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ABSTRACT

Air jet vortex generators are a boundary layer control device and as such can
effect a significant delay to the stall of an aerofoil. They can also reattach a

separated flow, as long as the angle of attack is less than the air jets ‘on’ stall
angle. f

A wind tunnel model was built and tested and then modified to incorporate air jets.
The air jets increased C_ max by 55% and reduced the drag throughout the
incidence range, a, for the chosen blowing pressure of 1 p.s.i. (6900Pa). By

varying the air supply so that the jets operate between ‘off’ and fully ‘on’ a whole
family of aerofoil L/D characteristics could be derived.

The blade set of a 150 kW stall regulated wind turbine was then modified with air
jet vortex generators and tested at full scale. This was done primarily to increase
its energy yield by reducing energy loss in the region of the power curve ‘knee’,
but also to allow a degree of power regulation in high wind speeds. The air supply

in this demonstration was supplied by a fan mounted on, and rotating with, the
rotor.

Full-scale trials demonstrated that air jets can indeed be used to straighten the
power curve prior to rated wind speed. This important result means that a stall

regulated machine can be made to behave in the same way as a pitch controlled
machine without having to pitch the blades.

Of the two air jet configurations tested in the wind tunnel, the second had an
improved L/D characteristic and required less mass flow, even though the physical

change was minor. This indicates that further optimisation of air jets may be
achieved.

Further wind tunnel testing showed that it should be possible to eliminate the fan
used in the full scale trials and use one of two ’‘passive’ blowing techniques. It was
shown that the air jets can be supplied by air at atmospheric pressure due to the

suction on the upper surface of the aerofoil which is sufficient to pull air through
the jet exits and create vortices.

However, to achieve an optimised air jet configuration and to investigate the
possibilities of using passive blowing, air jet vortex generators will need to be

modelled numerically, so that this innovative concept can be brought to market
quickly.
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Abbreviations

ajvg
vVvg

ADC
DAS

Axial inflow induction factor
Tangential inflow induction factor
Swept area of rotor (m?)

Aspect ratio of rectangular air jet
Chord length of aerofoil or blade (m)

Chordwise force coefficient of aerofoil or blade
Drag coetficient of aerofoil or blade
Lift coefficient of aerofoil or blade

Normal force coefficient of aerofoil or blade
Power coefficient or pressure coefficient
Acceleration due to gravity (m/s?)

Height of fluid in manometer (m)
Total pressure (N/m?)
Numerical constants

Length of air jet slot (m)
Lift to drag ratio

Mass flow rate (kg/ma)

Static pressure (N/mz)

Gauge blowing pressure (N/m?)
Absolute blowing pressure (N/m?)
Power (kW)

Dynamic pressure (N/m?)

Torque of rotor (Nm)

Radial distance along blade (m)
Radius of the wind turbine rotor (m)
Reynolds number

Wind speed at wind turbine hub height or tunnel speed (m/s)
Velocity (m/s)

Velocity ratio - Air jet velocity/ local velocity into which jet is issuing
Width of air jet slot {m)

Distance along the chord measured from leading edge (m)

Angle of attack of aerofoil or blade (°)

Blade setting angle (°)

Drive train efficiency

Air jet skew angle (°)

Tip speed ratio

Density - of air unless followed by subscript (kg/ma)
Air jet pitch angle or relative tlow angle (°)

Angular velocity of wind turbine rotor (rad/s)

Air jet vortex generator

Vane vortex generator
Analogue to digital conversion
Data acquisition system
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Subscripts

o0 Freestream condition

a Atmospheric

av. Annual average

exit At the jet exit

jet Of or pertaining to the air jet

man Of manometer fluid

r Rotational

t.e. Trailing edge

down Downstream location in tunnel contraction
up Upstream location in tunnel contraction
max. Maximum

min. Minimum

elec Electrical power

shaft Shaft power

Zero Zero load loss

1 Close behind aerofoil

2 Far downstream behind aerofoil

NB A separate notation is provided for the appendices. Notation used in the power
prediction program can be found at the start of the program listing, Appendix 3.
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1. INTRODUCTION

1.1 Wind energy

One of the biggest threats to the survival of mankind is his own pollution of the
environment. With global warming now recognised as fact, the Rio Earth summit
was convened in 1992 at which many governments promised to return CO;
emissions to those of 1990 levels by the year 2000. With the burning of fossil

fuels being the primary cause of rising levels of CO, and other ‘greenhouse’ gases

and the nuclear catastrophe at Chernobyl still fresh in our minds, the interest in

renewable and in particular, sustainable, forms of energy has blossomed.

Wind energy, created by uneven solar heating of the atmosphere, is both

renewable and sustainable. There will always be wind and as a resource it is vastly

greater than mankind’s energy needs are ever likely to be. Its energy has long been

harnessed by man but the modern wind energy industry, that is for generation of
electricity, is really only about 20 years old. In that time it has come from being

risibly un-economic, to arguably being as competitive as coal and nuclear power for
regions with high average wind speed.

For wind energy to make a significant contribution to our energy requirements in
the 21st. century, assuming that economics and not environmental considerations
will be the predominant factor, the cost of energy from the wind must continue to
be reduced. Only then will it become commercially viable to erect wind turbines at
sites of lower average wind speeds which are, by their nature, more abundant and
accessible. This would inevitably allow wind energy to flourish in less mountainous

regions, where perhaps the environmental impact is not as great.

The average wind speed at which economic generation of electricity from the wind
is possible varies widely throughout Europe due to the price that the generators
receive from the utilities (e.g. in Germany the price of electricity is nearly double
that which it is in the U.K. making wind energy a more viable proposition in the
former for an identical site). We may, however, use a simple example to show that
even a small reduction in the average wind speed at which wind energy can be

economically generated significantly increases the land mass where wind energy
becomes viable.

13



Figure 1, is a map showing regions of equivalent wind speed of the, then twelve,
member states of the European Union (Troen et al, 1989). The majority of wind
farms in these countries are in the two darkest of the shaded wind speed bands.
This represents approximately 25% of the total land mass. If the average wind
speed for the economic generation of wind energy could be reduced by 1m/s then
the middle band, representing a further 23%, becomes available. Of course the
average wind speed also depends on the local topography and so wind
development cannot be ruled out in northern Italy at a good site, just as it cannot

be ruled in in Scotland at a bad one. On average though, we could expect

approximately a 23% increase in the ‘good’ sites where it is possible to generate

electricity from the wind economically.

!:- W nd resources! at 50 n"tlt"ifi_ 'l_llmrc gr')L.nd level mr five dnferent topog*aphw condztmm 1

| | Sheltered terrain? | Open plain? [ At a sea coast Open sea® Hills anc ndﬂ-*s‘

| s ! Wm™= 1 ms” Wm-3 | f’ﬁ..t_, Wm- | ms-! Wm-2 | ms)  Wm™
| >0 | >78 >500 | >85 >700 | >90 >80 | > 11.5 > 1800 |
i 150-250 | 6.5-7.5 300500 | 7.0-85  400-700 | $.0-9.0 €00-800 |10.0-11.5 1200-1500!
100-150 | 5.5-65  200-300 | 6.0-7.0  250-400 | 70-80 400-600 | 85-100 700 1200/
50-160 | 4.5-5.5  100-200 | 5.0-6.0  150-250 | 55.-7.0  200-400 | 7.0-8.5  400-700
<80 | <43 <100 | <50 <150 | <55 <200 | <70 <400

Figure 1 Wind resource map of Europe (Troen et al, 1989)
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The cost of energy from the wind, at a given site, is represented by the ratio of the
annual cost of producing this energy to the annual energy production. To reduce
the cost of wind energy then, and neglecting factors over which we have no

control such as loan interest rate, there are three principal ways in which the unit

cost of wind energy may be reduced:

1. By increasing the energy capture of individual wind turbines.
2. By reducing the cost of individual wind turbines.

3. By reducing the planning and construction costs of a wind farm.

The first category above may be divided into three sub-headings:

I. Value engineering of turbines currently available.

ii. New concepts to replace the current commercially successful designs.

. Larger Mega-Watt scale machines.

This thesis describes how an existing machine was modified with Air Jet Vortex

Generators with the aim of increasing energy capture and, as such, falls into the
first category above. However, it is intended that ‘air jets’ will eventually become

the basis for a completely new design with much greater potential than the

conversion described herein {Category 1 (ii) above).

By increasing the energy capture and thus reducing the cost of energy, this work

aims, indirectly, to lead wind power development to sites of lower average wind

speed.

1.2 Wind turbine control

Energy available in the wind is pr0portioﬁal to the cube of the wind speed. Hence,
for the same wind turbine design, if the wind speed is doubled, the energy
available increases eight-fold. In theory, a wind turbine’s generator could be rated
at the power it would produce at its maximum operational wind speed. However,
there are two main reasons why this is not done and a wind turbine’s maximum

power output is usually limited at around 12m/s compared with a typical shut

down wind speed of around 24m/s.
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These reasons are:

1. Generator cost and size both increase with the rated power output and higher
wind speeds are rare. There is therefore is a trade off between the cost of

the generator and nacelle housing and the value of the extra energy

produced.

2. Electrical generators are more efficient when operating near their rated

power. Since lower wind speeds are more abundant, a higher efficiency can

be attained by capping the wind turbines power output.

For a wind turbine it is therefore

desirable to have two operating

g | Rated [2] . [3] regimes, as shown. The first is
S to maximise the energy Yyield
g between ‘cut-in’ [1] and ‘rated’
E power [2]. The secon<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>