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ABSTRACT 

 

A new, analytical model of the vertical flow velocity profile of submerged vegetation has been developed. 

Velocity profile can be divided into three zones: linear zone which is closed to bed with linear velocity 

distribution, logarithmic zone which involves the main channel without vegetative cover and the middle zone 

(transition zone) that is affected by the momentum of upper zone. For the surface layer, Prandtl’s mixing length 

concept is adopted resulting in the well known logarithmic flow velocity profile. A new virtual roughness height 

concept is introduced for both logarithmic and vegetative zones, which accounts for the effect of vegetation on 

velocity distribution in these zones. 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=hp), velocity at the 

interface is obtained. This value is used as a reference value for obtaining velocity profile in vegetation zone 

using sub grid force equilibrium approach. 
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INTRODUCTION 

 

Computation of velocity distribution and 

discharge capacity in vegetated waterways is 

central to many river and flood protection-

engineering projects. Vegetation in river and 

channel banks alters velocity distribution in 

vegetated zones of these waterways. 

Additional flow resistance due to drag force 

induced by vegetation canopy is responsible 

for energy losses. Many theories were put 

forward for computation of velocity 

distribution in vegetated zone, The divided 

channel Method (DCM) which was proposed 

by Lotter (1933) acknowledges the lateral 

variation in boundary roughness, flow depth 

and hence velocity across the river /floodplain 

section. The researchers (e.g. Kaiser, 1984; 

Pasche, 1984; Bertram, 1985; Mertens, 1989;  

Nuding, 1991) latter modified DCM for use in 

partially vegetated channels. Empirical n-UR 

method which assumes unique relation 

between particular type of vegetation and 

Manning–Strickler roughness coefficient, was 

proved to be invalid by Kouwen and Li (1980) 

when the vegetation is short and stiff and slope 

is smaller than 0.05. Petryk and Bosmajian 

(1975) used force equilibrium approach for 

emergent plant conditions. They equated 

gravitational force with two resistant forces 

namely shear force and drag exerted by 

vegetation. The German Association for 

Hydraulic Engineering (DVWK, 1991) 

introduced hydraulic resistance method based 

on vegetation density. Researchers (e.g. 

Kouwen et al., 1969; Tsujimoto et al., 1992; 

Nepf and Vivoni, 1999) introduced log law for 

vegetated layer using undeflected plant height.  
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Burke and Stolzenbach (1983), Nakagawa et 

al. (1992), Shimizu and Tsujimoto (1994) and 

Lopez and Garcia (1997) used two-equation  

 

 

turbulence model for multi dimensional flow 

problems. This was first introduced by Wilson 

and Shaw (1977), with drag sink terms in 

momentum and turbulent transport equation. 

 

THE ANALYTICAL MODEL 

 
 

Vegetation Density () 

 

 =  Projected area of plant 

        Total Volume 

 

    =      dp  z 

          x y z 

 

    =      dp  

          x y 

 

Force Equilibrium Approach: Forces acting 

on cubical water element are as follows, 

 

1) Body force ( component of self weigh ): 

 

FG =  g S (x y z)                  (1) 

 

2) Shear Force ( FS ) 

 

FS = k+1 (x y) - k (x y) 

 

FS = (k+1 - k) x y                 OR 

O 

                                                                             

            

 

            

 

                                               (2)        

                                                            

 
 

3) Drag Force due to vegetation ( FD ): 

 

 

 

Where, 

 

N = No. of stems in a cell    = 1. 

 

A = Projected area of stem   = dP z  

 

U   =  Average cell velocity (Assumed   

           constant for small values of Z) 

 

                  

OR 

 

                                                                 OR       
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 Now the gravitational force can be equated to 

two resistance forces, the drag force of the 

vegetal obstruction and the shear force on the 

cell. 

 

FG = FS + FD 

 

 

 

 

   
 

 

VELOCITY DISTRIBUTION 

 

Logarithmic Zone:  

 

Velocity distribution in logarithmic zone is 

given by 

5.5ln5.2
*
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where, 

 

U
*
hp  = Virtual bed shear velocity 

 

y =  distance measured from bed. 

 

dL  = Virtual Roughness height 

 

Virtual Roughness height can be calculated for 

the logarithmic zone using Prandtl’s mixing 

length theory. Prandtl’s mixing length (lm) can 

be taken as product of Von Karmans constant 

and Virtual Roughness height. 

 

 

LmL = k x dL 

 

For Logarithmic zone, 
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where, 

 

L = b/2  

 

Vegetated Zone  

Interface (top of vegetation) is the last layer of 

the logarithmic zone. Although Velocity of 

this layer is calculated using logarithmic 

velocity profile, as given below, corrected 

value of virtual Roughness height is used to 

account for effect of vegetation. 

 Velocity at the interface is given by, 
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where, virtual Roughness height (dv) is given 

by , 

 

lmv = k x dv 

 

and  
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Velocity at the interface is used as a reference 

value to obtain velocity distribution in 

vegetated zone. Vegetated zone is divided in 

two numbers of layers each of thickness z. 

velocity of each layer is obtained by solving 

force equilibrium equation (4) for  

numerically. 

 

Shear stress distribution  

Shear stress of the layers in logarithmic zone,  

 = gyS 
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Shear stress at the interface, 

 =  ghS 

Shear stress for the layers of vegetated zone is 

calculated by equation,  

 

APPLICATION OF ANALYTICAL 

MODEL TO LABORATORY 

EXPERIMENTS  

 

Tsujimoto et al and Lopez conducted 

experiments in a rectangular flume and 

measured vertical velocity distribution in 

stream wise direction. For all experiments the 

drag coefficient was determined to be equal to 

1.0 for the given Reynolds numbers. Different  

 

vegetative densities (), different vegetative 

element diameter ( dp), and different 

vegetative heights (hp) were used. 

 

Validation of analytical model for Lopez 

Exp 1: 

The vegetated zone is divided in to 12 strips 

giving, 

z = 0.010 

 

Prandtl’s Mixing Length (Lmv), 
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Lmv = 0.044075  

 

Roughness height (dV), 

lm = kd 

 

d = 0.1101875 

 

Velocity at the Interface, 

 

 

 

 

Uhp = 0.497838 m/s 

 

Shear stress at the top of vegetation, 
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hp = ghS = 7.593 N/m
2 

 

Now applying Force equilibrium equation for 

any cell at the surface layer, assuming the 

velocity to be constant for entire cell height, 

for small value of z. i.e taking U  = Uhp 

 

 

 

 

 

 

 

 

11 = 8.590859 N/m
2 

 

Now, velocity at this level (considering actual 

velocity gradient),  
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U11 = 0.476871 

 

Velocity for the other strips is tabulated in 

Table I. 

 

Velocity distribution for logarithmic zone can 

be obtained from log law, and is tabulated in 

Table II.  

 

 

 

Table I Velocity Distribution for Vegetated 

Zone (Lopez Exp1) Zone 

 

 

Table II Velocity Distribution for Logarithmic 

Zone (Lopez Exp1) Zone. 
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Fig 1 Calculated and Measured Width 

Averaged Velocity Profiles of Lopez’s Exp 1. 

 

 

 
 

Fig 2 Calculated and Measured Width 

Averaged Velocity Profiles of Lopez’s Exp 9. 

 

 

 

 

 

 

Table III Velocity Distribution for Vegetated 

Zone ( Lopez Exp 9) Zone. 

 
 

Table IV Velocity Distribution for 

Logarithmic Zone (Lopez Exp 9) Zone. 
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CONCLUSION 

 

Prediction of velocity profile for vegetated 

channel is important to hydraulic engineers. 

The analytical model presented in this study is 

a quick hand calculation method for obtaining 

velocity distribution. The model is validated 

for the Lopez’s Experiments and is found to 

give fairly accurate results. The model is also 

capable of predicting reverse flow in case of 

low values of Logarithmic zone thickness. The 

model is not tested for emergent Vegetated 

channel due to lack of data. The model can be 

further modified considering the virtual bed 

little below the top of vegetation based on 

flexibility studies of vegetation type, and 

finding distance of the virtual bed from 

interface. More accurate results can be 

obtained by finding prandtls mixing length for 

different layers, to account for the effect of 

vegetation on individual layers, instead of 

different zones. Also Prandtl’s mixing length 

should be suitably altered for over submerged 

vegetated flows.  
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