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Abstract

This article presents a comprehensive exploration of the design, modeling, and
analysis of a wind turbine, employing a multidisciplinary approach to optimize
its performance. The blade geometry was generated using QBlade software, a
robust tool for blade design in wind turbine applications. The 3D model was
then meticulously crafted using SolidWorks, integrating aerodynamic princi-
ples and structural considerations. The heart of this project lies in the utiliza-
tion of SolidWorks Flow Simulation for a detailed analysis of the aerodynamic
characteristics of the designed wind turbine. The simulation facilitated a thor-
ough examination of airflow patterns, turbulence effects, and pressure distri-
butions around the blades, offering valuable insights into the efficiency and en-
ergy-capturing potential of the turbine under various wind conditions. The blade
design process involved a careful balance between aerodynamic efficiency and
structural integrity. QBlade facilitated the parametric generation of blade ge-
ometries, enabling an iterative optimization process. The SolidWorks 3D model
incorporated these optimized blades into a holistic turbine design, considering
factors such as hub design, tower interaction, and overall system aerodynamics

[1].
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1. Introduction

At the end of the 20™ century, the inert wind turbine technology awoke to a world
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of new opportunities. The resurgence has been accelerated by technological ad-
vancements in several other fields that were applied to wind turbines. The current
generation of wind turbines has been influenced by several fields, including material
science, computer science, aerodynamics, testing, analytical techniques, and power
electronics. New alloys and composites for metal parts and blades have been made
possible by material science. Computer science advancements make design, mon-
itoring, analysis, and control easier. Created for the aerospace field, aerodynamics
design techniques are now used for wind turbines [2]. The state of analytical ap-
proaches has advanced to the point where it is now feasible to grasp how a new design
should function far more clearly than it was in the past. Through testing with
a wide range of commercially accessible sensors and data gathering and anal-
ysis tools, designers can gain a deeper understanding of the real performance of
the new turbines [3].

Wind turbines are a very new and somewhat growing fast method of producing
electricity. Power electronic devices can transmit energy to and from storage, per-
mit small-scale isolated network operation, and allow the turbine to run at a var-
iable speed, increasing energy production, decreasing fatigue of damage, and ben-
efiting the usefulness of the process. They can also assist in easily integrating the
turbine’s generator into the electrical system. The patterns of wind turbines have
altered dramatically in the last 25 years. They are quieter, more affordable, and
more dependable. However, the end of the evolutionary epoch cannot be declared.
At locations with lesser wind speeds, it ought to still be feasible to cut the cost
of electricity. It still has to be economically feasible to create turbines for usage
in isolated settlements. Offshore wind energy is still in its early phases of develop-
ment. Offshore areas provide amazing prospects, but there are also a lot of chal-
lenges to face. Intermittency transmission and storage concerns need to be taken
up again as wind energy becomes a bigger source of electricity globally [4]. The
need for designers to increase wind turbines’ cost-effectiveness across the board
will not go away. It will be necessary to use better engineering techniques for mass-
produced production, design, and analysis. There are also chances for the creation
of novel materials to lengthen the lifespan of wind turbines [5]. It will be necessary
to pay more attention to the specifications of special applications. In any situation,
the development of the wind business poses both a problem and an opportunity for
a variety of fields, including computer science, mechanical, electrical, materials,

aerospace, controls, and civil engineering [6].

1.1. Motivation

Wind power has become a viable option as people’s awareness of the need for
sustainable energy grows. The large, revolving structures known as wind turbines
are essential to using wind power to create energy. We may frequently see them
on the horizon. The idea behind this article is that a cleaner, more sustainable
energy future can be greatly aided by comprehending and improving the archi-

tecture of these turbines [7]. This research is driven by the straightforward idea
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that the world needs greener energy sources, and wind power is one of them. As the
effects of utilizing fossil fuels weigh heavily on us, it is becoming more and more
important to switch to greener options. A future when our energy comes from
a source as natural as the wind is promised by wind turbines, which are a concrete
step in that direction [8].

However, this drive extends beyond merely advancing technology. It’s about
making a contribution to the wider discussion on renewable energy. Despite their
magnificent appearance, wind turbines are not without problems. These include
wear and tear and changes in the wind. In order to address these issues head-
on, this article offers suggestions that can strengthen and improve the resilience
of wind turbines. The way the world produces energy needs to change, and it needs
to happen quickly. This transition is even more critical in light of climate change
and environmental issues. With its unrealized potential and sustainability, wind
energy is urging us to move towards a greener future [9]. By examining the design
and optimization of wind turbines, this article hopes to contribute to this signifi-
cant shift, which will not only enhance wind energy but also move us closer to a fu-
ture in which we coexist peacefully with the natural world. The wind turbine’s blades
represent our dedication to a more sustainable and environmentally friendly fu-

ture as we move closer to a new era of renewable energy [10].

1.2. Objective of the Article

This article’s main goal is to thoroughly design and assess the performance of a new
type of wind turbine blade. The goal is to make a useful contribution to the arena
of wind energy through a combination of theoretical research, computational mod-
elling, and hands-on experimentation. The particular goals consist of: creating a
thorough and well-thought-out design for a wind turbine blade, taking structural
integrity, materials, and aerodynamics into account. This entails putting existing
blade design ideas to use while incorporating cutting-edge technologies to improve
performance [11].

Aerodynamic Analysis: To simulate and examine the intended wind blade’s aer-
odynamic behavior, use CFD computational tools. This involves determining the
best possible energy collection under varied wind conditions by evaluating lift and
drag forces, flow patterns, and turbulence effects. Performance Optimization: Apply
the insights from the structural and aerodynamic evaluations to iteratively improve
the design [12]. A balanced and effective performance that maximizes energy ex-
traction while upholding durability and safety is the aim. Comparative Analysis:
Evaluate the new blade’s performance against that of the current standard designs.
This comparison analysis sheds light on the possible gains in cost-effectiveness, en-

vironmental impact, and energy efficiency that the suggested design may bring [13].

2. Literature Review

Wind energy has emerged as a vital renewable power source, contributing signif-

icantly to the global energylandscape. Continuous advancements in design, materials,
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and analysis methodologies have marked the evolution of wind turbine technol-
ogy. This literature review explores fundamental studies and developments in
wind turbine design, focusing on aerodynamics, structural integrity, and innova-

tive solutions [7].

2.1. Historical Evolution

The use of wind energy dates back centuries, with early windmills serving mechan-
ical purposes. The first electricity-generating wind turbine was installed by the Aus-
trian Josef Friedlander at the Vienna International Electrical Exhibition in 1883,
followed by wind generators, e.g. in Scotland in July 1887 by Prof James Blyth of
Anderson’s College, Glasgow (the precursor of Strathclyde University) [14]. Blyth’s
10 meters (33 ft) high cloth-sailed wind turbine was installed in the garden of his
holiday cottage at Marykirk in Kincardineshire and was used to charge accumu-
lators developed by the Frenchman Camille Alphonse Faure to power the lighting
in the cottage, thus making it the first house in the world to have its electric power
supplied by wind power.

Wind turbines are essential for clean energy generation. Optimizing blade de-
sign improves efficiency and performance. Researchers used QBlade software to
analyze and optimize a small horizontal axis wind turbine blade. The study focused
on design parameters like twist angle and chord length using the SG6043 airfoil
[15]. High accuracy results were obtained, demonstrating QBlade’s reliability. The
optimum rotor performance occurred at a tip speed ratio of 8. QBlade is valuable
for wind turbine development due to its reliable analysis capabilities. Understand-
ing blade behavior is crucial for improving energy efficiency. This study demon-
strates the use of blade element momentum theory (BEM) for the design and op-
timization of a horizontal axis wind turbine blade’s rotor at lower operating wind
speeds using QBlade software. Using the results of the blade’s twist angle and chord
length optimization, ten different sections totaling 1.17 meters in length were used.
To illustrate the computing methods and outcomes, the SG6043 airfoil shape was
used [16]. It was discovered that an angle of attack (a) of 2° can yield the highest
value of (CL/CD). Additionally, it was discovered that the rotor operated at its best
when the tip speed ratio was eight.

2.2. CFD Analysis

The use of CFD analysis has become essential for evaluating wind turbine aerody-
namic performance. Research like the ones by Mittal and Kumar (2019) [9] demon-
strates how CFD is used to assess turbine wakes and optimize blade designs for
higher efficiency. A thorough grasp of pressure distributions, turbulence effects, and
airflow patterns is made easier with the use of CFD models, which is essential for
optimizing design parameters [17]. Wind energy is more important than ever due
to the depletion of fossil fuels and the rise in environmental consciousness. Wind
farms and wind turbines are getting bigger as the market for wind energy expands.

I still have a lot to learn about this technology, though. Present utility-scale turbines,
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for instance, reach a considerable depth into the air boundary layer. Consequently,
the way the turbines and the air boundary layer interact and more needs to be
learned about their wakes. The flow field of the upstream turbines is impacted
by the turbulent wakes of the turbines in their wake, resulting in a decrease in
power generation and an increase in mechanical loading. With more understanding
wind farm developers might design wind farms that operate better and require less
maintenance if they have this kind of flow [18]. Using computational fluid dynamics
(CFD) to simulate this flow is a crucial step in better understanding wind farm
currents. This study examines how well actuator disc and actuator line models
perform in terms of generating wakes from wind turbines and the interplay be-
tween wakes from several turbines. We also look at variables that factor, such as
grid resolution, and the application of a tip-loss correction. Onto the flow field is
projected the turbine force. We see that the expected power drops with grid coars-

ening [19].

2.3. Innovations in Wind Turbine Technology

Innovative solutions have emerged to address various challenges in the designing
of the wind turbine. The concept of floating wind turbines, pioneered by Jonkman
et al. (2009) [14], opened new avenues for offshore wind farms in deeper waters,
expanding the geographical scope of wind energy generation. Moreover, research
by Martinez-Tossas et al (2020) explored multi-rotor configurations, aiming to

enhance energy capture efficiency by reducing wake interference [20].

2.4. Environmental Impact and Community Engagement

There are concerns about the environmental impact and social acceptance of wind
energy projects. Research conducted by Devine-Wright in 2005. Explored the psy-
chological and social factors that influence public attitudes towards wind energy,
providing helpful information for community engagement strategies. Molina and
colleagues demonstrated in 2018 that environmental impact assessments are cru-
cial, taking into account factors like wildlife conservation and landscape preser-

vation [21].

2.5. Conclusion

Through the literature review, it becomes evident that wind turbine design has un-
dergone significant advancements in research and innovation. From basic aero-
dynamic principles to state-of-the-art technologies, researchers have consistently
pushed the limits in utilizing wind energy. Overcoming obstacles related to aero-
dynamics, structural integrity, and environmental issues has resulted in a wide range

of solutions, paving the way for a sustainable future of wind energy.

3. Wind Turbines
3.1.VAWT/HAWT

Horizontal-axis wind turbines (HAW'T) and vertical-axis wind turbines (VAWT)
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are the two different types of wind turbines from a physical configuration perspec-
tive. Vertical axis designs were initially considered because of the expected advantages
of being omnidirectional and having gear and generator equipment at the tower
base (Figure 1).
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Figure 1. Block diagram of the components of wind turbine.

To capture as much wind energy as feasible, the blades should interact as much
as possible with the wind blowing inside the swept region. A wind turbine must
ideally be more effective the more blades it has. In actuality, however, there will
be greater inter-blade interference as the number of blades increases. It is there-
fore more likely that the blade will travel through the area of disturbed, weaker wind
flow. To ensure structural stability, the number of blades on the HAWT should
be at least three. If this is the case, the turbine rotor’s dynamic features resemble
those of a disc. Thus, the majority of modern wind turbines that are sold commer-
cially have three blades.

The Betz Limit: The Betz Limit refers to the German physicist Albert Betz’s 1919
conclusion that a wind turbine cannot transform more than 59.3% of the kinetic
energy of the wind into mechanical energy to turn a rotor. 22 A wind turbine may
extract up to 59% of the energy passed by the wind; this is known as the “power
coefficient” and is described as the “power coefficient” (Cp).

3.2. Components of Wind Turbines

The rotor hub, the turbine, and the connecting parts are made of blades. The drive
train is made up of the generator rotating mass, gearbox, high-speed shaft, and tur-
bine rotating mass, low-speed shaft. It moves the mechanical output power of the
turbine up to the generator rotor, where it is transformed into electrical power. The
horizontal-axis turbine’s rotor spins when the wind strikes it. The gearbox receives
energy from the low-speed shaft and uses it to increase speed to rotate the high-
speed shaft and display the key parts of a wind turbine system. The aerodynamic
brake is run by the shaft that houses the hydraulic system’s pipes. An emergency
mechanical brake on the high-speed shaft is utilized if the aerodynamic brake fails.
Typically, a gearbox connects the turbine to the generator shaft, speeding up the
blades’ sluggish spinning so that it can power an electrical generator more effec-
tively [22].
HAWTSs are three types:
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1) Dutch windmills.

2) Multi-blade water pumping windmills.

3) High-speed propeller-type wind machines.

Dutch windmills: Grain grinding was a common application for them. Dutch
windmills employed wooden slats or sails to industrialize their blades, which were

typically angled toward the wind to produce rotation.

3.3. Horizontal Axis Wind Turbine (HAWT) Parts

As illustrated above, the HAWT is made up of multiple mechanical elements.
Parts for safeguarding the turbine and parts for producing electricity are both
in operation.

The components are:

The Rotor: The rotor’s function is to gather wind energy and transform it into
rotating mechanical power through the use of its blades. Two or more metal, fiber-
glass, or wooden blades make up the rotor. The rotor blade design benefits from
advances in airplane wind technology; it operates by the use of Bernoulli’s equa-
tion of aerodynamic lift and drag force, as will be discussed subsequently. The rotor
blade’s shape and angle of attack about the wind direction have an impact on the
blade’s performance. The rotor assembly can be arranged in one of two ways (see
Figure 3 below):

Upwind Rotor: This sort of turbine has its blades facing the wind; gigantic tur-
bines on wind farms, on the other hand, have a motor drive to compel the turbine
to face the wind. Despite this, the turbine runs far more smoothly and produces
more electricity [23].

Downwind Rotor: The wind directs the yaw or left-to-right motion, and it
aligns itself according to the direction of the wind. The tower’s shadowing causes
the blade to bend, which in turn causes weariness, noise, and a decrease in power
production. Rotors oriented upwind and downwind. (Source 3) The usable service
lifetime of the rotor is influenced by its design and intrinsic mechanical qualities.
The rotors of high-speed wind machines typically feature sixteen blades with an
airfoil cross-section. The blades are composed of metal, fiberglass, or dirty lami-
nated wood.

The Blades: The wind-generated kinetic energy is transformed into mechanical
energy via aerodynamic design, which uses the principles of lift and drag to transport
the energy through the main shaft and ultimately transform it into electrical en-
ergy through the generator. Variables in the rotor blades include length, pitch, num-
ber of blades, and material.

The Angle of the Attack: It is located between the airfoil’s chord line and the
flight direction. As the angle of attack increases, more lift is produced; however,
when the angle of attack exceeds 4, the life of the airfoil decreases and this is re-
ferred to as the stall position. When a wind turbine’s blades are in the stall posi-
tion, their flat side faces the direction of the wind and they are not spinning. Con-

versely, furling reduces the angle of attack while simultaneously slowing down the
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blades’ spin (Table 1).

Table 1. Blades optimum number.

Number of Blades Optimum TSR
2 Around 6
3 Around 4 -5
4 Around 3
6 Around 2

The Length of Blade: The wind turbine’s performance is influenced by the
length of the blades; a longer blade will maximize power extraction. However, the
deflection of the blade tip caused by axial wind force also rises with blade length.
Therefore, failing to take into account the increased blade length could result in a
dangerous tower and blade collision.

The Hub: The hub is the part that connects the rotor and the nacelle, transmit-
ting motion and the loads produced by the blades. Steel is typically used to make
hubs, which can be cast or welded. Three primary types of hubs have been used in
HAWTs.

In addition, the Shrink Disc is made up of two discs and a ring, the outside of
which is sharpened in both axial directions and whose interior surface glides over
the hub projection’s exterior. The two discs are fastened to one another with bolts
after being positioned on opposite sides of the taper. The ring compresses as they
approach one another, which further compresses the hub projection, which is then
crushed and fastened to the hub. The hub is fastened to the permanent flange at
the end of the shaft using bolts in the second technique. The flange may be inte-
grated or added to the shaft.

Additionally, the teetering hubs need two different kinds of bearings: a thrust
bearing and a cylindrical, radially loaded bearing. Each form of bearing is needed
for every pin. For the pin axis, there are two cases: the first one is the first is that
the cylindrical bearings will support the entire load when the pin axis is horizontal;
in the second case, an axial component is present, mostly because of the weight of
the rotor. That portion of the load will thus be supported by one of the thrust bear-
ings. During usual operation, a teetering hub moves only a few degrees back and
forth. However, high winds or high yaw rates can cause greater teeter excursions.
To control impact damage caused by these conditions, compliant stops, teeter damp-
ers, and the hub’s opposite-side dampers, with a maximum allowed choice of +7
degrees, are provided [24].

Nacelle: This enclosure, which is especially crucial for the wind’s electric sys-
tems, shields both the prime frame and the components that are fastened to it. On
the other hand, the nacelle, which is attached to the rotor and resides at the sum-
mit of the tower, houses the gearbox, primary frame, and generator, among other

essential parts of the wind turbine. The fiberglass nacelle shields the internal parts
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from the outside elements. The nacelle’s cover is secured to the main frame, which
holds up every other component inside the nacelle. The mainframes are substan-
tial metal constructions that have to be strong enough to resist heavy fatigue loads.

Yaw Drive: Using a rotary actuator that engages on a gear ring beneath the
nacelle, it rotates the nacelle with the rotor by the direction of the wind. Nonethe-
less, making sure the wind turbine is consistently providing the most electricity
possible is a crucial part of the HAWT. The yaw drive comes in two primary va-
rieties: 1. The Electric Yaw Drive: This is a standard component of all contempo-
rary wind turbines. 2. Less often than not, new wind turbines use the hydraulic
yaw drive.

Gearbox: The gearbox increases speed by the demands of the electric generator.
Nonetheless, the high-speed shaft and the low-speed shaft were joined by gears,
resulting in an increase in rotational speed from roughly 30 to 60 revolutions per
minute (rpm) to roughly 1000 to 1800 rpm. This rotational speed is necessary for
the majority of generators to generate energy.

Induction Generators: The induction generator is the most popular choice for
wind energy system applications because of its longevity of over 50 years, ease of
operation, and durability. In addition, the machine has a high-power output per
unit mass of materials, flexibility in its operating speed range, and can function as
both a generator and a motor without any modifications. The induction genera-
tor’s primary disadvantages are its lower efficiency and the requirement for reac-
tive power to raise the terminal voltage. Nonetheless, the contemporary design can
increase the 28 efficiencies, and solid-state converters can be employed to provide

the necessary reactive power [25].

3.4. Operating Region of Wind Turbine

A variable-speed and variable-pitch wind turbine’s power curve, which displays
the projected power output as a function of wind speed as seen in can be used to
depict the operational zone of the machine. This power curve displays three sep-

arate wind speed points.

3.5. Control of the Wind Turbine System

As wind turbines grow in size and capacity, their control system becomes increas-
ingly important in keeping them operating in safe areas and enhancing their en-
ergy conversion efficiency and output power quality. A wind turbine control struc-
ture’s primary goals are: 1) Energy capture: Taking into account safety constraints
such as rated power and rated speed, the wind turbine is operated to harvest the
most wind energy possible. 2) Power quality: Complying with grid connection reg-
ulations while conditioning generated power. Pitch control, stall control, and yaw
control are the three different control methods utilized in wind turbines. Pitch
control, however, is the most widely used control technique in contemporary var-
iable speed-variable pitch wind turbines. The horizontal axis wind turbine blades

in this control method are oriented upwind or downwind by rotating around the
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tower of the turbine.

4. Aerodynamics of Wind Turbine

The way that wind and rotor interact is what powers wind turbines to produce
energy. One way to conceptualize wind is as a blend of turbulent variations sur-
rounding the mean flow and the mean wind itself. The mean loading and power
generation of wind turbines is primarily influenced by the aerodynamic forces pro-
duced by the mean wind, according to past observations. Elements such as off-axis
winds, periodic aerodynamic forces resulting from wind shear, rotor rotation, ran-
domly fluctuating forces due to turbulence, and dynamic effects influence the peak
loads of a wind turbine. These are important, of course, but they also require
knowledge of aerodynamics in steady-state operating. Thus, the focus of this chap-
ter is mostly on steady-state aerodynamics.

4.1. General Momentum Theory

The general momentum theory (GMT) of wind turbines, a fundamental concept
in wind energy engineering, provides a theoretical framework for understanding
the aerodynamic principles governing wind turbine operation. Developed in the
early 20" century and refined over the years, this theory is based on the law of con-
servation of mass and momentum.

According to GMT, as wind flows through a wind turbine rotor, it experiences
a decrease in velocity and an increase in pressure. This change in air velocity and
pressure results in the extraction of kinetic energy from the wind, converting it
into mechanical energy to drive the turbine’s generator. The theory takes into ac-
count factors like blade geometry, airfoil design, and the overall turbine configu-
ration to predict power output and efficiency. GMT forms the basis for modern
wind turbine design and optimization. Engineers and researchers use it to develop
advanced turbine models, ensuring maximum energy capture from the wind while
decreasing structural loads and aerodynamic losses. Through GMT, the wind en-
ergy industry continues to innovate, driving the development of efficient, sustain-

able, and environmentally friendly power generation systems [26] (Figure 2).

Figure 2. Stream tube model of flow behind rotating wind turbine blade.

A key idea in wind energy engineering is the general momentum theory (GMT)
of wind turbines, which offers a mathematical foundation for comprehending the

aerodynamics of wind turbine operation. By taking into account the conservation
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of mass and momentum, GMT, which is based on the concepts of fluid dynamics,
enables engineers to forecast the operation of wind turbines. One of the key equa-

tions in GMT is the momentum balance equation (Figure 3):

pr=p;+2(1-2) (4.1)

firee-stream

-~
S mcnane--

streamlines wake

Figure 3. Geometry of the stream tube model of flow through a HAWT rotor.

4.2. Blade Element Moment Theory

The general momentum hypothesis concentrated primarily on the forces acting
on the blades and the motion of the fluid. The general momentum hypothesis was
flawed in that it did not identify the kind of blade required to produce the reac-
tions that were being studied. The basic tenet of the blade element theory was to
consider the forces that the rotor’s blades encountered throughout their motion
through the air; hence, the geometry of the blade was a key component of this
theory.

Momentum Theory

The actuator disc theory can be applied when an axisymmetric, constant, and
incompressible inflow of an inviscid fluid is assumed. By functioning as an actu-
ator disc, the rotor plane maintains a constant flow velocity across the disc and
reduces pressure equitably throughout the rotor region. The actuator disc theory,
in its most basic form, posits that the velocity through the rotor plane does not
possess a tangential component. Additionally, it asserts that the pressures imme-
diately preceding and following the rotor are equivalent to the ambient pressure
(Figure 4).

4.3. Blade Element Theory

The loads operating on a rotor can be calculated by using the blade element theory
by taking into account the geometric and aerodynamic characteristics of each span-
wise blade section. The blade is separated into portions that are dispersed radially
in a discrete number. Assuming that the flow is locally two-dimensional and in the
plane of the airfoil section, the stresses on each section are computed. This makes
it possible to calculate sectional airfoil forces using two-dimensional lift, drag, and

moment coefficients in addition to the relative flow velocity.
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Po

Figure 4. Blade momentum theory, pressure, and velocity evolution.

5. Wind Turbine Design

The complex process of designing wind turbine blades is explained in this chapter,
which is an important aspect of the effort to maximize the extraction of wind en-
ergy. The methodological strategy used in this project makes use of QBlade, an
open-source program known for its versatility and computing efficiency in ena-
bling aerodynamic study. This chapter will carefully outline the stages involved in
designing wind turbine blades via the lens of QBlade, with an emphasis on attain-
ing the best possible performance metrics. The choice of an airfoil a crucial part
of blade design will be the main focus. This chapter explores the careful procedure
of selecting an airfoil and provides detailed graphical explanations to clarify the
reasoning behind the choice. The benefits that come with the selected airfoil will
be discussed in detail, giving readers a more sophisticated knowledge of the aero-

dynamic properties that lead to increased turbine stability and efficiency [27].

5.1. Wind Blade Rotor Size

Wind turbines take the kinetic energy of moving air to generate electricity, and
the length of their blades plays a crucial role in determining their power output.
The relationship of power, air density, swept area, and wind speed is encapsulated

in the simple yet powerful equation:
!
P=— 5.1
2P (5.1)

In this equation, Prepresents the power output of the wind turbine, p is the air
density, the swept area of the turbine blades, the wind speed, is the efficiency the
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efficiency. To delve into the specifics of wind turbine design, understanding the
swept area is essential. The swept area (A) is influenced by the rotor diameter (D),
the circular area covered by the rotating blades. By employing the formula for the
area of a circle, A = 7 x (D/2)?% we can establish a connection between the rotor
diameter and the swept area. Once armed with the swept area, the next step is to
determine the length of the wind turbine blades. The blade length intrinsic to the
efficiency and overall performance of the turbine. The relationship between swept

area and blade length is encapsulated in the formula:

5.2. Selection of Airfoil

HAWT blades use airfoils to provide mechanical power. The cross-sections of
HAWT blades are shaped like airfoils. The width and length of the blade are de-
termined by the intended aerodynamic performance, the maximum planned rotor
power, the projected airfoil characteristics, and strength estimates. Thus, creating

HAWT blades requires an understanding of airfoil properties.

5.2.1. Detail in Design

The NACA 4412 airfoil represents a precisely designed geometry that has been re-
fined via rigorous testing and study, not just a designation based on numbers. Care-
ful engineering was used in selecting a 4% maximum camber that is positioned at
40% of the chord length and a 12% maximum thickness. The remarkable perfor-
mance of the airfoil under a variety of flight situations is a result of its precise
design (Table 2).

Table 2. NACA 4412 airfoil data.

Foil Name Thickness (%) At (%) Camber (%) At (%)

NACA 4412 11.94 29.50 4.00 40.50

5.2.2. Benefits Compared to Other Airfoils

In the aerospace industry, several airfoils compete for attention, but the NACA 4412
stands out because of several unique benefits. Because of its 4% camber, which
effectively generates lift, it is appropriate for applications requiring exceptional
low-speed performance. Maximum camber is placed strategically to improve con-
trol and stability, two essential components of an aircraft’s safety and maneuver-
ability. According to the following simulation results, the NACA 4412 airfoil has
the best lifting efficiency, making it easier for the windmill to revolve when used
as a blade airfoil than the NACA 23012 and NACA 16-212 airfoils.

5.3. Pressure Distribution

The air pressure variations over the upper and lower surfaces of an airfoil at dif-
ferent sites are described by the pressure distribution surrounding the airfoil, like
the NACA 4412. Understanding the distribution of pressure is essential to com-

prehending lift generation and aerodynamic performance.
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Generating the Blade Design
To generate the blade geometry by QBlade, a Tip speed ratio of 5 is selected to
achieve the maximum result (Figure 5, Table 3).

Table 3. The length of the blade, chord length, and twist angle are generated.

Pos (m) Chord (m) Twist (m) Foil
1 0 3.27674 49.05 NACA 4412
2 0.08789 3.51354 48.62 NACA 4412
3 0.17578 3.74253 48.19 NACA 4412
4 0.35156 4.17759 47.33 NACA 4412
5 0.70313 4.95952 45.65 NACA 4412
6 5.62500 8.09400 26.78 NACA 4412
7 22.50000 3.96997 6.05 NACA 4412
8 33.75000 2.78881 2.29 NACA 4412
9 45.00000 2.13694 0.31 NACA 4412
naca4412

Swept Area: 8058.19 [m”"2]

Figure 5. Model generated in QBlade.

5.4. 3D Model Design in SolidWorks

5.4.1. Blade and Rotor

After generating the required data by QBlade, now proceeding to design the Blade
in SolidWorks. By importing the NACA 4412 airfoil data into SolidWorks and
converting the curve line entities to different planes according to the data gener-
ated in QBlade; by using the loft command the generation of the blade is done. In

the circular pattern mirror, two other blades are generated.

5.4.2. Wind Turbine Tower
Given that winds tend to rise with altitude, turbine towers are growing in height
to harness more energy. Wind shear is the term for the difference in wind speed

with altitude. Wind can flow more easily and with less resistance from surface-
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level obstructions like trees and other vegetation, structures, and mountains at
higher altitudes. The wind resource at a particular location is a primary factor
influencing tower height. Taller towers can access stronger and more consistent
wind speeds at higher altitudes. By choosing an 85-meter tower height, developers

may be targeting specific wind regimes that are optimal for energy production.

5.4.3. Generator

The generator is an essential component of a wind turbine. The wind turbine gen-
erator produces electrical energy by converting mechanical energy into motion as
the blades spin. Compared to other producing units that are normally connected
to the electrical grid, wind turbine generators are a little different. One explana-
tion is that the wind turbine rotor, which provides the generator with its power,

is a very variable source of mechanical power (torque).

5.4.4. Base Foundation

The foundation of a wind turbine is a critical element that provides essential sup-
port and stability to the entire structure. It serves as the anchor that bears the weight
of the tower, nacelle, and blades, ensuring that the wind turbine remains securely
in place. Beyond its primary function of structural support, the foundation plays
a pivotal role in absorbing and distributing the various forces and loads exerted
on the turbine, both statically and dynamically. A well-designed foundation is in-
strumental in preventing excessive vibrations, managing wind-induced stresses, and
enhancing the overall structural integrity of the turbine. Furthermore, the foun-
dation must be tailored to the specific characteristics of the site, considering soil
conditions, geological factors, and environmental requirements. In essence, the
foundation is a cornerstone of wind turbine construction, contributing signifi-

cantly to the reliability, safety, and longevity of the entire system.

6. Simulation and Analysis

6.1. Introduction

Computational fluid dynamics, or CFD, is the process of using computer power
to solve the governing equations and forecast physical fluid flow numerically. When
an engineer has to develop a new product, like a race vehicle that will win the up-
coming race season, aerodynamics plays a critical role in the overall performance
of the design. However, measuring aerodynamic performance is challenging at the
concept stage. Traditionally, the only method for an engineer to optimize his or
her design is to test actual product prototypes. Moore’s law has allowed computers
to grow in power, which has led to a rise in the use of computational fluid dynam-
ics (CFD) as a technique for predicting physical occurrences.

6.2. Computational Fluid Dynamics (CFD) History

The human race has long been keen to explain its observations of fluid flow. In
that case, how old is CFD? A significant limitation of CFD is its high computa-

tional cost, which hindered progress in the field until significant improvements in
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processing power resulted in cost and performance reductions. Until now, scien-
tists and engineers have concentrated mostly on creating mathematical models and

numerical approaches to reduce the cost of computation.

6.3. CFD Governing Equations

The governing equations for thermo-fluids examination are extracted from the
conservation law of the physical properties of the fluid. The three conservation
laws are the fundamental equations.

1) Continuity Equation for Conservation of Mass

2) The Second Law of Newton: Conservation of Momentum

3) Energy Conservation: The Energy Equation or First Law of Thermodynamics

Continuity Equation The equation for the Conservation of Mass is stated as:

D "
Ff+p(v-u) (6.1)

where p isthe density, v the velocity,and V the gradient operator.

V:‘—+ji+l€ﬁ (6.2)
ox "oy Oz
If the density is constant, the flow is expected to be incompressible and the con-

tinuity equation shrinks to:

@:oév.ﬁ:a_”Jra—qua—a):O (6.3)
Dt ox oy oz

6.3.1. The Navier-Stokes Equations’ Ascent
The basic mathematical basis for all theoretical fluid dynamics models is provided
by the Navier-Stokes equations, which characterize the motion of viscous fluid
domains. The story of their discovery is an intriguing one. The famous Navier-
Stokes equation was developed by two men who had never met, Sir George Gabriel
Stokes (1819-1903) and Claude-Louis Navier (1785-1836). What an odd coinci-
dence this is. Claude-Louis Navier’s work was restricted to a subset of equations
until 1822. Sir George Gabriel Stokes later improved and concluded the equations
in 1845.

Navier-Stokes Equation: Conservation of Momentum which can be denoted to

as the Navier-Stokes Equation is specified by:
ﬁaﬁ(pmv.(paﬁ))=—vp+v-(f+pg) (6.4)
t

where pis static pressure, 7 isviscous stresstensor and pg isthe gravitational
force per unit volume. Here, it denotes:

I: Local change with time;

II: Momentum convection;

II1: Surface force;

IV: Diftusion term;

V: Mass force.
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The viscous stress tensor 7 can be specified below by Stoke’s Hypothesis:

i)s, (6.5)

If the fluid is expected to be incompressible with constant viscosity coefficient

u the Navier-Stokes equation simplifies to:

Du

=-Vp+ uVZi + pii (6.6)
Dr prTH P

Yo
6.3.2. Newton’s First Law of Thermodynamics
The principle of energy conservation, which is the first law of thermodynamics,
posits that any increase in heat or work applied to a system will lead to an equal
and opposite increase in energy within the system:

Oh

EDE, = DO +dW (6.7)

where DQis the heat added to the system, dWis the work done on the system and
dE, is the increase in the total energy of the system. One of the common kinds of

an energy equation is:
Oh op
—+V-(hu)|=——+V-(k-VT)+C 6.8
2 u)| =~ L 49 (a-9) 3)

I: Local change with time;
II: Convective term;

III: Pressure work;

IV: Heat flux;

V: Source term.

6.3.3. Equations with Partial Differentials (PDEs)

The relationship between the transport constraints that are involved in the entire
activity, either directly or indirectly, is all that the mathematical model offers. Alt-
hough each term in those equations has a unique effect on the physical phenom-
enon, parameter modifications must be considered in tandem with the numerical

solution, which employs vector and tensor notations in addition to differential

equations.
d’x
—=x—>x(t (6.9)
()
where T'is the single variable.
Example of PDE:
of of
LY 5 r(x, 6.10
ot f(xy) (6.10)

where both xand yare the variables.

6.3.4. Discretization
A discretization-based technique called the numerical solution is used to get
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approximations for complex problems that analytical approaches are unable to
solve. As demonstrated, discretization-free solution techniques only produce a pre-
cise but straightforward analytical answer. Furthermore, the quality of the discreti-
zation has a significant influence on the numerical solution’s correctness. It is pos-
sible to specify widely used discretization techniques such as boundary element,

spectral (element) approaches, finite element, finite difference, and finite volume.

6.3.5. Mesh Convergence

Multitasking is one of the modern illnesses that frequently leads to failure or post-
ponement. Thus, to accomplish goals, it is far more appropriate to have jobs that
are scheduled, separated, and sequenced; this has also worked well for CFD. To
make analysis easier, the solution domain is separated into several sub-domains
or cells. The configuration of these cells inside the computational framework is

referred to as a mesh.

6.4. CFD Analysis of the Wind Turbine in SolidWorks

Engineering simulation has advanced significantly with the ability to do compu-
tational fluid dynamics (CFD) investigations within the SolidWorks platform. Re-
nowned for its expertise in computer-aided design (CAD), SolidWorks smoothly
incorporates computational fluid dynamics (CFD) capabilities, giving designers
and engineers an extensive toolkit for assessing fluid dynamics in 3D models. The
combination of CAD with CFD enables users to investigate the complex behaviors
of heat transfer, fluid flow, and other important phenomena in addition to pro-

ducing precise geometric representations.

6.4.1. Initialization for the Simulation

To initialize the simulation of the wind turbine first need to set the computational
domain. Specifying a computational domain is a critical aspect of setting up a com-
putational fluid dynamics (CFD) simulation. In this case, the computational do-
main is defined as a cube with dimensions of 100 m x 100 m x 100 m. This three-
dimensional space encompasses the entire region in which the fluid flow or other

phenomena of interest will be simulated (Figure 6).

Figure 6. Computational domain for the simulation.

6.4.2. Boundary Conditions
1) Inlet Boundary Condition:
e Type: Velocity Inlet
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Velocity: 12 m/s in Z direction
e Temperature: Normal temperature of the air (for example, 298 K 298 K or 25
°C 25°C) Density: 1.225 kg/m’
2) Outlet Boundary Condition:
Type: Pressure Outlet or Outflow
3) Wall Boundary Conditions:
e Type: No-slip Wall
e Temperature: adiabatic wall condition
Goals
Average Velocity
Total Pressure
Force
Torque
Meshing
Global Meshing is applied with uniform meshing.

6.5. Results and Analysis

The number of iterations the solvent completed is displayed in the figure. It comes
out that the solution has converged in 120 iterations, but the solvent specifies 150
iterations to reach convergence. Velocity and pressure contours are visible once
they have converged.

The color map shows that the velocity of the fluid is highest in the center of the
flow field and decreases towards the edges of the flow field. The highest velocity
in the flow field is approximately 18.553 m/s. The lowest velocity in the flow field
is approximately 0 m/s.

The color map shows that the pressure of the fluid is highest in the stagnation
region, which is the region of the flow field where the fluid is brought to rest. The
stagnation region is located at the front of the flow field, just below the upper
surface of the object. The pressure of the fluid decreases rapidly along the upper
surface of the object, reaching a minimum at the trailing edge. The pressure of the
fluid is lowest on the lower surface of the object. The pressure of the fluid increases
along the lower surface of the object, reaching a maximum value at the trailing
edge.

A wind turbine blade’s pressure distribution is significant because it influences
the lift and drag forces acting on the blade. The force that propels the blade for-
ward and starts the wind turbine’s rotation is the lift force. The force that prevents

the blade from moving is known as the drag force.

7. Conclusions

In the realm of renewable energy, this article marks a significant stride forward by
delving into a novel wind turbine’s intricate design and computational fluid dynam-
ics (CFD) analysis. As we stand at the precipice of a pivotal era in energy evolu-

tion, the importance of renewable sources cannot be overstated. This research,
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focused on harnessing the inexhaustible potential of the wind, contributes to the
broader narrative of transitioning towards sustainable and cleaner power solu-
tions. The synthesis of innovative blade design and meticulous CFD analysis has
provided valuable insights into the complex interplay of aerodynamics that govern
the performance of wind turbines. Beyond the intricacies of the simulation mod-
els, this study underscores the broader significance of renewable energy in shaping
our collective future. The global imperative to mitigate climate change and reduce
dependence on finite fossil fuel resources propels renewable energy to the forefront
of the energy landscape. Wind energy, in particular, emerges as a beacon of hope,
a source that not only capitalizes on the Earth’s natural rhythms but also aligns
seamlessly with the ethos of sustainability.

As we navigate towards a future where the demand for energy surges alongside
our commitment to environmental stewardship, wind energy stands poised as a
key player in the global energy portfolio. The designed wind turbine, with its op-
timized blade and validated CFD analyses, contributes not just to the academic dis-
course but also holds practical promise for a world hungry for clean and efficient

power solutions.
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