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ABSTRACT   
The condition of flow through a vegetation patch is gradually-varied. The drag generated by vegetation depends on the 
shape of each piece of vegetation and the flow interaction among the vegetation elements. Some vegetation is of blade-
type which has different drag characteristics as compared to the circular-cylinder type vegetation. In the present study 
experiments are carried out to investigate the hydrodynamic behavior of gradually-varied flow through blade-type 
vegetation. Particular attention is focused on the effect of distribution pattern of vegetation elements on the total drag 
generated by a vegetation patch. The values of the density parameter of vegetation (λ = Nbv , N is areal density, bv is the 
blade width) are 72, 48, 24, 18, 15, 12, 6 and 3 (1/m). The blade Reynolds number Re using the blade width as the 
length scale ranges from 670 to 1110 and six flow rates are used in each set of experiments. Theoretical longitudinal 
momentum equation relating the vegetation resistant force, water surface slope and mean velocity in the vegetation 
layer is used to determine the averaged drag coefficient Cd. Using a regular-array pattern of vegetation elements, the 
sheltering effect and channeling effect are studied separately by varying the longitudinal element spacing (Sx) and lateral 
element spacing (Sy) respectively. For a constant lateral element spacing (Sx), Cd decreases with increasing areal 
density of vegetation due to sheltering effect. For a constant longitudinal spacing (Sy), Cd increases with increasing areal 
density of vegetation due to channeling effect. The results show that apart from the density parameter λ, the distribution 
pattern of vegetation elements can exert significant effect on the drag coefficient and the associated flow characteristics.   
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1. INTRODUCTION   
The hydrodynamics of vegetated flows in open channels, rivers and streams is complicated due to the wide variation in 
the flow conditions and vegetation characteristics. Submerged, emergent or floating vegetation will lead to different flow 
behaviors. Also the variation in shape, size, structure, distribution pattern and stage of growth of vegetation elements will 
affect the flows. The study of flow through emergent circular-cylinder type vegetation is well documented (e.g., Nehal et 
al., 2012; Cheng and Nguyen, 2011; Tanino and Nepf, 2008; Stone and Shen, 2002). The more complicated case of flow 
over submerged vegetation has also been investigated (Nepf, 2012; Zong and Nepf, 2010; Stoesser et al., 2010; 
Kothyari et al., 2009; White and Nepf, 2007; Ishiwaka et al., 2000; Wu et al., 1999 and Nepf, 1999). The governing 
equation for steady flow through vegetation describes the balance of drag force and the flow momentum absorbed by 
vegetation elements. In case of gradually-varied flow through emergent vegetation, the pressure forces and hence the 
water surface gradient need to be included in the governing equation. The drag coefficient can be determined by a 
numerical integration procedure (Busari and Li, 2015; Li and Tam, 2002). For flows over submerged vegetation, the 
determination of flow resistance is more complicated. The resistance force is dependent on the flexibility, frontal 
projected area and submergence ratio of vegetation (Jarvela, 2004; Stone and Shen, 2002; Jarvela, 2002). More 
information on the vegetation properties thus is required.   

In the determination of vegetation induced hydraulic resistance in open channel flows using theoretical models, semi-
empirical models or numerical models (e.g. Busari and Li, 2014; Jarvela, 2004; Fathi-Moghadam and Kouwen, 1997), 
the key parameter needed to be specified is the drag coefficient Cd of the vegetation stems.  For rigid vegetation, the 
Rigid Cylinder Analogy (RCA) is commonly used (e.g., Baptist et al., 2007; Huthoff et al., 2007) in which the vegetation 
stems are treated as rigid cylinders. The flow is then affected by the wake interference among the cylinders 
(Schoneboom et al., 2011). Aberle and Jarvela, (2013) pointed out the the RCA is not adequate enough for real plants, 
and the geometric and stiffness properties of vegetation are required for more accurate determination of the drag 
coefficient.  

 
 

In this study, focus is on the vegetation with high areal density and low submergence ratio (h/k<1.6, h is the water depth 
and k is the vegetation height). The areal density of vegetation gives a resistance parameter η = λk (λ = Nbv, N(1/m2) is 
number of stems per unit horizontal area; bv(m) is width of stem) which is greater than the threshold value for the 
generation of canopy scale turbulence defined in Nepf (2012) and falls in the dense canopy range η ≥ 0.23. The bed 
shear force is negligible as compared to the vegetation induced drag. The main objective of this paper is to study the 
interference mechanisms (channeling and sheltering) among vegetation stems under a gradually-varied flow condition. 
Regular arrays of blade-type vegetation stems are employed and each interference mechanism is studied independently 
by using appropriate array patterns. The effects of areal density of vegetation on the drag coefficient, vertical profiles of 
streamwise mean velocity and vertical distribution of Reynolds stress are investigated.  
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2.    LABORATORY EXPERIMENTS 

The laboratory experiments were conducted in a 0.31 m wide, 0.40 m deep and 12.50 m long tilting and slope–
adjustable rectangular flume. The sidewalls and bottom of the channel are made of glass and steel respectively. Flow 
rates were measured by an electromagnetic flowmeter installed in the flow return pipe. The flow at the entrance of the 
channel was straightened using honeycomb grids, thereby preventing the formation of large-scale flow disturbances. The 
flume received a constant supply of water from a head tank. An adjustable tailgate was installed at the downstream end 
of the flume to regulate the flow depth. Water leaving the flume entered a large sump under the flume, where it was 
recirculated to the constant head tank by a pump. Two wheeled trolleys, which can be moved along the double-rail track 
on the top of the flume, were used to mount the Vernier point gauge. The channel surface slope was calculated from the 
longitudinal flow-depth variation, which was measured with the point gauge with 1 mm accuracy. 

 

 
Figure 1: Schematic diagram of the longitudinal section of the flume 

 
 
Figure 1 shows the schematic diagram of the longitudinal section of the flume. The longitudinal direction is represented 
as x, with subscripts l, a and t denoting the locations of leading edge, adjustment region and trailing edge respectively. A 
preliminary investigation of the fully developed region was carried out by measuring the vertical profiles of velocity 
longitudinally. The result suggested that the fully developed region can be estimated using the empirical equation 
proposed by Zeng and Li (2014) for the adjustment length of the transitional region of the vegetation patch.  
 
 
 
 

        
 

Figure 2: A sectional plan view of the dense vegetation ( =0.121 arrays) 

 
The vegetation patch is of length of 2.4m long and 0.3 m wide, and was formed with an array of semi-rigid cable tile 
blades. The blades are of 250mm height, 7.53mm width and 1.68mm thickness, and fixed on a PVC board placed at the 
bed of the channel. The fixing pattern of the blades is regular with the longitudinal spacing denoted by Sy(m) and lateral 
spacing denoted by Sx(m) (Figure 2). The spacing of blade elements is different for different boards which were placed 
on the channel bed alternatively. The fraction of horizontal area occupied by vegetation is given by VV tNb=  (-), bv 

S
 

 
 

Sx 
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(m) and tv (m) are width and thickness of the blade. The vegetation density parameter is defined by 

v
yx

v Nb
SS
b

 (m-1). In the experiments the vegetation density λ(m-1) ranges from 3 to 72.  

 
The velocity measurements were carried out using a 3D side-looking Acoustic Doppler Velocimeter (ADV) Vectrino 
(NORTEK). Due to the high areal density of the vegetation patch, some blades were removed near the trailing edge for 
velocity measurements, after water level measurements were completed. To capture the turbulence fluctuations, the 
sampling rate of 75Hz was employed for most experiments except that for cases with λ = 72 and 48, the sampling rate 
was set to 200 Hz and 150 Hz respectively. Sampling record of 120 s duration was taken at each point to provide reliable 
estimation of the mean and turbulence quantities. To increase the accuracy and reliability of the measurements, the 
signal-noise ratio (SNR) and the correlation (COR) parameters were evaluated (Zeng, 2011; Wahl, 2000). The raw data 
were processed if the COR is greater than 70% threshold and the SNR is greater than 5dB. Based on these criteria, 
more than 75% of the samples were retained in the time series.  
 
Table 1 summarizes the key hydraulic parameters of the experiments. The discharge was varied between 25 m3/hr and 
50 m3/hr at the interval of 5m3/hr. The locations of the vertical velocity measurements were identical for all experiments 
because the location is far beyond the adjustment length obtained through observations and the empirical equation 
proposed in Zeng and Li, (2014). The velocity was measured at 10mm interval along the vertical and in some cases at 
5mm in the clear water region (i.e., above vegetation layer). The number of velocity measurement along the vertical is 
not less than 25 for all cases. The longitudinal water depth profile was measured at the middle of the channel using the 
Vernier point gauge at 5cm interval for cases with Sx = 0.0125m and at 10cm interval for cases with Sy = 0.025m.  
 
The flow is spatially varied due to the finite vegetation patch length. Increasing the discharge leads to the increases in 
water level, as well as the velocity, particularly in the clear water region. The side looking ADV measures velocity at 
locations at least 2cm below the water surface. The measured velocity profile cannot give the actual mean velocity since 
the velocity is not uniform across the channel. To estimate the portion of flow within the vegetation region, the following 
approach is used.  
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where vQ  is the flow rate in the vegetation region, aQ  is the flow rate in the clear water region, Qin is the total flow rate 

in the open channel and, 1Q and 2Q are given by 
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width and z is the vertical ordinate. Experiments shown that the increase in the total flow rate inQ mainly increases the 
flow rate in the clear water zone, whereas the flow rate within the vegetation zone is almost constant.  
 
It was observed that the simulated plants were deflected (most significantly at the leading edge) and swayed during the 
experiments (Figure 3). The deflection is however small due to the high flexural rigidity of vegetation. Generally, the 
deflected height exceeded 99.2% of the original height.  
 

 
 

Figure 3: Swaying plants  
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Table 1: Key parameters of the experiments  

 
Placement patterns 
of vegetation 
elements (m) 

Q (m3/s) h (m)      U (m/s)   Re (-)  λ (m-1) 

        
Sx = constant 

  0.00694 0.2830 0.0901   678   
  0.00833 0.3110 0.0984 740   

 SX = 0.0125 0.00972 0.3300 0.1082 815  72.29 
 SY = 0.0083 0.01111 0.3400 0.1120 904   

  0.0125 0.3565 0.1287 969   
 
 

 
SX = 0.0125 0.00833 0.2868 0.1020 768  

 

 SY = 0.0125 0.00972 0.2963 0.1152 867  48.19 
  0.01111 0.3043 0.1282 965   
  0.0125 0.3120 0.1406 1059   
  0.01388 0.3190 0.1528 1151   
        

 SX = 0.0125 0.00833 0.2865 0.0978 736  24.10 
 SY = 0.0250 0.00972 0.2970 0.1100 829   

  0.01111 0.3040 0.1228 925   
  0.0125 0.3112 0.1350 1016   
  0.01388 0.3178 0.1469 1106   
        

 SX = 0.0125 0.00833 0.2830 0.0969 730   
 SY = 0.0500 0.00972 0.2950 0.1085 817  12.05 

  0.01111 0.3020 0.1209 911   
  0.0125 0.3110 0.1321 995   
  0.01388 0.3175 0.1440 1085   
        

 SX = 0.0125 0.00833 0.2810 0.0960 723  6.024 
 SY = 0.100 0.00972 0.2935 0.1079 813   

  0.01111 0.3010 0.1203 906   
  0.0125 0.3090 0.1318 992   
  0.01388 0.3145 0.1439 1084   
  

Sy = constant 
  0.00833          0.2835 0.0956 717  6.024 

 SX = 0.050 0.00972          0.2935 0.1080 809   
 SY = 0.0250 0.01111         0.3010 0.1203 901   

  0.0125         0.3085 0.1320 989   
  0.01388          0.3160 0.1432 1073   
        
  0.00833           

               
0.2820 

 
         0.0958 

 
  721  

3.012 

 SX = 0.100 0.00972        0.2915 0.1082  814   
 SY = 0.0250 0.01111        0.2970 0.1213 913   
  0.01250        0.3040 0.1333 1003   

  0.01388        0.3105 0.1450 1092   
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3. THEORETICAL FORMULATIONS 

 In unidirectional flow over vegetation, the channel cross-sectional averaged velocity U is given by  

                                                                                                                                                                              





 

h
kBhQU 1                                                                                                                                                                                                                                            (2) 

where Q (m3/s) is the flow rate; B (m) is the channel width. The total drag force Fd (N) due to pressure differences on the 
plant surfaces in a unit volume can be defined by 

25.0 kUCF dd                                                                                      (3) 
where; Cd (-) is the drag coefficient, ρ(kg/m3) is the density of water. The shear force on plant surfaces due to viscous 
stresses is assumed small and is accounted in the expression of Fd.   
 
In the analysis it is assumed that the only source of energy dissipation is due to current-vegetation interaction. For an 
open channel flow through vegetation, over a small longitudinal distance, x , a change in the hydraulic head (water 
level difference), h  is resulted.  By applying the principle of conservation of momentum, the one-dimensional 
momentum balance equation is as follows. 
  

x
h

Bh
QgBhgBhS

h
kBh

QkCd 






































 

2

2

4
2

2

12 
                     (4) 

                            
where g (m/s2) is the gravitational acceleration and S is the channel bottom slope. The first to fourth term of equation (4) 
represents the drag force, body force, pressure force and the rate of change of momentum flow rate respectively. The 
value of dC can be evaluated from equation (4) by measuring the flow rate and water surface profile.  

 
 

4. RESULTS AND DISCUSSIONS  

4.1 Adjustment length and velocity profiles in clear water zone 

To determine the adjustment length Lu beyond which uniform flow condition is reached, profiles of the longitudinal 
velocity about the clear water region at different vertical transects along the longitudinal center-line were measured using 
an ADV. Figure (4) shows the velocity profiles for the case of vegetation with high areal density (λ = 48) at x = 4.8, 5.05 
and 5.2m, corresponding to 2.0, 1.75 and 1.6m downstream of the leading edge of the vegetation edge. Convergence of 
the profiles is observed and it is expected that the convergence of the velocity profiles within the vegetation zone should 
also be reached. Consequently, velocity measurements were conducted for the whole vertical transect at 2.2m 
downstream of the leading edge. Blades were removed to enable the velocity measurements within the vegetation zone.  
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Figure 4: Streamwise mean velocity profiles in clear water zone 

 
Further confirmation that the uniform flow condition is reached at 2.2m downstream of the leading edge is done by using 
the empirical equation proposed by Zeng and Li (2014) for mean velocity.  

 

( )max

m
u 'w'u

U
5.1=L

-                                                                (5) 

 
 
where Um is the mean velocity, -(u’w’)max is the peak Reynolds stress per unit mass. Based on the velocity 
measurements for cases of vegetation with different areal densities and different flow rates, the empirical equation (5) 
yields m83.0Lm48.0 u ≤≤  for 6 m-1≤ λ≤ 72 m-1. The adjustment length is found to increase with increasing flow 
rate and decrease with increasing areal density of vegetation.  
 

4.2 Flow and drag characteristics 

Figure 5 shows the velocity profile and distribution of turbulence stresses for cases with different values of vegetation 
density λ and constant lateral spacing (Sx = 0.0125m). For every distribution pattern of blades six sets of experiments of 
different flow rates (Table 1) were conducted. Here only the results for Q = 0.0125m3/s is reported as other sets of 
results are of similar trends. Figure 5a shows that the velocity profile within the vegetation zone is approximately uniform 
for all cases. The apparent effect is the increase of water level for increasing flow rate. For a given flow rate, the 
longitudinal velocity in the vegetation zone increases with decreasing vegetation density λ (Figure 5a). The distribution of 
the velocity in the clear water zone is affected by turbulence penetration. The velocity profile in the clear water zone can 
be described by an exponential function. A sharp change in the velocity gradient occurs at the interface between 
vegetation zone and clear water zone for all cases. This implies that the shear force on plant surfaces due to viscous 
stresses can be significant. Since the vegetation height is close to the water depth, intensive turbulence exchange occurs 
in the clear water zone. The Reynolds stress increases with vegetation density λ and turbulence penetration increases 
with decreasing λ (Figure 5b).   
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Figure 5: Cases with Sx=0.0125m. (a) vertical mean velocity profiles and (b) vertical distribution of Reynolds stress 

 

As shown in figure (6a), the drag coefficient decreases with increasing Reynolds number. The relationship is best 
described with exponential law as follows: 

  






fa
aeC b

d
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Where a is a parameter that decreases with increasing vegetation density λ (with Sx = constant) and b is a constant (= 
0.002). The correlation coefficient of the fitting is very high, greater than 0.99.  
 
Figure (6b) illustrates that higher areal density of vegetation causes the decrease of drag coefficient due to sheltering 
effect among vegetation stems. The drag coefficient is dependent on the flow rate at low vegetation density λ. Large flow 
rate causes a smaller value of Cd. The effect of increasing flow rate is less significant at higher densities since the blades 
behave as a continuum. In Figure (6c), the resistance force defined as a function of Uv (which is the mean velocity in the 
vegetation zone) is almost asymptotic at higher densities. This is because large portion of the flow is diverged over the 
blades due to the closeness between the blades. Therefore, the flow in vegetation layer is low and eddies are weak in the 
gaps and wake formation is strongly interfered.  As Sx increases, the intrusion of flow into gaps becomes stronger and 
Cd increases as flow within the blades increases. By using the mean velocity described in eqn. 2 to define resistance 
force (see Figure 6d), a clear trend similar to that observed in (Figure 6b) is seen and the discrepancy due to increasing 
flow rates at lower densities reduces. 
 
 
 
 
 
 

 
 

                                                                                                                                 (a)                                                                                   (b)    
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                                (c)                                                                                               (d) 

Figure 6: Effect of vegetation density on resistance force and drag coefficient 
(Uv = mean velocity in the vegetation zone and Um= mean velocity described by eqn.2) 

 

4.3   Effect of vegetation distribution pattern 

The effect of vegetation distribution pattern on the flow characteristics is investigated by using two cases of experiments. 
The first case is of Sx = 0.0125m, Sy = 0.1m, and the second case is of Sx = 0.05m, Sy = 0.025m. Both cases have the λ 
value of 6 m-1. Figure 7 shows the velocity profiles and Reynolds stress profiles for the discharge of 0.0125m3/s. In 
Figure 7a, the difference of the mean velocity in the vegetation zone and that in the clear water zone is lesser for the 
case with Sx = 0.05m. Thus more water flows over the vegetation for the case with Sx = 0.0125m, indicating that the 
resistance in the vegetation zone is higher. This is confirmed by the higher peak Reynolds stress measured (Figure 7b).  
Physically the case with Sx = 0.0125m has a narrower lateral stem spacing which allows lesser flow to pass through the 
vegetation zone. 

 
(a)                                                                                      (b) 

 
Figure 7: (a) vertical mean velocity profiles and (b) vertical distribution of Reynolds stress for λ=3m-1 and 6m-1. 

 
 
The effect of increasing the lateral spacing is investigated by adding the case with Sx = 0.01m and Sy = 0.025m, with λ = 
3m-1. Comparing to the case with Sx = 0.05m, Sy = 0.025m (λ = 6m-1), the case with λ = 3m-1 allows more water pass 
through the vegetation zone. The flow resistance is smaller and thus the peak Reynolds stress and the drag coefficient is 
lower (Figure 8). This two sets of results show that the drag coefficient increases with the vegetation density λ, which is 
of the opposite trend with that shown in Figure 6b. By fixing the value of Sy for the two cases, the sheltering effect 
remains more or less constant. Increasing Sx allows more water flowing through the vegetation zone and reduces the 
hydraulic resistance. The effect is referred as the channeling effect.  
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                                      (a)                                                                                               (b) 

Figure 8: Effect of vegetation density on drag coefficient (Sy=0.025m)  
 
 

5. CONCLUSIONS  

The characteristics of gradually-varied flows through semi-rigid blade-type vegetation have been investigated 
experimentally. The areal density of vegetation is high and ranges from λ = 3m-1 to 72m-1. Two interference mechanisms 
among the vegetation stems are identified: sheltering and channeling. For regular arrays of blades with constant lateral 
stem spacing (Sx), the drag coefficient Cd decreases with increasing areal density of vegetation due to sheltering effect. 
For arrays of blades of constant longitudinal spacing (Sy), Cd increases with increasing areal density of vegetation due to 
channeling effect. The results show that apart from the density parameter λ, the distribution pattern of vegetation 
elements can affect significantly the drag coefficient and the associated flow characteristics, including flow adjustment 
length, peak Reynolds stress and flow division in the clear water zone and vegetation zone.  
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