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Abstract 
 

The turbine is one of the most important components in the tidal current power device which can convert current 
flow to rotational energy. Generally, a tidal turbine has two or three blades that are subjected to hydrodynamic 
loads. The blades are continuously deformed by various incoming flow velocities. Depending on the velocities, 
blade size, and material, the deformation rates would be different that could affect the power production rate as 
well as turbine performance. Surely deformed blades would decrease the performance of the turbine. However, 
most studies of turbine performance have been carried out without considerations on the blade deformation. The 
power estimation and analysis should consider the deformed blade shape for accurate output power. This paper 
describes a fluid-structure interaction (FSI) analysis conducted using computational fluid dynamics (CFD) and the 
finite element method (FEM) to estimate practical turbine performance. The loss of turbine efficiency was calcu-
lated for a deformed blade that decreased by 2.2% with maximum deformation of 216mm at the blade tip. As a 
result of the study, principal causes of power loss induced by blade deformation were analysed and summarised in 
this paper. 
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1. Introduction 

Ocean energy, including tidal current power (TCP) among numerous alternative energy sources, has the great-

est potential for use throughout the world. The kinetic energy available within a tidal current can be converted 

into rotational power by a turbine. Therefore, turbine design and performance verification is important in devel-

oping TCP systems. Many studies have been performed on tidal turbine designs based on the blade element 

momentum theory (Batten et al., 2006; Baltazar and Campos, 2008). The results of the experimental demonstra-

tion for turbine performance in the flume were presented (Bahaj et al., 2007). Mason-Johns et al. studied on the 

evaluation of the 3bladed horizontal axis tidal turbine performance in 2008 considering measured vertical veloci-

ty profile at the Bristol Channel, England. Since performance characteristics are very different depending on the 

blade number and shapes, three different types of turbines were compared by experiment (Jo et al., 2002). The 

interference effects between turbines deployed for farm arrangement are very critical to the estimation of total 

power production since performance of downstream turbine in the wake area would decreases (Jo et al., 2010). 

A numerical study on the turbine wake and optimal distance between turbines was presented as well (Harrison et 
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al., 2010). To understand practical influence of the realistic ocean environmental conditions on the tidal devices, 

turbine performance analysis considering ocean waves was introduced (Faudot and Dahlhaug, 2011). 

The performance of a turbine should be estimated accurately since the efficiency of the entire system is related 

to the turbine's performance. The turbine blades are obviously deformed by hydro-forces, and the resulting de-

formation can affect the performance of the turbine and power rate. However, most turbine performance analysis 

has been introduced without considering the effect of deformation. For the accurate estimation of turbine effi-

ciency, a horizontal axis turbine (HAT) was designed based on the blade element theory, and its efficiency was 

calculated using fluid-structure interaction (FSI) analysis. The performance of the turbine was analyzed by con-

sidering the deformation induced by the incoming flow. Park et al. evaluated tidal turbine performance using FSI 

method in 2014 with transient analysis, but in this study, it is shown that steady state FSI analysis is suitable as 

well for the performance of horizontal axis tidal turbine since flow near the blades can be regarded as steady 

state. Also this study focuses on discussing how the loss of the turbine power occurs by the deformation includ-

ing pitch angle variations along blade span.  

2. Blade design 

2.1 Blade Element Theory 

The flow mechanism around a foil is shown in Fig. 1. The magnitude and direction of the inflow velocity 

Vr to the blade element are determined by both Vw and rω. Vw is an upstream velocity and Vr is a linear ve-

locity for the direction of rotation. It is a relative velocity between upstream velocity and turbine rotating 

speed. It is very critical and crucial parameter since it must be designed to match the incidence angle to the 

optimum angle of attack. The blade pitch angle θ is determined by a relationship between the incidence an-

gle and angle of attack, as represented in Fig. 1. The pitch angle θ, incidence angle ϕ, and angle of attack α 

are related as shown in Eq. (1). 

 
 afq -=  (1) 

 

The incidence angle also depends on the span along the blade. Thus, the pitch angles change continuously 

along radial positions. A relative velocity generates lift and drag forces, which can be decomposed into a 

circumferential force and a thrust. The circumferential force generates the torque on the blade that drives the 

shaft, and the thrust is the primary force causing the bending of the blade. Thus, the thrust should be consid-

ered to be a critical factor in the structural design of the blade. 

 

 
Fig. 1. Flow mechanism around the blade element 
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2.2 Design Variables 

The blade design involves a sequence in which specific foils are arranged with appropriate pitch angles 

and chord lengths along the spans. The foil must be chosen or determined prior to the blade design. The 

requirements for the foil are that it should generate high lift with low drag, and not be sensitive to surface 

roughness, in order to achieve high efficiency and stable operation. To ensure structural integrity and that 

the aforementioned requirements are met, a thick foil (S814) was considered. Fig. 2 shows the shape of the 

S814 foil. 

A blade design begins with the determination of key variables including rated power, current velocity at 

the site, diameter, and rated revolutions per minute (RPM). There are many sites suitable to TCP in Korea 

having strong current above 2.5m/s. To investigate the effects of blade deformation, the design velocity was 

assumed to be 2.5 m/s. The remaining design variables can be calculated using Eqs. (2) and (5). 

 

 hrp PdCUDP 32
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P in Eq. (2) represents the power capacity, which can be defined as the product of generated power from 

the turbine and the efficiency of power train η. The power train coefficient, η, generally determined to be 0.9 

considering mechanical loss by friction of watertight bearing, gearbox, etc. It was conservatively assumed to 

be 0.85. D represents the diameter of the turbine, which affects both the rated power and the rotating speed. 

D is determined by the target capacity, or by environmental variables such as water depth and vertical veloc-

ity distribution. In this study, D was determined to be 10 m, based on consideration of the environmental 

conditions of the west coast of Korea.  

2.3 Blade Tip Loss 

Blade tip loss is caused by tip vortices, and decreases the lift force that drives the turbine. Eq. (3), which 

was suggested by Ludwig Prandtl, can be used to estimate the loss. The initial value of the axial flow induc-

tion factor was chosen as 1/3, which was applied in the ideal condition. The optimum factor was estimated 

by using an iteration procedure. The chord lengths and pitch angles at each span were calculated by using 

the optimum induction factor. 
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2.4 Chord length and Pitch Angle 

The chord length can be determined using Eq. (4) with lift coefficient CL, the number of blades N, a design 

tip speed ratio (TSR) of λ, flow induction factors (a, a′), and the local span position μ.  

 

 
Fig. 2. Profile of the S814 foil 
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The TSR, which represents rotating speed, is a non-dimensional value that is determined by the speed of 

the blade tip and the upstream flow, as shown in Eq. (5). The chord length, calculated by using Eq. (4), rap-

idly increases close to the hub. In general, in order to reduce production and material costs, the distribution 

of the chord length is modified as shown in Fig. 3 since the region near the blade root has little contribution 

to the performance. 

The pitch angle at each span should lead the direction of inflow to the optimum angle of attack at the de-

sign TSR. And the incidence angle is affected by the flow induction factor and is calculated using Eq. (6). 
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To evaluate the turbine design, three-dimensional (3-D) CFD modeling was performed. The resulting tur-

bine is shown in Fig. 4. The pitch angle variation along the blade span can be verified by frame work of the 

blade in left side of Fig. 4. 

 

 
Fig. 3. Chord length distributions 

 

 
Fig. 4. The turbine design 
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ANSYS CFX solvers are based on the finite volume method. The fluid region is decomposed into a finite 

set of control volumes. General conservation equations for mass, momentum are solved for this set of con-

trol volumes. The first term on the left side of Eq. (7) denotes unsteadiness, and the second term represents 

advection. The first term on the right side represents diffusion and the last term represents generation. Con-

tinuous partial differential equations are discretized into a system of linear algebraic equations that can be 

solved on a computer. 

3.1 Grid System and Boundary Conditions 

The analysis field was assumed to be incompressible, three dimensional, and steady state. The purpose of 

the calculations is to evaluate and compare the performances of rigid and flexible blades. When the turbine 

rotates in steady rotating speed, flow pattern near the blades can be regarded as steady state for horizontal 

axis turbine. With neglecting the transient vortex shedding behind trailing edge, the performance of the hor-

izontal axis turbine can be estimated accurately by steady state calculation compared to fully unsteady simu-

lation. Since this study focuses on the performance of horizontal axis turbine and it is efficient and reasona-

ble scheme for that, all the simulations conducted in this study were assumed to be steady state. However 

with this assumption vibrations induced by vortex shedding or tower interaction and fluctuation of perfor-

mance cannot be captured. The analysis field was composed of two domains consisting of one passage with 

one blade. An internal rotating domain encompassed the blades, and a stationary domain covered the re-

maining area of the flow field, as shown in Fig. 5. The computational domains were calculated by assuming 

that the flow between adjacent passages is periodic in the rotating direction. The upstream length and chan-

nel radius are 30 m (3D). A downstream length was set to 60 m (6D). 

 

 

Fig. 5. Computational domain with mesh lines 

 

 

Fig. 6. Hybrid grid system at the rotating domain 
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Table 1. Domain specifications and mesh information 

Description Specification 

Blade radius 5 m (turbine dia. = 10 m) 

Upstream length 3D 

Downstream length 6D 

Radius of flow channel  3D 

Total number of nodes 4,034,067 

Total number of elements  7,356,988 

 

Grid generation was precisely conducted for smooth convergence and reliable results. A hybrid grid sys-

tem was applied to the flow field, as shown in Figs. 5 and 6. Since the key areas of interest congregate 

around the blade in the rotating domain, a finer grid is required for a more accurate estimation of the torque 

of the blade. Thus, a dense tetra-prism mesh was generated in the subdomain, with complex geometry 

around the blade. The stationary domain was filled using a hexahedral mesh. The thickness of the near-wall 

grid layers was considered according to the application of the turbulence model, as was the height of the 

first layer from the wall. The resulting maximum y+ non-dimensional height of the first node from the wall 

was kept under 5 for all solid boundaries with 25 layers. The specifications of the computational domain, 

and mesh information, are described in Table 1. 

Solid boundaries and blade surfaces were defined as non-slip walls. The hub and top boundary were treat-

ed as a free slip wall to eliminate their effect. In the rotating domain, an angular velocity was prescribed for 

each case to give a TSR using the moving reference frame (MRF) method. The surfaces between two do-

mains were interfaced using the general grid interface (GGI) method to allow non-matched grid. To inter-

face rotating domain and stationary domain numerical treatment for blade motion is required. In this simula-

tion the frozen rotor method was applied for the MRF interface neglecting the blade movement. It is appro-

priate for single rotor without stator and the flow has large circumferential variation. A rotational periodic 

model was used for the interface between the side wall boundaries. A normal velocity (2.5 m/s) was applied 

to the inlet, and the static pressure was set to 1.0 atm at the outlet. The shear stress transport (SST) turbu-

lence model was used as a turbulence closure. In the SST model, a k-ω model is used in the inner parts of 

the boundary layer that makes the model directly through the viscous sub-layer as a Low-Reynolds turbu-

lence model to estimate accurate points of the separation. To avoid the common problem of k-ω model that 

is too sensitive to the free stream turbulence properties, k-ε model is applied in free stream region. The CFX 

solver treats it according to the wall scale represents where the blending is implemented between k-ω and k-

ε formulations. Table 2 shows the defined boundary conditions. 

3.2 Performance of Rigid Turbine 

Since the turbine converts the available power of the flow to rotating energy, its performance can be evalu-

ated by calculating the energy conversion efficiency. The turbine power characteristic is affected by factors 

including the current speed, turbine size, and rotational speed, but it can be normalized and compared effec-

tively with others by plotting the power curves for the TSR. Thus, performance analysis using the TSR is 

widely used. The power coefficient is defined as expressed in Eq. (8). 

 

 

 

Table 2. Boundary conditions 

Description Analysis condition 

Inlet velocity (2.5 m/s) 

Outlet pressure (1 atm) 

Top boundary and hub free slip wall 

Blade no-slip wall 

Interface area GGI with frozen rotor 

Side wall rotational periodicity 

Angular velocity 2.5 rad/s MRF method 

Turbulence model SST k-w 
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The ρ is fluid density and the A represents turbine swept area. The U∞ means upstream velocity where be-

ing away from turbine stagnation. Torque values for each TSR were obtained from the CFD results, and a CP 

curve for the rigid turbine was plotted as shown in Fig. 7. The maximum efficiency of the turbine was 

47.1% with a rated speed of 24 RPM. The maximum torque of each blade was measured as 42,000 N-m at 

TSR 4, and 37,744 N-m of torque was generated at an optimum TSR of 5. The relation between the inci-

dence angle, angle of attack, and TSR could be verified using streamlines around the foil. For maximum 

power operation, the designed turbine should be driven to 24 RPM. 

4. FSI Analysis 

4.1 FE Analysis 

To calculate the turbine deformation, a static FE analysis was conducted. Since steady flow simulation was 

conducted in this study, formulations are not fully coupled between fluid and structure in the time loop.  

 

Hence for the FE analysis, hydro-forces acting on the blade were imported from the CFD results and 

mapped to the blade surface as an external loading condition. With this 1-way FSI scheme, complicated 

loading condition on the turbine blade can be directly considered for the structural simulation. Resulting 

deformed shape of the blade is transferred to the CFD analysis as an updated model to calculate fluid do-

main again. A composite material made of E-glass fiber and epoxy was used for the blade, and its properties 

are summarized in Table 3. 

 

 

Fig. 7. CP curve of a rigid turbine at U=2.5 m/s 

 

 

Fig. 8. Blade deformation 
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Table 3. Properties of E-Glass/Epoxy composite material (Fadhil, 2013)  

Property Value 

Density (kg/m3) 2100 

Longitudinal modulus (GPa) 39 

Transverse modulus (GPa) 8.6 

Longitudinal tensile strength (MPa) 1080 

Transverse tensile strength (MPa) 39 

Longitudinal compressive strength (MPa) 620 

Transverse compressive strength (MPa) 128 

Poison's ratio 0.28 

 

Fig. 8 shows the total deformation distribution of the blade. The maximum deformation of 216 mm was 

observed at the blade tip. It is noted that the pattern of the deformation was affected by the blade's shape 

since it was also deformed in the direction of the leading edge as shown in Fig. 8. The blade has a twist an-

gle along the span, and the shape with the twist angle seemed to induce chordwise deformation. The 

streamwise deformation is the most significant, but chordwise deformation was observed up to 61 mm. This 

deformed shape was transferred to the CFD model in order to calculate the performance of the deformed 

turbine. 

 

 
Fig. 9. Comparison of CP at rated TSR 

 

 
Fig. 10. Comparison of pressure distributions on pressure sides 
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Fig. 11. Comparison of pressure distributions on suction sides 

 

 
Fig. 12. Comparison of pressure contours, side view 

 

4.2 Performance of the Deformed Turbine 

The performance of deformed turbine was estimated using CFD. The configurations of the computational 

domain, boundary conditions, and grid system were the same as those used in the rigid turbine analysis.  

The power coefficient CP of the deformed turbine was compared to that of rigid turbine at a rated TSR of 

5. It was calculated as 44.9% in efficiency of the deformed turbine, and that of undeformed turbine was 

47.1% as shown in Fig. 9. The CP decreased by approximately 2.2%, which could cause a notable loss in the 

power production of tidal arrays. Since the quantity of power production is a crucial parameter, especially 

with respect to economic feasibility, a small power deficit would lead to considerable changes.  

Turbine deformation could be one of the important issues in power loss over tidal arrays with turbine in-

teraction problems. To predict the exact power production, further investigations using turbine FSI analysis 

are required. 

4.3 Discussion 

Deformed blades lead to decreased turbine performance, and several causes can be found in CFD results. 

Figs. 10 and 11 show comparisons of pressure distributions on rigid and deformed blades. 

On the pressure sides of the blades, the pressure distributions are similar except near the trailing edge at 

75% span. High pressure (represented by the dark color) enables the blade to generate lift forces, but the 

dark area of the deformed blade was smaller than that of the rigid blade. On the suction sides, more signifi-
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cant differences were observed, as shown in Fig. 11. Low pressure near the leading edge contributed to per-

formance, but pressure on the deformed blade was relatively high at the 90% span compared to the rigid 

blade. 

Fig. 12 shows a comparison of pressure contours in a side view of the blade from trailing edge to leading 

edge. There should be a large pressure difference between the pressure side and suction side. It can be ob-

served that the pressure dropped ideally for the undeformed blade with low pressure on the suction side 

compared to the deformed blades. There are remarkable differences in the pressure distribution near 90% 

span which significantly contributes to the performance. From the velocity contours in the Fig. 13, the rea-

son of power loss for the deformed blade can be observed as well. Flow speed near suction side of the blade 

must be high for the performance with large pressure drop on the suction side, but significant flow to the 

hub direction was observed. It interferes with efficient flow to the downstream that would make loss in the 

performance. Also the intense tip vortex was induced by deformed blade in comparison to the rigid blade as 

shown in Fig. 13. 

Fig. 14 shows radial velocity contours for rigid and deformed blades. A relatively strong radial flow is ob-

served in the deformed blade. The dark color indicating high velocity was distributed more widely near the 

leading and trailing edges. 

The blade section was designed considering two-dimensional (2-D) flow with a particular lift-to-drag ratio 

with respect to the radial position. However, the blade deformation induced radial flow along the bent sur-

face. This would affect the hydrodynamic performance of each span that makes the deformed blade could 

not generate expected power. 

 

 
Fig. 13. Comparison of velocity contours, side view 

 

 
Fig. 14. Comparison of radial velocity contours 
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Fig. 15.  Pitch angle variation for radial positions. 

 

The pitch angle variation could be considered as another principal cause induced power loss. Hydro-forces 

acting on the foil are irregularly distributed in the chordwise direction, which could induce torsion along the 

blade. The pitch angle variation for radial position u was measured as shown in Fig. 15, the maximum of 

0.23° was observed at the blade tip. In an opposite direction, the maximum of -0.05° was measured at the 

0.25 span. It can be found that the 0.45 span is torsional neutral point of the blade that the pitch angle did 

not change near the 0.45 span. This is not a large variation, but could obviously affect the performance since 

the pitch angle is a crucial parameter that should enable the flow to meet the optimum angle of attack. It 

should be noted that small changes in the flow incidence angle occurred due to pitch angle variations. 

5. Conclusions 

Turbine blades are deformed by hydrodynamic loads, which can affect turbine performance. To investigate 

the variation in performance due to blade deformation, a 10 m diameter turbine was designed and a series of 

numerical simulations was carried out. A rigid turbine’s performance was obtained from CFD analysis, and 

a fluid-structure interaction method was adopted to estimate the efficiency of the deformed turbine. The 

maximum efficiency of 47.1% was observed for the rigid turbine at a rated TSR of 5. For the deformed tur-

bine, the efficiency decreased by 2.2% with a maximum deformation of 216 mm at the blade tip, which 

could induce a considerable loss in the total power production of a tidal farm. The principal causes of power 

loss were found that less pressure drop on the suction side, radial flow along a bent surface, and pitch angle 

variation. This study focuses on developing the procedure of FSI simulation for the horizontal axis tidal 

turbine but various incoming flow speeds and blade size are very crucial parameters to the blade defor-

mation. The performance variation by the upstream velocity and blade size will be investigated in the near 

future. 
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