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Abstract: Investigation of the interactions between submerged vegetation patch and flow structure is of crucial im-
portance for river engineering. Most of hydraulic models have been presented for fully developed flows over uniform 
vegetation in the laboratory conditions; however, the mentioned interactions are complex in river flows where the flow is 
not developed along small patch. This reveals a gap between developed and non-developed flow along the vegetation 
patch. This study was conducted in a gravel-bed river in the central Iran. The results reveal that the flow structure in 
evolving flow (non-developed flow) along the patch resembles that in shallow mixing layer. Accordingly, a shallow mix-
ing layer model and modified equations are combined to quantify evolving area along the patch. The evolving shallow 
mixing layer equations for the flow along a non-uniform vegetation patch reach a reasonable agreement with field data. 
However, the spreading coefficient of this model less than one was reported in literature, 0.06 and 0.12. In addition, the 
flow immediately downstream the vegetation patch behaves similar to a jet and is parameterized by two conventional 
models, conventional logarithmic law and mixing layer theory. These models present a reasonable agreement with the 
measured velocity profiles immediately downstream the patch. 
 
Keywords: Submerged vegetation patch; Mixing layer; Spatially evolving flow; Gravel bed river. 

 
INTRODUCTION 

 
Vegetation in rivers often occurs in patches of different sizes 

playing significant role in river systems. Schoelynck et al. 
(2012) found that the frequency distribution of patch sizes is 
governed by a power-law function, suggesting that the patches 
are self-organized. In this paper we will focus on hydrodynam-
ics within selected single patch. It is well-known that vegetation 
patches play significant ecological role and they are suitable for 
the survival and growth of macrophytes (Schoelynck et al., 
2012), they also influence the sediment chemistry (Clarke, 
2002). Note that the presence of vegetation patch is different 
from other obstacles in rivers due to its permeability, however, 
the presence of an obstacle (e.g., bridge pier) changes the  
velocity field as well as vegetation patches do (Wang et al., 
2015). 

Aberle and Järvelä (2015) noticed that patchiness is the sub-
ject of many ecological studies but its effect on the flow struc-
ture is weakly recognized. Marjoribanks et al. (2016) reported 
the physical processes driving flow-vegetation interactions at 
the patch-scale, revealing the necessity of research on the influ-
ence of vegetation upon spatial and temporal flow dynamics. 
Vegetation in hydraulic studies is classified as emergent, sub- 
 

merged or floating but this study refers to submerged vegeta-
tion only. Most of literature studies has focused on homogene-
ously distributed artificial submerged plants in the laboratory 
flume (Kubrak et al., 2008; 2012; 2013); however, some studies 
were reported for natural vegetation (e.g. Järvelä, 2002; Nepf 
and Koch, 1999). There are also a few studies devoted to exper-
imental investigations in the field (e.g. Ackerman and Okubo, 
1993; Koch and Gust, 1999; Sukhodolov and Sukhodolova, 
2006).  

Based on laboratory studies a few researchers argue that the 
flow within and just above vegetation behaves similarly to a 
mixing layer rather than the boundary layer (Aberle and Järve-
lä, 2015; Carollo et al., 2002; Ghisalbert and Nepf, 2002; Mar-
joribanks et al., 2016; Michalke, 1965). Mixing layer is a free 
turbulent flow maintained by an internal velocity gradient, 
developing independently of solid boundaries. On the other 
hand, the boundary layer is defined as confined turbulent flow 
maintained by velocity gradient due to no-slip condition and 
developing over solid boundaries. The canonical mixing layer 
evolves in the co-flowing liquids of different densities or the 
flows of different mean velocities such as the flow downstream 
a splitter plate (Fig. 1) (Sukhodolova and Sukhodolov, 2012; 
Sukhodolov and Sukhodolova, 2006). 
 

 

 
 
Fig. 1. The schematic representation of a) a canonical free mixing layer downstream a splitter plate and b) a boundary layer in a river (Su-
khodolov and Sukhodolova, 2006). 
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Mean velocity profile in mixing layers is described by hy-
perbolic tangent function (Michalke, 1965): 
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where cu  is convective velocity and is equal to (u1+u2)/2, uΔ , 

differential velocity, is equal to (u1–u2),  u1 and u2 are the 
stream wise velocities of the slower and faster layers, respec-
tively, δ  is the mixing layer width (Fig. 1) and cz  is the posi-

tion of the mixing layer center line. The width of the mixing 
layer equals to the cross-flow distance between locations where 
velocity inside the mixing layer attains the values of the ambi-
ent flow within 10% of accuracy, δ(x) = z0.9(x)–z0.1(x) (Sukhod-
olova and Sukhodolov, 2012). In the mixing layer, velocity and 
the length scales may be related as follows (Pope, 2000): 
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where α  is the so-called spreading coefficient varying in the 
range of 0.06 to 0.12 (Pope, 2000; Sukhodolova and 
Sukhodolov, 2012).  

In addition to the mean velocity, Reynolds stress (RS) plays 
a significant role in turbulent flow characteristics and is pre-
sented by hyperbolic cosine function for mixing layer (Sukhod-
olov and Sukhodolova, 2012) as: 
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where tϑ is the eddy viscosity, determined by product of mix-

ing layer width and differential velocity ( )t uϑ γδ= Δ , γ  is the 

empirical coefficient equal to 0.01 (Pope, 2000; Rodi, 1980; 
Sukhodolov and Sukhodolova, 2010; Sukhodolov et al., 2010). 

Some researchers have made an attempt to quantify the flow 
structure above the vegetation patch. For example, Sukhodolov 
and Sukhodolova (2006, 2012), Sukhodolova and Sukhodolov 
(2012), investigated the dynamics of the flow over submerged 
vegetation patch in natural streams and found that the spatially 
evolving flow within and just above the vegetation patch had 
not been considered as the conventional mixing layer. Also, 
Sinsicalchi et al. (2012) reported the effect of energy conserva-
tion from mean velocity to turbulence at patch entrance which 
is not considered in canonical mixing layer. Therefore, Su-
khodolova and Sukhodolov (2012), Sukhodolov and Sukhod-
olova (2012) extended the mixing layer theory by considering 
the spatial dynamics along a finite-size patch, reporting that the 
field experiments support the usefulness of the proposed model.  

In most cases, the flow depth above the aquatic vegetation is 
much smaller than the river width, therefore, the flow condi-
tions can be considered shallow. Sediment deposition within 
the vegetation canopy can amplify that shallowness. The flow 
shallowness and the bed friction significantly affect the dynam-
ic of the vegetated mixing layer. Indeed, the vertical develop-
ment of the large scale eddies in a shallow mixing layer is 
limited by the bed and the free surface (Cheng and 
Constantinescu, 2015; Kirkil, 2015). Chu and Babarutsi (1988) 
proposed the following law for the spreading coefficient (α) in 
a shallow mixing layer: 
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α = 0                        if  S > Sc 

where α0 is considered close to 0.09 (Kirkil, 2015), S reflects 
the influence of the bed friction on the development of the 
mixing layer and is defined as (Chu and Babarutsi, 1988): 
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DC  is equal to ( 1DC + 2DC )/2, 1DC  and 2DC  are equal to 
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 for the slower and faster streams, respectively, h is the 

channel depth, δ is the width of mixing layer, Sc is the critical 
value of S and corresponds to equilibrium between the turbu-
lence production and dissipation. Experiments show that the 
values of this coefficient vary in the range from 0.06 to 0.12 
(Kirkil, 2015). 

Understanding the flow structure within and around a patch 
is important to better estimate the flow resistance and sediment 
transport in rivers. Sukhodolov and Sukhodolova (2010) as-
sume that the flow downstream of a patch represents an amal-
gamation of two prototype flows. The flow above the vegeta-
tion layer behaves similarly to a jet or mixing layer structures, 
whereas the flow close to the bed reveals a boundary layer 
structure.  

This paper focuses only on submerged patches to understand 
the flow structure over submerged aquatic vegetation. The 
objectives of the present study are to understand whether the 
shallow mixing layer model can be applied to the flow along a 
natural non-uniform patch. Also, the application of a combined 
model using the canonical mixing layer theory and the loga-
rithmic law downstream of the patch is explored to explain the 
experimental data over the vegetation patch in a coarse-bed 
river.  

 
MATERIALS AND METHODS 

 
It goes without saying that selecting a suitable study river 

reach is crucial for the success of experimental investigations. 
To avoid logistics and safety problems a reach with depths less 
than 0.5 m was searched. It was also expected that data collec-
tion for flow depth lower than 0.1 m could be difficult due to 
high velocity values. Also, the selected vegetation patch in a 
river should be far away from other vegetation patches, rocks 
and structures to remove their influences on the measuring 
results. Further described straight reach of Pelasjan river fulfills 
the above expectations. Another not very often mentioned but 
desired condition is an easy access to the river reach allowing 
to transport the measuring equipment and the selected reach 
was perfect from this point of view. Pelasjan River is one of the 
important tributaries of Zayandehrood River (the largest and 
permanent river of central Iran, supplying the drinkable, indus-
try and agriculture water for Isfahan province). This reach is 
located at an elevation of 2085 m, latitude 32º 42ʹ 49ʺ N, longi-
tude 50º 28ʹ 33ʺ E (Fig. 2). The reach is 65 m long and is locat-
ed near the Mashhadkaveh village in Isfahan Province, Iran. All 
field data was collected in May 2016. During dry season, in 
middle spring and summer, this river flows in a multiple channel 
pattern. In the selected reach part of the river bed forms an is-
land in the middle section dividing the flow into two branches.  

Discharge in this river reach was calculated by using the 
continuity equation, Q = i iAV . iA , is part of the cross- sec-

tion area within one river branch, iV , is the mean velocity in 

each part of the cross- section. A butterfly current meter was 
used to estimate the mean velocity in each part of the cross-  
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Fig. 2. Location of the Pelasjan River and the selected reach. 
 

section. The measurement of velocity was conducted at 25 
different cross sections. At each cross section, the velocity was 
measured at the vertical direction (z) equal to 0.2 and 0.8 flow 
depth (h).  

By averaging these two velocities, the mean velocity at each 
subsection was determined. The time of velocity recordings 
was 50 seconds in each point, repeating each measurement 
three times. The hydraulic parameters in two river branches on 
both sides of the island are shown in Table 1.  

River topography was surveyed by using a total station de-
vice. To achieve this goal, the selected reach was marked by 
several ropes. The ropes are arrayed forming a mesh of the size 
2 m × 1 m (two meter in the longitudinal direction and one meter 
in the transversal direction). Taking into account the objectives 
of this study, more measuring points were taken in the vicinity 
of the selected vegetation patch (20 cm × 20 cm). The measur-
ing points were fed into the Surfer software and calculations 
were made to build the riverbed map. Figure 3 shows the topog-
raphy of the selected reach of the Pelasjan River. 

 
Table 1. The hydraulic parameters at both sides of the island for a 
selected cross section in Pelasjan River. 
 

Parameter Left side Right side River 
h (m) 0.33 0.51 0.37 
W/h 7.7 38.9 81.3 
U (m/s) 0.45 0.91 0.87 
Fr 0.25 0.40 0.46 
P (m) 3.15 21.03 24.18 
A (m2) 0.8 10.3 11.1 
R 0.25 0.49 0.46 
Re 113943 442978 400110 
Q (m3/s) 0.36 9.31 9.67 

 
Figure 4 presents the grain size distribution in the neighbor-

hood of the patch in the Pelasjan River obtained by using the 
traditional Wolman (1954) technique. The median grain size of 
bed material around the patch (D50) was equal to 10.7 mm. 

The maximum dimensions of the selected vegetation patch 
as shown in Figures 5 and 6 were 2.7 m in length and 1.2 m in 
width. The height of vegetation varied from 2.5 cm at the lead-
ing edge to 17 cm at the end of the patch (trailing edge). Hence, 
the depth of submergence (the ratio of the water depth to the 
vegetation height) was between 1.2 and 5.1. The frontal area 
per bed area, ah, obtained from the following Equation (6) 
(Nepf, 2012) varies from 0.25 to 7: 

 
 

 
 

Fig. 3. Topography of the selected reach of the Pelasjan River. 
 

 
 

Fig. 4. Grain size distribution around the selected patch. 
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where hp is the vegetation height, d is the diameter of the indi-
vidual vegetation stem, ∆S is the average spacing between  the 
stems. This patch is considered dense according to Nepf’s 
classification (Nepf, 2012). 
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Fig. 5. Vegetation patch in selected reach of Pelasjan River. 
 

 
 

Fig. 6. The dimensions of the vegetated patch and the location of 
different cross-sections. 
 

Turbulent velocity measurements were carried out with use 
of Acoustic Doppler Velocimetry (ADV). The ADV was 
mounted on a steel table frame with the length-width equal to 
140 × 80 cm2. To remove the wake effect of the legs, the ADV 
was installed at the upstream side in the middle of the frame. 
To start the work, at first, the macro balance of this frame was 
adjusted by the mobile legs and using a three-screw leveling 
located on the frame table. Velocity measurements were con-
ducted along the patch at different cross-sections (Fig. 6). The 
measured profiles labels and the vegetation characteristics are 
presented in Table 2. For each velocity profile, in average 20 
point velocities were measured. Measuring points were located 
more densely near the bed and at the top of the vegetation. The 
velocity profile in a vegetation-free zone was also measured for 
comparison purposes.  

The frequency of data sampling was 200 Hz. The sampling 
time at each point was 120 s, however, in some points it took 
300 s to collect data, revealing no difference in results. In other 
words, this time of 120 s was enough to obtain fully steady 
statistical characteristics of the flow. For this purpose, the var-
iation of variance values of time-averaged mean velocity, 
Reynolds stress and higher order statistical moments of turbu-
lence with respect to sampling number were examined. It is 
important to note that sporadic abrupt spikes appearing in ve-
locity time series were removed to avoid their significant influ-
ence on the turbulence characteristics and Goring and Nikora’s 
(2002) method was used for that purpose. 
 
RESULTS AND DISCUSSION  
Shallow mixing layer model along the vegetation patch 

 
Figure 7 presents the mean horizontal velocity distribution 

within and in the vicinity of the vegetation patch. This figure 
shows that resistance to flow by patch deflects the flow away 
causing the decrease of the mean horizontal velocity along the 
patch. Rate of mean velocity reduction increased significantly 
at the leading edge of patch (C2) due to the deceleration; how-
ever, the reduction in velocity at some points (such as C4, 85 cm 
downstream of the leading edge) is high due to the heterogene-
ous pattern of natural vegetation and growth of the vegetation 
height. For further understanding, Figure 8 (a and b) displays 
the rate of mean velocity reduction and the rate of mean Reyn-
olds stress enhancing along the C line upstream of the patch.  

The reduction in velocity affects Reynolds stress (RS) by in-
creasing the gradient of RS at the patch entrance (C2). The rate 
of increasing in mean RS is also considerable in some other 
points along the patch (e.g., C4) due to increasing flow re-
sistance generated by the growth of vegetation height along the 
patch. Siniscalchi et al. (2012) reported that the greatest reduc-
tion in velocity occurs only at the patch entrance, increasing the 
turbulence production in this region. The mean velocity reduc-
tion along the vegetation patch leads to the minimum value of 
mean velocity downstream of the patch.  

Velocity and Reynolds stress gradient in vertical direction 
(z) in Figure 8 (c and d) show similar trend at the top of patch 
where the increased velocity gradient generates a shear layer. 

This region observed by Ghisalberti and Nepf (2002), Nepf 
and Vivoni (2000), Nepf (2012) and Siniscalchi et al. (2012) 
resembles to mixing layer, although the influence of the  
entrance region is not considered in mixing layer theory  
(Siniscalchi et al., 2012). 

Figure 8 shows the energy conversion from the mean flow to 
turbulence at the leading edge (C2). It is also manifested by the  
 

 
Table 2. The characteristics of the measuring profiles. 
 

Section h (m) hp (m) h/hp ah Section h (m) hp (m) h/hp ah 
C1 0.22 ---- ---- ---- A4 0.11 0.03 4.4 0.25 
C2 0.18 0.035 5.1 0.40 A5 0.165 0.07 2.5 0.65 
C3 0.16 0.053 3.0 0.71 A6 0.17 0.07 2.6 0.53 
C4 0.13 0.06 2.2 1.20 A7 0.19 0.11 1.8 1.48 
C5 0.15 0.12 1.3 2.40 A8 0.225 0.10 2.3 1.41 
C6 0.2 0.17 1.2 6.93 A9 0.295 ---- ---- ---- 
C7 0.23 0.17 1.4 5.66 A10 0.335 ---- ---- ---- 
C8 0.325 ---- ---- ---- E3 0.2 0.05 4.0 0.40 
C10 0.34 ---- ---- ---- E5 0.17 0.09 1.9 0.90 
D3 0.16 0.035 4.6 0.53 G3 0.27 ---- ---- ---- 
D5 0.2 0.14 1.4 5.04 G5 0.25 ---- ---- ---- 
D7 0.33 ---- ---- ---- G7 0.24 ---- ---- ---- 
F3 0.23 ---- ---- ---- B1 0.165 ---- ---- ---- 
F5 0.305 ---- ---- ---- B3 0.22 ---- ---- ---- 
A1 0.25 ---- ---- ---- B5 0.29 ---- ---- ---- 
A2 0.2 0.025 8 0.25 B7 0.305 ---- ---- ---- 
A3 0.16 0.035 4.6 0.25 B8 0.3 ---- ---- ---- 
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Fig. 7. The mean horizontal velocity (cm/s) around the patch. 
 
existence of the peak point in energy spectrum (Figure 9) with-
in the frequency range around 6–8Hz. Figure 9 displays also 
energy spectra close to the crest of vegetation patch at different 
distances from the leading edge. Inside the patch the spectra for 
the vertical component of velocity reach the peak point due to 
shedding vortices, confirming the previous works by Ghisalber-
ti and Nepf (2002), Sinsicalchi et al. (2012), White and Nepf 
(2007). Spectral energy along the patch is higher (3.5–10 cm2/s) 
at lower frequency (≈2–5 Hz), in comparison with that at the  
 

leading edge (around 2 cm2/s). Sinsicalchi et al. (2012) reported 
similar trend in vegetation patch in a laboratory study. 

These frequency ranges are lower at some points down-
stream of the patch (C3), but are higher (C4) than the estimated 
ones from fKH = 0.032(uc/θ), where θ is the momentum thick-
ness (as suggested by Ghisalberti and Nepf (2002)). These 
higher and lower values are related to the heterogeneous layout 
of natural vegetation. However, the estimated value based on 
Ghisalberti and Nepf (2002) function, for the mean characteris-
tic of the vegetation patch (around 2.6 Hz) conform with the 
frequency range (≈2–5 Hz) obtained in this study. 

Equations (7) and (9) are derived from RANS equation with-
in the vegetation, just above the bed and near the water surface, 
respectively (Sukhodolova and Sukhodolov, 2012): 
 

( ) ( )2 2 2 2
1 1 01 1 1

expe d d Du u u u C a x = + − −                        (7) 
 

where 1eu  is the mean velocity inside the vegetation and close 

to the bed in developing area, a is the projected area of vegeta-
tion, CD is the drag coefficient, (CD a)1 is averaged in the layer 
just above the bed inside the vegetation. 1 du  is the averaged 

velocity within the patch and close to the bed for the developed 
flow, which is presented as (Sukhodolova and Sukhodolov, 
 

 
Fig. 8. a) Mean velocity gradient along the flow at C line, b) mean Reynolds stress gradient along the flow at C line, c) velocity gradient in 
vertical direction (z) at C3 and d) Reynolds stress gradient in vertical direction (z) at C3. 

 

 
 

Fig. 9. Spectral function close to the crest of vegetation at C2 (the leading edge), C3(at 35 cm downstream of the leading edge), C4 (85 cm 
downstream of the leading edge) and C5 (135 cm downstream the leading edge). 
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2012): 
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To consider the effect of developing flow along the patch 
within the mixing layer width, Equations (7) to (9) are inserted 
into Equation (2). The mean value of the spreading coefficient 
(in Equations 1 and 2) suggested for vegetated mixing layer 
(solid line in Fig. 10) is equal to 0.09 (Pope, 2000; Sukhodolo-
va and Sukhodolov, 2012), whereas the calculated one by 
means of formula (4) is 0.032 (dashed line in Figure 9).  

Obviously the results depend on the estimation of drag coef-

ficient (CD) in the above formulae. Assuming 
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=   and the simplified model for predicting the hydrau-

lic resistance proposed by Kouwen et al. (1969), the drag coef-
ficient can be represented as (Hsieh and Shiu, 2006): 
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where A is the total cross sectional area of the flow, AP is part 
of the total cross-sectional area occupied by the vegetation, c1 
and c2 are the coefficients, depending on vegetation properties. 
By applying a standard least square method for 25% of experi-
mental data, the empirical coefficients in Equation (10) were 
estimated as c1 = 1.4 and c2 = –1.03. Equation (10) was validat-
ed by using the remaining 75% data and next the drag coeffi-
cient was obtained.  

Figure 10 presents the measured (symbols) and the comput-
ed (lines) values of the mixing layer width (δ) defined along the 
central line (C), revealing much better agreement when the 
spreading coefficient is calculated based on Equation 4 rather 
than the suggested value in literature (0.09). This better agree-
ment is probably obtained due to the included sediment deposi-
tion within the patch, and the growth of the patch in the flow 
direction, leading to lower flow depth over the vegetation crest 
downstream of the patch.  

Figures 11 and 12 show how the shallow mixing layer de-
velops along the vegetation patch. The vertical profiles of mean 
velocity along the patch in Figure 11 indicate relatively good 
agreement with the evolving shallow mixing layer model. The 
velocity profile in the vegetated mixing layer consists of two 
different mean velocities and the inflection point, showing 
Kelvin- Helmholtz instability. In Figure 11 the mean point 
velocity and the flow depth are normalized by the mean-depth 
velocity (u02) and vegetation height (hp), respectively.  

Figure 12 illustrates relatively good agreement of Reynolds 
stress (RS) profiles with the results based on the evolving shal-
low mixing layer model. The distribution of RS in the vegetated 
mixing layer reaches the maximum value close to the crest of 
vegetation due to Kelvin-Helmholtz instabilities. 

The empirical coefficient of eddy viscosity model γ (Equa-
tion 3) agrees with the nominal value (0.01) for free and shal-
low mixing layers. However, we should report that Ghisalberti 
and Nepf (2002, 2004) and Sukhodolov and Sukhodolova 
(2010, 2012) observed much larger value of γ. The larger val-
ues of this coefficient might be related to stronger organization 
of coherent structures in a vegetated shear layer (Ghisalberti  
 

 
 

Fig. 10. The thickness of the measured (symbol) and estimated 
(line) mixing layer along C line with α = 0.09 (solid line) and α = 
0.032 obtained by Equation (3) (dashed line). 

 
and Nepf, 2006), at the same time the heterogeneous conditions 
of natural vegetation may disturb the coherent structures mak-
ing the value of γ smaller in this study. 

Although the evolving mixing layer model achieved the rea-
sonable agreement with measured velocity and Reynolds stress 
profiles, there is small deviation between the model and the 
measured data. This discrepancy might be related to the three 
dimensional coherent vortices that were ignored in evolving 
mixing layer theory. Moreover, the concept of evolving shallow 
mixing layer was developed for parallel streams. However, the 
growth of vegetation distorts the parallel flow. Hence non paral-
lel streams and heterogeneous shallow lateral flows which are not 
considered in the shallow mixing layer theory may explain the 
small deviations of the model results from the measured data. 
 
Validity of a combined model based on canonical theory 
and the boundary layer concept  

 
One may learn about the differences and similarities be-

tween the canonical mixing layer and the mixing layer down-
stream of the vegetation patch from Figure 13 in which the 
results of measurements (symbol) and calculations (lines) of the 
width of the mixing layer are presented. Note that by getting 
away from the end of the patch the measured width of the mix-
ing layer (δ) (symbol) increases rapidly to reach the maximum 
value. The flow close to the bed has the structure of boundary 
layer and when this layer extends along the patch, the width of 
mixing layer (δ) decreases. In canonical mixing layer theory 
(solid line), this contraction of mixing layer width is not ob-
served in Figure 13. Subsequently the canonical mixing layer is 
only valid immediately downstream the patch where the width 
of mixing layer (δ) increases. Just downstream of the vegetation 
patch, the mean value of the suggested range of spreading coef-
ficient (0.09) shows relatively good agreement with the esti-
mated one by formula (4) and the measured data. By applying 
negative value of spreading coefficient in expression (2), –0.09, 
the mixing layer theory is modified (dashed line), and it is valid 
for other profiles downstream of the patch. This negative value 
demonstrates the contraction of mixing layer caused by bounda-
ry layer development. 

Figure 14 shows the measured and the predicted velocity 
profiles downstream of the vegetation patch based on conven-
tional mixing layer and assuming a negative value (–0.09) for 
spreading coefficient where the mixing layer contracts by ex-
panding the boundary layer. It is worth mentioning that the 
velocity distribution close to the bed (relative flow depth, z/h, is 
less than 0.2) is predicted based on logarithmic law. Above this 
layer, the velocity distribution is estimated based on the mixing 
layer formulae (1) and (2), showing relatively good agreement 
with the experimental observations. The velocity profile down-
stream of the vegetated mixing layer (Figure 14) contains the  
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Fig. 11. Comparison of the measured and the 
computed velocity profile along the patch us-
ing the evolving mixing layer model.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Comparison of the measured and the 
computed Reynolds Stress distributions along 
the vegetation patch using the evolving mix-
ing layer model. 
 

 
 

 
 

Fig. 13. The width of mixing layer downstream of the patch: meas-
ured (symbol), calculated based on a canonical mixing layer (solid 
line). 
 
flow with different mean velocities and the inflection points. 
However, there is a slight discrepancy between the measured 
and the estimated values downstream of the patch due to spatial-
ly evolving flow (Figure 14). No extension of the flow structure 
is considered in conventional mixing layer formula. 

Distributions of turbulent Reynolds stress components 
downstream of the patch are illustrated in Figure 15. The flow 

downstream of the vegetation patch consists of two parts, show-
ing jet-like structure and the shear layer. These two parts are 
evident in RS profile in Figure 15. By getting away from the 
end of the vegetation patch, these profiles reach a better agree-
ment with RS profile close to the riverbed, where no canopy 
occurs, due to the contraction of mixing layer. 

Figure 15 illustrates also the predicted Reynolds stress pro-
files downstream of the vegetation patch based on conventional 
mixing layer and a negative value (–0.09) for spreading coeffi-
cient. The RS distributions close to the bed (relative flow depth, 
z/h, is less than 0.2) may be predicted as: 
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            (11) 

 

where, S0 is the mean slope. Above this layer, the RS distribu-
tion is estimated based on the mixing layer functions (3). A 
reasonably good agreement between the measured and the 
predicted values of RS at downstream of the patch was ob-
served in Figure 15. It is worth mentioning that this model is 
not valid for flows in vegetation-free zones (Figure 15). There- 
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Fig. 14. Comparison of measured (symbol) 
and computed (solid line) velocity profile 
downstream of the patch. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 15. Comparison of measured (symbol) 
and computed (solid line) RS distributions 
downstream of the vegetation patch. 

 

 

fore, it is reasonable that the distributions in such two cases 
differ from each other. The RS profile, over bed without vege-
tation, is presented only to compare the jet-like structure down-
stream of the vegetation patch with the boundary layer structure 
over the bed without the effect of vegetation. 

The coefficient of eddy viscosity, γ, immediately down-
stream of the patch is about 1.3 times larger than the nominal 
value which is related to the stronger organization of coherent 
structures in vegetated shear layer (Ghisalberti and Nepf, 2006).  

By getting away from the patch, the coefficient (γ) decreases 
to the value of 0.5 times smaller than the nominal value (A10) 
due to disappearing of the mixing layer. 
 
CONCLUSIONS 

 
An attempt was made in field to study the flow structure 

along a non-uniform vegetation patch. The results show that the 
pattern of mean velocity distribution along the submerged 
vegetation patch is similar to a mixing layer. However, the 
effect of spatially evolving flow over the patch is not consid-
ered in the canonical mixing layer approach. In addition, taller 
and denser vegetation towards the end of the patch, and deposi-
tion within the patch cause the flow becomes shallow and lead 
to additional decrease of the mixing layer width. Thus the re-

sults of computation of the mixing layer thickness by using the 
spreading coefficient equation for shallow mixing layer are in a 
better agreement with experimental results than the suggested 
values in literature.  

To consider the effect of the entrance region of a patch, the 
extension of the shallow mixing layer model was examined for 
the non-uniform vegetation patch. The results show a reasona-
bly good agreement for non-developed flows. The slight devia-
tion of the model from the measured values occurs due to  
non-parallel streams, heterogeneous shallow lateral river flow 
and three-dimensional vortices which are not considered in the 
shallow mixing layer theory.  

Field study demonstrates that downstream of the vegetation 
patch the flow above the vegetation layer behaves like a mixing 
layer or jet-like structure. At the same time the boundary layer 
of the river bed grows and finally becomes superimposed onto 
the mixing layer structure. The boundary layer has a tendency 
to expand. So by growing the thickness of boundary layer, the 
mixing layer structure contracted. This is the reason why the 
width of the mixing layer is reduced after its peak. Examination 
of the conventional mixing layer theory with the boundary layer 
law downstream of the vegetation patch leads to the following 
conclusions: 
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1- Two types of flow models, namely the canonical 
mixing layer model and the logarithmic law, are valid for the 
developed flow, while the flow along the patch cannot be 
treated as developed. However, an agreement between those 
two types of flow models and the field measurements is 
reasonable downstream of the vegetation patch. 

2- Immediately downstream of the vegetation patch, 
where the width of the mixing layer is growing thanks to the 
jet-like structure, the canonical mixing layer analogy with the 
proposed value range for spreading coefficient (0.06 to 0.12) 
led to reasonable results.  

3- In the region where the boundary layer is expanding 
and the width of the mixing layer is contracting the canonical 
mixing layer needs to be modified. In this region by accounting 
a negative value for spreading coefficient this theory seems 
rational. This negative value reflects the contraction trend of the 
mixing layer structure. 
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