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Abstract: Aquatic vegetation can influence hydraulic performance in channels, rivers, and
floodplains. Most previous studies used cylindrical stems to simulate vegetation, while
few studies used shrub-like or sedge structures that exhibited a maximum width near the
top of the vegetation. In contrast, this research focuses on shrub-like structures that show a
maximum width near the bottom of the vegetation. To understand the effects of aquatic
vegetation on velocity distribution, water surface profile, and energy loss, experiments
have been conducted in an open channel with a rectangular cross-section. The results
indicated that the streamwise velocity within the lower layer remains nearly constant
with depth where z/y is less than 0.20. However, once z/y exceeds 0.20, the streamwise
velocity increases rapidly as the depth increases toward the water surface. Additionally,
the shape of the vegetation influences the position of the inflection point. Moreover,
the water level rises upstream of the vegetated area, decreases within it, and gradually
returns to the normal depth downstream. The bed slope has little effect on relative energy
loss, with maximum values reaching 6.61%, while the presence of vegetation leads to a
significant increase, reaching up to 22.51%. The relative energy loss increases with a higher
submerged ratio. A new empirical equation is proposed to estimate the relative energy loss
in vegetated channels.

Keywords: open channel flow; vegetation; velocity distribution; water surface profile;
backwater rise; energy loss

1. Introduction

Aquatic vegetation typically grows in channels, rivers, and floodplains, and its pres-
ence often causes various hydraulic problems. These problems include increased flow
resistance, altered velocity distribution, raised water levels, and increased energy loss.
The effect of vegetation on the velocity profile depends on the type of vegetation (rigid or
flexible) and the flow conditions (submerged or emergent). Due to these differences in both
flow conditions and vegetation types, several investigations have examined the impact of
vegetation on flow velocity distribution through experimental studies. The flow patterns
influenced by vegetation demonstrated that the velocity profile was not logarithmic but
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exhibited an S-shaped profile [1-7]. Liu et al. [8] investigated the effect of submerged
rigid vegetation on the velocity distribution. It was found that the velocity within the
vegetation array remained constant with depth, while the velocity profile above it followed
a logarithmic pattern. Other researchers [9-12] examined the effect of rigid double-layer
vegetation on the velocity profile under both submerged and emergent conditions. The
results revealed that the velocity was almost constant at the depth of short vegetation
and then it increased sharply from the depth just above the short vegetation to the free
surface. Xia and Nehal [13] investigated the effect of emergent bending vegetation on the
velocity distribution. The results showed that the velocity distribution did not follow a
logarithmic profile; instead, it exhibited a double logarithmic profile. Muhammad [14]
used natural submerged vegetation to investigate the velocity distribution within a grassed
flume. The results indicated that the velocity profile was not uniformly distributed and
was significantly influenced by the vegetation density. Ai et al. [15] investigated the effect
of floating vegetation on velocity profiles. It was found that the velocity profiles in the
mixing layer obeyed the hyperbolic tangent law.

Barahimi and Sui [16] found that for submerged vegetation, the maximum velocity
was observed near the bed. However, for deeper flow, the peak velocity occurred at a higher
location close to the water surface. Mofrad et al. [17] investigated the effect of submerged
and emergent vegetation on the velocity distribution. It was found that, in the case of
submerged vegetation, the location of the maximum velocity was observed near the water
surface. In contrast, for emergent vegetation, the maximum velocity was shifted towards
the bed.

limura and Tanaka [18] confirmed that both the velocity and the water level behind the
vegetation were significantly reduced as the density of the vegetation increased. Anjum and
Tanaka [19] examined the effect of double-layered vegetation on flow velocity. It was found
that tall vegetation led to a greater reduction in flow velocity compared to short vegetation.

Many studies were conducted to predict the velocity profile of flow in vegetated chan-
nels. For submerged flexible vegetation, analytical models were proposed to estimate the
vertical velocity profile of the flow based on double layers [20-24], three layers [1,25], and
four layers [26]. Furthermore, for flexible vegetation with variable frontal width in the ver-
tical direction, such as shrubs and sedges, a new analytical model was established [27,28].

For submerged rigid vegetation, a single-layer velocity model was proposed to predict
the cross-sectional average velocity [29]. To predict the vertical velocity profile of the
flow, an analytical model based on double-layer flow analysis was proposed at a fixed
height [30-37] and at two different heights of vegetation [38—40]. Additionally, another
analytical model was constructed with three layers of the flow, divided into a lower
vegetated layer, an upper vegetated layer, and a non-vegetated layer starting from the bed
level [41-44]. An analytical model was constructed for submerged rigid vegetation, and the
flow was divided into four layers: an external layer, an upper vegetated layer, a transition
layer, and a viscous layer [45].

For floating rigid vegetation, analytical models were proposed to predict the vertical
velocity profile based on double layers [46] and three layers [47] flow analysis.

Morri et al. [48] evaluated six analytical models developed by Klopstra et al. [30], Stone
and Shen [32], Baptist et al. [34], Huthoff et al. [35], Yang and Choi [36], and Van Velzen
et al. [49] to predict the mean velocity in an open channel with submerged rigid vegetation.
The results indicated that the Huthoff model was the most effective model for predicting
the average velocity. Tang [50] evaluated four analytical models based on two-layer flow
analysis from Klopstra et al. [30], Defina and Bixio [33], Baptist et al. [34], and Nepf [51] to
predict the vertical velocity distribution of the flow in an open channel with submerged
rigid vegetation. It was found that the Defina model significantly overestimated the velocity,
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while the Klopstra model underestimated it. Among these models, the Baptist and Nepf
models produced similar results in most cases. Tang [52] evaluated four analytical models
from Klopstra et al. [30], Defina and Bixio [33], Yang and Choi [36], and Nepf [51] against a
wide range of experimental data. It was found that none of the models could predict the
velocity profiles accurately for all datasets. All models, except for the Yang model, were
able to predict the velocity reasonably well in the vegetation layer near the bed.

The vegetation played a vital role in the dissipation of energy [53]. Miyab et al. [54]
studied the effect of flexible-sided vegetation on the water surface profile and energy loss.
Eraky et al. [55] investigated the effect of different densities of rigid-sided vegetation on
water depth in terms of heading up and head loss. The backwater rise and energy loss
increased as both vegetation density and thickness increased [56-60]. The combination of
short and tall submerged vegetation was more effective in reducing energy compared to
short submerged vegetation of the same thickness and density [58]. Anjum and Tanaka [61]
investigated the energy reduction in vertically double-layered vegetation with different
densities under subcritical flow conditions. Sanjou et al. [62] examined the effect of a
single tree line on the reduction of energy. Shaheen et al. [63] examined the influence of
submerged and floating vegetation on flow characteristics. Mohamed et al. [64] investigated
the influence of floating vegetation on flow characteristics. Ahmed et al. [65] examined
the effect of vegetation angle on energy reduction. It was found that energy reduction
decreased as the vegetation angle increased.

Usman et al. [66] and Ahmed and Ghumman [67] investigated the effect of an em-
bankment, followed by a moat and emergent vegetation, on energy loss. Muhammad and
Tanaka [68] clarified that the embankment, followed by dense vertically double-layered
vegetation, could effectively reduce energy. Rahman et al. [69] investigated the effect of
an embankment followed by vegetation on a mound for energy reduction. Energy loss
was examined under varying conditions of mound length and vegetation density while
the mound height remained fixed. Rahman et al. [70] clarified energy loss under varying
conditions of mound height and vegetation density. Ahmed et al. [71] investigated the effect
of an embankment followed by emergent vegetation on energy loss. Rahman et al. [72]
studied the effect of vegetation behind an embankment with a gravel bed under super-
critical flow conditions on the energy loss. Pasha et al. [73] investigated energy reduction
achieved through vegetation and a backward facing step. Murtaza et al. [74] investigated
the effects of a weir and vegetation on backwater rise, water surface profile, and energy
dissipation. Yeganeh-Bakhtiary et al. [75] used vegetation in combination with reef ball
modular structures to dissipate energy.

To the authors” knowledge, no efforts have been made to study the effect of shrub-like
vegetation (which shows a maximum width near the bottom) with floating vegetation on
velocity distribution, water surface profile, and energy loss in vegetated channels. The
major objectives of this research are (1) to investigate the effect of shrub-like shape on
streamwise velocity distribution, (2) to investigate the effect of vegetation shape on the
position of the inflection point, (3) to investigate the effect of submerged ratio on the velocity
profile, (4) to investigate the effect of vegetation on water surface profile, (5) to investigate
the effect of vegetation on relative energy loss, and (6) to develop an empirical equation to
predict the relative energy loss in vegetated channels.

2. Experimental Work

The experimental work is conducted in the hydraulic laboratory of the Hydraulic
Research Institute in Alganatir Alkhayria, Egypt. The experiments are carried out using a
reinforced concrete flume with a length of 22.0 m, a width of 0.60 m, and a height of 0.65 m.
A hydraulic circuit is established by connecting the inlet and outlet of the flume. Gravel
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filters are installed at the entrances to dissipate excess energy and achieve a uniform flow
distribution. A tailgate, fixed at the end of the flume, is used to control the tailwater depth.
The schematic drawing of the experimental setup is shown in Figure 1.

Tail Gate
Screen Floating vegetation
R L
Flow Submerged vegetation -
- N y
her =hesr
H Vegetation zone )
250m B 250m ! 250m ! 250m J 2.50m ) 250m ! 2.50m ! 250m
1) 2 (3) 4) 5 6 7
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vegetation
Screen D000DINOD0000D000000000000000000000000
B R AR R R Tail Gate . y
L
PLAN

Figure 1. Schematic diagram for the experimental setup vertical and plan views (long view, not
to scale).

The ultrasonic flow meter is installed on the feeding pipe to measure the passing
discharge into the flume. Tests are conducted at different discharges of 25.0, 30.0, 35.0, and
40.0 L/s and at different tailwater depths of 0.25, 0.30, and 0.35 m. The channel bed slope is
adjusted to values of 0.0010, 0.0020, 0.0023, 0.0049, and 0.0062.

The Electromagnetic Current Meter (EMS), manufactured by Delft Hydraulics in
the Netherlands, is used to measure flow velocity. The velocity is measured in both
the longitudinal and transverse directions. In the longitudinal direction, velocities are
measured at seven different cross-sections located at distances of 2.50, 5.00, 7.50, 10.00,
12.50, 15.00, and 17.50 m from the inlet. In the transverse direction, velocities are measured
at five different points, located at distances of 0.10, 0.20, 0.30, 0.40, and 0.50 m from the side
of the flume for each cross-section. In the vertical direction, velocity is measured at 0.20,
0.60, and 0.80 of the flow depth from the water surface at every point. Additionally, at the
centerline of the flume, velocity is measured at further flow depths of 0.90 and 0.95 of flow
depth. The flow depths are measured along the channel centerline using a point gauge
mounted on a traveling instrument bridge.

To simulate the behavior of naturally submerged vegetation, artificial flexible elements
made from Perspex are used, as shown in Figure 2a. The vegetation height is 0.22 m, with a
density of 246 stems/m?. The floating vegetation consists of two parts: the floating part is
made of foam with a height of 0.03 m, and the submerged part is made of aluminum wires,
also with a height of 0.03 m, as shown in Figure 2b. The density of the floating vegetation
is 5000 stems/m?.

The vegetation region is 6.0 m long and is located at a distance of 7.0 m from the inlet.
Flow characteristics are measured at seven sections, with a distance of 2.50 m between each
section. Sections 1, 2, 6, and 7 are located outside of the vegetation area. Sections 3 and
4 are located at the edge of the vegetation area. Section 5 is located at the center of the
vegetation area. Tests are conducted in both the presence and absence of vegetation.
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Figure 2. Artificial vegetation: (a) submerged vegetation; (b) floating vegetation.

3. Results and Discussions

3.1. Velocity Profile
3.1.1. Effect of Vegetation on the Velocity Profile

In vegetated channels, three typical cross-sections are selected to investigate the effect
of vegetation on streamwise velocity distribution, aiming to understand how vegetation
influences flow patterns. Specifically, the selected cross-sections representing the upstream,
vegetated, and downstream zones are located at sections 2, 4, and 7, respectively. Figure 3
compares the vertical distributions of streamwise velocity for non-vegetated channels and
several locations in vegetated channels, with a bed slope of 0.0062, a submerged ratio of
0.94, and a discharge of 40 L/s, where z is the distance from the measurement point to the
bed, y is the water depth, and u is the streamwise velocity at that point.

1.00
U.S. of veg.
0.90 4 Veg. zone
0.80 - D.S. of veg. / \
- = = = Non-veg.
0.70 A /
[}
0.60 A |
I
2 0.50 1 ]
N |
0.40 A [
!
0.30 A /
Inflection point /
0.20 A I’
0.10 4 ',/
0.00 T T T T
0.00 0.10 0.20 0.30 0.40 0.50

u (m/s)

Figure 3. Vertical distribution of streamwise velocity for non-vegetated channels and various locations
in vegetated channels at S = 0.0062, hdef/ y=094,and Q=40L/s.

The vertical streamwise velocity distribution exhibits significant differences at all
locations, as shown in Figure 3. The velocity profile in non-vegetated channels demonstrates
a logarithmic relationship with water depth, a pattern also observed in the upstream and
downstream sections of vegetation. However, flow velocities in these sections are lower
than those in the non-vegetated channels. Specifically, the flow velocity in the upstream
section is lower than that in the downstream section. This decrease in velocity is caused by
the effects of backwater rise, which reduces the flow velocity in the upstream section of the
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vegetation [18]. As the upstream water level rises due to the resistance of the vegetation,
while the water level gradually decreases in the vegetated area [7].

At the vegetated section, the velocity profile becomes more complex due to the influ-
ence of vegetation. The velocity profile turns into two distinct layers, with a significant
change at 0.20 of the water depth. Tang et al. [12] reported that the velocity profile followed
as a hyperbolic tangent function. Carollo et al. [1], Ren et al. [5], and Meng et al. [6] reported
that the velocity profile followed an S-shaped pattern. Anjum and Tanaka [19] reported that
the velocity profiles remained almost constant towards the top of the vegetation. In this
study, the streamwise velocity within the lower layer is almost constant with depth where
z/y is less than 0.20. It decreases significantly, which may be due to the high resistance that
low-porosity vegetation offers. After z/y exceeds 0.20, the streamwise velocity increases
rapidly toward the water surface as depth increases. Furthermore, a velocity inflection oc-
curs near the lower-foliage area at z/y = 0.20. The velocity profile for submerged vegetation
contained an inflection point near the top of the vegetation [1,16,19]. Most previous studies
used cylindrical stems, while this research uses a shrub-like shape to simulate vegetation.
One of the reasons may be that the shape of vegetation affects the position of the inflection
point, where the largest volume of foliage area near 0.20 of water depth may lead to an
increase in flow resistance. Thus, the presence of vegetation significantly influences the
velocity profile.

3.1.2. Effect of Vegetation Shape on the Position of the Inflection Point

Many previous studies have been conducted to examine the impact of various shapes
of submerged vegetation on flow characteristics, as illustrated in Table 1. The comparison
of the streamwise velocity distribution between the present research and previous studies is
shown in Figure 4. In the case of circular cylindrical vegetation, the values of z;/h.g ranged
from 0.66 to 0.76, which were derived from the data provided by Liu et al. [8], Chakraborty
and Sarkar [44], Tang et al. [76], and Zhao et al. [77]. Conversely, for the cylindrical stems
that had elliptical cross-sections with diameters that changed from 0.0007 m at the top to
0.00095 m at the bottom, a decrease in z;/h,r was observed compared to previous studies of
circular cylindrical vegetation, with a value that reached 0.48, which was inferred from the
results reported by Kubrak et al. [20]. The decrease in z;/h.g may be related to the change
in the width of the elliptical cross-sections from top to bottom. Furthermore, in the case of
rectangular plastic strips, the value of z;/hg reached 0.76, as concluded from the findings
of Zeng and Li [78]. This observation agreed with previous studies on circular cylindrical
vegetation. The values of z;/hyr ranged from 0.67 to 0.85 for the vegetation that exhibited
an increasing width in the vertical direction from the bottom to the top. Specifically, the
Boxwood lobules demonstrated a maximum width of 0.20 m near the top of the vegetation,
where the z;/ heﬁc reached 0.85 [27]. Additionally, the sedge showed a maximum width of
0.17 m near the top, at which the z;/h.s was 0.68 [28]. Similarly, another variety sedge
exhibited a maximum width of 0.07 m near the top of the vegetation, where the z;/h, ff was
0.67 [79]. Conversely, this study focuses on shrub-like vegetation that exhibits a decreasing
width in the vertical direction from the bottom to the top, with a maximum width of 0.09 m
near the bottom, where the z;/h, reaches 0.29. The decrease in z;/h.g may be related to
the position of the maximum width of the vegetation, which is near the bottom. Thus,
the shape of vegetation significantly influences the position of the inflection point in the
vertical streamwise velocity profile.
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Table 1. Summary of present and previous experimental data on flow with various shapes of
submerged vegetation.

Flume Properties Vegetation Model
Authors L B Q y Shape and Density Rigid/ heg
Type m m (L) S (m) Material ~ (stem/m?)  Flexible ~ (m) 2/
. Acrylic ..
Liu et al. [8] Rectangular 43 030 114 0.0030  0.114 dowels 500 Rigid 0.076 0.76
Tang et al. [76] Rectangular 12 042 126 000224 0.15 Circular 1000 Rigid 0060  0.66
cylinder
Chakraborty and PVC -
Sarkar [44] Rectangular 10 040 15.3 0.0013  0.34 cylinders 265 Rigid 0.16 0.66
Zhao et al. [77] Rectangular 12 060 3235 0.18 Aluminum 250 Rigid 0.06 0.69
cylinder
Elliptical
Kubrak et al. [20] Rectangular 16 058 5250 0.0087 0.2386 cylindrical 2500 Flexible 0.153 0.48
stems
Zengand Li[78]  Rectangular 125 031 13.89 00025 0.246 Rectangular 1111 Flexible  0.145 076
plastic strips
A shrub-like
Liu et al. [27] Rectangular 226 1.6 172 00067 045 vegetation 15.71 Flexible 0255  0.85
(Boxwood
lobules)
Wang et al. [28] Rectangular 20 060 1518 0.0004 033 Sedge 108.3 Flexible 0.19 0.68
Zhao et al. [79] Rectangular 12 1.00 30 0.0004 0.30 Sedge 133.3 Flexible 0.135 0.67
Present study Rectangular 20 0.60 40 0.0062  0.30 Slllg::;el}:e 246 Flexible 0.207 0.29

Note: L is the channel length, B is the channel width, Q is the flow discharge, S is the channel bed slope, y is
the flow depth, hp is the effective vegetation height (4 refers to the height of submerged vegetation for rigid
vegetation, while 5 represents the deflected height of submerged vegetation for flexible vegetation), and z;/hyr
is the relative position of the inflection point.

2.00
Liu et al. (2008)
1.80 Tang et al. (2014)
1.60 Chakraborty and Sarkar (2019)
1.40 Zhao et al. (2019)
120 Kubrak et al. (2008)
S .
= 1.00 Zeng and Li (2014)
N
N 80 Liu et al. (2012)
0.60 Wang et al. (2019)
0.40 Zhao et al. (2023)
Present study
0.20
— — — — Effective vegetation height
0.00 T T T T
0.00 0.50 1.00 1.50 2.00 2.50
w'U

Figure 4. Comparison of the streamwise velocity distribution between the present study and previous
studies conducted by Liu et al. [8], Kubrak et al. [20], Liu et al. [27], Wang et al. [28], Chakraborty and
Sarkar [44], Tang et al. [76], Zhao et al. [77], Zeng and Li [78], and Zhao et al. [79].

3.1.3. Effect of Bed Slope and Submerged Ratio on the Velocity Profile

The streamwise velocity is significantly influenced by the bed slope and the submerged
ratio. Figure 5 illustrate the vertical distributions of streamwise velocity in vegetated
channels for different bed slopes, with a discharge of 40 L/s, at submerged ratios of 0.69
and 0.94. For all submerged ratios, the velocity remains nearly constant when z/y is
less than 0.20. However, when considering a submerged ratio of 0.69 (Figure 5a) with
bed slopes of 0.0010 and 0.0020, the velocity increases rapidly just after z/y reaches 0.2,
continuing until it reaches 0.4, and then increases slowly to the water surface. In contrast,
with bed slopes of 0.0049 and 0.0062, the velocity increases slowly just after z/y reaches 0.2,
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progresses to 0.4, and then increases rapidly to the water surface. Meanwhile, for a bed
slope of 0.0023, the velocity increases rapidly just after z/y reaches 0.2, continuing up to
the water surface. Interestingly, at a submerged ratio of 0.94 (Figure 5b), all streamwise
velocity profiles follow the same curve, indicating that the streamwise velocity increases
rapidly just after z/y reaches 0.2 towards the water surface for all bed slopes. Furthermore,
in the vegetated layer, the streamwise velocity decreases as the bed slope increases for all
submerged ratios. This decrease may be due to the increase in water level resulting from
higher resistance.

1.00 1.00
0.90 1 T I
0.80 0.80
070 4o c oo % -- 0.70 -
0.60 0.60 -
2050 A = 050 A
N N
0.40 1 0.40 1
0.30 A S =10.0062 0.30 A S =0.0062
/ S =0.0049 S =10.0049
0.20 - // $=0.0023 0.20 A / $=0.0023
S =0.0020 S =0.0020
0.10 1 M $=0.0010 0.10 4 A $=0.0010
0.00 T r - def. veg. height 0.00 . i . - def. veg. height
000 010 020 030 040 0.50 0.00 010 020 030 040 050 0.60 0.70
u (m/s) u (m/s)
(@) (b)
Figure 5. Vertical distribution of streamwise velocity in vegetated channels for different bed slopes
at Q =40 L/s: (a) hge/y = 0.69; (b) hdef/ y = 0.94. The black dotted line indicates the height of
deflected vegetation.
3.2. Water Surface Profile
The water surface profile along the centerline of the channel was surveyed using a
point gauge. Figure 6 presents a comparison of the water surface profiles in both non-
vegetated and vegetated channels, with a bed slope of 0.0062, a discharge of 40 L/s, and
a Froude number of 0.19. The vegetation acts as an obstacle to the flow, which leads to
an increase in the water level on the upstream side, a phenomenon known as backwater
rise [67,73].
0.34
Flow : Non-vegetation
032 —— Vegetation zone : Vegetation
_/\ : Vegetation start
~ 0.30 ! — = = = Vegetation end
£ Wa, :
= €r
o 028 - Sury, :
2 — Ca, |
=2 [ope I
B 026 !
< !
2 024 !
|
|
0.22 . . . . .
2.50 5.00 7.50 10.00 12.50 15.00 17.50

Longitudinal distance (m)

Figure 6. Water surface profile in non-vegetated and vegetated channels at S = 0.0062, Q =40L/s,
and F =0.19.

On the other hand, the backwater rise significantly depends on the bed slope. Figure 7
presents a comparison of the water surface profiles in vegetated channels with different
bed slopes at a discharge of 40 L/s and a submerged ratio of 0.94. It is observed that,
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for all bed slopes, the water surface profiles exhibit the same characteristics. The water
level rises upstream of the vegetated zone, then decreases within the vegetated zone and
gradually returns to the normal depth downstream of the vegetated zone. This observation
agrees with previous studies [55,57,58]. A slight increase in backwater rise is noted with an
increase in bed slope, as shown in Figure 7. Ahmed et al. [65] and Pasha et al. [73] reported
that increasing the Froude number resulted in an increase in velocity, which subsequently
led to an increase in energy head and ultimately caused a rise in backwater. In the present
study, an increase in the bed slope leads to an increase in velocity, which raises energy head
and consequently increases backwater levels. The backwater level reaches its maximum at
a bed slope of 0.0062 and its minimum at a bed slope of 0.0010. Thus, the bed slope plays a
significant role in altering the water surface profile.

0.32

S =0.0062
0.31 A $=0.0049
$=10.0023

1
A’ :
1
0.30 .A ' $=0.0020
029 1 ' $=0.0010
| Vegetation start
0.28 A \ : — — — — Vegetation end
1
1
1
1

water level (m)

0.27
0.26 1 \.\//
025 {  Flow !
0.24 4 Vegetation zone '
0.23 : : : — :
2.50 5.00 7.50 10.00 12.50 15.00 17.50

Longitudinal distance (m)

Figure 7. Water surface profile in vegetated channels for different bed slopes at Q = 40 L/s and
hdef/y =0.94.

Due to the resistance of the vegetation, the water level increases on the upstream side
and decreases on the downstream side of the vegetation zone [60,61,65]. Therefore, in the
vegetation zone, a large water surface slope is produced as shown in Figures 6 and 7. The
relationship between the water surface slope (tan 6) and the Froude number for different
bed slopes in vegetated channels at a submerged ratio of 0.94 is illustrated in Figure 8. The
water surface slope increases with increases in both the Froude number [65,67] and the
bed slopes. Figure 9 illustrates the relationship between the water surface slope (tan 6) and
the Froude number at a bed slope of 0.0062 for different submerged ratios. It is observed
that the water surface slope increases with increases in both the Froude number and the
submerged ratio.

0.014
= — $-00062  vegetation h,,./y = 0.94
* — 5=0.0049

0.012 1 $=0.0023

x — $=0.0020
0.010 4 * — $=0.0010

0.008 -

tan @

0.006 A

0.004 -

0.002 T T T T
0.11 0.13 0.15 0.17 0.19 0.21

Figure 8. Relationship between water surface slope (tan ) and F for different bed slopes in vegetated
channels at h,¢/y = 0.94.
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0.014
® — sub. ratio=0.94 _
ooz 4 ¢ — sub. ratio = 0.80 §=10.0062
. sub. ratio = 0.69
0.010 A
0.008 A
)
£ 0.006 1
+~
0.004 - 74
0.002 -
0.000 T T

0.08 0.10 0.12 0.14 0.16 0.18 0.20
F

Figure 9. Relationship between water surface slope (tan 6) and F at S = 0.0062 for different sub-
merged ratios.

3.3. Evaluation of Energy Dissipation

The energy loss in the experimental models represents the difference between up-
stream and downstream total energy at sections 1 and 7, respectively. The total energy
at any section of a channel and the energy loss have been estimated using the following
equations [80].

uZ
Efz+y+¢xg (1)
AE = E; — Ey 2)

where E is the total energy, z is the elevation of the bottom, y is the water depth, U is the
depth-averaged velocity, g is the gravitational acceleration, « is a coefficient to account for
variations in velocity in the case of irregular cross-sections (in this study, the value of « is
considered as 1), AE is the energy loss, E; is the total energy at section 1, and Ey is the total
energy at section 7.

3.3.1. Effect of Bed Slope on Relative Energy Loss in Absence of Vegetation

In non-vegetated scenarios, sixty experimental tests were conducted to investigate
the effect of the bed slope on the relative energy loss. Five bed slopes are applied: 0.0010,
0.0020, 0.0023, 0.0049, and 0.0062. The velocity was measured as ranging from 0.06 m/s to
0.46 m/s. The Froude number for each run indicates that the flow condition is classified
as subcritical flow, with values ranging from 0.075 to 0.218. A second-degree polynomial
function is used to plot the relationship between the relative energy loss and the Froude
number. Figure 10 illustrates the relationship between the relative energy loss and the
Froude number for different bed slopes. It is observed that the relative energy loss increases
with increases in both the Froude number and the bed slopes. The relative energy loss
ranges as follows: 0.37-2.43%, 0.99-3.03%, 1.70-4.64%, 2.17-5.20%, and 2.61-6.61% for
slopes of 0.0010, 0.0020, 0.0023, 0.0049, and 0.0062, respectively. Compared to the slope of
0.0010, the relative energy loss increases by factors of 1.68, 2.34, 3.08, and 4.15 for slopes of
0.0020, 0.0023, 0.0049, and 0.0062, respectively. Consequently, the bed slope has little effect
on the relative energy loss.
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Figure 10. Relationship between AE/E; and F for different bed slopes in the case of a channel
without vegetation.

3.3.2. Effect of Vegetation on Relative Energy Loss

After the installation of vegetation, a significant loss of total energy has been ob-
served [60,61,69]. The effect of the submerged and floating vegetation on the relative
energy loss has been examined, with the submerged ratio analyzed in a range from 0.69 to
0.94. The degree of submergence is defined as the ratio of the deflected height of submerged
vegetation to flow depth. In the selected range of the Froude number, from 0.078 to 0.200,
the relative energy loss through both submerged and floating vegetation is calculated.

Figure 11 illustrates the relationship between the relative energy loss and the Froude
number for different bed slopes in both non-vegetated and vegetated channels at submerged
ratios of 0.69, 0.80, and 0.94. For a submerged ratio of 0.69, as shown in Figure 11a, the
maximum relative energy loss reaches 4.10%, 5.02%, 5.49%, 6.21%, and 7.01% for slopes
of 0.0010, 0.0020, 0.0023, 0.0049, and 0.0062, respectively. At a submerged ratio of 0.80,
as shown in Figure 11b, the maximum relative energy loss reaches 7.70%, 9.35%, 10.01%,
11.68%, and 12.68% for the same slopes. Finally, for a submerged ratio of 0.94, as shown in
Figure 11c, the maximum relative energy loss reaches 15.00%, 16.81%, 17.74%, 20.83%, and
22.51% for the same slopes.

Under the same conditions with a vegetated submerged ratio of 0.69, as shown in
Figure 11a, the relative energy loss increases compared to the non-vegetated slope, in-
creasing by factors of 4.19, 3.13, 2.37, 1.88, and 1.57 for slopes of 0.0010, 0.0020, 0.0023,
0.0049, and 0.0062, respectively. At a submerged ratio of 0.80, as shown in Figure 11b, the
relative energy loss increases by factors of 6.05, 4.60, 3.60, 3.01, and 2.72 for the same slopes.
Similarly, for a submerged ratio of 0.94, as shown in Figure 11c, the relative energy loss
increases by factors of 8.26,7.08, 5.27, 4.77, and 4.18 for the same slopes. Consequently, the
presence of vegetation leads to an increase in relative energy loss, as it plays a crucial role
in dissipating energy. In addition, the relative energy loss increases with increases in both
the Froude number and the bed slopes.

3.3.3. Effect of Submerged Ratio on Relative Energy Loss

The effect of the submerged ratio on the relative energy loss has been examined, with
the submerged ratio analyzed in a range from 0.69 to 0.94. The relationship between the
relative energy loss and the Froude number for different submerged ratios at bed slopes of
0.0010, 0.0020, 0.0023, 0.0049, and 0.0062 is shown in Figure 12.
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Figure 11. Relationship between AE/E; and F for different bed slopes in non-vegetated and vegetated
channels: (a) hger/y = 0.69; (b) hger/y = 0.80; (¢) hger/y = 0.94.

Under the same bed slope conditions, the relative energy loss increases with increasing
submerged ratios. For the bed slope of 0.0010, as shown in Figure 12a, the relative energy
loss increases with increasing submerged ratios compared to the non-vegetated case, with
factors of 4.19, 6.05, and 8.26 for submerged ratios of 0.69, 0.80, and 0.94, respectively. At a
bed slope of 0.0020, as shown in Figure 12b, the relative energy loss increases by factors
of 3.13, 4.60, and 7.08 for the same submerged ratios. Similarly, at a bed slope of 0.0023,
as shown in Figure 12c, the relative energy loss increases by factors of 2.37, 3.60, and 5.27.
At a slope of 0.0049, as shown in Figure 12d, it further increases by factors of 1.88, 3.01,
and 4.77. Finally, for a bed slope of 0.0062, as shown in Figure 12e, the relative energy
loss increases by factors of 1.57, 2.72, and 4.18 for the same submerged ratios. The relative
energy loss increases with a higher submerged ratio because friction between the flow
and the vegetation increases, as well as turbulent kinetic energy generation. Thus, the
submerged ratio plays a vital role in significantly affecting the energy loss.
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Figure 12. Relationship between AE/E; and F for different submerged ratio: (a) S = 0.0010;
(b) S =0.0020; (c) S = 0.0023; (d) S = 0.0049; (e) S = 0.0062.

4. Statistical Regression

In the case of a vegetated channel, the relative energy loss is expressed as a function of
the Froude number, bed slope, and submerged ratio, as shown in Equation (3). The results
indicate that the relative energy loss increases with an increase in the Froude number,
bed slope, and submerged ratio. The exponent value of the submerged ratio depends on
its own value and exhibits a second-degree polynomial relationship with it. Figure 13



Water 2025, 17, 1808

14 of 18

illustrates a comparison between the predicted and calculated relative energy loss for a
vegetated channel within a submerged ratio range of 0.69 to 0.94 and £15% error lines.
The correlation coefficient R? of Equation (3) is calculated to be 0.99, indicating a strong
correlation between the variables. The results indicate a strong agreement between the
calculated and predicted relative energy loss values for all experimental data.
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Figure 13. Comparison between predicted and calculated relative energy loss for vegetated channel
at submerged ratio range from 0.69 to 0.94 and +15% error lines.

5. Conclusions
The following results have been created from this research:

1.  The streamwise velocity within the lower layer is almost constant. Then, it increases
rapidly toward the water surface as the depth increases.

2. The shape of the vegetation significantly influences the position of the inflection point
in the vertical streamwise velocity profile.

3. The streamwise velocity is significantly influenced by the submerged ratio.

4. Anincrease in bed slope leads to a slight increase in backwater rise.

5. The bed slope has little effect on relative energy loss, while the presence of vegetation
leads to a significant increase.

6.  The relative energy loss increases with increasing submerged ratio.

7. New empirical equations are proposed to estimate the relative energy loss in vege-
tated channels.
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Abbreviations

The following symbols are used in this paper:

L Channel length
B Channel width
S Channel bed slope
Yy Flow depth
z Distance from the measurement point to the bed
hgef Height of submerged vegetation
hgef/y  Submerged ratio
hefy Effective vegetation height
zi/hefs  Relative position of the inflection point
Water surface slope angle

u Streamwise velocity
u Average flow velocity
Q Discharge

E Total energy

AE Energy loss

AE/E Relative energy loss

o Velocity coefficient

g Gravitational acceleration
F Froude number

0% Specific weight of water

0 Density of water
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