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ARTICLE ASSIGNMENT 3: 

 

 Computational modelling of a Savonius type wave energy converter system: 

 

 Summary 

 

Please summarize the numerical study conducted in the article 

 

 Numerical modelling and simulation 

 

In this section briefly discuss the following points  

 

- How is the flow geometry created?  

- Specify the boundary conditions defined on the surfaces. 

- Compare compatibilities for computational modeling and simulation. 

- What kind of computational nodes are used in the study?  

- Is the mesh  independence test performed? If it is so, analyze the results  

  comparatively. 

- Is there a validation study for computational modeling and simulation?  

-  Is a parametric study performed? If so, what are the results? 

- What are the effects of inflow turbulence? What are the best way of  

  representing inflow turbulence on the flow of interest? Discuss. 

 

 Results of the article study 

 

- Summarize the results of the study.  Are there  qualitative and quantitative  

results both presented in this study? What do these results indicate? What are  



the challenges of modelling of wake flow, vortex formation and their elongation in  

the wake region? 
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Abstract   In the present study, two-dimensional, two-phase and turbulent flow 
around a horizontal axis 3-bladed Savonius rotor is considered. Numerical wave 
tank (NWT) simulations based on FVM/FDM technique in association with vol-
ume of fluid (VOF) element method are performed for specified values of wave 
heights for no-rotor flow case. Once validated against the theoretical data, the nu-
merical simulations are extended to investigate the overall performance of the tur-
bine over a very large range of wave height conditions for the rotor-flow case.  

Key words: Wave energy conversion (WEC); Savonius rotor; VOF method; tur-
bulence model. 

INTRODUCTION 

Savonius type hydraulic turbines, in which the fluid energy is captured through 
a hydraulic mechanism rather than an aerodynamic mechanism, are considered to 
be simple, efficient with good starting capabilities and to operate at relatively low 
rotational speeds. There have been both experimental and computational studies 
[1-3] of energy efficiency and power performance analysis of Savonius turbines, 
which spin due to differential drag on the curved surface [2]. The net driving 
force, which can be attributed to the differential drag reproduced between the ad-
vancing blade(s) and the returning blade(s) can be increased by either reducing the 
reverse force on the returning blade(s) or increasing the positive force on the ad-
vancing blade(s). 

The motion of the waves usually sets the water particles in orbital motion 
which can be considered to a combination of both longitudinal and traverse mo-
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tions of water waves. In longitudinal motion, the water particles oscillate back and 
forth parallel to the wave propagation direction while in transverse motion, these 
particles oscillate up and down in their position. These two motions are later com-
bined together to reproduce the overall orbital motion. The kinetic energy of the 
water particle´s orbital motion can be used to rotate the blades [2]. The relative 
power performance of the Savonius rotor is usually determined with the shape and 
size of the orbital motion with respect to the rotor diameter and their shapes are 
subject to change depending on the wave length to water depth aspect ratio. There-
fore, the study of orbital motion of the mechanic waves and their characteristics 
with respect to size and positioning of the rotor is essential for a better optimiza-
tion of design of such devices.   

The present work aims at studying the planar regular wave propagation and its 
interaction with a horizontal Savonius rotor using numerical methods in a numeri-
cal wave tank (NWT) at different wave heights. These studies construct a basis for 
further investigation of the effect of different governing parameters on the perfor-
mance of such ocean wave energy conversion devices for further application. 

EQUATION OF FLUID MOTION 

The governing flow equations for the present 2-D turbulent flow behaviour are 
continuity, momentum i.e. Reynolds averaged Navier-Stokes (RANS) equations 
and turbulence transport equations. These conservation equations in non-linear 
differential form of vector notation for incompressible, viscous fluid flow condi-
tions can be summarized below. 
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In the above equations,   is the fluid density, iu  is the time averaged velocity, 

ix is the coordinate direction, iu is the deviation from the time averaged velocity, 

P  is the time averaged pressure, ig is gravity acceleration,   is the dynamic vis-

cosity of the fluid, - ji uu  is the Reynold’s stress tensor which is required to be 

modelled using a turbulence model for closure of RANS equations. The temporal 
and spatial co-ordinates correspond to t and ix , respectively. In 2-D Cartesian co-

ordinates the continuity and RANS equations can be re-defined by simply drop-
ping the over bar for brevity for the time averaged quantity. In eddy viscosity 
based k- turbulence models, Reynolds stress tensor is related to the mean flow 
straining field for incompressible flow as below: 
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Where k denotes the turbulence kinetic energy, t is the eddy viscosity related 

to turbulence kinetic energy, k and its dissipation rate,, and ijS is the time aver-

aged strain rate tensor related to mean velocity gradient in the flow. The turbulent 
kinetic energy, k and its dissipation rate, for isothermal are then defined by the 
turbulence transport equations to determine the eddy viscosity term, which is used 
to calculate the Reynolds stress term to closure the RANS equations for the pre-
sent RNG k-  model. 

For the present two-phase flow, the volume of fluid (VOF) element method ini-
tially proposed by Hirt and Nichols [4] is used for free surface tracking a surface 
in a fixed Eulerian mesh. In the VOF method, a single set of momentum equations 
is shared by the fluids and the volume fractions of each of the fluids in each com-
putational cell are tracked through domain. Interface tracking where variables and 
properties in any given cell are purely represented by either one of phases or mix-
ture of phases depending upon the volume fraction values: 

0        The cell is empty (of  cell)

1         The cell is full (of  cell)  

0 1   The cell contains the interface
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The fractional volume function is governed by a transport equation and this 
equation determines the movement of interface position such that: 

0
f

v f
t


  


    (2.5) 

COMPUTATIONAL DETAILS 

A 2-D schematic diagram of a numerical wave tank (NWT) which is construct-
ed as a representation of the experimental wave tank (EWT) study of Hindasageri 
et al. [5] is shown in figure 1. The Savonius rotor, which is placed at water sub-
merged level of z = 0 m in the NWT, is generated with the same geometric dimen-
sions in accordance with that used in the experiment. The boundaries are also il-
lustrated in figure 1. At the left boundary, inflow boundary conditions are imposed 
to generate a wave train coming from the x = 0 m. A sinusoidal wave boundary 
condition with a Second-order Stokes wave formulation is implemented here. 
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Fig.1. A schematic of NWT generated in the present numerical study 

Based on this formulation, at the inflow boundary, the following below velocity 
components are employed as inflow velocity boundary conditions: 
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Where H is the wave height,  is the wave frequency, k is the wave number, and 
h is the mean wave depth. The wave absorbing domain- porous media on the other 
hand is defined in the flow exit zone to prevent the wave reflection into computa-
tional domain. No-slip boundary conditions at the bottom surface and the flow exit 
domain i.e. outflow boundary are also imposed. At the free surface kinematic and 
dynamic boundary conditions with the specified atmospheric pressure condition is 
imposed to make sure that no transport equations are resolved in the air region (i.e.  
air is not treated as a fluid but rather as avoid).  

The multi-block meshing modeling is utilized for more efficient use of computa-
tional resources and fast flow solution. The computational domain is constructed 
with non-uniformly spaced 2-D quadrilateral Cartesian mesh elements (figure 2) 
with fine resolution near wall surfaces and interface between air and water to suc-
cessfully resolve the air-water surface movement due to wave propagation and to 
improve the numerical accuracy for measuring velocity and pressure gradients.  

A FDM/FVM based numerical flow modelling approach of FLOW-3D [6] is 
used to solve the partial differential equations (continuity, momentum and energy 
equations) governing rotor movement and surface tracking here. To increase the 
convergence rate, momentum equations and the pressure based continuity equa-
tion are also coupled with a pressure-velocity coupling scheme of Generalized 
Minimal Residual Solver (GMRES) scheme [7] and the first order upwind scheme 
for discretization of the momentum equation. The one fluid VOF model is chosen 
for free surface, the Fractional Areas/Volumes Obstacle Representation (FAVOR) 
is chosen for efficient geometry definition.  
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Fig. 2. The multi block meshes employed in the computational domain 

THE RESULTS and DISCUSSION 

Initial computations are performed for no-rotor flow problem with three differ-
ent mesh resolutions (maximum number of cells is around 115,000) at wave 
height of H = 100 mm for wave period of 2.1 s, water height of 0.6 m, and a wave 
length of 4.62785 m. As seen in figure 3, the numerical data corresponds well with 
the theory for all mesh resolution with a better agreement with the final mesh con-
figuration of around 115,000 cells, which is found to be in very good correspond-
ence with the theory. The shape of the surface waves is found to be almost sinus-
oidal throughout the domain.  
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Fig. 3. Wave elevation history at a probe position of x =30 m for a wave height of H = 100 mm 

(a)    (b) 
Fig. 4. Phase contours and local velocity vectors at t = 12.1 s; a) H = 100 mm; b) H = 160 mm 
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Fig. 5. Time evolution of rotational speed at different wave height values. 

Distinguished phase contours and corresponding velocity vectors obtained for 
each case as in figure 4 can be attributed to differing wave propagation conditions 
and energy conversion rate with varying wave height. The maximum rotational 
speed obtained in the clock wise direction and slightly higher rotational speed is 
obtained as the wave height increases as an indication of positive effect of wave 
height increase on the rotational torque as shown in figure 5.  

CONCLUSIONS 

The present numerical model successfully reproduces planar mechanic wave 
propagation. The higher wave heights the higher rotational speed of the Savonius 
rotor. Non-continuous flow through the rotor causes fluctuating rotational motion. 
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