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ABSTRACT 

 

Awesar Abid Hussain 

Analytical and Numerical Models for Velocity Profile in Vegetated Open-Channel 

Flows 

 
Keywords: Vegetation stems; Turbulence flow; Analytical model; Numerical 

model; Computational Fluid Dynamics; Ansys Fluent; Drag coefficient; Reynolds 

number. 

 
The presence of vegetation in open channel flow has a significant influence on 

flow resistance, turbulence structures and sediment transport. This study will 

evaluate flow resistance and scale velocity profile in depth limited flow conditions, 

specifically investigating the impact of vegetation on the flow resistance under 

submerged flow conditions. The resistance induced by vegetation in open 

channel flows has been interpreted differently in literature, largely due to different 

definitions of friction factors or drag coefficients and the different Reynolds 

numbers. The methods utilized in this study are based on analytical and 

numerical models to investigate the effects of vegetation presence on flow 

resistance in open channel flows. The performing strategy approach was 

applied by three-dimensional  computational  fluid  dynamics  (CFD) 

simulations, using artificial cylinders for the velocity profile. This is to estimate 

the average flow velocity and resistance coefficients for flexible vegetation, which 

results in more accurate flow rate predictions, particularly for the case of low 

Reynolds number. This thesis shows different formulas from previous studies 

under certain conditions for a length scale metric, which normalises velocity 

profiles of depth limited open channel flows with submerged vegetation, using 

both calculated and simulated model work. It considers the submerged 

vegetation case in shallow flows, when the flow depth remains no greater than 

twice the vegetation height. The proposed scaling has been compared and 

developed upon work that have been influenced by logarithmic and power laws 

to present velocity profiles, in order to illustrate the variety of flow and vegetation 

configurations. 
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Chapter 1: INTRODUCTION 

 

1.1 Background 

Vegetation can hinder or totally block a flow in an open channel and causes 

turbulence due to its exerting drag force. Vegetation is important to determine 

roughness in an open channel flow, its influence depends on its distribution, 

flexibility, species and density (Chapman et al., 2015). It is also an important 

element for rivers and open channel management; where the understanding of 

behaviour of flow over vegetation will allow deep knowledge for flow resistance, 

velocity profile and optimum design for open channels (Perucca et al., 2009). 

Vegetation angles vary in flow, depending on flow depth, vegetation flexibility and 

its representative roughness. The height of vegetation in nature is random, due 

to vegetation growth and changes in bed roughness. Vegetation density, height 

and type are crucial for designing vegetative flood plains to allow maximum 

discharge (Martín-Vide et al., 2008). In open channel flows over a smooth bed, 

the free surface and bottom boundaries tend to reduce the turbulence structure 

and redistribute it to transverse and streamwise directions (Salih, 1990; Nezu and 

Nakagawa, 1993). The estimation of flood conveyance is significant because of 

vegetation that produces turbulence and reduces mean flow velocity (Montakhab 

et al., 2013). The main influences of vegetation in open-channel flow are (1) 

horizontal and vertical distributions of mean and instantaneous velocity, (2) 

turbulence quantities and Reynolds stresses, also (3) transport of sediments 

and solutes. Moreover, the flow through a vegetated channel, especially in a 

compound channel, has significant velocity gradients (laterally, longitudinally 

and vertically) resulting in shear layer formation between the canopy flow and 

the flow outside the vegetation. A full comprehension of the flow through 

emergent and/or submerged vegetation has become significant for river and 

coastal restorations and the design channels of flood retention  storage  

(Cassan et al., 2015) as a result. Different ranges of vegetation density and 

Reynolds number caused by vegetation resistance can change its angle and 

further reduces flow rate (Noarayanan et al., 2012). The vegetation impact on 

measured parameter of vegetated flow is commonly related to plant structure (Fig 

1.1), such as distribution of leaves, sheath and branches as well as the flexibility 

of the vegetation (Hui and Hu, 2010). The drag coefficient in the drag force 

formula in a natural channel may differ from that of an isolated cylinder due to 
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the vegetation density (Tanino and Nepf, 2008), hence, recent studies have 

focused on evaluating the drag force as a function of vegetation density and 

Reynolds number. 

 
 

Figure 1.1 Different types of vegetation in open channel flow (Maji et al., 

2020) 

 
This thesis has investigated the impacts of vegetation on flow resistance in open 

channel flow. Existing methods and models proposed by previous research which 

predict flow in vegetated channels have been presented and discussed. The most 

pressing issues have been identified as a lack in understanding of how vegetation 

affects the water flow in rivers and streams, and a lack of verification of existing 

flow resistance models in situations involving real rather than simulated 

vegetation. To address these issues, a detailed analytical study has been 

undertaken, the process involved placing artificial vegetation in the numerical 

environment and conducting tests based on changes in size, density and 

stiffness. The two vegetation types, flexible and rigid, were studied to provide an 

indication of how different plant species affect the water flow. The velocity within 

vegetation and the free water layer was investigated by using collected 

experimental data of flow resistance whilst the vegetation was in a fully flexible 

submerged state. An increase in vegetation resistance in open channel flows due 

to roughness and vegetation characteristics is salient to this study. In submerged 

conditions more complex profiles of velocity and Reynolds stress were 

investigated and were dependent on the canopies submergence ratio and the 

rate of vertical mass transport between the flow above and within the canopy. 

Previous studies on open channel vegetation and compound channels have not 
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directly addressed a method to predict conveyance for compound channel 

capacity (Sun and Shiono, 2009). Previously, investigations have focused on 

flood plain and main compound channels for their boundary shear stress 

distributions (Knight and Abril, 1996). Vegetation in flood plains of compound 

channels can change velocity distribution and increase flow resistance, which 

affects discharge capacity in open channels (Stosser et al, 2006). The flow 

structure in compound channels are usually complex, this is a result of difference 

in shape of the cross section and roughness of main channels and floodplains 

(Thomaz et al., 2006). The water flow discharge in main channels decreases by 

the momentum transfer between floodplains, causing total discharge of the 

channel’s capacity, this is called kinematic effect (Huang et al., 2002). Results 

for both analytical and numerical work were compared with predictions made by 

existing vegetated flow models and tested against the collected data with good 

results. To provide accurate flow predictions, Computational Fluid Dynamics 

(CFD) models have been used in 3D, based on RANS (Reynolds-averaged- 

Navier-Stokes) to validate the Analytical model (Konings et al., 2012). In 

general, RANS show high efficiency with simulation time and grid generation, 

which makes it a good tool for researching turbulent flows (Luo et al., 2012). 

The final goal of CFD is the numerical modelling of the effect  of  real  

vegetation on the flow. One challenge is to account for the nature of the 

vegetation, including its biomechanics, in a physically realistic way, for which   

no universal relationships exist. Another challenge is to acquire relevant input 

parameters from the field or from laboratory works, which are then fed into     

the numerical models (Lemmin and Rolland, 1997). In this study, the analytical 

model will be utilised based on validation of numerical models to universally 

predict rigid and totally flexible vegetation by simulation work from the Fluent 

Ansys software. 
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1.2 Research significance 

The impact of the vegetation in rivers has significant influences on flow 

resistance, flow structures and sediment transport. Vegetated zones are vital 

aspects in environmental and river management, they stabilize the habitat and 

ecology of natural and artificial systems. As a result, the understanding of 

hydrodynamics and sediment transport processes in vegetated open channels 

can provide valuable scientific means to assess the impacts of vegetation on river 

flows. The flow characteristics and associated transport processes for vegetated 

shallow flow conditions have received limited attention and are not yet well 

understood. This research is based on an analytical model to investigate the 

lateral distribution of depth-averaged streamwise velocity in a rectangular 

channel with streamwise flexible and rigid submerged vegetation. The vegetation 

induced drag increases the resistance and reduces the flow discharge in 

vegetated open channel flows. The reduction in the mean velocity causes 

significant changes to physical and biological processes in aquatic vegetation 

types and leads to morphological changes of the floodplain (Fig 1.2). This 

research is to establish a relationship between the analytical model and numerical 

model validation based on vegetation drag coefficient to analyse the changes in 

vegetation density, stem spacing, diameter, stem arrangements, vegetation size 

and water flow depth to predict the vertical velocity distribution and bed shear 

stress in vegetated open channel flows. This research is based on riverbed 

channels that are affected by vegetation drag and can be used to reduce the 

effects of vegetation that cause blockages. This strategy is used on a drag 

coefficient approach instead of the cylinder analogy to simulate flow through 

natural vegetation with validation of its compatibility by comparisons and 

discussion. Mostly analytical models have focused on compound channels with 

rigid emergent vegetation on the floodplain (Wang et al., 2018), however, flexible 

submerged vegetation is common in rivers and needs to be investigated fully by 

analytical model work. This investigation is crucial in evaluating vegetation 

resistance, particularly limited to the qualitative data of relevant flow phenomena, 

for instance, the vegetation drags, and its related Reynolds number have been 

defined in several different forms, leading to inconsistent conclusions (Yang, 

2009). Another significant aspect of this study is the roughness length scale when 

considering submerged vegetation in open channel flows, it remains difficult to 
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estimate. As a result, hydraulic engineers are undecided concerning the question 

of how to describe velocity profile and how to evaluate flow resistance and 

sediment transport rates, in the presence of vegetation. The effect of vegetation 

density and cylinder Reynolds number on the turbulence statistics and the 

instantaneous flow field discussed can calculate the  drag  forces  on  

vegetation stems at various densities (Sundar et al., 2011). The application of 

this research is important for the empirical drag coefficient when using RANS 

with a vegetation to evaluate and validate the model argued. Moreover, it is 

important for characterizing vegetated open channel flows where the effect of 

interfacial transport and turbulence transfer has not been fully considered in 

scaling velocity profiles. This research presented, is motivated by the hitherto 

mentioned gap in the literature. 

 

 

 

Figure 1.2 Classified types of aquatic vegetation plans (Sundar et al., 2011) 
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1.3 Objective 

The aim of this research is to understand vegetated flow phenomenon and 

characteristics of drag coefficient study in open channel flow with vegetation, 

which analyse the investigation for each parameter such as Reynolds number, 

vegetation density and submergence ratio. This will influence open channel flow 

by increasing their hydraulic resistance through the turbulence and dragging 

force. This research is based on investigation for both analytical and numerical 

model works involved in the flow through vegetation in open channels to show 

the changes in velocity profiles. Numerical simulations were employed as a 

main method of the investigation and their results were compared to analytical 

results. The objective of this research is to provide a better understanding of 

acting forces, hydrodynamics, and turbulence of flow through vegetation 

based on all parameters mentioned previously. 

 
1.4 Report structure 

The structure of this research is organised based on the following chapters in 

detail: 

1. Introduction on open channel flow with vegetation, numerical work comparison 

with analytical model. The types of vegetation stems in both rigid and flexible 

types on submerged and emergent conditions for the drag coefficient. 

2. Literature review on vegetated flow, velocity profile and drag coefficient 

characteristics. The importance of log/ wake law, Reynolds number, von Karman 

and drag force study on turbulent structure analysis. 

3. Analytical model work developed, based on log/wake law for different layers of 

vegetation and free water surface to show the distribution of velocity profiles on 

totally flexible submerged vegetation. 

4. Computational fluid dynamic work accomplished by Ansys Fluent software for 

different simulation cases, based on different parameters to validate the 

analytical model. The analysis discussion argued and studied in comprehensive 

detailed work based on comparisons on analytical and numerical case results. 

5. Conclusion and future work explained based on further work to represent the 

velocity profiles. The illustration of summery on this research, shown by using 

recommendation to predict the velocity profile for both flexible and rigid 

vegetations by submerged and emerged cases in the future. 
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Chapter 2: LITERATURE REVIEW 

 

2.1 Introduction 

The study on open channel flow with vegetation phenomenon has an impact on 

hydraulic engineering due to its generated flow turbulence. The behaviour of 

vegetated flow in a floodplain and overbank flow is complex (Fig 2.1), because 

water is affected by vegetation therefor impacts the stream channel. During un- 

vegetated season where flow discharge is bigger in a lowland stream at the same 

water depth, (Cheng and Samtaney, 2014) the vegetated flow exercises 

influences of suspended load over bed channels in river management. This study 

shows total discharge of vegetated flow and 3D velocity distribution in both 

analytical and numerical work to outline the phenomenon based on different 

parameters. Wang et al. (2015) used Navier-Stokes equations to implement the 

idea of simulation work for velocity profile in vegetated flows. This study explains 

floodplain boundary shear stress and the average main channel relationship 

proposed by Huai et al. (2013). The impact of vegetation on flood capacity and 

flow resistance growth was developed based on a physical method (Wang et al., 

2015). The vegetated open channel flows have been examined previously with 

various numerical models to determine turbulence flow in a rectangular open 

channel, in order to represent the velocity profile. 

 
 

 

Figure 2.1 Open channel flow with vegetation (Burchett, 2013) 

 
 

The most argued research, by other authors on open channel vegetation is 

focused on velocity profiles, turbulence characteristics and log/wake law 

(Afzalimehr and Dey, 2009; Afzalimehr et al., 2010). The vegetation in open 
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channels with both emergent and submerged conditions naturally occurs during 

the rain seasons. The parameter of vertical velocity profile is hydraulically been 

used to analyse the vegetation drag and pollutants in river channels. In this 

research, the distribution of velocity profile within vegetation and free surface 

layers can be obtained and agreed from predicted analytical results and validated 

with numerical models using Ansys Fluent software based on multiple 

parameters. 

 
2.2 The numerical model studies 

Numerical model is capable of simulating small-scale physical models as well as 

natural streams because it calculates hydrodynamics for a general 3D geometry 

solving the Reynolds averaged Navier-Stokes equations with the continuity 

equation accurately. The equation k − ε turbulence model is used for calculating 

the flow resistance of submerged vegetation and the drag force on a rigid 

obstacle where the values of (k and ε) within the vegetation layers are not 

affecting the velocity (Wang et al., 2015). The drag coefficient CD, which 

corresponds to the shape and diameter of the vegetational elements is based on 

Reynolds number and projected area of the stems of bushes and trees, to 

achieve accurate and efficient simulated turbulent flow through vegetation (Fig 

2.2) in open channel flows (Champion and Tanner, 2000). The turbulent flow 

through and above an artificial cylinder is calculated by  the  Reynolds  

averaged Navier-Stokes equations respectively, impeding the application of 

numerical studies in the engineering practice (Kim 2011). The numerical work 

based on the RANS equation reads: U is the time-average velocity vector, P     

is the pressure, x is the spatial geometrical scale, ρ is the water density (Darby 

et al., 1996). The steady flow condition is considered to represent the velocity 

profile in the model work by running different simulated cases (Wang et al., 

2015). The simulated cases in this numerical work are determined by the 

standard k − ε turbulence method, which will be explained fully the chapter 4. 
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Figure 2.2 Typical 3D model of a vegetated channel (Nepf, 2012) 

 
 

2.2.1 Reynolds-averaged Navier-Stokes equation 

During the past four decades, the tool of Computational Fluid Dynamics 

(CFD) has been continually refined and adapted. CFD models can accurately 

provide flow predictions of hydraulic and hydrological interest. The mean 

velocity field is computed with steady RANS, and all the unstable effects of 

turbulence are accounted for by the turbulence model (Song and Graf, 1996). 

In current studies, RANS is a computationally efficient engineeringtool in open 

channels (Fig 2.3), most vegetation models use the drag force formula, i.e., 

(FD = 0.5ρu2AP CD), where ρ stands for fluid density, u0 the free stream 

velocity, AP the projected area of the plant, and CD the drag coefficient (which 

is an empirical parameter). In previous investigations of flow through 

vegetation, the cylinder analogy is representative of the vegetation that can 

be idealized as rigid circular cylinders (Lelouvetel et al., 2009). Numerous 

RANS studies have used the drag force approach, during the prediction of 

the velocity profiles and the observed data. The RANS models have 

adopted a “universal” drag coefficient, CD, without considering its variation 

as a function of vegetation density and stem Reynolds number. Huang et al. 

(2002) modelled emergent floodplain vegetation in a compound channel,  

as a result of a lack of knowledge of CD they assumed that the drag 

coefficient was CD = 1.0 (constant number), on the other hand, the drag 

coefficient of cylinders differs based on multiple parameters. In a recent study 

Tanino and Nepf, (2008) were able to demonstrate that the drag coefficient is 

a function of both vegetation density and stem Reynolds number, showing 

that it can largely depend upon stem diameter, cylinder arrangements and 
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spacing also the water flow depth in current analytical and numerical model 

work. 

 

 

Figure 2.3 RANS in turbulence study (Song and Graf, 1996) 

 
 

2.2.2 The standard k − ε turbulence model approach 

The model approach solves the RANS equations with the finite volume 

approach to validate the analytical model work by running the numerical 

model based on simulated cases (Choi and Kang, 2004). The velocity 

profile and the standard k − ε turbulence model used with the RANS 

formulation to calculate the time-averaged flow through submerged 

vegetation stems, where momentum equations with force term have been 

considered for the momentum loss due to vegetation. For this study the 

channel bed is treated with a no-slip condition, where the rigid lid free 

surface boundary is applied (Chen and Zou, 2019). The conditions used in 

the streamwise direction are the periodic boundary method to induce a fully 

developed uniform flow (Song et al., 1994). The comparison of calculated CD 

is determined by the k − ε turbulence model, all illustrations show a 

reasonably good agreement, except for the densest vegetation. The drag 

coefficient in the cases where the vegetation is arranged in the regular 

(staggered) way is different when compared with randomly arranged vegetation 

stems, hence, the bulk drag coefficient range changes upon vegetation 

density due to stem arrangements in the flume channel (Kim, 2011). 
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2.2.3 The simulation case study 

In total, 10 cases are available for comparison with RANS and are 

analysed in order to setup each simulation case of rigid cylinders which are 

placed into a rectangular flume channel (McLelland and Nicholas, 2000). The 

distance between neighbouring cylinders in both (x and y) directions are set 

in order to measure the velocity profile based on spacing between the 

cylinders. The velocity profile changes due to the spacing between 

cylinders, diameter of the cylinder and the Reynolds number also water 

flow depth which effect the drag coefficient (James et al., 2007). The 

averaged velocity profiles are in a good agreement for selected cylinders 

in the flow channel bed. The length of the recirculation zone, as well as the 

velocity gradients, are impacted by the grid resolution, compared to 

overestimates in the simulation cases. 

 
2.2.4 The bed friction condition 

The bed friction is presumed to be negligibly small, therefore, the 

determined CD values at the decreasing vegetation density could be invalid 

although shows a greater dependency on the stem Reynolds number 

(Ferro, 2003). This information is used to correct the bulk drag coefficient, 

which is used in analytical models and applied in simulations cases for the 

comparison of each case against the data collected from the previous 

experiment (Darby et al., 1996). The numerical work is used for both vertical 

direction and spanwise direction, except for the area around the cylinder 

(vegetation stem), where a uniform spacing is used (Kim, 2011). The channel 

bed and side walls are treated with a no-slip condition (Fig 2.4) and the slip 

condition is applied at the free surface boundary (Ross, 2012). The channel 

bed and sidewalls were treated by wall law above the rough bed in order to 

avoid resolving the viscous sub-layer. 
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Figure 2.4 The channel bed and wall condition (Ross, 2012) 

 

 
2.2.5 Model calibration and grid independence 

The model roughness is studied and calibrated fully for streamwise velocity 

profiles with vegetation stems (Swearingen and Blackwelder, 2006). The 

different case numbers were tested based on various flow rates, drag 

coefficients, the Reynolds number and water flow depths by placing 

cylinders in the bed channel, it is shown a typical channel bed with rigid 

cylinders in (Fig 2.5) within the vegetation zone (Kim, 2011). The previous 

measurement data is used to compare both simulation and calculated model 

works (McLelland and Nicholas, 2000), in order to determine whether accuracy 

increases or decreases with an increase/decrease in parameters which effect 

the velocity profile, different grid sizes have been used with coarse, fine and 

compared with standard current size (Kaftori et al., 1998). For a comparison of 

the flow fields, there are horizontal distributions of the time-averaged velocity 

at half water depth together with the result from the distribution of time- 

averaged streamwise velocity in the recirculation zone behind the cylinder, 

which is well predicted where the recirculation length increases. This 

increase is associated with a decrease in width of the wake behind the 

cylinder, explaining why the bulk drag coefficients are not negatively 

impacted (Lee et al., 2004). 



13  

 
 

Figure 2.5 Flume channel bed with vegetation cylinders (Kim, 2011) 

 
 

2.3 Vegetated study on open channel flow 

Vegetation study plays an important role in influencing hydrodynamic behaviour, 

environmental characteristics and ecological equilibrium of water bodies. The 

knowledge of turbulent and mean flow structure in vegetated environments is 

imperative in assessing and understanding vegetated flow phenomena 

processes (Keshavarzi and Esfahani, 2012). However, wide variety of 

hydrodynamic conditions and vegetation types have been considered by Huthoff 

et al. (2007) to describe flow vegetation interactions based on flow rate, bottom 

slope, water depth, pressure gradient and vegetation characteristics for height, 

flexibility and density (Hsieh and Shiu, 2006). Models developed to simulate 

vegetation phenomena by Klopstra et al. (1997) and Naot (1996) for submerged 

vegetation simulation, which can be extended to emergent conditions, were 

tested and formulated on artificial cylindrical vegetation stems, characterized by 

depth geometry and drag coefficient based on analytical and experimental work. 

The structure of a vegetated open channel flow in three-dimensional work needs 

to be investigated, this is due to the close interaction between cross sectional and 

horizontal characteristics as free-surface coherent vortices (Engel et al., 2007). 

The structure also resembles a two-stage compound open channel flow, 

compared by using measurement tools and an analytical solution (Nezu and 

Nakagawa, 1996). Computational Fluid Dynamic (CFD) work is used for the 

validation of open channel flow with vegetation, known for its accuracy when 

measuring and investigating turbulence structures (Darby et al, 1996). The flow 

of rigid vegetated types is stiff, but the flexible types bend under exerted forces 
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by water flow (Fig 2.6), this bending degree has variety of results with velocity 

distribution that leads to variation in resistance within the channel bed (Termini, 

2015). 

 
 

Figure 2.6 Vegetation types in open channel flow (Termini, 2015) 

 
 

Open channel flows with flexible vegetation have more complex characteristics 

than with rigid vegetation due to the flexibility resistance caused by drag force 

(Lhermitte and Lemmin, 1994). In highly flexible vegetation, the velocity and drag 

coefficients are different to rigid vegetation, meaning they have large deflection 

(Dijkstra and Uittenbogaard, 2010). This deflection changes in turbulence by 

dividing vegetation into two layers, one is impacted by Reynolds stem number, 

and the second by exchanging water with its surroundings (Nepf and Vivoni, 

2000). This prediction is developed to represent velocity profiles during the design 

of channel flood capacity considering the different configurations of vegetation 

characteristics (Panigrahi and Khatua, 2015). The flexible vegetation has higher 

roughness of bed channel with both tall and short types during a large rate of 

flooding, which will be fully submerged during the flooding season compared to 

rigid vegetation, however this distribution during the flood rate is not large when 

tall vegetation is emergent and short vegetation is submerged. 

 
2.3.1 Effects of vegetation on open channel flows 

The vegetation on an open channel flow affects velocity distributions, turbulence 

structures, and sediment transport (Shen and Lemmin, 1997). Different attempts 
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have been used to analyse the effect of vegetation on flow, the outcome is 

classified as two different approaches (Sanjou et al., 2010). One group used 

natural vegetation types within experimental runs to collect measured data to 

develop empirical results, which can then be used under similar conditions (Li et 

al., 2014). The second group conducted laboratory experiments on flume 

channels by considering artificial flexible strips as well as rigid cylinders (Fig 2.7 

and 2.8). The previous experimental results illustrate the understanding of the 

flow characteristics through vegetated open channels (Murphy et al., 2007). 

These studies have been done using numerical work to validate and compare the 

empirical results from previously developed models with collected measured data 

(Tsujimoto and Kitamura 1990, Nepf 1999, Carollo et al. 2002, Nezu and Sanjou 

2008). 

 
 

Figure 2.7 Velocity profile for rigid vegetation (Hu, 2013) 

 
 

The analytical work is based on deflection height of flexible vegetation from the 

cantilever beam theory (Chen, 2010). The approach is utilised when bending 

occurs, as a result, the double layer model of flow past an array artificial cylinders 

within a flume channel must be adjusted. Both simulation runs and calculated 

cases are modelled to investigate the velocity profile at an inclined cylinder in flow 

and different cross-sections at the same time. This is a dynamic analysis to be 

conducted and analysed accordingly for current study of turbulence flow within 

vegetation region (Righetti, 2008). 
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Figure 2.8 Velocity profile for flexible vegetation (Hu, 2013) 

 
 

2.3.2 Turbulence structure in open channel flow 

The turbulence structure is influenced by vegetation plants in the open channel 

water flow, which effect the characteristics of the velocity profile. The plane mixing 

layer is the turbulent shear flow formed in a region between two stream flows of 

different velocities (Mossa et al., 2017). This region has a strong inflection point 

in mean velocity, leading to coherent eddies creation in hydrodynamic instability 

processes, which is a superposition of attached eddies and Kelvin–Helmholtz 

waves produced by inflectional instability in the mean longitudinal velocity profile 

(Fig 2.9), (White and Nepf, 2007, Engel et al., 2007). 

 
 

Figure 2.9 Kelvin–Helmholtz instability (White and Nepf, 2007) 
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Raupach et al. (1996) observed that the velocity profile in wind streamwise over 

vegetation canopy is a plane mixing layer (Fig 2.10), leading to represent a mixing 

layer model for atmospheric open channel vegetated flows. Poggi et al. (2004) 

observed an analytical model, where the effect of vegetation density within stems 

on the vegetation sub-layer showed flows within and above, this is because the 

foliage works as a mixing layer due to the dense vegetation region. 

 
 

Figure 2.10 The plane mixing layer (Roupach et al., 1996) 

 
 

The flow over the vegetation is driven by turbulent stress caused by vertical 

transport of momentum due to overlying flow, wherein contributions from 

pressure gradients is neglected (Nepf and Vivoni, 2000). This phenomenon was 

illustrated by observing the transition from the emergent vegetation to a 

submerged vegetation regime (Papanicolaou and Hilldale, 2002). The mean 

velocity profile in submerged vegetation near the vegetation edge causes 

significant shear instability and maximum turbulence intensity (Ikeda and 

Kanazawa 1996, Nepf and Vivoni 2000, Carollo et al. 2002, Jarvela 2002, Nezu 

et al. 2006, Nezu and Sanjou 2008). This observation leads to Reynolds stress 

to be negligible in the emergent case, because there is no vertical transport of 

momentum from above vegetation layer. The bottom layer is called the 

“longitudinal exchange zone”, and the upper layer is called the “vertical exchange 

zone”, and water flow is determined by the balance of the pressure gradient and 

vegetative drag force (Fig 2.11). Pu et al. (2019) suggested, these conditions are 

considered the same in the case where the emergent vegetation condition holds. 
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Figure 2.11 Schematized model for aquatic canopy flow (Nepf and Vivoni, 2000) 

 

Finnigan et al. (2009) proposed a powerful model to explain the differences 

between turbulence in the vegetation region and the inertial sublayer above. This 

agrees with a large set of observations from real and model canopies (Afzalimehr 

et al., 2011). The hydraulic engineers have considered such phenomena streams 

and rivers to be a source of flow resistance (Carollo et al., 2005). The mean flow 

characterisation and turbulence structure with processes of associated transport 

in vegetation presence have been the centre of discussion and attracted a lot of 

attention in recent years (Engel et al., 2007). The research on turbulence 

structure of fully rough flows in vegetated open channels was studied by Raupach 

et al. (1991); Dunn et al., (1996); Shi et al., (1996); Nepf, (1999). The transport 

process in natural environment coherent structure for vegetated open channel 

flow is carefully discussed (Fig 2.12), but some gaps remain to be investigated in 

current study for the fully submerged flexible vegetation types (Cellino and 

Lemmin, 2004). This analysis shows various hydraulic and vegetation 

parameters to be considered within the coherent structure by a developed model 

with an accurate prediction. 
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Figure 2.12 Coherent flow structures vegetated flow (Cellino and Lemmin, 

2004) 

 
2.4 Velocity distribution and flow resistance in vegetated flow 

In normal open-channel flows, vertical velocity distributions are assumed to be 

logarithmic (Nezu and Nakagawa 1993), however, the vegetation flow in open 

channels induces a drag coefficient to the flow and causes changes in the velocity 

profile within and above the canopy. In the cases of emergent vegetation, the 

velocity profile is mostly uniform over the depth (Tsujimoto and Kitamura 1990, 

Stone and Shen 2002). In the cases of submerged vegetation, the velocity profile 

is S-shaped (Ikeda and Kanazawa 1996, Carollo et al. 2002). Overall, the velocity 

profile within vegetation layer is significantly smaller than one in free water 

surface layer. The interaction between free water surface and vegetation layers 

in submerged conditions are more complex than the emergent conditions, due to 

an increase of drag force in the channel bed (Stone and Shen 2002). The velocity 

changes considerably in a low-density canopy, but its variability becomes more 

observable in denser arrays for different locations (Rubol et al., 2018). The fully 

submerged conditions show the velocity increases near the interface. This is 

characterised by an inflection point (Fig 2.13), where in the emergent conditions 

this is not the case. 
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𝑅𝑆 

 

Figure 2.13 The velocity profiles in different layers (Liu et al., 2008) 

 
 

Ikeda and Kanazawa (1996) investigated an analytical model and measured data 

on an open flume channel with different runs to represent velocity distributions 

over artificial cylinders and the roughness of naturally flexible plants (Fig 2.14). 

 
 

 

Figure 2.14 Velocity distribution over flexible plants (Ikeda and Kanazawa, 

1996) 

 
2.4.1 Flow resistance in open channel flows 

In vegetated open channel flows, different methods have been developed for 

estimating energy losses caused by the channel roughness. Chezy (1796) 

proposed the well- known formula for uniform flow: 

𝑉 = 𝐶 (2.1) 
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𝜌 

where V is the cross-sectional average velocity, R is the hydraulic radius, C is a 

factor of flow resistance called Chezy’s C and S is the energy slope. 

In 1889, Manning presented a formula for fully rough flows, which was used by 

Hopkinson and Wynn, (2009), as shown below: 

1 2/3 
 

 

1/2 (2.2) 
𝑉 = 𝑛𝑅 𝑆 

where n is the coefficient of roughness. Many factors contribute to Manning’s 

roughness coefficient, including surface roughness, vegetation characteristics 

and the irregularity of the channel. The turbulent flow resistance over rough beds 

in rivers containing large-scale roughness are crucial, in solving the complex bed 

configurations (Velasco et al., 2010). 

 
2.4.2 Mean velocity in open channel flow 

Flow velocities are controlled by the distance from the wall shear stress, as well 

as the kinematic viscosity of the fluid (Song et al., 1994). It can be concluded that 

in the turbulent boundary layer of open channel flow, the velocity remains roughly 

the same in direction of flow if flow conditions remain constant (Ross, 2012), 

however, the mean velocity can be determined by the continuity equation below: 
∂𝑈 ∂𝑉 

∂𝑥 
+ 

∂𝑦 
+ 

∂𝑊 
 

 

∂𝑧 
= 0 (2.3) 

The distribution of velocity profile with uniform flow over a channel without 

vegetation (Fig 2.15), where u and w denote the components of mean velocity, 

u’ and w’ are the velocity fluctuation, to show the shear stress given by: 
   ∂𝑢 

𝜏 = ― 𝜌𝑢’ 𝑤’ +µ∂𝑧 (2.4) 

where ρ is the fluid density, µ is the coefficient of dynamic viscosity, and z is the 

vertical coordinate. The bed stress, τb, and the related friction velocity u* are 

defined as follows: 

𝜏𝑏 
= 𝑢 ∗ 2 = 𝑔𝐻𝑆 

where g is the gravitational acceleration and H is the flow depth. 

(2.5) 
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Figure 2.15 The uniform open-channel flow and channel bed (Poggi et al., 2004) 

 
 

The velocity in vegetated open channel flow along with shear velocity can be 

easily measured, by considering the plant height deflection (Carollo et al., 2002). 

The flow velocity is reduced in emergent vegetation due to frictional resistance 

from stems (Jiménez-Hornero et al., 2007). In velocity distribution, the mass and 

momentum exchange in an open channel flow with a vortex structure, behave 

like a mixing layer (Fig 2.16). In open channel flows with vegetation, the effect of 

bed friction on the flow is considered to present the velocity profile distribution 

(Wang et al., 2019). Kironoto and Graf (1994) successfully measured the 

changes of velocity in decelerating and accelerating flows, for up and 

downstream water depths which vary over the bed channel. The bed load is often 

calculated using the friction factor deduced with water depth and average velocity 

(Cheng and Samtaney, 2014). 

 
 

Figure 2.16 The velocity profile in vegetation mode, (Adrian et al., 2000) 
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𝐾 

2.4.3 The log/wake law 

The log/wake law has been developed for various boundary conditions including 

the region near the water surface which describes velocity distribution below the 

maximum velocity point. The velocity deviation has a wake-like shape from log- 

law and it is used as a wake function to correct velocity profiles in flow. It has also 

been used for fixed bed open channels which have a wake shape deviation, 

based on both bed shear stress distribution and the depth average velocity in the 

channel. This has been discussed by Coles (1956) for boundary layers, and by 

Nezu and Nakagawa (1993) for fixed-bed open channel flows. In turbulent flow, 

the log-law and wake-law of velocity profile have been compared and the wake 

coefficient has been determined by using measured velocity profile, since there 

is no reliable formula to estimate its value from flow conditions. The equation 

below delineates the log/wake law: 

𝑈 + = 
1

 ln (𝑦 + ) + A (2.6) 
 

In order to apply log-law to individual situations, an integration constant (A) and 

the von Karman constant (K) have been adjusted, with K=0.4 and A=5.5. The 

application of modified log/wake law to open channel turbulence is considered by 

Bailey et al., (2014), due to the complexity of secondary currents and free surface. 

This application has a wake-like deviation when viewed from free stream and 

produces the modified log/wake law, which is in excellent agreement in model 

study for velocity profiles (Guo, 2013). The classical log law (Fig 2.17) can be 

observed in an analytical solution for the lateral distributions of bed shear stress 

and depth-averaged velocity (Hu and Ji, 1991). The wake effect has become 

increasingly critical and correlative in the outer and inner region with modified 

velocity-defect law (Hurther et al., 2007; Armanini et al., 2010; Wang et al., 2015; 

Shucksmith et al., 2010; Hsieh and Shiu, 2006). 
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Figure 2.17 The (logarithmic law) law of the wall (Nezu and Nakagawa, 1993) 

 
 

2.5 The coefficients in a vegetated open channel flow 

In vegetated open channel flows, the vertical velocity profile in water channels is 

a function of frictional drag, caused by vegetation, this arises because the 

vegetation drag is higher than the frictional drag at the vegetated bed flow 

(Chapman et al., 2015). The studies observed previously concerning drag force, 

are to predict or measure frictional resistance in types of vegetation conditions 

(Armanini et al., 2010). The drag caused by cylinders in a vegetated channel 

increase the effect of the blockage in vegetated flows. Battiato and Rubol, (2014); 

Kouwen and Fathi- Moghadam (2000) studied the effect of flexible vegetation on 

drag coefficients and manning’s roughness coefficient by conducting 

experimental work. Kirkgoz and Ardiclioglu (1997) observed turbulence 

characteristics in a vegetated open channel flow for time-averaged, vertical and 

lateral velocities. Kothyari et al. (2013) developed a drag model usable for 

emergent stems in which the drag coefficient decreases as the stem Reynolds 

number increases. Their results argued that spacing between neighbouring 

cylinders and cylinder diameter influenced the CD causing an increase of the drag 

coefficient. In contrast, Liu and Zeng, (2017) suggested that drag coefficient 

decreases when Reynolds number increases. The arrangement of rigid cylinders 

plays an important role on the flow resistance and friction factor (Shen and 

Lemmin, 1997; Armanini et al., 2010). The drag coefficient of emergent rigid 

vegetation increases with the increasing flow Reynolds number (Konings et al., 

2012). Wu et al. (1999), Chen et al. (2011, 2012) proposed an analytical model 

on emergent flexible vegetation by considering the bending behaviour to 
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determine the velocity distribution. In the case of submerged vegetations stems, 

it is complex due to stem bending behaviour with varying stem density and local 

kinetic energy with steady non uniform flow (Li et al., 2015; Qingyang, 2009; 

Stoesser et al., 2009). 

 
2.5.1 The drag coefficient 

The flow resistance has been dominated by the vegetation resistance and the 

vegetation drag coefficient as a fitting parameter in vegetated open channel flow 

(Cheng and Nguyen 2011; Kothyari et al. 2009b; Tanino and Nepf 2008). 

Ishikawa et al. (2000) reported that change in drag coefficient is significant but its 

dependence on the Reynolds number is not clear, this has been explained in the 

following chapter. Kothyari et al.’s (2009b) results indicate that the drag 

coefficient slightly varies with the Reynolds number but increases clearly with an 

increase in stem fraction. The effect of drag coefficient in submerged and 

emergent rigid and flexible vegetation was studied by Fathi-Moghadam and 

Kouwen (1997),Wu et al. (1999), Kouwen and Fathi-Moghadam (2000), Lu and 

Dai, (2016), Stephan and Gutknecht (2002), Stone and Shen (2002), Carollo et 

al. (2002), James et al. (2004), Järvelä (2002, 2004, 2005), Baptist (2005) and 

Järvelä et al. (2006). Fathi-Moghadam and Kouwen (1997) stated that for 

emergent flow, the vegetation density is always a dominant parameter regardless 

of tree species or foliage shape and distribution. Kouwen and Fathi- Moghadam 

(2000) and Chapman et al. (2015) indicated a linear relationship between the 

drag force and the average flow velocity for fully flexible submerged plants. (Nepf 

1999; Nepf 2000; Poggi et al. 2004; Shen and Lemmin, 1999; Nezu and Sanjou 

2008; Wu et al. 2005; Kothyari et al. 2009; Poggi et al. 2009) used force 

equilibrium to evaluate the drag of the vegetal, while others (Stone and Shen 

2002) modelled vegetative drag based on cylinder drag. Nepf (1999) modelled 

the drag, turbulence and diffusion for flow through emergent vegetation using 

laboratory experiments with cylindrical stems. Nepf and Vivoni (2000) observed 

that in flexible vegetation, CD increases toward the bed, reflecting the increasing 

viscous effects with decreasing plant scale Reynolds number, the value CD 

approximates 1 in emergent flow condition in (Fig 2.18). The decrease of CD 
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towards the interface is due to the relaxation of form drag as the flow bleeds 

around the free. 

 
 

Figure 2.18 Profile of vegetative drag (Nepf and Vivoni, 2000) 

 
 

2.5.2 The friction coefficient 

The friction coefficient 𝐶𝑓 with a turbulent flow induced by the shear stress in an 

open channel flow, has a rough surface. Baptist et al., (2010) denoted the bed 

shear stress 𝐹𝐵 is exerted by the flow on a unit area of a riverbed. It is assumed 

that a flow with a large Reynolds number will cause the friction coefficient to 

change with the relative roughness of the channel bed and hydraulic radius. 

Ishikawa et al. (2000) and James et al. (2004), stated that the fluid force on tall 

stem vegetation which are placed in a group is rare. The subcritical and 

supercritical flows in vegetated surfaces are frequently encountered through 

vegetated steep overland slopes. Wu et al. (1999) reported that roughness 

coefficients for subcritical and supercritical flows have opposite trends of 

variation. This study aims to fill the gaps in knowledge through a developed 

model. Kouwen and Fathi-Moghadam (2000) used the vegetation height and 

stiffness as parameters, which proposed an alternative method for determining 

the friction coefficient of the submerged roughness. The flow resistance model 

based on the energy slope of the flow can be decomposed into energy gradients 

caused by the boundary shear stress and the vegetation (Knight and Tang, 2008). 

This conclusion shows that Manning’s coefficient, represents that the total 

resistance induced by the boundary friction and vegetation density, hydraulic 

radius, and the boundary roughness. Chen et al. (2011) formulated a functional 
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relationship with bed slope and Reynolds number, using the friction coefficient of 

the sheet flows over natural turf surfaces. Hopkinson and Wynn (2009) claimed 

that vegetation has a marked effect only up to a certain stage. Kouwen and Fathi- 

Moghadam (2000) and Järvelä (2002, 2004) discovered that the friction factor 

varied largely with the mean flow velocity due to vegetation bending and flow 

depth causing an increase in the submerged momentum absorbing area. 

 
2.5.3 Manning coefficient 

The Manning coefficient value is dependent upon boundary roughness, utilised 

predominantly for vegetation flow because it is easier to determine use for 

accurate results. The equation is widely used in open channel flow resistance 

(Konings et al., 2012). The Manning’s equation 1 2/3 
 

 

1/2 as mentioned 
𝑉 = 𝑛𝑅 𝑆 

previously, it is applicable in uniform flow conditions with vegetation 

characteristics, such as water flow depth, channel flow area and cross-sectional 

averaged velocity. This study is related to flow velocity and vegetation density 

that has an exchange between vertical and non-vegetated regions. Souliotis and 

Prinos (2011) focused on a vegetation patch that had an influence on turbulence 

and flow characteristics, which was discovered and governed by vegetation 

density and patch length. The increase in vegetation density promoted the 

development of turbulence and flow velocity. Stephan and Gutknecht (2001) 

concentrated on a new definition that characterised hydraulic roughness as an 

estimate resistance and used Manning coefficient for same reason in vegetated 

open channel flows. 

 
2.6 Conclusion 

It is concluded that flow resistance induced by vegetation in open channels flows 

is often inconsistent, this is due to the characteristics of the drag coefficient or 

roughness height. This study concentrates on analytical and numerical work, 

concerning the velocity profile over fully flexible submerged vegetation which is 

divided into two or three layers. The logarithmic law method has been used to 

present the velocity profile in the vegetated and free water surface layers. The 

length scale associated with roughness size used in the log law is still difficult to 

calculate and describe the velocity profiles under depth-limited flow with 
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submerged vegetation. The open channel vegetation densities generate large 

turbulence because shear stress increases due to higher flow resistance in a 

vegetated zone. The vertical velocity profile is crucial in analysing the vegetation 

drag in river channels due to its incline angle when the discharge increases. The 

bending in fully flexible vegetation was influenced under exerted force by water 

flow, which leads to variation in resistance (Ikeda and Kanazawa, 1996). The flow 

structures within vegetation were complex due to vegetation density, canopy 

frontal width and location of sheath section (Keshavarzi and Esfahani, 2012). The 

flow turbulence experienced large fluctuations within vegetation because of 

changes in Reynolds number and turbulence characteristics (Choi and Kang, 

2004). The turbulence characteristics are greatly influenced by vegetation density 

because of the shear stress at the flow-vegetation interface which increases due 

to the higher flow resistance in the vegetated area (Nezu and Onitsuka, 2001). 

The unstable region where vegetation greatly absorbed the momentum from the 

flow into the plant stems which caused the interaction between flow and 

vegetation affected both velocity and turbulence intensity (Ghisalberti and Nepf, 

2005). 
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Chapter 3: AN IMPROVED ANALYTICAL MODEL FOR VELOCITY 

DISTRIBUTIONS 

 
3.1 Introduction 

Vegetation is an important design factor for open channel flow. It affects local 

water depth and velocity profile, with varying impacts depending on the 

vegetation type (Han et al., 2016). It is an accepted notion that vegetation can 

impede natural flow by acting as an obstruction, generating turbulence, and 

affecting the entire flow velocity distribution and local water depth, in addition to 

sediment transport (Pu et al., 2014a, 2014b; Pu and Lim, 2014; Pu, 2015). Recent 

studies have explored the characteristics of flexible aquatic vegetation and found 

it to be dissimilar to those of rigid vegetation (Dijkstra and Uittenbogaard, 2010). 

Velocity profiles within a flow section typically vary as a result of vegetation type 

and distribution pattern in an open channel, more specifically, velocity distribution 

can be directly impacted by the vegetation drag as a result of its high roughness 

contribution to flow (Wu et al., 1999). In a vegetated flow, the drag coefficient 

decreases with the flow Reynolds number (Kothyari et al., 2009). Tanino and 

Nepf (2008) further stated that the normalised drag force, i.e., the ratio of the 

mean drag to the product of viscosity and pore velocity, has a linear dependence 

on the Reynolds number. Ishikawa et al. (2000) reported that the change in drag 

coefficient varies with the diameter of the vegetation stem, nevertheless, its 

reliance on the Reynolds number was not stipulated. In the studies hitherto 

mentioned, the reaction forces caused by the vegetation are associated with a 

few key parameters, such as the drag coefficient CD and friction coefficient Cf , 

which are contingent upon complex factors, such as the vegetation size, 

Reynolds number, bed slope, and vegetation thickness/dimensions. Thus, 

assuming a constant value of CD or Cf for a variety of flow and vegetation 

conditions, as adopted by various researchers, such as Huai et al. (2013), Kubrak 

et al. (2008), Yang and Choi (2010), and Tsujimoto and Kitamura (1990), may 

lead to an erroneous representation of the flow velocity profile. In order to 

investigate how CD and Cf alter due to flow and vegetation conditions, this study 

investigated published experimental data using different CD and Cf values in an 

attempt to quantify their limits for the investigated vegetated flows. In vegetated 

flow modelling, the flow field has been separated into two vertical layers: a 
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vegetated layer, used to conduct an analysis of the mechanisms affecting water 

flow through flexible vegetation, and a non-vegetated free-water layer, where 

vegetation height has been investigated using a modified log-law equation (Guo 

et al., 2005). Based on the current analytical model, a sensitivity analysis has 

been conducted to assess the influences of the drag (CD) and friction (Cf) 

coefficients on the flow velocity, the ranges of CD and Cf have also been 

compared to published values, findings suggest that the CD and Cf values are 

non-constant when altering depths and vegetation densities, unlike the constant 

values commonly suggested in literature. 

 
3.2 Previous considerations 

In previous studies, multiple investigations have been taken into account, 

nevertheless their arguments have been taken into consideration in order to 

develop an equation for the CD drag coefficient based on: Reynolds number, 

vegetation density, ratio of vegetation height over water depth flow in an attempt 

to predict velocity profile by analytical model work. 

 
3.2.1 Vegetation resistance 

Hu et al. (2013) proposed an analytical model to calculate the streamwise velocity 

across the flow depth, including vegetation with a small bend. Their hypothesis 

for the calculation of the bending moment of the vegetation stem was that the 

force exerted on a stem was uniformly distributed. This assumption may not be 

ideal for flow with fully flexible vegetation. In natural vegetated channels, the 

determination of an accurate vegetation drag force in flow is problematic due to 

the following factors: (1) most natural vegetation does not resemble a perfect 

cylinder shape; (2) natural vegetation usually has a higher CD due to existence of 

leaves and sub-stems (Jarvela, 2004); (3) highly flexible natural vegetation can 

flex under flow in order to adopt to a more streamline shape, causing a lower CD 

(Kouwen and Fathi-Moghadam, 2000); (4) vegetation elements in a population 

can be sheltered by others to give different drag coefficients compared to an 

individual element (Nepf and Vivoni, 1999); and (5) free-end drag of submerged 

vegetation can cause fluctuating disturbance to flow and its velocity (Liu et al., 

2017). Summarising the afore-mentioned studies, analytical modelling can result 

in different computational outcomes of velocity profiles, depending on its 
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representative vegetation flexibility. Accurate calculation of velocity distribution of 

a flow field with complex flexible vegetation can be difficult due to the complication 

in vegetation parameters, including the drag and friction coefficients, which are 

influenced by vegetation flexibility, density, and height. As a result, the large- 

deflection cantilever beam theory (Chen, 2010), popularly used in analytical 

modelling, needs to be readjusted using the corrected CD and Cf. 

 
3.2.2 Velocity distribution 

Log-law is commonly used to develop a representative velocity profile for various 

boundary conditions, including the region near the free-water surface. According 

to Nezu and Nakagawa (1993), the relative error of log-law (6%) is almost half 

that of wake-law (11%) in representing the velocity distribution in the full water 

depth. Moreover, in wake-law, the wake coefficient has to be determined using 

the measured velocity profile for the reason that, there is no reliable analytical 

solution to estimate its value from flow characteristics (Pu, 2013). Based on the 

findings of Keulegan (1938), the log-law can be expressed as 

𝑢 1 𝑦𝑢 ∗ = ( 𝑙𝑛 
  

+  𝐴)  +  
2П 

𝑠𝑖𝑛2 ( 
𝜋𝜉 

) (3.1) 
  

𝑢 ∗ 𝑘 𝑣 𝐾 2 
 

where u is the time-averaged velocity in the streamwise direction (m/s), v is the 

kinematic viscosity (m2/s), u* is the shear velocity (m/s), k is the von Karman 

constant in the log law, y is the vertical distance from the bed in the flow field, ξ 

is the relative distance from the wall (y/δ) and A is the log-law integration 

constant. To apply the log-law concept to different flow conditions, a varying A 

and almost constant k have usually been used, e.g., k in a range of 0.43 - 0.44 

and A in a range of 4.7 - 7.4 suggested by Pu et al. (2017), which are different 

from a set of values for uniform flow suggested by Nezu and Nakagawa (1993), 

with k = 0:4 and A = 5:5. Huai et al. (2013) used the wake-law of Coles (1956) to 

describe the velocity in the outer flow region based on a constant drag in the 

vegetated shear layer. In their flow tests, the modified wake-law was considered 

separately for the vegetated and non-vegetated flow layers because of the 

complexity of secondary current and free-surface effects. On the other hand, in 

the vegetated flow model described by Yang and Choi (2010), the velocity was 

assumed to be uniform in the vegetated layer and logarithmic in the free-water 

layer. In open channel flow with vegetation, the log-law is mainly affected by the 
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0 𝐸𝐼 

roughness factor due to submerged vegetation (Shucksmith et al., 2011). It is 

significant to note that the maximum flow velocity in a narrower open channel 

typically occurs below the water surface, which is caused by secondary current 

mixing between low and high momentum flows through convection from the 

sidewalls to the channel centre (Pu, 2013; Pu et al., 2018). The vegetation affects 

the flow in a similar manner to a rough bank and introduces asymmetric flow 

conditions even in the un-vegetated channel area (Ben Meftah and Mossa, 2013). 

To represent vegetated flow velocity distribution more accurately, studies suggest 

that more in-depth investigations are vital to the understanding the influence of 

vegetation on the flow. 

 
3.2.3 Analytical model investigation 

In order to predict the vegetation deflection height, the large deflection cantilever 

beam theory is frequently used (Wang et al., 2014). In this theory, the flow 

influenced by the vegetated layer is considered. In open channel flow, the 

vegetated bed contributes considerably to the drag and friction factors and the 

overall flow behaviour (as shown in (Fig. 3.1). The deflected flexible plant's 

resistance in the bottom vegetation layer is based on plant bending (Fig. 3.2). 

The deflection height of the flexible vegetation is obtained when bending occurs; 

and according to Chen (2010), if the cantilever beam-like material remains 

linearly elastic, the relationship between the bending moment and beam 

deformation can be described as follows: 
𝑑2𝑥 𝑑𝑥 3/2 𝑀(𝑧) 

𝑑2𝑧
/[ 1 + (𝑑𝑧)] = 𝐸𝐼 

(3.2) 

where x and z are coordinates, x being along the streamwise direction and z 

being parallel to the original beam; M is the bending moment (N.m); E is the 

modulus of elasticity of the material (N/m2); and I is the moment of inertia of the 

cross-sectional area of the beam regarding the axis of bending (m4). Considering 

a small element from the bending beam and 𝜃 as the angle of deflection, with tan 

𝜃 dx/dz, the following relationship can be obtained from integration: 

𝑆𝑖𝑛 𝜃 = ∫𝑧
𝑀(𝑧) 

𝑑𝑧 (3.3) 



33  

 

Figure 3. 1 Sketch of submerged vegetated flow (Kubrak et al., 2012) 

 
 

The curve length of the beam can be calculated as 

𝑠(ℎ𝑣) = ∫ℎ𝑣 𝑑𝑥 2
𝑑𝑧

  (3.4) 

0 1 + (𝑑𝑧) 

According to Huai et al., (2013), s is the curve length of the bending beam (m), 

hv is the projective height of vegetation after bending (m), P is the total load (N) 

uniformly distributed in flowing water over the bending vegetation and normal to 

the z axis, therefore, the bending moment can be expressed as: 

𝑃(ℎ𝑣 ― 𝑧)2
 

𝑀(𝑧) =  
 

2ℎ𝑣 
(3.5) 

Substituting Eq. (3.5) into Eq. (3.3) results in 

𝑃 

𝑆𝑖𝑛 𝜃  = 2𝐸𝐼 
𝑧3 

( 3ℎ𝑣 — 𝑧2 + 𝑧ℎ𝑣) 
 

(3.6) 

From Eqs. (3.4) and (3.6), one can further deduce 
𝑃 𝑍3 

2 
𝑑𝑥 

𝑑𝑧 = 
𝑠𝑖𝑛 𝜃 

𝑐𝑜𝑠 𝜃 = 
(2𝐸𝐼) (3ℎ𝑣 

― 𝑧 
+ 𝑧ℎ𝑣) 

(3.7) 

 

 
Considering force balance between the Reynolds shear stress, gravitational 

component, and resistance force by vegetation, the momentum equation as 

written by Huai et al., (2013) is as shown below: 
∂𝜏 ∂𝐹𝑥 

∂𝑧 + 𝜌𝑔𝑖 ― ∂𝑧 = 0 (3.8) 

where 𝜏 is the Reynolds shear stress (N/m2), 𝜌 is the water density (kg/m3), i is 

the bed slope, and Fx is the resultant force per unit area along the x-axis (N/m2). 

1 ― ( )   𝑃 𝑍  

2𝐸𝐼 3ℎ𝑣 ( 
3 

— 𝑧 + 𝑧ℎ 2 
𝑣 ) 

2 
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In the vegetated zone, the Reynolds shear stress written by Huai et al., (2013) as 

shown below: 

𝜏 = 𝜌𝑔ℎ𝑖𝑒𝑎(𝑧 ― ℎ𝑣)
 (3.9) 

where a is a constant; and h is the water depth above the vegetation top (m), with 

(h = H-hv). Considering a small element of flexible vegetation in Fig. 3.2, 

theoretically there are two types of forces acting on it: the drag force FD, on the 

plant stem (N/m2); and the friction force Ff, along the plant stem (N/m2). These 

forces could be calculated by the following approach proposed by Bootle (1971): 

d 
1 2 1 2 

 
  

(3.10) 
𝐹𝐷 = 2 𝑚𝐶𝐷𝜌 (𝑢 𝑐𝑜𝑠𝜃) 𝐴𝑓 = 2 𝑚𝐶𝐷𝜌 (𝑢 𝑐𝑜𝑠𝜃) 𝐷𝑑𝑠 

d 
1 2 1 2 

 
  

 (3.11) 
𝐹𝑓 = 2 𝑚𝐶𝑓𝜌 (𝑢 𝑠𝑖𝑛 𝜃) 𝐴𝑠 = 2 𝑚𝐶𝑓𝜌 (𝑢 𝑠𝑖𝑛𝜃) 𝐶𝑝 𝑑𝑠 

where m is the vegetation density (m-2); Af, is the frontal area of the element (m2); 

A, is the surface area of the element (m2); D, is the frontal-projected width of the 

stem (m), equal to the stem diameter; and Cp, is the perimeter of the stem cross 

section (m), and Cp = π D. For circular cylinders, ds, can be described as follows: 
𝑑𝑧 

𝑑𝑠 = 𝑐𝑜𝑠𝜃 
(3.12) 

Following Newton's third law, the resultant force component dFx, can be 

described as 

d𝐹𝑥 = d𝐹𝐷cos θ + d𝐹𝑓sin θ (3.13) 

To find the resultant force of vegetation in a horizontal direction, Eqs. (3.6), (3.10) 

and (3.12) can be used in Eq. (3.13), as shown in the formula below by Huai et 

al., (2013): 

 
 

Figure 3. 2 Bending of single flexible vegetation stem (Chen, 2010) 
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[( 𝜌𝑔𝑖𝐻)( 𝑍3 —  𝑧2 +  𝑧ℎ𝑣)]
3

 
∂𝐹𝑥 1 2

 
 

  

𝜌𝑔𝑖𝐻 2 

 
 

𝑍3 
2 

2 
2𝑚𝐸𝐼 3ℎ𝑣 

 

∂𝑧 = 2 𝑚𝜌𝑢 { 𝐶𝐷𝐷 [1 – (2𝑚𝐸𝐼) (3ℎ𝑣  
– �� + 𝑧ℎ𝑣) ] + 𝐶𝑓 𝐶𝑝 3 2} 

1 ― ( 𝜌𝑔𝑖𝐻)((
 𝑍       

―  𝑧2 +  𝑧ℎ  ) 

 
(3.14) 

2𝑚𝐸𝐼 3ℎ𝑣 
𝑣 

where H, is the total flow depth (m). By substituting Eqs. (3.9) and (3.14) into Eq. 

(3.8), the vertical velocity distribution in the vegetation layer can be computed as 

stated by Huai et al., (2013) 

 
𝑢 = 

 
 
 

(3.15) 

where at the top of the vegetation (when z =ℎ𝑣), the flow velocity can be reduced 

to 

 

𝑢𝑣 = (3.16) 
 

The flow velocity in free-water layer could also be expressed by log-law as stated 

by Huai et al., (2009) 

𝑢 
= ( ℎ 

 

)1
𝑙𝑛 

𝑧  
+ 

𝑢ℎ𝑣

 
   

 
(3.17) 

𝑢 ∗ ℎ ― ℎ𝑣 𝜅 ℎ𝑣 𝑢 ∗ 
 

where Uv, is the velocity averaged over the vegetated layer (m/s); and u* 

represents the shear velocity at the top of the vegetation, with 𝑢 ∗ = 𝑔(ℎ ― ℎ𝑣)𝑖. 

 

3.2.4 Results and discussion 

An experimental study by Kubrak et al., (2008) was explored for model validation 

in this study. In the experiments, two components of velocity, longitudinal and 

transversal, were measured in a glass-wall flume with a length of 16 m and a 

width of 0.58 m. Cylindrical flexible stems of elliptical cross sections (with 

dimensions: wide diameter D1 = 0.00095 m and narrow diameter D2 = 0.0007 m) 

were used in their experiments to represent vegetation. The frontal-projected 

width D, of the stem was taken as 0.00095 m, and Cp = 0.00261m was assumed 

based on the elliptical cross section. The experimental parameters are listed in 

Table. 3.1. The velocity profile comparisons are presented in Fig.3.3, 3.4 and 3.5. 

For comparison and validation purposes, the results are presented for densely 

2𝑔𝑖[𝛼ℎ𝑒
𝑎(𝑧 ― ℎ𝑣) 

+ 1] 

𝑚𝐷 {𝐶 1 ― 𝐷 [ ( ) 
𝜌𝑔𝑖𝐻 2 𝑍3 

2𝑚𝐸𝐼 3ℎ ( 𝑣 
—  𝑧  + 𝑧ℎ + 𝛱𝐶 2 

𝑣 ) 
2 

] 𝑓 [ ( 𝜌𝑔𝑖𝐻 

2𝑚𝐸𝐼 3ℎ ) ( 𝑍
3 

𝑣 
—  𝑧  + 𝑧ℎ / 1 ― 2 

𝑣 ) ] 
3 

( 𝜌𝑔𝑖𝐻 

2𝑚𝐸𝐼 3ℎ ) ( 𝑍
3 

𝑣 
—  𝑧  + 𝑧ℎ } 2 

𝑣 ) 
2 

2𝑔𝑖[𝛼ℎ + 1] 

𝑚𝐷{𝐶𝐷 [1 – ( 
𝜌𝑔𝑖𝐻ℎ 2 2   𝑣  

6𝑚𝐸𝐼 ) ] + 𝛱𝐶 𝑓 ( 
𝜌𝑔𝑖𝐻ℎ 2 3   𝑣  

6𝑚𝐸𝐼 ) / 
𝜌𝑔𝑖𝐻ℎ 2 2 

1 ― ( )   𝑣  

6𝑚𝐸𝐼 
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vegetated flow cases 1.1.3 and 1.2.1 with 10000 stems per square metre, and for 

sparse cases 2.1.1, 3.1.1, 4.1.1, and 2.2.1 with 2500 stems per square metre. It 

can be observed that the analytical results agree with the measured data under 

different vegetation densities. The measured S-shaped profile of the vegetated 

flow has been reproduced by the model with reasonable precision, which means 

that the modelling concept of combining Eqs. (3.15) - (3.17) to represent the 

velocity distributions in different zones, i.e., vegetated and non-vegetated zones, 

works well. Nevertheless, the modelled curve profiles do not show any 

discontinuous plot or instable spikes, this gives reassurance that the multiple 

modelled equations work well together. The comparison has also proven that the 

present model can be used to represent the longitudinal velocity distribution along 

flow depth with submerged flexible vegetation. Through detailed analysis, it can 

be observed that the calculated results by the studied model for densely 

vegetated flow cases are more accurate in general, compared to sparsely 

vegetated flow cases. Referring to Fig. 3.3, 3.4 and 3.5 the main discrepancy 

between the calculated and measured data for sparsely vegetated flow cases 

occurs at the free-water layer within the no vegetated zone, where the modelled 

results do not match with the measured data as closely as in the vegetated zone. 

This might be caused by the log-law assumption in Eq. (3.17), where it is 

suggested in some studies that the assumption should be improved and modified 

(Lassabatere et al., 2013; Pu, 2013). In terms of measurements, the sparse 

vegetation condition creates more space in between vegetation stems, therefore 

promoting flexible vegetation projectile fluctuation within the experimental flow. 

This fluctuation movement will in turn generate a higher degree of non-linear 

vegetation drag and friction forces that spin off to the free-water layer, and 

consequently affect the accuracy in the model representation. Due to this 

inaccuracy, it will be interesting to conduct a further detailed study of the drag 

and friction effects on the model for flow with flexible vegetation as in sections 

below for both sensitivity analysis for drag and friction coefficients. 

 
 
 

 
Table 3. 1 Kubrak et al 2008 case studies based on different parameters 
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Parameters 1.1.3 1.2.1 2.1.1 2.2.1 3.1.1 4.1.1 

i 0.0087 0.0174 0.0087 0.0174 0.0087 0.0087 

CD 1.4 1.4 1.4 1.4 1.4 1.4 

Cf 0.4 0.4 0.4 0.4 0.4 0.4 

D (m) 0.00095 0.00095 0.00095 0.00095 0.00095 0.00095 

CP (M) 0.0026067 0.0026067 0.0026067 0.0026067 0.0026067 0.0026067 

H(m) 0.2475 0.2236 0.2386 0.2131 0.2386 0.2421 

L(m) 0.165 0.165 0.165 0.165 0.165 0.165 

hv (m) 0.164 0.161 0.153 0.132 0.151 0.151 

EI (Nm2) 5.81E−05 5.81E−05 5.81E−05 5.81E−05 5.81E−05 5.81E−05 

m (stems/m2) 10000 10000 2500 2500 2500 2500 

 

The velocity profile comparisons are presented in Figs 3.3, 3.4 and 3.5. The 

results for dense vegetated cases of 1.1.3 and 1.2.1 with m = 10000 stems/m; 

whereas for sparse cases of 2.1.1, 2.2.1, 3.1.1, and 4.1.1 with m = 2500 stems/m. 

It can be observed that the analytical results are in relatively good agreement with 

the measured data, which means that the present model can be applied to 

represent the longitudinal velocity distribution across flow depth with submerged 

flexible vegetation. In a detailed analysis, it can be observed that the dense 

vegetated flow measurements are calculated more accurately by the studied 

model compared to sparse vegetated flows (McLelland and Nicholas, 2000). In 

particular, the main discrepancy between calculation and measured data for 

sparse vegetated flows happen at the free water layer (within the non-vegetated 

zone). 
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Figure 3. 3 Calculated Eqs. (3.15) – (3.17) with measured data 2.2.1 and 4.1.1 
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Figure 3. 4 Calculated Eqs. (3.15) – (3.17) with measured data 3.1.1 and 1.1.3 
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Figure 3. 5 Calculated Eqs. (3.15) – (3.17) with measured data 2.1.1 and 1.2.1 

 
 

The calculated data was also compared with measurements for all six cases in 

terms of detailed root-mean-square errors (RMSEs) in Table 3.2 It can be 

observed that all computations give reasonable accuracy by showing RMSEs of 

less than 5% across the whole velocity profile when compared to the measured 

depth-averaged velocity. Further analysis reveals that most of the test cases with 

high vegetation density are more accurately modelled when compared to low 

vegetation density cases with similar H, and hv, as less space between the high 

dense vegetation allows its characteristics to be easily captured by the model in 

Eqs. (3.15) and (3.16). Note: the square residual and RMSE are calculated 

across all data points. 

 
Table 3. 2 Comparison of measured and calculated results: 

Case Measured Calculated Square Residual RMSE 

 
1.1.3 0.2118 0.2345 0.97 0.99 

1.2.1 0.3254 0.3255 0.19 0.43 

2.1.1 0.3713 0.3999 0.81 0.90 

2.2.1 0.5306 0.4874 6.58 2.57 

3.1.1 0.4125 0.4065 0.47 0.69 

4.1.1 0.4613 0.4434 1.19 1.09 

2.1.1 Calculated 

2.1.1 Measured 

1.2.1 Calculated 

1.2.1 Measured 

z/
H
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3.2.5 Sensitivity analysis of drag coefficient in vegetated zone 

In the presence of other neighbouring cylinders, the drag force would vary with 

cylinder spacing, as proven by studies of Cheng and Nguyen (2011), Kothyari et 

al. (2009), and Tanino and Nepf (2008). Thus, using a constant value for CD could 

not give a precise estimation of the drag force by flexible vegetation since CD has 

a complicated dependence on the Reynolds number, Froude number, vegetation 

density, and its flexibility. According to Chapman et al. (2015), the drag force 

experienced by a vegetation body within a flow can be represented as 
2 (3.18) 𝐹𝐷 = 2 𝐶𝐷 𝜌 𝑈 𝐴𝑓 

Following figures illustrate the sensitivity analysis for velocity profile with changes 

in CD. The analysis of CD values between 1.2 and 1.9 were used in the suggested 

model to study their influence on velocity distributions. This range corresponds 

reasonably to the constant value of 1.4 used by Huai et al. (2013) who also 

studied test cases 1.2.1, 2.2.1, and 4.1.1 in Kubrak et al. (2008). Following figures 

suggests that CD values used in velocity modelling should vary with flow and 

vegetation properties. In most of the test cases, the measured velocity profiles 

fluctuate at different flow depths, which proves that the representative CD should 

be non-constant, compared to dense vegetation cases presented in Fig. 3.6 and 

3.7, in sparsely vegetated flows (i.e., test cases 2.1.1, 2.2.1, 3.1.1, and 4.1.1 

shown in Fig. 3.8 and 3.11, the velocity distribution fluctuation can be observed 

due to the vegetation frontal vibration in the cases with flexible vegetation. These 

results for sparse vegetation cases have been represented poorly when CD is 

fixed at 1.4, as suggested by Huai et al. (2013). In short, the findings in this study 

caution against adopting a constant value of CD, which is commonly suggested 

in the literature. 

1 
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Figure 3. 6 Analysis of 1.1.3 data for drag coefficient in flexible vegetated zone 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. 7 Analysis of 1.2.1 data for drag coefficient in flexible vegetated zone 
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Figure 3. 8 Analysis of 2.1.1 data for drag coefficient in flexible vegetated zone 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. 9 Analysis of 2.2.1 data for drag coefficient in flexible vegetated zone 
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Figure 3. 10 Analysis of 3.1.1 data for drag coefficient in flexible vegetated zone 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. 11 Analysis of 4.1.1 data for drag coefficient in flexible vegetated zone 

 
 

3.2.6 Sensitivity analysis of friction coefficient in vegetated zone 

A sensitivity analysis carried out for the friction coefficient Cf is presented in the 

following figures. It can be found from Fig. 3.12 and 3.13 that there is no 

significant influence of Cf on the calculated velocity profiles for the dense 

vegetation cases 1.1.3 and 1.2.1, since the calculated velocity profiles with 

different Cf values have almost overlapped. This corresponds to the fact that the 

large vegetation density used in the experimental cases 1.1.3 and 1.2.1 has 
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restricted the flexible vegetation movements. This movement restriction can 

create higher and more detectable vegetation friction to flow. In comparison with 

the dense vegetation condition, Cf shows more significant impact on the 

calculated velocity profiles in sparse vegetation cases 2.1.1, 2.2.1, 3.1.1, and 

4.1.1 (in Fig. 3.14 and 3.17. As with the investigation of CD, Cf exhibits a more 

fluctuating nature in the sparsely vegetated flow cases (as shown in Fig. 3.14 and 

3.17. In these flows, the highly fluctuating readings of velocity profiles could be 

represented by the non-constant Cf with a higher accuracy, which suggests that 

Cf should be characterised by a range rather than a constant value. Also, large 

variations used, with Cf between 0.1 and 1.6, need to fit the measured data, as 

compared to a single constant value of 0.4 suggested by Kubrak et al. (2008). 

This suggests that the friction force should vary by a larger range in the flow with 

flexible vegetation similarly to drag force. However, the fluctuation patterns for 

velocity profiles, especially in the free water zone, are not varying as much with 

a large range of Cf , this further suggests a limited impact of friction force in the 

non-vegetated zone, which significantly limits the influence of Cf on vegetated 

flow modelling. In summary, a better understanding of the Cf range is needed to 

ensure a more precise velocity profile modelling in the vegetated zone (Sun et 

al., 2010). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. 12 Analysis of 1.1.3 data for friction coefficient in flexible vegetated 

zone 
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Figure 3. 13 Analysis of 1.2.1 data for friction coefficient in flexible vegetated 

zone 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. 14 Analysis of 2.1.1 data for friction coefficient in flexible vegetated 

zone 
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Figure 3. 15 Analysis of 2.2.1 data for friction coefficient in flexible vegetated 

zone 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. 16 Analysis of 3.1.1 data for friction coefficient in flexible vegetated 

zone 
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Figure 3. 17 Analysis of 4.1.1 data for friction coefficient in flexible vegetated 

zone 

 
3.2.7 Concluding remarks 

This study investigated the impacts of the drag coefficient CD and friction 

coefficient Cf on the flow with flexible vegetation using an analytical model based 

on the two-layer velocity distribution and large-deflection cantilever beam 

theories. The results show that CD and Cf , their values varying within certain 

ranges, can represent the vegetation drag and friction forces at a higher accuracy 

when compared to commonly used approaches that consider CD and Cf as 

constant values. It was also found that CD has a more dominant influence on the 

velocity distribution in flow with flexible vegetation, when compared to Cf . From 

a sensitivity analysis of Cf in the range of 0.1 - 1.6 and CD in the range of 1.2 - 

1.9, it was found that most discrepancies between the calculated and measured 

velocity profiles occurred in the free-water layer of sparsely vegetated flow. The 

discrepancies were due to the sparse vegetation condition permitting a larger 

flexible vegetation projectile fluctuation in experiments which cause greater 

ranges of CD and Cf, additionally demonstrating the inaccurate assumption of 

constant values of CD and Cf in analytical models used for calculating the velocity 

distribution (Righetti and Armanini, 2002). 
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3.3 Analytical model in open channel flow with flexible submerged 

vegetation 

 
The flexible vegetation is a complex problem when considering open channel 

cases, this is due to drag coefficient changes. In this study, we have developed 

a model for the drag coefficient CD to present velocity profile through a vegetated 

channel based on developed analytical model for both vegetation and water 

layers. Other researchers have successfully adapted the model to various types 

of rigid emergent vegetation (Rowiński and Kubrak 2002a, b) and flexible 

submerged vegetation (Kubrak 2007, Kubrak et al. 2008, 2012) all without foliage. 

This study developed an empirical equation for drag coefficient based on 

Reynolds number, vegetation density, submergence ratio between vegetation 

heights to flow depth while considering Froude number range. This study focuses 

on fully submerged flexible vegetation (Fig 3.18), which is challenging to predict, 

therefore a variety of mathematical methods with regression analysis from 

previous collected experimental data sets were used. The computational fluid 

dynamics by Ansys Fluent software was used to validate the analytical model 

work compared to previous collected measured data. 

 
 

Figure 3. 18 Both flexible and rigid vegetation stems (Kubrak et al., 2008) 

 
 

The measured data on the drag coefficient for rigid and flexible submerged 

vegetation in both subcritical and super-critical open-channel flow are collected 

and pre-processed for multi-parameter analysis. The effect of Froude number (Fr) 

on the drag coefficient cannot be ignored but used as range of changes in drag 

coefficient, because increasing Froude number will decrease the drag coefficient 
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based on flow depth, water gravity and depth average velocity. The drag 

coefficient was observed with stem Reynolds number (RD), the vegetation density 

(λ), relative submergence (h*) and Froude number. This was investigated on flow 

resistance with both rigid and flexible vegetation based on shape, size, 

arrangement, space between stems, and concentration of the elements (Carollo 

and Ferro 2005). In addition, for fully flexible submerged vegetation, the hydraulic 

behaviour under the water flow surface is different in terms of drag coefficient, 

due to the flexibility of vegetation stem on the drag coefficient, (Fig 3.19), this 

differs to emergent vegetation. 

 
 

Figure 3. 19 Fully submerged flexible vegetation (Kubrak et al., 2012) 

 
 

The examination of rigid vegetation in a flume channel with fully submerged 

vegetation is common although in reality it differs based on flexibility particularly 

when taking into consideration rigidity and flooding, during rainy seasons rigid 

vegetation can and often does bend and break resulting in the vegetation lying 

down on the channel bed (Ferro, 2003). For this reason, we used developed 

analytical model based on rigid vegetation and expanded it to include flexible 

types, for the reason that the hydraulic behaviour of the bed roughness is similar 

to that of a fixed bed formed by elements of known geometry although the flexible 

elements can assume different configurations (Kouwen and Fathi- Moghadam, 

2000). Thus, the evaluation of flow resistance for flexible vegetation is difficult to 

estimate because of the bent vegetation height for each considered hydraulic 

condition also the need to consider the influence of the vegetation concentration 

based on elasticity and Youngs Modulus due to the free end disturbance. 
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3.3.1 Model derivation and concept idea 

The derived model for flow velocity in the vegetation layer is significantly lower 

than that in the upper layer, as shown in (Fig 3.20), this is due to the drag exerted 

by the stems. In the case of emergent vegetation, the velocity profile turns out to 

be nearly uniform over the water depth, which is particularly evident when 

vegetation is stiff (Rowiński et al., 2002; Rowiński & Mazurczyk, 2006), also this 

feature is maintained to a certain extent when vegetation is flexible, due to high 

flexibility and a large deflection angle. 

 
 

Figure 3. 20 The concept of vegetation model (Rowiński et al., 2002) 

 
 

3.3.2 The drag coefficient CD 

The drag coefficient, 𝐶𝐷, for the cylinder elements were computed based on the 
𝑉𝑑 

regression dependencies, has been based on: where 𝑅𝐷 = 𝑣 ; drag Reynolds 

number of stem 𝑅𝐷, the kinematic fluid viscosity v, the stem diameter of the 

vegetation d , and the depth-averaged stream-wise velocity V. Previous 

researchers’ investigations have been considered as shown in Table 3.3. Due to 

the complexity of flexible vegetation, theoretical descriptions for flexible 

vegetation are rare, therefore, a distinction between descriptions of rigid and 

flexible vegetation have been made, when RD < 800, the local CD varies with the 

flow velocity. According to the experimental results presented by Tsujimoto and 

Kitamura (1990), Kubrak et al. (2008), and Yang and Choi (2009), RD is less than 

800 in the vegetation layer, and CD varies between 1 and 1.5, however, in their 

analytical model, a bulk drag coefficient (a constant) was used, which is always 

difficult to determine (e.g. Baptist et al. 2007). The bulk drag coefficient CD = 1.4 

for cylinders as stated by Klopstra et al., (1997) CD = 1.13 for flexible film-type 
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𝐷 

𝐷 

stems was used by Huai et al., (2013), also adopted by Dunn (1996), 

nevertheless in this study, equations for calculating the drag coefficient, CD were 

derived from experimental results from multiple researchers measurements for 

each parameter case. In this study a model approach was developed to estimate 

the drag coefficient for cylinder vegetation stems for submerged flexible 

vegetation cases, however, all parameters used in the developed model for open- 

channel flows are subject to both rigid and flexible submerged cylinders. The 

empirical formula is proposed to represent the classical relationship between the 

drag coefficient and Reynolds number based on all parameters mentioned by 

showing clear trend based on regression analysis. The determination of the drag 

coefficient for flexible vegetation plants is difficult, since streamlining of the 

flexible plant stem affects both the wetted and frontal area (Wang et al., 2019). 

 
Table 3. 3 Determining of drag coefficient for vegetation characteristics. 

Author Determining CD Type 

Poggi et al. 2004 𝐶𝐷 = ―8.5 𝑥 10 ―4𝑅𝐷 +1.5 Rigid 

Kubrak et al. 2008 assumed a constant value of 1.4 Flexible 

Rowinski et al. 2002 𝐶𝐷 = 3.07 𝑅𝐷 
―0.168

 for 𝑅𝐷 < 800 Rigid 

James et al. 2004 assumed a constant value of 1.5 Rigid 

Hoffman 2004 log CD = -0.125 log 𝑅𝐷 +0.275 Flexible 

Jordanova et al. 2006 𝐶𝐷 = 𝑎 𝑅𝐷 
―𝑘

 Rigid 
 Turtun and Levenspiel 1986 𝐶   = 

24
(1 + 0.173𝑅  0.657) + 

0.413
 

  

 Rigid 
𝐷 𝑅𝐷 𝐷 1 + 16300𝑅𝐷 ―1.09

 

 Brown and Lawler 2003 𝐶   = 
24

(1 + 0.15𝑅  0.681) + 
0.407

 
  

 Rigid 
𝐷 𝑅𝐷 

50 

𝐷 [1 + (8710/𝑅𝐷)] 

𝑅𝑣 

Cheng and Nguyen 2010 𝐶𝐷 = 
𝑅𝑣

0.43 + 0.7 [1 – 𝑒𝑥𝑝 ( ― 15000 )] Rigid 

90 𝑑 

Wang et al. 2014 
 

Liu and Zeng 2017 

Kothyari et al. 2009a 

𝐶𝐷 = 
𝑅𝑣

0.5 + 4.5 ℎ –0.303𝑙𝑛 𝜆 ― 0.9 

𝐶𝐷 = 3.12𝑅 ―0.176( ― 0.26𝑙𝑛𝜆 ―0.15)(0.38𝑙𝑛ℎ ∗ +1.48) 

𝐶𝐷 = 1.8𝜉𝑅 ―3/50[1 + 0.45𝑙𝑛 (1 + 100𝜆)] × (0.8 + 0.2𝐹𝑟 ―0.15𝐹𝑟2) 

Rigid 
 

Rigid 

Rigid 

Clift and Gauvin 1978 𝐶    =  
24  

(1 + 0.15𝑅 0.687) + 
0.42

 
  

Rigid 
𝐷 𝑅𝐷 

24 𝛼 
 

 

𝐷 1 + 42500𝑅𝐷 ―1.16
 

5 

Flemmer and Banks 1986 𝐶𝐷 = 𝑅𝐷
10 𝑓𝑜𝑟 𝑅𝐷 ˂3𝑥10 

1 

Rigid 

Almedeiji 2008 𝐶𝐷 
1 

 

 

(𝜑1 + 𝜑2) ―1 + 𝜑3 ―1
 
+ 𝜑4]10

 Rigid 

Current study CD = 127 RD
-0.572 (2.02 e-5.91λ    ) (0.49 Ln (h*) + 1.9) Flexible 

 

3.3.3 The friction coefficient Cf 

The friction coefficient Cf is determined by Suryanarayana and Arici (2002) where 

RF denotes the friction Reynolds number, calculated as RF = su sin θ/ν. Here (s) 

is the bending curve length measured from the base of the plant to the RF point. 

This is different in the case of flexible vegetation where the local Cf varies with 

= [ 
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𝑁𝑆 2) 𝑑 

𝐺 

𝑁𝑆𝑑ℎ 

4 

ℎ 

flow velocity, bending angle, and s, the local Cf changes in a wide range. When 

the RF < 500, 000, it is closer to the bottom, when the RF value is larger, then the 

larger the Cf is. Previous researchers’ investigations have been considered as 

shown in Table 3.4. The bulk friction coefficient used in (Huai et al. 2013) studies 

has a constant value of 0.4. This study aims to fill the gaps in knowledge through 

a developed model based on experimental measurements of fluid force on certain 

vegetation types. The large flow occurred when flow depth is greater than the 

height of the vegetation, the vegetation becomes negligible when compared with 

that flowing above; hence, the resistance coefficient tends to be a constant. The 

effect of bed friction on the shape of the velocity profile is important only at small 

distances from the bed, where the velocity quickly reaches a constant value close 

to the bed which may be calculated by balancing the gravity force with the stem 

hydrodynamic resistance (Jordanova et al., 2006). 

 
Table 3. 4 Determining friction coefficient based on vegetation characteristics: 

Author Determining CF Method Type   1 
= ( 𝑔𝑛𝑏  

𝑑        ).𝑔ℎ 
 

James et al. 2004 

 

𝐶𝑓 

(1 ― 0.25𝑁𝜋𝑆 2) 
 

ℎ1/3 + 𝐶𝐷0.25𝑁𝑆𝑑ℎ 

 
Theoretical Emergent 

 
Hoffman 2004 Cf = 

𝐶𝐷(1 ― 𝜆) 

2(𝑆𝑑𝜆𝑔) ( 𝜋 
―    1 ― 𝜆)

2

 

(𝑆 ―1 ― 

𝑅2/3 
 

Theoretical Submerged 

Stone & Shen 2000 Cf= 1.385    𝑅 Semi Theoretical Both Types 
Jordanova et al. 2006 Cf = 1.885 (𝑆  ) ( ℎ ) 

 
  

𝐶𝐷 Semi Theoretical Emergent 

𝑆𝑝 
0.65 𝑆𝑑 

0.07 

𝑑 

0.48 

Tang et al. 2014 Cf = 3.1𝑥10 ―6 𝜆 ―0.64 𝑅 0.74 𝑆0.68 
Semi Theoretical Submerged 

 
Petryk & Bosmajian 1975 Cf = 

 1 

 
𝑛𝑏 

 
 

ℎ     𝐶𝑓  𝑆 

 
Theoretical Emergent 

Borovkov & Yurchuk 1994 
 

𝐶𝑓 = 𝐾 (𝑘) 
4 𝑑 ℎ 

 
𝐾 𝐷 𝐶𝐷 Theoretical Emergent 

Linder 1982 Cf = 𝑎𝑥𝑎𝑦 
𝐶𝐷 

𝐴𝑝 

Jarvela 2004 Cf =4 𝐶𝐷𝐴𝑏
 

Theoretical Emergent 

Semi Theoretical Both Types 

 
 
 

3.3.4 The velocity distribution within vegetation and free water layer 

The value of α is related to the hydraulic and vegetation characteristics to fit the 

calculated velocity distribution, where CD = 1.4 (for cylinders) or 1.13 (for flexible 

film-type stems) and Cf = 0.4, to the measured velocity distribution obtained by 

Tsujimoto and Kitamura (1990), Kubrak et al. (2008), and Yang and Choi (2009), 

in their investigations on velocity distribution. This study uses the value of α based 

1 + 2𝑔𝐴𝐿 

𝐶𝐷∑𝐴𝑖 1  

𝑛 2 𝑅
4/3 

𝑏 

Huai et al. 2013 constant value of Cf =0.4 Semi Theoretical Submerged 

Current study constant value of Cf =0.4 Semi Theoretical Submerged 
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2𝑔 

𝐶𝐷𝑚𝐷 
𝑖 

2𝑔 

𝐶𝐷𝑚𝐷 
𝑖 (1 ― 𝐷 𝑚)(1 ― 

1
𝜋𝑚𝐷2) 

4 

8𝑔ℎ𝑖 

𝐶𝑓 

𝑙𝑜𝑔 +18(ℎ ― 𝑘) 

on a developed velocity equation to represent both drag and friction coefficients 

within the vegetation and water layer. The equations represent α which varies 

with the drag coefficient, vegetation density, vegetation frontal-projected width, 

the total flow depth, and the deflection height of the plants. The vegetative 

resistance varies with the flow depth or the degree of submergence, from Table 

3.5 and 3.6, showing their model work specifically focuses on the flow resistance 

and constant values for each drag, friction and (α) coefficients within the 

vegetated and free water layer of either the submerged or the emergent 

vegetation in open channel flows. A long sought-after study is the variation of 

vegetative resistance on floodplains during overbank inundation. This study has 

considered the vegetation parameters such as: parameter (α), which changes 

based on vegetation density (area of concentration occupied by stems) in the 

flume channel, diameter of the stem, height and shape of different vegetation 

stems and drag coefficient. This is considered, with the intention of illustrating the 

flow resistance in open channel flows (Fathi-Maghadam and Kouwen 1997; 

Rahmeyer 1998). The flow resistance exerted on vegetation is usually classified 

by the relative flow depth to the height of vegetation for intermediate flows in 

which the depth of flow is greater than the height of vegetation, as a set of 

graphical format design curves for different classes. The study curves were 

presented for the average velocity and the hydraulic radius, therefore such a 

parameter (α) relationship influenced by friction coefficient from side wall and bed 

channel, drag coefficient, stem diameter, shape of vegetation and distance 

between stems, is a vital study. 

 
Table 3. 5 The velocity profile within the vegetation layer: 

Author Velocity distribution in vegetation zone Case 

Study 

 
flexible 

 
Petryk & Bosmajian 1975 U= Rigid Emergent 

 
Stone and Shen 2002 U= Submerged and emergent Rigid 

 

Borovkov &Yorchuk 1994 U= Submerged Rigid 

𝑘 ℎ ― 𝑘 

Klopstra et al. 1997 U= ℎ𝑈𝑣 ℎ 𝑈𝑠 Submerged Rigid 

 
Van Velzen et al. 2003 U= 

2𝑔       
𝑖 3/2   

𝑖 12(ℎ ― 𝑘) 

𝐶𝐷𝑚𝐷 ℎ 𝑘𝑛 

 
Submerged Rigid 

2𝑔𝑖[𝛼ℎ𝑒
𝑎(𝑧 ― ℎ𝑣) 

+ 1] 

2𝑚𝐸𝐼 3ℎ𝑣 ] 2𝑚𝐸𝐼 3ℎ𝑣 2𝑚𝐸𝐼 3ℎ𝑣 
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2𝑔 

𝐶𝐷𝐷 
𝑖 (𝑆ℎ ― 

1
𝜋𝐷2) 
2 

  29.5  

𝐶𝐷𝑚𝐷 𝑘 𝑘 

ℎ ℎ 𝑆 

𝑢𝑠 =  𝐾 𝑙𝑛 𝑘𝑠 

𝐾 𝑘𝑝 

𝐾 (ℎ𝑣 ― 𝑧) 

1 

Baptist et al. 2006 U=(  2��

 +   
𝑔

𝑙𝑛 (ℎ)) 
 

Submerged Rigid 

 
Huthoff 2007 U= 

 

2𝑔 
𝑖 ( 𝑘 

+ 
ℎ ― 𝑘(ℎ ― 𝑘)

2/3

) 
 

Submerged Rigid 

 

Hoffman 2004 U= Emergent Rigid 

 
Current study 

 

𝑈 = 
 

Submerged flexible 

 

 
 

 

Table 3. 6 The velocity profile within the water free surface layer: 

Author Velocity distribution in Water zone Case Study 
 

 
Plate & Quraishi 1965 

𝑢   = 
1  

𝑙𝑛(𝑧 ― ℎ𝑣 )   
Submerged flexible 

𝑠 𝐾 𝑘𝑝 

 Haber 1982 𝑢 = 
1 

𝑙𝑛( 𝑧 ) + 
𝑢𝑣

 
   

 Submerged flexible 
𝑠 𝐾 𝑘𝑝 𝑢 ∗  

 Murota et al. 1984 𝑢 = 
1 

𝑙𝑛(𝑧 ― (ℎ ― 𝑧)) + 𝐶 
 

 Submerged rigid 
𝑠 𝐾 

 
1 

𝑣 

(
𝑧 ― (

ℎ𝑣 ― 𝑘𝑠)  
)
 

 Temple 1986 𝑢 = 
1 

𝑙𝑛(𝑧 ― 𝑎ℎ ) + 𝐶 
 

 Submerged flexible 
𝑠       𝐾 𝑣 

 
Watanabe & Kondo 1990 

𝑢𝑠  = 
1  

𝑙𝑛(𝑧 ― (ℎ𝑣 ― 𝑧) )   

 
Submerged 

 
flexible 

𝐾 𝑘𝑝 

 El-Hakim & Salama 1990 𝑢 =A+ 
1 

𝑙𝑛( 𝑧 ) 
 

 Submerged flexible 
𝑠 𝐵 𝑘𝑝 

 Kouwen et al. 1969 𝑢 = 
1 

𝑙𝑛( 𝑧 ) + 𝐶 
  

 Submerged flexible 
𝑠 𝐾 𝑘𝑝 

 
Klopstra et al. 1997 𝑢𝑠  = 

1  
𝑙𝑛(𝑧 ― (ℎ𝑣 ― 𝑧) ) 

 
Submerged Rigid 

 
Stephen & Gutknecht 2002 𝑢𝑠  = 

1  
𝑙𝑛(𝑧 ― (ℎ𝑣 ― 𝑧) ) +8.5 

 
Submerged flexible 

 
Current study 

𝑢𝑠 = 
𝑈 ∗  

Ln (𝑍 ― (ℎ𝑣 ― ℎ𝑠))   

 
Submerged flexible 

𝐾 𝑍0 

 

 

 

There are many studies attempting to account for the impact of vegetation in open 

channel flow. The drag force equation as mentioned previously in equation (3.18), 

was determined on diameter for cylinder, the vegetation height, the average 

velocity in the channel and drag coefficient as: 

𝐹𝐷 = 2𝜌𝐶𝐷𝑑ℎ𝑣𝑉2
 (3.18) 

All terms can be calculated by means of measurement devices, except from 𝐶𝐷 

which requires an analytical solution, where 𝐹𝐷 = Drag Force (N), 𝐶𝐷 = Drag 

Coefficient (-). In this study, d is the flexible stem diameter, ℎ𝑣 height of the 

vegetation stem and V is the longitudinal water velocity in a cross-section without 

[3𝐻2𝑙𝑛(𝐻/ℎ𝑣) ― 3𝐻ℎ] 𝑔𝑖 
Huai et al. 2013 𝑢𝑠 = 

𝐾ℎ 7/2 (-𝑧2 +2𝐻𝑧 ―2𝐻ℎ𝑣+ℎ𝑣
2
) + 𝑢𝑣 Submerged flexible 

ℎ𝑖 

𝐶1𝑒 ― 2𝐴𝑧 + 𝐶2𝑒 2𝐴𝑧 + 𝑈2 
𝑠0 

𝐶𝐷𝑚𝐷 

Christensen 1985 +8.5 Submerged flexible 
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𝑔ℎ 

cylinders. All the parameters excluding 𝐶𝐷 can be obtained directly by a model 

test, and therefore 𝐶𝐷 is crucial for the prediction of vegetation drag. The 

determination of drag coefficient has been complicated to say the least, with a lot 

of researchers attempting to derive empirical equations using linear fitting 

methods and introducing boundaries within their model work. As discussed 

previously, vegetation increases resistance to flow and thus affects the velocity 

of water, enlarges local water level, reduces flood discharge and controls the fate 

of sediments (Liao and Knight, 2007). In this study, the effects of the side wall 

and bottom of the channel are reasonably negligible, as vegetation resistance 

accounts for the vast majority of the total resistance of flow, or the main flow 

energy consumption is mainly due to the vegetative resistance. Their influence is 

based on the vegetation related resistance under different conditions, such as 

varying plant morphology and structure, flow velocity and water depth, hydraulic 

characteristics, plant species, and distribution density. In contrast, Ishikawa et al. 

(2000) conducted laboratory tests on the drag force and placed vegetation stems 

in an open channel flow with varied Froude number, based on depth average 

velocity approaching the vegetation stems for water gravity acceleration in flume 

channel along the water flow depth; 

(𝐹𝑟 = 𝑉/ ), (3.19) 

For (Fr <1, the flow is subcritical; while for Fr >1, the flow is supercritical), and 

indicated that the plant drag coefficient may decrease with the increase of Fr, and 

an empirical expression has been presented to determine the physical quantities 

by analysing the physical process of drag force as follows: 

𝐶𝐷 = 𝑓(𝜆,ℎ ∗ , 𝑅𝐷,𝐹𝑟). (3.20) 

All these parameters; including channel width (B), flow depth (H), length of 

vegetation zone in the longitudinal direction (L), bed slope (i), flow discharge (Q), 

stem diameter (d), vegetation height (hv), number of stems per unit bed area (N0), 

and where (S) is the distance between stems and the vegetation density (λ), were 

included. The influencing factors are adopted to explore how they affect the flow 

resistance, which is denoted by the drag coefficient, and the dependence of the 

influencing factor on the drag coefficient with other factors being preliminarily 

fixed and investigated in the subsequent sections. This investigation has used 

the steady and uniform flow with submerged cylindrical stems of equal length 

distributed uniformly over the channel bed. The forces include water gravity, 
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𝑢 

∗ 

friction force of the bed, dynamic pressure acts at the upstream and downstream 

sections, and vegetation drag force because the main flow energy consumption 

is mainly due to the vegetative resistance (Liu and Zeng 2017). For a control 

volume of unit bed area extending from the bed to the water surface, the 

momentum balance in the stream-wise direction as indicated by Stone and Shen 

(2002), as shown below: 

𝐹𝑊 = 𝜌𝑔ℎ𝑖 𝐵𝐿(1 ― 𝜆ℎ ∗ ) (3.21) 

where 𝐹𝑊 = total resistance against the streamwise component of the weight of 

the water mass, h = flow depth, i = channel bed slope, h∗ = hv/h, with hv = 

vegetation height. The vegetation types with space arrangements between stems 

influence shown below, where the ratio of the area (concentration) occupied by 

vegetation λ of cylinder stems (vegetation stems) considered described by 

Kothyari et al., (2009), as shown below: 
𝑁𝜋𝐷2 𝜋𝐷2

 

𝜆 = 4 = 
2 3𝑆2

 
(3.22) 

In addition, cases with relatively dense vegetation, shear stress is exerted on the 

channel bed due to the water flow, however, considering the forces include water 

gravity, friction force of the bed, dynamic pressure acted at the upstream and 

downstream sections, and vegetation drag force. In a uniform flow with 

vegetation, resisting force of a vegetation stem exerted on the flow, 𝐹𝐷, and that 

resisting force of the river bed/unit area (𝐹𝐵) exerted on the flow, and the sum of 

𝐹𝐷 and 𝐹𝐵 is in equilibrium with the gravity-direction component of the force of 

flow, 𝐹𝑊, Thus, following equation is obtained, (Kothyari et al., 2009). 

𝐹𝑊 = 𝐹𝐷 +𝐹𝐵 (3.23) 

The resistance due to the drag around the stems (resistance) FD was expressed 

for the flexible submerged vegetation stems in the flume channel as mentioned 

in equation (3.18) and submergence ratio for submerged flexible stems under the 

water flow depth can be expressed as: 
ℎ𝑣 

ℎ = ( ℎ ), where it is = 1 for emergent 

cases, (Liu and Zeng, 2017). For most open-channel flows with submerged 

vegetation, the depth-averaged velocity (ū) is not equal to that approaching the 

stem. The ratio between the apparent vegetation layer velocity (u) and depth- 

averaged velocity is as follows: 

ū 
= ( ℎ ∗ ) (3.24) 

1 ― 𝑑 𝑁0 

1 ― 𝑑ℎ ∗ 𝑁0 
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Now, substituting the equations (3.21) and (3.18) in equation (3.23) ignoring the 

bed resistance in the flume channel, where V is the longitudinal water velocity in 

a cross-section without cylinders the followings equation expressed as: 

𝜌𝑔ℎ𝑖 𝐵𝐿(1 ― 𝜆ℎ ∗ ) = 

2𝑔ℎ𝑖 𝐵𝐿(1 ― 𝜆ℎ ∗ ) 

1 

2𝜌𝐶𝐷𝑑ℎ𝑣𝑉 2 + 0 (3.25) 

𝐶𝐷 =  
 

𝑑ℎ𝑣𝑉2
 

(3.26) 

This is to consider the effect of the channel bed and slope gradient of the flume 

channel as shown in (Fig 3.21), then considering of the water gravity will be 

against the drag force of the flexible submerged stems in the channel flume. 

 
 

Figure 3. 21 The systematic of flume channel with vegetation (Tang et al., 2014) 

 
 

In addition, the control volume is to be used to obtain the drag coefficient based 

on (∆𝑥 . 1 . ∆𝑧) in the following steps, by Tang et al. (2014): 

𝐹𝑊 + 𝐹𝜏 = 𝐹𝐷 (3.27) 

The local vegetation drag force and the difference in shear forces on the bottom 

and top of the control volume, respectively, where they used (a) as ratio of 
𝑑 

projected vegetation area to total flow area, which is: 𝑆𝑥𝑆𝑦 , that d: will be 

vegetation diameter and 𝑆𝑥𝑆𝑦 the distance between cylinder stems in their 

discussion as it is expressed as: 

𝐹𝑊 = 𝜌𝑔𝑖(∆𝑥 . 1 . ∆𝑧) 

 
 

(3.28) 
 2 (3.29) 𝐹𝐷 = 2𝜌𝐶𝐷𝑎𝑉 (∆𝑥 . 1 . ∆𝑧) 

 
∂( ― 𝑢′𝑤′) 

𝐹𝜏 = 𝜌 ∂𝑧 (∆𝑥 . 1 . ∆𝑧) (3.30) 

1 
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with 𝑢′𝑤′ denoting the Reynolds stress. Finally, combining equations (3.28, 3.29 

and 3.30) into the equation (3.27), the following equation for drag coefficient is 

expressed as: 
— ∂𝑢′𝑤′ 

𝐶𝐷 = 
2(𝑔𝑖 ― 

𝑎𝑉2
 

∂𝑧 ) 
(3.31) 

The above equation is used for the local drag coefficient once the vertical 

distribution of the velocity and Reynolds stress in the vegetation layer is defined 

by Tang et al (2014), then applying the CD to find velocity profile, by taking in to 

account the following equation; 
∂𝜏 1 

∂𝑧 + 𝑔𝑖 ― 2𝐶𝐷𝑑ℎ𝑣 = 0 (3.32) 

For the flexible vegetation, Huai et al. (2013) used a two-layer model which was 

applied to experimental data reported by (Yang and Choi, 2009; Kubrak et al., 

2008) for verification. Huai et al (2013) found the velocity profile in the vegetation 

and water layers, by using constant value of the drag coefficient in their equations 

(3.15, 3.16 and 3.17). Unlike this analytical model which is based on developed 

an equation for the drag coefficient CD instead of a constant value. In most 

literatures, the artificial plants are used due to their consistent drag coefficient, 

which generally decreases with the increase of Reynolds number based on 

constant cylinder diameter as suggested by Cheng and Nguyen (2013). Kothyari 

et al. (2009a) and Tanino and Nepf (2008) suggested CD in the vegetated flows 

can vary based on different flow conditions and at different flow layers (vegetated 

and non-vegetated flow layers). Kothyari et al.’s (2009a) results indicate that the 

drag coefficient slightly varies with the Reynolds number but increases with 

denser stems. Cheng and Nguyen (2011) suggested that the vegetation-based 

on hydraulic radius can be used as a length scale to describe the flow domain 

obstructed by the vegetation stems. This yields a redefined Reynolds number 

and thus an improved drag coefficient relationship. This study is based on the 

developed equation for CD drag coefficient with multiple researcher’s developed 

equations below to compare to. The parameters such as; stem diameter, 

vegetation density and Froude number and Reynolds number are considered as 

the following equations show: 

(Cheng and Nguyen, 2013) 

𝐶 = 11𝑅𝑒 ―0.75 + 0.9 [1 – 𝑒𝑥𝑝 ( ― 
1000 

)] + 1.2 [1 – 𝑒𝑥𝑝 ( ― ( 𝑅𝑒
 

 
 

0.7 ] 
 

(3.33) 
𝐷 

 

(Liu and Zeng, 2017) 

𝑅𝑒 4500 ) 
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𝑒 

𝑒 

𝐶𝐷 = 𝑋𝑅 ―0.176( ― 0.26𝑙𝑛𝜆 ―0.15)(0.38𝑙𝑛ℎ ∗ +1.48) 

(3.34) 

(Kothyari et al. 2009a) 

𝐶𝐷 = 1.8𝜉𝑅 ―3/50[1 + 0.45𝑙𝑛 (1 + 100𝜆)] × (0.8 + 0.2𝐹𝑟 ―0.15𝐹𝑟2) 

 
 

 
(3.35) 

 

 

3.4 Data analysis and processing 

This study is based on 20 investigator’s data sets of their experiments for rigid 

and flexible types of vegetation in open channel flow. To apply the proposed 

model, the data sets are used in this study (see Table 3.7), the experiments by 

Liu et al. (2008) and Ishikawa et al. (2000) were conducted under the sand-bed 

condition. Most of the data collected adopted different vegetation characteristic 

parameters and experimental conditions and had different descriptions of flow 

resistance. Reprocessing the data to obtain parameters with the same forms of 

expression prior to further comparison and analysis is needed, for example, the 

roughness coefficient used to denote the vegetation resistance coefficient needs 

to be converted into the vegetation drag coefficient. 

 
Table 3. 7 Summary of experiments collected from previous Investigator’s 

studies: 
 

 
Investigator Width Length Diameter Height Density Pattern Condition 

Dunn et al. [1996] 0.91 2.44 0.00635 0.118 0.14–1.23 Staggered Uniform 

Huai et al [2009] 0.5 20 0.006 0.159 0.32–1.29 Linear Uniform 

Lopez & Garcia [2001] 0.9 19 0.00318 0.61 0.55–6.10 Staggered Uniform 

Poggi et al. [2004] 0.9 9 0.004 0.12 0.08–1.35 Linear Non- 

Murphy et al. [2007] 0.38 5 0.0064 0.07 1.18–3.77 Random Non- 

Liu et al. [2008] 0.3 3 0.00635 0.076 0.31–1.57 
Line-Stag Uniform 

Nepf & Vivoni [2000] 0.38 24 0.0064 0.05 0.08–1.35 Linear Uniform 

Yan [2008] 0.42 8 0.006 0.06 1.41–5.66 Linear Uniform 

Yang [2008] 0.45 6 0.002 0.035 0.44 Staggered Uniform 

Kouwen et al. [1969] 0.61 6 0.005 0.05 9.82 Staggered Uniform 

 
Dunn et al. [1996] 0.91 6 0.00635 0.097 0.14–1.23 Staggered Uniform 

Jarvela [2003] 1.1 6 0.0028 0.155 0.36–7.39 Staggered Non- 

Yang [2008] 0.45 6 0.002 0.023 0.44 Staggered Uniform 

Kubrak et al. [2008] 0.58 3 0.0007 0.131 0.13–0.54 Linear Uniform 

Ghisalberti &Nepf [2004] 0.38 24 0.0064 0.03 4.78 Linear Uniform 

Hui and Hu [2010] 1 22 0.0034 0.05 0.00785 Linear Uniform 
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Zhao et al [2014] 0.3 12 0.0083 0.11 0.013-0.12 Staggered Uniform 

Kothyari et al [2009b] 0.2 12 0.01 0.28 0.0017-0.012 Staggered Uniform 

Ishikawa et al [2000] 0.3 15 0.004 0.2 0.00314 Staggered Uniform 

Cheng & Nguyen [2011] 0.3 12 0.0032 0.45 0.0043-0.0769 Linear Uniform 

Liu and Zeng [2017] 1 18 0.006 0.25 0.0018-0.283 Linear Uniform 

Lu and Dai, [2016] 0.94 22 0.0063 0.06 0.000001 Random Non- 

Carollo et al [2005] 0.6 14 0.0095 0.044 0.0219-0.0311 Linear Uniform 

 

3.4.1 Analysis and results 

As mentioned, a large set of experimental data on drag coefficient for rigid and 

flexible vegetation in open-channel flow was collected, especially those with 

submerged types, which can be representative of dense aquatic meadows. It was 

attempted to deduce an empirical formula about CD by multi-parameter 

regression analysis method in this study. 

 
3.4.2 Variation of drag coefficient with Reynolds number 

The drag coefficient for an artificial element in flume an open channel is affected 

by the wake structure (for RD >800, vortex instability causes the wake to become 

turbulent) and thus depends on the stem Reynolds number (White and Nepf, 

2008). In this study, the changes in diameter based on distance between 

cylinders were studied and the drag coefficient is classed as a function of the 

Reynolds number. It is shown that the dependence of the drag coefficient on the 

Reynolds number always varies with the vegetation density (Fig. 3.22). This 

attempt is to explore the dependence of the drag coefficient on the stem Reynolds 

number by eliminating the influences of the vegetation density in order to show 

the variation of CD with RD, and the changes in trends indicates the CD decreases 

with increasing RD when the values of λ were fixed. Although scattered to a 

certain extent, all data points can be generally considered to follow the same 

decreasing trend, which consists of the conclusions of Ishikawa et al. (2000). The 

relationship between CD and Rd empirically indicate that the best-fit function from 

the data used by fixing the values of λ, based on different ranges of density and 

following equation for drag coefficient expressed: 
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Figure 3. 22 Variation of CD with Rd under fixed vegetation density λ 

 

3.4.3 Dependence of Fr on CD 

The flow resistance mainly caused by vegetation in a rough channel is 

independent of gravitational effects when the Froude number is smaller than 1.6. 

This study argues the range for Froude number using up to 2.5 in ( Fig 3.23), 

based on eliminating effect of the vegetation density in the regression analysis 

attempt. The collected data demonstrated that resistance to uniform open- 

channel flows is independent of Froude number in subcritical flows (Fr<1), the 

illustration of both critical flows are shown below. 

C
D
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Figure 3. 23 Condition of critical flows based on Froude number 

 
 

The studies have shown that the density of vegetation is always a dominant 

parameter of flow resistance due to vegetation, therefore, this study will eliminate 

the effect of the density in order to see the variation of other parameters for drag 

coefficient in following sections (Liu and Zeng, 2017). The dependence of Fr on 

CD under fixed vegetation density is preliminarily explored based on different 

ranged values on the weak influence of Fr on CD where there is limited data 

structures for determining constant variable Fr. The variation of CD with Fr under 

fixed λ is based on the discrete characteristics of the distribution. The variation 

trend of Fr and CD can be divided based on the fitting data, from the above figure 

with three different ranges of vegetation density. The illustration from the figure 

is (0.0008 ˂ λ ≤ 0.2830), where CD decreased with increasing Froude number. 

The ranges for vegetation density are (0.0113 ˂ λ < 0.0301) where the CD 

decreases with increasing Froude number but beyond Fr > 1, Froude number 

becomes constant because it is super-critical flow due to no influence of drag 

coefficient in flow condition. Finally, the difference with Froude number Fr ˂ 1 

when vegetation density has increased due to sub-critical flow condition where 

the variation trend in a clear functional dependence of CD on Fr, by Liu and Zeng 

(2017) who investigated this argument but with no clear result. The CD remains 

2.500 2.000 1.500 
Fr 

1.000 0.500 

0.0 

0.000 

1 < Fr < 2.5 0.5 

0.0301 ˂ λ ≤ 0.2830 
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almost constant under fixed λ, maximum increased Froude number has minimal 

influence on CD, which is consistent with the findings by Kouwen and Fathi- 

Moghadam (2000); Ishikawa et al. (2000), therefore, it is considered that smaller 

values of Fr from fixed values of vegetation density to be less than 1 with sub- 

critical flow type, the range values of Fr (0.01<Fr<0.1), when CD is dependent on 

Fr within that range. 

 
3.4.4 Dependence of λ on CD 

The cylinder-based model of vegetative resistance is explained by including the 

dependence of the bulk drag coefficient on the vegetative density for RD >800, 

i.e., vortex instability causes the wake to become turbulent (White and Nepf, 

2008). They found that the bulk drag coefficient of a random, emergent array of 

cylinders at high RD decreased with increasing vegetative density, but it is 

considered in this study that the submerged flexible elements by eliminating the 

effect of the submergence ratio to determine drag coefficient based on λ. From 

the following data fitting, it is suggested that the bulk drag coefficient is correlated 

to the area fraction of cylinders with exponential relation when submergence ratio 

is (0.13 ˂ h* < 0.45) and shows staggered random cylinder arrays been used in 

flume channel, which causes the decrease in drag coefficient when the ratio of 

the vegetation height to the water flow depth is increasing. When the 

submergence ratio is between (0.45 ˂ h* < 0.66), the drag coefficient exponential 

relation with vegetation density is almost constant at one range, where 

exponential relation is showing best trend line on fitting data the submergence 

ratio is between (0.66 ˂ h* ≤ 0.98), for higher stem density, and drag coefficient 

is decreased further for the staggered cylinders. To explore the relationship 

between CD and λ by fixing the h* relative submergence by eliminating the 

influence of RD, based on regression analysis to show best fit line to represent 

the drag coefficient as shown in (Fig 3.24). The clear increase with λ for a fixed 

value of h* can be summarized for 800<R<9000, and regression analysis 

relationship can accurately describe the variation tendency of CD and λ with (0.13 

˂ h* < 0.45), implying that compared with Nepf’s (2000) conclusion, the lesser 

drag coefficient adopted in the present study with increased density by eliminating 

the effects of h*. The different variant trend with λ can be considered with Nepf’s 

conclusion, and the database of this study includes both staggered and random 
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cylinder arrangements, with more multiple case studies for all types of cylinders 

used, as previously mentioned. To empirically describe the relationship between 

CD and λ, it is suggested that the best-fit function using all data based on different 

ranges for fixing the values of h*, presented in the following equation (3.37) for 

drag coefficient, as follows: 

CD = 2.02 e-5.91λ (where 0.13 ˂ h* ≤ 0.98) (3.37) 
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Figure 3. 24 Variation of CD with vegetation density λ under fixed h* 

 

3.4.5 Dependence of h* on CD 

To explore the relationship between CD and h* by eliminating the influences of RD 

and λ, the drag coefficient was considered for further analysis. This is illustrated 

based on a range fixed for vegetation density taken from the collected database 

on the relative submergence ratio, with submerged flexible and rigid types for 

each group range, to obtain the representative value of drag coefficient. The 

regression analysis showed that fixed vegetation density values from (0.0008 ˂ 

λ < 0.0113), that submergence ratio increase will cause an increase drag 

coefficient with logarithmic correlation relationship by showing best trend fit line 

in (Fig 3.25). The previous studies by Liu and Zeng, (2017), showed the ratio of 

the submergence was more than 1.1 in emergent cases, therefore, it this range 

C
D
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was excluded in this study. In contrast, the clear logarithmic relation is noticed 

when ranges for submergence is based on fixed values of density between 

(0.0113 ˂ λ < 0.0301) that declare the drag coefficient is almost constant at this 

range. Finally, the values of fixed vegetation density between (0.0301 ˂ λ ≤ 

0.2830) are showing logarithmic correlation changes with best fit trend line that 

clearly determine maximum increased submergence ratio will cause maximum 

increase in drag coefficient. This argues the findings by Zhang et al (2018) which 

showed a lack of effect of water depth flow on drag coefficient, their threshold 

depth was found beyond the flow depth which no longer affected the drag 

coefficient of vegetation and this was decreased with the increase in slope, but in 

other studies, this slope affects the drag coefficient of vegetation by altering 

threshold depth (Kothyari et al., 2010). This study concentrated on the effect of 

water flow depth under vegetation height by eliminating the effect of vegetation 

density, if the slope gradient of a channel bed was considered. The increase of 

the drag coefficient can be seen with the increase in submergence ratio, this 

growing relationship between drag coefficient and h* can be observed when the 

relative submergence is increasing under the stem Reynolds number clearly, 

while the vegetation density range is between (0.0113 ˂ λ < 0.0301). Flow 

resistance of submerged stems increases significantly as the flow depth 

approaches the vegetation depth and tends to move toward a constant value at 

higher levels of submergence from the equation (3.38), because of the vertical 

distribution of the drag coefficient. Kouwen et al. (2000) considered the changes 

in the relative submergence can affect the vertical distribution of drag coefficient. 

Wu et al. (1999) considered that the boundary zone for the ratio of submergence 

less than 0.6 had significant effect on the behaviour of vegetation in relation to 

the resistance coefficient, which was followed by a substantial increase of the 

roughness coefficient. Therefore, the great deviation of the threshold point h* = 

0.8 is considered reasonable; but different regions of flow motion based on the 

relative submergence with a threshold value of less than h* = 0.2, which may be 

consistent with the point h* = 0.9 deviating from the variation trend of h*< 0.9, it 

is speculated that the variation of CD with relative submergence can be divided 

into three ranges as mentioned above. 

 
CD = 0.49 Ln (h*) + 1.9 (where 0.0008 ˂ λ ≤ 0.2830) (3.38) 
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Figure 3. 25 Variation of CD with h* under fixed vegetation density λ 

 

3.5 Model validation 

A graphical comparison of the previous experimental data of CD against those 

predicted from their studies are discussed and validated via a numerical work to 

run different simulation cases in this study, and the mean relative errors out of 

100% of comparisons are going to be illustrated in detail (Kothyari et al., 2013). 

The results will show the validation of the current developed model and indicates 

that the presented empirical expression has good performance in predicting CD 

with Fr, h* and λ, with a maximum error of ±20% for a large data when compared 

to Wang et al., (2014) as well as other researchers measured data in (Fig 3.26 

and Fig 3.27). Equation (3.39) developed from above regression analysis to 

predict CD with mean relative error of certain %, which will be deduced with the 

data including subcritical and supercritical flows. The comparison between others 

and current a developed equation suggests that the divisions of Fr in exploring 

CD are highly significant and each equation for each region of arrangements 

based on a fixed vegetation density are more accurate in describing the drag 

coefficient. This equation will predict CD values with mean relative error of certain 
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D 

%, in which the influences of Fr and h* are factored into the description of the 

drag coefficient. 

CD = 127 R  -0.572 (2.02 e-5.91λ   ) (0.49 Ln (h*) + 1.9) (3.39) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. 26 Comparison of measured and calculated values of CD in current 

study 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. 27 Comparison of measured and calculated values of CD with RD 
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( ) 

3.5.1 Vegetation model layer 

In this study, the bed and wall boundary stress are both negligible compared with 

the drag force on the vegetation (Nepf & Vivoni, 2000; Stone & Shen, 2002), thus, 

the momentum equation of steady fully developed 1-D vegetated flow may be 

described as (Ghisalberti & Nepf, 2004; Defina & Bixio, 2005; Kubrak et al., 2008; 

Tang, 2018): 
∂𝜏(𝑧) 

∂𝑧 = 𝐹𝐷(𝑧) ― 𝜌𝑔𝑖 (3.40) 

with: 𝜏 = shear stress (kg/ms2), 𝜌 = density of water (kg/m3), z = vertical co- 

ordinate (m), g = acceleration due to gravity (m/s2), i = energy gradient (-) and in 

which the drag-force FD(z) on the vegetation is defined as: 
2 (3.41) 𝐹𝐷(𝑧) = 2𝑚 𝐷𝜌𝐶𝐷𝑈 (𝑧) 

with: m = vegetation elements per m2 (m-2), D = diameter stem vegetation element 

(m), CD = drag coefficient (-), U(z) = flow velocity at level z (m/s). 

The turbulent shear stress can be described by the concept of Boussinesq: 

𝜏(𝑧) = ξ 
∂𝑢(𝑧) 

 
 

∂𝑧 

∂𝑢 

= 𝜌(𝐶𝑃𝑙 𝑢)∂𝑧 (3.42) 

with: ξ = turbulent viscosity (kg/ms) = 𝜌×Vt and Vt = eddy viscosity (m2/s). The 

length scale of vegetation is L, and Cp is the parameter of turbulence intensity. In 

conformity with the turbulence models described previously, Vt is assumed to be 

characterized by the product of a velocity scale and a length scale of large-scale 

turbulence, which is responsible for the vertical transport of momentum. In 

conformity with Tsujimoto and Kitamura (1990), the characteristic velocity scale 

is assumed to be represented by the flow velocity U(z). The characteristic length 

scale (α) is assumed to be independent of (z). The turbulent shear stress then 

reads: 

𝜏(𝑧) = 𝜌 𝑎 𝑢(𝑧) 
∂𝑢(𝑧) 

 
 

∂𝑧 
(3.43) 

The momentum equation now transforms to: 
 

𝑢(𝑧). 
∂2𝑢(𝑧) 

 
 

∂𝑧2
 

∂𝑢(𝑧) 2 

+ ∂𝑧 = 
𝑚 𝐷𝜌𝐶𝐷𝑈2(𝑧) 𝑔 𝑖 

2 𝑎 ― 𝑎 

 
(3.44) 

which has the following analytical solution, after mathematical integrations: 

𝑢(𝑧) = 

with: hv = vegetation height (m) and 
𝑚 𝐷 𝐶𝐷 

(0 < z < hv) (3.45) 

𝐴 =   

2 𝑎 
(3.46) 

𝐶1𝑒 ― 
2𝐴𝑧 + 𝐶2𝑒 2𝐴𝑧 + 𝑈2 

𝑠0 

1 
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ℎ𝑣 

The discussion on velocity with constant flow has been described by Huai et al, 

(2013): 

𝑈𝑠0 = (3.47) 
 

𝑈𝑠0 is the characteristic constant flow velocity in non-submerged vegetation, 

which also follows directly from (3.44) with all velocity gradients set at zero. 

Constants C1 and C2 are boundary conditions. At the bed (z=0) the bottom shear 

stress is neglected, and the flow velocity is assumed to be equal to 𝑈𝑠0. At the 

top of the vegetation layer the boundary condition is determined by the shear 

stress: 

𝜏(ℎ𝑣) = 𝜌 𝑔 𝑖 (𝐻 ― ℎ𝑣) (3.48) 

with: H = water depth (m), hv = vegetation height (m), with these boundary 

conditions, the following values for C1 and C2 are derived mathematically: 
―2 𝑔 𝑖 (𝐻 ― ℎ𝑣) 

𝐶1 =  ℎ  
2𝐴 

 
— ℎ 2𝐴 when 𝐶2 = ― 𝐶1 (3.49) 

𝑎   2𝐴 (𝑒 𝑣 + 𝑒 𝑣 ) 

The velocity profile for the vegetation layer is now established. The only unknown 

parameter is the characteristic length scale (α), when studied by Tang et al, 

(2014): 

α = 0.0793 ℎ𝑣 Ln ( 𝐻) – 0.0009 (a ≥ 0.001) (3.50) 

 

 

3.5.2 Surface model layer 

For the surface layer, Prandtl’s mixing length concept is adopted, resulting in the 

well-known logarithmic flow velocity profile. The virtual bed of such a profile does 

not coincide with the top of the vegetation but appears to lay at a distance (hs ), 

under that level. The flow velocity profile can be written as: 

𝑢(𝑧) = 
𝑈 ∗   

Ln (𝑍 ― (ℎ𝑣 ― ℎ𝑠)) = 
𝑈 ∗  

Ln (𝑍 ― 𝑍𝑚)     

(hv < z < h) (3.51) 
𝐾 𝑍0 𝐾 𝑍0 

 

with: k = Von Kármán’s constant (-), z0 = length scale for bed roughness of the 

surface layer (m), hv = distance between top of vegetation and virtual bed of 

surface layer (m), hs and z0 follow from the continuity condition that both actual 

value and gradient of the flow velocity of the vegetation and the surface layer 

should be equal at the interface (z=hv). These conditions result in the following 

values for hs and z0 by Nepf and Vivoni, (2000): 

𝑍𝑚 = (ℎ𝑣 ― ℎ𝑠) (3.52) 

2 𝑔 𝑖 

𝐶𝐷 𝑚 𝐷 
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2𝐿 

𝐶𝑃𝑙 
( 1 + 

𝐿 

𝐻 ― ℎ𝑣 ) 

To solve the momentum equation (3.40) analytically, Baptist et al. (2007) 

introduced Boussinesq’s eddy viscosity concept to approximate the turbulent 

shear stress (τ) as eq. (3.42), considering the following variables: 
(𝐻 ― ℎ𝑣) 

𝐶𝑃𝑙 = 20 

𝐿 = 

(3.53) 

 
(3.54) 

 

Baptist et al. (2007) validated their method using the data of Nepf & Vivoni (2000) 

and recommended the above equations. 

―𝐾 

𝑍0 = ℎ𝑠𝑒  ( ― 
ℎ𝑣) 

 
 

(3.55) 

ℎ𝑠 = 𝐿(1 ― 𝑒 𝐿 ) (3.56) 
 

The shear velocity has been described by Jaan et al., (2017), based on slope 

gradient and height of the vegetation stem and the height of the water flow in the 

flume channel: 

𝑈 ∗ = (3.57) 

In the set up a vegetation model, several parameters were chosen such as shape, 

height, vegetation density, and flexibility (or rigidity) of the plants. Kubrak et al. 

(2008) performed a series of laboratory experiments describing channel flow with 

free surface layer as well as the calculation of resistance caused by bed 

vegetation. In this study, the flow in four rows of cylinders formed as in the work 

by Huai et al., (2009), using periodic boundary conditions in the main flow 

direction, to validate this developed model compared to previous researchers 

work, in order to analyse the accuracy and critical comparison in (Fig 3.28 – 3.37), 

this attempt was made to minimize the computational burden, in the numerical 

work to run simulations as illustrated in chapter 4. 

𝐶𝑃𝑙 

𝑎 𝐶𝐷 

𝑔 𝑖 (𝐻 ― ℎ𝑣) 
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Table 3. 8 Summary of measurement for numerical and analytical prediction: 
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1 0.0185 0.5 0.29 0.0004 1.5671E-11 0.006 0.19 0.1274 0.65 725.46 10.6 

2 0.0304 0.5 0.38 0.0004 1.5671E-11 0.006 0.19 0.1589 0.50 905.17 8.6 

01 0.0179 0.91 0.34 0.0036 1.4442E-09 0.0064 0.12 0.0587 0.36 356.78 13.1 

09 0.0580 0.91 0.21 0.0036 1.4442E-09 0.0064 0.12 0.2978 0.56 1809.68 6.0 

B 0.0017 0.38 0.46 0.0000018 
3.61054E- 

16 
0.0064 0.139 0.0096 0.30 58.21 34.7 

C 0.0074 0.38 0.46 0.000025 
6.96478E- 

14 
0.0064 0.139 0.0417 0.30 253.10 12.0 

G 0.0048 0.38 0.46 0.000013 
1.88328E- 

14 
0.0064 0.138 0.0270 0.30 146.16 10.0 

H 0.00143 0.38 0.46 0.0001 
1.11437E- 

12 
0.0064 0.138 0.0806 0.30 489.54 2.0 

J 0.0048 0.38 0.46 0.000013 
1.88328E- 

14 
0.0064 0.138 0.0270 0.30 164.75 19.1 

7 0.069 0.38 0.44 0.0002 
4.45746E- 

12 
0.0064 0.16 0.4127 0.36 2507.51 2.0 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. 28 Run H data used to validate with developed analytical model 
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Figure 3. 29 Run G data used to validate with developed analytical model 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. 30 Run C data used to validate with developed analytical model 
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Figure 3. 31 Run B data used to validate with developed analytical model 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. 32 Run 09 data used to validate with developed analytical model 

0.03 0.03 0.02 0.02 

u 

0.01 0.01 0.00 

0.00 

Run B Analytical Model 

Run B Measured Data 

Baptist et al. 2007 

Yang & Choi 2010 

1.00 
 

0.50 

1.50 

2.00 

2.50 

3.00 

3.50 

0.40 0.35 0.30 0.25 0.20 

u 

0.15 0.10 0.05 0.00 

0.00 

Run 09 Analytical Model 

Run 09 Measured Data 

Baptist et al. 2007 

Yang & Choi 2010 

1.60 
 

1.40 
 

1.20 
 

1.00 
 

0.80 
 

0.60 
 

0.40 
 

0.20 

z/
h

 
z/

h
 



74  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. 33 Run 7 data used to validate with developed analytical model 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. 34 Run 2 data used to validate with developed analytical model 
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Figure 3. 35 Run 1 data used to validate with developed analytical model 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. 36 Run 01 data used to validate with developed analytical model 
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Figure 3. 37 Run J data used to validate with developed analytical model 
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developed model for the prediction of velocity profiles in submerged, rigid 
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comparisons between the other models with the developed model are shown in 
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model, can predict profiles reasonably well with the current model for the lower 
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can predict reasonably well in certain cases. In some cases, all the models are 

not predicting well, this is mainly due to the insufficiency of the velocity profile 

formulas in the vegetation layer. The proposed formula for calculating the velocity 

in the upper zone of vegetation depends on two velocity predictions: one at the 

top of vegetation and the other in the lower part of the vegetation, therefore, if 

these two velocities deviate from the measured ones significantly then the 

formula for the upper zone of vegetation will underperform. The predicted velocity 

by the Yang model significantly deviates from the previous measured data, 

assuming a uniform distribution of velocity profile over the whole vegetation depth 

is not a realistic assumption. The measured velocity profile in the vegetation in 

most of the cases tested herein is exponential for a large part of the vegetation 

depth. Moreover, in some cases illustrated here, this model has predicted the 

velocity very close to the measured one, but the trend is not well captured 

because the assumption of a uniform velocity does not reflect reality. The 

inaccuracy of the logarithmic part can be explained from the following two 

aspects. First, the equation for the surface layer depends on the predicted 

velocity in the vegetation layer, therefore, the accuracy of the model in the surface 

layer is partly dependent on the precision of prediction in the vegetation layer. 

Second, examining the collected measured data indicates that the penetration of 

turbulent stress into the vegetation layer is significant, so the effective roughness 

should be much smaller than the vegetation height, which is taken as the effective 

roughness in this model, therefore, in all cases the velocity in the upper region is 

under-estimated. The Baptist model can predict reasonably well for certain cases 

containing lower density of vegetation; however, the developed model is more 

capable of prediction for a relatively large range of cases. Overall, the developed 

model in this study can predict the velocity profiles well for a wide range of 

vegetated flows. 

 
3.7 Conclusion 

The effects of the four influencing factors (Froude number, stem Reynolds 

number, vegetation density, and relative submergence) on CD are respectively 

investigated and discussed. The drag coefficient is almost constant when Fr > 1 

and it is not exactly independent of the Froude number in subcritical flows. The 

different-stage model is presented to consider the effect of Froude number, 
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vegetation density and submergence ratio on CD. The empirical expression of CD 

developed based on the divisions of Re, Fr, h* and λ, and comparisons presented 

better performance when predicting CD with other formulas. Further investigation 

into the influence mechanism of the drag coefficient and the speculation that the 

variation of CD with relative submergence can be divided into different parts 

requires further study. This investigation is useful to design vegetated channels 

considering the drag coefficient and velocity profile analysis within vegetation 

effective force which causes blockages in rivers, and water layers based on 

submerged and emergent plants. The flow rates were calculated based on two 

layers: the upper non-vegetated layer and lower vegetation layer, when 

vegetation density increased, more water would pass above canopy since large 

volume of leaves and stems within vegetation hinders the flow (Yang et al., 2007). 

The average velocity in lower vegetation area was smaller than that in the upper 

non-vegetated layer when vegetation density was greater than critical value of 

(stems/ 𝑚2), at this point the effect of the “soft riverbed” formed by vegetation 

would become much stronger. Vegetation at high density will lead to a reduced 

effect of flow on the bottom layer (Stephan and Gutknecht, 2002), but lead to an 

increased water level at the upper layer which could affect flood frequency, 

hence, vegetation density is the main factor contributing to flood or bed river 

channels (Choi and Kang, 2004), where the Reynolds stress and turbulence are 

both highest at the canopy top because the magnitude of Reynolds stress and 

turbulence increased with vegetation density. The results show interaction 

between flow and vegetation induced instability, generating vortices and 

impacting the momentum exchange and turbulence characteristics (Luhar et al., 

2008). To conclude , this study was created with the intention of utilising the 

developed model to predict changes in velocity profile within vegetated open 

channel flow, to prove the findings hitherto mentioned. 
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Chapter 4: NUMERICAL MODELLING AND SIMULATION CASES 

 

4.1 Introduction 

The velocity structures of flow through vertically vegetation layers have been 

investigated based on computational work with a three-dimensional (3D) 

Reynolds stress turbulence model, using the computational fluid dynamics (CFD) 

via the Ansys Fluent software. The detailed velocity distribution was explored 

considering the Reynold number, Froude number and vegetation density from the 

steady subcritical and supercritical flow conditions (Choi and Kang, 2004). In 

vegetated layer flow, the numerical model successfully captured the inflection 

point in the profiles of mean streamwise velocities in the mixing-layer region 

around the top of short flexible submerged vegetation. An upward and downward 

movement of flow occurred at the positions located just behind the tall and short 

vegetation, as shown by Wilson et al., (2006), where higher streamwise velocities 

were observed in the vegetation layer due to high drag. The numerical results 

also show the flow structures within the vicinity of short and tall vegetation, which 

are difficult to attain through experimental measurements (Fischer-Antze et al., 

2010). Turbulent flow in an open channel covered with vegetation is modelled by 

a series of small diameter rigid cylinders which protruded vertically from the 

channel bed, where the 3D computations performed using a finite volume method 

to solve the differential equations describing fluid flow. In order to reduce the 

computational burden, periodic boundary conditions in the direction of the 

channel axis have been used (Jiménez-Hornero et al., 2007). The computational 

domain has been discretised using tetrahedral elements, by choosing the mesh 

to provide a good balance between the stability of the solution and the flow field 

resolution. However, achieving mesh-independent solutions for a complex 

geometry problem, such as the one utilised in this work, requires tremendous 

computational resources. The numerical model is to validate the analytical model 

results on an existent study of aquatic plants which causes an increase of 

resistance in the flow and simultaneous reduction of mean velocity in comparison 

to areas without vegetation (Kleeberg et al., 2010). The interaction between the 

type of vegetation and characteristics of flow show an interest in the planning and 

design of flood protection systems. From the literature review, there is a tendency 
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in the current scientific field to proceed from a simple hydraulic model to a more 

complex model that include hydrodynamic and eco-hydraulic considerations 

based on running simulation cases which have been investigated previously, 

(Nepf 2012; Nepf and Ghisalberti 2008; Katul et al. 2011; Nikora 2010; Perucca 

et al., 2009; Luhar et al., 2008; Wilson et al. 2006). Several studies that appear 

in Table 4.1, in the previous years, regarding the effect of vegetation in channels 

with free surface (Wilson et al. 2003; Liu et al. 2008; Stoesser et al. 2010; Huai 

et al. 2009; Okamoto and Nezu 2010; Sundar et al., 2011; Klopstra et al. 1997; 

Meijer and van Velzen 1999), who developed a method for the determination of 

velocity profile that separates the area of flow in two layers, the one with 

vegetation and the other above the vegetation. Their theory was supported by 

the momentum equation in the vegetation layer and simultaneously maintained 

the logarithmic profile in the water layer. Lopez and Garcia (2001) developed a 

model for the calculation of mean velocities and the characteristics of turbulent 

flow in open channel with vegetation, but because the vegetation is taken into 

consideration not only in the momentum equation, but also in the equations of 

modified model k-ε, it was different to others research. This model is based on 

the initial approach which was for aquatic vegetation, although extended to 

include fully flexible submerged types (West et al., 2016). Defina and Bixio (2005) 

examined the geometry of plants and the factor of resistance in connection with 

the flow depth and added the equation of turbulent kinetic energy for the two layer 

model. Considering their investigation with other researchers work, a model was 

developed to resolve the momentum and continuity equations for each element 

by using the 3D (k-ε) turbulence model. This model shows how the vegetation 

significantly changes the mean flow, Reynolds shear stress, turbulence 

intensities, turbulence event frequencies, and the flow energy budget within and 

above the vegetation layers (Cui and Neary, 2008). 

 
Table 4. 1 Formulations to characterize vegetation drag by different researchers 

 

Study Model Approach Coefficient Parameter 

Tsujimoto 2D RANS k − E CD Values = 1.0 – 1.3 

Wu et al. 2D RANS k − E CD Values = 1.0 – 1.4 

Naot et al. RANS k − E 
CD Values = (103/Re )

0.25 

Lopez &Garcia RANS k − E & k −ω  CD Values = 1.13 
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D 

∂𝑡 

3 3 

Fischer-Antze et al. RANS k − E CD Values = 1.0 

Neary RANS k −ω CD Values = 1.13 

Nicholas & McLelland RANS k − E CD Values = 1.0 

Choi and Kang Reynolds stress CD Values = 1.13 

Defina and Bixo RANS k − E CD Values = 1.0 – 3.0 

Nadaoka and Yagi 

Cui and Neary 

Current Study 

2D LES 

LES 

3D RANS k − E 

CD Values = 2.49 

CD Values = 1.6 

127 R -0.572 (2.02 e-5.91λ) (0.49 Ln (h*) + 1.9) 
 

 

4.2 Mathematical model and numerical approach 

The mathematical model for the turbulent flow in this work consists of the 

Reynolds-Averaged Navier-Stokes (RANS) equations coupled with the (k- 

epsilon) turbulence model. Each primitive flow variable is decomposed to a time- 

averaged part and a fluctuation term., i.e.: 

𝑈 = 𝑈 + 𝑢 

The time averaged velocity vector is defined as: 

(4.1) 

      1 𝑡 + 𝑇
𝑈𝑑𝑡

 
 

 
 

(4.2) 
𝑈 = ∆𝑡∫𝑡 

Where T is a time interval much longer than the characteristic periods of the 

turbulence fluctuations. The use of mean values (in time) in the conservation 

equations leads to the Reynolds-Averaged Navier-Stokes (RANS) equations: 
∂𝜌      

∂𝑡 + ∇.(𝜌𝑈) = 0 
 

∂𝜌𝑈 
+ ∇.(𝜌𝑈 ⊗ 𝑈) = ∇.(𝜏 ― 𝜌𝑢 ⊗ 𝑢) + 𝑆 

(4.3) 

 
(4.4) 

 

In Eq. (4.4), 𝜌𝑈 ⊗ 𝑈 are the Reynolds stresses and τ denotes the stress tensor 

due to molecular viscosity. After introducing the concept of an effective viscosity, 

μeff, the conservation of mass equation is unchanged, and the conservation of 

momentum equation is written as: 
∂𝜌𝑈    

 

 

 

      𝑇 
 

  

∂𝑡 + ∇.(𝜌𝑈 ⊗ 𝑈) ― ∇.(𝜇𝑒𝑓𝑓∇𝑈) = ― ∇𝑝 + ∇.(𝜇𝑒𝑓𝑓∇𝑈) + 𝑏 (4.5) 

where 𝑏 is the total body force per unit mass, μeff is the effective viscosity and p′ 

is the modified pressure defined as: 

𝑝 = 𝜌 + 
2
𝜌𝑘 + ∇.𝑈 (2�� — 𝜁) (4.6) 

In Eq. (4.6), ζ is the fluid bulk viscosity, ρ is the fluid density and k denote the 

turbulent kinetic energy. The (k-ε) model is compared to (k-𝜔) in this work, for the 

𝑒𝑓𝑓 

𝑀 
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1 

∂𝑡 𝜎𝑘 

∂𝑡 𝜎𝜀 𝑘 

∂t σk 

calculation of the turbulent velocity profile at each point of the flow field. The (k- 

ε) model is a two differential equation model where the effective viscosity is 

calculated as the sum of turbulent viscosity (μt) and molecular viscosity (μ) i.e., 

𝜇𝑒𝑓𝑓 = 𝜇 + 𝜇𝑡 (4.7) 

The turbulent viscosity is computed at each point of the flow field in terms of the 

turbulence kinetic energy, k, and the turbulence kinetic energy dissipation rate, ε, 

by the relation: 

𝑘2 

𝜇𝑡 = 𝑐𝜇 𝜌 𝜀 

Now the values of k and 𝜀 are computed for standard k – 𝜀 model: 

∂(𝜌𝑘) 
+ ∇.(𝜌𝑈𝑘) = ∇.[(𝜇 + 

𝜇𝑡)∇𝑘] + 𝑃𝑘 ― 𝜌𝜀 

 
 

 
(4.9) 

(4.8) 

∂(𝜌𝜀) 
+ ∇.(𝜌𝑈𝜀) = ∇.[(𝜇 + 

𝜇𝑡)∇𝜀] + 
𝜀
(𝐶𝑒1𝑃 

 
— 𝐶𝑒2𝜌𝜀 ) (4.10) 

 

In this study of CFD it is considered better agreement of results to measure the 

velocity profile in respect of drag coefficient to find velocity profile at each different 

case as follows : 

Substitute in 𝜀 = 
𝜀 

𝑘𝐶𝜇𝑘 to the dissipation equation; 

∂(𝜌𝜔) 
+ ∇.(𝜌𝑈𝜀) = ∇.[(𝜇 + 

𝜇𝑡)∇𝜀] + 
𝛾 
�� 

   

— 𝛽𝜌𝜔𝟐 + [2 
𝜌𝜎ω𝟐

∇k:∇ε ] 
 

 
(4.11) 

∂𝑡 𝜎𝜀 𝑣𝑡   𝑘 ω 

Compare this with the k – ω model: 
∂(ρω) 

+∇.(ρUε) = ∇.[(µ + 
µt)∇ε] + 

γ 
P 

   

 
 
— βρω𝟐

 

 

 
(4.12) 

∂t σε vt k 

Multiply the additional term, [2 
ρσω𝟐

∇k:∇ε ] by (1 – F ) and blend between the (k – 
ω 1 

ω) and (k – ε) models, where: 

F1= 0, the model is k – ε 

F1= 0, the model is k – ω 

The transports equations for the (k – ω), for BST model are: 

∂(ρk) 
+∇.(ρUk) = ∇.[(µ + 

µt)∇k] + Pk ―ρε 

 

 
(4.13) 

∂(ρω) 
+∇.(ρUω) = ∇.[(µ +  

µt )∇ω] + 
γ 
P 

   

— βρω𝟐 + [2 (1 – F )
ρσω𝟐

∇k:∇ε ] (4.14) 
 

∂t σω vt   k ω 

 
 
 
 

4.2.1 The vegetation model 

𝜔 

𝑘 
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The numerical work applies to 10 different cases to validate the analytical model 

results by a periodic length of the vegetation arrangement in order to reduce the 

computational cost, the flow was numerically simulated using a computational 

domain of length 6.0 m, width 0.49 m and flow depth 0.30 m, plant stems were 

modelled as rigid cylinders of (diameter 0.001 to 0.0083 m) and vegetation 

heights of 0.04 to 0.19 m) with (Flow depth changing from 0.0747 to 0.467 m, a 

total numbers of 40 rigid cylinders were used, where dimensions of the geometry 

were taken from collected previous experiments. The rigid vegetation stem was 

simulated with solid cylinders to achieve accuracy of the flow structure interaction 

(Liu et al., 2010). A complex mesh scheme with high numbers of elements were 

used in the simulation, with contained high numbers of nodes in the streamwise, 

transverse, and vertical directions, respectively, which provided at approximate 

grid cells (Swearingen and Blackwelder, 2006). In order to certify the high quality 

of computational fluid dynamics (CFD) simulations, a mesh independence trial 

was also performed. The inlet/outlet in the streamwise direction used by periodic 

boundary condition offered an interface between inlet and outlet faces. The 

boundary condition was used symmetrically at the free surface with standard wall 

function to consider no-slip wall boundary conditions for treatment of the solid 

walls, i.e., the domain bed and cylinders. A mass flow rate changes between 

0.001-0.2 m3/s was provided at the periodic boundary. The Reynolds averaged 

Navier Stokes (RANS) equations and a three-dimensional (3D) simulation were 

conducted using the CFD via Ansys Fluent software, which uses the finite volume 

method for spatial discretisation. The standard values of all factors were used in 

the simulation process, as convergence criteria of the residuals were set in brief 

details for turbulence model (Knight et al., 2009) and algorithms governing 

equations. The measurements as seen in Table 4.1, in a tilting flume (the channel 

slope was varied from 0.0000018 to 0.004) of length 12.5 m, width of 0.49 m and 

depth of 0.49 m. The plants were simulated with flexible or rigid cylinders. These 

experiment parameters (Discharge Q = 0.0017 to 0.069 m3/s), (Froude number 

Fr = 0.0044 to 1.13), (cylinder density a = 1.09 to 8 m−1), express the density of 

vegetation and vegetation characteristics. The 10 cases used in simulation trials 

to validate the analytical model collected measured data to present accuracy 

(Kim, 2011). The arrangement of the cylinders in this numerical work begin with 

a distance of 0.15 m from the vertical channel side wall (see Fig. 4.1). In total, 40 
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cylinders were used (10 in the first line and 10 in the second line, etc.). The other 

geometrical parameters of the model were chosen from analytical model work 

and compared to collected measured data. The x-y plane in this work coincides 

with the channel bed and the origin of the coordinate system at the centre of the 

computational domain. 

 
4.2.2 Boundary conditions and mesh design 

In order to complete the mathematical model, free slip boundary condition was 

implicated at the free surface. A 3D view of the computational domain is shown 

in Fig. 4.2, to explain the domain and details of boundary condition within the 

flume channel. The green solid surfaces as shown in Fig. 4.2, simulate the bed 

vegetation modelled as 40 rigid cylinders, within the channel bed, where solid 

walls were without slip velocity (no-slip boundary condition). A 3D view of the 

mesh generated using the Fluent pre-processor is shown in Fig. 4.3. To achieve 

grid independence, a sequence of mesh designs was used, a sparse grid was 

taken then refined as shown in the mesh configuration Fig. 4.3. Sensitivity to 

global quantities, such as mass conservation was helpful in judging approximate 

convergence of the solutions on this numerical work when running the simulation 

cases. 

 
4.2.3 Numerical results 

The simulation cases have been implemented based on this numerical work to 

show the various aspects of the computed 3D velocity field with details of mesh 

in the following (Figs. 4.4, 4.5 and 4.6). The iteration steps of each case have 

been shown in Fig 4.7, with the calculated velocity vector field shown in (Figs. 

4.8, 4.9, 4.10), the result presented is based on the coarse grid (Mesh 1) for clarity 

of the vector plot, where each simulation case has its own different element and 

node numbers during the Mesh design details. 

 
4.2.4 CFD simulation configuration 

The CFD simulation work in this study is used based on the turbulent flow type, 

with parameters such as: inlet velocity = 0.12 m/s, water density = 1000 kg/m3, 

diameter of cylinder = 0.006 m, total numbers of cylinders = 40 and turbulence 
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model is, (k- epsilon) by using SST, this is only validating one simulation case 

where others vary accordingly. 

 
 

Figure 4. 1 Cylinder arrangements in flume channel bed (Huai et al., 2012) 
 

 

Figure 4. 2 The 3D view of the vegetated channel in Ansys environment. 

 
 

The main flow direction is along the x-axis as presented here, as a numerical 

check on how well the translational periodicity condition in the x-direction is 

enforced. Near the solid walls, the velocity profile is significantly lower, where 

velocities are observed very close to the walls. The region very close to the wall 

exhibits a nearly linear velocity profile in the 3D view of the vegetated channel as 

modelled in the Ansys Fluent environment. 
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Figure 4. 3 The mesh generated using the Ansys-Fluent 

 
 

4.2.5 The mesh configurations 

The mesh is structured using (Hexa) with total number of nodes = 7102038 and 

the total number of elements = 4257516, each time the mesh runs varies based 

upon element and node numbers to present better Mesh with high cell numbers 

using the boundaries of inlet, symmetry, outlet, (0) shear stress on top wall, 

bottom wall and 40 numbers of cylinders. 

 
Table 4. 2 Mesh design at different element size and nodes for grid analysis 

 

Edge Sizing No. of divisions Mesh Nodes Mesh Elements 

20 87451 70322 

30 367811 250722 

40 866361 741762 

50 1676202 1038402 

60 3042563 2987474 

70 5823205 3989506 

80 7102038 4257516 

90 8152338 5249536 

100 9710853 6847849 

 
The grid sensitivity is shown after simulation comparison for different cases based 

on grid size and resolution due to the running the mesh at different element size 

and nodes. In section 4.3.2, the comparison of the coarse, fine and current 

simulation results shown. 
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Figure 4. 4 The mesh generated on cylinders using the Ansys-Fluent 
 

 

Figure 4. 5 The mesh generated on a single cylinder using the Ansys-Fluent 
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Figure 4. 6 The mesh generated within cylinder zone using Ansys 

 
 

The turbulent velocity profile (in time) is not modelled adequately when wall 

functions are used in the implementation of the k-omega model (Wilson et al., 

2006). In order to accurately resolve the boundary layers up to the solid wall, an 

extremely fine grid must be used for the k-omega model which is different to k- 

epsilon. The formation is more pronounced as it moves towards the top of the 

cylinders, where the vortices are observed, as expected, in the region behind the 

cylinders (cylinder wakes). It is noted that for the pattern of the cylinders with 

chosen distances in between, the wakes behind the cylinders interact weakly. 

The velocity profiles computed with the mesh employed in the present study 

exhibit the same qualitative behaviour. The significant differences exist, 

especially in the bottom layer of the cylinder region. Kim (2011) has reported 

similar difficulties in achieving grid independence for the same problem, although 

he has used very fine grids and a much larger computational domain, the profiles 

capture the main qualitative characteristics of the mean flow is to achieve a grid 

independence. There is no evidence of approaching convergence as the grid 

becomes finer, this agrees with the results reported by Kim (2011). The causes 

of this behaviour can be speculated, assigning value to the mass flow rate instead 

of specifying a known velocity distribution at the inlet of the computational 

domain, as it is known to be a common problem in CFD, also the comparison of 

the vertical velocity profiles are demanding a test for convergence. The 
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framework of a two-layer conceptual model, for the flow under study, where the 

free water layer profiles collapses well, the main difficulty appears in the 

vegetation layer, where even the non-dimensional profiles differ considerably 

(Fischer-Antze et al., 2010). 

 
 

Figure 4. 7 Iteration distribution on planes at initial stage to final stage. 
 

 

Figure 4. 8 The 3D velocity profile at the front view of the cylinders 
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Figure 4. 9 Vertical location of velocity region in the cylinders zone 
 

 

Figure 4. 10 Vector distribution on cylinders at fully developed stage. 

 
 

4.3 The test cases 

In this study, a method was introduced, which was able to fulfil the practical 

demands to use 10 different case results yielded from the simulations of various 

analytical models compared to well documented experiments which proved to be 

highly encouraging, the high-resolution simulations are used in order to test  

and validate the RANS equations. This method was able to yield accurate 
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results for the given rigid vegetation, which expand to flexible submerged stems 

for every different flow condition from 10 simulation runs. Sensitivity tests herein 

displayed that this approach additionally presents the possibility to reduce 

computational effort; without losing the accuracy in prediction of flows, through or 

over submerged vegetation. The need for a more sophisticated turbulence 

closure scheme would prove to be a challenging task, which could potentially be 

explored during future research of this topic. The following results compared 

both analytical and numerical models with previous collected  experimental 

data. 

 
 

 
 

Figure 4. 11 Comparisons for measured, calculated and simulated Run H 
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Figure 4. 12 Comparisons for measured, calculated and simulated Run G 
 
 
 

 

Figure 4. 13 Comparisons for measured, calculated and simulated Run C 
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Figure 4. 14 Comparisons for measured, calculated and simulated Run B 
 

 

Figure 4. 15 Comparisons for measured, calculated and simulated Run 09 
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Figure 4. 16 Comparisons for measured, calculated and simulated Run 7 
 

 

Figure 4. 17 Comparisons for measured, calculated and simulated Run 2 
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Figure 4. 18 Comparisons for measured, calculated and simulated Run 1 
 

 

Figure 4. 19 Comparisons for measured, calculated and simulated Run 09 
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Figure 4. 20 Comparisons for measured, calculated and simulated Run J 

 
 

4.3.1 Discussion 

The 10 simulation cases are calculated corresponding to the numerical model 

work, in order to apply the analytical and collected data as previously mentioned. 

The measurement data for the 10 test cases: (1, 2, 01, 09, 7, B, C, G, H, and J), 

are taken from different researchers and used for the validation on the simulation 

results. The test cases in (Figs 4.11 - 4.20), show simulation results compared to 

measured data and analytical results by Ansys Fluent. Cases 1 and 2 results are 

in good agreement due to the same height of vegetation stems and the same 

spacing between stems in the flume channel, as can be seen from (Figs 4.18 and 

4.17), also having a different drag coefficient CD effect, as case 1 is higher than 

case 2 because of its lower water depth in the flume channel. The cases 01 and 

09, results are shown in (Fig 4.19 and 4.15) have varying accuracy in analytical 

and numerical results due to the difference in flow water rate reaching the 

vegetation zone in the flume channel, where the case 01 has a higher drag than 

case 09 due to increase in Reynolds number. Case 7 has a very small drag 

compared to other cases due to high numbers of cylinder stems in the flume 

channel and closer spacing between the stems, as can be seen in (Fig 4.16). The 

cases B, C, G, H and J have the same arrangement of cylinders, diameter, height, 
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flow depth and slope gradient, but different results of the velocity profiles due to 

different values of the (a) coefficient based on different vegetation density and 

frontal-projected width (Huai et al., 2013). The analytical and numerical results 

are in good agreement when compared to the measured velocity profiles, but 

when comparing the streamwise turbulence intensities, the analytical model 

predicts good results, while the numerical model results have more accuracy. 

 
4.3.2 Grid sensitivity analysis 

The number of grid points chosen for the low-resolution are mainly based on 

efficiency (with upscaling in mind) and not necessarily on near wall resolution 

requirements (Kaftori et al., 1998). A grid sensitivity study has been carried out 

for 2 simulations cases both Run 1 and Run 2, by taking different numbers of 

elements and nodes for mesh design on each coarse, fine and current one, 

from Table 4.2 as mentioned, based on vegetation density, in order to 

determine if the accuracy increases or decreases with an increase/decrease 

in grid resolution: the number of vertical grid points is kept constant. The 

number of cut cells used remained marginally less than the number of cells 

in the body-fitted, high-resolution curvilinear grid, which is utilised to compare 

one-domain Figs (4.21 to 4.23). For a comparison of the flow fields, there are 

horizontal distributions of the time-averaged velocity at half water depth of 

the low-resolution, combined with the results from high-resolution shown   

in Figs (4.24 and 4.25). Overall, the distribution of time-averaged 

streamwise velocity of all grid resolutions aptly support the result predicted 

by high-resolution. The recirculation zone behind the domain zone is well 

predicted by the low-resolution with the finest grid, however, with a 

decrease in grid resolution, the recirculation length  increases.  

Interestingly, this increase is associated with a decrease in width of the 

wake behind the domain, which is why the bulk drag coefficients are not 

negatively impacted (Lee et al., 2004). The spatially averaged vertical 

velocity profiles are in a good agreement with the high-resolution profile, 

regardless of the number of grid cells employed by velocity profile along the 

centreline for one selected cylinder in the flow. The length of the 

recirculation zone, in addition to the velocity gradients, are impacted by the 

grid resolution. Essentially, the coarser the grid, the less resolved the 
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gradients, which leads to a discrepancy in the recirculation zone Figs (26 

and 27). Unsurprisingly, the most concurrence is found with the highest 

grid resolution; where the recirculation zone is overestimated in the 

simulation on the coarsest grid. The figure 4. 21 explains the coarse mesh 

using different grid sizes with low numbers of elements and nodes. 

 
 

Figure 4. 21 Fluid domain of the flume channel with coarse mesh 

 
 

The standard mesh used in the figure 4. 22, where a high grid and mesh has 

been implemented during the simulation run by Ansys fluent to represent a good 

mesh as mentioned previously. 

 
 

Figure 4. 22 Fluid domain of the flume channel with standard mesh 
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After the re-run, a fine mesh has been used to achieve with different grid sizes, 

shown in figure 4. 23 with proximity to the standard mesh which has shown good 

results. 

 
 

Figure 4. 23 Fluid domain of the flume channel with fine mesh 

 
 

The input parameters varied to numbers of divisions such as: cell size, ace size, 

inflation layers as per simulation run required to achieve grid dependency at high 

and low resolution, this was based on decrease and increase of the residuals in 

order to run iteration at required accuracy. From the output parameters, it was 

clear the mesh varied each time the element size and grid size varied to achieve 

all different coarse, standard and fine simulation mesh. Number of cells and 

output parameters compared in Fig 4. 24 used to see the variation, which was no 

rapid variations in the facet average velocity value. 
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Figure 4. 24 The average velocity variation with changes in cell sizes 

 
 

Then other parameters were checked as can be seen in the Fig 4. 25, that the 

maximum velocity variation is significant with respect to the mesh. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4. 25 The maximum velocity variation with changes in cell sizes 
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Result variations are not significant after the changes in cell size; hence this 

standard current mesh can be considered as the better mesh for the simulation 

cases for all the runs. This current mesh size in this study will give better results 

with less time as compared to other mesh sizes and grid sensitivities at different 

numbers of divisions as seen in Run 1 in (Fig 4. 26) and Run 2 in (Fig 4. 27) 

simulation cases, with using 5 more grid analysis. In each case of grid analysis, 

the numbers of 80 divisions used for current simulation at a good mesh design 

and high resolution with accuracy in the grid dependency sensitivities. 

 
 

 

Figure 4. 26 Run 1 grid dependency and analysis 
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Figure 4. 27 Run 2 grid dependency and analysis 

 

4.4 Conclusion 

In this chapter, the presented 10 simulations cases of turbulent flow in an open 

channel where bed is covered with vegetation are explained. Calculations of 

velocity profile based on the developed CD equation, are used to validate the 

analytical model by running simulation cases. The different parameters which 

affect the drag coefficient of the cylinders clearly show the presence of the 

vegetation affect, it can be argued that this subject requires further study in the 

case of the flexible vegetation types due to its complex bending. This study 

argued the velocity distribution changes due to staggered arrangement of the 
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cylinders and the spacing between the, where the distribution of kinetic energy 

dissipation rate on the cylinders reveal low values near the bottom of the channels 

which increase as it moves toward the top of the cylinders. The flow conditions 

were investigated computationally using a CFD code Ansys Fluent, these 

conclusions were drawn: (1) In vegetated flows, almost all the vertical profiles of 

the mean streamwise velocity showed a sharp inflection point at the top of the 

short submerged vegetation layer, with sharpness increasing slightly with the 

increase of the initial Reynolds number. The inflection was due to the vertical 

exchange of momentum between the flow at the top of short submerged 

vegetation and the overlying flow. The interaction of slow and fast flows over 

different layers near the top of short vegetation generated a velocity gradient and 

resulted in a significant mixing layer in this region. (2) Within the short submerged 

vegetation layer, the mean streamwise velocity significantly decreased due to the 

low density of vegetation arrangement, as compared to that in the upper 

vegetation layer, which had a relatively high density of vegetation with a sparse 

vegetation arrangement can induce different results. (3) In the regions directly 

behind the vegetation structures, the flow velocity of analytical models is not as 

accurate as it is for the numerical work compared to collected experimental data 

which is common. (4) The streamwise velocities rose in the vegetation region for 

the vegetated layer flow, as compared to the upstream and downstream regions 

without vegetation. The flow velocities followed distributions in the longitudinal 

section within the vegetation region, where the velocity fluctuation in the upper 

vegetation layer slightly increased with the initial Reynolds number. The addition 

of a short-submerged vegetation layer is different compared within an emergent 

vegetation arrangement which resulted in an increase in flow resistance 

(Jiménez-Hornero et al., 2007). This arrangement of vegetated layers can be 

used as an effective measure for river engineering problems with high numbers 

of vegetation or in some cases with coastal mitigations if it’s argued more in future 

cases, which is easy to construct in the field as compared to dense emergent 

vegetation. The potential of the two-layer vegetation arrangement to provide 

resistance against a complex case such coastal cases to river channel flow needs 

further investigation based on 3D study. The turbulence flow characteristics 

needs fundamental understanding of the effectiveness of this study to enhance 

the knowledge when designing vegetated channels and the planning of flood 
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protection and vegetation-based defence systems (Li et al., 2014). The 

comparison of RANS simulations (using developed equation for the bulk drag 

coefficients with collected experimental values) almost saw a difference in the 

velocity profile curves. This is because they indicate a different match due to 

changes in parameters which affect the drag coefficient as explained. For the 

densest vegetation cases, RANS slightly underestimate the flow resistance, 

however the specific cylinder drag coefficient was provided from the high- 

resolution results. This should be attributed to the fact that in RANS; strong 

streamwise and spanwise velocity gradients with the highest vegetation 

density, that are prevailing in flow, have not reproduced the same 

characteristics. The RANS simulations which use a constant bulk drag 

coefficient of CD with continuous values usually underestimate the flow 

resistance. This miscalculation of flow resistance proves to be more severe 

with increasing vegetation density and in turn the maximum error becomes 

high. However, the lower density cases are instead further able to support the 

hypothesis, especially in the cases mentioned in the previous discussion 

section. Overall, when employing a vegetation closure model in RANS 

simulations, clear knowledge of the bulk drag coefficient is found to be 

important. This study shows that if a drag coefficient of unity were to be used 

for simulations of the flow through stem vegetation (submerged cylinders), 

the head loss in the system would be significantly underpredicted. This would 

especially be the case at high vegetation density or low stem Reynolds 

numbers. The velocity profiles computed against measured data along with 

simulation runs are in good agreement based on developed equations 

mentioned. 
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Chapter 5: CONCLUSION AND FUTURE WORK 

 

5.1 Conclusion 

Vegetated flow is important in open channels and riverbeds, especially during the 

rainy season when flooding is likely to occur, and the vegetation will hinder the 

flow. This study was investigating a proposed model to represent velocity 

distribution with two or three layers based on a developed equation for drag 

coefficient which was influenced under multi parameters. The velocity profile in 

the free water and vegetated layers followed log law in the vegetated flow, which 

can be effected by vegetation density. For large vegetation densities, the dense 

stems formed a relatively solid boundary preventing upper flow from penetrating 

into the riverbeds, the flow would be forced up from lower vegetated layers to 

travel through the upper free water layer. Vegetation with high densities generate 

large turbulence values because shear at vegetated flow interface increases due 

to higher flow resistance in a vegetated area (Nezu and Onitsuka, 2001). The 

drag coefficient CD is a crucial parameter to present the velocity profile for both 

layers. Velocity profile in the free water layer depends upon the formulas in the 

lower vegetation layer which are influenced by the vegetation density changes. 

Alternatively, flow resistance is more complex when vegetation density is high, 

but flow resistance is supportive when the vegetation density is low therefore, the 

effect of the “soft riverbed” formed by the vegetation would become much 

stronger. This study investigated the presence of submerged flexible vegetation 

in wetlands and rivers, noting that it has impacts on physical and biological 

processes in aquatic environments (Kleeberg et al., 2010). In vegetated open 

channel flows, the vegetation-induced drag reduces flow discharge in channels 

and increases the resistance. The numerical and analytical studies have been 

undertaken exploring and comparing collected experimental data for submerged 

vegetation based on drag coefficient equations which is influenced by Reynolds 

number, Froude number, vegetation density and submergence ratio. This study 

is focused on evaluating the flow resistance induced by vegetation in submerged 

flow conditions. The developed analytical approach was to estimate bulk flow 

velocity for rigid and flexible vegetation in submerged flow conditions. A series of 

different trials carried out to simulate the results for the flexible submerged 

vegetated flows in an open channel, based on modelled work for rigid rods 
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(cylinders) with different configurations. For submerged flows, the flow velocity 

inside the vegetation layer is significantly smaller than inside the surface layer, a 

near-constant velocity dominates inside the vegetation layer and increases near 

the interface. There is a sudden change in the shape of the velocity profile near 

the top edge of the vegetation, indicating a two-layer velocity distribution for 

shallow flow conditions. The results showed for both emergent and submerged 

cases, that the flow velocity is strongly dependent on vegetation density. For 

depth-limited flow conditions over rigid vegetation, the existence of roughness 

sublayer could cause flow instability near the vegetation interface (White and 

Nepf, 2007). The vegetation parameter was defined by considering effects of 

vegetation size and density, as well as channel geometry based on the Reynolds 

number that is defined using a vegetation-related to drag coefficient. This study 

put forward a representative roughness height for the description of resistance of 

vegetated open channel flows, by considering the relative blockage caused by 

submerged vegetation. This study achieved good agreements between analytical 

and numerical work compared to collected previous measured works which 

normalises velocity profiles for depth-limited open channel flows with submerged 

vegetation. The influence of drag coefficients in RANS models which was 

carried out as the first investigation was significant in this research area. The 

RANS simulations performed herein demonstrated that  the  drag  coefficient 

(an empirical parameter) is vital to the accuracy of RANS simulations of flow 

through vegetation (Kim, 2011). At high vegetation densities, if higher or lower 

values of CD were used, the flow  resistance  would  be  severely 

underestimated, due to these dense levels of vegetation. In flow through 

submerged vegetation stems, bed friction is assumed to be negligibly small   

and measurements of drag coefficients lump the bed friction into  the  

vegetation drag. In order to bypass the dependency of numerical simulations    

of flow through vegetation on an empirical parameter (for more complex 

vegetation arrangements than the ones presented herein),  the  proposed  

model was introduced and evaluated (Jiménez-Hornero et al., 2007). It can 

compute vegetation drag for complex vegetation arrangements; with 

considerably less computational effort than results indicated here, in terms of 

predicting bulk drag coefficients, the proposed method provides reasonable 

accuracy (Chen and Zou, 2019). The stagnation point and the recirculation 
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region behind the cylinder are resolved in a satisfactory manner, and the 

mismatch in recirculation length is blatant. Finally, the computational costs of 

the different simulation approaches are an important factor that should be 

considered (Whittaker et al., 2015). The RANS simulations were run on very 

coarse grids and a fully converged steady simulation. The study investigated 

a developed equation for drag coefficient, to present the velocity profile in 

vegetated and free water layers by analytical work and validated the results 

by running numerical simulations cases. 
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5.2 Future work 

The future aim is to predict totally flexible vegetation in 3D turbulent field based 

on Shino Knight model by proposing an improved three-layer analytical work 

(Rezaei and Knight, 2010). The proposed method will be compared to other 

researcher’s experimental data in various vegetated flows and adopt the theory 

of a large-deflection cantilever beam in this consideration. This model will be 

constructed by accounting all the basic hydraulic parameters (e.g. energy slope 

and water depth) and vegetation parameters (e.g. vegetation density, deflection 

height, module of elasticity and cross-sectional shape of the stems) based on 

both types of artificial and natural vegetations in open channel flows (Scanlon et 

al., 2002). Experimental work will be carried out to investigate this model using 

both types of flexible and rigid artificial stems. The velocity profile will be 

measured by Acoustic Doppler Velocimeter (ADV) to compare the results with 

developed model work (Blanckaert and Lemmin, 2006). The proportionality 

coefficients and penetration length scale of submerged canopy in the proposed 

model will be determined from previous studies and measured empirical data 

(Hurther and Lemmin, 2001). Based on modification of Shino Knight Model 

(SKM), a new approach to estimate stage discharge relationships will be relatively 

straight-forward to use and give results with good agreement in a wide range of 

experimental data work for flows in both simple and compound channels (Shiono 

and Knight, 1991; Rameshwaran and Shiono, 2007). The new approach will be 

used to predict total and zonal discharges for a given flow depth in river channels, 

flood plains and predicting shear force on any wall boundary with reasonable 

accuracy. In addition, the SKM model will be extended to depth-averaged velocity 

and boundary shear stress distributions in compound channel with non-prismatic 

floodplains (Knight and Tang, 2008). The shear stress term in the modified SKM 

model will be constructed with the momentum transfers, velocity and bed shear 

stress analytically. The future experimental work in the laboratory will be 

considered to examine effects of artificial vegetation stems on suspended 

sediment concentration profiles in vegetated shallow flow conditions. The impact 

of vegetation on the bed load transport and the bed form could also be 

investigated through experimental work (Strom and Papanicolaou, 2007). 
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APPENDIX 

Compilation of Experimental Data of Open Channel Flows with Submerged Vegetation 

 
 

(A) Rigid vegetation 

No. Run  
Q 

(m /s) 

B 

(m) 

H 

(m) 
S   

d
 

(m) 

hv 

(m) 

N 

(/m2) 
Shimizu et al. R1 R21 0.002073 0.5 0.0636 0.00066 0.00785 0.001 0.041 9995 
(1991) R2 R22 0.003486 0.5 0.073 0.00108 0.00785 0.001 0.041 9995 

 R3 R23 0.004786 0.5 0.0883 0.0009 0.00785 0.001 0.041 9995 
 R4 R24 0.006058 0.5 0.0948 0.001 0.00785 0.001 0.041 9995 
 R5 R25 0.007736 0.5 0.1054 0.00099 0.00785 0.001 0.041 9995 
 R6 R31 0.003537 0.5 0.0631 0.00164 0.00785 0.001 0.041 9995 
 R7 R32 0.00518 0.5 0.0747 0.00213 0.00785 0.001 0.041 9995 
 R8 R33 0.006841 0.5 0.0842 0.00201 0.00785 0.001 0.041 9995 
 R9 R34 0.008558 0.5 0.0941 0.00183 0.00785 0.001 0.041 9995 
 R10 R35 0.010552 0.5 0.1061 0.00176 0.00785 0.001 0.041 9995 
 R11 R41 0.004784 0.5 0.0659 0.00233 0.00785 0.001 0.041 9995 
 R12 R42 0.006306 0.5 0.0735 0.00263 0.00785 0.001 0.041 9995 
 R13 R43 0.008508 0.5 0.0847 0.00304 0.00785 0.001 0.041 9995 
 R14 R44 0.010512 0.5 0.0953 0.00256 0.00785 0.001 0.041 9995 
 R15 R45 0.014154 0.5 0.1026 0.0032 0.00785 0.001 0.041 9995 
 R16 R51 0.006129 0.5 0.0659 0.00455 0.00785 0.001 0.041 9995 
 R17 R52 0.007541 0.5 0.0739 0.00455 0.00785 0.001 0.041 9995 
 R18 R53 0.009802 0.5 0.0841 0.00435 0.00785 0.001 0.041 9995 
 R19 R54 0.012944 0.5 0.0956 0.00435 0.00785 0.001 0.041 9995 
 R20 R55 0.016022 0.5 0.1052 0.00476 0.00785 0.001 0.041 9995 
 R21 A11 0.005035 0.4 0.095 0.001 0.00442 0.0015 0.046 2501 
 R22 A12 0.003511 0.4 0.0749 0.001 0.00442 0.0015 0.046 2501 
 R23 A31 0.007334 0.4 0.0936 0.003 0.00442 0.0015 0.046 2501 
 R24 A32 0.005274 0.4 0.0735 0.003 0.00442 0.0015 0.046 2501 
 R25 A34 0.00216 0.4 0.05 0.003 0.00442 0.0015 0.046 2501 
 R26 A35 0.002806 0.4 0.0568 0.003 0.00442 0.0015 0.046 2501 
 R27 A71 0.011832 0.4 0.0895 0.007 0.00442 0.0015 0.046 2501 
 R28 A72 0.007761 0.4 0.0727 0.007 0.00442 0.0015 0.046 2501 

Dunn et al. R29 1 0.179 0.91 0.335 0.0036 0.005436 0.00635 0.1175 172 

(1996) R30 2 0.088 0.91 0.229 0.0036 0.005436 0.00635 0.1175 172 
 R31 3 0.046 0.91 0.164 0.0036 0.005436 0.00635 0.1175 172 
 R32 4 0.178 0.91 0.276 0.0076 0.005436 0.00635 0.1175 172 
 R33 5 0.098 0.91 0.203 0.0076 0.005436 0.00635 0.1175 172 
 R34 6 0.178 0.91 0.267 0.0036 0.001362 0.00635 0.1175 43 
 R35 7 0.095 0.91 0.183 0.0036 0.001362 0.00635 0.1175 43 
 R36 8 0.18 0.91 0.391 0.0036 0.012269 0.00635 0.1175 387 
 R37 9 0.058 0.91 0.214 0.0036 0.012269 0.00635 0.1175 387 
 R38 10 0.18 0.91 0.265 0.0161 0.012269 0.00635 0.1175 387 
 R39 11 0.177 0.91 0.311 0.0036 0.003067 0.00635 0.1175 97 
 R40 12 0.181 0.91 0.233 0.0108 0.003067 0.00635 0.1175 97 

Meijer (1998) R41 1 1.0395 3 1.98 0.00109 0.012868 0.008 1.5 256 

[see Baptist R42 2 1.39101 3 1.99 0.0018 0.012868 0.008 1.5 256 

(2005)] R43 3 1.39284 3 2.19 0.00095 0.012868 0.008 1.5 256 
 R44 4 1.56366 3 2.19 0.00125 0.012868 0.008 1.5 256 
 R45 5 1.7061 3 2.35 0.00081 0.012868 0.008 1.5 256 
 R46 6 2.35563 3 2.33 0.00154 0.012868 0.008 1.5 256 
 R47 7 1.9125 3 2.5 0.00065 0.012868 0.008 1.5 256 
 R48 8 2.72688 3 2.47 0.00143 0.012868 0.008 1.5 256 
 R49 9 1.86327 3 2.01 0.00106 0.003217 0.008 1.5 64 
 R50 10 2.52657 3 2.01 0.00193 0.003217 0.008 1.5 64 
 R51 11 2.2902 3 2.2 0.00101 0.003217 0.008 1.5 64 
 R52 12 3.07476 3 2.19 0.00188 0.003217 0.008 1.5 64 
 R53 13 2.6226 3 2.35 0.00093 0.003217 0.008 1.5 64 
 R54 14 3.45807 3 2.31 0.00187 0.003217 0.008 1.5 64 
 R55 15 2.90904 3 2.48 0.00094 0.003217 0.008 1.5 64 
 R56 16 3.9483 3 2.46 0.00178 0.003217 0.008 1.5 64 
 R57 17 1.12344 3 1.51 0.00107 0.012868 0.008 0.9 256 
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 R58 18 1.6188 3 1.52 0.00204 0.012868 0.008 0.9 256 
 R59 19 1.79733 3 1.81 0.00085 0.012868 0.008 0.9 256 
 R60 20 2.5542 3 1.8 0.00165 0.012868 0.008 0.9 256 
 R61 21 2.52681 3 2.09 0.00071 0.012868 0.008 0.9 256 
 R62 22 3.61779 3 2.09 0.00138 0.012868 0.008 0.9 256 
 R63 23 3.72 3 2.48 0.00055 0.012868 0.008 0.9 256 
 R64 24 5.96304 3 2.46 0.00149 0.012868 0.008 0.9 256 
 R65 25 1.74858 3 1.51 0.00103 0.003217 0.008 0.9 64 
 R66 26 2.52624 3 1.52 0.00205 0.003217 0.008 0.9 64 
 R67 27 2.50323 3 1.81 0.00085 0.003217 0.008 0.9 64 
 R68 28 3.52974 3 1.78 0.0018 0.003217 0.008 0.9 64 
 R69 29 3.3831 3 2.1 0.00075 0.003217 0.008 0.9 64 
 R70 30 4.72152 3 2.06 0.00164 0.003217 0.008 0.9 64 
 R71 31 4.77945 3 2.47 0.00071 0.003217 0.008 0.9 64 
 R72 32 6.68382 3 2.47 0.00143 0.003217 0.008 0.9 64 
 R73 33 0.86598 3 1.02 0.00078 0.012868 0.008 0.45 256 
 R74 34 1.30977 3 0.99 0.00164 0.012868 0.008 0.45 256 
 R75 35 2.08833 3 1.51 0.00059 0.012868 0.008 0.45 256 
 R76 36 3.06 3 1.5 0.00138 0.012868 0.008 0.45 256 
 R77 37 3.7422 3 1.98 0.00058 0.012868 0.008 0.45 256 
 R78 38 5.62374 3 1.99 0.00142 0.012868 0.008 0.45 256 
 R79 39 5.91876 3 2.46 0.0007 0.012868 0.008 0.45 256 
 R80 40 7.17867 3 2.49 0.0009 0.012868 0.008 0.45 256 
 R81 41 1.34028 3 1.02 0.00075 0.003217 0.008 0.45 64 
 R82 42 1.983 3 1 0.00187 0.003217 0.008 0.45 64 
 R83 43 2.808 3 1.5 0.00069 0.003217 0.008 0.45 64 
 R84 44 4.7745 3 1.5 0.00199 0.003217 0.008 0.45 64 
 R85 45 5.73 3 2 0.00099 0.003217 0.008 0.45 64 
 R86 46 7.314 3 2 0.00159 0.003217 0.008 0.45 64 
 R87 47 6.56952 3 2.48 0.00063 0.003217 0.008 0.45 64 
 R88 48 8.97966 3 2.41 0.00127 0.003217 0.008 0.45 64 

Stone and Shen R89 S9 5.70E-03 0.45 0.151 2.32E-03 0.061 0.013 0.124 460 

(2002) R90 S22 3.20E-03 0.45 0.155 9.10E-04 0.061 0.013 0.124 460 

[see Stone R91 S23 4.80E-03 0.45 0.155 1.59E-03 0.061 0.013 0.124 460 

(1997)] R92 S24 8.20E-03 0.45 0.155 4.06E-03 0.061 0.013 0.124 460 
 R93 S25 0.011 0.45 0.155 7.61E-03 0.061 0.013 0.124 460 
 R94 S26 0.017 0.45 0.155 0.017 0.061 0.013 0.124 460 
 R95 S27 0.026 0.45 0.155 0.032 0.061 0.013 0.124 460 
 R96 S28 2.40E-03 0.45 0.155 5.50E-04 0.061 0.013 0.124 460 
 R97 S51 2.70E-03 0.45 0.153 5.90E-04 0.061 0.013 0.124 460 
 R98 S52 4.30E-03 0.45 0.155 1.44E-03 0.061 0.013 0.124 460 
 R99 S53 7.10E-03 0.45 0.155 3.34E-03 0.061 0.013 0.124 460 
 R100 S54 0.029 0.45 0.155 0.044 0.061 0.013 0.124 460 
 R101 S29 4.50E-03 0.45 0.206 4.50E-04 0.061 0.013 0.124 460 
 R102 S30 6.00E-03 0.45 0.207 6.30E-04 0.061 0.013 0.124 460 
 R103 S31 8.70E-03 0.45 0.205 9.40E-04 0.061 0.013 0.124 460 
 R104 S32 0.012 0.45 0.205 1.98E-03 0.061 0.013 0.124 460 
 R105 S33 0.018 0.45 0.206 4.45E-03 0.061 0.013 0.124 460 
 R106 S34 0.029 0.45 0.207 0.012 0.061 0.013 0.124 460 
 R107 S35 0.023 0.45 0.207 7.42E-03 0.061 0.013 0.124 460 
 R108 S36 6.90E-03 0.45 0.207 8.10E-04 0.061 0.013 0.124 460 
 R109 S46 5.00E-03 0.45 0.206 5.90E-04 0.061 0.013 0.124 460 
 R110 S47 6.60E-03 0.45 0.209 5.40E-04 0.061 0.013 0.124 460 
 R111 S48 8.00E-03 0.45 0.206 9.00E-04 0.061 0.013 0.124 460 
 R112 S49 9.20E-03 0.45 0.207 1.17E-03 0.061 0.013 0.124 460 
 R113 S50 0.011 0.45 0.212 1.34E-03 0.061 0.013 0.124 460 
 R114 S37 0.01 0.45 0.311 3.60E-04 0.061 0.013 0.124 460 
 R115 S38 0.011 0.45 0.308 5.40E-04 0.061 0.013 0.124 460 
 R116 S39 0.016 0.45 0.308 7.60E-04 0.061 0.013 0.124 460 
 R117 S40 0.021 0.45 0.311 9.30E-04 0.061 0.013 0.124 460 
 R118 S41 0.013 0.45 0.314 4.00E-04 0.061 0.013 0.124 460 
 R119 S42 0.028 0.45 0.308 1.88E-03 0.061 0.013 0.124 460 
 R120 S43 0.013 0.45 0.308 3.50E-04 0.061 0.013 0.124 460 
 R121 S44 0.011 0.45 0.308 4.70E-04 0.061 0.013 0.124 460 
 R122 S45 0.015 0.45 0.311 5.40E-04 0.061 0.013 0.124 460 
 R123 S66 3.80E-03 0.45 0.155 3.50E-04 0.022 0.013 0.124 166 
 R124 S67 4.90E-03 0.45 0.155 5.80E-04 0.022 0.013 0.124 166 
 R125 S68 7.10E-03 0.45 0.155 1.03E-03 0.022 0.013 0.124 166 
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R126 S69 8.90E-03 0.45 0.155 1.70E-03 0.022 0.013 0.124 166 
R127 S70 0.011 0.45 0.155 2.75E-03 0.022 0.013 0.124 166 

R128 S71 0.017 0.45 0.155 5.23E-03 0.022 0.013 0.124 166 

R129 S72 0.028 0.45 0.155 0.014 0.022 0.013 0.124 166 
R130 S90 0.018 0.45 0.155 5.68E-03 0.022 0.013 0.124 166 

R131 S91 0.021 0.45 0.155 8.38E-03 0.022 0.013 0.124 166 

R132 S94 0.023 0.45 0.155 0.01 0.022 0.013 0.124 166 

R133 S95 0.015 0.45 0.155 4.52E-03 0.022 0.013 0.124 166 

R134 S99 6.60E-03 0.45 0.155 9.80E-04 0.022 0.013 0.124 166 
R135 S109 8.90E-03 0.45 0.155 2.07E-03 0.022 0.013 0.124 166 

R136 S110 7.10E-03 0.45 0.155 1.18E-03 0.022 0.013 0.124 166 

R137 S119 0.013 0.45 0.155 3.14E-03 0.022 0.013 0.124 166 

R138 S120 0.019 0.45 0.155 6.79E-03 0.022 0.013 0.124 166 
R139 S121 0.023 0.45 0.155 9.52E-03 0.022 0.013 0.124 166 

R140 S73 4.60E-03 0.45 0.207 2.30E-04 0.022 0.013 0.124 166 

R141 S74 5.90E-03 0.45 0.207 2.70E-04 0.022 0.013 0.124 166 

R142 S75 6.90E-03 0.45 0.207 3.60E-04 0.022 0.013 0.124 166 
R143 S76 8.10E-03 0.45 0.207 6.30E-04 0.022 0.013 0.124 166 

R144 S77 9.40E-03 0.45 0.207 5.30E-04 0.022 0.013 0.124 166 

R145 S78 0.011 0.45 0.207 7.10E-04 0.022 0.013 0.124 166 

R146 S79 0.017 0.45 0.207 1.53E-03 0.022 0.013 0.124 166 

R147 SS0 0.029 0.45 0.207 4.28E-03 0.022 0.013 0.124 166 
R148 S92 0.025 0.45 0.207 3.82E-03 0.022 0.013 0.124 166 

R149 S93 0.021 0.45 0.207 2.34E-03 0.022 0.013 0.124 166 

R150 S97 6.80E-03 0.45 0.207 3.50E-04 0.022 0.013 0.124 166 

R151 S98 0.015 0.45 0.207 1.23E-03 0.022 0.013 0.124 166 
R152 S108 7.70E-03 0.45 0.207 5.40E-04 0.022 0.013 0.124 166 

R153 S126 0.013 0.45 0.207 8.90E-04 0.022 0.013 0.124 166 

R154 S127 0.019 0.45 0.207 1.95E-03 0.022 0.013 0.124 166 

R155 S128 0.024 0.45 0.207 3.63E-03 0.022 0.013 0.124 166 
R156 S81 0.011 0.45 0.308 4.50E-04 0.022 0.013 0.124 166 

R157 S82 9.50E-03 0.45 0.308 9.00E-05 0.022 0.013 0.124 166 

R158 S83 0.013 0.45 0.308 3.60E-04 0.022 0.013 0.124 166 

R159 S84 0.015 0.45 0.308 4.50E-04 0.022 0.013 0.124 166 
R160 S85 0.017 0.45 0.308 5.40E-04 0.022 0.013 0.124 166 

R161 S86 0.027 0.45 0.308 7.90E-04 0.022 0.013 0.124 166 

R162 S101 0.029 0.45 0.308 1.47E-03 0.022 0.013 0.124 166 

R163 S122 0.012 0.45 0.308 2.20E-04 0.022 0.013 0.124 166 
R164 S123 0.019 0.45 0.308 4.00E-04 0.022 0.013 0.124 166 

R165 S124 0.024 0.45 0.308 6.60E-04 0.022 0.013 0.124 166 

R166 S146 6.60E-03 0.45 0.155 9.80E-04 5.50E-03 3.18E-03 0.124 692 

R167 S147 7.60E-03 0.45 0.155 1.16E-03 5.50E-03 3.18E-03 0.124 692 
R168 S148 0.01 0.45 0.155 1.87E-03 5.50E-03 3.18E-03 0.124 692 

R169 S149 0.014 0.45 0.155 4.57E-03 5.50E-03 3.18E-03 0.124 692 

R170 S150 0.019 0.45 0.155 4.43E-03 5.50E-03 3.18E-03 0.124 692 

R171 S151 0.028 0.45 0.155 0.011 5.50E-03 3.18E-03 0.124 692 
R172 S153 5.50E-03 0.45 0.155 5.40E-04 5.50E-03 3.18E-03 0.124 692 

R173 S154 0.011 0.45 0.155 2.05E-03 5.50E-03 3.18E-03 0.124 692 

R174 S155 3.90E-03 0.45 0.154 2.60E-04 5.50E-03 3.18E-03 0.124 692 
R175 S156 0.022 0.45 0.155 6.76E-03 5.50E-03 3.18E-03 0.124 692 

R176 RS146 6.10E-03 0.45 0.155 7.60E-04 5.50E-03 3.18E-03 0.124 692 

R177 RS147 7.50E-03 0.45 0.155 8.40E-04 5.50E-03 3.18E-03 0.124 692 

R178 RS148 0.01 0.45 0.155 1.73E-03 5.50E-03 3.18E-03 0.124 692 
R179 RS154 0.011 0.45 0.155 1.87E-03 5.50E-03 3.18E-03 0.124 692 

R180 RS156 0.022 0.45 0.155 6.94E-03 5.50E-03 3.18E-03 0.124 692 

R181 S157 3.70E-03 0.45 0.207 2.70E-04 5.50E-03 3.18E-03 0.124 692 

R182 S158 6.70E-03 0.45 0.208 1.70E-04 5.50E-03 3.18E-03 0.124 692 
R183 S159 0.011 0.45 0.209 5.30E-04 5.50E-03 3.18E-03 0.124 692 

R184 S160 0.014 0.45 0.206 1.06E-03 5.50E-03 3.18E-03 0.124 692 

R185 S161 0.028 0.45 0.206 3.72E-03 5.50E-03 3.18E-03 0.124 692 

R186 S167 0.022 0.45 0.207 2.31E-03 5.50E-03 3.18E-03 0.124 692 
R187 S168 0.024 0.45 0.206 2.73E-03 5.50E-03 3.18E-03 0.124 692 

R188 S170 0.019 0.45 0.208 1.62E-03 5.50E-03 3.18E-03 0.124 692 

R189 S171 8.90E-03 0.45 0.205 2.60E-04 5.50E-03 3.18E-03 0.124 692 

R190 S172 0.027 0.45 0.205 3.65E-03 5.50E-03 3.18E-03 0.124 692 

R191 S173 0.054 0.45 0.205 0.015 5.50E-03 3.18E-03 0.124 692 
R192 S162 0.016 0.45 0.308 4.00E-04 5.50E-03 3.18E-03 0.124 692 

R193 S163 0.022 0.45 0.308 5.70E-04 5.50E-03 3.18E-03 0.124 692 



127  

 
 
 
 

 R194 S164 0.027 0.45 0.308 8.80E-04 5.50E-03 3.18E-03 0.124 692 
R195 S165 0.042 0.45 0.308 2.03E-03 5.50E-03 3.18E-03 0.124 692 

R196 S166 0.065 0.45 0.308 5.22E-03 5.50E-03 3.18E-03 0.124 692 

R197 S169 0.024 0.45 0.311 5.30E-04 5.50E-03 3.18E-03 0.124 692 
R198 S174 9.80E-03 0.45 0.308 9.00E-05 5.50E-03 3.18E-03 0.124 692 

R199 S175 0.017 0.45 0.308 1.70E-04 5.50E-03 3.18E-03 0.124 692 

R200 S176 0.027 0.45 0.308 8.80E-04 5.50E-03 3.18E-03 0.124 692 

R201 S177 0.054 0.45 0.311 3.08E-03 5.50E-03 3.18E-03 0.124 692 

R202 S207 0.011 0.45 0.155 1.08E-03 5.50E-03 6.35E-03 0.124 174 
R203 S208 0.027 0.45 0.155 7.03E-03 5.50E-03 6.35E-03 0.124 174 

R204 S209 0.02 0.45 0.155 4.13E-03 5.50E-03 6.35E-03 0.124 174 

R205 S211 0.017 0.45 0.155 2.55E-03 5.50E-03 6.35E-03 0.124 174 

R206 S212 9.50E-03 0.45 0.155 8.30E-04 5.50E-03 6.35E-03 0.124 174 
R207 S210 8.70E-03 0.45 0.205 2.60E-04 5.50E-03 6.35E-03 0.124 174 

R208 S213 0.014 0.45 0.205 6.10E-04 5.50E-03 6.35E-03 0.124 174 

R209 S214 0.02 0.45 0.205 1.27E-03 5.50E-03 6.35E-03 0.124 174 

R210 S215 0.028 0.45 0.205 2.39E-03 5.50E-03 6.35E-03 0.124 174 
R211 S216 0.039 0.45 0.205 4.94E-03 5.50E-03 6.35E-03 0.124 174 

R212 S217 0.058 0.45 0.205 9.51E-03 5.50E-03 6.35E-03 0.124 174 

R213 S21S 0.021 0.45 0.31 3.40E-04 5.50E-03 6.35E-03 0.124 174 

R214 S219 0.028 0.45 0.31 4.50E-04 5.50E-03 6.35E-03 0.124 174 

R215 S220 0.04 0.45 0.31 1.17E-03 5.50E-03 6.35E-03 0.124 174 
R216 S221 0.057 0.45 0.31 2.57E-03 5.50E-03 6.35E-03 0.124 174 

Poggi et al. R217 D1 0.162 0.6 0.9 0.00004 0.000842 0.004 0.12 67 

(2004) R218 D2 0.162 0.6 0.9 0.00007 0.001684 0.004 0.12 134 
 R219 D3 0.162 0.6 0.9 0.00011 0.003368 0.004 0.12 268 
 R220 D4 0.162 0.6 0.9 0.00018 0.006736 0.004 0.12 536 
 R221 D5 0.162 0.6 0.9 0.00032 0.013471 0.004 0.12 1072 

Murphy et al. R222 A 0.0048 0.38 0.467 9.9E-06 0.011781 0.006 0.14 417 

(2007) R223 C 0.0074 0.38 0.467 0.000025 0.016022 0.006 0.14 567 
 R224 D 0.0048 0.38 0.467 0.000012 0.016022 0.006 0.14 567 
 R225 E 0.0143 0.38 0.467 0.000075 0.01885 0.006 0.14 667 
 R226 G 0.0048 0.38 0.467 0.000013 0.01885 0.006 0.14 667 
 R227 H 0.0143 0.38 0.467 0.0001 0.037699 0.006 0.14 1333 
 R228 I 0.0094 0.38 0.467 0.000034 0.037699 0.006 0.14 1333 
 R229 A6 0.0017 0.38 0.298 0.000003 0.011781 0.006 0.07 417 
 R230 B6 0.0094 0.38 0.298 8.04E-05 0.011781 0.006 0.07 417 
 R231 C6 0.0048 0.38 0.298 2.42E-05 0.011781 0.006 0.07 417 
 R232 A1 0.0017 0.38 0.236 1.06E-05 0.011781 0.006 0.07 417 
 R233 B1 0.0094 0.38 0.236 0.000116 0.011781 0.006 0.07 417 
 R234 C1 0.0048 0.38 0.236 4.27E-05 0.011781 0.006 0.07 417 
 R235 A2 0.0017 0.38 0.14 1.73E-05 0.011781 0.006 0.07 417 
 R236 B2 0.0094 0.38 0.14 0.000487 0.011781 0.006 0.07 417 
 R237 C2 0.0048 0.38 0.14 0.000301 0.011781 0.006 0.07 417 
 R238 A3 0.0017 0.38 0.105 0.000124 0.011781 0.006 0.07 417 
 R239 C3 0.0048 0.38 0.105 0.000666 0.011781 0.006 0.07 417 
 R240 A5 0.0017 0.38 0.088 0.000284 0.011781 0.006 0.07 417 
 R241 C5 0.0048 0.38 0.088 0.00134 0.011781 0.006 0.07 417 
 R242 C6D 0.0048 0.38 0.298 2.03E-05 0.037699 0.006 0.07 1333 
 R243 C2D 0.0048 0.38 0.14 0.000366 0.037699 0.006 0.07 1333 
 R244 A2D 0.0017 0.38 0.14 4.74E-05 0.037699 0.006 0.07 1333 
 R245 A3D 0.0017 0.38 0.105 0.000232 0.037699 0.006 0.07 1333 
Liu et al. (2008) R246 L1.4 0.0114 0.3 0.097 0.003 0.006136 0.00635 0.076 194 

 R247 L1.5 0.0114 0.3 0.101 0.003 0.012272 0.00635 0.076 388 
 R248 L1.6 0.0114 0.3 0.087 0.003 0.003068 0.00635 0.076 97 
 R249 L3.1 0.0114 0.3 0.114 0.003 0.015708 0.00635 0.076 496 
 R250 L3.2 0.0114 0.3 0.115 0.003 0.015708 0.00635 0.076 496 
 R251 L3.3 0.0114 0.3 0.118 0.003 0.015708 0.00635 0.076 496 
 R252 L3.4 0.0114 0.3 0.119 0.003 0.015708 0.00635 0.076 496 
 R253 L3.5 0.0114 0.3 0.114 0.003 0.015708 0.00635 0.076 496 
 R254 L3.6 0.0114 0.3 0.119 0.003 0.015708 0.00635 0.076 496 

Nezu and Sanjou R255 A-10 0.0072 0.4 0.15 0.000777 0.1848 0.008 0.05 3676 

(2008) R256 B-10 0.0072 0.4 0.15 0.000652 0.0924 0.008 0.05 1838 
 R257 C-10 0.0072 0.4 0.15 0.000544 0.0476 0.008 0.05 947 
 R258 C-21 0.0025 0.4 0.0625 0.001553 0.0476 0.008 0.05 947 
 R259 C-22 0.003 0.4 0.075 0.001165 0.0476 0.008 0.05 947 
 R260 C-23 0.004 0.4 0.1 0.000653 0.0476 0.008 0.05 947 
 R261 C-24 0.005 0.4 0.125 0.00046 0.0476 0.008 0.05 947 
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 R262 C-25 0.006 0.4 0.15 0.000364 0.0476 0.008 0.05 947 
 R263 C-26 0.008 0.4 0.2 0.000196 0.0476 0.008 0.05 947 

Yan (2008) R264 e1 0.0144 0.42 0.12 0.0128 0.056549 0.006 0.06 2000 
 R265 e2 0.0232 0.42 0.18 0.0048 0.056549 0.006 0.06 2000 
 R266 e3 0.031 0.42 0.24 0.0022 0.056549 0.006 0.06 2000 
 R267 e4 0.0378 0.42 0.3 0.0012 0.056549 0.006 0.06 2000 
 R268 f1 0.0146 0.42 0.12 0.0072 0.028274 0.006 0.06 1000 
 R269 f2 0.0227 0.42 0.18 0.0031 0.028274 0.006 0.06 1000 
 R270 f3 0.0302 0.42 0.24 0.0015 0.028274 0.006 0.06 1000 
 R271 f4 0.0368 0.42 0.3 0.0011 0.028274 0.006 0.06 1000 
 R272 g1 0.0151 0.42 0.12 0.0037 0.014137 0.006 0.06 500 
 R273 g2 0.0227 0.42 0.18 0.0026 0.014137 0.006 0.06 500 
 R274 g3 0.0302 0.42 0.24 0.0011 0.014137 0.006 0.06 500 
 R275 g4 0.0368 0.42 0.3 0.00065 0.014137 0.006 0.06 500 

Yang (2008) R276 RH2Q1 0.0075 0.45 0.075 0.00141 0.004398 0.002 0.035 1400 
 R277 RH2Q2 0.0105 0.45 0.075 0.00269 0.004398 0.002 0.035 1400 

 
(B) Flexible vegetation 

Kouwen et al. F1 1 0.002756 0.61 0.1506 0.0005 0.098175 0.005 0.1 5000 

(1969) F2 2 0.016956 0.61 0.2527 0.001 0.098175 0.005 0.1 5000 
 F3 3 0.085496 0.61 0.3819 0.003 0.098175 0.005 0.085 5000 
 F4 4 0.009081 0.61 0.1519 0.005 0.098175 0.005 0.1 5000 
 F5 7 0.013163 0.61 0.1509 0.01 0.098175 0.005 0.1 5000 
 F6 8 0.082736 0.61 0.2422 0.0094 0.098175 0.005 0.05 5000 
 F7 9 0.043805 0.61 0.3503 0.001 0.098175 0.005 0.1 5000 
 F8 10 0.04087 0.61 0.25 0.0049 0.098175 0.005 0.1 5000 
 F9 11 0.038064 0.61 0.4 0.0005 0.098175 0.005 0.1 5000 
 F10 12 0.019398 0.61 0.3 0.0005 0.098175 0.005 0.1 5000 
 F11 13 0.006479 0.61 0.1496 0.003 0.098175 0.005 0.1 5000 
 F12 14 0.006717 0.61 0.2002 0.0005 0.098175 0.005 0.1 5000 
 F13 15 0.049593 0.61 0.3 0.003 0.098175 0.005 0.095 5000 
 F14 16 0.009643 0.61 0.2001 0.001 0.098175 0.005 0.1 5000 
 F15 17 0.047949 0.61 0.199 0.01 0.098175 0.005 0.06 5000 
 F16 18 0.028379 0.61 0.3498 0.0005 0.098175 0.005 0.1 5000 
 F17 19 0.073151 0.61 0.2998 0.005 0.098175 0.005 0.075 5000 
 F18 20 0.028914 0.61 0.3 0.001 0.098175 0.005 0.1 5000 
 F19 21 0.01647 0.61 0.2 0.003 0.098175 0.005 0.1 5000 
 F20 22 0.02257 0.61 0.2 0.005 0.098175 0.005 0.1 5000 
 F21 24 0.113978 0.61 0.3486 0.005 0.098175 0.005 0.06 5000 
 F22 25 0.05568 0.61 0.3986 0.001 0.098175 0.005 0.09 5000 
 F23 26 0.01264 0.61 0.2527 0.0005 0.098175 0.005 0.1 5000 
 F24 27 0.075324 0.61 0.3508 0.003 0.098175 0.005 0.09 5000 
 F25 28 0.031014 0.61 0.2594 0.003 0.098175 0.005 0.1 5000 
 F26 29 0.142281 0.61 0.383 0.0049 0.098175 0.005 0.055 5000 
 F27 30 0.003729 0.61 0.1491 0.001 0.098175 0.005 0.1 5000 
Dunn et al. F28 13 0.179 0.91 0.367052 0.0036 0.005449 0.00635 0.152 172 

(1996) F29 14 0.18 0.91 0.231752 0.0101 0.005445 0.00635 0.115 172 
 F30 15 0.093 0.91 0.257085 0.0036 0.005432 0.00635 0.132 172 
 F31 16 0.179 0.91 0.230072 0.0036 0.001366 0.00635 0.097 43 
 F32 17 0.078 0.91 0.278509 0.0036 0.012284 0.00635 0.161 388 
 F33 18 0.179 0.91 0.283482 0.0101 0.012297 0.00635 0.121 388 

Jarvela (2003) F34 R4-1 0.04 1.1 0.306 0.0015 0.07389 0.0028 0.205 12000 
 F35 R4-2 0.1 1.1 0.3084 0.0036 0.07389 0.0028 0.155 12000 
 F36 R4-3 0.04 1.1 0.4065 0.0005 0.07389 0.0028 0.23 12000 
 F37 R4-4 0.1 1.1 0.4041 0.0013 0.07389 0.0028 0.19 12000 
 F38 R4-5 0.143 1.1 0.407 0.002 0.07389 0.0028 0.16 12000 
 F39 R4-6 0.04 1.1 0.5044 0.0002 0.07389 0.0028 0.245 12000 
 F40 R4-7 0.1 1.1 0.495 0.0006 0.07389 0.0028 0.22 12000 
 F41 R4-8 0.1 1.1 0.7065 0.0002 0.07389 0.0028 0.26 12000 
 F42 R4-9 0.143 1.1 0.7037 0.0003 0.07389 0.0028 0.215 12000 
 F43 S3-1 0.04 1.1 0.4003 0.0004 0.003619 0.003 0.295 512 
 F44 S3-2 0.1 1.1 0.3961 0.001 0.003619 0.003 0.2 512 
 F45 S3-3 0.143 1.1 0.3942 0.0018 0.003619 0.003 0.17 512 

Yang (2008) F46 FH1Q1 0.0075 0.45 0.055 0.00361 0.004398 0.002 0.0226 1400 
 F47 FH2Q1 0.0075 0.45 0.075 0.00151 0.004398 0.002 0.0275 1400 
 F48 FH2Q2 0.0105 0.45 0.075 0.00266 0.004398 0.002 0.0253 1400 
 F49 FH3Q1 0.0075 0.45 0.11 0.0007 0.004398 0.002 0.0339 1400 
 F50 FH3Q2 0.0105 0.45 0.11 0.00079 0.004398 0.002 0.0309 1400 
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Kubrak et al. F51 1.1.1 0.0433 0.58 0.2661 0.0087 0.005346 0.000825 0.163 10000 
(2008) F52 1.1.2 0.0384 0.58 0.2576 0.0087 0.005346 0.000825 0.163 10000 

 F53 1.1.3 0.0333 0.58 0.2475 0.0087 0.005346 0.000825 0.164 10000 
 F54 1.1.4 0.0274 0.58 0.2275 0.0087 0.005346 0.000825 0.164 10000 
 F55 1.2.1 0.0422 0.58 0.2236 0.0174 0.005346 0.000825 0.161 10000 
 F56 1.2.2 0.0385 0.58 0.2184 0.0174 0.005346 0.000825 0.162 10000 
 F57 1.2.3 0.0333 0.58 0.2068 0.0174 0.005346 0.000825 0.161 10000 
 F58 1.2.4 0.0274 0.58 0.1951 0.0174 0.005346 0.000825 0.162 10000 
 F59 2.1.1 0.0525 0.58 0.2386 0.0087 0.001336 0.000825 0.153 2500 
 F60 2.1.2 0.0425 0.58 0.2136 0.0087 0.001336 0.000825 0.154 2500 
 F61 2.1.3 0.0332 0.58 0.1935 0.0087 0.001336 0.000825 0.155 2500 
 F62 2.2.1 0.0751 0.58 0.2131 0.0174 0.001336 0.000825 0.132 2500 
 F63 2.2.2 0.065 0.58 0.1925 0.0174 0.001336 0.000825 0.131 2500 
 F64 2.2.3 0.0547 0.58 0.1799 0.0174 0.001336 0.000825 0.133 2500 
 F65 3.1.1 0.0605 0.58 0.2386 0.0087 0.001336 0.000825 0.151 2500 
 F66 3.1.2 0.0504 0.58 0.2234 0.0087 0.001336 0.000825 0.152 2500 
 F67 3.1.3 0.0408 0.58 0.2005 0.0087 0.001336 0.000825 0.153 2500 
 F68 3.2.1 0.0693 0.58 0.1962 0.0174 0.001336 0.000825 0.132 2500 
 F69 3.2.2 0.0555 0.58 0.1876 0.0174 0.001336 0.000825 0.139 2500 
 F70 4.1.1 0.0609 0.58 0.2421 0.0087 0.001336 0.000825 0.151 2500 
 F71 4.1.2 0.05 0.58 0.2246 0.0087 0.001336 0.000825 0.153 2500 
 F72 4.1.3 0.0408 0.58 0.2053 0.0087 0.001336 0.000825 0.156 2500 
 F73 4.2.1 0.0693 0.58 0.2077 0.0174 0.001336 0.000825 0.138 2500 
 F74 4.2.2 0.0466 0.58 0.1932 0.0174 0.001336 0.000825 0.142 2500 
 F75 4.2.3 0.0553 0.58 0.1806 0.0174 0.001336 0.000825 0.143 2500 
Okamoto and F76 L1.1 0.021 0.4 0.15 0.002409 0.0478 0.008 0.03 951 

Nezu (2010) F77 L1.2 0.018 0.4 0.15 0.002211 0.0478 0.008 0.034 951 
 F78 L1.3 0.015 0.4 0.15 0.001996 0.0478 0.008 0.036 951 
 F79 L1.4 0.012 0.4 0.15 0.001646 0.0478 0.008 0.04 951 
 F80 L1.5 0.0102 0.4 0.15 0.001414 0.0478 0.008 0.042 951 
 F81 L1.6 0.009 0.4 0.15 0.001127 0.0478 0.008 0.044 951 
 F82 L1.7 0.0072 0.4 0.15 0.000775 0.0478 0.008 0.046 951 
 F83 L1.8 0.006 0.4 0.15 0.00056 0.0478 0.008 0.049 951 
 F84 L2.1 0.0294 0.4 0.21 0.001489 0.0478 0.008 0.04 951 
 F85 L2.2 0.0252 0.4 0.21 0.001366 0.0478 0.008 0.045 951 
 F86 L2.3 0.021 0.4 0.21 0.001287 0.0478 0.008 0.051 951 
 F87 L2.4 0.0168 0.4 0.21 0.001058 0.0478 0.008 0.056 951 
 F88 L2.5 0.0143 0.4 0.21 0.000864 0.0478 0.008 0.058 951 
 F89 L2.6 0.0126 0.4 0.21 0.000737 0.0478 0.008 0.06 951 
 F90 L2.7 0.0101 0.4 0.21 0.000505 0.0478 0.008 0.063 951 
 F91 L2.8 0.0084 0.4 0.21 0.000382 0.0478 0.008 0.068 951 
 F92 L3.1 0.027 0.4 0.27 0.000623 0.0478 0.008 0.054 951 
 F93 L3.2 0.0216 0.4 0.27 0.000541 0.0478 0.008 0.06 951 
 F94 L3.3 0.0184 0.4 0.27 0.000486 0.0478 0.008 0.065 951 
 F95 L3.4 0.0162 0.4 0.27 0.000439 0.0478 0.008 0.071 951 
 F96 L3.5 0.013 0.4 0.27 0.000333 0.0478 0.008 0.075 951 
 F97 L3.6 0.0108 0.4 0.27 0.000238 0.0478 0.008 0.078 951 
 F98 L4.1 0.0315 0.4 0.315 0.00041 0.0478 0.008 0.064 951 
 F99 L4.2 0.0252 0.4 0.315 0.00039 0.0478 0.008 0.068 951 
 F100 L4.3 0.0214 0.4 0.315 0.000376 0.0478 0.008 0.076 951 
 F101 L4.4 0.0189 0.4 0.315 0.000331 0.0478 0.008 0.081 951 
 F102 L4.5 0.0151 0.4 0.315 0.000249 0.0478 0.008 0.084 951 
 F103 L4.6 0.0126 0.4 0.315 0.00019 0.0478 0.008 0.096 951 
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NUMERICAL DESIGN WORK 

Geometry work and detailed steps: 
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The Domain Mesh sizes and detailed steps: 
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The Single Cylinder Mesh and different Grid Sizes 
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Set up steps for residuals before results and solution steps: 
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The animation results: 
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The Final solution steps: 
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Ansys Fluent Software and CFD Post results in Fluent Environment: 
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