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Study on Flow Characteristics in an Augmentation Channel of a Direct Drive 
Turbine for Wave Energy Conversion Using CFD  

Deepak Prasad1), Chang-Goo Kim1), Young-Do Choi2) and Young-Ho Lee3)

Abstract : Recent developments such as concern over global warming, depletion of fossil fuels 
and increase in energy demands by the increasing world population has eventually lead to mass 
production of electricity using renewable sources. Apart from wind and solar, ocean holds 
tremendous amount of untapped energy in forms such as geothermal vents, tides and waves. The 
current study looks at generating power using waves and the focus is on the primary energy 
conversion (first stage conversion) of incoming waves for different models. 
Observation of flow characteristics and the velocity in the augmentation channel
as well as the front guide nozzle are presented in the paper. A numerical wave tank 
was used to simulate the waves and after obtaining the desired wave properties; the augmentation
channel plus the front guide nozzle and rear chamber were integrated to the numerical wave tank.
The waves in the numerical wave tank were generated by a piston type wave maker which was located 
at the wave tank inlet. The inlet which was modeled as a plate wall moved sinusoidally with the 
general function, x=asinωt The augmentation channel consisted of a front nozzle, 
rear nozzle and an internal fluid region representing the turbine housing. The 
analysis was performed using the commercial CFD code ANSYS-CFX.  
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Nomenclature

ACS : cross sectional area, m2

Cf : first stage energy conversion factor
cg : group velocity, m/s
cp : phase velocity, m/s
g : acceleration  due to gravity, 9.81 m2/s
h : water depth, m
H : wave height, m
H0i : cross sectional height at section i, m
△H : head difference, m
L0 : front guide nozzle length, m
PAvail : available power, W
PWP : water power, W
PWave : wave power, W
Q : volume flow rate, m3/s
t : period, s
V: volume, m3

WG : front guide nozzle inlet width, m
W0i : cross sectional width at section i, m
△Y : rear chamber water level difference, m
ρ : water density, 998 kg/m3

λ : wavelength, m

★

1. Introduction
 The need of utilizing renewable energy is more 

important now as fossil fuels become increasingly 

expensive and is depleting at a remarkable rate 

with increasing world population. The solution to 

this problem is to utilize and harness energy from 

renewable sources such as wind, solar and ocean. 

Apart from wind and solar resources, the ocean 

contains vast amount of energy. Ocean contains 

energy in form of thermal energy and mechanical 

energy: thermal energy from solar radiation and 

mechanical energy from the waves and tides. 

However, power generation utilizing waves is 

presented in this paper.

Waves are created by wind and effectively store 

the energy for transmission over great distances. 
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As the wind blows, pressure and friction forces 

perturb the equilibrium of the ocean surface. 

These forces transfer energy from the air to the 

water, forming waves [1]. 

Wave energy is most consistent of all the 

intermittent renewable energy sources and 

contains vast amount of energy. The distinctive 

advantage of wave power is the large energy fluxes 

available and the predictability of wave 

conditions over a certain time span. There is 

about 1-10 TW of wave energy in the entire ocean 

[2].  

There are a number of devices that can be used 

to capture the wave energy [3,4]. Energy devices 

or sometimes called energy converters are used to 

extract the power present in the waves and then 

convert it to electrical energy. Wave power 

devices are generally categorized by the method 

used to capture the energy of the waves. They can 

also be categorized by the location and power 

take-off system but this study aims at a Direct 

Drive Turbine (DDT) for such an application. The 

DDT in this case is simply a cross flow turbine 

which possesses many advantages; apart from cost 

effectiveness and ease of construction, it is also 

self cleaning, there is no problem of cavitation 

and its efficiency does not depend much on the 

flow rate compared to other types of turbine [5]. 

It is important to highlight that only flow 

characteristics are studied in the present study 

without the direct drive turbine. The purpose is 

to see how varying the front guide nozzle 

divergence angle and front guide nozzle shape 

affects the available water power and hence the 

first stage energy conversion. In addition to 

this, flow phenomenon such as flow separation and 

vorticity are also part of this paper. The entire 

model that is solved by a commercial CFD code 

ANSYS-CFX includes the turbine section (front 

guide nozzle, augmentation channel and the rear 

chamber) and the NWT.     

2. Numerical Method
UniGraphics NX 4 software was used for 3D 

modeling of the components. the length, width and 

height of the numerical wave tank was 15m, 1m and 

1.5m respectively as shown in Fig. 1.The bold lines 

in Fig. 1 shows the moving mesh section. Figure 2 

shows the turbine section which consists of the 

augmentation channel, front guide nozzle and the 

rear chamber. The dimensions of the spiral wall 

augmentation channel is given in Fig. 3a. The 

length of the channel is 700 mm and it is also has 

a width 700 mm. Figure 3b shows the two different 

front guide nozzles, the portion in bold line shows 

the front guide with a divergence angle,  α = 7° 

and the thin line for α = 0°.    

Fig. 1  Dimension for the wave tank and the turbine 
section.

Fig. 2  Turbine section showing various components.

Fig. 3  Dimension for the spiral wall augmentation 
channel (a) and standard front guide nozzle 

configuration (b).

The front guide nozzle inlet width is denoted by 

WG. For α = 7° and  α = 0, WG was 870 mm and 700 

mm respectively. After obtaining which front guide 

nozzle divergence angle was best the standard 

front guide nozzle was modified. Figure 4 shows the 

four other front guide nozzle configurations. The 

inlet to outlet area ratio was kept constant at 3. 

Table 1 shows the case allocation and now onwards 

will be used in the results and discussion section.  
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Fig. 4  Guide 2 (a), Guide 3 (b), Guide 4 (c) and 
Guide 5 (d).

Table 1  Case allocation.

Model Case

0°Standard Guide 1

7°Standard Guide 2

Guide 2 3

Guide 3 4

Guide 4 5

Guide 5 6

Meshing for all the parts was done in ANSYS  

ICEM – CFD software. For grid generation, 

hexahedral volume meshes were used. The hexahedral 

grids are used to ensure that the obtained results 

are of highest quality that is, high accuracy. Fig. 

5 shows the grid generation for the respective 

components. The total nodes and elements are 

500,000 and 462,000 respectively for all the  

cases.

For the numerical analysis of the entire model 

(Numerical Wave Tank plus the Turbine Section), a 

commercial code ANSYS – CFX was adopted. k – 

Epsilon model was used as the turbulence model 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 as shown in Fig. 1. The inlet of the 

moving mesh section was modeled as a wall. The wall 

was assigned a specific displacement which was 

sinusoidal motion, as given by x=asinωt. 

The side walls and the bottom walls for this 

section were 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 modeled as walls where 

no-slip boundary conditions are 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 were at atmospheric pressure. Lastly, 

appropriate interface regions were created.

Fig. 5  Grid generation  (a) turbine section, (b) 
spiral wall augmentation channel, (c) Guide 2 and 

(d) Guide 5. 

3. Results and Discussion
The water power, PWP was non dimensionalized with 

the available power, PAvail at the front guide 

nozzle inlet, refer to equation 8. To calculate  

wave power, equations 1 to 4 were used. For the 

given period t, there are two oscillations in the 

rear chamber that is, the water level rises to a 

maximum and then falls to a minimum so displacing 

twice the volume and that is why multiplying ΔY by 

2 in equation 6. 
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The velocity contour in the numerical wave tank 

is shown in Fig. 6. As expected high energy flow is 

concentrated at the surface. The energy decreases 

with increasing depth. The water depth, wave 

height, wavelength and the wave period were 0.75m, 

0.23m, 6.80m and 2.5s respectively. Using the 

above parameters the wave power, PWave was 71.2 W/m.

Fig. 6  Velocity contour in the wave tank. 

Fig. 7  Average velocity in the front guide nozzle 
for case 1 and 2 in the XZ plane at y=0.

Since the front guide nozzle is symmetric about 

the x-axis, monitoring points were assigned to 

half the section as shown in Fig 7. z/Woi = 0 is the 

centre and z/Woi = 1 is a point on the sidewall. The 

results show that having the front guide nozzle 

divergent is advantageous. The velocity recorded 

for case 2 (7°Standard Guide) is 10% higher than 

that in case 1 (0°Standard Guide). It is also seen 

that the velocity at the front guide nozzle inlet  

drops by 55% of that recorded in the wave tank.  

This is due to the flow resistance offered by the 

augmentation channel which forces the 

incompressible flow to divert away from the 

channel. However, the velocity gradually increases 

towards the front guide nozzle exit. 

Water power recorded for Case 2 was 29.9 W and 

for Case 1 it was 24.1 W which corresponds to an 

increase of 19%. However, the primary energy 

conversion remained the same. We are just 

increasing the wave front power by making the front 

guide divergent which results in the increase in 

the water power for case 2. It is important to note 

that increasing the divergence angle will not 

necessary increase the water power because beyond 

certain angle of divergence, flow separation will 

occur which will eventually lead to decrease in the 

water power.  

Fig. 8  Velocity vector in the front guide nozzle  
for Case 3 (a), Case 4 (b), Case 5 (c) and Case 6 

(d).

Using Case 2, further modifications were made in 

terms of front guide nozzle shape. The aim is to 

see how varying the front guide shape affects the 

flow characteristics in the augmentation channel 

and the water power and hence the primary energy 

conversion. Figure 8 shows the velocity vector in 

the front guide nozzle of Cases 3 to 6. It is 

recorded for the same time instant. For Cases 3, 5 

and 6, re-circulation region is observed in 

section A. This draws the flow downwards and hence 

higher velocity is recorded. However, for Case 4 

re-circulation is seen near the bottom wall at 

section B and this diverts the flow upwards. In 

Guide 5 (Case 6) the flow converges smoothly at the 

front guide nozzle exit. The flow is observed to be 

better in Guide 5. 
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Fig. 9  Average velocity in the front guide nozzle 
for Cases 2 to 6.

The average velocity in the front guide nozzle 

for Cases 2 to 6  is shown in Fig. 9. x/Lo = 0 is 

the at the front guide nozzle inlet and x/L o= 1 is 

at the exit. The results show the gradual velocity 

increase in the guide nozzle. The highest velocity 

is recorded in Guide 5 while the lowest is observed 

in Guide 4. Case 2 is the 7°Standard Guide. Figure 

10a to 10 c shows the velocity recorded at section 

4 to section 6 in the front guide nozzle in the XY 

plane at z = 0. y/Hoi = 0 the point on the lower 

wall while y/Hoi = 1 is the point on the upper wall.  

Fig. 10a  Velocity in the front guide nozzle for 
Cases 2 to 6 at section 4.

Looking at the velocity at section 4 and 5, the 

velocity recorded near the upper wall is higher 

than that recorded near the lower wall. For section 

4 the velocity changes dramatically from y/Hoi = 

0.35 and for section 5 it occurs at y/Hoi = 0.25. At 

front guide nozzle exit, that is section 6, the 

velocity near the centre, y/Hoi = 0.5 is lower than 

that recorded at the outer walls. This is due to 

Fig. 10b  Velocity in the front guide nozzle for 
Cases 2 to 6 at section 5.

Fig. 10c  Velocity in the front guide nozzle for 
Cases 2 to 6 at section 6.

the re-circulation region as described earlier  

in Fig. 8. However, higher velocity is again 

recorded near the upper wall than the lower wall. 

The results highlight that Guide 5 performs the 

best. The velocity recorded in Guide 5 (Case 6) is 

13% higher than the 7°Standard Guide (Case 2). For 

Case 5 the velocity is 9% higher, for Case 3 it is 

5% higher and for Case 4 there is a 8% reduction 

when compared to the velocity recorded in the 

7°Standard Guide (Case 2). 

The effect of front guide nozzle shape on the 

flow in the augmentation channel more specifically 

in the front nozzle is shown in Fig. 11. It is 

interesting to see that the velocity recorded at 

the periphery for Case 4 is higher than Case 2 and 

Case 3. If you refer to Fig 10a to 10c one would 

see that the velocity in Guide 3 (Case 4) was lower 

than that recorded in Case 2 and Case 3. The 

highest velocity is recorded in Case 6. it 

corresponds to an increase of 7% when compared to 

Case 2. For Case 5 its 4% and for Case 4 its is 2% 

higher than Case 2. There is a reduction of 2% for 

Case 3 when compared with Case 2.  
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Fig. 11  Average velocity recorded at the periphery 
of the front nozzle for Cases 2 to 6.

Figure 12 shows the velocity vector in the 

spiral wall augmentation channel when water is 

flowing into the channel. Vortices is seen at 

region A and B. Near region 2 low velocity flow is 

observed. When water is flowing out of the channel, 

re-circulating flow is seen in region C and D. The 

flow direction changes every 1.25s. The rear 

spiral wall ensures that the water eneters 

smoothly and with uniform acceleration. Previous 

study conducted highlighted the advantages of the 

rear spiral wall. 

Fig. 12  Velocity vector in the spiral wall 
augmentation channel.

The key performance parameters for the cases  

are given in table 2. The highest water power is 

recorded in Case 6. It is 13% higher than that 

recorded in Case 2. For Case 5 it is 9% and for 

Case 4 it is 2% higher than Case 2. For Case 3 

there is a reduction of 16% in the water power. 

Using Guide 5 (Case 6) the primary energy 

conversion (first stage energy conversion) is 

increase from 0.48 for Case 2 to 0.55. This 

corresponds to an increase of 14.58%. 

Table 2  Performance parameters.

Case
Water 

Power (W)

First stage energy 

conversion factor (cf)

1 24.1 0.47

2 29.9 0.48

3 25.2 0.41

4 30.5 0.49

5 32.6 0.53

6 33.8 0.55

4. Conclusion
The effect of front guide nozzle divergence 

angle and front guide nozzle shape on flow, the 

water power and the first stage energy conversion 

(primary energy conversion) was investigated in 

the present study. The results indicate that using 

Guide 5 (Case 6) higher water power and primary 

energy conversion can be achieved. The water power 

and the first stage energy conversion for Case 6 

was 13% and 14.58% higher than Case 2 respectively. 

The velocity recorded in Guide 5 was 13% higher 

than that recorded in Case 2 and the velocity at 

the periphery was 7% higher too. Making the front 

guide divergent increases the wave front power and 

hence the water power recorded increases. For  
7°Standard Guide (Case 2) the water power is 19% 

higher than 0°Standard Guide (Case 1). However, 

the primary conversion remains almost the same. 
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