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Abstract
Many species of flexible submerged vegetation are observed in natural streams in which the flow is rarely uniform. For 
better understanding the effect of flexible submerged vegetation density on the flow, experiments were conducted 
in the Hydraulics Laboratory of Isfahan University of Technology, Iran. Two runs with grassy artificial weeds with high 
and low density and one run without vegetation as a base case under favorable pressure gradient (FPG) flow were con-
sidered. Results showed the distributions of drag coefficient vary along vegetation strip. For both vegetation densities 
from bed to z∕H = 0.6, the velocity profile trend was like that in emergent vegetation. This result could be inferred from 
the low degree of vegetation submergence. The Reynolds shear stress showed a wavy distribution at both submerged 
vegetation densities under FPG flow. The maximum and minimum values of Reynolds shear stress were more in dense 
vegetation than in sparse one. In addition, results revealed turbulence intensity depend not only on FPG flow, but also 
on the vegetation density.

Keywords  Submerged vegetation · Favorable pressure gradient (FPG) · Drag coefficient · Vegetation density · Reynolds 
shear stress

List of symbols

The following symbols are used in this paper
A	� projected plant area perpendicular to flow
Ai 	� mean frontal vegetal area
A∗	� the advection term
a	� vegetation density
Cd	� vegetal drag coefficient
d50	� median grain size
d16	� 16% finer particle diameters
d84	� 84% finer particle diameters
g	� gravitational acceleration
H	� water of depth
h	� vegetation bending height
L	� length of channel in which n was 

counted
Lveg	� length of vegetation along the flume
n	� number of plants in area of ( W  * L)

P∗	� the pressure term
Red	� vegetal Reynolds number
Sr	� degree of submergence
S∗	� the bed slope effect term
⟨U⟩	� double averaging velocity⟨
uw

⟩
	� Reynolds stress at the vegetation edge

(-u′w′)	� Reynolds shear stress(√
(u�)2∕u∗

)
	� dimensionless stream-wise turbulence 

intensity
u	� stream-wise velocity component
uʹ 	� velocity fluctuation in longitudinal 

direction
U	� mean velocity
U2
∗
	� Reynolds stress at the vegetation edge

u*	� shear velocity:
V	� vegetation volume
w′	� Velocity fluctuation in vertical direction
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(√
(w�)2∕u∗

)
	� dimensionless vertical turbulence 

intensity
W	� channel width
z	� distance from the bed
σg	� Geometric standard deviation
�	� dimensionless vegetation density
δ	� height from bed in which maximum 

velocity occurred

1  Introduction

The favorable pressure gradient (FPG) flow, in which the 
depth of flow decreases and velocity increases in the flow 
direction, has been reviewed frequently [1–9]. Studies 
in open channels with bare banks and coarse-bed indi-
cate that the favorable pressure gradient flow suppresses 
the generation of turbulence [9]. In recent years, many 
researches have been conducted in vegetated streams 
due to the significant role played by vegetation in erosion, 
sediment transport and resistance to flow. Review of lit-
erature reveals that there are many studies on submerged 
vegetation [10–12] and flexible vegetation [13, 14]. Some 
researchers mentioned that the maximum Reynolds stress 
and turbulence intensity occurred approximately at the 
deflected vegetation height [15–18]. Wu et al. developed 
a method to estimate the vegetal drag coefficient ( Cd ) 
for emergent and submerged vegetation under uniform 
flow [19]. They showed that the significant factors for drag 
coefficient were Reynolds number, height of vegetation, 
and slope. They also reported that there was a direct rela-
tion between slope and vegetal drag coefficient when the 
Reynolds number was held constant. Järvelä investigated 
the effects of some factors on drag coefficient and found 
that there were large variations with velocity, depth of 
flow, Reynolds number, and vegetal morphology [14]. For 
example, they showed the vegetal drag coefficient for the 
leafy willows was three to seven times that of the leafless 
willows. Fathi-Moghadam and Kouwen showed the drag 
coefficient was changing due to plant bending against 
flow and with changing in the mean flow velocity [20]. The 
momentum absorbing area changes with bending sub-
merged vegetation, so they demonstrated there is a good 
agreement between friction factor and flow velocity. Most 
researchers consider a constant drag coefficient for the 
whole flow depth, however, Rowinski et al. and Murphy 
et al. used different drag coefficients changing with depth 
of water [21, 22]. Nepf showed that the additional drag 
generated by vegetation reduces velocity within vegeta-
tion and increases depth of flow [23]. The more residence 
time of water above the vegetated elements leads to more 

infiltration into the vegetated root zone and in long run, 
benefit the vegetation [24–26].

Wang et al. showed there is significant bias between 
imaged and modeled water surface profile H(x) [27]. This 
difference motivated the empirical analysis of the drag 
coefficient which is dependent on the stream-wise direc-
tion in order to be used in the Saint–Venant equations. 
They suggested that drag coefficient must be varying 
along vegetation length in stream-wise direction. Their 
finding illustrated that Cd(x)/< Cd > increases and then 
decreases with increasing distant from flume inlet form-
ing a hump-shape that has been studied elsewhere [28]. 
The drag coefficient for dense vegetation differs from 
that of single vegetation of the same form. The different 
vegetation density means different Reynolds number 
( Red ). Therefore, for achieving the value of drag coeffi-
cient closest to the real condition, the group of vegeta-
tion should be considered [29]. The sheltering role has 
a great effect on the effective friction factor or Manning 
roughness value which is used in different equations. 
The sheltering effect occurs when the Reynolds number 
was sufficiently high ( Red ≫ 1000 ); as a consequence, 
additional wake is produce by rod canopy.

Most of the studies used solid circular cylinders in 
regular rows for quantifying the impact of vegetation 
on flow characteristics and drag coefficient [28–33]. 
However, cylinders do not adequately represent vegeta-
tion because of the differences in flexibility, roughness, 
shape, etc. It is worth saying there is no comprehensive 
theoretical description for flexible vegetation therefore 
the theoretical formulation for rigid vegetation is used 
for flexible vegetation with some reservation [34]. Some 
researcher tried to present quantitative way to describe 
plant flexibility. For instance, Kouwen and Unny used 
plastic strips for simulating submerged flexible vegeta-
tion and represented a way in which the elasticity of veg-
etation were used as to describe plant flexibility [35].
They used values of mEI to show flexibility in which m 
is plant density, E is elasticity and I is stem area’s second 
moment of inertia. However, many researchers argue 
against this idea due to difficulties for measuring elas-
ticity, lacking of any physical concept or variations in 
modulus of elasticity [29, 36].

The FPG flow with presence of a vegetation strip is fre-
quently seen over gravel and cobble bed; however, to our 
knowledge, no study has been reported on flow struc-
ture in the presence of a vegetation strip under FPG flow. 
Graf and Altinakar, Song and Chiew [37] showed that the 
stream-wise turbulent intensity component is concave at 
bare bank condition under FPG flow. This study aimed to 
show the effects of different submerged vegetation densi-
ties on drag coefficient, velocity profiles, Reynolds stress 
and turbulent intensity distributions which are necessary 
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in hydraulic modelling, especially for evaluating the drag 
force, sediment transport and aquatic habitat. Besides, the 
low submergence degree of vegetation makes it possible 
to compare the results with emergent vegetation.

2 � Theoretical and experimental modeling

Experiments were conducted in an 8 m long, 0.4 m wide, 
0.6 m deep flume with total discharge capacity of 50 l/s 
in the Hydraulics Laboratory of Isfahan University of 
Technology, Iran. The flume was rectangular with glassed 
walls. The depth of water was set 20 cm by tailgate at the 
end of the flume. To produce FPG flow with a slope of 
-1.5% the cobble particles were arranged carefully along 
the flume. Cobble particles were used for this study, 
because natural vegetation protrudes often from cobble 
bed (Fig. 1). The bottom slope of rivers is usually positive 

as rivers flow downward. However, there are cases when 
the slope may be locally negative (adverse), forcing the 
water to flow over a rising bottom. From fluvial hydrau-
lic point of view, flow over stoss side of dunes in sand-
bed rivers and flow from deep section (pool) to shallow 
region (riffle) in gravel-bed rivers are good examples to 
show the favorable pressure gradient flow.

The median grain size of cobble-bed was determined 
by the Wolman method [38], d50 = 52.5 mm, and the geo-
metric standard deviation σg= 

(
d84∕d16

)0.5
 of the particle 

size distribution was 1.18, where d84 and d16 were 84% and 
16% finer particle diameters, respectively (Fig. 2). To fill the 
space between cobbles, smaller particles of gravel were 
used.

All data were collected from the sections of 5.5, 6, 6.5 
and 6.75 m of the flume entrance, where flow was fully 
developed and any possible effects of entrance or tailgate 
were minimized.

Fig. 1   The scheme of flume 
and used instruments

Fig. 2   Grain size distribution in 
the flume
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To prove the uniform flow is fully developed, the veloc-
ity profiles have to be self-similar at different distances 
from the flume entrance. At present study, the fully devel-
oped flow occurs at a distance of 4.5 m downstream from 
the flume entrance (Fig. 3).

A down looking Acoustic Doppler velocimetry (ADV), 
10 MHz Nortek Vectrino, was used to measure the instan-
taneous three-dimensional velocity components. ADV 
record instantaneous velocity components at a single-
point with a relatively high frequency. Using WinADV and 
data filtering, measurement sensitivity analysis was per-
formed and then the results was presented. In addition, 
the variation of duration, frequency of measurements 
were investigated to check their effects on the results. 
Accordingly, the high quality data were presented in 
this study. The used ADV at this study has the precision 
of ± 0.1 mm s−1 and a sampling volume with a height of 
5.5 mm. To present the correct data, the following criteria 
were considered: signal to noise ratio larger than 15, coef-
ficient of correlation higher than 90 percent and spectral 
analysis [39]. The Explore V software package was used for 
post-processing of measured velocity records, including 
removal of sporadic spikes with acceleration and veloc-
ity threshold filters. The phase-space threshold despiking 
technique appears to be a robust method in steady flows 
[40, 41]. At each measuring point, 24,000 velocity data 
were collected. After post-processing method, between 
10 to 20% of all samples were removed.

Two runs of measurements were carried out with dif-
ferent plant densities and one run was measured without 
vegetation as a base case. Each velocity profile consists of 
twenty-point velocities. The fluctuating turbulence near 
channel bed is more important than that of near water sur-
face. Therefore the velocity measurements in vertical spac-
ing (vertical distance between two consecutive points for 
measuring point velocity) was chosen as 2, 5 and 10 mm 
from the vicinity of the channel bed to the water surface.

At present study, the vegetation was flexible and was 
bended under flow. In these situations, the connectivity of 
the mesh is accompanied by error. The mesh was located 
in random position, so the values of operation may not be 
correct and mesh free method was used.

To investigate the influence of morphology and density of 
flexible vegetation on flow structure, grassy artificial weeds 
with densities of 0.162 and 0.243 were used. These densi-
ties were selected based on inspiration from some natural 
vegetation strip in Kaj River. The selected artificial vegetation 
is similar to the morphology of the common aquatic vegeta-
tion growing in cobble-bed rivers. The number of vegeta-
tion plants was evaluated by counting vegetation plants in 
2 m × 0.13 m. The vegetation strip had a 0.13 m width and 
8 m length along the flume. The selected artificial plants 
were deflected below the water surface. This vegetation 
embedded randomly between holes of cobbles at 1/3 of 
the flume width, so the 13 cm width of bed from the right 
vertical wall along the flume was covered with a submerged 
vegetation strip (Fig. 4). Some of measured hydraulic data 
are given in Table 1. The degree of submergence was defined 
as the rate of depth of water to vegetation bending height 
( Sr = H∕h) . The degree of submerged vegetation was 1.235 
and 1.143, thus it was possible to investigate flow charac-
teristics with emergent vegetation conditions. As above 
was mentioned, measuring the exact deflected vegetation 
height is very difficult task. All vegetation elements do not 
bend uniformly, therefore, average deflected height should 
be presented. The vegetation used at this study has the 
width of 8 mm at the bottom and 2 mm at the top. However, 
average width of each element was considered 7 mm. Veg-
etation were embedded randomly in a 13-cm width strip. 
For parameter of ΔS, which is an average center-to-center 
vegetation distance, authors assumed uniform center to 
center distance.

The definition of Reynolds number for flexible vegetation 
is not constant and several options have been suggested 
[42, 43]. In the present study the multiplication of stem thick-
ness in bending vegetation height was consider as a frontal 
vegetal area ( Ac) (Table 1):

and Reynolds number is defined as:

(1)
Ac = bending vegetation height(m)

∗ width of vegetation element(m)

Fig. 3   Self-similar of velocity profiles near section of 4.5  m from 
inlet
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in which U is mean velocity, Ac is frontal vegetal area and 
� is the kinematic viscosity of water.

(2)Red =
U
√
Ac

�

The vegetation density a [ m−1] was determined by divid-
ing the projected plant area perpendicular to flow by the 
vegetation volume (Eq. (3)) as:

(3)a =
A

V
=

nAi

WhL

Fig. 4   a top view of vegetation strip in the flume, b low vegetation density under FPG flow, c high vegetation density under FPG flow

Table 1   A summary of 
experimental data

Run λ Thickness (mm) Median 
length 
(m)

Bending 
length 
(m)

Width (m) u
max

(cm/s)
u∗

(cm/s)
S
r

Re
d

High dense 0.243 0.001 0.283 0.162 0.007 42.88 3.81 1.235 10763
Low dense 0.162 0.001 0.283 0.175 0.007 39.94 2.95 1.143 11339
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where n is the number of plants in area of ( W  * L), W is 
the channel width, Ai  is the mean frontal vegetal area, h 
is the vegetation bending height, and L is the length of 
channel in which n was counted. In the present study the 
frontal vegetal area was considered constant with increas-
ing depth of flow, because the stem shape of vegetation 
almost had the same surface from the top to the bottom. 
To express the vegetation density with a dimensionless 
factor, the vegetation density was written as � = a ∗ h . 
Vegetation density is one of important factors for resist-
ance to flow but it is difficult to obtain it for flexible plants 
which are placed irregularly.

The measurements of velocity was done near veg-
etation strip (2 cm away from vegetation strip). The ADV 
probes do not act very well into the branches of vegeta-
tion, therefore all measurements was done outside the 
vegetation strip. In this way, the influences of interaction 
of braches are more important compared to connection 
between branches of the modeling.

Wang et al. showed that conventional formulation of 
drag coefficient for isolated and a group of cylinders can-
not exactly predict the water surface profile [27]. They 
introduce new formulation for drag coefficient by substi-
tuting the Sf  (Eq. 4) into SVE (Eq. 5):

in above equations Sf  is energy grade line slope, g is gravi-
tational acceleration, m is the number of vegetation stems 
per unit ground area, D is interpreted as the frontal width 
of the vegetation stem, S0 is the bed slope, ΔS is an aver-
age center-to-center vegetation distance, S∗

0
 is bed slope 

effect term, P∗ is pressure term, A∗ is advection term and R∗ 
is rainfall term that present study is no-rainfall case.

(4)Sf =
CdmDU2

(1 − �)2g

(5)U
�U

�x
+ g

�H

�x
− g

(
S0 − Sf

)
= 0

(6)Cd = (1 − �)
ΔS2

DLveg

(
S∗
0
+ P∗ − A∗ − R∗

)

(7)S∗
0
= S0

(
Lveg

U2∕2g

)

(8)P∗ =
(
−
�H

�x

)( Lveg

U2∕2g

)

(9)A∗ =
(
�U

�x

)(2Lveg

U

)

3 � The results and discussion

As above was mentioned, measuring the exact deflected 
vegetation height is very demanding. All vegetation ele-
ments do not bend uniformly, therefore, average deflected 
height should be presented. The vegetation used at this 
study has the width of 8 mm at the bottom and 2 mm at 
the top. However, average width of each element was 
considered 7 mm. Vegetation were embedded randomly 
in a 13-cm width strip. For parameter of ΔS, which is an 
average center-to-center vegetation distance, authors 
assumed uniform center to center distance.

3.1 � Drag Coefficient

The distributions of drag coefficient derived from Eq. 6 
have been shown in Fig. 5. As can be seen from the graph, 
drag coefficient changes along vegetation strip. Previous 
studied showed that drag coefficient vary in flow depth 
[21], besides, the result of present study show that drag 
coefficient vary along vegetation strip that is in good 
agreement with Wang et al. and Wang et al. [27, 28]. At 
high dense vegetation case, the drag coefficient increase 
with increasing x along the vegetation stream, however, 
at 6.5 m from inlet, a slight drop has been observed. In 
contrast, the trend of drag coefficient at low dense veg-
etation was decreasing. It might have increasing trend 
before 5.5 m from inlet, however, there is no evident data 
to prove it.

3.2 � Velocity profiles

Figure  6 shows velocity profiles at the same position 
for different vegetation densities. At these profiles, the 
velocity in the longitudinal direction was normalized by 
the maximum velocity in that direction; also the distance 
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Fig. 5   Drag coefficient profiles near vegetation strip at high and 
low vegetation densities along the flume
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from the bed (z), which it was showed on the vertical axis, 
normalized by the maximum depth of water (H). The figure 
shows the velocity distribution in both vegetation densi-
ties was S shaped [5], while at bare banks as a base case 
the velocity distribution was convex and the maximum 
stream-wise velocity occurred under the water surface. 
As in 1989, Nezu et al. said all channels with W/H ˂  5 were 
considered as a narrow channel [44]. The maximum flow 
velocity in the narrow channel occurs under the water 
surface: ( 𝛿 < H) where � is the height from bed in which 

maximum velocity occurred. The importance of this phe-
nomenon is that the effects of walls and secondary current 
are sensible. Just as shown on graphs, the velocity profile 
was divided into three layers. In the first layer, velocity 
increased from the bed up to z∕H = 0.1 and this was due 
to the friction force prevailing in the flow direction. In the 
first layer near cobble bed, the values of velocity in dense 
vegetation were lower than sparse vegetation (Fig. 6a, 6b). 
In the other words, velocity distribution near cobble bed 
starts at lesser values (0 < u<0.5 cm/s), but in lower density 

Fig. 6   Comparison of dimensionless stream-wise velocity distribution near vegetation density: a High dense vegetation, b Low dense veg-
etation, c Bare bank
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this values starts at a higher rate (0 < u<1 cm/s) and this is 
due to more resistance to flow in dense vegetation. In the 
second zone, from z∕H = 0.1 to z∕H = 0.6 , the velocity had 
a decreasing trend. In this zone two or three stems on each 
plant created more resistance against the flow. A decreas-
ing trend was more sensible in dense vegetation than in 
sparse one and this was due to more stems and increas-
ing resistance to flow, therefore creating a significant wake 
zone on the back of stems. This wake zone is more sen-
sible in 6 m and 6.5 m from inlet in dense vegetation. In 
the third zone from z∕H = 0.6 up to the water surface, the 
velocity profile had an increasing trend. In this zone, due 
to no attendance of vegetation, the increasing trend was 
predictable. In both modes of submerged vegetation den-
sity from bed to z∕H = 0.6 the velocity profile trend was 
just like as in emergent vegetation [45].This result can be 
gained from the low degree of vegetation submergence 
( H∕h = 1.235, 1.143) . On other hand, the existence of 
vegetation with low degree of submergence caused the 
velocity profile for submergence vegetation to be like the 
velocity profile for emergent vegetation and only the dif-
ference was the third zone near water surface. The veloc-
ity increased in this zone, however, velocity distribution 
in emergent vegetation only had first and second zones. 
The presence of layer without any vegetation near the 
water surface in submerged vegetation created less wake 
zone and more mixing than in emergent one. The changes 
in bed roughness and relative submergence (H/d50) due 
to the combination of cobble and vegetation produced 
an S-shape profile. However, the vegetation density and 
flow conditions around the vegetation modify the profile 
shape, showing a steep or a mild increasing trend in the 
third layer near the water surface.

3.3 � Reynolds Stress

Reynolds shear stress ( − u�w� ) is one of the most impor-
tant parameters for understanding flow characteristics. 
As Fig.  7 shows, the Reynolds shear stress was made 
dimensionless by the square of shear velocity ( u2

∗
 ). Yang 

et al. mentioned that the presence of non-zero vertical 
velocity (w) in non-uniform flow deflected the Reynolds 
shear stress distribution from a linear trend [46]. Figure 7 
shows a wavy distribution for Reynolds shear stress in both 
submerged vegetation density under favorable pressure 
gradient (FPG) flow, supporting the findings of Afzalimehr 
et al. [4, 5]. Afzalimehr et al. [4] found that the nonlinear 
distribution of Reynolds stress is due to secondary currents 
and the anisotropy in turbulence in the vegetated banks 
channels [4].

The maximum and minimum values of Reynolds shear 
stress were more in dense vegetation than in sparse one. 
In the layer near water surface where vegetation did not 

exist, the value of Reynolds shear stress was generally 
positive. A decreasing trend of the distribution of stress 
near the bed was observed and that was in agreement 
with Afzalimehr et al. [5]. The maximum value of Reynolds 
shear stress occurred near the cobble bed. Based on Figs. 6 
and 7, where the Reynolds shear stress came to zero is 
the point where the velocity reaches the maximum value. 
Also, the interaction of vegetation and cobble produces a 
three-layer distribution with negative values in z∕H < 0.4. 
Figures 6a and 6b illustrate that in the “middle veg layer” 
the velocity reduces due to vegetation resistance. In Fig. 7a 
and 7b the values of −u�w�  are negative in the middle 
layer, showing an upward vertical transport of momen-
tum with negative velocity gradients [47].The negative 
Reynolds stresses in regions with different velocity gradi-
ents (see Fig. 6) may be formed by some localized regions 
where the energy of turbulence is transferred to the mean 
flow as reported by Siniscalchi and Nikora [48]. Figure 7c 
shows that the Reynolds stress distribution follows the 
classic form (a convex form) for bare bank case. For bare 
bank flow the maximum Reynolds stress occurred at the 
bed (6.5 m and 6.75 m from inlet), thereafter it decreased 
to free water surface. Reynolds stress reached zero value 
at around z/H = 0.65 and then recorded the negative value 
near water surface. In 5.5 m and 6 m from inlet the maxi-
mum Reynolds stress occurred away from the bed that is 
in agreement with Afzalimehr findings [1]. It is clear the 
trend of Reynolds stress deviates from linear distribution 
that is in agreement with Stone and Hotchkiss [49]. They 
say this deviation is because of large roughness elements 
in the bed.

3.4 � Turbulence intensities

Creating of turbulence is due to the velocity component 
fluctuations, which causes momentum transport between 
different fluid layers. The turbulence can be quantitative 
by Reynolds stress and turbulence intensity. Turbulence 
intensity is a major factor affecting on erosion, sediment 
transport, flow resistance and creating different bed forms 
[50].

Figure 8 shows the distribution of stream-wise turbu-

lent intensity (
√

(u�)2∕u∗ ) and vertical turbulent intensity 

(

√
(w�)2∕u∗) near vegetation strip. As the figure shows the 

stream-wise turbulent intensity component is concave at 
bare bank condition under FPG flow. This result confirms 
the results of Graf and Altinakar, Song and Chiew and 
Afzalimehr [1, 37]. The stream-wise turbulent intensity 
remained concave with the presence of low dense vegeta-
tion, except for 6.75 m from inlet in which this distribution 
turned to convex pattern. The reason of this change might 
be the presence of strong secondary currents and effects 
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of vegetation. The maximal value of turbulent intensity 

of (
√

(u�)2∕u∗ ) was located near bed. However, in 6.75 m 
from inlet, the maximum value of stream-wise turbulence 
intensity was observed at vegetation bending height. The 
distribution stream-wise turbulent intensity in high dense 
of vegetation is totally different compared to bare bank 
and low dense vegetation. The turbulent intensities of 

(

√
(u�)2∕u∗) at four different cross sections did not follow 

the same pattern, and generally they were wave-shaped.

The vertical turbulent intensity (
√

(w�)2∕u∗) in bare 
bank and low dense of vegetation was almost constant 

from bed up to water surface, however, this parameter 
in high dense vegetation has decreased at inner layer 
and then remain constant up to water surface. A num-
ber of previous experimental and numerical studies have 
concluded that turbulent intensities reduce in the inner 
layer [9]. In addition, in high dense vegetation, the value 
of turbulence intensity is greater than sparse one.

The value of turbulent intensity in longitudinal and 
vertical directions at present study was more than pre-
vious studies [1]. This can be attributed to presence of 
cobbles and large roughness elements.

Fig. 7   Comparison of dimensionless shear stress distributions under FPG flow near vegetation strip: a High vegetation density, b Low veg-
etation density, c Bare bank
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3.5 � The conclusion

In the present study, the effect of artificial submerged 
vegetation density under favorable pressure gradient 
(FPG) flow is investigated, and the following results were 
achieved:

The drag coefficient distributions vary along vegeta-
tion strip at both vegetation densities. At high dense 
vegetation, this trend was increasing and then decreas-
ing, however, at low dense vegetation this trend was 
decreasing.

The velocity profile trends in both submerged arti-
ficial vegetation densities from bed to z∕H = 0.6 were 
just like those emergent vegetation. This result can be 
gained from the low degree of vegetation submergence 
( H∕h = 1.235, 1.143) . On other hand, the presence of 
vegetation with low degree of submergence causes the 

velocity profile to be similar to that in emergent vegeta-
tion; the only difference is the presence of third zone near 
the water surface in the submergence case, but the veloc-
ity increased in this zone, however, the emergent vegeta-
tion velocity profiles only had first and second zones. The 
presence of layer without any vegetation near the water 
surface in submerged vegetation resulted in the creation 
of less wake zone and more mixing than in emergent veg-
etation. Near-bed velocity starts at lesser value in high 
dense vegetation compared to low dense vegetation due 
to more resistance to flow in dense vegetation.

A wavy distribution for Reynolds shear stress (RSS) in 
both submerged vegetation densities under FPG flow was 
observed, while for the bare bank, profiles deviate from 
linear distribution, that is because of large roughness ele-
ments in the bed. The values of Reynolds shear stress were 
generally positive near the cobble bed, but the interaction 

Fig. 8   Turbulence intensity at high sense vegetation, low dense vegetation and bare bank a longitudinal direction b vertical direction
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of cobble- vegetation leads to values in middle layer of the 
RSS distribution. Near-bed Reynolds stress starts at more 
value in dense vegetation compared to low dense vegeta-
tion due to more resistance to flow in dense vegetation. 
In some cases in bare bank, maximum Reynolds stress 
occurred away from the bed.

The stream-wise turbulence intensity follows concave 
pattern at bare bank and with the presence of low density 
of vegetation. However, as the vegetation density increase, 
this pattern has changed into almost wavy shape. The ver-
tical turbulence intensity remained constant up to water 
surface at bare bank and low vegetation density. Although, 
in the presence of high vegetation density, considerable 
scatters are observed in vertical turbulent intensity. It can 
be concluded that turbulence intensity depend not only 
on the FPG flow, but also on the vegetation density.

The FPG flow, submerged vegetation strip and cob-
ble bed can be found in nature easily, however, rivers are 
complex system and the result of laboratory flume should 
extend for rivers carefully. Although, previous study by 
Afzalimehr et al. [51] showed that there is considerable 
similarity between flume and river velocity profiles, Reyn-
olds shear stress and correlation coefficient. This helps to 
better interpret the laboratory results for extending to 
field works.
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