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1. Introduction

 

The design of high technology wind turbines for generating power for the
national grid is a relatively recent develcpnent in the U.K. The first neoium
sized machine (horizontal axis, 17m diarleter. 30 kW) was built and
mnmissioned by Sir Henry Lawson Tencred Sons and Co. Ltd. at Aldbomugh.
North Yorkshire in June 1977 and as originally constructed it was also the
first to be connected to feed the national grid (Nickols. 1973). Since then a
number of smaller machines has been constructed to test the performance of a
variety of different kinds of machine. though none has been connected to the
grid. These smaller machines at Rutherford Laboratory, Swansea University
and P.I. Specialist Engineers at Alresford. Hants.. form the harmare more for
a set of field neasurenents being made under the auspiws of the Department of
Energy by a Joint team from CERL. Leatherhead and Mading University. All of
the early work ofthe field neasurement team concentrated on wind and
performance neasurenents. Early in 1950 it was realised. as the result of
structural failures both here and abroad [see for example Daniels. 1980) that
the structural design of such nachines was not a routine matter. Accordingly.
a team at CERL and Reading emarked on a series of experimental studies
desiyred to explore the structures and materials problene of wind turbines.
Some theoretical work is also now in 'hand. This paper gives a brief sumary
of sane of the structural dynamics problene which are being explored.

Two main types of machine are being seriously developedfor power generation
in the U.K.. the mre or less mnventionol horizontal-axis machine and the
novel variable geometry vertical axis wind turbine (VET/ANT) conceived by
l‘lusgrove (msgmve. 1975]. The first U.K. megaalatt size machine, to go on the
llrkneys. has recently been announced by the Department of Energy and is a
tuo—blamd horizontal axis configuration of diamter EDm rrnunted on a
reinforrxd concrete shell tower. The first fully instrumented VGVNJT [two
vertical blades 4m long on 6m diameter cmss—anre) was commissioned at the
Rutherford Laboratory in 1573 [Stacey and l’bsgrove. 1930). The desiyr of a
25m VGVNdT is currently being undertaken by Sir Robert l’chlpine and Sons, Ltd.
for the Department of Energy. Another development is the projected scheme for
clusters of machines both on land and offshore in the North Sea. Eventually.
it is conceived that wind pcuer could provide as nuch as 20% of the nations
electricity needs and this will involve the usa of about 10m 10m size
machines.

2. Structural Fatigue

The major consequence of structural vibration in wind turbines, apart from
catastrophic resonance or flutter. will be fatigue failure. Rather like
helicopters wind turbines may cynically but aptly be called fatigue machines.
The level of dynamic stmsa. peak-toepeak. is often as high as 50% of the
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quasi—static stress"due§‘i:a=inean wind or neen notational speed. Unfortunately.
this: level of dynamic stress is not predictable with pnasent information

concerning (1) the nature of the natural wind, and (ii) the nature of the
rotation rate harmonic content in rotor loading. One of the aims of the
Dissent" 'el'dweasuremsn't-‘urogr‘a 5 to gain enpirical information
concerning these two important factors. The information will be of great use

in making coupon fatigue tests. using programan loading. on the materials to

be used for structural comments. A considerable quantity of data has been

milected on the Rutherford Laboratory VGVANT. (Pretlove. 1531). and data will
also'shortly be collected from instmnentation already installed on the
Lawsgn—Tancred machine in Vorkshire.

 

3. Structural Loading

The domanents of wind turbines are subjected to comlex loading during

operation which arises from gravity and inertia forces as well as from
aerodynamic forces.

The dynanic elenent of gravity loading is inuortant for horizontal axis
machines and cycles at once per revolution. Eonfining consideration of this
to large machines situated in windy locations so that rotation occurs for 502
of the tine it is estimated that each blade will undergo about 109 stress

reversals in a Fifty year lifetime. The implication of this high numer of
cycles is that great care must be taken with fatigue conscious design. It has

been shown recently, for example. that for welded joints in steel highway

bridges subjected to such a high number of cycles. ignoring stress cycles below

the so-called Fatigue Limit will lead to endurance predictions which are

overestimated by as much as six to one (Tilly and Nunn. 1950).

Inc ia forces on wind turbine blades have only a small dynamn: comment due
to sqeed fluctuations. However. if the rotor is not correctly balanced there
on dynamic forces on the supporting tower structure even at steady speeds.
The actors of horizontal axis turbines have to yaw to face into wind and this
can c'ause dynamic inertia forces on the blades and tower due to gyroscopic
action. For two-bladed rotors this effect is aggravated because the principal
nonents of inertia of the rotor are different and a harmonic is generated at
twice tines the rotation rate (mantis. 1975). These gyroscopic forces are
also !affected by whether the yaw is free. controlled rate or danced. A final
canvlication is that in some tworbladed designs the rotor blade pair is
freel'y—hinged to therotor shaft over a limited arc of [movement so as to
minimise drive shaft bending mmnt. This mechanical convlication. known as a
teetared hub. also causes changes in the gyroscopic moment transmission to the
towen.

The dynamic comment of the aerodynamic loading arises partly fromthe natural
wind. partly from its interaction with the eerofoil blades and partly fromman
wind variation over the cycle. The natural wind is variable in both speed and
dim tion. The speed variations consist of both gustiness and the effects of

trio lance End tp_sojre_ex$en_t_ are a..function..nf .tecrain and—location. . The sum
tota‘fl of variability. the “quality” of the wind. is known to be different in
different places and at the mnent is not easily predetermined. A further

syndication}: tFLLLSQAIEJind turbines “1.1-235 oparateddnslustars so that one
machine will be in the wake of another. This will introduce an artificial
increase in the degree of turbulence experienced (as well as reducing the mean
wind ’speed). A programme of work involving the CERL/Reading team and engineers
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from Denmark. Mollend:and.:tha USA is in hand to investigate the structural
effects of this using the two Danish I’M size machines at Nibe in Jutland
[described in Pedersen and Nielsen. 1980]. There are two principal sources of
dynamic loads which result from interaction of the wind with the aerofoil. The
first-is'-buFFating-due==to stal ling-Which can occur when the ratio of tip-speed
to windspeed is less than about four. The second is the interaction of blade
and tower for horizontal-axis machines. This latter is particularly severe if
the rotor is downwind of the tower. The effect of mean wind variation over the
cyclel is present only for horizontal axis machines and is due to the wind
velocity gradient (wind shear) close to the ground. Most such machines have a
tower height approximately equal to the blade diameter and the ratio of maximum
to miininum wean wind speeds over the disc is then typically between 1.15 and
1.3 (Sachs. 197B].

4. Resonances and Instabilities

Many {of the dynamic strains in wind turbine structures are caused by forcing
off-resonance. However it is possible for resonance problem to arise,
particularly in machines for which the operational rotor speed is not constant.
Most of the main structural corrponents may be carefblly designed so as to avoid
a coincidence of the fundarental frequency with the rotor running speed or blade
passage frequency. However, there can be no guarantee that resonant vibrations -
will not be excited by harnonics associated with the running speed and. indeed.
this {is known to happen on the Rutherford Laboratory VGVANT [Pretlove and Hess.
1581] and probably also occurs on other machines. Another aspect of the problem
is resonance in ndnor conponents such as struts, stays and fittings.

A distinct problem is that of flutter or dynamical instability in wind turbine
structures. This involves the coupling of two or none degrees of freedom of
the structure and a suitable input of energy from the wind. Conventional
techniques may be used to avoid binary torsion bending flutter in the blades.
However, there are other degrees of freedom in the structure as a whole which
may collaborate to pmduce disaster. Une potential mechanism on horizontal
axis machines is coupling between tower head yaw rationand tower "nodding".
that ,is. tower bending. 0n vertical axis machines there is the possibility of
coupfing between cross-arm bending and torsion - and there is evidence of
vibration of this type [Fretlove. 1931]. On some horizontal axis machines
power: shedding is achieved at high wind speeds by stalling the rotor. It is
possible. in this condition. for a vortex shedding instability to be induced:
At the least. aerodynamic damning of blade bending notion is reduced.

5. (Stiff and EoEEIiant Design Philosophies

The 'stiff" design philosophy derives from two design considerations either of
whichI may predominate. The first is the use of low cost and therefore low
strength materials and fabrication techniques. This results in both a high
strucltural stiffness and mass. The second is the deliberate avoidance of
resonance by making the naturel frequency of the structure higher than the
assumed or_ treasudeinn;ing_frequen_cies. _Two.obvioua objections .tquhis.
philosophy for wind turbines are [i] that inertial and gravity loads predominate
over aerodynamic loads in the rotor, particularly for large machines. so that
low~rréass is at a_ premium,_and (ii). that_cyclic,forcing functionsmay have
nonrtrivial higher Fourier oolrponents. The "conuliant' philosophy is to design
the structure in high strength materials worked to their static strength limit
thereby reducing both material costs and inertia loadings. The objections to
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this philosophyz‘an that:‘£t'aaaos to vibration problems. both resonances and

instabilities, and to an increased danger of fatigue or brittle fracture. At

the present tine than! is' no clear evidence in favour of one philosophy or the

r _> ough in the U. the trend__is towards compliant design. particularly fm-

m ‘fifitfihhe-Jw Brad‘s: fluently in use have a relatively high
thickness-chord ratio (10—20%) and as a result constructions using materials of

a hi'h specific strength have a fundamental natural frequency well above rotation

rate (see, for exanple, Hess and Pretluve. 1951). Where conuliant design is

used for towers high levels of structural dancing are provided by means of

bolt d Joints. Even so, it may pmva necessary to add extra danping in the form

of vibration absorbers and to pay special attention to the avoidance of

vibrational instabilities.

  

  

6 . Sca ling Effects

 

In the U.K. extensive experience is being gained, at the present time.

concerning the structural integrity of a wide range of small wind turbines

thmugh the current field neaaurerrent programs. This includes both horizontal

and yer'tical axis machines with a variety of different features such as two— and

three-bladed machines and machines with pitch control. There is a natural

tendency to extrapolate such experience to the design: for the new generation

of middle and large sized machines. For quasi—static structural loads and

stresses this information will be a useful guide though careful analysis must

go handdn-hand with extrapolation (Gordon. 1975). For dynamic loads and

especially for instability prediction such extrapolation will be a necessary

procedure but may be not a SLIfficient one. Vibrational phenonena may arise for

large machines which are not indicated at all on the smaller ones.

Donc lueipn

In this paper the range of structural dynamic problems to be solved for the

satisfactory design of large wind turbines has been reviewed. A start has been

mafl lto tackle these prublens both here and abroad but there are still many

unknown quantities. If power generation from the wind is going to be undertaken

seriously in the U.K.. as now seen likely. the" an increasing effort is going

to be needed to solve these problems. They present an interesting and inportent

new challenge to structural dynamicists.

A list of the references Illede in this paper is avai leble from the author.
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