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ABSTRACT

Experiumental ana theoretical investigations were
performed on a specially designed horizontal axis wind
turbine. The experiumental work was carried out near the
exit of a wind tunnel. This tunnel was designed for

testing wind turbines.

Tests were-run to study the effect of the following
design parameters on the perforuwance of the wind turbine.
These parameters are:; the blace chord length, the blade
length, blade setting angle and blade profile. Moreover,
the effect of the number of turbine blades was also studied.

As for the effect of the blade chord length, three
values were tested which are 50mum, 100mm and 150mm. The
blade having a cnord length of 150mm was found to be the
best one. Concerning the effect of blade length,six ratios
of rotor diameter to hub diameter ranging from 4 to 7 were
investigated. The besat ratios were found to be in the range

from 5.5 to 6.5 .

The study of the effect of the blade setting angle
covered a range from zero to thirty degrees. The best per-
formance was obtained when the setting angle ranged fronm

five to twénty degrees.,

In regard to the effect of blade profile, three
types were tested. These are: NACA 0012, NACA 4418 and
PX 60-126. The worst performance was obtained with NACA 0012;

while the other two profiles showed a better performance.

o/oo
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As a conclusion of the experimental work, two and
four-bladed turbine rotors were tested including all pre-
vious parameters. It was found that the four-bladed wind

turbine is the most efficient one.

Por the theoretical work, the blade element theory
was applied using a power coefficient formula which was
obtained from the application of both angular momentum
equation and blade aerodynamics. The obtained analysis
showed that the maximum power coefficient was in the
neighbourhood of 0.43. However, the corresponding obtained

experimental value was about (.35.

Finally, it may be concluded that within the tested
range the four-bladed rotor having blade profile of NACA 4418
or PX 60-126, chord length of 150mm gives the best performance
whén the blade setting angle ranges from five to twenty degrees
and the rotor to hub diameter ratios are in the range between

5.5 and 6.5 .
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ABSTRACT

Experiumental ana theoretical investigations were
performed on a specially designed horizontal axis wind
turbine. The experiumental work was carried out near the
exit of a wind tunnel. This tunnel was designed for

testing wind turbines.

Tests were-run to study the effect of the following
design parameters on the perforuwance of the wind turbine.
These parameters are:; the blace chord length, the blade
length, blade setting angle and blade profile. Moreover,
the effect of the number of turbine blades was also studied.

As for the effect of the blade chord length, three
values were tested which are 50mum, 100mm and 150mm. The
blade having a cnord length of 150mm was found to be the
best one. Concerning the effect of blade length,six ratios
of rotor diameter to hub diameter ranging from 4 to 7 were
investigated. The besat ratios were found to be in the range

from 5.5 to 6.5 .

The study of the effect of the blade setting angle
covered a range from zero to thirty degrees. The best per-
formance was obtained when the setting angle ranged fronm

five to twénty degrees.,

In regard to the effect of blade profile, three
types were tested. These are: NACA 0012, NACA 4418 and
PX 60-126. The worst performance was obtained with NACA 0012;

while the other two profiles showed a better performance.
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As a conclusion of the experimental work, two and
four-bladed turbine rotors were tested including all pre-
vious parameters. It was found that the four-bladed wind

turbine is the most efficient one.

Por the theoretical work, the blade element theory
was applied using a power coefficient formula which was
obtained from the application of both angular momentum
equation and blade aerodynamics. The obtained analysis
showed that the maximum power coefficient was in the
neighbourhood of 0.43. However, the corresponding obtained

experimental value was about (.35.

Finally, it may be concluded that within the tested
range the four-bladed rotor having blade profile of NACA 4418
or PX 60-126, chord length of 150mm gives the best performance
whén the blade setting angle ranges from five to twenty degrees
and the rotor to hub diameter ratios are in the range between

5.5 and 6.5 .
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INTRODUCTION

Nowadays, new sources of energy are searched for, Dbecause
of the deficiency in the +traditional energy sources as
petroleum, natural gas and coke.

Renewable energy s the term used to cover those
continuous energy flows that occur naturally and repeatedly
in the environment. Energy from the sun, wind and tidal waves
are some sources of such energy. The heat from within the
earth 1itself (geothermal energy) 1s also usually regarded as
a renewable energy source since in total it is a source on a
vast scale; although locally it cannot always sustain
continous extraction.

As for wind energy, power can extracted Dby using wing
turbines or aerogenerators, As air flows over the turbine
blades, it creates a turning force on the rotor assembly
which can then be used either to drive water pumps or more
conveniently to generate electricity.

The fundamental questions to be answered concerning
windmili location are:-

i{- Optimum geographical placement.

2- Variation ¢of wind speed with height.

3- wind speed variation with time; and Knowledge of

maximum winds to avoid excessive stresses.

For geographical placement, long-term data are requried
over large regions to determine which areas of a country are

most appropriate for wind power generattion.



The height of a windmill must be decided on essentially
economic terms since the simplest noneconom}c arguments
indicate that the heigher tower is the better. Theoretically
the wind blows from high-pressure zones to low-pressure ones.
However, at medium & high altitudes, itz direction 13
modified by the earth’s rotation.

variations of the mean wind speed with time must e
considered for daily, monthly, yearly, and long term periods.
The annual duration of calm spells is important bDbecause 1t
indicates the period which must be covered by storage when
small or medium-sized wind-driven plants are used,

As for the wind +turbine itself, there two main types
depending on the axis of rotation. The first type is the
horizontal axis in which the rotor shaft is in a horizontal
position. The rotor may be single, double or multibladed. The
second type 1s the vertical axis wind turbines in wich the
rotating shaft is 1in an axial vertical position. This 1type
contains many turbine configurations and Kkinds, as Darrieus,
Savonious, and Lafond wind turbines.

In the present work a horizontal axis wind turbine was
designed and tested to 1nvestigate the effect of some design
parameters on the turbine performance. The parameters
investigated are the untwisted blade chord length, the ratio

bvetween rotor and hub diameters, the blade setting angle and

the Dblade profile. Mcoreover, the effect of the number of



wurbine blades was also studied. The tests were carried out

using a specially designed wind tunnel.

The theoretical turbine performance was also studied Dby
applying the Dblade element theory and using a power
coefficunt formula which was obtained from the application of
both angular momentum equation and Dblade aerodynamics. A
comparison was made Dbetween experimental and theoretical

results indicating the same trend.



CHAPTER 1




CHAPTER (i}

1.1) General.

T;l-;“u-;;“o; wind turbines goes back for over 2000 years ago.
Recent studies have confirmed that the horizontal-axis
machine is a superior solution for better efficency and
minimum cost ; especially in the size range over 100 Kw,

In strong winds, several wind turbine operators have
recently reported experimental measurements of power and
thrust which is higher than theoretical predictions, One
possible reason for these discrepancies 1s that, aerofoil
11ft 1is higher than that anticipated in the post-stall region
due to the existance of span wise flow components, Flow
visualisation studies on fans support this hypothesis as
shown 1in figure (i1}, A critical evaluation of experimental

data from a number of sources for both model and full scale,

has therfore been made and clear indications of high Dpost-

y

Fig(1.1) Flow visualizatio n | on a rorating
: fan blade



stall 11ft are presented.

1.2) The effect of rotation on aerofoil characteristics.

Some conclusions, by previous 1investigators, based on the
studilies of the effect of rotation on aerofoll characteristics
may be summarised as follows

a) By using surface pressure measurements, D.J.Milborrow (7)
mentioned that, Himmelskamp obtained the following results
Maximum l1ft coefficents increase towards the blade root and
drag coefficents also increase at angles of attack above 5
degrees.

b) There are discrepancies between theory and measurements at
low tip speed ratios. Reference (7) mentioned alsc that
Viterna and JanetzKe’s analysis of data from the 38 m MOD-O
machine led them to conclude : There was a slight increase 1n
the maximum 1lift, which then fell below the two dimensional
value at angles of attack ()} above 20. Drag coeffigents were
rocughly halved for (20<a <50).

¢! Theoretical appreoaches, using stalled flat plate theory,
and taking account of the finite aspect ratio of rotor blades
predict a reduction of Dhoth 1lift and drag. However,
Milborrow ({7} mentioned that, Hilbs ahd Radkey found 1t
necessary to make further modifications in the "shallow
stall” regon (10¢@<¢2%) to obtain agreement with measured
powers.

d) Stall is 1liKely to be delayed by radial flows. In

addition, D.J.Milborrow (7) stated tiqe following conclusions:

1- There are consideradle variations 1in tabulations of



aerofoirl data for blade sections, even when conditions are

nominally 1dentical and considerable care must be taken 1n
thie selection of data sets.

It is Known that roughness regardes aerofoil
characteristics and turbulence enhances them. However,
there are agaln variations in the puplished data.

It follows that some indications of performance
enhancement can Ppossibly be ascribed to the turbelent
conditions 1n which wind turbines operate.

Strong evidence of +he existance of radial flows comes
from flow visualisation studies, measurements of rotor
loades and power, detalled measurements at the rotor plane
and ailso from theoretical considerations.

The efects of radial flows can also be explained at least
in part, by Known features of yawed flows,

Drag coefficents are reduced below the two dimengional
values when stall is delayed and, post stall is reduced to

reflect the aspect ratic of the blade section.

The waKe effect.

- o v o e o wow e

Neusadter (8) presented a method of testing the performance
of a cluster of wind turbine units. Data analysis equations
are drived from a simple and direct procedure for determining
the reduction in energy output caused by the wake of an

upwind turbine. This method appears to solve the problems



presented by data scatter and wind variability.

His proposed use of an undistwbed wind turbine, as the
ezperiment control unit and of cumulative energy, as the
measured performance parameter, greatly simplified +the
analysis, He has also presented a sample case to lllustrate
the proposed method for evaluating wake effects on
performance, The results for this case ilndicate that at an
inter unit spacing of seven diameters, wind turbines shown

in figs (1.2) and (1.3) will experience a decrease in energy
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operating conditions during wake effect tests,



autput of about {0 / when operated in the wake of an upwind

unit,

This study was limited to a relatively simple case of wake
interaction between only two turbines, in which one turbine
was operated completely within the waKe of the other, No
measurements were made of other effects which could be
significant, such as partial wakes and atmospheric stability.

Afjen et (10), based on the assumption that wake
geometry of a horizontal axis wind turbine closely resembles
that of a horizontal axis wind turbine closely resembles that
of a hovering helicopter, presented a method for predicting
the performance of a horizontal axis wind turbine. A vortex
methoed was used in which the wake is composed of an intense
tip- vortex and a diffused wakKe.

Because of the complex nature of the flow field in which
horizontal axis wind turbines must function, determination
of the aerodynamic performance can be quite difficult. Fig.

(1.4) shows a flow pattern of a full scale wind turbine.

Fig{14)  Flow pattern of afull scale wind turbine operating underl
low power generation conditions.



1.4y The performance of wind turbines.

Methods concerned with the prediction of aerodynamic lcading
and performance of wind turbines have Dbeen reviewed 11n a
number of places. In general, these methods have heen
developed by modifing coventional propeller and /or helicoter
theories, Classification of the methods is based on the
manner in which the induced velocity at a blade section 1is
evaluated.

Simple blade element - momentum theories (strip theories)
replace the rotor with an actuator disk having an infinite
number of blades. The induced velocity at a blade section 1s
evaluated from stream tube momentum considerations assuming
the flow to be planar or without swirl. All Dblade sections
are assumed to operate independently of each other. However,
it has been found that an emperical correction to the
methods was reguired for computations when the wind turbine
operation in the vortex ring state. 408113

Analysis, by either blade - element / momentum theory or
py vortex theory, revales that the induced velocity far Aown
stream of the rotor differs from that at the rotor disc.
Consequently, the blade wake size must change {expand or
contract ) depending on the sign of the 1induced velocity. On
the other hand, i1f the free stream velocity, which is the
primary factor in establishing the mass flow rate inteo the
wake, is high, wake deformation effects are negligible.

Comparison of the results of a free wake analysis with
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several models reveals that accurate results can be obtalned,
for operating conditlons considered, with substntial savinegs

of computer time,

1.5) The effect of profile drag on induced velocities.

__-.--———_-_.-———__--—_—_—-————----———---——--...—-.-.————

A discussion concerning the effect of profile drag on
induced velocities was presented Dby Galetuse {i4) who
conciluded that Glauert’s relations for the ideal wind mill
are also valid for a real one, Using these results, the
optimum c<¢onditons for induced efficency anda power coeffigent

are obtained,

1.6) Experimental results related %o tip vane augmenters.

The concept of fitting 1lifting surfaces (tip vane
augmenters ) to the rotor tip of horizontal axis wingd
turbines, was discussed by GARSIDE (12). He mentioned that
van Holten conceivd the tip vane concept or blade tip mounted
lifting surfaces which rotate in the plane of a wind turkbine
rotor, thus inducing additional air mass flow into the disc
of a rotor, Garside provided also a dimensional data for two
types of tip vanes and showed the design of a new rotor unit
having tip vanes to be fitted to a 2 meters diameter model
turbine, The unit has been tested in the large open Jjet wind

tunnel shown 1in figure (1.5 Air flow augmentation was



Fig(1.5)

- f
pregh oA

Viewf the test turbin

fip vane augmenters.

i
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confirmed using helium £illed bubbles for visualisation, A

tunnel speed restriction may have masked petter results,

1.7) The effect of Dblade twist on turbine performance.

The effects of Dblade twist and Dblade chord variation with

the radius were studied by Khalafallah etal (19), They had
proved that the simple constant chord - untwisted Dblade
rotors have power coeffigent less by 26 percent than the
maximum possible values, The non- constant chord - segmented
blade rotors have a better performance and their maximum
power coefflcent 1s only ten percent less than that of the
fully twisted Dblades, Figures from (i.6) to {110} show the

results which they obtained,

0.5 k

0.“! =
Cr
0.3 ‘F
0-2 - d = ao
,.)- 7
0.1 . \ , .
0 0.2 0.4 0.6 0.8 y
Fig(16) Distribution of local power  coefficient
(C onsfant chord blades)
Hence, the use of segmented - non constant chorad blades

may be of great advantage for small power turbilnes as this
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