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Abstract:

Designing small scale horizontal-axis wind turbine (HAWT) blade to achieve satisfactory levels
of performance starts with knowledge of the aerodynamic forces acting on the blade. In this
thesis Blade-element momentum theory (BEM) known as also strip theory, which is the current
mainstay of aerodynamic design and analysis of HAWT blade, is used for HAWT blade design.
The blade design program includes blade geometry parameters (chord-length and twist
distributions) and design conditions (design tip-speed ratio, design power coefficient and rotor
diameter) with the following inputs; power required from a turbine, number of blades,
environmental wind velocity at Negele Borana and blade profile type (airfoil type).

This thesis, focused on the design and stress analysis of small scale wind turbine blade which
built for the specific environmental conditions of the small rural village for Laga-Gula kebele
communities at Negele Borana. First the blade designed from the aspect of aerodynamic view
and the basic principles of the aerodynamic behaviors of HAWT studied. Second modeling and
stress analysis of the wind turbine blade are very critically for the further design and application
of wind turbine. The small-scale wind turbine blade was focused on, considering the E-Glass
fiber reinforced plastic material. Based on the parameters of airfoil and the geometrical
parameters of blade, the three-dimension and the assembly models of blades were established
with the SOLIDWORK modeling software. Then the models were imported into ANSYS-15
WORKBEANCH software analysis. The displacement, Von Misses and principal stress results
are determined. These results show that the positions of maximal displacement and maximum

stresses, but it is less than the safety displacement and Ultimate tensile strength (UTS) of the

Xiv




material, and also it shows the environmental wind speed can produced the sufficient power for

Laga-Gula rural kebele communities.
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CHAPTER 1

1. INTRODUCTION:

Wwind is created by the unequal heating of the Eaghrface by the sun. Wind turbines convert
the kinetic energy in wind into mechanical poweattlmuns a generator to produce clean
electricity. Today's turbines are versatile modutaurces of electricity. Their blades are
aerodynamically designed to capture the maximunmggngom the wind. The wind turns the
blades, which spin a shaft connected to a genetteabmakes electricity[30].

Wind energy is one of the most abundant renewatdegy resource on the earth and has been
targeted for centuries. It's predicted that humamds have been using wind energy in their
daily work [3]. Energy services and appropriate energy technol@ewvital for the social and
economic development of Ethiopia. However, a feralrinhabitants have access to any kind of
electricity. In these regions, energy needs are byepolluting and unhealthy energy sources
such as traditional biomass (wood fuel and chajcad fossil fuels. Besides that, if electricity
is available, most commonly delivered to the gvithich suffers from power cuts and growing
cost [4].

Because of the country’s favorable wind regimesalbmind turbines are a relevant option to
electrify rural areas with sufficient wind resousc&his option is especially attractive for regions
where it is out of grid. The technology is availbt a whole range of sizes and can fulfill rural
energy needs at all levels of society. Smaller veipstems (<1.5kW) are suitable for household
usage, small businesses and farmers. Wind energjyeikinetic energy associated with the
movement of atmospheric air due to uneven heatiggcaoling of the earth's surface. This is a
renewable energy resource and a popular form fivraeting power for humankind. Wind energy
is a potential clean energy resource which is atiyreised to produce energy and will without
doubt remain constant in the future. Wind energytiasts with other forms of energy such as
biomass or fossil fuel which have limitations naynehassive carbon dioxide emissions, threat
to the atmosphere, and so on which results in & ¢dstheir acceptability for use in energy
production [1].Wind energy which comes from air current flowingass the earth's surface is a
source of renewable power. Wind turbines harves Kmetic energy and convert it into

electricity power for homes, farms, schools, oribess applications on small or large scales.

KASSAHUN GASHU MELESE; Master's Thesis; Addis Ababa University, AAiT, School of Mechanical and Industrial Engineering 1



Different wind turbines with various capacities arsed to extract power from the wind.
Horizontal Axis Wind turbine (HAWT) and Vertical AxWind turbine (VAWT) are the most
common types of wind turbines currently being usadenergy production from wind. This
study is concerned with a small scale horizont#é aind turbine blade (HAWT)The classical

or horizontal axis wind turbine can be confiderdlyributed to European designers independent of
the oriental vertical axis systems. The first doentad historical evidence of horizontal axis wind
mills dates back to 1180 which tells of a wind nagilled a post or trestle mill present in the Dutch
Normandy. From there on the post mill quickly spreébroughout Europe and was then further
developed into the tower mill two centuries latkr.the 16, century the Dutch wind mill was
developed in Holland which composed of a mill housth a rotating tower cap and rotor blades.
This design is still in practical use today throoghthe Netherlands and other European countries fo
traditional milling processd4].

For several decades now the wind energy industsyfbeused on the generation of electricity
from large wind turbines located in exposed logaiavith high mean wind speeds, such as
hilltops and coastal waters. In recent years areasing number of manufacturers have produced
small scale wind turbines suitable for use by imli@l householders or small businesses.
Although the definition of ‘small wind systems’ generally accepted to include any devices up
to a rated power of less than 40kW (typically l&san 12m diameter), turbines for domestic
applications are generally less than a few metetBameter and generades—1.5 kW of power

[1]. It can be mounted on roof-tops or free-stagdgpoles and are usually connected to the user's
distribution board (fuse box). The electricity thatgenerated can be used directly on site, with

any surplus being fed into the electricity for siwdlages.

Figure 1.1 A blade element sweeps out an annuigr(&ource: Burtort al., 2001)

KASSAHUN GASHU MELESE; Master's Thesis; Addis Ababa University, AAiT, School of Mechanical and Industrial Engineering 2



The need for electricity in the rural villages ahibpia is a prime importance due to the sort of
evolved life mankind leads. The production of powsing traditional methods has taken its toll
on the environment and the earth has been pollotel®grees beyond imagination. Alternative
energy and green energy from natural recourseBeisx¢ed of the hour. Technology must be
used so as to provide human need and luxuriesstituhot affect our rural villages. Wind is
such a resource available that it just blows evegm, from large areas to local winds it just
blows. There are various phenomenon’s’ which makesflow of wind across the globe. This
research envision the design of a small scale wimdine for rural village electric power
generation fron0.5-1.5 kW. The aim of the research is to design and stmeslysis of a wind
energy converter comprising of a rotor system,dlging a gearbox, tower and a generator that
will successfully produce the specified electrigadwer. As wind turbines are not new
technology the project will be aimed at proving a@gtimizing a system based on existing
technology to achieve the desired power output.siciemations are taken in designing the
turbine with an effective post life recycling schenm mind so that there will be minimum
wastage of resources once the turbine is made daiin

Ultimately the aim of this thesis is to make useafatural resource to supply mankind’s energy
requirements in a sustainable manner. If a winblimercan be designed and constructed so that it
can produce more power on its life time. It is @wd now that we are facing an oncoming
energy shortage. Fossil fuel prices are risinganjunction with the decrease in their stockpiles
and it is vital that alternative methods of enepggduction be investigated and introduced on a
global scale to maintain our standard of life. Wiadergy has the potential to meet our
requirements and several nations have already beffectively producing and harvesting this

form of green energy.

1.1 OBJECTIVE:

As previously mentioned, the electricity producimgnd turbine is an already existing
technology in Ethiopia and this thesis is focusedr@designing and adapting mechanical and
electrical engineering principles to design new lsménd turbine blade and perform stress
analysis on the blade by using computer program8©hIDWORK and ANSYS 15 WORK
BEANCH to realize the specified energy output fanaf villages in the country.

KASSAHUN GASHU MELESE; Master's Thesis; Addis Ababa University, AAiT, School of Mechanical and Industrial Engineering 3



Realistically the simplest method to realize thalgo this thesis would be to design an existing
turbine because of the environmental wind speeddiian at Negele Borana until its power
output fell into the category @.5-1.5 kW. However it is vital that a good understandingdhef

concepts and principles behind small scale wintimer design is developed so that existing

methods of wind energy production can be improvetirmaade more efficient.

The main objectives of the thesis are:
» To design a suitable small scale wind turbine bladeng the Blade Element
Momentum (BEM) Theory, it is run by a minimum awgeaenvironmental wind

speed for Laga-Gula rural kebele communities ateddeBorana zone of Oromiya.

The specific objectives of the thesis are:

» To develop a mathematical analysis of stress,

» To collect a mean wind speed data of Negele towm fFederal Water and Energy
Minister of Ethiopia deepened on the standardOat height of tower and to select a
composite material arrangement of fiber with matrix

» To develop a Model, Deformation and Stress analgsisthe blade by using
computer programs on SOLIDWORK and ANSYS 15 WORKABECH.

1.2 STATEMENT OF THE PROBLEM:

Electricity is the basic need for the populatiord ahe economy. In Ethiopia, much of the
population lives in relative poverty and energyeimsity. As stated above, Laga-Gula rural
kebele communities at Negele Borana zone of Orormdiyaot have access to electricity. The
implementation of small scale wind turbine for éfiecpower generation is feasible alternative to
be implemented in the short run to electrify thenoaunities in Laga-Gula kebele.

Small scale wind turbines proposed to provide dkegower for residential homes, primary
schools, a health center, and for battery chargdiings study therefore making design of small
scale wind turbines with a capacity of generatiog/gr from 0.5 to 1.5 kW; and the affordability
of the wind energy systems in rural environmenitaga-Gula kebele; and makes the necessary

recommendations for future development.
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1.3 ORGANIZATION OF THE PAPER:

This thesis has been divided into six chapt€hapter 1 is ‘Introduction’, which covers a brief
account of the current status of wind energy woidignand in EthiopiaChapter 2 Background
and Literature reviews, discussed historical bamligd of small scale wind turbines, and the
methods of previous thesis, journals and booksta@ldao small scale wind turbine blades.
Chapter 3, the aerodynamic and design behaviors of horit@xia wind turbines are dealt with
in detail. All theories on aerodynamic of horizdra&is wind turbines are examined under
separate subtitles for each artde blade design procedure is given based on EiM Bieory.
How airfoil characteristics affect the performanak a blade is discussed as well. Design
procedure is then studied for a designed bladetla@d/alidity of an approximation used for
determining the optimum relative wind angle foreatain local tip-speed ratio is explained and
illustrated with figuresChapter 4, structural design of HAWT blad€hapter 5, covers all the
numerical results and discussion of results obthinethe thesis. FinallyChapter 6, gives a

conclusion to the thesis, its contribution and pwss future research directions.
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CHAPTER 2
BACKGRAOUND AND LITERATURE REVIEW

2.1 BACKGRAOUND:

Energy is vital for economic and social developmehthe world, according to international
energy agency- world energy outlook (2012) [3 ¢ traditional use of biomass for cooking, but
there are also around 400 million people that walycoal for cooking and heating purposes,
which causes air pollution and has serious potehéalth implications when used in traditional
stoves to satisfy to its energy demand they consumeefficient open fire mechanism, it is

environmentally unfriendly, the populations areebvin China, South Africa and India) [3 ].

Some of the sources of energy are: Nuclear povaentt pFossil fuel power plant, Hydroelectric
Power plant, Wind power and Solar power
A wind turbine utilizes the power from the wind tenerate electric power. Several wind

turbines can be sited in the same area to forrmd fairm.

Figure2.1 Adama Wind power plant
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2.1.1 Large scale vs. small scale wind turbines:

The definition of “small” and “large” scale windrhlias remained vague in the literature of wind
energy. Small wind turbine was initially defined dme basis of its capability to produce

electrical power sufficient enough to cover indivadl household electricity demands. But the
problem lies in the fact that the consumption eteicity by a household itself is very debatable
because it varies with time and place. For exangrleaverage American family needs a 10 kW
turbine to cover their full consumption, while argpean household requires a 4 kW turbine,
which further reduces to a 1.5 kW turbine for arerage Chinese household. Lacking any
credible unanimous definition, the range for théedapower capacity of small scale wind

turbines vary from few watts to few hundred kilotsa2] . The size of the wind turbine need

depends on application. Small turbines range ia Bizm 20 watts to 100 kilowatts (kW). The

smaller or “micro” (20- to 500-watt) turbines arsed in a variety of applications such as
charging batteries for recreational vehicles anibaats[30]. To bring consistency in discussion,
we define a nomenclature in this report based enstke of the horizontal axis wind turbine

rotors as follows:

Table 2.1 Scale classification of wind turbines[2]

Scale Rotor Diameter Power Rating

Small Less than 12 m Less than 40kW
Medium 12mto45m 40kW to 999kw

Large 46 m and larger 1.0 MW and larger

Access to modern energy is a key element in ruzakldpment .However, despite all attention
given to energy issues in Ethiopia in the pastlremanmunities continue to be deprived of basic
energy services. Modern forms of energy are simptyavailable in rural areas while traditional

sources are rapidly being depleted like traditidmiaimass energy (wood fuels, crop residues,

and cattle dung), there by deepening the ruralgsnenses.
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According to (Nation Master; 2013), Ethiopia has arf the lowest levels of electric power
consumption per capital in the world, which is J&KBWh per capital[ 3 ].

According to the World Energy Outlook (2010)estiathinational electricity access at 17% of
the population in 2009 of the Ethiopian populati@s access to electricity[3].

The energy consumption of the country is domindtea@ heavy reliance on traditional biomass
energy (wood fuels, crop residues, and cattle dwwg)ch accounts for 92 % of total energy
consumption in Ethiopia by 2009,Petroleum and al@tt contribute only 7% and 1%
respective[3].

According to the World Bank report on 2012, 82.4P&thiopian population lives in rural areas
and the remaining 17.6 % in urban areas, theresigraficant bias between the power supply of
urban and rural population. According to the Wdadergy Outlook (2012), urban electricity
access is estimated at 80 % while only 2% of raoaiseholds have access to electricity[3].

The Energy Sector in Ethiopia is expanding rapitig problem of water level fluctuating will
not be solved completely even with the constructbtarge scale hydro power plants. Most of
the dams faced shortage of water due to hydrolbgicdblems resulted from climate change.
Hence, the power generation system has to be diedrsin the short-run it is necessary to
increase the current power generation mix, to cavereasing and unsatisfied power demand
and to avoid dependence on fuel imports. To oveectims effect modernizing the use small
scale wind turbines can generate 0.5 - 1kW at thghh of 10-12 m to bring better efficiency
shall be advantageous. A study on the environrhdntpacts of wind energy projects,
Environmental Impacts of Wind-Energy Projects (209&tional research council (US)),

[3]. highlights some important positive factors ttispport the development of wind energy
farms. Wind turbines are a viable medium of engvgyduction in that they can produce our
energy requirements in place of other methods andod have the same harmful effects on the
environment. Wind turbines do not pollute our aim@ter with polluted or toxic bi-products of
energy production. Directly, their operation onffeats the wind speed directly behind the rotor
blades. Other organizations have however drawmtaite to some adverse environmental

effects.
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These include the visual effect they have on humtnesinterference on the ecosystem; birds
and bats —rotor blades, and the increase in transgmstructure and power lines to the wind

farm site

2.1.2 Basic Parts of small wind Turbine:

Small wind turbine generally comprise a rotor, aegator or alternator mounted on a frame, a
tail (usually), a tower, wiring, and the “balanckesystem” components: controllers, inverters,

and/or batteries. Through the spinning bladesyab@r captures the kinetic energy of the wind

and converts it into rotary motion to drive the gextor[30].

Rotor

Generatot/ Tail
alternator

Figure 2.2 Basic Parts of small wind Turbine [30 ].
i. Turbine:
Most turbines manufactured today are horizontad apwind machines with three blades, which
are usually made of a composite material suchbasdiass reinforced plastic(GRP). The amount
of power a turbine will produce is determined prityaby the diameter of its rotor. The
diameter of the rotor defines its “swept area,tre quantity of wind intercepted by the turbine.
The turbine’s frame is the structure onto whichrbter, generator, and tail are attached. The tail

keeps the turbine facing into the wind[30].
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ii. Tower:

Because wind speeds increase with height, thenirisi mounted on a tower. In general, the
higher the tower, the more power the wind systemgraduce. The tower also raises the turbine
above the air turbulence that can exist close @ogtiound because of obstructions such as hills,
buildings, and trees. A general rule of thumb idnstall a wind turbine on a tower with the
bottom of the rotor blades at least 9 meters alamyeobstacle that is within 90 meters of the
tower. Relatively small investments in increaseddioheight can yield very high rates of return
in power production. There are two basic typesouiers, self-supporting (free standing) and
guyed. Most small wind turbine power systems ugeysed tower. Guyed towers, which are the
least expensive, can consist of lattice sectioise, pr tubing (depending on the design), and
supporting guy wires. They are easier to instahtiself-supporting towers. However, because
the guy radius must be one-half to three-quartérth® tower height, guyed towers require
enough space to accommodate them[30].

iii. Balance of System:

The parts in addition to the turbine and the toweithe balance of system parts, will depend on
the application. The balance of system required @épend on whether the system is grid-
connected, standalone, or part of a hybrid systean.a residential grid-connected application,
the balance of system parts may include a contraterage batteries, a power conditioning unit
(inverter), and wiring[30].

iv. Stand-Alone Systems:

Stand-alone systems (systems not connected totith grid) require batteries to store excess
power generated for use when the wind is calm. Taley need a charge controller to keep the
batteries from overcharging. Deep-cycle battermsch as those used for golf carts, can
discharge and recharge 80% of their capacity huisdc# times, which makes them a good

option for remote renewable energy systems.
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Automotive batteries are shallow-cycle batteried ahould not be used in renewable energy
systems because of their short life in deep-cycbpegrations. Small wind turbines generate
direct current (DC) electricity. In very small sgsts, DC appliances operate directly off the
batteries. Use standard appliances that use caomahthousehold alternating current (AC),
must install an inverter to convert DC electriditym the batteries to AC. Although the inverter
slightly lowers the overall efficiency of the sysieit allows the home to be wired for AC, a
definite plus with lenders, electrical code offlsisand future homebuyers. For safety, batteries
should be isolated from living areas and electr®biecause they contain corrosive and explosive
substances. Lead-acid batteries also require piateftom temperature extremes[30].

V. Grid-Connected Systems:

In grid-connected systems, the only additional piopgnt required is a power conditioning unit
(regulation and conversion) that makes the turbuput electrically compatible with the utility
grid[30].

2.1.3 Negele Borana:

Negele Borana is a town and separate woreda imeouEthiopia. Located in the Guijii Zone of
the Oromia region on the road connecting Addis AabBolo Odo, it is the largest town in the
region traditionally inhabited by the Borana Oronftohas a attitude and longitude of26'N
39°35'E / 5.333N 39.58F with an altitude of about 1,475 meters ( 4,839 dbove sea level.
The town is reported the electrical power was ohiiked by a branch of the Ethiopian Electric
Light and Power (EELPA ), and in January 1961 aeliedriven 120kW electric power plant for
the town was completed. A 2004 report states tlemied Borana is supplied with electricity by
only the Ethiopian Electric Power Corporation( gweecessor utility to the EELPA ) from the
national grid but there is no wind power plant[8].
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& Negele Borana

Figure 2.3 Location of Negele Borana within Ethajfi].

2.1.4 Laga-Gulla Kebele:

Laga-Gulla is anrural kebelle in Negele wereda. The 2007 natiorethisas of Ethiopia,
Statistical Report for Oromiya Region reported talt@opulation of this kebele of 1195, of
whom 776 were men and 419 were women and the nuofbkRouseholds in the kebele is
193[28].

This rural kebele has high access to wind but tmarsunities do not have access to electricity,
for electrification purpose the consumption of wooel has far exceeded its supply to the
communities .

According to Federal Water and Energy Minister da&aort this kebele has an average wind
speed in the range of 6.13m/s to 8.26m/s at 10matt® so the implementation of small scale
wind turbine is best way to solve the problems e kebele comunities and also to prevent

desert.
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2.2 LITERATURE REVIEW:

The contents are an overview of the availableditee and a number of authors have written on
design and stress analysis of small scale viumbine blade. Many papers had been published to
present the results obtained. Since the late lisitede has been great interest in small scale wind
turbine. Therefore, including review of static arsid, and dynamic loading conditions is of

paramount importance.

Siraj Ahmed [10] studied design and analysis ofzomtal axis wind turbine rotoin his paper,
an optimization model forotor design of 750 kW horizontal axis wind turbine haythe blade
length of 21.0 m wapresentednd airfoil type for the blade was S809. The itesbtained from

ANSYS was compared with the existing design.

Verdnica Cabanillas [11] studied blade performaautalysis and design improvement of a small
wind turbine for rural areas. In his paper, eldictition projects based on renewable energy
technology was demonstrated to be suitable forignoy electricity to rural communities. The
turbine was built for the specific environmentahdiaions of the mountainous region of the
Andes rural village in Peru. This thesis focusedtmn performance identification of the current
blades of the IT-PE-100. His result was the optineombination of the modifications yielded

approximately 20% more energy annually producet wigh performance in high wind ranges.

Peter J. Schubel and Richard J. Crossley [12jjeduvind turbine blade desighhey presented
that thedetailed review of the current state-of art foneviturbine blade design is presented,
including theoretical maximum efficiency, propulsjgractical efficiency, HAWT blade design,
and blade loads. The review was provided a completere of wind turbine blade design and
shows the dominance of modern turbines almost skx@uwuse of horizontal axis rotors. The
aerodynamic design principles for a modern winthiter blade are detailed, included blade plan
shape/quantity, aerofoil selection and optimal ckttaangles, described aerodynamic,

gravitational, centrifugal, gyroscopic and openadibconditions.
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Mulugeta Biadgo [13], studied computer-aided aenadtyic and structural design of horizontal
axis wind turbine blades. In his paper detaileden of the designing horizontal-axis wind
turbine(HAWT) blades to achieve satisfactory levelsperformance starts with knowledge of
the aerodynamic forces acting on the blades and HAM#de design was studied from the
aspect of aerodynamic view and the basic principfabe aerodynamic behaviors HAWTs was
investigated.

Fadi Abdulhadi [14], studied design and charazédion of a Small wind turbine model
equipped witha pitching systemin this paper detailed a small pitch-controlled avtarbine with

a 0.58m rotor diameter was designed, constructddested in the wind tunnel. The blade was a
prototype of a larger blade that was constructednirearlier project. His paper concerned two
main tasks. First, careful characterization of $h&all wind turbine was carried out at different
wind velocities and pitch setting angles. Secongjteh control system was implemented to

control the power output of the turbine at windesieabove the rated speed.

Andrew Corbyn [15], studied fiber glass wind tusiblade manufacturing guide. In his paper
was revised in blade is comprised of two main ral{mth made from fibre glass), a wooden
core at the root and a ‘stringer’ along the insfdem root to tip. Once the blade has been
constructed and stuck together, a two-part expgntbam is used to fill the structure of the
blade helping to add strength and rigidity to trebs

Ravi Anant Kishore [16], studied small-scale wintkrgy portable turbine (SWEPTIn this
paper was provided the first systematic effort tmsadesign and development of SSWTs (rotor
diameter<50 cm) targeted to operate at low windedpe(<5 m/s). An inverse design and
optimization tool based on Blade Element Momentim@oty was proposed. The utility and
efficacy of the tool was validated by demonstrattng0 cm diameter small-scale wind energy
portable turbine (SWEPT) operating in very low wisdeed range of 1 m/& m/s with

extremely high power coefficient.
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Qiyue Song [17], studied design, fabrication, aestihg of a new small wind turbine blade. In
his paper a small wind turbine blade was desigrfetricated , tested and the power
performance of small horizontal axis wind turbimess simulated in detail using modified blade
element momentum methods (BEM). Various factor aagctip loss, drag coefficient, and wake
were considered. The simulation was validated Ipegmental data collected from a small wind
turbine Bergey XL 1.0. A new blade was designedilier Bergey XL 1.0 after comparing three
types of aerodynamic blade structures and theatedlperformance, and then the detailed blade
structure was determined. The performance of the noéor at different additional pitch angles

was simulated and compared with the original Bepgeyl.0 rotor.

Jason R.etal.2011 [18], studied design and expetahéesting of small-scale wind turbines.
They presented that the increasing environmentélesmonomic cost of fossil fuels, alternative
sources of energy were needed. Much of the cuwat turbine research focused on large-scale
wind turbines. An alternative approach is smallesoaind turbines designed specifically to
produce power at low wind speeds. This thesis tigaed the design and testing of these
turbines. Concerned specific to small-scale desgwch as low Reynolds number flow,
separation, and low wind speed power generatione vatdressed. A test apparatus was
developed to validate the design procedure, andifgpenethods to increase power generation
under these conditions, such as span wise and eighness, two, three, and four-bladed

systems and tip-speed ratios of 1, 3, and 7, werestigated.

Student nr: 1333186 [19], studied small wind tudsinn Kenya, rural electrification has been a
long-standing goal in Kenya, but there is stillomd way to go with only 4% rural access to
electricity. On top of that, if electricity is avable, it is most commonly delivered by the grid,
which suffers from power failures and growing codikerefore, there lies a large potential in
small wind turbines (SWT) for the rural electrifima of Kenya in areas endow with sufficient
wind resources. Their research analyses the stéttlee SWT sector by using Strategic Niche

Management and the Multi-Level Perspective ah#stetical frameworks.
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The results of this analysis serve as input forettgyng strategy recommendations for all niche
practitioners and for a start-up company, RIWIK, particular. This research finds that the
obstacles for sector growth go much beyond thegdablic awareness and high upfront cost of
small wind turbines. This thesis also suggests iplessways in which the theory and

methodology could be enhanced.

F.W. Perkins and D.E. Cromack [20], studied windbitte blade stress analysis and natural
frequenciesthere were many problems to be addressed with cegpethe design of wind
turbine blades. Foremost among these are aerodgnpenformance, structural integrity and
cost. The subject of aerodynamic performance, atlan the steady state condition, has been
dealt with at some length by various investigatditse cost of a blade system was beyond the
scope of this paper. The structural integrity ohaviurbine blades must be insured in both the
static and dynamic load cases. The critical statid has been determined to be a hurricane wind
perpendicular to the blade plan form. The dynamads included the fluctuating component

due to the wind and all blade-support interactions.

Youm. | , etal.2005 [21], studied analysis of widdta and wind energy potential along the
northern coast of Senegal. The main purpose ofgamer was to present and to perform an
investigation on the wind energy potential of therthern coast of Senegal along the Atlantic
Ocean. Therefore, in this study, wind data colléaeer a period of two years at five different
locations in this region of Senegal were evaluatedrder to figure out the wind energy
potential along the northern coast of Senegal. d&a from selected stations were analyzed
using the two-parameter Weibull probability distiiion function. With an annual mean wind
speed of 3.8 m/s, an annual energy of 158 k\Whdould be extracted. It is found that the
potential uses of wind energy in these locatiomsfar water pumping in rural areas. The study
presented here is also an attempt to promote wmedgyg in Senegal and to bridge the gap in

order to create prospective Wind Atlas of Senegal.
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Jean-Jacques chattot [28{udied design and analysis of wind turbines ubelgoidally vortex
model. The design corresponds to the maximum pawput for a given thrust and the
distributions of circulation, induced velocitiedjord and twist of two- and three-bladed rotors
are obtained. The analysis of turbines at off-designditions is based on the same helicoidally
vortex model, however, the power was not prescrdogdi an iteration was needed to insure that
the vortex system was consisted with the resulpogyer extracted from the air. 2-D data from
experiments or viscous codes are used to corregidoous effects. Comparisons with published
cases indicate that the method produces usefutsasary efficiently.

Xinzi T. etal.2011 [23], studied Anthony lan broak#sign and finite element analysis of mixed
aerofoil wind turbine blades. This paper presenieddesign and finite element analysis (FEA)
of a 10kW fixed-pitch variable-speed wind turbirlade with five different thickness of aerofoil
shape along the span of the blade. The main péeesnef the wind turbine rotor and the blade
aerodynamic geometry shape were determined basetieoprinciples of the blade element
momentum (BEM) theory. Based on the FE methodedtfins and strain distributions of the
blade under extreme wind conditions are numerigaigdicted. The results indicated that the tip
clearance is sufficient to prevent collision witte tower, and the blade material is linear and
safe.

Hao W.etal.2011 [24], studied the modeling andsstianalysis of wind turbine blade. They used
modeling and stress analysis of the wind turbirsel®lwere very critical for the further design
and the application of wind turbine blade. The $isahle wind turbine blade was focused on,
considering the glass fiber reinforced plastic mateBased on the parameters of airfoil and the
geometrical parameters of blade, the three-dimensiodel of blade was established with the
modeling software. Then the model was introducéd ANSYS software to carry out the FEM
analysis. According to the displacement solutiorblaide, the maximal displacement occurs in
the blade tip while working, but it is less thae thafety displacement of wind turbine. And the
stress concentration occurs in the center of thddy)lwhich corresponds to the comprehensive
stress from the elastic stress solution of the wimbine blade.
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Serhat Duran [25], studied computer- aided desfdgronzontal- axis wind turbine blades. In this
paper, HAWT blade design was studied from the d@spka@aerodynamic view and the basic
principles of the aerodynamic behaviors of HAWTs mvestigated. Blade-element momentum
theory(BEM) known as also strip theory, which is the eatrmainstay of aerodynamic design
and analysis of HAWT blades, is used for HAWT blatksign in this paper. Firstly, blade
design procedure for an optimum rotor accordin@i&M theory is performed. Then designed
blade shape was modified such that modified bladlebe lightly loaded regarding the highly
loaded of the designed blade and power predicttomadified blade was analyzed. When the
designed blade shape was modified, it has seentlikapower extracted from the wind was
reduced about 10%and the length of modified blades wmcreased about 5% for the same

required power.

Almost all the above projects of small and mediwale wind turbine blade had bedane by
different types of software's like, ANSYS 12, CATV5 R16, FEM, GAMBET, etc. The
working area wasn't specified, and the papers ftuws an aerodynamically analysis like, the
actuator disk theory and the betz limit, the gelharamentum theory, blade element theory,
blade element-momentum (BEM) theory, but this thedi small scale wind blade for some
specific small rural area in the country. Usingdelaelement-momentum (BEM) theory, to
determined the forces on the blade and also treebtsodeling by SOLIDWORK and ANSYS
15 WORKBEANCH, is used the stresses on the blade Wind blade is running by small
average environmental wind speed. The final oubptite thesis project is to provide electricity

for small rural villages like Laga-Gulla KebeleNegele Borana zone ( as mentioned earlier).
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CHAPTER 3

AERODYNAMICS OF HORIZONTAL AXIS SMALL WIND TURBINE

Wwind turbine power production depends on the intigva between the rotor and the wind. The
wind may be considered to be a combination of teammwind and turbulent fluctuations about
that mean flow[9]. Experience has shown that thgopmaspects of wind turbine performance
(mean power output and mean loads)are determineldebgerodynamic forces generated by the
mean wind. Periodic aerodynamic forces caused ibyg whear, off-axis winds, rotor rotation,
randomly fluctuating forces induced by turbulenod dynamic effects are the source of fatigue
loads and are a factor in the peak loads experibgca wind turbine. These are, of course,
important, but can only be understood once thedymamics of steady state operation has been
understood. Accordingly this chapter focuses priljyam steady state aerodynamics. General
aerodynamic concepts are then introduced. Thelsletimomentum theory and blade-element
theory are developed. The combination of two theprcalled blade-element momentum theory
(BEM)[9]. This method can be used for design of wewd blade and can be carried out using a
spreadsheet and lift and drag curves for the chaséml.

More sophisticated treatments are available bt tiethod has the advantage of being simple
and easy to understand[9].

3.1 Blade Element Momentum Theory ( BEM):

Blade Element Momentum Theory equates two methddexamining how a wind turbine
operates. The first method is to use a momenturanbal on a rotating annular stream tube
passing through a turbine. The second is to exathiadorces generated by the airfoil lift and
drag coefficients at various sections along theldla'hese two methods then give a series of

equations that can be solved [5].
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Figure 3.1: Axial Stream tube around a Wind Turfshe

3.1.1 Momentum Theory:

i.  Axial Force:
Consider the stream tube around a wind turbine shawrigure 3.1. Four stations are shown in
the diagram 1, some way upstream of the turbinast2before the blades, 3 just after the blades
and 4 some way downstream of the blades. Betwesmmd 2B energy is extracted from the wind
and there is a change in pressure as a result.
Assume p; = p, and thatV, = V;. We can also assume that between 1 and 2 and dreBve

and 4 the flow is frictionless so we can apply Betli's equation. After some algebra:

1
pz_p3 = Ep(Vlz_ V42) ..................................................................... 31
Noting that force is pressure times area we firad: th
dFX - (pz - p3 )dA ............................................................................. 3.2
1
dFy = E,o(vl2 = Va2 )dA e 3.3
Definea the axial induction factor as:
= A o g = Iy e 34
vy 2 1’2}

It can also be shown that:
V2 == Vl( 1 - a) .................................................................................... 3.5
V4_ = Vl( 1 — 2(1) ................................................................................. 3.6
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Substituting yields:
dFy = %pV12[4a (1= @)]Irdr oo 3.7

ii.  Rotating Annular Stream tube:

Consider the rotating annular stream tube showlrigare 3.2. Four stations asbown in the
diagram 1, some way upstream of the turbine, 24akire the blade§, just after the blades and
4 some way downstream of the blades. Between 23ahd rotation of the turbine imparts a

rotation onto the blade wake[6].

|- Side View
1) (Z 3 3

End on view

Figure 3.2: Rotating Annular Stream tube[6 ].
Consider the conservation of angular momentum isndhnular stream tube. An “end-on” view
is shown in Figure 3.2. The blade wake rotates waithangular velocity and the blade rotate

with an angular velocity a2. Recall from basic physics that:

Moment of Inertia of an anNNUIUBE 172 ...coo oo eeee e 3.8
Angular MOmeNtL = T ccuceuiiiiiiiiiiii e eee e 3.9
dL
TorquUE, T = — i 3.10
dt
T = dle _ d(mre) = dm T2 00 et et e et e e e et e e e e e e e e e r———.——. 3.11

dt dt dt
So for a small element the corresponding torquEbil
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For the rotating annular element:

TIL = DAV g et bbb 3.13
AT = P2TITATV ) oottt ettt 314
AT = p2ardrV,r2w = pVo@T22A7dT v 3.15
Define angular induction factar :
’ w
a = DI S P e PP PP PP PP PP PR 3.16

Recall that/, = V;(1—a) so:
AT = 4A" (1 = Q)P VOT3TTAT oot 3.17
Momentum theory has therefore yielded equationsteraxial (Equation 3.7) and tangential

force (Equation 3.17) on an annular element ofiflui

3.1.2 Blade Element Theory:

Blade element theory relies on two key assumptions:
» There are no aerodynamic interactions betweenrdiffeblade elements.
» The forces on the blade elements are solely detedrby the lift and drag coefficients

Figure 3.3: Rotating Annular Stream [ 7 ].
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Figure 3.4: The Blade Element Mode[ 7 ].

Consider a blade divided up intbelements as shown in Figure 3.4. Each of the béelments
will experience a slightly different flow as thegve a different rotational speedr(, a different
chord length €) and a different twist angle))( Blade element theory involves dividing up the
blade into ten elements and calculating the flowaath one. Overall performance characteristics

are determined by numerical integration along thdd span.

Wil-a)

blade rotation P e
—

wake rotation

Figure 3.5: Flow onto the turbine blade[7 ].
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Relative Flow:

Lift and drag coefficient data are available foraiety of airfoils from wind tunnel data. Since
most wind tunnel testing is done with the airfdiatoonary need to relate the flow over the
moving airfoil to that of the stationary test. To this use the relative velocity over the airfoil.
More details on the aerodynamics of wind turbirnes airfoil selection can be found in [9].

In practice the flow is turned slightly as it passwer the i#foil so in order to obtain a more
accurate estimate of airfoil performance an averdgalet and exit flow conditions is used to
estimate performance. The flow around the bladesstd station 2 in Figures 3.1 and 3.2 and
ends at station 3. At inlet to the blade the flemot rotating, at exit from the blade row the flow
rotates at rotational speed That is over the blade row wake rotation has begnduced. The

average rotational flow over the blade due to weakation is thereforé"/2 . The blade is
rotating with spee@®. The average tangential velocity that the blageegences is therefore
Qr + % wr. This is shown in Figure 3.5.

Examining Figure 3.5an immediately note that:

QF + 552 QF(LHQ') i 3.18
Recall that (Equation 3.5, = V;(1 — a) and so:
__ Qr(1+a’)
tanf = T CIoa) s 3.19

WhereV is used to represent the incoming flow velodity The value o3 will vary from blade

element to blade element. The local tip speed ratie defined as:

Q
A, = 7T ......................................................................................... 3.20
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Figure 3.6: Forces on the turbine blade[ 9 ].

So the expression for t&tan be further simplified:

Ar-(14+a")

tanf = Ty o 321
From Figure 3.%he following relation is apparent:
R 322
cosf

ii. Blade Elements:
The forces on the blade element are shown in Figurenote that by definition the lift and drag
forces are perpendicular and parallel to the inogrfiow. For each blade element one can see:
AFg = AL COSP — ADSINP c.ccooeeeiiiiiie i 3.23
AFy = dL SINL 4 ADCOSP.ccoeeieieeeeeieeeeeeeeeee e 3.24
WheredL anddD are the lift and drag forces on the blade elemespectivelydL anddD can

be found from the definition of the lift and dragetficients as follows:

AL = 2 CLPWCAT oovvvveeesrsesccseeeees s 3.25

AD = = CoPWECAT oovvvvveeesssecciseeess s 3.26
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Figure 3.7: Lift and Drag Coefficients for a NACA X Airfoil[ 9 ].

Lift and Drag coefficients for AIACA 4412 airfoil are shown in Figure 3.7, this graph shainat
for low values of incidence the airfoil successfyiiroduces a large amount of lift with little
drag. At around =~ 14° a phenomenon known as stall occurs where theaariassive increase
in drag and a sharp reduction in lift.

If there areB blades, combining Equation 3.23 and equation 3.2&8n be shown that:

dFy = =BpW2(CL SINB + CpCOSB)CAT .vvevereereeeeeeeeeeeeeeeeeee oo seeseeneeeens 3.27

)

1

dFy = EBpWZ(CL COSPB — CpSINPB)CAT oo 3.28

The Torque on an elemerT is simply the tangential force multiplied by thelitzs.

dT = %BpWZ(CL COSP — CpSINPB)CTAT ..cvveieeieiiie e 3.29
The effect of the drag force is clearly seen in ¢geations, an increase in thrust force on the
blade and a decrease in torque (and power oufplgse equations can be made more useful by
noting thatSand W can be expressed in terms of induction factors (&quations 3.21 and

3.22). Substituting and carrying out some algelekdy:
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’ V2(1-a)? .
dFy = O mp W(Qsmﬁ F CpCoSLITAT oo 3.30
v Vi (1-a)?
dT =0 mp (Cp coSB — CpSINLITr2dr..cccccueecceiiie e 331

cosZﬁ

WhereG s called the local solidity and is defined as:

O = o — 3.32

3.1.3 Tip Loss Correction:

At the tip of the turbine blade losses are intr@tlich a similar manner to those found in wind
tip vortices on turbine blade. These can be aceaufor in BEM theory by means of a
correction factor.

This correction facto varies from 0 to 1 and characterizes the redudticforces along the
blade.

Q= (%) cos‘l[exp(ﬁ) T 3.33

R cosfs

The results fronros™ must be in radians. The tip loss correction sliad to Equation 3.7 and
Equation 3.17 which become:

AFy = QpV2[4a (1 = Q)] TTTAT oo 3.34

dT = Q4a' (1 — @) pVOQT3TTAT .oooeeeeeeeeeeeeeeeeeee e, 3.35
Now there are four equations, two derived from rantam theory which express the axial
thrust and the torque in terms of flow paramet&guétions 3.34 and 3.35), and also have two
equations derived from a consideration of bladedsmwhich express the axial force and torque
in terms of the lift and drag coefficients of theal (Equations 3.30 and 3.31).
To calculate rotor performance Equations 3.34 aB8 #om a momentum balance are equated
with Equations 3.30 and 3.31. Once this is donddhewing useful relationships arise.

a o [CLsinf+CpcosP | 3.36
1_a — 4QCOSZﬁ --------------------------------------------------------------- .

a o [CLcosB —Cpsinf ] 3.37
1_a - 4ercoszﬁ ----------------------------------------------------------------- .
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Equation 3.3@&nd 3.37are used in the blade design procedure.

3.1.4 Power Output:
The contribution to the total power from each blagan is:
AP = QAT oottt 3.38

The total power from the rotor:is
P = [0 dPAr = [ QATAT oo 3.39

Wherer, andR are the hub and the rotor radius respectivehe airfoil profile of NACA 4412
was generated using NACA coding. Specificationshef blade are[27]. Power0.5-1.5 kW,

root chord lengtl{s) = 334mm, tip chord length 182.1mm, blade lengtth) = 1500mm, hub
diameter= 90mm, hub lengtk= 150mm, hub to blade (neck) length150mm.

The power coefficient, is given by:

R
P fthdT

Cp = = = T e, 3.40

Pwind %an2V3
Using Equation 3.31 it is possible to develop d@egral for the power coefficient directly. After

some algebra.

Cp = %fj}lmﬁa’u—a)m— L I 341

Cr
3.1.5 Performance Parameters of HAWTS:
The power performance parameters of a HAWT canXpeessed in dimensionless form, in

which the power coefficient€p and the tip-speed ratid, are used. From equati®40 and

3.20 respectively.
P
Cp=1———
P %an2V3
QR
A==
1%

Note that, tip-speed ratio is defined for a fixeidavspeed.
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A sampleCp & A curve is given in Figure 3.8 for a typical HAWTegting at fixed pitch.
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—_

0.05

0 2 4 8 a 10 12 14 16
Tip-Speed Jatio, A
Figure 3.8 Typical plot of rotor power coefficierg. tip-speed ratio for HAWT with a fixed
blade pitch angle[26].

To give a few comments on the operating points ACBand D shown in Figure 3.8 will help
reading suclt, & A curves of HAWTS. The left-hand side of Figure Bowing the path ABC
is controlled by blade stall. Local angles of dttéangles between the relative wind angle and
the blade chord line) are relatively large as pdins approached. The right-hand side of the
same figure following the path CD is controlleddrag, particularly ‘skin friction’ because the
angles of attack are small as point D is approachetixed pitch maximum power occurs in the
stall region when the lift coefficient is near jitsak value over much of the blade[26].
As a result, for a selected airfoil type and fospeecified tip-speed ratio and blade length (i.e.
rotor radius), the blade shape can be designedgbmum rotor and from the calculation of
power coefficient the maximum power that can beastéd from the wind can then be found for
any average wind velocity.
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Table 3.1 Blade Chord and Twist Distribution fofFlaree-Bladed HAWT
(Airfoil NACA 4412, Cj ,4esign=1.074  0gesign=5.5° y = 0.0075)

Local tip-speed ratig Radial location| Chord-length ratio] Twist angle
Ar r'R c/R 6 (deg)
0.25 0.025 0.071369 34.143
0.75 0.075 0.10831 29.92
1.25 0.125 0.097031 20.273
1.75 0.175 0.080973 14.33
2.25 0.225 0.067803 10.475
2.75 0.275 0.057746 7.8221
3.25 0.325 0.050049 5.9018
3.75 0.375 0.044051 4.4543
4.25 0.425 0.039279 3.327
4.75 0.475 0.035407 2.4258

As an example, the blade chord-length and twidtidigion for an optimum three-bladed rotor
at the design tip-speed ratio is tabulated in Ta&ble for the airfoil NACA 4412 whose lift

coefficient and drag coefficient values are taken.

0.12

o
-

0.08

0.06

0.04

Chord Length Ratio (c/R)

0.02

0.4

0.6 0.8

Radial Location (r/R)

1.2

Figure 3.9Chord-length distribution for the designed blade
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Figure 3.10Twist distributions for the designed blade

In Figure 3.9 chord-length distribution with respexradial location of each blade element both
of which are normalized with blade radius is sho®milarly twist distribution with respect to

radial location is illustrated in Figure 3.10.

KASSAHUN GASHU MELESE; Master's Thesis; Addis Ababa University, AAiT, School of Mechanical and Industrial Engineering 31



CHAPTER 4
STRUCTURAL DESIGN OF HAWT BLADE

Structural design of HAWT blades is an importasittlaeir aerodynamic design. The dynamic
structural loads which a rotor will experience ptag major role in determining the lifetime of
the rotor. Obviously, aerodynamic loads are a magurce of loading and the blade geometry
parameters are required for dynamic load analysigra turbine rotor.

Design of a HAWT blade has been explained and shbersolution method via the equations
derived from BEM theory. Tip-loss factor and draffeet have also been considered. The
method of determining blade shape for optimum perémce of a turbine has been developed,
how an optimum blade shape is modified for the Ipestormance has been introduced and
finally power performance calculation methods atmdsses on blade have been established. And
the airfoil NACA 4412 was used while performing $kemethods.

At the height of 10m tower wind speed range is detibetween 6m/s 9m/s, which can meet
the needs of the areas of different wind. Therefthre mean average wind speed was determined
as 8.26m/s. The span was firstly divided into tectisns along the span wise direction from the
end of the tip to the first of the root part of tiefoil. There are ten cross-sections in all aache

section is 0.013m long. Then the Wilson design wettlvas used to calculate the chord ler@th

and twist angle: of every blade elements [18].

4.1 Blade Design Procedure:
i. Determine the total power from the rotor is :

P = Con5 PTRPW oo 41

where:
e P isthe power output

e Risthetip radius R = 1.5m)
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e W is the expected relative wind velocity W = 6.13m/s)
» (p is the maximum power coefficient ( 0.593 for a mudiaree bladed wind turbine)

* 1 is the expected electrical and mechanical effiges1(0.9 would be a suitable value)

1
P= Cpnzan2W3
1 kg 2 3
= (0. % (0.9) = * 1. 3 * 1 (1.5m)“ * (6.
(0.593) (0.9)5 % 1.225 /m (1.5m)? * (6.13)

P = 532.33watt
This amount of power is produced from a single ingband can operate 16.131 number of
lamps for three hours per day of working time Hu# power consumption of each lump is
11watt.
The power that produced by the wind/at 8.26m/s is:
Pying = %anZIﬁ = %* 1.225 kg/m3 * 1 * (1.5m)? = (8.26)3

Py ina = 2439.93 Avatt
This power of wind used to design of blade andalowdate stresses on the blade.

ii. Choose a tip speed ratio for the machine. For watenping pick 1 €2 < 3 (which gives a

high torque) and for electrical power generatiackpi <A < 10 [9].

iii. Select an airfoil foA<3 curved plates can be used rather than an aesbi@ie and choose a
number of bladeB using table 4.1The NACA 4 digit airfoil series is controlled b¥ digits
such that NACA4412, which designate the camber, position of the marmntamber and
thickness. If an airfoil number is NACKZXX like NACA 4412 then:

« M is the maximum camber divided by 100. In the exXarivp= 4 so the camber is 0.04 or
2% of the chord
- Zis the position of the maximum camber divided by lOthe exampl&Z = 4 so the

maximum camber is at 0.4 or 40% of the chord.
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« XXis the thickness divided by 100. In the examf¥e12 so the thickness is 0.12 or 12%
of the chord.

The NACA airfoil section is created from a camber line andhickness distribution plotted
perpendicular to the camber line. The equationttier camber line is split into sections either
side of the point of maximum camber positi@). (In order to calculate the position of the final
airfoil envelope later the gradient of the camlee is also required. The equations are:

z Max thickness

Max camber Mean camber line

4

Chord line

A

Chord

v

X= x=c
Leading edge

Trailing edge
Figure 4.INACA airfoil sectiorf9].

Table 4.1: Number of Blades|[9].

A B

1 8—24

2 6—12

3 3-6

4 3—-4
more tha 4 1-3
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Table 4.2 NACA4412 equations

Position Front (0< x <Z) Back(Z<x<1)
Camber Ve = %(ZZx— x%) Ve = m(1—22+22x— x?)
Gradient % _ ZZ_I\Z/I Z-2x) % - 5 Z_MZ)Z Z -2
The thickness distribution is given by the equation
y, = 0% (apx®® + ax + ax? + azx® + agx* )i, 4.2

Whereia, = 0.2969 a; = —0.126 a, = —0.3516 a; = 0.2843 a, = —0.1015 or —0.1036

for a closed trailing edge.

. e K
- The constantst, to a, are for a 20% thick airfoil. The expressiefy adjusts the

constants to the required thickness.
« At the trailing edge (x=1) there is a finite thidgs of 0.0021 chord width for a 20%

airfoil. If a closed trailing edge is required tveue ofa, can be adjusted.

- The value ofy, is a half thickness and needs to be applied bd#sf the camber line.

Using the equations above, for a given valueXaf is possible to calculate the camber line

position y., the gradient of the camber line and the thickn&se position of the upper and

lower surface can then be calculated perpenditaldre camber line.

d
a=a tan(% ................................................................... 4.3
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Table 4.3 The position of the upper and lower sigfa

Position horizontal vertical
Upper Surface Xy = Xo — Vi Sinf Yu =Y+ Yy coso
Upper Surface X, = X, + y; sinf Vi =Yc— V¢ cosb

The most obvious way to plot the airfoil is to & through equally spaced values of x
calculating the upper and lower surface coordina®hile this works, the points are more
widely spaced around the leading edge where theature is greatest and flat sections can be

seen on the plots. To group the points at the ehtise airfoil sections a cosine spacing is used

with uniform increments gf.
Where : (K<)

__ (1-cosp)
o 2

K T T et eeeeereeie e ee—— e raanannn 4.4

iv. Obtain and examine lift and drag coefficient cenfer the airfoil in question. Note that

different airfoils may be used at different spahshe blade, a thick airfoil may be selected for

the hub to give greater strength.
v. Choose the design aerodynamic conditions for eafdilaTypically select the maximum lift

value, this choice effectively fixes the blade twi®n blade a very large degree of twist is
required to obtain near the hub. This is not nerdggesirable as the hub produces only a small
amount of the power output, a compromise is to @ictieat the airfoils will have very large
angles of attack at the hub.

vi. Choose a chord distribution of the airfoil. Thesenio easily physically accessible way of

doing this but a simplification of blade is givey b
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__ 8mrcosp

354, C e rar e 45

This gives a moderately complex shape and a lidestwibution of chord may be considerably
easier to make.

vii. Divide the blade intd elements or spans. Typically 10 elements or spansdibe used.

viii. Assumed the blade shape derived with wake rotafiero drag and zero tip losses. Note

that these equations provide a new design.

The equations are given as follows:

B = 90% = 2 £aN7I(20) oot 46
3 2,
4cos?f 4_
=[1 e AT
a [ GCLsinﬁ]
L el 4.8
4a-1

Figure 4.2 The Profile Curve of Blade Element byLEHDVORK Model.
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Figure 4.3 Views of blade from root towards tip®QLIDWORK Mode.

Figure 4.4 Isometric views of the blade elementS®y IDWORK Model.
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Figure 4.5 3D Model of the blade by SOLIDWORK.

Figure 4.6 Three blades 3D solid model of the debigde by SOLIDWORK Model.

KASSAHUN GASHU MELESE; Master's Thesis; Addis Ababa University, AAiT, School of Mechanical and Industrial Engineering 39



4.2 Load Conditions:

The blade is modeled as a cantilever beam. Thesloadhe blade in this case are the drag , and
gravity. To simplify the design of wind mill strugts, it is well to understand the loads which
try to break apart these machines. These loadsxéakforce, lifting and blade weight. These are
others, but lesser important.

A structural analysis was then carried out a ceweit beam analysis, with the help of
SOLIDWORK and ANSYS 15 WORKBEANCH Software.

4.2.1 Aerodynamic Load:

Aerodynamic load is generated by lift and draghef blades airfoil section. The turbine has a tip
radius of 1.5m, and will operate in a wind speeB.&@6 m/s, a tip speed ratio of 6 and three
blades. Assume that the tip loss and the drag icteft are zero . From Figure 3.7 the drag

coefficient is zero at the lift coefficient is one.

The total thrust force on the single blade from &pn 3.27 is:
dFy = %BpVZ(CL sinf + CpcosB)cdr

= %BpVZCL sinf cdr

= %BpV2 sinf cdr

1

Fy = EBpV2 sinf f110 cdr

From Equation 4.6
_ o_ 2 1,1
B = 90" — : tan (/’lr)
—_9on0 _ 2 -1 1
=90° — - tan"!( - )

= 83.64°
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Then the total thrust force is:

Fy =>BpW? sin 83.64 [, cdr
_ Ll * 2% 10
Fy =-*3*1.225kg/ni *(8.26 m/s)** 0.994 [ cdr

Fy = 124.616[, " cdr

Table 4.4 The positions of airfoils on the blade

Span No. Chord Lengthc(mm) Rotor radiug” (mm)
1 334 200
2 319 330
3 294.5 460
4 263.5 590
5 241.2 720
6 224.86 850
7 212.44 980
8 202.82 1110
9 188.2 1240

10 182.1 1370

Summing up the elemental thrust forces along tlaelélfrom blade Table4.4 gives the total
thrust on the blade.

Fy = (124.616 * 25.739037 )

Fy = 3207.495835 N
The total tangential on the single blade from EiqumeB.28 is:

dFy = %BpVZ(CL cosp — Cpsinf)cdr
= %BpVZCL cosf cdr

= %BpV2 cosp cdr
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1 2 10
Fg = SBpV? cosp J, cdr
Then the total tangential force is:

Fg =>BpV? cos 83.64 [ cdr
Fg =*3*1.225kg/ *(8.26 m/s)?* 0.1107 [ cdr

Fy = 13.878(," cdr

Summing up the elemental tangential forces aloergbtade from blade Table4.4 gives the total

tangential on the blade.
F, = (13.878 * 25.739037 )

Fy = 357.20635 N

4.2.2 Gravitational and Centrifugal Loads:
Gravitational and centrifugal forces are mass degenwhich is generally thought to increase
cubically with increasing turbine diameter [8]. Té®re, turbines under ten meters diameter
have negligible inertial loads, which are margifoal20 meters upward, and critical for 70 meter
rotors and above [4]. The gravitational force idirde simply as mass multiplied by the
gravitational constant, although its direction r@maconstant acting towards the centre of the
earth which causes an alternating cyclic load case.

G =myg

G = 6.3456kg * 9.81"1/52

G = 62.25N
The centrifugal force is a product of rotationaloogty squared and mass and always acts radial
outward, hence the increased load demands of highepeeds. Centrifugal and gravitational
loads are superimposed to give a positively digalaalternating condition with a wavelength
equal to one blade revolution.

F, = mpw?R

F. = 6.3456kg = (6.5)% = 1.5m

F. = 402.152N
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4.2.3 Resultant Load:
The resultant of all loads on the blade is:

R = (Fx+ G)*+ (Fc — Fp)?

R, = /(3207.495835 + 62.25)2 + (402.152 — 357.206355 )2

R, = 3270.05N
4.3 Data's of Wind Speed at Negele town:
Negele station is located in the south of Oromike Wwind speed data was collected from
National Metrology Agency of Ethiopia. To furtheenfy and analyze numerical simulation

result, data from some meteorological station of@le town. For this detailed position, see
Figure 4.6.

125 km 375km o, , 625km

. !
Figure 4.7 Distribution of Some Meteorological &ias in East Ethiopia[29].
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4.3.1 Data's of Wind Speed at height of 2m tower:
Table.4.5 Monthly Mean Wind Speed at height of Riagele Station Collected from Federal
Water and Energy Minister of Ethiopia.

Month wind speed (m/s)
1 (JAN) 4.45
2(FEB) 4.83
3(MAR) 3.98
4(APR) 3.36
5(MAR) 4.35
6(JUN) 5.74
7(JUL) 6.28
8(AUG) 6.17
9(SEP) 491
10(OCT) 3.45
11(NOV) 4.15
12(DEC) 4.31

month Vs wind speed
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Figure 4.8 curve of monthly mean wind speed at 2igtit, Negele station
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Seen from the analysis resultind speed is higher from June to Septembéere's rich wind

resource around Negele station. Annual mean wirgdghere is as high as 4.66m/s at the

height of 2m. It indicates there is a big ratidhagh wind speed weather in the region.

4.3.2 Data's of Wind Speed at height of 10m tower:

Table. 4.6 Monthly Mean Wind Speed at height ahlBlegele Station Collected from Federal

Water and Energy Minister of Ethiopia.

Month wind speed (m/s)
1 (JAN) 6.36
2(FEB) 6.73
3(MAR) 6.22
4(APR) 6.13
5(MAR) 6.33
6(JUN) 7.67
7(JUL) 8.26
8(AUG) 8.15
9(SEP) 6.89
10(OCT) 6.15
11(NOV) 6.17
12(DEC) 6.31

month Vs wind speed
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Figure 4.9 curve of monthly mean wind speed at bh@ight, Negele station
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Figure 4.10 Distribution of Average Wind Speed, (ksight: 10m, 1980~1989) [29].

I4E

36E

38E

40E

42F

44F

46E

48E

14N

12N

10N

8N A

6N

4N

Figure 4.11 Distribution of Average Wind Speed, (ksight: 10m, 1990~1999) [29].
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Figure 4.12 Distribution of Average Wind Speed, (isight: 10m, 2000~2009) [29].

4.4 Material for small wind turbine blade:

The blades in a normally operating wind turbineoradre continuously exposed to loads from

wind and gravity. The primary requirements for lelachaterial are high stiffness to ensure

aerodynamic performance, low density to minimizessnand long-fatigue. In the wind turbine

industry, many materials have been used for blagdeduding metals, plastics, wood and

composites [ 27 ].
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While various materials have been applied succlgsfuwind turbine blades, epoxy E-glass
fiber- reinforced plastic (GRP) based compositesipminate. The important characteristics of
GRP are good mechanical properties, good corras®istance, high temperature tolerance, ease
of manufacture, high tensile strength and favorabk. More importantly, composite materials
enable structures to be designed to provide sggmfiadvantages such as weight reduction, over
traditional engineering materials, whilst maintamithe required level of performance and
reliability. It is also easily knitted and wovertondesired textiles to meet different engineering
requirements. Usually the fiber glass is embedddirwa plastic matrix to form a composite
known as glass reinforced plastic (GRP). In contposiructures, matrix, also called binder, is
the resin used to hold fibers in position and nmhleeblade strong.
For comparative purposes, values are also presefited

» compressive strength- to - weight ratio,

> fatigue strength as a percentage of compressigrgitr,

» stiffness- to- weight ratio,
For the material investigation coupon specimenswet on-axis from a 0°, £45,90° glass fiber
epoxy plate. With similar reason as well statecbteethe material in case a laminate is built up
from 60% (volume) unidirectional glass fiber( abbdrs running longitudinally) and 40% epoxy
plate lay-up material is selected, and its strattproperties are [27 ]:

Young's modulus : E, =34.412GPaE, = E, = 6.531GP
Poisson’'sratio : vy, =v,, = 0.217,v,, = 0336

Shear modulus Gy, = G, = 2.433GPaG,, = 1.698GPa
Density :  p = 2000 kgm®

Ultimate tensile strength (UTS) = 370MPa,

Ultimate compressive strength (UCS) = 235MPa, [27 ]
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4.5 Stresses On Blade:

Power of tapping from wind energy systems has Imgbact on the economic analysis of this
type of energy and capture energy from the winbditer dependents the blade design and the
relevant factors. Wind turbines are exposed toousrstresses and loads, and due to the nature of
the wind, the loads are highly variable. Design étynamic loading compared with static
loading, due to the emergence of the phenomendetigtie is much harder. Since experimental
studies are very expensive and time consuminga&stg because of the complex geometry, and
analytical methods are lacking in this case, théepe solution is using numerical methods. In
other words, one of the suitable methods to evalaatew design of wind turbine blades is the
numerical modeling

The blade is modeled as a cantilever, the bastkisfcalculation is a simplified beam theory
model. Each cross-section is therefore divided thtee basic geometrical shapes, a rectangle
representing the box spar, a half ellipsoid andiangle representing the leading and trailing
edges respectively.

The airfoil profile of NACA 4412 was generated. Specifications of the blade areyePo
0.5-1.5 kW, root chord lengtfs) = 334mm, tip chord length 182.1mm, blade lengtth) =
1500mm, hub diameter 90mm, hub lengtk= 150mm, hub to blade (neck) length150mm.

To simplify the calculations a symmetrical crosst®em is assumed. The spar is linearly tapered
from the blade root to the tip. All applied load® @aransformed along the appropriate axes to
find the appropriate stresses along these axes.

By applying the aerodynamic loads, the stress @mathsare analyzed. In order to optimization,
the chord length and the twist angle of the bladeasious radiuses have been calculated by
BEM.
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The purpose of the analysis is that the stressstrath analysis be done on the blades. Now we
want to examine whether the optimized blade, hasaihility to withstand the aerodynamic
loads? What is the reliability of wind turbine ro2oAnd the maximum principal stress in the
rotor blades is not higher than the yield stressorber to validate wind turbine blade in stress
analysis, at first, blade approximated with a dewéir beam, and non-uniform compressive force
applied to the beam. Length of the tapper beam mB9@nd its average mean cross-sectional
width and heigh#9.44Inm and 54.6923mm respectively. The following caltiohs to obtain
the maximum stress and displacement end of beamewéct solution, have been performed.
The blade was modeled as a cantilever with one fellg constrained and a uniformly
distributed load 0f3270.05N applied on its upper surface(face). In generalatpmn the blade

is not subject to the full loading as experienaedhis model due to the variance in the twist
angle of the blade. It was chosen to determinexénerae scenario to ensure the blade was of a
sufficient standard.

bh3 _ 49.441(54.6923)3
12 12

I = = 674038.2808 mm*

bh? _ 49.441(54.6923)2
6 6

= 24648.37942nm?>

7 =

* Maximum Deformation at the blade Tip:
5 = Rl
max 8EI
s = 3270.05N ( 1500mm )*
max 8 * 34.412 * 10°pa * 674038.2808 mm*

Smax = 0.0892144m

8y = 89.2144mm
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e Maximum Stress at Support :
Ryl
o = —
max 27

. 3270.05 * 1500
Omax = 5 54648.37942

Omax = 99.5 Mpa

e Pressure:

R}, 3270.05N

P= "4 T (334 +1500)mm?

p = 6.52704 kpa

KASSAHUN GASHU MELESE; Master's Thesis; Addis Ababa University, AAiT, School of Mechanical and Industrial Engineering 51



In this chapter, design of a HAWT blade has begiagned and shown the results. Figure 5.1 to
Figure 5.3 show the arrangements of different Aisfdhe position of pressure and the model of
blade by SLIDWORK software. From Figure 5.4 to figlb.30 show how the maximum stress
distribution around the blade root ,the minimumessr at the blade tip, the maximum
deformation at the blade tip and the minimum defdrom at the blade root by considering a
The

maximum pressure is assumed to be created by ewmgydof resultant load and the power

mean average wind speed data, the maximum and ommiqressure on the blade .

output .

CHAPTER 5
RESULT AND DISCUSSION

Table 5.1 The values done by ANSYS15 workbencheahent mesh size of 1.3979mm

Y

Month 10m height Mean Max. Stress Min. Stress (pa) Max.Defor Power
Wind Speed (m/s) (Mpa) mation (m (Watt)
1 (JAN) 6.36 72.3949 3.19966 E+2 0.060679 594.5]
2(FEB) 6.73 76.6066 3.38581E+2 | 0.064209 704.44
3(MAR) 6.22 70.8013 3.12923E+2 | 0.059344 556.12
4(APR) 6.13 69.7768 3.08396E+2 | 0.058485 532.33
5(MAR) 6.33 72.0534 3.18457E+2 | 0.060393 586.15
6(JUN) 7.67 87.3065 3.85872E+2 | 0.080031 1042.76
7(JUL) 8.26 94.0224 4.15555E+2 | 0.088698 1302.38
8(AUG) 8.15 92.7702 4.10020E+2 | 0.086311 1251.04
9(SEP) 6.89 78.4278 3.46631E+2 | 0.065736 755.88
10(OCT) 6.15 70.0046 3.09402E+2 | 0.058676 537.55
11(NOV) 6.17 70.2322 3.10408E+2 | 0.058867 542.81
12(DEC) 6.31 71.8258 3.17452E+2 | 0.060202 580.14
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Figure 5.1 Solid work Model of NACA 4412 Airfoilrpfiles.

Figure 52 Solid work Model of single blade
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Figure 5.3 Wind pressure at blade

5.1 Minimum wind speed of V = 6.13 m/s for power production purpose :

Figure 54 A 1.3979mm element size mesh
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Figure 5.5 Equivalent (von mises ) stress at \1:36Vs

Figure 5.6 Maximum Deformation at the tip at V2&n/s
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}z

Figure 5.7 Maximum Principal Stress at V= 6.13m/s

P

Figure 5.8 Maximum Shear Stress at V= 6.13m/s
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Table 5.2 All results at V= 6.13m/s

. . Maximum . Maximum Maximum
Object Equivalent Total L Maximum S .
. Principal Principal | Shear Elastic
Name Stress Deformation Shear Stress . . .
Stress Elastic Strain Strain
State Solved
Scope
Scoping .
Method Geometry Selection
Geometry All Bodies
Definition
Equivalent Total Maximum Maximum Maximum Maximum
Type| (von-Mises) Deformation Principal Shear Stress Principal | Shear Elastic
Stress Stress Elastic Strain Strain
Integration Point Results
Display
Option Averaged Averaged
Results
Minimum 3.084 e-004 o.m -6.579e+001 | 9.75619 e-005 | 1.4678e-008 | 6.5677e-008
MPa ' MPa MPa m/m m/m
. 6.9777e+001 |5.8485e-002 | 4.522+001 | 2.36498e+001 | 1.1561e-002 | 1.751e-002
Maximum
MPa m MPa MPa m/m m/m

In the above figure5.4 to figure5.8the minimum mewaarage wind speed V= 6.13m/s created an
resultant loads of 2426.798N is applied in thsigpge x- direction. It is possible to apply forces
in the local direction specified by the user. Thepot power at this wind speed is 532.33watt.
This amount of power is produced from a single inglblades and can operate 16.1312 number
of lamps for three hours per day of working time the power consumption of each lump is
11watt.

In the Table 5.2 listed all results after applyoigplacement and load boundary conditions and
computing, the analysis can be run. The resultiog Wlisses stress, Directional Deformation,
Maximum Principal Stress, Maximum Shear Strddsximum Principal Elastic Strain and
Maximum Shear Elastic Strain are displayed abdwve,nhaximum Von Misses stress value in
ANSYS 15 Workbench is 69.7768MPa at the root amdntfaximum deformation is 0.058485m

occur at the tip of blade.
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5.2 wind speed of V = 8.26 m/s for design purpose:

Figure 59 A 1.3979mm element size mesh

i: Model, Sta
Eqguivalent Stress
Type: Equivalent (von-Mises) Stress
nit: Pa

Tirnea: 1

M 272015 11:36 AM

9.40224e7 Max
2.38933e7
B.07183e6
1.542308e6
3.92110e5
9.96442e4
253215824
£.43488e3
1.63625e3
4.15555e2 Min

}_._,z

Figure 510 Equivalent(von messes )stres¥at8.26m/s
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Figure 5.11 Maximum stress at the root at V= 8.26m

A: Model, Static Structural
Total Deformation

Type: Total Deformation ANSYS

Unit: m R15.0
Time: 1
31 22015 3:37 PM

0.088698 Max
0.078843
0.068987
0.059132
0.048277
0.035421
0.025566
0.018711
0.0088553

0 Min

},,,z

Figure 5.12 Maximum deformation at tip at V= 8.26m
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3

Figure 5.13 Maximum Principal Stress at V= 8.26m/s

'},.J,Z

Figure 5.14 Maximum Shear Stress at V= 8.26m/s
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Table 5.3 All results at V= 8.26m/s

. . Maximum . Maximum Maximum
Object| Equivalent Total o Maximum o .
. Principal Principal Shear Elastic
Name Stress Deformation Shear Stress . . .
Stress Elastic Strain Strain
State Solved
Scope
Scoping .
Method Geometry Selection
Geometry All Bodies
Definition
Equivalent Maximum . Maximum Maximum
Type| (von-Mises) Def;)rr()r’:z:tion Principal Sr':/claz):lrgtﬂrenss Principal Shear Elastic
Stress Stress Elastic Strain Strain
Integration Point Results
Display
Option Averaged Averaged
Results
Minimum 4.15e-004 0.m -10.473 MPa 2.2391e-004 | 1.9778e-008 | 8.8497e-008
MPa MPa m/m m/m
Maximum| 94.022 MPa 8.86987e- 72942 MPa 5.4278e+007 | 1.5578e-002 | 2.3595e-002
002 m MPa m/m m/m
Wind Speed(m/s)
9
8
7
6
5
4
3 B Wind Speed(m/s)
2
1
0

Figure 5.15 Annual average wind speed in m/s
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Figure 5.16 Maximum Stress Results at different sadnvind speed
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Figure 5.17 Output Power Results at different Annviad speed
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In the above figure5.9 to figure5.17 the maximunmamaverage wind speed V= 8.26m/s created
a resultant load of 3270.05N is applied in thetp@sx- direction. It is possible to apply forces
in the local direction specified by the user. Thpot power at this wind speed is 1302.38watt.
This amount of power is produced from a single ihelblades and can operate 39.466 number
of lamps for three hours per day of working time the power consumption of each lump is
11watt.

In the Table 5.3listed all results after applyingpthcement and load boundary conditions and
computing, the analysis can be run. The resultiog Wiisses stress, Directional Deformation,
Maximum Principal Stress, Maximum Shear Strddsximum Principal Elastic Strain and
Maximum Shear Elastic Strain are displayed above,displayed above, the maximum Von
Misses stress value in ANSYS 15 Workbench is 944882a and the maximum deformation is
0.088698m.

In both above cases the stresses on the blade atechelow the yield strength of the selected
material.

The maximum stress from the ANSYS 15 workbenchbigioed 94.0224MPa. As previously
done, the ANSYS 15 workbench value is compared with analytical value. The calculated
value is found 99.5MPa. The percentage error i%5his percentage error is found because of

a 1.3979mm element size mesh to minimize the mesiagyof the computer.
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5.3 Modal Shape:

N Ursaved Proi

Table 5.4 Modal Shape analysis at workbench

File  View Toolz Units Extensions  Help

()R] eroject |
ﬁjlmport...

Project Schematic

I8 — Static Structural
2@ Engineering Data
5 .@ Gelometrym

4 @ Model

5 @ Setup

| 6% Solﬁﬁon

7 @ Results

Model, Static Structural

= Reconnect Refresh Project / Update Project

—

W " Modal

v ,——M2 & EngneeringData

v ‘—IS Geomeh'};
v R4 @ Model

v ,_/* 5 @ sewp
v b H% Solution

7 4 7| @ Resuts

Modal

v 4
¥ a

v 4
v 4
L

| El Analysis Systems

4 DesignAssessment

(&) Electric

¥ Explicit Dynamics

@ Fluid Flow - Blow Malding (Polyflow)

@ Fluid Flow- Extrusion{Polyflow)
(3 Fluid Flow(cFX)

@ Fluid Flow (Fluent)

@ Fluid Flow {Palyflow)

@ Harmonic Response

@ Hydradynamic Diffracion

E"g Hydrodynamic Time Respanse
ﬁ IC Engine

ﬁ Linear Buckling

ﬂ Linear Buckling {Samcef}

[f) Magnetostatic

I—E Modal

“ Modal (Samcef)

m Random Vibration

Response Spectrum

fz Rigid Dynamics

[l Static Structural

f Static Structural (Sameef)

WY steady-State Thermal

W steady-State Thermal {Samcef}
Efy Thermal-Electric

@ Throughflow

ﬁ Transient Structural

Ezd Transient Structural (Samcef)
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0.045038
0.

Figure 5.18 First natural mode of the blade atdezgry of 5.906Hz.

Table 5.5 Modal Shape analysis at workbench

Modal

Frequency Hz.

5.906

7.214

21.425

27.146

54.835

OO WIN|F

77.374
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Figure 5.19 Values of frequency at different Modals

Figure 5.20 Second natural mode of the blade gquéecy of 7.214.
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Figure 5.21 Third natural mode of the blade atdesgy of 21.425.

Figure 5.22 Fourth natural mode of the blade ajueacy of 27.146.
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Figure 5.23 Fifth natural mode of the blade atdetey of 54.835.

Figure 5.24 Sixth natural mode of the blade atdesqy of 77.374.
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Results of the modal analysis are presented inrdlga8 to figure5.24 and Table 5.5. The
ANSYS Workbench modal frequencies provide satisigctorrelation of the result for first six
natural frequencies. However, for higher frequentie deformation also different. This can be
explained by the fact that higher frequencies amreminfluenced by structural deviations.
Usually for small turbine blades evaluations oftunal frequencies are of interest. Therefore, in
general it can be concluded that the ANSYS Workhanodel is validated for modal shape of
blade.

5.4 Assembly blade:

Figure 5.25 Solid work Model of Assembly Blades
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Figure 526 Solid work Model of Assembly at rot

The above figure5.2&nd figurs.36 are the assembly modbkisSolid work software, to sho
the assembly of the three blades within the hubth@denter to center angle of eachsecutive

blades is 120

Figure 5.27A 1.3979mm element size mesh Assembly blac
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Time:
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31500863
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Figure 5.28 Stress on Assembly blade
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Figure 5.29 Maximum Stress on Assembly blades
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Min =

Figure 5.30 Maximum Deformation on Assembly blades

In the above figure5.37 to figure5. 30, the analydistress and deformation done by ANSYS15
WORKBANCH software, to show the positions of maximstresses and deformations when a
different an aerodynamics loads, wind speeds andmoen pressures are applied on the faces of
the blades the maximum stresses at the root pitie dlades and the maximum deformations at
the tip parts of the blades because of the presisirgbution on the three blades are varies with
the pressure on single blade so that the maximuessstand maximum deformation also

different.
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CHAPTER 6
CONCIUSION AND RECOMMENDATION

6.1 CONCLUTION:

In this study, design and stress analysis of sstlle horizontal-axis wind turbine blade was
investigated . Wind turbine blades are the pivothef other parts of a wind turbine in electricity
production since they extract the energy from tiredvand carry this energy to generators which
produce electricity. The interaction between thendviand the blades is related to the
aerodynamic, gravitational and centrifugal forcesng on the blades. While the wind is passing
through the area swept by a rotor it leaves itsespart of energy on the blades resulting from
these forces interaction. Hence it is limited te #erodynamic aspect during the study of HAWT
blade design. From the literature and backgroundhisf thesis, when a resultant loading or
pressure is applied on the wind blade body, siheélade considered as a cantilever beam that

is support at the root part (hub), the general aehthe analysis shows as follow.

1. Based on the collected wind speed date from MeBerana and gathering of information
from literatures, developing of mathematical mofiela single and assembly wind blade that
produced power that can be used electrificationdbrcommunities has been analyzed and

designed for Laga-Gula kebele.

2. For a mean average wind speed data of 6.13m/sudead this minimum wind speed, the
loads are minimum, pressure is minimum, stres®at y blade deformation is at tip and the
minimum amount of power is produced. This shows the probability of failures decrease but
insufficient power is produced. More over this, thesis shows that the output power produced
by this wind speed can operate only 16.1312 nurab&amps per day for only three hours i.e.

the power consumption of each lamp is 11W.

3. For a maximum wind speed data of 8.26m/s, becatithis maximum wind speed, the loads
are maximum, pressure is maximum, maximum stressoat, maximum blade deformation is at

tip and the maximum amount of power is produceds Bhows that the probability of failures
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increase and sufficient power is produced. Morer this, the thesis also shows that the output
power of 1302.38watt produced by this wind speadaj@erate 39.466 lamps per day for three
hours i.e. the power consumption of each lamp W.11

Those points show us how wind speed varies thesstoeformation and power . This helps us
how we should treat wind speed behaviors duringgdedt also helps to determine blade
dimension and airfoil selection during design, eladvestigation after manufacturing and during
maintenance to investigate the position of maxinstmass and deformation on blade. According
to the results the maximum stresses occur at ghpostiand the maximum deformation occur at
the tip of the blade.

To get sufficient power for the Laga-Gula rural coomities i.e. for 193 number of households
design a number of turbines for example the nurobéurbines is twelve the output power will
be 6387.96watt per day by minimum wind speedcdin operate 193.5745 lamps per day for
three hours i.e. the power consumption of each lsdW. If the wind speed is maximum the
total output power of all twelve turbines will b&@28.56watt. It can operate 473.5927 lamps

per day for three hours i.e. the power consumpfogach lamp is 11W.

6.2 Recommendations of Future Work:

As mentioned before, the goal of this dissertatiesearch was the determination design and
stress analysis of wind blade parameter for Lagk@ual communities . This thesis determined
the behaviors of maximum stress, maximum deformagind sufficient power parameters for
minimum and maximum average wind speed cases. Hawévis easy to conclude that to
satisfied the electric power for all Laga-Gula tucammunities it needs a least twelve wind
turbine blades and the results of the maximum sta¢goot, maximum deformation at tip and
sufficient power produced at maximum average wipeks criterion can be evaluated. However,
number suggestion can be made, the following futwoiks can be the initial of similar kinds of

research:
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» Design and stress analysis of small scale Horitaots wind turbine blades by the
Actuator disk theory and The Betz limit.

» Experimental testing of small-scale wind turbines.

» Design and stress analysis of small scale Vertsad wind turbine blades for rural
electrification(:5kW).

» Design and stress analysis of small scale Horitaots wind turbine blades by the
composite material of Carbon Fiber reinforced ptast

» Blade Performance Analysis and Design Improvemésirall horizontal wind turbine
for rural areas.

» Design and characterization of a Small horizontaldiurbine model equipped with
pitching system

» Design and fabrication of a new small horizontataviurbine blade.

» Design of gearbox and Nacelle for small scale #torial axis wind turbine blades.

» Setup and performance test of a small-scale haataxis wind turbine.

» Design of wind turbine tower and foundation systemgmization approach.
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Appendices:
The analysis of stresses and deformations by ANSY SVORKBEANCH at different average

monthly wind speeds data at Negele Borana towrugt £dne.

Material Data :
Epoxy-E Glass fiber Reinforced plastic (GRP)

Epoxy-E Glass fiber Reinforced plastic (GRP) > Gants
Density| 2000 kg m”-3

Table M1 Epoxy-E Glass fiber Reinforced plastic @R Orthotropic Elasticity

VIS Young's Young's
Modulus 9 9 . , . . . , Shear Shear Shear
Temperature Modulus Y | Modulus Z| Poisson's | Poisson's | Poisson's
. direction| direction| Ratio XY | Ratio YZ| Ratio XZ SOUIS SERLUS - e
direction XY (MPa) | YZ (MPa)| XZ (MPa)
MPa MPa MPa

3.44e+04|6.53e+003 | 6.53e+003| 0.217 0.336 0.217 |2.43e+003| 1.7e+003 |2.43e+003

Table M2 Epoxy-E Glass fiber Reinforced plastidk@® > Orthotropic Strain Limits

Temperature Tensile X Jensle Tensile Z| Compressive | Compressive | Compressive Shear Shear
vz Shear XZ

C direction| . .Y direction X direction Y direction Z direction XY
direction

2.44e-002 |3.5e-003| 3.5e-003 | -1.5e-002 -1.2e-002 -1.2e-002 |1.6e-002|1.2e-002 | 1.6e-002

Table M3 Epoxy-E Glass fiber Reinforced plastic R Orthotropic Stress Limits

Tensile X| Tensile Y | Tensile Z| Compressive  Compressive Compressive| Shear Shear YZ Shear
direction| direction| direction| X direction| Y direction| Z direction XY (MPa) XZ
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)| (MPa) (MPa)

1.1e+003|3.5e+001 | 3.5e+001 | -6.75e+002 -1.2e+002 -1.2e+002 (8.e+001|4.6154e+001|8.e+001

Temperature
C
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Mesh:
Tal4 Model(A4) > Mesh

‘ Object Name ‘ Mesh }

Relevance Center Fine
Element Size 1.397%-003 m

Appendix A:

V=6.36 m/s

Figure Al Directional Deformation
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Solution :

}L,z

Figure A2 Equivalent Stress at V= 6.36m/s

Table A1 Model (A4) > Static Structural (A5) > 8tbn (A6) > Results

Type

Display

Equivalent
(von-Mises)
Stress

Total
Deformation

Maximum
Principal
Stress

Maximum
Shear Stress

. . Maximum . Maximum Maximum
Name  Siess | Deformatin | Prncieal | GhSUSTL | Principal | Shear Elastic
Stress Elastic Strain Strain
State Solved
eIy Geometry Selection
Method
Geometry All Bodies

Maximum
Principal
Elastic Strain

Maximum
Shear Elastic
Strain

Option Averaged Averaged
- 319.97 e-006 -1.1626e+001 | 172.41 e-006 | 1.5229e-008 | 6.8141e-008
AT MPa 0.m MPa MPa m/m m/m
Maximum 7.2395e+001 | 6.0679e-002 | 7.0976e+001 | 4.1793e+001 | 1.1995e-002 | 1.8167e-002
MPa m MPa MPa m/m m/m
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Appendix B:

V=6.73m/s

Figure B1 Directional Deformation

Min 4

}._,z

Figure B2 Equivalent Stress at V= 6.73m/s
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Solution :

Table B 1 Model (A4) > Static Structural (A5) >I&on (A6) > Results

Type

Display

Equivalent
(von-Mises)
Stress

Total
Deformation

Maximum
Principal
Stress

Maximum
Shear Stress

Object Equivalent Total hg%'g?ﬁ;? Maximum I\gﬁ)r(:cr:?[?;? Srl:ﬂ: "::'E:gli c
Name Stress Deformation Stress Shear Stress Elastic Strain Strain
State Solved
Scoping Geometry Selection
Method
Geometry All Bodies

Maximum
Principal
Elastic Strain

Maximum
Shear Elastic
Strain

Option Averaged Averaged
Minimum 338.58e-006 0 m -1.2303e+001 | 182.44 e-006 | 1.6115e-008 | 7.2105e-008
MPa ’ MPa MPa m/m m/m
Maximum 7.6607e+001 | 6.4209e-002 | 7.5686e+001 | 4.4224e+001 | 1.2692e-002 | 1.9224e-002
MPa m MPa MPa m/m m/m
Appendix C:
V=6.22m/s

| 0.039562
] 0.032868
0.026375
0.019781

0.013187
0.0065837
0 Min

Figure C1 Directional Deformation
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Solution :

}._,z

Figure C2 Equivalent Stress at V= 6.22m/s

Table C1 Model (A4) > Static Structural (A5) > 8idn (A6) > Results

Type

Equivalent
(von-Mises)
Stress

Total
Deformation

Maximum
Principal
Stress

Maximum
Shear Stress

Maximum
Principal
Elastic Strain

. . Maximum . Maximum Maximum
?\gﬁg Eqsutlrveaslgnt Defc-)r:)r:]a;tion Principal Sr':/t!-:aa):msjturrenss Principal Shear Elastic
Stress Elastic Strain Strain
State Solved
Scoping .
Method Geometry Selection
Geometry All Bodies

Maximum
Shear Elastic
Strain

Display
Option Averaged Averaged
- 312.92 e-006 -1.137e+001 | 168.61 e-006 | 1.4894e-008 | 6.6641e-008
AT MPa 0.m MPa MPa m/m m/m
Maximum 7.0801e+001 | 5.9344e-002 | 7.9193e+001 | 4.0873e+001 | 1.1731e-002 | 1.7768e-002
MPa m MPa MPa m/m m/m
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Appendix D:

V=6.33m/s

Figure D1 Directional Deformation

}L,Z

Figure D2 Equivalent Stress V= 6.33m/s
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Solution :

Table D1 Model (A4) > Static Structural (A5) > 8tbn (A6) > Results

Display
Option

Averaged

. Maximum . M"".X"T‘“m Maximum
Object Equivalent Stress Total Princinal Maximum Principal Shear
Name q Deformation P Shear Stress Elastic Elastic

Stress . .
Strain Strain
State Solved
SEEnE Geometry Selection
Method
Geometry All Bodies

Maximum

Tvpe Equivalent (von- Total '\gﬁ)r(]'g?u;? Maximum Principal Shear
yp Mises) Stress Deformation P Shear Stress Elastic Elastic
Stress . .

Strain Strain

Averaged

Maximum

. -1.1571e+001 | 171.59 e-006 | 1.5157e-008 | 6.7819e-
Minimum | 318.46 e-006 MPa 0. m MPa MPa m/m 008 m/m
. 6.0393e-002 | 7.0594e+001 | 4.1596e+001 |1.1938e-002| 1.8082e-
Maximum | 7.2053e+001MPa m MPa MPa m/m 002 m/m
Appendix E:
V=7.67m/s

0071393

0062469

] 0053545

L] 0.044621
0.035697
0026772
0017848
0.0089241
0 Min

>,,z

Figure E1 Directional Deformation
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Solution :

},,z

Figure E2 Equivalent Stress at V= 7.67m/s

Table E1 Model (A4) > Static Structural (A5) > Stdun (A6) > Results

Type

Display

Equivalent
(von-Mises)
Stress

Total
Deformation

Maximum
Principal
Stress

Maximum
Shear Stress

. . Maximum . Maximum Maximum
?\gﬁg Eqsutlrveaslgnt Defc-)r:)r:]a;tion Principal Sr':/t!-:aa):msjturrenss Principal Shear Elastic
Stress Elastic Strain Strain
State Solved
Scoping .
Method Geometry Selection
Geometry All Bodies

Maximum
Principal
Elastic Strain

Maximum
Shear Elastic
Strain

Option Averaged Averaged
- 385.87 e-006 -1.4021e+001 | 207.92 e-006 | 1.8366e-008 | 8.2176e-008
AT MPa 0.m MPa MPa m/m m/m
Maximum 8.7306e+001 | 7.3178e-002 | 8.7654e+001 | 5.0401e+001 | 1.4465e-002 | 2.191e-002
MPa m MPa MPa m/m m/m
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Appendix F:

V= 8.15m/s

Figure F1 Directional Deformation

F,z

Figure F2 Equivalent Stress at V= 8.15m/s
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Solution :

Table F1 Model (A4) > Static Structural (A5) > 8dn (A6) > Results

Type

Display

Equivalent
(von-Mises)
Stress

Total
Deformation

Maximum
Principal Stress

Maximum
Shear Stress

Maximum
Principal
Elastic Strain

Object| Equivalent Total Maximum Maximum “g{;ﬁ'g:;? Sr’:’é Zflrl];l:r:tic
Name Stress Deformation |Principal Stress| Shear Stress Elastic Strain Strain
State Solved
eIy Geometry Selection
Method y
Geometry All Bodies

Maximum
Shear Elastic
Strain

Option Averaged Averaged
- 410.02 e-006 -1.4898e+001 | 220.93 e-006 | 1.9515e-008 | 8.7319e-008
AT MPa 0.m MPa MPa m/m m/m
Maximum 9.277e+001 | 7.7757e-002 | 9.0377e+001 | 5.3556e+001 | 1.5371e-002 | 2.3281e-002
MPa m MPa MPa m/m m/m
Appendix G:
V=6.89m/s

0.051128
[] 0.043824
L] 0.03652

0.029218

0.021912

0.014608
0.007304
0 Min

Figure G1 Directional Deformation
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B403e
3.46631e2 Min

},.*z

Figure G2 Equivalent Stress at V= 6.89m/s

Solution :

Table G1 Model (A4) > Static Structural (A5) > Stdm (A6) > Results

Type

Equivalent
(von-Mises)
Stress

Total

Deformation

Object| Equivalent Total '\g%'gs;? Maximum “gﬁ’:}';?{;lglq Srl:/tla«;):lgll;rsrl .
Name Stress Deformation Stress Shear Stress Elastic Strain Strain
State Solved
Scoping _
Method Geometry Selection
Geometry All Bodies

l\gﬁ)r(]?;;r szl);i nSfltur:anss hgﬁ):‘lg?ﬁ;?
Stress Elastic Strain

Maximum
Shear Elastic
Strain

Display
Option Averaged Averaged
- 346.63 e-006 -1.2595e+001 | 186.78 e-006 | 1.6498e-008 | 7.3819e-008
AT MPa 0.m MPa MPa m/m m/m
Maximum 7.8428e+001 | 6.5736e-002 | 7.7723e+001 | 4.5276e+001 | 1.2994e-002 | 1.9681e-002
MPa m MPa MPa m/m m/m
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Appendix H:

V=6.15m/s

Figure H1 Directional Deformation

},.,z

Figure H2 Equivalent Stress at V= 6.15m/s and p=B§&
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Solution

Table H1 Model (A4) > Static Structural (A5) > 8tbn (A6) > Results

Type

Display

Equivalent
(von-Mises)
Stress

Total
Deformation

Maximum
Principal
Stress

Maximum
Shear Stress

Object Equivalent Total l\é&;);ig?u;? Maximum '\gﬁ);ig?u:? S:]Vé ?;igll;rsqic
Name Stress Deformation P Shear Stress neipal .
Stress Elastic Strain Strain
State Solved
Scoping Geometry Selection
Method Y
Geometry All Bodies

Maximum
Principal
Elastic Strain

Maximum
Shear Elastic
Strain

Option Averaged Averaged
Minimum 309.4 e-006 0 m -1.1242e+001 | 166.71 e-006 | 1.4726e-008 | 6.5891e-008
MPa ’ MPa MPa m/m m/m
Maximum 7.0005e+001 |5.8676e-002 | 6.8302e+001 | 4.0413e+001 | 1.1599e-002 | 1.7568e-002
MPa m MPa MPa m/m m/m
Appendix I:
V=6.17m/s

0.026163
0.019622

0.0130&1
0.0065407
0 Min

Figure | 1 Directional Deformation
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Solution :

}:,z

Figure | 2 Equivalent Stress at V= 6.17m/s

Table 1 1 Model (A4) > Static Structural (A5) > 8bbn (A6) > Results

Type

Equivalent
(von-Mises)
Stress

Total

Deformation

Maximum
Principal
Stress

Maximum
Shear Stress

Object Equivalent Total '\g%?;;? Maximum '\g{;ﬁ::rl::r Sil:gz);lglggi c
Name Stress Deformation Shear Stress . . .
Stress Elastic Strain Strain
State Solved
Sl\zgg:gg Geometry Selection
Geometry All Bodies

Maximum
Principal
Elastic Strain

Maximum
Shear Elastic
Strain

Display
Option Averaged Averaged
- 310.41 e-006 -1.1279e+001 | 167.26 e-006 | 1.4774e-008 | 6.6105e-008
AT MPa 0.m MPa MPa m/m m/m
. 7.0232e+001 | 5.8867e-002 | 6.8556e+001 | 4.0545e+001 | 1.1636e-002 | 1.7625e-002
Maximum
MPa m MPa MPa m/m m/m
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Appendix J:

V=6.31m/s

Figure J 1 Directional Deformation

}._,z

Figure J 2 Equivalent Stress at V= 6.31m/s
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Solution :

Table J 1 Model (A4) > Static Structural (A5) > @Gbdn (A6) > Results

: . Maximum . Maximum Maximum
Object| Equivalent Total U Maximum S .
. Principal Principal | Shear Elastic
Name Stress Deformation Shear Stress : . .
Stress Elastic Strain Strain
State Solved
Scope
Scoping .
Method Geometry Selection
Geometry All Bodies
Definition
Equivalent Total Maximum Maximum Maximum Maximum
Type| (von-Mises) Deformation Principal Shear Stress Principal | Shear Elastic
Stress Stress Elastic Strain Strain
Integration Point Results
Display
Option Averaged Averaged
Results
Minimum 317.45 e-006 o.m -1.1535e+001 | 171.05 e-006 | 1.5109e-008 | 6.7605e-008
MPa ' MPa MPa m/m m/m
. 7.1826e+001 | 6.0202e-002 | 7.0339e+001 | 4.1464e+001 | 1.19e-002 | 1.8025e-002
Maximum
MPa m MPa MPa m/m m/m
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Appendix K:

V=8.26m/s

Min =

Figure k 1 Directional Deformation at V= 8.26m/s
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Figure K 2 Equivalent Stress at V= 8.26m/s

Solution :

Table K1 Model (A4) > Static Structural (A5) >18ton (A6) > Results

Object Name Equivalent Stress |Tota| Deformation
State Solved
Scoping Method Geometry Selection
Geometry All Bodies

Equivalent (von-Mises) Stress| Total Deformation

Display Option|  Averaged | |

Minimum 869.84 e-006 MPa 0.m

Maximum 9.319e+001 MPa 5.8849e-002 m
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