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Abstract

In the present modernized world, with the increase in energy demand, conventional en-

ergy sources are not only towards the depletion stage but also causing serious adverse

effects on the environment. The escalating environmental concerns and the urgent need

for sustainable energy solutions have intensified the quest for renewable energy sources.

Among the various renewable sources, wind is the most viable and practical form, gen-

erating a large amount of usable electricity. However, the conventional materials used in

the construction of wind turbine blades such as glass/carbon fiber reinforced polymers

(FRPs) have raised serious environmental concerns due to their non-biodegradable nature

and reliance on fossil fuels during manufacturing. To address these challenges, the de-

velopment of bio-composite materials represents an environmentally friendly alternative

for wind turbine blades. These composites possess several advantages over conventional

composites, including a low carbon footprint, better recyclability, and possible improved

mechanical properties.

The research aims to investigate the mechanical properties of bio-based composites

developed from natural material (bamboo) for wind turbine blade application. Different

bamboo species are selected from the North-Eastern region of India and the developed

composites are tested for mechanical strength. The elastic material properties of the

bamboo composite is evaluated using representative volume element (RVE) homogeniza-

tion technique. These material properties are utilized for determining the static strength

of bamboo composite turbine blades on two standard airfoils. The model is developed

in ANSYS and detailed structural analysis is done to get the optimum layup. Free and
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forced vibration of the bamboo composite blade is also studied. A three-dimensional

model of the straight Darrieus wind turbine is modelled to study the real-time interac-

tion between the blade and the surrounding airflow and finally a prototype of the bamboo

blade is fabricated. The results of the experimental investigated demonstrated that the

developed bamboo composite has a high specific strength of 245 MPa.m3/g compared

to glass composites with specific strength of 239 MPa.m3/g. Further it is observed that

the non-symmetric blade with angle-ply layup showed better structural performance in

terms of stress and deflection. The bamboo composite blade have 70.98% and 1.11% less

stress and deflection values compared to the glass composite wind turbine blade. The

natural frequency values of bamboo composite blades are higher which represents stiffer

blades with reduced risk of structural failure. The value of maximum stress from the

fluid-structure interaction is 32.26 MPa which is less than the allowable safe stress limit

of 96.14 MPa obtained from the experimental results.

It is concluded that bamboo has a high strength-to-weight ratio, which is a crucial

factor in designing efficient wind turbine blades. Bamboo is also an attractive substi-

tute for replacing traditional composites like carbon and glass fiber composites in the

construction of blades because of its remarkable mechanical properties, low cost, quick

growth rate, and availability. Moreover, the density of bamboo is very less compared to

traditional glass/carbon fiber composites, which can withstand the mechanical stresses

and large deflections associated with wind energy production. The application of bamboo

composites in wind turbine blades is a novel and sustainable solution for enhancing the

environmental friendliness and efficiency of wind turbine systems.
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Chapter 1

Introduction

1.1 Preface

Energy is the backbone for the economy of any country, and it plays a significant role

in the growth and development of that. The rapid advancement of industrialization and

the intensive developments of human civilization have had profound detrimental effects

on the environment and as well as energy resources. The traditional energy sources such

as petroleum crude oil, and natural gas which are the primary energy essentials since

the industrial revolution are progressively causing serious environmental concerns and

threats to human life. The increasing environmental concerns and the urgent need for

sustainable energy solutions have intensified the quest for renewable energy sources such

as solar, wind, hydro, and geothermal is growing constantly.

Among these renewable energy sources, wind is one of the primary contributors to

the country renewable energy portfolio and has been widely used to satisfy the increasing

demand for affordable and clean energy. It is also the key feature to mitigate the adverse

consequences of carbon emissions from traditional fossil fuels to fight against increasing

global warming. Rotor blades are solely responsible for converting the kinetic energy

from wind into electrical power generation. The increasing demand for clean energy

has led to a significant rise in the development and installation of wind turbines. The

annual installed wind generation capacity has increased from 25 GW to 200 GW in 10

years from 2001 to 2010 [1], and is expected to increase up to 2110 GW by the end of
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2030 [2]. The extensive rise in rated power is directly proportional to the blade material

usage. During the early nineties, aluminium is used as the blade material for vertical axis

wind turbine (VAWT). It is reported that due to a lack of knowledge on fatigue loading

characteristics, these extruded aluminium blades showed premature fatigue damage to

the ultimate collapse of the structure [3]. Steel is also reported to be utilized as a blade

material, however, these blades for electricity generation were considered a failure as one

of the blades failed within a few hours of operation [4]. Thus, a new path towards the

blade material leads to the introduction of composite materials. Gedser turbine is the

first successful wind turbine with composite blades which run for 11 years [5]. Since that,

composites have always been the material choice for turbine blades due to their superior

fatigue performance compared to other materials.

Blades are the most critical part of the entire system and therefore they must be

designed structurally strong to withstand the various external loads during its operation.

To meet the response to such critical requirements, composites such as glass-fiber and

carbon-fiber composites have emerged as highly suitable materials for high-load struc-

tural applications such as wind turbine blade (WTB). These composites have exceptional

mechanical properties including high-strength and stiffness, better resistance to fatigue

loading, and are lighter in weight. Even though wind energy is claimed to be clean and

renewable energy with no adverse impacts during operation, the manufacturing of wind

turbine components especially wind blades is very energy-intensive. A wide range of

chemical usage and non-biodegradable wastes are associated with the manufacturing of

wind turbines. Nowadays about 90% of the blade material is made of fiber-reinforced

composites (FRCs). Glass-fiber composites play a primary role in blade manufacturing

due to their low cost, higher tensile strength and durability, excellent fatigue resistance,
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and impact strength. As these composite blades approach their end of service life, their

disposal becomes a crucial aspect of sustainability waste management due to their non-

biodegradable nature. Significant amounts of blade waste are being accumulated every

year causing serious landfill and disposal problems. Total blade waste of 50,000 tonnes

has been reported in the year 2020 which is further expected to increase to 200000 tonnes

between (2030-2040) and 800000 tonnes by the year 2050 as shown in Fig. 1.1 [6]. The

growing concern regarding the hazardous blade waste in the landfill/environment and its

future disposal problems has shifted the attention toward the development and utilization

of cellulose-based fiber composites.

Figure 1.1: Increment in blade waste between 2010-2050.

Natural fiber-reinforced composites (NFRC) offer several benefits such as renewability,

recyclability, and biodegradability which makes them superior to synthetic fibers [7].

Natural fibers are suitable for structural applications like wind turbine blades as they

are lightweight and carry better mechanical, thermal, and damping properties. However,

the biodegradability nature of natural fiber composite is hindered due to the due to

the presence of polymer matrix. Despite recycling problems, other economic factors

must also be considered for shaping wind energy technology such as material availability,
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raw material cost, and manufacturing cost and waste [8]. For these reasons, special

attention is focused on developing natural composites for wind turbine as these materials

are reliable and cost-effective. The biodegradability issue can be addressed by introducing

fully biodegradable or bio-based polymers for composite materials in developing more

environmentally friendly solutions for turbine blade manufacturing and disposal. They

also offers the potential to capture onsite wind energy generation by manufacturing wind

blades using locally produced composite materials. Thus, the selection process for suitable

blade material also plays an important role in determining the efficiency of the wind

turbine blade.

1.2 Historical development of wind turbines

History of wind power is 3000 years old but people began to use it for generating electricity

120 years ago [9]. The immense potential of the inexhaustible wind flowing through the

seas is utilized to generate useful energy for humans. This concept of using wind as a

source of energy is expended to land in the form of windmills. Vertical-axis windmills

were the first practical windmills developed in the 7th century in Iran [10]. The early

designs of vertical axis wind turbines originated in 2000 B.C in Persia. Originally these

machines were used for pumping water and then later evolved into windmills for grinding

grains. The first windmill to produce electricity is developed by Prof. James Bylth [11].

Meanwhile, in the year 1888, Bruch and his colleagues successfully developed a wind

machine that is put into operation on the Atlantic coast. From that time onwards, wind

power technology began to develop step by step and people started generating electricity

from windmills.

During the early 1920s and 1930s, America widely developed small wind machines and
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windmills to produce 5 kW to 2 kW of power in its rural remote locations. A prototype

of the modern horizontal axis wind turbine is built in the US in the year 1941 and these

turbines were widely used to provide electricity to the farms where electric lines could not

reach. However, at the beginning of 1950, the widespread development of electric power

lines, the wind market is seen to be gradually diminished [12]. While examining the

development of wind power history, it is understood that the popularity of wind energy

has always been fluctuating with the price of fossil fuels. The oil crises in the early 1970s

lead to wind power development and a boom took take place in 1995. Since the beginning

of the 21st century, the world wind electricity generation capacity has been observed to

be doubled approximately every three and a half years [9].

1.3 Classification of wind turbines

Wind turbines (WT) are classified into various categories to take advantage of wind

power. There are several ways to classify the wind turbines [13]. Fig. 1.2 shows the

classification of wind turbines. Among them, the major classification depends on the

axis of rotation and aerodynamic forces, and rotor capacity as shown below-

� Based on the axis of rotation

Based on rotational axis, the wind turbines are classified into vertical axis wind turbine

(VAWT) and horizontal axis wind turbine (HAWT). The horizontal axis wind turbines

are used in big wind farm applications in the offshore loactions where the undisturbed and

clean wind is obtained. Whereas, vertical turbines can be installed in built environment

where the nature of wind is turbulent.

� Based aerodynamic forces on the blade
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According to the aerodynamic forces, wind turbines are categorized into drag-based,

lift-based and combined drag and lift based turbines. The aerodynamic forces in the

drag-based WTs are in the direction of airflow, while the aerodynamic forces in lift-based

WTs are perpendicular to the wind flow.

� Based wind stream

The wind turbines are also differentiated into upwind and downwind turbines. Upwind

turbines are the most common wind turbines. It allows the blades to intercept the wind

first, enabling to capture the wind energy efficiently. In contrast, downwind turbines

position the rotor behind the tower, facing away from the wind.

� Based rotor diameter and power rating

Based on the rotor diameter and power rating, six types of WT are available such as

micro-turbine, mini-turbine, domestic-turbine, commercial-turbine, medium turbine, and

large turbine. According to the capacity, modern WT are classified as small WT (below

50 kW), medium WT (50 kW-250 kW), and large WT (above 250 kW).

1.3.1 Horizontal axis wind turbine

Horizontal axis wind turbines are the traditional design of wind turbines which usually

consist of two to three blades that are connected at the top of the tower. Generally, the

rotor of the HAWT should always face towards the direction of the wind. Thus, a yawing

system and self-starting mechanism are necessary for turning the blades towards the flow

direction. Under steady flow conditions, the ideal efficiency of the HAWTs is reported to

be in the range of (40-55)% [14]. The energy output of these turbines mainly depends on

the turbulence and average wind speed of the specific site. They are highly suitable for
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Figure 1.2: Schematic of classification of various wind turbines.

installation in big onshore and offshore wind farms to achieve maximum energy efficiency.

However, these turbines are not suitable for built-up or urban surroundings as they require

larger space to operate efficiently. In urban environments the space is limited and the

presence of high-rise buildings causes wind turbulence which affects the performance of

the HAWT.

1.3.2 Vertical axis wind turbine

A vertical axis wind turbine is a turbine whose axis of rotation is perpendicular to the

ground. These turbines can capture air-flow from any direction and do not require any

yaw mechanism. The VAWT can operate in highly turbulent regions with low cut-in wind

speeds. These turbines emit less noise than the traditional HAWT and can be integrated

into the built environment/ buildings. The VAWT mainly operates on the principle
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of aerodynamic drag. The designs of VAWT is primarily categorized into Savonius and

Darrieus. Savonius is the first vertical axis wind turbine developed in the year 1920 by the

French engineer J Savonius [15]. It usually consists of connecting two half cylinders face

to face resembling the letter “S”. These turbines have low cut-in speed and their output

efficiency is significantly less. Subsequently, in the year 1930, the French engineer G.J.M

Darrieus invented and patented a new design known as Darrieus wind turbines [16]. These

turbines operate according to the principle of aerodynamic lift and have comparatively

higher efficiency than the Savonius turbines.

1.3.3 Darrieus wind turbine

Darrieus-type VAWT is the most typical type of wind turbines as it is insensitive to

the changing wind direction. These turbines are patented into two major configurations

– curved and straight blades. The curved design is known as an Egg-beater and the

straight-bladed design is known as an H-rotor. The detailed description of various Darreius

configurations is documented by Tiju et al. [17]. The straight-bladed turbines achieved

greater popularity due to their simple design, low manufacturing, and maintenance cost as

compared to the curved blades. The straight-bladed turbines are preferably built with two

or three blades. The basic two configurations of a straight Darrieus turbine are depicted

in Fig. 1.3. The blades are directly connected to the rotating shaft using the blade-strut

connectors. Due to the easy accessibility, these turbines are installed not only in offshore

areas but also in the building rooftops both urban and remote areas [18]. These turbines

are mostly suitable for small-scale applications such as battery charging, electrifying

schools, colleges, individual homes, powering highways, and streetlights, etc [19]. The

specific advantage of the straight-bladed wind turbine is that they do not require any yaw
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mechanism, and the electrical and mechanical components can be installed at the ground

level for easy maintenance. Compared to other VAWT, the straight-bladed turbine has a

higher power coefficient [20], however, these designs suffered from delays in self-starting

capabilities.

1.4 Biocomposites

Biocomposites are extensively used as structural elements as these composites can be dis-

posed of without much harming the environment. Biocomposites comprise bio-fibers and

polymer matrices. Bio-fibers are classified into non-wood fibers (known as natural fibers)

and wood fibers as shown in Fig. 1.4 [21, 22]. In the late 1980s, the development of bio-

composites started evolving in the exploration of sustainable replacements for traditional

synthetic materials. Wood plastics are the first developed biocomposites that offered

better physical and mechanical properties compared to plastics [23]. However, with time

various natural fibers (NF) are introduced which showed fairly better mechanical prop-

erties such as high specific strength, stiffness, impact resistance, and flexibility. These

fibers are categorized into plant-based fibers such as flax, hemp, kenaf, sisal, jute, and

Figure 1.3: Two and three-bladed H-rotor Darrieus turbine.
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animal-based fibers such as wool and silk. These fibers are low cost, lighter in weight, eas-

ily available, and have better strength due to high cellulose content than wood fibers [24].

Cellulose is mainly responsible for the mechanical strength of the natural plant fibers.

Figure 1.4: Broad classification of bio/natural fibers [21,22].

The NFRC are formed with natural fibers as reinforcement embedded in polymer

matrices. The major role of the reinforcement is to carry the loads and provide ade-

quate strength and stiffness to the composite. Usually, polymers are categorized into

thermoset and thermoplastic. Thermoset polymer resins such as polyester and epoxy are

the most widely for the fabrication of biocomposites [25]. Natural fiber composites are

being increasingly used in various industrial applications including aerospace, textiles,

automobiles, military, sports, construction, etc. The performance of natural composite

depends primarily on the strength of the fiber itself. The quality of fiber depends on var-

ious parameters such as such type of fiber (short/long), fiber extraction method, region

of fiber extraction, type of soil, climatic condition of the plant, and maturity of the plant

species [26, 27].
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The mechanical strength and stiffness of the natural composite are also affected by

the hydrophilic nature of fibers and the amount of fiber loading. The advantages and

disadvantages of natural composites over traditional composites are presented in Ta-

ble. 1.1. Since natural fibers are hydrophilic, composites developed using these fibers

are extremely sensitive to moisture. This results in weak interfacial bonding strength

between the fibers and the matrix affecting the composite mechanical characteristics [28].

Thus, chemical treatments/surface modifications are necessary to achieve better inter-

facial bonding. Among all the methods, alkali treatment with a percentage (%) value

between (4-6)% can considerably improve the fiber-matrix interfacial bonding [29, 30].

Apart from the drawbacks, the plant fibers also exhibit comparable specific strength and

stiffness as compared to synthetic glass fibers [31]. These fibers can replace synthetic-

based composites as eco-friendly, lightweight, and sustainable composites to the rising

concerns regarding future biodegradability.

Table 1.1: Advantages and disadvantages of NFC over synthetic fibers.

Advantages Disadvantages

� Low density and high specific
strength and stiffness

� They are easy to recycle and pro-
duce less hazards during manufac-
turing

� They produce biodegradable and
eco-friendly composites

� Emits less toxic flumes when they
are subjected to heating or land dis-
posal at the end of life

� Non-abrasive to composite process-
ing equipment

� Less durable than synthetic com-
posites, but can be increased signif-
icantly with treatment

� Moisture absorption is high result-
ing in fiber swelling

� Greater variability of mechanical
properties

� They are limited to low-
temperature applications compared
to synthetic composites

� It possesses lower impact strength
than synthetic composites
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1.5 Bamboo-based polymer composites

Bamboo is a type of plant-based fiber that is rapidly renewable, biodegradable, and used

for carbon sequestration. Bamboo-based composites are preferred over wood/timber due

to their high mechanical strength, high stiffness, and rapid growth rate [32]. Bamboo

plants have a higher strength-to-weight ratio than wood and plain steel. Bamboo culms

are hard, flexible, wear-resistant, and have less density [33] compared to wood/timber.

Moreover, due to global biomass production, the supply of availability and quality of

wood/ timber are subsequently declining at a faster rate. In that case, an alternative

material, bamboo as short growth industrial crop (3-5) years with better tensile properties

than wood and of the same density is highly appreciated. Bamboo is one of the fastest-

growing plants in the world at a growing rate of 3 cm/hour. Various studies reported

that bamboo can grow (11-21) cm/day or up to 2 inches/hour [34]. However, depending

on the types of species, bamboo can attain maturity in (4-5) years from the time of plan-

tation compared to timber, which takes decades. Over the past four decades, significant

development has been reported on bamboo-based composites, particularly, bamboo-fiber

composites [35], bamboo ply boards [36], bamboo scrimber [37], and bamboo strip-based

composites [38].

1.5.1 Anatomical features of bamboo

The anatomical structure of bamboo determines its physical and mechanical properties.

Bamboo plant has a hollow cylindrical shape culm that is filled with woody material.

The culm is divided into several nodes and internodes. The woody culm is in the form

of a tapered hollow section with the largest diameter and wall thickness at the bottom.
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The anatomical characteristic features of bamboo culm are shown in Fig. 1.5 [39]. The

diameter and wall thickness of the bamboo culm decrease from the bottom towards the

top of the plant. The bamboo is composed of different organic composition groups such

as cellulose (60%), lignin (32%), and hemicellulose (12%) [40]. The properties of bamboo

fibers are highly dependent on these organic constituents. The bamboo culm consists

of cellulosic fibers aligned along its length which gives bamboo ultimate tensile-flexural

strength and rigidity in that direction as shown in Fig. 1.5.

Figure 1.5: Characteristic features of bamboo (a) bamboo culm (b) vascular fiber bun-
dles [39].

These cellulosic fibers are embedded in lignin which acts as a matrix. The cellulose

fibers are the reinforcement while the lignin is the matrix which ultimately makes the

bamboo a natural composite. However, the non-cellulosic components, such as hemicel-

lulose and lignin tend to decrease the strength of the fibers. The higher fiber moisture

absorption is due to the presence of hemicellulose whereas lignin provides hardness and

rigidity to the plant. The presence of lignin also makes the bamboo fibers brittle. The
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distribution of the fiber bundles is denser in the outer radial region of the bamboo culm

compared to the inner region. As a result of the increase in fiber bundles from inner to

outer, the strength of the outer portion is higher than the inner.

1.5.2 Distribution of bamboo

Bamboo is a versatile and fast-growing plant belonging to the Bambusoideae grass fam-

ily. A total of 1,662 species of bamboo are available worldwide [41]. The growth of

bamboo depends on the climatic and soil conditions and is mostly favorable in tropical

and sub-tropical climatic conditions. The distribution of bamboo is extensive in specific

continents of the world such as Asia-Pacific, Africa, North America, and Europe. The

cultivation of Bamboo forests covers a total area of 38,000 million hectares, which is

approximately 3.2% of the total forest area around the world [42]. The Asian countries

Vietnam, China, India, Myanmar, and Indonesia are the largest producers of bamboo.

It has been identified by different names in these regions, namely “wood of the poor”

in India, “the brother” in Vietnam, and “People friend” in China [43]. China is the

largest bamboo-producing country with more than 500 species followed by India with

145 species [44]. The distribution of bamboo production by different states of India is

shown in Fig. 1.6 [45]. It is observed that the North-Eastern (NE) region of India is one

of the richest reservoirs of genetic diversity as it supports about 50% of the total genetic

resources of bamboo in India. Dendrocalamus and Bambusa are the two most predom-

inant bamboo species found in the North-Eastern region of India. Fig. 1.7 presents the

distribution of bamboo species in different North-Eastern states, among which Assam

records the highest cultivation of bamboo [46]. Even though the potential of bamboo cul-

tivation in the North-Eastern region is quite impressive, the commercialized development
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of bamboo is understated and is used for developing local products and in construction

industries.

Figure 1.6: Bamboo distribution in protected forests in states of India [45].

Figure 1.7: Bamboo distribution in the North-Eastern states [46].

1.5.3 Extraction of bamboo fibers

The extraction of bamboo fibers efficiently is a challenging task as the fibers are linked

with a complex organic constituent called lignin. Lignin provides rigidity to the bamboo

plant cell walls. Bamboo fibers are brittle due to high lignin content which reduces the

effectiveness of resin impregnation into the fibers. Therefore, it is necessary to remove

the maximum amount of lignin from the bamboo fiber surface to achieve the desired
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mechanical strength and stiffness. There are several techniques by which bamboo fibers

can be extracted. Bamboo is extracted in different forms for composite fabrication such as

single fibers, long strips, and bamboo powder particles as shown in Fig. 1.8. The quality

and strength of fiber are directly affected by the type of fiber extraction method. The

raw bamboo fibers are extracted using three procedures, namely mechanical extraction,

chemical extraction, and their combination [47].

Figure 1.8: Extraction of bamboo in different forms (a) single fibers, (b) long strips,
and (c) bamboo powder.

Mechanical extraction:

This method involves different procedures such as steam explosion, retting, crushing,

grinding and, rolling mill. Steam explosion is a physicochemical method that uses high-

pressure steam to disrupt bonding between polymeric components to break the structural

components of cellulose. Okubo et al. [48] applied steam explosion method to extract

bamboo fibers from bamboo tree. In this process, the cell wall of the fibers is cracked

and the bamboo fibers become soft enabling extraction. Results showed that the tensile

strength and modulus of bamboo composites using steam explosion increased up to (15-

30)%. They concluded the steam explosion technique as an efficient method to extract
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bamboo fibers for reinforcing thermoplastic. This process is appropriate in removing

lignin from the surface, the resulting fibers are dark and rigid, however, the cost of equip-

ment and energy consumption for the steam explosion method is relatively higher [47].

In retting process, the bamboo strips are dipped in water for (3-4) days, and then beaten

and scraped using sharp knife [49]. This process of knife scraping had a strong effect on

the quality of fibers. In a study, the authors reported that using the retting process the

fibers can be extracted in any desired length [50], whereas in crushing method, pin rollers

are used to extract the fibers [51]. This process is relatively expensive and the extracted

fibers are short in length. Ashimori et al. [52] mechanically extracted bamboo fibers

by a rotating rotor to extract the bamboo fibers. The authors reported that the major

drawback of with this method is that it yields short fibers which become powdered after

mechanical over-processing. Similarly, the fibers extracted using rolling and grinding mill

are in short fiber bundles and powdered form [47]. Among these, the steam explosion

method is the most efficient as it able to achieve long and rough fibers for composite

fabrication [48].

Chemical extraction:

The chemical extraction procedures use degumming, alkali or acid retting, and chemical

retting to remove the non-cellulosic parts, lignin, and hemicellulose from the fiber surface.

In this process is used to reduce the lignin and water content in the fibers. The bamboo

strips/chips are dipped in different acidic chemicals and alkaline solutions for a range of

time intervals. It is reported that the alkali treatment in the category of chemical ex-

traction, has shown the best efficiency for fiber modification by enhancing the interfacial

bonding between fiber and the matrix. The bamboo fibers treated with NaOH solution
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with (4-6)% caused less damage to the fibers by preserving the microstructure and align-

ment of the fiber bundles [53]. The lignin and hemicellulose are significantly removed

from the NaOH-treated fibers which is the major factor of brittleness and hydrophilicity

of fibers [54], whereas, Kaur et al. [55] treated the bamboo fibers with different concen-

trations of Zn(NO3)2 and found that the lignin content of the fibers are greater removed

compared to alkaline solution, but the water content of the fibers are high. The surface

of the treated fiber becomes rough which further improves the interfacial bonding of the

composite.

Combined mechanical and chemical extraction:

In this procedure, the bamboo chips are first dipped in alkaline solution and then the

treated bamboo strips are processed mechanically to extract the fibers. The compression

molding technique and the roller mill method is usually used to mechanically extract

the treated fibers. The mechanical extraction methods are eco-friendly and cause less

damage to the microstructure of the fibers compared to chemical methods [56], [57]. Thus,

the composites prepared by mechanically extracting the fibers and chemically treating

the same with different concentrations of alkali enhanced the fiber-matrix bonding with

improved mechanical strength.

1.6 Applications of bamboo composites

Bamboo a naturally occurring versatile composite material growing abundantly in most

tropical countries has found popularity across various industries contributing to environ-

ment sustainability and eco-friendly products. Its excellent and unique properties such

as mechanical strength, durability, and heat resistance have widened its application in
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various sectors like ranging from construction industries to textiles, automobiles, marine,

military, etc [58, 59]. It is also emerging as a good substitute for engineering timber

products for furniture such as laminated sheets, and bamboo scimber. Due to its re-

markable strength-to-weight ratio, bamboo has achieved major applications in meeting

different structural and commercial elements such as longhouses, scaffoldings, bamboo

flooring. The impressive qualities of bamboo as a lightweight, high-strength, and sustain-

able material along with good interfacial bonding with polymeric matrices have extended

its applications in sports goods, electronic and electrical appliances, such as snowboards,

Figure 1.9: Application of bamboo composites (a) interior and exterior structural design
(b) furniture (c) automotive [33, 58].
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computer shells, flexible electronic sensors, motion detection systems, composite deck and

fencing etc [60, 61]. Bamboo has proven to be a safe and durable material for structures

such as bridges, laminated panels, and roof architecture in many countries worldwide.

Moreover, door panels in automobiles, wall ceilings, decks, and other interior materials

prepared by non-woven bamboo mats and hot pressed have reached a mature state in the

construction industries [62]. The continuous unidirectional bamboo-reinforced thermoset-

ting composites possess outstanding mechanical properties. These composites have the

potential to replace synthetic composites such as glass/ carbon and other petroleum-based

composites in high-load applications including wind turbine blades, ship and submarine

materials, highway fence materials, etc [63]. Bamboo columns are also used as replace-

ments for steel bars for concrete frameworks such as beams, and columns [64]. Compared

to steel, bamboo is nine times lighter and its strength-to-weight ratio is approximately

five to six times higher than mild steel [65]. A few of the examples of bamboo-composites

in real-life applications have been presented in Fig. 1.9 [33, 58].
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Literature Survey

2.1 Introduction

As discussed previously in Chapter 1, the significant growth and high demand for clean

energy generation have led to the development of wind turbines. The literature on wind

turbine blades covers a wide range of areas including material science, structural mechan-

ics, aerodynamics, etc. The major area of attention is material selection and character-

ization as substitutes for conventional fiber-reinforced polymer composites. Structural

mechanics and dynamics are also crucial to ensure blade safety and reliability under

various operating conditions. In this Chapter, the literature on various aspects of wind

turbines such as material selection, material properties of bamboo composites, standards

for turbine blades, and static and dynamic behavior of wind blades will be reviewed.

2.2 Evolution of natural materials for wind turbine

blade

Blades are primarily composed of steel, aluminum, copper, glass, and carbon fiber com-

posites. Over time the materials for wind turbines have undergone tremendous change

from steel to lightweight polymeric composites. This is mainly to reduce the effects of

gravitational and fatigue loads. Presently, the turbine blades are manufactured from

21TH-3458_186151005



Chapter 2

glass-carbon fibers, thermoset resin (epoxy, polyester, and vinyl ester), and structural

adhesives. Compared to glass-fibers, carbon fibers are lightweight with high stiffness

which makes them create thinner and lighter blades [66]. Despite these advantages, car-

bon fibers are expensive and highly sensitive to misalignment of fibers as they can lead to

a significant reduction in compressive and fatigue strength [4]. Aramid and basalt fibers

are the second alternatives to glass/carbon fibers known for their exceptional mechanical

properties and heat resistance [67]. Basalt fibers are a compelling material choice for

small wind turbines as they have demonstrated much higher mechanical characteristics

i.e. 9% lighter, 30% harder, and (15-20)% stiffer than conventional glass fiber compos-

ites [68, 69]. Basalt fibers are mineral-based, and their environmental impact, especially

in terms of decomposition, is an important consideration. Unlike plant fibers, which can

degrade relatively quickly under natural conditions, basalt fibers contains high amount

of chemical contents which slow their degradation process [70]. Various disposal methods

as such landfill, mechanical, chemical, and thermal degradation recycling methods have

been studied in the literature. However, none of these techniques are perfect as each one

has its limitations [71–73]. These drawbacks have led to the utilization of natural and

sustainable fibers. In comparison to synthetic composites, natural/ green composites are

less expensive and abundantly available.

Natural fibers-based composites fabrication and testing are the hot topics of research.

It has the potential to replace the widely used synthetic fiber-reinforced polymer compos-

ites [26]. Thus, bio-composite materials will help to develop more environmentally friendly

small wind turbine (SWT) blades as an alternative to the current material system. Several

investigations have been carried out to study the feasibility of wooden/ timber composites

for wind turbine blades. Mishnaevsky et al. [74] conducted the mechanical test of wood
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to explore the applicability of timber/timber composites for small-scale wind turbine

blades. The results of the study included mechanical strength analysis and environmen-

tal degradation of timber. Based on various recommendations and considerations from

the strength and other environmental factors, wind turbines with timber wind blades are

produced as shown in Fig. 2.1, and tested. Astle et al. [75] studied the material properties

Figure 2.1: Installed wind turbine with timber wind blades in the country Nepal [74]).

of Douglas fir, a North American timber species, and Sitka spruce, and European species

in terms of strength and fatigue life. Both timber have excellent fatigue life crossing over

1 million cycles. Further, analyzing the results experimentally, it is recommended that

these timbers be suitable for SWT blades. Pourrajabian et al. [76] experimentally tested

four species of Iranian timber for small wind turbine blades. Based on the mechanical

properties, a design optimization is performed to study the suitability of the timbers for

solid and hollow blades. Alder and beech timber demonstrated better performance for

hollow blades in high windy areas. Similarly, Peterson et al. [77], and Sinha et al. [78]

studied the suitability of different timber/ wood for wind turbine blades. The criteria

of their selection process involved mechanical properties, price, growth, and availability

of timber. Despite the advantages of low prices, these timbers are high in moisture ab-

sorption. To improve the durability different water-resistant coatings are studied [74, 78].
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Green composites such as wood, and Douglas fir have received approval for wind tur-

bine application in the U.S. [79]. However, the increased cost of timber and shortage in

global supply chains have shifted academic attention toward investigating different types

of natural fibers for developing wind turbine blades.

Numerous attempts have been made to show that natural fiber-composites (NFCs)

are suitable for wind turbine blade applications. Kalagi et al. [80] presented a review

of the mechanical properties, constituents, and manufacturing processes of natural fiber-

reinforced composites. The authors reported that the basic material requirements for

wind turbine blades are high strength-to-weight ratio, better fatigue resistance, and high

stiffness. Batu et al. [81] investigated eleven different natural fiber-reinforced composites

for SWT blade applications. The designed blades are analyzed for stress, and deflection

under different loading conditions, and the results are compared with the existing E-

glass/epoxy blade. The hemp fiber composites are also tested for tension, flexure, and

impact strength. As reported, natural hemp composites are suitable candidates for use

as turbine blade material [82]. Holmes et al. [83] performed the static and dynamic test

on the bamboo-epoxy laminates and suggested that bamboo composites can be used for

wind turbine blade application. Huang et al. [84] investigated the mechanical properties

of timber and bamboo composites for turbine blades. The authors reported that bamboo-

composite has better properties than wood/timber. Similarly, Shah et al. [85] confirmed

the suitability of natural flax composite for wind turbine applications. However, there

are certain drawbacks associated with the performance of NFs such as their hydrophilic

nature, and low thermal stability [86]. This nature affects the microstructure of the

composite. The structure of the wind turbine blade can be improved by hybridizing

the mechanical properties of the NFCs. Miliket et al. [8] investigated the mechanical
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properties of sisal/nacha/glass fibers hybrid composite and suggested that the composite

with a fiber volume ratio of (20:5) has adequate potential to be used for blade design.

2.3 Experimental investigation on bamboo-based

composites

The investigation of mechanical properties of bamboo and bamboo fiber-reinforced

composites (BFRC) has gained significant interest due to the growing recognition as

lightweight, sustainable, biodegradable, and low carbon content material. Various exper-

iments are being conducted such as tensile, flexural, compressive, impact, etc to have an

in-depth visualization of how these materials behave in different loading and atmospheric

conditions. Further, the exploration extends to the development of bamboo composites

i.e. bamboo fibers embedded in different polymeric matrices or resins. This helps in

enhancing the specific strength and stiffness of bamboo for high-load applications.

2.3.1 Material characterization under static loading

Mohanty and Nayak [87] developed bamboo fiber-reinforced polyester composites with

different fiber content. It is observed that the composites with fiber content between

(10-30)% possess excellent tensile and flexural strength and beyond that content, there

is a decline in the values of mechanical strength. Lokesh et al. [88] investigated the me-

chanical properties of untreated bamboo and bamboo epoxy composites. The bamboo

species is not known in their work. Results demonstrated that the composites showed

higher strength and stiffness compared to the untreated samples. The tensile strength

increased from 16.51 MPa to 18 MPa for the composite samples. The infiltration of hy-
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drophobic epoxy resin facilitates improved dimensional stability against moisture attack,

high strength and stiffness, and waterproof coating to the composites [89–91] fabricated

composites with Gigantochlea scotechini (bamboo species from Malaysia). They stud-

ied the performance of BFRC with different portions of fiber content. It is observed

that the bamboo epoxy composites with 40% fiber content exhibited the highest ten-

sile and flexural strength. Hou et al. [92] performed the tensile and compressive test

of BFRC. The tensile strength of the composite parallel to the reinforcing direction is

reported to be 148.53 MPa which is almost 26.47 times higher than the reinforcing fibers

in the perpendicular direction. Barman et al. [93] investigated the mechanical proper-

ties of Bambusa Tulda fiber-reinforced composites. The composites are fabricated using

compression molding and hand layup methods. The compression-molded composites ex-

hibited better mechanical strength and surface smoothness. The flexural characterization

of the bamboo species Guadua angustifolia and its composites is performed by Osorio et

al. [94]. It is observed that the experimental flexural strength reaches nearly 78% of the

theoretical value. It indicates good fiber-matrix bonding which is mainly responsible for

high strength and stiffness. The mechanical strength of bamboo varies from species to

species. An experimental study is carried out by Awalluddin et al. [95] by comparing

five different species from different parts of the world. The tensile strength of the bam-

boo species namely, Bambusa Vulgaris, Dendrocalamus Asper, Schizostachyum Grande,

and Gigantochloa Scortechinii differed from 145 N/mm2 to 233.98 N/mm2. There is an

increasing global interest in developing bamboo as a substitute for structural steel [96],

but its direct utilization is restricted to construction and structural applications.

Bamboo is highly susceptible to insect attack and fungal decay, dimensional instability

with a reduction in strength due to moisture absorption, poor corrosion, and thermal resis-
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tance [97]. Literature supports that after certain chemical modifications, low-cost bamboo

develops itself in a high-efficiency composite structure such as bamboo plastic composite

material [98] and green eco-friendly bamboo composite material [53]. Alkali modifica-

tion is an effective treatment for lignocellulosic fibers as the composite tensile strength

is unaffected and an increase in its concentration increases the fiber stiffness [99]. Man-

alo et al. [100] investigated the effect of alkali concentration on the mechanical strength

of bamboo polyester composites. An alkali concentration of 6% is found optimum and

resulted in the best mechanical performance for the bamboo composites. Further, a re-

duction in mechanical properties is observed at the alkali concentration of 8%. Behera et

al. [101] studied the mechanical properties of the composites with varying alkali concen-

trations from (1-4)%. The fibers treated with 4% NaOH demonstrated improved tensile

strength. Wang et al. [102] experimentally studied the different concentrations of NaOH

treatment of bamboo fibers and found 4% as the optimum value with good mechanical

properties. The authors suggested through their experiment that alkali concentration of

5% does not affect the tensile strength of bamboo fibers, whereas beyond that the tensile

strength dramatically decreased [103]. Zang et al. [104] reported that the bamboo fibers

treated with 6% NaOH are more suitable for composite fabrication with improved tensile

strength. The (4-6)% alkaline treatment of bamboo fibers is the most suitable range for

achieving the best mechanical properties. However, most of the literature on the char-

acterization of bamboo composites is based on the reinforcement of bamboo fibers in

polymeric composites. The characterization of bamboo composites on laminae/ strips is

limited.

Verma et al. [35] carried out the mechanical characterization of bamboo laminae under

different loading conditions and found that laminated bamboo composites (LBCs) have
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better strength than wood-based polymeric composites. A four-year-old green bamboo

species Dendrocalamus strictus is selected for the study. The tensile strength of LBC is

found in the range of (169-205) MPa. Asif et al. [105] compared the mechanical properties

of bamboo strip composite and bamboo strip hybrid glass composite. It is observed

that the flexural strength increased by 22.49% for the hybrid composites however, there

is no significant effect on the tensile properties. Bako et al. [106] studied the effect of

the tensile strength of bamboo woven strip composite on various immersion time of the

composite. It is found that the composite immersed in sulfur water and seawater had

the highest tensile strength compared to immersion in pure sulfur water. Sumardi et

al. [107] studied the mechanical properties of bamboo laminated composites using bamboo

strips and bamboo zephyrs and found that laminated bamboo boards using bamboo

strips have better dimensional stability and shear strength. Similarly, Rassiah et al. [38]

experimentally studied the mechanical properties of laminated bamboo strips. The strips

from the middle portion of the bamboo culm have better strength, whereas the outer

culm strips provide higher hardness. The authors revealed that bamboo strip composites

have good mechanical characteristics than pure bamboo and these composites can be a

good alternative to composite-based reinforcing fibers.

2.3.2 Material characterization under dynamic loading

Fatigue stress is another major factor affecting the lifetime of a structure. Natural bam-

boo plants are flexible compared to other plant fibers which allows them to withstand

dynamic loads and vibration. This inherent characteristic makes natural bamboo and

its composites suitable for applications where dynamic loads are considered such as wind

turbine blades. Keogh et al. [108] investigated the fatigue behavior of raw bamboo culm
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subjected to compression-compression fatigue loading in the axial and diametral direc-

tion of the bamboo culm. The results demonstrated that the bamboo culm undergo

fatigue failure when the samples are loaded under diametral compression whereas, no

fatigue behavior is recorded when the samples are loaded under axial compression. For

fiber composites, the fatigue range for unidirectional fiber composites loaded parallel to

fibers is less as the applied stress is largely borne by the fibers, showing brittle failure.

However, the composites loaded perpendicular to the fibers showcased large fatigue cy-

cles due to the fiber/matrix interfacial bonding [108]. Song et al. [109] investigated the

fatigue behavior of raw bamboo strips subjected to three-point flexural loading. Crack

propagation, flexural fatigue life, and residual stiffness under different loading conditions

are studied. Test results demonstrated that the samples with high fiber density displayed

liner anisotropic flexural fatigue behavior than the low fiber density samples.

Ali et al. [110] studied the fracture and fatigue behavior of composite bamboo strips.

They reported excellent fatigue properties with a fatigue limit of 30 MPa with 106 cycles.

Onche et al. [111] studied the fracture and fatigue behavior of Bambusa Vulgaris-Schrad

bamboo under monotonic and cyclic loading. Cracks are initiated in the perpendicu-

lar direction of the applied force under the flexural fracture test, whereas fatigue fail-

ure occurred when the applied stress exceeded the critical buckling stress. Amada and

Untao [112] studied the effect of fracture toughness on the volume fraction of bamboo

fibers. Test results demonstrated that the bamboo region having low fiber density has

less toughening value compared to the region with higher fiber volume. Numerous exper-

imental investigations have also been carried out to study the fracture characterization

of bamboo-based polymer composites [113–115], and it is concluded that an increment

in fiber content deteriorates the fracture toughness of the composites leading to matrix
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cracking, fiber breakage, and fiber pull. Scherer et al. [116] studied the fatigue behavior of

bamboo-epoxy composites under torsional fatigue loading. Fatigue test results of bamboo

composites revealed that torsional fatigue is strongly related to the epoxy resin. Crack

initiation is observed at the interfacial region between the matrix and the fibers. Thwe

and Liao [117] conducted a fatigue assessment of bamboo/glass fiber hybrid composites.

They concluded that hybridizing a small percentage of glass fiber can significantly im-

prove the fatigue life and damage resistance of the composites than pure bamboo-based

composites.

2.4 Effect of airfoil for vertical axis wind turbine

blade

Wind blades are designed keeping in concern the unpredictable environmental climatic

consequences and never less failed to deliver satisfactory performance during their life-

time. Based on the aerodynamic theory, the efficiency of the wind turbine largely depends

on the selection of a suitable airfoil profile cross-section and shape. Analysis of VAWT

started being carried out using various types of airfoils to exhibit useful results in terms

of aerodynamic performance.

Subramanian et al. [118] investigated the aerodynamic performance of the symmetrical

airfoils NACA 0012, NACA 0015, and NACA 0030 for its use in VAWTs. The numerical

results demonstrated that VAWTs deliver better performance with thinner airfoils at a

high TSR which shows that NACA 0015 is the best-performing airfoil. Mohamed [119]

performed the aerodynamic investigation on 20 different airfoils both symmetric and non-

symmetric and found that the symmetric airfoils have a better power coefficient. Wang et
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al. [120] investigated the power coefficient of different symmetric NACA series airfoils and

found that the value of the power coefficient increases with an increase in airfoil thickness

and attains the highest value of 39.47% when the airfoil thickness is 15%, and further

decrease with increase in thickness. Further, it is reported that NACA 0018 airfoils per-

form better at TSR lower than 2.33, whereas at TSR greater than 2.33 NACA 0015 is

the best option for VAWTs. The aerodynamic performance of different series of airfoils

such as airfoils with different thicknesses (symmetric NACA series) and airfoils with dif-

ferent camber thicknesses (non-symmetric NACA series and S series) are summarised by

Wang et al. [120]. Kanyako and Janajreh [121] numerically analyzed the two-dimensional

aerodynamic performance using airfoils DU-06-W-200, NACA 0015, NACA 0018, and S

1046. The results showed that NACA 0015 is the best-performing airfoil for the tip speed

ratio range of 1 to 4. Mohamed et al. [122] investigated the aerodynamic performance

of the H-Darrieus rotor with 25 different airfoils. The authors concluded that the non-

symmetric airfoils for this turbine increased the efficiency by 10% compared to standard

symmetric shapes. Blade pitch is also included in the study and results demonstrated

that zero pitch angle is the best configuration. Recently, Dastjerdi et al. [123] revealed

that non-symmetric airfoils have better self-starting capabilities and exhibited 79.80%

higher torque than symmetric profiles, whereas, the symmetric airfoils have a higher

power coefficient of 68.70% than the non-symmetric airfoils. Subsequently, Kumar and

Sarkar [124] reported that the non-symmetric NACA 4415 airfoil demonstrated better

performance approximately 1.4 times higher compared to other cambered airfoils.
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2.5 Structural reliability of composite blades

Wind turbine blades are the most crucial and costly components of the whole system.

The turbine efficiency mainly depends on aerodynamic shape as well as the blade materi-

als [80]. The aerodynamics of the straight-bladed vertical axis wind turbine (SB-VAWT)

has received appreciable recognition in the literature [125, 126]. However, only a few works

concern the structural design of VAWT blades. The major cause of blade failure is due to

increased centrifugal forces. The VAWT blades rotate freely at high rpm which increases

the centrifugal forces. At high rpm, these forces counter the lift force causing bending

of the blade away from the optimum bending angle and decreasing the overall power

output [127]. Moreover, these forces significantly contribute to the magnitude of overall

forces acting on the blade [128]. Thus the blade structure is desired to be designed with

lightweight materials to reduce the dominance of the centrifugal force and also to reduce

the material cost. Natural fiber composites are much lighter than synthetic composites

as shown in Fig. 2.2 [129] and the blades produced from these composites will result in

reduced centrifugal and gravity forces.

Wind turbine blades have complex structural layouts to meet the structural design

requirements. These blades include one or more shear webs and numerous composite plies

arranged at various ply angles. The structural performance of the composite blade can

be optimized by altering the order of stacking sequences, the orientation of fibers, and

the location of stacks [130–132]. The authors investigated the performance of the wind

turbine blade using profiles NACA 0015, DU 06-W-200, and SG6040. Wang et al. [133]

developed a novel mathematical model to calculate the cross-sectional properties of wind

turbine blades based on classical lamination theory (CLT). The results showed a good
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Figure 2.2: Comparison of weight of blades composed of different composites [129].

agreement with the experimental and numerical data and it is found to be more accurate

than the existing codes. Further, Wang et al. [134] presented a structural optimization

technique for wind turbine composite blades using a parametric finite element analysis

(FEA) and genetic algorithm (GA) model using blade profiles NACA 0018, and NACA

0040. The results of the study demonstrated that the mass of the optimized blade is

reduced to 17.40%, which indicates that the optimization model effectively reduces the

mass of the blade. Similarly, Barnes and Morozov [135] explored the effects of varying

different aspects of the internal structural of a wind turbine blade design with different

structural configurations. The authors suggested that a wide range of loading conditions

must be considered as the optimized design results varied greatly between different de-

signs. Guo et al. [136] performed the finite element (FE) analysis of the VAWT straight

blade using NACA 0018 blade profile. They analyzed the effect of pitch on blade defor-

mation and found that the blade deformation and the stresses in the supporting arms

33TH-3458_186151005



Chapter 2

deteriorated significantly as the blades are folded in the negative direction. Lin et al. [137]

performed the strength laminated composite VAWT blade. The blade suffered from max-

imum stresses in the upper support when the azimuth angle is between (60-90) degrees.

Brown and Brooks [138] presented a finite element methodology to predict the structural

response of the thermoplastic composite blade.

2.6 Dynamic behavior of composite blades

The dynamic characteristics are closely related to the composite mechanical proper-

ties and can significantly affect its performance. Blades of a vertical axis wind turbine

(VAWT) system are the most complex and susceptible vibration components contributing

to over 41% of total failures [139]. They are well-suited in-built environments where the

nature of wind loading is dynamic. The complexities of aerodynamics around the VAWT

blade pose a great challenge to its structural integrity. The aerodynamic shape deter-

mines the power efficiency of the turbine whereas the blade structure ensures whether it

can resist the aerodynamic forces and loads during operation [140]. The aerodynamics

mainly concerns the outer shape of the blade whereas structural improvements are often

made through the use of appropriate materials rather than changes to blade geometry.

The structural dynamics of the wind turbine blade are another major issue to ensure

reliability of the system. Natural frequencies, displacement mode shapes, damping ra-

tios, and bending stiffness are directly related to dynamic loading. These vibrations are

caused by the interactions between the inertial and the elastic forces, characterized by

the geometry and material properties of the system during structural deformation [141].

Analyzing natural frequencies and mode shapes is needed to avoid structural resonance

and vibrational instabilities.
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Reducing vibrations of VAWT has been an active area of research for the last decade,

especially with the advancements in blade materials. Numerical and experimental ap-

proaches are discussed to identify the vibrational frequencies and mode shapes of the

VAWT blade. Maalawi and Negm [142] developed an optimization technique to study

the behavior and variation of natural frequencies of the wind turbine blade structure.

Non-linear-based solutions are adapted to solve the optimization problem. They reported

that higher frequencies are favorable for reducing both the steady state and transient re-

sponses of the structure after being excited. Verkinderen and Imam [143] developed a

simplified analytical model to identify the vibrational frequencies of the H-Darieus VAWT

system. Alaimo et al. [144] carried out the dynamic experimental test on the two-blade

configuration to determine their dynamic response in terms of natural frequencies and

their respective mode shapes. Similarly, Wang et al. [134] performed the modal analysis

of a non-rotating blade. The FEA model exhibited good agreement with a difference of

2.63% compared to the pre-existing composite blade. Wang et al. [145] experimentally

studied the dynamic response of a rooftop VAWT. Mabrouk et al. [146] studied the ef-

fect of rotational speed on the dynamic behavior of the VAWT. Recently, Tong and his

colleagues [147] performed a detailed free and forced vibration analysis on two different

types of H-Darrieus VAWT. The difference in natural frequencies of both models is found

in the range of (3.12-3.67)%. From the above literature, it is evident that studies related

to the dynamic behavior of VAWT blades are quite limited. Additionally, the vibration of

the blade can be reduced by optimizing the blade design and material properties. Dey et

al. [148] performed the free vibration analysis of a composite cantilever plate to study the

effect of ply angle orientation, elastic modulus, and mass density. The results of the study

revealed that small changes in composite such as fiber angle orientation, and differences
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in the bonding of layers can significantly affect the modal vibrations of a composite.

2.7 Fluid-structure interaction of wind turbine

Fluid-structure interaction (FSI) plays an important role in ensuring the structural per-

formance and reliability of VAWT particularly concerning dynamic behavior when the

blades interact with the fluid. FSI simulations which are computationally expensive in

many applications, have increased in popularity in recent years as available computing

power has decreased in cost. During operation, the turbine blades/ entire structure in-

teracts with the fluid causing aeroelastic instabilities such as edgewise deflection, and

futter. This behavior leads to catastrophic failure of the blades as well as the entire wind

system [149]. It involves both aerodynamic and structural loading to exhibit the aero-

dynamic and structural responses. There are several analytical and numerical coupling

methods to investigate the FSI behaviour of vertical axis axis wind turbine blade. The

BEM ( Blade element momentum) is mostly adopted for the evaluation of aerodynamic

forces in FSI modelling for its higher level of accuracy [150]. The performance of the

turbine blades mainly depends on flow field and wake characteristics. The BEM method

does not take into account the flow field characteristics and wake effect around the blades

which acts as a barrier for studying further optimized blade design [151]. In that case,

computational fluid dynamics (CFD) is another powerfool computing technique which is

capable of representating the complex three-dimensional (3D) realistic fluid characteris-

tics more accurately than BEM method. However, compared to BEM, the computational

cost of CFD is more [152]. Similarly the structural modelling of FSI involes various mod-

els. The finite element analysis (FEA) model gives high level of accuracy and flexibility

for defining material thickness in case of composites compared to one-dimensional (1D)
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beam elements [134, 153]. Bazilevs et al. [154] presented an FSI modeling of a 3D VAWT

using computational fluid dynamics. The aerodynamic results demonstrated good agree-

ment with the field test data of the turbine. However, the turbine suffered from start-up

issues at low rotational speed. MacPhee and Beyene [155] studied the flow conditions of a

morphing VAWT blade using the finite volume FSI modeling. Results demonstrated that

the flexible blade design have higher efficiency and self starting ability than the standard

VAWT. Arora et al. [156] performed the FSI analysis of VAWT blade. The first phase of

the study estimated the wind pressure on the blades using standard CFD tool, ANSYS

Fluent. In the second stage, the aerodynamic pressure is imported to study the struc-

tural performance of the hollow composite blades. The blades are modelled with different

thickness to reduce the effect of stress due to centrifugal forces and found that the maxi-

mum stress and deflection within the allowable safe limit. Marzec et al. [157] carried out

the topological optimisation of H-rotor wind blade under realistic loading condition using

one-way FSI simulation. It is found that the the deformation and stresses significantly

reduced and over 60% mass reduction of the optimised blade is also observed. Madapur et

al. [158] investigated the FSI simulation of VAWT using one way approach and found

that the induced stresses and deformation are below the ultimate values ensuring safe

working of the turbine.

2.8 Summary

After reviewing the literature, it is evident that bamboo has the potential to replace

the existing materials. These composites are low cost, affordable, and most importantly

biodegradable. Bamboo fibers are plant-based fibers and the composites fabricated using

these fibers causes less manufacturing wastes compared to the conventional composites. It
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is also important to note that the bio-based materials offer environmental benefits, such as

reduced carbon footprint and biodegradability. However, in contrast to biodegradability

or disposal challenges, these composites possess better biodegradability when the bamboo

fibers are bonded with bio-based polymers. The utilization and production of small wind

blades using bamboo material could be a source of income for the rural people and they

could also generate their electricity using these domestic turbines to cut down the cost

of grid-connected electricity. The strength of evaluation of these species needs to be

performed to utilize these bamboos most effectively. Further, in bamboo-based polymer

composites, bamboo is utilized in the form of single fibers which lowers the strength of

the overall composite. The strength of composites using bamboo laminae/strips directly

extracted from the bulk bamboo needs to be investigated. For Darrieus a wide range of

investigation have been performed considering NACA symmetrical airfoils. The NACA

0015 showed the best performance compared to the other symmetrical profiles. Since

blades are the key components of the whole turbine system, they need to be structural

safe for smooth functioning. The structural strength of a blade plays very important

role when the is utilized in urban environment with turbulence nature. Centrifugal and

fatigue the are most dominating cause of blade failure in such environment. Most of the

structural investigation on VAWT blades have been conducted on the symmteric profiles,

However, the asymmetrical profiles with better aerodynamic performance also needs to

be investigated.

2.9 Technical Gaps

After a detailed literature survey, the following research gaps are identified:

� The mechanical characterization of the Bamboo species such as Bambusa Tulda,
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Bambusa Balcooa and Bambusa Nutan from the northeastern region of India (As-

sam) is not yet explored. The mechanical properties of bamboo can vary signifi-

cantly between species and regions due to factors such as climate, soil conditions,

and other environmental factors.

� Fatigue characterization is crucial, especially in applications where materials are

subjected to cyclic loading or repetitive stress, such as wind turbine blades, struc-

tural elements, or other dynamic applications. There is limited data available on

the fatigue life of bamboo composites.

� The structural behavior of bamboo-based straight vertical axis wind turbine blade

have not yet been investigated.

� The wind turbine blades are subjected to continuous dynamic loads. There is no

literature available on the study focusing the natural frequencies and mode shapes

of bamboo based blades.

2.9.1 Research Objectives

Based on the literature survey, the primary objective of the research work is to develop

Bio-composite blades for straight Darrieus wind turbines.

To accomplish the proposed major objective, the following sub-objectives are framed

for the present research work:

� To select North-East bamboo species and conducting its mechanical characteriza-

tion.

� To develope bamboo-based epoxy composite laminates and testing for static

strength, flexure, impact and fatigue loading .

39TH-3458_186151005



Chapter 2

� To perform the static analysis of the bamboo composite blade considering both

symmetric and non-symmetric airfoil using CAE.

� To perform the dynamic analysis of modelled bamboo composite blade for the

symmetric and the non-symmetric airfoil.

� To perform Fluid-Structure Interaction (FSI) of the blade with the non-symmetric

airfoil and fabricating blades using bamboo epoxy and fabrication of bamboo epoxy

blade.

2.10 Motivation

Bamboo composites are emerging as promising materials for wind turbine blade appli-

cations due to several motivating factors. Firstly, in a world with an increasing fo-

cus on renewable energy sources, the utilization of bamboo in composites presents an

opportunity to enhance the efficiency and environmental sustainability of wind energy

generation. Bamboo composites align with global sustainability efforts, as bamboo is a

rapidly renewable resource that can replace less sustainable materials like glass/carbon

fibers, contributing to eco-friendly alternatives. As a renewable resource, bamboo can

be harvested and replenished more quickly than other traditional materials. Bamboo

also possesses an exceptional strength-to-weight ratio making it lighter in weight. Ad-

ditionally, the abundance of bamboo in many regions enables the possibility of localized

power generation, reducing the transportation cost and carbon emissions associated with

manufacturing techniques. In conclusion, the motivation behind the research of develop-

ing bamboo composites for wind turbine application lies in the combination of strength,

sustainability challenges, drive innovations, and positive impact on the environment and
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society, making it an attractive choice for the renewable energy industry.

2.10.1 Organization of the Thesis

The complete research work presented in the thesis has been organized into seven chap-

ters. The following is a brief outline of the each chapter’s content.

� Chapter one presents an introduction to the wind energy, blade waste and its dis-

posal problems, historical development and classification of wind turbines, devel-

opment bio-composites for turbine blade. The anatomical features of bamboo, its

distribution, extraction methods and its different applications are also discussed

and presented.

� In Chapter two, a thorough review of the literature regarding the evolution of bio-

composites for wind turbine blade, mechanical characterization of bamboo compos-

ites, and the structural performance of blades is presented. On the basis of in depth

literature survey, research gaps are identified and, research objectives are proposed.

� Chapter three presents the mechanical and physical characterization of untreated,

treated and bamboo composites. The comparative chart of the specific strength of

the developed bamboo composites and other existing materials is also presented in

this chapter.

� In Chapter four, the static strength analysis of the straight blade modelled using

bamboo-based composites is presented.

� In Chapter five, the free and forced vibration of the modelled bamboo composite

blade is summarised. The effect of different boundary condition on the natural

frequencies of the straight blade is also presented.
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� In Chapter six, the Fluid Structure Interaction (FSI) of the three dimensional wind

turbine comprising of bamboo composite blade is presented. Fabrication of the

prototype blade is also presented in this chapter.

� Finally, Chapter seven summarizes the major conclusions and suggestions for future

research.
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Mechanical properties of Assam’s
bamboo-epoxy composite laminates –
An experimental investigation

3.1 Introduction

The dominance of contemporary composite materials has reached heights as well worth

weight-saving materials. Bamboo is one of the rapidly growing crops which is as stronger

as timber and can be utilized in developing semi-replaceable industrial products. Bamboo

composites are eco-friendly materials involved by combining bamboo fibers with resin or

polymer matrices to enhance their individual material properties. The investigation of

the mechanical properties of bamboo composites has become crucial as it helps to under-

stand the durability and resilience of these composites over time. In this Chapter, the

mechanical properties of three bamboo species collected from the North-Eastern region,

“Assam” are studied. Firstly, the bamboo samples are extracted from the outer bulk

bamboo and surface treated. The developed composite laminates are then characterized

by tensile, compression, three-point bending, and impact loading. The Fourier transform

infrared spectroscopic (FTIR) and Field emission scanning electron microscopy (FESEM)

analysis is carried out to have a better understanding of the chemical composition, and

surface morphology. The mechanical strength of these highly-cellulosic fiber composites

conducted through various experiments are validated with theoretical equations. Further,
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the fatigue behavior is also studied to determine the fatigue life of bamboo-epoxy com-

posites under different stress ratio which will help in the development of design guidelines

and standards for utilizing bamboo composites in load bearing structures.

3.2 Materials and methods

3.2.1 Raw materials

In this study, three commercial species of bamboo grown in the (NE) region (Bambusa

Balcooa, Bambusa Tulda, and Bambusa Nutan) are collected from the local market of

Assam, Guwahati. The maturity of the bamboo species is about (3-4) years. Sodium

Hydroxide (98%) and Sodium Sulfite (98%) are used for delignification process. The

polymer-based matrix material used in this study is Epoxy (Type- LY556, along with

hardener HY-951). Bamboo fibers in the form of laminae/strips are used as the reinforcing

material. The bamboo/epoxy composites are fabricated using the hand layup process.

Further, deionized water is used as the solvent.

3.2.2 Experimental procedure

Culm length (300–350) mm is selected and the nodes are removed. The cylindrical culms

are split into four sections using the splitter machine. Bamboo billets are procured main-

taining an average thickness of (10±1.5) mm and length of (300±10) mm as shown in

Fig. 3.1(a). and Fig. 3.1(b). In a study, authors investigated that external bamboo

strips with thicknesses ranging between (1.2 to 2.5) mm demonstrated better mechanical

strength performance [159].
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Figure 3.1: (a) cross-section of bamboo culm (b) rectangular bamboo strips.

A general flow process diagram for the sample preparation is shown in Fig. 3.2. In

the present study, the composite laminates are prepared using hand-layup as shown in

Fig. 3.3. It is a simple, cost-effective process compared to other manufacturing techniques

such as molding, VARTM. process. Firstly, the strips are surface treated with sodium

Figure 3.2: Flow chart of sample preparation.

hydroxide (2.5 mole/L) and sodium sulfite (0.4 mole/L) and heat-treated to 80◦C for
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8 hours to remove lignin and other substrates. At this temperature, single fiber pull out,

and tearing is observed disturbing the fiber matrix for further process. The deligification

process is achieved at an optimum temperature of 60◦C as higher temperature can destroy

the interconnection link between bamboo fibers and parenchyma cells. This is because the

fiber density and cells strongly depend on lignin. Thus, the heat treatment parameters are

reduced to 60◦C for 6 hours. After treatment, the strips are washed thoroughly to remove

the excess chemicals and dried at room temperature. Thereafter, the remaining substrates

are removed by soaking the treated strips in NaOH solution (6% w/v) for 3 hours as

reported by Asim et al. [160]. These dried strips are manually laid into a metallic mold

(Fig. 3.3). The bamboo strips are arranged according to the design specifications ensuring

proper fiber orientation and resin distribution. The strips are impregnated with epoxy

resin and hardener at a ratio of 10:1. Throughout the process, attention is given to

removing air bubbles and achieving uniform thickness. After the resin infusion process,

the composite is compacted with a cover plate to remove the excess resin.

Figure 3.3: Developed bamboo-epoxy composite laminates.
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3.2.3 Mechanical characterization

The FTIR analysis is conducted to differentiate the change in the chemical composition

after alkaline treatment. Each spectrum consisted of 32 scans for each sample in the

spectral range of (400-4000) cm−1 with a resolution of 4 cm−1. In the ongoing delignifi-

cation process, the percentage weight reduction (wt%) of the samples is recorded at every

1 hour interval. The delignified bamboo samples are taken out from the water, dried,

and weighed. Similarly, the weight gain of the epoxy infiltrated bamboo specimens after

immersion in water till the nth hour is calculated by Eq. (3.1):

(Mn −M0) ∗ 100%/M0 (3.1)

where Mn and M0 denotes the initial and final value of the specimens after nth hour.

The morphology and structure evaluation of the prepared samples are examined using

Sigma Field Emission microscopy (Make: Zeiss, Germany). Generally, cellulosic fibers

are less or non-conductive [161]. To increase the conductivity, the samples are uniformly

gold coated for 30 seconds. To determine the resistance of the samples against different

moisture content, the weight of the specimen before and after immersion in distilled water

for 24 hours is measured. Total of 9 samples are prepared with dimensions (100 mm in

length, 6 mm wide, and 2 mm thick). The width and thickness of each specimen before

and after water immersion is measured using a digital vernier caliper. The weight of the

specimens is calculated every 2 hours. Water absorption, width expansion, and thickness

swelling are calculated by Eq. (3.2):

(Wn −W0) ∗ 100%/W0 (3.2)
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where Wn and W0 denotes the initial and final value of the specimens after nth hour.

The developed composite laminates are cut in the longitudinal and transverse direction

as shown in Fig. 3.4(a). These composite strips are tested for their mechanical strength

such as tensile, flexural, compression, and impact using standard test machines. The

tensile test specimens are prepared as per ASTM-D-638-3 with dimensions of 160 mm in

length, 14 mm width, and 3 mm thickness. The flexural test samples are prepared as per

ASTM-D-790-3 with dimensions of 130 mm in length, 14 mm width, and 3 mm thickness.

Similarly, the compression test specimens are cut as per ASTM-D-3410. The tests are

carried at a crosshead speed of 1.5 mm/min. The tensile and flexural test fixtures with

the bamboo samples are presented in Fig. 3.4(b) and Fig. 3.4(c). Two different load cells

are used i.e. 100 kN for the longitudinal samples and 1 kN for the samples cut in the

transverse direction. The gauge length of the samples is taken as 50 mm. The charpy

impact test of the un-notched samples is carried out at 120◦ clockwise using a manual

“Pendulum Charpy Tester” capacity at room temperature.

Figure 3.4: (a) single-layer laminates from single bamboo strip (b) tensile fixture (c)
bending fixture.
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3.3 Theoretical calculation

The elastic properties and strength of the unidirectional bamboo laminates are estimated

from the fiber and matrix properties using the rule of mixture. The proposed rule for

elastic properties in laminate is given by the following expression [162] -

Ec = EfVf + EmVm (3.3)

σl = σfVf + σm(1 − Vf ) (3.4)

σt = σm

(
1 −

(
4 ∗ Vf

π

)0.5)
(3.5)

where Ec is Young’s modulus of the composite laminate along the fiber direction, Ef is

Young’s modulus of the bamboo fiber, Em is Young’s modulus of the polymer matrix, Vf

is the fiber volume fraction and Vm is the matrix volume fraction, σf is the average tensile

strength of bamboo fiber, σm is the average tensile strength of the polymer matrix, and σl

is the average tensile strength of the bamboo composite laminate in the fiber direction, σt

is the average transverse tensile strength of the laminate.

3.4 Results and discussion

3.4.1 Fabrication and physical properties evaluation

In this study, the fabrication process comprises a two-step procedure. Firstly, the bamboo

strips are delignified through the alkaline solution, and then the epoxy resin is impreg-

nated into the bamboo surface through hand layup technique. In the initial step toward
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the lignin removal process, Fig. 3.5 shows the comparison of solution color in every two-

hour interval from the soaking period. With the increase in immersion time, a change

in solution color from pale yellow to deep brown is observed as shown in Fig. 3.5(a) and

Fig. 3.5(c). Cellulose and hemicellulose are simple structures with colorless substrates

compared to lignin. The deep solution color signifies the removal of lignin from the bam-

boo sample which facilitates the infiltration of resin into the fibers as compared to virgin

bamboo [163].

Figure 3.5: Illustration of change in solution color after delignification of bamboo sam-
ples.

The removal of lignin from the bamboo samples is also quantified using the weight

reduction formula, as shown in Fig. 3.6. During the heat-treated delignification process,

other substrates along with the lignin-carbohydrate complex (LCC) are eliminated swiftly

in the first hour, with approximate mass loss of 37% for B.Tulda, 33% for B.Balcooa, and

31% for B.Nutan. Observations are noted every 1 hour and are observed that after the

6th hour, the graph becomes stable as the mass-loss rate gradually is slower. Total mass

loss after six hours of soaking has attained 56% for B.Tulda, 56.60% for B.Balcooa, and

49% for B.Nutan. After this process, the untreated, delignified, and composite samples are

submerged in water for a week. Water absorption results are almost crucial as the water-
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Figure 3.6: Mass loss w.r.t. soaking time during the delignification process.

resistant ability affects the physical and mechanical properties. After every 24 hours,

the samples are taken out and weighed to examine their rate of water absorption and

dimensional stability as shown in Fig. 3.7. Subsequent weight gain in the raw bamboo

samples is observed subjected to one-week water immersion. Among the three species,

B.Nutan has a higher water absorption capability and acquired the highest weight gain

of 73%.

Bamboo structure resembles a sponge with lignin and cellulose-containing high

hydroxyl (–OH) group that could interact with water molecules [164]. As shown in

Fig. 3.7(a), the delignified bamboo samples absorbed the highest water with increas-

ing immersion time due to their loose open pores to a weight gain of up to 225%. The

epoxy infiltrated bamboo composites showed slight variation over increased soaking time

compared to the untreated and alkali treated fibers. The reason behind this is the pres-

ence of hydrophobic nature of epoxy resin which provided good interfacial resistance

against moisture. A similar pattern is observed in the case of thickness swelling and

width expansion as shown in Fig. 3.7(b) and Fig. 3.7(c). It is observed that the swelling
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Figure 3.7: Illustration of change over increased soaking time for different bamboo
samples (a) weight gain (b) thickness swelling (c) width expansion.

rate of fibers is comparatively higher with increasing moisture content than those of cell

bundles. Significant shrinkage is observed once the fibers are dried. The outer green layer

with highest fiber content swelled dramatically leading to fracture compared to the inner

one. In this present study, untreated bamboo samples started swelling (both with thick-

ness and width) gradually with an increment of 26% and 8% which is found to be the

highest for B.Nutan. But in the case of delignified bamboo after the sixth day, misalign-

ment of fibers and cracks are formed to final crumple of the structure. In contrast to

the above two samples, stable behavior against moisture attack is noticed after the pen-

etration of epoxy resin into porous laminae. This behavior indicated that infiltration of

epoxy resin into bamboo fiber surface significantly improved the fiber-matrix interfacial

adhesion reducing its negative traits due to moisture.
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3.4.2 Microstructure characterization

The treatment of bamboo fibers with diluted alkaline solution leads to partial removal of

organic substituents from the fiber surface resulting in their morphological and chemical

changes [51]. Fig. 3.8 shows the FTIR spectra of untreated and alkali-treated bamboo

samples of the selected three bamboo species to further justify the removal of lignin.

Almost a similar number of peaks are observed in the entire spectral range between

(3500-500) cm−1 for the three species of bamboo. The characteristic band in the range

from (3700-3300) cm−1 represents the stretching vibration of strong hydroxyl groups (-

OH) whereas the band ranging from (1600-1450) cm−1 represents C-H deformation and

aromatic skeleton vibration of lignin [165]. A significant change is observed between

the spectra range of (1536-1476) cm−1 for the untreated and treated samples. This

Figure 3.8: FTIR spectra for untreated and delignified bamboo of the selected bamboo
species.
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could justify the delignification process from the bamboo surface. On a similar note, the

spectra band in the range from (3100-2700) cm−1 represents the (C-H) stretching aliphatic

group. The characteristic bands at 2922 cm−1, 2918 cm−1, and 2915 cm−1 represent

the elimination of hemicellulose [91]. Further details of the infrared spectra bands and

their assignments of bamboo are reported by Cai et al. [166]. The peak of 1248 cm−1

is due to the Guaiacyl ring breathing with CO-stretching, lignin, and hemicellulose,

1151 cm−1 represents C-O-C, carbohydrate [167]. A slight change in these spectra for the

samples after delignification is observed. Thus, the hydrophilic nature is disturbed, and

the bamboo fibers are strongly attached to the matrix material. The bands at 3343 cm−1,

3340 cm−1, 2881 cm−1, 1159 cm−1, and 895 cm−1 can be assigned to the –OH, C-O, and

C-H respectively [104]. However, these characteristics of lignin bands seem to be absent

in the delignified bamboo samples resembling a substantial removal of lignin.

Bamboo is a heterogeneous orthotropic material. The surface morphologies of the

untreated, alkali-treated, and bamboo composite samples perpendicular to the growth

direction and parallel to the growth direction are studied by scanning electron micro-

scope. The FESEM photographs of untreated bamboo are taken perpendicular to the

growth direction and display a porous structure comprising vessels, parenchyma cells, and

lignocellulosic fiber bundles as shown in Fig. 3.9(a) whereas, along the growth direction,

Fig. 3.9(b) depicted the deposition of lignin and other organic particles packed with the

rigid vascular fiber bundles. Cellulosic fiber bundles, parenchyma cells, and vessels are

connected by a low strong natural polymer matrix of hemicellulose and lignin. However,

certain inherent defects such as some intercellular spaces between fibers are also noticed

in the original structure as shown in Fig. 3.9(b) which is in line with the study reported

by Li et al. [168]. It can be seen that the rigid structure became loose and the fiber
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Figure 3.9: Digital FESEM photographs (a) untreated bamboo perpendicular to the
growth direction (b) untreated bamboo along the growth direction (c) treated bamboo
perpendicular to the growth direction (d) treated bamboo along the growth direction
(e) bamboo-epoxy composite perpendicular to the growth direction (f) bamboo-epoxy
composite along the growth direction.

bundles are distorted after the delignification. Organic compounds, hemicellulose, and

lignin are removed to some extent in the entire process confirmed through FTIR analysis,

resulting in tiny pores and gaps between the fibers as shown in Fig. 3.9(c). In cellulosic

substances, the shape and size of the pores significantly depend on the process of deligni-

fication which affects the impregnation of resin into the structure, decreasing the overall

properties of the composite [169]. Surface impurities are removed compared to untreated
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bamboo enhancing fineness and uniformity in fibers as shown in Fig. 3.9(d). After the

infiltration of epoxy, the gaps are thoroughly filled after the infiltration of epoxy resin

between the fiber bundles distorting the round shape of the bundles. The fibers seemed

to be tightly packed together forming a continuous solid structure with higher strength

and better interfacial bonding as shown in Fig. 3.9(e). However, improper impregnation

of resin identified with few holes in the composite sample. Studies from earlier investiga-

tions reported that certain parameters such as temperature, pressure, and viscosity could

enhance the infiltration of resin into the porous microstructure [170, 171]. Moreover, the

fiber surface appears to be slightly rough due to the deposition of epoxy resin as shown in

Fig. 3.9(f). This rough surface results in strong fiber-matrix bonding reducing the effect

of slippage.

3.4.3 Experimental results

The prepared specimens are tested with the help of a static tensile machine. Three species

are selected and grouped under three categories (untreated, treated, and composites).

Fig. 3.10(a), Fig. 3.10(b), and Fig. 3.10(c) are the obtained stress-strain curves for the

three species of bamboo composite. Five samples for each category are tested and the

average value is recorded for the three bamboo composites as shown in Fig. 3.10(d).

Compared to the other two species, B.Tulda composites demonstrated higher tensile

strength. It is seen from the stress-strain curves that the value of stress increases quasi-

linearly as the value of strain increases to its maximum and a sudden rupture is observed

when the stress reaches its maximum value. This behavior of fracture is attributed to the

britle nature of bamboo fiber, which is quite similar to other lignocellulose fibers. The

tensile strength of B.Tulda composite is (259.00±41.10) MPa, B.Balcooa composite is
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Figure 3.10: Stress-strain curve (a) B.Tulda composites, (b) B.Balcooa composites, (c)
B.Nutan composites and (d) comparative stress-strain curve.

(200.12±25.62) MPa, and B.Nutan composite is (188.52±39.45) MPa.

The mechanical properties of bamboo composites compression, flexural, and tough-

ness are also tested as these properties are of crucial importance in the construction and

building domain [172]. The mechanical strength of the different bamboo species in its

three different forms are displayed in Fig. 3.11(a). Among the other two species, B.Tulda

showed the highest mechanical performance in terms of strength and stiffness. The tensile

strength of untreated B.Tulda is 195.36 MPa whereas B.Tulda composite is 259 MPa,

which is 133% of that of untreated, 222% of that of the treated (116.65 MPa), and 253%

from neat epoxy (73.30 MPa). The modulus of elasticity (MOE) and modulus of rupture
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Figure 3.11: Mechanical properties of different species of bamboo under various cate-
gories (a) strength (b) modulus.

(MOR) of the bamboo samples are represented in Fig. 3.11(b). The values are higher for

B.Tulda. Untreated samples reached up to modulus of 11 GPa and 13.20 GPa whereas

surface modification composites achieved higher modulus of 16.78 GPa and 15.90 GPa

which is 52.50% and 20.45% of untreated. Out of all samples, composite B.Balcooa

achieved the highest flexural modulus. However, the alkali-treated samples demonstrated

a significant reduction in strength and modulus. This is because after the chemical treat-

ment the compact vascular bundles start swelling (FESEM images). This also leads to

larger gap formation with less tight bonding between fiber bundles damaging the internal

fiber bond [163]. The sudden drop in the tensile strength of the alkali treated samples is

due to the absence of lignin which is dissolved during the delignification process. Similar

results are obtained from bending analysis. Flexural properties reflect the synergic of two

strengths (tensile and compressive) whereas the modulus indicates the resistance against

bending deformation [173]. Compression and charpy impact tests are also performed to

examine the fracture and ductility of the material. The highest compressive strength is

recorded for the B.Tulda composite which is about 61.85 MPa. As reported by Xu et

al. [167], the most crucial parameter responsible for the compressive properties of fiber
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composites is the strong interfacial bond between the fiber and the matrix. Further, the

composites demonstrated better fracture toughness than the original bamboo samples

which means the former absorbed more energy before fracture failure than the original

bamboo samples. Composites showed toughness of 39 kJ/m2 for B.Balcooa, 35 kJ/m2

for B.Tulda, and 27 kJ/m2 for B.Nutan which is almost 34%, 59%, and 50% that of

untreated.

The density of bamboo strips is measured by taking the ratio of the mass of the three

specimens to their volume and is tabulated in Table. 3.1. After the chemical treatment,

due to mass loss the density decreased from 0.76 g/cm3 to 0.26 g/cm3 for B.Tulda,

0.60 g/cm3 to 0.30 g/cm3 for B.Balcooa and 0.52 g/cm3 to 0.15 g/cm3 for B.Nutan. The

percentage weight of the fiber content in the composite is determined by weighing the

ratio of the initial weight of the treated bamboo samples to the resultant composites.

The density of B.Tulda composite is 1.12 g/cm3. The FESEM images are post-processed

using ImageJ software and the approximate fiber content in the composite is estimated

in the range of (53-56)%. The bamboo-epoxy composites showed slightly higher strength

as compared to untreated and treated samples. From the FESEM images, it can be

confirmed that the fibers are strongly packed with each other due to the presence of

epoxy which provides a solid structure with higher strength. The delignification step

Table 3.1: Density of bamboo and bamboo epoxy composites.

Density(g/cm3)

B. Tulda B. Balcooa B. Nutan

Untreated 0.76±0.04 0.60±0.05 0.52±0.11

Alkali treated 0.26±0.03 0.30±0.02 0.15±0.05

Composites 1.12±0.12 1.08±0.09 0.96±0.07
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is necessary as it cleans the surface impurities improving the mechanical properties of

the composite. Further, increases composite resistance against environmental moisture

attacks and fungal degradation with an increase in its life span. The tensile behavior of

the prepared bamboo composites in the transverse direction is also studied. Low tensile

strain rate of 0.1 mm/min is selected to minimize the chance of dynamic effect during

the test. Fig. 3.12 depicts the stress-strain curve for the bamboo composites in the

transverse direction. The curve showed similar brittle behavior as shown in Fig. 3.10.

The failure initiated at the joints/interface of the composite in the transverse direction.

Figure 3.12: Tensile stress-strain of the bamboo composites in transverse direction.

The sustainable strength is the strength of the resin as there is no reinforcing effect in

that direction. In a study by Mylsamy and Rajendran [174], the authors also revealed

that the tensile properties of composite mainly depend on the orientation of the fibers and

fiber-matrix adhesion i.e. the fibers should be placed along the direction of their loading

capacity to avail its highest tensile strength. The mechanical strength of bamboo-epoxy

laminates and several other bamboo boards/ply are presented in Table. 3.2.
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Table 3.2: Comparison of the mechanical properties of bamboo laminate with other
engineered bamboo boards.

Material Reference
Tensile
(MPa)

Modulus
(GPa)

Flexural
(MPa)

Compressive
(MPa)

Bamboo-epoxy
composites

Present in-
vestigation

259 16.78 212 61.85

Laminated bam-
boo

[175] 90.00 19 77–83 77

Bamboo laminates [176] 169-205 14.3-16 168-128 55-88

Bamboo compos-
ite board

[177] - - - 47.17

PDMS-bamboo
composite

[178] 130.10 7.60 - 78.20

Laminated bam-
boo lumber (LBL)

[179] 112.56 9.90 118 50.57

The tensile strength of the developed composites in this study is found to be sig-

nificantly higher than the composites in the previously reported studies [180–182]. The

tensile and flexural strength of the bamboo-epoxy laminates is higher when compared

with the other engineered bamboo boards. The tensile modulus is higher than other

bamboo boards but is found to be slightly lower than the laminated bamboo. The com-

pressive strength of the bamboo-epoxy laminates is lower than other engineering bamboo,

however, is slightly higher than bamboo composite board and laminated bamboo lumber

(LBL). It is found to be worth mentioning that the mechanical properties of bamboo

composites in the present study are comparatively higher than other bamboo composites

reported in the literature. The specific strength and elastic modulus of the developed

composites are compared with some practically used materials in industrial applications

as shown in Fig. 3.13. It is observed that the specific strength of the B.Tulda compos-
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Figure 3.13: Specific strength and young’s modulus of existing materials and developed
bamboo-epoxy composite laminates.

ite is 245 MPa.m3/g with 54% fiber fraction is half that of the carbon fiber-reinforced

polymer (CFRP) composites which is 554 MPa.m3/g [183], and much lower than that of

Aluminum 356 alloy [184], and mild steel [185]. However, the strength of the B.Tulda

composite is almost comparable to that of bi-axial (0-90) glass fiber-reinforced polymer

(GFRP) composite i.e. 239.77 MPa.m3/g (Awad et al.) [186]. The young’s modulus of the

bamboo composites such as B.Tulda is 16.78 GPa, B.Balcooa is 16.43 GPa, and B.Nutan

is 15.07 GPa which is lower compared to mild steel (200 GPa), aluminum (72 GPa)

and CFRP (52 GPa). This indicates that these composites have better strength with

low rigidity. Moreover, the density of B.Tulda composites is 1.09 g/cm3, B.Balcooa is

0.96 g/cm3, and B.Nutan is 0.88 g/cm3 which is much lower than density of mild steel

and aluminum alloy i.e. 7.90 g/cm3, and 2.67 g/cm3. Thus, with the specific amount

of strength, these bio-composites are highly superior in strength and can be used as
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a replacement in small semi-structural applications like panels, batten columns, etc. It

should also be noted these substitutes are environment friendly with very less/no residual

waste during the manufacturing process.

3.4.4 Validation

The elastic properties of the three species of the bamboo composite are calculated based

on the experimental results for the material properties using the rule of mixture law. The

theoretically measured values can provide a reasonable prediction of the behavior of the

composite strength compared to the experimental results. Results of both experimental

and theoretical calculations are listed in Table. 3.3. The theoretical values for tensile

strength and modulus are found to be closer to the measured values with a relative

percentage error of less than 15%. However, the strength of the composite laminates in

the transverse direction differed slightly from the theoretical values which are due to the

improper infiltration of epoxy into the pores. The tensile strength of the composite is

mainly due to the strong interfacial bonding of fiber-matrix adhesion. Holes are noticed

Table 3.3: Comparison of the mechanical properties of developed laminates.

Theoritical prop-
erties

% Error with experimental results

B.Tulda B.Balcooa B.Nutan B.Tulda B.Balcooa B.Nutan

Longitudinal
tensile strength
(MPa)

260.32 218.18 200.00 1.24 1.29 5.44

Transverse tensile
strength (MPa)

14.05 11.41 13.09 9.07 6.70 7.66

Young’s modulus
in longitudinal di-
rection (GPa)

17.12 16.96 17.12 1.98 3.12 11.90
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in the microstructure of the samples from FESEM images which ultimately results in poor

interface adhesion with the fibers. Moreover, for natural fiber-related plants, the physical

and mechanical properties gradually vary in every direction. This change in attributes

may also be one of the factors that reduce the accuracy of the rule of the mixture model

predicted values compared to the experimental values.

3.4.5 Fatigue life assessment

The fatigue behavior of the B. Tulda specimen are studied under tensile loading condi-

tions. Smooth rectangular samples with dimensions 250 mm in length, 25 mm width, and

5 mm thickness are prepared from the outer region of the bamboo culm. The specimens

are prepared as per the ASTM-3479 [187] with a gauge length of 100 mm. The ends of

the composite samples are bonded with a metal sheet to avoid material slippage. The

fatigue test is carried out on raw bamboo and bamboo composite specimens. Two types

of bamboo composite specimens are prepared, one from high fiber density and the other

from low fiber density as shown in Fig. 3.14. The raw and bamboo composite specimens

are loaded in an Instron servo-hydraulic system with a load cell of 100 kN. The maximum

UTS of the raw bamboo sample is 152.16 MPa, and that of the composite samples is

Figure 3.14: Extracted sample 1 and sample 2 bamboo strips.
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221.07 MPa for sample 1 and 183.34 MPa for sample 2. The stress-strain curve of the

prepared specimens is shown in Fig. 3.15. The composite sample from the higher fiber

density has high tensile strength as already explained in Section 3.2. The fatigue test is

performed by varying the maximum stress limit starting from 95% of UTS to 45% of UTS

at every 5% interval from the experiment conducted in static tensile mode. Constant load

amplitude is applied in the form of a sinusoidal wave at a loading frequency of 10 HZ to

minimize the impact of self-heating. The minimum stress ratio is kept constant at 0.2.

Figure 3.15: Extracted sample 1 and sample 2 bamboo strips.

The tensile stress-life (S-N) curve obtained for the three types of bamboo specimens

is presented in Fig. 3.16(a) and Fig. 3.16(b). The failure point of the specimens is defined

when the samples are visibly fractured till the sudden load drop under the specific loading

condition. Even though the care has been taken in sample extraction, there is significant

varying of fatigue strength seen in the bamboo species. This may be expected due to

the natural variation of material properties of bamboo [188]. Thus three samples in each

set is tested and the average value is considered. From Fig. 3.16, it is observed that the

composite with high fiber density has a high fatigue limit of 108 MPa which is 50% of

UTS compared to less fiber density which achieved a fatigue limit of 85 MPa i.e. 45%
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Figure 3.16: Maximum stress vs cycles to failure of composites (a) sample 1 (b) sample
2.

of UTS. The samples achieving maximum fatigue limit of UTS prior to 1,000,000 cycles

(considered as run-out) is marked as the transition point, i.e. below this value the samples

will not undergo failure at the early stage [108, 109]. The comparative S-N curve of all

the specimens is presented in Fig. 3.17, which shows good gradual decrease in fatigue

life cycle with decreasing max stress levels. Most of the samples failed at 90% to 60%

Figure 3.17: Comparison plot of max. stress vs cycles to failure.
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of UTS, however the samples below 45% of the UTS did not failed even after 4,00,000

cycles. Similar trend in the S-N curve of natural composites has been reported by Ali et

al. [110], Keogh et al. [108], Shah et al. [189] in which the the samples below 40% of

static strength survived more than 105 cycles, which is similar to most of the engineering

materials.

3.5 Summary

The current findings infer that the developed composite using highly cellulosic bamboo

strips and epoxy resin posses good mechanical strength and stiffness than the other species

reported in the literature. Two step-wise fabrication processes are incorporated such as

delignification of the bamboo samples followed by infiltration of epoxy resin into the

porous highly aligned fibrous structure. The bamboo-epoxy composites demonstrated

a significant increase in strength, modulus, and toughness compared to the untreated

and delignified samples which enabled effective force transfer from the base matrix to

the bamboo fibers. Among the three selected bamboo species, Bambusa Tulda showed

highest strength and stiffness. The experimental results are validated with the theorit-

ical results and an error between (1-10)% is reported. Apart from these, the developed

Bambusa Tulda composites possess high fatigue life which is equivalent to many engi-

neering materials. These composites are further pollution-free and less expensive than

GFRP, and CFRP. The GFRP can be semi-replaced by these bamboo laminates in many

industrial/ structural applications.
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Investigation of bamboo-based ver-
tical axis wind turbine blade under
static loading

4.1 Introduction

Fiber-reinforced polymer composites such as glass and carbon fibers are extensively used

as wind turbine blades followed by a major challenge of recycling and waste disposal etc.

The primary aim of this study is to investigate the suitability of bamboo-epoxy composite

blades for vertical-axis wind turbine under static loading condition. The utilization of

bamboo as a structural material offers several benefits, including its renewable nature, low

environmental impact, and favorable mechanical properties. The study aims to replicate

its strength, and light-weight characteristics in synthetic composites used for wind turbine

blades. The two different profiles from the NACA family i.e. NACA 0015 and NACA

4415 has been chosen for study. The static structural analysis of blades is performed

using various cross-ply and angle-ply layups. The effect of shear webs is also analyzed.

Additionally, the stress and deflection of the bamboo composite blades are compared

with conventional blade materials. This innovative approach will help in contributing to

the sustainablity practices by reducing the dependency on conventional materials such as

glass/carbon fibers.
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4.2 Governing equations

The aerodynamic characteristics of the straight Darrieus wind turbines are quite complex

even though it is the simplest design of VAWT. These turbines are easy to manufacture

and give a performance that is comparable with HAWT, with almost 40% extraction of

wind energy [190]. The blades of the straight Darrieus wind turbine rotate due to the

lift force produced by the incoming wind flow. The longer blades of straight Darrieus

wind turbine are subjected to a large value of centrifugal force leading to blade failure.

Even the small turbines are potentially dangerous as blades are allowed to spin freely due

to the absence of a stall. This phenomenon creates explosive centrifugal forces within

moments [191]. High rotational speeds generate large centrifugal forces and pulsating

torque which stands in support of the blade aerodynamics, but at the same time, the

probability of structural failure increases.

4.2.1 Essential design parameters of straight Darrieus wind tur-

bine

VAWT blades need to be designed for both ultimate loads based on static strength and fa-

tigue loads based on fatigue strength. Straight Darrieus wind turbines are fatigue-critical

machines, the design of the blades is significantly dictated by fatigue considerations. For

small-scale wind turbines, some design parameters i.e. choice of the airfoil, supporting

strut configuration, shape, solidity, and material are more sensitive and critical than oth-

ers. In this section, a complete design methodology for the selection of blade geometry,

profiles, and dimensions is described when designing it for the required power output.

The expression for essential parameters required for the design of VAWT is illustrated

69TH-3458_186151005



Governing equations

below -

Number of blades - The torque ripple can be reduced in the case of the Darrieus

rotor by taking three or more blades. For small-scale domestic use, VAWT normally

contains three blades which is an optimum number of blades. It is denoted by n.

Tip speed ratio (λ) - It is defined as the ratio of turbine rotational speed of the

tip of the blade to actual wind velocity. It calculates the tangential speed of the turbine

blade speed concerning the free wind speed. Mathematically it is denoted as -

λmax =
ωr

V
(4.1)

where ω is the rotational velocity of the turbine, r is the radius of the wind turbine,

and V is the free wind speed velocity in m/sec.

Solidity (σ) - It is defined as the blade surface area to the rotor swept area and is

mathematically expressed as follows -

σ =
nc

D
(4.2)

where n is the number of blades, c is the chord length of the blade, and D is the diameter

of the turbine.

Aspect ratio – It is defined as the height of the rotor to the diameter of the rotor.

AR =
H

D
(4.3)

where H is the span height of the rotor blade.
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Lift coefficient – The lift coefficient is expressed in as follows -

CL =
FL

0.5ρcV 2
(4.4)

where FL is the lift force of the turbine blade, ρ is the density of the fluid.

Drag coefficient – The drag coefficient is expressed in as follows -

CD =
FD

0.5ρcV 2
(4.5)

where FD is the lift force of the turbine blade.

Power coefficient – It represents the fraction of the extracted power from the total

power of the airflow, which runs through the projected area of the turbine in the flow

direction. It is represented by the following equation -

CP =
ωTturbine

0.5ρAV 3
(4.6)

where A is the swept area, T is the torque produced during rotation. According to Betz’s

law, the wind turbine has a maximum CP limit. No turbine in the wind can capture more

than 16/27 (59.30%) of kinetic energy. The fraction 16/27 (0.593) is known as Betz’s

coefficient.

4.2.2 Aerodynamics of straight Darrieus wind turbine

The pressure generated on the blade surface due to wind is divided into two major

components- lift and drag. The velocity components and force diagram of of VAWT

blade is presented in Fig. 4.1. A higher lift force will mean a lower value of drag and vice-
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versa. The performance of the airfoil mainly depends on the lift coefficient (CL) and drag

coefficient (CD). As the wind passes over the airfoil, a relative velocity W is generated

which is due to a vector variation between the absolute wind speed velocity (Vα) and

peripheral blade speed (u). The generation of the relative velocity (W) component is due

to the variation of the chordal velocity vector (VC) of the blade concerning the wind

direction (V). The angle between the velocity components W and VC is the angle of

attack, AoA (α). According to the flow aerodynamics, a drag force (FD) in the direction

of the free stream and a lift force, (FL) normal to the free stream is generated. These

forces are variable and dependent on the AoA of the fluid flow. By resolving these drag

and lift forces, the normal force (FN) and the tangential force (FT ) are obtained.

Figure 4.1: Flow velocities and force diagram of straight Darrieus airfoil.

The variation of the local angle of attack

The flow velocities of a straight Darrieus wind turbine in both the upstream and down-

stream surfaces of the blade are not constant. The velocity components on the airfoil due
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to airflow in the axial direction are shown in Fig. 4.1. The velocity components are re-

solved into chordal velocity (VC), and normal velocity (Vn) respectively. The expressions

for the chordal and normal velocity are as follows -

VC = Rω + VACosθ (4.7)

VN = VASinθ (4.8)

VA is the airflow through the rotor in the axial direction, ω is the rotational velocity, R

is the radius of the turbine, and θ is the azimuth angle.

Variation of pitch angle (θ) and angle of attack (α)

During the complete 360◦ rotation of the turbine blade, the wind hits the blade profile at

different angles. The relation between the angle of attack, azimuth angle, and tip speed

ratio as shown in Fig. 4.1 is expressed as -

α = tan−1 VC

VN

(4.9)

α = tan−1 Sinθ

TSR + Cosθ
(4.10)

Variation of local relative flow velocity, W

From Fig. 4.1, the relative velocity W is expressed as -

W =
√

(VC)2 + (VN)2 (4.11)
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Substituting the values of VC and VN in Eq. 4.12,

W =
√

(VASinθ)2 + (Rω + VACosθ)2 (4.12)

Variation of normal and axial forces

The direction of lift (L) and drag (D) forces during the rotation are resolved into ax-

ial (FA) and normal (FN) force coefficients. The expression for FA and FN is given

by-

FA = LSinα−DCosα (4.13)

FN = LCosα−DSinα (4.14)

The axial force coefficient (CA), and tangential force coefficient (CN) are expressed as –

CA = FA
1

2
ρcHW 2 (4.15)

CN = FN
1

2
ρcHW 2 (4.16)

where c is the chord of the airfoil, H is the span length of the rotor blades, and ρ is the

density of the fluid flow.

Calculation of total power output

The total power of the turbine is expressed as follows -

Pout = Q× ω (4.17)

Where Q is the total torque, and ω is the turbine rotational velocity.
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4.3 Modelling of blade in CAE

4.3.1 Geometric and design parameters of the wind turbine

blade

The majority of research on the aerodynamic performance of Darrieus VAWT blade fo-

cussed on 4-digit symmetric airfoils [119]. Based on the power performance, two different

airfoils i.e. symmteric and non-symmteric profiles from the NACA family is considered.

The NACA 0015 and NACA 4415 airfoils are modelled to study the structural behavior

under static wind loads. A 3D straight Darrieus wind turbine composite blade is modelled

using mechanical APDL as shown in Fig. 4.2(a) by Hameed and Afaq [192].

Figure 4.2: Geometry of blade profiles (a) Darrieus VAWT model as presented in [192])
(b) blade model for present simulation (c) cross-section of the symmetric blade (d) cross-
section of the non-symmetric blade.
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The blades are stationary and non-rotating at zero pitch angle. These blades are

connected to the main rotating shaft with the help of six radial supporting arms. However,

a simplified physical model with one blade at zero pitch angle is modelled for the current

case. The 3D model of the blade with chord length, span height, and two boundary

conditions [193] constrained at equidistance from the two ends (i.e. 21% from each end)

is shown in Fig. 4.2(b). The 2D cross-section of the two airfoils is shown in Fig. 4.2(c) and

Fig. 4.2(d). Table. 4.1 outlines the descriptive geometrical details of the 1 kW VAWT

for the two blade profiles. A wind speed of 8 m/sec is selected for the calculation of

the aerodynamic forces. For the wind speed of (3-15) m/sec, the design parameters of

Darrieus turbines such as the TSR lies in between (2.5-4.5) reported by Atlaschian and

Metzger [194], and solidity, σ lies in the range of (0.09-0.36) reported by Rezaeiha et

Table 4.1: Design variables description.

Rotor type H-rotor

Blade shape Straight

Blade profile Symmetric- NACA0015, asymmetrical NACA 4415

Number of blades 3

Diameter, D (mm) 2670

Blade span height, H (mm) 2670

Chord length, c (mm) 214

Wind velocity, V (m/s) 8

Tip Speed Ratio, TSR 3

Solidity 0.24

Targeted power, P (kW) 1
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al. [195]. The value of the power coefficient (CP ) against TSR =3, and σ = 0.24 is

approximately 0.445. The diameter of the turbine is calculated from the correlation, P

= 0.5CPρV
3D2. For 1 kW output power and air density of 1.23 Kg/m3, the diameter of

the turbine is 2.67 m. Moreover, the blade aspect ratio plays an important role in the

overall performance. The performance of the turbine is reduced when the aspect ratio

is reduced. Straight-bladed vertical axis blades should use long and thin blades with a

high aspect ratio in the range of 10 ≥ H/c ≥ 20 [196]. Thus, a high aspect ratio of 12.5

is considered. Using these design parameters, the symmetric and non-symmetric blades

are designed to take the maximum aerodynamic forces.

4.3.2 Evaluation of effective composite material properties

Experimental determination of the composite mechanical properties is a challenging task,

particularly when the longitudinal and transverse shear modulus is concerned. This is

because the properties of composite materials are inherited from the constituent mate-

rials and are dependent on various factors such as the manufacturing process, material

properties, geometric configurations, etc. resulting in uncertainties at various scales. Sev-

eral analytical and numerical models have been proposed for predicting the mechanical

properties of these materials [197]. The rule of mixture (ROM) is the simplest mathe-

matical correlation used widely. However, for natural fiber-reinforced composites, ROM

is less preferred due to the vast variation in the physical and mechanical properties of

natural fibers. Homogenization is a common technique to design components with com-

posite materials. This process homogenizes the elastic stiffness properties between scales

which provides an estimate of the effective elastic characteristics [198]. There are several

homogenization methods such as Chamis’ micromechanical model, and Mori-Tanaka’s
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asymptotic mean-field homogenization techniques [199], but none of these methods are

capable of accommodating the effect of geometrical variations of the constituent ma-

terials. Thus, a finite element-based numerical model known as representative volume

element (RVE) is widely used to predict the effective elastic properties of composite ma-

terials. Though this technique is more accurate, it is computationally more expensive and

takes a large amount of computational time [200]. To overcome certain computational

difficulties, researchers have simplified the RVE to unit cell (UC) fiber arrangements such

as hexagonal, square, and random as shown in Fig. 4.3(a).

Figure 4.3: (a) Illustration of various micromechanical RVE’s model for unidirectional
bamboo lamina (b) present case RVE with square UC representating fiber orientation in
modelling of composite structure.

In the present case, the composite elastic constants are established from an RVE

micromechanical FE analysis with a square unit cell (UC) model as shown in Fig. 4.3(b).

RVE homogenization is the process of numerically imposing uniform strains to evaluate

the effective elastic properties of a composite model. Fig. 4.4 shows the displacement

boundary conditions applied to the RVE model to evaluate the elastic properties of the

composite. RVEs are visualized as a periodic array to demonstrate composite materials.
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Figure 4.4: Schematic presentation of displacement boundary conditions required to
evaluate the composite’s elastic properties.

Due to its periodicity or repeating microstructure, periodic boundary conditions (PBC)

are applied to the modelled RVE. The PBCs are imposed on all edges (i.e. node to node

periodic conditions) of the RVE model. The boundary condition used in the model is

expressed by the Eq. (4.18)-

uj+
i − uj−

i = εik(vj+i − vj−i ) = εik∆vjk (4.18)

where ui is the displacement in the periodic function from one RVE to another RVE.

j+ and j− denotes the parallel opposite RVE faces. ∆vk
j denotes the tensor strain of

the corresponding RVEs. Since the composite is modelled as a homogeneous orthotropic

medium the fibers and matrix are assumed to share ideal bonds. Thus, when similar stress
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and strain conditions are applied to the RVE model the overall stiffness is expressed as-

[σIJ ] = [CIJ ][εIJ ] (4.19)

where σIJ and εIJ are the average normal stresses and strains in the x, y, and z direction

and [CIJ ] is the stiffness matrix of the material respectively. For transversely isotropic

materials, the following elastic constants are related due to isotropy in the plane normal

to the fiber direction i.e E22 = E33, G12 = G13, ν12 = ν13. The values of average stresses

and strains are represented by the following set of equations in Eq. 4.20 and Eq. 4.21.

[σIJ ] =
1

V

v∫
0

σIJ(x, y, z)dV (4.20)

[εIJ ] =
1

V

v∫
0

εIJ(x, y, z)dV (4.21)

A square UC is considered in this case with a volume fiber (Vf) content of 54% and

the same is utilized in the form of ply for the airfoil analysis as shown in Fig. 4.3(b).

The elastic properties of the composite with specific fiber volume (Vf) are determined

using an ABAQUS plugin EasyPBC. Easy PBC is developed to automatically find and

generate the required displacement boundary conditions, constraint equations, node sets,

and post-processing calculations to evaluate the effective material properties within the

graphical user interface of ABACUS CAE. The ABACUS plugin runs in two phases to

evaluate the homogenized elastic properties. In the first phase, the RVE geometrical

dimensions are defined and all necessary boundary conditions are applied. The post-

processing phase is mainly responsible for performing the stress-strain calculations to

estimate the elastic properties. A detailed explanation for identifying the material elastic
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properties is provided by Omairey et al. [199]. In the current study, the blade is designed

with bamboo composite material. The elastic properties of the constituent materials

such as bamboo fiber is 12.26 GPa, and epoxy resin is 3.5 GPa. With the help of these

properties and appropriate boundary conditions, the elastic properties of the bamboo-

epoxy composite are evaluated using the RVE model and presented in Table 4.2.

Table 4.2: Material properties of bamboo-epoxy composite.

Ex (GPa) Ey = Ez

(GPa)
νxy = νxz νyz Gxy=Gxz

(GPa)
Gyz

(GPa)
Density, ρ
Kg/m−3

22.37 10.00 0.35 0.25 4.10 3.10 1120

4.4 Loading details and boundary condition

The composite blade is modelled in ANSYS software. The optimal range of wall thickness

of 4 mm is selected for the FE analysis as in Ref. [130]. The airfoil is set at zero angles of

incidence in a fluid flow and is allowed to complete one rotation cycle. The values of the

angle of attack (α) with the varying pitching angle (θ) is determined using the correlation

given in section 4.2.1. During complete 360◦ rotation, the lift and drag coefficients for both

the airfoils with each angle of attack (α) are evaluated using a small commercial software

“DESFOIL”. The lift and drag coefficients with varying angles of attack and pitching

angle are presented in Table 4.3. The mathematical correlations of aerodynamic forces

such as lift, drag, normal, and centrifugal are given in Ref. [192]. Using these correlations,

a MATLAB code is written to obtain the value of maximum forces during the complete

360◦ rotation. The obtained maximum force for the symmetric profile is 3000.21 N and

the non-symmetric profile is 4253.00 N presented in Table 4.4 and Table 4.5. The detail
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of the FE model is presented in Fig. 4.5.

Table 4.3: Variation of aerodynamic lift and drag coefficients during one rotation cycle.

Pitch angle
(θ)

Angle of
attack
(α)

NACA 0015 NACA 4415

CL CD CL CD

0◦ 0.00 0.00 0.00 0.46 0.009

45◦ 10.80 0.94 0.02 1.33 0.015

90◦ 18.43 1.18 0.04 1.52 0.050

135◦ 17.14 1.12 0.03 1.50 0.030

180◦ 0.00 0.00 0.01 0.47 0.009

225◦ -17.14 -1.12 0.03 -0.45 0.010

270◦ -18.43 -1.18 0.04 -0.27 0.146

315◦ -10.80 -0.94 0.02 -0.48 0.020

360◦ 0.00 0.00 0.00 0.46 0.009

Table 4.4: Total forces acting on the symmetric blade.

Wall thickness (mm)
Cross-sectional
area, A (mm2)

Mass of bamboo-
epoxy, Kg

Magitude of to-
tal forces (normal
force + centrifugal
force), N

5 1.93×106 5.98 4321.99

4 1.56×106 4.84 3000.21

3 1.20×106 3.85 2844.47

2 0.82×106 2.55 1999.98

1 0.42×106 1.32 1420.85
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Table 4.5: Total forces acting on the non-symmetric blade.

Wall thickness (mm)
Cross-sectional
area, A (mm2)

Mass of bamboo-
epoxy, Kg

Magitude of to-
tal forces (normal
force + centrifugal
force), N

4 1.54×106 4.28 4253.30

Figure 4.5: Flow chart of FEA blade analysis.

The blade is modelled as 2D orthotropic material and meshed with SHELL 181 el-

ement type. SHELL 181 element can be used for both linear and nonlinear structural

applications. This element has four nodes with six degrees of freedom (DOF) at each

node, which includes three translational DOFs and three rotational DOFs. This element

is suitable for layered applications that involve modelling composite shells or sandwich

structures where the material properties can vary across the thickness of the structure.

Although the blade model appears to be a shell as shown in Fig. 4.6, it has skin thickness

which is specified in its real constants. For larger blades, the computational time is re-
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Figure 4.6: VAWT blade with meshed SHELL 181 elements.

duced to half by applying a symmetric boundary condition at the mid-plane of the blade

as explained by Hand et al. [131]. In the present case, the complete blade is analyzed.

Two fixed boundary conditions are applied at the blade-strut connectors at an equidis-

tance of 21% from each end (i.e. 560 mm) to achieve a minimum bending stress as shown

in Fig. 4.2(b) [193]. The total force is applied on the blade surface facing windward at

a distance of one-fourth of the chord. The mesh convergence of the FE blade model is

performed to ensure the accuracy and reliability of the numerical solution. The entire

blade is meshed with structured mesh with 64 divisions along its length and 50 divisions

along the chord. It is noticed that as the number of nodes is increased, the value of stress

Figure 4.7: Convergence of results by improving mesh quality – FEM model.
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and deflection starts reducing as shown in Fig. 4.7. It is observed that the results gets

converged at the fine mesh size of 150×74 divisions. For the number of nodes equal to

17792, the difference from the previous stress and deflection value is less than 10−4, which

is considered as the convergence criteria.

4.5 Numerical results and discussions

4.5.1 Validation of FEA model - Glass-epoxy blade validation

A two-dimensional blade with skin thickness of 4 mm is considered for the FE model

validation. The modelled blade is meshed with SHELL 181 elements. The material prop-

erties of the glass-epoxy blade described by Hameed et al. [130], are applied to the current

blade for model validation. As the cross-sectional area of the blade is uniform, a total

normal force of 7341.17 N is applied along the blade span. Since the aerodynamic shape

of the blade is the same, the aerodynamic forces are also the same for model validation.

Figure 4.8: Validation of glass-epoxy blade results using SHELL 99 and SHELL 181
element type.
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The evaluation of the aerodynamic forces is presented in detail by Hameed and

Afaq [192]. Various stacking combinations such as cross-ply and angle-ply are evalu-

ated. The values of stresses and deflections on the blade are presented in Table 4.6.

The present results are obtained by using SHELL 181 whereas Hameed et al. [130] used

SHELL 99 element. There is not much difference between the two SHELL elements. The

percentage error for each case of stresses and deflection has been obtained and found

within the acceptable range below 10%. However, the slight difference observed is due to

Table 4.6: Validation of glass-epoxy blade with element type SHELL 99 and SHELL
181.

Ply angle orientation
Thickness
of each
Layer(mm)

Max.
Stress
(MPa)
Shell
99

Max.
De-
flec-
tion
(mm)
Shell
99

Max.
Stress
(MPa)
Shell
181

Max.
De-
flec-
tion
(mm)
Shell
181

% error

Hameed et al. [130] (Validation) Stress Deflection

[0◦/90◦] 2.00 45.90 7.50 43.33 7.44 5.59 0.80

[90◦/0◦/90◦] 1.30 68.10 6.06 72.17 6.64 5.63 8.73

[0◦/90◦/90◦/0◦] 1.00 27.90 6.86 29.66 6.94 5.93 1.15

[0◦/90◦/0◦/90◦/0◦] 0.80 27.50 7.40 29.16 7.43 5.69 0.40

[90◦/0◦/90◦/90◦/0◦/90◦] 0.67 75.60 6.60 71.33 6.15 5.65 6.82

[45◦/90◦/0◦/-45◦]S 0.50 39.40 5.78 42.60 5.87 7.51 1.53

[45◦/90◦/0◦/-45◦]S 45◦-1.30 54.60 4.49 55.40 4.52 1.44 0.66

90◦-1.56

0◦-0.26

-45◦-1.30
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the difference in SHELL element type and mesh size. The values of stress and deflection

are plotted in Fig. 4.8 and found in good agreement. This validation will help to freeze

the process parameters during FE modelling. In the next section, the bamboo-composite

blade is discussed.

4.5.2 Bamboo-epoxy blade analysis

The bamboo composite blade with a 4 mm wall thickness is analyzed in this section. Dif-

ferent stacking sequences i.e. placing different plies same or different fiber orientations are

analyzed with different stacking angles such as 0◦,45◦,90◦. Six stacking combinations are

studied as shown in Fig. 4.9. Four cross-ply combinations and two angle ply combination

are selected.

Figure 4.9: Schematic presentation of different laminates for the straight blade.

87TH-3458_186151005



Numerical results and discussions

Table 4.7 presents the maximum and minimum stress and deflection of NACA 0015

and NACA 4415 blades. Maximum stress and deflection in the former one are less com-

pared to the non-symmetrical blade. This is because the NACA 0015 profile has sym-

Table 4.7: Maximum and minimum stresses and deflections of the bamboo-epoxy blade
for different ply angles.

Ply angle orientation
Thickness
of each
Layer(mm)

Bamboo-epoxy(Present study)

NACA 0015 NACA 4415

Bending
stress, σx

(MPa)

Deflection,
(mm)

Bending
stress, σx

(MPa)

Deflection
(mm)

Laminate (a) 4.00 23.29 9.86 31.08 11.47

Laminate (b) 4.00 23.65 4.34 38.36 5.78

Laminate (c) 1.30 27.61 5.12 44.96 6.93

Laminate (d) 1.00 13.98 5.46 21.02 7.38

Laminate (e) 0.80 14.66 5.78 22.10 7.85

Laminate (f) 0.67 30.31 5.21 46.51 6.69

Laminate (g) 45◦-1.30 18.35 4.45 23.89 6.23

90◦-1.56

0◦-0.26

-45◦-1.30

Laminate(h) 60◦-1.30 20.86 4.39 30.92 6.15

90◦-1.56

0◦-0.26

-60◦-1.30
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metric upper and lower surfaces due to which the loads are equally distributed over the

entire blade structure. Ply angle 90◦ resists the longitudinal stresses along the x-axis

(tensile/compressive) whereas, 0◦ provides the maximum transverse material modulus

and withstands the transverse loading along the y-direction. The composite shear modu-

lus is maximum at 45◦ laminate direction, thus ply angle of 45◦ is introduced to support

the shear stresses. It is observed that for a single unidirectional ply [0◦] / [90◦], deflection

values are almost 50% higher compared to the other stacking combinations.

The stacking sequence has a significant impact on the performance of blades. It

is reported that maximum angle-ply laminate makes the structure ductile [201]. From

Table 4.7, it is observed that the deflection decreases with an increase in the number of 90◦

ply but the stresses fluctuate. However, the purpose of the study is to achieve optimum

value of stress and deflection under safe limits. From cross-ply combination, laminate

(d) has the lowest stress value for both symmetric as well as non-symmetric blades. It is

observed that for laminate (c) and laminate (f), the stresses are maximum for both types

of profiles i.e. NACA 0015, and NACA 4415. Here, two angle-ply laminates namely,

laminate (g) and laminate (h) with different thickness for each ply is considered for the

study. It is observed that the composite blade with laminate (g) has the minimum stress

value however, the deflection is slightly higher than the laminate (h).

Since bamboo is a low-density material, the stresses on the blades are comparatively

less than glass-epoxy as shown in Table 4.6, and Table 4.7. However, the value of de-

flection is found to be higher for the non-symmetrical blade as shown in Table 4.7. The

distribution of von-mises stresses on the blade for both profiles is depicted in the contour

plot in Fig. 4.10, and Fig. 4.11. The ultimate strength of bamboo composite under tensile

load and bending load is 259 MPa and 212 MPa respectively from the experimental in-
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vestigation in section 3.4.3. According to design standards, the material safety factor for

composite blades is 2.20 [133]. The allowable safe stress of the bamboo-epoxy material is

obtained as 96.14 MPa.

The maximum stress in the blade occurred at the position of the applied loads (i.e.

c/4 location). The value of maximum stress and deflection is obtained by selecting all

the nodes on a path along c/4 as shown in Fig. 4.12. The variation of bending stresses

for all the stacking combinations along the loading path is presented in Fig. 4.13(a) for

the symmetric blade, and Fig. 4.14(a) for the non-symmetric blade respectively. It is

observed that maximum stress occurred at the blade-strut connectors for both blades.

The value of maximum bending stresses is found in the range of (12–16) MPa. These

values are significantly lower than the unidirectional strength of bamboo-epoxy compos-

Figure 4.10: Stress contour for the symmetric blade with different stacking combina-
tions.
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Figure 4.11: Stress contour for the non-symmetric blade with different stacking combi-
nations.

Figure 4.12: Application of load along path quarter chord location of VAWT blade.

ite i.e. 96.14 MPa which indicates safe blade design. Deflection over the path is also

plotted for all the configurations as shown in Fig. 4.13(b), and Fig. 4.14(b). It is observed

that the cross-ply layup [0◦/90◦/0◦/90◦/0◦] has the highest deflection and the angle-ply

[60◦/90◦/0◦/-60◦]S has the lowest deflection for both NACA 0015 and NACA 4415 airfoils.
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Figure 4.13: Variation of bending stresses and deflection along the loading path for the
symmetric profile.

Figure 4.14: Variation of bending stresses and deflection along the loading path for the
non-symmetric profile.

The obtained deflection of NACA 0015 airfoil for angle-ply layup [45◦/90◦/0◦/-45◦]S is

4.45 mm which is less by 1.11% for the glass-epoxy blade [130] and 8.44% for the alu-

minum blade [192]. However, for non-symmetrical blade, the value of deflection is higher

i.e. 6.23 mm. In the next section, the non-symmetric blade with shear webs is analyzed

for further investigation.
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4.5.3 Bamboo blade analysis using shear web

A shear web is a structural component that resists the torsional loads without significantly

increasing the overall mass of the structure. Typically, it is utilized to stiffen the structure

and prevent significant deflection. In the present case, the effect of shear webs (single,

double, triple) on the stress and deflection of the non-symmetric NACA 4415 is studied.

The two shear webs at placed at the critical location of 15%, and 50% of the blade chord

length as reported by Belfkira et al. [202]. Double webs can increase resistance to torsion,

shear, and buckling deformation of the blade. The third shear web is placed at a distance

of 25% from the blade chord. The two major angle-ply configurations [45◦/90◦/0◦/-45◦]S,

and [60◦/90◦/0◦/-60◦]S termed as laminate (g) and laminate (h) are selected for the shear

web design analysis.

Table 4.8: Comparison of stress and deflection of non-symmetric blade for different
shear webs.

Ply angle orientation No. of shear webs NACA 4415 airfoil

Stress (MPa) Deflection (mm)

Laminate (g) Shear web 1 19.02 5.10

Laminate (h) 24.56 5.01

Laminate (g) Shear web 2 15.84 4.45

Laminate (h) 20.47 4.35

Laminate (g) Shear web 3 15.91 4.42

Laminate (h) 19.53 4.31

The FE model of the blade structure with shear webs is shown in Fig. 4.15(a),

Fig. 4.15(b), and Fig. 4.15(c). From Table 4.8, it is observed that by using a single

shear web at a distance of a quarter chord length of the blade, the deflection signifi-
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Figure 4.15: Blade structure with (a) single shear web (b) double shear webs, and (c)
three shear webs.

cantly dropped down from 6.23 mm to 5.10 mm. For double-shear webs, the deflection

value further dropped from 5.10 mm to 4.45 mm. However, there is not much difference

observed in the values for using three shear webs. The variation of blade displacement

and bending stress along the loading path for the three cases of the two-angle layups
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are plotted in Fig. 4.16. The variation of stress is similar for all the cases as shown in

Fig. 4.16(a), and Fig. 4.16(c). From Fig. 4.16(b), and Fig. 4.16(d) it is observed that

the value of deflection of the blade with shear web two and three are close to each other,

which proves that adding an extra shear web does not improve the deflection. The de-

flection of the blade is smaller near the blade strut connectors and maximum at the ends.

The maximum bending stress and deflection of the bamboo-epoxy NACA 4415 profile

with the double-shear web are 15.84 MPa and 4.45 mm for layup [45◦/90◦/0◦/-45◦]S, and

20.47 MPa and 4.35 mm for layup [60◦/90◦/0◦/-60◦]S.

Figure 4.16: Variation of maximum bending stresses and displacement of the NACA
4415 profile with (a), (b) [60◦/90◦/0◦/-60◦]S, and (c), (d) [45◦/90◦/0◦/-45◦]S.
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Moreover, it is observed that by adding a third shear web there is not much difference

in deflection and stress whereas it will put an additional weight on the entire structure.

The stress contour plots of the blade structure with a double shear web are depicted in

Fig. 4.17. The same loading path as that of the non-symmetric blade without a shear

web is considered for this case. The value of stress for the two-angle layups is observed

to be maximum at the point of strut connectors. The stacking layup [45◦/90◦/0◦/-45◦]S

has lower stress than layup [60◦/90◦/0◦/-60◦]S. Further, Cox and Echtermeyer [203]

have observed that the composite laminate with ±45° plies has more resistance to shear

buckling and torsional stiffness. Thus, based on the numerical results angle-ply layup

[45◦/90◦/0◦/-45◦]S i.e. laminate (g) can be recommended for wind turbine blade design.

Figure 4.17: Stress contour of the blade with double shear web for laminate (g) and
laminate (h).

The stress and deflection of the bamboo-epoxy composite blade with and without

shear webs are presented in Table 4.9. The present results are compared with the existing

results of glass-epoxy blade and aluminum blade from the published literature. The

percentage (%) difference in the value of stress and deflection w.r.t to the bamboo-epoxy

blade is also calculated and presented in Table 4.9. The stress and deflection value of

the bamboo-epoxy composite blade without shear web is 23.89 MPa and 6.23 mm which
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Table 4.9: Comparison of stress and deflection of non-symmetric bamboo-epoxy blade
with glass-epoxy and aluminum blade.

Material Stress MPa Deflection mm %Difference

Stress MPa Deflectionmm

Bamboo-epoxy blade without
shear web

23.89 6.23 - -

Bamboo-epoxy blade with
double shear web

15.84 4.45 - -

Glass-epoxy blade [130] 54.60 4.49 # 56.24% ↓ # 38.44% ↑

@ 70.98% ↓ @ 1.11% ↓

Aluminum blade [192] 74.90 4.86 # 68.10% ↓ # 28.19% ↑

@ 78.85% ↓ @ 8.43% ↓

Note: # % difference w.r.t without shear web bamboo-epoxy composite, @ % difference
w.r.t with shear web bamboo-epoxy composite.

is observed to be decreased by 56.24% (stress) and increased by 38.44% (deflection)

respectively in comparison with the glass-epoxy blade. Similarly, the aluminum blade

has 68.10% higher stress than the bamboo-epoxy blade without shear webs and reduced

deflection by 28.19%. It can be seen from the table that the percentage difference further

decreases when the conventional blade materials are compared with the bamboo-epoxy

blade with double shear web. From the above results, it is observed that adding shear

webs in the case of bamboo composite blade will reduce the blade displacement. Based

on the numerical results it can be recommended that bamboo-epoxy composites can be

used for small-scale wind turbine blades for power generation.

4.6 Summary

The static structural analysis of bamboo-based composite straight blades is successfully

performed using various cross-ply and angle-ply layups. Compared to the symmetric
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profile, the non-symmetric profile experienced maximum stress and deflection under the

same loading conditions. Structural components in the form of shear webs are also

introduced to the blade cross-section to reduce the deflection of the non-symmetrical

profile. The effect of the number of shear webs on the value of deflection is studied

and found that the blade with two shear webs showed the minimum values of stress and

deflection. The values of deflection and stresses did not showed much significant difference

on addition of a third shear web. Through the structural analysis, it is recommended that

the designed blade with natural bamboo composite is acceptable for structural safety. The

maximum stress and deflection for the bamboo-epoxy blade are also compared with glass-

epoxy and aluminum blade for the same wall thickness. Based on the present analysis, it

is recommended that the natural bamboo-epoxy composite can be used for wind turbine

blades. Moreover, the production of blades using natural composites will reduce waste

composite disposal.
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Free and forced vibration analysis
of bamboo-based composite vertical
axis wind turbine blade

5.1 Introduction

Wind turbine blades experience both free and forced vibrations during their operations.

Free vibration occurs when the blades are subjected to an external force such as wind,

turbulence whereas during rotation the blades experience cyclic loading which causes

forced vibration. These vibrations lead to excessive deflection of the blades to ultimate

failure. To reduce these deflections, light weight and high strength composites are utilized

in the blade structure. The scope of natural fiber composites are increasing because of

their sustainability and better mechanical properties. In this chapter, the free and forced

vibration of bamboo-epoxy composite blade is studied. The blade’s vibrational behavior,

natural frequencies, mode shapes, and dynamic characteristics are investigated through

finite element modal analysis. The effect of boundary conditions is also studied. The

forced vibration analysis of the blade along with the effect of damping is also consid-

ered. Further, the natural frequencies of these composite blades are compared with the

frequencies of carbon and graphite epoxy blades.
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5.2 Governing equations

Numerical modal analysis is a powerful technique to ensure the safety and reliability of

structures subjected to dynamic loading. The FEM represents the VAWT blade as a

series of interconnected nodes and elements where each element has a mass, stiffness,

and damping associated with it. By calculating the eigen values and eigen vectors of the

FEM, the software determines the natural frequencies, mode shapes, and damping ratios

of the blade. The general equation of motion of a system is defined as

[M ] {∆2(u, t)} + [C] {∆(u, t)} + [K] {u} = F{u} (5.1)

Where M is the mass matrix of the system, C is the damping matrix, K is the stiffness

matrix, u is the displacement vector representing the modal coordinates, and F{u} is

the external load vector. In this case, the impact of structural damping on the modal

frequencies is neglected. The modal matrix equation of the structure with non-damping

and free-vibration as represented as in [141] -

[M ] {∆2(u, t)} + [K] {u} = 0 (5.2)

Assuming that the system delivers a simple harmonic response, the displacement vector

can be written as –

{u(t)} = U ∗ eiωt (5.3)
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Substituting these values in Eq. 5.2, the natural frequencies and modes of the system

can be derived from Eq. 5.3 as follows –

[
K − ω2M

]
∗ U = 0 (5.4)

Here U is the complex amplitude vector that defines the spatial distribution (mode

shapes) of the displacement vector u, and ω is the natural frequency of the simple har-

monic motion.

5.3 Modelling of blade

In the present study, a three-dimensional H-Darrieus wind turbine composite blade is

modelled. The geometric details and material properties of the modelled blades are

explained in Chapter 3 in section 4.3. Symmetrical NACA 0015 and non-symmterical

NACA 4415 airfoils are selected. The axis of the blade in the x-direction is the chord

length, y-axis denotes the wall thickness of the blade, and z-axis is the span length of the

blade as shown in Fig. 5.1. Two types of boundary conditions, most commonly occurring

in the design of VAWTs are considered for the finite element analysis as shown in Fig. 5.2.

In the first case, the boundary conditions at a distance of 21% and 79% of the span length

i.e. both equal distance from the free ends and the second boundary condition is applied

at the mid span length of the blade. By applying these boundary conditions, the modal

analysis can accurately determine the vibration modes and frequencies of the blade. Once

the necessary inputs are defined, the modal and harmonic analyses are performed. The

results can be visualized and analyzed using post-processing software such as contour

plots, animations, graphs, etc.
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Figure 5.1: Schematic of VAWT blade profiles.

Figure 5.2: Applied boundary conditions for the VAWT blade.

5.4 Validation of the model

Based on the blade design parameters explained in section. 5.3, a laminated blade shell

model is established using 4 node SHELL 181 elements in Ansys APDL interface. The

blade profile including skin thickness is modelled as a 2D orthotropic material. The

2D blade is made up of an “n” number of orthotropic layers stacked in various cross-
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Figure 5.3: Laminates with different stacking sequences for the straight blade.

ply and angle-ply laminated stacking sequences (θ1/θ2/θ3/...). Four different cases of

fiber laminate sequences such as cross-ply [0◦/90◦], [90◦/0◦/90◦], [0◦/90◦/0◦/90◦/0◦],

[90◦/0◦/90◦/90◦/0◦/90◦] and angle-ply [45◦/90◦/0◦/-45◦]S are selected for the present

study. These layups are selected based on the static structural results as explained in

section 4.5.2. The diagrammatic presentation of the laminate sequences for the straight

VAWT blade is shown in Fig. 5.3.

To verify the convergence of the finite element analysis, the model is meshed with

linear quadrilateral layered shell elements SHELL 181 for each stacking combination.

Initially, the blade is meshed into 120 divisions along the span length (H), and 64 divisions

along the chord (c). As the recursive deviation increases with the mesh refinement,
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the convergence of the proposed FE model is verified. The convergence of the natural

frequencies and the corresponding element numbers are listed in Table 5.1.

Table 5.1: Convergence of the non-dimensional frequencies of the different layups com-
posite blade.

Laminate layups Mesh divisions (H×c)

120×64 125×64 130×64 135×64

[0◦/90◦]

Natural frequencies
(Mode 1)

34.36 34.43 34.44 34.44

[90◦/0◦/90◦] 36.28 36.35 36.36 36.36

[0◦/90◦/0◦/90◦/0◦] 32.98 33.17 33.18 33.18

[45◦/90◦/0◦/-45◦]S 37.51 37.52 37.53 37.53

Model validation is an essential step to ensure the usefulness and reliability of a model

for a specific application. This section presents an FE model validation of the VAWT

blade by comparing the present simulations with the prior numerical study reported by

Singh et al. [204]. The straight blade is analyzed with two different wall thicknesses i.e.

4 mm, and 6 mm. The same boundary condition is applied to the present FE model

and the obtained frequencies are compared with the existing frequency values for the

same performance characteristics. The blade is meshed with SHELL 181 element and

the model validation is achieved. The numerical predictions on the natural frequencies

of the blades with different thicknesses throughout the length are presented in Table 5.2.

These values are compared with the results reported in [204]. It is observed that the

natural frequencies calculated from the present FEA model show good agreement with a

percentage difference below 5%.
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Table 5.2: Validation of modal frequencies with different thicknesses.

Different
modes

Thickness

Singh et al. [204] Present study % difference

4 mm 6 mm 4 mm 6 mm 4 mm 6 mm

1st

Natural

12.48 12.55 12.57 12.60 0.72 0.40

2st 66.15 68.96 66.32 70.20 0.26 1.79

3st frequencies 82.18 82.34 81.97 82.46 0.25 0.15

4st 100.43 108.42 102.66 108.66 2.22 0.22

4st 126.42 152.00 126.92 152.12 0.40 0.08

5.5 Results and discussion

This section discusses the dynamic responses performed on three blade profiles i.e. sym-

metrical, non-symmetrical, and non-symmetrical blade with double shear web. Since

VAWTs have low rpm, the rotational effects of their rotating parts are neglected in this

present work. The modelled blades are at zero degrees of rotation. The influence of vari-

ous blade parameters such as stacking sequence, and various boundary conditions on the

natural frequencies is studied. Further, the linear harmonic response of the asymmetric

blade having bamboo-epoxy composite as the blade material is also carried out. The

solutions are obtained using a mesh size of (130×64).
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5.5.1 Free vibration results

Influence of stacking sequence and boundary conditions

In this section, the free vibration results of the three profiles are presented. The values

of the modal frequencies for the selected layups for the three airfoils are presented in

Table 5.3. An increase in the frequencies is observed for all the sequences by increasing

the number of plies. Among the cross-ply laminates, laminate (d) has the highest values of

natural frequency. The non-symmetric blade with double shear web has the better values

of natural frequencies for all four modes respectively i.e. 37 HZ (Mode 1), 53.15 HZ (Mode

2), 72.61 HZ (Mode 3), and 149.04 HZ (Mode 4). A higher frequency value represents

a stiffer blade which reduces the risk of dynamic instabilities and fatigue failure. From

Table 5.3, it is observed that the frequency values of the non-symmetric blade without

shear webs are comparatively less than the blade with shear webs. The static structural

results of the bamboo-epoxy blade also reported that the non-symmetric blade profile

with the double shear web delivered better structural performance with minimum values

of stress and deflection. The frequency values of the angle-ply laminate are higher than

those of the cross-ply laminate. It is reported that the composite laminate shear stiffness

and modulus are maximum at a 45◦ fiber angle, which results in fiber delamination from

the perspective of structural safety. Thus, it is essential to introduce 45◦ plies to reduce

such stresses. The two types of laminates, (c), and (e) are chosen for further study.

The non-symmetric blade with shear web is analyzed to study the effect of two bound-

ary conditions. The results of the effect of boundary conditions on the blade natural

frequencies are presented in Table 5.4. It is observed that the blade with boundary con-

dition 2 have lower frequencies than the blades with boundary condition 1. However, the
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Table 5.3: Influence of stacking sequence on the natural frequencies of the bamboo-
epoxy blade.

NACA 0015 NACA 4415 NACA 4415 (shear web)

Mode
Frequency
(HZ)

Mode
Frequency
(HZ)

Mode
Frequency
(HZ)

Laminate (a) 1 39.08 1 33.58 1 35.75

2 51.84 2 47.64 2 50.21

3 62.59 3 63.36 3 68.83

4 120.88 4 120.68 4 140.59

Laminate (b) 1 40.64 1 35.27 1 37.89

2 53.98 2 49.90 2 53.18

3 65.10 3 65.75 3 72.58

4 123.17 4 122.08 4 148.74

Laminate (c) 1 37.97 1 32.45 1 34.47

2 50.38 2 46.19 2 48.44

3 60.95 3 61.79 3 66.47

4 119.24 4 119.29 4 137.65

Laminate (d) 1 40.81 1 36.43 1 37.86

2 54.20 2 51.53 2 53.15

3 65.31 3 67.79 3 72.61

4 124.71 4 126.82 4 149.04

Lamiante (e) 1 41.91 1 36.32 1 38.92

2 55.65 2 51.43 2 54.73

3 67.15 3 67.83 3 74.89

4 127.44 4 126.37 4 153.42
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VAWT blades should be constrained with two supporting struts to reduce the maximum

bending deformation. The free vibration frequencies for the four different stacking layups

have also been reported. The mode shapes of the first five natural frequencies for the two

laminates (c), and (e) are presented in Fig. 5.4 and Fig. 5.5.

Table 5.4: Effect of boundary condition on blade’s natural frequency.

Non-symmetric blade (NACA 4415)
BC1 BC2

Mode
Frequency
(HZ)

Mode
Frequency
(HZ)

Laminate (a) 1 33.58 1 5.88

2 47.64 2 14.47

3 63.36 3 60.70

4 120.68 4 69.91

Laminate (b) 1 35.27 1 6.09

2 49.90 2 15.39

3 65.75 3 65.07

4 122.08 4 74.66

Laminate (c) 1 32.45 1 6.26

2 46.19 2 13.36

3 61.79 3 59.30

4 119.29 4 65.86

Lamiante (e) 1 36.32 1 7.02

2 51.43 2 15.19

3 67.83 3 66.97

4 126.37 4 74.11
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Fig. 5.4 depicts the mode shapes of the non-symmetric shear web bamboo-epoxy blade

under boundary condition 1 and Fig. 5.5 depicts the corresponding mode shapes under

boundary condition 2. In both the figures, the fifth mode depicts the torsional bending

of the blade whereas the first three modes show the pure bending behavior of the blade.

The blade is also designed with the existing carbon-epoxy and glass-epoxy materials

to study the free vibrational frequencies. The comparative chart of the free vibration

Figure 5.4: Different mode shapes (a) laminate (c), (b) laminate (e) for boundary
condition 1.
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results of the bamboo-epoxy blade with the wind turbine blade composed of carbon-

epoxy and glass-epoxy composites is shown in Fig. 5.6. It is observed that the carbon-

epoxy blade posses a higher natural frequency than the glass-epoxy and bamboo-epoxy

blades. Carbon fiber composites have exceptional stiffness and lightweight properties

allowing the turbine blade to withstand excessive deformation and vibration. Due to

such characteristics, these composites are highly suitable for turbine application. The

Figure 5.5: Different mode shapes (a) laminate (c), (b) laminate (e) for boundary
condition 2.
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Figure 5.6: Comparison plots for natural frequencies of different composites with bound-
ary condition 1 (a) laminate (c), (b) laminate (e).

frequency values for glass and bamboo composites on the other hand posses low frequency

values compared to carbon composites. The mechanical properties of bamboo composites

evaluated in the current study are almost similar to the mechanical properties of glass

composites demonstrated by Hameed et al. [130]. It is observed that the designed blade

from bamboo composites demonstrates higher values of natural frequencies as compared

to glass composite blade. Considering similar strength properties, bamboo composites

are lighter than glass composites due to their lower density. The bamboo composites have

the potential to serve as a feasible replacement for glass-epoxy blades, offering potential

advantages in terms of material properties, cost effectiveness and sustainability.

5.5.2 Harmonic vibration results

Harmonic analysis is an important technique that helps in determining the composite

blade structural response under dynamic loads/ vibrations. It is generally represented

by sinusoidal or harmonic functions [205, 206]. It ensures the structural integrity and

performance of the turbine blade over its operational lifespan. Composite blades are
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designed to withstand different types of loads including aerodynamic, gravity, and rotor-

induced vibrations. Thus, it is necessary to perform harmonic analysis to have a better

understanding of how these loads affect the blade structural behavior and resonance fre-

quencies. When the excitation frequency of the blade is close to its natural frequency it

causes resonance and consequently increases the fatigue stress on the blade [207]. Thus,

the dynamic characteristics such as natural frequencies and their corresponding mode

shapes play an important role in preventing premature fatigue, damage, and sudden

catastrophic failure in the design of these structures. In this section, the harmonic anal-

ysis results of the wind turbine blade are discussed. The linear frequency response in

the neighborhood of natural frequency is obtained. Laminate (c), and laminate (e) are

considered for the harmonic analysis. The analysis is performed for the non-symmetric

airfoil and the results are compared with an non-symmetric blade with a double shear

web. The frequency response function (FRF) plot is obtained mainly based on the range

of natural frequencies from 30 to 130 HZ for the non-symmetric blade and 30 to 150 HZ

for the shear web blade with boundary condition 1. Similarly, for the blades with bound-

ary condition 2, the set of natural frequencies of 5 to 80 HZ and 10 to 90 HZ are analyzed.

The process is carried out with substeps of 100 for both blades.

The FRF plot will generate a graph of amplitude vs. frequency, in which frequency is

plotted on the x-axis and amplitude on the y-axis. The relationship between maximum

amplitude response and frequency in the y direction of the blade is plotted in Fig. 5.7

and Fig. 5.8. It is observed that the displacement peaks for the blades with boundary

condition 1 are comparatively lower than that of the blades with boundary condition 2.

Moreover, some minor peaks are also observed for the blade with boundary condition 2.

Further, the peaks of laminate (c) comprising cross-ply layups are lower than laminate (e)
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Figure 5.7: Amplitude spectra of blade deformation for different laminates with bound-
ary condition 1 (a) non-symmetric blade without shear web (b) non-symmetric blade
with double shear web.

for both blades. The maximum displacement peaks are observed at the tip of the blade

and gradually decrease towards the mid-span. Fig. 5.7 presents the displacement peaks

for the blade with boundary condition 1. The maximum displacement peaks for the non-

symmetric blade with laminate (c) and laminate (e) are 1.24 mm at 62 HZ and 1.38 mm

at 68 HZ . From Table 5.3, it is observed that the third-order natural frequencies of the

blade for both laminates are almost equal to the exciting frequencies. Fig. 5.8 depicts

the amplitude displacement peaks for the blades with boundary condition 2. Maximum

peaks are observed between (13-15) HZ which are nearly close to the range of their natural

frequencies. Thus, the blades are under resonance conditions. In the next section, the

effect of the damping ratio is studied.
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Figure 5.8: Amplitude spectra of blade deformation for different laminates with bound-
ary condition 2 (a) non-symmetric blade without shear web (b) non-symmetric blade
with double shear web.

5.5.3 Effect of damping on the harmonic response of cross-ply

laminated non-symmetric blade

In most of the engineering applications, the Rayleigh damping model is widely used [208].

The damping of a structure is characterized by the damping ratio ζ. Different types of

damping are associated with wind turbine blade structure i.e. structural, aerodynamic,

and material damping. Although structural damping is different from material damping,

they are closely related to each other [209]. Zang et al. [210] considered the structural

damping ratio ζ = 0.5%, to study the effect of the blade structure. However, according to

Popelka [211], the critical structural damping for the Darrieus wind blade is (0.1-0.4)%.
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The aerodynamic damping ratio for VAWTs is reported to be in the range of (1.80-

5.30)% [212]. In the present study, the aerodynamic damping is neglected as the blade is

non-rotating at a zero-pitching angle. The effect of structural damping from (0.35-2)% on

the natural frequencies of the VAWT blade structure is studied. The non-symmetric blade

without the shear webs is considered. The effect of damping on the natural frequencies

Figure 5.9: Effect of damping of the harmonic response of the blade for boundary
condition 1 (a) laminate (c), and (b) laminate (e).
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Figure 5.10: Effect of damping of the harmonic response of the blade for boundary
condition 2 (a) laminate (c), and (b) laminate (e).

is presented in Fig. 5.9 and Fig. 5.10. Fig. 5.9(a) and (b) presents the damping effect on

the non-symmetric blade of type 1 boundary condition for the laminate (c) and laminate

(e). It is observed that the maximum amplitude for both laminates is obtained within

the range of 60 HZ to 70 HZ . The resonance amplitude decreases at a faster rate as

the damping ratio increases from 0% to 2% for the same range of natural frequency. A
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similar observation is obtained for the blades with type 2 boundary conditions for the

frequency range of 10 HZ to 15 HZ as shown in Fig. 5.10. However, some small peaks are

also observed at the frequency range of 75 HZ to 80 HZ .

5.6 Summary

The free vibration analysis of composite blades plays a pivotal role in ensuring structural

integrity, performance, and safety. The natural frequencies, mode shapes, as well as

damping characteristics of the blades under different boundary conditions are successful

investigated. From the free-vibrational results, it is observed that the non-symmetric

blade obtained the least free-vibrational values compared to the other profiles. Four

cross-ply layups and one angle-ply layup are studied and it is observed that the cross-ply

layup i.e. laminate (c) has the minimum value of natural frequency. The blades are

modelled with the conventional materials and the frequency results are compared with

the bamboo composite blades. It is observed that the frequency values for the bamboo

composites blades almost resembles that of the glass composite blades which signifies

that these composites can be a suitable and sustainable replacement for the conventional

materials.
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Fluid-structure interaction of bam-
boo composite straight blade and fi-
nal blade fabrication

6.1 Introduction

During the operation of wind turbines, the aerodynamic loads on the blade may cause

blade deflection. This deflection causes additional changes in the flow characteristics re-

sulting in excessive load alteration. The interphase between the fluid and the structure

cause reliability issues regarding aeroelastic loads such as edgewise, and flapwise instabil-

ity, which can cause a disastrous effect on the blades and the turbine as a whole system.

Therefore, accurate FSI modelling is essential in the design and development of wind

turbines. FSI can be a one-way or two-way interaction. In two-way interaction, the aero-

dynamic model is solved to obtain the load data independently. The structural stresses

and deflection of the model are then achieved by mapping these pressure loads as bound-

ary conditions to the structural model. Once the convergence criteria are achieved, this

deflection is imported back to the aerodynamic model, and the process is repeated. This

method is computationally expensive and produces accurate results. On the other hand,

in one-way interaction, the resulting aerodynamic pressure from the CFD simulation is

imported to the structural model to assess the structural stresses and deflection in the

same way as in two-way interaction. Compared to two-way, the computational cost for
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one-way interaction is cheaper and requires less time making it suitable for initial mod-

elling. In the present study, an FSI simulation of a three-dimensional vertical-axis wind

turbine is conducted. This study presents a one-way coupled FSI model for wind turbine

composite blades at full scale, taking account of detailed composite layups of the blade.

The aerodynamic loads are calculated using CFD and blade structural responses are de-

termined using FEA. The coupling strategy is based on the one-way coupling strategy, in

which aerodynamic loads calculated from CFD modelling are mapped to FEA modelling

as load boundary conditions.

6.2 Computational fluid dynamics (CFD) modeling

Computational fluid dynamics (CFD) is used to study the characteristics of fluid flow and

pressure variation on the blade surface. It uses computer-based simulations to analyze

the complex fluid flow around the VAWTs which can accurately predict the parameters

such as lift, drag, torque generation etc. CFD models can also study the interactions

between the rotaing blades and the surrounding air, including the phenomena such as

flow seperations, stall, and turbulence which further helps in identifying the potential

challenges such as structural loads, vibrations, etc. CFD is classified into finite volume

method (FVM), finite difference method (FDM), and finite element method (FEM).

6.3 Description of the turbine model and the numer-

ical domain

A 3D straight Darrieus turbine with three blades is modelled in SolidWorks software for

the FSI coupling. The blades of the turbine are connected by the struts to the rotating
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Figure 6.1: Three dimensional presentaion (a) straight Darrieus wind turbine (b) ro-
tating doamin (c) stationary domain.

shaft as shown in Fig. 6.1. Fig. 6.1(a) depicts the 3D model of the turbine and the 3D

view of the rotating and stationary domain is shown in Fig. 6.1(b), and Fig. 6.1(c). The

blades are modelled using Kirchhoff-Love shells, whereas the connecting struts and main

rotating shaft are modelled as beams. From section 4.5.2, it is clear that the bamboo

composite blade with angle-ply [45◦/90◦/0◦/-45◦]S showcased the optimum stress and

deflection values. Thus for the current study, the angle-ply layup is considered. The

dimensions of the turbine is taken small to reduce the computational time. The geometric

design parameters of the 3D VAWT are presented in Table 6.1.

Table 6.1: Geometric details of the straight Darrieus wind turbine.

Blade profile Asymmetrical NACA 4415

Number of blades 3

Diameter, D (mm) 120

Blade span height, H (mm) 150

Chord length, c (mm) 60

Wind velocity, V (m/s) 8
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The straight Darrieus VAWT operates in open field conditions, thus a large rectangu-

lar domain is considered to avoid flow blockage. The turbine is modelled in such a way

that it has two domains i.e. stationary domain known as fluid domain through which

the flow is passing and the rotating domain known as solid domain consisting of turbine

blades that rotate with the passage of airflow. The rectangular domain has been parti-

tioned with suitable dimensions in ratio between turbine diameter and the rectangular

domain length. This ratio is 16D in the length of the domain and 8D in the width of the

domain as shown in Fig. 6.2. The boundaries of the domain are kept at a suitable distance

from the turbine to reduce the effects of boundary flow conditions such as flow blockage,

and insufficient wake development. In the rotating domain, the blades connected to the

struts are placed at an azimuth angle of 120◦ to one another. In the CFD domain, the

left vertical line is defined as the velocity inlet and the right vertical line is the pressure

outlet. The velocity of the flow is taken as 8 m/sec, the same as in Chapter 4. The hor-

Figure 6.2: Geometrical features and boundary conditions of the CFD domain consisting
of turbine with the standard blades.

121TH-3458_186151005



Turbulence model and solution method

izontal boundaries are defined as symmetry-type boundary conditions with no-slip walls

to minimize the wall effects. The rotating domain is provided with an angular velocity of

50 radian/sec, with a sliding mesh interface between the rotating and stationary domain.

6.4 Turbulence model and solution method

ANSYS FLUENT has several turbulence models that are capable of handling both steady-

state and unsteady-state analysis. The turbulence model used in this one-way coupling

is the SST (shear stress transport) k-ω model is used to estimate the Reynold stresses.

This model combines the benefits of both k-ϵ and k-ω turbulence models making it suit-

able to analyze both the far field flow characteristics, boundary layer separation, and

vortex shedding [213, 214]. Two transport equations are required to calculate the eddy

viscosity in the SST, k-ω model i.e. turbulent kinetic equation, k and turbulence dissi-

pation/frequency rate ω.

The transport equation for turbulent kinetic energy k for the k-ω turbulence model

is given as following equations below [122] -

∂(ρk)

∂t
+

∂(ρUik)

∂xi

=
∂

∂xi

[(
µ +

µt

σk

)
grad(k)

]
+ Pk − β × ρkω (6.1)

where

Pk =

(
2µt

∂Ui

∂xj

.
∂Ui

∂xj

− 2

3
ρk

∂Ui

∂xj

δij

)
(6.2)

The transport equation for turbulent frequency ω for the k-ω turbulence model is

given as follows [122]-
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∂(ρω)

∂t
+

∂(ρUiω)

∂xi

=
∂

∂xi

[(
µ +

µt

σω,1

)
grad(ω)

]
+ γ2

(
2ρ

∂Ui

∂xj

.
∂Ui

∂xj

− 2

3
ρω

∂Ui

∂xj

δij

)

− β2ρω
2 + 2

ρ

σω,2ω

∂k

∂xk

∂ω

∂xk

(6.3)

where σω,1, σω,2, γ2, β2 are constant.

In the current study, the flow is modelled by RANS (Reynolds averaged Navier-

Strokes) 3D CFD flow model. The RANS flow model equations are solved using a

pressure-based coupled algorithm [149]. Compared to the pressure-based segregated algo-

rithm, the pressure-based algorithm solves the pressure-based continuity and momentum

equations equivalently in a closed coupled manner. This process significantly increases

and improves the convergence rate. The continuity and momentum equations for the

unsteady and incompressible flow are expressed as follows -

Continuity equation:

∂ui

∂t
+

∂ui

∂xi

= 0 (6.4)

Momentum equation:

∂ui

∂t
+ ui

∂ui

∂xj

= −1

ρ

∂P

∂xi

− ∂

∂xj

[
ν

(
∂ui

∂xj

+
∂uj

∂xi

− 2

3
δjj

∂ui

∂xi

)]
+

∂

∂xj

(−u′
iu

′
i) (6.5)

6.5 Mesh independent study

To determine the appropriate mesh size for each component, a mesh sensitivity study is

performed with varying face sizing. Unstructured tetrahedron mesh with a prismatic layer

attached to the blade walls is selected as the mesh type. This mesh type is selected due

to its simplicity and its ability to represent complex domains with reduced computational
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Figure 6.3: Computational grids for the CFD domain and straight Darrieus wind tur-
bine.

time. The blade is meshed with an face sizing of 1.8 mm which is refined to 0.42 mm near

the trailing edge (TE) and leading edge (LE) as shown in Fig. 6.3. The computational

domain with rotating and stationary domain is mesh with 30 mm, and 15 mm mesh size

as shown in Fig. 6.3.

The mesh near the blade wall is well refined to ensure the non-dimensional normal

distance from the boundary wall i.e. y+, falls under the permissible range. The wall y

plus, y+ is used to characterize the near wall behavior of the flow. The “y+” denotes

the distance from the boundary wall and “+” is the normalized distance that denotes the
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thickness of the each layer from boundary wall. Mathematically, it is defined as -

y+ =
yuτ

ν
(6.6)

where y is the distance from the boundary wall, uτ is the friction velocity, and ν is the

kinematic viscocity of the fluid flow. It is necessary to ensure that the y+ values are

appropriate for the different turbulence models. The model such as SST k-ω, smaller y+

values are required to resolve the near wall region for better accuracy. The prismatic

boundary layers (BL) or inflation layer is applied to the blade surfaces to improve the

persistency of boundary flow layer. The inflation layer is used to ensure that there are

enough grids points to resolve the boundary layer separation. The “inflation growth rate”

is a dimensionaless factor and is defined as the rate at which the size of the cells in the

inflation layer increases from the surface of the blade. For the current SST k-ω model,

20 boundary layers are applied to the blade surfaces with an element growth rate of 1.2.

The first prismatic layer thickness is 0.04 mm with small wall y+ less than 1 and wind

Figure 6.4: Mesh independent study.
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velocity 8 m/sec as shown in Fig. 6.3. The quality and density of the unstructured mesh

are identified with several grid sizes ranging from 1.8×106 to 3.8×106 cells as shown in

Fig. 6.4. It is observed that the value of torque coefficient from grid cells of 3.0×106 is

relatively stable with a percentage(%) deviation less than 0.86%. Therefore, the grid size

of 3.0×106 cells is deemed as the appropriate mesh size for further analysis to decrease

the computational time.

6.6 Convergence criteria

After the mesh study, the model is checked for its convergence. The convergence for each

time step is achieved under two criteria i.e. residual values and variation in total mass.

The residual check is the most commonly used criteria for evaluating the solution of

CFD convergence. Total six different variables such as (continuity, x-velocity, y-velocity,

z-velocity, turbulent kinetic energy, and specific dissipation rate) are observed during

the iteration process. The solution convergence criteria is selected as 10−4, which is

Figure 6.5: Convergence residual for the CFD model.
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considered as standard residual convergence value in CFD modelling of wind turbine

blades as reported in [215, 216]. The rotor speed, rotational velocity, and pitch angle of

the blades are kept at 8 m/sec, 50 rpm, and 0◦ respectively. The residual iteration plot

for the current wind turbine model is depicted in Fig. 6.5. As seen from the Fig. 6.5, the

residual values of all the variables except continuity are less than 10−4, which is assumed

as the convergence criteria. The residuals for continuity did not fully converge to the

specified criteria, with values plateauing around 10−3. This plateau may be attributed to

the complexity of the flow and the use of an unstructured mesh, which can sometimes lead

to higher residuals. Despite this, key flow variables, such as velocity, k, omega showed

stable behaviour, suggesting that the solution reached an acceptable level of convergence.

6.7 Results and discussion

6.7.1 Pressure distribution and velocity gradient on the domain

After the solution is converged, the aerodynamic pressure acting on the blades and the

wind turbine is plotted using the post-processing function in ANSYS-fluent. The pres-

sure distribution contours on each blade front (pressure side), and back (suction side) is

displayed in Fig. 6.6. The airflow hits blade 2 at the tip of the trailing edge thus moving

the blades in an anticlockwise direction. The blade suction side is shown as the leeward

side which displays a negative pressure whereas the pressure side which is the windward

side is highly susceptible to maximum pressure. During rotation, the maximum pressure

occurred at the pressure side of blade 1 near the leading edge and blade 2 near the trailing

edge whereas, for blade 3, the maximum pressure occurred at the suction side where the

air hits the blade. Similarly, negative pressure occurred at the top and bottom vertex
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Figure 6.6: Pressure contours on the wind turbine and blades.

Figure 6.7: Contours on the CFD domain (a) pressure contour, (b) velocity contour.

of the leading edge for blade 1, at the vertex of the leading edge in the pressure side

and suction side for blade 2, and the pressure side of blade 3 as shown in Fig. 6.6. The

pressure contour and velocity contour of the CFD domain consisting of the wind turbine

are displayed in Fig. 6.7. The maximum positive pressure on the blades is 1747.22 MPa

and the negative pressure is -2744.76 MPa.

6.7.2 Static structural analysis

Before performing the static structural analysis, the laminating of the blades with bam-

boo composite materials is performed in the ACP module. ACP module in Ansys is a
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advanced tool used to address the complex mechanical behavior of composites subjected

to high temperature and loads. In the ACP module, the hollow blades are developed

in the form of the shell which is assigned as a single sheet by adjusting its thickness.

The composite fabric is defined with the bamboo-epoxy material properties. Finally, a

laminate is created stacking up all the fabrics with different plies from top to bottom

as per the angle-ply layup [45◦/90◦/0◦/-45◦]S. The total wall thickness is considered as

4 mm. In the blade geometry, the material orientation is determined using geometric

attributes such as layup direction, layup area, and reference direction. After the lami-

nates are created, in the next step, orientation element sets are used which defines the

reference and orientation of the fiber directions. Finally, a new modelling ply comprising

laminated materials is assigned to the blade structure as presented in Fig. 6.8. The green

Figure 6.8: Modelling groups and fiber orientation of the turbine blades.

arrows depict the fibers in the x and y directions directing from leading to the trailing

edge. The pink arrows depict the fiber orientation in the z-direction. The integration of

FE static structural and ACP of the straight Darrieus wind is achieved by transferring

the laminated shell structure of the blade and the solid components such as strut, and

shaft from ACP to static structural for further analysis.

129TH-3458_186151005



Results and discussion

Figure 6.9: Applied loads and boundary conditions.

The FE model of the straight Darrieus wind turbine is imported to the static structural

module. Wind turbine blades are mainly subjected to deformations such as bending and

torsion [217], therefore proper meshing must be provided to the FE model. For the

analysis, the wind turbine model is meshed with 2 mm element size and mesh refinement

of 0.5 mm is provided near the blade strut connectors. The wind turbine is subjected

to three types of loading i.e. aerodynamic pressure from the airflow, centrifugal forces,

and standard earth gravity. The applied loads and boundary conditions for the analyzed

model is shown in Fig. 6.9 The results of the deformation and stresses of the straight

Darrieus wind turbine are depicted by the contour plots in Fig. 6.10. The variation of

deformation is presented in colors in which the red color is defined as the critical value

and the dark blue color is defined as the safest value under the defined aerodynamic load.

The total deformation of the wind turbine under the aerodynamic pressure is shown in

Fig. 6.10(a). The maximum and minimum deflection of the blades are 0.77 mm, and

0.046 mm respectively. It is observed that maximum deflection occurred near the leading

and trailing edge, and the minimum deflection near the region of the blade fixed supports.
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Figure 6.10: Maximum and minimum contours for the turbine (a) Deflection (b) Stress.

The maximum and minimum values of stresses are also evaluated as shown in Fig. 6.10(b).

The maximum value of stress on the blades is 32.26 MPa. Comparing with the static

structural results, the value of stress and deflection of the blade for the same angle-ply

layup is 23.89 MPa and 6.23 mm. A significant difference in the blade deflection is

observed due to the reduced length of the blade. However, the value of maximum stress

i.e. 32.26 MPa is less than the allowable safe stress of the bamboo-epoxy material which

is 96.14 MPa which indicates safe blade design.

6.8 Blade fabrication

After the detailed performance analysis of the bamboo composite blade, a small blade

prototype is fabricated using the hand-layup technique. Firstly, the bamboo culms are

procured, and long bamboo strips are extracted. Straightness and uniformity in the

bamboo strips have been maintained during the extraction process. The use of thick

bamboo strips in epoxy resin could potentially increase the blade weight. However, this

increase in weight has been considered during the design phase. The added weight may
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affect the starting torque and overall rotational inertia of the Darrieus turbine, but it

also provides additional momentum once the turbine is in motion, which can contribute

to more stable and efficient energy capture in variable wind conditions. The bamboo

fiber composites could be a lighter alternative. However, for the current design and

manufacturing capabilities, bamboo strips were preferred. After the extraction process,

the procured strips are chemically treated at the laboratory to enhance their structural

integrity and compatibility with the epoxy matrix. The chemically treated strips are

washed uniformly with distilled water to remove the excess chemicals and oven-dried. In

the second stage, a small blade is 3D printed with a standard NACA 4415 profile, and

using the dimensions of the 3D printed blade, a metallic mold is prepared as shown in

Fig. 6.11(a). The length of the blade is taken as 1000 mm, and the chord length of the

blade is 200 mm. During blade fabrication, a plastic sheet is laid over the whole mold

for easy peeling off the fabricated part as shown in Fig. 6.11(b). The extracted bamboo

Figure 6.11: Fabrication of blade.
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strips are laid over the mold one by one and then the epoxy resin is over the bamboo

strips for easy binding. Lastly, the mold is covered with the covering lid and kept for

24 hours to set. The final fabricated bamboo composite blade is presented in Fig. 6.11.

6.9 Summary

In this study, the aerodynamic pressure and the structural characteristic of the straight

Darrieus wind turbine blade are investigated via Fluid structure-interaction coupling.

Straight Darrieus wind turbine is modelled using standard non-symmetrical airfoil NACA

4415. The material for the blades is selected as bamboo composite. From the CFD

analysis, it is observed that the maximum pressure occurred at the windward direction

of the blades. The evaluated pressure is then imported into the structural model to

perform the structural analysis. The laminates of the blade are designed in ANSYS ACP

with an angle-ply layup. The stresses and deflection of the bamboo composite blade are

evaluated. It is observed that the value of the overall stresses of the wind turbine is less

than the allowable safe stress of the bamboo-epoxy material indicating safe structural

design.
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Conclusions

For the first time, the study on natural composites for wind turbine blade application

is conducted in the North-Eastern region of India. In this research work, bamboo-epoxy

composites for wind turbine blades are found to be a promising solution for increasing

the sustainability and efficiency of wind energy generation. By harnessing the unique

properties like lightweight, durability, and renewability of bamboo fibers, these com-

posite blades offer numerous advantages over traditional materials like glass-fiber and

carbon fiber composites. Bamboo composites demonstrate a commendable strength-to-

weight ratio reducing the overall weight of the turbine blades. Reducing blade weight

further reduces the effect of centrifugal forces which is the dominating factor for failure of

VAWT blades. Additionally, the rapid growth cycle and low environmental impact make

bamboo an attractive alternative from a sustainable point of view. Apart from these

advantages, there are certain challenges such as standardization of the manufacturing

processes, lack of design codes and standards, durability and scalability that needs to be

addressed in detailed to ensure the safe reliability and widespread adoption of bamboo

composite blades in the wind energy industry. The structural integrity and the potential

for performance optimization of these composite blades are performed using advanced

computational techniques like finite element analysis. The FEA is a powerful tool that

enables to simulate the composite blades under different loading conditions to assess the

stress distribution, and deflection pattern and identify the areas of improvement in the
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blade design. However, its accuracy relies majorly on the quality of input parameters and

material properties, highlighting the importance of comprehensive mechanical testing and

validation processes. Thus, the incorporation of FEA into the design and optimization

process of bio-composite wind turbine blades has enormous stride towards advancing

sustainable energy solutions and hastening the transition towards a cleaner, and greener

future.

7.1 Chapterwise Synoptic Conclusions From The

Present Work

This section summarizes the chapter-wise outcomes of this research work and future

research directions. The major conclusions are encapsulated below:

1. The mechanical characterization of three different bamboo species and their com-

posites are successfully carried out. The bamboo strips are successfully extracted

from the outer region of the bamboo culm. The following conclusions are drawn

from the above investigation:

� The strength results demonstarted that the bamboo-epoxy composites have a

significant increase in strength, modulus, and toughness, compared to the un-

treated and delignified samples. The tensile strength of the B.Tulda composite

is 259 MPa which is 133% higher than untreated bamboo samples.

� The alkali-treated bamboo samples showed significant reduction in strength

due to the swelling of the compact vascular fiber bundles which is confirmed

from the FESEM micro-graphs.
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� The fiber surface is improved after the chemical treatment which resulted in

better impregnation of the epoxy resin between the fiber bundles.

� Bambusa Tulda species showed better performance in terms of mechanical

strength compared to Bambusa Balcooa and Bambusa Nutan.

� The tensile strength of the composites (parallel to the fiber direction) is found

to be much greater than the strength (perpendicular to the fiber direction).

� The developed composites showed stable behavior towards weight gain, thick-

ness swelling, and width expansion against moisture attack compared to un-

treated samples. This behavior expands their widespread use in outdoor ap-

plications

� The bamboo composites showed almost similar specific strength to glass com-

posites. Hence, it can be summarized that these composites can stand as an

promising option offering comparable performance while addressing environ-

mental concerns.

� The fatigue test was performed on raw bamboo and the bamboo composites.

For raw bamboo, the fatigue limit is 106 at 45% of UTS i.e 57 MPa. The

composite from the higher fiber density is found to have reached fatigue limit

of 106 at 65% UTS i.e. 106 MPa and composite from less fiber density, the

fatigue limit of 106 is reached at 80 MPa which is 55% of UTS. These values

are almost similar to other engineering materials which signify that bamboo

composites can sustain dynamic applications like wind turbine blade.
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2. A detailed structural investigation, and validation of on the designed bamboo-based

straight blade is successfully conducted. The major findings of the study are sum-

marized below -

� The values of bending stress and deflection of the symmetric NACA 0015

blade is found to be less compared to the non-symmetric NACA 4415 blade

under the same loading conditions. The findings implies that the asymmetry in

the blade design introduces greater structural weakness resulting in increased

deformation and stress concentration.

� The cross-ply [0◦/90◦/90◦/0◦] showed the minimum stress for both blade pro-

files. It signifies that by increasing the number of layers in the 90◦ direction,

the materials ability to withstand loads in this direction increases leading in

reduced maximum stress.

� The effect of shear webs on the structural performance of the non-symmetric

blade is analyzed and it is observed that by using a single shear web the

deflection dropped down from 6.23 mm to 5.10 mm. For double-shear webs,

the deflection value further dropped from 5.10 mm to 4.45 mm. These findings

highlights the effectiveness of shear webs in enhancing the structural integrity

of bamboo composite blades.

� The assessment of maximum stress and deflection values for the non-symmetric

blade with three shear webs indicates that the addition of these structural

components have no discernible impact over the blade with double shear web.

Additionally, these extra components increase the overal weight of the blades.

� The maximum bending stress and deflection of the bamboo-epoxy NACA 4415

profile with the double-shear web are 15.84 MPa and 4.45 mm for [45◦/90◦/0◦/-
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45◦]S, and 20.47 MPa and 4.35 mm for [60◦/90◦/0◦/-60◦]S. In comparison to

[45◦/90◦/0◦/-45◦]S, [60◦/90◦/0◦/-60◦]S orientation demonstrated slightly less

deflection but higher bending stress. However, to minimize the composite

shear effect 45◦ ply is the desired layup for wind turbine blade design.

� The stress and deflection value of the bamboo-epoxy composite blade is com-

pared with the traditional glass-epoxy for the same composite layup. The

significant reduction in maximum stress by 70.98% and deflection by 1.11%

demonstrated superior mechanical performance of bamboo-epoxy composites

over glass-composites. The comparison results highlights the importance of

exploring natural composites to address sustainability concerns.

3. Further investigation is conducted for free and forced vibration of the bamboo-based

straight blade. The following conclusions are drawn from the present results:

� Three airfoil profiles are considered for the study and it is observed that the

non-symmetric blade with double shear web obtained the high free-vibrational

frequency values for respective four modes compared to the symmetric profile.

A high value of natural frequency in blade indicates its resistance to higher

frequency excitations thus reducing risk of dynamic instabilities and fatigue

failure.

� The effect of boundary condition is also analyzed for the non-symmetric blade

and it is observed that the blade with boundary condition 1 has high frequency

values than that with type 1 boundary condition. The findings suggest that

the straight blade with two supports exhibited a stiff and compliant structure.

� The bending and torsional modes are observed in the first three and fifth mode
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shapes obtained from the FEM model of the non-symmteric blade. These

modes indicates the blade response to the external forces and highlights the

interaction between the bending and twisting deformation.

� The harmonic response is evaluated for the non-symmetric blade and it is

observed that the maximum amplitude at their respective frequency matches

with their natural frequency. This indicates the state of resonance in the wind

turbine blade profiles which can lead to increase in vibration amplitude to

blade fracture.

� The effect of percentage damping on the resonance frequency amplitude is

studied and it is observed that the value of maximum amplitude decreased

with the increase in damping percentage.

4. The fluid structure interaction (FSI) is successfully conducted on the 3 dimensional

wind turbine blade. The following conclusions are drawn from the present results:

� The aerodynamic simulation is carried out on the wind turbine and it is ob-

served that maximum value of pressure is 1747.98 Pa which occurred at the

windward side(pressure-side) for blade 1 and blade 2, and in the leeward side

for blade 3.

� The values of maximum and minimum deflection on the blades is 0.77 mm and

0.046 mm. These maximum deflection occurred near the leading and trailing

edge of the blades. Compared to static structural results, there is a significant

difference in the deflection value. This is mainly due to reduction in the length

of the blade.

� Similary, the values of maximum and minimum stress on the blades are
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32.261 MPa and 3.740 MPa. The maximum stress in the blade occurred at the

junction of blade strut connectors. The maximum value of stress is found to

be comparatively less than allowable safe stress of the bamboo-epoxy material

which indicates that the blade is safe from structural integrity.

� Finally, a prototype of the blade is developed using the hand-layup technique.

7.2 Futute Scope of Work

The future studies based on this work can be in following aspects:

� This study is focused on developing bamboo composite wind turbine blades. Further

research can be carried out exploring different combinations of bio-based materials,

such as flax, bamboo, etc to optimize the mechanical properties, durability, and

sustainability of the composite material.

� The static and free vibration of the bamboo-based straight blade with uniform

thickness across the blade cross-section is presented. Further analysis can be per-

formed with optimized thicknesses for each section like spar cap, shear webs, etc.

to reduce the overall weight of the blade.

� The FSI simulations can be carried out in detailed to access the structural integrity,

fatigue life, and dynamic response of the bio-composite blades under different load-

ing conditions.

� The developed prototype need to be tested in the wind tunnel to validate their

aerodynamic performance and structural health over extended periods.

140TH-3458_186151005



Bibliography

[1] Blaabjerg, F., and Ma, K., 2017. “Wind energy systems”. Proceedings of the IEEE,

105(11), pp. 2116–2131.

[2] Darwish, A. S., and Al-Dabbagh, R., 2020. “Wind energy state of the art: present

and future technology advancements”. Renewable Energy and Environmental Sus-

tainability, 5(7), p. 8.

[3] Sutherland, H. J., 2000. “A summary of the fatigue properties of wind turbine

materials”. Wind Energy: An International Journal for Progress and Applications

in Wind Power Conversion Technology, 3(1), pp. 1–34.

[4] Mishnaevsky Jr, L., Branner, K., Petersen, H. N., Beauson, J., McGugan, M., and

Sørensen, B. F., 2017. “Materials for wind turbine blades: An overview”. Materials,

10(11), p. 1285.

[5] Tong, C., and Tong, C., 2019. “Advanced materials enable renewable wind energy

capture and generation”. Introduction to Materials for Advanced Energy Systems,

pp. 379–444.

[6] Liu, P., and Barlow, C. Y., 2017. “Wind turbine blade waste in 2050”. Waste

Management, 62, pp. 229–240.

[7] Malviya, R. K., Singh, R. K., Purohit, R., and Sinha, R., 2020. “Natural fibre

reinforced composite materials: Environmentally better life cycle assessment-a case

study”. Materials Today: Proceedings, 26(2), pp. 3157–3160.

141TH-3458_186151005



Chapter 7 BIBLIOGRAPHY

[8] Miliket, T. A., Ageze, M. B., Tigabu, M. T., and Zeleke, M. A., 2022. “Experimen-

tal characterizations of hybrid natural fiber-reinforced composite for wind turbine

blades”. Heliyon, 8(3), p. e09092.
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