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INTRODUCTION 

Electricity is one of the primary sources of energy that is important to humankind. However, for years the consumption 

of electricity worldwide has increased dramatically [1]. For a developing country such as Malaysia, the demand for 

electrical energy will keep on growing. Since 80% of Malaysia’s power are generated from a non-renewable source such 

as coal and natural gas [2], the Malaysian government has been directing their interest and focus on renewable energy 

research. 

There are a few renewable energies that are available in the country. Most of them are generated from photovoltaics 

which is the highest contribution of the renewable energy mix. The downside of solar energy is that it needs solar radiation 

to produce electricity and solar radiation is not available 24 hours of the time. This is why this paper is more focused on 

ocean renewable energies, specifically tidal energy. Tidal energy is a source of energy that is generated from the 

gravitational effect of the sun and the moon. Since tides are a phenomenon that is very predictable and continuous, tidal 

energy has a great future in the renewable energy sector. On account of the tidal forces, there are three types of tidal 

cycles, particularly Semi-diurnal, Mixed and Diurnal. The formation of these cycles is highly dependent on the position 

of the moon and sun [3]. 

In the tidal energy industry, several technologies can be used to harness the kinetic energy produced by the movement 

of water, for instance, dynamic tidal power, tidal lagoon, tidal barrage, and tidal turbine [3]. A tidal turbine is a technology 

that closely resembles wind turbine technology. The major difference between the two technologies is that the density of 

the fluid used and the environment. Horizontal Axis Tidal Turbine (HATT) and Vertical Axis Tidal Turbine (VATT) are 

two major turbine designs that are employed to harness the kinetic energy from the tide for specific applications. Since 

HATT has proven to be more efficient in deep water tidal harnessing, many studies in the European region are 

concentrated on the HATT design. As for VATT design, this turbine's technological advancement is not yet matured 

compared to HATT because VATT is mainly deployed for shallow depth areas. Nonetheless, as VATT is a bi-directional 

turbine, it can rotate at any flow direction. It does not need an extra tool to navigate the blades towards the water flow 

direction [4]. Since Malaysia’s open water can be categorised as shallow, this study will concentrate on the VATT design 

for use in shallow water conditions [5]. 

ABSTRACT – Towards  modernisation of the technological era, electricity demands have been an 
issue. Although the supply of electrical energy from the renewable sources are increasing, it is still 
not sufficient to offset the carbon production. Malaysia as a developing country needs ample of 
supply of electrical energy. As most of the current electrical energy for the country are being 
produced by non renewable sources, the Malaysian government have started looking into 
renewable options to produce electrical energy. There are various sources of energy that are 
available in Malaysia such as solar, natural gas, petroleum, ocean energy and many more. This 
paper is focused on the tidal energy which is an ocean energy that can produce electrical energy 
by using the power of tide. This research explores the hybrid turbine design which is a type of 
vertical-axis tidal turbine that combines two distinct type of devices, namely Savonius and H-
Darrieus turbines. Hybrid turbine is useful as it helps to overcome the limitation of individual turbine 
and also be able to produce energy at a low water velocity. Numerical analysis is employed to 
investigate the wake recovery behaviour and turbulent mixing due to the positioning of the device 
using Ansys CFD Fluent. By understanding the general wake characteristics produced by each 
device, proper planning can be done to configure these devices in an array for future planning. The 
simulation result shows that the hybrid turbine utilising NACA0015 and NACA0018 with nested 
configuration demonstrates faster velocity recovery compared to NACA0021. The turbulence wake 
results also provides a promising output which shows the acceleration of flow at the downstream 
region for hybrid nested NACA0015 and NACA0018 are more narrow compared to NACA0021. 
The result of this simulation has also been validated with published data. In a nutshell, the NACA 
blade design not only affects the performance of the turbine but can also influence the velocity 
recovery downstream of the device. 
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A nested turbine or a hybrid turbine is a type of VATT design that consists of two standalone turbines, which are  

H-Darrieus and Savonius turbines. This combination of two VATT devices is designed to overcome each of the turbines’ 

limitations. Savonius is known for its low efficiency while H-Darrieus is known for its low starting speed. Another 

challenge for this standalone turbine design is that it can lower the upstream velocity significantly after passing by the 

turbine [4]. A nested turbine is also known as a low-speed current turbine since it can generate power from a relatively 

slow-moving flow. Correspondingly, since the average current flow for Malaysia’s open water is about 0.6m/s [6], a 

nested turbine is the ideal turbine choice to be implemented for possible energy extraction from the tides. 

This paper aims to provide an understanding of the design of a nested hybrid turbine that can influence the wake and 

the velocity recovery of the device in shallow and low-speed water conditions. Additionally, this paper also would like 

to explore the difference in the turbulent wake characteristics between the hybrid nested turbine and hypothetical cylinder 

which is used as a representation of a standalone turbine. 

 

Darrieus Turbine 

Darrieus turbine is a vertical type of turbine which utilises the lift force acting on the airfoil blades. The Darrieus will 

rotate opposite to the fluid direction which will generate aerodynamic force. There are few types of Darrieus turbines 

which are Phi rotor, J-Darrieus , Helical Darrieus and H-Darrieus. By looking at all their advantages and disadvantages, 

H-Darriues turbine design is the best option to be used in this hybrid nested turbine because of its simple design and 

having a low manufacturing cost compared to the other Darrieus turbines [7, 8]. Figure 1 shows the working principle of 

H-Darrieus.  

 
Figure 1. Working principle of H-Darrieus turbine 

 

For the H-Darrieus turbine design, the most critical part that will contribute to the turbine's performance is the airfoil 

design. There are a few airfoil designs on deck, which are NACA 4-digit, S-series, A-series and FX-series. Usually, most 

of the blade designs will use NACA 4-digit series. There are two types of 4-Digit series, which are symmetrical and non-

symmetrical designs as shown in Figure 2. The most common and less complex design will be the symmetrical 4-Digit 

series. Moreover, these NACA 4-digit series are very common for wind turbine construction [9]. 

 
Figure 2. Symmetrical and non-symmetrical airfoil design 

 

Another parameter that can influence the performance of the H-Darrieus turbine is the length of the airfoils or the 

chord length. Increasing the length of the airfoil will improve the Reynolds number; however, this action will reduce the 

efficiency of the blade. Additionally, the solidity of the turbine will also increase, thus affecting the turbine's peak 

performance [10]. The solidity of the turbine is increased by increasing the chord length of the NACA blade and 

decreasing the number of blades of the H-Darrieus turbine [11]. Figure 3 shows the chord length diagram of the airfoil.  
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Figure 3. Chord length of the airfoil 

 

Savonius Turbine 

Savonius turbine is a vertical turbine that has a very simple design and uses the drag force from the fluid to rotate the 

device. The conventional design of the Savonius turbine consists of two half bucket blades mounted on the same axis to 

create an s-shape turbine design, as illustrated by Figure 4 [12].   

 

 
Figure 4. Conventional Savonius turbine with endplate design [12] 

 

In order to increase this conventional Savonius turbine performance, there are a few parameters that can be modified 

and changed. The easiest modification that can be done is by increasing the gap ratio between the two blades. This 

modification helps the turbine to reduce the pressure acting on the head of the turbine. Besides that, it can also increase 

the torque performance of the turbine. 

 However, there are certain limits to the gap ratio. If the gap ratio is too much, the overall performance of the turbine 

will drop. This is because the fluid flow will change the direction of attack, which affects the returning blade of the 

turbine. Several studies had been conducted to identify the optimal gap ratio of the turbine [12]. The best range of the gap 

ratio between the blade is proposed to be between 0.2-0.25[6], but another study done by Yaakob Omar suggested that 

the Savonius turbine will have the best average torque at 0.1362Nm by using a gap ratio of 0.21 [6]. 

Other than that, adding endplates to the ends of the Savonius turbine also helps to increase the Savonius turbine's 

performance as shown in Figure 5. The purpose of the endplates is to overcome the problem of pressure difference and 

fluid leaking out. The endplates will maintain the constant drag force acting on the turbine, which helps in the performance 

of the turbine. Patel et al had experimented by adding endplates to the turbine and they reported significant improvements 

in the power coefficient of the turbine. Turbines with endplates demonstrated an overall improvement of about 80% 

compared to the turbine without endplates [13]. 

The starting performance of a conventional Savonius turbine is slower compared to other vertical turbines. In order to 

improve the starting performance of the turbine, the number of stages needs to be increased. By increasing the number of 

stages, the static torque will decrease; hence, the starting capability and performance of the turbine will also increase [14]. 

Figure 5 shows the double stages Savonius design with endplates.  
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Figure 5. Double Stages Savonius with endplates 

 

Hybrid Turbine 

A hybrid turbine design is a combination of two turbines. In this case, Savonius and Darrieus turbines are used as a 

variety of hybrid turbines. Savonius is a drag base turbine and it has a high starting torque. The downside of the Savonius 

turbine is that it has low efficiency. As for the H-Darrieus turbine, it is a lift base turbine and it has high efficiency. 

However, the Darrieus turbine has a poor starting torque. Therefore, combining these two turbines, can help to solve each 

turbines’ disadvantages. Moreover, it can also produce power at a lower flow speed. There are a few combinations that 

can be done by using these two turbines, such as, by mounting the Savonius turbine on top or below the H-Darrieus 

turbine. Another option is by mounting the Savonius turbine in the middle of the H-Darrieus turbine, which is called as a 

nested turbine. The arrangement of Savonius turbine on the top or below the H-Darrieus turbine can generate unwanted 

vibration due to the length of the device. In order to avoid this issue, these two devices can be combined in a nested form 

which able to reduce the unwanted vibration and also generate higher power coefficient at a low speed [15,16]. Figure 6 

illustrates the hybrid nested turbine.  

 

 
Figure 6. Hybrid turbine in nested form 
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Figure 7. Comparison of the power output of three vertical turbines [17] 

 

Figure 7 shows the graph of the power output produced by each vertical turbine from an experimental study. The 

hybrid turbine starts to generate power output at a slower speed than the Savonius and Darrieus turbines at 0.2m/s. The 

maximum power output for the hybrid turbine occurs at the speed of 0.8m/s at 21.3 watts. As for the Darrieus and Savonius 

turbines, the power starts to generate at 0.3m/s and the maximum power output for the Darrieus turbine is 19 watts at a 

maximum speed of 0.7m/s. Savonius turbine will achieve its peak performance at 1.0m/s with a power output of 2.13 

watts. From the power output graph, the hybrid turbine peak performance range is from 0.6m/s to 0.8m/s. The hybrid 

turbine will not reach its peak performance at a higher speed due to its limitation of design [17]. 

 

Efflux Velocity Distribution Equation of Tidal Turbine 

As illustrated by Figure 8, a turbine wake can be divided into two regions, which is near wake and far wake. Near 

wake is defined by the downstream position 1D behind the turbine, where D refers to the device diameter. Far wake, 

meanwhile, is defined as a location further away across the downstream of the turbine. The formation of the wake is due 

to the velocity difference or the transfer of kinetic energy from high-velocity flow to low-velocity flow, which is known 

as turbulent mixing. The term efflux velocity can be defined as minimum velocity from the average time and downstream 

domains: the efflux velocity can help to determine the velocity deficits at the downstream region [18].  

 

 

Figure 8. Turbulent mixing downstream [19] 

 

Derivation of Velocity Equation of Tidal Turbine Wake 

The wake properties can be solved by taking Eq. (1) which is the Gaussian probability distribution equation into 

consideration and applying it to the velocity deficit downstream of the device as proposed [18]. From Eq. (1), 𝑉𝑥,𝑟  is the 

lateral direction of the velocity, 𝑉𝑚𝑎𝑥 is the maximum lateral distribution velocity in m/s, 𝐷𝑜𝑟  is the diameter of the 

orifice,𝑉∞ is the free stream velocity in m/s and 𝜎 is the standard deviation of the velocity for the lateral plane. Then, by 

substituting 𝐶𝑥 (constant velocity in x direction) for 𝜎 and changing r (radial distance), Eq. (1) is then evolved into  

Eq. (2) [18].  

𝑉𝑥,𝑟
𝑉𝑚𝑎𝑥

= 𝑒
[−(

𝑟2

2𝜎2
)]

 (1) 
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𝑉𝑥,𝑟
𝑉𝑚𝑎𝑥

= 𝑒

−

(

 
 
(𝑟+𝐶𝑥−(

𝐷𝑜𝑟
2
))

2

2(𝐶𝑥)2

)

 
 

 

(2) 

  

𝑉𝑥,𝑟 = 𝑉∞{1 − 𝑒
[−(

𝑟2

2𝜎2
)]
} (3) 

  

𝑉𝑥,𝑟 = 𝑉∞ − {𝑉∞ − 𝑉min}𝑒
[−(

𝑟2

2𝜎2
)]

 (4) 

 

By changing the exponential to negative terms, Eq. (3) is achived. Thus, 𝑉𝑚𝑖𝑛 is taken into consideration by adding it into 

the formula to get Eq. (4). 

𝑉𝑥,𝑟 = 𝑉∞ − {𝑉∞ − 𝑉min}𝑒
[−(

(𝑟+𝐶𝑥−(
𝐷𝑡
2
))

2

2(𝐶𝑥)2
)]

 

 

(5) 

  

𝑉𝑥,𝑟 = 𝑉∞ − {𝑉∞ − 𝑉min}𝑒
[−(

(𝑟+0.081𝑥−(
𝐷𝑡
2
))

2

2(0.081𝑥)2
)]

 

 

(6) 

 

Next, by substituting 𝐶𝑥 for 𝜎 then replacing r with the potential terms, the final velocity distribution is achieved as 

shown in Eq. (5). Taking 𝐷𝑡  as the turbine diameter, assuming x/𝐷𝑡  = 6.2 and by substituting C (lateral velocity 

distribution constant) as 0.08, that will give us Eq. (6). This derivation of tidal wake characteristics is similar to the one 

proposed for a propeller jet [18]. 

 

Steady-State Reynolds-Average Navier-Stokes Equation (RANS) 

RANS model is an equation that computes the average flow of fluid in an incompressible manner. The simulation that 

uses RANS will have faster simulation time compared to Large Eddy Simulation (LES). However, the downside of RANS 

is that it cannot compute flow in more accurate manner such as LES. Additionally, LES can detect variation of unsteady 

flow and capture more detail results in the near wake condition. The limitation of LES is the requirement of computation 

power and the time taken for the simulation process[20, 21]. Equation (7) displays the steady-state RANS formulation; 

 

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅̅ ̅) = −

𝜕�̅�

𝜕𝑥𝑖
+ 

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑢�̅�
𝜕𝑥𝑗

+ 
𝜕𝑢�̅�

𝜕𝑥𝑖
−
2

3
𝛿𝑖𝑗
𝜕𝑢�̅�
𝜕𝑥𝑙
)] +

𝜕

𝜕𝑥𝑗
(−𝜌𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ ̅) (7) 

 

Where the,�̅� is the velocity in time average, �̅� is the average pressure, �̅� is the average fluid density, 𝜇  is the fluid 

viscosity and −𝜌𝑢𝑖
′𝑢𝑗
′̅̅ ̅̅ ̅̅ ̅ is the Reynolds stress.  

 

Standard k-epsilon Model  

A standard k-epsilon model is typically used for turbulent modeling in any flow simulation. It is a powerful and robust 

equation that can be used in a vast range of engineering problem. The equation can also produce accurate simulation 

results with less computational power [21]. The transportation equation for k and 𝜀 are derived as follows:  

 

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢�̅�) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡
𝜎𝑘
)
𝜕𝜀

𝜕𝑥𝑗
] + 𝐺𝑘 − 𝑌𝑘 (8) 

  

𝜕

𝜕𝑥𝑖
(𝜌𝜀𝑢�̅�) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡
𝜎𝜀
)
𝜕𝜀

𝜕𝑥𝑗
] + 𝐺𝜀 − 𝑌𝜀 (9) 

 

Where k is the turbulent kinetic and 𝜀 turbulent dissipation, 𝜇𝑡 is the eddy viscosity. Equations (8) and (9) show the 

turbulent Prandtl number which is the 𝜎𝑘 and 𝜎𝜀. Next is the turbulent kinetic energy equation that is compatible with 

Boussinesq hypothesis;  

𝐺𝑘 = 𝜇𝑡𝑆
2 (10) 

 

S in the equation is defined by the average rate-of-strain tensor;  

 

𝑆 =  √2𝑆𝑖𝑗𝑆𝑖𝑗  (11) 
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𝑆𝑖𝑗 = 
1

2
(
𝜕𝑢�̅�

𝜕𝑥𝑖
+
𝜕𝑢�̅�
𝜕𝑥𝑗
) 

 

(12) 

 

 𝑌𝑘 is the dissipation of kinetic energy generated by the turbulence flow; 

 

𝑌𝑘 =  𝜌𝜀 (13) 

 

Then dissipation of 𝐺𝜀 , 𝜀 and 𝑌𝜀 are explained as:  

 

𝐺𝜀 = 𝐶1𝜀
𝜀

𝑘
(𝐺𝑘) (14) 

𝑌𝜀 = 𝐶2𝜀𝜌
𝜀2

𝑘
  

 

The turbulent viscosity is computed from the k and 𝜀 with a constant value of 𝐶1𝜀 and 𝐶2𝜀; 
 

𝜇𝑡 =  𝜌𝐶𝜇
𝑘2

𝜀
 (15) 

 

From Eq. (15) and considering 𝐶𝜇 is constant, then, the remaining variables used for the standard k-epsilon models 

equation are summarised as in Table 1 [21]: 

 

Table 1. Constant variable for k-epsilon models 

Constant Value 

𝐶1𝜀 1.44 

𝐶2𝜀 1.92 

𝐶𝜇 0.09 

𝜎𝑘 1.0 

𝜎𝜀 1.3 

 

METHODOLOGY 

The initial step of this research is to gather information about types of tidal turbines, specifically on vertical tidal 

turbine design. A hybrid nested turbine requires a few geometrical parameters to be set, as this turbine design involves 

two vertical turbines, namely Savonius and H-Darrieus. The first parameter to be studied is the NACA blade design on 

the nested hybrid turbine. The turbine CAD models were designed and drawn by using SolidWorks, while the numerical 

simulation used was Ansys CFD Fluent [22]. The simulation data was then transferred to Matlab for post-processing step. 

Then, the results were validated with published data from a study conducted by Harrison et al. [27]. Figure 9 shows the 

reasearch flow chart for this study.  

 
Figure 9. Research work flow for this study 
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Design of H-Darrieus Turbine 

Three airfoil designs were used for the simulation, which are NACA0015, NACA0018 and NACA0021 symmetric 

geometry as shown in Figure 10. These airfoil designs come under the 4-digit NACA series category. These series are 

commonly used in wind turbine operations. Their manufacturability is also more simple compared to other NACA blade 

series. The turbine design will have different thicknesses in terms of blade geometry. Although a thicker blade will 

produce more drag force, it also will help to increase the lift force on the turbine. Table 2 displays the design parameters 

used for H-Darrieus turbine in this study.   

 
Figure 10. (a) H-Darrieus turbine design and (b) NACA blade design 

 

Table 2. H-Darrieus design parameters 

Parameters Details/values 

Type of blade NACA0015, NACA0018, NACA0021 

Number of blades 4 

Chord length 1000mm 

Height 5000mm 

Diameter 5000mm 

Struts length 2449.49mm 

Height and diameter ratio Ø 1 

 

Design of Savonius Turbine 

Since the conventional design of the Savonius turbine is not efficient for power extraction, few modifications can be 

done to the Savonius turbine in order to increase the performance. One modification done was by adding endplates to the 

turbine to increase the rotating power in producing more mechanical torque. Additionally, the number of stages was 

increased by one to help the turbine improve its self-starting capability. Figure 11 and Table 3 illustrate the geometrical 

design and parameters used for the Savonius turbine in this study.   

 
Figure 11. Double stage Savonius turbine 
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Table 3. Savonius design parameters 

Parameters Details/values 

Turbine height 3020mm 

Turbine diameter 2000mm 

Shaft diameter 200mm 

Nominal diameter of blade 1507.5mm 

Radius of each blade 376.88mm 

Number of blades 2 

Number of stages 2 

Overlap ratio 0.2 

Endplate ratio 1.2 

Aspect ratio 2.0 

Phase shift 90˚ 

 

Hybrid Nested Turbine  

Figure 12 shows the combination of hybrid turbine (Savonius and H-Darrieus) using the nested combination. Based 

on previous studies, this combination of hybrid turbine should be able to reduce the vibration and also increase the power 

coefficient. However, the downside of this combination is that it produces less electricity [23].  

 

 
Figure 12. Hybrid turbine in nested combination 

 

CFD Domain Dimension 

 
Figure 13. Domain dimension of CFD simulation (Side View) 

 

Figure 13 shows the domain size used for the CFD Fluent simulation in Ansys. As displayed in Figure 13, the gap 

used for the top and bottom of the turbine is about 15m, and the downstream domain is about 65m [24]. Since this study 

focuses on the turbulent mixing and the velocity deficits of the turbine design, the downstream domain needs to be longer, 

which is set at 65m to investigate the turbulent mixing. 
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Meshing Configurations 

Figure 14 (a) shows the meshing result of the outer boundary wall of the turbine and Figure 14 (b) displays the turbine 

meshing which is located in the inner domain walls. The size of the meshing used was set to fine, where the average 

domain elements were roughly about 1.4m. More importantly, the minimum element size was about 0.015m, which is 

predominantly located near the turbine. Setting the mesh size to fine should be able to generate a result that is more 

accurate and stable. When the meshing size is fine, the computed variables can travel from one node to another node 

quickly and more accurately. The generated mesh employed tetra elements that are suitable for complicated design. The 

hybrid turbine model consists of complex geometries such as the NACA blade design and double stage Savonius turbine. 

The meshing was done by using the default setting in ANSYS which helped to generate the most compatible element size 

for the domain and turbine. The meshing generated was good enough to run the simulation with low skewness values 

[25]. Additionally, the element size cannot be set to be smaller than the current setting due to constraints in computational 

resources.  

 

 
(a) 

 

 
(b) 

Figure 14. (a) Domain meshing (enclosure of the turbine) and (b) Hybrid nested turbine meshing 

 

Study Parameters 

Table 4 displays the parameters that are imposed in the simulation process based on the literature. The viscosity and 

seawater density is taken from the average water temperature value at 27 ℃ [26]. The lower velocity value is based on 

Yaakob Omar’s study, where the average velocity of Malaysia’s open water was stated to be at 0.6m/s [6] while the higher 

speed current velocity was gathered from A. Bakri [24]. Next, the k-epsilon model was employed because of its 

robustness, requires less computational power and the equation generated by the model is usually used for the initial 

simulation study. The second-order equation, known as a linear equation that can capture more physical data compared 

to the first-order equation, was chosen for its accuracy and computational time. 
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Table 4. Parameters for simulation setup 

Parameters Details/values 

Viscosity 0.00092 𝑁𝑠/𝑚2 

Velocity 0.6m/s & 1.0 m/s 

Seawater density 1023 𝑘𝑔/𝑚3 

Turbulence Models k-epsilon 

Equation Second-order 

 

Extraction of Velocity Results 

Figure 15 demonstrates the positioning of the slicing performed on the domain for data extraction. The data was 

extracted at 5D, 7D and 9D positions downstream of the device [27]. The ‘D’ on slicing refers to the diameter of the 

turbine. For instance, the 5D represents 5 multiplied by the diameter of the turbine (which is 5 meters) which gives us a 

distance of 25 meters behind the device. Table 5 shows the extraction distance to be used for plotting the wake velocity 

recovery based on the lateral position of the domain.  

 

 

Figure 15. Location of slicing for data extraction in the domain  

 

Table 5. Slicing position for plotting wake recovery velocity 

Slicing Distance 

5D 25 meter 

7D 35 meter 

9D 45 meter 

 

SIMULATION RESULTS 

Two comparison studies are presented and discussed in this section which is the influence of different current 

velocities used (i.e. 0.6m/s and 1.0m/s) and also a comparison between hypothetical actuator cylinder and three hybrid 

nested turbines that employ NACA0015, NACA0018 and NACA0021 respectively. All CAD models are set to have the 

same diameter and height, which is 5 meters for both height and diameter as illustrated in Figure 16.  

 

Figure 16. (a) Hybrid nested turbine (b) Hypothetical actuator cylinder [24] 
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Wake Turbulence for 0.6m/s 

Figure 17,18,19 and 20 demonstrate the turbulent mix of a hybrid nested turbine with different NACA blade designs 

and hypothetical actuator cylinder. For the hybrid nested turbine, NACA0021 generates a bigger deceleration of flow at 

the upstream region followed by hybrid nested NACA0015 and NACA0018. On the other hand, a hypothetical actuator 

cylinder shows a smaller deceleration at the upstream region than a hybrid nested NACA0021 turbine. 

For the downstream region, where the turbulent mixing will occur, hybrid nested using NACA0015 and 0018 display 

a more narrow turbulent mix compared to hybrid nested NACA0021. This shows that the kinetic energy from the high-

velocity flow is transferred faster to the low kinetic energy for the low velocity for the hybrid nested NACA0015 and 

0018. Hence, the acceleration of the momentum for hybrid nested NACA0021 is slower than hybrid nested NACA0015 

and 0018. The reason for this occurrence is due to the blade design of NACA. NACA0015 has better aerodynamic 

efficiency and NACA00018 has a better starting capability than NACA0021 [28]. As for the cylinder, the turbulent mix 

at the downstream region is not as accurate as in the turbine models, but it still shows a small amount of mixing.   

 

 

Figure 17. Hybrid nested NACA0015 at 0.6m/s velocity 

 

 

Figure 18. Hybrid nested NACA0018 at 0.6m/s velocity  
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Figure 19. Hybrid nested NACA0021at 0.6m/s velocity 

 

 

Figure 20. Hypothetical cylinder at 0.6m/s velocity 

 

Wake Turbulence for 1.0m/s 

Figure 21, 22, 23 and 24 show the results for 1.0m/s velocity, the turbulent mixing outcome for the hybrid nested 

turbine is almost similar to the one presented for 0.6m/s. The result for the velocity contour did not show any significant 

change because of the limitation of the simulation used since RANS can only compute the averaged result and cannot 

show the detailed result of the near wake region close to the turbine. Vortex shedding phenomena does occur in the 

simulation as illustrated by the velocity deficits shown in the contour plots. However, due to the limitations of RANS 

simulation, the resulting vortex shedding characteristics are not obvious enough to be observed. As noticed from all of 

the velocity contour plots for 0.6m/s and 1.0m/s, hybrid nested NACA0018 shows a huge energy release, represented by 

the red contour plot. Then, the nested NACA0018 result also shows a small gap at the downstream region where the 

turbulent mix occurs which can be observed in Figure 18 and Figure 22. The small gap indicates vorticity formation due 

to the blade thickness design of the NACA blade. Hence, it is evident that vorticity can impact the overall performance 

of the turbine in terms of velocity recovery and also power generation [29, 30]. 

In a conclusion, from the results presented, the thickness of airfoils blades plays an important role in the nested turbine 

performance in regards to velocity recovery.  
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Figure 21. Hybrid nested turbine NACA0015 at 1.0m/s velocity 

 

 

Figure 22. Hybrid nested turbine NACA0018 at 1.0m/s velocity  

 

 

Figure 23. Hybrid nested turbine NACA0021 at 1.0m/s velocity  
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Figure 24. Hypothetical cylinder at 1.0m/s velocity 

 

Validation between the hybrid nested turbine and hypothetical actuator cylinder in terms of velocity recovery 

Velocity 0.6m/s 

Figure 25 shows the downstream recovery of the flow for 0.6m/s. From the graph, markers ‘o’ represents the data of 

the hypothetical cylinder study done by Bakri.A [24]. All the hybrid nested turbine results are compared with the cylinder. 

From the 5D graph, the hybrid nested NACA0018 exhibits the highest deficits followed by NACA0015. Moving on to 

the 7D plot, the NACA0018 flow starts to recover faster, while the hybrid nested NACA0015 demonstrates the highest 

velocity deficits at this point. On the 9D position, nested NACA0015 shows faster flow recovery when compared to 

NACA0018. As for the hypothetical cylinder and hybrid nested NACA0021, both models do not show any significant 

velocity recovery. This is due to the design of the blade for NACA0021 which has a thicker blade design that can impact 

the flow recovery. These plots also help to explain the turbulent mixing result as the acceleration flow for the hybrid 

nested NACA0015 and NACA0018 are faster than hybrid nested NACA0021.As for the 
𝑈

𝑈0
  Figure 25 and Figure 26 is 

not equal to 0.6m/s and 1.0m/s at 9D is because the velocity flow has not been fully recovered. 

A hypothetical actuator cylinder representing the standalone VATT turbine demonstrates similar trends according to 

the graph. The actuator cylinder’s results were then compared to the output from the real turbine models in terms of the 

percentage deviation as shown in Table 6. Based on the table, it can be seen that the percentage deviation does not exceed 

10%, which agrees well with Bakri. A’s study [24]. 

 

  

(a)  (b)  
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(c)  

Figure 25. Velocity recovery  at (a) 5D (b) 7D (c) 9D for 0.6m/s 

 

Table 6. Percentage deviation for 0.6m/s 

Hybrid nested turbine NACA0015 NACA0018 NACA0021 

Deviation (5D) 2.85% 4.14% 1.93% 

Deviation (7D) 1.94% 0.78% 1.96% 

Deviation (9D) 1.99% 0.39% 2.04% 

 

Velocity 1.0m/s 

For the 1.0m/s speed, the flow recovery for the hypothetical cylinder shows the biggest velocity deficits at all positions 

as illustrated in Figure 26. For the hybrid nested turbine, NACA0018 shows a similar characteristic with the 0.6m/s results 

for 5D and 7D. As for the 5D, it has the biggest deficits among the hybrid nested turbines. 7D NACA0018 turbine 

meanwhile shows faster recovery compared to NACA0015. Next, the 9D plot shows a different outcome compared to the 

slower 0.6m/s velocity where at 1.0m/s, the hybrid nested NACA0018 has a faster velocity recovery than hybrid nested 

NACA0015. However, the turbulent mixing for the 1.0m/s velocity did not show a high mixing rate compared to the 

0.6m/s flow, which can be observed from the velocity recovery graph from the 5D, 7D and 9D graphs (Figure 25 and 

Figure 26). The 0.6m/s flow shows a faster recovery compared to the 1.0m/s. This could be explained by the fact that the 

drag force produced by the Savonius turbine is higher at 1.0m/s compared with 0.6m/s. The results also proved that a 

hybrid nested turbine works optimally at a low-speed current. 

From all the simulation result graphs, it can be distinguished that nested NACA0015 and NACA0018 exhibit a faster 

velocity recovery from the 5D to the 9D position compared to nested NACA0021. These observations can be clearly 

examined in Figure 25. Although the hypothetical cylinder did show a decent amount of velocity recovery, the results are 

not as accurate as an actual standalone (VATT) design. Based on Table 7, the velocity output between the three designs 

are still comparable as the percentage deviation for each of the hybrid nested turbines against the hypothetical actuator 

cylinder is still under 10%. 

  

(a) (b) 

 

𝑈0  =  0.6𝑚/𝑠 
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(c) 

Figure 26. Velocity recovery at (a) 5D (b) 7D (c) 9D for 1.0m/s 

 

Table 7. Percentage deviation for 1.0m/s 

Hybrid nested turbine NACA0015 NACA0018 NACA0021 

Deviation (5D) 4.28% 3.00% 8.8% 

Deviation (7D) 2.80% 3.94% 3.94% 

Deviation (9D) 3.46% 4.10% 6.63% 

 

CONCLUSION 

From the numerical simulation conducted, the optimal design for a hybrid nested turbine for shallow water application 

has been identified, which is hybrid nested NACA0015 and 0018. Both of these turbines show great velocity recovery at 

the downstream region. Additionally, for the NACA0015 blade, it offers a better recovery towards the 9D area for the 

0.6m/s velocity. However, when the flow velocity increases to 1.0m/s, the hybrid nested turbine did not perform well for 

the wake to recover to its ambience velocity. As Savonius turbine produces a bigger drag force which affects the flow 

recovery, the hybrid nested turbine with NACA0015 and 0018 performed best when the flow speed is between 0.6m/s to 

0.8m/s. The result of this simulation accomplishes the first objective of this study. 

The second objective was to compare the turbulent wake and velocity recovery between the hybrid nested turbine and 

a hypothetical actuator cylinder. From the results presented, the cylinder did not show any remarkable improvement in 

terms of velocity recovery. Nonetheless, the trends of the velocity recovery graph are similar with all the hybrid nested 

turbines models. Furthermore, the percentage velocity deviation of both 0.6m/s and 1.0m/s velocity is less than 10% 

which proves that the cylinder model is the ideal representation of a VATT turbine. Even though the results generated 

from the cylinder model were not as accurate as those of the real model design, they still provide useful data that can be 

used to understand general wake mixing characteristics.  
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