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Abstract – Nowadays, the experts are being chased by time to find a substitution for fossil energy and develop the use 
of renewable energy that is environmentally friendly. This study introduces the new model of Vertical Axis 
Hydrokinetic Turbine using a pair of a savonius tandem blade (STB). When the flow is coming onto the left side of the 
vertical axis turbine, the rotor will be rotated clockwise, while the flow on the right side of the rotor will become an 
obstacle of its rotation due to a negative torque generated by the flow itself. The aim of developing a new model of 
this turbine is to counter the negative torque which is usually common in the vertical axis turbine and also to improve 
the efficiency. The research methodology is using CFD Simulation and the Response Surface Method (RSM). 
Variation of the angle of moving plate deflector (MPD) is (a) the radial MPD, and (b) the tangential MPD. Based on 
simulation and analytical review proved that a pair of STB which is combined with the tangential MPD has a higher 
capability to increase the positive torque than that combined with the radial MPD. 
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 1. INTRODUCTION 

Vertical axis turbines are less efficient compared to 
horizontal axis turbines. However, vertical axis turbines 
can deliver fluid flow from all directions. Vertical axis 
turbines are usually used for small-scale power plants 
and for power generation applications in remote 
locations. Savonius turbine, Gorlov turbine (the turbine 
helix), Darrieus turbine, and turbine Darrieus type-H are 
commonly used as vertical axis kinetic turbine. Low 
efficiency of vertical axis turbine is commonly caused 
by the flow that is split into two sides on the left and 
right side of the shaft. When the flow is coming onto the 
left side of the rotor, the rotor will be rotated clockwise, 
while the flow on the right side of the rotor will become 
an obstacle of its rotation due to a negative torque 
generated by the flow itself. Therefore, the earlier 
researchers initiated a way to overcome the negative 
torque on the vertical axis water turbine using deflector 
plate [1] and also Guide Box Tunnel [2].  

Despite the disadvantages, Savonius rotor has 
many benefits compared to the others because of its 
simple and low-cost construction, its ability to adjust the 
flow direction, and its characteristic of having a good 
starting torque at lower speeds. For those reasons, many 
studies have been conducted by researchers to increase 
the performance of Savonius turbine rotor. This project 
develops a new model of hydrokinetics savonius tandem 
blade of cross flow vertical axis turbine in the hope of 
improving their performance and efficiency.  

The application of computational fluid dynamics 
(CFD) was grown quickly in the last decade of 
numerical flow simulation on the design of hydraulic 
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machinery. Now, CFD simulations can even manage 
complex geometries from entire machines with high-
precision [3]. By using CFD, the present research is 
focused on modification design of a rotor blade shape 
using a numerical optimization method coupled with the 
statistical approach. Response surface method (RSM) is 
a combination of statistical and mathematical techniques 
useful for increasing the optimization process, which 
uses regression analysis, analysis of variance, and design 
of experiment (DOE).  

Several studies for increasing turbine performance 
of Savonius with an original rotor blade (a pair of semi-
circular blades) have been reported by a number of 
researchers, such as Fujisawa [4], Nakajima [5], and 
others. Deda Altan has already tested the Savonius 
turbine using curtain (like deflector) on wind tunnel 
resulting power coefficient of 38.5% for the semi-
circular blade [6], and Khan also reporting several tests 
on variant blade shapes with 35% power coefficient 
result [7]. 

However the effect of geometrically and 
interactions between aerodynamic parameters on the 
rotor was not observed in detail in these performance 
studies. The experimental results of various savonius 
wind turbines which modified have not shown a 
significant increase due to fluid weight effect. From this 
point of view, so many researchers have explained the 
influence of water as working fluid on the Savonius 
turbine [8]-[14]. 

The original Savonius rotor as shown in Figure 1 
has two pairs of cylindrical blades that look like a letter 
S which are not connected in the middle (overlapping in 
the middle) on both ends of the blade so that  serve as 
the entry of outflow from the first blade (advancing 
blade) to the second blade (returning blade). As shown 
in Figure 4, the Savonius tandem blade (STB) 
overlapping with the first blade and also on the second 
blade generating a returned force from the opposite 
direction outflow through overlap compartment can 
increase the aggregates torque. 
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The STB was made to optimize the design of the 
original Savonius rotor in order to improve the 
efficiency. The efficiency of Savonius rotor depends on 
the pressure difference between the convex and concave 
part of the blade. The pressure on concave side must be 
higher than convex side in order to generate positive 
torque. 

The previous study has results the best design of 
diffuser Savonius Tandem Blade (STB) using CFD 
simulation. The result of study producing three models 
of tandem blade i.e.: (a) Tandem Overlap TO, (b) 
Tandem Symmetrically TS and (c) Tandem Convergent 
TC, one of the best designed to be deeply studied has 

already obtained. The benchmarking of the three model 
above, the convergent model (TC) shows very suitable 
to generate hydropower by evaluating the maximum 
pressure gap (Δp) between upstream and downstream 
[15]. 

Golecha has already improved the performance of 
the S-shaped rotor savonius by adding plates to deflect 
or redirect the flow of which is placed in front of the 
rotor. By using an adjustable tip angle of deflector until 
reaching the optimal position, it is proved that the power 
coefficient (Cp) is increased by about 50% (see Figure 
2). 

 

 
Fig. 1. The original savonius rotor with overlapping in the middle. 

 
 

 
Fig. 2. The configuration of guide flow on savonius rotor using deflector plate by Golecha [2]. 

 
 

 
Fig. 3. Combine savonius rotor with moving deflector. 
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This study promotes the new parts in design to 
improve the performance of Hydrokinetics Cross Flow 
Vertical Axis Turbine which consists of Savonius 
Tandem Blade (STB) and Moving Plate Deflector 

(MPD).  This new design has a high solidity and broader 
swept area compared to savonius conventional rotor due 
to the increase of torque on turbine rotor. 

 

 
Fig. 4. STB (a pair of nozzle and diffuser) set up in the central part of the rotor has to function to create the cross flow and 

to increase torque [16]. 
 
 

 
Fig. 5. Hydrokinetics Cross Flow Vertical Axis Turbine is a combination  of STB in the centre of rotor turbine with  (a) 

Tangential MPD or (b) Radial  MPD in the outside of tip diameter. 
 
 

2.  THE CONCEPT OF CROSS FLOW 
SAVONIUS VERTICAL AXIS TURBINE 
(CROSSVAT)  

This study introduces the new model of Vertical Axis 
Hydrokinetic Turbine using a pair of the STB. The STB 
which is built like a pair of nozzle and diffuser in the 
central part of the rotor has a function to change the 
direction of flow (returning flow to backward) and also 
to reinforce the pressure on the surrounding blades. The 
aim of developing a new model of this turbine is to 
counter the negative torque which is usually common in 
the vertical axis turbine and also to improve the 
efficiencies. 

The first step on the Savonius rotor design is 
broadening swept area with installing tandem blade near 
from S-blade that can increase drag force production on 
the blade surface as shown in Figure 4. To achieve the 
maximum power generation based on preliminary 
design study we must use the convergent blade design 
[15]. The CFD simulation and RSM are used to realize 
optimum Radius Tandem Blade (Rt) and overlap width 
(e) as the independent variable. A tandem blade 
convergent model has been selected for a preliminary 
design study for the three models based on pressure gap 
maximum between upstream and downstream by using 
CFD simulations. This study used the nozzle-diffuser 
cross flow intermediary model as seen in Figure 4 as the 
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basic form of a STB that will be developed and 
optimized further by adding the plate deflector. This 
model is expected to have a maximum Rcv and able to 
increase the torque on the rotor [16].   

The second step is assembling the deflector on the 
end of a tandem blade tip radial direction along the 1/2 
(Dtp-D) as seen as Figure 5. The distance between the 
tip of the axis of the deflector plate is Tip Radius (Rtp) 
and the plate deflector angle (β) is set as the dependent 
variable, while the response variable is the gap pressure 
(∆p) between the downstream and upstream. 
 

 
Fig. 6. Rotor Turbine Design Using Combination STB and 

MPD Tangential. 
 

To find the torque and drag characteristics in the 
normal and tangential direction of the chord, the values 
of Fn and Ft must be known before. The values of the 
forces Fn and Ft are obtained by integrating the pressure 
for a blade.  
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Where ∆pi is the difference between the pressure 
on the concave and convex surfaces at a particular 
pressure tapping, Fn plays a role in producing a torque 
on the shaft of the rotor and this torque can be expressed 
as Torque on a blade, [17]-[18]. 
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where: Sd = width of blade ; H = height ;  Δpi = gap 
pressure between concave and convex of blade surface ; 
and Ri = distance from centre of .gravity on each blade 
surfaces.  

For a fluid flowing through the cross section A, 
the mass flow rate is ρ.A.V, and therefore the power is: 

 32 ...21..21... VAVVAP ρρ ==∆      (4) 

Where Ps is the power shaft (watts), ρ is the fluid 
density (kg/m3), and V is the working fluid speed (m/s). 

The power is the energy flux or power density of fluid 
flow through the cross section (surface area). The ratio 
of shaft power (Ps) to the power available in the fluids 
flow (Pf) is known as the coefficient of power (Cp = 
Ps/Pf) and this indicates the efficiency of energy 
conversion. 

By using Phi Buckingham method, a configuration 
of dimensionless parameter groups that influence 
efficiency or coefficient of power (Cp) is obtained as 
shown in Equation 5. 
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Where: 

H/D   =  Aspect Ratio 
Rt/D  =  Tandem Ratio 
e/D   =  Overlap Ratio 
Sd/D  =  Moving deflector angle 
Vc/U  =  Clearance velocity ratio (Rcv) 
 λ   =  Tip Speed Ratio 

3.  METHOD 

The effect of the fast growing application of 
computational fluid dynamics (CFD) within the last two 
decades is the significance of numerical flow 
simulations in the design of hydraulic machinery that 
has grown to a considerable extent. At present, CFD 
simulations can often replace laboratory experiments 
due to the fact that even complex geometries and entire 
machines can be modelled.  Many types of research 
were conducted to demonstrate the influence of 
modified Savonius rotor blade geometry parameters 
such as twist blade, overlap ratio, a number of blades, 
multi-stage, sweep area, non-circular blade, and 
additional guide blade on the aerodynamic performance 
of the rotor blade. However, the influence of 
geometrical design variables and their interactions on 
the rotor aerodynamic performance was not examined in 
detail in these works. From this point of view, the 
present research is focused on suggesting a rotor blade 
shape design using the numerical optimization method 
coupled with the statistical approach.  

A two-dimensional view of the rotor model was 
considered. It is because the rotor blades rotate in the 
same plane as the approaching water flow stream. The 
computational domain was discretized using two-
dimensional unstructured mesh (triangular mesh). The 
left boundary had Velocity Inlet condition while the 
right boundary had Outflow condition. The top and 
bottom boundaries for the open channel sidewalls had 
symmetrical conditions. The moving wall condition was 
employed for the rotor model to study the effect of fluid 
motion in and around the rotating Savonius rotor. The 
dimensions of the computational domain were 500 mm 
in length and 75.5 [mm] in widths, which were also 
similar to the experimental conditions. For the various 
model conditions, the geometry of the rotor was changed 
and accordingly different meshes were generated for 
each condition. 

Steps in the CFD simulation solutions consist of: 
1. Mesh Report: Nodes 4956, Element 3374 

http://www.rericjournal.ait.ac.th/


B. Wahyudi and S. Adiwidodo / International Energy Journal 17 (2017) 11-22  

www.rericjournal.ait.ac.th  

15 

2.   Solver (Pressure Based, Steady, 2D) 
3. Viscous Model: Standard k-epsilon (k-ε)  / Near-

Wall Treatment: Standard Wall Functions 
4. Material: Water (µ= 1.002x10-3 [kg/m-s], ρ= 

1.000 [kg/m3]) 
5. Operating conditions:  
      Atm. Pressure (1.0132 [bar]) 
      Temperature 25oC 
6. Boundary Conditions: 

• Inlet: Velocity Inlet 
• Sides: No slip wall 
• Blades: Stationary Wall 
• Outlet: Outlet 

7. Solution controls: 
• Pressure-Velocity Coupling: SIMPLE  
• Discretization: fluids 

8. Pressure (Standard) / Inlet Velocity: 1 [m/s] 
 
The optimization process using Response surface 

method (RSM) for designing geometry of Convergent 
STB is shown in Figure 4 above. RSM is a collection of 
statistical and mathematical techniques useful for 
developing and improving the optimization process, 
which collectively uses the design of the experiment, 
regression analysis, and analysis of variance. In this 
case, the response variable pressure gap (y) is affected 
by two independent variables:  Radius Tandem Blade 
“Rt” or (x1) and Clearance Blade “e” or (x2). By using 
an appropriate model formulation, the optimal value of 
independent variables (x1, x2) which causes maximum 
pressure gap can be obtained. 

The subsequent RSM analysis can be used for 
surface fitting. If the surface fitting is a good 
approximation of a function of the response, the surface 
fitting analysis would be equivalent to the actual 
analysis systems.   Analysis of variance and regression 
analysis are the statistical techniques to estimate 
regression coefficients in the quadratic polynomial 
model and also yield a measure of uncertainty in the 
coefficients.    

Furthermore, at the condition near the response, 
the second order model (order II) or more is normally 
required to approximate the response due to the 
curvature of the surface. In many cases, the model order 
II two expressed in Equation 6 is considered sufficient. 
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Analysis of the response surface fitting Order II is 
often referred as the canonical analysis. The least 
squares method is used to estimate parameters on the 
approximation functions. One of the important statistical 
parameters is the coefficient of determination, R2 which 

provides the summary statistic that measures how well 
the regression equation fits the data. 

However, a large value of R2 does not necessarily 
imply that the regression model is a good one. Adding a 
variable to the model always increases R2, regardless of 
whether the additional variable is statistically significant 
or not. Thus, it is possible for the models that have large 
values of R2 to yield the poor predictions of new 
observations or estimates of the mean response. 

4.  RESULTS AND DISCUSSIONS 

By using simulation software ANSYS Release 14.5 it’s 
the following boundary conditions that have been 
applied. The stationary domain has a free stream 
velocity. The hydrodynamic pressure conditions are 
applied and the initialization is done. Inlet and Outlet are 
default boundary conditions in simulation software. Inlet 
requires the speed of inlet velocity of water and the 
outlet requires the relative pressure, 1.0132 x 105 [Pa], 
at the initial conditions. The blade surfaces can be used 
as a “wall” condition. This condition enables the 
calculation of properties such as force on the surface. 
Once the domains have been specified, a default fluid-
fluid interface is detected between the rotating and 
stationary domain. 

The dimensions of the computational domain 
were 500 mm in length and 75.5 [mm] in width for 
simulation of basic STB (Figure 4) and 150 [mm] in 
width for simulation of turbine rotor with moving plate 
deflector (Figure 5), which were also similar to the 
experimental conditions. For the various model 
conditions, the geometry of the rotor was changed and 
accordingly different meshes were generated for each 
condition.  

The contour plots as shown in Figures 9 to 12 
predict the variations in velocity and pressure in various 
regions near the blades within the flow domain. It can be 
observed from the pressure contour plots that pressure 
gap occur across the rotor from upstream to downstream 
side. This pressure gap indicates power extracted by the 
rotor causing its rotation.   

The static pressure on the convex side of the blades 
can be observed to be lower than those on the concave 
side of the blades; in fact, a region of negative pressure 
exists on the convex side of the blades. This occurs due 
to the high flow velocity over the convex side of the 
blades. As a result, a pressure gap acts across the 
concave and convex side of the blades, which provide 
the necessary torque for causing rotation as seen  as in 
Equation 3 [17], [18]. 
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Fig. 7. Pressure contour and streamline of STB rotor model on rotate position of 135o (a) and 210o (b). 
 
 

 
 

Fig. 8 . RSM Optimum result of STB model. 
 
 

From the contour plot of the image above, it can 
be concluded that the image does not have a stationary 
point. Consequently, calculation of the stationary point 
and surface characteristics of the response is not 
necessary. 

The result of response (ΔP) optimization will be 

obtained after value of (Rt) and (e) are substituted into 
the model Equation (7) with constant value of Rt = 27 
[mm] and variable e = 2.5 [mm] ÷ 3.5 [mm]. By using 
Minitab Software, it is simpler to obtain the result of 
peak point in the tangential as shown in Figure 8 which 
shows an optimal value of  Rt = 27 [mm] and e = 2.75 
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[mm] with the response of max.  ΔP = 9415.91 [Pa]. 
22 99.96577.18611.531810071133732 cRtcRtP ++−+=∆
 

 
(7) 

The next step is to develop STB geometry by 
adding a deflector plate on the outer edge. Provided two 
design models namely deflector plate with the radial 
direction (model 2) and deflector plate with the 
tangential direction (model 1). Size diameter of rotor 
turbine is to set a maximum of 140 mm and a minimum 
of 100 mm diameter tip. The moving deflector is set on 

the maximum angle of 46o (tangential direction or 
Sd/D=0,295) and a minimum of 0° (radial direction or 
Sd/D=0,257). Some simulated data with tip diameter and 
angle of plate deflector are shown in Figures 9 to 12.  

At this point of view, it is very important to 
investigate the ratio of the clearance velocity (Rcv = Vc 
/ V∞) in order to know the contribution of kinetic energy 
change to strike the returning blade. Clearance “e” will 
give “jet effect” and increase the momentum force on 
the concave surface, which consequently will increase 
the torque on returning blade. 

 

 
 

Fig. 9. CFD simulation of streamline of CROSSVAT rotor model with tangential plate deflector (Sd/d= 0,295). 
 
 

 
 

Fig. 10. CFD simulation of streamline of CROSSVAT rotor model with radial plate deflector (Sd/D= 0,257). 
 
 

http://www.rericjournal.ait.ac.th/


 B. Wahyudi and S. Adiwidodo / International Energy Journal 17 (2017) 11-22 

www.rericjournal.ait.ac.th 

18 

 
 

Fig. 11. Pressure contour of CROSSVAT rotor model with tangential plate deflector (Sd/D= 0,295). 
 
 

 
Fig. 12. Pressure contour of CROSSVAT rotor model with radial plate deflector (Sd/D= 0,257). 

 
To understand the influence of the angle of 

deflector on the torque, Figure 13 explains that the 
tangential moving plate deflector (MPD) is more 
effective in generating positive torque than the radial 
deflector.  By using CFD simulation, it is shown that the 
negative torque is commonly caused by blocking flow 
that occurred when the edge of the radial deflector is 
near from the wall position. At the rotated position of 
150o the two models result from the contra productive 
value; the tangential model resulted in the maximum 
positive torque but the radial model is the opposite. 

The simulation of the tangential type of 
CROSSVAT Turbine model is shown in Figure 9, when 
the deflector plate is on the inclined position which 
makes it very effective for fluid flowing through the 
narrow compartment that plays a role as a nozzle on the 
advancing blade and serves as a diffuser on the returning 
blade. The jet effect create  through the STB as seen on 

simulation study (Figure 9) is the reason for that 
increase   in the positive torque as shown in Figure 13. 
At this point of view, the tangential model is more 
powerful in generating torque than the radial model. 
Torque due to the coupling force between the advancing 
blade and returning blade will be more balanced than the 
original savonius. 

In laboratory experiments, a pair of dynamometer 
is used to measure forces of tension on the rope rubbing 
against the rotor pulley (Figure 14). A pair of coupling 
force measured on the dynamometer can be used to 
calculate the torque produced by the turbine shaft. Based 
on experimental test being done  in laboratory, there are 
results graph of  the Efficiency versus Tip Speed Ratio 
(TSR) as shown on Figure 15 that the turbine rotor using 
a combination of STB + MPD tangential to have higher 
efficiency than rotor using combination of STB + MPD 
radial. 
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Fig. 13: Torque Distribution vs. Angle of Rotation. 

 
 

 
Fig. 14: Measuring the Torque with dynamometer. 

 
 

 
Fig. 15: The performance result of CROSSVAT with Radial MPD and Tangential MPD by experimental test. 

 
In fact to achieve Savonius hydrokinetic turbine 

efficiency above 35% is difficult, but compared to the 
wind turbine, the type of hydrokinetic more smooth, a 
good service life and stable operation [19]. Compare 
with Akwa’s research on Savonius wind turbine with the 

overlap ratio of 0:15 only produces about 31% 
efficiency [20], the CROSSVAT hydrokinetic turbine 
discussed in this paper is still more economically 
competitive. The idea of this type of turbine design is to 
be applied to the potential of the river with low head 
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elevation which have been less be concerned. In techno-
economic analysis, the application of hydrokinetic 
turbine stand-alone on the river was less advantageous 
economically, but if built some of the turbine generator 
set with synchronization or hybrid system would be 
cheaper and profitable [21], [22]. 

5.  CONCLUSION 

A. The design of the Savonius Tandem Blade 
combined with tangential moving plate deflector 
(STB + MPD tangential) when tested by CFD 
simulation testing showed good performance 
mainly to generate torque positive is greater than 
the Savonius tandem blade combined with radial 
moving plate deflector (STB + MPD radial).  

B. The CROSSVAT hydrokinetic when tested through 
experimental testing proved that the STB + MPD 
tangential to have higher efficiency than STB + 
MPD radial. 

C. Both based on CFD simulation and experimental 
testing in the laboratory, proving that there are 
have significant influence of moving deflector 
angle to the turbine performance. Thus the results 
of this study have been validated and can be used 
as a reference for subsequent research. 
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