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Abstract:

In response to growing environmental and ecological
awareness, eco-friendly in-stream structures such as
vanes have been implemented in different parts of the
world to enhance stream conditions. FLUENT (ANSYS)
was used to perform three-dimensional large eddy
simulation to investigate the effect of the vanes
permeability rate on flow characteristics. To evaluate the
numerical model accuracy, numerical and experimental
free surface profiles compared. It is observed that
simulated free surface profiles agree reasonably well
with measured values. The effect of different
permeability rates is obvious in the flow characteristics
such as depth-averaged velocity distribution, tip velocity
variations, formation of the secondary flows in the flow
field, turbulent kinetic energy, and mean kinetic energy
contours. On average, maximum velocity values in the
flow field is 1,54 times the approach velocity. Tip velocity
decreases up to 30,6 % for the 70,0 % permeable vane.
Maximum turbulent kinetic energy and mean kinetic
energy for the 70,0 % permeable vane decrease up to
58,0 % and 43,3 %, respectively. Generally significant
velocity and flow pattern variations around the
impermeable vane can be attributed to the local effect of
the vane structure and channel cross sectional
constriction in comparison to the permeable vanes.
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1 Introduction

In the last few decades, river restoration projects have been mainly focused on natural
functioning and biodiversity of the river system. In general, river restoration refers to the
environmental and ecological aspects of the river engineering. Recently in-stream structures
such as vanes, deflectors, W-weir, U-weir, cross vane and J-hook vanes have been
implemented not only to protect river banks, stabilise river alignment and control river bed, but
also to restore and rebuild natural habitat [1, 2]. Thus, in recent years’ eco-friendly structures
have been used to control bank erosion and improve river ecosystem [3]. Studies have been
conducted to investigate the performance of the eco-friendly in-stream structures. In general,
in-stream structures such as bank-attached vanes, permeable groins, cross vanes and W-
weirs are developed is to overcome negative effects of the conventional structures on rivers
ecosystem [4, 5].

Numerous studies have been conducted to investigate turbulent flow characteristics such as
bed shear stress distribution, mean and turbulent flow pattern around groins [6-10]. Three-
dimensional large eddy simulation (LES) model was used to analyse the flow pattern around
non-submerged spur dike [11]. Velocity distributions, flow pattern and free surface fluctuations
were investigated around a spur dike using FLUENT software and results obtained from the
numerical model were compared with the experimental results [12]. Kang et al. [13] studied
the effect of permeable groins (pile groins) on flow characteristics and downstream
recirculation zone. In this study parameters such as tip velocity, maximum velocity and flow
separation angle were investigated and results showed that as the permeability of the groins
increased, effect of these structures on the flow field decreased. Fang et al. [14] used LES
model to study the flow field around a non-submerged groin in a shallow open channel flow.
Shen et al. [15] studied flow field and water level fluctuations around a permeable sheet of
spur dike. In this study permeable spur dikes consisted of different number of permeable holes.
Ferro et al. [16] investigated the effectiveness of a new river restoration technique in river
bends, which is a combination of permeable groin and a triangular vane. They studied the
scour hole characteristics and morphological changes and obtained results revealed that this
new structure could provide a proper river bed and bank protection. Abdou et al. [17] employed
LES model to study flow features in a 193° open channel bend. They investigated the velocity
distributions and water depth variations. Igbal et al. [18] used Reynolds stress model to
simulate flow field around permeable rectangular spur dikes. They observed that the flow
characteristics such as turbulent kinetic energy (TKE) and turbulent intensities decreased
around permeable spur dike. Haider et al. [19] used FLUENT software to study flow field
around permeable spur dikes in an open channel. They investigated the flow characteristics
such as velocity distribution, turbulent kinetic energy and turbulent intensity. Mostafa et al. [20]
studied flow characteristics and velocity distribution around hybrid groins having different
orientation angle and geometry. The obtained results revealed that these structures generally
enhance the formation of the riparian habitats.

Most of the researches and previous works related to bank-attached vanes and groins have
mainly focused on the local scour and morphological changes and few in detail studies have
been conducted regarding the turbulent flow characteristics near and downstream these
structures. This may be attributed to the limitations of the different numerical models or
measurement tools. However, considering the effective performance of bank-attached vanes
in controlling bank erosion and improving river conditions, more research is needed to
understand the complex flow field around these structures.

Due to the relatively accurate simulation of the wakes and vortices, large eddy simulation
model (LES) was used in this study to simulate the flow field around the bank-attached
rectangular vanes over a flatbed condition to understand the effect of different permeability
rates on flow characteristics.
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2 Methodology
2.1 Numerical Model and Computational Domain Setup

In large eddy simulation (LES) turbulence model, flow field is simulated by solving the Navier-
Stokes equations. In LES model, large scale eddies are resolved directly, while small scale
eddies are modelled. Governing equations are expressed as follows:

o _ ]
- (1)
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In Eq. (2), p is the filtered pressure field and the term (S_l]) is the rate-of-strain tensor evaluated
using the filtered velocity. Due to the unknown unfiltered velocity field, it is difficult to determine
the nonlinear filtered term (u,u;), thus it needs to modelled; the term can be split up as follows
[21]:

wu, = 15 + WU, (3)

Where, Tij is the residual stress tensor. Hence the filtered Navier-Stokes equations can be
written as:

i = — v—8§ — 2
ot + 0x; pox; * vax]- Sy 0x; (4)
Unclosed residual stress tensor (7;;) in Eq. (4) can be modelled using different subgrid-scale

models. In this study, Smagorinsky-Lilly subgrid-scale model was used and the governing
equations can be written as [22]:

1 _
Tij ~ 3 Thkij = 2HeSy (5)
ue = pLs?|S| (6)
Ly = min (kd< C;A) (7)

In Eq. (7) Ly denotes the mixing length for subgrid-scales which is computed using the von
Karman constant (k) and distance to the closest wall (d).

Cs, ue , pandAin Egs. (5-7) are the model constant, eddy viscosity, density and cube root of
the local grid cell volume, respectively. In LES turbulence model, the value of C, is generally
in the range of 0,1-0,2.

GAMBIT (ANSYS) was used to create and mesh the numerical domain, which is composed of
a rectangular channel and installed vanes (Figure 1).
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P=30% P=50% P=70%

Figure 1. Numerical domain and tested vanes

Different permeability rates were adjusted using cylindrical tubes of 6mm diameter. A quad-
map mesh was generated for all simulated models.

In this study, KK$ > 0,8 ratio was used to evaluate the generated mesh sufficiency [23]:

restKsgs
1 - -
Kres = 5 w? +v2 +w?) 9)
Hsgs |-
K. . =

Where K, is the turbulent kinetic energy from resolved velocity fluctuations, K, is the
subgrid-scale turbulent kinetic energy and u,4, is the subgrid-scale viscosity.

Because the turbulent kinetic energy ratio was = 0,9 in most of the numerical domain, therefore
a mesh composed of approximately 154.000 elements was considered as an optimum mesh
for all created models to simulate the flow field around the bank-attached vanes. However, it
must be noted that it is not possible to generate the mentioned optimum mesh in all cases due
to the different permeability rates.
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Figure 2. Average relative error of simulated and measured water surface profiles at
different Y/L positions
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Moreover, a mesh independence test for 30 % permeable vane was performed. Simulated and
measured water surface profiles at different Y/L positions around 30 % permeable vane
showed negligible difference with increasing number of nodes. The average relative error
(ARE) for the meshes composed of 150.000-200.200 elements was approximately 5,19 %
(Figure 2). Average relative error was calculated using Eq. (11):

XExp - XNum .

ARE = 100 (11)

XExp
Where, Xg,,, and Xy, are the experimental and numerical water surface profile values.

Table 1. Hydraulic and boundary conditions

flow depth approach velocity Er Re
Hydraulic (m) (m/s)
Conditions 0,15 0,66 0,54 61875
inlet side walls and vanes top outlet
Boundary
Conditions : .
pressure inlet wall pressure inlet | pressure outlet

In this study, LES turbulence model along with volume of fluid (VOF) and SIMPLE scheme
was used to resolve the flow field around the bank-attached vanes. Hydraulic and boundary
conditions are shown in Table 1.

2.2 Data validation

Streamwise free surface profile measurements around 30 % permeable vane were conducted
using point gauges of 0,1 mm accuracy in a straight 10 m long and 0,5 m wide rectangular
flume located at the Hydraulics Laboratory of the University of Tabriz.

Y/L = 0,96 Y/L = 3,44
1,4 1,4
1,2 - 12 A
¢
55 I YT S BRI B £3 F3
L L
N 06 - N 0,6
0,4 0,4 1
0,2 0,2
0 T T T T T T 0 T T T T T T {
-16 -1,2 -08 -04 0 04 08 12 16 -16 -1,2 -08 -04 0 04 08 12 16
X/L XL
3% Permeable Vane A Numerical Data + Experimental Data

Figure 3. Numerical and experimental free surface comparison

To evaluate the accuracy of the numerical model, measured and simulated free surface
profiles were compared at the vane tip (Y/L = 0,96) and near the opposite side wall (Y/L =
3,44). Water surface fluctuations at the vane tip is mainly due to the mean pressure and
velocity variations which will gradually diminish further downstream. Generally, as shown in
Figure 3, experimental and numerical free surface profiles agreed well because the ARE
values were approximately 4,7 %. Furthermore, root mean square error (RMSE) of the
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experimental and numerical free surface profile values is approximately 0,0072, which
indicates that numerical model values are consistent with the experimental results. RMSE was
calculated using the Eq. (12), where n is number of the data:

RMSE = \]Z?zl(XExpn_ XNum)2 (12)

3 Results and discussion

Depth-averaged velocity variations in the flow field revealed the presence of two flow zones
that were formed and developed along the channel due to the local effect of the vane structure
and channel cross sectional constriction (Figure 4). These zones are main flow field, upstream
and downstream separation regions. The boundary between these zones is called detached
shear layer, which is a turbulent-dynamic flow. In the upstream of the vanes and along the side
wall, especially near the impermeable vane, -1 < X/L < 0, backwater effect is obvious, which
affected the local flow characteristics and caused velocity reduction in this region. Velocity
increase at the X/L=0 section is due to the channel constriction, which is significant in the
impermeable case. Results showed that maximum velocity occurred in the downstream zones
due to the flow deflection, formation of the different vortices, secondary flows and their
subsequent effect on flow field, on average, the maximum velocity values are 1,54 times the
approach velocity (Vapp). Generally, complexity of the flow field in the downstream region due
to the presence of the mentioned factors is obvious in the velocity distributions. Maximum
velocity decreases up to 11 % for the 70 % permeable vane.

P= 0% P=30%
4 4
3 A 3
— 2 = 2 A
= >
1 A 1 A
0 : : : 0 : : :
0 0,5 1 1,5 2 0 0,5 1 1,5 2
V/Vapp ViVapp
P=50% P=70%
4 4
3 - 3
_ = 5
S 2 Sk
1 1 1 4
0 T T T 0 T T T
0 0,5 1 1,5 2 0 0,5 1 1,5 2
VIVapp VN app
——X/l=24 —=—X[l=12 —t=—X/l=04 XI=0 =k Xf1=0.72 =——p—X/l=1.6 =—pe=X/1=2.4

Figure 4. Numerical and experimental free surface comparison
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Moreover, in the permeable vanes, small-scale high velocity zones formed within the cylindrical
tubes intervals due to the constriction.

Phenomena such as formation of scour hole and structure undermining are developed due to
the high velocity zone near the vanes tip region, the tip velocity variation at the Z/H=0,03 is
presented in Table 2. Generally, tip velocity ratio (Vi,/Vapp) decreases as the permeability rate
increases. Tip velocity decreases up to 30,6 % for the 70,0 % permeable vane.

Furthermore, as seen in Table 2, tip velocity ratio results obtained from the LES model are
consistent with experimental study of Kang et al. [13], and the slight differences are due to the
different hydraulic and geometry conditions.

Table 2. Comparison of the tip velocity values obtained from LES model with the
experimental results of Kang et al. [13]

Reference | Structure Type Method FIov:nI?;a pth (\r,na/psp) Viip/Vapp
Pile Row 0% 1,52
Ka”[% ;it al. | pile Row 40% S 0.15 0.40 1,25
Pile Row 60% 1,20
Pile Row 80% 1,12
Rec 0% 1,84
Psrfusdeyt Rec 30% LES 0,15 0,66 1,49
Rec 50% 1,35
Rec 70% 1,28

Figure 5 illustrates secondary flow vectors in the upstream and downstream regions at six
different vertical planes, which can be used to analyse the three-dimensional flow structure in
the flow field. In the upstream of all the simulated vanes, transverse flow is dominant which
generally moves from right side wall of the channel towards the left side wall as a result of
longitudinal pressure gradient generated due to the presence of vanes. Furthermore, as flow
reaches close to the upstream face of the vanes, the transverse flow amplifies and the highest
values occur mainly at the X/L= 0. In the downstream of the vanes, different wakes and vortices
are formed, at the X/L= 0,72 plane, close to the impermeable vane, relatively strong and stable
vortices formed close to the flow separation zone. Note that these vortices do not form
immediately downstream of the permeable vanes.

Formation of the vortices along the downstream region of all the simulated vanes 1,6 < X/L <
4, can be attributed to the different flow deflection at the near bed and upper layers. These
vortices gradually move towards the channel centreline with a decrease in the impact of vanes
on the flow field. Generally, turbulence generated in the shear layer, is due to the interaction
of different wakes and vortices in the flow field. The results indicate that permeable vanes
generate weaker vortices along the channel in comparison to the impermeable vane. Further
downstream and similar to the X/L= -0,8 section, as vortices gradually diminish, transverse
flows form towards the left side wall.

Formation of the wakes, eddies and turbulence effects the recirculation zone characteristics
and sedimentation process in the flow field, turbulent kinetic energy (TKE) variations are
presented in Figure 6. TKE is generally dominant along the detached shear layer due to the
effect of the velocity fluctuations in this region. Relatively intense turbulence patches along the
detached shear layer and within the recirculation zone are formed due to the turbulence and
subsequent interactions of the different wakes and vortices such as horseshoe vortices in the
flow field. Maximum TKE values within turbulence patches decrease up to 58 % around the 70
% permeable vane. The mean kinetic energy (KE) variations are presented in Figure 7. In the
upstream region of the vanes (-1,6 < X/L <-0,8), especially in the impermeable case, decrease
in approach flow velocity and formation of backwater close to the bed along the right side wall
of the channel is obvious. Downstream of the structures, in the recirculation zone close to the
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channel side wall and vanes structure, 0,72 < X/L £ 10,4, the lowest mean KE occurred and
extended towards the end of the flow field, but gradually increased towards the left side wall.
Comparison of the KE contours showed that, maximum KE decreases up to 43,3 % for the 70
% permeable vane.

P=0 % P=30 %

Figure 5. Secondary flow vectors at different vertical planes

Furthermore, for impermeable and permeable vanes, maximum KE occurred at the X/L=2,4
and 5,6 < X/L < 10,4, respectively. Generally, due to the dominant effect of the velocity
fluctuations and mean flow velocity in the recirculation zone and main flow field, TKE and KE
contours are different.

P=0 % P=30 %
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P=0% P=30 %

Figure 7. KE variations in the flow field

4 Conclusions

In this study, LES turbulence model was used to simulate the flow field around the bank-
attached vanes. Numerical domain was composed of approximately 154.000 elements,
because when the number of nodes was increased, the ARE was constant and approximately
5,19 %. Generally, small-scale numerical domain was considered to avoid large mesh
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numbers. The accuracy of the numerical model was assessed by comparing the experimental
and numerical free surface values. The ARE value was approximately 4,7 %.

Formation and development of two different zones in the flow field can be attributed to the
presence of the bank-attached vanes. Interaction of the different wakes and vortices, such as
vortex shedding and horseshoe vortices, affected the flow pattern and characteristics such as
depth-averaged velocity distribution in these zones. Maximum velocity decreased up to 11 %
for the 70 % permeable vane; maximum values mainly occurred in 1,6 < X/L < 2,4 region.
The tip velocity for impermeable vane was approximately 1,84Va,, whereas it reduced to
1,28Vapp for 70 % permeable vane.

Different wakes and vortices were dominant in the 0,72 < X/L < 4,00 region.

TKE and KE contours at different vertical planes along the flow field showed that different
permeability rates effect the recirculation zone characteristics and sediment deposition
process around the vanes. Maximum mean KE occurred for all cases in the downstream
region, 2,4 < X/L <10,4.

Generally, for a multipurpose design such as creating the riparian habitats, controlling the local
flow and secured flow depth for navigation, permeable vanes are appropriate because weaker
wakes and vortices form around them. However, still more research is needed to study the
variation of other parameters such as pressure and shear stress, understand the three-
dimensional nature of the flow affected by different geometries or orientation angles and find
the optimal design in accordance with different hydraulic conditions, considering that with
higher permeability rates, these structures do not have a noticeable effect on the flow pattern
and the decrease in velocity around river banks.
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