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ABSTRACT
The sites with good wind energy conditions in Tanzania have motivated some local
craftsmen to manufacture wind turbines using local and imported materials.
However, some studies have shown that these turbines have low performance. In this
study, theoretical approach has been carried out to assess the influence of TSR,
solidity and Re on the aerodynamic performance of nine selected locally fabricated
wind turbines in Tanzania. Three manufacturing centers namely, Dar es Salaam,
Singida and Makambako were selected and three different HAWT rotor blades from
each center were put under testing. Their respective rotor radii and chord widths

were measured and used to determine their TSR, solidity and Re.

The measured TSRs were 0.63, 0.70, 0.79, 0.90, 1.57, 2.09, 2.51, 3.14, and 4.19.
Unlike 4.19, the rest values were below the recommended range between 4 and 10
for which WECS are recommended to generate large scale electricity. The respective
measured solidities were, 0.90, 0.10, 0.13, 0.17, 0.18, 0.28, 0.88, 1.07 and 1.22.
These solidities were found to be above the proposed range between 0.01 and 0.05
for which WECS are designed to generate large scale electricity. These high
solidities lead into high torques reducing rotational speed of the WECS. The
measured Re,were 86,030, 99,265, 100,589, 102,574, 125,736, 138,972, 145,589,

145,589 and 152,207. These Revalues are below the standard Re which is at least

1x10%implying that they exhibit turbulent flow with high level of drag coefficient
that influences low performance of the WECS. The 3 - bladed wind turbine from
Matiya in Singida was found to have good TSR of 4.19 though its solidity was found
to be above the recommended standard values range. It needs an optimization of its
chord and radius to improve its efficiency. Therefore, these wind turbines can only
generate small scale electricity due to their poor aerodynamic performances.
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CHAPTER ONE

INTRODUCTION
1.1  General Introduction
Locally fabricated wind turbines industry in Tanzania is growing day by day as the
number of craftsmen dealing with small stand - alone wind energy systems is
increasing. The most popular craftsmen are in Makambako, Dar es Salaam, Singida,
Songea and Manyara (Msuya, 2015). These craftsmen fabricate various types of
wind turbines and windmills using locally available and few imported materials.
Most of the locally fabricated wind turbines have low efficiency and as a result they
have poor performance compared to the standard wind turbines (Talam, 2011 and
Msuya, 2015). These authors argued that the low efficiency is caused by a number of
factors including bad arrangement of the blades, poor geometry of blades; nature of
material used and design parameters. The design parameters include among others
the rotor diameter, chord distribution and twist of the blade. These design parameters
add to aerodynamic drag and boundary layer separation if not properly designed.
They further suggested that the local craftsmen need more technical skills that would

help them to optimize their wind turbines.

To improve these wind turbines there is a need to pay more attention to the rotor
blade which is the most important part of a wind turbine for capturing wind.
Normally the blade must be airfoil shaped to efficiently convert the wind’s kinetic
energy to rotational energy. The blade performance is influenced by different design
parameters including Tip Speed Ratio (TSR), number of rotor blades, optimum shape
of the rotor blade, rotor blade thickness, solidity, Reynolds number (Re) as well as
nature of the material (Cagle et al. 2007). According to Tony et al (2001), Reynolds
number is a unit less number applied in fluid mechanics to indicate whether fluid
flow past a body or in a duct is steady or turbulent. For the case of wind energy the
Re indicates how steady or turbulent the air flow past a blade of a wind turbine is.
Assessment of the local wind turbine parameters in comparison to the standard
design levels would help to improve performance of the rotor blades of these local
wind turbines. Knowledge of rotor blade materials used is also necessary to improve

performance of the locally fabricated wind turbines. Thus, for optimal wind turbine



blade performance, materials for the design of wind turbines rotor blades should
meet the following criteria as Hansen (2008) suggested: trouble free processing to
reduce maintenance cost, low density to diminish gravitational forces, high strength
to withstand strong loading of wind, high fatigue resistance to withstand cyclic
loading, high stiffness to ensure stability of the optimal shape and orientation of the
blade, high fracture toughness, the ability to withstand environmental impacts such
as lightning strikes, humidity and temperature. Metals would be unwelcome because
of their vulnerability to fatigue. Ceramics have low fracture toughness, which could
result in early rotor blade failure. Traditional polymers are not rigid enough to be
useful, and wood faces problems of swelling and elongation especially considering
blade length when subjected to wetting due to water. The author concluded that this
leaves fibre-reinforced composites, which have high strength and stiffness and low

density, as a very attractive class of materials for the design of wind turbines.

The rotor blades of locally fabricated wind turbines are not optimized for improved
power output efficiency (Msuya, 2015). Aerodynamic optimization of blade airfoil is
essential in the design of a wind turbine in order to obtain optimal power coefficient
at the design wind speed (Eke and Onyewudiala, 2010). The nature of performance
of the rotor aerodynamics is based on the power output of the wind turbine at a
particular wind speed. Finding the best possible design for the geometric shape of the
rotor can be done by taking into reflection aerodynamic performance, strength and

stiffness necessities and inexpensive production techniques (Habali and Saleh, 1995).

The efficiency of a wind turbine can be improved by modifying the number blades of
a rotor, optimum shape of the rotor blade, blade thickness, solidity, Reynolds number
and design TSR of the rotor (Cagle et al. 2007). For the case of the rotor blade shape,
the wind turbine must be designed in such a way that, for use at high turbulent wind
region it must have smaller diameter rotor and more robust than wind turbines for
lower wind regions (Talam 2011). Therefore, this study focused on the tip speed
ratio, solidity and Reynolds number parameters of the blades of selected Horizontal

Axis Wind Turbines (HAWTS) fabricated in three centers namely Dar es Salaam,



Makambako and Singida. These parameters need to be studied since they are known

to significantly affect the blade performance of the wind turbine.

1.2 Statement of the Problem

The sites with good wind energy conditions in Tanzania have motivated some local
craftsmen to apply their indigenous knowledge to develop and manufacture wind
turbines using locally available and imported materials. However, some studies have
revealed that the locally fabricated wind turbines have low performance (Talam,
2011 and Msuya, 2015). The low performance is likely due to poor aerodynamic
blade designs, poor materials used and bad blade arrangement where the shapes of
the blades used are not airfoil. The way the turbine blades are fixed to the rotor also
contributes to the loss in energy due to wake effect created by high torque. The blade
parameters especially the tip speed ratio, solidity and Reynolds number are known to
have great influence on low aerodynamic performance of blades, yet they have not
been sufficiently studied for subsequent improvement of the local wind turbines.
This study therefore, aims at assessing the influence of tip speed ratio, solidity and
the Re on the aerodynamic performance of selected locally fabricated wind turbines
that can give some light toward improvement of the aerodynamic performance of the

locally fabricated wind turbines.

1.3  Research Objectives
The main objective of this study was to assess the influence of tip speed ratio,
solidity and Reynolds number on the aerodynamic performance of selected locally
fabricated wind turbines in Tanzania. The specific objectives of this study were:
I. To investigate the influence of Tip Speed Ratio on the aerodynamic
performance of selected locally fabricated horizontal axis wind turbines.
ii.  To evaluate the effect of solidity on the aerodynamic performance of selected
locally fabricated horizontal axis wind turbines.
iii.  To assess the influence of Reynolds number on the aerodynamic performance

of selected locally fabricated horizontal axis wind turbines.



1.4 Research Questions
The proposed study intended to provide answers to the following questions:
I.  How does Tip Speed Ratio influence aerodynamic performance of locally
fabricated horizontal axis wind turbine?
ii.  How does solidity affect the aerodynamic performance of locally fabricated
horizontal axis wind turbine?
iii.  How does Reynolds number influence the aerodynamic performance of

locally fabricated horizontal axis wind turbine?

1.5  Significance of the Research

The results of this study may provide information to local wind turbines craftsmen on
how Tip Speed Ratio, solidity and Reynolds number parameters influence the
efficiency of locally fabricated HAWTS. The results may be used to suggest ways on
how the craftsmen can improve the performance of their local wind turbines. The
results may also pave way to increased use of these locally fabricated wind turbines.
The performance of these locally fabricated wind turbines can be improved by
choosing optimal chord width and shape of a blade that conform to the optimal TSR,

solidity and Re parameters.



CHAPTER TWO
LITERATURE REVIEW

2.1  Introduction

This chapter presents an overview of the past literatures and theories concerning
aerodynamic systems of wind turbines for electricity generation. The chapter reports
categories of wind turbines, wind turbine technology in Tanzania, performance of
locally fabricated wind turbine, forces that govern the working principle of a
horizontal axis wind turbine, power coefficient of horizontal axis wind turbines,
solidity of a wind turbine, Tip Speed Ratio of a rotor, blade airfoils uniqueness, blade
plan shape regions and chord length linearization, blade twist angle and loads that act

on a wind turbine blade.

2.2  Categories of Wind Turbines

There are two main categories of wind turbines namely, Horizontal Axis Wind
Turbines (HAWTs) and Vertical Axis Wind Turbines (VAWTS). They are
categorized as such depending on the orientation of the axis of rotation of a rotor
(Gipe, 1993). Figure 2.1 shows a HAWT in which the axis of rotation is horizontal to
the ground.

Blade

Tail Boom

£

Tail Fin

Figure 2.1: Standard Horizontal Axis Wind Turbine. Source:
https://www.google.com.


https://www.google.com/

Figure 2.2 depicts a VAWT in which the axis of rotation is vertical to the ground and
perpendicular to the wind direction. The use of yaw mechanism is not necessary for
this type of Wind Energy Conversion Systems (WECS) because it can receive wind
from any direction (Hansen 2008). Both the generator and the gearbox of such
systems can be built at the ground level, making the tower design easy and cheaper.
Moreover, the maintenance of these turbines can be done at the ground level.
However, VAWT do not take the advantage of stronger winds at higher elevation as
the HAWT do.

Figure 2.2: Standard Vertical Axis Wind Turbine. Source:

https://www.google.com.

Both types of wind turbines have diverse applications in generating power and utility
operation from domestic usage to large scale wind farm (Spera, 1998). The author
reported that these types of wind turbines can be classified as either small scale,
medium scale or large scale. Small scale wind turbines usually have rotor diameter of

less than 12 m and power rating less than 50 kW. Medium scale wind turbines should
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have rotor diameter between 12 m and 45 m with power rating between 50 kW to
999 kW. Large scale wind turbines should have rotor diameter of at least 46 m and

power rating of at least 1 MW.

2.3  Wind Turbine Technology in Tanzania

The technology of harvesting wind energy is not well established in Tanzania though
there have been many attempts to develop wind turbine systems for harnessing wind
energy (Msuya, 2015). There are a number of institutions that depict development of
wind energy technology in Tanzania like ‘Ujuzi Leo Industry’ company in Arusha.
This company manufactured WECS for water pumping but the report depicted that
this machine lacked control at high speeds and its efficiency was also not known
(Kihedu, 2007).

The Institute of Production Innovation (IP1) that was housed at the College of
Engineering and Technology at the University of Dar es Salaam, and the National
Engineering Company (NEC) together constructed a Savonius wind machine for
pumping water (Talam, 2011 and Msuya, 2015). The Center for Agricultural
Mechanization and Rural Technology (CAMARTEC) also has been dealing with
wind energy technology by designing and manufacturing windmills although the
technology couldn’t reach commercial stage due to financial shortage. The
investigation report on installed windmills in thirteen regions of Tanzania mainland
by Nzali and Mushi (2006) revealed that 44 % of the windmills were actively

working while 56 % were not working and their efficiencies were not known as well.

Kainkwa and Mwanyika (2006) reported that there were local technicians at
Makambako in the Southern part of Tanzania who were engaged in designing and
manufacturing local wind turbines using bicycle wheels and dynamo. The local wind
turbines fabricated could generate electricity limited to household lighting and other
domestic appliances. The output from the dynamo was connected to a battery as

power bank for the purpose of obtaining a constant power supply (Msuya, 2015).



There are famous local WECS engineering enterprises in Tanzania mainland namely;
Mchau windmill enterprise in Dar es Salaam, Kyando windmill enterprise in
Makambako and Matiya windmill enterprise in Singida (Talam 2011 and Msuya,
2015). The craftsmen in these enterprises manufacture their wind turbine blades
using plastics, metal and fibre. Some of these materials are locally available and
some for instance, permanent magnets are from abroad. The local craftsmen also
amend scrap generators from washing machines, used cars, broken motors and

motorcycles to construct generators for WECS (Msuya, 2015).

2.4  Performance of Locally Fabricated HAWTSs

The performance of locally fabricated HAWTSs was reported to be poor because the
turbines have low design tip speed ratios and corresponding high design solidities
compared to the standard values (Talam, 2011). The author assessed the power
output characteristics of two HAWTS turbines, one with a rotor of 5 blades and the
other with 16 blades. The power coefficients of these machines were found to be
0.14 and 0.21 at TSRs of 0.61 and 1.7 as well as solidities of 0.5 and 0.29
respectively while modern HAWTSs are designed with power coefficient in the
optimal range of 0.4 to 0.5 (Cetin et al, 2001 and Hansen, 2008). Furthermore, the
solidities of modern HAWTSs are recommended to be less than 0.07 (Cetin et al,
2001, and Talam, 2011). Talam (2011) in his report concluded that the values of
solidity and TSR he had obtained for the 5 and 16-bladed selected wind turbines
were not suitable for large scale electricity generation because they were out of the
optimal design range. The author further recommended improving the aerodynamic
efficiencies of the machines by enhancing the interaction between scientists,

engineers and indigenous technicians.

Msuya (2015) investigated the simulation of two generators, one local generator and
one standard generator with 8 and 6 pole pairs respectively. The experimental results
revealed that the Tanzanian locally fabricated generator had low efficiency since it
recorded 55 % efficiency while the standard one recorded 96 % efficient both at 350
RPM (Msuya, 2015). The author further reported that the generator with six pole pair
was better than the 8 pole pair by 31 %.



2.5  Blade Airfoils Uniqueness

There are many wind turbine blade cross sections design forms. There are those
which are cambered and that which is none cambered. Camber is defined as the
asymmetry between two acting surfaces of an airfoil with the top surface of a wing
commonly being more convex as depicted in Figure 2.3. Any aerofoil which is not
cambered is known as a symmetric aerofoil (Jansen and Smulder, 1977). By
observation from Figure 2.3, it can be shown that, both leading edge and the trailing
edge are separated by a chord c. The leading edge is the fraction of the airfoil that
first contacts the air; in other words it is the foremost edge of an airfoil section, while
the trailing edge is the back edge of the blade, where airflow separated by the leading
edge comes together over again. Chord is an imaginary line that combines the
leading and trailing edges. Operation purpose for which a wind turbine is intended
has a vital importance on selection of the shape and design of the blade for wind
turbine (Jansen and Smulder, 1977). The authors further reported that for a wind
turbine designed for low speeds, a thick airfoil is the most preferred, while a thin

airfoil is best for high speeds.

Leadng - Upper Camber  — Mean Catber Trdg

Lower Camber Chord 'C"

Figure 2.3: Cambered Airfoil (Jansen and Smulder, 1977).
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Figure 2.4 shows wind turbine blades cross sections of different design forms.

According to Hansen (2008), commonly used airfoil forms over the past decades for
HAWTSs include the NACA 44XX, NACA 23XXX, NACA 63XXX and NASA LS
(1) series airfoils. The NACA 4 digit airfoils implies that the first digit expresses the

camber in percent chord, the second digit gives the maximum camber point location

in tenths of chord while the last two digits give the thickness in percent chord. The

NACA 5 digit series airfoil means that the first digit designates the approximate

camber in percent chord, the second digit indicates twice the position of camber

tenths chord, the third either, 0 or 1 distinguishes the type of mean camber line and

the last two digits give the thickness in percent chord.
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Figure 2.4: Different Forms of Airfoils (Jansen and Smulder, 1977).
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2.6 Forces That Govern Working Principle of a HAWT Blade

Principally there are two forces essential for rotating the rotor of a HAWT. The
reacting force F from the flow strikes on the leading edge toward the trailing edge of
the airfoil and is then decomposed into directions perpendicular and parallel to the
velocity at infinity, V_ . The former component is known as the lift, L and the latter

is called the drag, D.

Figure 2.5: Definition of Lift and Drag (Hansen 2008).

According to Hansen (2008), the drag force acts in the direction of incoming wind
thereby striking and pushing the rotor blade about its axis, while the lift force results
from the Bernoulli’s principle whereby pressure difference created by air flowing
over a blade as shown in Figure 2.6 results in lift force. The lift and drag coefficients
are measured as a function of the angle of attack (Spera, 1998). The author further

reported that at the critical angle of attack at which the flow separates from the top of



the airfoil, the lift to drag coefficient ratio becomes maximum. The effect of the
turning moment on the blade is expressed using the aerodynamic force and moment
coefficients being plotted in the polar airfoil curves (Hau, 2006). These curves are
influenced by airfoil geometry and the Reynolds number Re. At higher Re, all of the
airfoils exhibit better performance, such as higher lift coefficient, lower drag

coefficient and larger lift-to-drag ratio at a given angle of attack (Hau, 2006). Higher

Re of at least 1x10° indicate very good aerodynamic performance of a wind turbine
(Hansen, 2008).

Low Pressure

/Y :\::\%

Angle = -
"."’ e — ..'-».
-~ e
of Curved Blade —— . h";\f
Attack .

Wind T f’}
| =
Lift

High Pressure

Figure 2.6: Generation of Lift in an Airfoil Wind Turbine Blade (Hansen 2008).

The nature of flow prototype around an airfoil can be determined by Re and this
significantly affects the standards of the lift and drag coefficient. Drag coefficient
general level increases with decreasing Re. The effect of lift coefficient is largely
anxious with the angle of attack at which stall occurs. As Re increases so does stall
angle and because the lift coefficient increases linearly with angle of attack below the
stall, the maximum value of lift coefficient also increases (Hansen, 2008). According
to Tony et al. (2001), for high Re, viscous forces are low and vice versa. The author

depicted that Re is given by the relation:
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where, 77is kinematic air viscosity (m*/s), V is the velocity of the fluid whereas ¢

is the chord length of an airfoil.

The efficiency and control characteristics of fast turning wind rotors are determined
to a greater extent by the aerodynamic properties of the airfoils used. Lift to Drag
ratio, (L/D) is the most important parameter that characterizes critically the shape of

the blade of a wind turbine and is expressed as (Hansen and Butterfield, 1993):

where, C, and C, are lift and drag coefficients respectively.

2.7  Blade Plan Regions and Chord Length Linearization

Modern blades can be divided into three main parts classified by aerodynamic and
structural function (Hau, 2006). These are mid span, root, and tip as shown in Figure
2.7. The blade root is the switch between the circular mount and the first aerofoil
profile. This part carries the highest load. It always experiences low wind velocity
due to its small rotor radius. Low wind velocity at this part leads to reduced
aerodynamic lift leading to large chord lengths. Therefore the blade profile becomes
excessively large at the rotor hub. The problem of low lift is compounded by the
need to use excessively thick aerofoil sections to advance structural reliability at this

load severe region.

Therefore the root region of the blade typically consists of thick aerofoil profiles with
low aerodynamic efficiency. The next region, mid span, is an aerodynamically
significant part for which the lift to drag ratio is maximized thereby utilizing the
thinnest possible aerofoil section that structural considerations allow. The last part,
tip, is an aerodynamically critical part for which the lift to drag ratio is maximized,
therefore, using slender airfoils and specially designed tip geometries to reduce noise

and losses.
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Figure 2.7: A Typical Blade Plan and Region Classification (Hau, 2006).

Practically the chord width is simplified to smooth the progress of manufacture that
involves linearization of the increasing chord width (Habali and Saleh, 2000). The
author further reported that for superior blade performance, linear deviation of the
chord width of a blade can be used between the tip chord and the root chord, though
there are efficiency fatalities as a result of simplification to ideal chord length as
shown in Figure 2.8. The author in addition cited that for optimum chord

dimensioning the magnitude of blades is considered negligible in terms of efficiency.

Figure 2.8: Efficiency Losses Due to Ideal Chord Width Simplification (Habali
and Saleh, 2000).
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In actual fact, when blade losses are considered, about 3 % loss is incurred for two
bladed wind turbine design and about 7 % - 13 % loss for one bladed wind turbine
when compared to three wind turbine blades design. A four bladed design offers
subsidiary efficiency increases which do not give good reason for the manufacturing
charge of an extra blade (Habali and Saleh, 2000).

According to Kong et al. (2005), for steady lift over the whole blade length, as blade
speed increases toward the tip, the chord of the blade has to decrease as shown in
Figure 2.9 (a). The author further reported that an efficient rotor blade consists of a
number of aerofoil profiles blended at an angle of twist terminating at a rounded
flange as shown in Figure 2.9 (b). To smooth the progress of production, some
simplifications of blade may be made. These are: reducing the angle of twist,
linearization of the chord as well as reducing the number of differing aerofoil profiles

as shown in Figure 2.9 (c). The blade as a result tapers from the root to the tip.

Increasing Chord length
(Simplified for manufacture)—l

- LUITRI] A

FA-W3-301 Aerofoil

DU93-W-210 Aerofoil

A\ PN

Figure 2.9: A Typical Modern HAWT Blade showing, (a) Linear Chord
Length, (b) Twist Angle and (c) Multiple Aerofoil Profiles (Kong et
al. 2005).
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A mathematical expression for aerodynamically optimum chord width distribution,

C,,: Over the blade span is given by the relation (Hau 2006):

Copt=2ﬁxr>< 8 X SO (2.3)
n 9C, A4V

where, V. =+/V? +u? is the local effective flow velocity (relative wind speed), u is a

tangential wind speed (m/s) and C, is local lift coefficient.

According to Ricardo (2001), chord length, C..,,, of a rotor blade whose root chord

length and tip chord length are C , and C,, respectively, can be calculated using
the relation:

Cooi(R—1)+C, (r—0.14R
Crotor = oo )+ Cop( e (2.4)

where, | =0.86R is the length of the blade chosen at the location of airfoil, r is the

local radius of the rotor as shown in Figure 2.10.

Root Chord

T~

Tip Chord

r
~
v]

11

«—0.14R—>

KE-~"~~—-—-=°=°7

R

Figure 2.10: Chord Length of a Wind Turbine Blade (Ricardo, 2001).
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Equation (2.4) offers constructive outcome for approximated calculation of blade
outline. This is only when optimal blade plan shape, optimal TSRs, optimal design
and optimal number of blades are used. According to Maalawi and Badr (2003),
Betz’s momentum theory gives a good quality blade contours estimation with minor
drag and tip losses when blades with TSRs of six to nine are used. The use of a single
aerofoil for the complete blade length would cause an inefficient blade chord
distribution design. Each segment of the blade has a differing relative air pace and so
is the structural necessity. Therefore, the root of the blade sections should have large
thickness which is important for the intensive loads carried. When impending, the tip
blades should blend into thinner sections with condensed load for higher linear
velocity and progressively more critical aerodynamic performance. Figure 2.11
shows the optimum chord length distribution which is a hyperbolic function of the

blade length.
0.3 y
a 025+ 1
S
o
S 0.2 + .
-
o
g 0.15 :
£
°a L i
o 0.1 —
0.05 | ]
0 ] 1 1 1 1 1 1 1
01 02 03 04 05 06 0.7 08 09 1

/R

Figure 2.11: Optimum Chord Distribution (Hansen, 2008).
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The hyperbolic shapes should be extrapolated to linear relation in order to
approximate the required hyperbolic shape as illustrated in Figure 2.12. This
linearization intends to develop a blade designed in a tapering manner from the root
to the tip in order to allow smooth wind flow from the root chord to the tip chord for
improved aerodynamic performance. The optimum efficient shape is always complex
because of the aerofoil sections which have a tendency of increasing width, thickness
and twist angle towards the hub. This behavior is constrained by physical laws and is
unlikely to change (Tony et al. 2001). However, aerofoil lift and drag performance
determine exact angles of twist and chord lengths for optimum aerodynamic

performance of a wind turbine blade (Tony et al. 2001).

04 T T T i ( T

0. 0.2 0.3 04 0.5 0.0 0.7 0.5 0y
/R

Figure 2.12: Uniform Taper Blade Design for Optimal Operation (Tony et al.
2001).

The linear association of chord C; distribution with the blade length can be

represented by the relation (Tony et al. 2001 and Manwell et al. 2002):

where, a; and b; are coefficients for the chosen chord distribution. Other symbols are
as defined earlier. The trapezoidal plan forms with straight leading and trailing edges

proves to be very good guessing for chord distribution (Lindenburg et al. 2001).
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2.8  Blade Twist Angle and the Acting Load

According to Hansen and Butterfield (1993), the amplified efficient flow velocity at
the rotor blades from the blade root to the tip requires the blades to be twisted as
shown in Figures 2.13 and 2.14, in order to accomplish the optimum fall in flow
velocity over the entire blade span. The twist angle is defined as the angle
sandwiched between the local airfoil chord and that of 70 % rotor radius or that at the
blade tip. It is similar to pitch angle. Nevertheless, twist defines the pitch situation at
each station along the blade according to the local flow conditions. The pitch angle is

enormous near the root and minute at the tip. The local inflow angle, ¢ shown in

Figure 2.14 at an angular velocity of the rotor, o at each blade varies along the blade
span as (Hansen, 2008):

1-a
B 2.6
=) (26

where a and a are the axial and tangential induction factors respectively. Other

symbols carry their usual meaning. For optimum operatlon,azé and a is given as

(Chen and Shiah, 2016):

a'= @ ................................................................................ 2.7).
I

- a )= Wind velocity at blades

U __, = Relanve wind velocny
6, = Scction pitch angle
U(l- a) o = Angle of attack

P - (:;, +x = Angle of relative wind

8 ( = Bladc pich angle

Figure 2.13: Blade Geometry for Analysis of a HAWT (Manwell et al. 2002).
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Substituting Equation 2.7 into Equation 2.6 gives the relation:
2

2
2
3(1+ o(r? j wr

Geometrically, for a local tip speed ratio, 1., tang = 1——a’ though for the case
(1+a"4,

tang =

. ) 1 : :
when a =0 (no wake rotation) and azg (the Betz optimum rotor) one obtains

(Chen and Shiah, 2016)):

0 Rotor plane

Vel

e

Figure 2.14:  Blade Twist Angle and Velocities at the Rotor Plane (Chen and
Shiah, 2016).

Making lift coefficient unvarying minimizes drag all over hence, making attack angle
uniform at the appropriate value. The variation of the pitch angle then follows as
(Chen and Shiah, 2016):

where, @ is the local pitch angle.
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The pitch angle is approximated in such a way that its variation with blade radius is
linear as shown in Figure 2.15 with the coefficient a,, as shown by the relation (Chen
and Shiah, 2016):

where, @, is the local twist angle.

According to Tangler (2000), thickness or rotor blade is a question of rotor blade
rigidity and strength requirements. Thicker airfoils have a tendency to be high - lift
airfoils and they help the structural integrity of the blade. The root section bears
nearly the entire structural load exerted on the wind turbine blade. For constant speed
turbines roughness sensitivity increases with airfoil thickness and stall characteristics

deteriorate with increasing maximum lift coefficient.

40 y . T r . : . .
35 f :
30 |\
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5 £ - —— .

0 A A I A k J
01 02 03 04 05 06 0.7 08 09 1
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Optimum pitch angle
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Figure 2.15: Optimum Pitch Angle Distribution (Hau, 2006).
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A blade is affected by different forces (loading) during operation. For better
performance these forces have to be put under control concern. There are three most
noteworthy sources of loading of a wind turbine blade which are gravitational
loading, inertial loading and aerodynamic loading (Hansen 2008). Gravitational
loading results from the earth’s gravitational field that causes sinusoidal gravitational
loading on every blade. Figure 2.16 shows that, as the blade are in position 1 that is
down - rotating; the blade root at the trailing edge side experiences tensile tension
whereas the leading edge side faces compressive stress. Similarly, in position 2 as the
blade is up - rotating, the trailing edge side of the blade root is exposed to
compressive pressure while the leading edge region is exposed to tensile stress.
Therefore, gravity is accountable for a sinusoidal loading of the blades with a

frequency analogous to the rotation of the rotor.

POS 2 lensile stress POS |
lensike stress

\ trailing edge

“ ; leading edge
traling edge

COMPRSSIVE Stress
COMPIESSIVC SIress

leading edge

V mg

Figure 2.16: Loading Caused by the Earth’s Gravitational Field (Hansen, 2008).

Figure 2.17 shows inertial loading which occurs once braking of the rotor takes place
by applying braking torque, T at the rotor shaft. This happens when a wind turbine is
either accelerated or decelerated. A small part of the blade experiences a small

elemental force, dF in the direction of the rotation given as (Hansen 2008):
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dF = ormdr

where, m is the mass per length of the blade, r the radius from the rotational axis to
the section and dr is the elemental size of the small section. The value of » can be
established from the relation (Hansen 2008):

where, | is the moment of inertia of the rotor. In order to decrease bending moment

due to quaking, the rotor can be coned backwards with a cone angle of 6, as shown

one

in Figure 2.18.

dF = Gormdr

Figure 2.17: Loading Caused by Braking the Rotor (Hansen, 2008).
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The centrifugal force acting on the incremental branch of the blade at a radius r from

the rotational axis as shown in Figure 2.18 is (Hansen 2008):
F o= T AT e (2.14)
where, m, is the mass of the incremental part.

Owing to coning, the centrifugal force has a constituent in the span wise direction of
the blade, F, cosé,

cone

and a component normal to the blade, F.sind,,.. The normal

factor gives a panic wise bending moment in the opposite direction to the bending
moment caused by the push and thus reduces the total flap wise bending moment
(Hansen 2008).

F. = o’rmdr

V1) N

F. cosé

cone

ne

6%0
Figure 2.18: Effect of Conir., ... . ...or (Hansen, 2008).

The third blade loading is the aerodynamic loading caused by the run past the blades

and the tower. The wind stirring at a speed, V, seen by the rotor varies in space and

time payable to atmospheric instability as indicated in Figure 2.19. This wind field is
characterized by shear which implies that the average wind speed increases with the
depth above the ground. For neutral stability this shear can be estimated as (Hansen
2008):



25

V. omin (X) In(zx
10min = D e et 2.15
VlOmin (h) |n(£) ( )
Z0

where, V, .., (X) is the time averaged value for a period of 10 minutes at a height x
above the ground, V,,.,(h) is the time averaged value at a fixed height h, zis the

roughness length which depends on the surface characteristics and varies from

10™*m over water to approximately 1 m in cities.

{ ) =t
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~ Wind Turbine Rotor \ Blade Sketch

Figure 2.19: Sketch of Turbulent Inflow Seen By Wind Turbine Rotor (Hansen
2008).

2.9 Power Coefficient of a HAWT
Power Coefficient, C, designates the efficiency of the entire turbine power system. It

is generally defined as the ratio of the electrical power produced by the wind turbine
divided by the available wind power. The term power coefficient is used by much of
the wind power industry to represent the overall efficiency of the turbine. It
combines the efficiencies of the blades, mechanical, and electrical components.
Knowing the power coefficient at a given wind speed provides a simple

approximation of what the actual electrical power produced by the wind turbine will
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be. Power coefficient of a wind turbine can be a useful way to compare the
performance of a system to a mathematically defined ideal or standard of perfection
(Hansen, 2008).

The mechanical power captured by the rotor of a wind turbine is influenced by the
geometric shape of the rotor blade (M’endez and Greiner, 2006). The airfoil shape of
the blade causes high pressure at the bottom and low pressure at the top. The report
by Talam (2011) showed that, the power coefficients increase with decrease in
number of blades while solidity is proportional to number of blades and TSR is

inversely proportional to the number of blades. The available wind power, p, is the

theoretical power available in a cross section area of a rotor of radius, R. The cross
section area is perpendicular to the incoming air of density, p moving at a speed, V .

The available wind power is given by the relation (Johnson, 2006):

where the extractable wind power, P, is the actual power produced by wind turbine

and is given by the relation (Johnson, 2006):

Therefore, power coefficient, C, is the ratio of the extractable wind power to the

available wind power. If all of the power available coming from wind through a
turbine were extracted as useful energy then the wind speed behind the rotor would
totally drop to zero. If the wind stopped moving at the exit of the rotor then no more
fresh wind could get in and the rotor would stop rotating. In order to keep the wind
moving through the turbine, there has to be some wind movement, however small, on
the other side with some wind speed greater than zero. Betz's law shows that as air
flows through a certain area, and as wind speed slows from losing energy to
extraction from a turbine, the airflow must distribute to a wider area. For this reason
one cannot reduce the wind speed to zero. As a result, there exists a theoretical

maximum power coefficient C, denoted by the Betz limit C, ., :g=0.593
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(Hansen, 2008). This coefficient signifies that the maximum extracted wind power

cannot exceed 0.593.

2.10  Solidity of a Wind Turbine

Solidity o is the ratio of the actual total area of blades to the swept area of a rotor.
Solidity has high influence on the aerodynamic performance of a wind turbine where
high solidities cause a turbine to have low power coefficient. Wind turbines perform
well close to the Betz’s limit for solidities from 0.01 up to 0.05 (Shankar et al. 2016).
In this range, turbines have high speed and low torque necessary for required greater
tip speed ratios. All wind turbines with solidity above 0.80 have complicated
aerodynamic conditions resulting from lower speeds and higher torques (Gipe,
1993). WECS with high solidities have an advantage of self - starting high torques
than those with low solidities (Mohamed, 2013). The torque coefficient, Cq at low
rotational speeds is directly proportional to the solidity of a wind turbine as shown in
Figure 2.20.

Low solidity

e I —

-
o

Figure 2.20: Torque Coefficient for TSR Sketched for Large Solidity, Small
Solidity and Ideal Criterion (Twidell and Weir, 2006).
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The solidities of windmills are higher than that of wind turbines as they are designed
for different purposes. Wind turbines generate electricity while windmills grind
grains and pump water (Hansen, 2008). Windmills therefore require higher self -
starting torques than the wind turbines do. According to Burton et al. (2001), modern
high speed wind turbines designed for generating electricity, require low torque. The
solidity of a rotor with a varying chord width along the rotor blade is given by the

relation (Duquette and Visser, 2003):

where, n is the number of blades of a rotor and a is the area of a rotor blade.

According to Hansen (2008) the optimum number of blades for a WECS depends on
the purpose of the machine. Three - bladed rotor is the most popular model with a
much smoother power output, more efficient and higher power vyield, a balanced
gyroscopic force and a much better mechanical system compared to the rotors with
one blade or two blades. Figure 2.21 shows the influence of number of blades on

power coefficient and optimum TSR for different blade rotors.

2.11 Tip Speed Ratio of a Rotor

TSR is used to characterize wind rotors in terms of rotational speed. It depends on
the number of rotor blades. The fewer the blades the faster it rotates (Mukund, 1999).
Wind turbines for large scale electricity generation have their optimal design Tip
Speed Ratios between 4 and 10 (Cetin et al. 2005). A key to designing wind turbine
is to assess the optimal tip speed ratio. The power coefficient of a rotor varies with

the tip speed ratio and is only a maximum for a unique tip speed ratio (Mok, 2005).

According to the author an optimal TSR implies that the desired power can be
generated by a lower torque, which in turn reduces weight of the rotor shaft and
gearbox. TSR is defined as the ratio of tip speed of a rotor, wR to the free stream
wind speed V. It is given by the relation (Johnson, 2006):

TOR = R (2.19)
v



29

05

04

et
W

e
N

V.

|

i

|
0 5 10
Tip-speed ratio A

e
Y

Rotor power coefficient cpq

Figure 2.21: Influence of the Number of Blades on Rotor Power Coefficient
and Optimum Tip Speed Ratio (Hau, 2006).

where, R is the radius of the wind rotor. The report by Chen and Shiah (2016) on the
theoretical modeling of blade design using Blade Element Momentum Theory
(BEMT) depicted that the TSR for the HAWT design that was tested was found to be

3.7. The author further showed that TSR, A, for each section of the blade can be

given by the relation:

where, r is the rotational radius of each blade section and other symbols take their
usual meaning. For an n - bladed rotor, it has empirically been observed that the

length, S of the disturbed wind stream is approximately equal to 50 % of the rotor
. .S 1 . .
radius, R. Thus by setting— = — then the optimal TSR, becomes (Cetin et al. 2005
R 2

and Ragheb, 2014):
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Depending on the airfoil used the optimum TSR determined may be 25 - 30 % more
than the value obtained using Equation (2.21) because the equation gives non
rigorous results (Ragheb, 2014). According to Hau (2006), high TSR entails several
problems including drag and tip losses that reduce rotor efficiency, catastrophic
failure and even disintegration caused by the run - away turbine due to excessive
speed of the rotor, erosion from the impact with dust in the air of the leading edges
when a rotor blade rotates at speeds higher than 80 m/s; so, special erosion resistant
coatings should be used. The author further depicted that TSR is the determinant of
blade shape. For instance, the author recommended that for TSR <3, curved plate

blade shapes are suitable while for TSR >3 aerodynamic blade shapes are preferred.
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CHAPTER THREE
MATERIALS AND METHODS
3.1 Introduction

This chapter presents the materials and methods used to determine the TSRs,

solidities and Re,, of nine (9) selected locally fabricated HAWTSs. Also the chapter

presents the methods used for data analysis in relation to the intended objectives.

3.2 Materials

3.2.1 Study Site

Materials used in this study were collected from three centers which are Dar es
Salaam, Singida and Makambako. The sites were selected because they have local
craftsmen who are known to be engaged in the designing and manufacturing of
variety of wind turbines as they are reported in various past researches done on the
assessment of wind potential and power efficiency of locally fabricated HAWTS
(Talam, 2011 and Msuya, 2015).

3.2.2. Wind Turbine Blades

Three HAWTSs with different number of rotor blades as shown in Figures 3.1 to 3.9,
were selected from each of the three local wind turbine designing and manufacturing
craftsmen namely, Mchau, Matiya and Kyando. TSR, solidity and Re parameters of

each blade were determined.

The materials used in designing and manufacturing of the selected local wind
turbines are diverse. The wind turbine blades as shown in Figure 3.1 are made of
simple aluminium sheets while those in Figures 3.2 to 3.6 are made of plastic
materials. Furthermore, the wind turbines shown in Figures 3.7 to 3.9 are made of
scrapers of steel materials. Most of the local wind turbines used Plastic materials
because aluminium is more expensive despite being a non ferrous metal with lower

density and high ability to resist corrosion (Gipe 1995).
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Figure 3.1: 6 - Bladed HAWT. Source: Mchau, 2018.

Figure 3.2: 8 - Bladed HAWT. Source: Mchau, 2018.
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Figure 3.3: 20 - Bladed HAWT. Source: Mchau, 2018.

Figure 3.4: 3 - Bladed HAWT. Source: Matiya, 2018.
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Figure 3.5: 4 - Bladed HAWT. Source: Matia, 2018.

Figure 3.6: 5 - Bladed HAWT. Source: Matiya, 2018.
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Figure 3.7: 16 - Bladed HAWT. Source: Kyando, 2018.

Figure 3.8: 18 - Bladed HAWT. Source: Kyando, 2018.
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Figure 3.9: 14 - Bladed HAWT. Source: Kyando, 2018.

3.3  Methods for Determination of TSR, Solidity and Re Parameters

The optimal TSR of each of the selected local wind turbine blades was determined

using Equation (2.21). The influence of TSR to the aerodynamic performance of the

local turbines was assessed by comparing measured TSRs with the standard values

shown in Table 3.1.

Table 3.1: Recommended Blade Design Parameters for Large Scale Electricity

Generation
S/NO Parameter Symbol Recommended Value
1 TSR A 4 to 10 (Cetin et al. 2005)
2 Solidity o 0.01 to 0.05 (Shankar.et al. 2016)
3 | Reynolds Number Re At least 1x10° (Hansen, 2008)
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This comparison aimed at evaluating the efficiency of the selected local HAWTSs for
improvement of their rotor blades performances. High TSR is the most required
design parameter for obtaining good efficiency of a wind turbine although its blade
tip speed must not exceed 80 m/s above which the rotor blade exhibits noise and

erosion due to collision with atmospheric aerosols (Ragheb, 2014).

Determination of solidity of blades for each of the selected HAWTSs was done by
substituting area of a rotor blade a, number of rotor blades, n and rotor area, A, in
Equation (2.18). The area of a rotor blade was taken as the product of blade length, |
and chord width, ¢ of the rotor blade assuming the rotor blade to be rectangular
shaped. To determine the effect of solidity on the aerodynamic performance of the
selected local HAWTS, the measured solidity values were compared with the

recommended standard values.

Computation of Re was attained by measuring and entering the chord width, ¢ of
each selected local HAWT rotor blade into the XFOIL program to calculate Re

(http://lwww.airfoiltools.com). All selected WECS were assumed to operate at a wind

speed of 10 m/s at a height of 10 m Above the Ground level (AGL) for reasonable
comparison of measured Re values. The corresponding kinematic viscosity of air was
taken 1.5111x10°m?/s (http://www.airfoiltools.com). To assess the influence of Re

on the selected local HAWTSs, the measured Re, were compared with the

recommended standard Re.

XFOIL (http://www.airfoiltools.com) is an interactive program for the design and
analysis of subsonic isolated airfoils that is used in plotting geometry by interactive
modification of geometric parameters. It uses many NACA series but, in this study
NACA 63-415 was used to calculate Re because it exhibits better lift to drag ratio
close to 120 (Hansen, 2008). Microsoft Excel was used to plot graphs of measured
TSRs, solidities and Re of the selected local HAWTs in comparison with the

recommended standard TSR, solidity and Re values.
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CHAPTER FOUR
RESULTS AND DISCUSSIONS
4.1 Introduction
This chapter presents results and discussion of examined aerodynamic performances
of the nine (9) selected HAWTSs from three centers. In this chapter, the influence of
TSR, solidity and Re on the aerodynamic performance of the selected locally

fabricated HAWTSs was assessed.

4.2 Measured Parameters of Local HAWTSs

Table 4.1 displays the measured TSRs, solidities and Re, of the selected local

HAWTSs. The table shows also the number of rotor blades, n, area of a rotor blade, a,
radius of the blade, R, area described by the rotor, A and chord width of the blade, ¢

used in determination of TSRs, solidities and Re, values.

Table 4.1: Measured TSRs, Solidities and Re, of Local HAWTSs

Figure | N | R(m) | I (m) A c(m) a TSR | Solidity Re
(m?) (m?)

3.1 6 122 | 1.05 | 468 | 0.13 0.14 2.09 0.18 86,030

3.2 8 138 | 112 | 598 | 0.19 0.21 1.57 0.28 | 125,736

3.3 20 | 1.36 | 1.17 | 581 | 0.22 0.26 0.63 1.90 | 145,589

3.4 3 1.20 | 1.03 | 453 | 0.150 | 0.15 4.19 0.10 99,265

3.5 4 1.25 | 1.06 | 490 | 0.152 | 0.16 3.14 0.13 | 100,589

3.6 5 1.23 | 1.06 | 475 | 0.155 | 0.16 2.51 0.17 | 102,574

3.7 16 | 090 | 0.77 | 254 | 0.22 0.17 0.79 1.07 | 145,589

3.8 18 | 092 | 0.79 | 2.66 | 0.23 0.18 0.70 1.22 | 152,207

3.9 14 | 090 | 0.77 | 254 | 0.21 0.16 0.90 0.88 | 138,972

4.2.1 Measured TSRs
From Table 4.1, TSRs were found to be 0.63, 0.70, 0.79, 0.90, 2.09, 1.57, 2,51, 3.14
and 4.19 with regards to Figures 3.1 to 3.9. These results are also represented by a

histogram shown in Appendix 4A for comparison with the recommended TSR for
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which wind turbines are designed to generate large scale electricity. The wind turbine
shown in Figure 3.4 was found to have a TSR of 4.19 which is in the recommended
range of 4 to 10 as shown in Table 3.1. The reason for this agreed value is due to the
fewer number of blades compared to other wind turbines. Few numbers of blades
signify low solidity leading to low power efficiency (Cetin et al 2001). The rest low
TSR values imply that the rotor blades of the selected locally fabricated WECS have
low tip speeds which as a result influence low aerodynamic performances (Cetin et al
2001).

4.2.2 Measured Solidities

From Table 4.1, the solidity values measured were 0.10, 0.13, 0.17, 0.18, 0.28, 0.88,
0.90, 1.07 and 1.22. The results are also represented in a histogram shown in the
Appendix 4B for comparison of the measured solidities with the recommended
solidities for which wind turbines are designed to generate large scale electricity. The
table shows that as the blade number increases, the rotor blade load increases and

solidity of wind turbine increases proportionally.

The measured solidities are all above the recommended range of 0.01 to 0.05 as
illustrated in Table 3.1. According to (Cetin et al 2001) and Talam (2011), high
solidities reduce TSR leading to low aerodynamic performance of the WECS. The
table shows that the highest solidity values measured were 1.07, 1.22, 1.43 and 0.88
and they place their respective WECS into a group of windmills for grinding grains
or pumping water purpose (Shankar et al, 2005). The reason for high values is due to
large area covered by the blades of the WECS which results into low speeds due to
high torques contrary to the necessary required greater TSRs. High torques cause
high drag coefficients where the WECS experience heavy load for rotation (Gippe,
1995).

4.2.3 Measured Re
From Table 4.1, the measured Re,with respect to Figures 3.1 to 3.9 were 86,030,

99,265, 100,589, 102,574, 125,736, 138,972, 145,589, 145,589 and 152,207. These

results are also represented in a histogram shown in Appendix 4C for comparison of



40

this study Re results with the recommended Re for which WECS are able to stall
(change from lamina to turbulent flow). According to Tony et al. (2001), for high Re,

viscous forces are low and vice versa. The measured Re values are below the

recommended Re which is at least 1x10° meaning that the WECS experience high
viscous forces that influence turbulent flow regime with low level of lift coefficient
leading to low aerodynamic performance of the selected locally fabricated wind
turbines. These lower values might be caused by poor design chord widths
distribution and bad shapes of the rotor blades of local WECS which are not airfoil
shaped. There are no other reports done on Re in Tanzania to be used for comparison

with the results of this study.

Low TSR, high solidity and low Re, reveal that the WECS have low efficiency and
as a result the selected locally fabricated wind turbines will show low efficiency
when measured at the same RPM in comparison with standard ones because of their
low TSR values as stipulated by other studies (Cetin et al, 2001). The low efficiency
is the influence of poor geometry of the locally fabricated wind turbines and
manifests low aerodynamic performance of the locally fabricated wind turbines. For
example Msuya (2015) in his simulation experiment of two generators, one local
generator and one standard generator with 8 and 6 pole pairs respectively, he
reported that the Tanzanian locally fabricated generator had low efficiency since it
recorded 55 % efficiency while the standard one recorded 96 % efficiency while both
were set at 350 RPM. The author further reported that the generator with six pole

pair was better than the 8 pole pair by 31 %.

4.2.4 Comparison of this Study Results with Other Studies in Tanzania
Table 4.2 provides the comparison of the measured TSR, Solidity and Reynolds
numbers of this study with other studies in Tanzania on the locally fabricated wind

turbines.

The reports by Talam, (2011) and (Msuya, 2015) in Tanzania also revealed that the
locally fabricated wind turbines have low aerodynamic performance as this study
found, though Msuya (2015) dealt with efficiency rather than measuring TSR and
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Solidity. The results of this study are in agreement with results of the authors Talam
and Msuya, that both results are higher than the recommended ones. For instance,
Talam, (2011) assessed the power output characteristics of two HAWT, one with a
rotor of 5 blades and the other with 16 blades and found that the machines exhibited
low power coefficients of 0.14 and 0.21 at low TSRs of 0.61 and 1.7 while this study
measured respectively 2.51 and 0.79. He also obtained high solidities of 0.5 and 0.29
at the same low power coefficients of 0.14 and 0.21 of the same turbines under test.
The author reported that the solidities were so high compared to that of modern
HAWTSs which are recommended to be less than 0.07 with power coefficient in the
optimal range of 0.4 to 0.5 (Cetin et al, 2005). Consequently, the author
recommended improving the aerodynamic efficiencies of these locally fabricated
machines by enhancing the interaction between scientists, engineers and indigenous

technicians.

Table 4.2: Comparison of Measured TSR, Solidity and Re with Other Studies in

Tanzania
Present Study Other Studies
n TSR | Solidity Re TSR Solidity Re Other
Authors
3 4.19 0.10 99,265 None
4 3.14 0.13 100,589 None
5 2.51 0.17 102,574 0.61 0.5 Talam (2011)
6 2.09 0.18 86,030 None
8 1.57 0.28 125,736 None
16 0.79 1.07 145,589 1.7 0.29 Talam (2011)
18 0.70 1.22 152,207 None
14 0.90 0.88 138,972 None
20 0.63 1.90 145,589 None

Both TSR and solidity values in his report differ with that of this study. The reason
might be because he used experimental approach while this study used theoretical

approach. He rotated the turbines manually to be able to count the number of RPM
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implying that he performed the experiment under very low speeds. If he had used
high speeds and high frequency (non manual) his results would approach the values
from this study which used optimization standard theories. Just as this study has
found, the author also found that the lower TSR and higher solidity values of the
selected wind turbines were not suitable for large scale electricity generation because
they were out of the optimal design range implying that they influence low

aerodynamic performance.

In summary the 3-bladed wind turbine shown in Figure 3.4 had TSR which is in the
range of proposed design values of 4 to 10, although its solidity value is a bit above
the recommended value range of 0.01 to 0.05. If its chord width distribution and the
radius were optimized to bring down the solidity then it could yield higher
aerodynamic performance and be used for generation of large scale electricity. All
measured solidities were above the standard value, while all Re values were below
the recommended standard value which is at least 1x10°. Therefore, the low TSR
values, low Re values and high solidity values influence low aerodynamic

performance of the selected WECS.
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS
5.1 Introduction
This chapter presents conclusions and recommendations following the nature of the
results of computed TSR, solidity and Re values of nine selected locally fabricated
HAWTS.

5.2  Conclusions
Among the selected HAWTS, only the 3 - bladed wind turbine exhibited a TSR value

of 4.19 which is within the recommended range of 4 to 10 while the rest values were
below. This TSR therefore, has high influence on good aerodynamic performance of
the 3-bladed wind turbine compared to others. The rest selected locally fabricated
wind turbines measured TSRs below the recommended range. They therefore cause
the turbines to experience low rotational speeds thereby influencing low
aerodynamic performance of the machines. The measured solidities had higher
values which cause the wind turbines to be too slow in rotation. These high solidities
reduce efficiency of the turbines resulting into low aerodynamic performance too.
The Reynolds numbers Re, measured are also low compared to the standard ones
hence causing airflow past the blade inefficient for the turbine to harvest more
power. Generally, the measured low TSR values, measured high solidity values and
measured low Re values all together influence low aerodynamic performance of the
selected HAWTSs. Therefore, the selected WECS can only be used for small scale

electricity generation.

53  Recommendations
It is recommended that the craftsmen need to interact with scientists and engineers to

exchange knowledge of optimal number and shape of rotor blades which have direct
effect on the design TSR, solidity and Re parameters. It is proposed that further
researches be conducted on the following areas; Firstly, determination of optimal
TSR and solidity parameters of 3 - bladed local HAWT by measuring its power
coefficient for specific wind velocity. Secondly, optimization of the aerodynamic
blade designs of locally fabricated HAWTSs based on the shape, size and number of
blade.
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