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ABSTRACT 

The Francis turbine is a highly prevalent choice in hydropower generation in Nepal due 

to its capacity to operate efficiently across a wide range of conditions i.e. large domain 

of head and flow rate. Traditional design techniques, such as the Bovet method, rely on 

empirical equations to determine the turbine's meridional profile based on hydrological 

factors which can be further optimized. Evaluating the runner's performance involves 

considering factors such as efficiency, resistance to cavitation, erosion resistance, part 

load performance and more. To enhance a turbine's performance for a specific site, it 

can be optimized by adjusting various design parameters.  

In this research optimization of Francis runner was conducted in three steps. Initially 

optimization of size of meridional profile was done. In this initial phase optimization 

was performed on the basis of obtained runner efficiency. After obtained runner of best 

meridional profile, lean angle of the runner was varied from -10o to 10o. -5o lean angle 

has performed best on the basis of efficiency. Then taking the runner design 600 design 

samples were created using Latin Hypercube Sampling (LHS) techniques. For 

obtaining 600 design points shape of leading edge, training edge, hub, shroud and beta 

angle distribution were varied. After running CFD simulation for all design points 578 

were successful and obtained results were used to train neural network which was 

coupled with genetic algorithm to find the optimal design based on objective function. 

 In the optimized design, the outcomes indicate that the most significant improvements 

were observed in the reduction of cavitation, which decreased by 99% compared to the 

initial design. There were minor enhancements in shaft power (0.2%) and efficiency 

(1.3%). Additionally, the tendency for erosion was reduced by 18%, and the objective 

function value decreased by 28% in comparison to the initial design. 
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CHAPTER 1:  INTRODUCTION 

1.1 Background 

Nepal's energy sector plays a vital role in economic development, but challenges persist 

with inadequate and unreliable electricity supply, primarily reliant on traditional 

sources like fuel wood. Despite some improvements, the majority of citizens still face 

partial energy access, with electricity consumption far below global averages. Limited 

domestic resources and heavy reliance on imported fossil fuels contribute to ongoing 

energy constraints. 

Nepal possesses abundant water resources including snow cover, rivers, springs, lakes, 

and groundwater. Notably, the country's 6,000 rivers and rivulets are of utmost 

importance, serving various needs and holding immense potential for hydropower 

generation due to the nation's rugged topography(Sangroula 2009). The Pharping 

Hydropower Plant, established in 1911, holds historical significance as Asia's oldest 

hydropower facility and Nepal's inaugural one. Its construction initiated in 1907 and 

concluded with commissioning in 1911. Its installed capacity was 500 kW. Nepal's 

initial hydropower capacity started at 500 kW, but the grid-connected capacity has now 

surged to nearly 2600 MW. By 2067 B.S., total generation had reached around 600 

MW, with recent growth in the sector substantially boosting hydropower output. The 

Nepal Electricity Authority (NEA) reports an annual addition of approximately 500 

MW to the national grid, with ambitions to achieve a total capacity of 10,000 MW in 

the next five years(R. S. Shrestha et al. 2018). 

However, this projected growth poses challenges in reconciling the interests of a robust 

local hydro engineering industry with those of external contractors and sources of 

finance. Additionally, the importation of generation and distribution equipment, along 

with electrical appliances, presents a hurdle. Currently, hydro mechanical industries are 

producing turbine runners for sub-1 MW projects, with the logical progression being 

the production of equipment for the small to medium hydro (1 to 100 MW) range. In 

parallel, Nepal should consider entering the production of electro-mechanical 

equipment such as generators, potentially through collaborations with foreign 

industries(R. S. Shrestha et al. 2018). 
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1.2 Problem Statement 

Nepal's local hydro mechanical industry predominantly manufactures Cross Flow, 

Turgo, and Pelton turbines. A research study indicates that the most suitable turbine for 

Nepal is the Francis turbine. The study analyzed ongoing and planned projects, 

revealing that 75% of required turbines for hydropower are Francis turbines. Notably, 

50% of these Francis turbines are designed for capacities under 5 MW, and 80% are 

designed for capacities under 25 MW offering substantial prospects for Nepal's hydro 

mechanical industry, which is primarily centered on Francis turbines(Panta et al. 2014). 

This turbine's adaptability to a wide range of head and flow rates makes it a fitting 

choice, with its design being tailored to site-specific conditions. The research aims to 

propose a design methodology specifically for Francis turbines, focusing on micro 

hydro applications in Nepal. 

The Alternate Energy Promotion Centre (AEPC) states that the total installed capacity 

at the micro and mini hydro level through 2015–16 is 54.27 MW.(R. S. Shrestha et al. 

2018) There's no reason to believe that the popularity of this off-grid electricity source 

won't keep growing quickly. In addition to employing Nepali equipment and skills to 

install this hydropower, Nepali businesses are currently supplying and installing 

hydropower in other neighboring countries. 

For Nepal to gain economic advantages from backward linkages, it's essential that the 

country manufactures or creates equipment within its borders. While a few companies 

like Nepal Hydro & Electric Limited (NHE) can produce and provide most hydro-

mechanical equipment, turbine runners are an exception. Unfortunately, Nepal doesn't 

have any local manufacturers producing large generators in the electro-mechanical 

category. 

1.3 Objectives 

1.3.1 Main Objective 

The main objective of this research is design optimization of Bovet based micro Francis 

Turbine used in sand laden water 

1.3.1 Specific Objectives 

Listed below are specific objectives 

 Reference Design of Francis turbine using Bovet method  
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 Parametric size optimization  of meridional profile obtained using Bovet 

method 

 Parametric lean angle optimization of runner 

 To obtain optimized Meridional shape using Meta-model and Genetic 

Algorithm 

1.4 Limitations 

Following are the scope and limitation of the research 

 The data generation  and validation of obtained designs are based on steady-

state CFD simulation 

 As number of simulations are large so much details on the mesh is ignored, 

automated mesh option of TurboGrid is used 

 Materials properties and manufacturing details are not considered 

 For each design inlet angle should have been changed accordingly but due to 

large number of simulation a single inlet angle was used for all the designs 
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CHAPTER 2:  LITERATURE REVIEW 

2.1 Francis Turbine 

Turbine is the heart of hydropower which extracts energy from water. There exists 

different turbines namely Francis, Pelton, Kaplan, Cross flow, Turgo, Propeller etc. 

which can be categorized into impulse and reaction type of turbine. In impulse turbine 

all of the energy is converted into kinetic energy at the nozzle and no pressure changes 

occurs through the vanes of the runner. In the case of reaction turbine there is change 

in both kinetic and pressure energy throughout the runner. 

Francis is most used turbine in Nepal due to its ability to work under higher domain of 

head and flow rate. It works under low head to high head and from low flow rate to 

high flow rates. Spiral casing, Stay vanes, guide vanes, runner and draft tubes are 

different components of Francis turbine. Water enters the turbine through the spiral 

casing. The diameter of the casing gradually reduces so that the velocity of water 

striking the runner blades is uniform. The water from the spiral casing goes through the 

stay vanes which direct the water to the guide vanes. The guide vanes are used to control 

the rate of flow of water to the turbine. The angle of the guide vanes can be controlled 

with the help of a regulating mechanism that affects the magnitude of radial and 

tangential velocity of water striking the runner blade. The water from the exit of the 

guide vane strikes the leading edge of the runner blade. The runner is the most important 

part of the turbine where the pressure and kinetic energy of the water is converted to 

Figure 2.1: Runner of small Francis turbine 
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mechanical energy as water flows through the blade from the radial direction at the inlet 

to the axial direction at the outlet. 

 

Figure 2.2: Application ranges for various types of hydraulic turbines 

2.2 Velocity Triangle of Francis Turbine 

The volume flow Q through turbine can be expressed as  

𝑄 = 𝐶𝑚12𝜋𝑅1𝐵1  

Where 𝐶𝑚1 is Meridional velocity at runner inlet, 𝐵1 is height of the runner inlet and 

𝑅1 is the radius of runner inlet. 

Similarly at outlet of turbine runner, 

Q =
π

4
D2

2Cm2 

Where D2 is the diameter of the outlet of runner 
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In the given velocity triangle in figure 2.3, C1, Cu1, W1, U1 and C2, C𝑢2, W2, U2 are the 

absolute velocity of flow, tangential/whirl velocity of flow, relative velocity and 

peripheral velocity at inlet and outlet respectively. 

The peripheral velocity of runner at the outlet is 

𝑈2 =
2𝜋𝑅2𝑁

60
 

Where R2 is radius from the axis of rotation to different streamlines from hub to shroud 

in the trailing edge. 

For the maximum efficiency whiling velocity at the outlet is set to zero (Cu2=0).  

The outlet angle 𝛽2 is given by 

𝑡𝑎𝑛𝛽2 =
𝐶𝑚2

𝑈2
=

𝑄
𝜋𝑅2𝑒

2

𝑈2
 

𝑈1 =
2𝜋𝑅1𝑁

60
 

𝐶𝑢1 =
𝑔ℎ

𝑈1
 

The inlet angle 𝛽1 is given by 

𝑡𝑎𝑛𝛽1 =
𝐶𝑚1

𝑈1 − 𝐶𝑢1
 

Figure 2.3: Velocity triangle (Gjøsæter 2011) 
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𝑐𝑜𝑡𝛽1 =
𝑈1 − 𝐶𝑢1

𝐶𝑚1
=

2𝜋𝑅1𝑒𝐵1

𝑄
(

2𝜋𝑅1𝑁

60
−

60𝑔𝐻

2𝜋𝑅1𝑁
) 

The power transferred to the runner is 

𝑃𝑡 = 𝜌𝑄(𝑈1𝐶𝑢1 − 𝑈2𝐶𝑢2) 

The total available power is 

𝑃𝑎𝑣 = 𝜌𝑄𝑔𝐻 

Finally Euler turbine equation is 

𝜂 =
𝑃𝑡

𝑃𝑎𝑣
=

𝑈1𝐶𝑢1 − 𝑈2𝐶𝑢2

𝜌𝑄𝑔𝐻
 

There exists different velocity triangles for different runner and based on velocity 

triangles. Mainly there are three types of inlet velocity triangles depending upon speed 

of the runner defined as low speed runner, medium speed runner and high speed runner.

  

a. Low speed runner 

 

b. Medium speed runner 

  

c. High speed runner 
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Figure 2.4: Velocity triangles for low(a), medium(b) and high speed(c) Francis runners 

When a runner has a low specific speed, their speed is less than their whirl velocity (U1 

< CU1). The runner's speed for a medium-specific speed runner is equal to the whirl 

velocity (U1 = CU1). In a similar vein, a runner with a high specific speed has a speed 

that exceeds the whirl velocity (U1 > CU1). Figure 2.4 shows the velocity triangles at 

the intake under various situations.   

2.3 Bovet Method 

There are different methods for designing Francis turbine. Inverse method, direct 

method, Bovet method are the major method for designing Francis turbine. Among 

them, Bovet method (Bovet 1963) uses empirical relations to obtain dimensions of 

Meridional profile of Francis turbine. The method is used for designing of low to 

medium specific speed hydraulic turbines. This method uses head (H), flow rate (Q), 

and rotational speed (N) to generate a meridional profile of the blade. The 

dimensionless specific speed which relates them is calculated using equation. 

𝑛𝑜 =
𝑁√𝑄

𝜋

(2𝑔𝐻)
3
4
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Specific speed no is used to calculate the values of runner channel parameters in the 

meridional plane shown in figure. 

 Using the dimensionless specific speed, the dimensions for the flow passages are 

calculated. The empirical relations are 

𝑏𝑜 = 0.8(2 − 𝑛𝑜)𝑛𝑜 

𝑟𝑜𝑖 = 𝑦𝑚𝑖 = 0.7 +
0.16

𝑛𝑜 + 0.08
 

𝑙𝑖 = 3.2 + 3.2(2 − 𝑛𝑜)𝑛𝑜 

𝑙𝑜 = 2.4 − 1.9(2 − 𝑛𝑜)𝑛𝑜 

𝑟𝑙𝑖 = 𝑟𝑜𝑒 =
0.493

(𝑛𝑜)
2
3

 (𝑛𝑜 < 0.275) 

𝑟𝑜𝑒 = 1.255 − 0.3𝑛𝑜(𝑛𝑜 > 0.275) 

The above dimensions are normalized so actual dimensions are calculated by 

multiplying by R2e. The relation of R2e is given by 

𝑅2𝑒 = (

𝑄
𝜋

𝜙2𝑒𝑁
)

1
3

 

Where, 𝜙2𝑒 is specific flow which values ranges from 0.26 to 0.28. 

Figure 2.5: Normalized dimensions of the meridional profile 
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Figure 2.6: Relation between r1e, r1i and r2i with no (Radha Krishna 1997) 

                                    

Figure 2.7: Limiting curve of blade 

(MILOŞ and BĂRGLĂZAN 2004) employed the Bovet method to determine the 

meridional profile and the parabola arc method for the leading and trailing edges. The 

leading and trailing edge curves can be found using the parabola equation. It is stated 

as 

𝑦 = 𝑎(𝑥 − ℎ)2 + 𝑘 

where (x, y) is a point on the parabola and (h, k) is the parabola's center. Point 1e serves 

as the center and Point 1i serves as a passing point for the leading edge. In a similar 
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manner, point 2e serves as the trailing edge's center and point 2i serves as its passing 

point. The hub and shroud curve is given by an equation 

(
𝑦

𝑦𝑚
)

𝑖,𝑒

= [3.08 (1 −
𝑥

𝑙
) √

𝑥

𝑙
(1 −

𝑥

𝑙
) ]

𝑖,𝑒

  

 

Figure 2.8: Hub and shroud curve of meridional profile 

Following figure shows different meridional profiles for different values of no. 

 

Figure 2.9: Different meridional profiles for different speed number 

2.4 Governing Equation 

The prevalent approach in Computational Fluid Dynamics (CFD) involves solving the 

discretized form of the Navier-Stokes equations on a grid representation of the 

geometry, utilizing the finite volume method. The incompressible Navier-Stokes 

equations, within this context, describe the behavior of fluid flow, accounting for 

factors such as viscosity and pressure. 

𝜕𝑢𝑖

𝜕𝑥𝑖
= 0 
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𝜕𝑢𝑖

𝜕𝑡
+

𝜕𝑢𝑖𝑢𝑗

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑝

𝜕𝑥𝑖
+ 𝜈

𝜕2𝑢𝑖

𝜕𝑥𝑗
2  

Above equations are the continuity and momentum equation. These equations have the 

capability to accurately predict pressure and velocity distributions within a specified 

region. Nonetheless, the computational time required for solving the Navier-Stokes 

equations on an industrial scale is currently unfeasible with available computers. This 

challenge arises due to the substantial difference in scale between the overall flow 

domain and the smallest dissipative scales. These scales can be as small as micrometers 

or even nanometers, whereas the domain itself may span several meters. Given that 

achieving a resolution comparable to the dissipative eddies in Direct Numerical 

Simulation (DNS) is necessary, the domain might demand an immense number of 

elements—potentially in the trillions—which surpasses current computational 

capabilities. 

2.4.1 Turbulence Modeling 

Because of the impossibility to solve the Navier-Stokes equations for turbulent flows, 

numerous attempts have been made to mimic some or all of the turbulent fluctuations 

using either LES (Large Eddy Simulation) or RANS (Reynolds Averaged Navier-

Stokes). RANS models all velocity variations, whereas LES models just scales less than 

the grid size. RANS equations are written down as 

𝜕𝑢𝑖̅𝑢𝑗̅

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑝̅

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
(

𝜈𝜕𝑢𝑖̅

𝜕𝑥𝑗
− 𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ ̅)  

The final term, 𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ ̅ is referred as the Reynolds stress tensor. This is the term that 

presents a challenge in the RANS modeling approach because it is unknown and must 

be modelled. Because the tensor is symmetric, RSM (Reynolds stress modeling) solves 

one transport equation for each of the tensor components, resulting in six extra 

equations to solve. The key advantage of this model is that turbulence formation is 

solved for rather than simulated, which means it is considerably more sensitive to 

curvature effects, buoyancy, and other anisotropic factors. The issue is that solving 

these equations is more expensive than solving a two-equation model. A number of 

approaches, such as the EARSM and the SSG model, have been developed to maintain 

anisotropy while reducing the processing load of the RSM (Speziale, Sarkar, and Gatski 

1991) (Wallin 2000).  
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The most frequent approach for modeling Reynolds stresses is to employ Boussinesq's 

assumption, that 𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ ̅ may be approximated with a turbulent viscosity, to add to the 

laplacian term in the Navier-Stokes equations. According to Boussinesq's assumption, 

the Reynolds stress tensor is proportional to the trace-less mean strain rate tensor and 

can be expressed as 

𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ ̅ = 2𝜈𝑡𝑆𝑖𝑗 −
2

3
𝑘𝛿𝑖𝑗 = 𝜈𝑡 (

𝜕𝑢𝑖̅

𝜕𝑥𝑗  
+

𝜕𝑢𝑗̅

𝜕𝑥𝑖 
) −

2

3
𝑘𝛿𝑖𝑗 

In the case of incompressible flow, where δij is the Kronecker delta. The RANS 

equations with turbulent viscosity approximation are as follows: 

𝜕𝑢𝑖̅𝑢𝑗̅

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑝̅

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
((𝜈 + 𝜈𝑡)

𝜕𝑢𝑖̅

𝜕𝑥𝑗  
) 

The purpose of eddy viscosity based turbulence models is to forecast the value of 𝜈𝑡 as 

accurately as feasible. This is a challenging undertaking since turbulence is nearly 

usually anisotropic, which the scalar 𝜈𝑡  cannot account for. Since the advent of VR 

models in recent years, which combine high model resolution accuracy with 

manageable computational costs, this deficit has been the focus of turbulence modeling 

research. In order to model the tiny, isotropic scales and resolve the big, anisotropic 

scales, the velocity field is filtered. 

The conventional virtual reality model, known as LES, resolves all scales greater than 

the grid resolution while modeling scales smaller than the grid size with a sub-grid 

model. The choice of turbulence model has less of an effect on the solution than a 

RANS model because only the smallest scales are modeled, and the isotropy 

assumption also holds truer for small eddies.  

The drawback of LES is that it requires the grid resolution and filtering width to be in 

the inertial sub-range of the turbulent spectrum. While this might not be an issue in the 

flow's center, the resolution at the walls is extremely fine and frequently precludes the 

use of LES in most real-world applications.  

ILES, or implicit LES, is a technique that is becoming more and more common. Rather 

than using an explicit sub-grid scale model, the discretization approach is chosen so 

that the sub-grid model is implicitly replaced by numerical diffusion. This is a practical, 
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as opposed to theoretical, method to modeling turbulence, emphasizing outcomes above 

mathematical concepts.  

DES, VLES, PANS, and ZLES are a few of the models that have been developed to 

combine the high accuracy of the LES approach with computing requirements that are 

more in line with URANS methods. In order to account for the decrease in resolved 

turbulence, the sub grid viscosity in DES is explicitly raised near the walls. The grid 

size of VLES is larger than the inertial sub-range scales because it is a coarser 

simulation of an LES than a true LES. With no specific filtering width used, PANS is 

produced as a partially resolved, partially modeled technique. Rather, the ratio of 

simulated scales to all scales is defined using coefficients. 

2.5 Reviewed Paper 

The study by (Elikalfa et al. 2016) outlines the rehabilitation of the Francis turbine 

runner at the Kepez 1 Hydroelectric Power Plant in Turkey. The project's objectives are 

to enhance power generation, improve efficiency, and address cavitation issues. Using 

Computational Fluid Dynamics (CFD), the paper designs a new runner geometry, 

which, when compared to the existing design, demonstrates significant improvements 

in cavitation characteristics, efficiency, and power output. This rehabilitation effort 

promises increased performance for the hydroelectric power plant. 

 The paper by (Prasad Shrestha et al. 2013) focuses on the optimized design of a Francis 

turbine runner specifically tailored to operate efficiently in sand-laden water conditions. 

The study employs computational modeling and simulations to achieve a design that 

enhances turbine performance and durability, with potential benefits for hydroelectric 

power plants facing such challenging environments. 

The paper by (Khanal et al. 2016) addresses the issue of sediment erosion in 

hydroelectric turbines, focusing on Francis runner blade design. It aims to determine 

the optimal outlet angle (𝛽2) and blade angle distribution to minimize erosion while 

maintaining high efficiency. Using simulations and hydrodynamic theory, the study 

identifies the best blade configuration for given flow rate, head, and sediment flow rate. 

The optimized blade design is compared to a reference blade, demonstrating reduced 

erosion and improved efficiency. 

(Kocak et al. 2017) involved the design of a Francis turbine runner blade using 

analytical calculations and numerical simulations. The Bovet approach was utilized to 
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design a single blade, and Ansys Bladegen V16.1 was employed for blade geometry 

creation. A fine mesh quality tetrahedron mesh was generated using Ansys Meshing, 

and the k-ε turbulence model was chosen for steady-state analysis. The numerical 

results revealed that the Bovet design approach achieved a runner efficiency that 

differed by only 1% from the committed efficiency. However, negative pressure at the 

suction side inlet posed the risk of cavitation and oscillation. 

The study by (Chen and Choi 2016)  highlights the crucial role of the runner in Francis 

turbine performance. It emphasizes the effectiveness of one-dimensional hydraulic 

design methods for optimizing runner blade performance. Specifically, the research 

focuses on the impact of the blade's port area on turbine performance. Findings indicate 

that the port area significantly influences the outflow angle from the runner passage, 

with a correctly designed exit flow angle reducing energy loss in the draft tube, 

ultimately improving turbine efficiency. 

This paper by (MUNTEAN Sebastian, Romeo F. SUSAN-RESIGA, Sandor BERNAD 

2004) conducts a numerical investigation of 3D flow within the distributor (comprising 

stay vanes and guide vanes) of the GAMM Francis turbine. The computational domain 

encompasses the interblade channel of the distributor and includes upstream and 

downstream boundaries represented by cylindrical and conical patches, respectively. 

Inlet conditions assume an ideal spiral casing with constant radial and circumferential 

velocity components and zero axial velocity. The outlet section considers a measured 

pressure profile. The study addresses three main aspects: computing distributor flow 

for various guide vane angles to derive guide vane torque versus opening angle, 

exploring flow patterns for the entire range of guide vane positions at different locations 

of the guide vane axis. 

The paper by (Kaniecki and Krzemianowski 2016) discusses Computational Fluid 

Dynamics (CFD) calculations conducted on a model test turbine with two different 

runners, designed by ZRE and IFFM. The focus was on replicating the test rig geometry 

to model future test conditions accurately. CFD simulations covered a wide range of 

rotational speeds, primarily through steady calculations, with future plans for transient 

calculations. The results indicated that the ZRE model turbine achieved a hydraulic 

efficiency of 92.3%, while the IFFM design reached 90.0%. Both designs attained high 

design-specific speeds (98 and 114), aligning with project goals. Based on CFD results, 
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the ZRE runner was chosen for manufacturing and further laboratory testing, with final 

verification planned during model tests at the IFFM test stand. 

In study by (Aradag, Akin, and Celebioglu 2017), a 4.3 MW Francis turbine was 

meticulously designed using computational fluid dynamics (CFD). Each component of 

the turbine underwent separate CFD analysis, and a comprehensive analysis was 

conducted to confirm the overall design's efficiency. CFD simulations were extended 

to off-design conditions, ensuring the turbine's high efficiency across a wide range of 

flow rate-head combinations. The research demonstrates that "part by part" CFD 

simulations, where each turbine component is designed separately, align well with "full 

turbine" simulations, which require significant computational resources. The designed 

turbine achieved an efficiency of 90-92% across a broad range of head and flow rate 

values, making it adaptable to seasonal variations in operating conditions. Ultimately, 

this efficient turbine design was implemented in an actual power plant. 

The study by (U. Shrestha, Chen, and Choi 2019) considered various sediment 

parameters to identify correlations and vulnerable runner locations. It depicts erosion 

rates at different spans, highlighting spans 3 and 4 near the runner's shroud as highly 

affected areas. The research shows that erosion is most pronounced near the trailing 

edge of the runner, particularly in stream 3. In conclusion, the trailing edge and shroud 

region are the most susceptible to erosion in Francis turbines, especially in high specific 

speed turbines where acceleration erosion prevails. Sediment concentration has a direct 

relationship with erosion rate density, while the relationships between sediment size, 

shape, velocity, and erosion rate density are less predictable. Among these factors, 

sediment shape factor and concentration exert the most influence on erosion rate density 

within the runner. 

CFD analysis by (Baidar et al. 2015) of a high head Francis turbine for the Tara Khola 

micro hydro project in Nepal aimed to determine the optimal number of blades. Among 

the options tested (11, 13, and 17 blades), the 13-blade configuration offered the best 

balance of efficiency, variable discharge performance, and manufacturability. 

However, it came with a higher risk of sediment erosion compared to the 17-blade 

runner. 

This study by (Kaewnai and Wongwises 2011)aims to enhance the design of a Francis 

turbine runner and assess its performance using Computational Fluid Dynamics (CFD). 
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The design process involves calculating various dimensions and parameters for the 

runner under specific conditions. CFD simulations were conducted, revealing that the 

head rise at the design point fell short of the specified head. To address this, 

modifications were made to the meridional plane and blade angles. Through these 

adjustments, the head rise approached the specified value, and the overall runner 

performance reached approximately 90% at the design point. The study suggests that 

this method can effectively simulate Francis turbine runner performance. 
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CHAPTER 3:  RESEARCH METHODOLOGY 

In this research, optimization of the Francis turbine designed using Bovet method is 

done. Optimization is done in two steps. First is size optimization and the second is 

shape optimization of meridional profile generated using Bovet method. 

 

Figure 3.1: Methodology of research 
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The research is divided into three segment: Size Optimization, Database Generation, 

Shape Optimization and finally manufacturing and testing. 

3.1 Input Parameters 

Head, flow rate and rotational speed are the input parameters for designing of Francis 

turbine using Bovet method. The method provides dimensions of meridional profiles 

which further is imported to bladengen, Ansys and final design is generated. Table 3.1 

gives the input parameters of designed turbine. 

Table 3.1: Input parameters for turbine design 

S.N. Input Parameters Values Units 

1. Head 15 m 

2. Flow rates 0.12 m3/s 

3. Rotational speed 1500 RPM 

4. Vane thickness factor 0.96  

 

3.2 Size Optimization 

This research was divided into three categories. Size optimization, shape optimization 

and finally manufacturing and testing. Two variables Hlio and V2e0 changes the size 

of the runner which can be changed from 0.2-0.3 and 1.6-2 respectively. In his paper 

Bovet also recommended to find the best values of Hlio and V2eo through iteration.  

Matlab code was written to design a meridional profile as per Bovet method and it was 

used to generate the data points of hub, shroud, leading edge and trailing edge. The data 

points were imported to the bladegen, Ansys to obtain three dimensional runner. Table 

below shows the different dimensions obtained from the Bovet method. 

3.3 Numerical Solution 

After generating 99 different meridional profiles, they were imported to the bladegen 

Ansys and complete three dimensional model was generated. For three dimensional 

runner beta angle at leading edge and trailing edge, blade thickness were given to 
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bladegen. Linear blade angle distribution was given while lean angle was zero for all 

the designs. 

Ansys TurboGrid relies on a configuration file called BladeGen.inf to establish critical 

parameters like the rotation axis, blade count, and a unit of length that defines the 

machine's size. Additionally, this file is essential for identifying curve files, which are 

subsequently imported to describe the curvature of the hub, shroud, and an individual 

blade. The software processes the geometric information contained in these input files 

to create a visual representation, and you can see a rough outline of this representation 

in the viewer. The generated geometry was imported to TurboGrid Ansys for meshing.  

For consuming less computational resources and to reduce the time, efforts and 

complexity of meshing periodicity of the impeller geometry is taken advantage. The 

periodic generic sector can be chosen in two different ways. First being the flow passage 

between two blades (suction side of first blade to pressure side of next blade) and 

second being one complete blade inside the periodic flow passage. Second method was 

used in this analysis.  Figure 3.2 shows meshing on a passage using TurboGrid.  

 
 

Figure 3.2: Mesh generated in single passage of runner 

As batch run was conducted automatic meshing was used. Mesh Below table 3.2 shows 

mesh parameters that were used for generating mesh.  
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Table 3.2: Mesh statistics 

Mesh measure Value %Bad Acceptable 

limit 

Minimum face angle 30.26o 0 % 15o 

Maximum face angle 150.4o 0 % 165o 

Maximum element volume ratio 6.56 0 % 20 

Minimum volume 6.8x10-13 m3 0 % 0 

Maximum edge length ratio 378.4 0 % 100 

Maximum connectivity number 10 0 % 12 

Mesh size, or mesh count, represents the total quantity of cells utilized to occupy the 

entire flow domain. The appropriate mesh size is determined by the intricacy of the 

geometric elements and the simulation's intended objectives. It is essential that the 

number of nodes or cells allocated is adequate for two main purposes: To accurately 

represent and resolve the intricacies of the geometry and to effectively capture and 

simulate the underlying flow physics. Mesh independence test was done in order to 

minimize error associated with lesser number of mesh. Figure 3.3 shows the mesh 

independence test. 

 

Figure 3.3: Mesh independence test 
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Table 3.3: Boundary conditions for numerical simulation 

Boundary Conditions 

Type Steady State 

Inlet Mass flow rate: 119.7 kg/s 

Flow Direction Cylindrical components 

Axial Direction: 0 

Radial Direction: -0.327 

Theta Direction: -0.945 

Outlet Static Pressure: 0 atm 

Reference pressure: 1 atm 

Hub, Shroud, Blade No-slip condition 

 

3.4 Lean Angle 

The stacking condition dictates the angle of blade lean, denoted as θ, at the entrance 

edge of the turbine runner blades. This angle is crucial in determining the wrap angle 

of the blades. 

In Figure 3.5, it is evident that the blades are inclined counter to the direction of the 

runner's rotation. In other words, the blade at the shroud leads the blades at the hub, 

resulting in a negative θ value. This negative blade lean has a significant impact on the 

pressure distribution within the runner. Specifically, it amplifies the pressure loading at 

the hub while reducing the pressure loading at the shroud. 
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Figure 3.4: Lean angle definition 

 

Figure 3.5: Change in shape of leading edge due to change in lean angle 

Lean angle was varied from -10 to 10 degree and simulation was conducted. 

3.5 Latin Hypercube Sampling 

Latin hypercube sampling (LHS) is a statistical method for generating a near-random 

sample of parameter values from a multidimensional distribution.  It has several 

advantages over simple random sampling, such as reducing the sample size needed and 

ensuring a better representation of the underlying distribution. LHS partitions the range 

of each parameter into equally probable intervals, ensuring that every interval contains 

exactly one sample. This clever arrangement, following the Latin square principle, 

allows for a more even and representative coverage of the entire parameter space, 

reducing bias in the sampled selections. 

The Latin hypercube sampling (LHS) method serves as a sampling strategy designed 

to achieve uniformity across the entire design space as well as along projected axes. It 

maintains this uniformity regardless of the number of points generated, making it a 

versatile choice. Compared to grid-based methods, LHS excels in filling space more 

effectively, which is why it's favored within the current optimization framework. 
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Figure 3.6: Illustration of three dimensions of LHS technique using 27 points for three-

variable problem.(Forrester, Sobester, and Keane 2008) 

3.6 Design of Experiment 

In this optimization shape of meridional profile obtained after lean angle optimization 

was used to generate multiple design samples. For varying the shape of the meridional 

profile, leading edge, trailing edge, hub, shroud and beta angle distribution curve was 

varied using Bezier curve. First all the five curves were converted into Bezier curve 

with four control points. Then two middle control points were varied to obtain multiple 

samples. Latin Hypercube Sampling (LHS) method was used to generate design 

samples. With two control points of each curve total ten control points were varied and 

total of 600 design samples were generated. Figure 3.7 shows the how four curves of 

meridional curves were varied and figure 3.9 shows the variation created on beta angle 

distribution curve. 
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Figure 3.7: Variation of control points in radial direction (Satyal et al. 2022) 

In the figure 3.7 T, H, L, and S represents the control points of trailing edge, hub, 

leading edge and shroud respectively. Out of four control points of each curve only 

middle two control points were used to change the shape of the meridional profile. Each 

control points were limited to shift ±10% in radial direction only i.e. vertical direction. 

Each points were constrained in order to make the process less complicated. Figure 3.8 

shows meridional profile of six different design sample including the initial design. 

With the ability to vary two control points shape of each curve was able to vary in 

concave, convex and sinusoidal pattern.  

Total of 600 design samples were generated and CFD simulation of each design points 

were conducted. Out of which only 578 design samples simulation were conducted 

successfully. Major errors occurred during the simulation was due to inability to create 

mesh in complicated design given by LHS sampling.  
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Figure 3.8: Design samples of meridional drawings with different shapes 

Figure 3.8 shows six different design points. First sample showing the initial design 

obtained after shape optimization and lean angle optimization. Other five samples 

shows the shape variation of meridional profiles. 
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Figure 3.9: Beta angle distribution variation 

Also, beta angle distribution from leading edge to trailing edge was varied. It was 

performed using same technique i.e. using Bezier curve. Figure 3.9 shows how a linear 

beta angle distribution was converted to Bezier curve using four control points and 

midpoint two control points were used to change the shape of the distribution. Here also 

concave, convex and sinusoidal shapes were generated. Figure 3.10 shows six different 

samples of beta angle distribution containing linear distribution for initial design and 

other five generated samples. 

For analysis blade was divided into five streamlines so, beta angle distribution on five 

streamlines were generated. Each stream lines were changed similarly to make the 

optimization process less complicated. Variation of beta angle distribution on each 

streamlines would have required more number of design samples making the 

optimization task more laborious and computationally expensive. Control points on 

Bezier curve were able to shift ±30% in radial direction. 

Using this method size optimized meridional profile had been able to change shape and 

change beta angle distribution. Allowing us to get multiple design points which was 

further simulated and obtained results from the simulation was used further to train 

neural network and optimize design using genetic algorithm. 
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Figure 3.10: Design samples showing different beta angle distribution 

3.7 Database Generation 

After successfully generating 600 design points they were simulated in ANSYS using 

batch mode. The design generated was imported to ANSYS BladeGen and then 

transferred to TurboGrid for meshing. As design samples was larger individual control 

of mesh wasn’t possible so automatic meshing using Adaptive Tetrahedral Meshing 

(ATM) was done. Regarding the number of mesh, mesh independent test was 

performed in initial design and using the similar setup meshing on all the design sample 

was conducted. 
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ANSYS CFX was used for simulation. Results obtained were methodically logged and 

kept together with their respective design points to create the database. 

3.8 Neural Network 

A neural network model with a multi-layer perceptron structure was trained using the 

initial database in order to produce a response surface. Four layers were included in this 

model: an output layer, two hidden levels, and an input layer. Input layers contains ten 

neurons while output layer contains only one neuron. The output layer used a linear 

activation function, whereas the hidden layers used the Rectified Linear Unit (ReLU) 

activation function, per research and previous studies' recommendations. Trial and error 

was used to determine the number of neurons, and eight neurons were chosen for the 

second layer and four neurons for the third layer. Output generated from the simulation 

was used to train this neural network.  

 

Figure 3.11: Neural Network 

3.9 Genetic Algorithm 

Genetic algorithm was used as the optimization function using the objective function. 

Specifications of genetic algorithm was set as per the previous study conducted by 

(Satyal et al. 2022) which is given below. 
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Table 3.4: Specifications of Genetic Algorithm 

Population Size 300 Crossover function Crossoverscattered 

Generations 150 Crossover fraction 0.8 

Fitness scaling 

function 

Fitscalingrank Crossover count 228 

Selection function Selectiontochunif Mutation function Mutationgaussian 

Elite count 15 (5%) Mutation count 57 

 

The functioning of a Genetic Algorithm (GA) in the optimization process is depicted in 

Figure 3.20. It illustrates how a neural network is connected with the stages of selection, 

crossover, and mutation to calculate the fitness value. A population of 300 candidates 

was used in each of the 150 iterations of the GA. 

 

 

Figure 3.12: Flowchart of GA, ANN and CFD conjunction (Satyal et al. 2022) 

The GA was intended to work in tandem with the neural network's response surface to 

determine which runner candidate is best. The candidate was then simulated, and the 

value of its objective function was determined. The neural network was then retrained 

using this revised dataset when the data related to this candidate was added back into 

the database. To improve the optimization, this procedure was carried out again. 
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Figure 3.13: Schematic process of the integrated DOE-ANN-GA optimization.(Aponte 

et al. 2020) 

3.10 Objective Function and Optimization 

It is crucial to design a hydraulic turbine to satisfy particular performance standards. 

Engineers set up an objective function and constraints that take into account various 

design elements in order to accomplish this. In a particular situation, the parameter we 

want to minimize or maximize is represented by the objective function. 

The goal of (Aponte et al. 2020) and (Teran, Larrahondo, and Rodr\’\iguez 2016) study 

was to minimize the objective function value, which was determined by adding up the 

penalties related to each parameter. Each penalty term was then given a weight factor 

to represent the relative importance of each variable during the optimization process. 

𝑂𝐹 = 𝑤𝜂 (
𝜂𝑟𝑒𝑞 − 𝜂

𝜂𝑟𝑒𝑞
)

2

+ 𝑤ℎ (
𝐻𝑡 − 𝐸𝑡

𝐻𝑡
)

2

+ 𝑤𝑒 (
𝐸𝑟𝑇𝑛𝑒𝑤 𝑑𝑒𝑠𝑖𝑔𝑛

𝐸𝑟𝑇𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑑𝑒𝑠𝑖𝑔𝑛
)

2

+ 𝑤𝑐 (
𝐴𝑟𝑒𝑞 − 𝐴

𝐴𝑟𝑒𝑞
)

2

       

There are four components in the objective function. The efficiency penalty is 

expressed by the first term, where 𝜂 is the efficiency of the planned runner and 𝜂𝑟𝑒𝑞 is 

the required runner efficiency, which is 100%. The second element is the head penalty; 

in our optimization issue, the needed head is 15 meters, and 𝐻 is the head of the 
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designed runner. The erosion factor, which functions as an erosion penalty based on 

suggestions from the literature, is the third term. The reference design's erosion 

propensity is identified at 124.4 𝑚3𝑠−3. In a similar vein, cavitation is penalized in the 

fourth term, which is quantified by the cavitation surface area of the intended runner 

(𝐴) and the necessary surface area for cavitation (𝐴𝑟𝑒𝑞). The prescribed surface area 

for cavitation is an extremely small value of 2.2E-05 𝑚2. 

The weights given to each penalty term are represented by the variables 𝑤𝜂, 𝑤𝐻, 𝑤𝑒, 

and 𝑤𝑐 in this objective function. The values of these weights are 45, 10, 0.1, and 6E-

05, in that order. These weight values are calculated so that the average value of each 

penalty phrase is one. Furthermore, in order to severely penalize departures from the 

required head, more weight is assigned to the head penalty term; in a similar vein, the 

efficiency penalty term receives more weight based on conversations with supervisors.  
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CHAPTER 4:  RESULTS AND DISCUSSION 

4.1 Design Variation 

For the size optimization ninety-nine different size design of meridional profile were 

generated. They were imported to Ansys bladegen to obtain runners. Turbogrid was 

used for meshing the runner. Then Ansys CFX was used for simulation. For size 

optimization efficiency was the only variable. Following figures shows the minimum 

and maximum size of the runner obtained. 

4.2 Parametric Size Optimization  

Parametric optimization for size was carried out by varying two variables from Bovet 

method which changes inlet diameter and outlet diameter of Francis turbine. Total of 

ninety nine runner design of varying size were generated and simulation was performed. 

Optimized design was obtained by selecting the size of runner of maximum efficiency. 

Table 4.1 and figure 4.1shows the size variation of largest runner and smallest runner. 

 

Figure 4.1: Size of smallest and largest runner used in size optimization 
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Table 4.1: Dimensions of largest and smallest runner 

Dimensions Largest Runner Smallest Runner Optimized Runner 

B
o
 5.78 cm 5.05 cm 5.17 cm 

R
2e

 10.67 cm 9.32 cm 9.54 cm 

R
li
 8.63 cm 7.72 cm 8.43 cm 

L
e
 11.88 cm 10.38 cm 10.62 cm 

In the above table 4.1 shown the major dimensions of largest runner, smallest runner 

and optimized runner. In comparison to the smallest runner, largest runner inlet is 14% 

larger and optimized runner is 2.4% larger. Rli also known as inlet diameter, largest 

runner is 11.8% and dimension of optimized runner is 9.2% larger than the smallest 

design. 

The surface plot shown in figure 4.2 shows the efficiency of different runners according 

to size i.e. varying h1i0 and r2e0. 

 

Figure 4.2: Size optimization of runner 
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The maximum efficiency was found to be 92.3% for corresponding hlio and V2eo 

values of 1.68 and 0.28 also minimum efficiency was found to be 87.84% for 

corresponding hlio and V2eo values of 1.68 and 0.28. The surface plot indicates that 

the maximum efficiency lies around higher values of V2eo and lower values of hlio. 

Following figures contains more detailed information regarding simulation results of 

optimized runner.  

Blade loading at different spans shows 

pressure variation in suction and pressure side of runner. It also indicates the work 

extraction from different section of blade.  

Figure 4.3: Blade loading at 20%, 50% and 80% span and stream wise plot of total 

pressure and static pressure 
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Figure 4.4: Velocity vectors at 80% span of runner 

Above figure shows velocity vectors at 80% span of runner. The figure shows 

stagnation point at pressure side of vanes. The minimum pressure at the suction side 

arises from this reason. This suggest correction of guide vanes angles.  

 

 

 

Figure 4.5: Pressure counters at the pressure and suction side of runner 

Above figure shows the pressure counters at pressure and suction side of the size 

optimized runner. In the pressure side maximum pressure lies around the leading edge 

and it decreases linearly towards trailing edge. While in suction side minimum pressure 

is seen towards leading edge as stagnation point is seen towards pressure side. Regions 

after minimum pressures a linear decline of pressure is seen in suction side of blade. 
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Figure 4.6: Velocity streamlines at blade span 

4.3 Lean Angle Correction 

The lean angle is defined as the blade’s lean, namely, the degree of hub or shroud line 

shifted from the original position. The lean angle is one of the most important 

parameters for controlling the pressure balance in the runner. 

 

Figure 4.7: Changes of lean angle of runner 

The above figure shows the effect of lean angle on shape of blades of runner (Ayli, 

Celebioglu, and Aradag 2016). After optimization of size of the runner lean angle 

correction was done. Lean angle was changed and efficiency was calculated from 

simulation. Lean angle of -5o shows maximum efficiency. 
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Figure 4.8: Lean angle vs. Efficiency plot 

 Figure 4.8 shows the plot of efficiency vs. lean angle. It was found that maximum 

efficiency is found at negative lean angle of 5o. General trend shows that negative lean 

angle performance is better than positive lean angle. 
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Figure 4.9: Blade loading of lean corrected runner 

Blade loading shows similar pattern in lean angle corrected design and size optimized 

design. 

 

Figure 4.10: Velocity vector plot at 80% span 

Figure 4.10 shows velocity vector plot at 80% span of blade. The velocity vector at the 

leading edges were more aligned to the blade profile so less eddies formation were seen 

in the velocity vector. 

 

 

 

Figure 4.11: Pressure counter at pressure and suction side of lean corrected blade 

Pressure counter of lean corrected blade was found to be better than size optimized 

Francis runner. Area containing least pressure are found to be reduced significantly on 

lean corrected blade. 
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Figure 4.12: Velocity streamlines at blade surface 

Above figure 4.12 shows the velocity streamlines at blade surface of lean corrected 

runner. Higher velocities are found to be towards shroud side and lower are found 

towards hub side of runner. Higher energy can be extracted from runners if leading edge 

is more extended near shroud region. This was also validated by (Lamichhane et al. 

2021) which resulted 1.28% increase in efficiency by elongation of trailing edge near 

shroud region. 

4.4 Data Screening 

After size optimization and lean correction, generation of database was conducted. Six 

hundred initial population was selected varying the shape of meridional profile and beta 

distribution. After all the bgi file were generated batch simulation was conducted using 

Ansys CFX. Among 600 random design 578 design simulation was successfully 

conducted. Among them the best data is presented in data screening section. 
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Figure 4.13: Meridional profile and beta angle distribution of screened design 

 
 

 

 

Figure 4.14: Blading loading at different span of screened blade 

Above figure shows blade loading at 20, 50 and 80% of blade span. These diagram 

shows that energy extraction from the runner is evenly distributed.  
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Figure 4.15: Velocity vector at 80% of span of blade 

 

 

 

Figure 4.16: Pressure counter at pressure side and suction side of blade 

Figure 4.15 and figure 4.16 shows the velocity vector and pressure counter respectively. 

It was found the velocity and pressure counter are improved in this case. It is evident 

from above figure that stagnation point has moved little towards left so that minimum 

pressure at the suction side of blade has decreased. Following figures shows the 

performance of optimized runner. 
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Figure 4.17: Velocity vector at blade surface 

4.5 Optimized Runner 

After the initial data was generated and simulated in Ansys CFX, it was processed for 

the optimization. For the optimization process first data was trained using neural 

network and tested. Then optimization was done using genetic algorithm. 

 

 

Figure 4.18: Optimized design of Francis turbine 
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Figure 4.19: Meridional profile and blade angle distribution for optimized runner 

 

 

  

 

 

Figure 4.20: Blade loading at different span of blade 

From reference design to optimized design, blading loading chart showed more uniform 

energy extraction. 
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Figure 4.21: Velocity vector at 80% span 

Initial interaction between water and blade is seen more better and formation of eddies 

is highly reduced in optimized design. 

 

 

 

Figure 4.22: Pressure counter at pressure side and suction side 

With proper alignment of velocity vector with blade profile minimum pressure at 

suction side has been significantly reduced. 

4.6 Objective Function 

Designing a hydraulic turbine to meet specific performance criteria is essential. To 

achieve this, engineers establish an objective function and constraints that encompass 

different design factors. The objective function represents the parameter we aim to 

either minimize or maximize within a given problem. Here we minimize our objective 
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function to find the best runner with high efficiency, with cavitation free flow, and 

lower erosion. 

Table 4.2: Design results for initial, screened and optimized design 

Parameters Initial design Screened design  Optimized design 

Objective Function 
0.47 0.4 (-14.9%) 0.34 (-27.7%) 

Shaft power (W) 
16226.7 16485.9 (1.6%) 16252 (0.2%) 

Efficiency 
92.4667 93.5075 (1.1%) 93.6983 (1.3%) 

Erosion tendency 
124.4 121.5 (-2.3%) 102.2 (-17.8%) 

Cavitation area 
2.2E-05 1.07E-06 (-95.1%) 1.904E-07 (-99.1%) 

 

Table 4.2 shows the design results of initial design, screened design and optimized 

design. It shows in optimized design most of the reduction occurs in cavitation area. It 

was reduced by 99% with compared to the initial design. Shaft power and efficiency 

were slightly increased. Erosion tendency was reduced by 18% and objective function 

value was reduced by 28% with compared to the initial design. 

4.7 Cavitation Area 

During this optimization process cavitation area has reduced significantly by 99%. 

Cavitation area was seen on suction side of leading edge. Cavitation area was calculated 

by calculation the area of the runner below the vapor pressure of water at 20o. Also with 

the given boundary conditions of mass flow rate at the inlet and zero pressure at outlet 

would results in only cavitation regions on leading edge only. 
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a) 

 

 b) 

 

c) 

 

d) 

 

Figure 4.23: Cavitation area of a) initial design b) lean corrected design c) screened 

design and d) optimized design 
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CHAPTER 5:  CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

In this research optimization was done in three step. First size optimization, second on 

lean angle and finally shape optimization of meridional profile of Francis runner was 

conducted. Followings are the different conclusions drawn after completing this 

research. 

 Size of a meridional profile of a Francis runner plays important role in its 

performance. With the given size variation minimum efficiency of 87.8% and 

maximum efficiency of 92.3% was achieved. The runner of maximum efficiency 

was chosen for further optimization 

 Lean angle with -5o gives the best efficiency of 92.5%. With negative lean we can 

achieve improved part-load efficiency, reduced cavitation and enhanced flow 

control. 

 LHS method was used to generate 600 different meridional shape design samples 

among which 578 designs were successfully simulated. The results from CFD 

simulation was used to train neural network and optimize the design using genetic 

algorithm. 

 The optimized design shows 99% reduction in cavitation area, 18% reduction in 

erosion tendency and 1.3% increase in efficiency compared to the initial design. 

Also objective function was reduced by 28%. 

5.2 Recommendations 

Followings are different recommendations drawn after completing this research. 

 Only optimization of Francis runner was conducted. Apart from the runner 

optimization of other components (spiral casing and draft tube) of turbine is also 

required. 

 Full turbine simulation is required in order to validate the performance of the runner 

also to check the performance on off design condition. 

 The obtained runner can be further simulated to check performance for erosion and 

cavitation 
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