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Available online 1 June 2023 are likely to form an air-core vortex, eventually entrapping detritus and air pockets in
the water intake system and causing further vibration and damage to the downstream
turbine. When paired with a high velocity, the formation of vortices in the system been
known to produce hydraulic transients, which cause unwanted operation or pressure
changes. The model of the 1:100 scale dam reservoir was generated, computationally
meshed, and modelled in FLUENT under ANSYS 2019 R3 at two different water levels
to observe the FSV formations. To mitigate those FSV formations, anti-vortex plates
with two distinct plates—square and wedge—were used. From the findings square
plates outperform wedge plates because square it lowers the speed of a fast-flowing
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Disaster of 3.0% and 14.1% respectively.

1. Introduction

Computational fluid dynamics, particularly employs numerical techniques and algorithms to solve
fluid flow issues, is a subfield of fluid mechanics. In the past, scaled physical models were then
constructed in hydraulic labs to study the flow, but they are expensive, time-consuming, and replete
with issues because of scaling effects. Femtosecond computer simulations may now be used to
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numerically study the performance of hydraulic structures as well as open channels in a reasonable
amount of time and at a reasonable cost thanks to advancements in computer technology and more
effective computational fluid dynamics (CFD) applications [1, 2]. With using approximations to solve
partial differential equations (PDEs) regulating flows, computational fluid dynamics (CFD) has been
shown to predict flow patterns. The method for evaluating how correctly the CFD model represents
the actual environment from the perspective of the anticipated application is essential for its
effectiveness. To give confidence in the expected results, CFD solutions must take into account the
corresponding error ranges as well as uncertainties ensuing from the findings [3]. CFD is hugely
beneficial for hydraulic engineering simply because it is typically more adaptable than a physical
model in modifying the physical form and/or hydraulic conditions, enabling the testing of numerous
configurations for comparison. In order to identify potential issues before creating the physical
model, CFD may also be utilized as a component of the design process before creating an insignificant
section of the hydraulic structure. By recording parameters such as velocity and volume fraction by
contour plots or plane, a CFD model enables to analyze flow patterns in the model, such as free-
surface vortices [4].

Free-surface vortex, a whirling flowing region revolving along a straight or curved axis, a common
problem may indeed be observed in a variety of submerged water intakes, notably shallow basins
and low head intakes. There are several different types of submerged water intakes, notably shallow
basins and lower head intakes, where a free-surface vortex can form. Alden Research Laboratory was
in charge of classifying free surface vortices. Their study led to the classification of vortices in to the
six types, with type 1 vortices being the weakest and type 6 vortices being the strongest, as seen in
Figure 1. Vortex type 1 (VT1), as resembles a cohesive swirl, has the least effect on hydraulic
machinery; in contrast, VT6 coupled to a full air core has the most effect. Based on the vortices'
intensity and growth, different categories were created. Some researchers have expanded this
classification to include VTO (i.e., no activity at this stage) [5-7]. Flow separation as well as eddy
formation, asymmetrical approach conditions, a lack of critical submergence, an approach flow
velocity higher exceeding 0.65 m/s, and an abrupt shift in flow direction are the leading factors [8].
These FSVs are likely to form an air-core vortex, eventually entrapping detritus and air pockets in the
water intake system and causing further vibration and damage to the downstream turbine. When
paired with a high velocity, the formation of vortices in the system been known to produce hydraulic
transients, which cause unwanted operation or pressure changes [9, 10].
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Fig. 1. Vortices classifications based on Alden Research Laboratory
[11]
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In order to mitigate these FSV formations, plates were used as anti-vortex device and the
performance were studied as such in 2011, researchers conducted an experiment on the overall
efficacy of horizontal perforated and solid plates placed on top of an intake for the suppression of
surface vortex generation. The experiments were conducted out on the horizontal intake of the
reservoir. It was found that both solid and perorated plates with 50% uniform openness with width
ranging from 1 to 1.5D and length ranging from 1.5 to 2D eliminated all types of surface vortices at
the intake. The value D is the intake diameter [12].

Using rectangular anti-vortex plates, a comprehensive set of studies was done in 2013 to partially
reduce vortex intensity and air entrainment at vertical pipe intakes. The plates were employed alone
and in pairs, and were symmetrically and asymmetrically arranged in relation to the pipe axis.
According to the results, larger plates outperformed smaller plates when it was found that a dye core
vortex, very weak air core vortex, and minor dimples were present. A complete air-core vortex that
drew air bubbles towards the intake was seen for smaller plates. It was suggested to place the plates
symmetrically as they are more effective in reducing vortex strength [13].

In 2014, the influence of plate dimensions on critical submergence was explored in an
experimental model utilizing varying dimension of vertical plates with mesh. One of the most
important design characteristics is the critical submergence (S¢) of the intake. In the case of
insufficient critical submergence, the formation of a vortex at the dams causes air entrainment. As
long as the intake submergence (Si) is larger than the critical submergence (Si>Sc), the rate of air
entrainment is essentially zero. It was found that increasing the length of vertical plates is more
efficient than raising the height of vertical plates in reducing the possibility of critical submergence
[14].

A reservoir physical model was recently utilized to evaluate the performance of horizontal
perforated plates in 2022. The performance of ten different types of perforated plates with varying
dimensions, thicknesses, and mesh openings (i.e., 70%, 58% and 50%) was evaluated. Finally, it was
determined that the effect of opening the plates to reduce vortex strength is greater than the size
and thickness of the plates. The opening rate of the plates has a large effect on the vortex, and a 50%
opening plate was able to dissipate all strong vortices [15].

Despite their benefits, anti-vortex plates have no design criteria. The design criterion for the size
of solid and evenly perforated plates was experimentally obtained throughout the previous studies,
taking into account the strength of surface vortices. Thus, the numerical performance of horizontal
plates on dam intakes to reduce FSV generation is discussed in this article.

2. Methodology
2.1 Preparation of Numerical Model

Figure 2 depicts the model drawing of the 1:100 scale dam reservoir model with intake structures
done in SolidWorks 2019 for this study. The geometry as in Figure 3 was then exported,
computationally meshed, and modelled in FLUENT under ANSYS 2019 R3. The suggested dam model,
as illustrated in Figure 2, is 5.9 meters long from upstream to downstream (reservoir to weir box) and
0.9 meters tall. The model starts with a rectangular box representing the upstream reservoir, which
is then filled with landscape mimicking the dam prototype's on-site topography. As you approach the
intake structure, the topology features uneven slopes and sharp edges. The intake structures then
have four inlets that distribute reservoir water through four penstocks. At the downstream end of
each penstock, four Francis turbine assemblies were connected. The spiral casing, stay vanes, guiding
vanes, runner blades, and drafting tube are the main components. Because of its flexibility to operate
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across a wide range of head and flow rate, the Francis turbine is the most often utilized reaction
turbine type [16]. Each Francis turbine consists of 22 blades connected by a shaft as Figure 4.
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Fig. 3. Computational domain of dam

Fig. 4. Francis turbine with dual outlet model
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2.2 Numerical Methods and Features
2.2.1 Volume of fluid (VOF) with open channel flow

Using the VOF formulation and the open channel for volume fraction, ANSYS FLUENT can
calculate the effects of open channel flow (such as water bodies, dams’ components such as spillway
and surface penetrating structures in unbounded streams). These flows require a free surface to exist
between the fluid that is flowing and the fluid above it (generally the atmosphere). Gravity and
inertia's forces often control flow. Each phase (fluid) is given a variable that represents the
percentage of each computational cell that the phase occupies. This quantity is referred to as the
"volume fraction of phase". In each computational cell, the volume fractions from all phases equal
one. Common fields for all phases offer volume-averaged values for each variable and characteristic.
For the mixing of all fluids, a unified momentum equation can be solved, and the subsequent velocity
field is distributed by the phases [17, 18]. Both phases share the velocity field that results. Each
control volume inside the domain is given the relevant characteristics and variables predicated upon
given local value (aq). The momentum and continuity equation for mixture is shown Eq. (1) and (2).

%ﬁﬂ) + V- (pti) = —Vp + V(u(Vii + Vi) + pg + T, (1)

Where the density of mixture is p, u is the viscosity of mixture, U is the initial velocity, and 7(, is
the surface tension of the interphase. This multiphase model was applied for this simulation because,
contingent on the volume fractions of relative phases in the cell, some variables and components in
a given cell reflect group of individual phases or a mixture of phases. Topological changes are
automatically taken into account by the level-set concept in VOF [19, 20]. Furthermore, because
water surface is the point of contact between air and water, implementing boundary conditions here
on surface has been disregarded. As a matter of fact, this method allows for unlimited water
circulation at the interface [21, 22].

2.2.2 Standardized k- £ turbulence model

The most reliable method for simulating mean flow characteristics in turbulent flow scenarios is
the k-epsilon (k) turbulence model. It is an equation-based model. In other words, it resolves two
transport equations (PDEs) which thus take into consideration historical effects like convection as
well as turbulent energy diffusion in additional to the conservation equations. The two conveyed
variables are turbulent kinetic energy (k) where it determines the energy in turbulence, and
turbulent dissipation rate (&) relates to the rate at which turbulent kinetic energy is dissipated.
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Where u; denotes the component of velocity with in corresponding direction, E;; indicates a
component of the rate of deformation and p; signifies eddy viscosity. A few variable constants are
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also included in the equations. The values of these constants were established through numerous
iterations of data incorporating for a variety of turbulent flows. These are as follows g, =1.00, g,.=
1.30, Ci.=1.44 and C,; =1.92. The k- € model is also precise and reliable for free-shear flows, such
as those with minor pressure gradients [23]. The conventional k- € turbulence model, which is based
on a knowledge of the relevant dynamics, optimizes unknowns, and provides a set of axioms that can
be used to a broad range of turbulent applications, is used as a result for a significantly practical
approach.

2.2.3 SIMPLEC pressure-velocity coupling

ANSYS FLUENT has the SIMPLEC (SIMPLE-Consistent) method a pressure-predicated segregated
algorithm which has the pressure correction under-relaxation factor set to 1.0 to avail in convergence
speed [24]. The application of this modified correction equation has been found to expedite
convergence in issues where pressure-velocity coupling is the primary impediment to finding a
solution. Another serviceable aspect of SIMPLEC is the approximation of neighbour velocity
adjustments used to engender the pressure equation and thus the velocity update. As a result, there
is no desideratum to relinquish the pressure field to ascertain stability [25].

2.2.4 SIMPLEC skewness correction

The SIMPLEC technique, which comes along with skewness correction feature enables ANSYS
FLUENT to get a solution on a highly skewed mesh, categorically on topology with varied slopes and
sharp edges in the model, in about the same amplitude of iterations as a more orthogonal mesh [26].
The approximate link between the correction of mass flux at the cell face and the difference of the
pressure correction at the circumventing cells is rather rough for meshes with some degree of
skewness.

2.3 Meshing and Boundary Conditions

Due to the complexity of the model, tetrahedral meshing was applied to the geometry using
ANSYS Meshing as depicted in Figure 5. Unstructured Tetrahedral elements are used since it can be
adapted to arbitrary geometries with high accuracy [27]. Different sizes of meshing were generated
with the size function such as proximity and curvature enabled. The generated mesh had been
assigned with the name selections as illustrated in Figure 6 to the boundary condition to be used
later in ANSYS CFD-Post Process. Since VOF method is used, air and water were assigned to both
primary and secondary phase respectively.

L

Fig. 5. Unstructured mesh on fluid domain
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Inlet

Wall symmetry

Fig. 6. Boundary conditions of fluid domain

Initial and boundary conditions are established for solution in order to control the flow's behavior
and produce a distinct solution. The typical boundary conditions in this model are inlet, outlet, and
wall symmetry.

i. Inlet. Under the Open Channel, the inlet was defined for Pressure Inlet boundary
condition under the same group ID. The depth of the flow is kenned from advance from
the experimental work which avails to define the Free-Surface Level (FSL) for the
simulation afore-hand. The domain was then initialized under the volume fraction of the
secondary phase (i.e., water) up to the FSL.

ii.  Outlet. Pressure Outlet boundary condition is applied at the outlet. The pressure outlet
boundary condition defines an outflow condition predicated on the flow pressure (P) at
the outlet. This is utilized since FSL was assigned at the inlet. Here the, outlets are kept
with another group ID.

iii.  Wall symmetry. The walls and interior of the domain are defined as fluid. For this,
Standard Wall Function has been implemented which abbreviates computational time.

2.4 Modification in Intake Structure

In theory, a significant number of operational problems may be avoided and better flow
conditions might be achieved by making small adjustments close to the intake. One of the most
affordable and popular ways to lessen the effects of air entrainment and swirl intensity is to employ
anti-vortex plates. These plates can be used alone, in pairs, perpendicularly, obliquely, or even arced.
As a result, the intake structure was modified, as shown in Figures 7 and 8, by enclosing intakes 1, 2,
3 and 4 with a fixed horizontal plate. At 30 mm above the intakes, two distinct plates—square and
wedge—are positioned. These horizontal plates are meant to act as a buffer, slowing the formation
of the swirl that gives rise to the vortex. Due to the frequent vortex formation at that level, the study
will be conducted numerically at the minimum water level.
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Fig. 7. Square-shaped plates

Fig. 8. Wedge-shaped plates

3. Results
3.1 Grid Dependency Test

The Grid Dependency Test is performed on three different mesh sizes, as shown in Table 1.

Predicated on the examination of multiple grid conditions, the grid dependence test is a procedure
used to determine the ideal grid condition without causing a difference in numerical results. By
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comparing the CFD results for grid conditions culled at random for multiple grids of the model, the
random sampling approach was utilised to identify the ideal grid [28]. This procedure was required
to ensure that findings did not vary considerably as the number of cells increased, establishing a
balance between accuracy and computing time. In this scenario, the mesh was reduced in size while
all other parameters remained same. The mesh enhancement procedure has been completed to
ensure that any future deviations in the mesh will not influence the estimated output [29]. The
optimal grid was chosen based on the pressure outcomes from outlet 1 as depicted in Figure 9. The
values are depicted in Figure 10.

Table 1
Mesh size with node and element number
Size (mm) Node Element
5.2 334083 1596917
5.1 336504 1699073
5.0 376826 1801229
4.9 403718 1929773
4.8 430610 2058316
Outlet 1
-~ -
Fig. 9. Pressure Outlet 1
55
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Fig. 10. Pressure versus Element size for Grid Dependency Test
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According to Fig. 8, when the mesh element size is downsized from 5.2 mm to 4.8mm, the
pressure values in outlet 1 have a little relevance in terms of discrepancies of roughly 6.5%. As a
result, the model grid size of 4.8 mm was chosen since it provided acceptable accuracy.

3.2 Validation of Experimental and Numerical Model

Validation is accomplished by comparing CFD predictions to experimental data or real-world
observations. In this situation, validation experiments were carried out on other similar hydraulic
models for comparison [30]. Similar to the numerical model, a physical model was built in the
hydraulic laboratory of the School of Civil Engineering at Universiti Sains Malaysia, the model scale
ratios are displayed in Table 2. The velocity output from outlet 1, which is comparable, was used for
both computational and experimental validation, as shown in Table 3. The Nixon Streamflo Velocity
Meter was used to measure, indicate, and monitor extremely low water and other conductive fluid
velocities.

Table 2

Scale ratio of model
Parameters Scale
Length (m) 1:100
Velocity (m/s) 1:10
Discharge (m?/s) 1:100000

Table 3
Velocity at outlet 1 for experimental and numerical

Water level (m) . Relative
(Experimental/ CFD) Experimental (m/s) ~ CFD(m/s) error (%)
0.34/2.428 1.67 1.62 3.0
0.38/2.485 1.98 1.70 14.1

The relative error among both prediction and measurement at recorded places was often
considered as an essential trait in this study. The percentage discrepancy between velocity values at
outlet 1 measured with a Nixon Streamflow Velocity meter and CFD is less than 20%, which is
acceptable. The validation was allowed according to table 4 where A is less than 10%, B is between
10% and 20%, C is between 30% and 40%, and D is greater than 50%. Table 4 shows the accuracy
quality for each category, beginning with A, which is deemed good, B, which is acceptable, C, which
is minor, and D, which is low [31].

Table 4

Accuracy based on relative error
Category Range (%) Acceptability
A <10 Good
B <20-30 Acceptable
C <30-40 Marginal
D 50> Poor

3.3 Velocity Profile

The simulations are done on the minimum and maximum levels of the dam model, 2.428 m and
2.485 m (i.e., 0.34m and 0.38m from the experiment). Figure 11 and 12 depicts the predicted velocity
flow field for each water level.
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,
¢

Fig. 12. Velocity Profile for 2.485m

It has been noted that the velocity at 2.428 m is highly turbulent in the reservoir's mid-region, as
opposed to 2.485 m, where it appears to be relatively steady. This is because the water level of 2.428
m is more exposed to the surrounding topography. The flow velocity is affected by the form of the
topology where friction is generated when water flows against the uneven and sharp edges of the
ground. Furthermore, as time approaches the intake, water enters through intakes covered by
smaller surrounding topology, causing the flow area at the entrance point to contract. This causes
greater resistance to be met at the edges, where water molecules are slowed down, increasing the
fluid speed in the intake area relative to the edges. The velocity in 2.485m is shown to be consistent
in most areas, albeit it is significantly higher on the right side of the reservoir because of abrupt
changes in flow direction that cause added turbulence, which is withal optically discerned in 2.428
m. Due to the inlet-outlet-velocity condition, which states that inflow velocity is dictated by the
solution inside the domain and causes all inflow to be normal to the free boundary, the pressure
inlets have been exhibiting the maximum velocity zone for both water levels.

3.4 Flow Profile before Modification
The simulations done on the minimum and maximum levels of the dam model, 2.428 m and 2.485
m have predicted the formation of free surface vortices. The predicted volume fraction for the

secondary phase, or water, is depicted in Figures 13 and 14 for each water level. It appears that the
reddish orange spots, which are the formation of vortices, are much more prevalent at the lowest
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level. As was previously indicated, the formation of vortices or Free Surface Vortices (FSV) occurs
rather often at minimal reservoir levels, and in this instance, which had a good agreement to the
observations done at the experimental model. It is likely caused by unfavourable flow separation
conditions close to the intake and sudden changes in flow direction at the right of the reservoir, which
may be seen in both levels. Its high incoming flow velocity as in the velocity in the reservoir, v, which
is defined as the tangential velocity on an arbitrary location in the reservoir, may be used to observe
the frequent vortex generation in 2.428m. Theoretically, increasing vortex tangential velocity results
in a greater swirl flow [32]. Moreover, the reservoir's topology, intake design, and reservoir geometry
all have an impact on the vortex's strength [33].

Vortex formation formed behind
the intake as observed in the
physical model

o 035 0700 (m) /'k

0175 0525

Fig. 13. Volume Fraction at 2.428m

Vortex formation formed behind
the intake as observed in the

physical model

Fig. 14. Volume Fraction at 2.485m

3.5 Flow Profile after Modification
The simulations are done on the minimum and maximum level of the dam using both shapes

square and wedge plates on the intakes. Figure 15 to 18 depicts the predicted volume fraction for
the secondary phase of the after the modification.
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Fig. 16. Volume fraction for square-shaped plates at 2.485m
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Fig. 17. Volume fraction for wedge-shaped plates at 2.428m
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Possible vortex fory
intake

X

Fig. 18. Volume fraction for wedge-shaped plates at 2.485m

When a wedge plate is used instead of a square plate, the flow becomes more turbulent,
according to the simulation. In other words, the square plates efficiently lower the speed of a rapid
moving fluid and smooth it into a laminar flow rather than a turbulent flow, which has a beneficial
effect on vortex class degradation. The degradation of the vortex core limits the vortex to a smaller
class (Type 1 and 2) as well as the duration of the vortex formation. When wedge plates were utilised,
vortex generation was seen around the Intake 1 region in both levels, implying that the swirling flow
strength was not completely eliminated in the presence of the plates. As a result, the wedge plates
have less influence on vortex class. Increasing the size of the wedge plates may lead the vortices to
become unstable as well. Since the square plate's thickness is greater than that of a wedge, it appears
to be considerably more able to minimize vortex strength than length at both levels. Additionally, it
prevents vortices from trying to enter the intake from the sides.

4. Conclusions

A numerical analysis of a 3D dam reservoir model at two distinct water levels (2.428m and
2,458m) was performed. The VOF approach is used in numerical simulation to determine the flow
characteristics of each level. Computed pressure values from outlet 1 from three different meshes
are provided, and a grid dependence test is performed to find the best grid condition. This simulation
is also useful for assessing hydraulic performance in terms of vortex mitigation before and after the
installation of anti-vortex solid plates. When it comes to anti-vortex plates, square plates outperform
wedge plates because square it lowers the speed of a fast-flowing fluid and reduces it into a laminar
flow rather of a turbulent flow, which benefits vortex class deterioration. Based on validation
comparisons of experimental and numerical velocity findings from this study's outlet 1, the data
showed a significant agreement at water levels 2.428m and 2.458m, with relative errors of 3.0% and
14.1%, respectively. It also can be concluded that VOF-based CFD modelling may successfully be
utilised to analyse open channel flows utilising 3D models with complicated topology if an
appropriate computational mesh is built and appropriate boundary conditions are applied [34].

The circumscription from this numerical study is that simulation failure (i.e., floating point
exception) is frequently caused by errors in the mesh structure due to high skewness. Highly skewed
cells can decrease accuracy and destabilize the solution. The precision of the solution is significantly
influenced by the mesh structure. The type of cell, the number of cells, and the simulation duration
should all be carefully considered while carrying out precise solutions and delivering reliable findings.
Before meshing, fixing the geometry to remove extraneous planes and edges can also assist to
improve the skewness quality.
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