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ABSTRACT 
 

The present work investigates dynamic response of tidal stream turbine blades subjected 
to impact loads from sea animals. Tidal energy turbine blades are mainly made of carbon 
steel. However, stainless steel constitutes a promising alternative to reduce long-term 
maintenance and repair cost, considering its impact and corrosion resistance to the 
underwater environment. In the present study, a full-scale tidal turbine blade model was 
developed using a finite element modelling software ABAQUS, while a simplified 
geometry of an adult killer whale (Orcinus orca) was assumed to impact on the blade. 
The blade sections were based on the NACA 63-8XX series, while the geometric and 
material properties of the sea animal followed experimental data. The numerical model 
simulated dynamic response of the blade, accounting for blade velocities corresponding 
to real life scenarios. Different velocity magnitudes of the sea animal were simulated, in 
order to investigate their influence on the blade’s plastic deformation. Furthermore, 
multiple impacts were analysed, in order to monitor the plastic strain accumulation in the 
blade. Finally, the potential application of stainless steel material in tidal stream turbine 

blades for impact resistance was evaluated, through comparison of numerical results 
obtained from models using stainless steel and carbon steel materials. 

 
1. INTRODUCTION 
 
     Global demand for clean energy production is increasing, aiming to replace fossil 
fuels consumption. Wind and solar energy technologies have been developed 
extensively during the last decades, while the oceans could also offer huge amounts of 
sustainable energy (Day, et al., 2015). Plenty of applications and devices have been 
developed to produce power from waves and ocean thermal currents. Furthermore, tidal 
currents complement the ocean renewable energy resources. In recent years, there has 
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been a rapid development in this direction, due to its advantage of predictable and stable 
energy output. Many devises have been examined for tidal current energy conversion, 
while the majority of them are designed around the horizontal axis. This type of turbine 
is known as marine current turbine (MCT) (Fraenkel, 2002; CEC, 1996). 
     The most common configuration for a tidal turbine device is a three-bladed 
horizontal axis turbine. Accounting for this configuration, several experimental and 
numerical studies have been conducted, in order to investigate the power generation and 
thrust of marine current turbines. Extensive experimental investigation of a horizontal 
axis turbine in a towing tank and in a cavitation have been conducted by Bahaj et al. 

(2007b), investigting the characteristics of turbine power and thrust of a small-scale 
NACA 63-8XX series blade under different operation conditions, such as RPM range, 
flow speed and hub pitch angle. In addition, numerical results have been reported by 
Bahaj et al. (2007a) and Batten et al. (2006), calculating the characteristics of the 
aforementioned blade geometry, based on blade element momentum (BEM) theory 
(Barnsley & Wellicome, 1992); while Ellis et al. (2018) applied BEM, three-dimensional 
computational fluid dynamics (CFD) and experimental tests to identify the characteristics 
of an in-house blade geometry (FX63-137). More recently, a detailed experimental work 
was presented by Payne et al. (2017), describing the manufacturing process and the 
instrumentation of a small-scale tidal turbine model, measuring the peak loads, due to 
combined turbulent flow and waves.  
     The constantly increasing need of electricity generation from tidal turbines leads to 
application of turbines in long rows normal to the mean flow direction or in multiple rows, 
such as arrays. These configurations of turbines have shown to affect significantly the 
development and interaction of turbine wakes within the array (Olczak et. al., 2016; 
Funke et al., 2014). Furthermore, as the tidal blades are placed underwater, another 
problem associated with impact damage from large debris and sea animals arises with 
the increased number of turbine blades (Carlson, et al., 2012). Payne et al. (2015) 
conducted preliminary small-scale impact tests, investigating the peak loading on a 
variety of materials with similar properties with the skin, bones and flesh of sea animals. 
Furthermore, Grear & Motley (2015) and Grear, (2018) performed extensive 
experimental tests to characterize the material properties of marine mammal tissues and 
presented numerical results to identify the damage on the sea animal, using a 
geometrically simplified tidal turbine blade. 
     In general, the majority of the tidal turbine blades are made of carbon steel 
materials (Douglas et al., 2008; Shiekh Elsouk et al., 2018), which leads to increased 
maintenance costs and also suffers from corrosion due to the high salinity environment. 
Therefore, the present work focuses on the dynamic response of a tidal turbine blade 
made of stainless steel, subjected to impact loading by a killer whale. The scope of this 
work is to evaluate the impact resistance of stainless steel material compared with carbon 
steel. The influence of different velocities of the sea animal is investigated, identifying its 
influence on plastic deformation of the blade. The numerical results are compared with 
theoretical results obtained from the corresponding analyses considering carbon steel 
material. The effect of multiple impacts on the plastic strain accumulation is also 
presented. 
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2. GEOMETRY AND NUMERICAL MODELLING 
 
     2.1 Tidal turbine blade 
 
     In the present study, the turbine blade profiles were determined based on the NACA 
63-8XX series, which is commonly used in tidal turbine devices. A full-scale blade was 
assumed, considering ten foil profiles with the geometric characteristics, as presented by 
(Payne et al., 2017) and scaled up by fifteen to obtain the full-scale geometry. Table 1 
presents the thickness (t), chord (c), radial location (r) and twist of each foil profile along 

the Rblade=8.91 meters rotor, while the profile at r/Rblade=0.99 is presented in Figure 1 for 
a better visualization of the foil profiles. The shape of each of the ten foil profiles was 
obtained using the JavaFoil software (Hepperle, 2011), which provided the plane 
coordinates of each foil based on its c/Rblade and t/c ratios. Subsequently, the coordinates 
were rotated following the twist angle, as described in Table 1, while the center of rotation 
is located at one quarter from the leading edge, as shown in Figure 1. This point 
corresponds approximately to the aerodynamic center of each foil profile (Abbott & Von 
Doenhoff, 1959). Then, the coordinates of each profile was imported in a CAD software 
(Dassault Systèmes, 2015) at the appropriate radial location (parameter r in Table 1), 
with the axis of the blade going through the center of rotation of each foil profile. In the 
following, interpolated smooth curves were generated, using the discrete point of each 
foil profile, while these smooth curves were used for an interpolated lofted surface. 
 
 

Table 1. Blade dimensions based on NACA 63-XX profile series. 

r/Rblade r (mm) c/Rblade (10-3) c (mm) t/c (%) t (mm) twist (°) 
0 0 28.0 252.3 100 252.30 - 
0.1 900 48.3 453.0 58.00 252.30 23.00 
0.2 1800 111.7 1005.0 25.00 251.25 19.00 
0.3 2700 110.9 998.4 23.45 234.15 12.35 
0.4 3600 104.5 940.8 21.90 205.95 9.96 
0.5 4500 98.8 889.5 20.35 181.05 8.91 
0.6 5400 93.2 838.8 18.80 157.65 8.00 
0.7 6300 88.3 794.7 17.25 137.10 7.03 
0.8 7200 85.7 771.6 15.70 121.20 6.21 
0.9 8100 83.0 747.3 14.15 105.75 5.74 
0.99 8910 73.3 660.0 12.60 83.10 5.50 

 
 
     Figure 2 presents a three-dimensional model of a NACA 63-8XX blade created in 
SolidWorks and then imported in ABAQUS (Hibbitt et al., 2016). The blade was 
considered as a cantilever. The profiles from r equal zero to r equal to 0.05Rblade were 
fixed, following the experimental set-up presented by Bahaj et al. (2007b), restraining all 
the displacements and rotations, while the other end is free. The blade was modelled 
using 83965 C3D10HS elements. This type of general-purpose quadratic tetrahedron 
element provides superior stress visualization and exhibits improved convergence 
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simulating contact and metal plasticity. The mesh is denser around the region where 
contact was established with the sea animal to overcome convergence issues. 
 

 
Figure 1. Graphical representation of the foil profile at r/Rblade=0.99 radial location. 

 

 
Figure 2. Visualization of the NACA 63-XX blade-killer whale finite element model. 
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     Furthermore, stainless steel material of Grade 304 was adopted for the blade, while 
the Johnson & Cook (1985) model was employed in the simulations, which includes strain 
hardening, strain rate phenomena and temperature effects. The material properties for 
the 304 stainless steel are presented in Table 2, where A, B, n, c, 𝜀0̇ and m are Johnson-

Cook parameters obtained by fitting to experimental curves, as reported by Lee et al. 
(2006). More specifically, parameter A is the initial yield strength of the material at quasi-
static strain rate, B and n represents the flow stress on strain hardening behaviour at 
quasi-static strain rate, while C and m represent strain rate effect and thermal softening 
effect, respectively. 
 
 

Table 2. Material properties of Johnson-Cook parameters for the 304 stainless steel material. 

Density 
(kg/m3) 

Young’s 
Modulus 
(GPa) 

Poisson’s 
ratio 

Melting 
Temperature 
(K) 

Room 
Temperature 
(K) 

 

7900 200 0.3 1673 293  

A (σy,ss) 
(MPa) 

B (MPa) n c 𝜀0̇ (s-1) m 

310 1000 0.65 0.07 1 1.00 

 
 
     2.2 Killer whale (Orcinus orca) 
 
     The killer whale was modelled using a simplified geometry considering a solid 
cylinder, as shown in Figure 2. The diameter of the model is Dskin=1.2 meters, and it was 
based on the maximum diameter of the model presented by Carlson et al. (2012). The 
length (Lwh) is equal to 3.557 meters, which was determined in order to obtain the same 
volume with the model used by Carlson et al. (2012). Furthermore, the model was divided 
into three sections, assigning the corresponding material properties in each one, 
representing a bone in the core of the model, surrounded by blubber and followed by 
skin, as shown in Figure 2. The diameter of the bone (Dbone) is equal to 0.109 meters; 

the diameter of the blubber (Dblubber) equals 1.091 meters, while their ratio with the total 
diameter of the model is similar to the numerical model presented by Carlson et al. (2012). 
     An isotropic elastic material was assumed for the bone. The Young’s modulus and 
the Poisson’s ratio of the bone are Ebone=854 MPa and vbone=0.4745, respectively. These 
are average values obtained from experimental tests, corresponding to cortical bone 
from right whale jaw bone, as reported in a study conducted by Campbell-Malone (2007). 
For the blubber and the skin, experimental data were imported in ABAQUS, which have 
been reported by Grear (2018). Using the experimental data, ABAQUS can fit several 
built-in hyperelastic constitutive models providing the corresponding coefficients. For the 
blubber, the reduced Polynomial constitutive model (Yeoh, 1993) was considered with 
parameters C10=3.853 KPa, C20=59.482 KPa, D1,blubber=1.589×10-5 and D2,blubber=0, while 
the constitutive model proposed by Ogden (1972) was used for the skin with parameters 
μskin=2.8422 MPa, αskin=10.407 and D1,skin=4.308×10-8. These sets of parameters were 
stable for all strains, while the density for each material was considered equal to 1000 
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kg/m3, as also reported by Grear, (2018). During initial stages of numerical modelling, 
isotropic elastic materials were assumed for the blubber and the skin, such as the bone, 
following the study presented by Grear & Motley (2015), and adopting corresponding 
Young’s modulus and Poisson’s ratios for both materials. However, excessive distortion 
of killer whale’s elements and convergence issues were arisen, therefore both materials 
were considered as hyperelastic materials. 
     Furthermore, 51453 quadratic tetrahedral elements of type C3D10HS were 
employed for the whale, while the surface-to-surface algorithm of ABAQUS was used for 
the contact during the impact, assuming the blade as the master surface and the outer 

surface of the skin section as the slave. The friction coefficient used in the simulations is 
equal to 1 (Asserin et al., 2000). It should be noted that this value corresponds to friction 
coefficient between polished stainless steel and human skin, however this value was 
adopted in the simulations, due to the lack of the corresponding value for killer whale 
skin. 
 
 
3. NUMERICAL RESULTS 
 
     In the present study, the blade was assumed fixed at the center of the rotor, while 
a velocity was applied to the killer whale, impacting the blade. The velocity of the whale 
was adopted accordingly, in order to have similar initial kinetic energy on the model, such 
as in a real case scenario during the operation conditions of a full-scale tidal turbine. 
More specifically, the Reynolds number at the three quarters of the radial span of the 
blade is in the order of 106 (Whelan & Stallard, 2011) for a full-scale tidal turbine. 
Therefore, the rotational speed and the corresponding rotational kinetic energy were 
calculated for the blade, concluding to the translational velocity (v1) of the whale along x-
axis, which imposes similar initial kinetic energy to the numerical model. 
 
     3.1 Stainless steel of Grade 304 

 
     In the present analysis, velocity in one direction was considered with velocity of the 
killer whale at x-direction equal to v1 (vx=v1) and equal to zero at y and z-direction 
(vy=vz=0), according to the coordinate system shown in Figure 2. During impact loading, 
the bending moment at y-direction reaches its maximum value at fixed end of the turbine 
blade. Therefore, the maximum bending stresses (σzz) occur on this foil profile, where 
the blade is in tension at the leading edge of the section and in compression at the trailing 
edge, as shown in Figure 3. This figure also shows that the maximum stress occurs at 
the trailing edge. 
     Upon establishing the contact of the whale with the blade, the kinetic energy of the 
model gradually reduces, as shown in Figure 4a, leading to increasing of the deflection 
of the blade. Figure 4a presents the kinetic energy of the model normalized by the initial 
kinetic energy, considering translational velocity of the killer whale vx=v1, with respect of 
time. During impact loading, the kinetic energy reduces, reaching a minimum point, which 
corresponds to the maximum deflection of the blade. This point also corresponds to the 
maximum value of stress. Figure 4b presents the von Mises stress of the turbine blade 
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at the fixed end foil profile at the trailing edge, normalized by material parameter A of 
Table 1, which corresponds to the yield stress at quasi-static strain rate of the stainless 
steel material of Grade 304 (σy,ss). It is shown that the turbine blade deforms elastically 
during impact loading, considering velocity at x-direction equal to v1. This is also 
observed in Figure 4. a) Normalized kinetic energy with respect time, b) normalized von 
Mises stress with respect time at the trailing edge of the foil profile at fixed end, c) 
normalized mormal stress at z-direction with respect the strain at the trailing edge of the 
foil profile at fixed end, d) equivalent plastic strain, for the different velocities of the killer 
whale; 304 stainless steel material.Figure 4c, where the bending stress and strain at z-

direction at the trailing edge of the fixed end foil profile of the blade are presented, 
showing elastic deformation of the blade. 
 

 
Figure 3. Visualization of stress distribution at the fixed end of the blade during impact; the contour plot represents 

von Mises stress. 

 
     In addition, higher velocities of the killer whale were considered, investigating the 
dynamic response of the turbine blade and monitoring their effect on plastic deformation 
of the stainless steel material. The different velocity ratios vx/v1 investigated and 
presented in the current section are equal to 1.50, 1.75, 2.00, 2.25, 2.45, 3.05, 3.85, 4.60 
and 5.35. Figure 4a presents the kinetic energy of the numerical model for the different 
velocities of the killer whale, normalized by the initial kinetic energy for each case. With 
the increase of velocity, the reduction of kinetic energy occurs sooner, reaching the 
minimum value at the time when the blade reaches its maximum deflection, as shown in 
Figure 4b. The impact load also increases with the velocity of the killer whale, leading to 
plastic deformation of the stainless steel material at the trailing edge of the profile 
corresponding to the fixed end of the blade. The von Mises stress increases with the 
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velocity of the whale, while the material yields for velocities higher than two times the 
operational velocity v1, leading to plastic deformation. This is also presented in Figure 4c, 
showing the compressive stress-strain response of each case, and in Figure 4d which 
presents the equivalent plastic strain (εq) of the trailing edge at this region, with respect 
the different normalized velocities of the killer whale at x-direction. For values equal to 
2.00, 2.25 and 2.45, a very low value of equivalent plastic strain in the turbine blade 
stainless steel material is observed. However, the 0.2% offset corresponds to normalized 
velocity equal to 3.05, while increasing the velocity of the sea animal, the plastic 
deformation of the blade increases exponentially up to 1% approximately. 

 

 
Figure 4. a) Normalized kinetic energy with respect time, b) normalized von Mises stress with respect time at the 

trailing edge of the foil profile at fixed end, c) normalized mormal stress at z-direction with respect the strain at the 

trailing edge of the foil profile at fixed end, d) equivalent plastic strain, for the different velocities of the killer whale; 304 

stainless steel material. 

 
     Finally, it is observed that the blade deforms on the x-direction, considering the 
one-directional velocity of the sea animal. However, the blade also deflects on the y-
direction, due to the twist of the foil profiles along the turbine blade (shown in Table 1). 
Figure 5 presents the translation of the centre of rotation of the profile of the blade at 
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radial location equal to 0.99Rblade, normalized by the chord of the foil profile. The figure 
presents significant and comparable deflection of the blade at y-direction, while the 
deflection increases significantly in both directions with increasing the velocity of the killer 
whale, as expected. This is an important observation, while considering two-dimensional 
velocity of the killer whale, it might affect the plastic deformation of the blade and the 
region, which it will occur. 

 
Figure 5. Normalized translation of centre of rotation of blade’s profile at r/Rblade=0.99 radial location. 

 
     3.2 Carbon steel of Grade AISI 1020 
 

     In addition, the dynamic response of tidal turbine blade made of carbon steel was 
investigated, in order to compare the dynamic response and the accumulation of plastic 
strain in the blade with the corresponding blade made of stainless steel material. The 
material properties of the Johnson & Cook (1985) constitutive model for the AISI 1020 
carbon steel material were adopted by the work of Bashistakumar & Pushkal (2018), and 
they are summarised in Table 3. Furthermore, one-directional velocity of the killer whale 
was assumed at x-direction, for the same range of normalized velocities as presented in 
Section 3.1. 
 

Table 3. Material properties of Johnson-Cook parameters for AISI 1020 carbon steel material. 

Density 
(kg/m3) 

Young’s 
Modulus 
(GPa) 

Poisson’s 
ratio 

Melting 
Temperature 
(K) 

Room 
Temperature 
(K) 
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7870 200 0.3 1798 293  

A (σy,cs) 
(MPa) 

B (MPa) n c 𝜀0̇ (s-1) m 

333 737 0.15 0.008 1 1.46 

     오류! 참조 원본을 찾을 수 없습니다. presents (a) the kinetic energy of the 

numerical model during impact loading, normalized by the initial kinetic energy for each 
velocity case, (b) the von Mises stress at the trailing edge of the foil profile of the blade 
at the fixed end, normalized by the yield stress at quasi-static strain rate of AISI 1020 
carbon steel (σy,cs), with respect time, (c) the normal stress at z-direction (σzz), normalized 
by the yield stress at quasi-static strain rate of the material, with respect the 
corresponding normal strain (εzz), and (d) the equivalent plastic strain (εq) for both 
materials with respect the different velocities of the sea animal.  
 

 

 
 

Figure 6. a) Normalized kinetic energy with respect time, b) normalized von Mises stress with respect time at the 

trailing edge of the foil profile at fixed end, c) normalized mormal stress at z-direction with respect the strain at the 

trailing edge of the foil profile at fixed end, d) equivalent plastic strain, for the different velocities of the killer whale; 

AISI 1020 carbon steel material. 
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     The kinetic energy of the model for each velocity case follows the trend discussed 
in Section 3.1 accounting for stainless steel material. The kinetic energy drops during 
impact, while the deflection of the blade increases, reaching a minimum point when the 
maximum deflection occurs. The maximum deflection corresponds to the maximum von 
Mises stress at the trailing edge of the profile at the fixed end of the blade, while after 
that point the von Mises stress drops and the kinetic energy starts to increase, indicating 
push-back of the killer whale by the blade. Furthermore, it is shown that higher velocity 
of the sea animal is required to deform plastically the carbon steel material of the blade. 
Plastic deformation of the carbon steel material initiates at normalized velocity equal to 

3.05, instead of 2.00 for the stainless steel material. In addition, the equivalent plastic 
strain of the blade made of carbon steel material is 87% lower than the blade with 
stainless steel material, considering the highest normalized velocity examined in the 
present work. However, the equivalent plastic strain for the case of stainless steel 
material is still low. The value is lower than 1%, even for velocity which corresponds to 
five times higher kinetic energy than the operational conditions assumed in the present 
study. 
 
 
     3.3 Multiple impacts 
 
     In the following, the dynamic response and the accumulation of the plastic strain in 
the blade’s stainless steel material was simulated, considering multiple impacts. This is 
the first approach to investigate the influence of multiple impact events on the 
accumulation of plastic strain, which could lead to damaging of the material’s 
microstructure, crack initiation, crack propagation and failure eventually of the turbine 
blade. For the analyses presented in the present section, the normalized velocity of the 
killer whale was assumed to be 3.05; this velocity corresponds to plastic strain 
approximately equal to 0.2%, which corresponds to the 0.2% offset yield point. 
Furthermore, it was imposed in each impact, the plastic strain of the turbine blade’s 
stainless steel material simulated in the previous impact event, as initial condition, while 
ten impact events were simulated in total. 
     Figure 7 presents the compression at the trailing edge of the foil profile at the fixed 
end of the turbine blade. The normalized normal stress at z-direction (σzz/σy,ss) is shown 
for the increasing number of impact events, with respect the corresponding normal strain 
(εzz), while the arrow indicates the increasing number of impacts. The plastic deformation 
and the corresponding hardening of the stainless steel material leads to increasing the 
gradually the yield stress of the material. Therefore, the elastic energy which is required 
to reach the yield point increases, resulting in reducing the energy which corresponds to 
plastic deformation of the material; the initial energy is similar in every number of impact 
and corresponds to the initial kinetic energy. Furthermore, the equivalent plastic strain of 
the stainless steel material is also shown in Figure 8, with respect the number of impacts. 
The figure shows that increasing the number of impacts the material hardens and the 
corresponding increase rate of the plastic strain decreases. Therefore, increasing the 
number of impacts and the corresponding hardening of the turbine blade’s material, the 
velocity of the sea animal and the corresponding initial kinetic energy will result in elastic 
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deformation of the blade exclusively. This is an important correlation between the number 
of impacts required to result in elastic deformation of the material and the initial kinetic 
energy and it constitutes an open issue for future study. 

 
Figure 7. Normalized mormal stress at z-direction with respect the strain at the trailing edge of the foil profile at fixed 

end. 
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Figure 8. Equivalent plastic strain of the stainless steel material of the turbine blade, with respect the number of 

impacts. 

4. CONCLUSIONS 
 
     Impact from sea animals becomes an important loading case on tidal turbines, due 
to the increase of offshore tidal turbine devices installation. In the present work, a full-
scale tidal turbine blade was modelled, investigating its dynamic response under impact 
loading with killer whale. Stainless steel material was considered for the tidal turbine 
blade, attempting to evaluate its impact resistance, compared with carbon steel, which is 
most commonly used. The blade was assumed fixed at the center of the rotor, while 
velocity was applied to the killer whale. The velocity of the sea animal (v1) was adopted 
accordingly, in order to have similar initial kinetic energy on the model, such as in a real 
case scenario during the operation conditions of a full-scale tidal turbine. Considering 
velocity of the sea animal equal to v1, the turbine blade deforms elastically. However, 
applying velocities higher than two times of v1, plastic deformation of the blade was 
observed. It is also important to note that the blade deflects on x-direction, which 
corresponds to the velocity of the killer whale, and also on y-direction due to the twist of 
the foil profiles along the turbine blade. Considering this observation, two dimensional 
velocity of the whale might affect the plastic deformation of the blade and it is an open 
issue for further investigation. Furthermore, the dynamic response and the accumulation 
of plastic deformation in the stainless steel material of the blade was compared with a 
blade made of carbon steel, for different velocities of the killer whale. Assuming AISI 
1020 carbon steel material, the blade deformed plastically in higher velocities of the sea 
animal, compared with the case of stainless steel material of Grade 304. Therefore, the 
values of equivalent plastic are lower for the carbon steel material strain in the same 
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range of velocities of the killer whale. However, the stainless steel material constitutes a 
promising material for such a device, considering the reduced maintenance costs and 
the elastic deformation of the blade for the assumed operational conditions; the blade 
deforms plastically in a significantly higher sea animal velocity. Finally, in case of multiple 
impacts, the material of the turbine blade hardens leading to reducing the plastic strain 
rate increase. Simulating ten impacts, the equivalent plastic strain in the turbine blade’s 
material is slightly higher than 1%, concluding that the turbine blade is well before its 
ultimate strength. However, the accumulation of plastic strain in the blade due to multiple 
impacts and the damage of the material is an open issue for further examination. 
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