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Vertical axis water turbines offer a promising technology for harnessing tidal currents 
to generate renewable electricity. However, these turbines are still under 
development and face challenges, particularly their susceptibility to fatigue due to 
vibrations, which can lead to failure. This study addresses the influence of radial forces 
on performance by analyzing the strut component of an H-Darrieus vertical axis water 
turbine. The analysis varies the strut's thickness and positioning using a one-way Fluid-
Structure Interaction (FSI) approach. Three-dimensional models of different turbine 
configurations, including the flow domain, are created, and Computational Fluid 
Dynamics (CFD) simulations are performed to assess the turbine's torque. This torque 
data is then used in structural simulations via Finite Element Analysis (FEA) to evaluate 
the stress and deformation in various turbine models. The simulation results provide 
insights into optimal turbine designs under applied hydrodynamic loads. 
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1. Introduction 
 

In the current era, fossil energy is gradually being abandoned, and many countries are 
transitioning to renewable energy. Indonesia, a nation rich in natural resources, has experienced a 
7.3% average annual growth in electricity generation capacity between 2003 and 2013 [1]. Despite 
this progress, the adoption of renewable energy has been relatively slow, with renewables 
contributing only 6% to the national energy mix by 2021 [2]. This disparity is significant, especially 
considering Indonesia's targets outlined in the General National Energy Plan (RUEN), which aim to 
increase the share of New and Renewable Energy (NRE) to 23% by 2025 and 31% by 2050. These 
goals underscore the urgency of accelerating the integration of renewable energy into the country’s 
energy infrastructure. 

In this context, vertical-axis water turbines (VAWT) hold significant promise as a renewable 
energy source in Indonesia, given that 70% of the country's territory comprises water bodies. Despite 
their potential, these turbines are still in the research and field-testing stages before reaching 
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commercialization [3]. This is regrettable, given the numerous advantages of vertical-axis turbines 
over their horizontal-axis counterparts. The straightforward design of vertical-axis turbines, 
exemplified by the well-known H-Darrieus turbine, allows for a cost-effective manufacturing process 
[4]. Traditionally, the Darrieus turbine has been utilized as a wind turbine; however, its fundamental 
principles are similarly applicable to hydrofoil applications [5]. The concept of adapting Darrieus wind 
turbines for use as water turbines has garnered significant interest from researchers. In 1983, Miyake 
et al., [6] conducted a theoretical hydrodynamic analysis of the Darrieus cross-flow water turbine 
using disk-blade element theory and vortex filament theory. This research was further developed 
with the establishment of an experimental setup, where experiments were carried out using a 
symmetrical NACA0012 blade profile to validate the theoretical findings from the previous year [7]. 
Vertical-axis turbines are not sensitive to flow direction, and their installation is uncomplicated since 
essential components like the drive train and generator remain on the water surface [8]. However, a 
notable weakness of this turbine type is the constant radial variation of fluid load on the turbine 
blades, which can lead to structural deformation fatigue and the potential for structural failure, 
commonly known as vibration [3,4]. 

According to Hara et al., [9], the predominant focus in vertical-axis wind turbine research revolves 
around two-dimensional (2D) simulations due to their lower computational demand. Despite the 
increased accuracy offered by three-dimensional (3D) simulations compared to their 2D 
counterparts, the computational load for a 3D model is substantially higher, being at least 30 times 
that of a 2D model in turbine simulations [10]. Additionally, existing research tends to concentrate 
primarily on assessing the power performance of H-Darrieus turbines for wind and hydrokinetic 
applications, neglecting an in-depth examination of their structural integrity [8,11]. Sangi et al., [11] 
highlighted the importance of considering the substantial difference in water density, which is 1000 
times greater than that of air, in studies focusing on the structural integrity of Darrieus vertical axis 
turbines for water-based applications. In a separate study, Ali et al., [8] employed numerical methods 
to analyze the structural behavior of H-Darrieus water turbines under various flow velocities and 
rotation rates, comparing their findings with experiments conducted by Huang et al., [12]. The 
comparison revealed that the power estimates derived through CFD were higher than those obtained 
through experimental methods [8]. This underscores the understanding that numerical simulations 
depicting intricate flow patterns should be viewed as analytical and predictive tools, rather than 
flawless replicas of real-world behavior [13]. 

Several crucial parameters in turbine design include solidity, the number of blades, blade aspect 
ratio, and strut geometry [14]. Various studies have indicated that turbine blades typically experience 
low stress levels, with the highest stress concentrated in the turbine struts. Consequently, this study 
specifically addresses the impact of modifying struts on the structural integrity of the turbine. To 
enhance the precision of simulation results, this analysis incorporates hydrodynamic simulations 
conducted using 3D CFD methods. Following the hydrodynamic simulation results, separate 
structural simulations are carried out using FEA methods to assess the turbine's structural integrity. 
This approach is referred to as one-way FSI analysis, involving the transfer of fluid pressure data 
acting on the structure to the structural solver for subsequent analysis [15]. 
 
2. Methodology 
2.1 Turbine Geometry 
 

This study adopts the turbine dimensions and geometry outlined in a study conducted by Ali et 
al., [8]. Detailed information on the turbine's geometry and dimensions is provided in Table 1 and 
Figure 1 and Figure 2. A three-dimensional geometric modeling of the turbine is conducted, which is 
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divided into three separate parts, namely three NACA0020 airfoil blades, strut, and the turbine’s 
shaft, which are then assembled using CAD (Computer-Aided Design) based software. According to 
study conducted by Ali et al., [8], the maximum stress on the turbine occurs on the strut-shaft 
connection, hence strut thickness is also increased from 6mm in original model to 10 mm in modified 
models. However, increasing strut thickness is accompanied by an increase in drag loss from the 
turbine and reduces turbine's aerodynamic performance [15,16]. Therefore, to reduce the elevated 
stress in that area, the positioning of the struts as supports and connections between the blades and 
the turbine shaft needs to be reassessed. Typically, turbine struts are symmetrically designed to align 
with the height position of the blades, ensuring a balanced rotor/shaft configuration [17]. 
 

Table 1 
Turbine geometry parameters and dimensions 
Geometry of the turbine Dimensions 

Blade pitch angles 0° 
Blade height 1500 mm 
Chord length 300 mm 
Turbine diameter 1500 mm 
Number of blades 3 
Airfoil NACA0020 

 

 

 

 

Fig. 1. Three-dimensional model illustration of the 
H-Darrieus turbine 

 Fig. 2. Dimensions of the turbine strut 

 
The turbine blades are made of aluminum alloy and modeled as solid components, while the 

struts and turbine shaft are modeled using structural steel. The material properties are detailed in 
Table 2. 
 

Table 2 
Material properties for aluminum and structural steel 
Material properties Aluminum Structural steel 

Density (kg/m3) 2700 7850 
Young modulus (GPa) 70 210 
Poisson’s ratio 0.33 0.30 
Tensile yield strength (MPa) 276 250 
Tensile ultimate strength (MPa) 310 460 

 
This study investigates the analysis and modeling of H-Darrieus turbine struts, focusing on their 

spanwise connecting positions—specifically at the quarter span and the end span. The turbine, 
represented in 3D using CAD software, includes three variations of the H-Darrieus turbine model as 
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shown in Figure 3. To reduce deformation at the center of the blades, the second and third models 
adjust the strut positions toward the blade's middle, while the first model retains the design by Ali et 
al., [8] as a reference for comparison. 
 

 
Fig. 3. H-Darrieus turbine 3D models 

 
2.2 Fluid Domain Model 
 

The fluid domain consists of a stationary domain and a rotary domain, with the dimensions of 
these domains determined based on the turbine diameter, as depicted in Figure 4. The rotating 
domain is represented as a 3D cylinder with a height of 2D, representing the rotational area of the 
turbine, while the stationary domain encompasses the outer part of the rotating domain. 
 

 
Fig. 4. Fluid flow domain model 

 
2.3 Meshing 
 

Due to the limitations of the computer's specifications, the number of mesh elements is reduced 
to decrease the simulation time. To simulate realistic conditions and calculate lift and drag forces on 
the turbine blade, mesh inflation was implemented around the turbine wall with a y+ value of 1 or 
less, focusing particularly on the surface of the turbine blade. The outcomes of meshing on the model 
of the fluid flow domain are presented in Table 3 and illustrated in Figure 5 to Figure 7. The meshing 
quality was evaluated, and the skewness value was found to be 0.856 (< 0.9), and the orthogonal 
quality value was 0.215 (> 0.2), indicating that it can be categorized as a good meshing, allowing for 
further simulations to be performed. 
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Table 3 
Mesh analysis 
Mesh Size 

General Mesh (mm) 300 
Face Sizing Rotating Domain (mm) 75 
Face Sizing Turbine (mm) 15 

Inflation 

First layer thickness (mm) 1.9 
Growth Rate 1.1 
Number of Layers 10 

Statistics 

Nodes 997616 
Elements 5013879 

 

 
Fig. 5. Meshing at stationary domain 

 

 

 

 
Fig. 6. Meshing at rotary domain  Fig. 7. Meshing at turbine blade 

 
Figure 8 illustrates the meshing of the three turbine models, each using uniform element mesh 

sizes: 15 mm for the blades, 5 mm for the struts, and 10 mm for the turbine shaft. The third model 
has the highest element count, with 190,000 elements, due to its more complex strut-blade 
connection geometry. In comparison, model 2 has 180,000 elements, and model 1 has the fewest at 
140,000 elements. 
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Fig. 8. Computational mesh for the turbine models; model 1, model 2, 
and model 3 

 
2.4 Boundary Conditions 
 

The specification of boundary conditions was conducted using numerical software, encompassing 
velocity inlet, turbine wall, and turbine rotational speed. Following the approach outlined by Ali et 
al., [8], the freestream velocity of the flow ranges from 0.2 m/s to 1.4 m/s in alignment with the y-
axis. To adopt a conservative approach, the highest freestream velocity, 1.4 m/s, is utilized, coupled 
with a turbine rotational speed of 5.86 rad/s. Under these conditions, the Tip Speed Ratio (TSR) of 
the turbine is determined as 3.14, employing the equation presented by Carriveau [18], as follows: 
 

TSR = γ = 
speed of rotor tip

current free stream speed
 = 

𝑣

𝑉
 = 

𝜔𝑟

𝑉
          (1) 

 
where the rotor tip speed (m/sec), v, current free stream speed (m/sec), V, rotor radius (m), r, angular 
velocity (rad/sec), ω and rotational frequency (Hz), f. 

In Figure 9, several limitations or constraints of this structural analysis can be observed as follows: 
(a) Annotation A represents the turbine rotational speed, which is 5.86 rad/s, perpendicular to 

the incoming flow direction or the y-axis. 
(b) Annotation B indicates the surface that experiences the hydrodynamic loads. 
(c) Annotation C represents the turbine shaft, defined as a fixed support, indicating that this part 

remains stationary and does not undergo deformation during the analysis. 
 

 
Fig. 9. Constrained and loads applied to 
the turbine model 1 
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3. Results 
3.1 Hydrodynamics Simulation 
 

In this segment, hydrodynamic simulation is carried out utilizing the 3D CFD method, facilitated 
by numerical software. The azimuth angle or rotational angle initiates at 0° and proceeds 
counterclockwise, as depicted in Figure 10. Here, V0 represents the freestream velocity, VR denotes 
the resultant velocity for the blade at each azimuth position, and Vθ = Rω, where ω is the angular 
velocity, and R is the turbine radius. The simulation procedure is executed for each 1° increment of 
the rotational angle, resulting in 360-time steps if the turbine completes one full rotation. 
 

 
Fig. 10. Azimuth position and velocity triangle [19] 

 
Referring to Satrio et al., [20], the new turbine can provide a stable torque output starting from 

the fourth cycle with an angle increment between 1-5 degrees. For reliable outcomes, this research 
conducts simulations for 8 turbine cycles. The torque simulation outcomes for each turbine cycle are 
presented in Figure 11 and Table 4. Upon examination, the 1st to 3rd cycles displays fluctuations. The 
average moment generated becomes more consistent, notably from the 3rd to the 8th cycle, with an 
error margin of less than 5% compared to the preceding cycle.  
 

 
Fig. 11. Turbine pressure moment of each cycle 
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Table 4 
Average moment of each turbine cycle 
Turbine Cycle 1 2 3 4 5 6 7 8 

Average Moment (Nm) 1119.83 752.79 623.16 642.71 651.03 671.38 680.96 692.76 

Error from previous cycle (%) - -48.8 -20.8 3.0 1.3 3.0 1.4 1.7 

 
Figure 12(a) and Figure 12(b) display the velocity and pressure contours for the turbine's third 

cycle at a 0° azimuth angle. With a freestream velocity of 1.4 m/s and a Tip Speed Ratio (TSR) of 3.14, 
the maximum velocity during the third cycle reaches approximately 6.2 m/s, concentrated around 
the turbine blade, as shown by the red contours. The fluid flow in the middle of the turbine opposes 
the freestream direction due to the influence of the returning blade's rotation. Additionally, high 
pressure is observed on the blade sections perpendicular to the freestream, marked by red contours, 
while low pressure is evident on the inner blade sections, indicated by blue contours. Figure 13(a) 
and Figure 13(b) reveal a significant pressure contrast at a 90° azimuth angle, with lower pressure 
inside the turbine compared to the outer sections, reflecting the pressure drop caused by the 
returning blade's rotation. 
 

  
(a) (b) 

Fig. 12. (a) Velocity contours and freestream direction, and (b) Pressure contour for the 
turbine’s 3rd cycle at 0° azimuth angle 

 

  
(a) (b) 

Fig. 13. (a) Pressure contour for the turbine's 3rd cycle at 90° azimuth angle, (b) close up on 
the blade’s outer sections 

 
It is evident that an unstable flow or vortex exists at the end of the turbine blades in Figure 14, 

referred to as a tip vortex. This vortex continuously sheds during each blade revolution, leading to a 
reduction in torque and inducing structural vibrations. These vibrations result in torque loss and a 
decrease in efficiency [21]. 
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Fig. 14. Contours of pressure on the blade surface and streamlines 
around the turbine blade at a 90° azimuth angle 

 
3.2 Structural Simulation 
 

Following the hydrodynamic simulation, the fluid loads derived from the CFD analysis were 
imported into numerical software for additional structural analysis utilizing the Finite Element 
Analysis (FEA) method. This analysis aims to calculate the structure properties, such as stresses and 
deformation. The surface pressure distribution for all three turbine models is shown in Figure 15. 
 

   
(a) Model 1 (b) Model 2 (c) Model 3 

Fig. 15. Surface pressure distribution applied in turbine models 

 
Figure 16 shows that the static simulation results indicate a reduction in maximum Von Mises 

stress and deformation in the turbine after modifying the strut. The highest stresses are concentrated 
at the connection between the turbine strut and the blade, while the lowest stresses occur on the 
turbine blades themselves, as illustrated in Figure 17. This highlights the importance of the strut-
blade connection, where hydrodynamic forces from the water flow on the blades are transferred to 
the supporting structure. Additionally, the maximum deformation is observed on the turbine blades, 
particularly on the blade facing the flow, while the minimum deformation occurs near the turbine 
shaft, which serves as a fixed support. As shown in Figure 18, Turbine Model 1 exhibits the highest 
deformation, with a value of 0.87 mm at the center of the blade, whereas Turbine Model 2 has the 
lowest deformation, measuring 0.76 mm at the blade's edge. 
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(a) (b) 

Fig. 16. (a) Maximum Von Mises stress, and (b) maximum deformation on turbine models 

 

   
(a) Model 1 (b) Model 2 (c) Model 3 

Fig. 17. Stress distribution of turbine models 

 

   

(a) Model 1 (b) Model 2 (c) Model 3 

Fig. 18. Deformation distribution of turbine models 

 
Moreover, the turbine fatigue life was determined using Soderberg theory. It is found that all the 

Turbine Models have fatigue life more than 1000000 cycles and safety factor value above 1. The 
safety factor distribution is shown in Figure 19 with Turbine Model 1 having the lowest safety factor 
with value of 1.78 and Turbine Model 2 has the highest safety factor with value of 2.506, both located 
in blade-strut connection. 
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(a) Model 1 (b) Model 2 (c) Model 3 

Fig. 19. Safety factor distribution of turbine models 

 
4. Conclusions 
 

In this study, the structural analysis of the vertical axis water turbine type H-Darrieus was 
conducted using a one-way FSI approach. To achieve realistic outcomes, a three-dimensional 
computational fluid dynamics (CFD) approach was employed for hydrodynamic simulation. The 
results of the hydrodynamic simulation indicate that with a free stream velocity of 1.4 m/s and a 
turbine rotational velocity of 5.68 rad/s, a TSR value of 3.14 was obtained. The torque moments 
occurring on the turbine became stable from the 3rd to the 8th revolution, with a percentage 
difference in average torque moments of less than 5%. This is in accordance with the theory 
presented by Satrio et al., [20]. 

CFD simulation results were used to apply fluid loads to the turbine surface for further structural 
analysis using FEA. The analysis shows that the turbine model with modified struts generates lower 
stress and deformation compared to Turbine Model 1. Specifically, the H-Darrieus Turbine Model 2 
exhibits the lowest Von Mises stress at 34.397 MPa—29% lower than Turbine Model 1 (48.426 MPa) 
and 11% lower than Turbine Model 3 (38.701 MPa). Additionally, Turbine Model 2 has the least 
deformation at 0.76 mm, which is 13% less than Turbine Model 1 (0.87 mm) and 9% less than Turbine 
Model 3 (0.84 mm). 

Using Soderberg theory, the fatigue life of all three turbine models was determined to exceed 
1,000,000 cycles, with safety factors above 1. Among the models, Turbine Model 1 had the lowest 
safety factor at 1.78, while Turbine Model 2 had the highest at 2.506, and Turbine Model 3 had a 
safety factor of 2.205. These results indicate that all three turbine models are structurally sound, as 
their maximum stress levels remain below their material yield strengths, and their safety factors are 
above 1. This suggests that the turbine strut is crucial in maintaining the structural integrity of the 
turbine. If the strut design is inadequate, cyclic fluid loads could induce fatigue, potentially leading 
to failure over time. Therefore, optimizing turbine design through material selection, proper 
geometry, and precise load distribution analysis is essential to enhance structural integrity and 
extend the turbine's operational lifespan. 
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