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ABSTRACT 
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A composite 3 meter ocean current turbine blade has been designed and analyzed 

using Blade Element Theory (BET) and commercial Finite Element Modeling 

(FEM) code, ANSYS. It has been observed that using the numerical BET tool created, 

power production up to 141 kW is possible from a 3 bladed rotor in an ocean current of 

2.5 m/s with the proposed blade design. The blade is of sandwich construction with 

carbon fiber skin and high density foam core. It also contains two webs made of S2-glass 

for added shear rigidity. Four design cases were analyzed, involving differences in 

hydrodynamic shape, material properties, and internal structure. Results from the linear 

static structural analysis revealed that the best design provides adequate stiffness and 

strength to produce the proposed power without any structural failure. An Eigenvalue 

Buckling analysis confirmed that the blade would not fail from buckling prior to 

overstressed laminate failure if the loading was to exceed the Safety Factor. 
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1 Introduction 

1.1 Ocean Energy 

Oceans cover more than 71% of the earth’s surface. They offer a large and 

renewable energy resource that is capable of producing large amounts of sustainable 

power. Florida's cleanest and most abundant source of renewable energy is its oceans. 

The two most significant and sustainable forms of renewable energy are through ocean 

thermal energy conversion (OTEC) and kinetic energy conversion (KEC). OTEC uses the 

thermal gradient produced as a result of the heat absorbed by the sun at/near the surface 

and the much cooler water far beneath the surface to produce energy; KEC is associated 

with the waves, currents and tides, producing energy using a turbine or wave buoy. As 

the price of fossil fuel increases alternative forms of energy become more and more 

attractive. South Florida is the closest major load center to a large ocean current; the Gulf 

Stream [1]. By harnessing energy from the Gulf Stream, Florida can relieve itself of its 

dependence on fossil fuels. The Gulf Stream Current flows northward past the southern 

and eastern shores of Florida, funneling through the Florida Straits with a mass transport 

greater than 30 times the total freshwater river flows of the world - over eight billion 

gallons per minute. It has an annual average flow velocity of 1.56 m/s in its core, with a 
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summer average of 1.69 m/s and a winter average of 1.42 m/s. The blade designed under 

this thesis will be proposed for use in a KEC system, which will be installed in Florida’s 

Gulf Stream Current.   

1.2 Current Applications of KEC Systems  

The most well known, studied, and abundantly installed applications on land are 

Horizontal Axis Wind Turbines (HAWT) utilizing a three blade design. They are 

installed all around the world, many in large arrays, as seen in Figure 1-1. 

Figure 1-1 HAWT field in Colorado, courtesy of General Electric 

Modern day commercial HAWT’s have rotor diameters between 30 and over 100 

m that operate at much lower revolutions per minute (rpm) [2]. Also, noise emissions 

vary by the seventh power of the blade speed, so a design with a larger rotor diameter 

operating at a lower rpm will essentially produce less noise than the power producing 

equivalent smaller rotor diameter HAWT operating at a higher rpm [3]. For example 

General Electric’s (GE) 1.5 MW wind turbine with a rotor diameter of 70.5 m may rotate 
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up to 23 rpm, but that is at the cut-out free stream limit of 25 m/s. Similarly their 111 m 

rotor diameter 3.6 MW system will only rotate at 15 rpm in a 25 m/s wind due to its 

larger diameter and need to maintain a certain tip speed ratio (TSR) [3]. These kinds of 

systems operate in winds between 3 to 25 m/s whereas underwater applications have a 

much smaller fluctuation in the free stream media. 

A design derived from the HAWT that has been used to produce energy from tidal 

currents is the Marine Current Turbine (MCT). Marine Current Turbines Limited 

installed ‘Seaflow,’ the world’s first offshore tidal turbine 3 km NE of Lynmouth on the 

North Devon coast of England in May 2003. Seaflow, a 300 kW trial unit was successful 

in producing power and was kept running for over a year [4]. The mono-pile support 

structure was designed for 20 to 40 m depth locations and the turbine unit was designed 

for a current between 2 and 3 m/s [4]. Figure 1-2 shows a picture of Seaflow in its 

maintenance position. 

Figure 1-2 Marine Current Turbines Ltd. ‘Seaflow’ 300 kW trial installation 
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The Seaflow turbine has a rotor diameter of 11 m. The blades are made up of steel 

and fiberglass, which can be seen in Figure 1-3. A longitudinal steel spar gives the blade 

the bulk of its spanwise strength and stiffness [5, 6]. The steel chordwise ribs provide 

lateral strength and help transfer torsion to the steel spar [6]. The fiberglass skin also 

provides strength and stiffness, and helps load distribution [6]. It appears the spar runs 

through the quarter chord of each 2-D foil section; the point at which the blade is most 

likely pitched about [7]. 

Figure 1-3 Seaflow blade structure 

After the success of Seaflow, MCT Limited developed a more energy and cost 

efficient mono-pile design utilizing twin 16 m diameter rotor blades. The project is called 

‘SeaGen,’ and was just recently installed in Strangford Lough, Northern Ireland in April 

2008. Each mono-pile SeaGen unit is capable of producing 1.2 MW, which makes it the 
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world’s first megawatt-scale tidal turbine installed. Below is an artist’s impression of a 

field of SeaGen units [8]. To visualize the structural size difference between a 1 MW 

tidal turbine and a 1 MW wind turbine, see Figure 1-5. Due to the density (�) of seawater 

being over 800 times that of air, a MCT can be smaller than a HAWT and yet produce a 

similar amount of power [8]. In fact, for rated design speeds, a MCT can generate 

approximately four times as much energy per square meter of rotor area than a HAWT; 

see Calculation 1 in the Appendix. 

Figure 1-4 Artist's impression of a SeaGen MCT farm
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Figure 1-5 Size comparison of a 1 MW tidal and wind turbine 

The designs by MCT Limited are sufficient in producing energy, suitable for 

water depths not exceeding 40 m (Figure 8-1), and acceptable for discrete areas or places 

with low boat traffic where aesthetics are not prevalent. For shallow bottom areas with 

similar power producing currents, Verdant Power Inc. has provided a solution that does 

not require numerous large topside structures. In 2006 Verdant Power installed their first 

grid-connected Free Flow turbine (Figure 1-6) in New York City’s East River, along the 

eastern shore of Roosevelt Island [9]. Later, in May 2007 they connected the proposed 

remaining turbines to form an array of six, making Verdant Power the world’s first 

company to connect an array of turbines to a grid [9].  
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Figure 1-6 Verdant Power’s Free Flow Tidal Turbine Array 

Verdant Power’s project in the East River uses turbines with 5 m rotor diameters 

that rotate at 32 rpm and are capable of producing 35 kW each. Their design operates 

fully beneath the surface and does not affect boat traffic [9]. Verdant’s system is ideal for 

shallow water areas, where large arrays can be installed to produce power, but as with the 

SeaGen unit, it cannot be installed in deepwater. To date, there has been no successful 

installation of a horizontal axis ocean current turbine in water in excess of 40 m deep [1]. 

Florida Atlantic University (FAU) plans to pass this mark, proposing to harness energy 

from the Gulf Stream Current with an array of underwater ocean current turbines.  

1.3 FAU’s Pilot Project 

FAU has proposed to install a field of underwater ocean current turbines (OCT) in 

the Gulf Stream, a current which ranges from 800 to 1200 m deep and is typically 80 to 

150 km wide [10, 11]. The turbines will be moored to the ocean floor and will not require 

topside structures as part of their design [1]. Markers could be installed to warn 
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fishermen, but nothing is needed topside, leaving the ocean open while producing large 

magnitudes of power. Other concepts proposed require topside structures as part of the 

design, to raise and lower each turbine (Figure 8-1). Figure 1-7 is a concept drawing 

showing FAU’s vision of Florida being powered by ocean energy.  

Figure 1-7 Powering Florida with the ocean [11] 

FAU is currently manufacturing a pilot project which will test power producing 

capabilities, survivability, overall design and present any unforeseen characteristics 

(Figure 1-8) [12]. The project consists of a moored boat-shaped steel buoy which will 

take the loading due to the drag on the mooring cable from the current. Attached down-

current of the buoy will be a steel twin-pontoon platform which will be used to raise and 

lower the Phase I ocean current turbine [12]. With a free stream of up to 2.5 m/s, the 

Phase I turbine can produce up to 25 kW with its 3-blade, 3 m diameter rotor; see 

Calculation 2 in the Appendix. The rotor being used has been lent to FAU from Verdant 

Power. The blades have a metal skeleton and are enclosed by a composite skin, similar to 
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the Seaflow blade construction (Figure 1-3). The Phase I turbine has a one to one 

generator to rotor revolution ratio, but the later design will most likely contain a speed 

increasing gear box. 

Figure 1-8 Diagrammatic representation of Phase I, the Ocean Current Turbine Testbed (OCTT) 

The only other way to increase power production is to increase the rotor diameter. 

For example, a 6.75 m rotor diameter turbine with the same characteristics as the project 

turbine can realistically produce 129 kW as opposed to 25 kW; refer to Calculation 2 in 

the Appendix. Now, in order to turn the theoretically available energy from the free 

stream into power (electricity), the rotor blades must be properly designed.  

1.4 Thesis Contribution 

The objective of this thesis is to create a framework for designing composite OCT 

blades and provide a possible blade design for the Phase II test turbine rotors. It is 

believed that solid composite OCT blades will allow for longer service lives due to the 

decreased inertial effects and less corrosive properties of composite materials. The 
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methodology and design approach are outlined in the body of this thesis, with the results, 

conclusions, and future recommendations following. 
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2  Hydrodynamics of Blade Design 

HAWT blades are significantly larger than those thought to be used for a MCT, 

30 to over 100 m in diameter compared to 3 to 22 m in diameter [2, 4]. The rotor 

diameter of a MCT does not need to be as large as a HAWT in order to produce similar 

amounts of power due to the large density difference. Similarly the free stream velocity 

can be lower, yet allow for significant power production. For example some HAWT 

systems cut in when the free stream is 4 m/s, whereas most MCT’s are not even designed 

for currents that fast [2, 4, 8, 9].  

In order to design a rotor that will produce power related to theoretical 

predictions, hydrodynamics must be applied correctly. This begins by calculating the 

design rpm. By plotting the power coefficient (CP) verses various tip speed ratios, the 

rpm allowing for most efficient power production can be extracted. This procedure was 

done by Batten [13], and from his plot it was decided to use a TSR of 5. The rpm was 

calculated using the following equations: 

oU

R
TSR

Ω
=          EQ 2-1 

π2

60Ω
=rpm          EQ 2-2 
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where � = rotational velocity, Uo = free stream velocity, and R = rotor radius.  

Next is the selection of the 2-D foil(s) that will be used to make up the blade. A 

foil provides a more efficient way of transferring the free stream velocity into lift and 

drag forces. Once a foil is selected the other blade characteristics must be found, which 

can be done iteratively using Blade Element Theory (BET) [5, 13-16]. BET also provides 

the loading on the blades due to the current, which primarily determines how strong and 

stiff the blades must be. 

2.1 2-D Foil Selection 

The foil series which was used for the blade design was the NACA44xx. The first 

4 in the series means the maximum camber height is 4% of the chord length. The second 

4 means that the maximum camber location is at 40% of the chord length; measured from 

the leading edge. Camber allows a foil to generate lift at an angle of attack (�) of zero 

degrees. The last two digits in the series represent the thickness to chord length (t/c) 

percentage (Figure 2-1) [17]. 
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Figure 2-1 NACA foil characteristics [17] 

This shape provides good lift to drag coefficients and has a very smooth shape 

and a wider trailing edge than the NACA6 series foil. The NACA6 series was considered 

since it provides a higher lift to drag ratio, but it is more susceptible to stall [17-19]. 

Since this blade will have a fixed pitch, an increase or decrease in free stream current can 

cause the blade to stall if the foil cross-section is overly sensitive to a design speed. The 

trailing edge of the NACA6 series is also very narrow and would be an area of high stress 

[7].  

Using DesignFOIL, an airfoil construction software program, the lift and drag 

coefficients for 9 stations along the blade have been found. Each station’s coefficients 

were calculated using its relative Reynold’s number (Re) (EQ 2-3). The results are shown 

in Table 2-1; use Figures 2-2, 2-4, and 2-5 as visual aids. 

  Chord 

Camber line 
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ν

Uc
=Re                     EQ 2-3 

where U is the relative velocity, acting on chord length (c) in a fluid with kinematic 

viscosity (�). The relative velocity can be calculated using Pythagorean Theorem, see 

Figure 2-2. 

                  

l [m] c [mm] � [deg] � [deg] � [deg] Re 
NACA 

44xx 
CL CD 

0.6 500 16.5 26.43 9.93 1106100 4441 0.868 0.0167 

0.9 480 11 20.95 9.95 1282165 4438 0.904 0.0168 

1.2 460 7 16.78 9.78 1438808 4434 0.954 0.0158 

1.5 430 5.5 13.46 7.96 1565234 4431 0.965 0.0137 

1.8 390 5 10.17 5.17 1623068 4427 0.946 0.011 

2.1 330 4.5 9.88 5.38 1533421 4423 1.003 0.0107 

2.4 260 4.5 9.94 5.44 1333776 4418 1.075 0.0108 

2.7 200 4.5 9.35 4.85 1130972 4416 1.064 0.0106 

3 180 4.5 9.32 4.82 1112795 4416 1.064 0.0106 

Table 2-1 Design speed characteristics 

2.2 Blade Element Theory 

This method assumes the blade is composed of hydrodynamically independent, 

narrow strips, or elements. Each differential blade element of chord (c) and width (dr) 

located at a radius from the rotor axis is considered as a hydrofoil section [16]. BET is an 

iterative method which can be used to find an efficient hydrodynamic shape of a blade 

and the corresponding forces that act on it. Eight blade elements, or sections, of width 0.3 

m were used for designing the proposed rotor blades. Figure 2-2 contains an illustration 

of the loads that act on a local blade section.  
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Figure 2-2 Local blade forces and characteristics [5, 13, 15] 

From Figure 2-2 one can observe how a foil generates forces and see the 

directions in which they act. The pitch of the blade (�) is dependent upon the rpm, local 

radius (r), undisturbed free stream velocity (Uo), and design angle of attack (�). The 

inflow angle (
) can be calculated using EQ 2-4. Variables a and a’ are the axial and 

tangential induction factors, respectively. The axial induction factor accounts for induced 

velocity in the axial direction. The induced tangential velocity in the rotor wake is 

specified through the tangential induction factor [5]. 

( )
( )�

�
�

�
��
�

�

+Ω

−−=
'ar

aU
tan

1

11 0θ                     EQ 2-4  

A-A

Rotation axis

Rotor plane 

T 

Q

U 

c 

Uo(1-a) 

�r(1+a’)


�
�

L

D

A�
A�
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βθα −=                        EQ 2-5  

Before loads can be determined, and design iterations started, some blade 

characteristics must be initialized. The chord verses length (c/l), and thickness verses 

chord (t/c) distributions were first input as linear for simplicity, but after iterations 

following the steps later outlined, the nonlinear distributions listed in Table 2-4 were 

found. The high t/c values were needed for the required stiffness and strength. From the 

above equations and previously determined coefficients, the equations for calculating the 

local lift, drag, thrust, and torque loads are respectively: 

drcCUdL L

2

2

1
ρ=                        EQ 2-6

drcCUdD D

2

2

1
ρ=                     EQ 2-7

θθ sindDcosdLdT +=                    EQ 2-8

( )rcosdDsindLdQ θθ −=             EQ 2-9 

where � is the density of seawater, and CL and CD are the lift and drag coefficients, 

respectively. 

The total loading was found by summing the loads calculated at the eight blade 

sections and multiplying that sum by the number of blades on the rotor disk. The power 

coefficient (Cp) was then determined and used to compute the power production (EQ’s 2-

10 and 2-11). The maximum achievable value for Cp is 16/27, or .59, which is known as 

the Betz Limit. 
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( )
3

0
2

1

1

AU

'aTN
CP

ρ

+Ω
=                     EQ 2-10

3

0
2

1
AUCP P ρ=                   EQ 2-11

where T is the torque produced by one blade, N is the number of blades, and A is the 

swept area of the rotor. 

From Equation 2-11 one can see that power increases with the cube of the free 

stream velocity. In order to find the most efficient blade shape the following equations 

were also needed. 

θθ sinCcosCC DLT +=                   EQ 2-12  

θθ cosCsinCC DLQ −=                 EQ 2-13  

( ) ( )
r

Nrc
r

π
σ

2
=                         EQ 2-14  

( )
1

4

1
2

+

=

rC

sin
a

Tσ

θ
                  EQ 2-15  

( )
1

4

1

−

=

rC

cossin
'a

Qσ

θθ
                 EQ 2-16 

where CT and CQ are the respective thrust and torque coefficients, and �(r) is the local 

blade solidity. Local blade solidity is defined as the fraction of the annular area in the 

hydrofoil section which is covered by the blades. 
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The following steps summarize the algorithm used to design the turbine blade. 

This process was followed for each blade section; starting at the root. 

1. Initialize a and a’, set a equal to 1/3 and a’ equal to 0. 

2. Compute the flow angle (
) using equation 2-4. 

3. Determine the local � using equation 2-5. 

4. Obtain CL(�, Re) and CD(�, Re) from DesignFOIL. 

5. Evaluate CT and CQ from equations 2-12 and 2-13. 

6. Calculate a and a’ using equations 2-15 and 2-16. 

7. If da and/or da’ are/is � .01, go to step 1 and adjust factors. 

8. If a is � .4 adjust c and/or rpm and return to step 1, or finish. 

9. Calculate the local loads using equations 2-6 through 2-9, and determine 

CP and power output (P) with equations 2-10 and 2-11.   

Equations 2-4 through 2-16 and more information regarding BET can be found in 

references [5, 13-21]. For simplicity, tip losses were not accounted for in the algorithm, 

but the provided references can be used to further study the occurrence by making use of 

Prandtl’s tip loss factor, or Goldstein’s momentum averaging factor [5, 13]. 

2.3 Characteristics of Recommended Blade Design 

Using the blade design method outlined, two blade shapes were found that met 

theoretical power predictions (Figure 2-3). The two designs use NACA 44xx foil sections 

and have similar chord lengths, but the recommended design (Design 3) has much thicker 

profiles, which enabled it to perform better structurally. Four structural analyses were 
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conducted, of those, Design 1 utilized the first shape, and Designs 2-4 utilized the second. 

Multiple designs were evaluated for the second shape to optimize the materials used. 

More on this is stated in Chapters 6 and 7. The rotor characteristics for the recommended 

blade design are displayed in the following table. All of the following information is 

based on Design 3. Table 2-3 provides the blade shape properties, including the NACA 

profiles used at each of the nine stations. Visual representation of the profiles can be seen 

in Figure 2-4. The internal structure is discussed in Chapter 4. 

Figure 2-3 Illustration of the two different hydrodynamic shapes analyzed 

          

Rotor diameter  6.75 m 

Blade Length  3 m 

Number of Blades  3  

Twist   12 degrees 

Swept Area  35.3 m�
Design Flow Speed  1.7 m/s 

Design RPM  24 rpm 

Max Flow Speed  2.5 m/s 

Max RPM  35.25 rpm 

Hydrofoil Type  NACA 44xx  

Design TSR 5 

Power Coefficient .50 

Weight in Air  67.34 kg 

 in Seawater 7.08 kg  buoyant 

Center of Gravity   (783, 77, 25) mm 

    (from origin at Station 1)     

Table 2-2 Rotor characteristics  

Designs 2-4Design 1 
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Station l/L l [m] r [m] c [mm] t [mm] t/c [%] 
Pitch Distribution 

[deg] 

NACA 

44xx 

1 0.2 0.6 0.975 500 205 41 16.5 4441 

2 0.3 0.9 1.275 480 182.4 38 11 4438 

3 0.4 1.2 1.575 460 156.4 34 7 4434 

4 0.5 1.5 1.875 430 133.3 31 5.5 4431 

5 0.6 1.8 2.175 390 105.3 27 5 4427 

6 0.7 2.1 2.475 330 75.9 23 4.5 4423 

7 0.8 2.4 2.775 260 46.8 18 4.5 4418 

8 0.9 2.7 3.075 200 32 16 4.5 4416 

9 1 3 3.375 180 28.8 16 4.5 4416 

Table 2-3 Blade shape characteristics

Figure 2-4 Blade profiles twisted about the quarter chord 

The notation used in Table 2-4 is visually demonstrated in the next figure. BET 

provides the method for designing the power producing region of a blade, which excludes 

the first twenty percent of the length. Since a well documented method for designing the 

lower twenty percent is not available and because that region will most likely be a 

metal/composite joint, the author has left the design for future work. 
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Figure 2-5 Blade image with dimensions and section notation 

Tabulated below is the loading on the rotor and power output for the turbine at 

design speed and under maximum current. As displayed, the increase in free stream 

current, from 1.7 to 2.5 m/s, causes the loading to double and results in over three times 

the power. Since the drag force is minimal, especially when compared to the lift force, it 

is omitted in the structural analysis. The thrust is the force vector of the lift and drag 

force, acting along the rotation axis, as can be seen in Figure 2-2. It is tabulated along 

with the torque as a standard output parameter, but was not used for any analyses. 

  
Uo [m/s] rpm 

Lift 

[N] 

Drag 

[N] 

Thrust 

[N] 

Torque 

[Nm] 

Power 

[kW] 

Design Flow 1.7 24 41150 506 40251 17730 44.58 

Max Flow 2.5 35.25 88790 1092 86845 38305 141.47 

  
Table 2-4 Rotor loading and power output for different current velocities 

The lift force is the only load used in the structural analysis and it is applied as a 

pressure on the low pressure (LP) side of the blade. This flapwise pressure distribution is 

plotted in Figure 2-9. The flapwise shear force (Tz) and bending moment (My) were also 

calculated and plotted; see Figures 2-7 and 2-8 [5]. The shear force was calculated by 
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integrating the load distribution curve (qz(x)) at equilibrium, which can be seen in Figure 

2-6, and the bending moment was calculated by integrating the shear force as: 

( )xq
dx

dT
z

z −=                   EQ 2-15

z

y
T

dx

dM
=                    EQ 2-16

y = -3.1507x
2
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Figure 2-6 Load distribution along the blade length

The shear force was needed to compare with the reaction force from the static 

structural analysis to confirm that the loading was applied properly. The bending moment 

curve was used to analyze a tapered box beam to validate the bending stress (Sx) 

distribution (refer to Chapter 6). The flapwise pressure distribution was applied in the 

finite element analysis. The pressure is high at the tip region since tip losses were not 

accounted for, but accuracy could only have been improved if more time was spent 

developing the blade element algorithm. 
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Figure 2-7 Flapwise shear force along the blade length 
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Figure 2-8 Flapwise bending moment along the blade length 
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Figure 2-9 Flapwise pressure distribution 
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3 Material Selection 

While very limited information is known and documented regarding MCT blades, 

data on HAWT blades is however, abundant. The materials used for HAWT blades could 

very well be used for underwater applications, but with a higher emphasis on corrosion 

protection, being water impermeable, achieving neutral buoyancy, and having an anti-

fouling coating. Once the structural loading was identified and the weighted attributes 

were organized, a trade study was conducted to determine the most efficient materials to 

be used for the design. The chosen structural design is represented in Figure 3-1, but it 

described later in Chapter 4. It is provided early to be used as a visual aid for the material 

selection process.  

  

Figure 3-1 2-D cross-section of recommended design; station 7 

3.1 Trade Studies 

The materials used to fabricate the skin, webs, and core regions of the blades were 

selected using a weighted decision matrix. The evaluation criteria were weighed against 

Skin 

Web 

Core 
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each other to determine each criterion’s respective weight factor. Then, possible materials 

were rated on a zero to ten based scale on how well they performed against each 

criterion. This method makes it possible to quantify the strength of fit of a material to the 

weighted attributes. Therefore, the material with the highest total, best fits the design 

application. The following matrices and comparisons were evaluated with the current 

knowledge of material properties and fabrication processes, for composite materials. 

3.1.1 Weighted Decision Matrices 

A weighted decision matrix is easily used to determine the weight factors for 

corresponding evaluation criteria. Only the cells above and to the right of the highlighted 

cells need to be filled; the bottom will be completed with the built in expressions; for 

example see Table 3-1. The process is carried out by comparing two criterions to each 

other at a time, where the more important criterion receives a value of 1 in the 

corresponding cell. Therefore when comparing two criterions, if the first one is less 

important, a -1 should be placed in the cell. If both criterions are equally important, place 

a 0 in the respective cell. This process is completed when all the cells in the matrix 

contain values. The weight factor column is formed by the sum of each row, with the 

values normalized to start at zero. 

The weighted decision matrix for the skin (Table 3-1) shows that corrosion 

resistance is the most important material characteristic, followed by stiffness and 

strength. As for the webs (Table 3-2), the hub/blade anchoring ability is most crucial, 

along with adherence and flexural stiffness. The core is a filler material, used as a 
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redundant feature for preventing water from occupying hollow regions in the event of a 

crack. If the blade was hollow, extra measures would have to be taken to ensure that the 

blade would not collapse due to the vacuum created by the air compression. The core also 

helps stabilize the skin and webs to prevent buckling, and in order to do so, the core must 

posses the ability to be structurally adhered to the skin and web supports [22, 23]. These 

are the reasons why water impermeability and buckling resistance received the highest 

weight factors for the core (Table 3-3). 

Evaluation Criterion [1] [2] [3] [4] [5] [6] [7] [8] TOTAL
Weight 

factor 

[1] Neutral Weight in Water 0 -1 -1 1 1 -1 -1 -1 -3 3 

[2] High Spanwise Modulus 1 0 1 1 1 1 -1 1 5 11 

[3] High Spanwise Strength 1 -1 0 1 1 1 -1 1 3 9 

[4] Minimize Fabrication Time -1 -1 -1 0 0 -1 -1 -1 -6 0 

[5] Minimize Material Cost -1 -1 -1 0 0 -1 -1 -1 -6 0 

[6] Adherence to Internal Structure         1 -1 -1 1 1 0 -1 1 1 7 

[7] Corrosion Resistance 1 1 1 1 1 1 0 1 7 13 

[8] Hydrodynamic Formability 1 -1 -1 1 1 -1 -1 0 -1 5 

Table 3-1 Weighted Decision Matrix for the Skin 

Evaluation Criterion [1] [2] [3] [4] [5] [6] [7] [8] TOTAL
Weight 

factor 

 [1] Neutral Weight in Water 0 -1 -1 1 1 1 -1 -1 -1 6 

 [2] High Spanwise Modulus 1 0 -1 -1 1 -1 -1 -1 -3 4 

 [3] High Shear Modulus 1 1 0 1 1 1 -1 -1 3 10 

 [4] High Shear Strength -1 1 -1 0 1 -1 -1 -1 -3 4 

 [5] Minimize Fabrication  Time -1 -1 -1 -1 0 -1 -1 -1 -7 0 

 [6] Minimize Material Cost -1 1 -1 1 1 0 -1 -1 -1 6 

 [7] Adherence to Skin and Core 1 1 1 1 1 1 0 -1 5 12 

 [8] Hub/Blade Anchoring Ability 1 1 1 1 1 1 1 0 7 14 

Table 3-2 Weighted Decision Matrix for the Web(s) 
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Evaluation Criterion [1] [2] [3] [4] [5] [6] [7] TOTAL 
Weight 

factor 

[1] Neutral Weight in Water 0 1 -1 1 -1 1 -1 0 6 

[2] Machinability -1 0 -1 1 -1 1 -1 -2 4 

[3] Water Impermeable 1 1 0 1 1 1 1 6 12 

[4] High Shear Strength -1 -1 -1 0 -1 -1 -1 -6 0 

[5] Buckling Resistance 1 1 -1 1 0 1 1 4 10 

[6] Minimize Material Cost -1 -1 -1 1 -1 0 -1 -4 2 

[7] Adherence to Skin and Web(s) 1 1 -1 1 -1 1 0 2 8 

Table 3-3 Weighted Decision Matrix for the Core 

3.1.2 Comparing Materials to Weighted Attributes 

The following tables list the results of comparing different materials to the 

weighted attributes. From the materials analyzed, Unidirectional Carbon Fiber/Epoxy 

was the best material to use for fabricating the skin. The comparison between the web 

materials was very close, with S2-Glass/Epoxy providing the best fit. Unidirectional 

Carbon Fiber/Epoxy was also used in the analysis since the deviation was so minute. The 

chosen core material was DIAB’s Divinycell HCP grade foam at a density of 400 kg/m
3
.  

At that density, each blade has approximately 7 kg of buoyancy. The design was made 

buoyant to compensate for the speculated metal/composite joint. Designing the blades to 

be neutrally buoyant will make power production more efficient by canceling the body 

force resisting the blades rotation [5]. Also, it will make transportation, assembly and 

installation easier by having a lighter design, as compared to conventional designs using 

metal alloys. The mechanical properties for the three chosen materials are displayed in 

Table 3-8.  
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Evaluation Criterion 
Weight 

Factor 

Carbon 

Fiber/ Epoxy 

Steel 

Alloys 

S2-Glass/ 

Epoxy 

Neutral Weight in Water 3 8 2 7 

High Modulus 11 8 9 4 

High Strength 9 10 6 9 

Minimize Fabrication Time 0 0 0 0 

Minimize Material Cost 0 0 0 0 

Adherence to Internal Structure 7 9 6 10 

Corrosion Resistance 13 9 6 10 

Hydrodynamic Formability 5 10 8 10 

Total 432 319 396 

Table 3-4 Comparing Skin Materials to Weighted Attributes 

Evaluation Criterion 
Weight 

Factor

Carbon 

Fiber/ 

Epoxy 

S2-

Glass/ 

Epoxy 

E-Glass/ 

Epoxy 

Steel 

Alloys

Al. 

Alloys

No 

Web(s)

Neutral Weight in Water 6 8 7 7 2 4 8 

High Spanwise Modulus 4 8 4 3 9 6 1 

High Shear Modulus 10 3 3 2 9 5 1 

High Shear Strength 4 7 6 3 9 9 1 

Minimize Fabrication Time 0 0 0 0 0 0 0 

Minimize Material Cost 6 3 6 5 4 5 10 

Adherence to Skin and Core 12 9 10 10 4 4 9 

Hub/Blade Anchoring Ability 14 9 9 9 10 9 0 

Total 390 394 362 386 338 234 

Table 3-5 Comparing Web Materials to Weighted Attributes 

Evaluation Criterion 
Weight 

Factor 

DIAB HCP 

100  
HDPE 

No 

Core 

Neutral Weight in Water 6 8 6 2 

Machinability 4 9 8 10 

Water Impermeable 12 8 9 0 

High Shear Strength 0 0 0 0 

Buckling Resistance 10 9 9 0 

Minimize Material Cost 2 5 7 10 

Adherence to Skin and Web(s) 8 10 8 0 

Total 360 344 72 

Table 3-6 Comparing Core Materials to Weighted Attributes 

3.2 Composites
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Composite materials are ideal for structures in the ocean environment given their 

high strength to weight ratio, excellent corrosion resistance, and ability to tailor a design 

compatible with loads [24]. By optimizing the materials used, the number of plies of a 

certain material, and/or the direction of fiber/ply orientation one can customize the design 

[24]. Along the fiber directions, composites offer strength values much superior to 

metals. 

Properties 
Steel Alloy 

S32760 

Al Alloy 

6061-T6 

Carbon/Epoxy 

IM6G/3501-6 

E-Glass/Epoxy 

Uni/ NA 

Elastic Modulus, E (GPa) 200 69 169 41 

Tensile Yield Strength, �y

(MPa) 
550 255 2240 1140 

Density, � (kg/m
3
) ~8000 2700 1620 1970 

Table 3-7 Steel to composites; material comparison [16, 17] 

As one can see from Table 3-7, the Carbon/Epoxy laminate is over four times 

stronger than the Super Duplex Alloy S32760. Also, the laminate is less than a fourth the 

density of the Steel. Besides being stronger at low densities, the other advantages over 

metals are: long fatigue life, wear resistance and environmental stability [25]. 

Weaves will be avoided where possible since they can decrease fatigue resistance 

due to their interlocked structure. At relatively low tensile loads the fibers tend to 

straighten out, creating high stresses in the matrix and possibly initiate microcracks [26]. 

The skin will be a balanced and symmetric laminate. By balancing the laminate with 

respect to the principal (spanwise) axis, the in-plane shear coupling stiffness will be zero. 

Then, by arranging any angle plies, +� and –� pairs so they are balanced and 
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symmetrically situated about the center of the principal axis, the bending/twisting 

coupling stiffness will be zero [24, 27]. This is very important in order to keep the 

pitched blade from twisting due to the high lift force acting along it. If the blade were to 

twist, the angle of attack would be altered, causing the blade section to be exposed to an 

increase in torque, or the opposite. 

Composite designs require a reliable database of material properties, standard 

structural analysis method, modeling and simulation techniques, and models for material 

processing. The numerous possible stacking sequences and ply directions make the 

design and optimization process more complex [25]. For example, aside from the layup, 

and assuming the material is orthotropic, nine engineering constants are required for a 

structural analysis whereas for an isotropic metal, only two of the following three are 

needed; Elastic Modulus, Shear Modulus, and Poisson’s Ratio [25]. 

Composites can degrade as a result of their sensitivity to a hygrothermal 

environment, such as in the ocean. These effects due to temperature and mainly seawater 

absorption can have damaging effects, but may not be visible [25]. Therefore, 

sophisticated nondestructive testing techniques and monitoring are required. The effects 

of temperature on material properties were neglected for the analyses later described 

since the working depth for Phase II testing will be approximately 75 m (246 ft). At that 

depth, the testing location would experience an approximate seasonal temperature 

variation between 21 and 29
o 

C (70 to 84
o
 F), providing negligible effects on material 

properties.  
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Metal structures can become damaged due to corrosion, even leading to 

catastrophic failure, but the effects are more visible on the structure [25]. Water 

absorption effects on composite materials can be avoided by coating the exposed areas. 

Fortunately, the current blade design will require an anti-fouling coating, which will help 

keep the skin impermeable.  

The use of a sandwich construction in a composite design is well suited for a 

structure requiring high in-plane and flexural stiffness [23]. A sandwich panel is 

comprised of two thin facesheets, or skins, and a lightweight, thicker, low-stiffness core. 

The skin takes almost all the bending and in-plane loads, while the core helps stabilize 

the skin against buckling. The core defines the flexural stiffness, out-of-plane shear and 

compressive behavior. For example, when using a sandwich construction with a foam 

core and two identical facesheets, the flexural stiffness increases with the square of the 

core height [25]. 

Figure 3-2 Cross section of sandwich and monocoque construction [25] 
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As a result if
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the flexural stiffness of the sandwich construction would be three hundred times that of 

the monocoque construction. In addition, the ratio of the bending stress in a sandwich 

face to the maximum stress in a monocoque structure of approximately the same weight 

is 
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the bending stress in the sandwich will be 1/30
th

 of the monocoque of approximately the 

same weight. Equations 3-1 through 3-4 were taken from [25]. 

In conjunction with sandwich construction, webs can be added to further 

strengthen and stiffen a laminate. A web will help support the skin by absorbing more 

than a negligible part of the load. The flexural stiffness of a web core sandwich is 

dependent on the depth and thickness of the web(s) and number and spacing between 

them [25, 28]. The stiffness increases due to the increase in the area moment of inertia by 

the added vertical composite laminate(s). Webs will also increase the out-of-plane shear 

strength. Web core sandwich construction was chosen for the design of the Phase II rotor 

blades; tabulated below are the material properties. 
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Properties       AS4/3501-6 S2-Glass/XP125S HCP100 

Material system   Prepreg Prepreg  

Fiber type    Graphite S2-Glass  

Resin type    Epoxy Epoxy  

Fiber volume   60% 60%  

Composite density g/cm³   1.58 1.98 0.4 

Lamina elastic properties     

E1  GPa  143 51 ~0.700 

E2  GPa  10 17  

E3  GPa  10 17  

G12  GPa  6 7 ~0.210 

G23  GPa  3 7  

G13  GPa  5 7  

v12    0.3 0.25 ~.45 

v23    0.52 0.32  

v13       0.3 0.25   

Lamina strength properties     

F1t�  MPa  2172 1779  

F1c  MPa  -1558 -641  

F2t  MPa  54 58  

F2c  MPa  -186 -186  

F3t  MPa  59 58 13.5 

F3c  MPa  -186 -186 -10.5 

F4�  MPa  87 75 7.3 

F5�  MPa  94 77  

F6�   MPa   124 77  

Table 3-8 Material properties used for blade analyses [28, 29] 
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4 Structural Aspects of Recommended Blade Design 

The rotor blades will need to operate underwater, constantly rotating between 24 

and 35 rpm through a design life of 3 years. At this rate a rotor can make over 55 million 

revolutions in its life cycle. It is believed that a thick composite skin will not only satisfy 

the strength and stiffness requirement, but also increase the blades structural stability and 

provide impact resistance. If ocean debris were to travel through the swept area of the 

rotor, the leading edge and possibly part of the high pressure side would be expected to 

strike the object. This event would cause in-plane bending which will be absorbed by the 

leading and trailing edges. The point of impact will also create high local stresses, which 

will need to be distributed through the stacking sequence. These factors, as well as those 

previously mentioned are the grounds on which the structural design and stacking 

sequence were selected. The skin thickness was iteratively found using a numerical box 

beam tool described in the results section. Table 4-1 lists the skin thickness and stacking 

sequence variations over the blade length. Refer as needed to Figure 3-1; the illustration 

of the 2-D cross-section of the recommended blade design. Figure 2-3 will also aid in the 

understanding of Table 4-1. 
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Length Station 

[l/L] 

Chord 

[mm] 

Laminate Thickness 

[mm] 
Skin Webs 

.2  to  .7 
500 to 

330 
16 [(� 45)2(0)6]s [(� 45)8]s

0.8 260 10 [(� 45)2(0)6]s [(� 45)8]s

0.9 200 6 [(� 45)2(0)6]s [(� 45)8]s

1 180 4.4 [(� 45)2(0)6]s [(� 45)8]s

Table 4-1 Stacking sequences used for blade analyses 

The skin thickness was reduced along the blade length to allow the webs and core 

to be continuous. Otherwise each termination would be a stress concentration. Some 

concentrations resulted in the stepped skin and are discussed in the results section. The 

tapered design also allowed the design to maintain its neutral buoyancy and would reduce 

material cost. The angle plies provide the skins torsional stiffness and absorb transverse 

stresses [6]. Without angle plies, a blade would fail prematurely due to matrix cracking 

[26]. The 0
o
 layers give the blade its flapwise and in-plane bending stiffness [6]. The high 

and low pressure sides provide the flapwise stiffness and the leading and trailing edges 

provide the in-plane stiffness. Small constant in-plane loads are expected due to drag, but 

the leading edge remains thick for structural stability and impact resistance [30]. The 

webs contain angle plies since out-of-plane shear and flexural stiffness is desired [30]. 

Similar stacking sequences were used in [6, 7, 22, 30, 31].

If the finite element results indicate that failure is occurring in the y-direction, a 

small amount of 90
o
 cross-plies will be added in replace of 0

o
 plies. The cross-plies will 

absorb the stresses and keep any cracks from running parallel to the 0o direction [26]. 

This will reduce the bending stiffness, but increase the design life of the blades. The ply 
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thicknesses were 1 mm for the finite element (FE) model strictly for convenience and to 

keep computational time down. Since stresses are determined at the top and bottom of 

each layer, the stacking sequence and layer thicknesses can be defined depending on how 

crucial the through the thickness results are [32]. Therefore the 16 mm skin can represent 

75 layers of AS4/3501-6 (CF/Epoxy) at a section density of 10 oz/yd
2
 (Table 4-2) [33]. 

This information is required for the fabrication stage, but is not required for a 

macromechanical analysis. 

                  

Laminate Thickness  Section Densities [oz/yd
2
] 

[mm]   S2-Glass/Epoxy  AS4/3501-6 

   6 8 10 6 8 10 

16 156 117 93 124 93 75 

10 97 73 58 78 58 47 

6 58 44 35 47 35 28 

4.4 

Number    

of          

plies  
43 32 26 34 26 21 

Table 4-2 The relationship between section density and laminate thickness
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5 Finite Element Modeling Using ANSYS  

ANSYS is a popular commercial Finite Element Modeling (FEM) software that is 

capable of analyzing composite structures. ANSYS utilizes the principle of virtual work 

(PVW) as an alternative to solving the less convenient equations of equilibrium [34]. 

PVW states that a virtual change of the internal strain energy must be offset by an 

additional change in external work for the applied loads [35]. This principle allows for 

the derivation of structural matrices and general element formation.  

Analyses can be executed using the ANSYS code, and/or by the Graphical User 

Interface (GUI). Both methods were used to increase modeling efficiency. The following 

sections outline the process used to develop the blade geometry and run both a linear 

static analysis, and a buckling analysis. The two failure criterions used are also described. 

After each analysis, the results will be analyzed and any areas that fail, or 

experience high stress concentration, will be made stronger by adjusting the stacking 

sequence, or by increasing the section thickness. The blade will be made stiffer (and in 

turn stronger) if the flapwise deflection reduces the swept area enough to decrease power 

output. This will also be accomplished by increasing the section thickness, or by 
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adjusting the stacking sequence. Table 5-1 contains information regarding the Solid and 

FE model. 

          

Solid Model    FE Model 

Keypoints 1055  Nodes 53173 

Lines 240  Elements 22800 

Areas 182    

Volumes 48    

Surface Area* 1.8877 m
2 

   

Volume  0.0726 m
3 

      

      *Not including ends 

Table 5-1 Model information 

5.1  Model Generation 

The blade geometry was created in ANSYS using the bottom-up solid modeling 

method. This method requires keypoints to be defined first, and then lines connecting 

keypoints, to areas bounded by the lines, to finally volumes created by the surrounding 

areas. This method is not parametric, so a change from one model to the next can be time 

consuming; as the model must be rebuilt from the where the change took place (Figure 5-

1). The keypoints came from a text file, where the contents were pasted into the ANSYS 

command line. The x, y foil coordinates were obtained from DesignFOIL. Using the 

demo version, 71 x, y foil coordinates were exported to an Excel worksheet. The process 

places the points into two columns and normalizes the chord length of one. The next 

process will turn the foil coordinates into keypoints. 

The coordinates are then pasted into an Excel worksheet designed by the author, 

which contains the following input parameters per station: chord length, position on the 
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chord for the stations to be aligned and rotated about, the physical pitch angle, and the 

distance from the first station. For example, the values for the first station for the design 

mentioned earlier are: 0.5 m, 0.25 chord, 16.5o, and 0 m, respectively. For each station 

used, this process must be completed; nine stations were used in the current design. The 

accuracy of the blade element model increases with the increase in number of stations 

used. At the same time, the model will also require more time to evaluate.  

After those input parameters are entered, the new x, y, z coordinates can be pasted 

into the final Excel worksheet which contains a (k), for keypoint, in the first column, and 

the respective keypoint numbers in the second column. The x, y, z coordinates are to be 

pasted into columns three, four, and five, respectively. The first row contains /prep7, 

which initializes the ANSYS pre-processor. Now, the worksheet is ready to be saved as a 

comma separated value (.csv) file, which can then be opened as a text file in Notepad, 

and pasted into the ANSYS command line. This process is done for each station. At this 

time all the foil keypoints are now plotted in the ANSYS Graphics Window. 
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Figure 5-1 Keypoints for 9 foil stations 

Each set of foil points will now be fitted with splines, enclosing the foils. For 

skinning reasons, at least two splines are needed for each foil. For the current blade 

design, four splines were used, one capping each of the trailing and leading edges, and 

one covering both the top and bottom surfaces. From here, if a shell/skin model was 

desired, just the areas connecting the foils would need to be created by skinning them. 

This is the only requirement for a CFD model. On the other hand, the structural model, 

using the elements soon to be mentioned, requires the model be solid; resulting in 

creation of the internal geometry.  

The global origin is set at the first stations quarter chord, and in turn is the default 

work plane. To make the addition of internal geometry to the first station easier, the other 

stations were suppressed. This was done with Select Entities, in the ANSYS Utility 

Menu, by unselecting the unwanted keypoints and lines. The internal geometry created 

defines the skin and web thicknesses, where the remaining area will be occupied by the 

core material. As seen earlier in Figure 4-1, the skin follows the curvature of the foil, so 
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keypoints must be added on the inside of the foil, making it possible for splines to be 

created, giving the skin its thickness. Grid lines were enabled to aid this effort, with 

spacing set to 1 mm. Then, with the snap set to 0.5 mm, the keypoints were created 

normal to the outer skin splines, with the distance between them representing the skin 

thickness.  

The webs were created normal to the chord; therefore, a temporary chord line was 

drawn from the quarter cord point to the trailing edge keypoint. Then each webs four 

corner keypoints were created at the point normal to the chord line where the web 

connects to the skin. Now the lines forming the webs can be added, leaving the excess 

keypoints to be fitted with splines that will define the skin thickness and the core areas. 

The six arbitrary areas per station were created by the lines and splines that enclosed 

them. 

Figure 5-2 Keypoints to areas 

The next step is to create the areas that connect one station to another, which is 

called skinning in the ANSYS Main Menu. This process is easiest when done only two 

stations at a time, unselecting all other entities. Once all the areas are skinned, the final 

step in model generation can be performed; which is the creation of volumes. This is also 

4 corners of each web

6 areas per station 
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easier to accomplish one section at a time because if the model is rotated to some position 

with the intention of making area selection less problematic, multiple areas can be 

selected with one click. A tip to make this process smoother is to make the areas 

translucent. This option can be found in the Utility Menu under Plot Controls, then Style.  

5.2 Element Selection 

The elements available in ANSYS which are capable of structurally modeling 

composite materials are: SHELL91, SHELL99, SHELL181, SHELL281, SOLSH190, 

SOLID46, SOLID185, SOLID186, and SOLID191 [36]. Since it was decided to use a 

solid geometry, an element requiring a volume mesh is needed. If the design did not 

contain the stabilizing core, only a skinned geometry would be required. This can be 

meshed with shell elements, SHELL99 being the most widely used for similar cases 

analyzing wind turbine blades. To create a blades shell geometry quickly, freeware has 

been developed at Sandia National Laboratories called NuMAD. NuMAD is an X-

windows based (GUI) preprocessor and postprocessor for ANSYS [37].  

Out of the solid elements listed, SOLID46 and SOLID185 would both be 

acceptable for modeling the skin and webs, whereas SOLID191 is less attractive since it 

does not support large deflections [32]. SOLID186 would also provide a good fit due to 

its quadratic displacement behavior; however, the increased computational time caused 

by it being a twenty node element provides a drawback [32]. It is believed that 

SOLSH190 is the most well suited element for modeling the skin and webs since it was 

designed for simulating shell structures with a wide range of thickness. SOLSH190 is an 
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eight-node layered solid shell with three degrees of freedom per node: translations in the 

nodal x, y, and z directions. The element has plasticity, stress stiffening, creep, large 

deflection, and large strain capabilities, all which will enable further analyses to be 

conducted. The accuracy in modeling the skin and webs with SOLSH190, meshing aside, 

is governed by first order shear deformation theory. An upside to using the element is its 

ability to employ incompatible modes to both increase the accuracy during in-plane 

bending, and prevent thickness locking in bending dominant problems [32].  

SOLSH190 utilizes a collection of kinematic formulations to prevent locking 

when the shell thickness becomes extremely small, but will fail to pass the patch test if 

the element is distorted in the thickness direction. When the shell is thick, SOLSH190 

usually provides more accurate results than classical shell elements that are based on 

plane stress assumptions [32]. 

Figure 5-3 SOLSH190 geometry; courtesy of ANSYS, Inc. 

SOLSH190 allows up to 250 different material layers, with the stacking definition 

given by the ANSYS section commands. The stacking definition includes individual 
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layer thickness, material number, and orientation. The actual layer thicknesses used for 

element calculations are obtained by ANSYS by scaling the input layer thickness to be 

consistent with the thickness between the nodes [32]. The section data can be input using 

the GUI, or SECTYPE and SECDATA commands. The MP command is used to define 

the orthotropic elastic material properties, and density using the MKS system of 

measurement. For both the skin and web elements, storage of layer data is enabled by 

setting KEYOPT(8) to 1. This command tells ANSYS to store data for the top and 

bottom of all layers. Without this setting, through thickness stress distributions, including 

interlaminar shear stresses will not be viewable.  The failure criterion is entered using the 

FC command in the POST1 processor.  

The core material required a structural solid element to be used; available 

elements are: SOILD45, SOLID95, SOLID147, SOLID185, and SOLID186. An eight-

node linear element, such as SOLID45, or SOLID185, would provide seamless 

connectivity if the geometry was less complicated, but that is not the case [32]. An eight-

node element would also reduce computation time. If an eight-node linear element such 

as SOLSH190 is to be connected to a twenty-node quadratic element, then the midside 

nodes must be removed. This option is not available for SOLID147 [32]. Of the two 

remaining elements to choose from, SOLID186 (Figure 5-4) was used for the core 

material. SOLID95 is expected to offer parallel performance. SOLID186 is a twenty-

node quadratic element with three degrees of freedom per node. It supports plasticity, 

creep, stress stiffening, large deflection, and large stain capabilities. It is well suited to 

model irregular meshes with less accuracy sacrificed, and its compatible displacement 
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shapes make modeling curved boundaries easier [32]. The material properties for the core 

material are assumed to be isotropic and were entered using the MP command. The code 

containing the recently mentioned input data for the finite element model can be found in 

the Appendix. 

Figure 5-4 SOLID186 geometry; courtesy of ANSYS, Inc.

5.3 Mesh Generation 

Both elements will provide the most accurate results when a volume mapped 

(hexahedron) mesh is used. The degenerate prism option for SOLSH190 should only be 

used as a filler element in mesh generation. The meshing of the turbine blade stated with 

the webs. The layered elements are given a stacking sequence, so a single element 

represents the laminate thickness. Therefore, the webs are set with one element division. 

The webs are meshed with volume mapped hexahedrons, using the mesh tool in the GUI. 

All of the web volumes were meshed at once. A local coordinate system was created for 

the web elements, so the element coordinate system (ESYS) could be defined. This is 
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required to use the EORIENT command to properly align the web elements. The default 

command works, which takes the element face with the outward normal most nearly 

parallel to the element coordinate system’s negative z-axis and designates (reorients) it as 

face 1 [38]. This method is best done with ESHAPE on and ESYS plotted. This will show 

the stacked layers within the elements. 

The skin is very difficult to mesh due to its intricate shape. The ideal mapped 

hexahedron mesh could not be used. Instead, after trying several different element 

divisions for the skin splines, an acceptable swept hex/wedge mesh was produced (Figure 

5-5). Each of the eight skin sections were meshed separately, with the source and target 

for the sweep selected manually. The degenerate prism elements seem unavoidable, but 

only two strips of them are in a load bearing region. A strip is present running spanwise 

on the low and high pressure side. The degenerate elements on the leading edge do not 

affect the finite element results since they are in a low stressed area. If an impact test on 

the leading edge is desired, the strip of poor elements can be unselected prior to analysis, 

or the skin can be re-meshed. Some of the elements on the high pressure side are stacked, 

which is not ideal, since it changes how the stacking sequence is applied in that region of 

the laminate. The region now has angle plies in the center of the skin, and because 

ANSYS scales the layers, each layer will be thinner. This is not seen to be a major 

concern as it will only cause small stress discontinuities.  

Another local coordinate system was defined, this time for the skin elements. 

Aligning the skin elements is more complicated because the leading edge runs 
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perpendicular to the rest of the skin. When the default EORIENT command is used, the 

leading edge skin elements will remain oriented in the wrong direction [38]. To fix this, 

the leading edge elements are selected and all element faces with an outward normal 

parallel to the element coordinate system’s positive y-axis is designated (reoriented) as 

face 1. Another method is available in the GUI called choose an element; this reorients 

the selected elements in the same direction as the chosen element.  

Figure 5-5 Mesh of section 1 

5.4 Static Analysis, Loading, and Boundary Conditions 

The linear static analysis is specified using the ANTYPE,STATIC command. The 

nodes at the root are constrained in all directions by coupling the root areas using the DA 

command. These steps can be found in the appended code. The flapwise pressure 

distribution is applied to the low pressure side of the blade as a surface load. The negative 
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pressures are applied using the SFA command. The pressures are transferred by default 

from the geometry to the FE model, where they are applied to face 6 on each skin 

element. The negative pressures act out of the elements. 

Figure 5-6 Loading and boundary conditions 

5.5 Failure Criteria 

In ANSYS v11 SP1, three failure criteria methods are predefined. The two 

criterions used were Tsai-Wu and Maximum Stress. Failure criterion is presented in 

ANSYS using the notation of failure index (IF), where failure occurs when IF � 1. 

Strength

Stress
IF =                     EQ 5-1 
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From Barbero [34], failure criteria are curve fits of experimental data that attempt 

to predict failure under multiaxial stress based on experimental data obtained under 

uniaxial stress. Both criteria predict the first occurrence of failure in one of the plies, 

formally known as first ply failure (FPF).  

The Tsai-Wu criterion is a simplified version of a general failure theory for 

anisotropic materials which was earlier developed by Gol’denblat and Kopnov. By 

assuming the existence of a failure surface in the stress place, a modified tensor 

polynomial theory was proposed by Tsai and Wu [24]. Further assumptions, including 

transverse isotropy about the 2-3 plane, made it possible to arrive at the following 

expression for the failure index:  
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and: 

	i = Principal stress in the i direction 

Fij = Strength in the i direction with j denoting tension or compression 
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ci = Shear coupling coefficient in the i direction 

Maximum stress theory was adapted to composites as early as 1966 by Kelly 

using plane stress conditions. It implies that failure occurs when a stress component 

acting along a principal material axis exceeds the corresponding strength in that direction 

[24]. The failure index is  
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Note, if any of the first three principal stresses are compressive, the corresponding 

compressive strength will be used. 

 The nine lamina strength properties, as shown in Table 3-8, were entered in the 

postprocessor using the FC command. The shear coupling coefficients (c4, c5, and c6) 

where set to the default value of -1 since biaxial tests results were not available. Please 

refer to the Index of Nomenclature as needed. 

5.6 Eigenvalue Buckling Analysis 

A buckling analysis is a necessary procedure in analyzing the behavior of a 

composite structure under load. Composites are known to fail catastrophically, so careful 

measures must be employed to prevent such an event. A buckling analysis will determine 

the critical load, which leads to structural instability and causes the buckled mode shape. 

Since it was believed that the solid blade design would fail from being overstressed prior 

to buckling, the faster linear (Eigenvalue) buckling analysis was used. This analysis was 
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carried out to show the advantage of a solid design. The analysis predicts the theoretical 

buckling strength (bifurcation point) of an ideal linear elastic structure (Figure 5-7). The 

critical load will therefore be non-conservative, since material and manufacturing 

imperfections, as well as nonlinearities, prevent real world structures from reaching their 

theoretical elastic buckling strength [39]. 

Figure 5-7 Linear (Eigenvalue) buckling curve, courtesy of ANSYS, Inc. 

In ANSYS, the Eigenvalue buckling problem is formulated as: 

[ ] [ ]( ) { } { }0=+ ii SK ψλ         EQ 5-1 

where: 

 [K] = Stiffness matrix 

 [S] = Stress stiffness matrix 

�i =  ith eigenvalue (used to multiply the loads which generated [S])  

�i =  i
th

 eigenvector of displacements 
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The Block Lanczos eingensolver was used because it is claimed that the solver 

performs well for models meshed with shell and solid elements. To extract the number of 

eigenvalues requested, the method employs an automated shift strategy� �n order to 

improve the rate of convergence during the iteration process, combined with Sturm 

sequence checks, which computes the number of negative pivots encountered [40]. The 

method also has a built in algorithm for checking convergence, by requesting the 

eigenvalues to satisfy the convergence ratio:  

( ) ( )
tol

B

ii
e nn

i <
−

= −1λλ
                 EQ 5-2 

where: 

(λi)n = Value of ith eigenvalue as computed in iteration n

(λi)n-1 = Value of i
th

 eigenvalue computed in iteration n-1 

B = 1 or (λi)n whichever is greater 

tol =  Tolerance value, set to 1E-5 [40]. 

 The eigenvalue buckling analysis requires the static solution be obtained first, 

with prestress effects (PSTRES) activated. For eigenvalue buckling analyses, the mass 

stiffness matrix is replaced with the stress stiffness matrix [40]. The analysis is set up 

using ANTYPE,BUCKLE in the solution processor (/SOLU). The eigenvalue solution is 

obtained using the BUCOPT,LANB,1 command, and the first mode was expanded using 

MXPAND,1. The results are activated and plotted using commands SET,FIRST and 
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PLDISP,1. The critical, or buckling load factor, is listed as FREQ, since the eigenvalue 

solution is largely used for vibration analyses for determining natural frequencies.  
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6 Results and Discussion  

6.1 Investigation of Various Design Approaches 

Four designs were analyzed leading to the proposed model. The high level of 

stiffness needed made carbon fiber and thick sections attractive; however, thinner 

sections offered better hydrodynamics. Once the hydrodynamic requirements were 

satisfied, finite element models were created and analyzed. Table 6-1 displays an 

overview of the investigation. The first model is composed of slimmer profiles, starting 

with a NACA 4428 foil, and has a different internal structure than the following designs; 

refer back to Figure 2-3. The slimmer model has a lower area moment of inertia at each 

station compared to the following models. This causes higher tip deflection, higher 

stresses and a lower buckling load factor. Also, the web terminations caused stress 

intensities, so continuous webs were used in the Designs 2-4.  

The other models (Designs 2-4) share the same geometry, but are composed of 

different materials. The differences are in the webs, changing from carbon fiber to S2-

glass and to the last model, which does not include any web supports. The main 

difference between the design with carbon and S2-glass, respectively, is the cost. S2-

glass is a fraction of the cost of carbon fiber. The design without web supports shows 
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adequate performance, but reduces the number of joint methods. The bolting or bonding 

of the webs to the interior section leading to the bolt circle at the hub could be an 

effective joining method. Without the webs, the skin would be the only structural element 

for a joint. The method of using S2-glass webs was then figured to be the most ideal; 

therefore the third design was further analyzed. The results are displayed in the following 

sections. 

                

  
Design Investigation 

    

1. CFs CFw 

low t/c 

2. CFs CFw 

high t/c 

3. CFs S2w 

high t/c 

4. CFs NOw 

high t/c 

Tip deflection, [cm]    6.59 2.06 2.07 2.13 

Maximum Stress*, [MPa]   -257.6 66.8 68.2 75.2 

Safety Factor**   1.59 8.73 8.12 5.97 

Eigenvalue Buckling Load Factor  13.98 - 45.57 43.72 

  1st Mode               

*Using default element solution output; elements are taken to be one layer  

**Inverse of maximum failure criterion 

s = skin;  w = web    

Table 6-1 Results overview 

6.2 Deflection Analysis 

The largest deflection occurs at the tip and in the direction of the lift forces. In the 

case analyzed only lift forces were applied, meaning twisting should not occur due to the 

skin laminate layup being symmetrical and orthotropic. As can be seen in Figure 6-1, the 

maximum deflection is 20.7 mm at the tip in the direction of lift. This minimal deflection 

will not reduce the swept area of the rotor in a manner that will lower the turbines power 

output. A close up view of the tip deflection can be seen in Figure 6-2.   
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Figure 6-1 z-deflection under max current; dimensions in [m] 

Also, within the figure is an un-scaled illustration showing the small twist that 

occurs at the tip. The angle of twist is calculated to be 0.207
o
 using the nodal 

displacements from ANSYS. Therefore, the pitch of the blade will increase at this 

section. This causes the same size decrease in angle of attack, reducing the tip lift 

coefficient from 1.064 to 1.043. This small change causes a decrease in power output of 

approximately 264 W, using the blade element spreadsheet described earlier. This loss 

might seem high, but it is less than 0.2% of the power that is being produced. The 

deflections in the x and y-directions are minimal, only 0.29 mm and -1.9 mm 

respectively. The twist that occurs is a result of how the lift forces are applied in the 

chordwise direction. The load is uniformly distributed across the LP side of the blade, 

imparting more load towards the trailing edge than might possibly occur. Also, the angle 
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of twist could have been reduced if the blade was pitched about a location aft of the 

quarter chord; some literature suggesting near 30% of the chord length [37]. 

Figure 6-2 Close-up of z-deflection at the blade tip; dimensions in [m] 

6.3 Stress Analysis 

6.3.1 Bending and Interlaminar Shear Stresses along the 

Length 

The following results are for the blade design previously mentioned. Figure 6-5 

shows the bending stress along the length of the blade. Again, the distance from the hub 

to twenty percent of the blade length was not studied; therefore data is present from .6 m 

and forward. The bending stress for a cantilever beam with a constant cross-sectional area 

under a distributed load is highest at its fixed location. The stress decreases along the 

0.207
o
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length, approaching zero at the end. This is due to a decreasing bending moment along 

the length and constant area moment of inertia. However, the current blade design has a 

nonlinear decreasing area moment of inertia due to chord length changes and ply drop. 

This causes the sudden increase in bending stress at 2.4 m, where the skin thickness 

decreases from 16 to 10 mm, causing a sudden decrease in the area moment of inertia. 

With the exception of this region, the stresses decrease along the blade length, but remain 

slightly unsymmetrical due to the camber of the foil. The values plotted in Figure 6-5 

were taken from ANSYS by setting the options for output to layer 14 and selecting one 

LP and one high pressure (HP) side element at each of the 9 stations along the blade 

length. Layer 14 is the outermost 0o layer, which carries the most stress. Figure 6-3 

represents the position of the elements used for the plot. The elements chosen are mostly 

opposite of each other and under maximum stress. 

Figure 6-3 Elements used for finding stresses along the length 
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When the blade is under load it bends in the direction of the lift forces causing the 

LP side to be in compression while the HP side is in tension. This trend is illustrated 

below and can be seen from the results in Figure 6-5. 

Figure 6-4 Schematic showing primary loading resulting in tension and compression 
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Figure 6-5 Bending stress along the blade length 

The interlaminar shear stresses were also looked at along the blade length. The 

stresses are highest between layers two and three, where the ply orientation changes from 

45
o
 to 0

o
. The figure below displays the stresses. The max stress is where the elements are 
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 TENSION 

 LIFT
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constrained, while the others are bending with the load. The interlaminar shear stresses 

due to the type of loading applied are mainly a result of the difference in the out of plane 

shear stresses between each of the layers [24, 41, 42]. 
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Figure 6-6 Interlaminar shear stresses between layers 2 and 3 along the blade length 

In the following sections, through thickness stress distributions will be shown. 

The illustration in Figure 6-7 is an overview of how a cantilever laminate is stressed due 

to a lift force. 
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Figure 6-7 Illustration showing through-thickness stress distributions in an isotropic material 

6.3.2 Maximum Stresses at the Root 

The maximum stresses through the thickness at the root are plotted in Figure 6-9. 

The skin experiences the highest stress due to its high modulus and outermost location, 

leaving very little for the core. Figure 6-8 is a visual aid, helping to explain why the 

stresses are discontinuous. The laminate in the figure represents the skin on the LP side at 

the root. The stress shown in Figure 6-8 was calculated using the generalized Hooke’s 

Law. The modulus for the 0
o
 plies is far greater than the �45

o
 plies; therefore, the 0

o
 plies 

will experience the highest stress. This can be seen best in Figure 6-10, where the 

bending stresses, Sx, are plotted versus layer number. Figure 6-9 represents a through 

thickness view of the same stresses, but shows how the core is affected. The core receives 

a stress of less than 1 MPa under maximum loading, a factor of ten less than its strength. 

This kind of stress behavior is typical for most sandwich structures. 
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Figure 6-8 Illustration showing stress variations in a non-isotropic material 
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Figure 6-9 Distribution of Sx through the thickness at the root station 

In Figure 6-10, the positive layers represent the LP side skin element and the 

negative layers correspond to the HP side skin element. The HP, tension side, is under 

more stress, reaching upwards of 67 MPa.  
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Figure 6-10 Sx distribution through the skin at the root station 

The through thickness stress distribution in the y-direction, Figure 6-11, shows 

the �45 plies undergoing the largest stress, opposite to that just discussed regarding Sx. 

The angle plies have a higher modulus in the y-direction and therefore carry more stress. 

Overall, the LP side is in compression and the HP side in tension. The stresses are again 

slightly higher on the HP side, reaching 19 MPa in a 45
o
 layer, number -15. 
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Figure 6-11 Sy distribution through the skin at the root station 

Figure 6-12 displays the root stresses in the z-direction. They fluctuate less due to 

the layer moduli being more constant. The modulus of the angle plies in the z-direction is 

higher, causing the small stress discontinuity. A similar magnitude of stress is absorbed 

in the webs at the root location.  
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Figure 6-12 Sz distribution through the skin at the root station 



65 

Figure 6-13 shows the in-plane shear stresses at the root. These stresses are the 

result of the small y-deflection in the turbines rotation direction, and the 0.207o increase 

in pitch that occurs due to the loading. This type of deflection and curvature causes the -

45
o
 plies on the LP side to experience a compressive squeeze and the +45

o
 plies, tensile 

shear. As expected, the signs of the angle ply stresses switch across the neutral axis. The 

accuracy of these stresses is highly dependent on how the lift forces are applied. When 

the lift forces on both sides of the quarter chord, or pitch axis, do not balance, the blade 

can experience a twisting moment [26]. This effect is also dependent on the stacking 

sequence of the laminate. An asymmetrical laminate can also cause bending twisting 

coupling as discussed earlier. In the present case, the laminate is symmetrical, but more 

lift is applied towards the trailing edge, causing the small twist. However, as stated 

previously, the drag force on the blade was omitted from the analysis because it only 

amounted to 375 N, but if applied, it would decrease the y-deflection and reduce Sxy. 
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Figure 6-13 Sxy distribution through the skin at the root station 
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6.3.3 Maximum Stresses near the Tip 

Now that the max stresses at the root have been displayed and discussed, the 

region of stress intensity near the tip (station 7) will be further explained. This stress 

intensity is due to ply drop as mentioned earlier and seen in Figure 6-5. To visualize the 

stress distribution a tapered box beam was numerically modeled for comparison. For an 

isotropic material the bending stress is: 

Sx = My�z / Iy                  EQ 6-1

given My is the bending moment, z is the distance from the neutral axis to the stressed 

location, and Iy is the area moment of inertia [23]. The bending moment values displayed 

in Figure 2-7 were used in calculating the stresses in the box beam for comparison. At the 

intensity region the bending moment is lower, the distance from the neutral axis to the 

skin is less, but the local area moment of inertia is much lower since it is proportional to 

the difference between the cube of the overall and core thickness. Approximating a 2-D 

blade cross-section as a box beam section, with the vertical and horizontal members 

representing the webs and skin, respectively, the area moment of inertia for the laminate 

can be found using EQ 6-2. Refer to the following figure. 
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Figure 6-14 Box beam cross-section, courtesy of DIAB, Inc. [23] 

12

33 ecbh
I y

−
=         EQ 6-2

From this equation it is clear that if h is reduced, but the ratio of c to h is increased 

because of ply drop, then the area moment of inertia will be further reduced. This 

explains the region of stress intensity seen in Figure 6-5. The overall stress distribution is 

similar to that found at the root and for the same reasons.  
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Figure 6-15 Sx distribution through the skin at station 7 
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The flexural stiffness of the blade and box beam is mainly related to the laminate; 

the core stiffness was even neglected for the box beam analysis. The core stiffness 

accounts for less than 1% of the structure. The tapered box beam was analyzed to give 

some validation to the finite element results. The bending stress along the length is 

plotted in the figure below for the blade finite element model and the box beam analysis 

(note the absolute values of the LP side stresses are plotted). The fluctuation was 

expected due to the difference in the area moment of inertia, but both models show a 

similar trend. The stresses found on the outer flanges of the box beam are the maximum 

stresses, which are found using EQ 6-1 and EQ 6-2, by setting z to its maximum value. 

This type of analysis is an excellent way to achieve ball-park stresses in a matter of 

minutes before carrying out a FE model that can take a week. Note, the box beam 

analysis is only valid for isotropic materials, but to approximate the maximum stress of 

an orthotropic beam, the highest layer moduli can be used along with setting z to its outer 

limit. Therefore, the FE model is needed to extract the through thickness stress 

distributions and determine the first ply failure. 
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Figure 6-16 Bending stress along the length for the blade and a similar box beam 

Starting at station 7, the stresses in the 0
o
 plies switch sign while the angle plies 

agree with the trend at the root. This behavior was expected and is a result of the local 

bending due to ply drop. 
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Figure 6-17 Sy distribution through the skin at station 7 
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Figure 6-18 shows the in-plane shear stress at the stress intensity location near the 

tip. The stress distribution is similar to that of the root. The stresses are lower at the inner 

angle plies because the blade is bending due to the local decrease in flexural stiffness.  
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Figure 6-18 Sxy distribution through the skin at station 7 

6.3.4 Stresses in the Web Supports 

The webs are incorporated for shear rigidity and to aid in the anchoring to the 

hub. Most of the stresses are absorbed into the skin, but the webs do take some of the 

loading. Figure 6-19 displays the bending stress in the webs. The webs experience the 

largest bending tensile stress at the root and compressive stress at the first ply drop region 

near the tip, on the LP side. This is the same trend the skin follows, but at a lower 

magnitude.    
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Figure 6-19 Stress in the x-direction in the webs; units are [MPa] 

The out of plane shear stress is distributed more equally between the webs and 

skin. The through thickness plots of Sxz at the root and near the tip can be found in the 

Appendix (Figures 8-2 to 8-5). Figure 6-20 shows the nodal Sxz distribution; the 

maximum stress is at the first ply drop location on the HP side. This is the second 

location the blade is bending about, which causes the concentration of positive shear.  



72 

Figure 6-20 Nodal xz-shear stresses in webs; units are [MPa] 

6.4 Failure Criteria 

The failure criteria plotted in Figures 6-21 to 6-22 are the maximum of Tsai-Wu 

and Max Stress Criterions. The Tsai-Wu criterion produced the higher failure index. The 

inverse of the failure index in the scale is the Safety Factor for the corresponding 

element. As can be seen in the figure, the Safety Factor for this linear static analysis is 8.1 

(Figure 6-21). The region where this takes place is on the tension side below the leading 

edge web. The failure criterion also provides the FPF, which was plotted in ANSYS, but 

not shown. The FPF at the region below the leading edge web is layer 16 on the tension 

side; the compression side would first fail at layer 14. Ideally the blade would have fiber 

failure in the spanwise direction, at the outermost 0o ply, layer 14 in the case analyzed. 

Unfortunately, the blade would first fail at the -45
o
 ply, layer 16 on the tension side. This 
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layer is most likely failing from tensile stresses in the y-direction, since its strength is low 

in that direction. The failure mode would be matrix cracking along the fiber length. The 

LP side stresses in the y-direction are compressive and the lamina strength in 

compression is over three times that in tension (Table 3-8). This is the reason for the 

large difference in failure criterion values from the HP to LP side. The stress intensity 

region near the tip on the HP side has a similar failure criterion value (Figure 6-21). 

Figure 6-21 Maximum failure criterion plot showing safety of design 

The web supports do not absorb much stress compared to the skin; therefore, the 

Safety Factor for them is higher, reaching 17.25 (Figure 6-22). 
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Figure 6-22 Maximum failure criterion plot for the webs 

The core does not see considerable stresses. For the failure analysis, the core 

mechanical properties were entered as isotropic, therefore the Safety Factor is in terms of 

the cores stress equivalent, or von Mises stress (Figure 6-23). The lowest strength value 

for the core was used from Table 3-8, leading to a Safety Factor of 10. For the case 

without webs, the core Safety Factor was reduced to 3.75. 
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Figure 6-23 von Mises plot of the core; units are [MPa] 

6.5 Eigenvalue Buckling Analysis 

The results from the linear static eigenvalue buckling analysis are listed in the 

table below; mode 1 is flapwise bending. The mode 1 displacement plot for Design 3 is 

shown in Figure 6-24. The deflection follows the same trend as the prior analysis, 

bending and twisting slightly. The large displacement is expected due to the blade 

receiving 45 times the load. The load factors are much greater than the Safety Factors for 

the design; meaning the blades would fail from being overstressed, not from buckling. 

Design 1 has a much lower critical load due to its thinner geometry, but it is still well 

above the Safety Factor. A hollow blade would be more prone to buckling and could have 

load factors less than the inverse of the failure criterion; causing it to buckle before 

04.10
727446.0
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experiencing overstressed type failure [22]. This type of failure is common in hollow 

composite wind turbine blades. 

Blade Design Mode Number   Load Factor 

1. 3m Blade CFs  CFw 1  13.98 

3. 3m Blade CFs  S2w 1   45.565 

4. 3m Blade CFs  NOw 1   43.718 

Table 6-2 Eigenvalue buckling factors for three blade designs 

Figure 6-24 First buckling mode shape for Design 3, CFs S2w
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7 Summary and Future Work and Recommendations 

7.1 Summary 

• Using the Blade Element tool created, DesignFOIL, and ANSYS, the 

hydrodynamic and structural aspects of a solid composite ocean current turbine 

blade can be evaluated in a very short span of time (weeks). 

• Four design cases have been analyzed and all allow for efficient power 

production without structural failure. The Safety Factors were obtained by taking 

the inverse of the Failure indices predicted by Tsai-Wu and Maximum Stress 

failure criteria.  

• The first design approach is the slimmer of the four, with foil profiles having t/c

values ranging from 28 to 15%. Using BET, the Power output in a current of 2.5 

m/s is 136.3 kW, at a CP of 0.48. The design has a Safety Factor of 1.59 due to 

working under a maximum stress of -257.6 MPa, and experiences a maximum tip 

deflection of 6.59 cm. The Swept Area was not reduced, but the blade twisted 

.229
o
, reducing the angle of attack, therefore causing an estimated minimal 

Power loss of about 80 W.  

• Designs 2 through 4 have the same hydrodynamic shape, with thicker profiles 

than Design 1. The t/c values vary from 41 to 16%. In a 2.5 m/s current, Designs 

2 through 4 offers a Power output of 141.5 kW at a CP of .5.  

• Design 2 experiences a maximum stress of 66.8 MPa, providing a Safety Factor 

of 8.73. The tip deflects to a maximum of only 2.06 cm. 
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• Design 3 has very similar results as Design 2, since only the Web material was 

changed. Design 3 has S2-glass Webs, whereas CF was previously used. CF is 

not necessary for the Webs, as S2-glass showed parallel performance and would 

allow for a much cheaper design. Design 3 sees a maximum stress of 68.2 MPa 

in the max current condition, causing a tip deflection of 2.07 cm. The tip also 

twisted .207o, which decreased the angle of attack and caused an estimated 

Power reduction of 264 W. The Safety Factor was found to be 8.12. 

• After the results of Designs 2 and 3 were reviewed, it was decided to analyze a 

blade without Webs (Design 4). Design 4 deflected only slightly more, 2.13 cm, 

and showed a maximum stress of 75.2 MPa. The design has adequate strength, 

with a Safety Factor of 5.97, but the failure analysis revealed that if the loading 

increased beyond the Safety Factor, core failure would occur at station 8. That 

type of failure proves that a Web is necessary for additional support; as an 

optimal composite design would experience fiber failure. 

• The thicker designs (2-4) resulted in lower stresses due to the increase in the area 

moment of inertia. It is more effective, and cheaper to increase the t/c to make a 

blade stiffer and stronger, rather than increasing the skin thickness. It has also 

been proven that thicker profiles can still result in efficient power production. 

• The Buckling analyses confirmed that the four design cases would not fail from 

buckling prior to overstressed laminate, or core failure, if the loading was to 

exceed the Safety Factor. 

7.2 Future Work and Recommendations  

7.2.1 Hydrodynamic 

A three dimensional hydrodynamic analysis is needed to better understand the 

effects of tip deflections on power production. The Blade Element results should also be 
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compared with a Computational Fluid Dynamic (CFD) model, since now a Computer 

Aided Design (CAD) model exists. FLUENT is a CFD software package provided by 

ANSYS, which can be used to verify the Blade Element results and aid in the design of a 

more efficient blade. FLUENT can model the vortex shedding off the trailing edge and 

also help one to design a blade tip. It can also help determine the effects of periodic wave 

interaction and velocity shear. The hub/blade joint needs to be drawn and analyzed, and 

FLUENT can show the three dimensional differences between possible designs. The 

pressure distributions that result from the FLUENT analyses can be used to conduct 

structural analyses. This way, spanwise load distributions will be more accurate and 

provide further accurate results. 

7.2.2 Structural 

The research, design, and analysis of the metal/composite joint that connects the 

blade to the hub needs to be performed. The blade would ideally be bolted to the hub for 

easy installation and removal. In designing the joint, tensile, shear, cleavage, and peel 

stresses should be checked [28, 42]. 

A vibration analysis needs to be administered to determine the natural frequencies 

and mode shapes of the blades while they are spinning. This can be evaluated using 

ANSYS. The most expedient method is to conduct a modal analysis with pre-stress on 

(from prior static analysis), and increase the density of the blade material to account for 

added-mass. This method will not take into account damping, so if a dynamic model is 
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necessary, the modal analysis will have at least provided insight on the type of time steps 

required to properly capture the behavior of the system.  

The natural frequencies of the blades should be well above or below the 

frequency of vortex shedding, the rpm of the rotor and other components in the turbine 

assembly. If the blade natural frequencies are close those frequencies, large amplitude 

vibrations with resulting high stresses can develop [43]. A blades natural frequency can 

be made higher by increasing the thickness of the blade, increasing the skin thickness, 

using higher modulus materials, or by reducing the mass. To reduce the frequency, do the 

exact opposite of what was just stated.  

It is suggested that before another model is made, a fatigue analysis on Design 3 

should be conducted for the continuous 3 year life cycle requirement. At 35 rpm that 

would be equivalent to 5.52 x 10
7
 cycles. However, not all of the loading events occur 

every cycle. The following events have been identified and should be evaluated: 

• Lift and Drag Forces at maximum current, with velocity shear 

• Inertial Loading due to acceleration/deceleration (statistical)  

• Gravitational Loading due to the positively or negatively buoyant blade sections 

• Static Pressure differential fluctuations 

• Wave Loading (statistical)  

• Eddy effects, if necessary after further hydrodynamic studies 

If the fatigue results show that Design 3 is over engineered, a slimmer design can be 

considered, containing only one web support. 
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It is also highly recommended that a Delamination Analysis be performed in 

ANSYS with either Interface Elements, or Contact Elements. This feature is available for 

use in a nonlinear static analysis, or in a nonlinear full transient analysis. 
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8 Appendix  

8.1 ANSYS Code 

/UNITS,MKS               ! Units are in m, MPa, Newton, kg, and kg/m
3 

/prep7 

ANTYPE,STATIC 

ET,1,190 

ET,2,186 

ET,3,190 

! Material properties for the skin and web were taken from [28] 

! Material properties for: uni AS4/3501-6 orthotropic laminate-Mat 1  

uimp,1,ex,ey,ez,143E3,10E3,10E3 

uimp,1,gxy,gyz,gxz,6E3,3E3,5E3 

uimp,1,prxy,pryz,prxz,0.3,0.52,0.3 

mp,dens,1,1580 

! Material prop for: Divinycell HCP 100-Mat 2 (really ortho, v~.67) 

! input as isotropic ~ assumption 

mp,ex,2,700    

mp,prxy,2,.45       !assumption 

mp,dens,2,400 

! Material properties for: uni S2-glass/XP251s orthotropic laminate-Mat 3  

uimp,3,ex,ey,ez,51E3,17E3,17E3 

uimp,3,gxy,gyz,gxz,7E3,7E3,7E3 

uimp,3,prxy,pryz,prxz,0.25,0.32,0.25 

mp,dens,3,1980 

! CF skin layup 

SECTYPE,1,SHELL  ! 16 layers making 16 mm skin 

SECDATA,.001,1,-45            !default to 3 int pts

SECDATA,.001,1,45 
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SECDATA,.001,1,0 

SECDATA,.001,1,0 

SECDATA,.001,1,0 

SECDATA,.001,1,0 

SECDATA,.001,1,0 

SECDATA,.001,1,0 

SECDATA,.001,1,0 

SECDATA,.001,1,0 

SECDATA,.001,1,0 

SECDATA,.001,1,0 

SECDATA,.001,1,0 

SECDATA,.001,1,0 

SECDATA,.001,1,45 

SECDATA,.001,1,-45 

keyopt,1,6,0 

keyopt,1,8,1 

keyopt,1,10,0 

! S2 web layup 

SECTYPE,3,SHELL  ! 16 layers making 16 mm web 

SECDATA,.001,3,-45       !default to 3 int pts 

SECDATA,.001,3,45 

SECDATA,.001,3,-45 

SECDATA,.001,3,45 

SECDATA,.001,3,-45 

SECDATA,.001,3,45 

SECDATA,.001,3,-45 

SECDATA,.001,3,45 

SECDATA,.001,3,45 

SECDATA,.001,3,-45 

SECDATA,.001,3,45 

SECDATA,.001,3,-45 

SECDATA,.001,3,45 

SECDATA,.001,3,-45 

SECDATA,.001,3,45 

SECDATA,.001,3,-45 

keyopt,3,6,0 

keyopt,3,8,1 

keyopt,3,10,0 

!-------------------------------------------------------------------------------------------------- 

! let SOLSH190 scale down at ply drop off regions 

! mesh with mesh tool/GUI 
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!-------------------------------------------------------------------------------------------------- 

FINISH                ! Exit pre-processor module 

/SOLU                     ! Solution module 

ANTYPE,STATIC            ! Set Static Analysis 

! Apply Boundary Condition and Pressure on top 

DA,1,ALL,0 

DA,2,ALL,0 

DA,3,ALL,0 

DA,4,ALL,0 

DA,5,ALL,0 

DA,6,ALL,0 

SFA,70,,PRES,-.0112 

SFA,86,,PRES,-.0165 

SFA,101,,PRES,-.0237 

SFA,117,,PRES,-.03186 

SFA,133,,PRES,-.0398 

SFA,149,,PRES,-.052 

SFA,165,,PRES,-.0678 

SFA,180,,PRES,-.0809 

SOLVE                     ! Solve current load state 

FINISH                    ! Exit solution module 

!-------------------------------------------------------------------------------------------------- 

/POST1 

!Failure Criteria 

! CF Skin 

FC,1,s,xten,2172       ! F1t strength 

FC,1,s,xcmp,-1558      ! F1c strength 

FC,1,s,yten,57         ! F2t strength 

FC,1,s,ycmp,-186       ! F2c strength 

FC,1,s,zten,59         ! F3t strength 

FC,1,s,zcmp,-186       ! F3c strength 

FC,1,s,xy,87           ! F6 strength   

FC,1,s,yz,94           ! F4 strength   

FC,1,s,xz,124          ! F5 strength   

FC,1,s,XYCP,-1         ! c6 coefficient. Defaults to -1.0 

FC,1,s,YZCP,-1         ! c4 coefficient. Defaults to -1.0 

FC,1,s,XZCP,-1         ! c5 coefficient. Defaults to -1.0 

! Foam 
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FC,2,s,xten,13.5       ! F1t strength estimate 

FC,2,s,xcmp,-10.5      ! F1c strength estimate 

FC,2,s,yten,13.5       ! F2t strength estimate 

FC,2,s,ycmp,-10.5      ! F2c strength estimate 

FC,2,s,zten,13.5       ! F3t strength  

FC,2,s,zcmp,-10.5      ! F3c strength 

FC,2,s,xy,7.3          ! F6 strength  estimate 

FC,2,s,yz,7.3          ! F4 strength   

FC,2,s,xz,7.3          ! F5 strength   

! S2 Webs 

FC,3,s,xten,1779       ! F1t strength  

FC,3,s,xcmp,-641       ! F1c strength  

FC,3,s,yten,58         ! F2t strength  

FC,3,s,ycmp,-186       ! F2c strength  

FC,3,s,zten,58         ! F3t strength  

FC,3,s,zcmp,-186       ! F3c strength  

FC,3,s,xy,75          ! F6 strength   

FC,3,s,yz,77           ! F4 strength   

FC,3,s,xz,77           ! F5 strength   

FC,3,s,XYCP,-1         ! c6 coefficient. Defaults to -1.0 

FC,3,s,YZCP,-1         ! c4 coefficient. Defaults to -1.0 

FC,3,s,XZCP,-1         ! c5 coefficient. Defaults to -1.0 

!-------------------------------------------------------------------------------------------------- 

! For Eigenvalue Buckling Analysis enter the following, but after the Static  

!   Analysis has been solved 

/SOLU 

ANTYPE,BUCKLE              ! Buckling analysis 

BUCOPT,LANB,1             ! Use Block Lanczos solution method, 1 mode 

MXPAND,1                   ! Expand 1 mode shape 

SOLVE 

FINISH 

/POST1 

SET,FIRST 

PLDISP,1 

FINISH 
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8.2  Images 

Figure 8-1 Depth limit for mono-pile design, courtesy of MCT Limited 

8.3 Calculations 

1. Energy production of MCT vs. WT per m
2 

rotor area 

Power, 
3

0
2

1
AUCP P ρ=   

32251 m/kg.air =ρ    3/1026 mkgseawater =ρ

HAWT design speed ~ 12 m/s MCT design speed ~ 2 m/s

HAWT

MCT

P

P
@ design speed = 3.88 

2. Max power output of 6.75m diameter rotor vs. 3m diameter project rotor 

Power, 
3

0
2

1
AUCP P ρ= ,   using: CP = .45, U = 2.5 m/s, � = 1026 kg/m

3

A = swept area = �D
2
/4 
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P6.75m diameter = 129 kW  P3m diameter = 25 kW 

8.4 Figures 
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Figure 8-2 Syz distribution through the skin at the root station 
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Figure 8-3 Sxz distribution through the skin at the root station 
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Figure 8-4 Syz distribution through the skin at station 7 
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Figure 8-5 Sxz distribution through the skin at station 7 
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