
ABSTRACT 

 

SAKTHIVEL, JEEVAN SNEHA. Numerical Simulation of Fatigue Crack Propagation in 

Marine Hydrokinetic Turbines for Increased Reliability and Component Performance. (Under the 

direction of Dr. Andrew Ziccarelli). 

 

 

Marine Hydrokinetic Turbines (MHKTs) harness energy from ocean currents and tides to 

generate renewable electricity. However, the rotating turbine blades experience cyclic loading and 

harsh marine conditions during operation, which can lead to fatigue crack initiation and 

propagation, particularly at locations where the blade thickness tapers, known as ply drops. Fatigue 

cracks can compromise the structural integrity and reliability of MHKTs over time. This research 

aims to implement and validate a computational model to simulate fatigue crack propagation in 

MHKT blades composed of fiber-reinforced polymer composites. Accurate simulation would 

enable stakeholders to assess remaining blade life and optimize inspection and maintenance 

schedules. A Cohesive Zone Model (CZM) was implemented to simulate interlaminar 

delamination and crack propagation using the finite element software ABAQUS. Within the CZM, 

specialized cohesive interface elements are inserted along potential crack paths and follow a 

traction-separation law governed by the material's fracture properties. A fatigue damage evolution 

law was coded into a user-defined ABAQUS material subroutine to capture crack propagation 

under fatigue loading following Paris' law behavior. The CZM implementation was first validated 

against benchmark data from Double Cantilever Beam (DCB) tests reported for delamination crack 

initiation and growth under static and fatigue loads. Excellent agreement was observed, confirming 

the numerical model's accuracy. Next, a multiscale modeling approach was employed for a case 

study investigating an MHKT blade design intended for operation off the coast of North Carolina. 

Blade Element Momentum Theory (BEMT) was implemented to calculate the loads acting on the 



MHKT blades. A global structural analysis then computed the bending moment distribution, which 

translated to local strains applied as boundary conditions for a high-fidelity submodel of the critical 

ply drop region using the validated CZM approach. Our analyses revealed that at a stress ratio of 

0.4 and ocean current velocity of 1.25 m/s, crack propagation was minimal, with only 0.5 mm 

growth observed. However, when the current velocity was increased to 1.5 m/s while maintaining 

the stress ratio at 0.4, we observed aggressive crack propagation, with initiation occurring at 

around 38.6 cycles and complete propagation of the 10.6 mm crack at 3,582 cycles. For a lower 

stress ratio of 0.1 and velocity of 1.25 m/s, crack initiation was delayed, occurring at around 11,900 

cycles, with complete propagation taking place at 35,000 cycles. Interestingly, when current 

velocity was increased to 1.5 m/s while keeping the stress ratio at 0.1, crack initiation occurred 

extremely rapidly, at around 13 cycles, with complete propagation of the 10.6 mm crack at 938 

cycles. These findings demonstrate that higher stress ratios and velocities generally promote more 

aggressive crack propagation, leading to shorter fatigue lives, while lower stress ratios and 

velocities result in slower crack growth rates and extended fatigue lives. Also, varying the material 

constant 'C' in the Paris law significantly impacted crack growth rates, with higher values of 'C' 

corresponding to more aggressive crack propagation and shorter fatigue lives, while lower 'C' 

values led to slower crack growth rates and extended component lifetimes under cyclic loading 

conditions. Nevertheless, this research has established an integrated, high-fidelity computational 

platform for virtually assessing delamination-driven failures in MHKT blades to maximize 

operational lifetimes and maintenance planning for these emerging marine energy technologies. 

Thus, a comprehensive, high-fidelity computational platform has been developed by this research 

to virtually assess delamination-driven failures in MHKT blades in order to optimize operational 

lives and maintenance scheduling for these new marine energy technologies. 
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CHAPTER 1 

Introduction 

 
     1.1 Background 
 

The potential of marine energy is immense, with the World Energy Council estimating that the 

global ocean energy resource could contribute up to 10% of the world's electricity demand. Marine 

Hydrokinetic Turbines (MHKTs) offer a unique advantage over other renewable energy 

technologies as they can provide a predictable and consistent energy output, unlike wind and solar 

power, which are intermittent sources. Thus, MHKTs are a promising technology that harness the 

kinetic energy from the natural movements of water including waves, tides, and river and ocean 

currents to generate renewable electricity.  

 

Figure 1: Marine Hydrokinetic Turbine (Source Bir et al., 2011) 

 

The development of MHKTs is driven by the need to reduce reliance on fossil fuels and mitigate 

the effects of climate change. With their ability to generate electricity without producing 

greenhouse gas emissions or other pollutants, MHKTs offer a clean and renewable energy solution. 

Despite the promising potential of MHKTs, their widespread adoption has been hindered by 

several challenges. These include the harsh marine environment, which can accelerate material 
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degradation and structural damages. Additionally, the remote locations of many potential MHKT 

sites can pose logistical and operational challenges, further increasing the costs and complexity of 

these projects. 

 

1.1.1 Marine Hydrokinetic Turbine (MKHT) Blades 
 
 

The performance and reliability of MHKTs are highly dependent on the design and structural 

integrity of their blades. These blades are submerged in water and subjected to complex 

hydrodynamic forces, including lift and drag, as well as cyclic loading from the continuous flow 

of water. Consequently, the blades must be designed to withstand these forces while maintaining 

their structural integrity over an extended period. MHKT blades are typically constructed using 

fiber-reinforced composite materials, such as glass or carbon fiber-reinforced polymers. By 

varying the fiber orientation, stacking sequence, and resin systems, composite materials can be 

engineered to have high strength and stiffness in the directions where they are needed most, while 

remaining lightweight. Furthermore, these materials offer excellent corrosion resistance, which is 

crucial for long-term operation in seawater. The blades are designed with optimized tapered 

shapes, similar to wind turbine blades, and incorporate hydrofoil cross-sections to efficiently 

extract energy from the water flow.  

 

1.1.2 Structural Damages in MHKT Blades 
 
 

Despite the advanced materials and design considerations, MHKT blades are susceptible to various 

structural damages that can compromise their performance and reliability, ranging from decreased 

performance and efficiency to catastrophic failures. Blade failures not only impact the energy 

production and revenue streams of MHKT projects but also incur significant costs for 
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maintenance, repairs, and potential environmental hazards if debris is released into the water. One 

of the most critical damage mechanisms is fatigue crack initiation and propagation, which can 

occur due to the cyclic loading experienced by the blades during operation. Fatigue cracks can 

originate from stress concentrations, such as ply drops or manufacturing defects, and propagate 

through the composite material over time, leading to potential blade failure. Additionally, the 

marine environment introduces additional challenges, as prolonged exposure to seawater can 

degrade the mechanical properties of the composite materials, further exacerbating the effects of 

fatigue. Other structural damages that may occur in MHKT blades include delamination, fiber 

breakage, matrix cracking, and fiber-matrix debonding. Given the critical role of MHKT blades in 

the overall performance and reliability of these systems, it is imperative to understand and mitigate 

the various structural damages that can occur during their operational lifetime. Addressing these 

issues is essential for ensuring the long-term viability and widespread adoption of MHKT 

technology as a sustainable and reliable source of renewable energy. 

 

1.1.3 Addressing Fatigue Damages 
 
 

To address the issue of fatigue damage in MHKT blades, a comprehensive understanding of the 

underlying mechanisms and their interactions with the marine environment is essential. This 

understanding can be gained through a combination of experimental studies and advanced 

numerical simulations. Experimental studies can provide valuable data on material properties, 

fatigue behavior, and environmental degradation under controlled conditions. However, these 

studies can be time-consuming and expensive, particularly when considering the long-term effects 

of seawater exposure and cyclic loading. Numerical simulations offer a complementary approach, 

allowing for the prediction of fatigue crack initiation and propagation, as well as the simulation of 
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environmental degradation effects and their impact on global structural performance. Some full-

scale models have been tested, but not many, making numerical simulations even more valuable 

for assessing the overall structural behavior and performance of MHKT blades. Advanced 

techniques such as cohesive zone modeling, fracture mechanics, and damage mechanics can be 

employed to accurately model the complex failure modes and their interactions. By integrating 

experimental data with numerical simulations, it is possible to develop robust computational 

models that can predict the structural integrity and remaining useful life of MHKT blades under 

realistic operating conditions. These models can then be used to optimize blade designs, select 

appropriate materials, and develop maintenance strategies to enhance the reliability and durability 

of MHKT blades. Additionally, these computational models can be used to create digital twins, 

which are virtual representations of the physical MHKT blades, allowing for further analysis, 

monitoring, and optimization throughout their lifecycle. Accurate fatigue damage prediction can 

yield significant benefits, such as optimized blade designs that minimize stress concentrations and 

mitigate fatigue crack propagation, leading to extended operational lifetimes. Additionally, 

effective maintenance strategies can be developed by monitoring blade conditions and scheduling 

repairs or replacements before catastrophic failures occur, reducing downtime and associated 

costs. 

 

1.2 Research Objective and Scope 
 
 

The primary objective of this research is to develop and implement a computational framework to 

simulate fatigue crack propagation in MHKT blades. The overall goal is to create new 

computational tools which could then be used to reduce costs, increase adoption, and optimize the 
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design and maintenance of MHKT blades, ultimately making this renewable energy technology 

more viable and widespread. The specific objectives related to this aim are: 

1. Implementation of a Cohesive Zone Model (CZM) into finite element software (ABAQUS) 

to simulate crack propagation under cyclic loading in fiber-reinforced composite materials. 

2. Validation of the cohesive element implementation using experimental data. 

3. Conduct a case study on a full-scale MHK turbine blade model, employing specific 

assumptions for the analysis process. This study focuses on a simplified version of the 

model, situated off the coast of North Carolina. This involves: 

i. Site selection and determination of ocean current velocities. 

ii. Selection of a reference blade geometry and structural design. 

iii. Calculation of applied loads using Blade Element Momentum 

Theory. 

iv. Global structural analysis to determine bending moment and strain 

distributions. 

v. Detailed analysis at critical ply drop locations, including crack 

propagation simulation using the cohesive zone model. 
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 CHAPTER 2 

Literature Review 

 
2.1 Typical Design of MHKT Blades 

 
 

The typical marine hydrokinetic turbine blade design considerations include geometry, materials 

selection, structural details, load analysis, and performance evaluation. The following section 

discusses the geometry of the MHKT blade. Structural details like ply drops and their implications 

on mechanical performance are addressed. Finally, tailoring of fiber-reinforced polymer composite 

laminates to achieve directional strength and environmental resistance is explored. 

 

2.1.1 Geometry  

 

MHKT blades generally follow an optimized tapered shape similar to wind turbine blades, with 

variations in chord length, thickness and twist along the span of the blade from leading edge to 

trailing edge. This helps extract tidal energy efficiently while ensuring necessary structural 

strength. A hydrofoil blade has an upper curved surface and a lower less curved surface that 

intersects at the leading edge in front and the trailing edge in back. The straight line connecting 

the leading and trailing edges is called the chord line, with length denoted by c (in Figure 2). The 

camber line runs along the midpoint between the upper and lower surfaces. The maximum distance 

between the chord line and the camber line is called the maximum camber. The distance between 

the upper and lower surfaces perpendicular to the chord line is the hydrofoil thickness. The angle 

of attack, α describes the angle between the relative fluid velocity and the chord line. Finally, the 

span refers to the blade length perpendicular to the hydrofoil cross-section (Muratoglu et al., 2015). 
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Figure 2: Hydrofoil Nomenclature (Source Muratoglu et al., 2015) 

 

 

Efficient lift-type cross-sections like NACA 63-series foils are commonly used in MHKT blades. 

Figure 3 shows typical cross-sections of the NACA series. These are less sensitive to roughness 

and provide high lift and delayed stall characteristics needed for tidal turbine operation. (Loftin, 

1985) 

 

Figure 3: Shapes of NACA foil (Source Loftin, 1985) 
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2.1.2 Fiber Reinforced Composites 
 
 

MHKT blades are generally composed of fiber-reinforced composite material. Fiber-reinforced 

composites consist of unidirectional fibers (generally made of glass or carbon) embedded in a 

polymer matrix. Layers of fibers, called laminae, are oriented in specific directions to maximize 

performance. Stacking multiple layers of laminae with different fiber orientations creates a 

laminate that exhibits enhanced structural properties aligned with the fiber directions of each layer. 

The tailored alignment of fibers enables composites to be lightweight while also resisting stresses 

in critical loading directions.  Because of their directionality, fiber-reinforced composites are 

orthotropic (i.e., have different mechanical properties in different directions). The use of fiber-

reinforced composite materials for MHKT blades and other structural parts of MHKT offers the 

possibility to tailor strength and stiffness. Additionally, composites do not corrode easily in the 

marine environment and have excellent fatigue performance compared to metals. This improves 

durability despite fluctuating stresses and seawater exposure. Thus, composites are a natural choice 

for turbine blades (Smeets, 2019; Davies et al., 2013). 

 

2.1.3 Ply Drop 
 
 

A ply drop is an integrated structural detail in thick laminates to provide thickness tapering. Ply 

drops occur in MHKT blades as the thickness tapers along the length of the blade. However, a 

stress concentration arises at this structural detail and can lead to ply delamination and loss of 

structural integrity (Agastra et al., 2010). Figure 4 shows a typical ply drop laminate panel with 

four plies dropped at a single location.  

 

 



   

9 

 

 

Figure 4: Ply Drop (Source Agastra et al., 2010) 

 

The predominant characteristic of ply drop behavior is mixed-mode ply delamination, which 

combines different fracture modes. These modes include Mode I (opening mode), Mode II (in-

plane shear mode), and their combination, known as mixed-mode fracture. Figure 5 illustrates 

typical mixed-mode fracture toughness for two unidirectional fabrics across varying fiber content 

ranges and three resin types: epoxy (EP), vinyl ester (VE), and unsaturated polyester (UP). The 

mixed-mode failure criterion, influenced by Reeder and Crews (1990), demonstrates the disruption 

of planar mode I crack by hackle formation from the mode II component. Hackle formation refers 

to the formation of small, inclined crack fronts or hackles that branch out from the main crack 

front due to the mode II (shearing) component. Consequently, the presence of a mode II component 

allows the strain energy release rate in mode I (GI) to exceed the critical strain energy release rate 

(GIC), which represents the material's fracture toughness under pure mode I loading. Thus, it 

increases neat resin toughness and decreases fiber content leading to higher pure and mixed mode 

toughness. Tough resins, such as toughened epoxies and thermoplastics (or pDCPD), tend toward 

a linear relationship between GI and GII , expressed as GI/GIC + GII/GIIC = 1. These findings 

highlight trade-offs between resin toughness and geometric refinement, impacting blade design 

choices, such as the steepness of thickness tapering (Agastra et al., 2010). 
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Figure 5: Mixed mode delamination results for various resin types and fiber contents (Source 

Agastra et al., 2010) 

 

 
2.2 Factors Affecting Long-term Performance 
 
 

The key properties affecting MHKT blade performance and reliability under mechanical loads, 

high pressure and water exposure are strength, fracture toughness, water absorption resistance, and 

high-pressure capacity (Alam et al., 2018). This section reviews the key research related to fatigue 

crack propagation, reliability and durability. Additionally, it also takes into consideration of water 

absorption characteristics of the MHKT blades.  

 

2.2.1 Fatigue 
 
 

Fatigue is a critical failure mode caused by loadings that vary over time, even if they are small in 

magnitude compared to static loads (de Souza Custódio Filho et al., 2020). It is one of the important 

design considerations in addition to extreme one-off load cases, such as a 50-year extreme wave 

event (Harper et al., 2015). Although the fatigue performance of composites is generally better 

than metals, fatigue remains a significant design consideration and is a highly complex failure 

regime to predict due to the many types of damage mechanisms that can occur in fiber-reinforced 

composites. Fatigue failure results due to fiber breakage, matrix cracking, and fiber/matrix 
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debonding. Cracks from these failure modes develop within the individual plies of the laminate 

(intralaminar damage). Fatigue cracks may also form along the interfaces between plies due to 

delamination (interlaminar damage) (Harper et al., 2015; Siriruk et al., 2014). Also under tension 

loading, rapid growth of interface debonding and delamination greatly decreases the static strength 

and low-cycle fatigue strength. Under compression loading, fiber buckling likely decreases the 

same (Koshima et al., 2019). There are many different ways to describe the effect of fatigue on the 

performance of structural materials. Fatigue life calculations under cyclic loading conditions often 

rely on stress-life (S-N) diagrams. These diagrams characterize the fatigue strength of a material 

by plotting the number of cycles to crack initiation (N) against the applied stress amplitude (S) 

using log-log scales. S-N curves typically display a simple linear trend that can be approximated 

as a straight line. The data used to construct S-N diagrams is gathered by cyclically loading smooth 

or notched specimens until failure occurs. Fatigue crack propagation can also be represented using 

a Paris-type curve (Harper et al., 2010), where the crack propagation rate is linearly related to 

strain energy release rate (or crack tip stress intensity factor) when plotted on a log–log scale as 

shown in Figure 6 (Harper et al., 2010). 

 

Figure 6: Paris Law Curve (Source Harper et al., (2010) 

 



   

12 

 

2.2.2 Water Ingression 
 
 

Water ingression significantly affects the mechanical properties of fiber-reinforced composites, 

including fatigue life (Mourad et al., 2019; Alam et al., 2018; Koshima et al., 2019; Siriruk et al., 

2014; Zhao et al., 2016; O’Brien et al., 2002; Kennedy et al., 2019; Koshima et al., 2019). Seawater 

absorption is known to increase with immersion time and temperature. It also reduces the static 

strength, fatigue strength and modulus of elasticity over time by causing interfacial debonding, 

delamination and fiber buckling. Further, experimental results have shown that the fatigue life of 

immersed blades is lower compared to non-immersed blades. Additionally, seawater can be more 

detrimental than pure water (Alam et al., 2018). Moreover, observations indicate a notable shift in 

flexural failure modes from compressive to tensile after a specific aging duration. High 

temperatures serve as acceleration agents in time-temperature-superposition models, aiding in 

predicting long-term effects from accelerated short-term tests (Mourad et al., 2019). Challenges 

arise in accurately predicting the composite behavior under seawater immersion. The aging 

conditions significantly influence the fatigue durability of the glass/epoxy laminates (Bisagni et 

al., 2013; Vieira et al., 2018; Yang et al., 2004) It is found that fracture toughness decreased with 

seawater exposure at higher temperatures, except in pure mode II loading where it increased by 

20% compared to dry specimens. The mode II toughness increase was attributed to matrix 

plasticization and higher ductility after water absorption (Zhao et al., 2016). The absorption of 

water into composite laminates can be complex, often not following simple Fickian diffusion 

principles. To account for factors like fibers hindering diffusion paths and weaknesses at the resin-

fiber interface, models like two-stage Fickian diffusion have been proposed. In a study of glass 

fiber epoxy composites (Roe et al., 2003), differences were found between laminates with different 

fiber orientations. Specifically, [±454] laminates exhibited higher moisture diffusion compared to 
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[+45, -45, 0, 90] laminates. This suggests transverse diffusion perpendicular to fibers is faster than 

longitudinal diffusion along fibers. Another consideration is that uneven internal moisture 

distribution creates additional stresses and is impacted by the load direction - tension-compression 

fatigue testing showed more damage than tension-tension (Vieira et al., 2018). Overall, accurate 

modeling of water ingress requires accounting for the composite's fiber architecture and service 

loading. Reducing water uptake through coatings or resin optimization helps mitigate various 

degradation issues (Roe et al., 2003). Recent studies on basalt fiber-reinforced polymer (BFRP) 

composites highlight a complex relationship between seawater exposure and fatigue life. While 

static strength properties like ultimate tensile strength see negligible degradation even after 

prolonged aging, fatigue performance is significantly impacted. Also, the fiber/matrix interface 

region plays a crucial role in controlling the fatigue behavior of BFRP composites exposed to 

saltwater. The positive effect of intermittent bonding in BFRP is more pronounced at lower stress 

ratios where fiber failure dominates. This leads to an initial increase in fatigue life after short-term 

aging. At higher stress ratios, the negative effect of interface degradation dominates leading to 

reduced fatigue life even after short-term aging (Wang et al., 2019). While this existing work relies 

extensively on experimental results to characterize moisture ingress effects in composites, high 

costs, and long timescales limit the feasibility of relying exclusively on physical testing alone. 

Thus, numerical simulation presents an attractive alternative, if validated methodologies can be 

developed. This would allow the prediction of moisture diffusion and associated fatigue behavior 

over accelerated time. Therefore, a validated simulation tool can enable reliable numerical testing 

focusing on the key parameters that drive the long-term performance of MHKT blades. 
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2.3 Reliability and Durability 
 
 

The long-term performance of MHKT blades depends on the material properties and 

environmental factors. The technology of the hydrokinetic turbine is still under development, and 

research on the reliability of hydrokinetic turbines has rarely been reported. The factors that affect 

reliability include current velocity (changes over space and time), loading, and material resistance 

(Hu et al., 2012; Li et al., 2014). Time-dependent reliability analyses may be performed to assess 

the longer-term performance of MHKT blades. Sensitivity analysis of random variables showed 

that the flow velocity makes the highest contribution to the probability of failure of the composite 

hydrokinetic turbine blade. This is a critical finding is not only instrumental for future work but 

also a key objective of our current study. Understanding the key variables impacting blade failure 

is crucial for optimizing blade designs and improving their reliability and durability. It showed 

that E11 (elastic modulus along the longitudinal direction of the blade) always makes a positive 

contribution and is the most important composite material parameter for the reliability of turbine 

blades. Additionally, E22 (elastic modulus along the transverse direction of the blade) makes a 

positive contribution to the reliability of turbine blades against excessive deflection (Li et al., 

2014). Findings from the literature (Mourad et al., 2019; Davies et al., 2013; Hu et al., 2012; Li et 

al., 2014; Hu et al., 2013) indicate that extended exposure to the marine environment leads to 

significant degradation of composite properties over time. The specific resin formulation directly 

determines the extent of property losses. The anisotropic stiffness and twist-bend coupling 

potential of composites can be leveraged to passively adapt turbine blades. This helps maintain 

optimal hydrodynamic shapes over long deployments. A recent study (Davies et al., 2013) has 

shown that flap and twist coupling motions passively feather blades. This reduces fatigue loads 

and structural strains over changing speeds. However, stiffness degradation under cyclic loads can 
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diminish adaptive responses over years of operation. Approaches to maintain durability include 

monitoring blade shape changes to activate control systems, limiting deformations and improving 

coupling strength through elastomeric coatings delaying material relaxation. Further using 3D 

optimization tools balancing power, loads, and blade life to define built-in pre-shaped geometries. 

These shapes are insensitive to early property changes. In combination, accounting for dynamic 

shaping effects in composite turbine design ensures high-performance retention. This minimizes 

structural maintenance needs over device lifetimes. 

 

2.4. Fracture Mechanics and Damage Mechanics 
 
 

  There are two basic approaches for the analysis of delamination under fatigue loading using 

numerical simulation: fracture mechanics and damage mechanics. Fracture mechanics relates the 

crack growth rate to the energy release rate (ERR) and mode ratio. Fatigue crack growth rates are 

described with the Paris law in the Equation 1. 

   
𝜕𝐴

𝜕𝑁
= 𝐶(∆𝐺)𝑚                                                                                                                   (1) 

Where A is the crack area, N is the number of cycles, and the parameters C and m depend on the 

mode ratio and must be determined experimentally. The cyclic variation of the energy release rate, 

∆G, depends on the loading conditions. The virtual crack closure technique (VCCT) within the 

finite element method is one of the methodologies used to calculate the ERR (Krueger et al., 2004). 

Under cyclic loading, the ERR is used to calculate the extension of propagation using Equation 1. 

Recent enhancements to VCCT in commercial finite element software suites automate the 

simulation of crack propagation by releasing the constraints that initially tie the two crack surfaces 

together (Liu et al., 2017). However, commercial tools still have difficulty propagating cracks in 

three dimensions when the crack front is not aligned with the finite element mesh. In the case of 
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misalignment of the front, it is necessary to implement a gradual release of the forces that tie the 

surfaces together at the front. Without a gradual release, the predicted delamination fronts are 

jagged, and the delaminations propagate at lower loads than delaminations with smooth fronts 

(Bisagni et al., 2013). Techniques to achieve this gradual release have recently been implemented 

in ABAQUS. In fatigue, gradual release procedures have only recently been demonstrated (Vieira 

et al., 2018; Turon et al., 2007). 

Damage mechanics models describe the loss of a material’s ability to carry loads by using one or 

more damage variables to represent material separation/fracture. This may be modeled using a 

Cohesive Zone Model (CZM), among other techniques. Under the CZM framework, fracture is 

represented by a damage variable in the context of the thermodynamics of irreversible processes. 

Within the CZM, material separation is described as a relationship between crack surface traction 

and separation across the crack.  

Under general cyclic loading, the total damage is the sum of the damage caused by static or quasi-

static loads and the damage that results from the cyclic loads. For high-cycle fatigue (number of 

cycles larger than 105), the damage evolution that results from cyclic loads is usually formulated 

as a function of the number of cycles and strains (or displacement jumps). 

Yang et al., 2004 developed a cohesive law that separately describes the unloading and reloading 

processes, creating a hysteresis loop between the unloading and reloading paths. Roe and 

Siegmund (2003) describe fatigue crack growth by incorporating a damage evolution equation for 

cyclic loading into their model. Nguyen et al. (2001) developed a cohesive zone model for cyclic 

loads in which irreversible material degradation is represented as a loss of stiffness in the cohesive 

zone during the unloading portion of the load cycle. Goyal-Singhal et al. (2003) extended the 

capabilities of their cohesive constitutive model to account for fatigue damage accumulation 
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specifically during the unloading portion of the cycle .  Turon et al., (2007) enhanced their existing 

quasi-static cohesive zone model to incorporate a fatigue damage evolution law for high cycle 

fatigue. This fatigue damage evolution law is derived from fracture mechanics principles linking 

the crack growth rate to the number of cycles and loading conditions, which allows their CZM to 

simulate high-cycle fatigue crack growth including Paris law behavior as well as thresholds and 

quasi-static tearing. 

Focusing only on crack initiation can lead to overconservative designs when there are highly 

localized stress concentrations like ply drops. After initiating, subsequent crack propagation may 

slow or stop as stresses redistribute. The structure could then remain in service much longer than 

the initiation lifetime. Thus, we could use specialized interface finite elements along potential 

failure planes to simulate interlaminar crack growth and predict the life till complete failure 

(Harper et al., 2015). 
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CHAPTER 3 

Simulation of Fatigue Crack Propagation with Cohesive Zone Elements 

 

This section introduces the cohesive zone model employed to simulate the initiation and 

propagation of delamination cracks in MHKT blades. A brief overview of the theoretical model's 

framework is provided, highlighting the aspects pertinent to this study. Complete details of the 

cohesive zone models may be found in Turon et al. (2007) and Smeets (2019). 

 

 
3.1 Cohesive Zone Modeling for Delamination  
 
 

Delamination between layers (or plies) is one of the most detrimental failure modes to occur since 

it can occur at relatively low loads and results in significant loss of structural properties (Agastra 

et al., 2010). Finite element analysis using cohesive zone models is commonly used in simulating 

delamination growth (Zhao et al., 2016). Cohesive interface elements are specialized finite 

elements inserted along potential delamination paths in composite models. The behavior of these 

interface elements is defined by a traction-displacement relationship. Under monotonic loading, 

traction initially rises from zero to a maximum value (τmax) representing interfacial strength. After 

reaching the maximum stress, degradation occurs and stress decreases back to zero, indicating 

complete failure of the material. The shape of the traction-displacement curve can vary, but one 

necessary condition for accurate results is that the total area under the curve equals the critical 

fracture energy of the material.  

Many variants of cohesive finite elements have been developed to capture the initiation and 

propagation of delamination cracks under both static loading and fatigue loading. Under fatigue 

loading, Paris’ Law may be used to describe fatigue growth rate as a function of stress intensity 
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factor range and material properties. This law is then coupled with the traction separation 

relationship to simulate the degradation of stress-carrying capacity in the cohesive zone element 

over time. The three regions in the fatigue crack growth rate curve are shown in the Figure 7. 1. 

Region I: No crack growth occurs if the maximum cycle energy release rate is below a threshold 

value (Gth). This represents a fatigue limit below which propagation does not happen. 2. Region 

II: Stable crack growth occurs according to the Paris law relationship between growth rate, stress 

intensity range, and material properties. 3. Region III: The growth rate accelerates exponentially 

as the maximum energy release rate approaches the critical fracture toughness. Instead of fatigue 

driving the growth, uncontrolled tearing fracture dominates crack extension in this region until a 

fast fracture occurs (Turon et al., 2007).  

 

Figure 7: Typical Crack Growth Rate Regions (Source Turon et al., 2007) 

 

The CZM (Cohesive Zone Model) implemented in this report is the model presented in Turon et 

al., 2007 where the traction increases linearly with separation until a damage initiation point (∆0), 

after which the traction decreases until complete failure (∆f) occurs. One of the widely employed 
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forms for the traction-separation law is the bilinear model introduced by Turon et al. which is 

depicted in Figure 8. 

 

Figure 8: Bi-Linear Traction-Separation law by Turon et al., 2007 

 

The mathematical expressions that define this bilinear traction-separation law are outlined by 

Amiri-Rad et al. (2017) as follows 

τi = Kλi                    if 0 ≤ λ ≤ ∆0 
                                                                                                                                                     (2) 

τi = (1 − d)K∆0       if ∆0 ≤ λ ≤ ∆f                                                                                                   (3) 

τi = 0                       if ∆f ≤ λ                                                                                                           (4) 

where i is the identifier used for the different loading modes, thus i is equal to 1,2 or 3. τi and λi 

are the components of the traction vector and the separation vector. For the cohesive elements a 

penalty stiffness, K is used, which represents the stiffness of the element. To combine different 

loading modes into one criterion, the variable λ is used. It is obtained from the displacement in the 

principal directions: 

λ = √(𝛿1
2) + (𝛿2

2) + (𝛿3
2)                                                                                                             (5) 

In Figure 7, the point denoted as ∆0 represents the threshold for damage initiation. Once the traction 

attains the interfacial strength, there will be a reduction in the element's stiffness, and the traction 
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will decrease as the separation increases. When both the traction and stiffness diminish to zero at 

the point ∆f, complete failure occurs, and the damage propagates to the adjacent cohesive element. 

The decline in stiffness between the onset of damage and its propagation can be characterized by 

a damage parameter, D, as shown in Equation. This damage parameter is dependent on the 

effective separation. 

D = ( (λ  - ∆0)  ∆f  ) / ((∆f  - ∆0) λ  )                                                                                                (6) 

As the energy release rate is defined as the total work per unit area, the critical energy release rate 

can be calculated by integrating the traction-separation path. 

Gc = ∫ 𝜏(𝛿)𝑑𝛿
∆𝑓

0
                                                                                                                            (7) 

For mixed-mode loading scenarios, a traction-separation law is specified for each individual pure 

mode loading condition. To consolidate these into a single traction-separation law, which is 

characterized by a combined penalty stiffness and an onset and final displacement jump, the 

combined parameters are dependent on the mixed-mode ratio, defined as 

𝛽 =  
∆𝑠ℎ𝑒𝑎𝑟

∆𝑠ℎ𝑒𝑎𝑟+(∆3)
                                                                                                                               (8) 

To determine the total critical strain energy release rate, the ratio of the shear mode energy release 

rate (Gshear) to the total energy release rate (GT) is required. This ratio, denoted as B, is defined as 

𝐵 =
𝐺𝑠ℎ𝑒𝑎𝑟

𝐺𝑇
 =  

𝛽2

1+2𝛽2−2𝛽
                                                                                             (9) 

The fatigue model operates on the principle that static and fatigue damage can be independently 

calculated. It establishes a connection between the progression of the damage variable 
𝜕𝐷

𝜕𝑁
 and the 

rate of crack growth, denoted as  
𝑑𝑎

𝑑𝑁
. 

𝜕𝐷

𝜕𝑁
=

1

𝑙𝑐𝑧
∗

(∆𝑓(1−𝑑)+𝑑∆0)
2

∆𝑓∆0
∗

𝑑𝑎

𝑑𝑁
                                                                                                 (10) 
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Where  𝑙𝑐𝑧  is the length of the cohesive zone. For pure mode I, this parameter is calculated as, 

𝑙𝑐𝑧 =
9𝜋

32
 𝐸3𝐺𝑚𝑎𝑥

(𝜏0)2
                                                                                                                                       (11) 

Where E3 is the Young’s modulus of the material in the normal direction, and Gmax is the maximum 

strain energy release rate in the loading cycle given by the Equation 12.  

𝐺𝑚𝑎𝑥 =
𝜏0

2
[ ∆𝑓 −

(∆𝑓− 𝜆𝑚𝑎𝑥)
2

Δ𝑓−Δ0  ]                                                                                                    (12) 

Where 𝜆𝑚𝑎𝑥 is the maximum displacement jump during the loading cycle. 

The cohesive zone was represented numerically using cohesive finite elements, implemented as a 

user-defined element in ABAQUS. The cohesive element formulation incorporates a damage 

mechanics framework, where a scalar damage variable governs the stiffness degradation of the 

interface. The evolution of this damage variable under fatigue loading was derived by establishing 

a link between fracture mechanics and damage mechanics, relating the damage growth rate to the 

crack delamination propagation under high-cycle fatigue without the need for additional model-

specific curve-fitting parameters. 

 

 
3.2 User-Defined Material Subroutine 
 

 

ABAQUS does not possess native capabilities to accurately simulate fatigue crack propagation in 

the complex loading conditions observed in MHKT blades. User-defined material subroutines 

(UMAT) in ABAQUS extend the capabilities of the software, and allow for developers to 

implement advanced features. The UMAT feature is utilized in this research. UMAT is called at 

every integration point in each element in the model to which the user material has been applied. 

The UMAT is responsible for creating the material Jacobian matrix to construct the global stiffness 

matrix. It also updates the stresses and solution-dependent state variables at the end of each 
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increment (Fagan et al., 2016). Thus, UMAT can incorporate damage mechanics and fatigue 

analysis capabilities to predict material degradation, crack propagation, and fatigue life under 

cyclic loading. It enables the assessment of damage initiation, evolution, and its effects on 

structural integrity over time. 

A subroutine for fatigue loading in a finite element analysis framework has been implemented, 

based on the work presented by Smeets (2019). The implementation considers mixed-mode 

loading conditions, where both shear and normal stresses are present. The subroutine incorporates 

parameters such as material properties, damage variables, and loading history to accurately predict 

the material response under cyclic loading. Additionally, the implementation has been extended to 

account for crack growth rate calculations, maximum number of cycles, and the onset of crack 

propagation. This implementation forms a crucial component of the research, providing valuable 

insights into the fatigue performance of materials subjected to complex loading conditions. The 

UMAT code is attached in the appendix A. 

 

 
3.3 Double Cantilever Beam (DCB) Specimen 

 
 

In order to validate the implementation of the CZM, simulation results were compared to 

experimental results from various specimens. The first experimental specimen utilized for 

validation was the double cantilever beam (DCB) specimen. The DCB specimen is a standardized 

test method for determining the onset of delamination propagation. The DCB specimen is also 

used for determining the delamination growth rate in fatigue (Dávila et al., 2020). Figure 8 shows 

a typical bi-linear traction-displacement response for an interface element in a Double Cantilever 

Beam test of mode I fracture. This is a standard test method (ASTM D5528-01, 2007) for 

measuring the opening-mode delamination properties of composites. The area enclosed by this bi-
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linear curve must match the measured mode I critical fracture toughness from DCB testing for 

proper simulation of delamination onset and growth (Harper et al., 2015). Damage initiation is 

related to the interfacial strength. Therefore, when the area under the traction–displacement jump 

relation is equal to the fracture toughness, the traction is reduced to zero and new crack surfaces 

are formed (Turon et al., 2007).  

 

 

Figure 9: An interface element’s traction displacement response (Source from Harper et al., 

2015) 

 

CZM approaches have been extensively applied to simulate the initiation and growth of DCB 

interlaminar cracks. DCB specimens are modeled in software like ABAQUS with pre-inserted 

interface elements along intended crack planes. Appropriate interfacial strengths, fracture 

energies, and shape of the traction-separation law are also defined. Gradual constraint release 

allows the simulation of smooth crack advancement along the length of the DCB. 

Computational models enable efficient parametric DCB analysis to provide insight into factors 
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influencing crack initiation and resistance to growth. The progressive crack modeling adds 

significant capability for virtual DCB testing beyond onset fracture toughness. Thus, CZM 

implementations expand the simulation utility of standardized DCB experiments for 

interlaminar fracture characterization (Dávila et al., 2020).  

The implementation of the CZM in this study was validated by comparing the results of 

simulations with the CZM to the results of benchmark studies. The studies by Krueger et al., 

(2008) and Krueger et al., (2010) provided the benchmark data for static and fatigue loading 

conditions, respectively.  

The double cantilever beam (DCB) specimen modeled in ABAQUS had a length of 150mm 

and was assigned glass fiber-reinforced polyester resin composite material. Table 1 provides 

the relevant properties of this composite material used for the DCB specimen. Figure 10 

illustrates the DCB specimen model with the applied boundary conditions. One end of the 

specimen was fixed, representing a fully constrained condition, while at the opposite end, a 

displacement of 1mm was applied, as highlighted in orange. This prescribed displacement at 

one end, in conjunction with the fixed constraint at the other end, created a cantilever 

configuration that allowed for the simulation of delamination initiation and propagation within 

the DCB specimen under the applied loading conditions.  
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      Table 1: Composite material properties 

 

Property Value 

𝐸1, MPa 139400 

𝐸2, MPa 10160 

𝐸3, MPa 10160 

𝜈12 0.3 

𝜈13 0.3 

𝜈23 0.436 

𝐺12, MPa 4600 

𝐺13, MPa 4600 

𝐺23, MPa 3540 

 

 

Figure 10: DCB Specimen Boundary Conditions 
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Figure 11 (a) shows the global finite element mesh of the Double Cantilever Beam specimen. 

The finite element mesh in the crack tip region is presented in Figure 11 (b), where the red 

elements are the CZM interface elements.  

The DCB finite element model consists of 168,532 total nodes and 148,425 total elements. Of 

the elements, 138,600 are linear hexahedral elements of the C3D8H type, while 9,825 are 

cohesive elements of the COH3D8 type. Along the length the model was divided into different 

sections with different mesh refinement. Globally, the element length in the direction of crack 

propagation was defined as 1.0 mm. Near the crack tip, a finer mesh was required to capture 

the sharp stress and strain gradients in this region. Finite element sizes ranged from 0.25 mm 

to 0.5 mm near the crack tip.  

 

 

(a)                                                                            (b)  

Figure 11: DCB Specimen (a) Specimen Geometry (b) Simple validation with cohesive zone 

elements highlighted in red. 
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Table 2: UMAT Material properties 

 

Input Property Value 

1 Bulk Modulus, MPa 100000 

2 Tensile strength, MPa 30 

3 Mode 2 Shear strength, MPa 100 

4 Mode 3 Shear strength, MPa 100 

5 Mode 1 Fracture Toughness, N/mm 0.3 

6 Mode 2 Fracture Toughness, N/mm 1.7 

7 Mode 3 Fracture Toughness, N/mm 1.7 

9 Fatigue Threshold Toughness, N/mm 0.06 

10 Fatigue stress ratio (R) 0.1 

11 Crack growth rate constant (C) 2 

12 Crack growth rate constant (M) 10 

13 Mixed mode constant, ƞ 2.1 

15 Maximum Damage Increase per Analysis 

Increment 

0.05 

16 Elastic modulus of bulk material in 

primary direction, MPa 

43200 

17 Elastic modulus of bulk material in 

secondary direction, MPa 

17000 

18 Shear modulus of bulk material, MPa 3500 

19 Poisson ratio  0.28 
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The UMAT takes 19 parameters as input. Material properties for the cohesive elements are shown 

in Table 2. Material properties for the validation study were taken from a similar analysis presented 

in Smeets (2019). 

 

 
3.3.1 DCB results 

 

 

Figure 12 (a) shows the simulated double cantilever beam force-displacement response under 

monotonic loading. The plot has an initially linear region where the force increases with increasing 

displacement. After reaching a peak force around 60 N at 1.5mm displacement, the force-

displacement curve exhibits a descending branch. This descending branch indicates the onset and 

propagation of a crack in the material. As the crack propagates, the material's load-bearing capacity 

decreases, leading to a drop in the force it can sustain for the same applied displacement. The 

simulation results closely match the analytical solution, capturing this overall behavior and the 

point where crack propagation initiates, leading to the force drop in the descending branch of the 

curve. 

Figure 12 (b) presents the predicted crack growth in mm vs number of cycles under fatigue loading 

ratio of 0.1. The model estimates almost 3.5 mm of total propagation after 60000 cycles on a 

logarithmic scale, again agreeing well with the analytical solution. This outcome indicated that the 

cohesive zone model was successfully implemented, and subsequent analyses employing this 

model would be capable of accurately simulating crack growth resulting from delamination under 

both static and fatigue loading conditions. 
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                                        (a)                                                                               (b)        

Figure 12: DCB specimen results (a) Force vs Displacement response (b) Crack growth vs 

Number of cycles 

 

 
 3.4 Ply Drop Specimen 

 
 

After validating the cohesive zone model with simple DCB specimens, a more complex 

experimental specimen, known as a ply drop specimen, was investigated to further validate the 

model. The tapered specimen was presented in the study by Agastra et al. (2009). Large-scale 

components, such as turbine blades made of fiber-reinforced composite materials, often have 

varying thicknesses along their length to achieve maximum structural efficiency. In composite 

components, which are fabricated by stacking individual layers together, thickness tapering is 

achieved by terminating certain layers at discrete locations as shown in Figure 13. These locations 

where layers terminate are referred to as "ply drops." 
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Figure 13: Geometric layout of tapered ply drop specimen from Agastra et al. (2009) 

 

In the study by Agastra et al. (2009), small-scale tapered experimental specimens with ply drops 

were fabricated and tested, as shown in Figure 14 (a). During the testing, the failure progression 

was recorded. It was observed that fracture first initiated at the ends of the terminated plies, 

indicated by the vertical black line in Figure 14 (b). After this initial crack formed, short cracks 

developed along lines "L2" and "L3" before arresting. The main delamination crack, which caused 

the ultimate failure of the component, occurred along the line labeled "L1." 

 

                 

(a) (b) 

Figure 14: Experimental setup of tapered ply drop specimen from (Agastra et al. 2009)             

(b) Schematic of crack progression 

 

1st matrix crack at ends 
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A finite element model of the tapered ply drop experimental specimens, with cohesive zone 

elements located along L1 to simulate crack propagation along this path was developed. An initial 

vertical crack, corresponding to the terminated plies, was also included in the model. However, 

cracks L2 and L3 were not included, which was consistent with the preliminary analytical work 

by Agastra et al. (2009). Figure 15 shows the finite element model of ply drop specimen. The ply 

drop location analyzed involved a relatively considerable reduction in thickness of 3.71 mm with 

the span length of 101.6 mm and the cohesive zone length of 10.06 mm where the crack is expected 

to propagate. 

 

 

                                        

Figure 15: Details of the finite element mesh for the tapered specimen simulation 

 

 
3.4.1 Boundary Conditions 
 
 

Figure 16 shows the applied boundary conditions for the ply drop specimen. One end (left end) is 

fixed, while the other end (right end) experiences an applied displacement. The applied 

displacement matches the displacements which were measured in the experimental specimens 

Vertical crack at 

terminated piles 
 Cohesive elements 
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reported in Agastra et al., (2010). In the out-of-plane direction, displacements were fixed. This 

represents a plane strain condition, which is a simplification of the three-dimensional behavior of 

the experimental specimen. 

 

 
Figure 16: Ply Drop Specimen with Boundary Conditions 

 

 
3.4.2 Mesh Size  
 
 

Figure 17 illustrates the use of different seed sizes for meshing in the global and local regions of 

the model. The white dots represent the global seed size of 0.5 mm, which is applied to the entire 

model domain. On the other hand, the pink rectangular boxes denote the local region where a finer 

mesh is desired to capture the intricate details of the cohesive elements accurately. In this local 

region, the seed size is varied between a minimum of 0.01 mm and a maximum of 0.25 mm. This 

approach ensures a higher mesh density in the cohesive region and near the initial crack tip, 

allowing for more precise representation and resolution of the behavior of the cohesive elements, 

which play a crucial role in modeling crack propagation and delamination. 

 
Figure 17: Ply Drop Specimen with meshes highlighted 
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3.4.3 Material Selection 
 

 

The material parameters utilized in the finite element model for the continuum elements were 

obtained from the study by Agastra et al. (2010). Table 3 provides details about different types of 

fabric materials used in ply drop specimen. For each fabric type, it lists the manufacturer and 

designation, total areal weight (g/m^2), fiber area weight in the 0, +/-45 and 90 degree directions 

(g/m^2), and the mat and stitch weights (g/m^2). The layup from the top surface includes layup 

from top surface [(±45), / (90/0/0/90), / (±45)]. Table 3 provides the engineering properties of the 

respective fabrics. 

Table 3: Ply Drop Fabric Material 

 

Fabric type 
Manufacturer and 

Designation 

Fiber Areal Weight, g/m² 

Total 0° 90° -45° +45° Mat Stitch 

Unidirectional 

0/90 (Fabric D) 
Vectorply E-LT-5500 1875 1728 114 0 0 0 33 

Biaxial ±45 

(Fabric M) 

Fiber Glass Ind. (FGI) 

SX-1708 
847 0 0 292 292 258 6 

Biaxial ±45 

(Fabric L) 

Saertex VU-90079-

00830- 01270-000000 
829 0 21 401 401 0 6 

 

The resin type called "Epoxy EP-1" from Hexion MGS RIMR 135/MGS RIMH 1366 is used in 

the ply drop specimen to represent the matrix material properties in the composite layup. This 

epoxy resin system has the 24-hour post cure temperature as 90°C to further enhance the 

mechanical and thermal properties of the resin matrix.  
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Table 4: Engineering Properties of the Fabric Materials 

 

Material 

Properties 

Fabric D 

0° 

Fabric L 

45° 

Fabric M 

45° 

Epoxy Resin  

Fiber Volume 

Content 

0.54 0.51 0.44 0 

𝐸𝑥, GPa 41.80 13.80 13.60 3.20 

𝐸𝑦, GPa 7.38 7.52 7.52 - 

𝐸𝑧, GPa 14.00 11.80 13.30 - 

𝐺𝑥𝑦, GPa 2.63 2.83 2.83 - 

𝐺𝑦𝑧, GPa 2.63 2.83 2.83 - 

𝐺𝑥𝑧, GPa 2.63 9.24 11.8 - 

Density, 

kg/m3 

1924 1884 1788 1190 

𝜈𝑥𝑦 0.280 0.264 0.264 - 

𝜈𝑦𝑧 0.280 0.381 0.381 - 

𝜈𝑥𝑧 0.280 0.51 0.55 0.350 

 

The cohesive zone properties were not known a priori and, thus, needed to be calibrated from an 

inverse analysis. In this analysis, a trial set of cohesive material properties was initially assumed, 
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and the crack propagation was simulated. The simulated propagation rate was compared against 

the experimental data. If the initial fit was not satisfactory, then the parameters were updated and 

the simulation was re-run. 

 

3.4.4 Ply Drop Specimen Analyses 
 

The results of the simulation and a comparison with the experimental data are shown in Figure 18, 

where the force applied to the specimen is plotted on the horizontal axis, and the length of crack 

L1 is plotted on the vertical axis. The total force in the simulation was taken as the sum of the 

nodal reactions on one face of the model multiplied by the specimen width. The final cohesive 

properties are the same as mentioned in Table 2. The simulated response was consistent with the 

experimental data, providing with confidence in the implementation of the cohesive zone model.  

 

Figure 18: Applied force vs L1 Crack Growth (Ply Drop specimen-Monotonic Loading) 

 

To further validate the CZM implementation in fatigue, we edited the geometry of the ply drop 

specimen such that a thick section of 12.81 mm and a thin section of 11.57 mm was modeled, 
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matching one of the experimental specimens. The unidirectional material used was Vectorply E-

LT5500 (D) with an epoxy resin matrix. The maximum applied load (Pmax) was set to 55.6 kN, 

and a stress ratio (R) of 0.1 was used. The Paris’ Law parameters were obtained from Harper and 

Hallet (2015) for an epoxy resin, with a value of 0.1 for the constant C and 4.38 for the exponent 

M. The simulation results for the number of cycles versus crack growth were compared with the 

experimental data reported by Agastra et al. (2010). Figure 19 shows that the simulated crack 

growth curve closely matched the experimental observations, validating the accuracy of the 

cohesive zone model and the selected material properties in predicting the delamination behavior 

under fatigue loading conditions for the ply drop specimen.  

 

 

Figure 19: Number of cycles vs Crack length (Ply drop specimen - Fatigue loading)  
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CHAPTER 4 

Case Study of Turbine Blade 

 

This chapter presents a comprehensive case study on the fatigue analysis of a representative marine 

hydrokinetic turbines blade. The methodology involves calculating hydrodynamic loads on a 

turbine blade using Blade Element Momentum Theory (BEMT), determining strain distributions 

along the blade length, and subsequently performing finite element analysis incorporating cohesive 

zone modeling to simulate crack propagation. The case study investigates the influence of key 

parameters such as ocean current velocity, material properties, and fatigue stress ratios. 

 

4.1 Methodology 

 

The methodology flowchart illustrates the multi-scale modeling approach employed in this 

research for simulating fatigue crack propagation in MHKT blades. The process begins with 

determining the relevant parameters from the site, such as ocean current velocity, and the turbine 

geometry, including the blade chord, twist and pitch distributions. These values are then used as 

inputs into an analysis to calculate the external forces acting on the blade using Blade Element 

Momentum Theory (BEMT). These forces, along with the blade design details, are then used to 

determine the bending moment, stress and strain distributions along the blade length. Once 

calculated, the strain distribution serves as an input boundary condition for a detailed structural 

model of a ply drop, which incorporates material properties, laminate details, and a user-defined 

material subroutine (UMAT). Within this detailed model, fatigue analysis is performed using the 

cohesive zone model, allowing for the simulation of fatigue crack propagation. The results of this 

fatigue analysis provide insights into the blade's performance and facilitate further analysis.
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4.2 MHKT Blade Model 

      The MHKT Blade Model offers a holistic approach for the design and analysis of real world 

MHKT blades, incorporating diverse elements from aerodynamics to material science to enhance 

performance and longevity. Developing an accurate and representative model of the MHKT blade 

is essential for reliably predicting its structural behavior, fatigue performance, and service life 

under the harsh operating conditions encountered in marine environments. The blade model serves 

as the foundation for subsequent analyses, including the simulation of fatigue crack propagation 

Input parameters 

(Velocity, Chord, 

Twist, Pitch etc.) 

Fatigue Analysis 

Structural model 

(Material and ply 

drop details, UMAT)  

Strain Distribution 

Forces and 

Moments 

MATLAB BEMT 

ABAQUS 

FEM 

Blade Analysis 

Figure 20: Methodology Flowchart 
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and the assessment of the blade's overall reliability and durability. This section outlines the various 

aspects involved in constructing a comprehensive and realistic MHKT blade model.  

 

4.2 MHKT Blade Model 
 

The turbine and blade design used in this project is the design presented in Bir et al. (2011). 

Complete details are provided in the reference, with relevant details highlighted in this section. 

This turbine was selected as a representative design due to the similarity of the design velocities 

to the Gulf Stream current off the Atlantic Coast, and due to the detailed design information 

provided, including complete chord and twist distributions. 

The NACA 63-424 hydrofoil profile was used for the hydrodynamic design of the blades. The 

thickness of the blade profiles is defined by the last two digits in the NACA designation, which 

represents 24% of the chord length at that radial position, thereby controlling the reduction in 

thickness along the blade span. The geometry of the blade, including the radial distributions of 

chord length and twist angle, is provided in the Appendix B. The first column lists the section 

numbers along the span of the blade, while the second column indicates the corresponding span 

locations of those sections. The third column provides the chord lengths at each section. The fourth 

column, labeled "tsk," represents the design thickness of the double-bias skin material required at 

different blade stations. The fifth and sixth columns, "tskn" and "nskin," represent the augmented 

skin-laminate thickness and the number of plies required to achieve that thickness, respectively. 

The next three columns, "tecore," "tecoren," and "ntecore," represent similar values for the core 

material required at the blade's trailing edge for buckling resistance. The subsequent three columns, 

"tuni," "tunin," and "nuni," represent the corresponding values for the unidirectional material 

required in the box section, which provides the majority of the bending stiffness and meets the 

ultimate strength requirement. The "tboxcore" and "ncore_bx" columns represent the core-material 
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thickness and the number of core plies required in the boxspar to meet the buckling-strength 

criterion. The last three columns, "t_le," "t_box," and "t_te," represent the blade section wall 

thickness at its leading edge, mid-section and trailing edge parts, respectively. 

Appendix D lists the variation of structural properties along the blade length. The m is the mass 

per unit length; Ixx is the section mass moment of inertia about the chord; Iyy is the section mass 

moment of inertia about any axis normal to the chord and originating from the pitch axis; EIflap is 

the flap bending stiffness; EIlag is the lag (or edgewise) bending stiffness; EA is the axial stiffness; 

GJ is the torsion stiffness; x_ea is the offset of the elastic-axis from the blade pitch axis; and x_cg 

is the offset of the section center of mass from the blade pitch axis. 

The case study is performed at a site location near Cape Hatteras off the North Carolina coast. A 

review of ocean current data suggests an average current velocity of 1.25m/s at this location. Note 

that this is an average value, rather than a design value, as fatigue analyses consider typical 

operating conditions. Figure 21 indicates the location of the case study. 

 

Figure 21: Location of Case Study - Cape Hatteras 
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4.3 Blade Element Momentum Theory 
 

With the blade geometry and current velocity information already determined, Blade Element 

Momentum Theory (BEMT) is used to calculate the hydrodynamic loads on tidal turbine blades 

by coupling the momentum theory of the flowing water with the blade element theory. The axial 

(thrust) forces from the water flow represent the most significant loading on tidal turbine blades, 

with the resulting flapwise bending moment being larger than the edgewise moment (Grogan et 

al., 2013).  

Blade Element Momentum Theory (BEMT) calculates thrust and torque forces using two-

dimensional hydrofoil characteristics. This method determines the angle of attack from the incident 

resultant velocity in the blade element's cross-sectional plane. The angle of attack (α) is derived 

from velocity components at specific radial blade positions. These components are functions of 

tidal current speed, flow factors (which account for velocity reduction between the free stream and 

rotor plane), and the blade's rotational speed, as illustrated in Figure 22. 

 

Figure 22: Vector diagram of velocities and forces for a blade element at a given radius (Source 

from Grogan et al., 2013) 
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The blades feature a chord length c that varies along their span, and a pitch angle β, which 

represents the angle between the aerofoil's zero-lift line and the rotor plane, potentially varying 

spanwise as well. These parameters form the basis for determining the velocity at the rotor disk, 

denoted as Ud given by Equation 13. 

Ud = U∞ (1-a)                                                                                                                                  (13) 

Where U∞ is the free stream tidal velocity and a is the axial flow induction factor. 

Thus following assumptions are made for BEMT: 

• The flow around the rotor is divided into stream tubes and 2D annular elements with no 

crossflow between elements. 

• The tidal turbine has N blades, each extending to an end tip radius r. 

• Blade element forces are calculated from 2D airfoil characteristics and angle of attack 

based on resultant inflow velocity.  

• Velocities in the spanwise direction and 3D effects are ignored. 

The inputs of BEMT include geometric characteristics (chord distribution and twist angle), 

operational data (speed, rotation, number of blades, Reynolds number, and fluid density), and 

aerodynamic data (lift coefficient and drag coefficient). Then, iteratively, for each blade element, 

the normal force, FN, and the tangential force, FT are calculated (Davies et al., 2013; de Souza et 

al., 2020).  
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(a)                                                                          (b) 

 

Figure 23: (a) Relative speed on the blade element (b) Resulting forces on the blade element 

(Source from Hansen et al., 2000) 

 

The Blade Element Momentum Theory (BEMT) model was employed to analyze a configuration 

consisting of three rotors, with a 20-meter diameter and variable pitch capability. The maximum 

rotor speed considered in the analysis was 11.5 revolutions per minute.  

 
4.3.1 Prandtl’s Tip Loss Factor 
 
 

Prandtl’s tip loss correction is required to compensate for the initial assumptions that assume the 

turbine rotor consists of an infinite number of blades. This correction is also required because of 

the difference in wake vortex systems between infinite and finite-bladed rotors (Davies et al., 2013; 

Krueger et al., 2004; Liu et al., 2017). The following equations give the value of the axial (𝑎) and 

tangential (𝑎′) induction factors, considering the Prandtl correction. 

𝑎 =  
1

4𝑠𝑖𝑛2𝜑

𝜎𝐶𝑁
+1

                                                    (14) 

𝑎′ =  
1

4𝑠𝑖𝑛𝜑𝑐𝑜𝑠𝜑

𝜎𝐶𝑇
−1

                                                    (15) 

 

Where,  

𝐹𝑁 = 𝐿𝑐𝑜𝑠𝜑 + 𝐷𝑠𝑖𝑛𝜑                                                                                         (16) 
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𝐹𝑇 = 𝐿𝑠𝑖𝑛𝜑 − 𝐷𝑐𝑜𝑠𝜑                                                (17) 

𝐶𝑁 =  
𝐹𝑁

1

2
𝜌𝑉𝑟𝑒𝑙

2 𝑐
                                                                                         (18) 

𝐶𝑇 =  
𝐹𝑇

1

2
𝜌𝑉𝑟𝑒𝑙

2 𝑐
                                                (19) 

An empirical relationship, derived from wind turbine experimental data, provides a correction for 

the axial induction factor (a) when it exceeds the critical induction factor (ac), which is 

approximately 0.2. This correction is widely acknowledged in the field, as evidenced by multiple 

studies (Davies et al., 2013; Krueger et al., 2004; Liu et al., 2017). The relationship is presented in 

the Equation 20. 

𝑎 =
1

2
[2 + 𝐾(1 − 2𝑎𝑐) −  √(𝐾(1 − 2𝑎𝑐) + 2)2 + (𝐾𝑎𝑐

2 − 1)]                                           (20) 

Where, 

𝐾 =
4𝐹𝑠𝑖𝑛2𝜑

𝜎𝐶𝑁
                                             (21) 

The BEMT analysis was performed in MATLAB, and the code is attached in the Appendix C. 

After determining the distribution of lift and drag forces along the blade length using Blade 

Element Momentum Theory (BEMT), the bending moment distribution is obtained in each 

direction using simple statics, assuming that the blade acts as a cantilever which is fully fixed at 

the rotor end. It was observed that the maximum bending moments occur in the flapwise direction, 

and that the difference between the flapwise and edgewise bending moments is approximately one 

order of magnitude. Given that finding, we determined that the flapwise loads and moments would 

control the blade response. Thus, future analyses and results only considers bending in the flapwise 

direction. Loads (Figure 24(a)) and moment distribution (Figure 24(b)) along the length of the 

blade can be seen in the figure below.  
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(a)                                                                           (b) 

Figure 24: (a) Loads along the radial position (b) Moment Distribution 

 

Assuming globally elastic behavior, it is possible to translate the bending moment into strain using 

Equation 22. 

𝜀 = 𝑀𝑦 / (𝐸𝐼)                                                                                                                                      (22) 

Where ε is the axial strain, M is the flapwise bending moment at the location of interest, y is the 

distance from the location of interest to the neutral axis, and EI is the flapwise bending stiffness. 

Assuming small displacements (an assumption that was validated in subsequent analyses), strain 

is calculated as ε = ΔL/L (i.e., the change in length divided by the original length). The change in 

length, ΔL, was then applied as a specified displacement to a detailed model. 

 

4.4 Detailed Analysis of Ply Drop Model 
 
 

The analysis focused on a ply drop location with a significant thickness reduction from 34 to 28 

layers, resulting in a 3.18 mm decrease at a 0.885m radial position. The specimen had a 101.6 mm 

span and a 10.06 mm cohesive zone for potential crack propagation. Material properties are those 

of the initial ply drop specimen, as detailed in Tables 2, 3, and 4. The mesh configuration of the 
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ply drop specimen is illustrated in Figure 25. It features a global seed size of 0.5 mm throughout 

the model, with a refined local region where the mesh size ranges from a minimum of 0.01 mm to 

a maximum of 0.25 mm. 

 

Figure 25: Ply drop specimen with mesh size 

 

Initial fatigue analysis with a 0.1 mm applied displacement and a stress ratio of 0.1 showed no 

crack growth over 50,000 cycles, contradicting literature expectations. Consequently, a second 

analysis using a 0.25 mm displacement (0.0025 strain) and the same stress ratio was conducted, 

aligning with typical service loads for composite structures. 

The second analysis yielded a 10 mm crack extension over 10,000 cycles, consistent with literature 

findings for similar marine hydrokinetic turbine materials as shown in the Figure 26. This suggests 

the reference design's fatigue performance is typical under the selected strain range. A full analysis 

would consider the effect of the crack on the global performance of the blade. However, the 

difference between results highlights fatigue performance's sensitivity to input changes and the 

need for advanced simulation methods. 
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    Figure 26: Number of cycles vs L1 crack length (mm) 

 

In reality, strain range varies with turbulence, current velocity, and other factors, necessitating a 

more detailed accounting method. Additionally, the study used assumed fatigue resistance 

parameters based on similar materials. For greater accuracy, experimental testing of the actual 

composite material is recommended. 

 
4.5 Parametric studies 
 

 

Following our initial case study, which did not include 45-degree fibers, we now aim to conduct a 

comprehensive parametric analysis to evaluate the sensitivity of crack propagation response to 

various input parameters, using our newly developed model that incorporates 45-degree fibers. 

This investigation is crucial for identifying the factors that significantly influence crack 

propagation in marine hydrokinetic turbine blades, as well as those that may have less impact. By 

systematically varying key parameters such as current velocity, Paris' Law coefficients, and the 

fatigue ratio, we seek to provide valuable insights into the relative importance of these factors. 
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This parametric study will not only enhance our understanding of the complex fatigue behavior in 

these structures but also guide future design and optimization efforts by highlighting the most 

critical aspects affecting blade durability and performance.  

 

 
4.5.1 Velocity Variation 
 
 

The propagation of cracks is a critical consideration, as their growth rate accelerates with 

increasing velocity. At a velocity of 2.00 m/s, which results in an applied displacement of 0.35 

mm (Figure 24), the crack initiates at the 12,000th fatigue cycle and continues to propagate until 

the 30,000th cycle, resulting in a total crack length of 10.6 mm over the course of those 30,000 

cycles. However, when the velocity is increased to 3 m/s, with a boundary condition of 0.562 mm 

, the crack initiation occurs much earlier, at the 10th fatigue cycle, and the crack propagates rapidly, 

reaching its full extent by the 1093rd cycle. This stark contrast in crack propagation behavior 

highlights the significant impact that even a modest increase in velocity can have on the rate at 

which cracks grow and the corresponding implications for the structural integrity and safety of the 

component or system under consideration.  
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Figure 27: Crack growth vs number of cycles for varying velocities 

 
4.5.2 Paris’ Law Parameter (C) Variation 
 
 

The constant C in the Paris law, as presented in Equation 1, represents material properties and 

environmental conditions that influence the crack growth rate. Figure 25 illustrates the behavior 

of fatigue crack growth rates described by the Paris law, where the constant C is varied. For C = 

3, the graph shows that the crack starts to propagate at around 6,958 cycles. The crack length 

increases steadily until it reaches a length of 10.6mm at approximately 20,000 cycles. On the other 

hand, when the constant C is increased to 4, the crack propagation initiates earlier, around 5,958 

cycles. The crack growth rate is higher compared to the case with C = 3, leading to the propagation 

of the 10.6mm crack at a lower cycle count of approximately 16,000 cycles. A higher value of C 

corresponds to a more aggressive crack growth behavior, resulting in faster propagation and 

shorter fatigue life. Conversely, a lower value of C leads to a slower crack growth rate and an 

extended fatigue life. These graphs provide valuable insights into the relative impact of the 
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constant C on the fatigue crack growth behavior. These analyses can aid in material selection, 

design optimization, and the estimation of component lifetimes under cyclic loading conditions. 

 

 

Figure 28: Crack growth vs number of cycles for varying crack growth rate constant 

4.5.3 Stress Ratio (R) Variation 

 

Figure 29 illustrates the impact of stress ratio (R) and current velocity on fatigue crack growth 

behavior. Stress ratio (R) is defined as the ratio of minimum stress to maximum stress. We begin 

our analysis with R = 0.1, which was used in our previous studies, and then examine the effects of 

increasing R to 0.2, 0.3, and 0.4. 
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(a)                                                                           (b) 

 

(c)                                                                        (d) 

Figure 29: Crack growth vs number of cycles for 2.0 m/s velocity (a) R = 0.3 (b) R = 0.2         (c) 

R = 0.1 (d) Merged stress ratio graph 

At R = 0.1 and a velocity of 2.0 m/s, crack initiation is delayed until around 11,900 cycles, with 

complete propagation of the 10.6 mm crack occurring at 35,000 cycles.  

As we increase the stress ratio to 0.4, we observe different behavior. At R = 0.4 and a velocity of 

2.0 m/s, crack propagation is minimal, with only 0.5 mm growth observed. However, increasing 

the velocity to 3.0 m/s at R = 0.4 leads to more aggressive crack propagation, with initiation 

occurring at around 38.6 cycles and complete propagation at 3,582 cycles. These observations 
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highlight the combined influence of stress ratio and velocity on fatigue crack growth rates. 

Generally, lower stress ratios and higher velocities promote more aggressive crack propagation, 

resulting in shorter fatigue lives. 

 

 

     
 

(a)                                                                           (b) 

 

          

   (c)                                                                           (d) 
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(e) 

Figure 30: Crack growth vs number of cycles for 3.0 m/s velocity (a) R = 0.4 (b) R = 0.3                      

(c) R = 0.2 (d) R = 0.1 (e) Merged stress ratio graph 
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CHAPTER 5 

Advanced Modeling of MHKT Turbine Blades 

 

Modeling the full turbine blade geometry offers significant advantages over simplified analytical 

methods, enabling more complex analysis and the potential for a digital twin when coupled with 

structural health monitoring. This approach allows for a fully digital representation of the blade, 

providing deeper insights into its structural behavior and performance. In this section, we revisit 

the blade geometry presented in Chapter 4, but instead of using basic statics and solid mechanics 

for stress and strain calculations, we perform a detailed 3D stress/strain analysis. The global model 

is constructed using shell elements. This technique combines the computational efficiency of shell 

elements for the overall structure with the high-fidelity analysis capabilities of solid elements in 

critical regions, enabling a comprehensive understanding of the blade's response to various load 

conditions while maintaining reasonable computational requirements. 

 
5.1 Modeling full scale  
 

 

The blade geometry for input into ABAQUS was defined using the QBlade software. The NACA 

63412 hydrofoil coordinates were used as a starting point, but the thickness was increased from 

12% to 24% of the chord length to resemble the NACA 63424 profile. With the given details of 

radial positions, chord lengths, twist angles, and hydrofoil shapes, the horizontal-axis wind turbine 

(HAWT) rotor blade design was generated for angles of attack ranging from -20 degrees to +20 

degrees. Subsequently, this blade model from QBlade was imported into the ABAQUS finite 

element software. 
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Table 5: Radial position of the blade 

 

Position 

(m) 

Chord 

(m) 

Laminate 

thickness (mm) 

No. of 

layers 

Applied 

loads (N) 

0.9 1.386 14.84 28 1737 

1.725 1.673 15.37 29 3275 

2.7 1.534 15.56 30 4939 

3.6 1.407 13.78 26 6749 

4.35 1.301 11.66 22 8610 

5.25 1.17 9.01 17 10548 

6.15 1.035 6.36 12 12429 

7.05 0.896 3.01 6 14158 

7.95 0.751 0.40 1 15553 

8.85 0.601 0.65 2 16257 

 

Within ABAQUS, the 8.85-meter-long blade with a circular cross-section at the root was 

partitioned into 10 radial sections as shown in the table 5. The thicknesses of these sections were 

varied accordingly throughout the 10 radial positions. The blade incorporated a composite box 

spar constructed from unidirectional fabric, running along the mid-section and attached to 45-

degree fabric layers at the upper and lower surfaces. The two vertical sides of the box spar acted 

as webs. The primary function of the unidirectional layers was to provide flexural strength, while 
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the 45-degree layers contributed shear strength and prevented splaying of the unidirectional 

material. Figure 31 illustrates the blade design cross-section taken from the ABAQUS model, with 

the yellow region representing the box spar. 

 

 
Figure 31: Typical cross-section of turbine blade in ABAQUS 

 

 
5.2 Boundary Conditions 

 

The obtained load distribution along the blade length from the BEMT calculations, were applied 

to the corresponding radial positions within the finite element model in ABAQUS. To accurately 

represent the constraints experienced by the turbine rotor, one end of the blade model was assigned 

a fixed boundary condition, effectively simulating the blade being rigidly attached to the rotor hub. 

This fixed constraint at one end, combined with the accurate application of the hydrodynamic loads 

calculated by BEMT at the respective radial positions, allowed for a realistic representation of the 

structural behavior and loading conditions experienced by the MHKT blade during operation. 

Figure 32 illustrates the applied boundary conditions within the ABAQUS model. 

Box spar 
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Figure 32: Applied Boundary Conditions within the ABAQUS 

 

5.3 Results and validation of full scale NACA 63424 
 

 

The strain results obtained from the ABAQUS simulation were compared with hand calculations, 

and a close agreement was observed. The given parameters were: applied bending moment (M) of 

500,000 N-m at a distance (x) of 0.885 m (from BEMT), distance from the neutral axis (y) of 0.28 

m, and a flexural rigidity (EI) of 6.72 x 107 N-m2 as reported by Bir et al. The hand calculation for 

strain using the formula Strain = My/EI yielded a value of 0.0021. Remarkably, the longitudinal 

strain obtained from the ABAQUS simulation at the same location was 0.0020, which closely 

matches the hand calculation result. This excellent agreement between the finite element analysis 

and analytical solution validates the accuracy of the ABAQUS model. Figure 33 shows the strains 

obtained from the ABAQUS where the red highlighted circle is the point where the ply drop is 

located. 
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5.4 Submodel 
 
 

The strains obtained from the global model were used as boundary conditions for the submodel of 

the ply drop specimen. Instead of manually calculating the strains using the BEMT approach, the 

strains from the global model were directly applied to the submodel. This allowed for the 

observation and validation of the crack growth behavior in the ply drop specimen using the strains 

derived from the global model itself, rather than relying on hand calculations from BEMT. Figure 

34 shows the ply drop submodel. Given the similarity between the strains from the manual 

calculation and the shell model, the submodel results were also similar. 

 

Figure 34: Ply Drop Submodel 

Figure 33: Contour plot of strain in primary (longitudinal) direction 
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CHAPTER 6 

Summary, Conclusions and Future Work 

 

 
6.1 Summary 

 

This research was focused on the development and implementation of a computational framework 

to simulate fatigue crack propagation in marine hydrokinetic turbine blades composed of fiber-

reinforced polymer composites. A cohesive zone model  was successfully implemented within the 

finite element software ABAQUS to simulate delamination and crack propagation under static and 

fatigue loading conditions. The CZM approach involved the insertion of specialized cohesive 

interface elements along potential crack paths, governed by a traction-separation law derived from 

the material's fracture properties. A user-defined ABAQUS material subroutine  was coded to 

incorporate a fatigue damage evolution law following Paris’ law, enabling the capture of crack 

propagation rates under cyclic loading. 

The CZM implementation was validated against benchmark data from double cantilever beam tests 

reported for delamination crack initiation and growth under static and fatigue loads. Excellent 

agreement was observed, confirming the numerical model's accuracy. Subsequently, a case study 

investigating an MHKT blade design intended for operation off the coast of North Carolina was 

conducted. Initial fatigue analysis with 0.1 mm displacement showed no crack growth over 50,000 

cycles, contradicting expectations. A second analysis using 0.25 mm displacement yielded 10 mm 

crack extension over 10,000 cycles, aligning with literature for similar materials. A multiscale 

modeling approach combined Blade Element Momentum Theory calculations for hydrodynamic 
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loads, global structural analysis for bending moment distributions, and high-fidelity submodeling 

of the critical ply drop region using the validated CZM approach.  

The analyses revealed that higher stress ratios and ocean current velocities generally promoted 

more aggressive crack propagation, leading to shorter fatigue lives. Conversely, lower stress ratios 

and velocities resulted in slower crack growth rates and extended component lifetimes. 

Additionally, varying the material constant C in the Paris law significantly impacted crack growth 

rates, with higher values of C corresponding to more aggressive crack propagation and shorter 

fatigue lives. 

 

6.2 Conclusions 
 
 

The primary conclusions drawn from this research are as follows: 

1. A cohesive zone model was successfully implemented and validated within the finite 

element software ABAQUS, enabling accurate simulation of delamination-driven fatigue 

crack propagation in fiber-reinforced polymer composite materials under cyclic loading 

conditions. 

2. The developed computational framework, integrating Blade Element Momentum Theory, 

global structural analysis, and high-fidelity submodeling with the CZM approach, provides 

a comprehensive platform for virtually assessing delamination-driven failures in MHKT 

blades. 

3. Higher stress ratios and ocean current velocities were found to promote more aggressive 

crack propagation, leading to shorter fatigue lives for MHKT blades. 

4. Lower stress ratios and current velocities resulted in slower crack growth rates and 

extended component lifetimes under cyclic loading conditions. 
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5. The material constant C in the Paris law significantly influenced crack growth rates, with 

higher values of C corresponding to more aggressive crack propagation and shorter fatigue 

lives, while lower C values led to slower crack growth rates and extended lifetimes. 

6. The developed computational platform enables stakeholders to optimize MHKT blade 

designs, select appropriate materials, and develop maintenance strategies to enhance 

reliability and durability, thereby maximizing operational lifetimes and maintenance 

planning for these emerging marine energy technologies. 

 

6.3 Future Works 
 
 

While this research has established a robust computational framework for simulating fatigue crack 

propagation in MHKT blades, several areas for future exploration and enhancement have been 

identified.  

One key area for future exploration is the incorporation of the effects of moisture ingress and 

seawater exposure on the degradation of material properties and fatigue behavior within the 

computational model. Prolonged exposure to the harsh marine environment can lead to significant 

degradation of the mechanical properties of fiber-reinforced polymer composites used in MHKT 

blades. Moisture absorption can cause interfacial debonding, delamination, fiber buckling, and a 

reduction in static strength, fatigue strength, and modulus of elasticity over time. Thus, accurately 

modeling these effects is crucial for reliably predicting the long-term performance and remaining 

useful life of MHKT blades under realistic operating conditions. To address this challenge, future 

work should focus on developing and integrating advanced models that capture the complex 

mechanisms of moisture diffusion and the associated degradation of material properties within the 

computational framework. 
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Additionally, experimental studies investigating the effects of seawater exposure on the fatigue 

behavior of MHKT blade materials should be conducted to provide valuable data for calibrating 

and validating the numerical models. By accurately modeling the effects of moisture ingress and 

seawater exposure, the computational framework can provide more reliable predictions of fatigue 

crack initiation and propagation rates, enabling stakeholders to optimize maintenance schedules 

and enhance the overall reliability and durability of MHKT blades throughout their operational 

lifetimes. 

By addressing these future research directions, the developed computational framework can be 

further enhanced, providing even more accurate and reliable predictions for the fatigue 

performance of MHKT blades and supporting the widespread adoption of this promising 

renewable energy technology. It's important to note that the current ply drop simulations were 

limited to 2D analyses. Future work should extend this to investigate 3D crack growth phenomena, 

incorporating the effects of complex loading scenarios such as combined flapwise and edgewise 

bending moments. This expansion to 3D modeling would provide a more comprehensive 

understanding of fatigue behavior under realistic operational conditions, further improving the 

accuracy and applicability of the computational framework for MHKT blade design and analysis. 
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Appendix A 

UMAT Subroutine for Fatigue Loading 

 

 
       SUBROUTINE UMAT (STRESS ,STATEV , DDSDDE ,SSE ,SPD ,SCD , 
     1 RPL ,DDSDDT ,DRPLDE ,DRPLDT , 
     2 STRAN ,DSTRAN ,TIME ,DTIME ,TEMP ,DTEMP ,PREDEF ,DPRED , CMNAME, 
     3 NDI ,NSHR ,NTENS ,NSTATV ,PROPS ,NPROPS ,COORDS ,DROT , PNEWDT , 
     4 CELENT ,DFGRD0 ,DFGRD1 ,NOEL ,NPT ,LAYER ,KSPT ,JSTEP , KINC ) 
 
      INCLUDE 'ABA_PARAM.INC ' 
 
      CHARACTER *80 CMNAME , CPNAME 
      DIMENSION STRESS ( NTENS ),STATEV ( NSTATV ), 
     1 DDSDDE (NTENS , NTENS ),DDSDDT ( NTENS ),DRPLDE ( NTENS ), 
     2 STRAN ( NTENS ),DSTRAN ( NTENS ),TIME (2) ,PREDEF (1) ,DPRED (1) , 
     3 PROPS ( NPROPS ),COORDS (3) ,DROT (3 ,3) ,DFGRD0 (3 ,3) , 
     4 DFGRD1 (3 ,3) ,JSTEP (4) 
 
      DIMENSION CFULL (NTENS , NTENS ), DELTAT ( NTENS ) 
      DOUBLE PRECISION KK , SIGMA3C , TAU1C , TAU2C , G1C , G2C , G3C , 
     &   ETA 
      DOUBLE PRECISION G1TH , RATIO , C1 , M1 , WIDTH , E3 
      DOUBLE PRECISION ACZ , BETA , BI , COEFF , DADN , DDDN , DELTA , 
     &   DELTA0 
      DOUBLE PRECISION DELTA0_3 , DELTA_0SHEAR , DELTA1 , DELTA2 , 
     &   DELTA3 
      DOUBLE PRECISION DELTAF , DELTAG , DELTAN_MAX , DELTA_SHEAR 
      DOUBLE PRECISION DELTA_OLD , DMG_OLD , DMG , DMG_STAT , DMG_FAT 
      DOUBLE PRECISION DMG_MAX , G_MAX , G_MAX_OLD , RT_OLD , RT , 
     & TAU_OLD 
      DOUBLE PRECISION TAU , COEFF1 , CF2 , CF3 , CF4 , CF6 , CF7 ,  
     &   PI , Q 
      DOUBLE PRECISION E_I , E_II , E_M , G_C , TAU_MC , E11 , E22 , 
     &   G12 , V21 
      DOUBLE PRECISION KSH , KB , DELTAC_3 , DELTAC_SHEAR , 
     &   DDDN_OLD , DISP 
      DOUBLE PRECISION CRACK , COMPL , CHI , LAMBDA , FORCE , SERR ,  
     &   LEVER, MYL, MYD, DMGLIM 
 
      PARAMETER ( ZERO =0.D0 , ONE =1.D0 , TWO =2.D0 , THREE =3.D0 ,  
     &   NINE =9. D0) 
      PARAMETER ( THIRTYTWO =32. D0 , PI = TWO* ASIN ( ONE)) 
      PARAMETER ( MYL = 1.D-3, MYD = 986.D-3, DMGLIM = 995D-3 ) 
 
      INTEGER KFLAG 
      COMMON KFLAG 
 
        KK = PROPS (1) 
        SIGMA3C = PROPS (2) 
        TAU1C = PROPS (3) 
        TAU2C = PROPS (4) 
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        G1C = PROPS (5) 
        G2C = PROPS (6) 
        G3C = PROPS (7) 
        ETA = PROPS (8) 
        G1TH = PROPS (9) 
        RATIO = PROPS (10) 
        C1 = PROPS (11) 
        M1 = PROPS (12) 
        WIDTH = PROPS (13) 
        E3 = PROPS (14) 
        DMG_MAX = PROPS (15) 
        E11 = PROPS (16) 
        E22 = PROPS (17) 
        G12 = PROPS (18) 
        V21 = PROPS (19) 
 
        DMG_OLD = STATEV (1) 
        TAU_OLD = STATEV (2) 
        DELTA_OLD = STATEV (3) 
        G_MAX_OLD = STATEV (4) 
        DDDN_OLD = STATEV (6) 
 
 
 
        ! DISPLACEMENT AT THE END OF THE INCREMENT 
        DO I = 1, NTENS 
            DELTAT (I) = STRAN (I) + DSTRAN (I) 
            ! IF (KINC .GT. 1) THEN 
            ! IF (I .EQ. 1) THEN 
               ! DELTAT (I) = (STRAN (I)+DSTRAN (I))*MYL  
            ! ENDIF 
            ! ENDIF 
            ! IF (NOEL .EQ. 3875) THEN 
            !   IF (NPT .EQ. 1) THEN 
            !      PRINT*, 'I:', I 
            !      PRINT*, 'DELTAT_I:', DELTAT(I) 
            !   ENDIF 
            ! ENDIF 
        END DO 
 
        ! DISPLACEMENT INCREMENTS 
        DELTA3 = DELTAT (1) 
        DELTA1 = DELTAT (2) 
        !IF THE ANALYSIS IS IN 2D: DELTA2 IS ZERO , IF IT IS 3D: ... 
        !   DELTA2 IS THE THIRD ELEMENT 
        IF ( NTENS .EQ.TWO ) THEN 
             DELTA2 = ZERO 
        ELSE 
             DELTA2 = DELTAT (3) 
        ENDIF 
 
        DELTA_SHEAR = SQRT ( DELTA1 **2+ DELTA2 **2) 
 
        !MIXED - MODE RATIO 
        BETA = DELTA_SHEAR /( MAX (DELTA3 , ZERO )+ DELTA_SHEAR ) 



   

73 

 

        KSH = G1C/G2C *( TAU2C / SIGMA3C ) **2* KK 
        CF6 = KSH* DELTA_SHEAR **2 + KK*MAX(DELTA3 , ZERO )**2 
        CF7 = KSH **2* DELTA_SHEAR **2 + KK **2* MAX(DELTA3 , ZERO )**2 
        BI= ( KSH * DELTA_SHEAR **2) /CF6 
 
        IF (NOEL .EQ. 7231) THEN 
            IF (NPT .EQ. 1) THEN 
               PRINT*, '------------' 
               PRINT*, 'NOEL:', NOEL 
               PRINT*, 'NPT:', NPT 
               PRINT*, 'TIME:', TIME 
               PRINT*, 'DELTA3:', DELTA3 
               PRINT*, 'DELTA1:', DELTA1 
               PRINT*, 'DELTA_SHEAR:', DELTA_SHEAR 
               PRINT*, 'BETA:', BETA 
               PRINT*, 'KSH:', KSH 
               PRINT*, 'CF6:', CF6 
               PRINT*, 'CF7:', CF7 
               PRINT*, 'BI:', BI 
            ENDIF 
         ENDIF 
 
        !Mixed - mode penalty stiffness 
        KB = KK *( ONE -BI)+KSH *BI 
 
        ! DISPLACEMENT JUMP NORM 
        ! DELTA = CF6/ SQRT (CF7) 
        DELTA = SQRT(MAX(DELTA3 , ZERO )**2+DELTA_SHEAR**2) 
 
        ! PURE MODE ONSET DISPLACEMENT JUMP 
        DELTA_0SHEAR = TAU1C /KSH 
        DELTA0_3 = SIGMA3C /KK 
 
        ! IF (NOEL .EQ. 1) THEN 
        !    IF (NPT .EQ. 1) THEN 
        !       PRINT*, 'DELTA:', DELTA 
        !       PRINT*, 'DELTA0S:', DELTA_0SHEAR 
        !       PRINT*, 'DELTA03:', DELTA0_3 
        !    ENDIF 
        ! ENDIF 
 
        !MIXED - MODE ONSET DISPLACEMENT JUMP 
        CF4 = (KSH* DELTA_0SHEAR **2 - KK* DELTA0_3 **2) *( BI ** ETA) 
        DELTA0 = SQRT (( KK* DELTA0_3 **2+ CF4 )/( KB)) 
 
        IF (NOEL .EQ. 7231) THEN 
            IF (NPT .EQ. 1) THEN 
               PRINT*, 'KB:', KB 
               PRINT*, 'DELTA:', DELTA 
               PRINT*, 'DELTA0:', DELTA0 
            ENDIF 
         ENDIF 
 
        !MIXED - MODE FINAL DISPLACEMENT JUMP 
        DELTAC_SHEAR = TWO *G2C / TAU1C 
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        DELTAC_3 = TWO* G1C/ SIGMA3C 
        CF5 = (KSH* DELTA_0SHEAR * DELTAC_SHEAR -KK* DELTA0_3 * DELTAC_3 ) 
        DELTAF = (KK* DELTA0_3 * DELTAC_3 +CF5 *( BI ** ETA))/( KB* DELTA0 ) 
 
        ! INTERNAL VARIABLE 
        RT_OLD = ( DELTA0 * DELTAF )/( DELTAF - DMG_OLD *( DELTAF - DELTA0 )) 
        RT = MAX (RT_OLD , DELTA ) 
        IF ( DELTA .GT. RT_OLD ) THEN 
           DMG_STAT = ( DELTAF *(RT - DELTA0 ))/( RT *( DELTAF - DELTA0 )) 
           DMG_STAT = MIN ( DMG_STAT , ONE) 
        ELSE 
           DMG_STAT = DMG_OLD 
        ENDIF 
 
        TAU = DELTA * KB * (ONE - DMG_STAT ) 
 
        IF (NOEL .EQ. 7231) THEN 
            IF (NPT .EQ. 1) THEN 
               PRINT*, 'TAU:', TAU 
               PRINT*, 'DELTAF:', DELTAF 
               PRINT*, 'DMG_STAT:', DMG_STAT 
            ENDIF 
        ENDIF 
 
        ! ========================== Mixed - mode parameters 
        Q = SQRT (TWO *( SQRT (E22/E11)-V21)+E22/G12)/ TWO 
        E_I = E22/Q 
        E_II = E22 /Q* SQRT (E11 /E22 ) 
        TAU_MC = SQRT ( SIGMA3C **2+( TAU1C **2 - SIGMA3C **2) *( BI ** ETA)) 
        G_C = G1C +( G2C -G1C)*( BI ** ETA) 
        E_M = E_I *( ONE -BI)+ E_II *BI 
 
        ! ========================== Fatigue =============================== 
        IF ( TIME (2) .GT.ONE . AND . DMG_STAT .LT. ONE ) THEN 
            ! !==== CALCULATE DMG WITH OLD DDDN ==== 
            DMG_FAT = DDDN_OLD * DTIME 
            DMG = DMG_STAT + DMG_FAT 
            DMG = MIN (DMG ,ONE) 
 
            IF (NOEL .EQ. 7231) THEN 
              IF (NPT .EQ. 1) THEN 
               PRINT*, 'TIME(2):', TIME(2) 
               PRINT*, 'DMG_STAT:', DMG_STAT 
               PRINT*, 'DMG_FAT:', DMG_FAT 
               PRINT*, 'DMG:', DMG 
               PRINT*, 'DELTA:',DELTA 
              ENDIF 
            ENDIF 
 
            ! !==== COMPUTE NEW DDDN ==== 
            ! SERR 
            IF ( DELTA .GT. ZERO ) THEN 
                COEFF1 = ( DELTAF - ( DELTAF - DELTA ) **2/( DELTAF - 
     &              DELTA0 )) 
                IF ( DMG_FAT .EQ. ZERO ) THEN 
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                    G_MAX = DELTA0 * KB/TWO* COEFF1 
                ELSE 
                    TAU = DELTA * KB * (ONE -DMG) 
                    G_MAX = G_MAX_OLD +  
     &                   (TAU+ TAU_OLD )*( DELTA - DELTA_OLD )/ TWO 
                END IF 
                DELTAG = G_MAX *( ONE - RATIO **2) 
                IF (NOEL .EQ. 7231) THEN 
                   IF (NPT .EQ. 1) THEN 
                     PRINT*, 'TAU:', TAU 
                     PRINT*, 'GMAX:', G_MAX 
                     PRINT*, 'DELTA_G:', DELTAG 
                     PRINT*, 'G_C:', G_C 
                     PRINT*, 'K_FLAG:', KFLAG 
                    ENDIF 
                  ENDIF 
                ! CRACK GROWTH RATE 
                IF ( G_MAX .GT. ZERO .AND . G_MAX .LT.G_C ) THEN 
                    IF ( KFLAG .EQ. 0) THEN 
                        DADN = C1 *(  DELTAG )** M1 
                        ! AREA OF COHESIVE ZONE 
                        ACZ = 0.1 D0 *( E_M* G_MAX )/(( TAU_MC ) **2) 
                        ! DAMAGE VARIABLE AS A FUNCITON OF CYCLES 
                        CF2 = DELTAF * DELTA0 *ACZ 
                        CF3 = ONE -DMG 
                        DDDN = DADN *  
     &                   ( DELTAF *CF3 +DMG * DELTA0 )**2/( CF2) 
                        ! MAX NUMBER OF CYCLES 
                        DELTAN_MAX = DMG_MAX / DDDN 
                           IF (NOEL .GT. 7231) THEN 
                             IF (NPT .EQ. 1) THEN 
                              PRINT*, 'CF2:', CF2 
                              PRINT*, 'CF3:', CF3 
                              PRINT*, 'DADN:', DADN 
                              PRINT*, 'DDDN:', DDDN 
                              PRINT*, 'DELTAN_MAX:', DELTAN_MAX 
                             ENDIF 
                           ENDIF 
                        ! CHECK FOR MAX NUMBER OF CYCLES 
                        IF ( DTIME .GT. DELTAN_MAX ) THEN 
                           PNEWDT = 0.8* DELTAN_MAX / DTIME 
                        END IF 
                        ! CHECK G_TH IF ELEMENT HAS JUST FAILED 
                        ! PRINT*, 'DMGEQONE?:', (DMG.EQ.ONE) 
                        IF (( DMG .EQ. ONE ) .AND .  
     &                    ( DMG_OLD .LT. ONE )) THEN 
                            IF (C1 .GT. 10. D0) THEN 
                                LEVER = 92.9 D0 
                                DISP = 1.27 D0 
                            ELSE 
                                LEVER = 41.3 D0 
                                DISP = 1.04 D0 
                            END IF 
                            ! CALCULATION OF FINAL CRACK WITH LEFM , 
                            !   ONLY FOR MMB 
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                            LAMBDA = 1.18 D0* SQRT (E11 *E22 )/G12 
                            CHI = SQRT (E11 /(11. D0*G12)*( THREE - 
     &                         TWO *( LAMBDA /( ONE+ LAMBDA )) **2) ) 
                            COMPL =(4. D0 *( THREE *LEVER -50.4 D0)**2* 
     &                        ( CRACK +CHI *2.25 D0) **3+ 
     &                        ( LEVER +50.4 D0) **2* 
     &                        (TWO *50.4 D0 **3+  
     &                        THREE *( CRACK +0.42 D0 * 
     &                        CHI *2.25 D0) **3) ) / 
     &                        (8. D0 *25.4 D0 *2.25 D0 **3 
     &                        *50.4 D0 **2* E11) 
                            FORCE = DISP / COMPL 
                            SERR =(12. D0 *( THREE *LEVER -50.4 D0)**2* 
     &                        ( CRACK +CHI *2.25 D0) **2+9. D0 * 
     &                        ( LEVER +50.4 D0) **2* 
     &                        ( CRACK +0.42 D0*CHI *2.25 D0) **2) *  
     &                        FORCE **2/ 
     &                        (16. D0 *25.4 D0 **2*50.4 D0 **2* 
     &                        2.25 D0 **3* E11) 
                            ! IF ( SERR .LT. G1TH ) THEN 
                            !   KFLAG = 1 
                            ! ELSE 
                            !   KFLAG = 0 
                            ! END IF 
                         END IF 
                    ELSE 
                       ! NO INCREASE IN DAMAGE IF G IS NOT BETWEEN THE 
                       ! BOUNDARIES 
                       DDDN = ZERO 
                    END IF 
                END IF 
            END IF 
        ELSE 
            DMG = DMG_STAT 
        ENDIF 
 
        ! FULL STIFFNESS MATRIX 
        DO I = 1, NTENS 
           DO J = 1, NTENS 
              CFULL (I,J)= ZERO 
           END DO 
        END DO 
        IF ( DELTA3 .GE. ZERO ) THEN 
           CFULL (1 ,1) = KK *( ONE -DMG) 
        ELSE 
           CFULL (1 ,1) = KK 
        ENDIF 
        CFULL (2 ,2) = KSH *( ONE -DMG) 
        ! CFULL (3 ,3) ONLY EXISTS IN 3D 
        IF ( NTENS .EQ. THREE ) THEN 
           CFULL (3 ,3) = KSH *( ONE -DMG) 
        ENDIF 
 
        ! STRESS CALCULATION 
        DO I = 1, NTENS 
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           STRESS (I)= ZERO 
           DO J = 1, NTENS 
              STRESS (I)= STRESS (I)+ CFULL (I,J)* DELTAT (J) 
           END DO 
        END DO 
 
        ! TANGENT STIFFNESS MATRIX 
        DO I = 1, NTENS 
           DO J = 1, NTENS 
              DDSDDE (I,J)= ZERO 
           END DO 
        END DO 
 
        IF ( DELTA .GT. RT_OLD . AND . DELTA .LT. DELTAF ) THEN 
           COEFF = (( DELTAF * DELTA0 )/((DELTAF - DELTA0)* DELTA **3)) 
           IF ( DELTA3 .GE. ZERO ) THEN 
              DDSDDE (1 ,1) = CFULL (1 ,1) -KK* COEFF * DELTA3 **2 
           ELSE 
              DDSDDE (1 ,1) = KK 
           ENDIF 
           DDSDDE (2 ,2) = CFULL (2 ,2) -KSH * COEFF * DELTA1 **2 
           DDSDDE (3 ,3) = CFULL (3 ,3) -KSH * COEFF * DELTA2 **2 
           DDSDDE (1 ,2) = -KK* COEFF * DELTA1 * DELTA3 
           DDSDDE (2 ,1) = -KSH * COEFF * DELTA1 * DELTA3 
           IF ( NTENS .EQ. THREE ) THEN 
              DDSDDE (1 ,3) = -KK* COEFF * DELTA2 * DELTA3 
              DDSDDE (3 ,1) = -KSH * COEFF * DELTA2 * DELTA3 
              DDSDDE (2 ,3) = -KSH * COEFF * DELTA1 * DELTA2 
              DDSDDE (3 ,2) = DDSDDE (2 ,3) 
           ENDIF 
        ELSE 
           DDSDDE (1 ,1) = CFULL (1 ,1) 
           DDSDDE (2 ,2) = CFULL (2 ,2) 
           IF ( NTENS .EQ. THREE ) THEN 
              DDSDDE (3 ,3) = CFULL (3 ,3) 
           END IF 
        END IF 
 
 
        IF (NOEL .EQ. 57091) THEN 
          IF (NPT .EQ. 1) THEN 
               PRINT*, 'DELTAF:',DELTAF 
               PRINT*, 'RT_OLD:',RT_OLD 
               PRINT*, 'RT:',RT 
               PRINT*, 'DMG_STAT:',DMG_STAT 
               PRINT*, 'TAU:',TAU 
               PRINT*, 'CFULL:',CFULL (1 ,1) 
               PRINT*, 'DDSDDE:',DDSDDE (1 ,1) 
            ENDIF 
        ENDIF 
 
        IF (DMG .GT. DMGLIM) THEN 
           STATEV(12) = 0 
        ELSE 
           STATEV(12) = 1 
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        ENDIF 
 
        STATEV (1) = DMG 
        STATEV (2) = TAU 
        STATEV (3) = DELTA 
        STATEV (4) = G_MAX 
        STATEV (5) = DADN 
        STATEV (6) = DDDN 
        STATEV (7) = BETA 
        STATEV (8) = BI 
        STATEV (9) = ACZ 
        STATEV (10) = TAU 
        STATEV (11) = KSH 
 
        RETURN 
        END 
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Appendix B 

Design Thickness Requirement for Composite Laminate at Different Blade Sections 

 
 Station sloc chord      tsk tskn    nskin   tecore tecoren ntecore tuni tunin nuni   tboxcore  ncore_bx t_le t_box t_te 

 (m) (m) (mm) (mm) --    (mm) (mm) -- (mm) (mm) -- (mm) -- (mm) (mm) (mm) 

1 0 0.8 5.64 5.83 11 0.00 0.00 0 31.99 32.33 61 21.78 7 7.25 61.46 7.25 
2 0.075 0.823 5.64 5.83 11 0.00 0.00 0 31.99 32.33 61 24.25 8 7.25 64.58 7.25 
3 0.15 0.847 5.64 5.83 11 0.00 0.00 0 31.99 32.33 61 26.65 9 7.25 67.71 7.25 
4 0.225 0.871 5.64 5.83 11 0.00 0.00 0 31.99 32.33 61 29.00 10 7.25 70.83 7.25 
5 0.3 0.894 5.64 5.83 11 0.00 0.00 0 31.99 32.33 61 31.29 11 7.25 73.96 7.25 
6 0.375 0.95 5.64 5.83 11 0.00 0.00 0 31.99 32.33 61 36.59 12 7.25 77.08 7.25 
7 0.45 1.006 5.64 5.83 11 0.00 0.00 0 31.99 32.33 61 41.72 14 7.25 83.33 7.25 
8 0.525 1.062 5.48 5.83 11 19.36 21.88 7 31.05 31.27 59 0.00 0 7.25 38.52 29.13 
9 0.6 1.118 4.97 5.30 10 20.82 21.88 7 28.14 28.62 54 0.00 0 6.72 35.34 28.60 
10 0.675 1.185 4.39 4.77 9 22.50 25.00 8 24.88 24.91 47 3.39 2 6.19 37.35 31.19 
11 0.75 1.252 3.78 4.24 8 24.19 25.00 8 21.42 21.73 41 13.90 5 5.66 43.02 30.66 
12 0.825 1.319 3.16 3.18 6 26.15 28.13 9 17.91 18.02 34 24.43 8 4.60 47.62 32.73 
13 0.9 1.386 2.58 2.65 5 27.83 28.13 9 14.64 14.84 28 31.04 10 4.07 50.16 32.20 
14 0.975 1.442 2.53 2.65 5 29.01 31.25 10 14.36 14.84 28 33.03 11 4.07 53.29 35.32 
15 1.05 1.498 2.48 2.65 5 30.19 31.25 10 14.05 14.31 27 34.86 12 4.07 55.88 35.32 
16 1.125 1.554 2.48 2.65 5 31.37 34.38 11 14.08 14.31 27 36.77 12 4.07 55.88 38.45 
17 1.2 1.61 2.51 2.65 5 32.55 34.38 11 14.22 14.31 27 38.67 13 4.07 59.01 38.45 
18 1.275 1.633 2.51 2.65 5 33.04 34.38 11 14.22 14.31 27 39.46 13 4.07 59.01 38.45 
19 1.35 1.657 2.51 2.65 5 33.54 34.38 11 14.24 14.31 27 40.25 13 4.07 59.01 38.45 
20 1.425 1.681 2.52 2.65 5 34.03 34.38 11 14.28 14.31 27 41.04 14 4.07 62.13 38.45 
21 1.5 1.704 2.55 2.65 5 34.53 37.50 12 14.43 14.84 28 42.12 14 4.07 62.66 41.57 
22 1.575 1.694 2.58 2.65 5 34.31 34.38 11 14.62 14.84 28 41.76 14 4.07 62.66 38.45 
23 1.65 1.683 2.62 2.65 5 34.08 34.38 11 14.82 14.84 28 41.40 14 4.07 62.66 38.45 
24 1.725 1.673 2.65 3.18 6 33.59 34.38 11 15.03 15.37 29 37.11 12 4.60 57.47 38.98 
25 1.8 1.662 2.70 3.18 6 33.37 34.38 11 15.31 15.37 29 36.77 12 4.60 57.47 38.98 
26 1.875 1.651 2.73 3.18 6 33.14 34.38 11 15.44 15.90 30 36.57 12 4.60 58.00 38.98 
27 1.95 1.64 2.75 3.18 6 32.92 34.38 11 15.58 15.90 30 36.21 12 4.60 58.00 38.98 
28 2.025 1.63 2.77 3.18 6 32.69 34.38 11 15.71 15.90 30 35.86 12 4.60 58.00 38.98 
29 2.1 1.619 2.80 3.18 6 32.46 34.38 11 15.85 15.90 30 35.50 12 4.60 58.00 38.98 
30 2.25 1.598 2.80 3.18 6 32.02 34.38 11 15.85 15.90 30 34.80 12 4.60 58.00 38.98 
31 2.4 1.577 2.85 3.18 6 31.58 34.38 11 16.12 16.43 31 34.16 11 4.60 55.41 38.98 
32 2.55 1.556 2.80 3.18 6 31.13 31.25 10 15.85 15.90 30 33.38 11 4.60 54.88 35.85 
33 2.7 1.534 2.75 3.18 6 30.67 31.25 10 15.56 15.90 30 32.66 11 4.60 54.88 35.85 
34 2.85 1.513 2.69 3.18 6 30.23 31.25 10 15.25 15.37 29 31.91 11 4.60 54.35 35.85 
35 3 1.492 2.63 2.65 5 30.06 31.25 10 14.93 15.37 29 34.88 12 4.07 56.94 35.32 
36 3.15 1.471 2.58 2.65 5 29.62 31.25 10 14.59 14.84 28 34.05 11 4.07 53.29 35.32 
37 3.3 1.45 2.51 2.65 5 29.18 31.25 10 14.25 14.31 27 33.21 11 4.07 52.76 35.32 
38 3.45 1.429 2.45 2.65 5 28.72 31.25 10 13.90 14.31 27 32.47 11 4.07 52.76 35.32 
39 3.6 1.407 2.39 2.65 5 28.27 31.25 10 13.54 13.78 26 31.63 11 4.07 52.23 35.32 
40 3.75 1.386 2.32 2.65 5 27.83 28.13 9 13.16 13.25 25 30.80 10 4.07 48.57 32.20 
41 3.9 1.365 2.26 2.65 5 27.39 28.13 9 12.78 13.25 25 30.11 10 4.07 48.57 32.20 
42 4.05 1.344 2.19 2.65 5 26.93 28.13 9 12.39 12.72 24 29.28 10 4.07 48.04 32.20 
43 4.2 1.322 2.12 2.12 4 26.75 28.13 9 11.99 12.19 23 32.42 11 3.54 50.11 31.67 
44 4.35 1.301 2.04 2.12 4 26.30 28.13 9 11.58 11.66 22 31.45 11 3.54 49.58 31.67 
45 4.5 1.279 1.97 2.12 4 25.85 28.13 9 11.16 11.66 22 30.72 10 3.54 46.45 31.67 
46 4.65 1.257 1.90 2.12 4 25.38 28.13 9 10.74 11.13 21 29.75 10 3.54 45.92 31.67 
47 4.8 1.235 1.82 2.12 4 24.92 25.00 8 10.31 10.60 20 28.78 10 3.54 45.39 28.54 
48 4.95 1.214 1.74 2.12 4 24.47 25.00 8 9.87 10.07 19 27.81 9 3.54 41.74 28.54 
49 5.1 1.192 1.66 2.12 4 24.02 25.00 8 9.41 9.54 18 26.85 9 3.54 41.21 28.54 
50 5.25 1.17 1.59 1.59 3 23.82 25.00 8 8.96 9.01 17 30.37 10 3.01 43.27 28.01 
51 5.4 1.148 1.59 1.59 3 23.36 25.00 8 8.48 8.48 16 29.18 10 3.01 42.74 28.01 
52 5.55 1.125 1.59 1.59 3 22.89 25.00 8 7.99 8.48 16 28.44 10 3.01 42.74 28.01 
53 5.7 1.103 1.59 1.59 3 22.41 25.00 8 7.50 7.95 15 27.25 9 3.01 39.09 28.01 
54 5.85 1.081 1.59 1.59 3 21.94 25.00 8 7.01 7.42 14 26.06 9 3.01 38.56 28.01 
55 6 1.058 1.59 1.59 3 21.47 21.88 7 6.51 6.89 13 24.86 8 3.01 34.90 24.89 
56 6.15 1.035 1.59 1.59 3 20.98 21.88 7 6.01 6.36 12 23.64 8 3.01 34.37 24.89 
57 6.3 1.012 1.59 1.59 3 20.50 21.88 7 5.51 5.83 11 22.41 8 3.01 33.84 24.89 
58 6.45 0.989 1.59 1.59 3 20.01 21.88 7 5.00 5.30 10 21.17 7 3.01 30.19 24.89 
59 6.6 0.966 1.59 1.59 3 19.53 21.88 7 4.50 4.77 9 19.92 7 3.01 29.66 24.89 
60 6.75 0.943 1.59 1.59 3 19.04 21.88 7 3.99 4.24 8 18.65 6 3.01 26.00 24.89 
61 6.9 0.92 1.59 1.59 3 18.56 18.75 6 3.49 3.71 7 17.37 6 3.01 25.47 21.76 
62 7.05 0.896 1.59 1.59 3 18.05 18.75 6 3.01 3.18 6 16.05 6 3.01 24.94 21.76 
63 7.2 0.872 1.59 1.59 3 17.55 18.75 6 2.53 2.65 5 14.71 5 3.01 21.29 21.76 
64 7.35 0.848 1.59 1.59 3 17.04 18.75 6 2.06 2.12 4 13.35 5 3.01 20.76 21.76 
65 7.5 0.824 1.59 1.59 3 16.54 18.75 6 1.61 2.12 4 12.91 5 3.01 20.76 21.76 
66 7.65 0.8 1.59 1.59 3 16.03 18.75 6 1.18 1.59 3 11.57 4 3.01 17.10 21.76 
67 7.8 0.776 1.59 1.59 3 15.53 15.63 5 0.77 1.06 2 10.25 4 3.01 16.57 18.64 
68 7.95 0.751 1.59 1.59 3 15.00 15.63 5 0.40 0.53 1 9.20 3 3.01 12.92 18.64 
69 8.1 0.726 1.59 1.59 3 14.47 15.63 5 0.41 0.53 1 8.86 3 3.01 12.92 18.64 
70 8.25 0.701 1.59 1.59 3 13.95 15.63 5 0.50 0.53 1 8.52 3 3.01 12.92 18.64 
71 8.4 0.676 1.59 1.59 3 13.42 15.63 5 0.41 0.53 1 8.17 3 3.01 12.92 18.64 
72 8.55 0.651 1.59 1.59 3 12.89 15.63 5 0.58 1.06 2 8.38 3 3.01 13.45 18.64 
73 8.7 0.626 1.59 1.59 3 12.37 12.50 4 0.57 1.06 2 8.00 3 3.01 13.45 15.51 
74 8.85 0.601 1.59 1.59 3 11.84 12.50 4 0.65 1.06 2 7.63 3 3.01 13.45 15.51 
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Appendix C 

Design Thickness Requirement for Composite Laminate at Different Blade Sections 

 
radius chord twist m Iyy Ixx     x_cg x_ea GJ EA EIlag EIflap 
(m) (m)    (deg) kg/m kg-m kg-m (m) (m) MN-m2 MN MN-m2 MN-m2 

0 0.8 12.86 204.67 1.28E+01 1.47E+01 0 0 7.09E+07 3.17E+09 2.52E+08 2.43E+08 
0.075 0.823 12.86 208.4 1.37E+01 1.50E+01 -0.003 -0.003 7.37E+07 3.21E+09 2.69E+08 2.47E+08 
0.15 0.847 12.86 211.61 1.45E+01 1.51E+01 -0.007 -0.007 7.60E+07 3.24E+09 2.84E+08 2.47E+08 
0.225 0.871 12.86 214.67 1.54E+01 1.51E+01 -0.01 -0.01 7.81E+07 3.27E+09 3.00E+08 2.46E+08 
0.3 0.894 12.86 217.58 1.63E+01 1.50E+01 -0.014 -0.014 8.00E+07 3.30E+09 3.15E+08 2.44E+08 
0.375 0.95 12.86 225.16 1.87E+01 1.55E+01 -0.024 -0.024 8.70E+07 3.40E+09 3.59E+08 2.50E+08 
0.45 1.006 12.86 233.16 2.12E+01 1.56E+01 -0.035 -0.035 9.33E+07 3.48E+09 4.03E+08 2.49E+08 
0.525 1.062 12.86 170.33 5.00E+00 8.13E+00 0.054 0.076 5.42E+07 2.56E+09 1.12E+08 1.70E+08 
0.6 1.118 12.86 157 4.98E+00 7.25E+00 0.045 0.069 5.11E+07 2.34E+09 1.11E+08 1.48E+08 
0.675 1.185 12.86 143.82 4.96E+00 6.64E+00 0.032 0.058 4.92E+07 2.07E+09 1.10E+08 1.30E+08 
0.75 1.252 12.86 132.24 4.92E+00 6.00E+00 0.017 0.045 4.68E+07 1.83E+09 1.07E+08 1.12E+08 
0.825 1.319 12.86 114.73 4.64E+00 4.97E+00 0.004 0.032 3.95E+07 1.52E+09 9.56E+07 8.82E+07 
0.9 1.386 12.86 100.4 4.28E+00 4.05E+00 -0.014 0.017 3.47E+07 1.25E+09 8.55E+07 6.72E+07 
0.975 1.442 12.86 102.79 4.51E+00 3.96E+00 -0.03 0.003 3.66E+07 1.25E+09 9.15E+07 6.45E+07 
1.05 1.498 12.86 102.57 4.58E+00 3.80E+00 -0.047 -0.013 3.82E+07 1.22E+09 9.53E+07 6.00E+07 
1.125 1.554 12.86 103.84 4.65E+00 3.60E+00 -0.066 -0.029 4.01E+07 1.22E+09 1.01E+08 5.62E+07 
1.2 1.61 12.86 105.25 4.70E+00 3.38E+00 -0.085 -0.047 4.21E+07 1.22E+09 1.06E+08 5.17E+07 
1.275 1.633 12.86 105.32 4.66E+00 3.24E+00 -0.094 -0.054 4.28E+07 1.21E+09 1.08E+08 4.94E+07 
1.35 1.657 12.86 105.35 4.60E+00 3.10E+00 -0.102 -0.062 4.36E+07 1.21E+09 1.10E+08 4.70E+07 
1.425 1.681 12.86 106.24 4.58E+00 2.97E+00 -0.111 -0.07 4.44E+07 1.21E+09 1.12E+08 4.45E+07 
1.5 1.704 12.86 108.87 4.61E+00 2.86E+00 -0.119 -0.077 4.56E+07 1.24E+09 1.16E+08 4.30E+07 
1.575 1.694 12.53 107.1 4.48E+00 2.72E+00 -0.118 -0.076 4.44E+07 1.23E+09 1.13E+08 4.09E+07 
1.65 1.683 12.2 105.97 4.35E+00 2.59E+00 -0.117 -0.075 4.32E+07 1.21E+09 1.10E+08 3.89E+07 
1.725 1.673 11.87 108.92 4.05E+00 2.54E+00 -0.122 -0.077 4.75E+07 1.26E+09 1.15E+08 3.84E+07 
1.8 1.662 11.54 107.65 3.91E+00 2.40E+00 -0.121 -0.076 4.62E+07 1.24E+09 1.12E+08 3.62E+07 
1.875 1.651 11.265 108.63 3.93E+00 2.34E+00 -0.119 -0.075 4.54E+07 1.26E+09 1.11E+08 3.57E+07 
1.95 1.64 10.99 107.57 3.81E+00 2.24E+00 -0.118 -0.074 4.42E+07 1.25E+09 1.09E+08 3.41E+07 
2.025 1.63 10.715 106.51 3.70E+00 2.14E+00 -0.118 -0.074 4.31E+07 1.24E+09 1.06E+08 3.26E+07 
2.1 1.619 10.44 105.46 3.59E+00 2.05E+00 -0.117 -0.073 4.20E+07 1.22E+09 1.03E+08 3.11E+07 
2.25 1.598 9.97 103.75 3.42E+00 1.92E+00 -0.116 -0.072 4.02E+07 1.20E+09 9.84E+07 2.91E+07 
2.4 1.577 9.5 102.8 3.28E+00 1.77E+00 -0.113 -0.07 3.85E+07 1.21E+09 9.54E+07 2.72E+07 
2.55 1.556 9.105 98.97 3.05E+00 1.66E+00 -0.113 -0.07 3.67E+07 1.16E+09 8.96E+07 2.54E+07 
2.7 1.534 8.71 97.6 2.93E+00 1.59E+00 -0.112 -0.069 3.52E+07 1.14E+09 8.59E+07 2.43E+07 
2.85 1.513 8.365 94.46 2.71E+00 1.49E+00 -0.111 -0.068 3.35E+07 1.09E+09 8.06E+07 2.26E+07 
3 1.492 8.02 90.61 2.78E+00 1.40E+00 -0.104 -0.064 2.86E+07 1.06E+09 7.34E+07 2.15E+07 
3.15 1.471 7.725 86.87 2.54E+00 1.30E+00 -0.104 -0.064 2.72E+07 1.01E+09 6.87E+07 2.00E+07 
3.3 1.45 7.43 83.9 2.35E+00 1.22E+00 -0.104 -0.064 2.58E+07 9.67E+08 6.42E+07 1.85E+07 
3.45 1.429 7.17 82.66 2.24E+00 1.17E+00 -0.103 -0.063 2.46E+07 9.53E+08 6.14E+07 1.77E+07 
3.6 1.407 6.91 79.74 2.07E+00 1.09E+00 -0.102 -0.063 2.33E+07 9.08E+08 5.72E+07 1.63E+07 
3.75 1.386 6.68 75.71 1.88E+00 1.00E+00 -0.103 -0.062 2.21E+07 8.63E+08 5.33E+07 1.50E+07 
3.9 1.365 6.45 74.56 1.79E+00 9.58E-01 -0.101 -0.062 2.11E+07 8.50E+08 5.09E+07 1.43E+07 
4.05 1.344 6.245 71.78 1.64E+00 8.90E-01 -0.101 -0.061 1.99E+07 8.07E+08 4.73E+07 1.32E+07 
4.2 1.322 6.04 66.81 1.62E+00 8.07E-01 -0.095 -0.058 1.64E+07 7.50E+08 4.12E+07 1.19E+07 
4.35 1.301 5.86 64.17 1.48E+00 7.48E-01 -0.095 -0.058 1.54E+07 7.09E+08 3.81E+07 1.09E+07 
4.5 1.279 5.68 62.49 1.39E+00 7.03E-01 -0.094 -0.057 1.47E+07 6.97E+08 3.62E+07 1.04E+07 
4.65 1.257 5.515 59.92 1.26E+00 6.48E-01 -0.093 -0.057 1.38E+07 6.57E+08 3.33E+07 9.42E+06 
4.8 1.235 5.35 56.94 1.15E+00 5.97E-01 -0.093 -0.056 1.29E+07 6.18E+08 3.06E+07 8.54E+06 
4.95 1.214 5.2 53.91 1.02E+00 5.42E-01 -0.094 -0.056 1.21E+07 5.81E+08 2.81E+07 7.73E+06 
5.1 1.192 5.05 51.54 9.14E-01 4.98E-01 -0.094 -0.056 1.13E+07 5.44E+08 2.58E+07 6.97E+06 
5.25 1.17 4.91 47.2 9.09E-01 4.42E-01 -0.087 -0.052 8.90E+06 4.95E+08 2.17E+07 6.17E+06 
5.4 1.148 4.77 44.95 8.16E-01 4.03E-01 -0.087 -0.052 8.28E+06 4.60E+08 1.97E+07 5.51E+06 
5.55 1.125 4.64 44.07 7.69E-01 3.80E-01 -0.086 -0.051 7.80E+06 4.51E+08 1.85E+07 5.19E+06 
5.7 1.103 4.51 41.33 6.69E-01 3.40E-01 -0.086 -0.051 7.24E+06 4.17E+08 1.68E+07 4.61E+06 
5.85 1.081 4.385 39.2 5.92E-01 3.07E-01 -0.086 -0.051 6.70E+06 3.85E+08 1.51E+07 4.07E+06 
6 1.058 4.26 36.22 5.10E-01 2.73E-01 -0.087 -0.052 6.19E+06 3.53E+08 1.36E+07 3.57E+06 
6.15 1.035 4.145 34.2 4.44E-01 2.45E-01 -0.088 -0.052 5.71E+06 3.23E+08 1.21E+07 3.11E+06 
6.3 1.012 4.03 32.23 3.84E-01 2.19E-01 -0.088 -0.052 5.25E+06 2.93E+08 1.08E+07 2.69E+06 
6.45 0.989 3.915 29.84 3.17E-01 1.92E-01 -0.089 -0.053 4.82E+06 2.65E+08 9.55E+06 2.31E+06 
6.6 0.966 3.8 27.99 2.67E-01 1.70E-01 -0.09 -0.054 4.41E+06 2.37E+08 8.42E+06 1.96E+06 
6.75 0.943 3.685 25.75 2.11E-01 1.47E-01 -0.092 -0.055 4.03E+06 2.11E+08 7.39E+06 1.65E+06 
6.9 0.92 3.57 23.68 1.73E-01 1.29E-01 -0.093 -0.056 3.67E+06 1.85E+08 6.45E+06 1.37E+06 
7.05 0.896 3.46 21.99 1.36E-01 1.13E-01 -0.094 -0.058 3.32E+06 1.60E+08 5.57E+06 1.12E+06 
7.2 0.872 3.35 19.94 9.29E-02 9.50E-02 -0.097 -0.061 2.99E+06 1.37E+08 4.77E+06 8.91E+05 
7.35 0.848 3.24 18.38 6.34E-02 8.17E-02 -0.098 -0.065 2.69E+06 1.14E+08 4.05E+06 6.93E+05 
7.5 0.824 3.13 17.86 5.81E-02 7.49E-02 -0.095 -0.063 2.46E+06 1.11E+08 3.72E+06 6.36E+05 
7.65 0.8 3.015 16 2.58E-02 6.18E-02 -0.099 -0.068 2.19E+06 8.99E+07 3.11E+06 4.76E+05 
7.8 0.776 2.9 14.31 7.61E-03 5.21E-02 -0.101 -0.077 1.92E+06 7.00E+07 2.56E+06 3.38E+05 
7.95 0.751 2.785 12.59 -1.86E-02 4.17E-02 -0.106 -0.091 1.64E+06 5.11E+07 2.04E+06 2.19E+05 
8.1 0.726 2.67 12.17 -1.68E-02 3.76E-02 -0.103 -0.088 1.48E+06 4.94E+07 1.84E+06 1.98E+05 
8.25 0.701 2.55 11.75 -1.51E-02 3.38E-02 -0.099 -0.085 1.33E+06 4.77E+07 1.66E+06 1.78E+05 
8.4 0.676 2.43 11.33 -1.36E-02 3.03E-02 -0.096 -0.082 1.19E+06 4.60E+07 1.49E+06 1.59E+05 
8.55 0.651 2.305 11.69 -1.49E-04 2.96E-02 -0.087 -0.065 1.13E+06 5.87E+07 1.51E+06 1.98E+05 
8.7 0.626 2.18 11.01 1.49E-03 2.63E-02 -0.084 -0.062 1.01E+06 5.65E+07 1.34E+06 1.76E+05 
8.85 0.601 2.06 10.57 1.32E-03 2.32E-02 -0.08 -0.06 8.92E+05 5.42E+07 1.19E+06 1.56E+05 
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Appendix D 

Blade Element Momentum Theory 

 
clc 
clear 
 
p = 1025; %kg/m3   %Fluid density 
Vi =; %m/s    %Free flow velocity 
a =0; %Intitalizing constants 
ap= 0; %Intitaslizing constants 
w = 1.2042777; %rad/s %angular velocity 
R = 10; %rotor radius 
sl = 8.85; %span length 
r = [0.885, 1.77, 2.655, 3.54, 4.425, 5.31, 6.195, 7.08, 7.965, 8.85];% blade radial 
position 
% Cl = [1.1,0.49,0.81,0.84,0.825,0.76,0.71,0.65,0.59,0.52]; % lift coefficient 
% Cd = [0.2,0.041,0.05,0.0515,0.0495,0.048,0.0462,0.0445,0.043,0.041]; %drag 
coefficient 
Cr = [1.386,1.662,1.534,1.407,1.301,1.17,1.035,0.896,0.751,0.601]; %chord length at 
radial position 
 
 
%S = Spanlength*Chordlength %Surface area 
Chordlength = [0.8, 0.823 , 0.847, 0.871, 0.894, 0.95, 1.006, 1.062, 1.118, 
1.185,1.252,1.319,1.386,1.442,1.498,1.554,1.61,1.633,1.657,1.681,1.704,1.694,1.683,1.
673,1.662,1.651,1.64,1.63,1.619,1.598,1.577,1.556,1.534,1.513,1.492,1.471,1.45,1.429,
1.407,1.386,1.365,1.344,1.322,1.301,1.279,1.257,1.235,1.214,1.192,1.17,1.148,1.125,1.
103,1.081,1.058,1.035,1.012,0.989,0.966,0.943,0.92,0.896,0.872,0.848,0.824,0.8,0.776,
0.751,0.726,0.701,0.676,0.651,0.626,0.601]; 
S = sl*Chordlength; 
% L =0.5*p*(vrel^2)*S*Cl; %Lift force 
% D =0.5*p*(vrel^2)*S*Cd;%Drag force 
 
            
            %theta = thetap + beta %thetap negligible %Local pitch 
            %beta = pitch angle + twist angle (0+twist angle) = twist angle 
 
beta = [12.86 12.86 12.86 12.86 12.86 12.86 12.86 12.86 12.86 12.86 12.86 12.86 12.86 
12.86 12.86 12.86 12.86 12.86 12.86 12.86 12.86 12.86 12.53 12.2 11.87 11.54 11.265 
10.99 10.715 10.44 9.97 9.5 9.105 8.71 8.365 8.02 7.725 7.437*.17 6.91 6.68 6.45 
6.245 6.04 5.86 5.68 5.515 5.35 5.2 5.05 4.91 4.77 4.64 4.51 4.385 4.26 4.145 4.03 
3.915 3.8 3.685 3.57 3.46 3.35 3.24 3.13 3.015 2.9 2.785 2.67 2.55 2.43 2.305 2.18 
2.06]; 
            
theta = beta*pi/180; 
 
beta_p = [12.86, 11.54, 8.71, 6.91, 5.86, 4.91, 4.145, 3.46, 2.785, 2.06]; 
 
theta_p = beta_p*pi/180;   
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B =3; % number of blades 
%r(1); 
 
for j = 1:10 
     
        if j == 1 
            dr = r(j); 
        else 
            dr = r(j)-r(j-1); 
        end 
           
        for i = 1:10 
                            
            vrel = sqrt( (Vi*(1-a))^2 + (w*r(j)*(1+ap))^2 ); %relative velocity   % 
changes Vrel formula 
            % for  1st blade radial Positions only 
            phi = atan( (1-a)*Vi / ((1+ap)*w*r(j)) );% Flow angle 
            alpha = phi - theta_p(j); %Angle of attack 
 
            [Cd,Cl] = get_Coeff(alpha); 
 
            S_p = dr*Cr(j);  
            L_p =0.5*p*(vrel^2)*S_p*Cl; %Lift force 
            D_p =0.5*p*(vrel^2)*S_p*Cd;%Drag force 
            
            % for raidial positions only 
            Fn_p(j) = L_p*cos(phi) + D_p*sin(phi); 
            Ft_p(j) = L_p*sin(phi) - D_p*cos(phi); 
             
            f = (B/2)*((R-r(j)) /(r(j)*sin(phi)) ); 
            F = (2/pi)* (acos(exp(-f))); %Prandtl's correction factor 
      
            %Cn = Fn_p(j)/(0.5*p*(vrel^2)* Cr(j)); 
            %Ct = Ft_p(j)/(0.5*p*(vrel^2)* Cr(j)); 
            Cn = Cl*cos(phi)+Cd*sin(phi); 
            Ct = Cl*sin(phi)+Cd*cos(phi); 
            o = (Cr(j)*B) / (2*pi*r(j)); 
            oct= o*Ct; 
            ocn = o*Cn; 
            ap_new = 1/( (4*F*sin(phi)*cos(phi)/oct) -1); 
            ac=0.2; 
            if a <= ac 
                           
                a_new = 1/( (4*F*(sin(phi)^2)/ocn) +1 ); 
                         
            else 
                K =  4*F*(sin(phi)^2)/(ocn); 
                %a_new = (0.5*(2+K*(1-(2*ac))-(sqrt(((K*(1-(2*ac))+2)^2))) + 
(4*(K*(ac^2)-1)))); 
                a_new = 0.5*(2+K*(1-2*ac)-sqrt( (K*(1-2*ac)+2)^2 + 4*(K*(ac^2)-1) ) 
); 
            end 
                             
            diff(j,i) = abs(a_new-a); 
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            diff2(j,i) = abs(ap_new-ap); 
             
         
                   %check tolerance              
            a=a_new; 
            ap = ap_new; 
            %plot(diff); 
            i=i+1; 
        end 
        %Fn_p(j) = L_p*cos(phi) + D_p*sin(phi); 
        %Ft_p(j) = L_p*sin(phi) - D_p*cos(phi); 
        A(j) = a; 
        Ap(j) = ap; 
        aof(j) = alpha;     
        j= j+1; 
        a=0; 
        ap=0; 
                
end 
Difference = diff(); 
Fn_p 
Ft_p; 
aof; %radians 
Ad = aof*180/pi;%degrees 
A; 
Ap; 
 
for i = 1:10; 
    if i == 1 
        Mn_p(i) = Fn_p(i)*r(i); 
        
    else 
        Mn_p(i) = Fn_p(i)*r(i) + Mn_p(i-1); 
         
    end 
end 
%Mt_p 
Mo = -Mn_p(10) % Summation of Moments considered from zero point 
F_sum = sum(Fn_p); % Sum of all the forces 
Fo = -F_sum ;% Force in the negative direction at zero point 
 
% Moment with respect to specific radial position 
for i = 1:10 
    if i == 1 
        Moment(i) = 0; 
    else 
        for j= 2:10 
            if i >=j 
                Moment_a(j) = Fn_p(j-1)*(r(i)-r(j-1)); 
            end 
        end 
    end 
    for k = 2:10 
        if i >=k 
            Moment(i) = sum(Moment_a()); 
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        end 
    end 
end 
 
Moment 
 
for i = 1:10  
    MVo(i) = -Fo*r(i); 
end 
 
MVo; 
for i = 1:10 
    MomentDistribution(i) = MVo(i) + Mo - Moment(i); 
end 
  
MomentDistribution 
 
plot(r,MomentDistribution) 
xlabel('Radial Position (m)','fontweight','bold') 
ylabel('Flapwise Moment (N-m)','fontweight','bold') 
 
 
%plot(r,Ft_p) 
% plot(r,M) 
%plot(r, M) 

 

 

Function get_Coeff: 

 
%% FUNCTIONS %% 
% CALCULATION OF Cd and Cl 
function [Cd,Cl] = get_Coeff(alpha) 
    if alpha < 0.28 
       %Cl = 0.0713*alpha + 0.4367; 
       Cl = 0.4+3.85*alpha; 
    else 
       %Cl= -0.015*alpha + 1.6767; 
       Cl = 1.48; 
    end 
%     Cd = 0.0122*alpha + 0.0112; 
    Cd = 0.1; 
end 

 

 
 

 


