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Abstract. The marine current turbine is the mechanical device that captures the kinetic energy 
of marine current to generate electrical power. A panel method program coupled with the 
blade element momentum theory (BEM) was used to design a bare tidal turbine which reaches 
88% of the Betz limit. The addition of a duct for a same overall cross section area has been 
investigated. The numerical results show that the ducted turbine’s power coefficient, which 
was computed using the overall cross section area, can be slightly increased if a camber duct 
profile with a flare angle is used. The hydrodynamic pressure obtained with the panel method 
code were then implemented as boundary conditions to a finite element analysis (FEA) in 
order to compute the mechanical behavior, stress distribution and deflection of the duct in 
composite material. The Hashin criterion was used for damage prediction. 

 
1 INTRODUCTION 

To convert the kinetic energy of marine current into electricity, the most sensible generator 
is a horizontal axis turbine. The know-how and the tools used for marine propulsion devices 
find a new range of applications in this field. An academic panel method code developed for 
the design of marine propeller was used to design a marine current turbine. The turbine 
dimension and the tidal current velocity have been taken to comply with the conditions in the 
Race of Alderney which is the best tidal site in France. The site allows the device to have 20 
meter diameter without maritime traffic perturbation and the current velocity reaches 3 m/s. 
The wing section theory and the optimum rotor theory based on the blade element momentum 
theory were used to obtain the design condition and a first geometry for a bare turbine was 
obtained. The boundary element method was then used to verify the power coefficient 
obtained in the presence of the 3D effects and if the cavitation constraints are respected. 
Subsequently, an iterative procedure has been developed with the same panel code and used 
to verify if the addition of a duct, at the same overall section with bare turbine, could improve 
the power output per unit surface. To compute the rotor within the duct an iterative procedure 
has been developed. The hydrodynamic analysis of the proposed design is carried out to 
determine the power coefficient and the load distribution along the duct which is basically 
higher than wind turbine load due to the higher density of the sea water. This paper presents 
the application of an academic panel method program based on potential flow theory for the 
analysis of the hydrodynamic performance of marine current turbines. Using the output from 
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the hydrodynamic analysis, a finite element method (FEM) coupled with the panel method 
program was used to find the stress and deflection response of the duct and for the prediction 
of the damage using shell composite material. Basically this work presents a combined 
hydrodynamic-structural design methodology of full size turbine using composite material. 
Composite materials are the materials used for large wind turbine blades. Their attractive 
characteristics such as light weight, high stiffness and good corrosion resistance compared to 
metallic materials make them the best choice for tidal turbine designers. Based on these 
characteristics of composite, manufacturing using composite materials can achieve a 
structural design with a complicated geometric layout and a significant weight reduction 
compared with steel. Glass fibre reinforced polymer and carbon fibre reinforced polymer are 
most commonly used in marine renewable energy [1]. 

Designing composite tidal turbines involves balancing between hydrodynamic performance 
and structural integrity. In general composite materials are used in marine engineering 
because they provide the following characteristics:  

 Excellent corrosion resistance. 
 Considerable savings in weight compared with equivalent metal systems. 
 Very high strength to weight ratio. 
 Simple and effective jointing and lower installation costs. 
 Minimal maintenance cost. 
 Can be relatively modelled into complex shapes. 

This paper seeks to develop a design methodology for ducted horizontal axis tidal turbines 
based on combined hydrodynamic/structural analysis with the view to explore the suitability 
of using composite materials in marine engineering and particularly in the field of marine 
renewable energy (MRE). 

2 DESIGN OF TIDAL TURBINE 

Most marine current turbine designers use the Blade Element Momentum (BEM) theory to 
predict their hydrodynamic performances. The BEM theory, well described in Jamieson [2], 
does not take the 3D effects into account. A first account of the 3D effects is given by the 
lifting line theory [3] with some restriction on the blade aspect ratio (Λ). This restriction is 
minimized when using 3D panel method based on potential flow theory [4] which is faster 
and easier to operate than Navier-Stokes solvers [5] which require 3D mesh and turbulence 
models [6], [7] and [8]. The numerical results of the panel method code have been compared 
to the experimental measurements of Bahaj et al. available in the literature [9] and a good 
agreement has been found up to the area where there is no flow separation. However, there is 
no reason to propose a design which presents flow separation and stall because we also know 
that flow separation is closely linked to the cavitation inception which dramatically decreases 
the hydrodynamic performance of tidal turbines [10]. 

Once the hydrodynamic analysis is completed and the material selected, a finite element 
analysis (FEA) is performed to take the structure constraints in the design into account. The 
ABAQUS DLOAD user define function has been used to implement our interpolation 
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procedure in order to use the hydrodynamic pressures computed with the panel method code 
as boundary conditions for the  finite element analysis. 

2.1 Turbine design procedure 

The design of tidal turbine is mostly imposed by the cavitation inception criterion and flow 
separation has to be avoided. Therefore the angle of attack of each blade section and the 
minimum pressure must be respected. Starting from a given profile, it must be ensured that its 
angle of attack does not vary outside the cavitation-free range. The 15% thickness NACA63-
415 profile which presents a recompression on the suction side at 30% of the chord after the 
leading edge when its lift coefficient, Cl, is equal to 0.4 has been retained. Once the profile is 
chosen, its pressure coefficient, Cp, distribution around the targeted Cl is known and the 
minimum pressure coefficient value together with the immersion allow the computation of the 
maximum velocity which the profile can sustain without cavitation from which the rotational 
speed is extracted and therefore the TSR of design. Using such a profile, the minimum Cp 
should not drop below -3 and with an immersion of 15 meters, the maximum velocity can 
safely reach 12 m/s which gives the design TSR, TSR = 4.  

The BEM is then used to indicate the first pitch distribution to obtain a maximum power 
coefficient. Subsequently, the panel method is used to assess the hydrodynamic performance 
taking the 3D effects into account and to determine how far we are from the Betz limit and if 
we respect the cavitation constraints. Several adjustments to the geometrical parameters as the 
chord distribution (example given in Figure 1) are then needed to obtain a final bare water 
turbine geometry which reaches 88% of the Betz limit, (Table 1).  

Table 1: Different configurations in the optimization process 

20m 
rotor 

diameter 
 

Blade 
number 

Geometrical 
pitch at 

70% of the 
blade 

Chord 
distribution 

Aspect 
ratio 

Torque 
coefficient 

Power 
coefficient 

Power 
coefficient 
in % Betz 

Power 
output 

Z P/D C/D AER                 P (Watts) 

 

 

 

3 0.5 0.1 0.095 0.011 0.361 60.842 1.57E+06 
 

3 
 

0.4 
 

0.1 
 

0.095 
 

0.013 
 

0.431 
 

72.790 
 

1.88E+06 

3 0.6 0.1 0.095 0.008 0.271 45.791 1.18E+06 

 
3 0.4 0.07 0.067 0.012 0.395 66.591 1.72E+06 

 
3 0.4 0.166 0.159 0.013 0.438 73.908 1.90E+06 

 
3 0.4 0.25 0.239 0.012 0.398 67.144 1.73E+06 

 
5 0.4 0.1 0.159 0.015 0.492 82.987 2.14E+06 

 
7 0.4 0.07 0.159 0.016 0.523 88.197 2.24E+06 
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Following the design procedure, a 7 blade tidal turbine was obtained (Table 2) which 
should be able to extract half the flow power at its design TSR (TSR=4), i.e. 2.24 MW and 
hence more than 7.13 kW/m². Although no structural constraints are considered at this stage, 
common sense is used to determine the ranges of values for the chord and the number of 
blades, (Figure 2 and 3). 

Table 2: Bare turbine design 

r/R c/D P/D Pitch° AOA° 
0.2 0.07 0.2886 24.6741 7.065 
0.3 0.07 0.3535 20.5650 5.135 
0.4 0.07 0.3817 16.8992 4.076 
0.5 0.07 0.3960 14.1509 3.374 
0.6 0.07 0.404 12.1014 2.872 
0.7 0.07 0.4091 10.5399 2.496 
0.8 0.07 0.4124 9.3202 2.204 
0.9 0.07 0.4147 8.3455 1.972 

0.95 0.07 0.4156 7.9287 1.873 
1 0.07 0.4164 7.5506 1.7843 

 
 

 
 

Figure 1: Power coefficient versus TSR for two different 
chord distributions 

 

 
Figure 2: Pitch angle distribution                                Figure 3: Pressure coefficient (ITTC) 

2.2 Ducted turbine design procedure 

The flow around the propeller is computed in the presence of the duct induced velocities. 
We then compute the propeller induced velocities on the surface of the duct. The procedure is 
repeated until convergence which occurs after a few iterations (CPU ~ 45mn on a laptop). 
Using the best rotor geometry, we investigated if the addition of a duct could significantly 
improve the total output power. The duct section induces a circulation which accelerates the 
water flow into the rotor increasing the available power. The duct however uses a significant 
part of the cross-section area and in order to be of advantage, the power output has to be 
superior to the one of a bare rotor using the same overall cross-section area (in the present 
case, 20m overall diameter for both bare and ducted turbine). A flowchart of the 
hydrodynamic design of ducted turbine used in this study is shown in Figure 4.  
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Several duct configurations were generated and computed in the panel method code at 
water velocity 3 m/s to assess the power coefficient of each design and the hydrodynamic load 
(see Figure 5). 

 

Hydrofoil profile generation
(AMMX-X)

Flare angle
(diffuser)

Did flow separation occur?
(Xfoil 2D analysis)

Ducted turbine geometry generation
(overall cross-section constant with bare turbine)

Ducted turbine Hydrodynamic performance
(Panel method iterative procedure)

Rotor design
(BEM coupled panel method)

Tidal site
specifications

Did flow separation
and cavitation occur ?

YES

Comparison with previous results and the bare turbine

YES

 

Figure 4: Flowchart of the hydrodynamic modelling process of ducted turbine 

 

The potential flow code cannot predict the flow separation and can produce erroneous 
figures for the section’s largest lift coefficients. If we consider the duct as a wing with an 
infinite span, the flow separation occurrence should coincide with the 2D section. A software 
code like Xfoil indicates that flow separation occurs for a 7° angle of flare for the 2D duct 
profile. We retained three flare angles with the same profile, AMM6-12, which according to 
the Xfoil 2D section analysis present no occurrence of flow separation. The Xfoil code 
combines second-order panel method and fully-coupled viscous interaction. The viscous 
effects on the duct could be fully analyzed with Computational fluid dynamics (CFD) analysis 
but here we are only interested to know whether flow separation occurs since it may be linked 
to the occurrence of cavitation which could seriously affect the hydrodynamic performance of 
such a system. After the first stage a blade geometry presenting neither flow separation nor 
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cavitation was obtained. Our best rotor design was then equipped with a duct respecting the 
same overall diameter. The second stage of our design procedure is the structural response of 
the duct using the output results of the hydrodynamic design as input data in the structural 
analysis performed by a FEA commercial code. 

20m 
overall 

diameter 
Duct generation 
with   AMM12-6 

profile 
Panel mesh 

Power coefficient 
computed from 

the overall cross 
section area 

Hydrodynamic pressure 
(ITTC pressure 

coefficient) Flare 
angle° 

0° 

  

 

 
          

TSR=5.5  

2° 

  

 
          

TSR=5  

5° 

  

 

 
          

TSR=6  

Figure 5: Duct geometries and hydrodynamic pressure computed with the panel method program 

3 PANEL METHOD-FEA COUPLED METHOD  

The Panel Method-Finite Element Analysis (PM-FEA) coupled method allows to use the 
hydrodynamic pressure obtained with the panel method program as input into the FEA code.  
The PM-FEA coupled method determines the stress distribution and the structural response of 
the composite duct at any given hydrodynamic loading conditions. Once the hydrodynamic 
analysis has been carried out, the DLOAD subroutine is computed into the FEA code to 
project the hydrodynamic pressure on the duct panel structural mesh. The PM-FEA coupled 
method proposed in this paper can determine, for any ducted turbine configuration free of 
flow separation, a detailed solution of the mechanical behavior of the duct in order to find a 
compromise between the hydrodynamic performance and the structural constraints linked 
with the addition of a duct. An accessory problem was the transfer of the hydrodynamic 
pressure computed on duct panels onto the duct elements of the FEM structural analysis. The 
two meshes are very different because they obey to different criteria. The potential mesh 
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follows the streamlines whilst the structure analysis requires a homogeneous mesh, see Figure 
6.   

 
(a) 

 
(b) 

Figure 6: Comparison between (a) panel method mesh and (b) FEA mesh for a wing 

The main procedure is to project these integration points on the panel method mesh and 
then we compute the pressure on these points projected by interpolation from known values 
on the control points of the panel method mesh (Figure 7). 

                                       

Figure 7: Integration point on the FEM mesh 

The hydrodynamic pressures of Figure 5 are now implemented as boundary condition for 
the FEA computation, Figure 8. 

   

   
0° flare angle 

 
2° flare angle 

 
5° flare angle 

 
Figure 8:  Hydrodynamic pressures computed with the DLOAD subroutine for three different flare angles 

Real geometry 

Panel method mesh FEM mesh 

Integration points 
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3.1 Composite ducted water turbine 

Tidal turbines are subjected to significant loads due to the high density of seawater in 
which they operate. However sufficient strength and stiffness are required for tidal turbines 
and can only be provided by the use of higher performance materials such as composite 
materials, leading to a design which presents a compromise between efficiency, endurance, 
weight and cost. Today, large tidal turbine blades are almost all made of glass fibre reinforced 
polymer (GFRP) because it currently represents the best way to strike a balance between 
performance, weight and structural integrity. In this context we used this composite material 
to analyse the structural integrity of the duct. The duct must be able to stand up to the 
hydrodynamic load and also the hydrostatic pressure which depends on the tidal site depth 
which is about 40m in our case. The advantage of GFRP composites is that they relatively 
inexpensive and provide sufficient strength and stiffness. However, as the turbines size 
increases, carbon fibre reinforced polymer (CFRP) becomes more popular for developing 
some parts of the blades and/or the duct, such as spar caps and some critical areas such as the 
trialling edge according to the FEA simulation. On the other hand, carbon fibres normally cost 
10-20 times more than glass fibres. In fact carbon fibres provide a much higher modulus and 
significant weight reduction. Finally GFRP material was selected as a compromise between 
cost and performance. 

The finite element model of the turbine represents the final design stage of the turbine 
using GFRP as material for the duct and also introduces the different loads determined from 
the hydrodynamic analysis with the panel method program. The main sources of loading on 
the duct, which is the gravity, the hydrodynamic and the hydrostatic pressures were applied to 
the FEA model using a surface distribution with the DLOAD subroutine for the projection of 
the hydrodynamic pressure computed from the panel method program. The 3D model of the 
duct was imported into ABAQUS 6.14 FEA commercial code were the loads and boundary 
conditions were applied to the duct as shown in the Figure 9. The degrees of freedom are 
fixed at the rotor position, Figure 9(b). The duct inner pressure is the atmospheric pressure 
since the generator is a Rim-Driven generator. 

 
 

(a) 

 
 

(b) 
  

Figure 9: Hydrodynamic, hydrostatic and gravity loads applied to the 5°duct flare angle 

769



Mahrez Ait Mohammed, Mostapha Tarfaoui, Jean Marc Laurens and Sylvain Moyne 
 
 

9 
 

 
 

(a) 

 
 

(b) 

Figure 10: Mesh configuration of (a) full model and (b) half model 

The composite lay-up used is symmetrical stack ply orientations                  
        .The duct was modelled using S4R linear shell elements, Figure 10(a), and the 
material selected for the duct is glass fibre reinforced polyester. Due to the fact that the load 
and the boundary conditions are symmetrical we can analyse only half of the duct which 
greatly reduces the FEA computation time as shown in Figure 10(b). 

The engineering modulus of the GFRP material was obtained experimentally [11] (Table 3). 

Table 3: Material properties used in the structural model for the GFRP [11] 

Property Value 

Young’s modulus (Mpa)                      

Poisson’s ratio                         

Shear modulus (Mpa)                       

Density                

Longitudinal tensile strength (MPa)           

Longitudinal compressive strength (MPa)        

Transverse tensile strength (MPa)         

Transverse compressive strength (MPa)          

In-plane shear strength (MPa)            

 

To reduce costs and facilitates their handling, ducts are designed to be as light as possible. 
Minimizing weight and maintaining performance is an ongoing challenge to the tidal turbine 
designers. The addition of sandwich panel construction as spar to resist deflection of the duct 
trailing edge allows the reduction of the weight compared with a layup configuration without 
sacrificing the duct performance. To increase the deflection resistance without adding some 
significant weight, a sandwich panel construction is used for most of the airfoil area.  
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Our structural design consists of minimizing the deflection at the duct trailing edge by trying 
several spar configurations.  

 

                

 
 
 
 

 
Figure 11: Spar box cross section configuration 

Several spar configurations were tested for the structural core of the duct and consist of 
one or several webs. There are different ways of designing spar/shear webs, either as a girder 
connected by one or two shear-webs or as a full box like beam structure which is the best spar 
configuration compared with other configurations according to our numerical simulations 
(Figure 11). The structural integrity of the duct depends on the combination of composites 
used to withstand the loads and the highest quality materials which are required for such 
marine applications.  

Table 4: Material properties used for the sandwich panel webs core (Balsa AL600/10 CK-100) [12] 

ρ(     )   (MPa)   (MPa)   (MPa)                (MPa)    (MPa)    (MPa) 
151 3518 50 50 0.5 0.02 0.02 157 157 157 

 

3.2 Damage model of the composite duct 

An appropriate damage initiation model must be chosen to evaluate the failure mode of the 
composite blade. Unlike maximum stress/strain, the Tsai-Hill and Tsai-Wu criterion [13], 
Hashin damage considers four different failure modes: fibre tension, fibre compression, 
matrix tension and matrix compression [14]. The initiation criteria used were: 

 Fiber tension        :    
       

   
 
       

   
 
      (1) 

 Fiber compression        :    
       

   
 
     (2) 

 Matrix tension         :           
   

 
      

   
 
     (3) 

 Matrix compression         :           
    

 
     

    
 
       

        
   

 
 

 

Web

 

Spar 

 
Core: Balsa AL600 (table 4) 
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Where F represents the typical failure initiation prediction and a value greater than 1 
indicates failure, T and C represent tension and compression respectively, f and m represent 
fibre and matrix respectively, X, Y and S represent the longitudinal, transversal and shear 
strength respectively,    and    represent the longitudinal and transversal shear strength 
respectively,   is the coefficient that determines the contribution of the shear stress to the 
fibre tensile initiation criterion (here taken 1),     ,      and      are components of the 
effective stress tensor. Failure in the plane thickness direction is ignored. Hashin damage 
criterion predicts the dominating factor that influences the cracking/failure of the composite 
duct. Predictions from Hashin damage criterion were used in this study to provide the critical 
material points for the 3 duct configurations. 

Table 5: Critical position of stress concentration for the duct with 0° flare design 
 
 
 
 
 
 
 
 
 

Table 6: Critical position of stress concentration for the duct with 2° flare design 
 

 

 

 

 
 

 

Table 7: Critical position of stress concentration for the duct with 5° flare design 
 

 

 

 

 

 

 

0° Duct configuration Hollow Spar box 
Weight (kg) 3.3495E+04 4.1072E+04 

Power per unit weight 
(W/kg) 69.8600 56.9720 

Deflection (%) 0.5803 0.4701 
Maximum Hashin  fiber 

failure index   
Tension Compression Tension Compression 

2.210E00 2.043E-01 2.007E00 1.148E-01 

Maximum Hashin  
matrix failure index  

Tension Compression Tension Compression 
1.111E01 1.274E00 1.035E01 1.456E00 

2° Duct configuration Hollow Spar box 
Weight (kg) 3.3230E+04 4.0682E+04 

Power per unit weight 
(W/kg) 70.9137 57.9246 

Deflection (%) 0.574 0.4535 
Maximum Hashin  fiber 

failure index  
Tension Compression Tension Compression 

2.380E00 2.209E-01 1.954E00 9.376E-02 

Maximum Hashin  
matrix failure index  

Tension Compression Tension Compression 
1.316E01 1.142E00 1.022E01 1.695E00 

5° Duct configuration Hollow Spar box 
Weight (kg) 3.2382E+04 3.9593E+04 

Power per unit weight 
(W/kg) 

74.1785 
 

60.6692 
 

Deflection (%) 0.6274 0.5868 
Maximum Hashin  fiber 

failure index  
Tension Compression Tension Compression 

3.360E00 2.082E-01 2.130E00 2.123E-01 

Maximum Hashin  
matrix failure index  

Tension Compression Tension Compression 
8.450E00 1.848E00 5.074E00 1.944E00 
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Tables 5, 6 and 7 illustrate the maximum Hashin failure index for both the fiber and the 
matrix in tension and compression within the duct. The maximum Hashin failure index and 
also the deflection decrease when a spar box configuration is used but we get less power 
output per unit of weight. 

Figure 12 shows the critical position of stress concentration for different duct 
configurations. The maximum Hashin matrix tension failure index of the duct was reduced by 
40% when spar box was present instead the hollow duct profile. The critical stress 
concentration is observed (top line) in the trailing edge area which lead us to consider putting 
glue in this location. In the area where the box spar operates (bottom line) we note that the 
damage is still under the maximum Hashin failure index. 

   

   
(a) 0° flare angle (b) 2° flare angle (c) 5° flare angle 

Figure 12: Critical positions of stress concentration for different duct configurations 

4 Conclusion 

- We quantified the effects of the material and hydrodynamic loading on the stress 
distribution, structural response and the evaluation of the damage of a full-scale 
composite ducted turbine. A coupled panel method-finite element analysis (PM-FEA) 
was developed and used to compute the stress mechanical behavior of the duct taking 
into account all different loads.  

- The design procedure allowed us to obtain a ducted turbine which produces more 
power than a bare rotor with the same overall-cross section area. The duct which will 
contain the generator will be subjected to various forces: hydrostatic, gravity and 
hydrodynamic. These loading case were implemented as boundary conditions in the 
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finite element code to assess the structural integrity of the duct when using composite 
material. 

- The use of spar box cross section configuration compared to a hollow structure shows 
a better resistance to damage for more weight, reducing the power output per unit 
weight. 

- Some iterations are still necessary to achieve the design of a composite duct which 
sustains resistance to damage criteria for an optimum power output per unit of 
weight. 
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