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A B S T R A C T 

The performance of Francis turbines in hydropower plants largely depends on 

the integrity of the runner geometry, which may be affected by wear and tear, 

cavitation effects, and structural deformation; hence, it requires evaluation 

with reference to its actual geometry. This research paper aims to address how 

to accurately reconstruct the runner of a Francis turbine and how to evaluate 

its hydraulic performance for various heads and vane opening values. The 

method involves 3D scanning of the runner surface using the structured light 

method and processing the data to reconstruct the runner geometry using 

SpaceClaim. The runner geometry is then analyzed for its hydraulic 

performance using steady-state CFD with the k-ε turbulence model in ANSYS 

CFX. The runner was simulated for various heads of 44m, 83m, and 122m and 

for various values of vane opening angles ranging from 1.3 to 19.3 degrees to 

find discharge, shaft power, and efficiency. The results show that for the given 

operating head of 83m, the maximum shaft power of 1.275 MW is developed for 

19.3 degrees vane opening angle, and the highest efficiency of 91% occurs for 

14.3 degrees (BEP). The occurrence of vortices and swirling motions is evident 

for the runner operating under partial load conditions. Thus, it may be 

concluded that 3D scanning and CFD are useful tools for runner performance 

evaluation. 

© 2026 Journal of Engineering, Management and Information Technology     

 

 

 

1. INTRODUCTION 
 

Hydropower has been identified as one of the important 

pillars for the transition to low-carbon electricity 

generation. The Francis turbine has been found to be one 

of the most common turbine designs owing to its wide 

operating range. However, turbine efficiency and 

stability are largely dependent on runner integrity, which 

may be affected by cavitation, erosion, and structural 

deformation under operating conditions. This problem 

has been further exacerbated by the recent trend of 

operating hydropower plants under more flexible 

operating conditions, which requires turbines to operate 

frequently under off-design conditions (Lee et al., 2025; 

Mohammadi et al., 2023). Recent research has shown 

that off-design operation has been linked to flow 
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instability problems, including vortex rope formation and 

pressure pulsation within the draft tube (Li et al., 2022; 

Lu & Tao, 2024; Wang et al., 2022; Zainal & Ahmed, 

2025). 

In order to improve the performance of older turbines, 

recent digitalization strategies have combined reverse 

engineering and CFD to reconstruct and evaluate the 

hydraulic turbine when the original design information is 

incomplete or unavailable. In particular, the application 

of inverse design and optimization methods combined 

with CFD has been identified as one of the viable 

solutions for turbine refurbishment-oriented redesign and 

performance recovery (Ohiemi et al., 2025a; Ohiemi et 

al., 2025b). In addition to this, recent research has shown 

the applicability of 3D scanning geometry for 

representing the turbine geometry for the evaluation of 

erosion effects and geometry-induced performance 

losses (Narváez et al., 2025; Souček et al., 2024). 

In the turbine flow passage, the guide vane opening 

(GVO) is considered one of the important operational 

parameters for discharge and incidence. The GVO may 

drastically change the internal flow structure. In recent 

studies, it has been found that changing the GVO will 

change the channel vortex and pressure pulsation of the 

runner (Hou et al., 2024; Pang et al., 2024). At the same 

time, the GVO is related to sediment erosion patterns and 

leakage flow phenomena, which may cause further 

disturbance to the flow field and deteriorate the turbine 

performance (Khullar et al., 2024; Song et al., 2022; Sun 

et al., 2025). The above research results show that it is 

not appropriate to conduct turbine performance tests by 

using a single operating condition; rather, it should be 

tested under multiple operating conditions within the 

relevant operating heads and GVO (Ji et al., 2022; Lee et 

al., 2025;). 

From the viewpoint of CFD methods, the hydrodynamics 

of Francis turbines can be analyzed using the RANS 

equations for steady flows or URANS for unsteady 

flows. Cavitation modeling can also be used, depending 

on the type of instability considered. Comparison of 

results using RANS with those using hybrid RANS-LES 

methods indicates that the choice of model can 

significantly affect the simulation of cavitating vortex 

rope behavior and the associated pressure fluctuations. 

Analysis of the results of research on the mitigation of 

the associated instability using design modifications like 

draft tube design changes, bio-inspired modifications of 

the guide vanes and/or the draft tube, and the use of 

stabilizers indicates that the use of CFD is not only for 

analyzing the problem but also for prescribing the 

solution to the problem.0 

Considering the use of the scan-to-CFD approach in the 

realm of engineering in Indonesia for the assessment of 

the hydrodynamic performance of Francis turbine 

runners in the context of rehabilitation works, it is 

observed that the approach can be effectively used in the 

assessment of the hydrodynamic performance of the 

Francis turbine runners. The use of CFD in the solution 

of similar fluid dynamics problems related to the 

aerodynamics of objects in the external flow and the 

design of small hydro systems indicates the growing 

capacity of the local engineering community in the use of 

the CFD approach in the evaluation of the hydrodynamic 

performance of the Francis turbine runners. However, in 

most cases, the use of variable head conditions combined 

with variable GVO conditions in conjunction with flow 

structure interpretation techniques like pressure contours, 

vortex lines, and swirl plots, is lacking in most cases in 

the solution of the associated hydrodynamic problems. 

Against the background of the use of the scan-to-CFD 

approach in the assessment of the hydrodynamic 

performance of the Francis turbine runner in the context 

of rehabilitation works in Indonesia, the present study 

aims to perform a multi-condition assessment of the 

hydrodynamic performance of the Francis turbine runner 

that was rebuilt using the reverse engineering approach 

based on the 3D scan data. 

 

 

2. LITERATURE REVIEW 

 
2.1. Francis Turbine Performance and Off-Design 

Operation 

Francis turbines are commonly used in hydropower 

plants due to the efficient performance of the turbine for 

wide ranges of head and discharges. Nevertheless, the 

performance of the Francis turbine is highly dependent 

on the runner’s geometry as well as the operating 

conditions. Current research has also emphasized the 

importance of the need for the grid, which has increased 

the chances of the turbine being operated under off-

design as well as transient conditions, thus resulting in 

hydraulic instabilities such as draft tube swirl as well as 

vortex rope (Arabnejad et al., 2023; Lee et al., 2025; 

Wang et al., 2022). 

 

2.2. 3D Scanning and Reverse Engineering for “As-

Is” Turbine Geometry 

In hydropower refurbishment projects, it’s common that 

there’s no access to the original design drawings of the 

turbines, and therefore reverse engineering becomes 

necessary in order to create the geometries of the turbine 

according to their actual configuration, or their ‘as-is’ 

configuration. 3D scanning technology has been 

highlighted as a key technology in such processes due to 

its capability of capturing complex geometries of 

hydropower turbines with high precision. However, it’s 

common that 3D scanning data are provided with certain 

levels of noise and missing areas, and may not be 

properly aligned. In such cases, certain processes are 

necessary in order to create a valid CAD model suitable 

for numerical analysis (Liu et al., 2024; Souček et al., 

2024; Zhang et al., 2023a). Recent studies on 

hydropower digitalization have highlighted that it’s 

crucial to maintain realistic geometries of hydropower 

turbines when analyzing certain components with certain 

levels of erosion and deformation because such changes 

may significantly affect the losses of the turbines 

(Narváez et al., 2025). 
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2.3. CFD Approaches for Turbine Performance 

Assessment 

Computational Fluid Dynamics (CFD), as an effective 

means for measuring head, torque, power, efficiency, 

etc., as well as for developing an accurate picture of the 

pressure and velocity fields inside hydraulic machines, is 

the go-to tool for the job. When the objective is the 

renovation of existing machines, CFD provides an 

effective paradigm for gauging performance using 

reconstructed geometries, etc. Recently, research has 

demonstrated that CFD-based digital methods can be an 

effective way to revamp existing hydropower plants, 

improving the operational flexibility of the machines by 

providing the means for the systematic mapping of the 

performance of the machines across different operating 

points (Ohiemi & McNabola, 2025a; Ohiemi & 

McNabola, 2025b; Walid & Pungkiarto, 2025). 

Additionally, the integration of global performance 

metrics with flow field analysis tools, such as pressure 

contours, streamline analysis, etc., can provide the link 

between the efficiency characteristics of the machines 

and the effects of flow separation, secondary flows, etc., 

that occur during off-design operation (Arabnejad et al., 

2023; Wang et al., 2022). 

 

 

3. METHODOLOGY 

 
The reverse engineering process flowchart is shown in 

Figure 1. The reverse engineering process of the 

hydroelectric power plant runner began with 3D scanning 

data collection of the runner in Figure 4. The 3D scan 

data became the basis (geometric reference) for 3D 

runner modeling. The 3D model resulting from the 

reverse engineering process was verified for hydraulic 

performance and strength using CFD analysis. 3D 

modeling was performed using SpaceClaim software, 

while CFD analysis was performed using ANSYS CFX. 

3D modeling is performed using SpaceClaim software, 

while CFD analysis uses ANSYS CFX (ANSYS, 2025) 

 

 
Figure 1. Flow chart of reverse engineering of the 

Plengan Hydroelectric Power Plant Runner 

 

3.1. 3D Scanning 

The 3D scanning process uses a structured light scanner 

to capture the complex geometry of the runner with high 

precision. The scanned data in the form of a point cloud 

is processed using SpaceClaim software to produce a 

smooth, noise-free mesh. This mesh is then further 

processed into a solid model in CAD format that can be 

used for analysis. 

 

3.2. CAD Modeling 

The CAD model is created using SpaceClaim software. 

This process includes converting the mesh into a solid 

model, smoothing the geometry, and adjusting the 

dimensions. The resulting CAD model is then used as the 

basis for CFD simulation. The main objective of 3D 

modeling is to obtain a 3D runner model that is as close 

as possible to the actual reference runner in terms of both 

dimensions and geometry. Thus, the reverse engineering 

model has the same hydraulic performance 

characteristics as the actual runner. The 3D modeling 

process and results are highly dependent on the results of 

the 3D scanning data acquisition process. 

 

3.3. CFD Simulation 

CFD simulation is performed using ANSYS CFX to 

analyze fluid flow through the runner. The boundary 

conditions used include flow velocity at the inlet, 

pressure at the outlet, and runner wall conditions. The k-

ε turbulence model is used to describe the flow under 

operating conditions. The simulation results are analyzed 

to understand the pressure distribution, fluid velocity, 

and flow patterns that occur inside the runner. 

 

3.4. CFD simulation process: 

3.4.1. Creation of the geometry of the model/problem  

The Figure 2 represents the conventional Francis turbine 

configuration with its spiral casing (pink color), runner 

with curved blades (blue-green color), and elbow-shaped 

draft tube (yellow color). 

 

 
Figure 2. Francis Turbine Geometry Model for CFD 

Simulation. 

 

The water enters tangentially through the spiral casing 

and then goes through the blades of the runner and then 

comes out through the draft tube as shown by the arrow. 

In conventional turbomachinery theories, the tangential 

velocity of the runner blades is important for generating 
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torque and is given by the Euler turbine equation (Dixon 

& Hall, 2014; Wahba, 2022). 

The blades of the runner are specially designed to change 

the direction of the water flow from radial to axial 

direction. The pressure difference between the pressure 

side and the suction side of the blades produces a 

hydrodynamic force to rotate the runner shaft according 

to the conventional reaction turbine theories (Dixon & 

Hall, 2014). The above diagram represents the 

conventional turbine theories with proper guidance of the 

water flow for efficient conversion of hydraulic energy to 

mechanical energy. 

The elbow-shaped draft tube is specially designed to 

convert the remaining kinetic energy of the water to 

pressure energy by gradually increasing the area of the 

tube. This has been explained by Bernoulli’s equation 

and the law of conservation of energy to enhance the 

efficiency of the turbine (White, 2016). The recent 

research has shown that the shape of the draft tube has a 

significant impact on the formation of the vortex rope and 

pressure fluctuation under part-load conditions (Lee et 

al., 2025; Wang et al., 2022). The above diagram 

represents the conventional Francis turbine theories.  

 

3.4.2. Meshing 

he diagram shows the CFD mesh utilized for the analysis 

of the flow passage through a Francis turbine, consisting 

of the spiral casing section, the guide vane section, the 

runner section, and the elbow draft tube section. It is an 

unstructured mesh with a tetrahedral dominance. 

 

 
Figure 3. Simulation Domain Meshing 

 

This is a conventional approach to CFD simulation in 

turbomachinery; the density of the mesh is increased in 

regions where the flow is highly curved or has a 

significant amount of turning, separation, or swirling 

effects (Ferziger et al., 2002; Versteeg & Malalasekera, 

2007). While the Figure 3 described the theoretical flow 

path through a Francis turbine and the energy conversion 

process, this figure (Figure 3) shows how this process is 

implemented through a numerical approach. This is a 

critical aspect of the simulation process since the 

accuracy of the predicted performance parameters, such 

as head, torque, efficiency, flow instabilities, such as 

secondary flows, vortices, and swirling effects in the 

draft tube section, is highly dependent on the quality and 

density of the mesh (Dixon & Hall, 2014; Moukalled et 

al., 2015;). This is a conventional approach to CFD 

simulation; increasing the density of the mesh around the 

blades is a good practice since this can reduce numerical 

diffusion effects in the simulation process, which is a 

critical aspect according to the conventional approach to 

the simulation process (Dixon & Hall, 2014). 

 

3.4.3. Definition of physical model 

a. k-epsilon turbulence model 

b. Fluid = water  

c. Density = 998 kg/m3 

d. Pressure reference = 1 atm 

e. Steady state simulation 

 

3.4.4. Definition of boundary conditions 

Throughout the computational domain, the three-

dimensional Reynolds-averaged Navier-Stokes 

equations are solved in conservative form at each mesh 

element. The k-epsilon model is applied to model 

turbulent phenomena. Under simulation operating 

conditions, the mass flow at the spiral inlet and the 

averaged pressure (0 pa) at the draft tube outlet are used. 

The simulation was performed at five different guide 

vane angle openings (1.3o, 4.3o, 9.3, 14.3, 19.3 degrees) 

at five different head levels (44, 83, 122 meters). The 

total number of CFD simulations performed was 15. The 

runner domain was set as a rotating domain with a 

reference axis rotation of 750 rpm. 

 

3.4.5. The running/solving process, in which the 

mathematical equations that make up CFD are solved 

iteratively. 

Once the geometry, mesh, physical models, and 

boundary conditions are defined, the CFD solver starts 

working on the solution process. It transforms the 

Reynolds-averaged Navier-Stokes equations, along with 

the turbulence transport equations, into a set of algebraic 

equations, which are then solved iteratively. However, 

the convection terms are highly nonlinear, and the 

pressure and velocity fields are strongly coupled. Hence, 

the CFD solver needs to iteratively compute the flow 

variables until the solution converges. 

For example, the CFD solver might prefer coupled 

solution strategies along with multigrid acceleration 

techniques to improve the solution reliability and reduce 

the computational cost, all while maintaining stability for 

rotating flow problems, as recommended by ANSYS 

(2025). However, it is recommended that the solution 

convergence be monitored not just by the residuals, but 

also by the behavior of the integral parameters, such as 

the imbalance in the mass flow, torque, head, and 

efficiency. This is in line with the recent validation work 

on CFD codes, such as CFX/TurboGrid, where the 

performance parameters and solution convergence are 

monitored simultaneously to assess the numerical 

reliability of the solution, rather than relying on the 

residuals alone, as recommended by Dickenson et al.  

(2025). 

Moreover, recent literature on CFD solution strategies for 

turbines highlights the importance of the convergence 

control, such as the time step, discretization schemes, and 

turbulence models, which are all essential in the accurate 
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prediction of the swirling, separation, and pressure 

fluctuation phenomena, which are usually encountered 

during off-design conditions, as recommended by Abdul 

Settar et al. (2026). 

 

3.4.6. Analysis and visualization of the CFD solution. 

After obtaining the converged solution for the combined 

problem, we proceed to post-processing to make sense of 

the physics of the flow and assess how well the turbine 

performs. This involves extracting global quantities like 

discharge, hydraulic head, torque, power, and efficiency 

and using these to construct performance plots and maps. 

For visualization, we plot pressure and velocity 

distributions and add streamlines and vortex detection 

criteria to highlight areas of secondary flows and the 

development of swirl motions. 

In recent years, research articles on turbomachinery and 

energy-related problems have employed vortex detection 

criteria like the Q-criterion and its variants to identify 

areas of vortices associated with pressure fluctuations 

and instabilities. The general approach has been to 

combine these criteria with sectionally averaged 

quantities and monitor points to link these with changes 

in performance (Shi et al., 2024; Zhou et al., 2024). This 

same approach has been followed for problems related to 

cavitation analysis, where vortex visualization criteria 

are used to make sense of unsteady phenomena 

responsible for pressure drops and stability issues (Jiang 

et al., 2025). 

To improve confidence in the accuracy of the results 

obtained via the CFD method, recent articles on 

verification and validation procedures emphasize the 

importance of reporting the mesh quality and refinement 

procedures and estimating the discretization uncertainties 

using systematic refinement procedures like GCI (Aycan 

et al., 2023; Gu & Chen, 2024), especially when 

experimental data are limited. 

 

3.5. Hillchart 

A hill chart is a graphical representation used to illustrate 

the relationship between flow rate (Q), head (H), 

rotational speed (rpm), runner dimensions (D), and the 

efficiency of water turbines, particularly Francis turbines. 

The hill chart displays efficiency contours in the form of 

hills, where the peaks indicate the optimal conditions for 

the combination of flow rate, rotational speed, and head 

that provide the highest efficiency. These contour lines 

guide turbine users in understanding how changes in flow 

rate and head affect turbine performance, thereby 

assisting in adjusting operations so that the turbine 

operates at maximum efficiency. This is useful for 

monitoring, optimizing, and planning turbine operations 

more efficiently. The hill chart for the Francis turbine at 

the hydroelectric power plant that has been studied is 

shown in Figure 8. The hill chart calculation formula is 

shown below. 

 

 

 

𝑛11 =  
𝐷𝑛

√𝐻
                                     (1) 

𝑄11 =  
𝑄

𝐷2√𝐻
                                (2) 

 

Where: 

n11 = Unit speed value 

Q11 = Unit discharge value 

n = Rotational speed 

D = Runner diameter 

H = Turbine head 

 

 

4. RESULT AND ANALYSYS 
 

4.1. Case Study 1 

The scanned 3D model shows the runner geometry in 

great detail, including the blade profile, shroud, and hub. 

The resulting mesh has sufficient resolution for further 

analysis, with minimal errors corrected during data 

processing. Figure 4 shows the scanned 3D surface mesh, 

which will be used as a reference when re-modeling the 

runner. 

 

 
Figure 4. Runner of a hydroelectric power plant 

resulting from 3D scanning 

 

The Figure 4 represents the raw 3D scan of the turbine 

component, which is essentially rendered in a dense form 

or a point cloud. Although the main structure of the 

component is well represented, you can see some 

irregular components or spike-like surfaces, mostly 

around the lower part of the structure. Such components 

are quite common in the context of 3D scanning of 

turbomachinery components in practice, which often 

appear around occluded areas, very reflective surfaces, or 

some issues in aligning multiple views or handling 

outliers during the scanning process. As discussed in the 

context of reverse engineering theory, the post-

processing of the 3D scan is very important before 

creating a CAD model for CFD analysis (Li, 2021; Sun 

et al., 2023). 

Unlike the above discussion of the Francis turbine flow 

and energy conversion, which was purely theoretical in 

nature, the above image represents the upstream stage of 

the data quality, which is very important for the accurate 

prediction of runner loading or pressure recovery in the 

draft tube using CFD analysis. Although the above image 

represents the raw 3D scan of the turbomachinery 

component, some components of the 3D model can still 

be nonphysical in nature, which can cause issues during 

the CFD analysis of the turbomachinery component. As 

discussed in recent studies related to reverse engineering 

of hydraulic turbomachinery components, the 
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optimization of the point cloud is very important for 

creating accurate CAD models for CFD analysis (Souček 

et al., 2024; Walid & Pungkiarto, 2025). As discussed in 

some studies related to the alignment of the point cloud, 

the registration of the 3D model is very important when 

dealing with noisy or outlier-ridden real-world data, 

which can cause issues in the CAD model due to the 

accuracy of alignment (Debnath et al., 2025; Denayer et 

al., 2024). 

 

4.2. Case Study 2 

The reference surface model data cannot be directly used 

as a reference during the 3D model reconstruction 

process. The data must undergo filtering, removal, and 

alignment processes to facilitate the reconstruction 

process and ensure that the reference coordinates are 

accurate. There are at least three features that must match 

the reference data during reconstruction, namely the 

runner, hub, and shroud. Figure 5 shows the 3D model of 

the hydroelectric power plant runner after remodeling. 

 

 
Figure 5. 3D model of the Plengan hydroelectric power 

plant runner after remodeling 

 

The image provided is an illustration of the process from 

the raw data obtained from the 3D scan to the CAD 

geometry that is ready for CFD analysis. The left side of 

the image shows the scanned surface in blue, with many 

irregularities such as bumps, holes, and other surface 

defects due to the limited line of sight during scanning, 

surface reflectivity, and registration noise. Moving to the 

right side of the image, the surface has now been cleaned 

up to form a watertight CAD model. This is an indication 

that the reverse engineering process has taken place to 

ensure that the runner or casing surface is now ready for 

meshing or other forms of simulation. This is in line with 

the new reverse engineering paradigm that the mesh or 

surface generated from the scanned data is not to be used 

for CFD analysis, as it may affect the quality of the mesh 

as well as the pressure distribution results (Liu et al., 

2024; Zhang et al., 2023b). Following the earlier 

discussion regarding the quality of the scanned data in the 

context of CFD analysis, the image provided is an 

obvious visual verification that the post-processing stage 

is where the scanned data is cleaned up to form the CAD 

geometry that is ready for analysis. The scanning to CAD 

reconstruction is believed to be an important aspect in the 

digitalization of hydropower plants for the assessment of 

refurbishments as well as the development of digital 

twins for the evaluation of the “as is” conditions 

(Machalski et al., 2025; Ohiemi  & McNabola, 2025a). 

 

4.3. Case Study 3 

Table 1 shows the turbine performance parameter values 

resulting from the CFD simulation. CFD simulation was 

performed on three guide vane angle conditions, namely 

1.3°, 14.3°, and 19.3°, with head variations of 44, 83, and 

122 meters. The discharge value in the turbine varies 

depending on the head and the guide vane angle. 

 

Table 1. Performance of Francis turbines based on 

simulation results 

 
At a head of 83 m, which is the actual operating head for 

the turbine at the hydropower plant, the peak in the power 

output is achieved when the guide vane is wide open at 

19.3°. The peak efficiency of 91% is achieved at a mid-

range opening of 14.3°. This indicates that the efficiency 

peaks at an intermediate opening, which is an indication 

that the Best Efficiency Point (BEP) is being reached. 

The results obtained in this research correlate with the 

results obtained in studies carried out on the performance 

of Francis turbines. Opening the guide vane increases the 

discharge, which in most cases increases the power 

output. However, the efficiency peaks at an intermediate 

opening as opposed to wide-opening conditions. The 

efficiency reduces with wide-opening conditions as a 

result of increased hydraulic losses as well as unfavorable 

internal flow conditions (Vijay Kumar et al., 2022). 

When compared with the results obtained in other studies 

carried out on the performance of Francis turbines, the 

peak efficiency of 91% is within the range of the 

efficiency that can be attained in well-performing Francis 

turbines. The peak efficiency at an intermediate opening 

instead of a wide-opening condition indicates the 

“saddle/efficiency drop” that is reached when the Francis 

turbine is operated at wide-opening conditions instead of 

the optimal conditions (Krzemianowski & Steller, 2024). 

Furthermore, recent studies carried out on off-design 

instabilities indicate that the risk of instability increases 

as the operating conditions move away from the BEP, 

especially in the upper part-load as well as the part-load 

operating regimes (Amini et al., 2023). From the 

discussions carried out in recent studies carried out in the 

field of hydropower, it is clear that the use of multi-

opening performance curves is essential in the 

determination of the zones of stability as well as the 

zones of instability in the performance of the Francis 

Guide Vane Angle 
Water Flow Shaft Power Efficiency 

(o) (m3/s) (kW) (-) 

Head 44 meter 

1.3 0.08 0 0 

14.3 0.79 223 0.648 

19.3 1.07 314 0.674 

Head 83 meter 

1.3 0.19 87 0.54 

14.3 1.45 1116 0.91 

19.3 1.8 1275 0.87 

Head 122 meter 

1.3 0.55 187 0.57 

14.3 1.84 1945 0.849 

19.3 2.42 2189 0.818 
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turbine (Figure 6). 

 
Figure 6. Performance Curve Efficiency vs Discharge 

 

These plots of efficiency against discharge have the 

standard shape of the Francis turbine curve for different 

head levels, where the efficiency rises with increasing 

discharge from its minimum value at low flows, reaches 

its peak value at some intermediate discharge 

corresponding to the best efficiency point (BEP), and 

then gradually falls with increasing discharge. This is in 

accordance with the recent experimental and numerical 

studies conducted to investigate hydraulic losses and 

non-uniformity of flow in the Francis turbines, which 

have confirmed that such losses are minimized at the 

BEP, while increasing discharge from this value results 

in secondary flows and swirl in the draft tube, which can 

cause erosion of efficiency even at higher discharges 

(Lee et al., 2025; Mirza Umar et al., 2024). From the 

results, for the 83 m head case, the maximum efficiency 

is reached at a discharge of 0.91, while for the 122 m head 

case, the range of higher efficiencies is wider, but the 

drop in efficiency at higher discharge is more gentle, 

indicating additional loss at this condition. Similar results 

have been obtained in other recent studies of Francis 

turbines operating away from the BEP, where 

instabilities in the draft tube and pressure fluctuations are 

more significant, leading to loss of efficiency (Arabnejad 

et al., 2023; Lee et al., 2025). 

 

 
Figure 7. Performance Curve Shaft Power vs Discharge 

 

The curves relating the power and the discharge through 

the shaft follow a definite and sensible trend for all the 

head levels (Figure 7). As the discharge increases, the 

power through the shaft increases in a steady and 

monotonic fashion. Moreover, the curves themselves lie 

higher when the head is higher. In other words, when the 

head is higher, the power through the shaft is higher at 

the same rate of discharge. This is in complete agreement 

with the hydraulic power principle, which states that the 

power is a function of the product of the discharge and 

the head, apart from the efficiencies. Therefore, when the 

head or the discharge is increased, the power through the 

shaft is bound to increase. Such a steady and monotonic 

increase in the power through the shaft with the increase 

in the discharge and the opening of the guide vane is also 

observed in recent studies conducted on Francis turbine 

machines, where the opening of the vane is increased to 

increase the flow rate, and in turn, the torque and the 

power (Vijay Kumar et al., 2022). Similarly, CFD-based 

studies carried out for the modernization or optimization 

of Francis turbine machines show the power curves 

increasing with the discharge, and the improvements or 

the heads, causing the power to be higher at the same 

rates of flow. Therefore, the trend in the figure 7 is in 

complete agreement with the recent assessments and 

evaluations carried out for the refurbishment and the 

improvements in the turbine machines (Ohiemi & 

McNabola, 2025a;). 

In general, recent studies and reviews carried out on the 

off-design operation of the turbine machines state that the 

operating points and the operating conditions of the 

turbine machines are primarily a function of the 

discharge and the head, and the power through the turbine 

is a function of these two parameters (Lee et al., 2025). 

 

4.4. Case Study 4 

The hill chart, Figure 8,plots the efficiency of the turbine 

for varying values of unit speed n11 and unit discharge 

Q11. 

 
Figure 8. Hill chart of the Francis turbine hydroelectric 

power plant from the research results 

 

The hill chart represents the region of high efficiency for 

the turbine. The top of the hill corresponds to the Best 

Efficiency Point (BEP), which has been identified by 

recent research on Francis turbines utilizing n11 and Q11 

similarity variables for hill charts to identify the region 

of stable and high efficiency and to differentiate between 

the regions of greater hydraulic losses and instability 

outside the BEP region (Lee et al., 2025; Nam et al., 

2025). The hill chart above may be compared with recent 

research utilizing hill charts for Francis turbines to 

identify the Best Efficiency Point and to differentiate 

between the regions of stable and high efficiency and the 

regions of greater hydraulic losses and instability outside 
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the Best Efficiency Point (Lee et al., 2025; Nam et al., 

2025), with the above hill chart being similar to recent 

research on the rehabilitated Francis turbine utilizing hill 

charts to identify the Best Efficiency Point and to 

differentiate between the regions of stable and high 

efficiency and the regions of greater hydraulic losses and 

instability outside the Best Efficiency Point (Walid & 

Pungkiarto, 2025), with the above hill chart being similar 

to recent research with the familiar single hill structure 

commonly used as a reference for the selection of 

efficient and stable operating points (Walid & 

Pungkiarto, 2025), with contemporary research on 

characteristic modeling of the Francis turbine further 

confirming n11 and Q11 as the standard similarity 

variables for representing the performance surface of the 

Francis turbine and for generating efficiency contour 

maps (Deng et al., 2025a; Deng et al., 2025b). 

 

4.5. Case Study 5 

Figure 9-11 shows the water pressure contour on the 

runner, where the pressure value gradually decreases 

from the inlet to the outlet of the runner. In the runner, 

water pressure drops at the outlet because water pressure 

is converted into mechanical torque work by the runner 

blades. The figure 9 also shows the pressure difference 

between the pressure side and suction side of the turbine 

blades. This pressure difference generates a force on the 

runner blades, causing torque on the runner shaft. 

 

Guide Vane 

Angle 1.3o 

Guide Vane 

Angle 14.3o 

Guide Vane 

Angle 19.3o 

   

Figure 9. Runner pressure contour at the 44-meter 

operating head 

 

The figure 9 shows runner pressure contours at a 44 m 

operating head for three guide vane opening angles (1.3°, 

14.3°, and 19.3°).  

 

Guide Vane 
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Guide Vane 
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Guide Vane 
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Figure 10. Runner pressure contour at the 83-meter 

operating head 

 

 

At 1.3°, the pressure level and blade-to-blade pressure 

difference are relatively small due to low discharge, 

indicating low torque. As the opening increases to 14.3° 

and 19.3°, higher-pressure regions near the runner inlet 

become more pronounced and the pressure contrast 

between the pressure and suction sides of the blades 

increases, which implies higher hydraulic loading and 

greater shaft power potential. 

The figure 10 illustrates the experience of the runner in 

relation to the pressure contours under an operating head 

of 83m and guide vane openings of 1.3°, 14.3°, and 19.3°. 

The small opening of 1.3° has a small pressure and light 

blade loading, indicating low torque. The opening of 

14.3° shows a greater pressure gradient and a greater 

pressure difference across the blades, indicating a greater 

hydraulic loading and matching operation in the best-

efficiency region. The opening of 19.3° shows a greater 

extension of high-pressure areas and a greater pressure 

contrast, indicating a greater blade loading and a greater 

potential for achieving full power. 
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Figure 11. Runner pressure contour at the 122-meter 

operating head 

 
The figure 11 shows the runner pressure contours for the 

operating head of 122 m with varying guide vane 

openings at 1.3°, 14.3°, and 19.3°. When the opening is 

1.3°, the pressure field is relatively low and uniform. 

When the opening is 14.3°, the pressure gradient along 

the blades is more noticeable. When the opening is 19.3°, 

the highest pressure areas are near the inlet section and 

the pressure side of the blades. Therefore, the highest 

hydraulic loading is attained at this operating condition 

with the potential for the highest torque and power 

extraction. This research follows the latest results of the 

Francis turbine and correlates well with rehab-focused 

evaluations. It indicates how the shaft power increases 

with the opening of the vane and the discharge; however, 

the efficiency remains constant at an intermediate 

opening and drops off as it goes into off-design operation 

(Lee et al., 2025; Vijay Kumar et al., 2022). The pressure 

contours of the runner show how the pressure gradient 

increases with the opening and the heads; this follows 

recent CFD results, which show how the opening of the 

vane has a significant effect on the internal flow structure 

and pressure field within the runner (Hou et al., 2024; 

Pang et al., 2024;). Furthermore, the efficiency dropping 

off as it goes into off-design operation follows recent 

research regarding how off-design operation has stronger 
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swirl and pressure fluctuations, especially within the 

draft tube, which increases hydraulic losses and reduces 

efficiency despite the increase in discharge and power 

(Lee et al., 2025; Lu & Tao, 2024; Lu et al., 2025). This 

shows how the scan to CFD workflow provides a useful 

and practical framework for quantifying the current state 

of the turbine and provides useful information for 

maintenance and refurbishment (Ohiemi & McNabola, 

2025a; Walid & Pungkiarto, 2025). 

 

4.6. Case Study 6 

The fluid flow in the runner and draft tube is shown in 

Figure 12-14. At the optimum guide vane opening angle 

where turbine efficiency is highest, the flow in the runner 

shows the expected flow according to design conditions 

without flow separation or vortex flow in the runner. At 

medium openings, only minor secondary flow occurs in 

the suction side area of the blade near the hub. Flow 

separation occurs at the small guide vane opening (low 

flow rate) around the suction side of the blade, marked 

by vortex flow in the space between the runner blades. 

This flow also causes local pocket pressure in the space 

between the blades. The vortex flow phenomenon in the 

runner will affect the dynamic pressure of the runner. 

Higher pressure fluctuations also increase the vibration 

of the runner. 

 

Guide Vane 

Angle 1.3o 
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Angle 14.3o 

Guide Vane 
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Figure 12. Water flow in the runner at an operating 

head of 44 meters 

 

The picture shows how the water behaves as it travels 

through the runner when the operating head is 44 meters, 

and it considers three openings of the guide vane: 1.3°, 

14.3°, and 19.3°. For 1.3°, stronger recirculation and a 

more defined structure of the vortex are evident within 

the passages of the blades.  
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Figure 13. Water flow in the runner at an operating 

head of 83 meters 

This shows the machine operating under partial load 

conditions with higher losses. For 14.3°, the streamlines 

are smooth and more uniform, reflecting a more stable 

condition of the water and better hydraulic performance 

close to the optimum operating condition. For 19.3°, the 

water flow remains mostly attached but shows more 

secondary flow to the outlet of the blades, which may 

cause additional losses to the machine but not to the 

optimum. 

The figure 13 indicates the nature of flow through the 

runner at an operating head of 83 m with the guide vane 

openings at 1.3°, 14.3°, and 19.3°. At an opening of 1.3°, 

the nature of the streamlines indicates the occurrence of 

recirculation and vortex flow within the runner blades, 

indicating instability in the flow process. At an opening 

of 14.3°, the flow appears to be more uniform with better 

flow attachment, indicating the most stable condition of 

flow, which is the most efficient condition. At an opening 

of 19.3°, the flow is attached except near the outlet. 
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Figure 14. Water flow in the runner at an operating 

head of 122 meters 

 

The figure 14 depicts the behavior of the flow in the 

runner at an operating head of 122 m for three different 

vane openings, namely 1.3°, 14.3°, and 19.3°. At an 

opening of 1.3°, the streamlines show strong flow non-

uniformity with local flow recirculation in the passages, 

which is characteristic of the partial load operation. At an 

opening of 14.3°, the flow is smoother and more attached 

to the blades, which is the most stable state and the best 

hydraulic performance. At an opening of 19.3°, the flow 

is more attached, and the streamlines bend more, with 

stronger secondary flows near the exit. The major 

conclusion about the fluid flow in the study is that the 

behavior of the runner is significantly determined by the 

vane opening and the head. At the smallest vane opening 

(1.3°), there is a clear indication of recirculation and 

vortex formation within the blade passages. This is an 

indication of a part-load operating point, which is usually 

characterized by higher hydraulic losses. Moving to the 

next vane opening (14.3°) results in more uniform flow, 

which is attached to the blade passages. This is an 

indication of the most stable flow. The flow behavior is 

consistent with recent studies indicating the effects of the 

vane opening, which can result in the development of 

channel vortex and the modification of pressure 

pulsations within the runner (Pang et al., 2024). At the 

largest vane opening (19.3°), the flow is still attached, 
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with higher secondary flow and more significant 

streamline deflection near the blade exit. This is an 

indication of additional losses, which can be expected at 

off-design conditions and high discharge operation. The 

results are consistent with recent studies indicating the 

effects of off-design conditions, which result in higher 

instabilities such as swirl and vortex instabilities 

(Arabnejad et al., 2023; Li, 2024). Unlike the majority of 

recent studies, which focused on the instability diagnosis 

within the draft tube or the measurement of pressure 

pulsation, the results presented in the study can be 

considered more practical, since they combined the 3D 

scanning-based reconstruction of the real geometry with 

the CFD results at different operating conditions. Such an 

approach is more representative for the refurbishment 

and “as is” evaluation in real hydropower plants (Hou et 

al., 2024). 

 

 

5.  DISCUSSION 

 
This study describes how the Francis turbine is expected 

to behave in normal operating conditions. As the 

discharge increases and the GVO opens, the power 

output is expected to increase. However, the maximum 

efficiency is expected at an intermediate GVO opening, 

close to the best efficiency point (BEP), and then 

decreases when the openings become too wide, with 

increased hydraulic losses (Lee et al., 2025; Pang et al., 

2024;). This is in agreement with recent research 

indicating that operating at conditions far from the BEP 

may result in flow instability and decreased efficiency, 

especially in the runner and draft tube configuration 

(Arabnejad et al., 2023; Wang et al., 2022). 

The pressure fields and flow visualizations support the 

expected behavior. As the head and GVO increase, the 

pressure gradient and blade force increase, causing the 

torque and power output to increase. At small GVO 

openings, the formation of vortices and recirculation is 

observed, which is consistent with part-load operation. 

At the BEP, the flow is more likely to be attached and 

steady, especially in the GVO (Arabnejad et al., 2023; 

Pang et al., 2024;). 

In comparison with previous studies, which may be 

limited to a specific instability phenomenon or ideal 

geometry, the results in this study are more applicable to 

the rehabilitation of the turbine. The geometry used is the 

“as-is” geometry, which is usually difficult to obtain, and 

the CFD results at different operating conditions, 

including head and GVO, make it more applicable to the 

real-world scenario. This is in agreement with the recent 

trend in hydropower rehabilitation, which is increasingly 

adopting CFD for decision support in hydropower 

rehabilitation (Narváez et al., 2025; Ohiemi & 

McNabola, 2025a). 

 

 

6. CONCLUSION 
 

In this study, the Francis turbine runner was successfully 

remodeled using 3D scanning and analyzed with CFD. 

Based on the simulation results, at an operating height of 

83 meters, a maximum power of 1,275 MW was obtained 

at a guide vane opening angle of 19.3°, and a maximum 

efficiency of 91% was achieved at an opening angle of 

14.3°. The performance curve illustrates the 

characteristics of the Francis turbine with the Best 

Efficiency Point (BEP). Analysis of pressure contours and 

flow patterns shows pressure gradients on the blades, 

vortex phenomena, and eddies in the suction pipe under 

partial discharge conditions. Overall, this method is 

suitable for assessing and improving runner performance 

and can be used as a basis for turbine design optimization 

and maintenance. 
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