
 

 

 
Abstract—This paper describes an investigation on designing and 

enhancing the performance of H-Darrieus Wind Turbine (HDWT) of 
10 kW at the medium wind speed. The aerodynamic characteristics of 
this turbine were investigated by both theoretical and numerical 
approaches. The optimal design procedure was first proposed to 
enhance the power coefficient under various effects, such as airfoil 
type, number of blades, solidity, aspect ratio, and tip speed ratio. As a 
result, the overall design of the 10 kW HDWT was well achieved, and 
the power characteristic of this turbine was found by numerical 
approach. Additionally, the maximum power coefficient predicted is 
up to 0.41 at the tip speed ratio of 3.7 and wind speed of 8 m/s. 
Particularly, a generalized correlation of power coefficient with tip 
speed ratio and wind speed is first proposed. These results obtained are 
very useful for enhancing the performance of the HDWTs placed in a 
country with high wind power potential like Vietnam. 

 
Keywords—Computational Fluid Dynamics, double multiple 

stream tube, H-Darrieus wind turbine, renewable energy. 

I. INTRODUCTION 

OWADAYS, an energy demand has played a very 
important role in producing and recovering the economy 

and society of any country. According to a report of 
International Renewable Energy Agency (IRENA), the global 
investment in energy transition technologies, including energy 
efficiency, reached a record high of USD 1.3 trillion in 2022 
[1]. Among the variety of energy resources, renewable energy 
is still a top priority for energy security with the highest annual 
global investment recorded from 2015 to 2022 [1]. In recent 
years, wind power is being considered as one of the most 
potentially renewable energy resources because it has numerous 
advantages, including a small impact on the environment. 
Indeed, wind power capacity of the world increased from 23.9 
GW (2001) to 539.581 GW (2017) [2]. In Vietnam, the wind 
power resource was reported to have a very high potential. 
According to the Vietnam Energy Association, technical 
potential for onshore wind is around 217 GW and total wind 
power capacity of 6 GW is targeted in the current national 
electricity development plan [3]. Additionally, based on the 
data of world bank, up to 39 percentages of the territory area 
were estimated to have wind speed higher than 6 m/s at an 
altitude of 65 m [4]. Therefore, many wind farms have been 
built in recent years, particularly in some provinces such as Soc 
Trang, Bac Lieu, Ninh Thuan, Binh Thuan, Ca Mau, and the 
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Central Highlands [3], [5].  
One of the most potential wind turbines is HDWT, which 

was invented first patented in 1931 by Darrieus, a French 
aviation engineer [6]. This type of vertical axis wind turbine 
(VAWT) has many advantages compared to horizontal axis 
wind turbine (HAWT), such as omni-directional capacity, 
simple structure, low noise. In addition, HDWT allows the 
generator and gearbox possibly be placed on the ground to 
reduce installation and maintenance costs [4], [7]. However, 
until now, the power coefficient of a general HDWT is still 
shown to be relatively low and the problem of self-starting 
ability has not been solved [8]. This becomes a challenge in 
both designing and manufacturing a wind turbine with higher 
efficiency. 

To design and enhance the performance of HDWT, some 
approaches with results obtained have been proposed. First, 
theoretical models have been developed for this wind turbine, 
such as vortex model, Cascade model, single stream tube 
model, double stream tube model, and double multiple stream 
tube (DMST) model [9], [10]. Among these models, the DMST 
model has been widely used because it has low computational 
cost, fast prediction, good agreement with experimental results 
[10]. Recently, Ghiasi et al. [11] also used this model to 
examine the performance of HDWT with various effects, such 
as solidity, number of blades, airfoil types. Therefore, DMST 
has high potential for effective prediction, parametric study on 
HDWTs [12], [13]. Second, experimental studies were also 
performed to examine various aspects of VAWT. For example, 
Du et al. [14] experimentally considered many effects such as 
pitch angle, surface roughness, particularly self-starting 
capability, on the performance of HDWT. Additionally, Molina 
et al. [15] examined the effects of turbulent conditions and 
concluded that the power coefficient increases up to 20% as a 
turbulent intensity increases from 0.5% to 15%. The effects of 
flow uniformity on vibration and power generation of a small 
VAWT were studied by Sarkar et al. [16]. Meanwhile, Su et al. 
[17] proposed a new VAWT with a fixed main blade combined 
with rotatable auxiliary blades, and reported that better self-
starting performance and higher power coefficient were 
obtained compared to a traditional HDWT when the wind 
speeds varied from 4.54 m/s to 8.82 m/s.  

In recent years, the computational fluid dynamic (CFD) 
approach has also been considered as a promising candidate for 
investigating the characteristics and operating performance of 
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the HDWT [18], [19]. For example, Elsakka et al. [20] used 
CFD to analyze the effects of the angle of attack on the power 
generation of VAWT. These authors continued this research 
trend to validate the results from CFD models compared with 
the experimental data [21]. Additionally, Rogowski et al. [19] 
numerically studied the performance of HDWT with many 
types of 4-digits NACA airfoil. More recently, many 
researchers focus on blade pitching technologies to solve the 
low power coefficient problem of VAWT [22]-[24]. Although 
the HDWT has been studied by aforementioned approaches 
with results obtained, no research simultaneously considers the 
optimal design for almost important parameters, i.e., airfoil 
type, number of blades, solidity, aspect ratio, and tip speed 
ratio. Particularly, no research proposes a generalized 
correlation of power coefficient with respect to tip speed ratio 
and wind speed. 

The objective of this study is to optimize and design a 10 kW 
HDWT at the medium range of wind speed. First, almost 
important parameters of the HDWT are simultaneously 
optimized by theoretical approach with the code development 
of DMST model. Second, the overall design of this wind turbine 
was built elaborately. Third, the CFD method was used to 
effectively predict the performance and aerodynamic 
characteristics of the HDWT designed from the previous step. 
Finally, a generalized correlation was revealed using a fitting 
method. 

II. THEORETICAL AND NUMERICAL METHODOLOGY 

A. Theoretical Model 

To optimize the power coefficient of HDWT, the DMST 
model was first developed and used during the optimal design 
process. This is because this model was well validated and 
widely used for VAWTs including HDWT. It was first 
proposed by Parachiuvoiu et al. [25]. A basic idea lies in 
representing the air flow through a VAWT as a pair of actuator 
disks in tandem. More details of this model can be referred to 
Parachiuvoiu’s book [26]. In the present study, the DMST 
model was programed in MATLAB [27]. Input data such as 
aerodynamic characteristics (i.e., lift and drag coefficients) 
were summarized from various literature including 
Parachiuvoiu’s data [29]. Notably, since the upwind and 
downwind functions form a complex integral, numerical 
divergence frequently occurs, thus no results can be found. This 
integral problem was solved by directly applying the 
SIMPSON’s 1/3 rule [28] during the code implementation.  

Fig. 1 shows the validation of the present DMST model 
compared with Parachiuvoiu’s model [29]. In this figure, tip 
speed ratio is defined as λ = ωR/V∞, where ω, R, and V∞ denote 
for angular velocity, radius of turbine, and freestream wind 
velocity, respectively. This figure indicates that the present 
results are in a very good agreement with those obtained by 
Paraschivoiu et al. [29] for whole range of λ. The deviation for 
most points is less than 1% and maximum deviation is also less 
than 10% at λ = 2.5. A slight discrepancy available here is due 
to the computational errors.  

 

 

Fig. 1 Comparing results from the present DMST with those obtained 
by Paraschiuvoui et al. [29], for NACA0015 and σ = 0.13 

 

 

Fig. 2 The overall procedure for optimal design of a HDWT 
 

Fig. 2 shows the designing procedure of a HDWT with the 
required power (Pr) and the range of V∞. This procedure consists 
of the following steps: At start, power coefficient (Cp) and other 
input parameters, such as airfoil type, number of blades (N), 
solidity (σ), aspect ratio (AR), are initiated. Those parameters 
are sequentially entered into the DMST model programmed in 
MATLAB with λ varying in a specific range. As a result, the 
power and maximum power coefficient (C*

Pmax) is determined 
temporally. New Cp is assigned for the next step. When the 
optimization is implemented for airfoil type, the remaining 
parameters are kept constant from the previous step. This 
process is repeated from airfoil type to aspect ratio, as 
illustrated in Fig. 2. All optimized parameters of the HDWT are 
delivered to optimal design step. Using this procedure, Pr can 
be obtained, and Cp reaches maximum value through all steps. 
Based on optimized parameters, other parts of HDWT, such as 
turbine shaft, strut, etc., are also calculated and designed 
accordingly. The technical drawings are consequently built. 
The results will be analyzed and discussed in Section III. 

B. Numerical Model 

In the first phase of our project, HDWT was designed for the 
required power of 10 kW using the optimum procedure 
mentioned in Section II A. To predict quickly and effectively 
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the performance of the designed HDWT before manufacturing, 
the CFD method was applied. Additionally, this approach can 
also help to reduce the total costs of building a farm of HDWT. 
Moreover, 3D CFD simulation can be applied to capture the 
secondary flow and tip vortex effects that significantly impact 
the performance capability of a wind turbine in general. 

The governing equations were used to describe the air flow 
through the HDWT, including continuity and Reynolds 
Averaged Navier-Stokes (RANS) equations. These equations 
were shown in (1) and (2), respectively, where ρ, μ, u, and p are 
air density, viscosity, local velocity, and local pressure, 
respectively. The last term on the right-hand side of (2) is 
known as the Reynold stress that leads to many turbulent 
models including k-ε and k-ω models. In the present study, k-ω 
Shear-Stress Transport (SST) model was applied. This is 
because this model has been highly recommended for 
simulating the turbulent flow through a wind turbine, as 
reported in literature [19], [30]. The governing equations of this 
model were shown in (3) and (4) for turbulent kinetic energy 
(k) and its dissipation rate (ω), respectively. 
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The empirical constants of the k-ω SST model are: 
 

*
k1 k1 ω1 ω2

1 2 1 2 1

0.09; 0.85; 1.0; 0.5; 0.856;

 0.5532; 0.4404; 0.075; 0.0828; 0.31

    
    
    

    
 

  
In (3) and (4), Gk is the generation of turbulence kinetic 

energy due to mean velocity gradient. Gω is the generation of 
ω. Yk and Yω are the dissipation of k and ω due to turbulence. 
Dω is the cross-diffusion term. Sk and Sω are user-defined source 
terms [31].  

The geometrical model used in CFD simulation was shown 
in Fig. 3. In this model, the HDWT was run in a control volume 
with the dimensions of 20D×10D×5D, where D is the turbine 
diameter. The turbine was placed at the distance of 5D from the 
inlet. Mesh motion was applied for modeling the rotation of 
turbine, thus two interface couples were required, as shown in 
Fig. 3. Additionally, the boundary conditions (BC) were also 
shown in this figure. A uniform velocity of relative wind was 
assumed to be used at the inlet while the zero pressure BC was 
specified at the outlet. The no-slip BC was used for surfaces of 

turbine blades. In addition, symmetry BC was used for the 
remaining surfaces of the computational domain.  

 

 

Fig. 3 Numerical model 
 

The SIMPLE scheme was used for the pressure-velocity 
coupling with the potentiality in calculation time. Second-order 
upwind was specified for momentum, turbulent kinetic energy, 
and dissipation rate. In the numerical viewpoint, this scheme is 
to enhance the result accuracy. In addition, the time step size 
was set at 1 degree of azimuthal angle. The maximum iteration 
number per time step was specified at 40 in such a way that the 
numerical problem can be converged up to the residual of 3 × 
10-4. Finally, the computational data are recorded at the steady 
state to guarantee that the relative deviation of Cp between the 
preceding and backward revolutions is less than 2%. 

 

 

Fig. 4 Mesh model with structure mesh type: (a) Whole model and 
(b) Mesh layers surrounding turbine blade 

 
The grid model was generated by Ansys ICEM-CFD with a 

structural mesh type used in all regions, as shown in Fig. 4 (a). 
In the direction normal to the airfoil surface, layers with the 
growth rate of 1.15 were controlled. As illustrated in Fig. 4 (b), 
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the thickness of the first layer near the airfoil wall is 3 × 10-4 m 
that corresponds to y+ ≈ 10 for an initial estimation. Based on 
the simulation, the maximum value of a wall y+ obtained is less 
than 41 for all considered range of V∞ and λ. The highest y+ 
distributed at the leading edge of turbine blade with the high 
wall shear stress. Mesh convergence test was conducted for five 
mesh models, from coarse to finer. The relative error decreases 
as the number of cells increases, as shown in Fig. 5. It means 
the mesh intends to converge. The selected point of the mesh 
model shown in Fig. 5 has a relative error of less than 3% 
compared with finest mesh model. As a result, this mesh model 
with 1,573,136 cells was used for all computations in this study. 

 

 

Fig. 5 Mesh convergence tests for NACA0015 and λ = 2.52 
 

 

Fig. 6 Validation of numerical model compared with both numerical 
and experimental results from Castelli et al. [32] 

 
The numerical model mentioned at the beginning of Section 

B was validated by comparing results from present work with 
both numerical and experimental results obtained by Castelli et 
al. [32]. λ varies from 1.4 to 3.3. The results are shown in Fig. 
6. It was found that the variation of Cp with λ obtained for 
present work is in good agreement with that of Castelli’s study. 
Furthermore, results from present study are closer to 
experimental results, even compared with the numerical results 

by the same author. Apart from first two points of small λ, the 
deviation between present results and experimental ones is less 
than 25%. Therefore, the numerical model was well validated, 
and it can be used for further computations in the present study. 

III. RESULTS AND DISCUSSIONS 

A. Optimum Design 

By using the designing procedure provided in Section II A, 
the important parameters of 10 kW HDWT are optimized. 
Airfoil types (NACA0012, NACA0015, NACA0018, 
NACA0021, and NACA0025) which significantly affect the 
aerodynamic characteristics of the HDWT are examined. The 
number of blades (i.e., 2, 3, 4, and 5 blades) was then 
considered. Solidity was defined as σ = Nc/R. In the present 
study, the solidities of 0.15, 0.2, 0.25, and 0.3 were tested. 
Additionally, aspect ratios AR = D/H of 0.5, 1, and 1.5 were 
examined.  

 

 

 

Fig. 7 (a) Power coefficient as a function of tip speed ratio for various 
types of NACA profile, and (b) determining optimal type of NACA 

profile 
 

Fig. 7 shows in detail how to find the optimal type of NACA 
profile. The variation of power coefficient and even power with 
tip speed ratio are obtained for various types (Fig. 7 (a)). An 
active area confined by Cp-λ curve and a horizontal line Cp = 0, 
is calculated using an integral technique, and results are shown 
in Fig. 7 (b). Based on these results, an optimum design point 
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of NACA profile is found quantitatively. The maximum value 
of the active area obtained is up to 2.38 for NACA0015, thus 
this profile type is applied for the next optimization process. It 
resembles other parameters mentioned previously. 
Consequently, the optimal parameters of the 10 kW HDWT 
were obtained, as provided in Table I.  

 
TABLE I 

DESIGNED PARAMETERS OF 10 KW HDWT 

Airfoil NACA0015 

Number of blade (N) 3 

Solidity (σ) 0.13 

Chord length (c) [m] 0.22 

Rotor radius (R) [m] 5 

Rotor height (H) [m] 10 

 

 

Fig. 8 The 10 kW HDWT: (a) overall design, (b) detailed structure of 
a NACA0015 blade 

 
The overall design of 10 kW HDWT obtained was shown in 

Fig. 8 (a) based on parameters in Table I. Meanwhile, the 
detailed structure of a blade is illustrated in Fig. 8 (b). The blade 
has a hollow frame structure, and it was designed to achieve 
high durability and low blade weight. Furthermore, additional 
components of this turbine, such as strut, flange joint were 
designed based on the results obtained from previous studies 
[33], [34]. Notably, the specific strut was designed to ensure 
durability and improve the resonant frequency of this wind 
turbine.  

B. Aerodynamic Characteristics 

Fig. 9 shows the variation of power coefficient with respect 
to the azimuth per revolution for only blade #1 (Fig. 9 (a)) and 
for all three blades (Fig. 9 (b)). This result was computed based 
on the flow field from CFD method. Velocity contours of four 
particular positions of blade 1 were therefore shown in Fig. 10, 
that correspond to four points (#1, #2, #3, and #4) in Fig. 9 (a). 
At beginning, a negative CP is available at the zero azimuth. 
This is because very low lift and drag resulted from symmetric 
airfoil at zero angle of attack (AoA), thus a slight difference in 
the velocity distribution between the upper and lower surface of 
blade #1, as shown in Fig. 10 (a). Then, CP slightly decreases 
when the azimuth arises from 0° to around 20°, but this 
direction was changed for the azimuth ranging from 20° to 
around 90°. The maximum value of local CP reaches the 

azimuth of about 90° that corresponds to point #2 in Figs. 9 (a) 
and 10 (b). This extreme point can be explained as follows: 
AoA is so high that the lift might reaches maximum (the 
significant difference in the velocity distribution between the 
upper and lower surface shown in Fig. 10 (b)) while the drag is 
still small; in addition, the turbulent wake is theoretically not 
available at the upstream part, thus CP generated in this range 
of azimuth is highest accordingly. 

 

 

Fig. 9 Power coefficient as a function of azimuth at V=7 m/s and λ = 
3.8: (a) for blade #1, (b) for three blades 

 
When the azimuth arises from 90° to around 180°, the CP 

dramatically decreases, but it is in opposite direction compared 
with previous stage (20° to 90°). This is because the 
aerodynamic characteristic reduces when AoA becomes 
negative, as illustrated in Fig. 10 (c). The behaviors of the 
downstream part (the azimuth from 180° to 360°) are similar to 
the upstream part, however, the CP generally lower due to the 
reduction of wind velocity and the appearance of turbulent 
wake. This result can be observed in Figs. 10 (d) and (e) for a 
detailed and general view, respectively. In this regard, the large 
region of very low velocity is distributed around the blade, 
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resulting in the low lift and high drag, hence the CP is obviously 
low. This is in line with the results reported in literature. These 
behaviors are similar for blade #2, and blade #3 with the phase 
difference of 120°. 

 

 

Fig. 10 Velocity contour on a middle plane (z = 0.0) for V = 7 m/s 
and λ = 3.8 around blade #1: (a) θ = 0°, (b) θ = 90°, (c) θ = 180°, (d) 

and (e) θ = 270° 
 
Fig. 11 shows effects of wind speed on the turbulent flow 

characteristic around the HDWT designed. Therefore, the 
vorticity contour on the iso-surface of Q-criterion is obtained 
for wind speed value of 6 m/s (Fig. 11 (a)), 7 m/s (Fig. 11 (b)), 
and 8 m/s (Fig. 11 (c)). Notably, the Q-criterion was defined as 
0.5*(W×W-S×S), where W and S are denoted for vorticity 
magnitude and strain rate, respectively. As a result, the positive 
and high value of this parameter is to indicate the regions with 
high and dominated vorticity (red) compared to the viscous 
stress component (strain rate). It was found from Fig. 11 that 
both vortex layers and wake vortex are frequently formed for 
the whole considered range of wind speed. The number of 
vortex layers increases with increasing the wind speed, and the 
region of the wake vortex becomes larger accordingly, as 

evident from Figs. 11 (a)-(c). This is due to the essential 
phenomenon of wind flow moving through the rotating VAWT. 
However, this phenomenon may lead to difficulties in 
improving the wind turbine power.  

 

 

Fig. 11 Vorticity contour on an iso-surface of Q-Criterion for various 
wind speeds at λ = 5 

 

 

Fig. 12 The mean CP as a function of TSR 
 

The total CP of HDWT for all three blades was also 
calculated, as shown in Fig. 9 (b). It was found that the variation 
of total Cp obeys sinusoidal law. Three peak points of CP were 
obtained for three blades when they alternately passed through 
the position of θ = 90°. Notably, the mean CP was also 
computed for each λ, as indicated by blue dash line in Fig. 9 (b). 
This was applied for various values of λ and V ranging from 6 
m/s to 8 m/s. The results were therefore shown in Fig. 12. It was 
found from this figure that the maximum CP obtained is up to 
around 0.41 at λ = 3.7 and wind velocity of 8 m/s. In addition, 
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CP increases with increasing V, and it increases about 8.6% at 
the design point when V increases from 6 m/s to 8 m/s. This is 
a good guideline for enhancing the total efficiency of a general 
HDWT. 

By fitting all data points shown in Fig. 12, a generalized 
correlation of power coefficient with both tip speed ratio and 
wind speed can be explored. This correlation is shown in (5). In 
the physical viewpoint, it is obviously seen that Cp reaches zero 
only if V∞ or λ becomes zero. It implies that no power is created 
if no wind is available, or the turbine does not rotate due to a 
certain reason. Additionally, it was also found from (5) that Cp 
increases with increasing V∞, whereas this trend is not 
unidirectional and depends on the value of λ. It means 
maximum power of a HDWT exists with respect to tip speed 
ratio. This was also reported in literature about wind turbines 
[26], [29]. Notably, (5) is valid for V∞ ranging from 6 m/s to 8 
m/s and λ ranging from 3 to 5. However, it can be developed 
and applied for the wider range of these parameters. 

 
0.136 3

p 6

0.672

0.02 60
C

V 





     (5) 

IV. CONCLUSIONS 

The optimal study on designing the 10 kW HDWT at 
medium wind speed has been performed by both theoretical and 
numerical approaches. In the present study, the DMST model 
was programed in MATLAB, and the k-ω SST turbulence 
model was used to simulate the air flow through designed 
HDWT. The majority results are drawn as follows: 
1) The designing procedure of a HDWT was first obtained in 

the present study in which the important parameters are 
optimized by theoretical DMST model. 

2) The 10 kW HDWT operating at medium wind speed was 
well designed. This can be considered for turbine 
manufacturing or production in the future. 

3) The characteristics and behaviors of designed HDWT were 
examined and analyzed using CFD method. The maximum 
CP obtained is up to 0.41 at the tip speed ratio of 3.7 and 
wind velocity of 8 m/s. 

4) A new correlation of power coefficient with tip speed ratio 
and wind speed was first proposed, as shown in (5). 

Results obtained in the present study are very useful for 
enhancing the performance of a HDWT placed in a country 
with high wind power potential like Vietnam. They can be 
considered for the next phase in our project. 
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