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Abstract

Wind turbines are one of the non-conventional source of energy. Since the design of the blades
greatly affects the amount of energy that can be harvested, the rotor is an essential component
in the development of wind power plants. In present work, small-scale HAWT of 5 kW was
analysed. Four distinct types of aerofoils: NACA 63(4)-421, NACA 2421, LS (1)-0417, and
LS (1)-0421, were each investigated for their aerodynamic performance and NACA 63(4)-421
was selected for the analysis due to its better performance comparing to other profiles.
Sustainable materials were examined and flax/Polypropylene composite of 40 % fibre volume
fraction was selected because of its high fatigue strength comparing to others like hemp, jute
composites. The orthographic properties of the composite was defined. Various form of the
load acting on the turbine blade along with consequential stress developed on the turbine blade
were studied in line with IEC 61400-2 load condition. Among different load cases, parking
load condition was considered for blade analysis and calculation of fatigue life. The geometry
of wind turbine blade was created in SolidWorks and the finite element model of blade was
analysed in ANSY'S software. Structural and fatigue failure analysis was performed iteratively
by varying the shell thickness to achieve a blade that satisfied the recommended safety factor.
As the blade rotates the forces acting on it varies due to the change in direction of gravitational
load with varying blade position. So, the blade was analysed at three different position of blade
i.e. horizontal, topmost and bottommost to determine the fatigue life, accumulated damage and
safety factor. Finally, result obtained from the ANSY'S was compared with the value obtained

from simple load model.

Keywords: Wind turbines, NACA 63(4)-421, NACA 2421, LS (1)-0417, LS (1)-0421,
SolidWorks, ANSYS, IEC 61400-2, static analysis, fatigue analysis, safety factor
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1.0 Introduction

Background

Due to the ongoing fossil fuels depletion and the consequences of emissions on climate change,
renewable energy is becoming increasingly important. Natural calamities induced by rising
temperatures are growing in recent years, and as international environmental rules have been
strengthened, eco-friendly technology that can cut CO, emissions are arising. Energy providers
have invested in the development of wind turbines as they recognise the potential of wind
energy. Only wind energy has grown more rapidly than anticipated among all renewable energy
sources. In comparison to other renewable resources, wind energy has several benefits, such as
relatively mature technology, cheaper, and wide range of resources. Furthermore, unlike solar
energy, the utilisation is not influenced by environmental conditions like climate change and
weather condition. The pace of growth in wind generating capacity over a 20-year period is
seen in Figure 1. Globally, wind turbine of 837 GW capacity was installed by the end of
2021(IEA World Energy Outlook, 2021). By 2050, it is anticipated that onshore wind power
generation capacity will reach around 5000 GW (lIrena, 2019) while offshore wind power

generating capacity will be about 1400 GW.

(Source: GWEC — Global Wind Energy Council)
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Figure 1: Total installed global wind power capacity from 2001 to 2021

Engineers invented the wind turbine for the energy extraction from wind. Wind turbines

generate mechanical energy from moving air without using fossil fuels (Cao, 2011). Due to the

1
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advancement in technology there is rapid growth in the energy generation from the wind.
During design, several wind turbine components must be considered, including the tower,
rotors, hub, and base designs. Today's taller turbines can harvest more wind at higher heights
economically because of new developments in taller towers construction using stronger, lighter
materials and better turbine design methods. The latest generation of wind turbine blades may
reach 100 metres in length because of the use of composite materials, which has reduced the
cost of energy production and increased turbine efficiency. It is essential to keep enhancing the
wind turbine's design in order to maximise energy production and reduce costs.

The turbine wheels, tower, generator, driven chain, control system, and other essential
components comprise a wind turbine. The great majority of current wind farm components are
made up of materials like steel, iron, copper and aluminium which are recoverable and
recyclable. However, about 10-16% of the total wind turbine mass is made up of glass fibre
composites or carbon fibre which are hazardous, expensive to produce, and tough to get rid of
when a product's usable life has expired (Mishnaevsky et al., 2017). The use of naturally
sourced fibres is gaining increasing research interest in the designing and manufacturing of
composites for the rotor blades (Verpoest, 2012). Natural fibres have several benefits over glass
and carbon fibre composites, including their great availability and sustainability, their capacity
for recycling, and their relative affordability (Bensadoun et al., 2016). Significant experimental
research have been conducted in recent years to examine the properties of natural fibre.
However, there has been minimal investigation into using natural composites for structural
design. Incineration, disposal, and recycling of synthetic composite materials are increasing
the need to use more easily recyclable materials in wind turbine blades from the start of the

design process.

Due to unavoidable sky high electricity bill, wind energy is gaining popularity in small scale
systems to improve the energy independence and to promote the local economy (UCL, 2022).
Small wind turbines are intended for use in home, agricultural, small commercial, and certain
industrial purposes. They are normally less than 50 kW in size, however they may reach
capacities of 250 kW. Unlike large HAWTS, small HAWTs are built for power production
without the influence of varying wind speed (Muhsen, Al-Kouz and Khan, 2019). Since small
HAWTSs perform poorly compared to large wind turbines, designing one needs a thorough
understanding of the design parameters. The performance of the small HAWT is restricted by
the workable state at less wind velocity and blade dimensions, resulting in a low Reynolds

number and the possibility of viscoelastic separation on the blade (Singh and Ahmed, 2013).
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The tiny size, fluctuating wind speed, and rapid rotating speed of small HAWT make them
vulnerable to fatigue especially in urban environments (Song et al., 2018). As a result, it's
critical to perform careful analysis of aerodynamic performance as well as static and fatigue
analysis during blade design (Sarkar et al., 2019).

1.1 Aims & Objectives
Aims:

The primary goal of this thesis is to conduct an aerodynamic study of the rotor blades for a
small horizontal axis wind turbine with a power output of 5 kW made of natural flax fibre and
polypropylene composite. To assess the structural integrity of the blade, the blade was
modelled in SolidWorks and static and fatigue analyses were done using the finite element
method with ANSYSS.

Objectives:
The main objectives of this report are as follows:

1. To carry out the aerodynamic performance analysis of different aerofoils.

2. To select the specific proper aerofoil with maximum lift-drag ratios.

3. To derive optimal aerodynamic parameters essential for blade design using BEM
theory.

4. To calculate the material properties for composite blade.

5. To design the blade and carry out the structural and fatigue analysis.

6. To determine structural and fatigue damage safe optimal blade thickness.

1.2 Overview of the report

This work comprises of five chapters in total. In first chapter, an overview and current status
of wind turbine, the main aims and objectives as well as the overview of the thesis was defined.
In second chapter, literature review was done to investigate more about aerodynamic
performance analysis, geometry creation, load definition, material selection and the failures
occurring on the blade. Third chapter contains the methodology used for the present work. With
the investigation of rotor design parameter, comparison was made between four selected
aerofoils: NACA 63(4)-421, NACA 2421, LS (1)-0417 mod, and LS (1)-0421 mod to have the
one with better aerodynamic performance. Following that suitable natural flax fibre and
Polypropylene polymer matrix composite was selected, CAD geometry was created, and

analysis was performed with material definition at different load condition. The result from the

3
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analysis in FEM software was evaluated with different thickness of aerofoil shell to comply
with safety limits. Chapter four and five and six, summarised the main findings and discuss

potential ideas for future work in relation to the research and analysis.

2.0 Literature Review and Background Theory

A wind turbine is a rotating device that uses an electric generator, gear drive, and motor rotor
to transform the kinetic energy of the wind into electrical energy (Cao, 2011). There are
multitude of factors from aerodynamics to material selection to structural and fatigue
optimization that influence the effective design of wind turbine. In this chapter, literature

review was done to investigate more about those influencing factors.

2.1 Wind turbines Classification

The location of the shaft and the rotating axis of the blades determine the first categorization
of wind turbines. It is divided into vertical axis wind turbines and horizontal axis wind turbines.
Unlike VAWT, where the blade spins on an axis perpendicular to the ground, HAWT mounts
the shaft in a horizontal position parallel to the ground as shown in figure 2.

K

(a) HAWT (b) VAWT

Figure 2: Types of wind turbines according to position

Both types have a variety of designs that are available, and each kind has pros and cons. HAWT
provides a number of benefits, such as high power output, high operational wind velocity, high
reliability and low cost per unit power produced (Hyams M.A, 2012). A significant benefits of
VAWT is their electricity production capacity regardless of wind direction. Because the
generator, transmission, and other important turbine components are positioned on the ground,
there is no need for a robust supporting tower, minimising the total cost of turbine. However,
low tip speed ratio and challenging rotor speed management are responsible for the VAWT's
mainstream development being abandoned. Another shortcoming is that when initiating, the
blades of vertical-axis wind turbines must be rotated by an external energy source (Dominy et
al., 2007). Only one end of the wind turbine's axis is supported at the ground, which
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restricts maximum feasible hub height (Tong, 2011). Also, the wind power efficiency of

VAWT is inferior comparing to HAWT which make it less commercially available.

2.2 Wind turbine design parameters

The distribution of chord and twist angle of each blade sections are highly influenced by the
operating parameters as well as the blade aerofoil. The design wind speed, operational span of
Reynolds numbers, the design power coefficient, rotor tip speed ratio and attack angle are a

few of these crucial characteristics (Tenghiri et al., 2018).

2.2.1 Wind speed

Power that can be extracted from wind is directly proportional to cube of wind speed which
makes wind speed as the critical characteristic in the generation of power. In reality, wind speed
fluctuates throughout time and location, depending on a variety of factors such as geography
and weather. As wind speed is an unpredictable characteristic, observed wind speed data is
generally analysed statistically Tong, 2011). There is no standard connection to anticipate the
annual mean wind velocity variation because it strongly relies on a few selected areas. Design
wind speed is the wind speed over which the rotor of a wind turbine spins with maximum
power coefficient. The annual mean wind speed, Vamws, should be 1.4 times the design wind
speed, Vdesign, @S sShown in equation [1], in accordance with the IEC 61400-2 standard (IRENA,
2019).

Vesign = 1.4 Vamws [1]

2.2.2 Number of Blades

The essential parameter for the design of turbine is blade number as it impacts the power output
and the blade speed (Muhsen, Al-Kouz and Khan, 2019). The amount of energy that can be
collected from the wind directly relates to the swept area of the blade; consequently, the number
of blades has a direct influence on power output. As blade number increases drag force
increases due to more resistance to wind flow causing the reduction in rotational speed of
blades. Thus, power generation will be greater with the turbine having minimal blades. The
HAWT usually has three blades. Wind turbine with one blade will have less drag and maximum
efficiency but it is not practically possible as it causes imbalance (Kerrigan,2018). In two
bladed turbine there will be an unstable torque occurring at the centre of the blade which made
it more prone to the vibration leading to sudden damage (Adeseye Adeyeye, ljumba and
Colton, 2021). With the three and higher blade number the mechanical characteristics of turbine
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will remain same in practice for every possible orientation of blade. On a certain size turbine,
a maximum of four blades will result in higher power production. But, it results in excessive
manufacturing cost than three bladed turbines (Wang and Chen, 2008). Because of these
reasons, three-bladed turbine provides the perfect balance of high power production, excellent
stability, light weight, and turbine longevity. Figure 3 shows how the blade number will impact

on the wind turbine performance along with the performance of VAWT comparing to HAWT.

2.2.3 Tip speed ratio

It is the ratio of tangential wind velocity at the tip of the blade to the actual wind velocity.
Efficiency is correlated with the tip speed ratio, with the optimal value varied with blade design.
Three bladed wind turbine with high efficiency usually have tip speed ratio of 6 to 7 (Tabesh
and Iravani, 2006). Higher tip speed ratios produce more noise and necessitate stronger blades
owing to greater centrifugal forces. The structure will be at the risk of failure due to high
stresses on blade. If the tip speed ratio is too low the blade will often slow down or stall (Singh
and Ahmed, 2013). The attack angle that produces the best L/D ratio is optimal. Because the
angle at which the wind hits the blade is determined by the velocity and wind direction, there

is an optimal tip-speed ratio (Tenghiri et al., 2018) which is given by equation [2].

Blade tip speed _ R

TSR = 2]

Actual wind speed B Vhub

Where, o is the rotational speed of the blade in radian/second, R is the rotor radius in meters

and Vo is the wind speed at hub height in meters per second.

2.2.4 Power coefficient

According to the Betz coefficient, the highest proportion of energy that may be collected from
an undisturbed wind stream is 59.3 percent (Adaramola, 2021). Due to numerous losses caused
by blade surface roughness, friction, and mechanical degradation, only around 35 to 45 percent
of the energy can be drawn in practice (Rao, 2019). The Betz limit is an idealisation and a
design objective that engineers aim to achieve while creating a turbine. It is the ratio of the
power recovered by the turbine to the total energy available in the wind stream as shown in

equation [3].

P P
(r=7=1. [3]

P lpavs

Where, ‘p’ is the density of air, ‘A’ is swept area and ‘V’ is the design velocity.
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The tip speed ratio and blade pitch often affect power coefficient. Considering pitch angle as
zero, the plot between tip speed ratio and power coefficient for vertical wind turbine and

horizontal wind turbine of different blade numbers (Hau,2013) can be seen in the figure 3.
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Figure 3: Rotor power versus tip speed ratio

2.2.5 Non-dimensional parameters

The use of non-dimensional parameters to characterise aerodynamics issues has been
demonstrated through theory and investigation. The most essential parameter for fluid flow
characterization is the Reynold number. Small-scale wind turbines behave aerodynamically
quite dissimilar from large-scale wind turbines (Karthikeyan and Suthakar, 2016). An
aerofoil’s Reynolds number has a significant impact on how well a wind turbine performs

aerodynamically and is calculated by equation [4] as:
Re = — [4]

Where, ‘Re’ is Reynold’s Number, ‘V’ denotes freestream wind velocity, ‘¢’ represents chord
length and v’ is kinematic viscosity of air; 1.511*10° m?/s. Small-scale wind turbines perform

better with lower Reynolds numbers comparing to the large-scale wind turbines. Furthermore,
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when the Reynolds number decreases, the peak lift coefficient decreases, while the drag
coefficient marginally increases, indicating a rapid decrease in the L/D ratio, resulting in
insufficient effectiveness for smaller horizontal axis wind turbines (Kishore, Coudron and
Priya, 2013). The design of a small wind turbine with stall regulation should thus use an aerofoil
shape with the greatest L/D ratio.

In most cases, rotors design make the use of two-dimensional coefficients that have been
established through wind tunnel testing at a variety of angles of attack and Reynolds numbers
(Hau,2006). The two dimensional lift and drag coefficient is calculated using equation [5] and
[6] as:

L

=1 [5]
D
=1 [6]

Where, ‘p’ is the density of material, “V’ is undisturbed air velocity and ‘A’ is projected area
of blade span. The power output generated by the turbine is determined by aerodynamic lift
force acting perpendicular to the direction of flow, and it is critical to optimise this value using
the suitable design. A resistive force called drag that opposed the blade motion needs to be
minimised. Thus, one of the most important factors is the L/D ratio, which should be more than
30 for rotor blade design (Griffiths, 1977).

Although it is difficult to forecast the lift and drag coefficients numerically, tools such as
JAVAFOIL and XFOIL are freely accessible to precisely simulate the aerofoil with the absence
of post stall, huge attack angles, and the conditions of aerodynamic thickness (Adaramola,
2021).

2.2.6 Blade aerofoil

Variety of parameters are used for the characterization of aerofoil. The mean camber line is the
locus of points located midway between the top and bottom surfaces of the aerofoil. The most
forward and backward locations of the mean camber line are found on the leading and trailing
edges, respectively. The aerofoil's leading and trailing edges are connected by a straight line
known as the chord line. The distance between the leading and trailing edges of an aerofoil, as
measured along its chord line, is known as its chord. The maximum thickness is defined as the

largest distance between the top and bottom surfaces, determined normal to the chord line.
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Angle of attack is the angular relationship between the chord line and the relative wind.
(Manwell et al. 2010).

angle of attack _
chord line

o A I camber line
'f _ r ! T
. _— |II - .-\--""-.
relative wind -'-'F-—- T e
= —— g
e I|I e -""FI‘- """--_____“r H"a..___‘
--__ur__—— ) — — -""-. T
/ e el
max. thickness | s, T

max. camber i

:

Figure 4: Aerofoil cross-section

The angle of attack with greatest L/D ratio is often chosen as the design angle of attack.
However, the design angle of attack should be somewhat smaller than the ideal angle of attack
with high L/D ratio. This technique prevents the aerofoil from entering fast into the stall zone
with the increase in wind speed while allowing the blade to run at angles of attack that are close

to the optimal value (Tenghiri et al., 2018).

2.2.7  Blade aerodynamics

Aerodynamic is essential for the wind turbines to function effectively. When wind blows
through the aerofoil shape of the blade it produces two aerodynamic forces namely lift and
drag. The profile of an aerofoil determines the chord wise distribution of lift which has an
important role on blade aerodynamic performance (Maalawi and Badr, 2003). So, the proper
selection of aerofoil is crucial for the design to be aerodynamically efficient. In the past,
aerofoils are often evaluated experimentally using tables that correlate lift and drag at specific
angles of attack and Reynolds numbers. Aerofoil designs for wind turbines have historically
been adapted from those for aeroplanes with comparable Reynolds numbers and section
thicknesses suited for circumstances near the blade tip (Adaramola, 2021). However, due to
the variations in operating circumstances and mechanical stresses, extra considerations should

be addressed while designing aerofoil profiles particular to wind turbines.

2.2.8 Blade structure

Typically, wind turbine blades and nacelles are made of composite materials (Mishnaevsky et

al., 2017). The aerodynamic efficiency necessary to effectively collect energy from the wind
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and the strength necessary to resist the stresses on the blade are what decide the shape and size
of the wind turbine's blades (Bharambe and Bharambe, 2018). A wind turbine blade has two
faces (on the suction and pressure sides), which are joined together by one or more integral
(shear) webs connecting the bottom and top sections of the blade. Wind pressure causes the

flap wise load, while gravitational forces and torque load cause the edgewise load.

On the pressure side of the main spar, one of the principal laminates is subject to cyclic tension-
tension loads, whilst on the suction side, it is subject to cyclic compression-compression
stresses. The laminates holding the bending moments associated with gravity loads are
subjected to tension-compression loads at the leading and trailing edges. The sandwich-
structured aero shells are made to withstand the buckling in particular. Different materials
being used for various regions of the blade may be beneficial, according to the varied cyclic
loading histories that have been seen at various points on the blades. In this work, due to time
limitation, design complexity and higher simulation time requirement the spar web and the

shear cap was not considered.

Shell thickness, 5

Figure 5: Schematic of wind turbine blade

2.2.9 Wind turbine blade material

Wind turbine blade plays a vital role in the wind turbine design. For maximum torque
generation to run the generators it is essential to have an optimum cross-section of blade for
higher efficiency. The efficiency of the turbine mainly depends on the type of material used,
aerofoil shape and the angle of the blade. Therefore, the material for turbine blades should be
chosen in such a way that it can withstand bending while being light enough to have a slow
start-up speed. It should possess high stiffness, low density and longer fatigue life features
(Budynas, Nisbett and Shigley, 2020).

A wide range of synthetic materials like carbon fibre reinforced polymers, glass epoxy
composites and nanocomposites are available as blade material. Nowadays there is continuous
research underway which leads to the development towards light weight and low life cycle cost
materials. Composite materials are getting popularity due to their performance like low density

with high resistivity to impact and low cost. Both mechanical and physical properties of
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composites are better comparing to the other construction materials. Mostly glass fibre
reinforced plastic (GRP) composites, carbon filament-reinforced-plastic (CFRP) are in used
today with the continuous evolvement of turbines. But, there is scope for the improvement of
the materials considering the recyclability factor. Certain plant stem fibre like fibre extracted
from flax, jute, hemp, sisal have demonstrated significant potential to replace conventional
synthetic fibres as reinforcement in engineering composites while still being environmentally
safe and sustainable (Corbiére-Nicollier et al., 2001). Although natural fibres like jute, hemp
and from other plant stem are more susceptible to the variation in quality, high moisture take
up and low thermal stability which makes them undesirable for large turbine blades they can

still be advantageous to small wind turbine blade.

A prior study by Herrera-Franco et al. investigated at the mechanical characteristics of
henequen, a natural fibre. The mechanical behaviour of high-density polyethylene reinforced
using continuous henequen fibres was examined. (Herrera-Franco and Valadez-Gonzalez,
2004).

The study by Dong examined natural fibre reinforced hybrid composites. The usage of
hybrid/synthetic or hybrid/hybrid fibres to reinforce thermoplastic and thermoset composites
was considered. The characteristics of natural fibres, as well as the characteristics and

manufacturing of composites, were outlined (Dong, 2017).

Van den et al. investigated the effect of flax fibre physical structure on the mechanical
characteristics of flax fibre reinforced Polypropylene composites. The elasticity and the
strength of the material was determined through the experimental results and compared with

the glass mat reinforced thermoplastic (Van den, 2000).

2.2.10 Wind turbine loads cases

Location affects how well a wind turbine performs. Since wind power is directly proportional
to cube root of wind velocity, the turbine at the site with high velocity will have a tougher life
and will suffer more from wear and tear. In order to work at their best and remain reliable over
the course of their lifespan, the turbines must be designed for all weather situations.
Manufacturers construct their wind turbines for a certain wind class to avoid having creation
of too complex wind turbines that could all run reliably on all locations, regardless of how
windy it was. The design classes has been specified by IEC for the small wind turbines with a
rotor swept area less than 200 m? (Thong, 2000) which encompasses yearly average wind
speed, turbulence model and severe wind speed as shown in table 1. The blade with same
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length will have different designs to optimize the performance in high wind site and low wind

site. So the choice of wind class is essential in the early stage of blade design.

Table 1: Basic parameters for small wind turbine classes (IEC,2005)

WTGS 1 " m w S

Class

Vier (m/s) 50 42,5 | 37,5 30

Vave (m/s) 10 8.5 7.5 6 Values

to be

A hs (-) 0,18 | 0,18 | 0,18 | 0,18 specified
a(-) 2 2 2 2 by the

B hs (<) 0.16 0,16 0.16 0.16 designer
a(-) 3 3 3 3

where:

- the values apply at hub height,

L A designates the category for higher
turbulence characteristics,

. B designates the category for lower
turbulence characteristics,

L /s is the characteristic value of the
turbulence intensity at 15 m/s,

- a is the turbulence slope parameter

A wind turbine must be examined for the various loads it will face throughout the course of its
life span during the design phase. A main purpose of this is to make sure that the turbine can
bear these loads with an adequate safety margin. This task is done by examining the wind
turbine fora variety of load scenarios. Statistical models can be used for improving the process
of estimation of design load. The load cases may be built by combining appropriate wind
turbine design scenarios with diverse external variables. Basically, the design situation
comprise up of numerous operating situations. To maintain the consistency of design-load
conditions, standards have been developed by IEC. Eight alternative load situations are defined
by the International safety standard for small - scale wind turbine's which establishes the load
operating on the rotor blade. Usually extreme load condition among all the load condition (the
extreme operating gust of 50 years) is used for designing and certification process (Rao, 2019).

The table is provided in table 2.
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Table 2: IEC design cases (IEC,2005)

Design situation DLC Wind condition1) Other conditions Type of Partial
analysis safety
factors
1) Power production 1.1 NTM Vheo = Vi U N
or Vour
1.2 NTM Vin < Voub F
< Vou

1.3 ECD Vhuo = V¢

14 NWP Vhae = Ve External electrical fault
of Vou

1.5 EOG; Vhae = V, Loss of electrical v N
or Vour connection

1.6 EOGes Vhee = V: u N
or Vour

1.7 EWS Vhao = V; u N
or Vour

1.8 EDCso Vhee = V; v N
or Vour

1.9 ECG Vhao = V,

2) Power production 2.1 NWP Vhao = V, Control system fault
plus occurrence of fault or Vour
2.2 NWP Viue = V, Protection system or v A
or Vour preceding internal
electrical fault
2.3 NTM Vin < Vius Control or protection F
< Vouw system fault
3) Start up 31 NWP Vin < Voun F
< Vou
3.2 EOG, Vhoe = Vin. u N
V.or Vou
33 EDC, Vhue = Vin, u N
V.or Vou
4) Normal shut down 4.1 NWP Vin < Vbus F
< Vou
4.2 EOG, Viae = V, u N
or Vour
5) Emergency shut 5.1 NWP Vhee = Vi u N
down or Vour
6) Parked (standing still 6.1 EWM Vhae = Possible loss of U N
or idling) Veso electrical power
network
6.2 NTM Vhae < 0.7 F
Vet
7) Parked and fault 7.1 EWM Vhae = Var u A

conditions

1) If no cut-out wind speed V.. is defined_the value of V.. should be used.

2.2.11 Design loads

As the turbine blade must be stiff enough to handle the load exerted on it, it is essential to
determine the aerodynamic loads applied on the blade before performing the structural analysis.
Basically, there are two methods for the prediction of aerodynamic loads: Blade element
momentum (BEM) theory and computational fluid dynamics (CFD). BEM is the accurate and

fast analytical method used for the initial design and load calculation while CFD is numerical
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method which is preferred while performing the detail designing of blade. Now a days,
different software’s like LOADS, YawDyn, AERODYN are used for load calculation based on
tip speed ratio, blade geometry and the condition of site (Habali and Saleh, 2000).

Wind turbine blades are susceptible to the loads due to its self-weight, wind force, centrifugal
and gyroscopic forces. For the calculation of different types of load, the wind turbine blade is
considered as the cantilever. To simplify the calculation, a worst case loading scenario can be
identified and considered where rest of the load may be bearable. Size of the blade and control
mechanism are the parameters on which the worst case condition is mainly depend. A 50-year
storm condition is taken into account as the border case for small horizontal axis wind turbines
without pitching of the blade (Gasch and Jochen Twele, 2012). Under this case, the types of
loading on blade are (Burton, 2011):

Aerodynamic load
Gravitational force
Centrifugal force

Gyroscopic load

o ~ w0 N e

Operational load

The magnitude of these loads will depend upon the working condition considered during
analysis. As turbine size increases the mass of the blade increases significantly at the cubic
rate. So, gravitational load and gyroscopic load become critical for the large turbine blades.
Gyroscopic load is mainly due to yawning of blade and generally less intensive comparing to
gravitational load. And, operational load, a system dependent load which results due to
pitching, breaking, yawning and the connection of generator can be comprehensive during
emergency braking situation. Since, turbine in this case is small, so gyroscopic and operational
was neglected as the blade capable of handling the aerodynamic, gravitational and centrifugal
load can withstand these lessened load. Consequently, the following loads significantly affect

the wind turbine's fatigue:
1. Aerodynamic load

Aerodynamic forces are used by all wind turbines for winds’ energy extraction. It is the main
force on the rotor blade that may be divided into two parts: lift and drag. An aerofoil's shape
enables air to pass over it more quickly on top than it does at the bottom, which lowers the
surrounding atmosphere's pressure. Because of the difference in air pressure the resulting lift

force is generated. Additionally, drag force is produced as a result of the difference between
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the blade and the air velocity. In order to reproduce the aerodynamic lift and drag forces, the
BEM theory makes use of the lift and drag coefficients (Nguyen and Metzger, 2015). For the
parked wind turbines the aerodynamic forces is calculated directly by using relative wind

velocity which is given by equation 3 and 4.

L =2C,pAV? [7]
D =~ CppAV? [8]
2. Gravitational load

It is a mass dependent load which increases cubically with increase in turbine diameter
(Brgndsted, Lilholt and Lystrup, 2005). It is the product of mass and acceleration due to gravity.
The magnitude of this load will remains constant and acts towards the centre of the earth. Even
the wind velocity acting on blade is considered constant the applied load on the blade swings
between the maximum and minimum value as the result of variation of direction of
gravitational load with respect to the local position of the blade. So, the gravitational force

causes an alternating cyclic load case.

Gravitational load for each blade can be calculated as:

Ey = Mpiaaeg [9]
3. Centrifugal load

The centrifugal force on the blade transports the centrifugal force acting on the blade will try
to persuade the air away from its circular path. Small wind turbine blades will experience larger
centrifugal force but lower load variation due to gravity. Centrifugal load acting on individual

blade can be determined as:

F, = Mpiqaew®x [10]
Where,

Mbiade = Mass of each blade

x= distance between the hub and centre of gravity of blade

o = Angular velocity of rotor

g= Acceleration due to gravity
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For the finite element analysis of the blade, gravitational force and centrifugal force are applied
on the centre of gravity of blade while aerodynamic loads are implemented on the faces of
blade.

2.3 Rotor blade failure mode

The development of wind turbines today is geared toward heavier and bigger constructions,
which raises the failure frequency. Blades frequently experience alternating stress and diverse
surroundings, and as a result, they frequently fail. The most common failures include wear,
freezing, fatigue, fracture, and sensor failure (Tavner, Xiang and Spinato, 2007). The rotor
blades elevated location makes maintenance, repair, and replacement expensive and
complicated. Therefore, investigating the connections between various failure modes,
reliability, and internal and external stresses is crucial. In this work, fatigue failure of the wind

turbine blades was investigated into more detail.

Fatigue is a failure mechanism produced by cyclic load cycles with amplitudes less than the
ultimate strength of the material. It is officially classified into three stages: crack initiation,
crack propagation, unstable rupture and final fracture. The applied force can be either of
constant amplitude or variable type. A repetitive force applied to a certain object under
observation will eventually cause microscopic cracks in the material to spread gradually until
the final failure of the material occurs. Fatigue damage is generally cumulative and so
irreversible (Evans et al., 2020). Mainly the fatigue life of the material depends on the material
properties, loading condition and the manufacturing process. According to the time required
for the failure, fatigue is divided into two groups as high cycle fatigue and low cycle fatigue.
The number of cycles necessary for failure in high cycle fatigue is greater than in low cycle
fatigue. High cycle fatigue takes around 10*-10° cycles (Germanischer, 2010) or more to reach.
The reason for this is because if the applied stress is low and close to zero, the component will
remain mostly in the elastic zone and will require more cycles. However, if the load exceeds
the yield strength, the component will be pushed plastically, requiring fewer failure cycles, and

a low cycle fatigue failure will occur.

A thorough explanation of the fatigue load spectrum and fatigue behaviour is necessary for the
damage analysis of rotor blades. Numerous different forms of fatigue loading exist, including
complete reversal cyclic loads (tension-compression loads), repeating cyclic loads (zero to
tension loads), pure cyclic loads (tension-tension or compression-to-compression loads), and

irregular or random load cycles (Kumar, Krishnan and Vijayanandh, 2018). To study the
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fatigue phenomena, three approaches were developed. The Stress-Life approach is the first one.
This approach doesn't take into account the impacts of fracture initiation or propagation. For
analysis, the material's Stress versus Cycle (S-N) curve is employed. The component fails when
the damage value is, for example, equal to one for Palmgren- Miner's damage rule. Strain-Life
is another technique. Using strain versus cycle graphs, fracture start is examined as a failure
criteria in this technique. The Fracture Propagation approach, which estimates the whether the
crack is present or not and then examines its growth using Linear Elastic Fracture Mechanics,
is the last method (Aykan, 2005).

The wind turbine rotor blades are often considered as the crucial component of a wind turbine
system (Huque et al., 2012). The fatigue life of the blades must be carefully taken into account
by designers when creating structures, and full-size structures must be tested. The IEC 61400-
1 international specification and the Germanischer-Lloyd (GL) (Kong, Bang and Sugiyama,
2005) regulations specify design requirements such as limit for minimum blade tip clearance,

limit in the stress and strain, and fatigue life time over its lifespan (Wang and Chen, 2008).

3.0 Methodology

From the literature review it was found that commercially the popularity of HAWT in an
industry is higher due to several benefits. Thus, a HAWT was chosen for this study. The overall

methodology followed from design to analysis is present in this chapter.

3.1 Aerofoil selection

Selection of proper aerofoil is the important of designing small wind turbines. With the increase
in rotor size, Reynold number of an aerofoil profile will increase to reach a higher value. The
Reynolds number is a dimensionless number used for flow characterization and is primarily
used in the selection of the aerofoil (Clausen and Wood, 1999). Usually small wind turbines
operate at Reynold number below 5*10° because of its small radius. This value is found to be
smaller at the tip of the blade (Mathew, 2011). In those range the laminal flow sets apart on
top surface of the aerofoil which again attach to the surface as the turbulent resulting in laminar
separation bubble. The bubble increases drag force, which has a substantial impact on
aerodynamic performance. The complicated nature of the stream around the blades in low
Reynolds numbers necessitates the careful selection of aerofoil profiles during the design of

small wind turbine.

In present work, according to the recommendation from the literature review four different
aerofoils were used for examination: NACA 63(4)-421, NACA 2421, LS (1)-0417, LS (1)-
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0421. Being different shapes, they have different aerodynamics. Figure 6 shows the general

aerodynamic profiles of those aerofoils.

AirfoilTools.com AifoilTools .com

NASAMLANGLEY LS(13+041 7MW OD AIRFOIL MNASAJLANGLEY LE(1}+042 1M OD AIRFOIL

AirfoilTools com AifoilTools . com

NACA 2421 HACA 63(43.421

Figure 6: Aerodynamic profile of NACA and NASA/LS profiles

High lift force and low drag force are required for efficient wind turbine operation. Low attack
angles result in significant lift forces and little drag forces. However, as the angle of attack
exceeds a particular number, the lift force drops and the drag force rises. As a result, angle of
attack is critical when building a blade (Benham et al., 2013). In this work, data required to
determine the aerodynamic characteristic was imported to excel from XFOIL software to plot
the graphs. The Reynold number effect on the aerodynamic performance of aerofoils was
investigated among the four aerodynamic profiles. Here, the graph between the lift/drag ratios
against the angle of attack from 0 to 20 degree for four different Reynold numbers; 5*10%,
1*10°, 2*10° and 5 *10° can be seen in the figure 7, 8, 9 and 10.

It can be observed from the graph that the L/D ratio increases with the increasing value of
Reynold number. L/D ratio is higher for the NACAG63 (4)-421 aerofoil among the four with the
value of 95 at 8.5° angle of attack. Peak L/D ratio value of LS (1)-0417 MOD and LS (1)-0421
MOD are found to be similar for the Reynold number of 1*10°, 2*10° and 5*10° but the peak
value for LS (1)-0421 MOD is at smaller angle of attack. NACA 2421 shows the worst
performance among four with the least values of L/D ratio although it follows the similar
pattern to the LS (1)-0421 MOD for each Reynold number.
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Figure 7: L/D ratio versus AoA for NACA 63(4)-421
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Figure 8: L/D ratio versus AoA for LS (1)-0417 mod
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Figure 10: L/D ratio versus AoA for NACA 2421 mod

Due to high lift to drag ratio and smooth profile at different value of Reynold number over the
range of angle of attack, NACAG63 (4)-421 was selected which has maximum thickness 21% at
34.8% chord and maximum camber 2.2% at 50% chord for the further analysis. The graph was
plotted between the lift coefficients and angle of attack with the range from -20° to 20° as
shown in figure 11. And the graph between drag coefficients versus angle of attack was plotted

as represented by figure 12.
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Figure 11: Lift coefficient versus Angle of Attack for NACA 63(4)-421
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Figure 12: Drag coefficient versus AoA for NACA 63(4)-421

The lift and drag coefficient was taken from the graph as 1.254 and 0.013 which can be used

for the calculation of the load in the later stage.

3.2 Blade design

Minimizing the overall cost is always desirable which leads to ease of manufacturing as one of
the deciding criteria in blade design. Usually in large wind turbine blade multiple aerofoil
profiles are used along the span of the blade with thicker blade at the root and thinner blade
towards the rotor tip. However, due to complexity of design a single aerofoil was selected in
this study which is usually done for small wind turbines. Along with that, angle of twist of rotor

blade has marginal effect on the power output in small wind turbine and was neglected.

Wind speed is intermittent in nature and can be different at a particular height and area due to

uncertainties like surface roughness, location and height above the ground. Accurate
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predictions of wind speed at hub height will result in accurate calculations of energy output. In
general, there are no observations of wind velocity at hub height. Therefore, approaches for
correctly predicting wind speeds from other available measures must be investigated. In order
to find the wind speed, recorded at a reference height, to the hub height, aerodynamic surface
roughness, or zo, is a crucial factor [Eduard Muljadi and H Edward Mckenna 2001]. The earth's
surface roughness has an impact on how much slower the wind moves. Forests and huge towns
plainly slow the wind significantly, but the water surface are much smoother and have less
impact on the movement of wind, the value of which is presented in the table 3.

Table 3: Typical Surface roughness lengths (Saheb, Koussa and Hadji, 2014)

Terrain Description Surface lengths (m)
Very smooth, ice or mud 0.00001
Calm open sea 0.0002
Blown surface 0.0005
Snow surface 0.003
Lawn grass 0.008
Rough pasture 0.01
Fallow field 0.03
Crops 0.05
Few Trees 0.10
Many trees, few buildings 0.25
Forest and woodlands 0.5
Suburbs 1.5
City center, tall Buildings 3.0

The average wind speed data available from meteorological observations was measured at the
ground level (height of 10m). The houses in Scotland average a height between 4.7 to 5.8 m
and the hub height needs to be at least 10m above from the roof of the house. So, the total hub
height was taken as 16m in this case. The annual wind speed at ground level for the year 2021
was averaged in excel from the meteorological data available and found as 4.25 m/s. From that,

mean hub height wind speed was determined by equation [11].

The logarithmic profile is based on the assumption that wind speed is related to the logarithm
of height above ground (Saheb, Koussa and Hadji, 2014). The relationship between the wind
speed at hub height and the wind speed at anemometer height is provided by the equation

below.
1 Zhub

Yo L) [11)
anem ln(T)

In(52)
Viup = 4.25 * —557 = 1.38 % 4.25 = 5.87 m/s

In(55)
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Where,

Viwr = wind speed at hub height [m/s]

Vanem = wind speed at anemometer height [m/s]
e = hub height of the wind turbine [m]
Zaem = anemometer height [m]

zp = surface roughness length [m]

In (..)= natural logarithm

After calculating the annual mean wind velocity at the hub, the design velocity is calculated

as.
Vdesign = 1'4thb = 8.22 m/S

In order to determine the length of blade required it is essential to calculate the power available
in the wind. For this case study, small horizontal axis wind turbine was considered with the
power output of 5 kW. From the calculated design velocity and the power output the length of

the blade required was determined as:

P=:
2

CpPAVaesign” [12]
Where,

Cp = Power coefficient (0.45, according to Betz law)

p = Density of air; 1.225 kg/m?

A= Rotor swept area

Vdesign= design wind velocity

P= design power output

P = 2000 =32.65 m?

A= 7 3 — 1 A—
> CpPVdesign ~+1.225+0.45+8.22°3

And,
A=nr? gives the radius of blade as 3.2 m.

After calculation of the blade length the next step was to find the optimum aerodynamic chord
length. The chord length of a HAWT rotor blade was determined using the BEM technique in
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correspondence with the Betz limit, regional local wind speed, and lift force (Hau, 2013). The
best chord length can be determined using a variety of theories, the simplest of which is based
on the Betz optimisation. When utilising aerofoil sections with low drag and tip losses, Betz's
momentum theory yields a reliable estimate for blades with tip speed ratios of six to nine (Hau,
2013). For the cases of low tip speeds and the area near to the hub this method usually
considered as unreliable. Losses due to drag and wake needs to be considered in that case
(Gasch and Jochen Twele, 2012). The basic form of a modern rotor blades was shown via the
Betz technique.

The blade usually has different aerofoil profile and width along its radius. The chord length
over the blade was calculated by dividing blade into the sections of length 0.4m. The value of
the lift coefficient was taken as 1.254 from the graph for the selected angle of attack. With the
tip speed ratio of 7 the optimum chord length at different section of the blade is calculated

using equation [13].

c= 5.6+R? [13]

T N*CpL*r+TSR2
Where,
R= Radius of rotor blade
r=radius at the span wise location
C.= Lift coefficient
TSR=Tip speed ratio

Reynold number for the calculated chord length was determined using equation [4] and

tabulated as:

Table 4: Chord length and Reynold number at different location of blade span

Span-wise location Chord length Reynold number
0.4 1.54 667,806

0.8 0.77 333,687

12 0.51 222,458

1.6 0.39 167,060

2 0.31 133,734

24 0.26 111,229

28 0.22 05215

12 0.19 83,330
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Minimizing material consumption and manufacturing costs while boosting yearly energy
output costs is critical for the continual adaption of tiny wind turbines (Jenkins et al., 2016).

For this reason shear web and spar cap was not added for the analysis in this work.

3.3 Material selection

Composite material is the homogeneous structure that consists of fibre and matrix element as
demonstrated as a block in figure (Christensen, 2005). The amount of fibre in a composite
laminate has a considerable impact on its mechanical qualities. In general, increasing the
quantity of fibre loading to an ideal value enhances the strength and Elastic modulus of the
composite laminates. However, it falls as the fibre volume exceeds the optimum. The volume
fraction of fibre was considered as 40 % in this case study as it is the maximum achievable
value for the common hand lay-up process as the mechanical properties will start to degrade at
higher fibre content. Common hand layup technique was used because it is simple and cheaper
method (Mohd Bakhori et al., 2018).

The fibres of composite materials can be organised in a variety of ways, affecting the strength
and stiffness of the material. To accommodate the bending of the blade, a wind turbine blade
will have more fibres in the longitudinal direction and less in transverse direction. The
variation in fibre orientation has made the research more complicated because even though
fibres orientation in longitudinal transverse direction has less impact on the stress, it results in

low strength due to less fibre.

Since the properties of the composite will be different depending upon the fraction of the fibres
and matrix in the composite. One of the simple method for the prediction of elastic properties
of composite is Rule of mixture which measures properties based on the contribution of each
part of the composite (Marcal and Yamagata, 2016). Here, the volume fraction of aligned fibre
with in the matrix is changed into the block of same volumetric fraction. The block is made up
of two volumes, one representing the fibre (f) and the other the matrix (m), each having its own
characteristic and volume proportion. The total volume fraction of composite is equal to the
sum of fibre and matrix volume fraction. The theoretical values of the micromechanical
properties of composite material is calculated based on the Rule of Mixture as described by

Alger.
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Composite material showing aligned The approximation used in the
fibres within the matrix Rule of Mixtures

Figure 13: Alignment of fibre in matrix

Micro-scale analysis was used to investigate the parameters of unidirectional flax fibre matrix
composites, in which the fibre was considered as transversely isotropic and the polypropylene
as a two dimensional material having linear elastic properties. The properties of flax fibre
utilized as input was summarised in table 5 (Le Duigou and Baley, 2014), (Andersons, Sparnins
and Joffe, 2009).

Table 5: Flax fibre material properties

Material Properties Flax fibre
Longitudinal Modulus, Es11 (GPa) 54.1
Transverse Modulus, En =En3 (GPa) 7
Longitudinal Shear Modulus, G2 = Gr3 (GPa) 3
Transverse Shear Modulus, Ga3 (GPa) 2

Major Poisson’s Ratio, vei2= vei3 0.3

Minor Poisson’s Ratio, vizs 0.75
Tensile Strength in fibre direction, Xsr (MPa) 1000
Compressive Strength in fibre direction, Xsc (MPa) 830

The elastic modulus (Em), shear modulus (Gm), tensile strength (Xmt), compressive strength
(Xmc) and Poisson’s Ratio (vm) of the polypropylene as the matrix resin was considered as 1.6
GPa, 400 MPa, 36.1 MPa, 40 MPa and 0.4 (Notta-Cuvier et al., 2015), (Kellersztein and Dotan,
2015).

With the volume fraction of fibre (V¢) and of matrix (Vm), the density of the composites can be
calculated as:

Pc = Pr V5t PpmVn [14]
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=04*15 + 0.6%09
=1.14 g/ cm3 = 1140 Kg/m3

The Chami’s law has been used to evaluate the longitudinal modulus of elasticity and the
strength and strain of the composites in the direction parallel to the fibre as shown by
equations [15], [16], [17], [18], [19] and [20].

Epiyin =EfVy + E Vi [15]
E
Epty2z = Epiyaa = = [16]
1 Vf(l %j
Gprvz = Gpiprz = il [17]
plyiz — Yplyiz — = 1 _
1- Vf(l—ﬂam)
\J fiz
Gpolyaz = = [18]
ply2s = T T———
1- Vf(l—;—m)
J f23
Vplyiz = Vpiyiz = Velp + VU [19]
Eyj
Vpiy2z = ﬁ— 1 [20]

For the calculation of yield strength, Hook’s law for the composite was used and calculated as:

EfV

Oype = [1+ E; V;] Vi Oy [21]
— {Jr}uig

(&) = 5 [22]

(0 )ue = (G—f)ult I{f + (Ef)uItEm Vi [23]
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Where,

Eply11= Composite longitudinal elastic modulus

Egly22= Eply3z= Composite transverse elastic modulus

Guly12 = Ggly13= Longitudinal shear modulus

Ggly23 = Transverse shear modulus

Vply12 = VER13 = Composite major Poisson’s ratio

vpk23 = Composite minor Poisson’s ratio

Ove = Yield strength of composite

ovm = vield strength of matrix

(&f) ut =ultimate strain of fibre

(of) ult = ultimate strength of fibre

(Gc) we= ultimate strength of composite

Table 6: Material properties of uni-directional Flax/PP

Uni-directional Flax/PP Composite Properties

Orthotropic Elasticity

Elastic Modulus (GPa)

Shear Modulus (GPa)

Poisson's Ratio

Epiy11= 2298 Griy1z= 1.04 vey12= 0.38
Epnz=3.03 Gr23= 1.06 vE23= 0.7
Eppas=3.03 Grr13=1.04 vEly13= 038

Stress Limits
Tensile Strength (W[Pa) Compressive Strength (WMPa) Shear Strength (MPa)
or1= 33485 ccl= -246.34 T12=18.48
or2= 316 cex= -72.1 123 =18.33
or3= 316 gc3= -72.1 T13 =18.48

Strain Limits
Tensile Strain Compressive Strain Shear Strain
e71= 0.0146 zc1= -0.0107 z12= 0.0178
erz=0.0104 sc=-0.0238 g23=0.0173
eT1= 0.0104 =c1= -0.0238 g13=0.0178
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3.4 Failure cases

The fatigue requirement frequently affects main structural components design of
a turbine since wind turbines need to have a 20 to 30 years of operational life to be cost
effective (Kong, Kim and Park, 2014). Cycles to failure are commonly used to describe the
repeated major stresses number that a structure can withstand it before emerging fractures. For
the composite material, with the use of S-N characterization curve, the relationship between
the stress amplitude and the number of cycles required for the component to fail can be shown
graphically. The slope of the S-N curve often determines a material's fatigue characteristic. A
flat S-N curve offers superior fatigue characteristics than elevated curve. Each S-N diagram is
produced for a specific R-value since cycle amplitude significantly influences fatigue. Mao and
Mahadevan discussed the composite material S-N behaviour at a constant stress ratio R is
compatible with exponential relation that is linear in terms of maximum stress versus failure

log cycles.

The Goodman diagram is the recommended classification for the study of S-N data. The
constant failure cycles diagram are often, but not always, assumed to be straight lines between
R-value lines (Sutherland, 2000). Since the Goodman diagram is not linear for blade material,
the influence of mean stress is sometimes totally ignored when evaluating the damage to

turbine blades.

The required optimal fatigue strength was first calculated, and the service life was then assessed
using modified Spera’s formulae (Kong, Kim and Park, 2014). Practical fatigue load spectrums
can be derived from an analogous wind turbine system with Mandell's S-N diagram, and the
Goodman diagram of composite materials. Equation [24] was used to assess the alternating

stress for various cycle counts.

S=aNP"=210.5N 00% [24]
Where,

S=Alternating Stress

N=Number of cycles

a, b= Constant depends upon material
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From the literature review, the value of ‘a’ and ‘b’ were taken as 210.5 and -0.005 which was
found from the experimental results for flax/pp composite with the fibre fraction of 40%
(Bensadoun et al., 2016).

Table 7: stress amplitude at different number of cycles for Flax/PP

Number of cycles (N) Alternating Stress (MPa)
10 210.34
102 187.46
103 167.08
10* 148.91
10° 132.71
108 118.28
107 105.42
108 93.95
10° 83.74
1010 74.63

For the fatigue damage evaluation the IEC 61400-2 recommends the use of the Miner’s law to
determine accumulated damage. The total of the ratio between reference number of cycles, ni,
and the anticipated number of cycles, Nj, for all load range classes, is used to estimate the
overall damage, or D, under the concept of linear damage accumulation. A component is meant
to break when the damage is unity. The damage of a component is computed using the

following equation (Sun et al., 2013).
D=3, [25]

Here fatigue analysis was performed only at the extreme wind design condition without taking
into account the effect of inlet wind variations. The average wind velocity for Scotland is 5.87
m/s which is near to Vave 0f 6m/s so the design was analysed under 1V class. Using the power
law equation, the extreme wind speeds, Veso, with 50 years recurrence time are to be

undertaken for the stable strong winds scenario given by equations (IEC, 2005).

Veso = 1.4 Vet (2/Znun)®tt = 1.4 *30* (16/16)°1 = 42 m/s
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Where Vet is the reference velocity taken from wind turbine class table from the average wind
velocity of selected site. And, the value of z is equal to z nu as the relevant gust velocity is at
hub height.

3.5 FEA pre-processing

With the full definition of geometry and material properties, blade building process was began
for FEA model. Due to the familiarity with the software the blade was designed using
SolidWorks CAD package though it is possible for the modelling and analysis with Ansys.
Because it is easy to import the geometry from SolidWorks to Ansys workbench, it is one of the
most efficient ways for blade creation. The most desirable aerofoil was selected and the profile
was imported into SolidWorks for geometry creation. The blade shape was created using eight
aerofoil cross section profiles, as shown in Figure 14, with circular cross-section at the
root where the blade leaves the hub. Firstly, aerofoil of blade was imported from XFOIL to
SolidWorks which was scaled down and pasted on the plane at the span wise distance of 0.4 m

from the base to the tip to have required chord length.

T

==

Figure 14: Aerofoil cross section profiles from SolidWorks

The blade was designed in SolidWorks as a lofted body for maximum flexibility and high
computational efficiency within Ansys. Through the use of the lofted boss command, which
produced parabolic tangencies in between profiles to produce a continuous, smooth surface,
the curves were joined into a single body as shown in figure 15. The point on the leading edges
and trailing edges were selected as a loft guiding point. Because the hub connection was beyond
the scope of this study, the root part of the turbine, which is inside the hub, was excluded for

the analysis.
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Figure 15: Lofted turbine blade model from SolidWorks

The fundamental model was laid out by using ANSY'S software to create a comprehensive and
precise composite blade. Firstly, the engineering data was set with the generation of new
material as there is no pre-set properties of flax/pp composite in ANSYS. The density,
orthographic elasticity, stress limit and strain limit were set. As the mixture was composite
material the yield strength and ultimate strength was calculated and provided and S-N curve

was defined as shown in figure 16.

@ Alternating Stress (...

232
230

220
210

2.00

Alternating Stress (log10) [MPa)

1.90

1,00 2.00 4.00 6.00 8.00 10.0
Cycles (log10)

Figure 16: Log-log S-N curve

After the assignment of material properties, geometry was imported from the SolidWorks as
IGES file. In the model section, the thickness of shell material was assigned as 3.2 mm and the
geometry was meshed using 8-node SHELL 281 element. The SHELL 281 element in ANSYS
makes up the majority of this three-dimensional finite element model. This kind of element is
used to examine shell structures that are thin to fairly thick. It is suitable for both linear and
non-linear cases since non-linear test takes variation in shell thickness into consideration
(Gupta, 2013).

The default mesh generated contained 1097 nodes and 1983 elements and had the average

quality of mesh as 63.78%. Then, all of the faces were assigned with a quadrilateral face mesh
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by switching the element order to quadratic while the multi-zone quadrilateral mesh was

applied on the leading and trailing edge to improve mesh quality. Because the triangle element

models the reaction as extremely stiff, it was not employed during meshing. Also, quadrilateral

element captures the structural response more accurately than tetrahedral one and was applied.

Mesh was then refined to have the mesh which provides more accurate result by changing the

element size and looking into the quality of mesh as output. Table 8 below shows the total

number of nodes and elements present and the quality of mesh with different element size.

Table 8: Details of Mesh

Mesh Element size | Nodes Elements Mesh  quality
(mm) (%)

Default 111.46 1097 1983 63.78

1 50 2066 682 96.64

2 20 11,510 3824 98.96

3 10 43,985 14,657 87.56

Due to higher simulation time meshing was not done for the element with size less than 10

mm. Among the meshing with four different element size the mesh quality was higher for the

mesh with the element size of 20 mm. So, 8 node shell 281 element of size 20 mm was taken.

Figure 17: Mesh of blade model

Following material setup and mesh input, boundary condition was setup in model with four

types of load as:

1. Fixed support at the blade root edge as it is fixed to the hub
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2. Lift force perpendicular to blade
3. Drag force parallel to blade

4. Gravitational load

5. Centrifugal load

The mass of the blade and its surface area was taken from the SolidWorks as 61.62 kg and
1.69m?,

Lift force = L =5C,pAV? = ~% 1254 % 1.225 » 1.69 x 422 = 2290 N

Drag force =D =>CppAV? = ~%0.013 x 1.225 + 1.69 x 422 = 23.7N

Ey, = Mpage-g = 61.6 *9.81 = 604 N

F, = mpjggew?x = 61.6 * 26.18% x 1.07 = 45 kN

0.00 500.00 100000 {mm) Z‘.}\
[ EE— S
250.00 750.00

Figure 18: Load on blade at horizontal position

X
0.00 15@ 3000.00 (mm) .
[ E— SSS—]
750.00 2250.00

Figure 19: Load on blade at topmost position
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With the definition of boundary condition the model was solved and deflection, equivalent
stress, factor of safety for structural and fatigue failure, fatigue life and the damage
accumulated. For fatigue analysis, stress life method was used with fully reverse loading

(tension-compression).

4.0 Results and discussion

4.1 Result of structural analysis of blade

As the blade of turbine rotates gravitational force act perpendicular to the rotor blade when the
blade is parallel to the ground. But when the blade is at the vertical topmost position this load
will cause compression in the blade while it is at the bottommost position it leads to the tensile
force in blade. So, structural and fatigue analysis was performed at three different load

condition.
Case 1: Blade at horizontal position with shell thickness 3.2 mm

Figures show the equivalent alternating stress distribution and the deflection on pressure side
of turbine blade. The maximum value of alternating stress was 201.42 MPa which occurred at
the root of blade where it is fixed to the hub. The deflection of the turbine blade at the tip region

was found as 440.81 mm which is quite high as it is free to move under the application of loads.

L] suw 100000 o = a s 100000 e =
— —— — ——
- o =
R =00 e

Figure 20: Deformation and equivalent stress on blade at horizontal position with shell thickness 3.2 mm
Case 2: Blade at topmost position with shell thickness 3.2 mm

When the blade was at top position the total deformation acting on the blade found to be 497.25
mm which is higher than when it was at horizontal position and the maximum equivalent
alternating stress was 184.22 MPa. Although the pattern of stress distribution and deformation

is similar to the first load condition.
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Figure 21: Deformation and equivalent stress on blade at topmost position with shell thickness 3.2 mm
Case 3: Blade at bottommost position with shell thickness 3.2 mm

In bottommost position there was not much change in the value for deformation and Von-mises

stress as compare to its upmost position which was 497.96mm and 184 MPa.

Figure 22: Deformation and equivalent stress on blade at bottommost position with shell thickness 3.2 mm

The stress concentration was larger on the surface with a wide cross section area, where the
danger factor during operation is relatively significant. The deformation was greatest towards
the tip of the rotor blade because it serves as a cantilever beam. Although the blade pre-bending
structure mitigated much of the distortion, the blade might still collide with the wind turbine
tower. The equivalent von Mises stress determined from static analysis served as the foundation
for blade fatigue study.

4.2 Result of fatigue analysis of blade
The load signal was used to conduct the fatigue analysis, which comprises calculating fatigue

life, damage, and factor of safety, after the statistical analysis. In this instance, the Von-mises
stresses served as stress components together with the Goodman criteria for mean stress

adjustment and the stress life approach.
Fatigue life

If the loading is constant amplitude, fatigue life is the number of cycles till the part fails due to

fatigue. If the load is not constant, this is the number of load steps before failure.
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Fatigue damage

The correlation between the estimated number of cycles to fail and the reference number of
cycles over its design lifespan is represented by fatigue degradation or damage (Vidya and
Christina, 2020) according to Miner’s rule. The fatigue damage value greater than one means

the blade will not survive till its design life.
Fatigue safety factor

This terminology is used to assess fatigue strength and anticipate if a component will break
over its design life span due to cyclic stress in an event. The maximum value for this in ANSY'S
is 15. Factor of safety less than one indicates the blade failure before reaching design life
(Zarrin-Ghalami and Fatemi, 2012).

Case 1: Blade at horizontal position with shell thickness 3.2 mm

At first, the blade with the shell thickness of 3.2mm, fatigue analysis was performed. The
design life of the turbine blade ranges from 108-10° cycles so the design life of 10° was taken.
Result showed that after 424.77 cycles the blade will start to fail on the suction side from the
point where it is connected to hub. From the analysis it can be seen that the blade cannot
withstand the load at extreme wind condition and damage will occur after certain cycle.
Maximum damage will occur on circular portion at blade root where it is connected to the hub
on the suction side with the value of 2.34*10® which is extremely high while in most of the

parts damage is very less with the value of 0.1.

-

Figure 23: Fatigue life and damage on blade at horizontal position with shell thickness 3.2 mm

Factor of safety was analysed to have look on how safe the blade was from fatigue failure.
According to IEC 1400-1, for the blade to be safe from fatigue failure with an extreme gust

event, the factor of safety of 1.15 is needed to prevent the consequences from failure.In
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ANSYS, value less than one represents the failure. And, the result shows that minimum value
of factor of safety is 0.48 which is quite below the range for it to be fail safe.

Figure 24: Structural and fatigue safety factor for blade at horizontal position with shell thickness 3.2 mm

Case 1: Blade at horizontal position with shell thickness 5 mm

So the blade was analysed again by changing the shell thickness to 5 mm. With an small
increase in the thickness of the blade the deformation of the blade reduced by large amount

although the pattern of the deformation was similar. For the load case I, the maximum total

value of deformation found to be 298.88 mm while the equivalent alternating stress reduced
from 201.42 to 111.12 MPa.

X
00 30000 1008.00 () 1‘)\ — T — Z)\
— — 5000 000

Figure 25: Deformation and equivalent stress on blade at horizontal position with shell thickness 5 mm

Safety factor for ultimate load ranges from 1.35 to 1.45 is required. For the 5 mm thickness
blade the minimal value of safety factor for structural failure was 2.11 while for the fatigue
analysis, the safety factor of 0.75 at the circular aerofoil connected to the hub while towards
the tip it is more than one. So, it is statically safe. But, the value for the lower fatigue safety
factor is still below the value required for it to be safe.
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Figure 26: Structural and fatigue safety factor on blade at horizontal position with shell thickness 5 mm

The choosen blade had minimal damage of 0.1 and it will survive its design life apart from
the section on the suction side at the root with life of 3.48*10° and damage as 286.79. The

damage is still greater than one which means that the blade will fail before it’s design life.
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Figure 27: Fatigue life and damage on blade at horizontal position with shell thickness 5 mm

Further analysis was done by changing the thickness to have optimal thickness at which its
safety factor will be greater than one. With the sheet thickness of 7mm the result for blade

life, damage and factor of safety were shown in the figure.
Case 1: Blade at horizontal position with shell thickness 7 mm

In the horizontal position, the deformation, equivalent stress, safety factors, life and damage
in blade was resolved. The deflection and von-mises stress of blade was found as 211.28 mm
and 75.338 MPa. The minimum value of ultimate load safety factor was 3.1993 and for fatigue
it was 1.11. Both of these value is greater than the mimimal safety factor required. So it is safe
from fatigue failure. With that value of alternating stress, it has life of 8.27 *10°and maximum
damage of 0.12 which is below one.
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Figure 28: Deformation and equivalent stress on blade at horizontal position with shell thickness 7 mm

Figure 29: Structural and fatigue safety factor on blade at horizontal position with shell thickness 7 mm
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Figure 30: Fatigue life and damage on blade at horizontal position with shell thickness 7 mm
Case 2: Blade at topmost position with shell thickness 7 mm

With the different load condition at the topmost position as gravitational load acts along the
blade span, ultimate load and fatigue analysis was done. With the deflection and von-mises
stress value as 217.25 and 79.188 MPa, mimimum value of ultimate load safety factor was
2.96 and for fatigue it was 1.06. Even though these safety factors were less than the one with
blade parallel to surface but it is still greater than the mimimal safety factor required. So it is
safe from both structural and fatigue failure. With that value of alternating stress, it has life of
3.05*10° and maximum damage of 0.32 which is below one.
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Figure 31: Deformation and equivalent stress on blade at topmost position with shell thickness 7 mm

Figure 33: Fatigue life and damage on blade at topmost position with shell thickness 7 mm

5.0 Conclusion
This thesis presented the design and analysis of small horizontal axis wind turbine of 5kW

power generation capacity. The aerodynamic characteristics of four types of aerofoil: NACA
63(4)-421, NACA 2421, LS (1)-0417, LS (1)-0421 has been analysed using XFOIL software
to evaluate its performance. The most effective aerofoil was NACA 63(4)-421 since the L/D
ratio is higher for this profile at the most effective attack angle of 8.5 degree. The blade design
parameter was evaluated and aerofoil profile was generated by exporting the coordinate values
from XFOIL to SOLIDWORKS and scaled and lofted to create the blade model for describing
the actual shape for further analysis. A composite blade with flax as fibre and polypropylene
as matrix was taken due to its recyclable properties and high fatigue strength than other natural
fibre composites. As the properties of composites will be different than that of the single
material and it depends on the percentage of fibre in composite, 40% flax fibre fraction was
taken. The material properties like elasticity, stress and strain values for orthographic fibre-
matrix composite was determined. The blade was analysed against the extreme gust loading
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condition. With the determination of the applicable load on blade, static and fatigue analysis
was conducted in Finite Element analysis software ANSYS. The result from the analysis shows
that the alternating stress will be maximum towards the section with higher cross-sectional area
near to the root and in the area where it is connected to the hub. With the shell thickness of 3.2
mm total deformation, stress distribution and structural safety factor was determined.
Structurally the blade was in safe limit. So, the fatigue analysis was performed as the next step
to check whether the blade will handle the fatigue stress or not. Result shows that the blade
will start to fracture immediately from the root on the suction side and damage will be
extremely high with fatigue factor of safety well below one. It was concluded that even though
the structure is structurally safe it might not necessarily be safe from fatigue failure. With the
shell thickness of 5 mm, the fatigue failure starts after certain life below the blade design life.
And, with shell thickness of 7 mm it will survive from the fatigue failure throughout its design
life with very less damage. Since the total load acting on the blade will varied and so alternating
stress as gravitational force will act at different direction in different position of blade. So, the
analysis was performed again with the blade at the topmost position. The result showed that
the blade will survive the fatigue failure at this position as well with the value of factor of safety
greater than one. But with increasing the thickness of the weight of the blade increases and so
does the cost. Since the structure and fatigue failure is mostly towards the root of the blade near
to the hub it is concluded that the blade needs to be optimized with greater thickness towards
the root and the profile of smaller thickness at the tip. Finally, to accurately assess
fatigue failure while designing the rotor blades, simple and trustworthy dynamic models are

needed.

6.0 Future work
This thesis presented the evaluation of blade aerodynamic performance derived from BEM

theory along with static and fatigue analysis. Although the analysis was performed to
determine the behaviour of blade, there will still some deviation in real life which make it
essential to perform the full scale manufacturing and testing of blade experimentally in the
laboratory to validate the accuracy of developing designs and computer models. Due to the
complexity of the design and requirement of greater simulation time during analysis, only a
single blade with simple shell structure was used for the analysis. Additionally, a small mesh
is necessary for the full wind turbine blades simulation. As there is restriction in memory in
personal computer it requires high configuration computers to run the simulation. Also, time

limitation and difficulty in data acquiring restricted the dynamic fatigue analysis of the turbine
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blades with different load cases. Among the eight load cases defined by 1S-61400-2 only
parked condition of the blade was taken during analysis. In the future, it is suggested to evaluate
the blade with rest of load cases to make sure that blade will be safe when subjected to the
rotational dynamic load along with unsteady wind velocity. Here, the analysis was performed
with the material properties of composite ply with 45°/-45° orientation. Since mechanical
properties value differs with different orientation of fibres in composite, in the future, blade
can be analysed with different orientation and stack up in the structure. As the blades were
subjected to varying load it is recommended to use different computer software like FAST,
MATLAB to determine whether the blade is within safe limit or not for both structural and

fatigue damage.
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