and have almost achieved the 

maximum velocity. The loss of energy from FP 50 to MC 60 is more for 900 bank slope as 

compared to 450 bank slope channel. It is also observed from Figure 5.2 (d) that difference in 

velocity in MC 60 section between 450 and 900 compound channel is less than SL 52.5 and 

SL 55 sections. The depth-averaged velocity increase in MC 60 section for 900 compound 

channel is less than 10% compared to 450 compound channel. This shows that the velocity 

difference between different bank slopes is observed to be maximum in and near the slopes, 

and it decreases as it moves away from the slopes. The compound channel with progressive 

slopes reaches its maximum velocity gradually relative to slopes with steeper banks. This 

makes the steeper banks more prone to erosion. 
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5.3 Reynolds shear stress (RSS) 

Figure 5.3 shows RSS contours streamwise (−𝑢′𝑤′̅̅ ̅̅ ̅̅ 𝑈2⁄ ) direction for NV and multi-layered 

cases for Set 1 and Set 2 of compound channels. Figures 5.3(a) and 5.3(b) show that streamwise 

RSS contour has positive values both in the floodplain and main channel areas. The magnitude 

of −𝑢′𝑤′̅̅ ̅̅ ̅̅ 𝑈2⁄  increases from the surface and attains maximum value in the lower portion of 

flow depth in the main channel for both NV cases. The multi-layered floodplain vegetation 

changes RSS throughout the compound channels' cross-sections as seen in Figures 5.3(c) to 

5.3(f). The magnitude of −𝑢′𝑤′̅̅ ̅̅ ̅̅ 𝑈2⁄  in the lower region of the main channel (FD<0.1 𝑚) is 

also higher compared to NV cases. The region in and around slope (0.5 𝑚<channel 

width<0.6 𝑚) for both the compound channels follow negative streamwise RSS. However, the 

magnitude varies depending on the compound channel's vegetation emergence and bank angle, 

as observed in Figure 5.4. It is observed that all the profiles of Figure 5.4 show both positive 

and negative RSS. This suggests that the region in and around slopes for 450 and 900 channel 

is subjected to helical flow or circulation region. However, in the present study, the magnitude 

is different when the flow is subjected to different bank slopes. From Figures 5.4(b) and 5.4(c), 

Figure 5.2 Velocity profiles at and near slope region of Set 1 and Set 2 of 

compound channel for 42 𝑙𝑝𝑠 
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it is observed that the extent of negative magnitude is observed more in the 450 slope channel. 

However, the magnitude of positive RSS at 𝑧 ℎ < 0.2⁄   is more for 900 channel for both multi-

layered vegetation arrangements. This higher magnitude of positive RSS near the channel bed 

could increase the erosional process for 900 compound channel, which might fail the bank. 

Figure 5.5 demonstrates the distribution of transverse RSS (−𝑢′𝑣′̅̅ ̅̅ ̅̅ 𝑈2⁄ ) contours for NV cases 

and multi-layered vegetation cases for both bank slopes. The distribution of −𝑢′𝑣′̅̅ ̅̅ ̅̅ 𝑈2⁄  in 

absence of vegetation in Figure 5.5(a) and 5.5(b) shows a similar trend as observed in figure 

5.3(a) and 5.3(b). The indifference of −𝑢′𝑣′̅̅ ̅̅ ̅̅ 𝑈2⁄  magnitude in the floodplain and main channel 

is mainly due to the non-uniform cross-section of the channel. However, the inclusion of 

vegetation primarily affects the region in and around the slopes. The magnitude of transverse 

RSS (Figure 5.5(c-f)) is more in the sloping region compared to streamwise RSS (figure 5.3(c-

f)). Furthermore, an increase in vegetation emergence (Figure 5.5(e, f)) leads to a greater impact 

of RSS in the sloping region of the channel for both bank slopes. It shows a higher chance of 

erosion of the banks with higher vegetation emergence in the floodplain areas of the compound 

channel. 

 

 

 

Figure 5.3 Streamwise RSS (−𝑢′𝑤′̅̅ ̅̅ ̅̅ 𝑈2⁄ ) contours of Set 1 and Set 2 of compound channel for 

42 𝑙𝑝𝑠 
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Figure 5.4 Streamwise RSS (−𝑢′𝑤′̅̅ ̅̅ ̅̅ 𝑈2⁄ ) profiles at and near slope region of Set 1 and Set 2 of 

compound channel for 42 𝑙𝑝𝑠 

Figure 5.5 Transverse RSS (−𝑢′𝑣′̅̅ ̅̅ ̅̅ 𝑈2⁄ ) contours of Set 1 and Set 2 of compound channel for 42 𝑙𝑝𝑠 
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5.4 Turbulent Kinetic Energy (TKE) 

Figure 5.6 shows the TKE contours of 450and 900 bank slopes of compound channels for both 

NV and multi-layered vegetation arrangement cases. From the NV cases in Figures 5.6(a) and 

5.6(b), the TKE is similar in the main channel and floodplain areas. However, the slopes of 45 

NV show a higher TKE because of the non-uniform channel cross-section. This increase of 

TKE in and around slopes is more evident with vegetation in the floodplain, as seen in Figures 

5.6(c) to 5.6(f). The TKE is further increased with vegetation emergence for both bank slopes 

as seen in Figures 5.6(e) and 5.6(f). The 34% vegetation emergence provides greater 

obstruction in the floodplain, ultimately escalating the momentum exchange between the main 

channel and the floodplain. This affects the slopes where higher turbulence is observed 

compared to 3-6-9 multi-layered submerged vegetation. The higher TKE in the slopes of 

partially emergent vegetation (45 34E and 90 34E) over fully submerged multi-layered 

vegetation (45 3-6-9 and 90 3-6-9) is observed in Figure 5.7. The TKE in the slope sections 

(SL 52.5, SL 55, and MC 60) is mostly higher for 34% emergent vegetation over fully 

submerged vegetation, irrespective of the bank slopes. This shows that the extent of turbulence 

increases in and around the slopes with a greater obstruction or emergent vegetation in the 

floodplain. This might increase the chance of erosion in the sloping regions, causing the bank's 

failure. The TKE profiles in FP 50 section in Figure 5.7(a) show a similar pattern as the velocity 

profile in Figure 5.2(a). Here, the magnitude of TKE is higher for 900 bank slope compared to 

450 slope channel irrespective of vegetation arrangement. However, the definitive comment 

cannot be given for other slope sections (SL 52.5, SL 55, and MC 60) for the TKE magnitude 

as both the profiles of  450 and 900 bank slopes are almost similar in overall flow depth.  
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Figure 5.6 TKE (𝑘 𝑈2⁄ ) contours of Set 1 and Set 2 of compound channel for 42 𝑙𝑝𝑠 

Figure 5.7 TKE profiles at and near slope region of Set 1 and Set 2 of compound channel for 

42 𝑙𝑝𝑠 
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5.5 Anisotropic Invariant Map (AIM) 

The Anisotropic Invariant Maps (AIMs) are used to observe the degree of anisotropy in this 

study, particularly in the sloping regions of multi-layered floodplain vegetation at different 

bank slopes. The AIMs demonstrate turbulent flow that deviates from isotropy (Lumley, 1979). 

The coordinates of AIMs are ξ and η which denote the nature and degree of anisotropy 

respectively. Considering the ξ and η coordinates, a Lumley triangle is constructed which 

decides the nature and degree of anisotropy. The three vertices of the triangle represent 3D 

(ξ = 0, η = 0), 2D (ξ = − 1
3⁄ , η = 1

6⁄ ) and 1D (ξ = 1
3⁄ , η = 1

3⁄ ) turbulence as seen in 

Figures 5.8 and 5.9. The alignment of the points in the Lumley triangle of the AIMs determines 

whether the transformation of the point is from 3D to 2D or from 3D to 1D. Figures 5.8 and 

5.9 show Anisotropic Invariant Maps (AIM) of the floodplain, slopes, and main channel 

regions of 45 34E and 90 34E, respectively, for 42 𝑙𝑝𝑠. It is observed that contrary to floodplain 

and main channel regions, the higher percentage of points in sloping regions approach 1D 

turbulence anisotropy for both bank slopes. This shows that since the slopes get affected the 

highest when momentum exchange occurs between the main channel and floodplain, the 

transverse component dominates over the other two components (Figure 5.8(b) and 5.9(b)). 

The dominance of the transverse fluctuating component (𝑣′) in the slopes was also observed 

while analyzing transverse RSS (−𝑢′𝑣′̅̅ ̅̅ ̅̅ 𝑈2⁄ ) in Figure 5.5. The dominance of 1D turbulence 

anisotropy in the slopes of  310 bank slope comprising of both submerged and emergent 

vegetation was also observed in Chapter 4. The AIM maps showed the indifferent effect of 

flow in the slopes compared to the main channel and floodplain, as seen in Figures 5.8(b) and 

5.9(b). However, the differentiation between the two bank slopes will be further cleared while 

analyzing the bursting phenomenon in the next section.  
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Figure 5.8 Anisotropic Invariant Map (AIM) of 45 34E at 42 𝑙𝑝𝑠 for (a) floodplain, (b) slope and (c) 

main channel regions 

Figure 5.9 Anisotropic Invariant Map (AIM) of 90 34E at 42 𝑙𝑝𝑠 for (a) floodplain, (b) slope and (c) 

main channel regions 
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5.6 Bursting Phenomenon 

The turbulent structures in the slopes can be further understood by studying the bursting 

phenomenon of the streamwise RSS. These events can be divided into four quadrants based on 

the sign of Reynolds shear stress fraction (𝑆𝑖,𝐻). The 𝑆𝑖,𝐻 includes the streamwise Reynolds 

shear stress (−𝑢′𝑤′̅̅ ̅̅ ̅̅ ) and the signs of streamwise and vertical velocity fluctuations (𝑢′ and 𝑤′) 

determine the quadrant event. These events are outward interaction (𝑢′ > 0, 𝑤′ > 0), ejection 

(𝑢′ < 0, 𝑤′ > 0), inward interaction (𝑢′ < 0, 𝑤′ < 0), and sweep (𝑢′ > 0, 𝑤′ < 0). The 𝑆𝑖,𝐻 

is defined as: 𝑆𝑖,𝐻 =
〈𝑢′𝑤′〉𝑖,𝐻

𝑢′𝑤′̅̅ ̅̅ ̅̅ ̅ . The 𝑖 parameter represents the quadrant and 𝐻 is the hole size. 

The increase in hole size 𝐻 shows that weaker events are eliminated and stronger events are 

considered. The detailed explanation of quadrant analysis is given in Chapter 3. Figures 5.10 

and 5.11 shows conditional Reynolds shear stress (𝑆𝑖,0) of 45 3-6-9 and 45 34E respectively at 

42 𝑙𝑝𝑠. It is observed that the region in and around slopes is subjected to higher negative 𝑆𝑖,0 

in the 2nd quadrant (sweep) and 4th quadrant (sweep). The contribution of negative sweep and 

ejection in the slope region can be credited to the negative streamwise RSS, as observed in 

Figure 5.3. This means that in the sloping region of 45 3-6-9 and 45 34E, the movement of 

eddies is in the anticlockwise direction. Furthermore, compared to submerged vegetation (45 

3-6-9) in Figure 5.10, the increase in floodplain vegetation emergence (45 34E) in figure 5.11 

causes greater negative ejection and sweep, especially in the upper portion (FD>0.1 𝑚) of a 

sloping region. The extent of this negative ejection and sweep events in the 45 34E cases is 

also more in the upper portion (FD>0.1 𝑚) of the main channel (0.65 𝑚<channel 

width<0.85 𝑚) compared to the 45 3-6-9 case. This demonstrates that as vegetation emerges 

more frequently from the floodplain region's water surface, the compound channel's sloping 

and main channel experiences more negative ejection and sweep events. The lower region of 

the main channel where FD<0.05 𝑚, ejection (2nd quadrant), and sweep (4th quadrant) are 

subjected to positive values as observed in Figures 5.10 and 5.11. The magnitude of this 

ejection and sweep events in and around slopes shows the probability of sediment mobility in 

the region observed in Figures 5.14 and 5.15. The contribution of ejection and sweep events 

on the overall sediment transport was also reported by other researchers like Nelson et al. 

(1995), Garcia et al. (1995), Chang et al. (2011), Sharma and Kumar (2017), Wu et al. (2022), 

etc. 
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Figures 5.12 and 5.13 shows the distribution of various bursting events at the cross-section of 

90 3-6-9 and 90 34E for 42 𝑙𝑝𝑠. The distribution is similar to 450 bank slope compound 

channel from figures 5.10 and 5.11, where negative ejection and sweep events dominate in and 

around the sloping region. The movement of eddies in this negative ejection and sweep events 

region is counterclockwise. This shows that irrespective of the bank angle and in the presence 

of vegetation in the floodplain of the compound channel, the ejection and sweep events follow 

negative values in and around slopes which provides opposite movement of eddies. However, 

the magnitude of these events in the slopes is discussed by pointwise comparison, as seen in 

Figures 5.14 and 5.15.  

 

Figure 5.10 Conditional Reynolds stress (𝑆𝑖,0) contouring of 45 3-6-9 at 42 𝑙𝑝𝑠  

Figure 5.11 Conditional Reynolds stress (𝑆𝑖,0) contouring of 45 34E at 42 𝑙𝑝𝑠  

Figure 5.12 Conditional Reynolds stress (𝑆𝑖,0) contouring of 90 3-6-9 at 42 𝑙𝑝𝑠  
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Figures 5.14 and 5.15 shows the ejection and sweep events at SL 52.5 and SL 55 for 42 𝑙𝑝𝑠. 

This is required to better represent these events at and near the slope region for different multi-

layered vegetation arrangements compared to figures 5.10-5.13. In Figures 5.14 and 5.15, H=2 

is chosen for analysis so that strong ejection and sweep events are only considered, eliminating 

the weak events. It is observed that these events follow both positive and negative values, which 

was also discussed while analyzing bursting event contours from Figures 5.10-5.13. In the 900 

bank slope for 90 3-6-9 and 90 34E, the positive ejection and sweep are mostly observed in the 

lower flow region (𝑧 ℎ < 0.3⁄ ), while for 𝑧 ℎ > 0.3⁄  it follows negative values, as seen in 

Figures 5.14 and 5.15. However, ejection and sweep events in the 450 bank slope mostly 

follows negative values and only very near the bed (𝑧 ℎ < 0.1⁄ ), some points follow positive 

values. This shows that for  𝑧 ℎ < 0.3⁄ , the eddies in and around the slopes of 450 and 900 

compound channel moves in the opposite direction. Furthermore, the magnitude of these events 

as it approaches the channel bed (𝑧 ℎ < 0.3⁄ ) is also observed to be slightly higher for 900 

bank slope. This means that the process of low-speed fluid parcel near the bed and high-speed 

fluid towards the bed is higher for 900 bank slope in and around the sloping region. This 

indicates that there is a greater tendency for erosion and deposition processes in and around 

slopes for 900 bank slope compared to 450 bank slope compound channel. This study of the 

bursting events for different bank angles in compound channels can be connected to 

morphological changes. This can be achieved by extending the present study to include mobile 

bank slopes with non-uniform sand. The movement of sediment in presence of vegetation has 

been studied by researchers like Schmeeckle (2015), Salim et al. (2017), Yang and Nepf 

(2019), Huai et al. (2021), Wang et al. (2023) etc. The quadrant analysis can be used effectively 

Figure 5.13 Conditional Reynolds stress (𝑆𝑖,0) contouring of 90 34E at 42 𝑙𝑝𝑠  
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to understand sediment movement in the presence of multi-layered vegetation in a flexible bank 

compound channel. 

 Figure 5.14 Ejection and sweep profiles of Set 1 and Set 2 of compound channel at SL 52.5 for 42 𝑙𝑝𝑠  
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5.7 Conclusion  

Compound channel experiments were employed with multi-layered vegetation height and 

varying bank slopes. The study emphasized the role of bank slope when the floodplain is 

covered with multi-layered vegetation to give an actual field perspective. The previous 

literature did not stress the collective effect of floodplain vegetation and bank slope on the 

overall flow structure in the compound channel. The study considered two sets of bank angles 

(450 and  900) of the compound channel with three cases of floodplain vegetation in each set: 

no vegetation (NV), multi-layered fully submerged (3-6-9), and multi-layered partially 

emergent (34% emergent). In the NV cases for both 45° and 90° bank angles, there is little 

difference in the flow characteristics like velocity, RSS, and TKE over the cross-section. The 

indifference in flow is mainly observed close to the slopes because of the non-uniformity of 

the cross-section of the channels. A greater change in flow dynamics in the channel is observed 

when floodplain vegetation is introduced. The higher flow diversion due to the vegetation 

obstruction affects the region in and around the slopes. However, the flow magnitude in the 

Figure 5.15 Ejection and sweep profiles of Set 1 and Set 2 of compound channel at SL 55 for 42 𝑙𝑝𝑠  
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slopes and main channel depend on the bank angle and vegetation emergence in the floodplain. 

The velocity in and around the slopes of 900 bank angle is greater than 450 bank angle for both 

vegetation setups. This shows that a gradual slope (450) achieves maximum velocity more 

gradually than a steeper (900) slope channel, making the steeper bank more prone to erosion. 

Furthermore, for both vegetation settings, the positive streamwise RSS (−𝑢′𝑤′̅̅ ̅̅ ̅̅ 𝑈2⁄ ) in and 

around the slopes is likewise higher for 900 the channel near the channel bed (𝑧 ℎ < 0.2⁄ ), 

indicating that the bank is more susceptible to erosion for 900 bank slope channels. For both 

vegetation configurations, the streamwise RSS also revealed negative RSS in the upper flow 

region close to the slopes, indicating helical flow in that area. The magnitude of streamwise 

RSS is higher for 34% of emergent vegetation, indicating that the negative streamwise RSS in 

the slopes will increase with greater floodplain obstruction. The importance of floodplain 

vegetation was also observed while analyzing TKE where higher floodplain vegetation 

emergence ensured higher turbulence in and around slopes irrespective of bank angles, 

increasing the chance of bank failure. The vulnerability of bank slopes in the compound 

channel is also recognized while analyzing transverse RSS (−𝑢′𝑣′̅̅ ̅̅ ̅̅ 𝑈2⁄ ) and anisotropic 

invariant map (AIM). The higher magnitude of transverse RSS in the presence of floodplain 

vegetation in and around the slopes indicates the chance of bank failure. The AIM analysis 

shows that slopes, irrespective of the bank angle, have the highest tendency to approach 1D 

anisotropy compared to the main channel and floodplain. This shows that the transverse 

component dominates the slopes compared to the other two regions. The quadrant analysis 

shows the presence of negative ejection and sweep events in the sloping regions irrespective 

of bank angle, indicating the counterclockwise movement of eddies in the region. However, 

the magnitude of negative events in and around the slopes is higher with higher floodplain 

vegetation emergence. The magnitude of these events at 𝑧 ℎ < 0.3⁄  is also a little higher for 

900 bank slope, showing that the chance of bank erosion is more for 900 compared to 450 

bank slope channel.
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6 Conclusions and Future Recommendations 

 

The present study considers the importance of vegetation height and emergence in partially 

vegetated and compound channels. The turbulence in river channels depends on vegetation 

distribution in the floodplain region. Flow characteristics also differ when it interacts with 

homogeneous and heterogeneous vegetation height. The study helps to understand how crucial 

it is to replicate multi-layered vegetation in the laboratory to simulate actual field conditions. 

The study can be helpful while studying soil bioengineering techniques and different nature-

based solutions to control excessive erosion and preserve bank stability. Important conclusions 

regarding hydrodynamics in different channel cross-sections with varying vegetation 

distribution are given below: 

6.1 Hydrodynamics of partially vegetated channel with multi-layered vegetation 

➢ Floodplain with homogeneous/single-layered vegetation height shows similar velocity 

and streamwise Reynolds shear stress (RSS) distribution in the cross-section of 

vegetated region, whereas it shows varying flow characteristics with 

heterogeneous/multi-layered vegetation height. 

➢ The vegetated channel-main channel interaction (VCMCI) and its adjacent region 

exhibit pronounced changes in flow characteristics because of momentum exchange 

between the vegetated and main channel regions. 

➢ When the average frontal area of the vegetated zone is same for single-layered and 

multi-layered vegetation, the flow nature in and around the vegetated channel-main 

channel interface depends on the local resistance provided by the vegetation elements 

near the VCMCI section. 

➢ Velocity dip is observed near VCMCI in the main channel for fully emergent cases. 

The dip phenomenon ensured negative and positive velocity gradients near the water 

surface and channel bed respectively.  

➢ The dip phenomenon also ensured the presence of negative streamwise RSS in the 

vicinity of VCMCI near the water surface, whose penetration into the vegetation zone 

increases with high emergence and density as observed in dense fully emergent case.  

➢ The magnitude of transverse RSS which shows the strength of horizontal vortices is 

directly proportional to vegetation emergence and density in the floodplain region. 
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➢ Bursting phenomenon analysis showed the dominance of outward (Q1) and inward 

(Q3) interactions near the surface in the main channel for fully emergent cases. The 

dominance of ejection (Q2) and sweep (Q4) events in the near-bed of main channel 

with increasing vegetation emergence and density, increases the chance of sediment 

movement. 

6.2 Flow behavior in a multi-layered vegetated floodplain region of a compound channel 

➢ Flow velocity in the main channel increases as it progresses from a sparsely vegetated 

region to a densely vegetated region in the floodplain region. 

➢ Flow characteristics like velocity, RSS, intensity and TKE are more pronounced for 

uniform vegetation spacing set up compared to non-uniform vegetation spacing set up 

in the slopes and main channel of the compound channel. This suggests that for 

maintaining bank stability and reducing turbulence, it is preferred to have vegetation 

distributed in a non-uniform setup with varying spacing. 

➢ The flow characteristics like velocity, RSS and intensity showed that its magnitude and 

impact on the slopes and main channel is greater in case of multi-layered compared to 

single-layered floodplain vegetation. The reason is that in the present scenario, 

resistance near the SFPI section is higher for multi-layered submerged vegetation. 

➢ The anisotropy analysis showed that the floodplain region of all vegetated cases follows 

pancake structure which means the domination of 2D component anisotropy in the 

floodplain. However, the points in the sloping region mostly approached from the 3D 

to 1D (cigar-shaped structure). This means the dominance of transverse component is 

more in the slopes compared to other two components. 

6.3 Flow in multi-layered compound channels with different bank slopes 

➢ The study discussed about the role of bank slopes when the floodplain vegetation is 

covered with multi-layered vegetation. 

➢ The different flow characteristics like velocity, RSS, intensity and TKE have little 

difference in the cross-section in the absence of vegetation, irrespective of bank angles. 

The indifference mainly occurs near the slopes because of the non-uniform cross-

section of compound channels. 

➢ With the introduction of floodplain vegetation, velocity near the slopes of 900 bank 

angle is greater than 450 bank angle. This shows gradual slope achieves maximum 
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velocity gradually compared to steeper banks making the steeper bank prone to 

erosion. 

➢ The positive RSS in and around slopes near the channel bed is more for steeper banks 

making it more susceptible to erosion. 

➢ The magnitude of negative streamwise RSS near the slopes near the surface of 

compound channels increases with higher vegetation emergence in the floodplain 

region. The higher emergence of the floodplain also ensures higher TKE near the 

slopes, increasing the chance of bank failure. 

➢ The quadrant analysis showed that ejection and sweep events are higher near the 

channel bed for 900 bank slope making it more vulnerable to erosion compared to 450 

bank slope channel. 

➢ The floodplain vegetation should be extended to the slopes and their nearby region to 

decrease the flow turbulence and maintain stability. 

6.4 Recommendations for Future Research 

➢ This study could be further extended to study sediment transport in the presence of 

highly dense heterogeneous floodplain vegetation. It will help to understand the 

mechanism of erosion in regions of both emergent and submerged vegetation and use 

the knowledge to control excessive erosion and preserve bank stability. 

➢ The stability of the flexible banks will also be checked by changing the roughness of 

the slopes by different vegetation elements.  

➢ The morphology change in compound channels could also be studied by considering 

flexible bank slopes.  

➢ Non-uniform bed material replicates the real field scenario in alluvial rivers. Thus, its 

use in laboratory setup can be explored further to study the flow-vegetation interactions 

in partially vegetated and compound channels. 

➢ The vegetation distribution in the study can be made more random to replicate a field 

situation. Scaled experiments in the laboratory can be performed by replicating 

vegetation distribution near the river channels. 
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Appendix A 

Velocity estimation in compound channels with 

different bank slopes using Renyi and Tsallis 

entropy5 
 

1 Introduction 

Understanding the velocity profile in any aquatic system is important for modeling and 

studying flow discharge, pollutant transport, erosional processes, and sediment transport. As 

an example, knowledge of velocity is required to find shear stress while calculating sediment 

concentration. Velocity information is required before solving various hydraulic and 

turbulence parameters like Reynolds shear stress (RSS), turbulent intensity, turbulent kinetic 

energy, etc. Velocity distribution in natural river channels and laboratory flumes differs in such 

a way that the velocity profile in natural rivers is influenced by vegetation, bends, roughness, 

and channel geometry. On the other hand, velocity distribution in laboratory flumes can be 

controlled as per the requirement. That is why velocity estimation is difficult, and many 

researchers and scientists have attempted it since last century. The first theoretical method was 

provided by Chezy, followed by Mannings, which is widely used in the problems of hydraulics. 

Several other laws, like the power law and the Prandtl-von Karman universal velocity profile 

laws were used to describe the velocity profile in open channels. Though the power law method 

is simple, its exactness with the observed value is less (Cui and Singh 2014). Furthermore, the 

velocity obtained using the Prandtl von Karman equation is not accurate, especially close to 

the bed and at the free surface. The velocity profile estimation with these methods is also 

limited for wide open channels and does not explain the dip phenomenon properly.  

Experimental and deterministic hydrodynamic approaches were utilized to determine velocity 

distributions by various researchers (Utami and Ueno, 1987; Fatima et al., 2009; Liu et al., 

2012; Wang et al., 2022). However, irregularities in the geometry and hydraulics of the open 

channels add uncertainty to the flow velocity. Entropy is a system characteristic that quantifies 

 
5 Barman, J., Roy, M. & Kumar, B. (2023). Velocity estimation in compound channels with different bank slopes 
using Renyi and Tsallis entropy. Stochastic Environmental Research and Risk Assessment. 
https://doi.org/10.1007/s00477-023-02423-2 
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the system's randomness or chaos. There are usually uncertainties connected with variables like 

flow velocity, silt content, and shear strength in hydraulic research (Kumbhakar and Ghosal, 

2016). Chiu (1987) used the concept of Shannon entropy to find the one-dimensional velocity 

profile by assuming the time average velocity as a random variable. Later Chiu (1988) 

developed a velocity profile equation that reasonably explains the effect of velocity in both 

directions, that is, longitudinal and transverse directions. However, one of the primary flaws of 

this velocity profile is that it has an excessive number of empirical parameters with no physical 

relevance. Chin and Murray (1992) used a graphical technique to illustrate velocity profile 

estimate parameters and describe the fluctuation in velocity profile over a nonuniform open 

channel flow. Marini et al. (2011) proposed a new technique for characterizing 2D velocity 

distributions based on Shannon entropy, in which the cumulative distribution function (CDF) 

was theorized using x and y-coordinates. The Tsallis entropy (Tsallis, 1988), a generalization 

of the Shannon entropy, is another type of entropy approach used to estimate velocity profile. 

Researchers like Luo and Singh (2011) and Cui and Singh (2013) used Tsallis entropy to 

generate a unique velocity profile. Since the Tsallis index parameter is accessible, it has been 

shown that the velocity profiles derived using Tsallis entropy are accurate. Renyi entropy, a 

generalized form of Shannon entropy, was used by Kumbhakar and Ghoshal (2016, 2017) to 

create 1D and 2D velocity profiles. Kumbhakar and Ghoshal (2016) found that Renyi entropy-

based velocity profile performs better than Shannon and Tsallis for laboratory and field data. 

Kumbhakar and Ghosal (2017) found that the resulting velocity profile changes with the 

parameter α, which lies in (0,1). Sharma et al. (2022 (a, b)) used all three entropies (Shannon, 

Tsallis, and Renyi) to estimate the velocities in the seepage-affected channel. Ahamed and 

Kundu (2022) used the faction-based entropy equation to fully comprehend the impact of non-

local mixing caused by turbulent bursting to foresee the one-dimensional velocity profile with 

the dip phenomenon. 

The literature discussed to predict velocities by entropy methods are either rectangular channels 

or the cross-section is uniform. However, the floodplain submerges during peak flood season, 

and it becomes a compound channel with floodplain, bank slope, and main channel regions. 

The compound channel cross-section is not uniform, and it becomes difficult to predict velocity 

distribution because of the continuous exchange momentum between the floodplain and main 

channel domains. The momentum exchange in compound channels has been discussed in detail 

in Chapters 4 and 5. Researchers have previously predicted the velocity profile in compound 

channel by various methods like the Shiono and Knight Method (SKM). The SKM provides an 
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analytical solution for the lateral distributions of depth-averaged velocity. The SKM has been 

applied to different channels by various researchers like Knight and Shiono (1990), Knight and 

Shiono (1996), Abril and Knight (2004), and Knight et al. (2007).  Bousmar and Zech (2004) 

used the method of Lateral Distribution Method (LDM) which is obtained from Navier–Stokes 

streamwise momentum equation. Patra et al. (2004) estimated the velocity in meandering 

compound channel using the power law. Other researchers tried to predict the velocity 

distribution by numerical modeling on the basis of the k-ε turbulence model (Keller and Rodi, 

1988) and on the basis of algebraic stress models, adopting the complete three-dimensional 

form of the equations (Krishnappan and Lau, 1986; Kawahara and Tamai, 1989; Prinos, 1990; 

Naot et al., 1993). Furthermore, the floodplain region is generally covered with vegetation 

which adds to the complexity. Researchers have previously predicted the velocity profile in the 

presence of vegetation in the laboratory (Kouwen et al.,1969; Carollo et al., 2002; Nepf and 

Ghisalberti, 2008). Furthermore, compound channel research was also conducted to study the 

flow structure (Dupuis et al.,2017; Proust and Nikora, 2019; Mehrabani et al., 2020). However, 

the prediction of velocity distribution by entropy method in compound channels has not been 

explored. 

The study focuses on estimating the velocity profile in the compound channel by considering 

two bank slopes of 450 and 900 in the laboratory. This study does not consider floodplain 

vegetation as it will only focus on the effect of nonuniform cross-section while estimating 

velocity profile. The study will consider the Renyi and Tsallis entropy method to estimate 

velocity distribution in the cross-section of the compound channels and will make an effort to 

assess the methods' accuracy with experimental findings. 

2 Methodology 

Experiments were performed in a laboratory flume whose length, breadth and height are 

17.2 𝑚, 1 𝑚 and 0.72 𝑚 respectively which was explained in detail in section 2.1. A compound 

channel consisting of floodplain, slope and main channel of 9 𝑚 length is constructed in the 

flume. Experiments were conducted considering two compound channels of 450 and 900 bank 

angles whose construction was explained in section 2.4 (Figure 1(a, b)). Experiments were 

conducted for two discharges of 35 𝑙𝑝𝑠 and 42 𝑙𝑝𝑠 for each bank angle of 450 and 900 

compound channels. The floodplain and main channel depth for all experiment cases were 

10 𝑐𝑚 and 20 𝑐𝑚 respectively. The detailed description of the experimental cases in this 

section is explained in Section 2.9.3. The floodplain region of the compound channels is not 
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vegetated in this section as shown in Figure 1(a, b). This was done to completely focus on 

velocity distribution using the entropy technique, only considering the effects of asymmetrical 

cross-sections and disregarding any effects from vegetation obstruction. Velocity data was 

collected using the ADV in the downstream cross-sectional region from 17 different sections, 

as shown in Figure 1(c, d). The location of velocity reading is the same which was explained 

in section 2.9.3. After filtering the velocity data, it is compared with the velocity distribution 

found by Renyi and Tsallis entropy method, which is discussed in detail in the next section. 

  

 

 

 

Figure 1 Snapshots of (a) 450 and (b) 900 compound channels from downstream section of the flume. 

Position of ADV data sections at (a) 450 and (b) 900 bank angle compound channels in the 5.5m 

cross-section. 
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3 Theoretical backgrounds 

The different steps involved in deriving the velocity distribution in the present study are given 

as follows: 

3.1 Renyi entropy velocity distributions derivation 

3.1.1 Defining Renyi entropy  

Renyi (1961) proposed Renyi entropy of order 𝛼 which was defined by Xu and Erdogmuns 

(2010) in continuous form as 

𝐻𝛼(𝑈̂) =
1

1−𝛼
𝑙𝑜𝑔2 {∫ [𝑓(𝑢̂)]𝛼𝑑𝑢̂

1

0
}                     (1) 

where 𝑓(𝑢̂)  is defined as a probability density function (PDF) and 𝑢̂ denotes the dimensionless 

velocity given by 𝑢̂ = (
𝑢

𝑢𝑚𝑎𝑥
). Velocity at particular height y from the channel bed to the top 

surface distance D is denoted as u, and the maximum velocity is specified as 𝑢𝑚𝑎𝑥. 

According to the maximum entropy principle, equation (1) is maximized within the first two 

constraints to provide the unbiased PDF  𝑓(𝑢) (Jaynes, 1957). The constraints give the 

information that measurements may provide and can be expressed in terms of statistical 

moments. The total probability is stated as the first constraint. 

∫ 𝑓(𝑢̂)𝑑𝑢̂
1

0
= 1                                                                                   (2) 

The mean value can be used to describe the second constraint: 

∫ 𝑢̂𝑓(𝑢̂)𝑑𝑢̂
1

0
= 𝑢̂𝑚            (3)   

The Lagrange multiplier approach may be used to maximize entropy. The final equation is 

obtained for PDF 𝑓(𝑢̂)  by Kumbhakar and Ghoshal (2016) after applying the method of 

Lagrange multiplier approach as follows: 

𝑓(𝑢̂) = (
−λ0− λ1𝑢

𝛼
)

1

𝛼−1
                                                                              (4) 

Where λ0 and λ1 denotes the Lagrange multipliers.  

The CDF 𝐹(𝑢̂) may be constructed by integrating the PDF 𝑓(𝑢̂) from equation (4) as follows: 

 𝐹(𝑢̂) = ∫ 𝑓(𝑢̂)𝑑𝑢̂
𝑢

0
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          = ∫ (
−λ0− λ1𝑢

𝛼
)

1

𝛼−1
𝑑𝑢̂

𝑢

0
                  (5) 

For the derivation of cumulative distribution function (CDF), Chiu (1988) used the illustration 

of isovels to show the connection between vertical (Y) and transverse (Z) (line linking points 

of equal velocity) directions, as illustrated in Figure 3, to account for the influence of the 

channel's two sides as 

𝜓 = 𝑌(1 − 𝑋)𝑁𝑖exp (𝑁𝑖𝑋 + 1 − 𝑌)              (6)

   

where 𝑌 =
𝑦+𝛿𝑦

𝐷+ℎ+𝛿𝑦
 

and 𝑋 =
|𝑥|

𝐵𝑖+𝛿𝑖
 

 

 

Detailed explanation of equation (6) is provided in Sharma et al. (2022). Therefore, if 𝑢̂ is 

chosen at random, the probability that the velocity is less than or equal to 𝑢̂ is (Chiu 1988): 

𝐹(𝑢̂) =
𝜓

𝜓𝑚𝑎𝑥
= ∫ 𝑓(𝑢̂)

1

0
 𝑑𝑢̂                                                             (7) 

The expression 
𝜓

𝜓𝑚𝑎𝑥
 in equation (7) reflects the ratio of the area between the channel bed and 

isovel 𝜓 to the total area of the channel cross-section. Equation (7) may be differentiated to 

obtain the value of 𝑓(𝑢̂): 

𝑓(𝑢̂) =
𝑑𝐹(𝑢)

𝑑𝑢
=

𝑑𝐹(𝑢)

𝑑𝜓

𝑑𝜓

𝑑𝑢
=

1

𝜓𝑚𝑎𝑥

𝑑𝜓

𝑑𝑢
                                         (8) 

Figure 3 𝜓-equation for the case (a) h<0 and (b) h=0. 

 

TH-3317_196104010



 

133 Flow Characteristics in Multi-Layered Vegetated Channels 

3.1.2 Formulation of velocity distribution 

Eqs. (4) and (8), when equated, yield the dimensionless velocity as 

𝑢̂ =
𝑢

𝑢𝑚𝑎𝑥
=

1

λ1
{−λ0 − [(−λ0)

𝛼

𝛼−1 −
𝛼

𝛼
𝛼−1

𝛼−1
λ1

ψ

ψ𝑚𝑎𝑥
]

𝛼−1

𝛼

}                (9) 

When 𝑥 = 0, Eq. (6) can be expressed as, 

𝜓 =
𝑦

𝐷+ℎ
exp (1 −

𝑦

𝐷+ℎ
)                                       (10) 

when the maximum velocity is below the water surface that is ℎ < 0  and 𝜓𝑚𝑎𝑥 occurs at some 

depth y which is defined as 𝑦 = 𝐷 + ℎ 

𝜓

𝜓𝑚𝑎𝑥
=

𝑦

𝐷+ℎ
exp (1 −

𝑦

𝐷+ℎ
)                 (11) 

When the maximum velocity is at the water surface that is ℎ ≥ 0   and 𝜓𝑚𝑎𝑥 occurs at depth y 

and is define as 𝑦 = 𝐷 

𝜓

𝜓𝑚𝑎𝑥
=

𝑦

𝐷
exp (1 −

1−
𝑦

𝐷

1+
ℎ

𝐷

)                            (12) 

As a result, the final expression for the dimensionless velocity profile is provided for ℎ < 0 as 

𝑢̂ =
𝑢

𝑢𝑚𝑎𝑥
=

1

λ1
{−λ0 − [(−λ0)

𝛼

𝛼−1 −
𝛼

𝛼
𝛼−1

𝛼−1
λ1

𝑦

𝐷+ℎ
exp (1 −

𝑦

𝐷+ℎ
)]

𝛼−1

𝛼

}         (13) 

For ℎ ≥ 0 

𝑢̂ =
𝑢

𝑢𝑚𝑎𝑥
=

1

λ1
{−λ0 − [(−λ0)

𝛼

𝛼−1 −
𝛼

𝛼
𝛼−1

𝛼−1
λ1

𝑦

𝐷
exp (1 −

1−
𝑦

𝐷

1+
ℎ

𝐷

)]

𝛼−1

𝛼

}             (14) 

3.2 Derivation of Tsallis velocity distributions 

3.2.1 Defining Tsallis entropy 

Tsallis (1988) presented a generalised form of entropy, which is expressed in continuous form 

as follows: 

𝐻(𝑈) =
1

𝑚 − 1
{1 − ∫ [𝑓(𝑢)]𝑚𝑑𝑢

𝑢𝑚𝑎𝑥

0

} 
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     𝐻(𝑈) =
1

𝑚−1
{∫ 𝑓(𝑢){1 − [𝑓(𝑢)]𝑚−1}𝑑𝑢

𝑢𝑚𝑎𝑥

0
}                         (15) 

where 𝑢 = velocity at a given position, 𝑢𝑚𝑎𝑥 = maximum velocity in the cross section, 𝑓(𝑢)= 

PDF, and m = real number. For 𝑚 > 0, 𝐻(𝑈) takes a convex shape. 

The maximum entropy principle (Jaynes (1957 I), (1957 II)) will be applied to derive the 

Tsallis-based velocity profile in a similar way to that of the Renyi entropy velocity distribution. 

The constraints give the information that measurements may provide and can be expressed in 

terms of statistical moments. The total probability is stated as the first constraint. 

                                            ∫ 𝑓(𝑢)𝑑𝑢
𝑢𝑚𝑎𝑥

0
= 1                                                                    (16) 

The mean value can be used to describe the second constraint 

                                            ∫ 𝑢𝑓(𝑢)𝑑𝑢
𝑢𝑚𝑎𝑥

0
= 𝑢̅                                                                  (17) 

where 𝑢̅ = mean velocity in the cross-section = Q/A for 1D velocity distribution. However, for 

2D velocity distribution the 𝑢̅ is represented as  𝑢̅ =
1

𝐷
∫ 𝑢𝑑𝑦

𝐷

0
  given by Marini and Fontana 

(2020).  

Now, by approach of Lagrange multipliers is used to maximize the result which is expressed 

as: 

 𝐿 = ∫
𝑓(𝑢)

𝑚−1

𝑢𝑚𝑎𝑥

0
{1 − [𝑓(𝑢)]𝑚−1}𝑑𝑢 +  λ1[∫ 𝑓(𝑢)𝑑𝑢 − 1

𝑢𝑚𝑎𝑥

0
] +  λ2[∫ 𝑢𝑓(𝑢)𝑑𝑢 − 𝑢̅

𝑢𝑚𝑎𝑥

0
] 

(18) 

where,  λ1 and  λ2 are the Lagrange multipliers. Eq. (18) is differentiated with respect to 𝑓(𝑢) 

and the derivative is equated to zero to maximise entropy. 

                                                 𝑓(𝑢) = [
𝑚−1

𝑚
(

1

𝑚−1
+   λ1 + λ2𝑢)]

1 𝑚−1⁄

                             (19) 

For simplified version of Eq. (19), let   λ𝑓 =
1

𝑚−1
+   λ1 , and replacing 

1

𝑚−1
+   λ1 with   λ𝑓, it 

simplifies to 

                                                𝑓(𝑢) = [
𝑚−1

𝑚
(  λ𝑓 + λ2𝑢)]

1 𝑚−1⁄

                                           (20) 

Entropy-based probability distribution (Eq. (20)) should be coupled to the space domain to 

represent the velocity profile over the entire cross-section. To achieve that goal, it is necessary 
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to theorize the CDF, which could represent the channel's geometry. Cui and Singh (2012) 

demonstrated that this kind of nonlinear cumulative distribution function. 

                                              𝐹(𝑢) = [1 − (
𝑥

𝐵
)

2

]
𝑏

(
𝑦

𝐷
)

𝑎

                                                        (21) 

 

 

Considering a rectangular cross section, with the co-ordinate of the center as (0, 0), i.e., at the 

middle of the rectangular section. Here, y= flow depth and x = distance from center. The term 

[1 − (
𝑥

𝐵
)

2

]
𝑏

 explains the variation of the CDF function across the width as it moves away from 

the center towards the boundary and the term (
𝑦

𝐷
)

𝑎

 explains how the CDF function varies along 

the depth. 𝑎 and 𝑏 are shape parameters which are associated to the width-depth ratio. For 

further reference, detailed explanation is provided by Cui et al. (2013). 

Therefore Cui et al. (2013) derived the velocity based on Tallis entropy theory as: 

𝑢 =
  λ𝑓

λ2
+

1

λ2

𝑚

𝑚−1
[ λ2𝐹(𝑢) + [

𝑚−1

𝑚
  λ𝑓]

1

𝑚−1
]

𝑚 𝑚−1⁄

                               (22) 

Furthermore, the dimensionless entropy parameter G is discussed in relation to the one-

dimensional velocity profile (Cui and Singh (2013)), is given as 

                                                     𝐺 =
λ2𝑢𝑚𝑎𝑥

λ2𝑢𝑚𝑎𝑥+  λ𝑓
                                                                         (23) 

Figure 4 Idealized Rectangular cross section channel. 
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According to Chiu and Said (1995) and Chiu and Tung (2002), the ratio of mean to maximum 

velocity was shown to represent a relationship between parameter G. Using the recorded mean 

and maximum values of velocity a quadratic relation is obtained (Cui and Singh, 2013) 

                                                      
𝑢

𝑢𝑚𝑎𝑥
= 0.554𝐺2 − 0.077𝐺 + 0.568                                     (24)                                                

Consequently, the velocity profile may be expressed as follows in terms of G:             

                 
𝑢

𝑢𝑚𝑎𝑥
= 1 −

1

𝐺
(1 − {(1 − 𝐺)𝑚 𝑚−1⁄ + [1 − (1 − 𝐺)𝑚 𝑚−1⁄ ]𝐹(𝑢)}

𝑚−1 𝑚⁄
)            (25) 

When 𝑥 = 0, Eq. (42) changes to, 

                
𝑢

𝑢𝑚𝑎𝑥
= 1 −

1

𝐺
(1 − {(1 − 𝐺)𝑚 𝑚−1⁄ + [1 − (1 − 𝐺)𝑚 𝑚−1⁄ ] (

𝑦

𝐷
)

𝑎
}

𝑚−1 𝑚⁄

)          (26) 

3.3 Renyi and Tsallis entropy in compound channels 

3.3.1 Parameter estimation 

For the calculation of velocity using Renyi entropy in compound channels, the unknown terms 

are  λ1, λ0 and  𝛼. Detailed calculation of  λ1, λ0 and  𝛼 are provided by (Kumbhakar et al., 

2016; Sharma et al., 2022b). The unknown term in Eq. (6) is 𝑁𝑖 which is calculated from a 

graph given in Figure 8 of Chiu and Hsu (2006) from the calculated value of M. Chiu (1988) 

derived an equation for the calculation of M which is given by. 

𝑢𝑚

𝑢𝑚𝑎𝑥
=

𝑒𝑀

𝑒𝑀−1
−

1

𝑀
                                                             (27) 
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Channel 

type 

𝑢𝑚𝑎𝑥 

(m/s) 

𝑢𝑚 

(m/s) 
α λ0 λ1 M 

45° 

Slope angle 

compound 

channel 

 

0.2575 

 

 

0.2107 

 

0.99 -1.025 0.055 5.35 

90° 

Slope angle 

compound 

channel 

 

0.2601 

 

 

0.2076 

 

0.99 -1.022 0.048 `4.74 

 

For the calculation of velocity using Tsallis entropy, the unknown terms are 𝐺 and 𝑚. The 

value of G is calculated using Eq. (24) from the observed values of 𝑢𝑚𝑎𝑥 and 𝑢𝑚. The velocity 

profile variation with different value of 𝑚 shows that 𝑚 = 3 gives the best results as the change 

in velocity profile for 𝑚 value greater than 3 is significantly less. Cui and Singh (2013) also 

supported this assertion. For the value of ‘a’ and ‘b’ in Eq. (21), the entire cross section for the 

45° slope angle is divided into 3 parts i.e, floodplain portion, sloping portion and the main 

channel portion. Similarly, for the 90° slope angle, it is divided into two parts i.e., flood plain 

portion and the main channel portion. As mentioned above, the location of maximum velocity 

for 45° and 90° slope angle is located at FP 15 and FP 40 respectively. For the calculation of 

velocities at different verticals, the value of ‘a’ and ‘b’ at different portion of the cross section 

are shown in Table 2. 

 

 

 

 

 

 

Table1 Calculated values of  λ0 and λ1 for various flow condition 
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Channel type a b 𝐺 
𝑢𝑚𝑎𝑥 

(m/s) 
𝑢𝑚 (m/s) 

45° Slope angle 

compound channel 

Flood plain 

region 
0.1 0.3 

0.752 

 

  

Sloping 

region 
0.1 0.2 

0.2575 

 

0.2107 

 

Main channel 

region 
0.1 0.1   

90° Slope angle 

compound channel 

Flood plain 

region 
0.09 0.01 

0.725 

 

  

Main channel 

region 
0.085 0.15 

0.2601 

 

0.2076 

 

 

3.3.2 Selection of maximum velocity location 

In order to apply the developed velocity equations, the location of 𝑍𝑦 axis in the compound 

channel of 450 and 900 bank angle must be known, i.e., the position where maximum velocity 

occurs. In a natural channel, the location of 𝑍𝑦 axis can be anywhere within the cross section. 

In a rectangular cross-section, the  𝑍𝑦 axis is located as shown in Figure 4. Velocity data are 

collected in different sections (Figure 2) to determine the 𝑍𝑦 axis in 450 and 900 compound 

channel. An isoval is plotted from the velocity data. For a given discharge and if the bed of the 

channel does not change rapidly, 𝑍𝑦 axis is found to be stable and invariant with time (Chen 

and Chiew, 2004). In the present study, a compound channel's 𝑍𝑦-axis is chosen at the location 

where the channel's maximum velocity occurs. Eqs. (13), (14) and (26) provide the necessary 

velocity profile for a certain vertical line along the y-axis when x = 0, depending on whether 

the maximum velocity occurs below or on the water surface. Aside from the velocities along 

the 𝑍𝑦-axis, velocities at various verticals throughout the section are determined using Eq. (9) 

Table 2 Calculated values of a and b for various flow condition 
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and Eq. (25) derived from Renyi entropy and Tsallis entropy respectively. Figure 5 (a) shows 

that the position of maximum velocity for 45° compound channel was found at the FP 15 i.e., 

the 𝑍𝑦-axis. Therefore, the co-ordinate of 𝑋 is considered as 0. Since, there were no points of 

velocity measurements on the left side of the 𝑍𝑦 axis, so the variation of velocity profile on the 

right side of the cross sections are simulated at different verticals. Therefore 𝐵1 = 85 𝑐𝑚 and 

𝑥 varies from 0 𝑡𝑜 85. Figure 5 (b) shows that the 𝑍𝑦-axis for 90° compound channel was 

located at FP 40. The co-ordinate of X is considered as 0. As a result, 𝐵1 = 60 𝑐𝑚  with 𝑥 

ranging from 0 to 60 cm on the right-hand side of the cross-section and 𝐵2 = 40 𝑐𝑚  with x 

ranging from 0 to 40 cm on the left-hand side of the cross-section. The 𝑍𝑦-axis and steps 

involved in the calculation of velocity distribution are the same for both 450 and 900 bank 

angle compound channel. Figure 6 shows velocity estimation by Renyi method for 450 and 

900 bank angle compound channel. It is observed that velocities begin to decrease as the points 

move away from the point of maximum velocity (𝑍𝑦-axis) for both the bank angles.  

 
Figure 5 Point of maximum velocity in (a) 450 compound channel and (b) 900 compound 

channel. 
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3.3.3 Estimating errors 

The error measurement method described below is used to measure the effectiveness of the 

created entropy-based velocity profile against experimental data. The error between calculated 

and observed values is determined as 

𝜖 =
|𝑢𝑜𝑏𝑠−𝑢𝑒𝑠𝑡|

𝑢𝑜𝑏𝑠
                                                                                                                         (28) 

Where 𝑢𝑒𝑠𝑡 is the calculated velocity values obtained from entropry equations and 𝑢𝑜𝑏𝑠 is the 

experimental values. 

4 Results and Discussion 

4.1 Velocity distribution from Renyi entropy  

Figure 7 depicts the predicted and observed velocity contour for 450 and 900 bank angle across 

the entire cross-section of the compound channel. Figures 7(a) and 7(b) shows velocity 

distribution in the downstream of 450 compound channel by Renyi entropy method and 

observed experimental values respectively. The velocity is observed to be higher near the 

sloping region of the channel for both computed and observed velocity distribution. However, 

the estimated velocity by Renyi method is observed to be more uniformly distributed than the 

experimental values. This is because the velocity profile determined by the entropy approach 

has the highest entropy, which under the given constraints tends toward uniform distribution 

(Cui and Singh, 2013). The velocity magnitude of 900 compound channel in Figures 7(c) and 

Figure 6 Variation of velocity profile estimated by Renyi entropy-based equation towards 

the main channel at (a) 450 compound channel (b) 900 compound channel. 
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7(d) near the sloping portion is more compared to 450 compound channel for both computed 

and observed distribution. However, the velocity contour of 900 compound channel by Renyi 

entropy in Figure 7(c) is smoother and uniform compared to experimental values in Figure 7(d) 

which was also observed for 450 compound channel. These contour diagrams provide a general 

view of how flow velocity behaves in the compound channel. The difference in velocity 

distribution between Renyi and experimental values will be clearer by analyzing velocity 

profiles in floodplain, slope and main channel regions. 

 

 

 

Figure 8 depicts the predicted velocity profile at various crucial locations of floodplain, slope 

and main channel regions of a 45° compound channel. It is observed that the velocity profile 

calculated by the Renyi entropy method and observed experimental values are almost similar 

in the floodplain (Figure 8(a)) and main channel regions (Figure 8(d, e)). However, there is a 

deviation between the calculated and observed value at FP 50 as seen in Figure 8(b). This might 

be because FP 50 serves as a border where momentum exchange between the main channel 

domain and the floodplain zone is dominant. Another reason for this deviation could also be 

the involvement of secondary currents because of the nonuniform cross-section of the 

compound channel. Shiono and Knight (1991) and Ervine et al. (2000) also suggested that the 

secondary currents play a crucial role in affecting the velocity profiles in the compound 

channel. This is because of the mass transfer between sub-sections due to the non-prismatic 

nature of the channel. The shear stress at the intersection of the floodplains and the main 

channel also significantly impacts both conveyance and velocity distribution at the sloping 

Figure 7 Velocity contours for (a, b) 45° and (c, d) 90° angle compound channel by Renyi 

entropy method and observed values. 
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portions (Bousmar and Zech, 2004; Patra et al., 2004). Table 3 shows the mean percentage 

error range between calculated values by the Renyi entropy method and observed experimental 

values for floodplain, slope and main channel regions of 45° and 90° compound channel. The 

portions that were considered for floodplain, slope and main channel regions in Table 3 are 

from 0.15 − 0.45 𝑚, 0.5 − 0.6 𝑚 and 0.65 − 0.85 𝑚 channel width respectively. The mean 

percentage error range in the floodplain domain and main channel domain for 45° compound 

channel is less compared to the sloping region as seen in table 3. The percentage range in 

sloping region is within 8% whereas floodplain and main channel error is within 6%. This 

shows that Renyi entropy method is suitable for predicting in the floodplain and main channel 

regions as compared to the sloping portion.  
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Figure 9 shows the calculated values by Renyi entropy and observed experimental values of 

90° compound channel. Different crucial locations in the floodplain and main channel regions 

are shown in Figure 9. The FP 40 section in Figure 9(a) is crucial as the 𝑍𝑦-axis is located at 

FP 40 of the floodplain region. It is observed that computed and observed values are almost 

similar throughout the flow depth. It is observed in Figure 9 that the calculated and observed 

values mostly deviates at lower flow depth of 𝑧 ℎ < 0.2⁄  for all the velocity profiles. The reason 

for this could be the sediment interaction near the channel bed. The percentage error in Table 

3 also shows that it is higher near the sloping portion (0.5 − 0.6 𝑚 channel width) compared 

Figure 8. Velocity profiles by Renyi entropy method and observed values for 45° slope angle 

compound channel at (a) FP 15 (b) FP 50 (c) SL 55 (d) MC 60 (e) MC 80. 
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to floodplain region and main channel region. The percentage error in the sloping region is 

within 10%, whereas it is within 8% in the floodplain and main channel. 

 

 

 

 

Location 

Mean % error range 

450 bank slope 900 bank slope 

Floodplain 3-6 3.6-7.7 

Slope 4-8 5-10 

Main channel 3.5-6 4-7 

 

 

Figure 9 Velocity profiles by Renyi entropy method and observed values for 90° slope angle 

compound channel at (a) FP 40 (b) FP 50 (c) MC 55 (d) MC 75. 

 Table 3 Mean percentage error range between calculated values by Renyi entropy and 

experimental observed values at various regions of compound channel 
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4.2 Velocity distribution from Tsallis entropy  

Figure 10 shows velocity contours of 450 and 900 compound channel by Tsallis entropy 

method and experimental observed values. It is observed that the position of high velocity near 

the sloping region by experimental values (Figure 10(b, d)) is almost accurately predicted by 

Tsallis entropy method in Figure 10(a, c). However, it is also observed from the figure that the 

calculated and observed values mainly deviates in the lower flow depth (< 0.1 𝑚) in the main 

channel region. This behavior was also observed while predicting velocity contour by Renyi 

entropy method in Figure 7. This point is clearly observed in Figures 11 and 12 where 

calculated and observed values are compared at different locations of the compound channel.  

 

 

 

Figure 11 shows velocity comparison between Tsallis entropy and observed values of 45° 

compound channel at floodplain, slope and main channel regions. It is observed that the 

calculated and observed values are almost similar in the floodplain (Figure 11(a)) and main 

channel (Figure 11(d, e)) for 𝑧 ℎ > 0.2⁄ . However, there is a deviation between calculated and 

observed values in the lower flow depth (𝑧 ℎ < 0.2⁄ ) because of sediment and channel bed 

interaction. This deviation was also observed while analyzing the velocity profile by Renyi 

method in Figure 8. Furthermore, velocity deviation is mostly prominent in FP 50 and SL 55 

from Figure 11(b, c) due to the exchange of momentum between floodplain and main channel. 

This point is also confirmed by Table 4 where the mean percentage error range in the sloping 

region is within 9%, whereas it is within 5% for floodplain and main channel regions. This 

shows that just like Reyni entropy method, Tsallis method can also predict velocity distribution 

in the upper flow depth of floodplain and main channel. However, prediction in the sloping 

region by Tsallis method gives more error compared to the floodplain and main channel.  

Figure 10 Velocity contours for (a, b) 45° and (c, d) 90° angle compound channel by Tsallis 

entropy method and observed values. 
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Figure 12 shows velocity comparison between predicted velocity by Tsallis entropy and 

observed experimental values at crucial locations of floodplain and main channel regions of 

90° compound channel. The velocity prediction gives almost accurate results in FP 40 and MC 

75 locations from Figure 12(a, d). However, at the floodplain-main channel interaction section 

Figure 11 Velocity profiles by Tsallis entropy method and observed values for 45° slope angle 

compound channel at (a) FP 15 (b) FP 50 (c) Slope 55 (d) MC 60 (e) MC 80. 
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of FP 50 in Figure 12(b), velocity prediction is not accurate and the percentage of error is also 

high. Furthermore, experimental observation at MC 55 of Figure 12(c) also does not follow 

proper logarithmic trend at 𝑧 ℎ > 0.2⁄ . This point is also evident from Table 4 where mean 

percentage error in and near sloping region (FP 50, MC 55) is higher and within 9% whereas 

it is lower in the case of floodplain and main channel, which is within 5%. It demonstrates that, 

similarly to 45°compound channel, velocity predictions near floodplain-main channel 

interactions in 90° compound channel by Tsallis and Renyi entropy method is more error prone 

compared to floodplain and main channel. 

 

 

 

 

 

 

Figure 12 Velocity profiles by Tsallis entropy method and observed values for 90° slope angle 

compound channel at (a) FP 40 (b) FP 50 (c) MC 55 (d) MC 75. 
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Location 

Mean % error range 

450 bank slope 900 bank slope 

Floodplain 2-5 3-5 

Slope 2-9 5-9 

Main channel 3-5 2.4-4 

 

Conclusion 

This study demonstrated the entropy method for velocity estimation in compound channels, in 

addition to previous methods like the Prandtl-von Karman universal velocity profile law and 

the power law. The present work focusses on using Renyi and Tsallis entropy in a compound 

channel and comparing its accuracy with experimental findings. Two bank angles of 450 and 

900 were considered and velocity readings were taken at 17 different sections in the 

downstream of the channel cross-section. The parameters λ0 and λ1 for the case of Renyi 

entropy and G for the case of Tsallis entropy are dimensionless, since all these parameters are 

calculated by using the quotient of mean to that maximum velocity. The value of 𝑚 > 3, the 

velocity does not change significantly. In Renyi's entropy equation, only two parameters i.e., 

the average and the maximum velocities and the location of maximum velocity is required for 

predicting the velocities over the entire cross-section. On the other hand, in case of Tsallis 

based entropy equation, the value of 𝑎 and 𝑏 takes different value at different portion of the 

cross-section. It was found that the created velocity Tsallis and Renyi entropy model for both 

450 and 900 compound channels correlate well with experimental findings. This accuracy 

between the entropy and experimental findings is more in the floodplain and main channel 

domains with less error percentage. However, the error percentage is higher and less accurate 

in and near the sloping region than in the floodplain and main channel. It could be because of 

a nonuniform cross-section, which increases the role of secondary currents ultimately affecting 

the streamwise velocity profile. The velocity profile near the channel boundary (𝑧 ℎ < 0.2⁄ ) is 

also found to be less accurate compared to away from the channel boundary (𝑧 ℎ > 0.2⁄ ) 

because of sediment interaction near the channel bed.  

Table 4 Mean percentage error range between calculated values by Tsallis entropy and 

experimental observed values at various regions of compound channel 
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The present work can be extended to analyse Shannon entropy which was first used by Chiu 

(1987) to find the one-dimensional velocity profile by assuming the time average velocity as a 

random variable. The future study also includes the comparison of different entropy studies 

(Renyi, Tsallis and Shannon) in compound channels by considering a wide range of bank 

angles and flow discharges. Furthermore, the addition of floodplain with high density and 

emergence of vegetation gives rise to dip phenomenon near the vegetated-main channel 

interface which was discussed in detail in Chapter 3. The entropy method could be used to 

explain this dip phenomenon and analyse the accuracy of velocity profiles in the slopes and 

main channel.  
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