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Abstract 

 

The presence of vegetation in an open channel can significantly affect the hydrodynamic behaviour 

of the flow and consequently sediment transport by obstructing the flow and changing the flow 

characteristics. Understanding the hydraulics of flow over vegetation is very important to support 

the management of fluvial processes. The present research work experimentally investigates the 

flow over flexible vegetation. Experimental data collected in a straight flume having a bed covered 

by grass-like vegetation have been used to analyze different flow characteristics for flexible 

submerged elements. Experiments were conducted for both artificial as well as natural vegetation. 

An important parameter of sand bed channels, downward seepage, was considered in the present 

work on vegetated channel. Two different seepage percentages, 10% and 15%, were considered 

for exploring the change in flow characteristics with respect to no seepage case.  

 

Vegetation height is an important parameter in influencing the flow characteristics in a vegetated 

channel flows where velocity is reduced near the top of the vegetation. Velocity profiles show the 

presence of an inflection point near the top of the vegetation where maximum Reynolds stress is 

achieved.  Results show that velocity measured at upstream vegetation section is always higher 

than the downstream section even with the application of downward seepage. The maximum value 

of Reynolds stress occurs near the top of the vegetation. When the flow enters the vegetation 

section, the local effect of the presence of vegetation on sediment transport is more at the upstream 

vegetation section and then decreases which is shown by higher Reynolds stress at the upstream 

as compared to downstream vegetation section highlighting the importance of vegetation in 

providing as an erosion control. The velocity profiles measured in the unobstructed region of 

uniform pattern is higher as compared to the velocity measured in line with the vegetation stems 

of staggered pattern. Downward seepage increases the velocity, Reynolds stress and turbulent 

intensities. It can be inferred from moment analysis results that the downward seepage increases 

the flux transport in downward direction and diffusion in the streamwise direction which is shown 

by the governance of sweep event over ejection event from quadrant analysis. Turbulent Kinetic 

Energy (TKE) budget is also evaluated. Turbulent diffusion or transport is one of the essential 

components of TKE budget. Turbulent diffusion transports the energy near the vegetation edge 



x 

 

towards the free-surface as well toward the vegetation zone. The transport towards the vegetation 

zone increases with the downward seepage while it decreases in the upper free surfaces. 

 

Vegetation density is one of the important parameters that affect the flow resistance. The present 

study shows that higher vegetation density when placed at the downstream side leads to a reduction 

in velocity, Reynolds stress and turbulent intensities. Downward seepage decreases the effect of 

drag offered by the vegetation stems. Smaller vegetation spacing (or higher vegetation density) 

provides more resistance to flow because of which lower velocity is achieved. The length scale 

and time scale increases with increase in percentage of seepage. 

 

For a channel covered partially with vegetation, an increase in the flow characteristics such as 

velocity, Reynolds stress and turbulent intensities are observed in the unvegetated region as the 

flow goes downstream. The maximum depth of erosion with downward seepage is more than for 

the case of no seepage and erosion increases as the flow goes downstream. 
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 Introduction 

 

 

1.1 Overview 

 

The flow conditions are extremely complex where flow passes through aquatic riparian vegetation. 

Vegetation affects fluvial processes and is key in current river management and river hydraulics. 

Advances in understanding the behavior of flow over vegetation allow us to improve both the 

knowledge of flow-velocity profiles and flow resistance and the design of vegetated channels 

(Tsujimoto 1999). The presence of vegetation is one of the factors that change the mean and 

turbulent flow field in a channel (Nepf, 2012a). 

 

 The impact of vegetation on the flow conditions can be discussed in two different views. Aquatic 

vegetation in conveyance channels increases the flow resistance thereby reducing the conveyance 

capacity and was traditionally regarded as a nuisance and hence it was removed from channels to 

increase the passage of flow (Kouwen, 1992; Wu et al, 1999). Aquatic vegetation grown in riverine 

and wetland environments plays a critical role in ecosystem services (Corenblit et al, 2007). It not 

only provides food sources and habitat for some economically important fish (Edgar 1990, Kemp 

et al 2000), but also directly regulates the concentrations of oxygen, carbon and nutrients by uptake 

and biological transformation (Carpenter and Lodge, 1986; Wang et al, 2010; Pierobon et al, 

2013). The presence of aquatic vegetation also alters the natural flow structure (Nepf 1999, 

Neumeier and Amos, 2006; Chen and Kao, 2011; Meire et al 2014), and thus influences the 

transportation and diffusion of sediment and pollutants indirectly (Kadlec, 1995; Okamoto et al, 

2012). The vegetation along the riverbed plays an important role on the hydrodynamic behavior, 

on the ecological equilibrium and on the characteristics of the river (Wilcock et al, 1999; Mars et 

al, 1999; Lee and Shih, 2004; Pollen and Simon, 2005; Turker et al, 2006, Zhu et al 2016). The 

presence of vegetation canopies in rivers has recently been regarded as one of the key measures 

for water management and river environment, and therefore, it is necessary to study the flow 

structures in a vegetative channel (Poggi et al, 2004; Ghisalberti and Nepf, 2006;Tanino and Nepf, 

2008). In addition, vegetation is known to increase bank stability, reduce erosion, provide habitat 
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for aquatic life, attenuate floods, increase aesthetic values and filter pollutants. Recently, efforts 

are being taken up for river restoration, re-naturalization and rehabilitation of watersheds and 

watercourses in which growing of vegetation is the first and foremost step (Kothyari et al, 2009a). 

Therefore, a proper understanding of the interaction between the flow, sediment and vegetation is 

required for understanding the problem. Based on the flow conditions and vegetation 

characteristics, aquatic vegetation can be grouped in two classes- (i) submerged and emergent 

vegetations and (ii) rigid and flexible vegetations. 

 

1.2 Types of vegetation 

 

In describing the flow characteristics in a vegetated channel, it is important to have a clear idea 

regarding the types of vegetation. Aquatic vegetation has been classified as submerged, emergent, 

rigid and flexible vegetation (Figure 1.1). As the name suggests, submerged vegetation refers to 

the type of vegetation in which the flow depth is more than the height of the vegetation while 

emergent vegetation is the opposite of submerged vegetation where the vegetation height is more 

than the flow depth. The difference between rigid and flexible can be made as flexible vegetation 

is the one in which the height of the vegetation changes according to the flow conditions while the 

height of the rigid vegetation remains the same for whatsoever flow conditions exist. In 

comparison to studies related to rigid vegetation types, there have been a fewer number of 

investigations on flow in channels with flexible vegetation (Wilson et al, 2003). Submerged 

canopies can have a positive impact on water quality by removing Phosphates and Nitrates poured 

into the rivers (Velasco et al, 2003). For both submerged and emergent configurations, the case of 

flexible elements has to be distinguished from that of rigid elements. From the application point 

of view, the grass-like vegetation can be considered flexible and, because of its small average 

height, it is usually completely submerged. Shrubby vegetation is, instead, rigid and could assume 

both the emergent and the submerged configuration; a flood flowing in a channel can completely 

bend the rigid vegetation, often breaking and lying it down on the bed (Ferro, 2006). For rigid 

elements, the hydraulic behavior of the bed roughness is similar to that of a fixed bed formed by 

elements of known geometry (hemispheres, cubes, gravels, etc.) in large-roughness conditions 
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(Kowobari et al, 1972; Shen, 1973; Petryk and Bosmajian, 1975; Ferro and Giordano, 1990, 1992; 

Baiamonte and Ferro, 1997; Armanini and Righetti, 1998; Stone and Shen, 2002). 

 

  

 

Figure 1.1 Different types of vegetation: Submerged, Emergent, Flexible and Rigid 

 

Determination of flow within a vegetated open channel is a very complicated problem. This 

problem becomes more complicated when the boundary roughness changes from time to time with 

the stage of growth of vegetation. The flexible elements can assume different configurations 

(Kouwen et al, 1969; Gourlay, 1970; Kowobari et al, 1972) due to both the hydrodynamic action 

of the flow and the bending stiffness EI, where E is the streamwise modulus of elasticity of the 
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vegetation element and I is the moment of inertia of the cross section of the element itself. Three 

different configurations have been experimentally observed for the flexible elements (Kouwen et 

al, 1969; Gourlay, 1970):  

 Elements that are erect and do not change their position in time;  

 Elements that are subjected to a waving motion and, thus, change their position in time;  

 Elements that assume permanently a prone position.  

 

1.3 State of the art 

 

In the earliest studies on vegetation, the investigation of the role of vegetation in rivers was directed 

towards the interactions between plants and hydrodynamics. The analysis of the resistance due to 

vegetation was largely faced, in particular on the determination of the contribution of herbaceous 

and algal vegetation to flow resistance (Kouwen, 1988), a question that is still unanswered (Nikora, 

2010). In the last years, several investigations have tackled the problem of the resistance exerted 

by bushes (Järvelä, 2004; Righetti and Armanini, 2002) or, in general, by submerged vegetation 

(Baptist et al, 2007; Stephan and Gutknecht, 2002). Another fundamental aspect is represented by 

the influence of rigid and emergent plants on flow resistance (Ishikawa et al, 2000; James et al, 

2004; Kothyari et al, 2009b; Tanino and Nepf, 2008). The relationship between turbulence and 

drag resistance is one of the most complex issues concerning the plant-flow interactions. Because 

of its complexity, the research is now moving toward a deeper analysis of the turbulence structure 

and diffusive transport processes through plants (Ghisalberti and Nepf, 2009; Li and Shen, 1973; 

López and García, 2001; Nepf and Ghisalberti, 2008; Nepf, 1999; Takemura and Tanaka, 2007). 

These studies include sediment transport processes (mostly suspended load transport), diffusion 

and dispersion of passive and reactive scalars and its implications for water quality problems and 

for transport processes in rivers.  

 

Laboratory observations of the effects of artificial vegetation with rigid stems (e.g., Nepf, 1999; 

Fairbanks, 1998) and flexible stems (e.g., Ikeda and Kanazawa, 1996; Nepf and Vivoni, 2000; 

Wilson et al, 2003; Ghisalberti and Nepf, 2002, 2006) on the steady flow and unsteady turbulent 

flow structures have led to a deeper understanding of the transport and mixing of sediments and 
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other scalars related to ecosystem health. Wilson et al (2003) presented detail scaling of the 

biomechanical properties of the plants and explore the effects of two forms of flexible vegetation 

on the turbulence structures. Fairbanks (1998) identified the importance of the horseshoe vortex 

in understanding the local scour patterns. Different materials have been used for imitating aquatic 

vegetation such as wooden cylindrical dowels or rods (Stone and Shen, 2002; Liu et al, 2008; 

Poggi et al, 2004), flexible strips or blades (Nepf and Vivoni, 2000; Chen et al, 2011) and natural 

vegetation (Järvelä, 2002; Stephan and Gutknecht, 2002; Carollo et al, 2005). Previous researchers 

carried out a large number of investigations on experiments using artificial and natural vegetation 

in flume (Stephan and Gutknecht, 2002; Järvelä, 2002; Righetti and Armanini, 2002), on analytical 

approaches for vertical velocity profile (Klopstra et al, 1997; Huthoff et al, 2007; Yang and Choi, 

2010), on turbulence characterization for submerged rods and vegetation (Nepf and Vivoni, 2000; 

López and García, 2001) and on numerical approaches (Kutija and Hong, 1996; Darby, 1999; 

Simoes and Wang, 1997). In the last decade the characterization of not only the mean flow but 

also of the turbulence structure in a vegetated open channel flows has received a lot of attention. 

Understanding of the turbulence structure of rough flows with plants as roughness elements has 

been initiated from the studies of atmospheric flows over canopies (Finnigan, 1979; Gao and Shaw, 

1988; Raupach et al, 1991). Some research efforts attempt to describe the turbulence structure in 

vegetated open-channel flows (Tsujimoto et al, 1992; Nepf, 1999; López and García, 2001; Shi et 

al, 1996).  

 

Kouwen et al (1969) presented velocity profiles observed in a laboratory flume planted with strips 

of styrene which simulated the vegetation and found out that the velocity profile above the 

vegetation layer follows logarithmic law. However, inside the vegetation layer the velocity is 

constant. 

 

Temple (1982) suggested a two layered velocity profile for vegetated open channels. For depth of 

flow less than the bending height of vegetation, velocity distribution is almost constant and 

depends only on vegetation density and channel bed slope. But when the depth of flow increases 

such that the submerged condition occurs, velocity profile is dependent on momentum transfer in 

the form of turbulent shear. 
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Anwar (1996) conducted a series of experiments in shallow coastal water to estimate the effects 

of flow uncertainties on the mean velocity distribution. The mean velocity profiles were measured 

during the accelerating and decelerating phases of the tidal coastal flows. The measured velocity 

profiles have three distinct regions, i.e., (i) inner region (adjacent to bed) (ii) outer region and (iii) 

overlap region. Velocity profiles in outer and overlap regions obey the log law and defect law, 

respectively. 

 

Sumer et al (1996) measured velocity profile inside and outside the sheet flow layer of movable 

bed in a tilting flume with four different types of sediments of varying sizes. Measured velocity 

profiles are found to follow logarithmic law near the bed, outside the sheet flow layer. However, 

inside the sheet flow layer, power law is satisfied. 

 

Ikeda and Kanazawa (1996) conducted seven experimental runs to study the three dimensional 

organized vortices above the flexible vegetation. The velocity profile shows an inflection point 

near the top of the vegetation and the flow becomes unstable and leads to the formation of three 

dimensional vortices. The streamwise and vertical turbulence intensities have their maximum 

value at the top of the vegetation and it decreases towards the free surface and the bottom. The 

Reynolds stress increases linearly from the free surface to the top of the vegetation. The organized 

vortices consist of two counter-rotating vortices in the horizontal and lateral directions in which 

the lateral scale is nearly equal to the streamwise scale. The shape of the organized vortices is 

elliptical and the vortices are inclined downward to the front.  

 

Wu et al (1999) investigated the variation of vegetative roughness coefficient with the flow depth. 

It is observed that the roughness coefficient reduces with increasing flow depth under the 

unsubmerged condition. For fully submerged condition, the vegetative roughness coefficient tends 

to increase at low flow depths but then decrease to an asymptotic constant as the water level 

increases. A simplified model based on force equilibrium was developed to evaluate the drag 

coefficient of the vegetal element after which Mannings equation was employed to convert the 

drag coefficient into roughness coefficient. 



Hydrodynamics of vegetative channel with downward seepage 

7 

 

Nepf and Vivoni (2000) explored the transition between submerged and emergent vegetation 

regimes from the experiments conducted in an open channel flume with model vegetation taking 

momentum sources, turbulence and exchange dynamics into consideration. The flow within the 

canopy in submerged case is divided into two distinct zones- upper canopy called the vertical 

exchange zone and lower canopy called the longitudinal exchange zone while in emergent case 

only the longitudinal exchange zone is present. The drag coefficient increases towards the bed 

which reflects the importance of viscous effects.  

 

Stephan and Gutknecht (2002) carried out laboratory experiments using three different types of 

aquatic vegetation. The zero plane displacement increases with increase in the length of the stems 

of the plants but not in the same ratio.  The turbulent intensity decreases with decrease in the 

relative submergence for flow of small relative submergence. 

 

Carollo et al (2002) conducted a series of experiments in a laboratory flume to study the influence 

of flexible vegetation concentration and depth/vegetation height ratio on the velocity profile from 

the velocity measurements obtained by a two-dimensional Acoustic Doppler Velocimeter. The 

experimental profiles are identified with three zones; Zone I inside the vegetation, characterized 

by very small velocities; Zone II in which the logarithm velocity profile can be fitted to the 

measured velocities (logarithm zone); Zone III characterized by positive vertical velocity 

gradients, progressively decreasing to zero near the free surface, where the velocity profile become 

vertical (free-stream zone). With the decrease in stem concentration the velocity inside the 

vegetation increases but the velocity above the vegetation decreases, the thickness of the free-

stream zone decreases and the curvature of the velocity profile inside and above the vegetation 

decreases.  

 

Järvelä (2002) studied the flow resistance of various combinations of natural grasses, sedges and 

willows in a laboratory flume and found that friction factor decreases with Reynolds number in all 

the test series except in the test series of leafless willows on bare bottom soil where friction factor 

is more or less independent of Reynolds number. For leafless willows on bare soil, friction factor 
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increases almost linearly with flow depth and independently with flow velocity while velocity has 

a considerable effect of friction factor.  

 

Velasco et al (2003) conducted a series of laboratory experiments in a 20m long, 1m wide and 

0.9m deep concrete flume using plastic plants seeded in a gravel bed. The flow resistance due to 

different densities of flexible vegetation was characterized and distinguished the different flow 

regimes below and above the vegetation. For totally prone vegetation condition the friction factor 

decreases for different plant densities and their values decrease to a nearly asymptotic value which 

is equivalent to that of the non-vegetated case. 

 

Musleh and Cruise (2006) investigated the functional relationships of resistance in wide flood 

plains with rigid unsubmerged vegetation. Drag Coefficient and Manning’s coefficient show an 

increasing linear relationship with flow depth but Friction factor increases in a slightly non-linear 

fashion with the flow depth. Friction factor decreases in a highly non-linear manner with increasing 

flow velocity. Friction factor is more sensitive towards changes in rod diameter and lateral spacing 

than streamwise spacing.  

 

Liu et al (2008) conducted laboratory experiments to develop velocity and turbulence intensity 

profiles to observe the changes in flow characteristics as water flows through a vegetation array 

simulated by rigid acrylic dowels. A velocity spike followed by an inflection point that led to a 

region of lower velocity is observed for both submerged and emergent conditions. The turbulent 

intensity remains constant for the entire flow depth for emergent condition but it has a peak at the 

top of the array for submerged condition and decreases at the bed and free surface.  

 

Nepf and Ghisalberti (2008) reviewed recent work on flow and transport in channels with 

submerged vegetation, including discussions of turbulence structure, mean velocity profiles, and 

dispersion. For submerged canopies of sufficient density, the dominant characteristic of the flow 

is the generation of a shear-layer at the top of the canopy. The shear-layer generates coherent 

vortices by Kelvin-Helmholtz (KH) instability. For flexible canopies, the passage of the KH 

vortices generates a progressive wave along the canopy interface, termed as monami. The KH 
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vortices formed at the top of the canopy penetrate a certain distance into the canopy. This 

penetration scale segregates the canopy into an upper layer of rapid transport and a lower layer of 

slow transport. Flushing of the upper canopy is enhanced by the energetic shear-scale vortices. In 

the lower layer, turbulence is limited to length-scales set by the stem geometry, and the resulting 

transport is significantly slower than that of the upper layer. 

 

Nezu and Sanjou (2008) discussed the turbulence structures and coherent large-scale eddies in 

the vegetated canopy open-channel flows. Large scale coherent eddies of sweeps and ejections are 

formed near the vegetation edge which is shown by an inflection point in the mean velocity profile. 

The whole flow region is divided into three zones: the emergent zone, the mixing-layer zone and 

the log-law one. It is found that ejections and sweeps govern the turbulence structure and coherent 

motions in aquatic flows. The Reynolds stress attains a maximum value at the vegetation edge and 

the penetration of Reynolds stress or momentum exchange increases with decrease in vegetation 

density.  

 

Righetti (2008) addressed the problem of the resistance due to vegetation in an open channel flow, 

characterized by partially and fully submerged vegetation formed by colonies of bushes. The flow 

is characterized by significant spatial variations of velocity between vertical profiles that make the 

traditional approach based on time averaging of turbulent fluctuations inconvenient. Velocity 

measurements were completed together with the measurements of drag exerted on the flow by 

bushes at different flow depths. The experimental data shows that the contribution of form-induced 

stresses to the momentum balance cannot be neglected. The mean velocity profiles and the 

spatially averaged turbulent intensity profiles allow inferring that the vegetation density is a 

driving parameter for the development of a mixing layer at the canopy top in the case of submerged 

vegetation. 

 

Yagci and Kabdasli (2008) revealed that flow downstream of a vegetation element is significantly 

retarded and the velocity profile no longer follows a logarithmic law. Experimentally obtained 

time-averaged velocity data show that sub-canopy flow occurs downstream of vegetation in the 

region close to the bed for the three types of vegetation tested, but with increasing compactness of 
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vegetation the strength of the sub-canopy flow increases. On the other hand, with increasing 

compactness of vegetation, relatively lower and in some cases negative time-averaged velocity 

values are observed in the area close to water surface downstream of the vegetation. Another aspect 

is that in the event of a flood the presence of vegetation with a compact foliage and branch structure 

reduces streamwise mean velocity. However, this situation also leads to a decrease of conveyance 

and thus elevated water depth values should be expected.  

 

Cheng (2011) proposed a representative roughness height for quantifying the effect of submerged 

vegetation on flow resistance in the surface layer. The proposed roughness height is characterized 

by its proportionality to both stem diameter and vegetation concentration and performs better than 

other length scales in collapsing resistance data collected under a wide range of vegetation 

conditions. An approach was then developed for estimate of the average flow velocity and thus 

resistance coefficients for both cases of rigid and flexible vegetation. The analysis shows that the 

friction factor defined for the surface layer above the vegetation slightly increases with increasing 

relative roughness height, the latter being taken as the ratio of the roughness height to the surface 

layer thickness. 

 

Siniscalchi et al (2011) investigated the effects of a finite-size vegetation patch on flow 

turbulence, variations in drag forces experienced by individual plants within the patch, and flow-

drag interrelations. The results show zones of increased turbulent energy close to the leading edge 

and along the patch canopy top, where turbulence shear production is enhanced. Zones of negative 

Reynolds stresses are found inside the patch and they reflect the influence of plant morphology, 

which affects the shape of the streamwise velocity profile and associated turbulent fluxes. 

Modifications to the power spectral densities of velocity by the plants indicate the emergence of 

two plant-induced mechanisms of energy production, which are most likely related to the wake 

turbulence and shear layer turbulence. Drag fluctuations appear to be correlated with the velocity 

field, with this correlation being especially profound at the highest-studied flow rate. 

 

Okamoto and Nezu (2013) revealed the development process for large-scale coherent structures 

within vegetation patches of a limited length. Turbulence measurements were intensively 
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conducted in open-channel flows with submerged vegetation using Particle Image Velocimetry 

(PIV). To examine the transition from boundary-layer flow upstream of the vegetation patch to a 

mixing-layer-type flow within the patch, velocity profiles were measured at 33 positions in a 

streamwise direction. A phenomenological model for the development process in the vegetation 

flow was developed. The entire flow region can be classified into four zones: (i) the smooth bed 

zone, (ii) the diverging flow zone, (iii) the developing zone and (iv) the fully-developed zone. 

 

Termini (2015) analyzed the influence of flow submergence and stem’s concentration on 

vegetation behaviour and mean flow conveyance. Velocity profiles can be better schematized by a 

composition of two parts of constant velocity (respectively inside and above the vegetation) 

separated by a confined intermediate region (mixing layer) containing the inflection point. It has 

been assessed that the thickness of the mixing layer increases as the momentum thickness 

increases. On the other hand, the momentum thickness linearly increases as the flow submergence 

increases. An increase in stems’ concentration determines a decrease in the mixing layer thickness 

and a flattening of the velocity profile inside it.  

 

Zhang et al (2015a) conducted laboratory experiments using two types of submerged, flexible 

vegetation, V. natans and P.malaianus to investigate the influence of plant morphology on flow 

structure. The decrease in the frontal area in the lower part of canopy leads to the occurrence of 

counter velocity gradient and a local velocity maximum occurs within the canopy layer. The 

Reynolds stress reaches its maximum value at the canopy interface and has negative values at a 

region where counter velocity gradient occurs within the canopy. Turbulent Kinetic Energy (TKE) 

peaks at the top of the canopy and decays downward into the canopy gradually. Smaller frontal 

area leads to more flow deflection beneath the canopy and hence acceleration over the top of the 

canopy decreases. The mean velocity gradient around its top of canopy or the Reynolds stress, 

TKE at the canopy interface are smaller for smaller frontal area canopy.  

 

Kubrak et al (2015) carried out a study based on laboratory measurements of water velocity 

distributions in a straight rectangular flume with stiff and flexible stems and plastic imitations of 

the Canadian waterweed. The study addresses the problem of determination of the energy and 
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momentum coefficients for flows through a vegetated channel. These coefficients were applied to 

express the fluid kinetic energy and momentum equations as functions of a mean velocity. The 

coefficients were established for the vegetation layer, surface layer and the whole flow area. The 

results indicate that the energy and momentum coefficients increase significantly with water depth 

and the number of stems per unit channel area. 

 

The river bed condition also plays an important role in influencing the flow characteristics in a 

natural channel. Natural streams often comprise of permeable beds in the form of sand particles 

and gravels. An essential and well-known feature of permeable boundaries is that mass and 

momentum transfer takes place across the interface between the fluid and porous media. Water 

percolates in the form of seepage through boundaries of alluvial channels, rivers and streams due 

to porosity of the granular material and difference in water level in the stream and ground water 

table. With the level of the free surface in a river being different from the adjoining groundwater 

table, two typical seepage flows (suction and injection) may occur through the river boundary. In 

the case of suction or downward seepage, water seeps out of the river; while with injection or 

upward seepage, the river receives additional water. Interactions between flow in the main stream 

and the ambient groundwater, or hyporheic exchanges, are important because of their role in 

controlling the transport of contaminants and maintaining a healthy stream ecosystem (Brunke and 

Gonser, 1997; Jones and Mulholland, 2000). Tanji and Kielen (2002) estimated that seepage losses 

in semi-arid regions can account for 20–50% of the total flow volume in unlined earthen canals. 

Kinzli et al. (2010) and Martin and Gates (2014) measured loss of water around 40% and 15% 

because of downward seepage. Australian National Committee on Irrigation and Drainage 

(ANCID, 2006) found that 10-30% of water is lost in the form of downward seepage from alluvial 

channel. The presence of seepage flow can affect an additional hydrodynamic force on the 

sediment which will affect the process of sediment transport such as sediment entrainment and 

formation of bed features. Willets and Drossos (1975) noted that a water intake, when drawing 

faster moving water towards the sediment bed, can increase the local bed shear stresses resulting 

in bed erosion around the intake structure. More complex situations occur in the coastal 

environments, for example in swash zone, where seepage varies both temporally and spatially 

(Turner, 1995). The hydrodynamic process in such a physical system may result in changes to the 
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structural features of the flow, implying modification to flow-resistance, sediment entrainment 

characteristics and morphology of the streambed as compared to that with an impermeable 

boundary, as is often encountered in a laboratory study. Knowledge of flows over permeable 

boundaries clearly is not only useful for fundamental research, but also has practical importance 

in engineering applications. Despite the important influence of seepage on many aspects of 

practical engineering, relevant information in this area remains scarce. Hence, in order to have a 

deep understanding about the seepage effects on the channel stability, and to make use of proper 

equations in the alluvial channel design, it is essential to perform the experiments in the laboratory 

to understand the problem. 

 

Waters and Rao (1971) studied the hydrodynamic effect of seepage on bed particles. They 

measured the drag and lift forces on the plastic spheres and found that: (1) injection decreases the 

drag regardless of the position of sediment particle and (2) seepage increases or decreases the lift 

acting on a particle on a plane bed (like the natural sediments in rivers). Judging from the viewpoint 

of drag forces, injection inhibits the motion of a bed particle while suction enhances its motion. 

From the viewpoint of lift forces, injection inhibits the motion of a plane bed particle and the 

opposite result holds for the case of suction. 

 

Willetts and Drossos (1975) through their experimental study in a narrow flume with small 

downward seepage zone observed that downward seepage produces a localized scour hole in the 

downward seepage zone and grains move at a faster rate in the downward seepage zone than 

elsewhere in the flume. 

 

Maclean and Willetts (1986) measured the bed shear stress with and without downward seepage 

by observing the initiation of motion of the indicator grains. They observed that the shear stresses 

increase with the presence of downward seepage. 

 

Nakagawa et al (1988) investigated the effect of seepage on sediment pick-up rates. They found 

that the changes induced by seepage occur mainly with the pick-up rate rather than the step length 

related to the motion of sediment particles. The bed load transport model previously established 



Hydrodynamics of vegetative channel with downward seepage 

14 

 

was thus modified to include the effect of seepage, showing that the bed load transport rate is 

enhanced by upward seepage and reduced by downward seepage. 

 

Maclean (1991) analyzed the effect of suction on sediment transport and found that suction 

enhances the sediment transport rate and increased shear stress values are observed in the suction 

zone. 

 

Prinos (1995) solved the Reynolds-averaged Navier-Stokes equations and studied the effect of 

downward seepage on the boundary shear stress. The bed shear stress increases with increasing 

downward seepage rate in the seepage zone. For downward seepage velocity of 9% of the mean 

channel velocity, the increase in bed shear stress with downward seepage is about eight times to 

that of the bed shear stress without downward seepage. 

 

Rao and Sitaram (1999) investigated the seepage effects on incipient motion of sand-bed 

particles. They found that seepage through a sand-bed in a downward direction (suction) reduces 

the stability of particles and it can even initiate their movement. The bed erosion is increased with 

the increased rates of suction. However the seepage in an upward direction (injection) increases 

the stability of bed particles and does not aid in initiating their movement. 

 

Krogstad and Kourakine (2000) investigated localized upward seepage effects on the turbulence 

structure in a boundary layer. It was observed in their experimental results that as the incoming 

flow entered the upward seepage region, the bed shear stress is significantly reduced. 

 

Chen and Chiew (2004) experimentally investigated the effect of downward seepage on bed shear 

stresses in open-channel flow. They observed that the conventional law of the wall is not applicable 

to open channel flow subjected to downward seepage. Velocity increases in the near-bed region 

and decreases near the water surface. This resulted in a more uniform velocity distribution. Further, 

it was also observed that the origin displacement, slip velocity and shear velocity increase with 

increase in relative downward seepage. 
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Rao and Sreenivasulu (2009) studied the importance of seepage in the design of channels and 

revealed that seepage either in “upward” or “downward” can change the resistance as well as 

mobility of sediment particles. Therefore, it is concluded that the effect of seepage must be 

considered in canal design. Experimental studies show that suction reduces the stability of the bed 

particles and initiates their mobility whereas injection increases the stability of the bed particles 

and reduces their mobility. 

 

Rao et al (2011) carried out experiments relevant to the regime behavior of an alluvial channel 

affected by seepage. Consideration of seepage in flow analysis of regime channel alters its stability. 

Regime theory was used to define the regression equations for a channel's dimension under stable 

conditions. Bivariate and trivariate regression relationships were developed for an alluvial channel 

design under seepage. 

 

Sreenivasulu et al (2011) pointed out that in the presence of downward seepage stream power 

varies non-linearly in the channel and it decreases in the downstream direction. Higher stream 

power prevails on the upstream end of the channel with downward seepage. Deposition is observed 

at the downstream end of the flume. They recommended that the effects of downward seepage 

should be considered in channel design. 

 

Cao and Chiew (2013) conducted laboratory experiments to investigate the influence of suction 

on sediment transport in closed conduit flows. A conceptual model was set up to analyze suction 

effects on particle mobility by considering the near-bed velocities based on the theoretical analyses 

of the forces acting on a spherical particle. The experimental results show that the bed load 

transport rate increases with suction rate. The results obtained from the numerical simulations also 

confirm that the near-bed velocities increase with suction. 

 

Deshpande and Kumar (2016a) conducted an experimental study on alluvial channel and found 

that at high bed shear stress in alluvial channels, made of the non-cohesive material, sediment 

transport occurs as sheet flow layer of high sediment concentration. The sediment transport in the 

form of sheet flow is observed when suction is applied to the non-transporting channels designed 
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on incipient motion condition. The erosion of the channel banks contributes to the sheet flow 

because of the increased channel bed shear stress. An empirical relation for the thickness of sheet 

flow layer was developed which includes suction as independent parameter along with others. 

 

1.4 Need for research 

 

Almost all the investigations which focus on flow field and flow resistance, however, have 

neglected the downward seepage related with mobile beds. The open question is whether to neglect 

the contribution due to downward seepage is a correct assumption, since in non-vegetated beds the 

same assumption would be considered a rough approximation. Although the flow characteristics 

in vegetated channel raise the interest of the researcher community, the hydrodynamics of 

vegetated channel with downward seepage is not approached. After extensive review of various 

literature, it is felt necessary to have a detailed and comprehensive research in the laboratory to 

evaluate the different flow characteristics of vegetated open cannel. It may be concluded that, sand-

bed channels are losing a substantial part of the usable water through seepage. Seepage 

loss not only depletes water resources but also alters the hydrodynamic behavior of the channel. 

Therefore, seepage loss should be considered while designing a channel section. The hydraulic 

designers are still lacking of a rational method to determine the hydrodynamics in vegetated 

riverbeds with downward seepage. Because of practical difficulties in obtaining sufficiently 

accurate and comprehensive data in actual field experiments, well designed laboratory studies are 

preferred as a truthful method to provide information concerning details of the hydraulic 

parameters. Such information is important in application and development of numerical models 

that can help to predict flow characteristics in vegetated open channel. In the present work, an 

experimental study on the flow characteristics in a vegetated channel affected with downward 

seepage is necessary for proper understanding of the problem.  
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1.5 Objectives 

 

The purpose of this research is to study seepage effects on open-channel flows covered with 

vegetation. The flow structure in vegetated flows with seepage was investigated by conducting 

physical experiments. The main objectives of the present study are outlined below: 

 

1.5.1 Flow characteristics in a channel covered with uniformly distributed vegetation 

 

 Study on the dependency of relative submergence 

 Study on the effect of vegetation spacing  

 Study on the effect of pattern of placing vegetation 

 Study on the change in the flow characteristics along the flow direction 

 Study on the effect of downward seepage 

 

1.5.2 Effect of mixed vegetation densities on flow structure 

 

 explore the flow characteristics when sparse vegetation density patches are present 

at the upstream half of the test section and dense vegetation density patches are at 

the downstream half of the test section 

 study the flow characteristics when dense vegetation density patches are present at 

the upstream half of the test section and sparse vegetation density patches are at the 

downstream half of the test section 

 investigate the streamwise change in the flow characteristics  

 study on the effect of downward seepage 

 

 

1.5.3 Hydrodynamics of seepage affected channel with vegetation bundles 

 

 study the influence of vegetation spacing  

 study the change in flow characteristics along the flow direction 

 study on the effect of downward seepage 
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1.5.4 Experimental study of flow through natural vegetation 

 

 explore the flow characteristics when submerged natural vegetation are covered 

fully for the entire test section 

 study the flow characteristics when natural vegetation are covered partially 

 investigate the streamwise change in the flow characteristics  

 study on the effect of downward seepage 

 

A schematic view of the objectives outlined in the present research work is shown below: 

 

 

Figure 1.2 Experimental programme in the present research work 

 

 

1.6 Thesis Organization 

 

The thesis is comprised of seven chapters. A brief introduction of each chapter is described below: 

 



Hydrodynamics of vegetative channel with downward seepage 

19 

 

Chapter 1 presents an introduction of the research with the review of literature of various 

pioneering investigators in the field of vegetated open channels. It highlights various experimental 

investigations performed using various types of vegetation. The flow conditions in a channel 

covered with vegetation are stated.  It also discusses the investigations on the effect of downward 

seepage. After a critical review, various objectives of the present study are outlined in this chapter.  

 

Chapter 2 describes experimental program which includes experimental channel design, design 

and placement of various vegetation elements, experimental procedure for different seepage 

percentage. Development of the flume is described. Bed material and various instrument used in 

the experimental study to collect data are presented. Detailed procedure of the data collection and 

its processing with the results is given.  

 

Chapter 3 presents experimental results pertaining to different vegetation characteristics such as 

height, vegetation spacing and pattern of placing vegetation.  The change in different flow 

characteristics because of the application of downward seepage is studied. Besides velocity 

profiles, Reynolds stress and turbulent intensities, moment analysis, quadrant analysis and Energy 

budget are calculated. Importance of using vegetation as one of the erosion control measures is 

highlighted. 

 

Chapter 4 explores the flow characteristics in a vegetated channel where two different vegetation 

densities are mixed in a vegetation patch. The effect of downward seepage is observed. The change 

in flow characteristics along the flow direction is noted and important results are presented. The 

calculation of drag coefficient is shown and its change with downward seepage is noted. Important 

results are drawn with the introduction of mixed vegetation densities. 

 

Chapter 5 also shows the effect of vegetation spacing and downward seepage using another kind 

of vegetation, by using vegetation bundle. The chapter also studies the change in flow condition 

as the flow goes downstream. Drag coefficient is also determined for both the spacing and for 

different seepage cases. 
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Chapter 6 investigates the flow characteristics using natural vegetation. The chapter highlights 

the flow characteristics for two different cases: (i) when the vegetation is fully covered for the 

entire test section and (ii) when the vegetation is partly for half width of the test section. Drag 

coefficient is calculated. Length and time scales are determined in this chapter. Sediment transport 

conditions for partly covered vegetation is given. 

 

Chapter 7 presents important findings of the research work for all the experimental conditions. 

Scope for the future research work is also presented after the section conclusion. Various 

references that have been reviewed for the present thesis work are listed at the end of the 

dissertation. 
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 Experimentation 

 

 

2.1 Overview 

 

The objective of the present chapter is to describe the equipment and laboratory methods used for 

conducting experiments in the present study. Experiments have been designed to make maximum 

use of the equipment available while minimizing problems such as channel wall effects. All 

relevant material relating to the methods of operation of this equipment will also be introduced in 

this chapter. This chapter first describes the apparatus that was available before describing the 

manner in which it was used for gaining various results. The end of the chapter describes in detail 

the different series of experiments that were planned and carried out during the course of the 

research. 

 

2.2 Apparatus and Methods 

2.2.1  The Flume 

 

Experiments were conducted in a tilting flume of 20 m long, 1 m wide and 0.72 m deep (Figures 

2.1 and 2.2). A tank of dimensions 2.8 m long, 1.5 m wide and 1.5 m deep was provided at the 

upstream of the flume to straighten the flow prior to its introduction in to the flume. Two metres 

of upstream length of the main channel bed was made non-porous and the remaining length of the 

channel was made porous by covering a fine mesh (0.1 mm).This mesh arrangement was supported 

by steel tube structure of 0.22 m height which was placed on the bottom of the bed. Bottom 

pressure chamber (15.20 m in length, 1 m wide and 0.22 m deep) was formed by the area between 

the bottom of the channel and the fine mesh. Sand was placed on the fine mesh in order to prevent 

its entrance into the bottom chamber. This pressure chamber was used to remove the water from 

the main channel through the sand bed in perpendicular direction. In order to prevent highly 

turbulent flow from entering the channel, wooden baffles were installed at the upstream collection 

tank and the flow was smoothened for a length of 2 m at upstream.  
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Figure 2.1 Schematic diagram of the experimental flume set-up 

 

 
 

Figure 2.2 Photograph of the tilting flume 
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2.2.2 Test section 

 

Flow in the test section of the flume is significantly affected by the entrance and exit conditions. 

Strong circulations are present in the flow if it is delivered to the flume directly by means of pipes. 

In order to avoid the strong circulations present in the flow due to pipes, water was first collected 

into upstream collection tank of the flume. The level of water rose gradually in the upstream 

collection tank prior to its introduction into the channel. To ensure the smooth entrance of flow 

into the channel, couple of baffles was installed in the upstream collection tank just upstream of 

the channel entrance. Free overfall of flow from the tailgate causes acceleration of flow in the near-

bed region just upstream of the tailgate. To minimize the effects of flow entrance and exit 

conditions in the channel, the test section in the present experiments was considered as a 5 m length 

in the middle of the flume (4.5 m to 9.5 m from tail gate as shown in Figure 2.1). The flume was 

long enough to achieve fully developed flow conditions for all the experiments. 

 

2.2.3 Bed material 

 

Carefully sieved river sand of median size (d50) 0.418 mm was used for experiments. Particle size 

distribution for given sand can be said as uniform if the value of σg is less than 1.4 (Marsh et al, 

2004). 

 
 

Figure 2.3 Sand size distribution curve 
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The values of gradation coefficient ( )g  and angle of repose ( )   for the particular sand are 1.17 

and 32.550. The sand size distribution curve for the particular sand is shown in Figure 2.3. 

 

2.2.4 Flow discharge in the main channel 

 

 

The discharge in the main channel was measured volumetrically with the help of a rectangular 

notch provided at the downstream of the flume (Figure 2.4).  

 

Coefficient of discharge was calculated using the equation given below: 

 

  
3/22

2
3

d n nQ C L g h   (2.1) 

 

 

 
 

Figure 2.4 Measurement of flow discharge in the main channel 

 

Coefficient of discharge for the rectangular notch is shown in Figure 2.5 and the value was found 

to be 0.82. 
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Figure 2.5 Calculation of coefficient of discharge for the rectangular notch 

 

2.2.5 Seepage discharge 

 

The seepage discharge coming from the seepage chamber was measured with the help of a pair of 

electromagnetic flow meters installed at the downstream of the flume. The flow meters were 

connected through the pipes to the seepage chamber. The flow meters worked on the principle of 

Faradays law of electromagnetic induction. According to this principle, when a conductive 

medium passed through a magnetic field B, a voltage, Ewas generated which was proportional 

to the velocity of the conductor, cu  , the density of the magnetic field, B, and the length of the 

conductor, L. In a flow meter, a current was applied to wire coils on the meter body to generate a 

magnetic field. The liquid flowing through the pipe acted as the conductor and induced a voltage 

which was proportional to the average flow velocity. The induced voltage was detected by sensing 

electrodes mounted in the flow meter body and sent to a transmitter which calculates the 

volumetric flow rate based on the pipe dimensions. Mathematically, Faraday’s law can be stated 

as 
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 . .cE u B L    (2.2) 

 

 
 

Figure 2.6 Electromagnetic flow meters for measuring seepage discharge 

 

The flow meters had a control valve and a digital display which was used for applying desired 

percentage of seepage discharge (Figure 2.6). The seepage discharge can be estimated using the 

relation given below: 

 s p cq A u   (2.3) 

where qs is the seepage discharge in m3/s, Ap is the area of pipe in m2 and uc is the fluid velocity 

through the flow meter. 

 

2.2.6 Flow velocity 

 

For investigating the turbulent properties of the flow, instantaneous velocities were measured. 

Velocity measurements were performed using a four beam down looking Vectrino+ Acoustic 

Doppler Velocimeter (ADV) probe manufactured by Nortek (Figure 2.7). The instrument allowed 

data collection at a higher sampling rate up to 200 Hz. The Vectrino uses the Doppler Effect to 
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measure the velocity. The Doppler Effect is the change in frequency of a wave (or other periodic 

event) for an observer moving relative to its source. The pitch of a sound is different when a vehicle 

sounding a siren approaches, passes and recedes from an observer. Compared to the emitted 

frequency, the received frequency is higher during the approach, identical at the instant of passing 

by, and lower during the recession. The change in the pitch will give an idea of how fast the vehicle 

is moving. The ADV used this principle to measure the velocity of water in three dimensions. The 

device sent out a beam of acoustic pulses at a fixed frequency from a transmitter probe. These 

waves bounced off of moving particulate matter in the water and three receiving probes “listened” 

for the change in frequency of the returned sound. The returned sound was not reflected from 

water. As a pulse was sent out into the flow, it intercepted ambient scatter like microbubble and 

suspended particle as a target. The target scattered the incident pulse in all directions, some being 

sent in the direction of the receiver. As far as the receiving transducer was concerned, the target 

had generated (by reflection) an acoustic signal that propagated from the target in a sampling 

volume. The ADV then calculated the velocity of the water in the x, y, and z directions. 

Additionally, the ADV allowed the measurement of the distance of the central transmitter from the 

boundary. The instrument collected data in a cylindrical remote sampling volume of user 

adjustable height located 5 cm below the central transmitter. 

 

  

Figure 2.7 Acoustic Doppler Velocimeter for measuring instantaneous velocities 



Hydrodynamics of vegetative channel with downward seepage 

28 

 

A software called Vectrino+ developed by Nortek was used for collecting the instantaneous 

velocities in the computer system. The height of the sampling volume was set at 4 mm when the 

measurement location was away from the bed and 1 mm when very near to the bed so that the 

sampling volume did not touch the particles on the bed surface. The time duration for data 

acquisition was 5 minutes where 40,000 samples were collected. Special care was taken to collect 

data with correlation >70% and signal to noise ratio (SNR) >15. Very near to the bed, slight 

deviation (± 5%) in the correlation was observed. In order to check the uncertainty associated with 

the ADV data, 16 pulses of 40000 samples for duration of 5 minutes each were collected at a 

location 3 mm above the bed level.  

 

The velocity data measured by the ADV included spikes because of interference between 

transmitted and received signals. These data were needed to be post processed or filtered. 

Acceleration thresholding method (Goring and Nikora, 2002; Dey et al, 2012) was used for 

removing the spikes in the velocity data (Figure 2.8). Threshold values (1-1.5) were selected by 

trial and error in such a way that the power spectra for streamwise velocity in the inertial subrange 

yielded a satisfactory fit with Kolmogorov “-5/3 scaling law” in the inertial subrange. It is observed 

from Figure 2.9 that power spectra for filtered velocity pulses was in good agreement with the 

Kolmogorov’s −5/3 law in the inertial subrange. For both no seepage as well as seepage cases, it 

is observed that power spectra for both no seepage and seepage runs are similar which suggests 

that spectra are not adversely affected by the application of seepage. 

 

In Table 2.1, U, V and W are the time averaged velocities in streamwise, spanwise and vertical 

direction, u′, v′, and w′ are the fluctuations of instantaneous streamwise velocity u, spanwise 

velocity v and vertical velocity w, respectively, (u′u′)0.5 is the root-mean-square (rms) of u′, (v′v′)0.5 

is the rms of v′ and (w′w′)0.5 is the rms of w′.  The time averaged velocities were estimated from 

the measured instantaneous velocities as given below: 
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where n is the total number of samples. 

 

 

 

 

 

 

Figure 2.8 Removal of spikes in the sampled velocities data by acceleration thresholding method 
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Figure 2.9 Velocity power spectra showing the fit of Kolmogorov’s -5/3 scaling law 
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Table 2.1 Uncertainty associated with ADV data 

 

 U 

(m/s) 

V 

(m/s) 

W 

(m/s) 

(𝑢′𝑢′̅̅ ̅̅ ̅)0.5 

(m/s) 

(𝑣′𝑣′̅̅ ̅̅ ̅)0.5 

(m/s) 

(𝑤′𝑤′̅̅ ̅̅ ̅̅ )0.5 

(m/s) 

Standard 

deviation 

4.34x10-3 9.74x10-4 4.24x10-4 1.09x10-3 9.04x10-4 3.14x10-4 

Uncertainty 

% 

0.31 0.07 0.03 0.06 0.07 0.03 

 

 

2.2.7 Flow depth 

 

The flow depth in the channel was measured with the help of a digital point gauge attached to a 

moving trolley (Figure 2.10). This was a direct indicating gauge which eliminated observation 

errors due to vernier and scale reading. It could be set to zero anywhere in the operating range to 

permit easy relative level checking. The liquid crystal display was easy to read and had a resolution 

of ±0.01mm. A quick-release mechanism permitted rapid changes of position. The depth of flow 

was defined as a difference between the water surface level and the bed level. 

 

 

Figure 2.10 Digital Point gauge for measuring flow depth 
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2.2.8 Water surface elevation 

 

Water surface slope in experiments was measured using a Pitot-static tube connected to a digital 

manometer which was further attached to a moving trolley. The digital manometer was powered 

by two batteries of 12 Volts each connected in series. The outer tube consisting of static pressure 

holes when connected to digital manometer gave the piezometric height at that point. Water surface 

slope was measured by moving the trolley in the streamwise direction. Pitot-static tube and digital 

manometer arrangement are shown in Figure (Figure 2.11). 

 

 

Figure 2.11 Pitot tube and digital manometer assembly for measuring water surface slope 

 

2.2.9 Bed slope 

 

Bed slope of the flume was measured with the help of Total Station. A Total Station was a modern 

electronic device that combined the ability to simultaneously measure a position horizontally and 

vertically. It had two components, a machine mounted on a static tripod, and a ‘target’ prism on a 

metal staff, which was moved around the site. The machine part of the Total Station had a lens 
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somewhat like a telescopic rifle-sight with cross-hairs which were focused on the prism. The whole 

instrument revolved horizontally and the lens swiveled vertically too. The Total Station was partly 

based on a principle used in traditional theodolites, where angles were calculated from vertical and 

horizontal 360-degree scales. It combined these with a device known as an Electronic Distance 

Measurer or EDM. 

 

2.2.10 Temperature and Kinematic Viscosity 

 

Average temperature of water during an experiment was recorded by Vectrino+ ADV which had 

a temperature sensor (thermistor), located inside the probe head. The corresponding value of 

kinematic viscosity (cm2/s) was determined from standard tables. 

 

2.2.11 Fixing of Flow depth 

 

Large number of investigations (Jarvela, 2004; Poggi et al, 2004; Ghisalberti and Nepf, 2006; Liu 

et al, 2008) have been done on flow and transport phenomenon with different types of submerged 

vegetation but did not clearly specify the criteria for choosing the main channel flow depth. 

Literature on flexible vegetation (Nepf and Vivoni, 2000; Wilson et al, 2003; Huai et al, 2009) 

seems to suggest the ratio of flow depth to the height of submerged vegetation in the range of 1.2 

to 4. Keeping the large variation existed in the literature for determining the submerged vegetation 

height, present work derived the main channel flow depth based on the unique relationship among 

uniform sand size, flow depth and discharge as per standard Shields curve or incipient motion 

condition.  

 

An incipient motion criterion is generally considered for designing stable or threshold channel. 

Thus, in the present study the incipient motion or threshold channel criteria was used for defining 

the flow depth for a particular sand diameter, d50 =0.418 mm. Yalin’s incipient motion criteria 

(1972) was used for the present study and it was achieved at a flow depth (H) of 12 cm when 

measured at the centre of the test section and discharge (Q) of 0.0326 m3/s after verifying with the 

help of Shields diagram.  
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Yalin (1972) proposed a term ‘ Y  ’ in which its value determines the critical condition of bed 

movement. Y  is given by 
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where m is the number of detachments, A is the observation area, t is the time, d50 is the median 

diameter of grains, s is the submerged specific weight of the grains and  is the mass density of 

the fluid. Theoretically the value of Y   should be zero but for practical purposes, Miller (1977) 

recommended a value of 10-6. During experiment, it had been tried to keep the value of Y  as close 

as possible to the recommended value. Table 2.2 shows the different parameters achieved at 

incipient motion condition. 

 

Table 2.2 Flow conditions at incipient motion condition 

Incipient 

Motion 

run 

d50 

(mm) 

H 

 (m) 

V 

(m/s) 

Q  

(m3/s) 

Re Fr R* τ* 

0.418 0.12 0.27 0.0326 1.3 x 105 0.25 6.5432 0.0323 

 

 

2.2.12 Vegetation characteristics 

 

2.2.12.1 Vegetation material 

 

Flexible rubber cylinders of two different diameters, 10 mm and 5 mm, were used for simulating 

vegetation. Oryza sativa stems were used for simulating natural vegetation cover. 

 

2.2.12.2 Vegetation motion 

 

For flexible vegetation, it is important to identify the plant motion. Kouwen and Unny (1973) 

proposed a term ‘aggregate stiffness’ which is the product of vegetation density (M) and flexural 

rigidity (EI). 
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MEI is estimated using the equation given below (Kouwen and Li, 1980): 

 

 

4
0.63

3.4 d
v

v

h
MEI HS h

h


  
   
   

  (2.6) 

where γ=specific weight of water, H= flow depth at no seepage or incipient motion, S= bed slope, 

hv= total vegetation height and hd = average deflected vegetation height. Carollo et al (2005) and 

Okatomo and Nezu (2009) classified the different flow patterns in flexible vegetated channel as 

erect or rigid, gently swaying or without organized motions, monami or with organized motions 

and prone. A flexible vegetation shows prone behaviour when the shear velocity is higher than a 

critical value which is estimated as (Kouwen and Li, 1980): 

 

  
2* 0.028 6.33cu MEI    (2.7) 

where *

cu  is expressed in m/s and MEI  in N/m2. 

 In the present study,
*u < 

*

cu  and hence the vegetation did not show prone configuration. 

Additionally, monami occurs at 
*

*
0.75

c

u

u
  whereas swaying occurs at lower friction velocity 

(Okamoto and Nezu, 2010). The flow pattern in the present study was gently swaying. 

 

2.2.13 Experimental Program  

 

The experimental program consisted of four test series in which three test series were conducted 

on flow characteristics with artificial vegetation and the remaining on flow characteristics with 

natural vegetation.  The flow depth and flow discharge were kept same for all test series. Different 

types and characteristics of vegetation were used. Experiments were conducted for no-seepage, 

10% seepage and 15% seepage. The arrangement of vegetation for different test series are given 

below: 
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2.2.13.1 Uniformly distributed vegetation patches 

 

The vegetation area was modeled using the 10 mm diameter flexible cylinders. The submerged 

heights of vegetation (hv) were kept as 8 cm and 6 cm (ratio of flow depth to vegetation height are 

1.5 and 2, which lies in the range suggested).  

 

 

 

Figure 2.12 Locations of velocity profile measurements (a) Staggered at sv=10 cm (b) Uniform 

at sv=10 cm (c) Staggered at sv=15 cm (d) Uniform at sv=10 cm 
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Figure 2.13 Photographs showing the placing of cylinder stems as artificial vegetation (a) 

staggered (b) uniform 

 

Two different patterns of placing the vegetation stems were selected for investigating the change 

in flow characteristics with change in pattern of placing vegetation. The vegetation stems were 

placed in a staggered pattern as well as uniform pattern at an equal spacing (sv) of 15 cm and 10 

cm. The measurement zones were set at upstream (8.5 m), centre (7m) and downstream (5.5 m) 

test section. At each measurement zone, a specific measurement location was selected which was 

same for all the measurement zones so that the effect of downward seepage could be derived 

(Figure 2.12). Figure 2.13 shows the photographs taken after placing the vegetation stems. The 

experimental parameters for the particular study on uniformly distributed vegetation stems are 

shown in table 2.3. 
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Table 2.3 Experimental conditions for uniformly distributed vegetation stems 

 

No. 

hv 

(m) 

hd 

 (m) 

H 

(m) 

Pattern dv 

(m) 

sv 

(m) 

S % of 

seepage 

1 0.08 0.04 0.12 Staggered 0.01 0.15 0.0015 0 

2 0.08 0.04 0.12 Staggered 0.01 0.15 0.0015 10 

3 0.08 0.04 0.12 Staggered 0.01 0.15 0.0015 15 

4 0.08 0.04 0.12 Staggered 0.01 0.10 0.0015 0 

5 0.08 0.04 0.12 Staggered 0.01 0.10 0.0015 10 

6 0.08 0.04 0.12 Staggered 0.01 0.10 0.0015 15 

7 0.08 0.04 0.12 Uniform 0.01 0.15 0.0015 0 

8 0.08 0.04 0.12 Uniform 0.01 0.15 0.0015 10 

9 0.08 0.04 0.12 Uniform 0.01 0.15 0.0015 15 

10 0.08 0.04 0.12 Uniform 0.01 0.10 0.0015 0 

11 0.08 0.04 0.12 Uniform 0.01 0.10 0.0015 10 

12 0.08 0.04 0.12 Uniform 0.01 0.10 0.0015 15 

13 0.06 0.031 0.12 Staggered 0.01 0.10 0.0015 0 

14 0.06 0.031 0.12 Staggered 0.01 0.10 0.0015 10 

15 0.06 0.031 0.12 Staggered 0.01 0.10 0.0015 15 

For same channel discharge Q (no seepage) = 0.0326 m3/s. 

2.2.13.2 Mixed vegetation patches 

 

Six runs were carried out for the present study where three runs were conducted when 5 mm dv 

and 10 mm dv were placed at the upstream half section and downstream half section respectively 

and the remaining three runs vice versa. The vegetation cylinders were placed in staggered pattern 

and the centre to centre spacing (sv) were fixed at 10dv (where dv is in cm) for the entire test section 

(Figures 2.14 and 2.15) giving rise to different vegetation densities for different vegetation 

diameter (vegetation density of 10 mm dv =120 stems/m2 and vegetation density of 5 mm dv = 430 

stems/m2). For all the experiments, measurements were taken at three locations, viz. upstream, 

centre and downstream, along centre line of the vegetation zone or test section (Figure 2.14a and 

2.15a). Table 2.4 shows the experimental conditions. 
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Figure 2.14 Mixed vegetation pattern of placing 10 mm diameter upstream and 5 mm 

downstream 

(a) 

(b) 
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Figure 2.15 Mixed vegetation pattern of placing 5 mm diameter upstream and 10 mm 

downstream 

 

 

(a) 

(b) 
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Table 2.4 Experimental conditions for mixed vegetation patches 

No. hv 

(m) 

hd 

(m) 

H 

(m) 

Pattern S % of 

seepage 

1 0.06 0.0456 0.12 5mm upstream- 10 

mm downstream 

0.0015 0 

2 0.06 0.0456 0.12 5mm upstream- 10 

mm downstream 

0.0015 10 

3 0.06 0.0456 0.12 5mm upstream- 10 

mm downstream 

0.0015 15 

4 0.06 0.0456 0.12 10mm upstream- 5 

mm downstream 

0.0015 0 

5 0.06 0.0456 0.12 10mm upstream- 5 

mm downstream 

0.0015 10 

6 0.06 0.0456 0.12 10mm upstream- 5 

mm downstream 

0.0015 15 

For same channel discharge Q (no seepage) = 0.0326 m3/s. 

2.2.13.3 Vegetation bundles 

 

Flexible rubber cylinders of diameter (dv) 4 mm and height (hv) 4 cm were used for simulating 

vegetation. Single rubber cylinders were combined to a group of three to imitate a vegetation patch. 

The vegetation patches were placed in staggered pattern (Figure 2.16). The deflected vegetation 

height (hd) lies in 3-3.8 giving an average value of 3.5 cm. Two different centre-centre spacing (sv) 

were adopted, 10 cm and 15 cm, in which the vegetation stems were placed equally in both lateral 

as well as streamwise directions for the entire vegetation zone. For all the experiments, 

measurements were taken at the upstream (8.5 m), centre (7.0 m) and downstream (5.5 m) 

vegetation zone or test section (Figure 2.16(a)). The experimental conditions are given in table 2.5. 
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Figure 2.16 Experimental set-up (a) Test section with measurement locations (b) Photograph 

taken after placing of vegetation patches (c) Magnified view of vegetation patches 

 

 

 

 

5 m test 

section 

Magnified 

view 

(b) (c) 

(a) 
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Table 2.5 Experimental conditions for vegetation bundles 

No.  H 

(m) 

hv 

(m) 

hd 

(m) 

Pattern sv 

(m) 

S % of 

seepage 

1 0.12 0.04 0.035 Staggered 0.15 0.0015 0 

2 0.12 0.04 0.035 Staggered 0.15 0.0015 10 

3 0.12 0.04 0.035 Staggered 0.15 0.0015 15 

4 0.12 0.04 0.035 Staggered 0.10 0.0015 0 

5 0.12 0.04 0.035 Staggered 0.10 0.0015 10 

6 0.12 0.04 0.035 Staggered 0.10 0.0015 15 

For same channel discharge Q (no seepage) = 0.0326 m3/s. 

2.2.13.4 Natural vegetation (Fully covered) 

 

The vegetation zone was located in the middle of the flume covering an area of 5m long and 1 m 

wide (Figure 2.17). The flow depth was kept higher than the height of the vegetation. The height 

of the vegetation (hv) was 4 cm and the deflected vegetation height lies in the range of 3-3.5 cm 

(average deflected vegetation height, hd =3.25 cm). Natural rice stems (Oryza sativa) were planted 

for the whole test section of the flume at a vegetation density of 560 stems/m2 to simulate a fully 

submerged canopy. For all the experiments, measurements were taken at the upstream section, 

centre of the vegetation section and downstream section for studying the spatial distribution of 

flow characteristics (Figure 2.17a). 

 

2.2.13.1 Natural vegetation (Partly covered) 

 

The vegetation zone was positioned in the middle of the flume covering an area of 5m long 

(starting from upstream 9.5 m to 4.5 m as demarcated on the flume) and 0.5 m wide (Figure 2.18). 

Natural rice stems (Oryza sativa) were planted for laterally half of the flume in a staggered pattern 

for submerged condition at 10 cm centre-centre. Three to four rice stems were bound into a bundle 

to simulate a vegetation stem of average diameter of around 10 mm (Figure 2.18b). For submerged 

vegetation, the deflected height of the vegetation (hd ) was found to be in the range of 3.0-3.7 cm 

(average deflected vegetation height of 3.3 cm).   
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Figure 2.17(a) Plan view of test section (b) Photograph taken after placing vegetation (c) 

Photograph showing the measurement location 

 

Measurement 

location 

(a) 

(b) (c

) 
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Figure 2.18 (a) Plan view of test section and photographs taken after placing of rice stems (a) 

before run (b) During run showing the submerged condition 

For all the experiments of partially covered, measurements were taken at the vegetation section, 

interface of the vegetation and plane bed or un-vegetated section and un-vegetated section. For 

studying the spatial distribution of flow characteristics, 11 measurement locations were decided 

(Figure 2.18a); free upstream, free downstream, upstream, centre and downstream of vegetation 

section (A1, B1 and C1), interface section (A2, B2 and C2) and unvegetated section (A3, B3 and 

C3). Table 2.6 shows different experimental parameters for the study. 

 

 

 

 

Oryza sativa at 

10 cm spacing 

 

During run 

-Submerged 

4 cm 

(b) (c) 
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Table 2.6 Experimental conditions for natural vegetation cover 

 

No. H 

(m) 

hv 

(m) 

hd 

(m) 

Pattern S % of 

seepage 

1 0.12 0.04 0.0325 Fully covered 0.0015 0 

2 0.12 0.04 0.0325 Fully covered 0.0015 10 

3 0.12 0.04 0.0325 Fully covered 0.0015 15 

4 0.12 0.04 0.033 Partly covered 0.0015 0 

5 0.12 0.04 0.033 Partly covered 0.0015 10 

6 0.12 0.04 0.033 Partly covered 0.0015 15 

For same channel discharge Q (no seepage) = 0.0326 m3/s. 
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 Flow characteristics in a channel covered with uniformly 

distributed vegetationi,ii 

 

 

3.1 Introduction 
 

Turbulent flow of water through vegetation is a very complex phenomenon. Until the 1960’s, it 

was believed that a single resistance coefficient such as Manning’s n could adequately describe 

the resistance effects caused by vegetation. Empirical curves were developed that related n to the 

product of the average velocity and the hydraulic radius (Palmer, 1945). It is widely accepted today 

that a single resistance coefficient cannot adequately describe submerged flow through vegetation. 

To effectively model flows containing vegetation, we must understand how the presence of 

vegetation affect the mean velocity profile and the turbulence structure. Vegetation on river beds 

absorbs pollutants in the channels and provides habitat for aquatic animals. Although river 

vegetation plays an important role in the river ecosystem, research on aquatic vegetation within 

the framework of river mechanics has been limited. During the last few decades, there has been a 

great deal of studies employing various approaches for predicting velocity distribution and 

turbulence properties, and hence overall hydraulic resistance. A number of these studies attempted 

to describe the whole velocity profile covering both vegetation canopy and overlying flow regions 

(Nepf and Ghisalberti, 2008; Katul et al, 2002), while other studies have focused on specific 

segments, e.g., the overlying flow region (Kouwen et al, 1969; Stephan and Gutknecht, 2002) or 

a region within the vegetation (Inoue, 1963). It is therefore useful to conduct further research that 

will broaden our understanding of the effect of aquatic vegetation on river flow patterns and 

sediment behavior. Unlike flow characteristics in open channels without vegetation, the flow 

velocity distribution with vegetation is not subject to the exponential rule, and anisotropy is 

significant (Wu, 2007). Experiments by Lü (2008) showed that the flow velocity distribution is 

                                                 
i Devi, T. B., & Kumar, B. (2015). Turbulent flow statistics of vegetative channel with seepage. Journal of Applied 

Geophysics, 123, 267-276. 

 
ii Devi, T. B., & Kumar, B. (2016). Channel Hydrodynamics of Submerged, Flexible Vegetation with Seepage. 

Journal of Hydraulic Engineering, 04016053. 
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uniform along the water depth direction in open channels with emergent rigid vegetation. Li and 

Shen (1973) suggested that the vegetation arrangement on the river bed affects the sediment 

transport rate. Less sediment is transported when plants are arranged in a staggered pattern, as 

compared with the traditional parallel pattern. Wang and Wang (2010) found that vegetation 

increases the deposition of suspended sediment in water. This chapter presents the results of 

velocity profiles and turbulence characteristics in a uniformly distributed vegetation stems. The 

change in flow conditions with the application of downward seepage is noted. It discusses the 

effect of vegetation height, vegetation spacing and pattern of placing the vegetation element on 

flow characteristics. 

 

3.2 Velocity  

 

The presence of vegetation in a channel affects the flow characteristics. The transition from sand 

bed to the vegetated bed leads to the development of a new boundary layer. Figure 3.1 below 

shows the distribution of streamwise component of velocity at the upstream, centre and 

downstream vegetation sections. For no-seepage case, the velocity profile over flexible vegetation 

is similar to the profile found out by previous investigators (Righetti, 2008; Chen et al, 2011; Li 

et al, 2014). For experiments on plane mobile bed (Chen and Chiew, 2004; Dey and Nath, 2009; 

Dey et al, 2012), the flow velocity is logarithmic while with vegetation, it is a different case where 

the flow region in the vegetation zone is reduced because of the drag imposed by vegetation. 

 

 For each of the velocity distributions, vegetation height is found to influence the flow 

characteristics, flow velocity is reduced near the vegetation top. The average deflected vegetation 

height of 0.08 m is 0.04 m and hence an inflection occurs near / 0.33z H   and for 0.06 m 

vegetation height, the average deflected vegetation height is 0.031m ( / 0.26z H   ). 
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Figure 3.1 Velocity profiles at upstream, centre and downstream  for No-seepage, 10% Seepage 

and 15% seepage (a) 8 cm vegetation height (b) 6 cm vegetation height (Dashed line shows the 

top of the deflected vegetation height) 

As seen from figure 3.1, flow velocity decreases toward the top of the vegetation for no-seepage, 

10% seepage and 15% seepage cases. The vegetation stems induce a drag because of which it 

resists the flow and hence velocity is lower in the lower layer. On observing the streamwise 

variation of velocity, it is noted that velocity decreases along the channel length. The resistance 

offered by the vegetation stems increases as the flow goes downstream. After the application of 

downward seepage, it is found that velocity at the downstream is lower than the upstream which 

shows that vegetation is still effective in reducing the flow velocity as it goes downstream. 
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Figure 3.2 Velocity profiles of staggered (a, b) and uniform pattern (c, d) for no-seepage, 10% 

seepage and 15% seepage (Dashed line shows the top of the vegetation element) for 8 cm 

vegetation height 

(a) Vegetation spacing=15 cm (b) Vegetation spacing=10 cm 

(c) Vegetation spacing=15 cm 
(d) Vegetation spacing=10 cm 
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On comparing the staggered as well as uniform pattern, at the measurement location, higher 

velocity is achieved for uniform pattern than staggered pattern (Figure 3.2). For the staggered 

pattern, there is the presence of vegetation stems in front and behind of A from which the stem 

induces the drag and hence the velocity is lowered. While for uniform pattern, there is no 

vegetation stem in front and behind of A and hence the velocity is measured in the unobstructed 

region. The velocity in the free stream region is higher than the velocity measured in line with the 

vegetation stems (Liu et al, 2008). The effect of vegetation spacing on flow velocity is noted. 15 

cm vegetation spacing has higher flow velocity than 10 cm vegetation spacing. Lesser vegetation 

spacing means more vegetation density leading to more resistance to flow thereby reducing the 

flow velocity. 

 

The presence of downward seepage brought to a change in flow discharge and momentum transfer 

and hence the velocity distribution is modified. It is known that when downward seepage occurs 

in a channel, the velocity profile shifts downwards because of which the velocity near the bed 

increases. When water is drawn through the bed, it leads to a change in boundary shear stresses. 

The increase in velocity and bed shear stress leads to more sediment movement near the bed. From 

the figures 3.1 and 3.2, it can be seen that the presence of seepage leads to an increase in velocity 

near the bed, when 10% and 15% seepage percentages are applied, as compared to no-seepage 

case. Irrespective of the vegetation pattern and spacing, a higher velocity zone exists in the lower 

flow region or the near bed region. Velocity increases on an average value of 8 % with the 

application of 10% seepage. It is also observed that in the lower flow region the velocity for 15% 

seepage case is slightly higher, with an average increasing value of 5%, than the velocity for 10% 

seepage. This shows that the application of downward seepage leads to an increase in the velocity 

in the vegetation zone. 

 

3.3 Reynolds Stress 

 

Vegetation in the flow is regarded as a type of roughness with a large scale and hence regarded as 

parts of roughness resistance of riverbeds while the flow above the vegetation is regarded as the 

flow on the riverbed. It is assumed that the Reynolds Stress ( ' 'xz u w  ) of the flow on the ordinary 
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bed and at the top of the vegetation follows a linear law having a maximum value at the top of the 

vegetation.  

 
2

* (1 )
z

u u w
H

        

 
2

*

(1 )
z u w

H u

 
    (3.1) 

 

For experiments on plane mobile bed (Chen and Chiew, 2004; Dey and Nath, 2009; Dey et al, 

2012), maximum Reynolds stress occur near the bed highlighting the importance of channel bed 

in turbulence production but for vegetated flows, the position of maximum Reynolds stress is no 

longer the channel bed. Because of the difference in velocity just above and below the vegetation 

layer, momentum exchange takes place at the interface or top of the vegetation which leads to the 

formation of shear layer. The presence of shear layer leads to the production of oscillations near 

the vegetation top. These oscillations are responsible for exchange of mass and momentum 

between the lower or vegetated layer and upper or surface layer. Thus, vertical distribution of 

Reynolds stresses have been calculated inorder to describe the momentum diffusion mechanism.  

 

Figure 3.3 shows different distributions of Reynolds stress at three different streamwise distances 

(upstream, centre and downstream) for 8 cm and 6 cm vegetation heights. It is observed that 

Reynolds stress is increased from the water surface towards the location where vegetation is 

present and reached a maximum value near the top of the vegetation. After attaining a maximum 

value near the top of the vegetation, it decreased towards the bed. More turbulence is created by 

oscillation at the top of the vegetation. This in turn leads to occurrence of more momentum 

exchange near the top of the vegetation and ultimately results in more Reynolds stress at that 

location. While in the downside of the vegetated layer the oscillations are obstructed by the 

vegetation stems. Therefore, the diminishing nature of Reynolds stress is attributed to the fact that 

the farther the location from the top of the vegetation, the smaller is the oscillations. 
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Figure 3.3 Reynolds  stress profiles at upstream, centre and downstream  for No-seepage, 10% 

Seepage and 15% seepage (a) 8 cm vegetation height (b) 6 cm vegetation height 

 

It is already found from previous studies that presence of downward seepage increases the bed 

shear stress thereby increasing the sediment movement or transport. Downward seepage increases 

the maximum Reynolds stress at no seepage by a percentage increase of 18% (average value for 

upstream, centre and downstream) for 10% seepage and average of 31% for 15% seepage for 8 cm 

vegetation height. For 6 cm vegetation height, it is increased by an average value of 16% at 10% 

seepage and 30% at 15% seepage. The increase in Reynolds stress is attributed to the local effect 

imposed by the vegetation stems in the occurrence of erosion and deposition around it.  
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Figure 3.4 Reynolds stress profiles of staggered (a, b) and uniform pattern(c, d) for no-seepage, 

10% seepage and 15% seepage 

 

The maximum Reynolds stress, on an average for 8 cm vegetation height and 6 cm vegetation 

height, at the upstream measurement location are 14% higher than the centre location and 29% 

(a) Vegetation spacing=15 cm (b) Vegetation spacing=10 cm 

(c) Vegetation spacing=15 cm (d) Vegetation spacing=10 cm 
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higher than the downstream measurement location (for no seepage). A noteworthy point is that 

even with the application of downward seepage the maximum Reynolds stress at the upstream is 

always higher than the downstream measurement location (an average approx. value of 12% for 

centre location and 15% for downstream location) which signifies the importance of using 

vegetation as a part of river restoration programme. For both staggered and uniform pattern, 10 

cm vegetation spacing has a higher value of Reynolds stress than 15 cm (Figure 3.4). Lesser 

vegetation spacing or more vegetation density has more resistance to flow leading to more shear 

in flow. Therefore more Reynolds stress is achieved for 10 cm than 15 cm. For both the pattern 

and spacing, the maximum Reynolds stress near the vegetation top is increased to an average value 

of 18% from no-seepage to 10% seepage and 13% from 10% seepage to 15% seepage. 

 

3.4 Turbulence Intensities 
 

 

Turbulence intensity is generally calculated to obtain information regarding contribution of 

fluctuating components of velocity to the turbulence production. It is defined as: 

 
  (3.2) 

   (3.3) 

 

where u and w are the instantaneous velocity components in streamwise and vertical directions, U 

and W are the time-averaged velocity components in streamwise and vertical directions and n is 

the number of velocity samples recorded. σu and σw  of 8 cm and 6 cm vegetation heights are plotted 

for no-seepage, 10% seepage and 15% seepage and shown in figure 3.5 below. All the turbulence 

intensities reach a maximum value near the top of the vegetation which is different from the case 

of plane mobile bed with no vegetation where the maximum value of turbulent intensities lies near 

the bed. The flow is highly sheared near the top of the vegetation and hence a maximum value of 

turbulence intensity is noted. The turbulence intensities at the upstream are greater than 

downstream and centre because the wake generated because of the oscillations, decrease in the 

downstream direction.  
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Figure 3.5 Turbulent Intensities in streamwise direction, σu ( ,  ,  ) and vertical direction, σw (

, ,  ) for no-seepage, 10% seepage and 15% seepage cases (a) 8 cm vegetation height (b) 6 

cm vegetation height  

 

Vertical turbulence intensities also exhibit similar behaviour as streamwise turbulence intensities 

but in terms of magnitude vertical turbulence intensities are nearly one-third of the streamwise 

turbulence intensities. All the profiles show maximum value near the top of the vegetation. The 

turbulence intensities at the upstream is reduced in the range of 22-31% as the flow reached 

downstream. From the results of the turbulence intensities, it can be deduced that the intensity of 

velocity fluctuations occur at the starting portion of the vegetation zone decreases at the ending of 
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the vegetation zone implying that turbulent fluctuations are reduced because of the presence of 

vegetation as the flow goes downstream.  
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Figure 3.6 Turbulent Intensities in streamwise direction, σu ( ,  ,  ) and vertical direction, σw (

, ,  ) for no-seepage, 10% seepage and 15% seepage cases: staggered (a, b) and uniform 

pattern(c, d)  

(a) Vegetation spacing=15 cm (b) Vegetation spacing=10 cm 

(c) Vegetation spacing=15 cm (d) Vegetation spacing=10 cm 
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Figure 3.6 shows distribution of turbulence intensities of different pattern and spacing at the 

particular measurement location for no-seepage, 10% seepage and 15% seepage. The profiles show 

higher value for staggered pattern as compared to uniform pattern. The flow for staggered pattern 

is measured in line with the vegetation stems which produces drag and opposes the incoming flow 

resulting in the formation of a shear flow while for uniform pattern, it is measured in the 

unobstructed region and the flow is not much sheared. Therefore, lower turbulence intensities are 

achieved for uniform pattern than staggered pattern. . Additionally, it is observed that 15 cm centre-

centre spacing has got slightly lower turbulence intensities than 10 cm centre-centre spacing 

irrespective of the vegetation pattern. The flow is slightly more sheared for 10 cm centre-centre 

than 15 cm centre-centre which is shown by higher value of Reynolds stress. 15 cm spacing has 

approximately 15% less intensities values as compared to 10 cm vegetation spacing. The effect of 

seepage is also studied. As observed, downward seepage increases the shear stress and hence with 

increase in downward seepage percentage, the flow is more sheared which leads to more 

turbulence intensities. For 10% and 15% seepage also, turbulence intensities for both the 

vegetation height are more, achieving an average increase value of 15% for 10% seepage and 25% 

for 15% seepage as compared to no-seepage case.  

 

3.5 Moment Analysis 

 

The study of the third order correlation of velocity fluctuations are generally carried out to derive 

virtual information on contribution of velocity fluctuations, in terms of flux and diffusion, to the 

turbulent coherent structures. The third order correlation is defined by ˆ ˆj k

jkM u w  where j+k=3, 

 
0.5

/ ' 'û u u u  and  
0.5

ˆ /w w w w   (Raupach, 1981). M30  3û , also known as the skewness of u  , 

is the streamwise (streamwise) flux of the streamwise Reynolds stress while the skewness of w   , 

M03  3ŵ , is the vertical flux of the vertical Reynolds stress. M12
21( ˆ ˆ )u w  and M21 

2 1( ˆ ˆ )u w  are the 

diffusion terms defining the diffusions of ' 'w w  in x-direction or streamwise direction and  ' 'u u  

in z-direction or vertical direction respectively.  Third order correlations of velocity fluctuations 

(M30, M03, M12 and M21) for no-seepage, 10% seepage and 15% seepage at upstream, centre and 

downstream are shown in figure 3.7 and 3.8 below. 
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Figure 3.7 Distributions of third-order moments (M30, M03, M12 and M21 ) at upstream, centre 

and downstream for no-seepage, 10% seepage and 15% seepage for 8 cm vegetation height 
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Figure 3.8 Distributions of third-order moments (M30, M03, M12 and M21 ) at upstream, centre 

and downstream for no-seepage, 10% seepage and 15% seepage for 6 cm vegetation height 

 

Third order moments for plane mobile bed is different from vegetated flows. In the plane mobile-

bed flow (Dey et al, 2012), M30 and M12 start with small positive values near the bed, changing 
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over to negative values for z/H ≥ 0.06 which implies that the bed-load transport influences M30 

and M12 by changing the  u u   -flux and the  w w   -diffusion to the streamwise direction. At z/H> 

0.06, the u u   -flux and the w w   -diffusion occur against the streamwise direction and become 

pronounced with increasing z/H.  M03 and M21 in mobile-bed flows are negative near the bed (z/H 

≤ 0.06) and positive for z/H > 0.06 which suggests that the w w   -flux and the u u   -diffusion are 

in downward direction in the near-bed flow zone for the mobile-bed case. In the present study, M30 

has maximum positive values near the vegetation top which changes to negative values with 

increasing depth. This implies that the ' 'u u flux occurs in the flow direction for the vegetation zone 

which denotes the occurrence of shear layer near the vegetation top (Nezu and Sanjou, 2008; 

Righetti, 2008). With increase in seepage percentage, there is an increase in the positive values of 

M30 near the bed. In the case of M03, it has negative values near the bed, having maximum negative 

value near the top of the vegetation. With the application of downward seepage, the negativity of 

M03 increases which is justifiable with the fact that downward flow is occurring because of 

seepage. 

 

M12 and M21 define the turbulent advection of the normal Reynolds stresses. M12 started to have 

positive values near the bed and the positive nature increases with increase in downward seepage 

percentage. M21 also has negative values near the bed and increases with increase in seepage 

percentage. M12 being positive near the bed and M21 being negative near the bed indicates that the 

w w   diffusion propagates in the streamwise direction and ' 'u u   diffusion occurs in the downward 

direction respectively. The negative values of M03 and M21 near the bed infer that inrush of flow is 

occurring in the region and the flow coming towards the bed is again carried away by the flow in 

the streamwise direction which is observed from positive values of M30 and M12. 
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Figure 3.9 M30, M03, M12 and M21 profiles of staggered pattern and uniform pattern for no-

seepage, 10% seepage and 15% seepage 

 

Thus, it can be inferred from the results that the downward seepage appears to decrease the upward 

flux and the vertical transport of u u     while it increases the streamwise flux and streamwise 

transport of ' 'w w  flux. Irrespective of the vegetation pattern of placement (Figure 3.9), the trend 

of third order moments remains the same. 
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3.6 Quadrant Analysis 

 

Organized coherent structures play an important role in mass and momentum exchange and hence 

these structures need to be identified. Quadrant analysis is carried out to study the contribution of 

different velocity fluctuations to Reynolds stress at a point. In quadrant analysis, the instantaneous 

velocity components, u and w  , are sorted in u w  (Lu and Willmarth, 1973). The plane is 

divided into four quadrants. The four events consist of outward interaction, Q1,  0, 0u w   , 

ejection, Q2,  0, 0u w    inward interaction, Q3,  0, 0u w    and sweep, Q4, 

 0, 0u w   . At any point in a flow, the contribution of different events or quadrants to 

Reynolds stress is calculated as (Raupach, 1981): 

        , ,

0

1
' ' lim '

T

i H i H
T

u w u t w t I u t w t dt
T

 


        (3.4) 

The angle brackets show conditional averaging and ,i HI  is the indicator function which is defined 

by: 

 
,

1, ( , w ) is in quadrant i and

0, otherwise
i H

if u u w H u w
I 

       
 


  (3.5) 

The stress fraction is calculated as: 

 
,

,
i H

i H

u w
S

u w




 


 
  (3.6) 

H  is known as the hyperbolic hole region which is a parameter for investigating the stress 

contribution from each quadrant to extreme events of Reynolds stress. ' 0H   means that all the 

fluctuation components are considered. For some value of H  , the fluctuation components falling 

in the specific region H   are neglected, fluctuations outside the hole region are only considered. 

Stress contributions to Reynolds stress for different vegetation pattern and spacing corresponding 

to flow depth for hole size=0 are shown in figure 3.10. The figures are plotted for no-seepage, 10% 

seepage and 15% seepage at measurement location ‘A’. The difference between ejection and 

sweep is also calculated. The difference between sweep and ejection (Q4-Q2) is also calculated 

where the negative value infers that ejection event is dominant while its positive value implies that 

sweep action dominates.  
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Figure 3.10 Stress fraction contribution from each quadrant at A of staggered pattern and 

uniform pattern for no-seepage, 10% seepage and 15% seepage ( 0H    ) 
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The flow regions dominated by ejection events are analogous with negative values of M30 and 

positive values of M03 while sweep events are associated with positive values of M30 and M03 ( 

Righetti, 2008; Dey and Nath, 2009). In the present observations for staggered pattern it is 

observed that in the flow region above the vegetation, the flow is dominated by ejection events for 

no-seepage case but equal contribution of ejection and sweep for lower flow region. With 10% 

seepage, the difference between ejection and sweep lies closer to zero for upper flow region 

inferring almost equal contribution of sweep and ejection and the contribution of sweep event is 

increased. Accordingly with 15% seepage, sweep event has slightly higher contribution comparing 

to ejection event. It is observed that the application of seepage enhances the sweep event since the 

flux is occurring in the downward direction. Sweep event dominates the whole flow region for the 

case of 10 cm centre-centre spacing with 15% seepage. Stress contribution for uniform pattern at 

no-seepage, 10% seepage and 15% seepage is also presented. For no-seepage the whole flow depth 

is dominated by ejection event. One of the reasons may be because the flow is not much sheared 

in the unobstructed region, A, and hence dominated by ejection event only. With the application 

of seepage, sweep action comes to play a dominant role in the lower flow region, difference 

between sweep and ejection being higher for increasing seepage percentage.  

 

3.7 Turbulent Kinetic Energy (TKE) Budget 

 
Another objective of the present study is to calculate the components of the turbulent kinetic 

energy budget. For steady, homogenous flow and by neglecting the viscous diffusion term, the 

total kinetic energy budget reduces to 

  ( ) 0s w t d

k
p p t p

t



      


  (3.7) 

Where k = total kinetic energy
 2 2 2

2

u v w   
 , ps, is the shear production which is emerged from 

the turbulent interactions with the mean velocity profile, pw is the wake production which is the 

work done by the mean flow against the form drag caused by presence of vegetation, tt is the 

turbulent diffusive transport, pd is the pressure diffusion and    is the energy dissipation which is 

regarded as a sink for TKE which damages the turbulent motion and converted into heat.  
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Figure 3.11 Velocity power spectra and estimation of turbulent dissipation rate,    

 

Defining the components, equation (3.7) becomes 

2

* ( )( ' ') 1 ( p ')
' ' ( ) 0kw

d

fuk U u w w
u w U

t z z H h z z




        
         

      

 (3.8) 

 

 fkw is the TKE flux in the vertical direction which is calculated as  
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 0.5( ' 'w' ' ' ' ' ' ')kwf u u v v w w w w     (3.9) 

 

The estimation of    is done by using Kolmogorov’s second hypothesis that predicts the following 

equality describing the true inertial subrange (Pope 2001): 

 

 
5/3 2/3.w uuk S C    (3.10) 

 

where wk is the wave number, Suu the spectral density function for u′, and C is the universal 

Kolmogorov’s constant approximately equal to 0.5 (Monin and Yaglom 2007). In Figure 3.11, the 

spectra Suu (kw) [= (0.5 u /π) Fuu (f)] as a function of kw [= (2π/ u) f] are drawn using the despiked 

instantaneous velocity data. The inertial subranges are satisfactorily characterized by Kolmogorov 

“–5/3 scaling-law”. It corresponds to a subrange of wk where the average value of 
5/3

w uuk S  is 

relatively constant (that is independent of wk ) as shown in Figure 3.11. Then,   was estimated 

from Eq. (3.10). All the components are non-dimensionalised by multiplying each component with 

hd/u*
3 (Nezu and Sanjou, 2008; Dey et al, 2012) as PD, Tt, E, Ps, Pw=(pd , tt, ε , ps, pw) x hd/u*

3.  

 

All the components such as Ps, Pw, Tt and E are computed from velocity measurements and 

approximation except the pressure transport. The pressure transport is calculated as the residual of 

the remaining terms i.e. 

 ( ( ))D S W tR P P P T E          (3.11) 

 

Figures 3.12, 3.13 and 3.14 shows the plot of the different components of TKE budget. For 

submerged vegetation, there is a strong velocity differential between the vegetation zone and the 

region above it where there is no vegetation due to which a shear layer is generated near the top of 

the vegetation. 

 

 For all the profiles of Ps, it is observed that maximum value is found near the vegetation top where 

there is high velocity differential. The normalized values of Ps show no change with change in 

vegetation pattern and spacing for no-seepage, 10% seepage and 15% seepage (Figure 3.12).  
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Figure 3.12 Components of the turbulent kinetic energy budget, Ps and Pw, for no-seepage, 10% 

seepage and 15% seepage at measurement location A 
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Figure 3.13 Components of the turbulent kinetic energy budget, Tt and E, for no-seepage, 10% 

seepage and 15% seepage at measurement location A 
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The wake production, Pw, is analyzed for the vegetation zone only as wake vortices are produced 

near the vegetation stem only (Nezu and Sanjou, 2008; Nepf and Vivoni, 2000). It is observed that 

Pw has maximum value near the bed which means that more energy is required for flow to 

overcome the drag induced by the vegetation stems. Pw also show no change with change in 

vegetation pattern or spacing for all the three cases of no-seepage, 10% seepage and 15% seepage 

(Figure 3.12). 

 

For no seepage case, the normalized energy dissipation shows no remarkable change with respect 

to change in vegetation density and pattern (Figure 3.13). With the application of seepage, the 

normalized dissipation of staggered pattern at 10 cm vegetation spacing is slightly lower as 

compared to uniform pattern at 10 cm vegetation spacing.  

 

Turbulent transport or diffusion plays an important role in TKE budget. Tt has negative values in 

the upper flow region and positive values in the lower vegetation zone (Figure 3.14). This denotes 

that the turbulent energy near the vegetation edge is transported towards the free region as well as 

towards the vegetation zone. The energy that is transported towards the vegetation zone is 

counteracted by the energy dissipation. It may be because of the ejection event that leads to 

diffusion of energy towards the free or water surface and sweep event that diffuses the energy 

towards the vegetation edge. With increase in seepage percentage, sweep event dominates, as 

observed from quadrant analysis, having higher value for lower vegetation spacing. Therefore, 

turbulent diffusion decreases in the upper flow region and increases in the lower flow region 

showing the predominance of sweep event. Tt has the most important role in governing the ejection 

and sweep event which are the key phenomenon for generation of vortices. 

 

The energy transported by the turbulent diffusion is partially counterbalanced by the pressure term 

which is shown by positive values above the vegetation zone and negative values in the vegetation 

zone (Figure 3.14). For no-seepage case, there is no notable change in its value with vegetation 

pattern and spacing while with increase in seepage, the balancing power of PD increases in the 

lower vegetation zone and decreases in the upper flow region which is just the opposite of Tt.  
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Figure 3.14 Component of the turbulent kinetic energy budget, PD, for no-seepage, 10% seepage 

and 15% seepage at measurement location A 

 

3.8 Conclusions 

 

The study presents flume experiments for investigating the flow characteristics in a vegetative 

channel. The type of vegetation used for the study was flexible vegetation in which flexible 

vegetation was simulated by flexible rubber cylinders and the flow depth was kept more than the 

vegetation so that the vegetation was kept fully submerged.  The experiments were conducted for 

no-seepage, 10% seepage and 15% seepage. Different results showing distributions of velocity 

profiles, Reynolds stress, turbulence intensities and moments are presented for no-seepage, 10% 

10% Seepage 

15% Seepage 

No Seepage 
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seepage and 15% seepage at different streamwise distances.  From the velocity distributions of 8 

cm and 6 cm vegetation heights, it is observed that vegetation height is also an important parameter 

in vegetated flows. The lowest velocity occurs near the vegetation top. Higher velocity is achieved 

for uniform pattern which was measured in the unobstructed region comparing to the staggered 

pattern which was measured in line with the vegetation. The presence of downward seepage 

modifies the velocity distribution which leads to an increase in velocity in the vegetation zone. 

However, it is found that vegetation reduces the velocity as the flow goes downstream even at 

seepage cases. The maximum Reynolds stress at no seepage is increased by a percentage of 18% 

(average value for upstream, centre and downstream) for 10% seepage and average of 31% for 

15% seepage for 8 cm vegetation height. For 6 cm vegetation height, it is increased by an average 

value of 16% at 10% seepage and 30% at 15% seepage. It is also noted that Reynolds stress 

decreases along the channel length which implies the importance of using vegetation as river 

protection measure. The turbulence intensities have a maximum value near the top of the 

vegetation which is different from the case of plane mobile bed with no vegetation. The turbulence 

intensities at the upstream is reduced in the range of 22-31% as the flow reached downstream. The 

presence of vegetation reduces the maximum turbulent fluctuations (range of 22-31%) at the 

upstream as the flow reaches the downstream measurement location. The positivity of M30 and 

M12 increases with increase in seepage percentage implying more transport of ' 'u u flux and w w   

diffusion in streamwise direction. With the application of downward seepage, the negativity of 

M03 and M21 increases which is justifiable with the fact that downward flow is occurring because 

of seepage. Downward seepage increases the flux transport in the streamwise direction and 

downward direction. The contribution of velocity fluctuations to Reynolds stress or bursting 

phenomenon is studied by carrying out quadrant analysis. Sweep action dominates the whole flow 

region with the application of downward seepage. The components of the TKE budget are also 

presented and discussed. Turbulent transport plays one of the most essential components of TKE 

budget. The negative values and positive values of Tt show that energy at the vegetation edge is 

transported in the water surface and in the vegetation edge. When downward seepage was applied, 

the negative value of Tt in the upper flow region is reduced while the positive nature increases in 

the vegetation zone indicating the dominance of sweep event over ejection event. The turbulent 

diffusion or transport is counterbalanced by the pressure transport showing by positive values in 

the upper flow region and negative values in the vegetation zone.  
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 Effect of mixed vegetation densities on flow structureiii 
 

 

 

4.1  Introduction 
 

 

A large number of researchers have carried out research on resistance characteristics of flows in 

open channel. Many empirical formulae have already been developed and are now in use. But not 

a large numbers of works have been done on flow resistance in relatively smooth boundaries of 

open channel roughened with large roughness elements. Studies on flow resistance caused due to 

bed forms, vegetation etc. in an open channel flow is helpful to the hydraulic engineers in stage-

discharge computation in a channel section, design of channels, sediment analysis etc. Amongst a 

large number of elements used to roughen the channel sections, vegetation plays a crucial role. 

Both natural and artificial vegetation can be used in open channel and the channel is called a 

vegetated channel. As economic development continues to cause deterioration in the state of our 

environment, there is increasing interest in ecological management. One of the ecological issues 

associated with river mechanics is the water flow and sediment behavior in the presence of 

vegetation. The mechanics involving vegetation and sediment is complicated (Stephan and 

Gutknecht, 2002; Kouwen et al, 1981; Tang et al, 2007). Vegetation or grasses of different 

varieties which are mainly used in soil and water conservation works are either planted in the beds 

of the open channels or they are naturally grown in the open channels. Naturally occurring 

vegetation varies both in its distribution density and in geometric characteristics. At times, artificial 

vegetation like polystyrene strips, polyethylene rigid plastic strips (Kouwen et al, 1969), flexible 

plastic strips (Nehal and Ming, 2005), thin wire rods (Fenzl, 1962), aluminium alloy wires 

(Wessels and Strelkoff, 1968) and wooden circular dowels (Stone and Shen, 2002) are used to 

simulate vegetation in open channels. Rigid cylinders of circular cross section are also used to 

simulate plant stems in laboratory studies (Li and Shen, 1973; Jadhav and Buchberger, 1995; 

López and Gracia, 2001). The existence of vegetation increases the flow resistance,  

raises the water depth, and promotes the deposition of sediment, and the vegetation may sway with 

                                                 
iiiDevi, T. B., Daga, R., Mahto, S. K., & Kumar, B. (2016). Drag and turbulent characteristics of mobile bed Channel 

with mixed vegetation densities under downward seepage. Journal of Fluids Engineering, 138(7), 071104. 
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the flow pressure, promoting the stirring motion of the flow body, and washing away the sediment 

around the plant.  Flow resistance in open channel flow is very complicated and there are no exact 

methods to determine it (Järvelä, 2002). The various factors that influence the flow resistance in 

an open channel are size, shape and irregularity of the channel, channel sinuosity, types of 

roughness and vegetation including its length, density and stiffness (Chow, 1959). Vegetation that 

grows in the channel bed and flood plain areas increases the flow resistance and reduces the 

conveyance. Stem/vegetation drag is one of the important flow resistance parameter in vegetated 

open channels. Evaluating flow resistance in a straight vegetated channel needs to take into account 

both the effects of the hydraulic cross section reduction and the dissipative effects due to the 

presence of the roughness elements (shape, size, arrangement, and concentration of the elements). 

In fact, both the geometry of the vegetation elements and the turbulence characteristics of the flow 

affect the hydrodynamic resistance and the size of the wakes generated downstream of the elements 

themselves (Shen 1973; Ferro and Giordano 1992). 

 

4.2 Velocity Profiles 

 

Figure 4.1 shows different velocity profiles of two different vegetation pattern for no-seepage, 

10% and 15% seepage cases. The velocity profiles show reduction in velocity in the lower 

vegetated region because of the drag imposed by the vegetation stems. For 5mm upstream-10 mm 

downstream pattern (Figure 4.1a) , the velocities in the centre location is reduced as compared to 

the upstream location by a value in the range 5-10% while an increase in the downstream velocity, 

in the range of 10-13%, is achieved as compared to the upstream region. In the case of 10 mm 

upstream-5mm downstream (Figure 4.1b), the velocity in the centre location is reduced by a value 

in the range of 9-13% and the velocity in the downstream portion which is concentrated by 5 mm 

diameter is again reduced by a range of 11-14% as compared to upstream portion. It may because 

of the reason that less vegetation spacing resists the incoming flow and hence a reduction in 

velocity is achieved. Previous investigations on the application of downward seepage show that 

the velocity profile is shifted downwards and hence a higher velocity is achieved in the near bed 

region (Dey and Nath, 2010; Cao and Chiew, 2013). In the present study, the effect of seepage in 

a vegetation zone is studied. A higher velocity zone exists in the lower flow region or the near bed 

region. Velocity increases in the range of 7-10% with the application of 10% seepage. It is also 
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observed that in the lower flow region the velocity for 15% seepage case is slightly higher, with 

an increasing value in the range of 3-5%, than the velocity for 10% seepage.  
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Figure 4.1 Velocity Profiles of different vegetation pattern for no-seepage, 10% seepage and 

15% seepage cases (Dashed lines show the top of the vegetation) 

 

4.3 Reynolds stress 

 

For experiments on plane mobile bed (Chen and Chiew, 2004; Dey and Nath, 2009; Dey et al, 

2012), maximum Reynolds stress occurs near the bed highlighting the importance of channel bed 

in turbulence production but for vegetated flows, the position of maximum Reynolds stress is no 
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upstream 
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downstream centre 
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longer the channel bed. Because of the difference in velocity just above and below the vegetation 

layer, momentum exchange takes place at the interface or top of the vegetation which leads to the 

formation of shear layer. The presence of shear layer leads to the production of oscillations near 

the vegetation top. This oscillation are responsible for exchange of mass and momentum between 

the lower or vegetated layer and upper or surface layer. Figure 4.2 shows different distributions of 

Reynolds stress for no-seepage, 10% seepage and 15% seepage with vegetation. It is observed that 

Reynolds stress is increased from the water surface towards the location where vegetation is 

present and reached a maximum value near the top of the vegetation. After attaining a maximum 

value near the top of the vegetation, it decreases towards the bed. The influence of these 

oscillations divides the flow region into two- upper side and down side. The upper side of the 

vegetated layer is dominated by the oscillations and more turbulence is created by oscillation at 

the top of the vegetation. This in turn leads to occurrence of more momentum exchange near the 

top of the vegetation and ultimately results in more Reynolds stress at that location. 

 

When 5 mm diameter was placed at the upstream and 10 mm at the downstream, the Reynolds 

stress at the centre location is more as compared to the upstream location with an increase value 

in the range of 1-4%, which leads to more bed shear stress and sediment transport. As the flow 

goes downstream, Reynolds stress increases again with a value in the range of 3-9%. An interesting 

feature is noted for 10 mm upstream- 5 mm downstream where the Reynolds stress is reduced in 

the range of 4-10% at the downstream portion as compared to upstream location. This means that 

the vegetation at the downstream portion produces enough drag for reducing the bed shear stress 

as compared to the upstream case. It is known that the downward seepage increases the shear stress 

which leads to more sediment transport as compared to no-seepage (Dey and Nath, 2010). In all 

the profiles, with the increase in seepage percentage, an increase in shear stress is achieved. Since 

a higher velocity exists in the lower flow region and a decrease in the upper flow region, a higher 

velocity differential is achieved and because of which a higher Reynolds stress is achieved for 

higher seepage percentage. The maximum Reynolds stress near the vegetation top is increased to 

a value of 5-10% from no seepage to 10% seepage and 3-8 % from 10% seepage to 15% seepage. 
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Figure 4.2 Reynolds stress Profiles of different vegetation pattern for no-seepage, 10% seepage 

and 15% seepage cases (Dashed lines show the top of the vegetation) 

 

4.4 Turbulence Intensities 

 

σu and σw for no-seepage, 10% seepage and 15% seepage are shown in figure 4.3. Streamwise and 

vertical turbulence intensities for different vegetation pattern are presented. The effect of seepage 

application on turbulence intensity can be observed. All the profiles show maximum value near 

the top of the vegetation element. The presence of the inflection point in the velocity profile and 

the maximum turbulence intensity lie in close approximation.  
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Figure 4.3 Turbulent Intensities in streamwise direction, σu ( ,  ,  ) and vertical direction, σw (

, ,  ) for no-seepage, 10% seepage and 15% seepage cases 

 

For submerged condition, the flow is sheared because of the higher velocity in the upper flow 

region and lower velocity in the vegetation zone. The shear generated turbulence occurring near 

the vegetation top increases the vertical as well as streamwise turbulence intensities. As observed, 

downward seepage increases the shear stress and hence with increase in downward seepage 

percentage, the flow is more sheared which leads to more turbulence intensities. It is observed in 

all the profiles that the application of downward seepage increases the turbulence intensities as 

compared to no-seepage in the range of 6-12% and 3-7% from 10% seepage to 15% seepage cases. 
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4.5 Moment Analysis 

 

Third order correlations of velocity fluctuations (M30, M03, M12 and M21) for no-seepage, 10% 

seepage and 15% seepage for different vegetation pattern are shown in figures 4.4 and 4.5. For no 

seepage, M30 has positive values near the bed which changes to negative values with increasing 

depth and the maximum positive occurs below the vegetation. This implies that the u u  flux occurs 

in the flow direction and the presence of vegetation top obstructs the flux. With the application of 

seepage, it is known that seepage increases the shear stress which means that more sediment 

particles get transported in the flow direction. M30 achieved a higher positive value near the bed at 

10% and 15% seepage percentages as compared to no-seepage case. This means that the transport 

of flux in the flow direction is more with the application of seepage. In the case of M03, it has 

negative values near the bed and positive values with increase in depth which indicates that the

w w   flux is in downward direction. With the application of downward seepage, the negativity of 

M03 increases which is justifiable with the fact that downward flow is occurring owing to seepage. 

More negative value is observed below the vegetation zone.  

 

M12 and M21 define the turbulent advection of the normal Reynolds stresses. For 10% seepage and 

15% seepage, these two correlations tend to deviate from zero value. M12 started to have positive 

values near the bed and the positive nature increases with increase in downward seepage 

percentage. M21 also has negative values near the bed and increases with increase in seepage 

percentage. M12 being positive near the bed and M21 being negative near the bed indicates that the 

w w diffusion propagates in the flow direction and u u   diffusion occurs in the downward 

direction respectively.  
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Figure 4.4 Profiles showing third order moments of 5mm diameter upstream-10 mm diameter 

downstream for no-seepage, 10% seepage and 15% seepage 
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Figure 4.5 Profiles showing third order moments of 10mm diameter upstream-5 mm diameter 

downstream for no-seepage, 10% seepage and 15% seepage 
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The negative values of M03 and M21 near the bed infer that inrush of flow is occurring in the region 

and the flow coming towards the bed is again carried away by the flow in the flow direction which 

is observed from positive values of M30 and M12. 

 

On observing the change in moment along the streamwise direction for 10mm upstream and 5 mm 

downstream (Figure 4.4a, 4.4b and 4.4c), the values of moment increases its negativity (M03 and 

M21) and positivity (M30 and M12) in the range of 1-5% when the flow goes from upstream to centre 

while it decreases in the range of 2-6% when the flow goes from upstream to downstream. This 

implies that sediment transport rate increases at the centre portion and then decreases at the 

downstream portion as observed from Reynolds stress profiles. But for the case of 5 mm upstream-

10 mm downstream (Figure 4.5a, 4.5b and 4.5c), the positive values of M30 and M12 and the 

negative values of M03 and M21 increases in the range of 4-8% as the flow occurs from upstream 

5mm portion towards the centre portion and 5-10% as the flow goes from upstream portion towards 

the downstream 10 mm diameter portion. The presence of lesser vegetation density at the 

downstream portion leads to more sediment transport rate at the downstream section. 

 

4.6 Quadrant Analysis 

 

Stress contributions to Reynolds stress for different vegetation pattern corresponding to flow depth 

are shown in figure 4.6 and 4.7. The figures are plotted for no-seepage, 10% seepage and 15% 

seepage at the three measurement location. The difference between sweep and ejection (Q4-Q2) is 

also calculated where the negative value infers that ejection event is dominant while its positive 

value implies that sweep action dominates.  

 

It is observed that in the flow region above the vegetation, the flow is dominated by ejection events 

for no-seepage case but equal contribution of ejection and sweep for lower flow region. With 10% 

seepage, the difference between ejection and sweep lies closer to zero for upper flow region 

inferring almost equal contribution of sweep and ejection and the contribution of sweep event is 

increased. Accordingly with 15% seepage, sweep event has slightly higher contribution comparing 

to ejection event. It is observed that the application of seepage enhances the sweep event since the 

flux is occurring in the downward direction.  
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Figure 4.6 Profiles showing fractional stress contribution to Reynolds stress of 5mm diameter 

upstream and 10 mm diameter downstream 
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Figure 4.7 Profiles showing fractional stress contribution to Reynolds stress of 10mm diameter 

upstream and 5 mm diameter downstream 

 

With the application of seepage, sweep action comes to play a dominant role in the lower flow 

region, difference between sweep and ejection being higher for increasing seepage percentage. 
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The difference between the sweep and ejection increases in the range of 3-5% for 10% seepage as 

compared to no-seepage and 2-4% for 15% seepage as compared to 15% seepage. 

 

For the case of 5mm diameter upstream-10 mm diameter downstream (Figure 4.6a, 4.6b and 4.6c), 

the difference in the sweep and ejection events increases in the value of 3-6% as the flow travels 

from upstream 5mm diameter towards the centre section and 4-8% from centre towards 

downstream. More sweep events means more inrush of flow and hence more negative values of 

M03 and positive values of M30 are achieved. While for 10mm diameter upstream-5mm diameter 

downstream, the difference between the sweep events and ejection events is increased in the 2-5% 

as the flow occurs from upstream towards the centre. An interesting feature is observed for this 

case where a reduction in the difference between the sweep and ejection is observed in the range 

of 4-7% when the flow goes from upstream to downstream. This means that the presence of more 

vegetation density at the downstream portion reduces the occurrence of more sweep event 

ultimately reducing the sediment transport. 

 

4.7 Drag Coefficient 

 

The measurement of drag force because of vegetation stems directly is a difficult task using 

appropriate devices. Therefore, it is calculated from the horizontally averaged momentum equation 

(Nepf and Vivoni, 2000; Nezu and Sanjou, 2008). The momentum equation for steady and uniform 

2D open channel flow with homogenous vegetation stems is given below:  

     ' ' " " e Fx Vx

U
u w U W gI f f

y y


  
        

  
   (4.1) 

 

Where Ie is the energy gradient,  " "U W  is the dispersive stress term, Vxf  is the viscous drag 

force and Fxf is the form drag force. Ie can be calculated from  

 * gI ( )e du H h    (4.2) 

 

The friction velocity is generally defined as the maximum value of Reynolds stress near the 

vegetation top,   2

*' '
dz h

u w u


 . The viscous drag and dispersive stress are assumed to be 
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negligibly small as compared to stem drag and hence after neglecting these terms, equation (4.1) 

becomes 

 
2 2

* *

' ' 1 Fx

d

fu w

y u H h u

  
   

  
  (4.3) 

 

The form drag is given by: 

 21
. .

2
Fx Df C aU    (4.4) 

 

Where a is the projected plant area per unit volume and U is the time averaged velocity. For 

cylindrical shape vegetation models, it is estimated as given below: 

 
2

v

v

d
a

s
   (4.5) 

where vd is the vegetation diameter and vs is the vegetation spacing. Now, the final equation for 

CD calculation is: 
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y u u H h

    
    

    
  (4.6) 

 

The values of CD for different vegetation pattern are calculated and plotted in figure 4.8. The value 

of CD increases near the bed as was observed by Nepf and Vivoni (2000) which reflects the 

importance of viscous effects. The observed values of CD near the bed lie   3, which agree well 

with the literature (Nepf and Vivoni, 2000). But, CD diminishes near the vegetation top as observed 

by Nepf and Vivoni (2000) and explained that the decrease in the value is attributed to a relaxation 

of form drag as the flow bleeds around the free end. The average value of CD for different 

vegetation diameters when placed at upstream and downstream are plotted against the percentage 

of seepage. It is observed that 5mm diameter flexible stems when placed at downstream has the 

highest value of CD as compared to other cases. This implies that the flow condition in this 

vegetation pattern has more drag and resists the flow more in the downstream section as is observed 

from the results of velocity profiles shown above. Because of more drag, sediment transport is less 

which results in lower value of Reynolds stress.  
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Figure 4.8 Drag Coefficient of different vegetation pattern (a, b, c, d) and average CD (e) for no-

seepage, 10% seepage and 15% seepage 
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The effect of downward seepage on CD is also studied. For all the cases, CD decreases with increase 

in downward seepage percentage, which means that the downward force owing to seepage is 

stronger than the vegetation drag which leads to more sediment transport. 

 

4.8 Conclusions 
 

The present study focusses on the experimental investigation of the drag and turbulent 

characteristics of mixed vegetation densities under downward seepage condition in a mobile-bed 

flume. The type of vegetation used for the study was flexible vegetation which was simulated by 

flexible rubber stems of two different diameters of 10 mm and 5 mm. The vegetation densities 

were fixed with respect to the vegetation diameter (Vegetation density of 10 mm dv =120 stems/m2 

and vegetation density of 5 mm dv = 430 stems/m2). The flow depth was kept more than the 

vegetation so that the vegetation was under fully submerged condition.  The experiments were 

conducted for no-seepage, 10% seepage and 15% seepage. Different results showing distributions 

of velocity profiles, Reynolds stress, turbulence intensities, third order moments, stress 

contributions and drag coefficient for no-seepage, 10% seepage and 15% seepage at different 

sections i.e. upstream, centre and downstream improve our knowledge in understanding the flow 

characteristics in a vegetated channel with downward seepage. From the velocity distributions, it 

is observed that the application of seepage shows the existence of higher velocity zone near the 

bed. An inflection point occurs near the top of the vegetation. Velocity increases in the range of 7-

10% with the application of 10% seepage as compared to no seepage and 3-5% for 15% seepage 

than the velocity for 10% seepage. The maximum value of Reynolds stress and turbulent intensities 

occur near the inflection point in the velocity profile. The maximum exchange of mass and 

momentum between the upper non-vegetated layer and lower vegetated layer occurs near the 

vegetation top as is evident from the achievement of maximum Reynolds stress near the top of the 

vegetation. The maximum Reynolds stress near the vegetation top is increased to a value of 5-10% 

from no seepage to 10% seepage and 3-8 % from 10% seepage to 15% seepage. The presence of 

high vegetation density at the downstream section reduces the flow velocity and Reynolds stress 

which is an important finding for river restoration project. Moment analysis was carried out for 

getting a virtual information regarding contribution of velocity fluctuations, in terms of flux and 

diffusion, to turbulent production. The increase in the negativity of M03 and M21 near the bed with 

the downward seepage implies that inrush of flow is occurring in the region and the flow coming 
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towards the bed is again carried away by the flow in the flow direction which is observed from 

positive values of M30 and M12.The contribution of velocity fluctuations to Reynolds stress or 

bursting phenomenon was studied by carrying out quadrant analysis. In the presence of downward 

seepage, sweep action dominates in the whole region and the difference in the contribution 

between sweep and ejection increases with increase in seepage percentage. The high vegetation 

density placed at the downstream portion of the test section reduces the flux transport in the 

streamwise as well as downward direction as observed by the reduction in the dominance of sweep 

event over ejection event from quadrant analysis which leads to less sediment transport in the 

portion. The drag coefficient was also calculated for investigating the resistance of flow imposed 

by the vegetation stems when placed at different sections (upstream and downstream). It is found 

that high density vegetation when placed at downstream section has the highest value of CD. The 

change in the average drag coefficient with seepage was also studied and found that the value of 

CD decreases with increase in seepage percentage. 
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 Hydrodynamics of seepage affected channel with 

vegetation bundlesiv 

 

 

5.1 Introduction 
 

 

In order to evaluate the effect of vegetation on global resistance, it would be necessary to consider 

the different typologies of vegetation and their natural characteristics, as shape and stiffness of 

branches and leaves, or shape and stiffness of trunk. Some investigations have approached the 

definition of drag considering also the presence of leaves and branches (Fathi Maghadam and 

Kouwen, 1997; James et al, 2004; Järvelä 2004; Järvelä, 2005; Righetti and Armanini, 2002; Stone 

and Shen, 2002; Wilson et al 2005), but generally only for the case of submerged vegetation. Other 

authors have considered also the flexibility of linearly elastic stems in the value of the drag 

coefficient (Babovic and Keijzer, 2000; Li and Xie, 2011), but only by numerical modeling. Drag 

coefficient is frequently used as a parameter for representing the flow resistance (Stone and Shen, 

2002; Thompson et al, 2004, Armanini et al, 2005). Stem drag coefficient depends on a number 

of factors like stem height, diameter, spacing, distribution patterns and density. Li and Shen (1973) 

theoretically investigated the relations among stem drag coefficient and stem staggering patterns 

and reported that stem staggering patterns had great influence on flow resistance by affecting the 

stem drag coefficient. Fenzl (1962) using inflexible thin wire rods conducted an extensive 

laboratory studies to evaluate flow resistance including vegetal drag coefficient and proposed 

several empirical formulae to evaluate drag coefficient. However, these empirical formulae have 

limitation in their applicability since they were developed with considerations of lower values of 

area concentrations up to 0.81% only. Kouwen et al (1969) conducted a laboratory study using 

polyethylene plastic strips to simulate vegetation. They developed some empirical formulae to 

compute channel average velocity which is used to estimate drag coefficient. Similar to Fenzl 

(1962), these formulae have limitations that they were developed without considerations of large 

                                                 
iv Devi, T. B., & Kumar, B. (2016). Experimentation on submerged flow over flexible vegetation patches with 

downward seepage. Ecological Engineering, 91, 158-168. 
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number of values of roughness area concentrations. Nepf (1999) developed a model to describe 

the drag, turbulence and diffusion for flow through emergent vegetation and covered the natural 

range of vegetation density and stem Reynolds numbers to extend the cylinder-based model for 

vegetative resistance by including the dependence of the drag coefficient, stem density and 

highlight the importance of mechanical diffusion in vegetated flows. Experimental measurements 

have been assessed to characterize the flow phenomenon in a natural channel with vegetation 

patches. Profiles of velocity, Reynolds stress and Turbulence intensities are presented. Quadrant 

and moment analysis are also evaluated and observed for the present study.  

 

5.2 Velocity 

 

The presence of an inflection point near the top of the vegetation stem is observed because of the 

difference in velocity in the upper flow region and the lower flow region (Poggi et al, 2004; Carollo 

et al, 2005; Chen et al, 2011; Nepf, 2012b). From figure 5.1, it is observed that velocity for no 

seepage for both the spacing is reduced near the top of the deflected vegetation patch height and 

then starts increasing as observed by previous investigators for sparse vegetation density (Righetti, 

2008; Chen et al, 2011; Siniscalchi et al, 2012; Li et al, 2014). Variation in velocity in the 

vegetation patch region is attributed to the local effect imposed by the presence of vegetation patch. 

The near bed velocity for both the spacing at 8.5 m is higher (8-16%) as compared to the 

subsequent downstream sections, 7 m and 5.5 m. This means that the presence of vegetation patch 

increases the roughness or resistance of the flume thereby reducing the flow velocity. The effect 

of vegetation spacing on flow velocity can also be observed. Vegetation spacing of 15 cm has a 

higher velocity (8-12%) as compared to 10 cm spacing which implies that smaller vegetation 

spacing (or more vegetation density) provides more resistance to the flow. Velocity profiles for 

different seepage percentages are also plotted correspondingly. It is known that downward seepage 

shifts the velocity downwards because of which a higher velocity is achieved in the near bed region 

(Dey and Nath, 2009; Cao and Chiew, 2013). In the present study, the effect of seepage in a 

vegetation patch zone is studied. Irrespective of the patch pattern and spacing, a higher velocity 

zone exists in the lower flow region or the near bed region (Figure 5.1).The near bed velocity 

increases on an average value of 8 % with the application of 10% seepage. It is also observed that 

in the lower flow region the velocity for 15% seepage case is slightly higher, with an average 
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increasing value of 15%, than the velocity for no seepage. However, the velocity at the upstream 

8.5 m is always higher than the downstream 5.5 m section irrespective of the application of 

downward seepage.  
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Figure 5.1 Velocity profiles plotted against flow depth at three different measurement locations 

for no-seepage, 10% seepage and 15% seepage (a) vegetation spacing of 15 cm (b) vegetation 

spacing of 10 cm (Dashed line shows the height of the deflected vegetation top) 
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5.3 Reynolds stress 

 

The flow velocity fluctuations lead to exchange of momentum in the flow region which is 

expressed by the Reynolds stress. It is therefore an important parameter in evaluating the soil 

erosion and sediment transportation.  
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Figure 5.2 Reynolds stress profiles plotted against flow depth at three different measurement 

locations for no-seepage, 10% seepage and 15% seepage (a) vegetation spacing of 15 cm (b) 

vegetation spacing of 10 cm 

 

Reynolds stress for 8.5 m, 7 m and 5.5 m are plotted against the flow depth for 15 cm and 10 cm 

spacing (Figure 5.2). It is observed that Reynolds stress is increased from the water surface towards 

the location where vegetation is present and reached a maximum value near the top of the 
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vegetation. After attaining a maximum value near the top of the vegetation, it decreases towards 

the bed. The Reynolds stress distribution for all the cases has a sharp peak near the vegetation 

patch edge which implies that the primary turbulence production is contributed by the vegetation 

stems. This leads to occurrence of more momentum exchange near the top of the vegetation patch. 

Additionally, the diminishing nature of Reynolds stress is attributed to the fact that the farther the 

location from the top of the vegetation, the smaller is the turbulence generated by the vegetation 

patch stems. Thus, vertical distribution of Reynolds stresses is calculated in order to describe the 

momentum diffusion mechanism. An important observation is that the maximum Reynolds stress 

at the same location of upstream 8.5 m is more than downstream 5.5 m by a value of 19% and 22% 

for 15 cm spacing and 10 cm spacing respectively. It is also observed that the maximum Reynolds 

stress for 15 cm spacing is lower (2-7%) compared to 10 cm spacing. 

 

Figure 5.2 also shows different distributions of Reynolds stress of different vegetation patch 

spacing for no-seepage, 10% seepage and 15% seepage. It is known that the downward seepage 

increases the shear stress which leads to more sediment transport as compared to no-seepage (Dey 

and Nath, 2010). In all the profiles, with the increase in seepage percentage, an increase in shear 

stress is achieved. The maximum Reynolds stress near the vegetation patch top is increased in the 

range of 4-9% from no-seepage to 10% seepage and 7-18% from no seepage to 15% seepage. This 

reiterates that application of downward seepage increases the Reynolds stress thereby increasing 

bed material transport. Reynolds stress for both 10% and 15% seepage at the upstream 8.5 m is 

reduced in the range of 10-20 % when the flow reached the downstream 5.5 m. Consequently, it 

means that in spite of increase in Reynolds stress with the application of downward seepage, 

vegetation patch reduces the Reynolds stress as the flow goes downstream.  

 

5.4 Turbulence Intensities 

 

 Turbulence intensities in the streamwise and vertical directions, σu and σw, are plotted for no-

seepage, 10% seepage and 15% seepage and shown in figure 5.3. Streamwise and vertical 

turbulence intensities for different spacing of staggered pattern are presented. The turbulence 

occurring near the vegetation patch top increases the vertical as well as streamwise turbulence 

intensities.  
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Figure 5.3 Streamwise and vertical turbulence intensities profiles plotted against flow depth at 

three different measurement locations for no-seepage, 10% seepage and 15% seepage (a) 

vegetation spacing of 15 cm (b) vegetation spacing of 10 cm, σu ( ,  ,  ) σw ( , ,  ) 

All the profiles show maximum value near the top of the vegetation patch. The presence of the 

inflection point in the velocity profile and the maximum turbulence intensity lie in close 

approximation (Carollo et al, 2002; Velasco et al, 2003). The turbulence intensities at the upstream 

8.5 m is reduced in the range of 5-9% as the flow reached 5.5 m. From the results of the turbulence 

intensities, it can be deduced that the intensity of velocity fluctuations occur at the starting portion 

of the vegetation patch zone decreases at the ending of the vegetation zone implying that the 

turbulence production is reduced because of the presence of vegetation patch. 
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Additionally, it is observed that 15 cm centre-centre spacing has got slightly lower turbulence 

intensities than 10 cm centre-centre spacing. The flow is slightly more sheared for 10 cm centre-

centre than 15 cm centre-centre which is shown by higher value of Reynolds stress. 15 cm spacing 

has approximately 3-9% less intensities values as compared to 10 cm spacing. The effect of 

seepage is also studied. As observed, downward seepage increases the shear stress and hence with 

increase in downward seepage percentage, the flow is more sheared which leads to more 

turbulence intensities. For 10% and 15% seepage also, turbulence intensities for both the spacing 

are more, achieving an average increase value of 11%, as compared to no-seepage case.  

 

5.5 Third order moments 

 

Third order correlations of velocity fluctuations (M30, M03, M12 and M21) for no-seepage, 10% 

seepage and 15% seepage at three measurement location of 15 cm spacing are shown in figure 5.4 

below. For no seepage, M30 has positive values near the bed which changes to negative values with 

increasing depth and the maximum positive occurs below the vegetation. This implies that the u u   

flux occurs in the flow direction and the presence of vegetation top obstructs the flux. With the 

application of seepage, it is known that seepage increases the shear stress which means that more 

sediment particles get transported in the flow direction. M30 achieves a higher positive value near 

the bed at 10% and 15% seepage percentages as compared to no-seepage case. This means that the 

transport of flux in the flow direction is more with the application of seepage.  

 

In the case of M03, it has negative values near the bed and positive values with increase in depth 

which indicates that the w w   flux is in downward direction. With the application of downward 

seepage, the negativity of M03 increases which is justifiable with the fact that downward flow is 

occurring from seepage. More negative value is observed below the vegetation zone. 
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Figure 5.4 Third order moments plotted against flow depth at three different measurement 

locations for no-seepage, 10% seepage and 15% seepage (a) upstream (b) centre (c) 

downstream (15 cm vegetation spacing) 
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M12 and M21 define the turbulent advection of the normal Reynolds stresses. For 10% seepage and 

15% seepage, these two correlations tend to deviate from zero value. M12 started to have positive 

values near the bed and the positive nature increases with increase in downward seepage 

percentage. M21 also has negative values near the bed and increases with increase in seepage 

percentage. M12 being positive near the bed and M21 being negative near the bed indicates that the 

w w diffusion propagates in the flow direction and u u   diffusion occurs in the downward 

direction respectively. 

 

The negative values of M03 and M21 near the bed infer that inrush of flow is occurring in the region 

and the flow coming towards the bed is again carried away by the flow in the flow direction which 

is observed from positive values of M30 and M12 

 

 

5.6 Quadrant analysis 

 

Stress contributions to Reynolds stress for different vegetation pattern and spacing corresponding 

to flow depth are shown in figure 5.5. The figures are plotted for no-seepage, 10% seepage and 

15% seepage at 8.5m, 7.0 m and 5.5 m of 15 cm spacing. The difference between ejection and 

sweep is also calculated. The difference between sweep and ejection (Q4-Q2) is also calculated 

where the negative value infers that ejection event is dominant while its positive value implies that 

sweep action dominates.  

 

The flow regions dominated by ejection events are analogous with negative values of M30 and 

positive values of M03 while sweep events are associated with positive values of M30 and M03 

(Righetti, 2008; Dey and Nath, 2009). For no seepage, flow region above vegetation patch at 8.5 

m and 7.0 m has achieved almost equal contribution of ejection and sweep while the flow region 

below the vegetation patch or near bed region is dominated by sweep event. But, at 5.5 m, the 

whole flow region has got equal contribution of sweep and ejection. The dominance of sweep 

event in the near bed region is not considerable because of which lower Reynolds stress is achieved 

in this section as compared to 8.5 m and 7 m. 
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Figure 5.5 Stress contributions plotted against flow depth at three different measurement 

locations for no-seepage, 10% seepage and 15% seepage (a) upstream (b) centre (c) 

downstream (15 cm vegetation spacing) 
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From the profiles of difference in sweep and ejection (S4,0-S2,0) against the flow depth, it can be 

observed that the value lies close to zero for the flow above vegetation which means equal 

contribution of sweep and ejection. With the application of seepage, sweep action comes to play a 

dominant role in the lower flow region, difference between sweep and ejection being higher for 

increasing seepage percentage. The profiles of 10% and 15% are higher than no seepage which 

infers that downward seepage triggers more sweep event compared to ejection event and thus 

Reynolds stress increases leading to more sediment transport. 

 

5.7 Drag Coefficient 

 

Vegetative drag has a pronounced effect on flow velocities and thus it affects the flow resistance 

and therefore any flow expressions in vegetated open channel must consider this drag. The values 

of CD   for different vegetation patch spacing are calculated and plotted in figure 5.6.  

 

Drag coefficient of flexible vegetation is a depth-dependent parameter, as the rigidity and thickness of 

the plants are decreasing with the plant’s length from the roots to the upper part of the plant. The 

observed values of CD for no seepage near the bed lie closer to 2, which agree well with the 

literature (Nepf and Vivoni, 2000). The values of CD decreases near the vegetation patch top and 

then increases as flow depth decreases. The increase in the value of CD reflects the importance of 

viscous effects (Nepf and Vivoni, 2000).  The diminishing nature of CD near the vegetation patch 

top is attributed to a relaxation of form drag as the flow bleeds around the free end (Nepf and 

Vivoni, 2000). 

 

Table 5.1 shows the average drag coefficient for different vegetation spacing and seepage 

conditions. It is observed that vegetation spacing also plays an important role in influencing the 

flow conditions. The average CD value for no seepage is 0.79 for 15 cm spacing and 0.87 for 10 

cm spacing. This implies that smaller vegetation patch spacing (or higher vegetation density) 

provides more resistance to flow because of which lower velocity is achieved. Because of more 

drag, sediment transport is less which results in lower value of Reynolds stress. 
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Figure 5.6 Drag coefficient plotted against flow depth at three different measurement locations 

for no-seepage, 10% seepage and 15% seepage (a) vegetation spacing of 15 cm (b) vegetation 

spacing of 10 cm 

 

Table 5.1 Average drag coefficient for different vegetation spacing and seepage conditions 

Vegetation spacing 

(sv) 

Seepage conditions Average CD 

15 cm 0% (No seepage) 0.79 

15 cm 10% Seepage 0.58 

15 cm 15% Seepage 0.47 

10 cm 0% (No seepage) 0.87 

10 cm 10% Seepage 0.64 

10 cm 15% Seepage 0.52 

 

The effect of downward seepage on CD is also studied. For both the vegetation spacing, CD 

decreases with the application of downward seepage, which means that downward seepage pulls 

the vegetation patch towards the bed thereby lowering the roughness. The downward force owing 

to seepage is stronger than the vegetation drag which leads to attainment of more Reynolds stress 
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with seepage as compared to no seepage resulting in more sediment transport. The average CD for 

10 % seepage are 0.58 (15 cm spacing) and 0.64 (10 cm spacing) and for 15% seepage are 0.47 

(15 cm spacing)   and 0.52 (10 cm spacing). 

 

5.8 Conclusions 
 

Flow structures of fully submerged flexible vegetation patches in a staggered pattern with two 

different spacing are analyzed in a flume incorporating the effect of downward seepage. 

Experimental results demonstrate that the velocities measured at the upstream vegetation patch 

section is 8-16% more than the downstream vegetation patch section thereby meaning that the 

presence of increases the roughness or resistance of the flume thereby reducing the flow velocity. 

The effect of the change in vegetation spacing on flow velocity is also observed and found that 

low vegetation spacing offers more resistance to flow because of which a reduction in the range of 

8-12% is achieved. Downward seepage increases the near-bed velocity of no seepage case by an 

average value of 8% and 15% for 10% and 15% seepage respectively. However, the velocity at 

the upstream 8.5 m is always higher than the downstream 5.5 m section irrespective of the 

application of downward seepage. Reynolds stress distribution shows a maximum value near the 

vegetation top highlighting the importance of turbulence generated near the vegetation stems. 

When the flow enters the vegetation patch zone, higher Reynolds stress is achieved because of the 

flow contraction eroding the upstream vegetation patch section but it decreases (19% and 22% for 

15 cm spacing and 10 cm spacing) as the flow reaches the downstream vegetation patch section. 

This implies that the upstream vegetation patch section acts like an erosion barrier for the 

downstream vegetation patch section. Downward seepage increases the maximum Reynolds stress 

near the vegetation patch top by 4-9% from no-seepage to 10% seepage and 7-18% from no 

seepage to 15% seepage. Vegetation patch continues to act like an erosion control measure with 

downward seepage also as it reduces the maximum Reynolds stress by 10-20% as the flow reaches 

the downstream vegetation patch section. The turbulence intensities at the upstream 8.5 m are 

reduced in the range of 5-9% as the flow reached 5.5 m. From the results of the turbulence 

intensities, it can be deduced that the intensity of velocity fluctuations occur at the starting portion 

of the vegetation patch zone decreases (5-9%) at the ending of the vegetation zone implying that 

the turbulence generation is reduced because of the presence of vegetation. For 10% and 15% 
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seepage also, turbulence intensities for both the spacing increases by an average value of 11%, as 

compared to no-seepage case. Third order moments show  that the negative values of M03 and M21 

near the bed implies that flow is coming towards the bed and the flow coming towards the bed is 

transported in the flow direction which is observed from positive values of M30 and M12. 

Downward seepage aggravates the flux transport in downward direction and diffusion in the 

streamwise direction leading to more sediment transport. Different stress contributions towards 

Reynolds stress are evaluated through quadrant analysis which divides the whole contribution in 

four quadrants. Quadrant analysis shows that sweep and ejection provides more contribution than 

outward and inward interactions. The flow region above the vegetation patch has got almost equal 

contribution of ejection and sweep. The dominance of sweep can be observed in the near bed 

region which increases with the application of downward seepage. Drag coefficient is decreased 

near the vegetation patch top as observed by Nepf and Vivoni (2000) and is more near the bed 

region because of which a lower velocity region is achieved in the vegetation patch zone.  
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 An experimental study of flow through natural 

vegetationv,vi 

 

 

6.1 Introduction 
 

Recent investigations have been featuring the role of aquatic vegetation as improving water quality 

by removing nutrients from and releasing oxygen to the water column (Wilcock et al, 1999; Schulz 

et al, 2003; Zhu et al, 2016), promoting habitat diversity by creating a diversity of flow regimes 

(Kemp et al, 2000; Crowder and Diplas, 2002), stabilizing the river bed and channel morphologies 

(Braudrick et al, 2009; Chao et al, 2009; Li and Millar, 2010) and inducing sediment deposition 

and retention (Abt et al, 1994; López and García, 1998; Lee and Shih, 2004; Cotton et al, 2006; 

Gurnell et al, 2006). Realizing the importance of vegetation, it has been regarded as river system 

engineers which not only responds to their physical environment but also modifies it thereby 

controlling aquatic and riparian ecosystem structure and function as well as river morphodynamics 

(Jones et al, 1994; Gurnell, 2014). Therefore, vegetation can be regarded as the key element to 

investigate interconnections between ecological, hydrodynamic and biomechanical aspects of 

physical processes developing at different scales. A large number of researches have been carried 

out for investigating the flow characteristics in a vegetated channel. De Lima (2015) studied the 

flow patterns around two neighboring patches of emergent vegetation and observed that flow 

distribution is influenced by interaction between neighboring vegetation patches and suggest that 

this may create feedbacks that influence the evolution of vegetated landscapes. Folkard (2011) 

presented the analyses of results from laboratory flume experiments in which flow within gaps in 

canopies of flexible, submerged aquatic vegetation simulations is investigated.  Okamoto and Nezu 

(2013) investigated the spatial evolution of coherent motions considering a finite length rigid 

vegetation patch and examined the transition from boundary-layer flow upstream of the patch to 

mixing-layer-type flow within the patch. Pang et al (2013) investigated the turbulence structure 

                                                 
v Devi, T. B., & Kumar, B. (2016). Flow characteristics in an alluvial channel covered partially with submerged 
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and flow field of shallow water with a submerged eel grass patch and found that turbulent intensity 

increases from the water surface to the canopy, then decreases to the plant root. Vegetation 

produces drag and thus has a hydraulic impact on flow carrying capacity. The hydraulic resistance 

produced by vegetation depends on many factors, including the vegetation stem size, plant height, 

vegetation density and flow depth. Vegetation produces drag and thus has a hydraulic impact on 

flow carrying capacity. The hydraulic resistance produced by vegetation depends on many factors, 

including the vegetation stem size, plant height, vegetation density and flow depth. James et al 

(2006) developed a hypothetical model of vegetation-influenced flow for identifying the most 

significant variable for determination of flow resistance. 

 

6.2 Fully submerged 

 

6.2.1 Velocity  

 

The presence of vegetation in a channel affects the flow characteristics. The transition from sand 

bed to the vegetated bed leads to the development of a new boundary layer. Figure 6.1 shows the 

distribution of streamwise component of velocity at the free upstream (0.5 m upstream of the 

vegetation zone), centre (centre of the vegetation zone) and free downstream (0.5 m downstream 

of the vegetation zone) sections. The flow velocity (no seepage) in the free upstream of the 

vegetation zone follows a logarithmic velocity profile (Figure 6.1) as observed by Chen and Chiew 

(2004). For fitting the data points to the logarithmic law of the wall, the time averaged velocity, U 

and the vertical distance, z are scaled by the shear velocity, u* and d50 such that u+=U/u* and 

z+=z/d50. More detail information regarding the fitting can be found in Deshpande and Kumar 

(2016b). The fitting of the log law is shown in Figure 6.1. The non-dimensional expression of the 

log law is: 

 
*

1
ln

U z z

u k 

 



  
  

 
  (6.1) 

 where 50/z z d   , 50/z z d    , z  is the depth of the virtual bed below the bed surface, 

0 50/z d    , 0z  is the zero velocity level and k is the von Karman’s constant.  
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Figure 6.1 Velocity distribution at the free upstream showing the fit of logarithmic law 

 

The values of von Karman’s constant for no seepage, 10% seepage and 15% seepage are 0.41, 

0.37 and 0.36 respectively. The value of von Karman’s constant for no seepage condition is found 

to be in good agreement with the universal value (0.40). Because of the application of downward 

seepage, the channel bed transports the sediment particles and therefore achieve a lower value of 

von Karman’s constant. The depth of virtual bed level and zero velocity level for no seepage are 

2.92 mm and 0.04 mm; 4.18 mm and 0.13 mm for 10% seepage and 5.85 mm and 0.69mm for 

15% seepage. The increase in the value of virtual bed level and zero velocity level with the 

application of downward seepage is attributed to the exposure of sediment particles on the bed 

surface to an increased velocity. But the presence of vegetation modifies the velocity profile which 

is similar to the profile as observed by Righetti (2008), Chen et al (2011) and Li et al (2014). For 

each of the velocity distributions, vegetation height is found to influence the flow characteristics; 

flow velocity is reduced near the vegetation top. 

 

As seen from figure 6.2, for the region above the vegetation, the flow is fully developed and 

decreases toward the vegetation region. The vegetation stems provide resistance to flow and hence 

velocity is lower in the lower vegetation layer as compared to the upper free surface layer. The 
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presence of downward seepage brings to a change in flow discharge and momentum transfer and 

hence the velocity distribution is modified. 
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Figure 6.2 Velocity distribution at the upstream, centre and downstream of vegetation section for 

no seepage, 10% seepage and 15% seepage (Dashed line shows the top of vegetation) 

It is known that when downward seepage occurs in a channel, the velocity profile shifts downwards 

because of which the velocity near the bed increases (Chen and Chiew, 2004; Cao and Chiew, 

2013). From figure 6.2, it can be seen that the presence of seepage leads to an increase in velocity 

near the bed, when 10% and 15% seepage percentages are applied, as compared to no-seepage 

case. At all the measurement sections, the velocity for 10% seepage case is more than the no 

seepage case and the velocity is again increased at 15% seepage case. 

 

6.2.2 Reynolds Stresses 

 

Maximum Reynolds stress occurs near the bed for upstream free-vegetation zone highlighting the 

importance of channel bed in turbulence production but for the centre of the vegetation zone, the 

position of maximum Reynolds stress is no longer the channel bed. The difference in velocity just 

above and below the vegetation layer causes momentum exchange at the interface or top of the 

vegetation which leads to the formation of shear layer. Oscillations are produced near the top of 

the vegetation because of the shear layer. These oscillations help in exchanging mass and 

momentum between the lower or vegetated layer and upper or surface layer. Thus, the maximum 

value of Reynolds stresses in the vegetation zone occurs near the top of the vegetation. Figure 6.3 

shows different distributions of Reynolds stress at three different streamwise or streamwise 

Upstream Centre Downstream 
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distances (upstream, centre and downstream). The value of Reynolds stress is increased from the 

water surface towards the top of the vegetation and achieved a maximum value near the top of the 

vegetation. After attaining a maximum value near the top of the vegetation, it decreases towards 

the bed. The oscillation at the top of the vegetation leads to the creation of more turbulence. This 

in turn leads to occurrence of more momentum exchange near the top of the vegetation and 

ultimately results in more Reynolds stress at that location. The oscillation in the downside of the 

vegetated layer is obstructed by the vegetation stems. This implies that the value of Reynolds stress 

is decreased as the location moves away from the top of the vegetation. The increase in Reynolds 

stress in the vegetation zone is attributed to the phenomenon of local erosion and deposition 

occurring because of the presence of vegetation. 
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Figure 6.3 Reynolds stress distribution at the upstream, centre and downstream of vegetation 

section for no seepage, 10% seepage and 15% seepage 

When water is drawn through the bed because of the application of downward seepage, it leads to 

a change in boundary shear stresses.  It is already found from previous studies (Maclean 1991; Rao 

et al 1994; Chen and Chiew 2004; Patel et. al. 2015; Deshpande and Kumar 2016b) that presence 

of downward seepage increases the bed shear stress thereby increasing the sediment movement or 

transport. In the present study also, it is found that downward seepage increases the maximum 

Reynolds stress at no seepage by a percentage increase of 19%  (average value for upstream, centre 

and downstream) for 10% seepage and average of 38% for 15% seepage as compared to no 

seepage. A noteworthy point is that even with the application of downward seepage the maximum 

Reynolds stress at the centre of the vegetation zone is always higher than the downstream 

measurement location (an average approx. value of 15%) which signifies that vegetation is still 

Upstream Centre Downstream 
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effective in reducing the Reynolds stress highlighting the importance of using vegetation as a part 

of river restoration programme.  

 

6.2.3 Turbulence Intensity 

 

Turbulence intensity is generally calculated to obtain information regarding contribution of 

fluctuating components of velocity to the turbulence production.  
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Figure 6.4 Turbulent intensities distribution at the upstream, centre and downstream of 

vegetation section for no seepage, 10% seepage and 15% seepage 

The turbulence intensities in the centre and downstream of the vegetation zone have a maximum 

value near the top of the vegetation which is different from the case of upstream free-vegetation 

zone where the maximum value of turbulent intensities lies near the bed (Figure 6.4). The flow is 

highly sheared near the top of the vegetation and hence a maximum value of turbulence intensity 

is noted. Vertical turbulence intensities also exhibit similar behaviour as streamwise turbulence 

intensities but in terms of magnitude vertical turbulence intensities are nearly one-third of the 

streamwise turbulence intensities.  

Upstream Centre Downstream 
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As observed, downward seepage increases the shear stress and hence with increase in downward 

seepage percentage, the flow is more sheared which leads to more turbulence intensities. For 10% 

and 15% seepage also, turbulence intensities are more, achieving an average increase value of 16% 

for 10% seepage and 27% for 15% seepage as compared to no-seepage case.  

 

6.2.4 Moment Analysis 

 

The study of the third order correlation of velocity fluctuations are generally carried out to derive 

virtual information on contribution of velocity fluctuations, in terms of flux and diffusion, to the 

turbulent coherent structures. Third order correlations of velocity fluctuations (M30, M03, M12 and 

M21) for no-seepage, 10% seepage and 15% seepage at upstream, centre and downstream are 

shown in figure 6.5. For the upstream section which is free of vegetation, M30 and M12 start with 

small positive values near the bed, changing over to negative values for z/H ≥ 0.06 which implies 

that the bed-load transport influences M30 and M12 by changing the u u  -flux and the w w  -

diffusion to the streamwise direction. At z/H> 0.06, the u u  -flux and the w w   -diffusion occur 

against the streamwise direction and become pronounced with increasing z/H.  M03 and M21 in 

mobile-bed flows are negative near the bed (z/H ≤ 0.06) and positive for z/H > 0.06 which suggests 

that the w w  -flux and the u u  -diffusion are in downward direction in the near-bed flow zone for 

the mobile-bed case. For the centre of the vegetation zone, M30 has maximum positive values near 

the vegetation top which changes to negative values with increasing depth. This implies that the 

u u   flux occurs in the flow direction for the vegetation zone which denotes the occurrence of 

shear layer near the vegetation top (Nezu and Sanjou 2008; Righetti 2008). With increase in 

seepage percentage, there is an increase in the positive values of M30 near the bed. In the case of 

M03, it has negative values near the bed, having maximum negative value near the top of the 

vegetation. With the application of downward seepage, the negativity of M03 increases which is 

justifiable with the fact that downward flow is occurring because of seepage. 
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Figure 6.5 Third order moments distribution at the upstream, centre and downstream of 

vegetation section for no seepage, 10% seepage and 15% seepage 

M12 and M21 define the turbulent advection of the normal Reynolds stresses. M12 starts to have 

positive values near the bed and the positive nature increases with increase in downward seepage 

percentage. M21 also has negative values near the bed and increases with increase in seepage 

percentage. M12 being positive near the bed and M21 being negative near the bed indicates that the 

w w   diffusion propagates in the streamwise direction and u u   diffusion occurs in the downward 

direction respectively. 
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Upstream 
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The negative values of M03 and M21 near the bed infer that inrush of flow is occurring in the region 

and the flow coming towards the bed is again carried away by the flow in the streamwise direction 

which is observed from positive values of M30 and M12. Thus, it can be inferred from the results 

that the downward seepage appears to decrease the upward flux and the vertical transport of u u     

while it increases the streamwise flux and streamwise transport of ' 'w w  flux. 

 

6.2.5 Integral Scales of flow 

 

Coherent structures of the turbulent flow are related to the initiation of bed features, which form 

because of the dominance of turbulent sweep events in the near-bed region (Gyr and Schmid 1989). 

The mechanism behind the sediment transport in a vegetated channel can be conferred through 

changes in time and integral length scales after the application of downward seepage. In order to 

describe the changes in the bed transport condition after the application of seepage, time scale and 

integral length scale are calculated for the near-bed velocity of the no seepage and 10% seepage 

runs. Integral time scale and length scale are determined in the near-bed region using the 120 s 

time series collected at z/H= 0.11 above the bed. An integral time scale indicates the large eddy 

turnover time at a given point, and an integral length scale suggests the characteristic eddy size in 

the flow. 

 

These eddies are associated with the transfer of momentum and turbulent kinetic energy in the 

flow. The Eulerian integral time scale ET is defined as 

 
0

( )

k

TE R t dt



    (6.2) 

where R(t) is the auto-correlation function, dt is the lag distance between consecutive auto-

correlation functions, and 'k   is the time at which R(t) started to oscillate about zero (Tennekes 

and Lumley 1972). Autocorrelation is calculated using linear interpolation to convert the time 

series into regularly spaced events. Around 24,000 samples of instantaneous velocities were 

collected in 120 s to minimize the error in the calculation of integral scales of flow. Value of 'k  

was determined on the basis of autocorrelation at which R(t) ≈ 0.01 where lag time is 0.01 s.  
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Eulerian integral length scale is calculated using Taylor's (1935) approximation, with the following 

equation: 

 .L TE E U   (6.3) 

where U is time mean velocity at a particular point.  

 

Table 6.1 Integral time and length scales for no seepage, 10% seepage and 15% seepage 

 

 

Integral time scale and length scale are calculated and represented in Table 6.1. ET and EL vary 

between 0.4181 s - 0.7440 s and 0.0143-0.0947 m for no seepage, 0.5340-0.8820 s and 0.0211-

0.1248 m for 10% seepage and 0.6279-0.9840 s and 0.0272-0.1399 m for 15% seepage. ET and  

EL are also plotted against the flow depth for no seepage, 10% seepage and 15% seepage (Figure 

6.6). These scales have the maximum value near the top of the vegetation reflecting the occurrence 

of more momentum exchange as observed from Reynolds stress. Another aspect is that the eddy 

length and large eddy turnover time are increased with downward seepage which shows that the 

eddy size increases corresponding to higher momentum and energy transfer and less destruction 

of turbulent motions. This shows that values of ET and EL are increased in the seepage runs as 

compared to the no seepage runs. Thus, eddy length and large eddy turnover time are increased 

significantly with downward seepage. Increased eddy size in the near-bed region corresponds to 

higher momentum and energy transfer and less destruction of turbulent motions. Thus higher levels 

of turbulence prevail near the bed with an increased eddy size, which results in higher Reynolds 

stresses with downward seepage. 
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Figure 6.6 Time and Length scales plotted against the flow depth for the centre of the vegetation 

zone 

 

6.2.6 Drag coefficient 

 

The values of CD   for different seepage cases are calculated and plotted in figure 6.7. Drag 

coefficient of flexible vegetation is a depth-dependent parameter, as the rigidity and thickness of the 

plants are decreasing with the plant’s length from the roots to the upper part of the plant. The effect of 

downward seepage on CD is also studied. The drag coefficient for no seepage is 2.30, for 10% 

seepage is 1.971 and for 15% seepage is 1.631. This indicates that CD decreases with the 

application of downward seepage. Therefore, downward seepage reduces the roughness or 

resistance offered by the vegetation by pulling the vegetation towards the bed and consequently 

an increase in velocity with downward seepage is also noted. 
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Figure 6.7 Drag coefficient for the centre of the vegetation zone 

 

From the above experimental results, it can be summarized that the presence of vegetation in a 

mobile bed channel affects the flow characteristics. A velocity reduction is found near the top of 

the vegetation. The presence of downward seepage in a natural channel leads to an increase in 

velocity in the vegetation zone, Reynolds stress and turbulent intensities. However, the important 

finding of the present study is that even though downward seepage increases all these flow 

characteristics at all locations, these flow characteristics decreases at the downstream of the 

vegetation zone which means that vegetation can act as one of the measures for river restoration 

projects. 

 

6.2.7 Conclusions 

 

Laboratory experiments were conducted for investigation on a permeable channel covered fully 

with submerged flexible Oryza sativa (rice) stems. Experiments were conducted considering the 

downward seepage occurring at the permeable boundaries of natural channel. Measurements were 

done at the upstream free-vegetation zone, centre of the vegetation zone and downstream free-

vegetation zone to study the change in flow conditions as flow occurs in a vegetated channel. 

Results from velocity profiles show that velocity is reduced in the vegetated region which exhibits 

the importance of vegetation in reducing the velocity. The near bed velocity increases on average 
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value 14% and 20% with the application of 10% seepage and 15% seepage as compared to no 

seepage. It is noted that vegetation is still effective in resisting the flow irrespective of the 

application of downward seepage by achieving a lower velocity at the end of the vegetation zone. 

Reynolds stress and turbulent intensity profiles show that the maximum value occurs near the 

vegetation top for vegetated region while for the upstream it lies near the bed denoting the region 

of turbulence generation. The occurrence of higher Reynolds stress and turbulence intensities at 

the centre of vegetation zone is attributed to the local effect induced by vegetation stems. The 

maximum Reynolds stress and turbulent intensities in the vegetation zone is higher than the 

downstream free vegetation zone which means that vegetation acts as a barrier in reducing the 

Reynolds stress and turbulent intensities by attaining a lower maximum Reynolds stress and 

turbulent intensities at the downstream end. The increase in Reynolds stress and turbulent 

intensities with the application of downward seepage is noted. Results from third order moments 

exhibit that M30 achieves a higher positive value near the bed at 10% and 15% seepage percentages 

as compared to no-seepage case which means that the transport of flux in the flow direction is 

more with the application of seepage. The increase in the negativity of M03 with 10% and 15% 

seepage states that vertical flux transport is occurring in downward direction. Results from integral 

scales explore that eddy length and large eddy turnover time increase with downward seepage as 

compared to no seepage. The length scale and time scale increases with increase in percentage of 

seepage which infers that an increase in eddy size is observed which results in higher Reynolds 

stresses with downward seepage. Drag coefficient decreases with increase in the percentage of 

seepage. 
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6.3 Partly covered 

 

6.3.1 Velocity 

 

The difference in the flow velocity in the upper flow region and lower flow region in a vegetated 

zone leads to the presence of an inflection point near the top of the vegetation (Poggi et al, 2004; 

Carollo et al, 2005; Chen et al, 2011; Nepf, 2012b). Figure 6.8 shows the reduction in flow velocity 

(no seepage case) near the top of the vegetation for the vegetated section as observed by Righetti 

(2008), Chen et al (2011), Siniscalchi et al (2012) and Li et al (2014). The flow velocity in the 

vegetated section is reduced as the flow goes downstream which implies that the vegetation 

increases the roughness as the flow goes downstream which is an important observation for using 

vegetation patch as a velocity reduction mattress. The flow velocity variations along streamwise 

sections of vegetation, interface and unvegetation regions are evaluated to investigate the effects 

of vegetation on flow velocity distribution in partially vegetated channel. Because of the presence 

of vegetation, more water is forced to flow along the unvegetated region causing the increase of 

velocities this region. It is also observed that the existence of vegetation considerably reduces the 

flow velocity in the vegetated area as the flow goes downstream while the flow velocity in the 

unvegetated area increases as the flow goes downstream. This shows that the reduced velocity in 

the vegetated region is deflected towards the unvegetated region. The difference between the flow 

velocities at the free-upstream and free-downstream is observed, the presence of vegetation 

reduces the flow velocity at the free downstream. Comparing the average flow velocities of the 

vegetated region and unvegetated region, the average flow velocities of vegetated section and 

interface section are 0.1927 m/s for no seepage, 0.1934 m/s for 10% seepage and 0.1971 m/s for 

15% seepage. These velocities are 40% lower than the average flow velocities in the unvegetated 

region.  
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Figure 6.8 Velocity profiles at different measurement locations for no-seepage, 10% seepage and 

15% seepage (the average deflected vegetation height lies at approx. z/H=0.27) 
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Velocity profiles for different seepage percentages are also plotted correspondingly. It is known 

that downward seepage shifts the velocity downwards because of which a higher velocity is 

achieved in the near bed region (Dey and Nath, 2009; Cao and Chiew, 2013). Irrespective of the 

measurement location, a higher velocity zone exists in the lower flow region or the near bed region 

(Figure 6.8). The near bed velocity increases on an average value of 10 % with the application of 

10% seepage. It is also observed that in the lower flow region the velocity for 15% seepage case 

is slightly higher, with an average increasing value of 12%, than the velocity for no seepage. It is 

noted that the velocity at A1 and B1 are always higher than C1 even with seepage also which 

means that inspite of downward seepage application, vegetation is still effective in resisting the 

flow and hence velocity at C1 is always lower. However for unvegetated section, the flow at the 

downstream (C3) is always higher than A3 and B3. This shows that for seepage cases also, the 

velocity reduced in the vegetated region is diverted in the unvegetated region. 

 

6.3.2 Reynolds stress 

 

The Reynolds stress distribution helps to estimate the shear velocity in evaluating the bed 

resistance to the flow (Afzalimehr and Dey, 2009). Thus, vertical distribution of Reynolds stresses 

are calculated inorder to describe the momentum diffusion mechanism. Because of the non-

uniformity of water flow, the Reynolds stress distribution is complex for partially vegetated 

channel (Zhang et al, 2015b). The Reynolds stresses are determined for the partially vegetated 

channel corresponding to no seepage, 10% seepage and 15% seepage. From figure 6.9, the 

difference in the position of maximum stress for vegetated region and unvegetated region can be 

observed. For vegetated region, maximum Reynolds stress occurs near the vegetation top while 

for the unvegetated region, it occurs near the bed. Because of the difference in the velocity above 

the vegetation and below the vegetation, a shear layer is formed near the top of the vegetation 

which leads to the occurrence of more momentum exchange at this region. This implies that the 

primary source of turbulence generation in the vegetated region is dominated by the turbulence 

near the vegetation top while for the unvegetated region, it is dominated by the turbulence near the 

channel bed.  
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Figure 6.9 Reynolds stress profiles at different measurement locations for no-seepage, 10% 

seepage and 15% seepage 



Hydrodynamics of vegetative channel with downward seepage 

121 

 

Except for A1 and A2, which are the locations for starting of the vegetation zone, other locations 

of A and B have the maximum Reynolds stress near the vegetation top. While for the unvegetated 

section, all the profiles have maximum value near the bed. The Reynolds stress in vegetated section 

shows decline tendency along the channel i.e. C1 has a lower Reynolds stress than B1.This means 

that the flow passing downstream in the vegetation zone is resisted by the vegetation. This 

reduction is important for the reduction of soil erosion in a vegetation based river channel. The 

maximum Reynolds stress at B2 and C2 are almost similar to B1 and C1. For the unvegetated 

section, the values of Reynolds stresses are relatively low. Higher value of maximum Reynolds 

stress is achieved for vegetated region as compared to the unvegetated region because of the local 

effect of erosion and deposition around the vegetation. It is also noteworthy to mention that for no 

seepage, the centre of the vegetation region, B1, has 38% higher value of maximum Reynolds 

stress comparing to the end of vegetation region, C1 which means that vegetation reduces the 

momentum diffusion at C1 and thus reducing sediment transport. While for the interface section, 

C2 has about 25% higher value of maximum Reynolds stress than B2 which implies that higher 

lateral flow and momentum exchange occurs in this transition zone between vegetated and 

unvegetated area as the flow goes downstream. This leads to the achievement of higher value of 

maximum Reynolds stress (39%) for free downstream as compared to free upstream. For the 

unvegetated section, maximum Reynolds stress occurring at C3 is higher as compared to A3 and 

B3 which means that the Reynolds stress reduced in the vegetation section is deflected towards 

the unvegetated zone. Thus for a partially vegetated channel, the more the reduction in Reynolds 

stress in the vegetation section, the more the increase in Reynolds stress in the unvegetated region.  

 

Figure 6.9 also shows different distributions of Reynolds stress of different vegetation spacing for 

no-seepage, 10% seepage and 15% seepage. It is known that the downward seepage increases the 

shear stress which leads to more sediment transport as compared to no-seepage (Dey and Nath, 

2009). In all the profiles, with the increase in seepage percentage, an increase in the value of 

maximum Reynolds stress is achieved. The maximum Reynolds stress near the vegetation top is 

increased in the range of 6-12% from no-seepage to 10% seepage and 9-17% from no seepage to 

15% seepage. This reiterates that application of downward seepage increases the Reynolds stress 

thereby increasing bed material transport. Reynolds stress for both 10% and 15% seepage at B1 is 

reduced in the range of 13-18 % when the flow reached the downstream C1. Consequently, it 
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means that despite of increase in Reynolds stress with the application of downward seepage; 

vegetation still reduces the Reynolds stress as the flow goes downstream.  

 

6.3.3 Turbulent Intensities 

 

The turbulence intensity is generated by the variation of instantaneous velocity at a point, which 

can be influenced by the magnitude of the velocity, vegetation and bed roughness etc. σu  and σw 

are the turbulence intensities in streamwise and vertical directions. σu  and σw are plotted for no-

seepage, 10% seepage and 15% seepage and shown in figure 6.10 and 6.11 below. Maximum 

turbulent intensities occur where there is maximum turbulence generation which implies that at 

B1, C1, B2 and C2 has the highest turbulent fluctuations near the vegetation top while the 

remaining locations have the highest fluctuations near the channel bed. The maximum turbulence 

intensities at the centre of the vegetation zone, B1 is reduced by an average value of 10% as the 

flow reaches C1. From the results of the turbulence intensities, it can be deduced that the intensities 

of velocity fluctuations occur at the centre of the vegetation zone decreases at the end of the 

vegetation zone implying that the turbulent fluctuations is reduced because of the presence of 

vegetation. Higher lateral flow and momentum exchange occurring in the transition zone between 

vegetated and unvegetated area is transported downstream and thus a higher value is achieved at 

the downstream C2 comparing to B2. Additionally, for unvegetated section, the lateral flow 

occurring at the transition zone is again deflected towards the unvegetated region and the turbulent 

fluctuations suppressed by the vegetation is transported in the unvegetated region causing more 

turbulent intensity at the downstream. 

 

As observed, with the increase in the percentage of downward seepage, the flow is more sheared 

leading to the attainment of more turbulence intensities. For 10% and 15% seepage also, turbulence 

intensities for all the locations are more, achieving an average increase value of 15% as compared 

to no-seepage case.  
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Figure 6.10 Streamwise turbulent intensity profiles at different measurement locations for no-

seepage, 10% seepage and 15% seepage 
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Figure 6.11 Vertical turbulent intensity profiles at different measurement locations for no-

seepage, 10% seepage and 15% seepage 
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In all the profiles, the maximum turbulent intensities in the vegetation zone is higher than the 

unvegetated region leading to localized erosion and deposition occurring around the vegetation 

stems.  

 

                                

Figure 6.12 Distribution of streamwise turbulent intensities ( u ) at different measurement 

sections for no-seepage, 10% seepage and 15% seepage (All dimensions in metre) 

 

Figure 6.12 and 6.13 also show the contour profiles of distribution of turbulent intensities in the 

test section (x-y plane) for a particular flow depth z/H=0.28 (near the top of the vegetation). From 

the contour profiles, σu and σw have maximum turbulent intensities at the middle of the vegetated 

test section (A-section). The upstream test section is marked by weak turbulent fluctuations at the 

entry of the vegetation zone. The turbulent intensities increase for unvegetated section as the flow 

goes downstream while it is opposite for vegetated section which implies that the presence of 

vegetation impairs the fluctuation coming with the flow thus protecting the downstream section 

against erosion. The diversion of higher turbulent fluctuations from the vegetated section towards 

the unvegetated section is also observed and therefore may cause erosion in this region. 

No Seepage 10% Seepage 15% Seepage 
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The application of downward seepage also follows the same pattern as of no seepage with the only 

difference in the magnitude. The downward seepage increases the turbulent fluctuation which 

leads to more sediment transport. However, an important observation for vegetated section is that 

the presence of vegetation is still effective in impairing the turbulent fluctuations as the flow goes 

downstream. 

 

 

                                       

 

Figure 6.13 Distribution of vertical turbulent intensities ( w  ) at different measurement sections 

for no-seepage, 10% seepage and 15% seepage (All dimensions in metre) 

 

6.3.4 Moments 

 

Third order correlations of velocity fluctuations (M30, M03, M12 and M21) for no-seepage, 10% 

seepage and 15% seepage at B1, B2 and B3 are shown in figure 6.14 below. The difference in the 

flux transport in the vegetated and unvegetated regions is observed.  

No Seepage 10% Seepage 15% Seepage 
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For B1 and B2, M30 and M12 have negative values near the water surface which changes to positive 

values with decreasing depth and the maximum positive occurs below the top of the vegetation. 

This implies that the u u   flux and w w   diffusion propagate in the flow direction. With the 

application of seepage, it is known that seepage increases the shear stress which means that more 

sediment particles get transported in the flow direction. M30 and M12 achieve a higher positive 

value near the bed at 10% and 15% seepage percentages as compared to no-seepage case. This 

means that the transport of flux in the flow direction is more with the application of seepage. M03 

and M21 start with negative values near the bed and positive values with increase in depth which 

indicates that the w w  flux and u u diffusion are in downward direction. With the application of 

downward seepage, the negativity of M03 and M21 increase which is justifiable with the fact that 

downward flow is occurring from seepage. More negative value is observed below the vegetation 

zone.  

 

For B3, M30 and M12 have negative values near the water surface and have values close to zero in 

the near bed region. This implies that the occurrence of u u  flux and w w diffusion against the 

flow direction near the water surface decreases closer to the bed. M30 and M12 achieve a higher 

positive value near the bed at 10% and 15% seepage percentages as compared to no-seepage case. 

This means that the transport of flux in the flow direction in the near bed region is more with the 

application of seepage thus causing more sediment movement. M03 and M21 start with values closer 

to zero in the near bed and positive values with increase in depth which indicates that the w w  flux 

and u u diffusion are in downward direction. With the application of downward seepage, the 

negativity of M03 and M21 increase. Achievement of more flux transport in the vegetated section is 

attributed to the local effect of erosion and deposition occurring in the vegetation zone. 
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Figure 6.14 Third order moments at the measurement locations B1, B2 and B3 for no-seepage, 

10% seepage and 15% seepage 
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6.3.5 Quadrant analysis 

 

Quadrant analysis is carried out to study the contribution of different velocity fluctuations to 

Reynolds stress at a point. The summation of stress contributions to Reynolds stress equals 100% 

or 1 (Raupach, 1981). For example, the contributions of outward interaction, ejection, inward 

interaction and sweep at location A2 are 27%, 66%, 30% and 91% (for z/H=0.34, no seepage). 

Stress contributions to Reynolds stress for B1, B2 and B3 corresponding to flow depth are shown 

in figure 6.15. 

 

 Sweep and ejection events play an important role in stress contribution to Reynolds stress as 

compared to inward and outward interactions. In all the profiles, inward and outward interaction 

events have almost equal contribution. The flow regions dominated by ejection events are 

analogous with negative values of M30 and positive values of M03 while sweep events are 

associated with positive values of M30 and negative values of M03 ( Righetti, 2008; Dey and Nath, 

2010).  

 

For no seepage, flow region above vegetation top at B1 has achieved almost equal contribution of 

ejection and sweep while the flow region below the vegetation top or near bed region is dominated 

by sweep event. For 10% seepage, at some regions above the vegetation top, the flow is dominated 

by sweep event while the region below the vegetation top is dominated by sweep event. However 

at 15% seepage, the whole flow region is dominated by sweep event. This implies that downward 

seepage triggers more sweep event compared to ejection event and thus Reynolds stress increases 

leading to more sediment transport. At B2 location, the lower flow region is dominated by sweep 

event which denoted higher momentum transfer at this transition or interface zone. For B3 location 

also, sweep and ejection events contribute almost equally to Reynolds stress. 
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Figure 6.15 Stress contributions at the measurement locations B1, B2 and B3 for no-seepage, 

10% seepage and 15% seepage 
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6.3.6 Drag coefficient 

 

The study of flow characteristics around the vegetation requires provision of drag coefficient as it 

is one of the important parameters for defining vegetation characteristics and is the key to 

understand the vertical distribution of velocity.  
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Figure 6.16 Drag coefficient for no-seepage, 10% seepage and 15% seepage 

 

The values of CD   for different seepage cases are calculated and plotted in figure 6.16. Drag 

coefficient of flexible vegetation is a depth-dependent parameter, as the rigidity and thickness of the 

plants are decreasing with the plant’s length from the roots to the upper part of the plant. The effect of 

downward seepage on CD is also studied. The drag coefficient for no seepage is 0.692, for 10% 

seepage is 0.542 and for 15% seepage is 0.468. This indicates that CD decreases with the 

application of downward seepage. Therefore, downward seepage reduces the roughness or 

resistance offered by the vegetation by pulling the vegetation towards the bed and consequently 

an increase in velocity with downward seepage is also noted. 
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6.3.7 Integral Scales of flow 

 

The mechanism behind the sediment transport in a partially vegetated channel can be conferred 

through changes in time and integral length scales after the application of downward seepage. In 

order to describe the changes in the bed transport condition after the application of seepage, time 

scale and integral length scale are calculated for the near-bed velocity of the no seepage, 10% 

seepage and 15% seepage runs.  

 

Table 6.2 Integral scales of flow for no seepage, 10% seepage and 15% seepage at different measurement 

locations 

 
 

Location 

No seepage 10% Seepage 15% Seepage 

ET 

 (s-1) 

U 

(ms-1) 

EL 

(m) 

ET 

 (s-1) 

U 

(ms-1) 

EL 

(m) 

ET 

 (s-1) 

U 

(ms-1) 

EL 

(m) 

A1 0.191 0.199 0.038 0.218 0.206 0.045 0.225 0.222 0.050 

A2 0.414 0.134 0.055 0.449 0.140 0.063 0.479 0.149 0.071 

A3 0.388 0.093 0.036 0.413 0.105 0.043 0.455 0.110 0.050 

B1 0.156 0.218 0.034 0.188 0.221 0.041 0.214 0.226 0.048 

B2 0.189 0.193 0.036 0.286 0.203 0.058 0.348 0.212 0.074 

B3 0.334 0.126 0.042 0.394 0.130 0.051 0.438 0.136 0.060 

B4 0.208 0.137 0.028 0.280 0.146 0.041 0.344 0.152 0.052 

B5 0.198 0.167 0.033 0.228 0.176 0.040 0.278 0.179 0.050 

C1 0.167 0.203 0.034 0.205 0.212 0.043 0.232 0.238 0.055 

C2 0.185 0.244 0.045 0.223 0.262 0.058 0.295 0.267 0.067 

C3 0.205 0.266 0.054 0.259 0.276 0.071 0.287 0.286 0.082 

 

ET and EL vary between 0.156-0.388 s and 0.028-0.055 m for no seepage, 0.188-0.449 s and 0.041-

0.071 m for 10% seepage and 0.214-0.479 s and 0.048-0.082 m for 15% seepage (Table 6.2). This 

shows that values of ET and EL are increased in the seepage runs as compared to the no seepage 

runs. Thus higher levels of turbulence prevail near the bed with an increased eddy size, which 

results in higher Reynolds stresses with downward seepage. ET and EL are also plotted against the 

flow depth for no seepage, 10% seepage and 15% seepage (Figure 6.17). These scales have the 

maximum value near the top of the vegetation reflecting the occurrence of more momentum 
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exchange as observed from Reynolds stress. Another aspect is that the eddy length and large eddy 

turnover time are increased significantly with downward seepage which shows that the eddy size 

increases corresponding to higher momentum and energy transfer and less destruction of turbulent 

motions. 
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Figure 6.17 ET and EL for no-seepage, 10% seepage and 15% seepage (at the centre of the 

vegetation section, B1) 

 

Based on previous investigations, it was found that vegetation in various arrays and configurations 

can modify the flow and turbulence structure and then influence sediment transport and stream 

morphology  (Afzalimehr and Dey, 2009; Neary et al 2012). According to Nepf (2012a) the scour 

patterns similar to that observed around piers occurred at the scale of individual stems while 

transition in bed forms, from migrating dunes to a fixed pattern of scour associated with individual 

plants occurred in the unvegetated area. Most previous studies observe enhanced deposition in 

regions of vegetation, with greater deposition observed in regions of higher stem density (Bos et 

al 2007). However, some recent studies have also noted regions of erosion that develop at the 

edges of vegetation, because, as flow is diverted away from the vegetation (Bouma et al 2007, 

Rominger et al 2010). The redistribution of flow also produces spatial patterns in sediment 

transport condition, with fine grain sediment and organic matter accumulating within patches, 

where velocity is reduced, and coarse grain sediment left between the patches, where velocity is 
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enhanced (Sand-Jensen and Madsen 1992). The degree of sediment redistribution is a function of 

the stem density within the vegetated area (Sharpe and James 2006, Mudd et al 2010). Van Katwjk 

et al (2010) observed that sparse patches of vegetation are associated with sandification, a decrease 

in fine particles and organic matter, which is most likely attributed to higher levels of turbulence 

within the sparse patch, relative to adjacent bare regions. If the stem density is sufficiently low, so 

that the velocity within the patch remains high, turbulence generation within the wakes of 

individual stems increases the turbulence levels within the patch (Nepf 1999), which inhibits 

deposition (Zong and Nepf 2012). Further, Chen et al (2012) observed that the deposition of fine 

material is limited to a region where both the mean and turbulent velocities are depressed. As 

recognized by the researchers in the field, there are many interactional factors affecting the flow, 

vegetation, erosion, and sediment processes (Zhang and Dai, 2009).  

 

A proper understanding regarding the sediment transport process is important for planning of river 

restoration projects. For understanding the flow characteristics in a partially vegetated channel, it 

is important to retrieve information from the sediment transport conditions. It is known that 

vegetation helps in protecting erosion but the main point lies in exploring the flow and sediment 

transport conditions in the unvegetated region of a partially vegetated channel.  

 

Figure 6.18 shows sediment transport pattern in the unvegetated region, where y=0 indicates the 

edge of the vegetation patch. It is noted that the depth of erosion increases with the application of 

downward seepage as compared to no seepage. For no seepage, erosion is more on the half portion 

of the unvegetated section while the other half portion has negligible or very weak (0.3-2 mm) 

erosion at the upstream section (x= 9.5 - 6.5 m) and erosion of 2-6 mm occurs at x=6.5 -3.5 m and 

y=4 m-16 m. For 10% seepage, highest erosion takes place in the region y=30-35m while for 15% 

seepage, highest erosion regions occur in spots. The presence of vegetation may force the water 

flowing from the vegetated region towards the unvegetated region and it seems as if the forcing 

intensity increases as the flow goes downstream. The high flow velocity in the unvegetated region 

may cause soil erosion and sediment transport. It is found that flow velocity in the unvegetated 

region increases as the flow goes downstream and this occurrence of higher velocity at C3 as 

compared to A3 leads to more erosion of sediment particles thus attaining a higher erosion depth 

as the flow goes downstream. It is noted that more erosion occurs for 15% seepage as compared 
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to no seepage and 10% seepage which is in agreement with the increase of Reynolds stress with 

increase in seepage.  

 

Figure 6.18 Sediment transport conditions at the unvegetated portion of 5 m test section (a) No 

seepage (b) 10% seepage (c) 15% seepage (All dimensions in metre) 

6.3.8 Conclusions: 

 

The present study highlights the experimental investigation on a channel covered partially with 

submerged flexible Oryza sativa (rice) stems. Experiments were conducted considering the 

downward seepage occurring at the permeable boundaries of natural channel. Results from 

velocity profiles demonstrate that velocity is reduced in the vegetated region which exhibits the 

importance of vegetation in reducing the velocity. An interesting feature is that the reduced 

velocity in the vegetated region seems to be deflected towards the unvegetated region and therefore 

a higher velocity is achieved in the unvegetated region. The near bed velocity increases on average 

value 10 % and 17% with the application of 10% seepage and 15% seepage. It is noted that 

vegetation is still effective in resisting the flow irrespective of the application of downward 

seepage by achieving a lower velocity at the end of the vegetation zone. Therefore, the presence 
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of vegetation may be used as a measure to reduce soil erosion and improve bank stability. Reynolds 

stress and turbulent intensity profiles show that the maximum value occurs near the vegetation top 

for vegetated region while the rest lie near the bed denoting the region of turbulence generation. 

The occurrence of higher Reynolds stress and turbulence intensities at the downstream end of the 

transition zone and unvegetated zone is attributed to the occurrence of lateral flow and higher 

momentum transfer at the junction of vegetated region and unvegetated region. The maximum 

Reynolds stress and turbulent intensities in the vegetation zone is higher than the unvegetated 

region leading to local sediment movement around the vegetation stems. It is also observed that 

vegetation acts as a barrier in reducing the Reynolds stress and turbulent intensities by attaining a 

lower maximum Reynolds stress and turbulent intensities at the end of the vegetation zone. 

However an increase in the maximum Reynolds stress and turbulent intensities are achieved at the 

downstream end of the unvegetated region. Results from third order moments exhibit that M30 

achieves a higher positive value near the bed at 10% and 15% seepage percentages as compared 

to no-seepage case which means that the transport of flux in the flow direction is more with the 

application of seepage. The increase in the negativity of M03 with 10% and 15% seepage states that 

vertical flux transport is occurring in downward direction. Quadrant analysis shows that sweep 

and ejection events play a major role in stress contribution to Reynolds stress. For the vegetated 

section, the dominance of sweep event in the whole flow region at 15% seepage is observed which 

is related with more positive values of M30 and more negative values of M03.The application of 

downward seepage reduces the roughness of the vegetation which is shown by the reduction in CD 

value with increase in seepage percentage as compared to no seepage. This reduction in CD leads 

to the achievement of higher velocity with increase in the percentage of downward seepage. 

Results from integral scales explore that eddy length and large eddy turnover time increase with 

downward seepage as compared to no seepage. The length scale and time scale increases with 

increase in percentage of seepage which infers that an increase in eddy size is observed which 

results in higher Reynolds stresses with downward seepage. The presence of vegetation forces the 

flow from the vegetation zone towards the unvegetated region leading to the occurrence of erosion 

in the unvegetated region. More erosion takes place with the application of downward seepage as 

compared to no seepage and the erosion depth increases as the flow goes downstream in the 

unvegetated region.  
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 Conclusions and future recommendations 

 

The present study was carried out for studying the flow characteristics in a vegetated channel using 

artificial vegetation as well as natural vegetation. The effect of vegetation height, vegetation 

spacing and pattern of placing vegetation were considered for investigating the change in flow 

characteristics. The main objective of this study lies in incorporating the effect of downward 

seepage and exploring the flow characteristics in a vegetated channel. Experiments were conducted 

for no-seepage, 10% seepage and 15% seepage. Important conclusions are drawn from the present 

study which is presented below: 

 

7.1 Flow characteristics in a channel covered with uniformly distributed 

vegetation 

 

 The position of inflection point in the velocity profile lies in close approximation with the 

position of maximum Reynolds stress and turbulent intensities even with downward 

seepage. The inflection point in the velocity profile occurs near the top of the vegetation.  

 The decrease in vegetation spacing or increase in vegetation density leads to reduction of 

flow velocity and increase in Reynolds stress and turbulent intensities leading to more 

localized sediment transport for both no seepage as well as seepage cases. 

 Placing of vegetation in uniform pattern leads to occurrence of more flow velocity than 

staggered pattern because of the presence of free stream region in between the vegetation 

element for both no seepage as well as seepage cases. 

 Increase in the percentage of downward seepage increases the flow velocity, Reynolds 

stress and turbulent intensities. 

 Application of downward seepage increases the flux transport in the downward direction 

and then carried the sediments along the flow direction, therefore highlighting the 

dominance of sweep event over ejection event. 

 The study of the change in the flow characteristics along the flow direction shows that the 

presence of vegetation is effective in protecting the downstream region even with the 

presence of downward seepage which is an important finding for river restoration 

programme. 
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7.2 Effect of mixed vegetation densities on flow structure 

 

 The presence of higher vegetation density at the downstream section reduces the flow 

velocity and Reynolds stress which is an important finding for river restoration project. 

 The high density vegetation placed at the downstream portion of the test section reduces 

the flux transport in the streamwise as well as downward direction and therefore a reduction 

in the dominance of sweep event over ejection event from quadrant analysis which leads 

to less sediment transport in the portion. 

 High density vegetation when placed at downstream section has the highest value of CD 

meaning more resistance to flow. 

 The average value of CD decreases with downward seepage. 

 

7.3 Hydrodynamics of seepage affected channel with vegetation bundles 

 

 Higher Reynolds stress is achieved at the upstream vegetation section because of the flow 

contraction eroding the upstream vegetation patch section but it decreases as the flow 

reaches the downstream vegetation patch section which implies that upstream vegetation 

patch section acts like an erosion barrier for the downstream vegetation patch section. 

 Irrespective of the application of downward seepage, the flow velocity, maximum 

Reynolds stress and turbulent intensities are reduced at the downstream vegetation section 

which highlights the importance of vegetation as erosion control measure. 

 Dominance of sweep event can be observed in the near bed region which increases with 

the application of downward seepage. 

 The value of CD increases near the bed and decreases near the vegetation top even with 

seepage. Higher value of CD is achieved for lesser vegetation spacing providing more 

resistance to flow. 

 

7.4 Experimental study of flow through natural vegetation 

 

 Presence of vegetation modifies the universal logarithmic velocity distribution. 
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 More value of Reynolds stress and turbulent intensities are occurred near the vegetation 

top for the vegetation region as compared to free stream where there is no vegetation which 

depicts the occurrence of localized erosion and deposition in the vegetation zone. 

 For partially covered vegetation, higher Reynolds stress and turbulence intensities at the 

downstream end of the transition zone and unvegetated zone is attributed to the occurrence 

of lateral flow and higher momentum transfer at the junction of vegetated region and 

unvegetated region. 

 Maximum value of length and time scales near the top of the vegetation which infers the 

occurrence of more momentum exchange as observed from Reynolds stress. 

 Length scale and time scale increases with increase in percentage of seepage which denotes 

an increase in the size of eddy therefore resulting in higher Reynolds stresses with 

downward seepage. 

 Presence of vegetation forces the flow from the vegetation zone towards the unvegetated 

region leading to the occurrence of erosion in the unvegetated region. 

 

7.5 Recommendations for future work 

 

The present research leaves a wide scope for the future investigators to explore many other aspects 

of vegetated open channels. The flow characteristics in the present study were determined with 

limited data of flow discharges and depths. Vegetation can vary considerably in shape and size, 

more research is necessary to understand how the vegetative length scales influence the flow and 

resistance characteristics. Various vegetation characteristics like height, thickness, vegetation 

placing patterns and density of vegetation can be used to have a more detailed study. In the present 

study, only two seepage percentages were used, 10% and 15% downward seepage. Flow through 

vegetation is highly three-dimensional in nature. Therefore, more research is needed in which the 

velocity and turbulence characteristics are examined in all three flow directions. Various seepage 

percentage can also be applied and study the change in flow conditions. The present research work 

was focused on the flow characteristics but there is a need to study the sediment transport related 

with the presence of stems and on a new rational approach to predict the sediment transport 

capacity both in vegetated and unvegetated beds, which may be extended for no seepage as well 

as seepage cases. Effect of boundary and side wall shear stress on flow hydraulics in vegetated 
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open channels need to be studied in the future research. The structure of vortex formation around 

the vegetation are not well understood and should be examined in more detail. The effect of wake 

formation behind the roughness element on flow resistance and velocity profile also needs an 

elaborate study. The vegetative rough floodplain can be studied for compound channel with main 

channel of different roughness. The work can also be extended for meandering and nonprismatic 

channel with vegetation. Since there is a growing interest in erosion and sediment control practices, 

the importance of vegetation in effectively reducing mean velocity and induce sediment deposition 

must be explored.  
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Appendix A 

 

Turbulence Characteristics of Vegetated Channel with downward Seepagevii 

 

Introduction 

The fluctuation of stream wise and vertical velocity u' and w' are the random quantities in open 

channel flow whose mean value of the product u' w' yields the Reynolds  stress u w    where ρ is 

the density of water. Due to this reason, in a flowing fluid u w    is nonzero implies that u' and 

w' are correlated quantities. The theoretical analysis of this random quantities u' and w' are well 

explained by the simple one sided exponential distribution of probability function. The Probability 

Distribution Functions (PDFs) are derived from a truncated universal Gram Charlier (GC) series 

expansion based on the exponential or Laplace type distributions for turbulent velocity 

fluctuations. The knowledge of Probability density function (PDF) of these quantities helps in 

understanding the associated turbulent bursting phenomenon (Nakagawa and Nezu, 1977; Afzal 

et al, 2009). The non-Gaussian behaviour of velocity fluctuations were considered for deriving a 

GC series expansion for the joint PDFs of velocity fluctuations by inverting a Gaussian based 

characteristic function (Feriet and Kampe, 1966; Antonia and Atkinson, 1973; Nakagawa and 

Nezu, 1977). Bose and Dey (2010) derived a theoretical expression, highlighting the importance 

of skewness and kurtosis, for PDFs of velocity fluctuations, Reynolds stress and conditional 

Reynolds stress from GC series expansion based on exponential distributions and validated with 

the experimental observations.  

Probability Distribution Functions 

In open channel flow, production of turbulence at near bed region is due to flow over the bed. The 

two dimensional instantaneous velocities (u, w) at a point can be decomposed in terms of time 

averaged part (U, W) and fluctuation part (u',w') by applying Reynolds decomposition in the way 

                                                 
vii Devi, T. B., Sharma, A., & Kumar, B. Turbulence Characteristics of Vegetated Channel with 

downward Seepage. Journal of Fluids Engineering. 
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(u,w) = (U,W) + (u',w'). Bose and Dey (2010) and Dey et al(2012) show that velocity fluctuation 

(u',w') follows the Gram Charlier (GC) series based on exponential distribution at which u' and w'  

is normalized as û = u'/σu  and ŵ  = w'/σw where, σu and σw are the stream wise and vertical 

turbulence intensity respectively. Bose and Dey (2010) has given the probability density function 

(PDF) for stream wise and vertical velocity fluctuation as explained in the following form of 

equations 
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   (Bose and Dey 2010). As a result, the 

coefficient Cj0 and C0k is to be estimated from the experimental data. The theoretical curves for 

PDF s of ˆ
ˆ( )uP u  and ˆ

ˆ(w)wP can be estimated by using the relative frequency ˆ
ˆ( )uf u  and ˆ

ˆ(w)wf  of 

the random variables û and ŵ which was determined from the experimental data at a given flow 

depth z. The moments, mj0 and m0k were estimated by approximating ˆ
ˆ( )uP u  and ˆ

ˆ(w)wP  by ˆ
ˆ( )uf u  

and ˆ
ˆ(w)wf  respectively and the integrals were evaluated by a composite Simpson’s rule. In this 

way, the Cj0 and C0k were estimated by using Equation (3) and (4) and the PDFs are computed to 

yield the theoretical curves for ˆ
ˆ( )uP u  and ˆ

ˆ(w)wP . Two points on a vertical line were selected for the 

study of PDFs ˆ
ˆ( )uP u  and ˆ

ˆ(w)wP . They are at near the bed (z=0.03H) and within the outer layer 

(z=0.53H).  
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Reynolds stress is defined by xz u w       hence 
xz


  is the mean value of product of random 

variable u'w' due to which the PDFs of xz   depends upon the joint PDFs of u' and w'. In order to 

study the PDFs of xz , dimensionless random variable ˆ ˆ ˆuw   is considered. Based on this 

consideration, Bose and Dey (2010) derived the PDFs of ̂  as: 
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where  
0.5

1
ˆ  , K0 and K1 are the Bessel function of order 0 and 1 respectively. The coefficient 

in the above expression can be found out by the following moments 
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The theoretical curves for PDFs of ˆ
ˆ( )P  is estimated by using the relative frequency ˆ

ˆ( )f  by 

replacing ˆ
ˆ( )P  of the random variables ûŵ which was determined from the experimental data at a 

given flow depth z.  
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The fractional contribution from each bursting events to the production of total Reynolds stress is 

represented by the random variable ˆ ˆ ˆ
Qi

uw   where i corresponds to the appropriate quadrant. 

The PDFs of events Q1, Q2, Q3 and Q4 are denoted by 1
ˆ( )P  , 2

ˆ( )P  , 3
ˆ( )P  and 4

ˆ( )P  respectively 

which follows that 
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Bose and Dey (2010) has shown that the expression for 1
ˆ( )P   and 4

ˆ( )P  is the same as that given 

by equation (8). For ˆ 0  , 1
ˆ( )P  =0, the distribution of Q1 is one sided and remaining on the 

positive side while for ˆ 0  , 4
ˆ( )P  =0, the distribution of Q4 is one sided and remaining on the 

negative side. 
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In the similar way, Bose and Dey (2010) has shown that the expression for 2
ˆ( )P   and 3

ˆ( )P  is the 

same as that given by equation (9). For ˆ 0  , 2
ˆ( )P  =0, the distribution of Q2 is one sided and 

remaining on the negative side while for ˆ 0  , 3
ˆ( )P  =0, the distribution of Q3 is one sided and 

remaining on the positive side̂  . 
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The summation of expression 1
ˆ( )P  , 2

ˆ( )P  , 3
ˆ( )P  and 4

ˆ( )P   given by the above equation satisfies 

equation (7). The coefficient in the above expression (8) and (9) is given by 
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The coefficient is calculated from the experimentally determined relative frequencies  1
ˆf   and 

 ˆ
ˆf   of̂ . 

Results 

Figure 1 shows ˆ
ˆ( )uP u and ˆ

ˆ(w)wP  distributions at near the bed and within the outer layer. The 

coefficient Cj0 and C0k are tabulated in Table 1.Experimental observation of ˆ
ˆ( )uP u and ˆ

ˆ(w)wP  are in 

reasonable agreement with the computed curves, implying that ˆ
ˆ( )uP u and ˆ

ˆ(w)wP  can be represented 

by GC series expansion based on exponential distribution.  

Table 1 Coefficient for the computation of ˆ
ˆ( )uP u and ˆ

ˆ(w)wP  

Case  C10 C01 C20 C02 C30 C03 C40 C04 

Plain 

bed 

z=0.03H -3.9E-05 -0.0004 -0.5 -0.5 0.011 -0.016 0.61 0.65 

z=0.53H -0.0002 -0.0006 -0.5 -0.5 -0.026 0.13 0.66 0.636 

No 

Seepage 

z=0.03H -0.0005 0.0044 -0.5 -0.5 -0.027 -0.0031 0.677 0.654 

z=0.53H -0.0015 0.0004 -0.5 -0.5 0.0462 -0.028 0.615 0.62 

10% 

Seepage 

z=0.03H -0.0002 -0.001 -0.5 -0.5 -0.007 0.26 0.61 0.61 

z=0.53H 0.0008 -0.0015 -0.5 -0.5 0.071 0.0314 0.634 0.635 

15% 

Seepage 

 

z= 0.03H -8.9E-05 -0.0017 -0.5 -0.5 0.043 -0.077 0.631 0.633 

z= 0.53H 0.00025 0.0007 -0.5 -0.5 -.00057 -.021 0.62 0.66 
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Figure 1 Comparisons of computed ˆ
ˆ( )uP u and ˆ

ˆ(w)wP  with experimental data for all cases 

The computed ˆ
ˆ( )uP u and ˆ

ˆ(w)wP  distributions are sharply peaked at zero velocity fluctuations that is 

not observed in case of experimentally estimated PDFs distributions because of the absence of 

relative frequencies of such narrow ranges in the histogram. The results pointed that PDFs 

distribution for velocity fluctuations follow the GC series expansion based on exponential 

distributions for plane bed as well as seepage cases irrespective of the presence of the vegetation. 

Since vegetation stems induce larger drag forces, shear-generated turbulence is reduced due to the 

inhibition of momentum exchange by the stems surface area for which PDF distribution for 

velocity fluctuations in plane bed without vegetation and plane bed with vegetation is different. 



Hydrodynamics of vegetative channel with downward seepage 

164 

 

Figure 2 Comparisons of computed ˆ
ˆ( )P   with experimental data for all cases 

Table 2 Coefficient for the computation of ˆ
ˆ( )P   

Case  C11 C13 C31 C22 

Plain bed z = 0.03H -0.40 0.59 0.616 0.313 

z = 0.53H -0.284 0.376 0.342 0.40 

No-Seepage z = 0.03H -0.27 0.383 0.4 0.318 

z = 0.53H -0.51 0.794 0.796 0.353 

10% Seepage 

 

z = 0.03H -0.1 0.146 0.168 0.2 

z = 0.53H -0.13 0.238 0.316 0.392 

15% Seepage 

 

z = 0.03H -0.15 0.23 0.207 0.348 

z = 0.53H -0.208 0.272 0.34 0.318 

 

The required parameters are calculated using equation (6) to yield the theoretical expression for  

ˆ
ˆ( )P    given by equation (5). Figure 2 compares the computed and observed ˆ

ˆ( )P   distributions 

at near the bed (z=0.03H) and within the outer layer (z=0.53H). The values of coefficient are 

tabulated in Table 2. Figure 2 indicates that the experimental calculated ˆ
ˆ( )P   shows satisfactory 

agreement with the computed curves implying that derivation of ˆ
ˆ( )P    using the GC series 

expansion based on the exponential distribution being applicable to mobile bed flows as well as 

seepage case. 
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Figure 3 Comparisons of computed ˆ( )iP   with experimental data at z= 0.03H for all cases 

Figures 3 and 4 compare the computed  ˆiP   with those measured for all cases at z=0.03H and 

0.53H. It is found that the conditional Reynolds stress corresponding to ejections (Q2) and sweeps 

(Q4) can be well represented by the exponential based Gram Charlier distribution while outward 

interaction (Q1) and inward interactions (Q3) have a departure from computed distribution.  
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Figure 4 Comparisons of computed ˆ( )iP   with experimental data at z= 0.53H for all cases 

 

 

Conclusions 

The universal PDF distributions of velocity fluctuations and Reynolds stress in flows over 

vegetative channel for plane bed without vegetation, plane bed, 10%S and 15%S cases with 

vegetation follow Gram Charlier series expansion based on exponential distribution.  The universal 

PDF distribution of conditional RSS are also compared with the experimental observation and 

found reasonable agreement for RSS corresponding to Q2 and Q4 while a slight departure is 

observed for Q1 and Q3 which may be due to weaker events. 
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Appendix B 

 

Studies on emergent flow over vegetative channel bed with downward 

seepageviii 

 

Introduction 

In rivers, aquatic vegetation was historically considered only as a source of flow resistance, and 

vegetation was frequently removed to enhance flow conveyance and reduce flooding. The 

vegetation along the bed of rivers plays an important role on the hydrodynamic behavior, on the 

ecological equilibrium and on the characteristics of the river (Wilcock et al, 1999; Mars et al, 

1999; Rowinski and Kubrak, 2002; Pollen and Simon, 2005; Turker et al, 2006). To better 

understand and protect these systems, the study of vegetation hydrodynamics has been integrated 

with other disciplines, such as biology (Hurd, 2000; Koch, 2001; Huang et al, 2011), fluvial 

geomorphology (Bennett et al, 2002; Tal and Paola, 2007), landscape ecology (Larsen and Harvey, 

2011), and geochemistry (Clarke 2002; Harvey et al, 2003).  

 

Figure 1 Plan view of the test section with measurement locations 

Schnauder (2004) proved that the frontal area (or momentum absorbing area) decreased as a result 

of vegetation bending.  O'Hare et al (2007) used five different macrophytes from a lowland river 

to consider the drag and reconfiguration. The vegetation changed shape and bend with the 

increasing velocity, which in turn reduced the flow rate. Hui et al (2010) considered single leafy 

                                                 
viii Devi, T.B., Sharma,A., & Kumar, B. (2016). Studies on emergent flow over vegetative channel bed with 

downward seepage.  Hydrological Sciences Journal (Accepted) 
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shrub and three mixed communities (including shrub-grass, shrub-reed and reed-grass community) 

in their experiment to find out the effects of ecological factors (diameter and flexibility) and 

vegetation community composition on the drag coefficient related with vegetation. 

Results 

Velocity profiles of longitudinal plot (Figure 2) show that velocity is decreased from 10 m, which 

is 0.5m upstream of the vegetation zone, to 9.5m where placing of vegetation starts. The presence 

of vegetation causes some changes in velocities locally behind vegetation elements. This local 

effect of the presence of vegetation has caused variation in the velocity along the vegetated portion 

of the channel as the flow is forced around the vegetation. Similar results are also observed in 

Shucksmith et al (2010).  

 

Figure 2 Velocity profiles for no seepage and 10% seepage plotted along eight longitudinal 

sections 

An interesting feature is that the downstream free zone i.e. 4m has lower velocity as compared to 

the upstream free zone i.e. 10 m. For the case of no-seepage, the velocity for both the transverse 

sections, TS1 and TS2, at 10 m is reduced by about 46% and 58% as the flow reached 4m. Even 

for the seepage case also, the velocity for TS1 and TS2 at 10 m is approximately 43% and 23% 

higher as compared to the velocity at 4 m. Results from velocity profiles show that velocity 

decrease outside the vegetation zone at the downstream section which reveals that emergent 

vegetation increases the roughness and friction resistance of the flume by the leaves and stems and 

thus reduce the flow velocity. 
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Longitudinal profile of Reynolds stress is shown in the Figure 3. At 10m or 0.5m upstream of the 

vegetation zone, Reynolds stress values seldom change at TS1 and TS2 with small values close to 

zero indicating that there is not much turbulence outside the vegetation zone. However, Reynolds 

stress in the vegetation zone (9.5-4.5m) changed greatly at both TS1 and TS2. It can be inferred 

that flow velocities induce strong fluctuation in the flume when met the vegetation as observed by 

Shucksmith et al (2010).  

 

Figure 3 Reynolds stress profiles for no seepage and 10% seepage plotted along eight 

longitudinal sections 

The Reynolds stress plotted against flow depth is smaller than the Reynolds stress plotted for 

longitudinal distances in vegetated cases (average longitudinal Reynolds stress ~ 4.78 X 10-4 m2/s2 

(no-seepage) and 3.22 X 10-4 m2/s2 (10% seepage), average Reynolds stress along flow depth 

~1.68X 10-4 m2/s2 (no-seepage) and 2.33 X 10-4 m2/s2 (10% seepage), similar to the findings of 

Nepf, (1999) and Shucksmith et al (2010). This is because the stem wakes generate non-isotropic 

turbulence; that is, the vertical orientation of the plant stems generates longitudinal rather than 

vertical stem wakes. Higher Reynolds stress is achieved at the starting of the vegetation zone where 

contraction in flow occurs because of the presence of vegetation elements. It was noted that higher 

Reynolds stress is achieved in the range of 9.5 m- 8.5 m. This is the region where maximum bed 

material transport occurs. The maximum Reynolds stress occurring at the starting of the vegetation 

zone is reduced in the range of 40-78% as the flow reaches downstream portion except for TS1 

case which may be because of wall effect. It can be concluded that Reynolds stresses generated 
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large fluctuations at the starting of the vegetation zone and then decreases towards the downstream 

area which means that flow velocities induce large strong fluctuations in the flume when met the 

vegetation zone and then decreases towards the downstream region. Because of the effect of 

fluctuations in the velocity, Reynolds stress accounts for turbulent fluctuations in the flow. 

Reynolds stress is produced by the velocity fluctuations and can lead to considerable turbulent 

intensities. 

 

 

Figure 4 Turbulence Intensities (σu and σw) profiles for no seepage and 10% seepage plotted 

along eight longitudinal sections 

 

Turbulence intensities also show a decreasing trend from upstream to downstream (Figure 4). σu 

of no-seepage case has a reduction of about 48% and 43% turbulence intensities for TS1 and TS2 

respectively as the flow goes from starting to ending of the vegetation zone. For TS2, σu of 10% 

seepage is also reduced by about 47% when the flow goes from starting to ending of the vegetation 

zone. Similarly, it is observed for σw of no-seepage that σw decreases approximately by 21% and 
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43% from starting to ending of the vegetation zone for the measurement location TS2 and TS1 

respectively. For the case of 10% seepage, σw at the starting of the vegetation zone decreases by a 

value of about 21% when the flow reaches the downstream vegetation region. The change in 

turbulence intensities in the vegetation zone is attributed to the local effect induced by the 

vegetation stems. From the results of the turbulence intensities, it can be deduced that the intensity 

of velocity fluctuations occur at the starting portion of the vegetation zone and then decreases at 

the ending of the vegetation zone implying that the turbulence production is reduced because of 

the presence of vegetation. It is observed that at locations 10 m and 4m, the turbulence intensities 

seldom change for TS-1 and TS-2 and most of the values are less than 0.1.  

Conclusions 

Results from longitudinal profile show that velocity for no-seepage case and 10% seepage at the 

upstream free zone before the vegetation zone starts is reduced by an average amount of 42% 

(approximately) when the flow reaches the downstream free zone, 0.5 m downstream of the 

vegetation zone. It is also observed that higher Reynolds stress occurs at the starting of the 

vegetation section thereby meaning that maximum bed material transport occurs in this region. 

The maximum Reynolds stress occurring at the starting of vegetation zone is reduced by an average 

value of 60% (approximately) as the flow reaches downstream portion except for TS1 case which 

may be because of wall effect. It can be concluded from the results of longitudinal profile that 

vegetation reduces the flow velocity, Reynolds stress, turbulence intensities which means that 

vegetation can be used as an effective tool for erosion control. 
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Photographs for experiments on emergent vegetation 

 


