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Abstract- Renewable energy sources offer a clean and 
environmentally friendly alternative to generate electricity. 
Renewable energy is the energy that is obtained from the never 
ending and free currents of energy occurring in the natural 
environment. With the help of appropriate devices the energy 
can be extracted to produce power to meet the demands of the 
society. The present paper explores the possibility of utilizing a 
direct drive turbine of cross flow type to extract power from 
waves. The primary objective is to maximize the energy 
conversion by making changes to the front guide nozzle and 
the rear chamber. The simulation was carried out using 
commercial CFD code ANSYS CFX. The base model recorded 
water power (PWP) of 29.9 W. Upon the completion of 
modifications, the model with Guide 5 front guide nozzle and a 
rear chamber with upper fillet radius (RU) of 40 mm and lower 
fillet radius (RL) of 0 mm recorded the highest power of 37.1 W. 
This represents an increase of 24.1% in the water power when 
compared to the base model. 

Keywords- Wave Energy; Primary Energy Conversion; 
Direct Drive Turbine; ANSYS CFX 

I. INTRODUCTION 

The need for other source of energy is inevitable as 
fossil fuel reserves deplete. In addition to this, the increase 
in energy demand can no longer be met by conventional 
energy sources. Furthermore, need to supplement these 
sources with cleaner and environmental friendly alternatives 
leads to one logical outcome; the use of renewables such as 
wind, geothermal, tides, marine current and waves. Thus the 
current paper aims to present a means to extract energy from 
ocean surface waves.  

Ocean surface waves are sometimes referred to as wind 
waves. As the wind blows, the equilibrium of the water 
surface is disturbed by the pressure and shearing force [1]. 
This transfers energy from the wind to the water which in 
turn generates wave. There is enormous energy available in 
waves and most importantly it is a truly renewable source. It 
is estimated that the global power potential of waves hitting 
the coasts worldwide is 1 TW [2]. This represents on average 
of 10-50 kW of energy per wave crest [3].  

There have been many devices proposed to extract 
energy from waves [4–9]. They can be categorized as point 
absorbers, Oscillating Water Columns (OWC), overtopping 

devices and lastly attenuator. Each of these devices has a 
unique way of capturing the energy present in waves and 
converting it to electrical energy.    

To extract energy from waves a Direct Drive Turbine 
(DDT) of cross flow type is proposed in the present study. A 
cross flow turbine is cost effective and easy to construct. 
Studies by Choi et al [10-11] and Fukutomi and Nakase [12] 

provided vital information about the performance of DDT 
under varying wave conditions. A detailed study on the flow 
characteristics in the augmentation channel of DDT was 
presented by Prasad et al [13].  

There are three steps of wave energy conversion; 
primary energy conversion, secondary energy conversion 
and tertiary energy conversion. Primary energy conversion 
is the first stage conversion and depends on the type of 
device used and its geometry. Due to the obstruction offered 
by the device the incoming waves modify and as a result the 
energy which is directly available for the turbine to extract 
power from decreases. The primary energy conversion is the 
ratio of the useful power available to the turbine over the 
wave power. The higher this ratio is the better the primary 
energy conversion.  Secondary energy conversion takes 
place in the turbine and tertiary conversion in the electrical 
generators. This leads to an understanding that the overall 
efficiency of the system can be increased if one or all the 
three energy conversions can be improved.  

This forms the basis of the present paper in which 
attempt is made to increase the primary energy conversion. 
As stated earlier, primary energy conversion is dependent on 
the geometry of the system. Therefore changes are made to 
the front guide nozzle and the rear chamber of the base 
model and its effect on the flow characteristics and primary 
energy conversion is investigated. The aim is to maximize 
the primary energy conversion at a fixed wave condition. It 
is important to highlight that there is no turbine included in 
the calculation domain as shown in Fig. 1. The internal fluid 
region represents the turbine housing. The commercial CFD 
code ANSYS-CFX is used to simulate numerical wave tank 
in which a piston type waver maker is used to generate the 
desired waves. Detailed discussion on the flow 
characteristics, water power and primary energy conversion 
is presented in the paper.  
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Fig. 1 Test model (Base model) 

II. METHODOLOGY 

For CFD simulation in ANSYS-CFX, the process was 
broken down into simple steps. These mainly were; model 
creation using UniGraphics NX 4, grid generation using 
ICEM-CFD, defining the physics of the model in the pre-
processor  (CFX-Pre), solving (CFX Solver) and lastly post 
processing the results in CFX-Post. Dimensions (all in mm) 
for the numerical wave tank and the augmentation channel 
are shown in Fig. 2 and Fig. 3 respectively. The 
augmentation channel consists of the front nozzle, the rear 
nozzle and the internal fluid region. The width and length of 
the augmentation channel is 700 mm. In addition to this, the 
width of the rear chamber is also 700 mm. The schematic of 
the various front guide nozzles is shown in Fig. 4.  

 
Fig. 2 Schematic of the numerical wave tank  

 
Fig. 3 Schematic of the augmentation channel  

 
Fig. 4 Schematic of various front guide nozzles  

The front guide nozzle of the base model was denoted as 
Guide 1 and in addition to this four more front guide nozzles 
were made. The inlet to outlet area ratio was kept fixed at 3. 
Guides 2 and 4 were studied earlier by Prasad et al [13]. 
Modifications made to the rear chamber are shown in Fig. 5. 
Where RU is the upper fillet radius ranging from 0 to 60 mm 
in increments of 10 mm and RL is the lower fillet radius 
ranging from 40 to 160 mm in increments of 40 mm. The 
total number of nodes for the whole calculation domain was 
approximately 500,000.   

 
Fig. 5 Schematic of rear chamber modifications  

For numerical analysis, the calculation domain which 
consisted of the numerical wave tank and the test model was 
solved using commercial CFD code ANSYS CFX. The           
k – Epsilon turbulence model was used and for two phase 
flow calculations, a homogeneous model was adopted. The 
waves in the numerical wave tank were generated using a 
piston type wave maker which was located at the wave tank 
inlet. To accommodate for this, a moving mesh section was 
employed. The inlet of the moving mesh section was 
modelled as a wall. The wall was assigned a specific 
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displacement which was sinusoidal in nature as given by 
Equation 1. 

sin( )x a tω=          (1) 
The side walls and the bottom walls for this section was 

assigned unspecified mesh motion. For the top of the 
moving mesh section the boundary condition was ‘opening’ 
with unspecified mesh motion. The rest of the outside 
sections of the calculation domain were modelled as walls 
where no-slip boundary conditions were applied. The no-
slip condition ensures that the fluid moving over the solid 
surface does not have a velocity relative to the surface at the 
point of contact. The boundary condition for the wave tank 
top and the rear chamber top was opening. At the opening, 
the relative pressure was set to zero; basically the opening 
was at atmospheric pressure. Lastly, appropriate interface 
regions were created. 

III. RESULTS AND DISCUSSION 

A. Front Guide Nozzle 

The waves in the numerical wave tank had wave height 
of 0.23 m, wave period of 2.5 s and the corresponding wave 
energy flux of 68.6 W/m. All the simulations were 
conducted at the same wave conditions. The available power 
(PAvail) at the front guide nozzle inlet was 62 W. Water 
power is simply the power available in the augmentation 
channel and is given by equation 2, where ρ is the water 
density, g is the acceleration due to gravity, ΔH is the head 
difference across the front nozzle and the rear nozzle and Q 
is the volume flow rate. The water power (PWP) was non 
dimenionalized with PAvail to obtain the primary energy 
conversion factor, Cf. 

P gQ HWP ρ= ∆               (2) 

PWPC f PAvail
=            (3) 

The water power and the primary energy conversion 
factor for the different front guide configurations is given in 
Table I. The highest power of 33.5 W is recorded for Guide 
5 model which represents primary energy conversion of 
0.54. There is an increase of 12% in power and the energy 
conversion for Guide 5 when compared to the base model. It 
is interesting to see that Guide 2 showed a reduction of 
about 16% in the water power. The decrease is due to lower 
flow rate and reduction in the average velocity in the 
augmentation channel when compared to the base model.    

TABLE I WATER POWER AND PRIMARY ENERGY CONVERSION FOR 
DIFFERENT FRONT GUIDE NOZZLE CONFIGURATIONS 

Test Model Water Power 
(W) 

 
Primary Energy 

Conversion 
 

Guide 1 
(Base Model) 29.9 0.48 

Guide 2 25.2 0.41 
Guide 3 30.5 0.49 
Guide 4 32.6 0.53 
Guide 5 33.5 0.54 

The velocity vector at the same instant when water is 
flowing into the front guide nozzle for different guide 
nozzles is shown in Fig. 6. For Guides 1, 2, 4 and 5 when 
water enters the guide, a re-circulating region is observed at 
the upper exit of the front guide nozzle denoted as A. This 
draws the flow downwards and hence higher velocity is 
recorded in section labelled B in Fig. 6. However, for Guide 
3, recirculation is seen near the bottom wall at section B and 
this diverts the flow upwards.  

 
Fig. 6 Velocity vector in different front guide nozzles  

In Guide 5 the flow converges smoothly at the front 
guide nozzle exit. Close up view of flow at the guide nozzle 
exit for Guide 5 is also shown in Fig. 6, bottom right. The 
re-circulating region in Guide 5 is smaller than the rest of 
the guides studied. Due to this the velocity at the nozzle exit 
is more for Guide 5. 

The average velocity in the front guide nozzle is shown 
in Fig. 7. Where x/Lo = 0 is at the front guide nozzle inlet 
and x/Lo= 1 is at the exit. The length of the front guide 
nozzle is denoted as Lo, which was 700 mm. The results 
show the gradual increase in velocity in the guide nozzle as 
desired. The highest velocity is recorded in Guide 5 while 
the lowest is observed in Guide 3. 

Fig. 8 shows the average velocity recorded at Section 1 
to Section 3 in the front guide nozzle in the XY plane at z = 
0. Here y/Hoi = 0 is a point on the lower wall while y/Hoi = 1 
is a point on the upper wall and Hoi is the cross sectional 
height at section i that is at Sections 1 to 3. Looking at the 
velocity at Sections 1 and 2, the velocity recorded near the 
upper wall is higher than that recorded near the lower wall. 
For section 1 the velocity changes dramatically from y/Hoi = 
0.35 and for Section 2 it occurs at y/Hoi = 0.25. At front 
guide nozzle exit, that is at Section 3, the velocity near the 
centre, y/Hoi = 0.5 is lower than that recorded at the outer 



International Journal of Mechanic Systems Engineering                                                                                                       IJMSE 

IJMSE Volume 2, Issue 4 November 2012 PP. 132-140 
- 135 - 

walls. There is a sharp decrease which is due to the re-
circulation region as described earlier in Fig. 6. However, 

higher velocity is again recorded near the upper wall than 
the lower wall.  

 
Fig. 7 Average velocity in different front guide nozzles 

 
Fig. 8 Average velocity for different front guide nozzle in XY plane at z = 0 

Since the front guide nozzle is symmetric about the      
x-axis, monitoring points were assigned to half the section 
as shown in Fig. 9. Where z/Woi = 0 is the centre and   z/Woi 
= 1 is a point on the side wall. Looking at Section 6, higher 
velocity was recorded near the side walls when compared to 
the velocity at the centre. At Section 5 the velocity drops 
from the centre but then gradually increases from z/Woi = 
0.25 onwards to the side wall for Guides 1 to 4 but for 
Guide 5 there is a slight drop in velocity. However, at 
Section 5 the highest velocity is recorded in Guide 5. At 

Section 4 the variation in velocity from the centre to the side 
wall is similar to that seen at Section 5. The velocity 
recorded in Guide 3 was the lowest and the highest was 
recorded in Guide 5. The velocity increase with respect to 
the velocity recorded in Guide 1 (base model) for Guide 2, 
Guide 4 and Guide 5 is 8% 11% and 15% respectively. On 
the other hand, in Guide 3 there is an 8% decrease in the 
velocity. The flow is observed to be better in Guide 5 and 
hence better performance.  
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Fig. 9 Average velocity for different front guide nozzle in XZ plane at y = 0 

The effect of front guide nozzle shape on the flow in the 
augmentation channel more specifically in the front nozzle 
is shown in Fig. 10. It is interesting to see that the velocity 
recorded at the periphery for Guide 3 model is higher than 
base model and Guide 2 model. If you refer to Figures 7 to 9 
one would see that the velocity in Guide 3 was lower than 
that recorded in Guide 1 and Guide 2. The results suggest 
that the flow in the augmentation channel for Guide 3 model 
is better than that of Guide 1 and Guide 2 models. The 
highest velocity is recorded for Guide 5; it corresponds to an 
increase of 7% when compared to base model (Guide 1).  

Using Guide 5, the flow is directed towards the 
augmentation channel more effectively and the flow is also 
smooth It could also be said that the losses in Guide 5 is 
lower than that of the other guide nozzles and this in turn 
has a positive effect on the flow down stream. For Guide 3 
and Guide 4 the velocity recorded at the periphery is 2% and 
4% higher than the base model. There is a reduction of 2% 
for Guide 2 when compared with the base model (Guide 1) 
The results indicate that the shape of the front guide nozzle 
influences the water power and hence the primary energy 
conversion of the system. Using Guide 5, the primary 
energy conversion increased from 0.48 for base model to 
0.54, which represents an increase of 12 %. Given the same 
wave conditions, the energy conversion is maximum using 
Guide 5. This increase is a result of better flow 
characteristics in the front guide as well as down stream in 
the augmentation channel. The loss is low and hence more 
energy is available in the augmentation channel which 
ultimately means more power for the runner.  

 
Fig. 10 Average velocity at the periphery for different front guide nozzles 

B. Rear Chamber Design 

The rear chamber is the last attachment and the water 
oscillates here. The chamber design greatly influences the 
flow and the performance of the augmentation channel, 
more specifically the rear nozzle when water is flowing out. 
It must be designed to reduce the pressure losses in the rear 
nozzle as well as minimize flow separation. From section A, 
the best model was selected, that is Guide 5. Modifications 
to the rear chamber were then carried out. The changes were 
firstly made to the upper sharp corner by making it into a 
fillet as shown in Fig. 11 while Table II shows the case 
allocation.   
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Fig. 11 Upper sharp corner modification 

TABLE II CASE ALLOCATION FOR UPPER SHARP CORNER MODIFICATION 

Upper Radius, RU 
(mm) Case 

0  (Guide 5) 1 
10 2 
20 3 
30 4 
40 5 
50 6 
60 7 

 

 
Fig. 12 Velocity vector in the rear chamber for different upper radius 

The velocity vector in the rear chamber when water is 
entering the rear chamber for Cases 1, 3, 5 and 7 is shown in 
Fig. 12. There is severe flow separation at the upper corner 
for Case 1 (RU = 0 mm) but the separation eases as the fillet 
radius increases. The flow almost follows the wall for Case 
5 (RU = 40 mm) and Case 7 (RU = 60 mm).  

The velocity vector in the rear chamber for Cases 1 and 
5 is shown in Fig. 13. The vector is drawn for the same 
instant and shown when water is entering the chamber and 
flowing out of it. It is clear that higher velocity is recorded 
when water is entering for Case 5 (RU = 40 mm) which 
leads to higher oscillation in the chamber hence there is 
more energy available when water falls and flows out of the 
chamber. The effect of making the upper corner into a fillet 
is more profound when water is following out. For Case 1 
(RU = 0 mm) there is a wider region of re-circulating flow 
when water is flowing out than compared to Case 5 (RU = 
40 mm) as shown in Fig. 13. For Case 5 (RU = 40 mm) 
higher velocity is observed near the upper wall when water 

is flowing out of the rear chamber hence better flow in the 
rear nozzle.  

Fig. 14 shows the total pressure for Case 1 and Case 5 in 
the front and the rear nozzle. The total pressure recorded in 
the front nozzle for both the cases does not vary much but 
there is a significant change in the total pressure recorded in 
the rear nozzle. Due to this change, there is a considerable 
difference in the effective head across the front nozzle and 
rear nozzle and this improves the primary energy conversion.  

The changes made to the rear chamber also affects the 
flow upstream for instance in the front guide nozzle and the 
front nozzle (periphery). The average velocity recorded in 
the front guide nozzle for Cases 1, 3, 5 and 7 is shown in 
Fig. 15. There is a slight increase in the velocity as the 
radius increases when compared to the Case 1 (RU = 0 mm). 
However, the velocity is maximum in Case 5 (RU = 40 mm). 
The overall increase in velocity in the front guide nozzle for 
Case 5 when compared to Case 1 is approximately 4.9 %. 
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Fig. 13 Velocity vector in the rear chamber for Case 1 and Case 5 

 
Fig. 14 Total pressure in the front nozzle and rear nozzle for Case 1 and 

Case 5 

 
Fig. 15 Average velocity in the front guide nozzle for different rear 

chamber upper radius 

Table III highlights the water power and the primary 
energy conversion for Cases 1 to 7. The results indicate that 

by making the sharp corner smooth the water power and 
hence the energy conversion could be increased. Water 
power increases as the fillet radius increases and at RU = 40 
mm (Case 5) maximum power of 37.1 W was obtained. Any 
increase beyond this does not increase or improve the 
energy conversion further.  

The increase in the water power and primary energy 
conversion for Case 5 with respect to Case 1 was 11 %. The 
increase is substantial and shows that by making changes to 
the rear chamber, a favourable flow in the front guide nozzle, 
augmentation channel and in the rear chamber can be 
achieved. The performance of Case 5 with respect to the 
base model (Guide 1) shows an increase of 24 % in the 
water power and first stage energy conversion.  

TABLE III WATER POWER AND PRIMARY ENERGY CONVERSION FOR CASE 1 
TO CASE 7 

Case Water Power 
(W) 

Primary Energy 
Conversion 

1 (Guide 5) 33.5 0.54 
2 34.1 0.55 
3 34.8 0.56 
4 35.4 0.57 
5 37.1 0.60 
6 36.2 0.58 
7 36.0 0.58 

 
Taking Case 5 (RU = 40 mm) as the best model from 

Table III, further design changes were made to the chamber 
that is; the rear bottom wall. The rear bottom was modified 
in similar fashion as the upper sharp corner. Case allocation 



International Journal of Mechanic Systems Engineering                                                                                                       IJMSE 

IJMSE Volume 2, Issue 4 November 2012 PP. 132-140 
- 139 - 

and the corresponding water power are given in Table IV. It 
was observed that the water power decreases appreciably 
when compared to Case 5. For Case 8 to Case 11, making 
the rear bottom wall round had little or no effect on primary 
energy conversion. The power is almost constant throughout.  

The velocity vector in the rear chamber for Cases 5 and 
10 is shown in Fig. 16. The vector is drawn for the same 
instant and shown when water is entering the chamber and 
flowing out of it. Making the rear bottom wall of the 
chamber round does not help to improve the flow at all. The 
size of the re-circulation region at the foot of the chamber in 
fact increases slightly for Cases 8 to 11 and this effect 
reduces the effective head across the front nozzle and the 

rear nozzle dramatically which eventually leads to a 
decrease in water power as governed by Equation 2.  
TABLE IV CASE ALLOCATION AND WATER POWER FOR REAR BOTTOM WALL 

MODIFICATION 

Lower Radius, RL (mm) Case 

 
Water Power 

(W) 
 

0 [Case 5 (RU = 40 mm)] 5 37.10 
40 8 34.46 
80 9 34.27 

120 10 34.62 
160 11 34.62 

 

 
Fig. 16 Velocity vector in the rear chamber for Case 5 and Case 10 

The effect of making the rear bottom wall round is felt 
profoundly in the augmentation channel. The velocity 
recorded at the periphery for Case 5 and Cases 8 to 11 is 
shown in Fig. 17. Cases 8 to 11 recorded lower velocity than 
Case 5. It is very clear from Fig. 17 that making the rear 
wall bottom round actually worsens the performance and 
does not have any advantage. 

 
Fig. 17 Average velocity at the periphery for Case 5 and Cases 8 to  Case 

11 

 Therefore, it can be concluded from this section that 
after making the desired changes, of all the configurations 
tried, Case 5, which consists of Guide 5 and rear chamber 
design with RU = 40 mm and RL = 0 mm performed the best. 
For the base model, the water power and primary energy 
conversion was 29.9 W and 0.48 respectively. After 
carrying out the necessary modifications, the best model 
identified recorded a water power of 37.1 W and primary 
energy conversion of 0.60. This represents an increase of 
24.1% and 25% in the water power and primary energy 
conversion respectively when compared to the base model. 
The results indicate that the primary energy conversion of 
the test model under same wave conditions can be increased 
significantly just by making changes to the geometry. The 
changes made to the front guide nozzle and rear chamber 
helped improve the flow characteristics and primary energy 
conversion of the entire test model. In other words more 
energy is available to the turbine to extract energy from 
given that the efficiency of the turbine remains constant.    
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IV. CONCLUSIONS 

The results indicate that the geometry greatly influences 
the primary energy conversion. Making changes to the front 
guide nozzle and the rear chamber improved the flow 
characteristics and this effect was more profound in the 
augmentation channel. Design of a better front guide nozzle 
helped to improve the flow in the front nozzle. Modifying 
rear chamber design also had positive effect on the flow in 
the augmentation channel as well as in the front guide 
nozzle. The best model identified was Case 5, which 
consisted of Guide 5 and rear chamber design with RU = 40 
mm and RL = 0 mm. For the base model, the water power 
and primary energy conversion was 29.9 W and 0.48 
respectively. On the other hand, the best model recorded a 
water power of 37.1 W and primary energy conversion of 
0.60. This represents an increase of 24.1% and 25% in the 
water power and primary energy conversion respectively 
when compared to the base model.   
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