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Abstract

The hydraulic performance of settling basins in hydropower projects depend greatly on the approach flow conditions. A
three-dimensional RANS-based CFD model was validated with field measurements from the Middle Mewa Hydropower
Plant (MMHPP) to study these dynamics. The model showed a good correlation in velocity distribution and turbulence
characteristics. The validated model was then utilized for two alternate approach-tunnel configurations within the Budhi
Gandaki Hydroelectric Project (BGHEP). The results indicate that culvert geometry significantly influences the flow entering
the settling basin. The baseline setup (Case 1) made the velocity distribution uneven, the entrance jets very powerful, and the
near-bed recirculation very wide. The optimized setup (Case 2), on the other hand, made the flow more even and lowered
the intensity of the turbulence. The research shows that for Himalayan hydropower projects to manage hydraulic performance
well; the approach canals must be designed correctly. The results also show how useful validated CFD may be as a design
tool for improving headworks hydraulics, especially when testing with physical models is not possible.

Keywords: Approach flow, Settling basin, CFD, RANS turbulence model, Himalayan rivers basin

1. Introduction

Hydropower plants in rivers with a lot of silt, like the Himalayas, sometimes have to deal with significant sediment
loads. This wears down hydro-mechanical equipment and makes the plant less efficient overall (Morris & Fan,
1998). Settling basins are an important feature of hydropower headworks. They remove suspended sediment that
is floating in the water before it reaches to the headrace system. This makes the turbines last longer and costs less
to maintain (Morris, 2016). Many things can affect how well these basins work, including the state of the approach
flow, which can have a large effect on how well they work and how much sediment they accumulate. However,
the water flow at the basin inflow needs to maintain consistent so that the silt may be removed swiftly. In reality,
the water that flows into the settling basin is frequently not uniform since the curves, bends, transitions, and
barriers at the intake are all very complicated. These kinds of uneven approach flows can induce short-circuiting,
dead zones, and pockets of recirculation inside the basin. These things make settling less effective and let tiny
particles flow away (Dulal, 2020). Bad approach flow conditions are one of the most common reasons why many
existing basins don't perform as well as they could.

Three-dimensional computational fluid dynamics (CFD) modeling has proven a very useful tool for researching
and improving how settling basins behave in the past few years. CFD lets you look at flow patterns, velocity
distribution, and particle trajectories in a lot of detail, which is hard to achieve using physical models or field
observations. Numerous research has shown that 3D Computational Fluid Dynamics (CFD) may be used to test
and improve the designs of settling basins.(Bishwakarma, 2015; Dulal, 2020; Shrestha, 2012). However, limited
study has focused on the influence of different intake approach flow conditions on the internal hydraulics and
effectiveness of settling basins.

Novik et al. (2014) conducted a study that showed how vital it is for settling basins to have flow conditions that
change from time to time. The study discovered that the geometry of the inlet might make the formation zones
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and high turbulence happen. This could make the trap less efficient and maybe even wear down the turbine. The
study emphasized the significance of employing computational fluid dynamics (CFD) models to analyze
turbulence behavior and velocity distribution. This can help make estimations of how well traps work more
precise.

The study aims to assess the performance of a settling basin under various intake approach flow conditions through
3D numerical modeling. The study seeks to enhance the design and functionality of settling basins in sediment-
laden rivers by carefully investigating the impact of approach flow on velocity uniformity and turbulence
characteristics.

2. Study Area

Budhi Gandaki Hydroelectric Project (BGHEP) is a Peaking Run-of-River plant of installed capacity 341 MW,
being developed by Times Energy Pvt. Ltd (TEPL). The project is located about 170km west of Kathmandu, in
Gorkha District of Gandaki Zone in Province 4 of Nepal. The headworks site is situated at Jagat village of Sirdibas
VDC and Powerhouse is situated at Tatopani village of Uiya VDC in Gorkha district. Project boundary extends
between 28° 17" 00" to 28° 22' 00" north of latitude and 84° 52' 40" to 84° 55' 15" east of longitude. Project is
envisaged to be as right bank scheme with underground water conveyance system and powerhouse complex. The
project was envisaged to generate about 254 MW installed capacity at the time of desk study report however the
installed capacity has been increased to 341 MW after optimization of the project.

Figure 1. Project Location Map
3. Methodology

This research employs a methodology based on computational fluid dynamics across three spatial dimensions.
The model is designed to replicate the flow in the settling basin, as well as the approach flow from the intake of
the MMHPP project. For these approach primary drawings has been taken from feasibility study of MMHPP and
Physical model test report from Hydro Lab. The software utilized for the investigation is the commercial
application ANSYS Fluent. This chapter provides details regarding the examination of the physical model, its
development in the CFD, and after the validation of numerical model with physical model later on applied to two
cases of BGHEP. The initial step involves configuring the model in ANSY'S Fluent by establishing the boundary
conditions, creating the mesh, and specifying the input velocity conditions. A simulation is conducted to evaluate
whether the selected grid size is optimal by assessing the outlet flow rate. If not, the mesh is established, and the
procedure recommences until the appropriate grid size is identified. The numerical model operates on the optimal
mesh, enabling visualization of flow characteristics through velocity vectors. Subsequently, the findings are
juxtaposed with data from a study utilizing a physical model that employed dye tests to analyze flow dynamics
and an Acoustic Doppler Velocimeter (ADV) to measure velocity. If discrepancies arise, the boundary conditions
are modified, and the simulations are executed again until the flow characteristics fall within the permissible
range. Upon validation, the final data is obtained, displayed, and analyzed to comprehend the fluid dynamics of
the system. The overall methodology is illustrated in the Figure 2.
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Figure 2. Modelling Framework

3.1 Velocity Measurements on the Physical Hydraulic Model of MMHPP

A 1:35 physical scale model of the settling basins for the planned 48 MW Middle Mewa Hydropower Project
(MMHPP) has been constructed at Hydro Lab Pvt. Ltd, Kathmandu, Nepal as shown in Figure 3Error! Reference
source not found.. There are four bays over two independent settling basins, designed for a total design discharge
of 12.5 m%/s. The velocity measurement from the ADV was conducted at 12.5 m%/s. The Froude scaling law
indicates that the discharge in the physical model is 0.000138 m?/s.

Figure 3. Arrangement of Physical Model of MMHPP (Scale 1:35)
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The data files obtained from the laboratory measurements are subsequently exported utilizing the Horizon ADV
software created by Sontek. The output files are formatted in a tabular structure, and subsequent analysis of the
results is conducted using Microsoft Excel. Then, the two — Dimensional plan and section of Middle Mewa
Hydropower Project intake to settling basin structure is finalized using AutoCAD and 3D modelling was done in
Rhino 3D modelling tool. The geometry developed in .3dm extension in imported to the CFD program.

Figure 4. 3D Geometry of MMHPP imported in ANSYS Fluent

A structured rectangular hexahedral grid with a single mesh block was employed to discretize the computational
domain. The mesh quality was assessed using the skewness metric, a vital indicator of element quality in Ansys
Fluent. A coarse mesh with an average cell size of 0.5m was created to develop the baseline model and evaluate
the overall flow dynamics within the computational domain. This initial grid facilitated expedited convergence
and offered insights into flow distribution and boundary effects. To enhance solution precision and more
effectively capture local flow variations, particularly in areas with significant velocity gradients and near wall
boundaries, the mesh was refined to a cell size of 0.15m. The boundary conditions must align accurately with the
physical conditions of the problem, as they can significantly influence whether the numerical model outcomes
accurately represent actual situations. For the present study, three main boundary types were defined in the
computational domain:

a) Inlet Boundary: It is specified as velocity inlet based on the measured discharged from the physical model.

b) Outlet Boundary: It is defined as a pressure outlet.

¢) Wall Boundaries: It is applied to all solid surface, with a no — slip condition to simulate realistic fluid wall
interaction.

Turbulence is essential to the hydraulic performance of high-Reynolds-number flows, particularly in areas
characterized by flow separation, recirculation, and intense shear. The RNG k—¢ turbulence model is chosen for
the current study. This model is especially appropriate for flows characterized by low turbulence intensity and
areas of strong shear.

The simulation outcomes and duration are influenced by several aspects, including time step size, solution method
(implicit or explicit), numerical approximations, and convergence criteria. Enhancing runtime and achieving
simulation accuracy through the selection of the suitable numerical method is crucial. The solution tab offers
several numerical alternatives.

In this study, the coupled algorithm was chosen for pressure-velocity coupling, and a second-order upwind
discretization scheme was employed for both the momentum and pressure equations. This combination was
selected to enhance solution accuracy, particularly in areas with pronounced velocity gradients and intricate flow
patterns, while ensuring numerical stability during the simulation. The outcomes derived from the numerical
simulation in Ansys Fluent are examined during the post-processing phase, yielding both quantitative and visual
depictions of the flow field. The MMHPP model was then validated with the physical model, before modelling
two case studies of Budhi Gandaki Hydroelectric Project (BGHEP).
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Two — Dimensional plan and section for case 1 and case 2 of BGHEP from approach culvert to starting of transition
of settling basin structure is finalized using AutoCAD and 3D modelling was done in Rhino 3D modelling tool.
The geometry developed in .3dm extension in imported to the CFD program.

Figure 5. 3D Geometry for case 1 of BGHEP

Figure 6. 3D Geometry for case 2 of BGHEP

4. Results and Discussion
4.1 Hydrodynamic Results

This section presents the hydrodynamic results of the settling basin, taking into account the approach flow from
the intake. The particular case was modeled with an inflow boundary at the intake, which is standard procedure
in settling basin simulations. The velocities and flow distribution in the settling basin were investigated. The
output was obtained from the results area of Ansys Workbench. The result acquired for MMHPP was compared
with those derived from the physical model test and subsequently validated.

4.2 Results of MMHPP

This scenario was conducted to observe the flow in the settling basin when the inflow boundary is specified at the
intake. This is the standard method employed for simulating the settling basin. A steady state was attained at 450
iterations, and the simulation required 3 days and 6 hours for completion.

4.2.1 Flow Field in Settling Basin

There was uneven flow between the bays of the settling basin. The flow velocity in SB4 was the fastest, and the
flow velocity in SB1 was the slowest. Also, the velocity was not uniform across the width of bays SB4 and SBI1.
In SB4, the flow was mostly on the left side of the settling basin, while in SB1, it was mostly on the right side. It
was noted that SB2 and SB3 had flow distribution that was almost the same across the board as shown in Figure
7.
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Figure 7. Final Steady State Results of MMHPP

The probe's velocity measurements indicated fluctuations in flow, since velocity changes at different depths of
the bay basin at section 1 which is near the transition. Uniform velocity is achieved as the flow progresses toward
section 2, located 25 meters downstream from the end of the transition. This is demonstrated by the line graph
presented in the Figure 8 and Figure 9Error! Reference source not found..
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Figure 8. Probe measured velocity at different depth at inlet of transition obtained from Ansys Fluent
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Figure 9. Probe measured velocity at different depth 25m downstream of inlet transition obtained from Ansys Fluent
4.2.2 Flow Turbulent Kinetic Energy along the Settling Basin
Figure 10 illustrates the development of turbulence within the settling basin as determined by the numerical
simulation. The turbulence in the basin diminishes from 0.00251 to 0.000001 J/kg. The outermost bays, SB1 and

SB4, exhibit stronger turbulence for more than half their length, but the innermost bays, SB2 and SB3, display
turbulence only up to half the length of the basin.
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Figure 10. Turbulent Kinetic Energy along the settling basin (MMHPP)
4.2.3 Comparison of Measurements and Simulations

The results from the numerical hydraulic model of the Middle Mewa settling basin are compared to similar ADV
data obtained from the physical hydraulic model at Hydro Lab. The model has been compared with the results of
the physical model.

4.2.3.1 Comparison of Velocity Profile

Velocities were recorded in the physical model at sections 1 and 2, located Sm and 25m from the intake of the
settling basin, as seen in Figure 8Error! Reference source not found.Error! Reference source not found. and
Figure 9Error! Reference source not found.. The velocities were recorded at the midpoint of each bay. The
velocity profile at both sections has been calculated from velocity measurements obtained through ADV. The
velocity profile for the identical section has been established using velocity data acquired from a probe in the
numerical simulation.

Velocity Profile at Sm from the Inlet of the Settling Basin

The velocity profile form at 5 meters from the inflow of the settling basin is illustrated in the Figure 11Error!
Reference source not found.. At SB1 and SB2, both the models show higher velocities near the surface and
lower values towards the bottom. The velocity profiles derived from the physical model is almost similar to the
velocity profile derived from numerical model only in SB2. Other three bays have different velocity profile to that
obtained from the physical model. The velocity values obtained from the numerical simulation also differs in this
section to that of physical model study.

Velocity Profile at SB1 Velocity Profile at SB2

Figure 11. Comparison of velocity profile between Physical and Numerical model at 5m from inlet of settling basin
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Velocity Profile at 25m from Inlet of the Settling Basin

The velocity profile at 25 meters from the intake of the settling basin is illustrated in the Figure 12. The velocity
profile produced from the physical model closely resembles the velocity profile calculated from the numerical
model in each bay. There are minor discrepancies in the velocity values at varying depths between the physical
model and the numerical model.
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Figure 12. Comparison of velocity profile between Physical and Numerical model at 25m from inlet of settling basin

The aforementioned results indicate that the velocity profile simulated by Ansys Fluent closely approaches that
of the physical model in several respects at a distance of 25 meters from the intake of the settling basin. The
velocity profile at 5 meters from the inlet of the settling basin differs between Ansys Fluent and the physical
model, which can be attributed to the non-uniform flow at that site, as illustrated by the flow pattern in Figure 13.

4.2.3.2 Comparison of Flow Patterns

The study conducted a qualitative analysis comparing the flow patterns of the physical model with the numerical
model for the settling basin. The flow pattern from the physical and numerical models is illustrated in Figure 13.

Figure 13. Horizontal flow distribution in the basin Source:(HydroLab, 2022)
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It can be seen from Figure 13 that the flow is non uniform near the transition with SB4 having highest velocity
and SB1 having least in the numerical and physical model study. Flow field also illustrates shooting flow near the
surface of SB4 and certain meter below the surface at SB1. Vertical distribution of the flow field shows that the
flow velocity varies with the depth near transition. The variation may have occurred due to turbulence near the
transition as observed in Figure 10 . However, the flow seems to be much calmer with almost same velocity at all
depth in the bay of the basin after some distance downstream of the transition. More or less uniform flow is
achieved at almost 10m downstream of the inlet transition in the physical model as well as numerical model.

4.3 Results of BGHEP

This scenario was conducted to observe the flow in the settling basin when the inflow boundary is specified at the
intake. This is the standard method employed for simulating the settling basin. A steady state was attained at 530
iterations, and the simulation required 4 days and 1 hours for completion for case 1, whereas steady state for case
2 was attained at 520 iteration and the simulation required 4 days 1 hours for completion.

4.3.1 Flow Field in Approach Tunnel

For case 1 flow in the mid-section of the approach tunnel tends to travel faster than the other outer tunnel. After
the simulation of the numerical model of case 1, the velocity in the outlet of all the approach tunnel was found to
be 1.01, 1.15 and 0.98 m/s respectively. This indicates that there is not uniform discharge available in all the part
of the settling basin bays. For Case 2 water in all the section of the approach tunnel tends to travel uniformly.
After the simulation of the numerical model of case 2, the velocity in the outlet of all the approach tunnel was
found to be 1.05 m/s. This indicates that there is uniform discharge available in all the part of the settling basin
bays.

° o oo ) . »
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Figure 14. Final Steady State Result of BGHEP for Case 1 (left) and Case 2 (Right)
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Figure 15. Flow Distribution in 3 bays of Approach Tunnel of BGHEP for Case 1 and Case 2
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Figure 16. Average Velocity Magnitude in Different bays at the outlet of Approach Tunnel of BGHEP for Case 1 and Case 2
4.3.2 Comparison of Case 1 and Case 2

If we examine both cases, Case 2 shows clear benefits for how water flows through the settling basin. The flow is
more stable now, with fewer disruptive input plumes and less overall turbulence. These improvements make it
easier for sediment to settle out of the water, thereby fulfilling the main goal of the basin.

Table 1. Comparison of Results (Case 1 vs Case 2)

Aspect Case 1 Case 2 Remarks
Velocity Uniformity Uneven  distribution More uniform  Symmetric flow
among bays distribution improves  efficiency

(Xanthos et al., 2011)

Turbulence and Recirculation Larger vortices, higher Lower turbulence, Improved  geometry
turbulence fewer recirculation  can cut turbulence by
zones 30-50% (Bruno et al.,
2025b)
4.4 Discussions

The discussion demonstrates that the attributes of the approach flow are the most critical determinant of the
effectiveness of the settling basin. This aligns with studies on hydropower headworks, which indicate that the
primary cause of poorly functioning basins is flow heterogeneity influenced by geometric factors, rather than
settling velocity theories (Hillebrand et al., 2017; Paschmann et al., 2022). This study highlights that even minor
variations in approach culvert/ tunnel result in significant differences in the internal hydraulics of the basin.
Similarly, validated CFD effectively captures subtle yet essential effects. Therefore, the results reinforce the
general consensus that approach flow design should be an essential part of settlement basin engineering, especially
for Himalayan rivers with a lot of sediment.

This research demonstrates that a validated CFD framework, when calibrated against physical model
measurements and applied within appropriate geometric and operational boundaries, constitutes a reproducible
approach for analyzing settling basin performance across multiple projects. The present work establishes such a
framework, validates it against MMHPP, and extends it to BGHEP. Both Middle Mewa Hydropower Project and
Budhi Gandaki Hydroelectric Project are designed as peaking run-of-river schemes with coordinated 6-hour
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peaking duration. During peaking operation, discharges are released for six hours per day by opening intake gates
to divert the design discharge through the headrace system. Beyond operational parallels, MMHPP and BGHEP
exhibit substantial geometric similarity in their headworks arrangements. Both projects employ side intake
configurations with approach tunnels that transition into settling basins.

Case 2 alignment is superior to case 1 mostly because of improved approach tunnel alignment with the settling
basin. This reduces flow separation at inlet and minimize formation of recirculation zones. Moreover. The
transition is smooth and gradual allowing flow to reach uniformity at the inlet section. The geometric arrangement
in case 2 functions implicitly as a flow-straightening device, even without explicit baffle plates or guide vanes.
The refined geometry naturally guides the flow into more parallel streamlines before reaching the basin proper.
Based on this study, the configuration similar to case 2 can be adopted as the final design configuration for future
hydropower’s settling basin approach system.

5. Conclusions

The objective of this study was to analyze the effects of varying approach flow conditions on the hydraulic
efficiency of settling basins in hydropower plants. The research established a reliable numerical framework
capable of accurately capturing the complex dynamics of approach flow, including velocity gradients, turbulence
distribution, through the comparison of empirical measurements from the MMHPP plant with a three-dimensional
RANS-based CFD model.

The verified CFD model was used to look at two distinct manners that approach flow could work at the BGHEP
headworks. The results illustrate that the type of transition of approach tunnel has a big effect on the flow that
enters the settling basin. In Case 1, where the approach channel and the transition were bifurcated from one
channel to three channel, there was significant amounts of velocity skewness, visible near-bed recirculation, and
high turbulence intensities in the basin. It is known that these characteristics make the effective settling area
smaller and contribute to short-circuiting, which makes sediment settling less effective.

Case 2, which featured a smoother transition and a better alignment of the tunnel, led to a significantly more even
distribution of velocity at the basin inlet. The turbulence levels were lower, and the entrance jet intensity was
lower than in Case 1. The study shows that the primary component affecting hydraulic performance in settling
basins is the approach flow state, rather than the basin shape alone. Even if the basin is built well, performance
can still be greatly affected by poor approach flow. The study emphasizes how vital it is to develop the headworks
with the design of the approach channel in mind.
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