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Abstract: Pools are often observed in gravel-bed rivers, together with the presence of vegetation
patches. In the present study, a conceptual model of a gradual varied flow with both convective
deceleration and acceleration flow sections has been constructed in a flume to study turbulent flow
structures. Vegetation patches with extended canopies were planted in the pool sections in order
to increase the thickness of the boundary layer inside the inner zone. The effects of different flows
(namely decelerating, uniform and accelerating flows) along an artificial pool on flow velocity, shear
stress and bursting events have been investigated. In addition, due to the occurrence of secondary
currents in shallow streams, the characteristics of turbulent shallow flow have been investigated
along two axes that are parallel to the sidewall of the flume. The results showed that the application
of the log law should be used with care to estimate shear velocity along a pool with a vegetated bed.
The presence of a vegetation patch causes an increase in Reynolds shear stress, especially along the
entrance section of the pool where the flow decelerates. The results of the quadrant analysis reveal
that the sweep and ejection events have the most dominant influence over the vegetation patch in the
pool; however, the contributions of outward and inward events increase near the bed, especially in
the entrance section of the pool where the flow is decelerating. The distribution of stream-wise RMS
of turbulence intensity along the pool generally presents a convex shape.

Keywords: shallow currents; shear velocity; pool; quadrant analysis; vegetation patch

1. Introduction

In natural rivers, bed morphology affects the flow patterns. Due to the process of the
removal and deposition of sediments, and the combination of secondary currents with the
sequence of convergent and divergent streams, regular patterns of sequential pool and riffle
bed-forms appear very often in gravel-bed rivers. In other words, both the accelerating and
decelerating flows often occur in a quasi-periodic manner along riffle and pool sections in
gravel-bed rivers. For a flow along a river reach with both accelerating and decelerating
sections, characteristics of the turbulent flow, sediment transportation, velocity and shear
stress distributions are very different from those in a channel with a flat bed [1]. In recent
years, researchers have investigated some of the important hydrodynamic processes of the
flow in pools, including the generation of turbulent vortices and the lateral convergence
and divergence of the flow associated with bed forms [2-9]. It has been reported that in
narrow channels with an aspect ratio less than five, the secondary currents significantly
affect the characteristics of the distribution of turbulent flow. For instance, the presence of
negative vertical velocities indicates that the maximum velocity should occur under the
water surface [10].

Conducted previous experiments to study flow characteristics in the artificial pools
have been reported that the secondary currents along the central line of the channel
indicate a convergent flow in the decelerating section and divergent flow in the accelerating

Water 2023, 15, 205. https:/ /doi.org/10.3390/w15010205

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w15010205
https://doi.org/10.3390/w15010205
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-7537-7123
https://doi.org/10.3390/w15010205
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15010205?type=check_update&version=2

Water 2023, 15, 205

20f15

sectio [11-14]. The presence of vegetation in a channel bed has significant impacts on
the stability of hydrodynamic structures of the flow, and has been investigated through
different previous studies [15-21]. The reduction in flow velocity due to the presence of
vegetation patches in channel beds is another reason for determining flow resistance in
the presence of vegetation patches [17,22]. On the other side, the presence of vegetation
patches in a channel bed leads to the reduction in sediment erosion due to the decrease
in shear stress, and increase in the thickness of the boundary layer. The increase in the
thickness of the boundary layer leads to a decrease in the velocity in this layer [11,23-25]
The momentum exchange between the top and bottom parts of vegetation makes it difficult
to analyze vertical velocity distributions [25,26]. When an aspect ratio is less than five, the
dip phenomenon occurs in open channels and can reach up to 35% of the flow depth. Under
such a flow condition, the maximum flow velocity is clearly different from the velocity
value at the water surface [23,27].

The results of the quadrant analysis used for assessing the structures of flow in both
laboratory flumes and natural rivers showed that they are in good agreement, namely,
ejection events appear near the bed, and sweep events occur near the water surface, which
are dominant occurrences in the pool zone [12,28]. By studying simulated flow conditions in
pool-riffle sequences, and comparing against their field observations have been investigated
that the model simulations against field observations has little discrepancies [12]. To our
knowledge, however, most experimental studies have been carried out in laboratory flumes
with small aspect ratios (W/h < 5) in order to extend the results to natural rivers. In
addition, most of the turbulent data available have been collected for artificial pools
where the vegetation is not prevalent, which are different from the pools with vegetated
cover [11,29].

Effective planning for the maintenance of natural bed-forms, such as pool-riffle se-
quences, is important for managers and requires extended studies of artificial pools and
riffles in laboratories (e.g., [11]). In other words, to analyze the interaction between turbu-
lent flow and vegetated pool beds, a better understanding of the hydraulic processes in
a laboratory scale is required. This experimental study was carried out to investigate the
effects of irregular bed shape and vegetation on hydraulic parameters such as shear velocity,
friction coefficient and Reynolds stress to investigate their interaction with the desired
laboratory conditions. Moreover, the impact of different aspect ratios on the characteristics
of turbulent flow in a shallow stream over a vegetated pool bed has been considered for
evaluation. Then, it is possible to obtain meaningful results through comparing vege-
tated pool data with the sandy pool data. In addition, the effect of vegetation patches
on turbulent flow structures along a vegetated pool has been investigated by means of
quadrant analysis. However, the limitations of the experiment included the formation of a
balanced bed shape within a certain range of sediment particle size in a laboratory flume to
create flow conditions comparable to those in natural rivers. The diameter of the sediment
particles of the bed material in a flume should be selected in a way that their movement
threshold is higher than the flow velocity. The limitation of the flume length forced us to
build the desired pool in a fully developed flow condition. Since the boundary layer should
develop along the entire water depth, the flow should travel a certain distance within the
channel in order to achieve the same shape of velocity profiles. To ensure the creation of
a developed flow, and to avoid the influence of the vortices caused by the downstream
exit-gate of the flume, the longitudinal dimensions of all sections (entrance, pool and exit)
were equal to 1.5 m. The 1.5 m pool section was constructed at the distance of 4.5 m to
6 m from the entrance of the flume. Moreover, studies in natural rivers have shown that
the angle for pool-shape channels is normally less than 7.8 degrees. Thereby, considering
an angle of 10 degrees in this research, the experimental conditions are close to the real
conditions in natural rivers.

In addition, the limitations of the acoustic doppler velocity (ADV) device used for
measuring the flow separation area have been noticed in this experiment. It happens
because of the lack of recirculation in the flow rate, and the existence of the separation area
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on the bed surface. Furthermore, the study of shallow flow over rough beds shows that
many methods and estimations do not have the necessary accuracy. Presently, to estimate
the friction factor or roughness coefficient using the reported hydraulic models, one is
unable to obtain results with the necessary accuracy. One of the main reasons for these
poor predictions is the weakness of the estimation, since the existing methods do not use
all data in a velocity profile to determine shear velocity, thus leading to poor predictions of
the roughness coefficient, which is one of the key parameters of hydraulic models.

2. Materials and Methods
2.1. Theory

The flow velocities in the stream-wise (u), vertical (w) and lateral (v) directions were
decomposed into time-averaged (U, V, W), and turbulent components (u/, v/, w’). In addi-
tion, the velocity profiles near the bed follow the law of the wall, which is as follows:
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where u. is the shear velocity, k is the von Karman coefficient equivalent to 0.41, and z is
the reference bed level, which is dependent on the roughness height of the bed material. It
has been found that the inner zone of each velocity profile can be extended to a relative
depth of z/zy= 0.2 for uniform and non-uniform flows [13,30,31].

One of the methods used to determine the bed level involves solving the log law
function so that it fits well with the measured data by using the trial-and-error method.
However, in the present study, the equivalent roughness zy has been considered equal to
dsp of the sandy bed material for the non-vegetated bed, and equal to vegetation height
in the presence of vegetation in the channel bed [32]. The validation of the logarithmic
law has been conducted by plotting (u) against In(z/z,), where the breakpoint between
segments was allowed to vary within the range of z/h < 0.2 [33,34].

At present, there are several methods for determining the shear velocity, which is
considered as the most fundamental scale for dimensioning the average velocity. Using the
logarithmic method, one can obtain the shear velocity by calculating the regression fitting
line for data in the inner layer with the flow depth of z/h < 0.2. Using data collected
from laboratory experiments, the shear velocity can be obtained by the following equations,
where u, 8« and C are the maximum velocity, boundary layer displacement thickness, and
constant coefficient, respectively. According to the results of other researchers, C is equal to
4.4 in sandy bed rivers, and 6 is the momentum thickness of the boundary layer [31].
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Reynolds shear stress has been calculated from turbulent fluctuations in the stream-
wise and vertical directions using the following equations, in which p is the water density.
The Reynolds stress profiles are non-linear for non-uniform flows and follow a concave
shape for the accelerated flows and convex shape for the decelerating flows.
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To obtain the value of turbulence intensity, RMS parameters have been used, which
can be expressed by the following equations:

2 2 2
u“=urms, V V= VrMs, VW= wrms ()

Quadrant analysis has been used to study coherent flow structures within or above
a vegetation patch, and to investigate the relationship between time fluctuations of the
velocity components (u’, w’), especially their relationship with the trigonometric circle
system in four quadrants of the coordinate system. In recent years, many studies have been
conducted to assess the coherent flow structures in the downstream region of a vegetation
patch. The results of previous studies reveal that there exists a small margin of ejection
dominancy around the top edge behind a submerged vegetation patch. In addition, both
the ejection and sweep events are dominant bursting events in the vicinity of the toe of
the vegetation patch, which positively contribute to the downward momentum flux, and
are involved in near-bed turbulence. Moreover, a notable feature of the flow has also been
revealed, that is, the dominance of outward and inward interactions in the shear layer was
induced by the flow above the vegetation patch [14,35,36].

To assess the contribution of each pseudo-oscillatory process event, a computer pro-
gram has been formulated using MATLAB, and the results are presented in the following
sections. According to the analysis of velocity fluctuations, the outward interaction occurs
whenu’ > 0,w > 0; the ejection event occurs when u < 0,w > 0;the inward
interaction occurs when u’ < 0, w' < 0; and the sweep interaction occurs whenu’ > 0,
w’' < 0[32,37-39].

2.2. Experimental Setup

Laboratory experiments were conducted in a flume, which was 0.4 m wide, 0.6 m deep,
and 8 m long with a maximum discharge of 50 L/s. To compare the results of the present
study to the previous studies conducted using artificial pools, the flow rate of 10 L per
second was chosen for this study. Due to the limitation of the flume length, and to ensure a
fully developed flow in the pool, the desired pool bed form was built in the flume section
located at a distance of 4.5 to 6 m from the flume entrance. Both the entrance and exit slopes
of the pool were constructed at an angle of 10° over a stream-wise distance of 1.5 m to create
a pool with a series of three sections, which were as follows: the entrance section, middle
pool and exit section. Along the entrance section, the increase in the flow depth created the
decelerating section. Along the second section (or middle pool section), the channel bed
was flat, and was a transition section. The flow depth along the third section decreased and
created an accelerating flow. The bed material had a smooth surface of the sand particles
with a uniform distribution, and the median grain size (d5p) was 10.4 mm. The smooth
surface of the channel bed was carefully prepared to eliminate large-scale variation in the
bed topography. The artificial vegetation patch with a height of about 2.5 cm was placed
over the middle pool section, which was 1.5 m long (Figure 1).

The laboratory experiments were carried out under two flow conditions, as given in Table 1,
with a constant Reynolds numbers and different Froude numbers (condition 1:
Re= 2.5 x 10*, Fr = 0.09), and (condition 2: Re= 2.5 x 10%, Fr = 0.13). In this study, two flow
depths of 20 cm and 15 cm upstream of the pool section were used, and the correspond-
ing aspect ratios were 2.0 and 2.7, respectively. Measurements of the flow velocity were
conducted at 13 cross sections, with the first cross section located at 1.5 m upstream of the
pool and the last was located at 1.0 m downstream of the pool. To assess the side effects of
the flume wall on the turbulence, at each cross section, velocity profiles at two different
locations were compared. One location was 20 cm from the sidewall, and the other was
10 cm from the sidewall. For each velocity profile, about 20 to 25 point velocities at different
distances from the channel bed were measured.

The velocity data were collected using an ADV, and the minimum SNR was considered
as 15. In addition, the data correlation coefficient value was observed to be more than



Water 2023, 15, 205

50f 15

70 percent. Most of the velocity data collected in this study were considered with high
SNR values and correlation, although some data were filtered to remove aberrant data. The
objectives of this study were to investigate the velocity, Reynolds stress and turbulence
intensity along a pool covered by sand and a submerged vegetation patch. The estimation
of shear velocity was examined by different methods. In addition, the contribution of each
bursting process along this pool was investigated using quadrant analysis.

() (b) (©)

Figure 1. Experimental setup. (a) Vegetated pool; (b) sandy pool; (c) vegetated boundary.

Table 1. Hydraulic conditions of laboratory experiments.

Q (L/s) H (m) W (m) Uavg (cm/s) W/H Re x 104 Fr
10 0.20 0.4 12.5 2.0 2.5 0.09
10 0.15 0.4 16.7 2.7 2.5 0.13

3. Results and Discussions
3.1. Shear Velocity Distribution and Logarithmic Law

Figure 2 shows the distributions of shear velocity (u.) under the conditions of different
aspect ratios (W/H) and vegetation coverage (with or without the presence of vegetation).
One can observe from Figure 2 that some irregularities exist in the value of shear velocity
near the sidewall. Overall, the value of u, decreased in the CDF (decelerating flow)
section, and increased in the CAF (accelerating flow) section, indicating the impact of
the secondary currents on the shear velocity. The presence of the vegetation patch in
the pool bed resulted in an increase in the shear velocity, particularly in the CDF section.
Under the condition of the same flow discharge, by increasing the aspect ratio (namely,
the increase in flow velocity), the value of u, obtained using the boundary layer method
increased. By comparing results of shear velocity determined by the two methods, the
estimated u. using the boundary layer method was higher than that obtained using the
logarithmic method, since the logarithmic method considers all point velocities of velocity
profiles when calculating u,. The results of this study confirm those of previous studies
that the distribution of shear velocity over a pool bed and bedform is a function of the flow
depth [11,12,40].

Figure 3 shows the results for assessing the validity of the logarithmic law over the
pool in the presence of vegetation in the pool section along two axes of the channel at the
distance of 10 and 20 cm from the sidewall, respectively. By using a trial-and-error method,
it was found that the logarithmic law fits the data measured near the bed of the boundary
layer well with a strong correlation, as the R? values show in Table 2. According to Figure 3,
along the CAF (acceleration flow) section, the velocity data collected for the outer layer
of the flow at a depth of 1.0 > z/h > 0.2 (till water surface) are above the regression line,
implying a dominant adverse pressure gradient (dp/dx > 0). However, a favorable pressure
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gradient (dp/9dx < 0) is dominant in the CDF (deceleration flow) and middle pool sections
of the pool, where the data points collected for the outer layer of flow (1.0 > z/h > 0.2) are
below the regression line. Approaching the sidewall, the validity of the logarithmic law for
the velocity data near the bed region has also been confirmed. For flow with a relatively
low Reynolds number, the boundary layer tends to be a laminar boundary layer. As the
Reynolds number increases, the boundary layer becomes unstable with small disturbances.
Further growth of these disturbances results in the transition to a turbulent boundary
layer. Most practical flows involve high Reynolds numbers and turbulent boundary layers.
Because of the three-dimensional interchanges in momentum, a turbulent boundary layer
is thicker and has a larger wall velocity gradient than that of a laminar layer with the same
Reynolds number. The increased momentum near the wall allows a turbulent boundary
layer to withstand a larger unfavorable pressure gradient than a laminar layer without
separating, but results in higher wall shear stress and drag.

(A) 4 Clauser's M

—= Vegetated bed, Second axis,

5 2 W/H=2
1
- .- Vegetated bed, Central axis,
0 W/H=2
(B) 6 dary Layer Method
Boundary Layer Met] —— Sandy bed, Central axis,
4 "n -"'
*
33

waue Vegetated bed, Central axis,
W/H=2.7

Figure 2. Distributions of shear velocity determined using two methods: (A) Clauser’s method;
(B) the boundary layer method.
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Figure 3. Validity of the logarithmic law method. (a) Central axis; (b) Second axis.



Water 2023, 15, 205

7 of 15

Table 2. Determinations of logarithmic law.

X Equation R? U= f
CDF Section u/u,= 0.0116 ln(z /ks) +0.0321 0.98 0.00464 0.011
Central Axis Middle Sect. u/uy = 0.02In(z /ks) + 0.0538 0.90 0.008 0.032
CAF Section u/u.= 0.02741n(z /ks) + 0.0644 0.96 0.0108 0.059
CDF Section u/u.= 0.01061In(z /ks) + 0.0204 0.89 0.0042 0.009
Second Axis Middle Sect. u/u,= 0.01511In(z /ks) + 0.0333 0.97 0.006 0.018
CAF Section u/u.= 0.02681n(z /ks) + 0.054 0.93 0.0105 0.058

The positive pressure gradient along the entrance section of the pool and the negative
pressure gradient around the riffle zone play important roles in the gradient of the log
law function. The positive pressure gradient helps the development of the flow separation
zone where the turbulence intensity is high, thus, resulting in a relatively sharp pressure
gradient in the middle pool section. In fact, the positive or unfavorable pressure gradient
tends to decelerate the flow, and leads to an increased boundary layer thickness; thus, the
velocity gradient at the wall will decrease. The unfavorable pressure gradient can cause
the separation of the boundary layer, which often results in drastic changes in the flow
patterns. Along the flow direction, the negative or favorable pressure gradient, which
accelerates the flow, will result in a decrease in the boundary layer thickness and increase in
the velocity gradient at the wall. However, there is no flow separation in the riffle zone due
to a negative pressure gradient, which shows a negligible departure from the logarithmic
law [31,41-43].

3.2. Velocity Distribution along the Pool

As shown in Figure 4, the dimensionless stream-wise velocity profiles are presented
along the entire pool, where the mean point velocity (u) was converted to dimensionless
velocity by dividing it by the maximum velocity (umax) of each velocity profile. Also, the
depth related to a velocity point measurement (z) became dimensionless depth by dividing
it to the flow depth (h).

The results of the velocity distributions show that the maximum velocity occurs near
the water surface. On the other hand, since it is difficult to measure velocity by ADV devices
in the flow separation zone where the intensity of turbulence is high, negative stream-wise
velocities were not observed in the present experimental study. Moreover, the difference
between velocity profiles along the central axis and those along the second axis indicates
the strength of the secondary currents in the presence of vegetation in the channel bed. The
velocities near the bed in the decelerating flow section decreased with the increasing flow
depth; and the velocities near the bed increased along the accelerating flow section with the
decrease in the flow depth. These results are consistent with those of other studies [11,44].

Furthermore, dimensionless flow velocities in the outer zone (z/h > 0.2) in the deceler-
ating flow section are higher than those in the accelerating flow section, which is consistent
with the findings reported in the previous work [13,45]. In the presence of vegetation in
the channel bed of the pool, by increasing the aspect ratio, the velocity profiles show an
S-shaped distribution. For these velocity profiles, the velocity gradient in the upper part is
very small; the velocity gradient is higher in the middle part; and in the region near the
bed, the velocity follows a logarithmic distribution. This result confirms the findings of
other studies [46]. The effect of the increased aspect ratio on the velocity profiles in the
central axis of the pool channel resulted in an increase in the average flow velocity, and a
larger velocity gradient along the entire channel bed of the pool. In addition, the region
with the minimum velocity values was located at the end of the middle part of the pool
section, leading to the presence of a non-uniform flow in the middle part of the pool section.
Failure to create a uniform flow in the middle pool section was due to the residual effect of
the decelerating flow. This observation is consistent with the results of previous study for a
non-uniform open channel flow [47].
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Figure 4. Distributions of stream-wise velocity profiles. Note: green line: central axis over vegetated

bed with w/h = 2; black line: central axis over sandy bed with w/h = 2; gray line: central axis over
vegetated bed with w/h= 2.7; blue line: second axis over vegetated bed with w/h = 2.

To further investigate the impacts of secondary currents on the characteristics of flow
velocity, the velocity components in other two directions were examined, namely the
spanwise velocity component (v), and the vertical velocity component (w). As shown in
Figure 5, the velocity profiles (v, w) are presented at four cross sections along the pool,
namely one cross section in the deceleration section, two cross sections in the middle
pool section, and one cross section in the acceleration section. The results show that the
occurrences of both positive and negative velocity values in the spanwise and the vertical
directions are responsible for the difference in the pattern of secondary currents along
the pool bed. The opposite effect of accelerating and decelerating flow on the secondary
currents along the pool bed was also reported by other researchers [47].

3.3. Quadrant Analysis of Bursting Events

To determine the effects of the aspect ratio and vegetation cover on the distributions of
bursting process events in the flow over the pool bed, quadrant analysis was investigated.
One can observe from Figure 6 that in the inner zone over the vegetation patch, both
the sweep and ejection interactions are dominant events along the central channel axis.
This result is consistent with that reported by previous researchers for an open channel
with dense vegetation [32]. However, for both the entrance and exit sections of the pool
where the flow decelerates and accelerates, respectively, near the bed, the outward and
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inward events show more contribution to Reynolds shear stress at the central axis of the
channel. Approaching the channel sidewall, the interaction of vegetation and decelerating
flow reveals a complex pattern, indicating the contribution of all events to Reynolds shear
stress. It has been also observed that, with a higher aspect ratio, the inward and outward
interaction over the vegetation patch indicates that the flow velocity distribution is affected
by the bursting process events. With the decrease in the flow depth along the pool with
the vegetated bed, the sweep and ejection events were observed as the dominant events

in the pool.
0.8 0.8
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% 12 -1 =06 Y0 0.2
v w
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Figure 5. Distributions of velocity profiles. Note: green line: central axis over vegetated bed with
w/h = 2; black line: central axis over sandy bed with w/h = 2; gray line: central axis over vegetated
bed with w/h = 2.7; blue line: second axis over vegetated bed with w/h = 2.
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Figure 6. Bursting events in quadrant analysis.

Moreover, approaching the sidewall of the flume, the contribution of the sweep event
was noted as dominant; however, the distribution of ejection varies in the CDF, middle and
CAF section of the pool. Some considerable scattering in the distribution of the events is
due to the presence of more pronounced (higher) roughness. The results of the quadrant
analysis of the bursting process events along both the central and second axes indicate that,
near the water surface, the dominant events are generally sweeps, followed by ejections,
and then outward and inward interactions (Figure 6), thus resulting in positive Reynolds
stress values, as shown in Figure 7.

3.4. Distribution of Shear Stress and Longitudinal Turbulence Intensities

The dimensionless Reynolds shear stress (RSS) profiles along the entire pool section
are presented in Figure 7. The absence of negative values of shear stress near the water
surface indicates that the maximum velocity occurs near the water surface. In addition, the
less frequent outward interactions lead to negative values for u'w’, resulting in positive
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Reynolds stress. In addition, in the middle pool section, the shear stress profiles do not
follow the trend of a linear shape, indicating that there is no uniform flow in the middle
pool section. By comparing the results of Reynolds shear stress along the central axis of
the channel over the sand bed to those over the vegetated bed, it has been observed that
the high values of RSS occur over the sand bed in the decelerating section of the pool. In
the presence of vegetation in the bed, when approaching the sidewall, the distribution of
Reynolds shear stresses shows smaller values. The shape and the location of the maximum
value of the Reynolds stress distribution depend on the slopes of the entrance and the exit
sections of the pool [18]. The RSS distribution in the decelerating flow section and middle
pool section shows a convex shape. Previous researchers found that at the beginning of
the accelerating flow section, the shear stress profiles have a convex shape [47]. However,
in the present study, the Reynolds shear stress profiles along the accelerating flow section
have a concave shape first and then convex shape at the final sections of the pool exit (close
to the crest of the bed form).
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Figure 7. Distribution of Reynolds shear stress. Note: green line: central axis over vegetated bed with
w/h = 2; black line: central axis over sandy bed with w/h = 2; gray line: central axis over vegetated
bed with w/h =2.7; blue line: second axis over vegetated bed with w/h = 2.

One can observe from Figure 7 that the distributions of turbulence intensities show
different patterns. The non-uniform flow is generated due to the interaction of the vegeta-
tion and bed form, different pressure gradients, and the change in roughness from the sand
bed to vegetated bed. Figure 8 shows the dimensionless turbulence intensities based on
the mean square of the velocity fluctuations. The presence of vegetation patches in the bed
leads to the higher turbulence intensities in the middle pool section and accelerating flow
section. However, along the entrance section of the pool (decelerating flow section), the
presence of vegetation in the bed resulted in a lower turbulence intensity. In the inner layer
of the flow, the turbulence fluctuations are lower in the middle pool section, and higher in
both the accelerating and decelerating sections of the pool. The effect of both lateral and
vertical turbulence intensities was not clearly observed, and was not reported in this study.
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Figure 8. Distribution of stream-wise RMS of turbulence intensity. Note: green line: central axis over
vegetated bed with w/h = 2; black line: central axis over sandy bed with w/h = 2; gray line: central
axis over vegetated bed with w/h = 2.7; blue line: second axis over vegetated bed with w/h = 2.

4. Conclusions

The interaction between bed forms and vegetation patches in mountainous streams
is a challenging subject for river engineers. Considering the importance of vegetation in
stabilizing bed forms, both laboratory and analytical work has been conducted on bed forms
in the presence of vegetation in the past several decades. However, our knowledge about
the interaction of flow and bed forms with vegetation still needs to be clarified, including
how bed forms and vegetation affect sediment transfer and production of turbulence, which
is one of the reasons for this innovative study in the field of environmental hydraulics. To
better understand this interaction, a laboratory study has been carried out in a flume with
an artificial pool covered by vegetation patches. In addition, in fluvial hydraulics, it is
essential to know the flow structures and estimate the related parameters for describing
turbulence distributions. This study focused on the turbulent flow structures in an artificial
pool in the presence and absence of vegetation patches over the pool. The results of our
laboratory experiments revealed that the logarithmic law is valid for flow velocities within
artificial pools in the presence of vegetation patches over the bed. However, towards the
water surface, significant deviations of the velocity data from the logarithmic law have been
observed. This suggests that, to calculate the fluvial parameters of a pool in the presence of
vegetation patches in the bed, the logarithmic law should be used with care.

The shear velocities have been estimated by using both the boundary layer charac-
teristics method and logarithmic method. The estimated shear velocities, obtained by the
boundary layer characteristics method, are larger than those obtained via the logarithmic
method, since the boundary layer characteristics method considers all point velocities of
each profile for calculating shear velocity u*. The presence of vegetation patches in the pool
bed resulted in an increase in the shear velocity, particularly in the entrance section of the
pool where the flow decelerates. The results of the quadrant analysis reveal that sweep
events play the most important role in different parts of the artificial pool, followed by
ejection events. However, near the bed, especially along the pool entrance section where
the flow is decelerating, the role of outward and inward events is considerable. Along the
axis near the sidewall of the flume, the contributions of all events of the bursting process
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near the bed are complex. This is partly caused by the effect of vegetation patches on the
turbulent flow structures. Near the water surface, in general, the sweep events play a
dominant role, followed by ejection interactions.

The Reynolds shear stress and turbulence intensity distributions over the sand bed
were compared to those in the pool with a vegetation patch. In the presence of vegetation
in the channel bed of the pool, by increasing the aspect ratio, the velocity profiles show an
S-shaped distribution. For these velocity profiles, the velocity gradient in the upper part is
very small; the velocity gradient is higher in the middle part; and in the region near the bed,
the velocity follows a logarithmic distribution. The presence of a submerged vegetation
patch in the pool bed led to the occurrence of inward and outward events along the pool.
The results of the quadrant analysis show that the occurrence of sweep and ejection events
over the vegetation patch in the pool depends on the flow velocity distribution. With the
decrease in the flow depth over the vegetated pool bed, sweep and ejection events were
observed in the pool. In the presence of vegetation in the bed, by approaching the sidewall,
the distribution of Reynolds shear stresses shows smaller values. Near the sidewall, the
logarithmic law of the flow velocity in the inner region of the boundary layer near the
bed is confirmed. The opposite effect of accelerating flow and decelerating flow on the
secondary currents along the pool bed is due to the occurrence of positive and negative
pressure gradients along the pool. Approaching the sidewall of the flume, the aspect ratio
had no significant effects on the occurrence of bursting events. In the presence of vegetation
in the bed, by approaching the sidewall, the distribution of Reynolds shear stresses shows
smaller values.

The results of this research reveal that the interaction between vegetation and different
sections of a pool (entrance, middle pool and exit sections) has a significant impact on the
estimations of Reynolds shear stress, turbulence intensity and shear velocity, as well as the
contributions of bursting events.

Application and extension of the results of the present study may help to better un-
derstand the key parameters in fluvial hydraulics, including the resistance to flow and
sediment transport parameters. This may help river engineers to decrease the cost of
projects. A variety of studies on pool bed forms must be carried out in order to improve our
knowledge about the interaction of flow in pools under different conditions. For example,
the effects of a moving bedform of a pool on the flow structure can be investigated by con-
sidering different sand granularities in a pool, or the impact of different types and densities
of vegetation on the flow structure in a pool can also be studied. Numerical modeling of
the flow over a pool bed in the presence and absence of vegetation is also suggested.
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