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Abstract: Hydro energy still occupies an important place among renewable energy sources. In 

special operating conditions, Pelton turbines are irreplaceable and can be used for extremely small 

hydropower plants and also large hydro power plants. Pelton turbines can operate with high head 

and relatively small flow rates. In many cases, the height differences of the water are very large. 

Sometimes, it is necessary to stop the operation of the turbine very quickly, and the consequences 

of water hammer can be very severe. The part that is responsible for minimizing the consequences 

of this phenomena is a jet deflector, which can be in two different technical designs. Steps for 3-D 

geometry definition, pre-processing and post-processing, flow modelling and FEM analysis are 

presented. In the paper, a new optimized design is presented of a push-out jet deflector shape. 

Optimization includes a 3-D CFD analysis of free surface flow and a stress analysis. The main goal 

of the research was to minimize the influence of all the force components on the torque of the 

deflector servomotor. The final results present the geometry of the deflector with a significant 

reduction in stresses and deformations. These were achieved with a crucial reduction in the 

hydrodynamic force and torque. 
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1. INTRODUCTION 

Today, in the development process of energy 

machines, it is very important to pay attention to a long 

service life of the machine and low maintenance costs. 

It is necessary to avoid the fatigue [1] problems of 

material due to unnecessary operating characteristics. 

For this reason, we undertook a detailed numerical 

stress analysis of the jet deflector of the Pelton turbine. 

The exact boundary and initial conditions to carry out 

an FEM analysis can be obtained by computational 

fluid dynamics (CFD). Computational Fluid Dynamics 

is a very useful tool in the projection of all properties of 

hydraulic machines. In impulse turbines, a very 

complex flow analysis of the multiple phase flow is 

a major problem. The relative results of energetic and 

cavitation characteristics are usually very well foreseen. 

In some cases, the calculation of the absolute results of 
all the turbine characteristics can still pose a challenge. 

In this research, we considered a case where the results 

of numerical analyses using stationary models can be 

a useful tool for a successful optimization of individual 

parts of a Pelton turbine. 

A numerical analysis of a multiphase nonstationary 

turbulent flow is a very demanding task in all respects. 

In order to satisfy all the criteria regarding the accuracy 

of the calculation, in most cases it is necessary to have 

very high-quality computational networks with a huge 

number of elements. As a result, this means very long 

computing times or the use of very powerful multiple 

processor computers. Altogether, it may make the 
development time of an individual new product more 

expensive or longer. 

Therefore, it is always necessary to look for certain 

simplifications that do not affect the quality of the final 

result too much. Such an approach is reliable, 

considering the experience of already successfully 

completed projects and considering the good practices 

presented in various articles published at international 
scientific conferences and in international scientific 

journals. 
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The novelty of the approach presented is the use of 

a relatively simple numerical method which offers 

fairly reliable results. Validation of the numerical 

simulations has been previously performed on various 

cases. 

In the last two decades, many technical and 

scientific papers concerning the abovementioned 

problems of flow in Pelton turbines have been 

presented. Zhang et al. presented a water jet formation 

from a nozzle based on measurement results and a CFD 

analysis [2]. The formation of a secondary flow field in 

front of the nozzle exit and the influence of the velocity 

distribution inside the jet on the turbine characteristics 

were analyzed using numerical and experimental 

methods [3, 4]. In [5] and [6] a two phase flow inside 

the Pelton turbine runner calculated. Paper [7] analyzed 
transient phenomena in the Pelton bucket with an CFD 

analysis. All the results were compared considering 

pressure distribution measurements on the runner walls. 

The most detailed investigation of the flow conditions 

in a Pelton turbine was performed in [8]. Flow 

conditions were analyzed by measuring the time 

distribution of pressure along the rotor walls using 
various visualization methods and by means of 

numerical calculations. An extensive numerical and 

experimental analysis of the flow conditions in the 

Pelton turbine is provided in the doctoral dissertation 

[9]. 

Research in recent years has focused mainly on an 

analysis of the jet quality at the entrance to the rotor 

[10, 11]. In a detailed analysis of scientific papers in 

this field, we obtained a lot of information about the 

flow conditions and methods for the quality of research 

in Pelton turbines but we did not find any research 

concerning the analysis and design of deflector. 

In practice, Pelton turbines are machines that 

operate in extreme conditions. High water drops mean 

high water speeds, high pressures and forces and 

consequently high torques that need to be controlled 

using different motors. To optimize the entire plant, it 

is important to minimize all the forces and torques as 

much as possible. For all the cases, it is not possible to 

give a single recipe for achieving optimal results; 

however, a method can be presented by means of which 

these goals can be achieved. Such a presentation of the 

process was also the purpose of the presented research. 

2. STRESS ANALYSIS 

For a complete analysis of the preferred Pelton 

nozzle-deflector, it is certainly necessary to include 

a strong stress analysis because, as it will be presented 

in the subsequent calculations, it plays a major role in 

opening and closing the nozzle deflector. The part of 

the turbine that is examined in this paper is usually 
oversized considering both stress and geometry because 

the price here is a drop in the sea  compared to the 

other parts and the turbine in general. Special and 

detailed research and development would take a lot of 

time and money. However, this stress analysis shows 

the opposite, especially when it comes to large 

(considering their dimensions) and high-head Pelton 

turbines, where there are high speeds at the exit of the 

nozzle and therefore heavy loads of the jet-deflector. 

The analysis of the stress conditions of the 

deflector, which is the subject of this investigation, is in 

the area of high-level problems due to the 

multidirectional forces and curvature of the surface and 

position of the deflector. 

A detailed description of the criteria for the 

methodology selection and calculations is provided in 

the methodology which is based on the hypothesis of 

specific potential energy for shape deformation, i.e. 

well known as HMH according the initials of the 
authors: Huber, von Mises and Hencky. 

Under the three-axis stresses conditions, the 

following formulae for equivalent stresses can be 

derived: 

(1)

The hypotheses for maximal deformation energy 

for the shape changing is generally is applied in 
numerous software packages for the calculation of the 

stress-deformation status using the method of finite 

elements (volumes). 

3. FREE SURFACE MODELLING 

Compared to other types of water turbines, CFD 

analysis in Pelton turbines is much more demanding. 

The reasons include two-phase flow, turbulence and 

unsteadiness. In some cases, the results can be quite 
accurate with a steady state analysis but a multi-phase 

flow cannot be avoided. Computational time to obtain 

a converge solution is usually quite long. 

Free surface flow can be analyzed using 

a homogeneous or inhomogeneous model. For the 

applications when two fluids are being mixed and 

separated, the inhomogeneous model is recommended. 

In case of Pelton turbines analysis, the homogeneous 

model is more appropriate. The results obtained with 

the inhomogeneous model can be slightly better but 

they require higher computational effort. In this paper, 

we used the homogeneous model.  

The homogeneous model assumes that the 

quantities transported for the process are the same 

throughout all the phases: 

It is therefore sufficient to solve bulk transport 

equations for shared fields instead of solving individual 

transport equations [12]: 
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 in Eq. (3) is the mass flow rate per unit of 
volume from phase to phase . Density and viscosity 

are calculated from density and viscosity of all the 

phases in the fluid: 

A detailed description of multiphase models and 

modelling of free surface flows can be found in [11]. 

The near-wall modelling is based on the wall-function 

theory as an extension of the Launder and Spalding 

method. In the logarithmic law region, the near wall 
tangential velocity is related to the wall-stress , by 

means of a logarithmic function. The equation for the 

near wall velocity is given by: 

The definition of the y+ variable is given by the 

standard definition of y+ generally used in CFD 

modelling. 

4. CFD ANALYSIS 

When optimizing the jet deflector, the first 

condition is the precise calculation of the shape of the 

jet coming from the nozzle, under certain operating 

conditions. In order to enable normal calculation times, 

the computational domain was reduced to the output 

part of the nozzle and the surroundings of the deflector. 

The geometry and the computational domain are 

presented in Fig. 1. It is necessary to provide precise 

calculations along the nozzle walls, especially in the 

area where the jet leaves the nozzle. The density of the 

mesh in this area has a significant influence on the 

quality of the numerical shape of the jet. It is also 

necessary to satisfy the conditions for automatic mesh 

refinement in places where individual phases, air and 

water are in contact. The first part of the jet depends 

only on the shape of the nozzle and the quality of the 

grid at the exit of the nozzle, while the other part of the 
jet represents a reflecting jet and it depends on the shape 

of the deflector and the computational grid along the 

walls of the deflector and the surrounding area. 

In the case of automatic grid refinement, the final 

size of the grid must be considered, which must be such 

that the CPU time does not become unmanageable. In 

our case, the refinement was limited to the upper limit 

of about 20 million elements. 
Beside the grid refinement close to the water-air 

boundary, the special attention was also paid to the 

quality of the grid near the walls (the values of y+). 

A numerical analysis of the flow in the Pelton turbine 

deflector was carried out using steady state numerical 

methods that utilize the turbulent model k-  SST. 

 

Fig. 1. Geometry of nozzle (left) and computational 
domain (right) 

The results of the numerical analyses for different 

geometries were compared. We focused on the 

distribution of the velocity, pressure, and the 

distribution of the dimensionless parameter y+. The 

quality and convergence of the results for refined 

computational grids were much better compared to 

basic ones. According to the recommendations, we 

managed to obtain the y+ parameter less than 50 in all 

of the computational grids used. 

As a basic geometry for the research, we used 

a Pelton turbine, which operates with a head of 520 m, 

a maximum flow rate of 1.5 m3/s and that has a nozzle 

diameter of 162 mm. The shape of the water jet behind 

the basic deflector is presented in Fig. 2. The boundary 

between the two phases in a two-phase flow is well 

defined. 

 

Fig. 2. Jet water volume fraction 

with respect to the open position, we have the entire 

reflection of the jet on the upper plate, without noticing 
the flow of water over the upper edge of the deflector. 

No back flow is observed anywhere. The distribution of 

pressure over the surface of the deflector is shown in 

Fig. 3. 

The highest value of the pressure is observed at the 

highest point and it occupies a very small area. If we 

look to the left and right, we see a fairly even 

distribution of pressure, which is also expected with 

a quality jet. 
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Fig. 3. Pressure distribution for final geometry 

In the design process, the geometry of the deflector 

was without side walls, in order to shorten the 

computational time for huge number of calculations. 

The numerical results obtained with the present 

study have not been verified experimentally, since 

similar calculations have already been performed to 

analyze the flow in the Pelton runner [13] and they 

possess a good match between the results. In the case of 

a numerical analysis of the flow in the jet deflector, we 
therefore assume that the accuracy of the calculation is 

at least on the same level, since in the preparation of all 

the parameters of the numerical analysis, we have 

considered the standards used in previous research [14]. 

5. RESULT OF STRESS ANALYSIS 

For the preparation of the basic construction of the 

nozzle and jet-deflector with its components, the 

Inventor Autodesk software package is applied, while 

the stress analysis is performed using the Ansys 

Workbench package (Fig. 4) with imported geometry 

and previously calculated hydraulic loads (Fig. 5). For 

the purposes of the calculation, a numerical network 

was established i.e. the accounting domain divided into 

a number of elementary volume cells and appropriate 

surface zones. The total number of the elements that 

form the mesh is about 300.000. 

 

Fig. 4. Computational mesh 

The basic construction of the nozzle was developed 

for the maximum pressure of 9 MPa. Fig. 5 shows the 

loads applied on the inner sides of the deflector plate 

including their values, two displacements at the end of 

the shaft, the cylindrical support and the fixed support 

on the nozzle. 

 

Fig. 5. Loads and contacts for stress analysis 

In relation to this basic geometry, a strength 

analysis was conducted, and it is considered as starting 

construction with the following results for equivalent 

strain and total deformation; it is presented in Fig. 6. 

Based on the images from the strength analysis, it 

may be concluded that equivalent strain of the 

construction is within the limit of 150 MPa and the 

maximal total deformation of the deflector is 5.6 mm.  

In order to investigate the possibility of reducing 

the load (hydraulic forces and torque) and, following 

this, reducing strains, elastic extensions and total 

deformations of the jet-deflector, a variety of 

examinations were performed in relation to the shape of 

the deflector top plate, the angle of the placement and 

the closing angle of the deflector. 

In the first step (Fig. 7), three additional geometries 

in the closed position of the deflector were analysed for 

angular placement of 

deflector is rotated around fixed axis-A. 

Tab. 1. The values of hydraulic torque 

Position Mh, kNm Difference, % 

-  11,66 +3,2 

 11,30 0 

 10,67 5,6 

 9,91 12,3 

 

distribution, all the positions are similar. The lowest 

value of the hydraulic torque of the top plate with 
kNm; see Tab. 1 for the 

results. 
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Fig. 6. a) equivalent strain (top) and b) total deformation 
(bottom) 

 

Fig. 7. Rotation around fixed axis 

The higher angular position of the top plate, 

displaces the stagnation zone (high-pressure values 

area) to the inlet edge of the top plate. Proportionally to 

the higher angular position, the maximum pressure in is 

 

The second step offers the possibility of reducing 

the torque and hydraulic forces, so the investigation 

leads to dissimilar shapes of the deflector top plate. 

With an alterable radius of the curve, three study cases 

were investigated. The basic (existing radius) R = 750 

mm increased the curve R = 400 mm and the flat plate 

(Fig. 8). 

 

Fig. 8. a) R = 400 mm (top) and b) flat plate (bottom) 

As it can be observed based on the results of the 

analysis in the Tab. 2, higher maximal pressure values 

are the result of a higher radius expense. Also, as in the 

previous case with the top plate rotated, higher radius 

shifts the stagnation zone towards the leading edge of 

the plate, as we can see from the pressure distribution 

in Figure 3. 

Tab. 2. Hydraulic forces and torque 

Shape Fx, N Fy , N Fz, N FR, N Mh, Nm 

R = 400 60,1 1,2 85,8 104,8 11,9 

R = 750 50,9 0,1 78,5 93,6 10,7 

Flat 43,4 0,8 66,1 79,0 6,9 

 

The basis for the modifications was an analysis of 

the pressure distribution along the longitudinal cross-
section at the center of the jet deflector, as shown in Fig. 

9. Based on this pressure distribution, forces and 

torques were calculated and the point of force action on 

the surface of the deflector was defined, which affects 

the final torque size. 

The third step focuses on a modification of the input 

surface in order to reduce the high-pressure 

concentration on it. For this purpose, a totally distinct 

technical solution was chosen. It is rounded plate in 

a cross-section, with a part of a cylindrical surface with 

an appropriate radius. Three radii with convenient 

values (Fig. 10) were considered in the calculation. 
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Fig. 9. Pressure distribution for different shapes 

 

Fig. 10. Variable radius of the curve of the top plate: a) 
R = 350 mm, b) R = 250 mm and c) R = 150 mm 

disadvantages. The exit of the water jet of the deflector 

has significant dissipation and, even more importantly, 

it requires an enormous distance between the runner 

and the nozzle due to the roundness of the top plate. 

Taking all the previous results and conclusions into 

consideration, the final design solution fulfilled all the 

imperative criteria: the roundness of the plate on the 

entry surface with a 350 mm radius of the cylinder, 

which continuously modifies surface curvature into 

a linear shape toward the exit (Fig. 11). 
 

 

Fig. 11. Final design 

Additional calculations of the hydraulic forces 

(Fig. 12) Fx, Fy, and Fz and torque Mh for three closing 

deflector were performed. The resultant force that 

affects the torque was obtained using equation  

 = | x  y|. 

The plate that is attached to the deflector, on the 

same position of 18o (the basic solution), ensures 20-25 

mm of additional spare space between the blades of the 

runner and the trajectory of the exit water jet.  

 

 
Fig. 12. Force components which influence on torque 

In such newly occurring circumstances, the  

closing angle of the deflector matures in a technically 

optimal settlement and it allows an additional reduction 

of the duration of the hydrodynamic load. 

The shape of the deflector plate is important not 

only to achieve optimal load forces and torques but also 

to position the deflector relative to the Pelton runner 

blades to avoid any unwanted contacts. 

 

Fig. 13. Pressure distribution on deflector plate 
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In the first instance, after optimizing and modelling 

the top plate of the deflector, a calculation of the results 

in the field of pressures on the plate was performed, 

obtained from the hydrodynamic calculation from 

Fig. 13. 

The results obtained from the pressure diagram are 

applied along the surface of the top plate and the 

deflector side panels including all the other contacts of 

the jet-deflector and pressure on the nozzle. 

Based on the final results, it may be concluded that, 

in general, the stresses of the elements of the 

construction are within the values of 75-98 MPa and the 

maximum peak value of 176 MPa. On the other hand, 

the basic construction has the maximum peak 318 MPa 

and an average equivalent stress value ranges between 

140-150 MPa. 
Even if we do not consider the maximum peak 

values of these two constructions as reliable and precise 

enough for the final calculation, we can observe and 

conclude that there is the same decrease in an average 

stress level of the elements between the two 

constructions of ca. 40% (37- 44) %. 

Stress reduction (SR) is calculated based on the 
results of the basic construction (Sb) and the results of 

the optimized construction (Sopt): 

 

 

Fig. 14. Total deformation of the optimized deflector 

It can be seen from the analysis of the results that 

there is a significant reduction in deformation (Fig. 14) 

in X-axis Y-axis and Z-axis. 

The reduction in total deformation (DR) is: 

 

Based on the results presented above, it can be seen 

that with an optimization of the geometry of the 

deflector, a significant reduction in the stresses and 

deformations was achieved, which is certainly the result 

of a significant reduction in the hydrodynamic load 

(hydrodynamic force and torque). 

6. CONCLUSIONS 

The jet deflector is not the most important part of 

the Pelton turbine, yet it has an important role in the 

case of a sudden stop of the turbine. The basic 

principles of the deflector  operation are quite simple; 

however, various complex problems can be 

encountered during the optimization process.  

In such cases, the development of the deflector and 

its geometry contribute to a reduction of the loads and 

avoiding the oversized parts of the regulation system. 

 Starting from the force on the plate, through the 

torque that reached the hydraulic cylinder, the 

dimensions of the hydraulic cylinder, the power of the 

hydraulic aggregate and, finally, so do the size of the 

tank and the amount of oil that needed to allow 
a smooth operation of the whole system regulation. 

Apart from a reliable and faster operation of the 

deflector, these are just a part of the benefits of a stress 

analysis and reduced loads.  

The paper presents the process of:  

 a numerical analysis of the flow in Pelton turbine 

and an FEM analysis as the basis for the 

optimization process, 

 the parameters which are used in the calculations 

were verified in the course of the previous research 

work, 

 based on a detailed analysis of the pressure 

distribution and an analysis of the action of forces 

and torque, an optimized shape of the deflector can 

be obtained in a few steps , which cannot be actually 

optimal; however, the individual characteristics are 

considerably better compared to the initial 

geometry, 

 all the components of the forces acting on the torque 

can be reduced, the point of adhesion of the force to 

the deflector can be moved and the load, 

deformation and torque on the axis of the deflector 

can significantly be reduced, 

 the results obtained influence the operation of the 

servo motor that controls the deflector. 

Based on the final results, a lot of useful 

information can be obtained for future research work. 

In future research, different types of optimization 

methods can be used, like multi-objective generic 

algorithms. Further research will also go in the direction 
of a self-closing deflector, which will need a servo 

motor only for the initial impulse of moving towards 

the jet. 

Nomenclature 

Symbols 

  

F  force, N 

M  torque, Nm 
p  pressure, Pa 

t  time, s 

u  velocity, m/s 
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t  eddy viscosity, m2/s 

y+  non-dimensional distance 

  fluid phase 

  von Karman constant 

  density, kg/m3 

Acronyms 

CFD  Computational Fluid Dynamics 

CPU  Central Processing Unit 
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