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ABSTRACT

The hydraulic conditions of a flow previously proved to be changed when placing large-
scale geometric roughness elements on the bed of an open channel. These elements impose
more resistance to the flow. The geometry of the roughness elements, the numbers used,
and the configuration are parameters that can affect the hydraulic flow characteristics. The
targetis to use inclined block elements to control the salt wedge propagation pointed in most
estuaries to prevent its negative effects. The Computational Fluid Dynamics CFD Software
was used to simulate the two-phase flow in an estuary model. In this model, the used block
elements are 2 cm by 3 cm cross-sections with an inclined face in the flow direction, with a
length of their sides 2 and 3 cm. These elements were placed with a constant spacing in two
rows at a distance from two sides of the bed of the channel model. Six simulation runs were
conducted with two different discharges and three different inclinations of the centerline of
the element concerning the flow direction. The applied discharges are 30 and 45.3 1/min,
and the inclination of roughness elements are 15°, 30°, and 45°. The spacing between
elements in each row is kept at 3cm. The results showed that when no roughness elements
were used, the propagation of the salt wedge extended to 3.9m and 3.1m at a discharge of 30
I/min and 45.31/min, respectively. The propagation of the salt wedge was reduced when
using the inclined blocks roughness element. This reduction depends on the applied
discharge and the angle of inclination. At the minimum applied discharge of 30 1/min, the
propagation of the salt wedge was reduced by 74% at 45°inclination. In contrast, it was 69%
at 30° and 64% at 15¢ inclination at the same discharge. When the discharge is 45.3 1/min,
the propagation of the salt wedge was reduced by 85% at 45°inclinations of roughness, 84%
at 30°. It was 70% at 15° inclinations. The roughness elements improve the flow turbulence
that disperses and slows the salt wedge propagation beneath the fresh water.
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1. INTRODUCTION

Many studies were conducted to control the propagation of salt wedge introduction at
estuaries by using different techniques. (Kim, 2011; Poggioli and Horner, 2015; Krvavica
et al., 2016) studied open-channel turbulent 3D numerical simulation with the presence of
vegetation. A new method is applied that simulates flow through natural vegetation using an
approach based on porosity. This method comes from the connection between porosity and
the leaves area index. The research demonstrates that numerical modeling of real
vegetation's impact on flow may be done satisfactorily. Simulation results demonstrated the
presence of plants strongly influences the characteristics of the flow in the channel middle,
where a distinct slowing of the flow may be seen. The results of the velocities were compared
to experimental data that showed reasonable agreement the program does a good job of
showing how porosity and bending work. (Tani and Fujita, 2020; Ralston et al., 2016;
Servini et al,, 2017), studied applying the sampling method to shallow open-channel flows
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with circular roughness elements. This research applies the sampling moir’e method, a novel
technique originally developed for measuring slight deformation of a static object, such as a
plate, to fluctuating free water surface in turbulent open channel flows. The method captured
the two-dimensional water surface deformation at a high sampling rate by dyeing water with
a white color. The target flow was a very shallow subcritical flow with a depth of 1.5 times
the height of the roughness. The main result obtained in this study is The sampling moir’e
method was successfully applied to the three-dimensional measurement of time-developing
free-surface fluctuations in an open channel turbulent flow. A series of accuracy tests using
hydrostatic tanks showed that the measurement accuracy had a standard deviation of at
least 0.07 mm.

(Cavalcante et al.,, 2021; Krvavica and Ruzic, 2020; Gholami et al.,, 2015), studied
roughness coefficients generated by flexible vegetation in an open channel. This study aimed
to monitor water and solid discharge through direct hydro sediment metric measurements
and to estimate, using a simplified model based on a force balance, the hydraulic roughness
coefficients generated by flexible vegetation element of the Ipomoea pes-caprae species
under emergent and submerged conditions. The results demonstrate that aquatic vegetation
directly influences river dynamics; vegetation density has a hydraulic impact on the flow
transport capacity. Increasing the resistance of the vegetation to the flow leads to a decrease
in the capacity of transport of sediments. (Al-Fuady and Azzubaidi, 2021; Al-Sarefi and
Azzubaidi, 2021; Ali and Al Thamiry, 2021) conducted an experimental study on
investigating and controlling salt wedge propagation. The study aims to investigate the
variation of profiles and propagation of salt wedges and the use of air and water curtains in
controlling its propagation. They conducted seventy-seven experiment runs to investigate
saltwater propagation and sixteen runs to control the salt wedge using air and water
curtains. The results showed that increasing the discharge of fresh water or the slope of the
flume bed leads to a reduction in the length of the salt wedge. They found that air and water
curtains are efficient methods for controlling the propagation of salt wedges. A minimum
discharge of air and water curtains was obtained to prevent salt wedge propagation.
Roughness elements proved to be efficient in controlling the propagation of salt water.
(Alwan and Azzubaidi, 2021; Sajjadi, 1995; Mirauda and Plantamura, 2013), conducted
numerical investigations on Large-Scale geometric roughness elements in open channels
with different heights to control the propagation of salt wedges. The hydraulic behavior of
the flow can be changed by using large-scale geometric roughness elements in open
channels. This change can help control erosions and sedimentations along the mainstream
of the channel. Roughness elements can be large stone or concrete blocks placed at the
channel's bed to impose more resistance in the bed. In this paper, velocity distribution along
the flume was theoretically investigated using a series of tests of T-shape roughness
elements. T- shape roughness elements with a height equal to 3cm placed in three different
configurations, two lines, four lines, and fully rough configurations were tested. The results
show that the effect of roughness elements increases with increasing the number of lines of
roughness elements. It is decreased in the case of four lines and fully rough configurations
by about 33% and 28% compared with two lines configuration near the bed.

(Shaheed and Azzubaidi, 2020; Rao et al., 2022; Baghalian and Ghodsian, 2019),
studied controlling salt wedge propagation by using the roughness element upstream river
mouth. This study aims to numerically study the effect of roughness elements in controlling
the propagation of salt wedges upstream river mouth. A cubic of 1.5cm roughness elements
were used in this research fixed at the bed of the flume system. These cubic elements are

arranged in different configurations. The roughness elements work to increase the flow
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turbulence that dispersion the salt wedge that moves beneath the fresh water and reduces
its propagation. The results of eight model runs showed the roughness elements could
reduce the propagation up to 66.7% when the roughness elements are placed close to the
end of the flume, at the highest applied discharge of fresh water, and the minimum bed slope
of the flume.

(Dritselis, 2014; Briggs et al., 2017; de Marchis et al., 2019; Shamloo, 2014) studied
large eddy simulations of turbulent channel flow with transverse roughness elements on one
wall. This study examines the feasibility of large eddy simulation for predicting turbulent
channel flows with two-dimensional roughness elements of the square, circular, and
triangular shapes transversely placed on the bottom wall. The use of the turbulence models
leads to an improvement in the predictions of several turbulence statistics compared with
the case when no model is considered. Large eddy simulation can be combined easily with
an immersed boundary method yielding satisfactory results based on a coarser grid
resolution than in direct numerical simulation, and, thus, it is suitable for investigating
turbulent channel flows with riblets of various shapes. Results from large eddy simulations
of turbulent flows in a channel with 2D roughness elements of a square, circular, and
triangular cross-sections transversely placed on its bottom wall were obtained to assess the
feasibility of several sub-grid-scale models for all flow cases with smooth and rough walls
examined here. In addition, all models contributed from 5% up to 50% of the total
dissipation rate over much of the channel, playing a key role in the grid-scale turbulence
energy budget.

(Zachopoulos et al., 2020), studied by using the 3D numerical model to simulate the
dynamics of the salt-wedge intrusion along the lower reach of the Strymon River Estuary,
Greece. The Waterway Lake and Coastal Ocean Model were used to conduct all the numerical
simulations. To solve the time-varying governing Navier-Stokes equations, the model
includes Reynolds averages and a mixed-layer model to quantify vertical mixing. The model
provides reasonably accurate findings for salt wedge intrusion because it has been
calibrated using field measurements. The constructed model demonstrated how the terrain
of the area, the river flow rate, and the form of the bottom river all affect how quickly the salt
wedge spreads. The results show that stratification could intensify when river flow is
reduced. Additionally, placing submerged shallow sills on the river bottom at a specific
distance can stop seawater from spreading across a much greater distance.

(Ospino et al., 2018; Cassan et al., 2017; Abbaspour and Kia, 2014), carried out a study
on saltwater intrusion dynamics in a Microtidal Estuary of the Magdalena River, Colombia.
The impact of river flow rate, tide, and wind on mixing and saltwater intrusion in the river
estuary is simulated using a three-dimensional numerical model. Field data were used to
calibrate and validate the numerical model. The results show how winds and seasonal tides
affect the spreading and mixing of salt water. It was discovered that variations in river
discharges impact the length of the salt wedge. The water column is stable even under the
impact of wind and tides at the most excellent release. The effect of wind force on tidal force
is visible at medium discharges. Additional saltwater intrusion and tide effects are visible at
the river mouth, where discharges are lower.

The objective of this study is to simulate a three-dimensional model by using CFD software. Then
estimate salt wedge propagation and control it using geometrical roughness elements under
different configurations.
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2. DESCRIPTION OF THE MODEL

The flow in an open channel is simulated using a flume system with roughness elements. The
system geometry is simulated by the Solid Work 2018 program product launcher, ANSYS
Parametric Design Language. The flume (0.25 width, 0.35 depth, and 6m long) with a
constant slope equal to 0% is considered a control case. Fresh water is supplied at the
upstream side of the flume. A weir of adjustable height is installed at the downstream side
of the flume with dimensions 0.1m in length, 0.09m in depth, and 0.075m in width. This weir
is used to discharge fresh water from the flume and to supply salt water, through an opening
at its center that connects a saltwater tank, as shown in Fig. 1.

Weir section | i (‘;:tflgltl:rl:gr

Figure 1. The geometry of the 3D model of the flume system.

The used roughness elements in Fig. 2 are blocks of 2 cm by 3 cm cross-sections having an
inclined face in the direction of the flow, with a length of 2 and 3 cm.

1.5
2= 3cm

lem

2cm

Figure 2. The Shape of Roughness Elements

These elements were installed in two rows at the sides of the bed of the flume with different
configurations, as shown in Fig. 3. Configuration refers to the method by which the
roughness elements are arranged on the flume bed. The distance between roughness
elements in each row is kept constant at 3cm. Different block inclinations were applied.
These are 15°, 30°, and 45° degree.
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Figure 3. A top-view diagram showing a configuration of roughness elements.
3. DESCRIPTION OF THE USED SOFTWARE

Each code in the Computational Fluid Dynamics, CFD, Ansys Fluent19 Software solves a
challenging collection of geometrical issues. CFD is a simulated numerical model for
analyzing and resolving flow problems. Ansys Fluent is typically used to simulate many flow
problems, including laminar, turbulent, compressible, incompressible fluids, steady-state,
and unsteady-state flow.

The Navier-Stokes and continuity equations numerically solved using the finite volume
method are the governing equations in ANSYS Fluent. These equations are a derivative
(Ashgriz and Mostaghimi, 2002; Date, 2005; Yang et al., 2017; Biringen and Chow,
2011), mass conservation law for flowing fluids, and Newton's second law. According to the
governing equation for Ansys Fluid can be expressed as follows:

Navier-Stocks equations:

p(Grruftvirwi) =u(GE+ 55+ 5 +roe -3 ()
p(Grugvi+wi) =u(GE+ 55+ 50) + 0 -3 @
p(Z—V:+u‘;—Z+vg—;+w2—Z)=u(ax¥+ 2+azz>+pg ~% 3)
Continuity equation:

oy ta, =0 (4)
where:

u, v, w is the three-dimensional velocity components (m/s).
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p is the density (kg/m3).

u is the dynamic viscosity (N.s/m?).

P is the pressure, Pa.

g is the gravitational acceleration (g)

t is the time (s).
4. DESCRIPTION OF THE MODEL RUNS

Various cases can be simulated with FLUENT software can be adopted namely: transient
flow, the volume of liquid, multiphase flow (air and water). The turbulent standard k-& model
is selected and adopted in this work to simulate flow turbulence (Versteeg and
Malalasekera, 2007; Date, 2005; Sharma, 2021; Niyogi, 2006; Petrila and Trif, 2004),
PISO method (Pressure-Implicit Splitting Of Operators). A double-precision calculation was
necessary to derive the flow to solve the pressure differences. The volume of fluid measure
should be turned on with the option of specifying operating density in operating conditions
and setting the lightest phase in operating density (Al-Fuady and Azzubaidi, 2021). The
boundary conditions were freshwater as mass flow inlet and free surface as pressure outlet.
Saltwater was defined as a velocity inlet. Surface tension between air and water is
considered constant and equal to 0.072 N/m, air-salt water equals zero, and salt water and
fresh water equals 0.00148 N/m. After the geometry is generated, the flume system model
is divided into cells and elements of various sizes and forms, allowing for precise numerical
calculations to produce the best results. An unregular polyhedral mesh was employed in this
study. The mesh density impacts the computation's accuracy and processing time. Several
factors determine mesh quality. The difference between the forms of an equilateral cell with
a comparable volume and ideal cell shapes is described by the Fluent, represented by
skewness. Most flows had a maximum skewness factor of less than 0.95, an average lower
value of 0.33, according to the ANSYS Fluent User's Guide, 2018. For this Fluent model, the
skewness factor was less than 0.75, considered acceptable for good-quality components.
Each model contained 1.1 million to 1.7 million cells, with a 0.01 m cell size. The meshing of
the present CFD model shape is shown in Fig. 4. Two different freshwater discharges, 45.3
1/min, and 30 1/min, were simulated, with three different inclinations 15°, 30°, and 45°. The
spacing between these elements is kept constant at 3cm. For comparison purposes, runs
were conducted without using these roughness elements,

= I

Figure 4. The meshing of the geometry.
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5. RESULTS AND DISCUSSION

The maximum propagation of the salt wedge is 3.9mswhich was obtained with no roughness
elements at the lowest freshwater discharge value of 301/min, as shown in Fig. 5. While, at
the applied freshwater discharge of 45.31/min, the propagation of the salt wedge was 3.1m,
as shown in Fig. 6. It is clear that the propagation of salt wedge is inversely related to apply
freshwater discharge.

)

Salt Water. Volume Fraction
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The propagation of salt wedge = 3.9m I .
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Figure 5. Propagation of salt wedge without roughness elements, (30 1/min).
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Figure 6. Propagation of salt wedge without roughness elements, (45.3 1/min).

Fig. 7 shows the propagation of salt wedge with roughness elements at applied freshwater
discharge is 301/min and different roughness inclinations of 15, 30°, and 45°. When the
roughness element inclination is 15°, the propagation of the salt wedge is 1.4m.

The reduction in the propagation of the salt wedge is 64% when compared to that without
using elements. While at 30° inclination, the propagation of the salt wedge is 1.2m. It is a
69% reduction in the propagation of the wedge. The propagation of the salt wedge when the
inclination is 45° is just 1m. It is a 74% reduction in the propagation of the salt wedge when
compared to the run without using roughness elements. It can be noticed that as the
inclination increases, the propagation of the salt wedge is reduced.
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Figure 7. Propagation of salt wedge with roughness elements for a discharge of 30
1/min and different roughness section locations measured from the flume end.

The propagation of the salt wedge with roughness elements at applied freshwater discharge
of 45.31/min and different roughness inclinations of 15°, 309, and 45° is shown in Fig. 8.
When the inclination is 15°, the propagation of the salt wedge is reduced to 0.9m; it is 70%
reduction in the propagation compared to that without using any element at the same
applied discharge. The obtained propagation of the salt wedge at 30° inclination is 0.5m,
representing an 84% reduction in the salt wedge. At 45° inclination, the propagation of the
salt wedge was 0.45m which is an 85% reduction in the salt wedge compared to that without
using any roughness elements.
190



Volume 29 Number 10  October 2023 Journal of Engineering

Salt Water. Volume Fraction
Contour 1

[
Uo ()’ 0"’ J’ 0' 0, 00 0) ()‘° 09 Io

The propagation of salt wedge = 0.9m

P T -

a) 15°Inclination

Salt Water. Volume Fraction
Contour 1

o 7
00 C), or_’ J) CI' Of 06 0 {)rv Up o

The propagation of salt wedge = 0.5m ] .

b) 30°Inclination

Sall Water Volume Fracton
Contour 4

- = =
Gp @, B3 B, Cp Bp By Cu @p % 7,

The propagation of salt wedge = 0.45m

wen

c) 45°Inclination

Figure 8. Propagation of salt wedge with roughness elements, discharge of 45.3 1/min, and
different roughness inclination.

The obtained results of the conducted model runs are given in Table 1. It is clear that the
used roughness elements can greatly reduce the propagation of salt wedge and can be used

to reduce its negative effects as it propagates upstream the river mouth.
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Table 1. Propagation of the salt water under different conditions.

. The inclination Propagation of salt Percentage of reduction in
Discharge, . .
Umi of roughness | wedge with roughness the propagation of salt
/min

elements elements, m wedge, %

30 150 1.4 64
30 300 1.2 69
30 450 1 74
45.3 150 0.9 70
45.3 300 0.5 84
45.3 450 0.45 85

6. CONCLUSIONS

The study aimed to simulate a model behavior of propagation salt wedge in a flume system
under different freshwater discharges using CFD. Moreover, the numerical simulation was
used to investigate the effects of roughness elements in controlling the propagation of salt
wedges. Six CFD mathematical model runs were carried out to investigate the control of salt
wedge propagation by using these elements under different flow conditions and
configurations of the roughness elements. The results of the CFD model runs carried out for
this study led to the following conclusions:

1. The applied freshwater discharge has an inverse relationship with the propagation of the
salt wedge. At the lowest flume's discharge value, the maximum propagation is obtained.

2. Roughness elements can greatly reduce the propagation of salt wedges.

3. At the minimum applied discharge of 30 1/min, the propagation of the salt wedge is
reduced to 74% at the 45° inclination. In contrast, the lowest percentage of propagation
of the salt wedge is 64% at the 15° inclination of roughness elements at the same
discharge.

4. At the discharge of freshwater of 45.3 1/min, the propagation of salt water showed the
best results of reducing the propagation of salt water to 85% at 45° inclination of
roughness elements. In contrast, at that discharge, the salt wedge's minimum propagation
percentage is 70% at 15° inclination of roughness at the same discharge.
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