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ABSTRACT 

Gravitational water vortex turbine is a low-head renewable hydropower technology that enables a clean & green 

energy generation. Since it utilizes artificial vortex generation for its advantage, therefore it births a complex 

curvature blade profile. Using sheet metal for an up-scaled model has the tendency of deforming to such an extent 

that the design fails i.e., turbine collides with the basin walls. Moreover, the use of casting or any other 

manufacturing process significantly increases the capital cost of the system. In the present study,  truss elements 

is implemented on a complex blade profile to improve the structural integrity of  turbine so that it can be used for 

an up-scaled of Gravitational water vortex turbine. Iterating different designs by either changing the type of truss 

or re-orienting the trusses have been studied in order to find the most optimal solution where both the required 

structural integrity is ensured and it does not block much of the incoming flow. The results shows that  for a 1 m 

diameter turbine, the most optimal design configuration which came out was using two circular rods of 12 mm 

diameter and one 25 mm wide L shaped rectangular bar resulting in a 14x reduced deformations with only 18.36% 

flow area blocked from the initial no-truss design. 
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INTRODUCTION 

The need to produce electricity in a clean and green fashion is ever-increasing with each passing day. The 

catastrophic reduction of our finite natural resources also posits that the new power production must be renewable 

and sustainable. Gravitational Water Vortex Turbine (GWVT) is a low-head hydro-power technology, which 

addresses these issues. This technology utilizes the artificial free-surface vortex generation phenomenon to 

exchange momentum with a rotating turbine.  The major components of a GWVT include an upstream channel, 

basin with orifice at bottom, a rotor with blades and a vertical shaft. Water enters from the upstream channel into 

the basin, where the basin’s geometry allows the artificial vortex generation. Vortex initiates at free surface and 

intensifies towards the bottom. This intense speed allows the pressure to decrease lower than atmospheric pressure 

and thus an air-core is formed [1]. The radius of the air-core decreases from the surface to the bottom [2]. This 

flow energy can then be converted into mechanical energy using a rotor having blades on it, which coupled with 

a generator generates electricity. GWVPP was deployed successfully by Franz Zotlöterer in 2006, harnessing the 

free surface vortex to run a 10 kW plant in  Austria [3].   

In past different geometries of basin, such as cylindrical and conical have been used by researchers, where conical 

basin  has  been concluded to result in better performance, since it ensures a stable formation of vortex [4]. Saleem 

et al. [1] found that a vortex height and a good vortex shape with fully developed air-core are the major parameters 

in deciding performance of  GWVPP. R. Dhakal et al.  [5] investigated that a strong vortex formation, having 20 
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-25% diameter of orifice as of basin has been recommended for a conical basin.  S. Dhakal et al.  [6] determined 

that maximum power can be extracted from the turbine if it is placed near the orifice.  R. Ullah et al. [7] showed  

that the efficiency of  the turbine is maximum when it is 100% submerged in the vortex such that the interface of 

air-water is just at the top of turbine. C. Power et al.  [8] concluded that the basin inlet placed at about 35% above 

the turbine is the most optimal position for maximum performance of the GWVT. R. Ullah et al. [7] studied the 

effect of multi- staging of the GWVT and reported that multi- staging have maximum  performance and have  

positive effect on the overall performance of the GWVT. 

CFD models have also been implemented for the investigations of GWVT.  ANSYS CFX discretizes the 

governing Navier-Stokes equation using a finite volume approach based on elements with cell vertex formulation.  

Different turbulent models such as RNG k-epsilon and k-omega SST models have previously been used by the 

researchers to study the GWVT [9]–[11]. N.H. Khan et al. [12] developed SST turbulence models  to overcome 

the deficiencies in k-epsilon and k-omega models. S. Mulligan et al. [13] absorbed that the Reynolds stress model 

is most suitable for the study, but SST model with curvature correction and offers improved solution for the vortex 

flow.  N. Regmi et al.  [9] studied   the effect of cone angle of basin and were found that the cone angle of basin 

should be 23°- 24° to develop a strong vortex formation inside the basin. Among the different available types of 

the blade designs.  N.H. Khan et al. [12]  found that curved blades yielding the maximum output at same inlet 

conditions.  P. Singh et al. [14] the effect of  number  of  blades is more dominant than the blade length, when the 

blade number is increased, the flow guidance is drastically improved but efficiency decreased,  therefore decision 

of increasing the number of blades should be taken with extreme caution.   

P. Sritram et al.  [15] found that increasing the blade numbers increases the output power but increasing blades 

beyond five blades the efficiency of the turbine start decreasing. Furthermore, P. Sritram et al.  [15] absorbed that 

using baffle plates the efficiency is reported to increase by 6.5%.  Although most GWVT are installed near the 

flow, so associated losses with the transport are minimized.  M.M. Rahman  et al. [16] used penstock and found 

its length has no significant effects, but the width certainly affects the performance of the GWVT. This is because 

as inlet velocity increases, the air-core diameter decreases, vortex height increases and vice versa [1].  Y. Nishi et 

al. [10] observed that the greatest basin  losses are observed to decrease at high and moderate flow rates and 

increased at low flow rates. T. R. Bajracharya et al. [11]  performed detailed work on the blade design of  the 

GWVT  in order to produce an effective design of the GWVT. Moreover, T. R. Bajracharya et al. [11] the blade 

inclination of  20o  with the hub, 50° inlet and outlet angle of  a blade in a horizontal plane and 0° inclination in 

vertical plane have been claimed to be the optimum values of some geometric parameters of turbine blades. 

In past a lot of work has been done on GWVT at laboratory-scaled models, but still no worked has been published 

regarding the up-scaled/practical models of the GWVT.  Most of the designs that are mentioned in the studies 

have complex curvature geometries for the blade, which can only be fabricated if manufacturing techniques are 

used for sheet metal. This restricts the implementation of sheet metal for high flow-rate application because 

deformations get exponentially increased and the structural integrity is lost. The only option left is that of 

fabricating thicker blades using casting or any other manufacturing process, but it increases the capital cost of 

GWVT plant. Therefore, in the present study, introducing truss elements on to the blade of the GWVT which 

provide additional inertia to the bending and thus enhance the structural integrity by decreasing the deformations 

of the turbine. Since, the inertia is a function of geometry, therefore in this study, authors analyzing different 

designs by changing/orienting the truss geometry to investigate the performance of the GWVT.  Furthermore, the 

round curved blade design has been used in the current study. 

METHODOLOGY 

Design Configuration 

In current analysis flow was assumed to be flowing at a flow rate of 500 L/s and a 1 m head. The above flow 

parameters are typical at small-scale practical sites; thus, the present analysis can be translated for an up-scaled 

plant model. The laboratory model was then up scaled using non-dimensional zed relations from literature for a 1 

m diameter turbine rotor. 
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Figure 1. Blade velocity Triangle 

Ẇ = 𝜌𝑄𝑢𝑎𝑣𝑔(𝑣𝑤1 + vw2)                                                                                                                                                                          (1) 

F =  
Ẇ

ω r1
                                                                                                                                                                                                           (2) 

Where, ω =
u1

r1
   &   u|max power =

va1 

2
                                                                                                                                                  (3) 

Using the above Euler’s turbo machinery equations (1), (2) and (3) and blade velocity triangle, the force acting 

on turbine was found which was then used for a static structural analysis. The resulting force for the given 

parameters came out to be 554 N. The idea behind regarding current analysis is that different geometries offer 

different extent of resistance to bending, which gives us an opportunity to try different types of geometries for the 

trusses and try to find an optimal solution which effectively reduces both the deformations and also does not 

interferes with the incoming flow so as to significantly not effect the efficiency of the system.  The Table 2.1 

shows the set of all the designs and the % of the area block for the incoming flow. 

Table 1. Designs under study and their relevant flow area blockage % 

Designs studied No. of truss elements used % Area Blockage 

No truss - - 

Design iteration 1 2 12.32% 

Design iteration 2 3 15.22% 

Design iteration 3 4 18.12% 

Design iteration 4 3 18.36% 

Design iteration 5 3 20.77% 

Design iteration 6 4 18.36% 

Design iteration 7 4 18.36% 

Design iteration 8 4 18.36% 

Design iteration 9 4 20.77% 
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Design iteration 10 5 18.36% 

Design iteration 11 5 20.77% 

Design iteration 12 5 20.87% 

Design iteration 13 5 24.28% 

Design iteration 14 5 18.36% 

Design iteration 15 5 20.77% 

Design iteration 16 5 20.87% 

Design iteration 17 5 24.28% 

 

The analysis is initialized with first finding the deformation when no truss is applied on the blade, so as to make 

a benchmark for analyzing the reduction in deformation for each addition of truss elements or change of truss 

geometry. The placement of each new truss is done after an informed decision based on observing the pattern of 

deformation in previous design, so that maximum effect takes place.  To limit our study, only geometric variations 

of trusses are taken into consideration. Moreover, the material taken for analysis is Mild Steel, both for the blade 

and for the truss elements. The thickness of blade is taken to be 2 mm. 

Boundary Conditions 

Fixed boundary condition was applied on the shaft on which blade is attached. Furthermore, force boundary 

condition was also applied on the blade surface. The direction of force is shown in the Figure 2.2. 

 

Figure 2. Boundary Conditions 

Meshing 

This force is thus taken into ANSYS static for structural analysis.  A second-order solid tetrahedrons elements 

were chosen for meshing the geometry. However, second-order elements are computationally expensive than first-

order ones but produce more physically accurate results. A mesh independence study was conducted to validate 

the quality of the mesh. Three different mesh sizes with 6 mm, 4 mm and 2.66 mm and a mesh scale factor of 1.5 

was used to conduct this study. The error in the results for deformation between 4 mm and 2.66 mm mesh sizes 

was only 0.76%. Therefore, it shows that the quality of mesh is significant.  A 3.5 mm mesh size was chosen 

which provides both accuracy and optimal computational time as shown in figure 2. 
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Figure 3. Mesh Independence Study 

RESULTS AND DISCUSSIONS 

When no truss is applied, the deformations of the blade are extravagant as shown in Figure 4. A turbine with such 

deformations cannot be used for practical purposes as it will collide with the basin resulting in a design failure.  

Maximum deformation of 155.88 mm occurred at the blade edges and minimum deformation of 0 mm occurred 

at blade starting point as shown in Figure 4.  

 

Figure 4. Deformation Contour with no truss 

To combat this, two circular rods of 12 mm diameter are placed at top and bottom of the blade so that resistance 

to deformation is increased. The Figure 5 shows that the maximum deformation decreases to 21.358 mm at blade 

edges, but they still need to be reduced to minimum. 
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Figure 5. Deformation Contour with 2 round trusses 

Therefore, additional circular rods were placed and evaluated as shown in Figure 6. With each successive addition 

of rods, the deformations decreased but the adverse effect was that the flow is blocked more than above design as 

shown in Figure 4 and 5. However, inertia is a function of geometry, therefore now instead of using a circular rod, 

now retained the top and bottom rod, but replaced the center one with an L shaped rectangular bar of 25 mm width 

and 3 mm thickness. 

 

Figure 6. Deformation Contour with 2 round and L bar truss 

The Figure 6 results in significant reduction in deformation.  By adopting a similar strategy, further designs were 

evaluated. Increasing the truss elements so as to form a T joint type of truss, changing the orientation of the bar, 

repeating all of that with a 35 mm wide bar, analyzed and found the following results as shown in Figure 7. 
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Figure 7. Deformation and area blockage % plot for each design iteration 

From the results, the deformation for the ‘design iteration 4’ have been reduced to 11 mm, by a factor of 14x from 

the no-truss design with 154.6 mm maximum deformation. Furthermore, it only blocks 18.36% of the area while 

using only 3 truss elements. Therefore, this type of truss combination is giving the optimal solution for the studied 

case. The optimal design for the truss will however vary from case to case & depend on the flow characteristics 

and the geometry of the turbine blade. 

CONCLUSION 

In the current study, the structural analysis on ANSYS 18.0 has been carried out on the round curved shape blade 

of GWVT assembled in a conical basin. It can be concluded that using truss elements on blade can provide a cost-

effective solution for fabricating a GWVT system on an up-scaled level. The most optimal solution i.e., design 

iteration 4, which was found in this study blocks 18.36% area and in turn provides 14x reduced deformations as 

compared with the initial no-truss design. Using such a design enables the use of sheet metal for blade fabrication. 

Otherwise, casting is the most noteworthy alternate left which can ensure the structural integrity required for an 

up-scaled use of turbine, which in turn significantly increases the capital cost of system. Though this idea of using 

trusses has its demerits as well, as it can decrease the efficiency level achieved at laboratory scale, depending on 

how much the new design is deviated from the initial design. The choice of using the truss elements, their type 

and number can only be finalized after studying the economic benefits of all possible alternates, which will vary 

from case to case. 
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