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Paper presented at 4th Expert Meeting "Rotor Blade Technology
with special respect to Fatigue Design Problems'* in Stockholm
April 21th and 22th, 1980.

Preliminary Results from Blade Load Measurements for the Nibe "A"
Wind Turbine

by
Per Lundsager and Helge Petersen
Riso National Laboratory, Denmark

The Nibe "A" wind turbine is one of the two wind turbines
erected by the

Wind Power Program of the Ministry of Commerce
and the Electric Utilities of Denmark

near the town Nibe in Jutland, Denmark.

The wind turbine has a diameter of 40 metres, a height of 45 m
and is equipped with an asynchronous generator rated at 630 kW.
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1. THE PRELIMINARY MEASUREMENT SYSTEM

The preliminary measurement system was established by connecting
a number of operational parameter sensors to a six channel brush
writer and an xy-plotter. A total of twelve operational para
meters are available (cf. Table 1.1), the channels being connec
ted to the brush writer six at a time through a patch panel
located adjacent to the writer in the bottom of the tower of
the turbine. In addition all strain gauge rotor channels are
available at the patch panel three at a time through slip rings
on the rotor shaft. Changes of rotor channel combinations are
made by changing cable connections in the rotor hub. A diagram
of the total system is shown in Fig. 1.1. Drop resistances on
current signals are indicated.

Channel Sensor Range
volt .

Range
Phys.

Conversion

3 Wind Speed at 58 m 0-3.0 9.3v+0 m/s
4 Rel. Wind Direction 0-2.5 -180/+180 deg 144v-180 deg
5 Blade pitch angle 0-2.2 -20/+15 deg 16v-20 deg
6 Rotor shaft torque 0-4.5 0/180 kNm 40v+0 kNm
7 RPM Generator 0-8.5 0/2250 vpm 180v+0 vpm
9 Force a. Pitch

regu la t ion 0-4.4 0 /91 bar 36.4v+0 bar
10 Force b. Pitch

regu la t ion 0-4.4 0 /91 bar 36.4v+0 bar
11 Nacelle posit ion 0-4.4 -180/180 deg 162v-180 deg
12 Active power 0-2.0 -120/1200 kW 660v-120 kW
13 Reactive power 0-5.0 0/500 kVar lOOv+0 kVar
14 Current 0-2.0 0/40 Amp 20v+0 Amp
15 Voltage 0-5.0 0/25 kV 5v+o kV

1 Rotor channel 1 — _ mm

16 Rotor channel 2 - - —

2 Rotor channel 3 - - —

NS Acc NS tower top 0-1.0 0/2.45 m/s2 2.45v+0 m/s2
WE Acc WE tower top 0-1.0 0/2.45 m/s2 2.45v+0 m/s2

Table 1.1 List of sensors
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Fig. 1.2 shows the rotor channels available. Sections numbered
Al to A4 are sections on mod A blades instrumented for
measuring bending moments (indicated by S) or strains (indi
cated by T) .

T - strain
S - section force

Section at
blade t ip

h /Om
A 4 A i A Z A i

Figure 1.2

The xy-plotter is intended to give a preliminary power curve
and is therefore usually permanently coupled to the wind speed
and electric power channels in a mode where it plots a point
every half minute. In order to simulate time-averaging in a
simple manner the channels are connected to the plotter through
RC-links having a time constant of approx. 100 s. Thus, excess
ive scatter of the points is avoided. Due to the voltage divider
effects of the RC-links the plotter had to be calibrated by known
voltages.
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The Brush writer sentivities have been calibrated by applying
known voltages. Otherwise the operational parameter signals
have not been calibrated in this context; instead the calibration
constants given by the operators of the turbine have been adopted
in the determination of conversion factors for the preliminary
measurement system. Conversion factors for the rotor channels
are based on laboratory tests (ref. 1.1) conducted as part of the
measurement program described in ref. 1.2. The accuracy of the
results based on strip chart readings is estimated to be 5-15%.
The Brush writer is able to resolve frequencies correctly up
to at least 10-20 Hz.

The measurement procedures are very simple: Reconnecting channels
to the brush writer using the patch panel including resetting of
zero and sensitivities on the writer is accomplished in a few
minutes. Reconnecting the rotor channels in the hub takes less than
30 minutes including readjustment of zero settings of the strain
gauge preamplifiers. Coordination of the measurements with the
operation of the turbine is performed by telephone contact with the
people operating the turbine from the nacelle.

For the operational parameter signals zero voltage corresponds
to a known absolute value, so that interpreting the resulting
curves poses no problems. This is not the case for the rotor
channels, as described in detail in refs. 1.3 and 1.4. In this
presentation the rotor channel signals are referred to a zero
that is obtained as the average of the max and min values of
the signal during a slow revolution at the start of the turbine.
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2. SURVEY OF MEASUREMENTS

Fo l low ing the ins ta l l a t i on and runn ing - in o f the sys tem fou r
campaigns have been made as per primo April 1980. The measure
ment system has been used by Riso National Laboratory and by
the Deparment of Fluid Mechanics of the Technical Universi ty
Denmark, ref . 2 .1. Some resul ts f rom ref . 2.1 are inc luded in
t h i s p r e s e n t a t i o n .

In Table 2.1 the campaigns are l isted and their pr imary aims
are ind icated. The ro tor channel combinat ions ava i lab le are a lso
indicated. Dur ing each campaign a var iety of operat ional parameters
were recorded part ly as a ids in the commissioning of the turbine
and par t ly as pre l iminary checks on the ca lcu la t ions of the
response of the turbine. Table 2.2 shows the rotor channel
combinat ions.

The resul ts and conclusions in th is presentat ion are based on
records made during these four campaigns.
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Campaign Date Rotor Purpose
No Channel

combinat ion

1 30.1.80 1 F i r s t i n d i c a t i o n o f o u t - o f - p l a n e
blade loads

2 13.2.80 1 Check o f b lade p i tch regu la t ion
tower resonance

3 27-28.2 . 80 1 I n v e s t i g a t i o n o f b l a d e p i t c h
angle influence on b lade loads
and power product ion ( re f .2 .1)

5 5 -6 .3 .80 2-4 Inves t i ga t i on o f b l ade l oads .
Table 2 .1 L is t o f campaigns Jan. -Mar. 1980.

Rotor Rotor channels ava i lab le
channel
combinat ion

1 Out-of-plane bending moments at stat ion A2
a l l 3 b lades

f o r

2 Out-of plane bending moments at stat ion Al
2 blades.
Force in one in-p lane s tay.

f o r

3 In-plane bending moments at s tat ion Al for
a l l 3 b lades

4 In-plane bending moment for 1 blade.Forces
ad jacen t i n -p lane s tays

i n

Tab le 2 .2 Ro to r channe ls ava i l ab le
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3. RESULTS

The results given in this section are recorded by the instrumen
tation shown in Fig. 1.1. In Section 3.2 some results are shown,
that have been obtained by means of an FFT analyzer plugged in on
the patch panel. The analyzer is a Hewlett Packard 3721A that per
forms an actual analysis in a chosen period of time, extracting
all frequencies simultaneously.

3.1. Location of sensors on the rotor.

Figure 3.1 shows the root of the outer blade and the trunnion on
which it is mounted. The trunnion is shown in Fig. 3.2 together
with the blade shaft. The shaft is supported by a bearing, mounted
in a bearing house at the end of a tube and supported by two struts
in the rotor plane and one strut out-of-plane. The figure shows the
instrumented sections for which results are shown in the following
sections. The strain gauges in Section A of Fig. 3.2 give flapwise
bending moments used in Sections 3.3 and 3.4 of this paper. The
strain gauges in Section B give flapwise bending moments used in
Section 3.4 as well as chordwise bending moments shown in Section
3.5 of this paper. The struts are also equipped with strain gauges
giving the tensile forces used in Section 3.5.

3.2 Determination of the tower eigenfrequency

The tower eigenfrequency has been determined by recording accele
rations of the wind-induced vibrations of the tower top as well as
by recording the accelerations during the upstart of the mill and
identifying the resonance point.
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^

The glass-fibre wing mounted on the trunnion
Figure 3.1
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Section A
Trunnion

Section B
Shaft

Figure 3.2
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Figure 3.3 shows time tracks of both north-south (NS) and west-east
(WE) acceleration components recorded with the stopped rotor. Thus
the vibrations are wind induced, and by measuring the time between
tops as indicated in the figure, frequencies of 1.29 Hz and 1.34 Hz
are found for the NS and WE directions, respectively.

...-....... . .(

^' [_ ' y*

W E S.I S"sec ~ /.ifr'th

Figure 3.3

Figure 3.4 shows corresponding time tracks during a start-stop
sequence. As indicated in the figure a resonance occurs at 1215
RPM on the generator shaft, corresponding to 27 RPM on the rotor
shaft or 0.45 Hz. At this speed the blade passage frequency is
3 -0.45 = 1.35 Hz.

Figure 3.5 shows the calculated values as given by the tower
designer in October 1978. The calculated value 1.28 Hz is confirmed
by the measurements, considering the accuracy level of this preli
minary instrumentation. The signal level of the accelerometers
(~±0.1 V) was too small for the FFT analyzer, and therefore the
eigenfrequency could not be determined by the frequency analyzer
which was available.
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B. Hejlund Rasmussen, radgivende civilingeniorer Sag nr. Udarb.
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3 .3 . De te rm ina t ion o f f requenc ies o f t he s ta t i ona ry ro to r

The frequencies were determined by a ser ies of tests in which
one of the blades was bent by pull ing the t ip towards .the tower
and releasing i t . The signals from the strain, gauges on the trun
nion (sect ion A in Figure 3.2) was used, and the first 10 to 15
sees were recorded and analyzed. A typical record is shown in Fig,
3.6. Al l three b lades were successively ex i ted, and FFT analys is
was made of signals from the exited blade as well as from the
other b lades.

Figure 3.7 shows a typical output from the FFT analyzer. In the
range 1.9- 2.3 Hz, three peaks are appearent, and a fourth one
may be identifyed above 3 Hz.

1 Hz 2 Hz 3 Hz 4 Hz

Figure 3.7
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Figures 3.8a - 3.8c shows plots of calculated eigenmodes for the
stationary rotor, ref. 3.1, Table 3.1 indicates the corresponding
eigenfrequencies according to the latest calculations together with
the eigenfrequencies determined on the basis of a series of 18 runs
with the FFT analyzer.

Mode Calculated Measured
Hz Hz

1 1.99 1.95 ± 0.04 RMS
2 1.99 2.12 t 0.04 -
3 2.12 2.24 t 0.03 -
4 3.33 3.44 ± 0.03 -

Table 3.1 Rotor eigenfrequencies

Mode 1

Figure 3.8a
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Mode 2
Figure 3.8b

Mode 3
F igure 3 .8c
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2.12 Hz
Figure 3.9a

F l a p w i s e C h o r d w i s e
6.37 Hz

Figure 3.9c

3.33 Hz
Figure 3.9b

s

\

F l a p w i s e C h o r d w i s e
12.8 Hz

Figure 3.9d
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The fourth calculated eigenfrequency corresponds to the
eigenmode shown in Fig. 3.9b, calculated for a single blade. The
calculated frequencies are within 10% of the measured values.

The uppermost time track of Fig. 3.6 is the signal from the
excited blade. At the time indicated by 1 the excited blade has a
phase lag of 180 deg to the two other blades, indicating that mode
2 is predominant. After approx. 10 sees at the time indicated by 2
one blade is almost stationary while the two others are in phase,
indicating that mode 1 now is predominant.

3.4. Flapwise bending moments during operation

Figure 3.10 shows records of the flapwise moments at section A,
Fig. 3.2,during a normal stop at low wind speed. The dominant
feature is the pronounced peak occurring when the stop sequence is
initiated. From an average of approx. 44 kNm and an amplitude of
approx. 23 kNm the level rises to about 95 kNm with a peak to
about 140 kNm. This is due to the pitching of the blades during a
normal stop gradually through maximum C -values to the
stalled condition over a period of approx. 5 sees. This load cycle
is experienced once during each stop. This occurs each time the
turbine attempts to start ih low wind and fails-to connect to the
g r i d .

It appears from Fig. 3.11, where a stop from approx. 13 m/s is
shown that the peak of Fig. 3.10 does not occur. However, the
average level of *\* 95 kNm corresponds to the average level
during the stop (Fig. 3.10) as the blade is already partly
stalled at this condition. Therefore the peak of 130 kNm may
be caused by dynamic amplification. It causes a stop from low
winds to be more severe for flapwise bending than a stop from
high winds.

Figure 3.12 shows records similar to those in Fig. 3.10, but
taken from the flapwise sensors at section B.Fig. 3.2. Again
the pronounced rise in level during the stop sequence from low
speed is seen, but the peak is not so pronounced. From a level
of ^ 30 kNm and an amplitude of ^ 24 kNm the level rises to *v»
88 kNm with a maximum of ^ 110 kNm.
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Figure 3.13 shows the calculated flapwise bending moment distribu
tions due to a triangular aerodynamic load (above) and the corres
ponding moments due to the centrifugal forces acting through the
coning angle of the blade (below). By adding the centrifugal force
moments at stations A and B to the levels of 95 kNm and 88 kNm,
respectively, measured during stop, the moments 147 kNm and 141
kt&n due to aerodynamic forces in station A and B, respectively, are
obtained. This corresponds to the ratio 1.04 between the values in
dicated on the uppermost Fig. 3.13. Thus the computational predic
tions on which the design has been based are confirmed by the
measurements.

Figure 3.14 shows the design spectrum calculated from wind speed
statistics by the Department of Fluid Mechanics for the flapwise
bending moments due to aerodynamic loads referred to zero radius.
By referring the values of Figures 3.10 to 3.12 to zero radius one
obtains an average of 364 kNm and an amplitude of 42 kNm. These
values are within the values shown in Fig. 3.14 for 1-108- 3-108
cycles corresponding to 42% of the operational life. The peaks of
Figs. 3.10 and 3.12 referred to zero radius are ^ 400 kNm,
which are within the values given for cycles up to 6*10, corres
ponding to < 1% of operational life. Thus these measurements so
far do not contradict the design assumptions.

3.5. Stresses in the trunnion and the shaft

The dimensions of the steel trunnion at station A Fig. 3.13, and
of the shaft in the bearing, station C, are given in Fig. 3.15.
The observed peak of the bending moment during stop, Fig. 3.10, is
approx. 140 kNm, and the corresponding stresses are shown in
Table 3.2.

S ta t ion Moment of
i n e r t i a
10~4 m4

Eccen t r i c i t y

m

Stress

MN/m2

A, R = 8 m
C, R = 7.2 m

2.15
3.10

0.14
0.16

91
72

Ta b l e 3 . 2 .
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At station C the stress is superposed by a tensile stress due to
the centrifugal force. This tension is * 6 MN/m2. The material is
St. 52-3 for which the yield stress is 350-400 MN/m2.

3.6 Driving bending moments during operation

Figure 3.16 shows the driving moment at station B, Fig. 3.2, for
one blade and the forces in the two adjacent in-plane struts during
a normal stop sequence. The figure shows that gravity forces are
entirely dominant and that a normal stop is undramatic, although
the first in-plane mode (mode 4 of Table 3.1) of ^ 3.4 Hz is excited
when the generator is disconnected from the grid. The peaks on the
trace for the main shaft torque are due to slack in the power
t r a i n ( c f . r e f . 2 . 1 ) .

Figure 3.17 shows in more detail the traces of the driving moments
in all blades at station B, the moment M31A2 being shown 2% times
enlarged compared to the two others. The traces are basically sinus
oidal, but clearly superposed by the fourth mode of Table 3.1 (^3.4
Hz in-plane). In addition to these oscillations the trace of M31A2
shows regular cusps at the bottom of each period. One month later
this cusp has developed into the abnormal trace shown in Fig. 3.18,
which indicates some mechanical problem, most probably in the
bearing of that part icular blade (cf. Fig. 3.2).

Figure 3.19 shows the predicted in-plane moment distribution due to
gravity forces when the blade is horizontal. From Fig. 3.17 the
amplitude 40 kNm is read, which corresponds well to the value shown
in Fig. 3.19 for the gauge on the shaft.

From Fig. 3.16 the tensile forces 10 kN and 16 kN are found in the
struts pointing forward and backwards, respectively, during a short
period just before stop. This corresponds to a driving force of 3 kN
at radius 8 m, which again corresponds to a rotor shaft torque of
72 kNm. This agrees well with the torque 76 kNm recorded for the
torque in the shaft. By comparison with the recorded electric power
of 190 kW the efficiency of the power train and generator at this
power is 0.75.
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Relative bending moment
flapwise due to aerodynamic
load axial ly, assumed to be
d i s t r i b u t e d a s a t r i a n g l e .
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3 1 0 / 2
Radius, m

Figure 3.19

It should be noted that in both stays of Fig. 3.16 there are posi
tive tensile forces. This means that the bearing seems to be stick
ing in the house and therefore carries a radial load which was
unintentional. This could be the reason for the abnormal trace
of the driving moment in Fig. 3.18.

3.7. Stresses due to gravity forces

The bending moment in the trunnion due to gravity is 37 kNm accor
ding to Fig. 3.19. The stress is correspondingly +24 MN/m2. The
superposed stress from the driving moment is of the order of 14

2MN/m at maximum power.
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3.8. Deflections of the blade

Figure 3.20 shows a calculation of the blade deflection carried
out by the Department of Engineering, Ole Gunneskov, Riso, ref.
3.2. The load case is calculated for a duty condition for which
the power at the rotor shaft is 609 kW, the maximum power calcu
lated at blade tip angle -4°. The deflected shapes are shown for
a pure radial blade in curve 1 and for a blade with cone angle 6°
in curve 2. The coning effect reduces the tip deflection by 25 %
and the maximum axial bending moment in the steel shaft is corres
pondingly reduced by 40 % as shown in fig. 3.21.

j fix/at &a o/'n& /n o men t

x/r*?L//-n £?oi*ser <zor>c/'V-/os)s.

..■t:

TVSUCAX STBBL 0BJ9/7 - ^

Figure 3.21
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4. DISCUSSION

4.1. The preliminary measurement system.

This ad hoc measurement system was relatively easily established;
the main problem was the influence of the measurement system on
some of the channels shared with the turbine's microcomputer.
After separating the system from the computer by amplifiers
there have been no problems in the recording of operational
parameters. The recording of the rotor channels has been hampered
by noise caused by the long cables absorbing radio signals. This
occasionally caused the strain gauge preamplifiers to oscillate,
but modifications on the preamplifier installation have removed
these osc i l la t ions.

The system has served - and still serves - as a means of obtain
ing preliminary data in a versatile way. This means that it may be
used by interested persons with a minimum of instructions, thus
permitting early assessments of turbine behavior and of the
validity of the design calculations. Therefore a similar system
will be established on the mod B turbine. The penalty is an
accuracy of not better than 5-15%. The Brush plotter is not
ideally suited because it is able to resolve frequencies far
beyond the frequency range of interest in the wind turbines,
while the amplitudes of the records are limited to about 5 cm.
However, the plotter has proved reasonably reliable while
standing unattended for several months in an unheated room in
the turbine tower, and its ability to record up to 6 channels
simultaneously has proved valuable.

4 .2 . The resu l ts

The measurement results are in good agreement with the predicted
values. However, they also show some anomalies that should be
invest igated fur ther.

The most pronounced characteristics of the stayed, stall-regulated
mod A wind turbine as they appear from the measurements are:
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Gravity forces are clearly the most dominant in-plane
forces. As indicated in Fig. 3.19 the in-plane struts play a
very important role in keeping the resulting blade moment low.

For the out-of-plane loads i t is characterist ic for a turbine
which is regulated as the mod A turbine that during a normal
stop sequence the blade passes through hiqh lift coefficients
to a stalled condition. This means that the blade is exposed to
loads of the same magnitude as those at high wind speeds.
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Appendix A.
A Note about Wind Turbine Rotor Lay-Out Minimizing the Material
Fatigue Problem
by Helge Petersen

An obvious feature of a blade which produces design problems is
the division of the blade in order to pitch it. The two Nibe wind
turbines shown in Fig. Al., are conventional in this respect.

8

^

Figure A.1.

For the mod A the blade is divided in an outer and an inner blade
part, the outer blade part is structually "shrunk" to be able to
pass through the bearing at the end of the fixed inner blade part

For mod B the whole blade is carried by a large bearing at the
blade root and this l imits the structural diameter.

Two other solutions are shown in Fig. A.2 and A.3, named Concept
"28" and Concept "50", respectivily.
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Concept "50"
Diameter 50 m
Power 1000 kW

Figure A.3
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The wind turbine in Fig. A.2, Concept "28", has strutted blades.
However, the struts are hinged to the blade, the hinge being
placed outside of the blade structure, and the root of the blade
is hinged to the hub. Still the blade can pitch 90°. In this way
the blade structure is not interrupted by a shaft and bearing.

The wind turbine shown in Fig. A.3, Concept "50", has a canti
lever structure fixed to the hub and surrounded by the hollow
blade. This allows the blade to pitch around the carrying member.
As for Concept "28" the bending moment decreases from the posi
tion of the outer bearing at the end of the carrying member towards
the hub. In the carrying member of "50" the bending moment is
zero at the outer bearing and increases towards the hub. However,
it is less difficult to design a fixed structure strong enough
to withstand the fatigue loads.
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Side 1: The Nibe Wind-Turbine Type A.
Designed and erected by the Wind Power
Program of the Ministry of Commerce and the
Electricity Utilities in Denmark. Nacelle with rotor hub (windmill A) and tower top section



A wind power programme is aimed at
the development of larger electricity
producing wind power plants.
The programme involves research
and development work on large-scale
wind power pilot plants, with special
emphasis on positive solutions which
are feasible in practise.
Based on this research and the opera
tion experience of the wind power
plants the background will be pro
cured for steps into new and ad
vanced investigations concerning the
technology, economy and environ
mental sides of wind power.

Manufacture of D-spar of glass-fibre plastic
with the rovings all laid longitudinally on a
rotating mandrel.

Front and side views
of the two Nibe windmills.
Windmill A Windmill B



The Volund program for the Energy
Technology Plants
All over the World

630 MW Power Station
"The Ensted Power Station",
Denmark.
Design and manufacture of water-
tube boilers for production of steam
pressurized hot water for power sta
tions and industries, as well as all
types of smoke-tube boilers for hot
water from 10 KW. Storage tanks,
load bearing steel constructions of all
types, heat exchangers and air
coolers. Marketing of turn-key heat
ing plants for industry, district heat
ing and apartment blocks.

ITABASHI Incinerator Plant,
Tokyo, Japan.
Capacity 1200 TPD (Metric)
Equipment for the protection of the
environment, thermic treatment of
solid, sludgy and liquid waste with
heat recovery and re-use of clinkers.
Plants are designed and installed as
turn-key projects, or equipment is
delivered and commissioned. Agents
and licensees all over the world.

10,000 tonsmetre Tower Crane,
delivered to G.P.U. Service Corp.,
New Jersey, U.S.A.
Development, production and mar
keting of industrial building cranes
and special cranes for shipyards, po
wer plants and harbours. Has delive
red the world's largest rotary tower
crane with a lifting capacity of 10,000
tonmetre and constantly develops
new types of "heavy rigging equip
ment". 90% of the production are
exported all over the world.

The two Nibe Turbines,
each 630 KW, Denmark.
Design and manufacture of wind tur
bine blade or turn-key windmills.
Production of fibreglass-reinforced
polyester products for various indu
stries (chemical, galvanizing, food,
textile) as well as for agriculture, con
struction industry and institutions.

Volund y
Fibreglass Technology Division
Marsk Stigs Vej 4
DK-8800 Viborg -Denmark
Phone +4 56 62 34 99
Telex 66225 volund dk

Abildager 11
DK-2600 Glostrup • Denmark
Phone +4 52 45 22 00
Telex 33150 volund dk

Helideck to the "Danfield plat
form E", The North See.
Production of steel chimney stacks,
machinery for fish meal production,
electro-hydraulic crane buckets, con
struction, repair and service work for
the on- and off-shore industry.
Agents all over Western Europe.
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Glass-polyester materials
for a 20 m rotorblade

H . L i l h o l t /

Metallurgy Department
Ris0 National Laboratory
Roskilde, Denmark

Abstract

The mater ia ls specificat ion, fabr icat ion, mater ia ls
testing and fatigue behaviour of glass-polyester for a
rotorblade is described.

In t roduc t ion

A windturbine of nominal power 630 kW has been designed
and bui l t by the Danish e lect r ic i ty u t i l i t ies. The design
of the rotor and of the wingblades was carried out with little
previous experience in this field. The rotor of diameter
40 m consists of three wingblades, which are composed of an
inner wing of length 8 m and an outer wing of length 12 m.
The conceptual design of the wingblade is a (load-bearing)
tubular spar with aerodynamically shaped shells. The inner
wing has a spar of steel while the outer wing has a D-shaped
spar of glassfibre reinforced polyester. The shells are made
of polyester with glassmats in a sandwich construction with
a balsa core. A preliminary design was used to evaluate
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static and dynamic stresses, deflections, and resonance fre
quencies of the wingblade, in particular the outer wing.
This paper discusses only the design and materials of the
outer wing, in part icular the spar material , fig. 1.

The dynamic stresses (in the spar material) vary and are
+ 2estimated to be ca. 35-7 MN/m for ca. 20% of the operational

+ 2time, ca. 21 - 11 MN/m for ca. 40% of the time, and
+ 26-6 MN/m for ca. 40% of the time. These stresses are com

pressive, the corresponding tensile stresses are sl ightly
less .

The resonance frequency for a single outer wing (12m) is
ca. 2.2 Hz, and for the rotor 1.93 Hz. The imposed frequency
due to rotation is three t imes the rotational frequency, i .e.
3 x 0.557 = 1.67 Hz.

The materials specifications for the spar and the shells
of the outer wing were based on these performance data.

Mater ia ls

The performance requirements lead to a spar material of high
(bending) modulus, high static and dynamic strength and of low
weight; the torsion modulus is not considered to be a critical
material parameter. Glass fibre reinforced polyester was
chosen, rather than e.g. carbon fibre reinforced epoxy, because
it is a known material to the (Danish) manufacturing industry.
The requirements to the materials properties and the geometri
cal parameters of the spar suggest a glass-polyester material
of high volume fraction (>40%) of glass fibres, and of highly
or iented fibres, idea l ly para l le l to the longi tud ina l ax is o f
the spar.

An available and convenient technique for spar fabrication
is (filament) winding of glass fibres onto a mandrel. A win
ding technique with the use of a woven glass tape was deve
loped. The glass tape has about 90% of the fibres (rovings)
transverse to the length of the tape, with the remaining 10%
of glass forming lengthwise supporting rovings. Winding of
this tape onto a mandrel produces a laminate with the 90%
fibres nearly parallel to the axis of the spar and the 10%
fibres nearly at 90° to the axis. For further detai ls



- 47 -

see Johansen et al. (1980).

Mechanical tests in tension were made on samples cut from
the spars. The specimens had a gauge section of 200 mm x 25 mm
x* ca. 23 mm (E-modulus) and a gauge section (machined on the
same specimens) tapered from 25 mm at the ends to 15 mm at
mid- length (ul t imate tensi le strength and strain).

The elast ic tensi le modulus, the l imit of proport ional i ty
in terms of stress and strain, and the ultimate tensile strength
as well as an estimate of the ultimate tensile strain are lis
ted in table 1 as average values from 12 tests on specimens from
6 spars.

Table 1

Density
Fibre volume
Poros i ty
E-modulus
Limi t of proport ional , s t ress

s t r a i n
U l t ima te tens i l e s t ress

s t r a i n

The values of the E-modulus are plotted versus the volume
fract ions, fig. 2. The simple straight l ine from the law of
mixtures for unidirectional composites is drawn as a reference,
and we see that the laminates are rather close to this maxi
mum line.

The strain at the l imit of proport ional i ty is 0.2-0.3%,
this is close to values found in other glass fibre reinforced
polyester composites (Norwood et al. 1980), and also close to
values for the first detectable acoustic emission.

The ultimate tensile strength #is acceptable for the present
appl icat ion, but is probably affected by porosi ty. The ul t imate
tensi le strain is di fficult to define, because internal damage
starts at lower loads and causes a jerky stress-strain curve,
see fig. 3.

1.75 g/cm
45.2 %

~ 5 %

32.4 GN/m2
~75 MN/m2
~ 0.23 %

544 MN/m2
^ 1 . 9 %
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Fatigue behaviour
The outer wings were not specifically designed for fatigue

loads, the materials have not been tested for fatigue, and
no component tests in fatigue were made.

Qualitatively, the material behaviour is considered to be
acceptable under fatigue loadings, the high volume fraction
of glassfibres (~45%) and the well aligned fibres (0~ 5-10°)
should ensure good fatigue behaviour. The expected loads
on the wingblades during (normal) operation are mainly tensile
and/or compressive in the most heavily loaded parts of the
spar; rather low loads in shear are expected. It is known
that shear loads and (longitudinal) compressive loads reduce
the fat igue propert ies of fibre reinforced materials, mainly
because the matrix cracks and the interface debonds, (Compo
sites 1977, Dew-Hughes et al. 1973)*.

Internal damage (matrix cracks and debonding at the inter
face) is l ikely to occur in fibre composites during fatigue
conditions, and at rather low loads. Thus, except at very
low fatigue loads, internal damage is likely to occur early in
the l i fe " t ime o f the mater ia l . I t w i l l o f ten be ine ffic ient
to use very low design loads, and therefore a fibre composite
material is likely to have some internal damage during most of
its life time; perhaps even from the start due to incomplete
fabricat ion of the fibre composite.

The effects of internal damage are a reduction in the elastic
constants (among these the E-modulus) and a larger risk of
water uptake. The effect of water is partly an increase in the
weight of the component and partly a softening of the matrix,
e.g. polyester. These effects must be addressed during the
design of components.

Large "single" loads can also cause internal damage which is
irreversible, and thus has the same effects as damage produced
from fatigue loads.'

Fatigue loadings can be uniform cycling or random cycling
or combinations of these. Predict ions of fat igue l i fe t imes
require a rule for the accumulation of part lives at various
types of loading. The l inear rule based on fractional l ives
is not likely to work, and other rules have been proposed (Owen 19 72
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Part of the explanation is that the irreversible damage has
effects on the mechanical behaviour of the material and thus
i ts ( fa t igue) per formance la ter in i ts l i fe t ime.

Large "single" loads early in a planned life period can
consume a (large) fraction ofrthe accumulated life time. During
loadings, which are not predictable in detail and sequence,
such as wind loads, it may not be possible to predict a total
l i f e t ime , bu t on l y a s ta t i s t i ca l ( t o ta l ) l i f e t ime .

Estimates of fatigue behaviour

The fatigue life times of the Danish windturbines are based
on the angular velocity of 3.5 s" and a nominal design life
time of 30 years. With an efficiency factor of 0.85 the number
of cycles are:
1 m o n t h N = l . # 2 ' 4 x I O 6
1 y e a r N = 1 . 5 x I O 7

Q
3 0 y e a r s N = 4 . 5 x 1 0

A simple estimate of the fatigue performance, which can only
be of approximate value during complex loadings, can be obtai
ned from British Standard no. 4994. The design factor, which
is composed of several parts, is estimated for 10 cycles

gand for 10 cycles. The al lowable fat igue stress is

^f - <W K
2where 0"".-- = 544 MN/m for the spar material.

The calculated, accumulated loadings (Petersen 1979) are
evaluated in terms of strains, and the corresponding stresses
are calculated for the spar material, see table 2.

Table 2 .

N K ""f £max m m max cr .mm
MN/m2 % % MN/m2 MN/m2

I O 6 7 . 9 69 0.12 0.06 37 18
5xl08 -0 .014 -0 .023 - 4 - 7
I O 9 1 1 . 5 47
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The operative loadings appear to be well within the allow
able stresses.

A more detailed description of the material behaviour
is obtained with diagrams which include the number of cycles,
the mean stress (or strain) and the stress (or strain)
amplitude. Such diagram are e.g. the Smith-diagrams which
use mean stress and maximum/minimum stress for fixed number
of cycles.

Data from the literature do not contain information on
the specific glass-polyester laminate used for the spars.
Based on relevant information from the literature on glass-
resin composites with aligned or cross-plied (woven) fibres
we have estimated the likely fatigue curves for the spar mate
rial. The various data are more conveniently compared in terms
of strains, rather than stresses, and therefore we have plot
ted the Smith-diagrams in terms of strains. The relevant in
formation is contained in the references Malmo et al. (1975),
Dharan (1975) and Owen (1977).

We have estimated fatigue curves for "early damage" and for
" fa i lu re" to i l lus t ra te the influence o f these s i tuat ions
on the allowable fatigue strains.

Most fatigue studies do not contain data for cycles up to
910 cycles, and some extrapolation has been done to estimate

the behaviour at these high cycles. The qualitative conclu
sions are (schematically):

" e a r l y d a m a g e " £ ( I O 6 ) ^ £ ( I O 9 )
" f a i l u r e " £ ( 1 0 6 ) > £ ( 1 0 9 )
N = 1 0 £ ( f a i l u r e ) > £ ( e a r l y d a m . )
N = I O 9 £ ( f a i l u r e ) ^ £ ( e a r l y d a m . )

The fatigue strain diagrams for the glass-polyester are
estimated from this information and the characteristics of
the spar material (table 1), see fig. 4 and 5.

The operative strains are estimated from the accumulated
loadings and are (at wing radius 9.5m):
N = I O 6 £ = 0 . 0 9 % A £ = 0 . 0 3 %
N = 5 x l 0 8 E = - 0 . 0 2 % A £ = 0 . 0 1 %
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Early measurements of the loadings during operation'of the
windturbine, mill A,have given bending moments at wing
radius ca. 8m of M = 110 kNm - 20 kNm, which corresponds to
st ra ins of

£ ~ 0 .12 % A£ . = 0 .02 %
calculated at wing radius 9.5 m.

These operative strains are plotted in the diagrams and are
reasonably within the allowable strains at 10 cycles, and

gcloser to the al lowable strains at 10 cycles. I t wi l l be
necessary to investigate the material behaviour and the ope
rative loadings in more detail before more precise predictions
can be made.

"Single" loadings

Loadings, which "overload" the material and cause internal
damage, can be of importance for the fatigue performance.

Strains (static, tensile) of 0.2-0.3 % in glass-resin compo
sites appear (Norwood et al. 1980) to correspond to a limit of
p ropo r t i ona l i t y f o r t he s t r ess - s t r a i n cu r ve , t h i s l im i t i s
often close to strains at which the first acoustic emission
is detected. These observations indicate internal damage of
the glass-resin material and the damage is probably irreversible
Thus it has effects similar to those mentioned for fatigue load
ings.

The l imit of proport ional i ty of the spar material is ca.
0.23 % (table 1), and is thus in agreement with the above
values.

Cases of large "single" loadings are given by Petersen (1979)
and include for mill A gale and oblique wind direction, and
for mill B gale, aerodynamic braking and mechanical braking.
The strains are calculated (Lilholt 1980) at wing radius 10 m
and are the compressive strains of the curved wing surface,
and are presented in table 3.
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Table 3

B e n d i n g m o m e n t W i n g
st ress s t r a i n

kNm MN/m2 %
Mi l l A
Gale 170 27 0.2
Oblique wind 110 18 0.13
Mi l l B
Gale 130 21 0.15
Aerodyn. braking 129 21 0.15
Mech. braking 40 6.4 0.05

These loadings could be important for the fatigue perfor
mance, depending on the number of occurrences.

Conclusions

The material (glass-polyester) and the wings show the
expected mechanical behaviour for static loads. The material
behaviour and loadings in fatigue have been discussed quali
tat ively and mainly in relat ion to simple unidirect ional
tensi le loading; the fat igue behaviour appear qual i tat ively
acceptable, but substantiation is necessary.
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Introduction

During the definition phase of the GROWIAN I-project, two
different blade-construction concepts have been examined:

a) layout as a carbon-fibre-composite-structure between
station R = 15m and R = 50 m with a lateral-load
connection to the hub.

b) layout as a carbon-fibre-composite-structure between
station R = 50 - R 30 m. From station 30 m to the hub
a design with a steel-spar as load carrying element and
an airfoil of glassfibre-composite was chosen.

Static and dynamic tests with components of original size
have shown, that rotor blades constructed in carbon-fibre
composites were not being qualified enough to be installed
in the first GROWIAN experimental unit. Problems are seen
especially in the connection of the composite to the steel-
structure and in the fabrication-technology to reach a con
stant material quality.

For the installation of the first experimental unit of
GROWIAN I rotor blades with a steel spar and a glassfibre
composite airfoil are used. The development, construction
and test of this blade configuration is being performed by
MAN by order of the KFA for the Federal Minister of Research
and Technology.

Form MS619
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1. Blade Geometry

The GROWLAN-rotorblade has a double trapezoidal shape
(Fig. 1). The nominal length is 50 m about
40 m are aerodynamically effective. The chord is 1,3 m
at the tip and 4,9 m at the root. The relative thickness
varies from 15,1% to 50%. From the hub the blade-bearing
reaches to the sat ion R = 10 m which splits into two
bearings, one at station R = 4,3 m and one at station
R = 10 m. The import.ant blade data are summarized in
Fig. 2. For the aerodynamical layout three laminar
Wortman airfoils series FX-77-W are used (Fig.3).

2. Design Concept

Load carrying structure of the blade is a hexagonal
untwisted steel spar. The aerodynamic airfoil-shape is
given by a glasfibre-composite sandwich-construction,
which is connected via fittings with the spar. The use
of this GFRP-construction results from the high require
ments of the laminar airfoil to the surface waveness
and roughness. This type of construction has been adap
ted from the sail-plane fabrication.

The GFRP-shell is build up in order to op tain only a
very low percentage of the chord- and flapwise stiffness
of the spar. On the other hand the shell is worked out
in circumferential direction in a manner that the angle
of attack is hardly changed. Differences in the strains
between the two materials under temperature are compen
sated by the build up of the laminate (Fig. 4).

Form MS619
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3. Steel Spar

The spar is untwisted and has a hexagonal cross-section,
which is lead to a truncated cone at station R = 10 m.
To reach the hexagonal shape and reduce the welding to
a minimum, the sheets are bent. From station R = 15 m
to R = 35 m the spar consists of two semi-shells. From
R = 35 to the tip it is build up by quarter-shells. To

keep its shape under load it is stiffened by ribbs. By
reasons in handling and fabrication the spar is divided
into 6 sections which are welded together. The fittings
to mount the airfoi l-shells are situated at the chord-
wise front and rear end of the spar.

The spar is positioned in the blade geometry in order to

get a balanced stress-distrubution in the girders (Fig. 5 .).
As material steel QST 52-3-Z3 is chosen. The wall-thickness
of the spar varies from 20 mm to 6 mm. Fig.6 shows the
stress-distribution over the length of the spar for nominal
and peak load. In Fig. 7 the assembly jig of the spar is

p ic tu red .

4. Aerodynamic air foi l -covering

The blade shape is given by the aerodynamic-airfoil covering

(Fig.8 ). It is build up as a GFRP-sandwich-construction and
has to carry aerodynamic forces, which are lead via fittings
into the spar. Due to handling and fabrication, the shelltype

airfoil-covering is produced in segments. From station R = 50 m
to R = 27,5 m it is build up in semi-shells which are separated
in the chord line. From station R = 27,5 m to R = 10 in these semi-
shells are divided chord wise behind the spar. The shells are
fabricated in negative moulds, a standard method used in the

composite fabricat ion.

Form M S619
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This method guarantees a high accuracy of the airfoil
shape and the required surface quality. Fig.9~~
shovsthe manufacturing of the moulds. Fig. 10. the model of
station R = 50 m to R = 37,5 m to construct the moulds.

5. Testing

The'prototype of the blade will be tested in static tests.o
Fatigue-tests with 10 cycles are bei
the large amplitudes by time reason.

o
Fatigue-tests with 10 cycles are being not performed due to

The tests will be performed in order to simulate the nominal
loads in certain blade areas approximately. Fig. 11 shows the
test stand. Test rigg and sample form a closed system in order
that no outer reaction loads will arise. The test-loads will
be applied by hydraulic jacks and induced via a load carrying
structure to the sample. Five tests will be performed: a dyna
mic vibration test, two static tests and a test to measure the
friction moment of ihe blade bearings.The final test will be a
rupture test.

Fig. 12. shows the GROWIAN-blade in a size comparison with
American windturbine-blades of MOD 1 and NDD 2 as well as
a wing of the air-transporter Gi\Li\XY.

Form M 5619
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BLADE DATA

Length (nominal) h = 50,2 m

Chord at tip h = 1,3 m
at root h = 1,9 m

Thickness relatlv i = 15,1 - 50%
absolut d = 0,3 - 2,4 m

Twist /non linear)
A

= 18°
105 m2

Tapering

Aspect ratio

Airfoi l

Weight

Elgenfrequences 1st flap
1st chord
1st torsion

Rotorspeed

Design life

Fig.: 2

A

0,26

15,4

FX-79-W 151 A
FX-77-W 253
FX-77-W 343

m

f y

23000 kg

1,07 Hz
1,34 llz

9,34 IL

n = 1 8 , 5 r p m

20 year

a:
om

FX 79-WI51A
R=50m

FX 77-W258
R= 29.5m

FX 77-W343
R=15.7 m

l' ig. 3 Blallgeomelrie° B l a d e G e o m e t r y
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Fig.:5 Stress Distribution in the Spar-Girders
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Fig.: 6 Stress Distribution in the Spar
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1. Technical History

In the preliminary design for GROWIAN I rotor blades five
concepts have been in competition (Fig. 1):

- GFRP blade: sparbox and shell GFRP
- CFRP blade: sparbox and shell CFRP
- CFRP steel-blade: from hub to-32 m steel*7GFRP, tip CFRP
- CFRP-steel blade: twisted sparbox steel to 15m/GFRP, tip CFRP/GFRP
- GFRP-steel blade: untwisted sparbox steel, shell GFRP

The different designs were compared in weight, eigenfre
quencies, tip deflection under load and costs.
Soon the GFRP blade was thrown out because the costs were
higher than those of CFRP blades, depending on too much man
hours and too low flapwise eigenfrequencies.

The twisted steel blade with GFRP cowling was also eliminated
because the production costs seemed to be to high, too.

Because there are also problems in the zones of force intro
ductions to the bearings the design of a CFRP blade for the
"tip" from 15 to 50 m was choosen for further development.
But after the tests have been completed, there was no satis
faction in quality control and guarantee of thick CFRP lami
nates .

So the last concept with untwisted sparbox of steel and an
aerodynamic covering in GFRP was winner. This type of blade
is presented by Mr. A.M. Thiele.

Form M5619
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2. Steel-CFRP blade conceut-

The design philosophy for this blade and its connections
was as follows:

- high stiffness and high mass in the inner part of
the blade

- high stiffness and low mass in the outer regions

- force reductions by long distances and well-known

flow of forces

- force separation with different bolt directions
and bearings

This philosophy orig.inated the concept of figure 2. The
hub close part of the blade is fitted to the bearing in
a conservative way with a lot of axial bolts. On the other
side the lateral loads and flatwise bending moments are
carried by two arms with tip bolts while the centrifugal-
and edgewise loads are carried by to wide distanced chord-
wise bolts. (Fig. 3) The same connection is used at radius
30 m, where the blade is separated once more, to allow a
road transportation also on narrow roads.

Form M5819
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3. Fabrication and Testing

To test this connection and the production of this carbon
parts a 7,5 m long test section was fabricated in a glider
factory. The sparbox had a total mass of 520 kg. Between
point A and B, the finger outside of the profile shell,
there is used a solid carbon box (Fig. 4), while a sand
wich, web construction is used in the shell section between
B and C.

Production steps are shown in the following pictures. The
base plates, webs and ribs are laminated in different moulds
and cured. Afterwards the base plates are bonded to the webs
(Fig. 5) and two of this parts are forming the inner
web box (Fig. 6). After curing the carbon rovings are layed
up, preimpregnated by pulling through a nozzle (Fig. 7).
Then the final fabric winding is applicated and the complete
sparbox is postcured for 15 hours at 60°C in a heated tent.
Fig. 8 shows the test beam before delivering to the test
f a c i l i t y.

Besides the static rupture test some dynamic tests at
high loads should be performed, because there are only
few test results on thick carbon laminates under dyna
mic loads available. As the deflection at tip of the
beam (Fig. 9,10) was about 200 mm, the normal frequen
cy expected by natural loading could not be practised.

Form M 5619
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Two different load cases were simmulated:

load case 2: Nominal power at nominal windspeed

plus 100$ gust (12 to 24 m/s)

load case 4 A: Nominal power at cut out windspeed

plus 60% gust (25 to 40 m/s)

4. Test results

After instal lat ion of the test beam a stat ic test with
maximum gust loading was run without loss in stiffness.

During the next three weeks the test was undergoing dy
namic loading at a frequency of 0.4 Hz or 2,5 seconds

per load cycle unt i l 10 load cycles were funfil led.
No damage of the structure was detected.
Also the following 100 cycles at maximum gust loading
showed no visible and measureable damage. So the first

rupture test s tar ted.

At load level 75,1 % of calculated breaking load the bed

plate (position B) mid of the beam failed by delamination
and rupture of the circumferential fibres wound around
the bushing (Fig. 12). This was caused by an asymetric

design of the position of the bushing towards the bed
p l a t e .

The load introduction was repaired by a simple steel

wedge bonded to the compression flange of the beam and
pressed against the load frame.

Loaded with only 34% of breaking load, bushing no. A
failed because the bearing was not exactly positioned
when the test beam has been fixed to the frame after

repair. After modification of this part load was applied
again and rupture occured at 97,2% of calculated breaking
load.
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Damage occured in the zone of maximum compression stress
rectangular of the fibre orientation, diagonal in the webs
and parallel to the fibres in the tension loaded flange
towards point C (Fig. 13,14).

The measured strain was multiplied with an experimental
gained Youngs modulus to obtain the stress at rupture.
Maximum stress in the compression flange was calculated
to about 496 N/mm2 (Fig. 15), while shear stress has been
120 N'mnTat maximum (Fig. 16,17). When dynamic load stresses
are compared with the ultimate stresses at failure of the
test beam the calculated margin of safety 1,2 was reached
(Fig. 18). The assumed line of ultimate time dependent stress
for handlaminated CFRP seems to.be accurate and useful1 for
further calculations. Caused by a high void content and an
unequal resin distribution in laminate cross section the
decrease of the curve is higher than the well-known one of
prepreg laminates.

5. Costs

One of the reasons to development of the composite rotor
blades was the low expected mass of this blades. Compared
with other types (Fig. 19) the value of the CFRP blade is
only 40% of the steel version. On the other hand the
present manufacturing costs are at a high level (Fig. 20)
in comparison to other published datas.
It seems, that there are two different design philosophies:
high weight/low cost and low weight/high cost, when prices
per unit mass are plotted versus electrical energy output.
There is no statement about aerodynamic efficiency of all
different blades and other influences of blade mass on dy
namic behaviour of the complete wind turbine.
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6. Conclusions

The fabrication study and dynamic test of a CFRP-beam in
original GROWIAN-size originated following experiences:

- It is possible to manufacture thick CFRP laminates
in combined pultrusion-hand lay up technique.

- Allowable dynamic stresses are lower than in com

mon prepreg laminates.

- Costs of CPRP-rotor blades produced in standard

technology are to high, depending on high material
prices and expensive fabrication methods > but are
rapidly decreasing.
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FIG. 2 Steel/CFRP - Rotorblade
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FIG. 5: Base plate "A" before bonding

FIG. 6: Base plate "B" bonded into web
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FIG. 7: Fabrication of unidirectional spars

FIG. 8: Complete test be.am
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FIG. 10: Test setup
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N - IO2

68525
83200

53620
65096

205575
249600

38715
46992

4 Rupture-
test 117312 91785 351936 66258

c

FIG. 11:

At
Test loads

t c

FIG. 12: First Failure, Bed Plate Position B
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FIG. 13: Failure in Compression Flange

FIG. 14: Failure in the web
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STRAIN [%o]

LOADCASE £A

FIG. 17: Strain Distribution at Load Case 4 A
(102 cycles)
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FIG. 18: S-N-curve for band laminated CFRP
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DEVELOPMENT AND DESIGN
OF A LARGE 'WIND TURBINE BLADE

Dip l . Ing. Michael Hahn
MBB, Uest Germany

#

Summary

A short schedule of the development group and the design-basis
developped in the past wi l l be given. The mould-concept is the
key fo r des ign and manufac tur ing o f la rge b lade-s t ruc tures , wh ich
n e e d s a s p e c i a l s u r f a c e - d e fi n i t i o n a n d s t r u c tu r a l d e s i g n .

The blades design and the assembly wi l l be descr ibed with al l
c o n s e q u e n c e s f o r s u r f a c e d e fi n i t i o n , m a t e r i a l s e l e c t i o n , l a m i n a t e
design, cur ing procedure and too l des ign.

A complete survey about the too l ing wi l l be g iven, inc lud ing mould
and heat ing sys tem, cu t t ing and mi l l ing dev ices .
A shor t repor t about the manufactur ing o f an 11 meter - tes t sect ion
completes the presenta t ion.

# The ?aper Was prese/i/eo/ by M- &&"& rr\}y M&3
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! 1 . I n t r o d u c t i o nI
The deve lopment o f ro to r -b lades fo r a la rge hor i zon ta l -ax is
windmil l demants the solut ion of problems in design and
m a t e r i a l s e l e c t i o n .

Three major prob lems are typ ica l for la rge wind-energy un i ts :

a) The b ig d imensions of the rotor-b lade and i ts compl icated
aerodynamic shape.
Fig. 1 shows the dimensions of the WEC rotor-blade.

b) The forces acting on the blade and the environmental
i n fl u e n c e s .
The aerodynamic and inert ia l forces and the environmental
influences can be seen in Fig. 2.

c) The extreme requirements which are imposed to the dynamic
c h a r a c t e r i s t i c s o f t h e r o t o r - b l a d e .
Fig. 3 shows the natura l f requencies in bending and tors ion,
which are very high for such a slender beam.

These three porblems require the development and the appli
c a t i o n o f n e w t e c h n o l o g i e s . *

The mater ia l select ion, the blade design and the manufacture
of «-a test sect ion, 11 meters in length, for the WEC rotor-blade
w i l l be desc r i bed .

M a t e r i a l s e l e c t i o n

The dynamic charac ter is t i cs and the s t resses o f fa rge ro to r -
blades are mainly dependent on their masses.
Fo r t h i s r eason , ma te r i a l s o f h i gh f a t i gue s t r eng th , h i gh
sti ffness and low mass have to be selected.

F ig . 4 shows the p roper t ies o f meta ls and fibre - re in fo rced
compos i tes (FRC) . The h igh spec ific s t i f fness and s t rength
of FRC become evident.

These advantages can also be seen when comparing the mechanical
p r o p e r t i e s o f c r o s s - s e c t i o n s o f r o t o r - b l a d e s o f d i f f e r e n t t y p e s
o f c o n s t r u c t i o n .

Three rotor-blades designed for the same contur can be seen
i n F i g . 5 .

Due to the good formabi l i ty of FRC the structure can be bui l t
to the final aerodynamic shape.
That is t why the FRC design provides bet ter s t i f fness than the
metal des ign.

As to the mass, the strength of the FRC design is higher than
the spec ific s t rength o f the meta l des ign. The marg ins o f
safety are higher in FRC than in metal.
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There are two addit ional reasons for the FRC desicn:
- The good fo rmab i l i t y o f the lamina tes a l lows to bu i ld

ro to r -b lades o f h igh ae rodynamic qua l i t y and ve ry d i f f e ren t
p r o fi l e s a t t h e t i p a n d t h e r o o t o f t h e b l a d e .
F ig . 6 shows the t yp i ca l p rofi les o f a w ind -energy ro to r -b lade

- The second reason i s tha t i t i s poss ib le to va ry the s t i f f ness
of a c ross-sec t ion w i th a g iven contour.
Since composi te designs are most ly very safe in s t rength,
one cannot on ly chose be tween d i f fe ren t t ypes o f fibres , '
bu t i t i s a l so poss ib le to va ry the th i ckness o f t he l am ina tes
v/hich are to be built up in layers .
The laminate design of a wind-energy rotor-blade can be seen
in F i g . 7 .

Th i ck l am ina tes w i th in the a rea o f b ig p rofi le th i ckness and
th in l am ina tes w i th in t he reg ions o f l ead ing and t ra i l i ng edges
resu l t f r om the s tagge r i ng o f t he l aye rs .

Loads and environmental influences

Fig. 8 shows the resul tant load of a l l loads which act on
t h e r o t o r - b l a d e i n o p e r a t i o n .

T lus l oad i s composed o f fl igh t l oads inc lud ing bee e f fec ts ,
w ind shear and gus ts and the iner t ia l fo rces resu l t ing f rom
t h e r o t a t i o n w i t h i n t h e g r a v i t a t i o n fi e l d .

One can see the curve of the safe loads of the FRC rotor-blades.
The sa fe t y f ac to r i s abou t f ou r. The se rv i ce - l i f e w i l l be more
than 20 yea rs . /See re fe rence ( 1 ) / .

Ro to r -b lades des igned in ca rbon fib re need l i gh tn ing p ro tec t i ons
F ig , 9 shows the ar rangement o f the l igh tn ing pro tec t ion .

Two conduc to rs p ro tec t aga ins t l i gh tn ing s t r i kes i n t he l ead ing
edge and the t ra i l ing edge.
Wi th in the reg ion o f the b lade t ip the en t i re sur face- i s
protected by thin aluminium mesh. This mesh can conduct away
s m a l l e r i n d u c e d c h a r g e s f o l l o w i n g t h e fi r s t l i g h t n i n g s t r i k e .
Fig. . 10 shows the environmental influences.

The e las t i c su r face o f t he e ros ion - res i s tan t pa in t and the
compact design of the blade protect f rom

- e r o s i o n
- i c i n g
- mo is tu re
- s o l a r r a d i a t i o n a n d
- i m p a c t o f s m a l l p a r t i c l e s .

FRC has no corrosion.
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FRC technology for large s t ructures

Since the manufacture of large laminate quant i t ies (more than
1 ton/per blade)require some days , one has to use resins,
which have long pot l i fes at room temperature.

These resins cure in heated moulds at temperatures above
90 C. To avoid unnecessary thermal stresses, the whole
laminate quant i ty i s cured in one cyc le .
Fig. 11 shov/s the manufacture of the BO 105 helicopter
r o t o r - b l a d e .

This hand-laminating method cannot be used for producing
la rge s t ruc tu res . The impregna t i on o f t he fab r i cs i n t he
mould and the use of small roving tapes do last too long.

For big rotor-blades MBB uses prepregs which are cut to
size outs ide the mould.
Fig. 12 shows the lay-up of prepregs in the mould of a
'wind-eeergy rotor-b lade (WEC).

A f t e r fi n i s h i n g t h e l a m i n a t i o n t h e s h e l l i s c u r e d u n d e r
a vacuum- fo i l .
The cur ing of the shel l is a s ing le-s tep preoc 'ess wi th
s low temperature var ia t ion for heat ing Up and cool ing
down.

Fi lament winding of a rotor-blade can be seen in Fig. 13
Filament winding is not used, because the mass would increase
in re la t ion to the p repreg- techn ique , the sur face and the
contour qual i ty would be reduced and the tool ing would be
more expensive.

The advantages of fi lament winding are good laminate qual i ty
and economical manufacture due to automation.

An exper imen ta l se t up fo r t he tes t i ng o f t he res in i n jec t i on
method can be seen in Fig. 14.

Dry fabr ics are fixed in a c losed mould and wi l l be impreg
nated by resin under low pressure. The advantages are good
impregnat ion , g rea ter independence o f the po t l i fe o f the
resin systems and economical manufacture of h igher quant i t ies.

The diesgn and manufactur ing of moulds require h igher effor t
and there is a prob lem of v isua l inspect ion o f the impregnat ion
process.

Mou ld concept (F ig . 15)

The moulds of b ig ro tor -b lades have to be heatable, deflect ion '
- free and should be economical ly produced.
Fig. 16 shows a cross-section of the mould for the WEC
rotor -b lade. A mould-concept was deve loped for b ig s t ruc tures
v / i t h a p las t i ca l l y fo rmed s tee l she l l , wh ich i s suppor ted by
s tee l f rame-work .

The support ing al lows as both an adjustment of the mould-hight
and a fixa t ion o f t he she l l - tw is t . The bear inc rs a re f ree fo r
thermal expansion, but they do not change the"exact mould
p o s i t i o n .
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Fig. 17 shows a part of the rotor-b lade and i ts development.

The ou t l ine o f the b lade w i l l be numer ica l l y defined by
means of a computer.
Due to the bending of the moulds made of plates, the outl ine
has to be a sur face that can be developed. The lo f t - l ines,
wh ich a re the con t ro l - l i nes fo r the bend ing p rocess , a re
thus determined.

A completed shell mounted on the underframe can be seen
in F ig . 10 .

The depth of the profi le is about 1.1 m and contour deviat ions
of less than 3 mm could be measured.
The pos i t i on o f t he ro to r -b l ade ax i s i s w i t h i n a t o l e rance
of + 1 mm. The twist was posit ioned within 0.1 degree.

The tool cannot be closed. The moulds of the upper shell and
t h e l o w e r s h e l l o f t h e r o t o r - b l a d e a r e s e t i n p a r a l l e l t o
manufacture the common junct ion plane with one tool only.

Fig. 19 shows the mould of the upper and the lower rotor.blade
s h e l l s .
Both moulds have a parallel tolerance of less "than + 1 mm
and the twis t is 6 .7 degrees.

The steel shel ls can be heated by current-carry ing carbon
f a b r i c s .
Fig. 20 shows the construct ion of the heat ing system.
Two layers o f g lass- laminate iso la te the carbon laminate on
bo th s ides .
The heat ing-sys tem wi l l be laminated d i rec t ly on the sur face
o f t he mou ld . The e lec t r i ca l con tac ts to the ca rbon .c lo th
at the border of the mould are manufactured out of cupper
s t r a p s .
A con t ro l l oop regu la tes the power to op ta in the r igh t
temperature. The range is from 30°C up to 120°C.
The costs o f three d i f ferent mould-concepts and the best
range of appl icat ion can be seen in Fig. 21.

Mi l led meta l moulds are good for smal l ro tor -b lades wi th
high geometr ic accuracy and big quanti t ies. Moulds made
of FRC used both for smal l parts and for big parts, but
they cannot be heated eas i ly and the spec ific costs increase
fo r b ig b lades .

The moulds made of bent metal panels can be applied
c o s t - e f fi c i e n t l y f o r b i g p a r t s .

Design

Dimensions: (F ig. 22)
l e n g t h 2 5 . 2 m
m a x . c h o r d 1 . 1 m
c i r cu la r c ross -sec t i on i n t he a t t achmen t a rea .
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7

Dynamic characteristics
natural f requencies (rotat ing)
first modes
fl a p w i s e 1 . 3 H z
c h o r d w i s e 1 . 6 H z
t o r s i o n 1 5 H z

Margins of safety:
statically above 4
f a t i g u e a b o v e 2

The blade consists of two halves (upper and lower halves)
which are bonded to each other. A cross-section of the
blade is given in Fig. 23.

The skin ig made of glass fibre fabric with a fibre orien
tat ion +45 to the blade-spandirect ion.
It is both torsion-box and aerodynamic shape.
The upper and the lower skins are connected by glass-laminate
caps on the leading and trailing edges.
The flanges are made of unidirectional carbon-fibre (T300)
laminate.
They provide tensi le strength and flexural st i ffness.
The core, machined of PVC does stabilize airfoil geometry
uniformly and contributes to shear-load transfer.
The shear web reinforces the rear part of the foam core.
The good stabilization of the foam"core allows a design
with three ribs only: one of them at the inboard end and
one at the outboard end of the blade.

The third rib is to transfer the shear-loads from the
foam core into the webs of the inboard blade structure.
The attachment configuration can be seen in Fig, 24.
In the attachment area the laminate is thickened considerably.
The loads are transferred by means of prestressed studs in
combination with cyl indric nuts, which fit into bores within
the thickened laminate.

The laminate is designed for the same coefficient of thermal
expansion of the steel rotor-hub and for the required
pretension of the studs.

Manufacturing technology
The lay-up of the prepregs can be seen in Fig. 25.
The fabrics were cut to size outside the mould while they
are protected by two foils.

Fig. 26 shows the lay-up of the thick laminate at the
attachment area. The laminate thickness is 90 mm v/hich
is needed to support the cylindric nuts.
The adjusting of the PVC foam to the FRC-shell can be seen
in Tig. 27.
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Freely expanding foams cannot be used because these foams
are not available with low density (l.th. 100 kg/m ) together
with sufficient dynamic resistance.

Foam pieces are bonded to the shell by an adhesive which
can foam up and fill the soaces between the skin and the
pre-cut foam.
The junction plane is machined at the cores of both shells
by a special milling device. The milling can be seen in
F i g . 2 8 . . "
The milling device is guided at the mould and machines
a twisted plane with the same shape for both rotor-blade
parts.. At this junction plane the halves are bonded together
by an adhesive.

Fig. 29 shows the bonded rotor-blade. The attachment area
is not yet machined. The laminate caps at the leading and
the trailing edges are already assembled.

The drilling of the attachment-bores can be seen in Fig. 30.
The diameters of the bores are 45 mm for the cylindric nuts
and 32 mm for the anti-fatigue bolts.

Whereas the 45 mm bores cross the thick laminate, the 32 mm
bores are rectangular to them and to the attachment plane.
The attachment plane is machined by a diamant-tool.

Q u a l i fi c a t i o n

Fig. 31- shows the different test specimens which are usedfor the qualification of the WEC rotor-blade.

The laminate is fatigue-tested and its stiffness is measured.
The evaluation of the elastic properties of the foam and its
adhesive joints include shear tests as well as tension tests

The test-specimen simulating the attachment is fatigue-tested
to evaluate fatigue strength and information about reductions
of the in i t ia l s t resses in the bol ts .

A part of the outer rotor-blade was loaded to ultimate
strength in a 3-point-bending-test, to measure the buckling
l im i t o f th is she l l cons t ruc t ion .

Finally the natural frequencies of a test section of
11 meters in length and the bending strength are measured
in a cantilever test programme.

A complete presentation of all experimental and theoretical
evaluations are given in ref. (1).
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S P A N 2 6 , 0 m
LENGTH 25,2 m
MAX CHORD 1,10m
MIN CHORD 028 m
T W I S T 7 , 0 °

FIQ.1
WEC ROTOR-BLADE
PROFILE AND DIMENSION

CENTRIFUGAL
INERTIA FORCES

LIGHTNING STRIKES
EROSION
ICING
MOISTURE
SOLAR IRRADIATION

AERODYNAMIC LOADS

TORSIONAL MOMENTS

FIG.2
THE FORCES ACTING ON THE BLADE
AND THE ENVIRONMENTAL INF! UFNl~F<;
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FIG.3
DYNAMIC CHARACTERISTICS OF THE
WEC ROTOR-BLADE

NOMINAL ROTATIONAL SPEED n =0,6 s"1
LENDING FREQUENCY FLAPWISE fP =13 sA
LENDING FREQUENCY CHORDWISE fj =L6s"1
1.T0RSI0NAL FREQUENCY f6 *15 s'1

.UNIDIRECTIONAL

metalle/metals

0 5 0 0 0 1 0 0 0 0
SPECIFIC STIFFNESS SPEZIRSCHER E-MODUL

FIG.;

CFK HM

t-9 [km]

FESTIGKEIT UND STEIFIGKEIT VON FVW UND METALLEN
SPECIFIC STRENGTH AND STIFFNESS OF FRC AND METALS
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FIG. 5
DIFFERENT ROTOR-BLADE DESIGNS
FOR THE SAME CONTOUR

FIG.6

PROFILE OF THE WEA ROTOR -BLADE
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Fig.7 LAMINATE DESIGN OF THE
WEC WIND-ENERGY ROTOR BLADE

NM *10

F I G . 8

MARGINS OF SAFETY



- 103 -

CONDUCTORS

AL-MESH

FIG. 9
ARRANGEMENT OF THE
LIGHTNING PROTECTION

EROSION
ICING
MOISTURE
SOLAR RADIATION
IMPACT
CORROSION

FIG.10
ENVIRONMENTAL INFLUENCES
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fig.11 MANUFACTURING OF THE
BO 105 ROTOR-BLADE

)

FIG.12 LAY UP OF PREPREGS
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Windmill blade designed by Hamilton
Standard Div. United Technologies,
was filament wound by Allegheny
Ballistics Lab. Wound first is the
spar (top), which is then connected
to a mandrel to form core for win
ding afterbody. Overall tapered
shape of blade (below) required
innovative winding method.

fig.13 FILAMENT WINDING OF A
WIND ENERGY ROTOR-BLADE

fig. 14 EXPERIMENTAL SET-UP FOR
TESTING OF RESIN INJECTION
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•HEATABLE
■CONSTANT HEAT-FLUX
•GOOD LOFT-ACCURACY
•LOW COSTS
•SMALL DISPLACEMENTS

FIG. 15
REQUIREMENTS FOR MOULDS
OLWIND-ENERGY-ROTOR-BLADES

fig.16 CROSS-SECTION OF THE WEC MOULD
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C'

fig. 17 A DEVELOPABLE SURFACE OF A
ROTOR-BLADE SECTION

(

fig.18 MOULD MADE OF FORMED
STEEL PLATES



CARBON - CLOTH

COPPER-STRAP

COPPER STRAP

FIG. 20 CONSTRUCTION OF THE
HEATING SYSTEM
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DNW

wife** AHU»iri-
flWES

MAIN ROTOR fl ULST MOULD
\ WEA

0,28 10 W 1 0 0 MOULD AREA [MM

fig. 21 COSTS PER AREA OF
THREE DIFFERENT MOULD-CONCEPTS

25,2 M
1,1 M-0,3 M

DIMENSIONS
LENGTH
CHORD
CIRCULAR CROSS- SECTION
AT THE ATTACHMENT

DYNAMIC CHARACTERISTICS
NATURAL FREQUENCIES (ROTATING)
FIRST MODES
F L A P W I S E 1 , 3 H Z
C H O R D W I S E 1 , 6 H Z
T O R S I O N 1 5 H Z

MARGINS OF SAFETY
STATICALLY
FATIQUE

ABOVE 4
ABOVE 2

FIG. 22
SPECIFICATION OF THE
WEC ROTOR-BLADE
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AUFFAOELACHSE
MOUNTING AXIS

SCHAUMKERN
PVC FOAM CORE

NASENKAPPE
GFC UEAOING
EDGE CAP

CFK-GURT
CFC- FLANGE

GFK-HAUT
GFC-SKIN

ENDKAPPE
GFC TRAILING EDGE CAP

GFC WEB

ALL SECONDARY BONDINGS WITH USE OF LIQUIDE (FOAMING) EPOXY ADHESIVE

FIG.23
CROSS-SECTION OF THE •
WEC ROTOR-BLADE

THICK LAMINATE

HBS

STUD CYLINDRIC NUT ROTOR-BLADE

FIG.24
ATTACHMENT CONFIGURATION
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fig.25 LAY UP OF THE LAMINATE
HH

fig.26 THICK LAMINATE AT THE
ATTACHMENT AREA
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fig.29 BONDED ROTOR BLADE (WEC)
11m TEST-SECTION

fig.30 MACHINING OF THE ATTACHMENT
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Cc^ FOAM TEST
TEST OF THE
ATTACHMENT
AREA

% FREQUENCIES AND STRENGTH
% OF AN 11m TEST SECTION

FIG.31
TEST SPECIMENS OF A WIND ENERGY
ROTOR-BLADE
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STRESS ANALYSIS AND TEST PHILOSOPHY

FOR WIND ENERGY CONVERTER BLADES

H.Bansemir, K.Pfeifer
MBB, West Germany.

Abs t rac t

After a short description of the projected wind energy
converter blades, some aspects of the analysis are discussed

Main points of the analysis are the calculation of laminate
and cross-section_ values as well as the overall behaviour
of the blade.Special attention has to be paid to the bolted
area, and to the tensile stresses in the blade as it is
mainly loaded by bending moments.
In addition to the theoretical work, tests are described.
Tests are performed in order to obtain basic data of the
materials used in the design. Special components such as
the bolted area are tested by static and dynamic loads.
Finally the strains in the entire blade under load and the
eigen frequencies are measured.
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Notat ion

Eu [N/mm2]

Ei [N/mm2]

vni [ - ]

G# [N/mm2]

♦l

« P | | C V K ]

a p . L 1 / K ]

3
$ [ g / c m ]

A [ m m ]

Young's modulus in fiber direction

Young's modulus normal to fiber direction

Poisson*s rat io

Interlaminar shear modulus

[N/mm ] Tens i le s t ress

[N/mm ] Shear stress

[ - ] F i b e r c o n t e n t b y v o l u m e

Thermal expansion coefficient of the fiber in
l ong i t ud i na l d i r ec t i on
Thermal expansion coefficient of the fiber in
normal direct ion

Density

Area
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1 . I n t r o d u c t i o n

Since 1978, MBB has developed the WEA project (Wind-Energie-
Anlage = wind energy converter) under contract of the German
Bundesministerium fiir Forschung und Technologie (department
for research and technology) (see Fig.1). The system operates
within the range of 6m/s to 20m/s wind speed. The plant design
power of 5 MW is reached at a wind speed of 11.3 m/s at the
height of the fan hub. At higher speeds, the generated
electric power remains constant by adjusting the blade angle.

At speeds higher than 20 m/s the system is stopped. With a
change in wind directions the rotor is automatically "fol lowed
up" .
MBB has chosen the one blade system for WEA, because of the
fol lowing reasons:

- simple rotor hub
- low bending "moments in flapping at" the root of the blade
- easy realisation of st i ffness and strength requirements

of the blade because of large cross sections -- wider range of tolerance for blade production because
of lack of symmetry requirements. That means- reduced blade costs

- lower demands of the tower

Two other MBB projects are already in an advanced phase.

WEA Demonstrator (WEA Demo)
scale model of r.he WEA windmill,
rotor diameter about 48 m, single blade rotor

WEC (wind energy converter) (see Fig.2)
rotor diameter 52 m, two blades
electric power 285 kW

MBB produces the blade under contract of Voith, Germany

A test specimen of WEC has already been built. It has the same
structure as the production blade but consists only of the
section from the root to 11 m. Fig.3 and Fig.4 show the blade
in product ion.

The "know-how" of MBB in producing fiber composite blades
is based on experiences from the (see Fig.5):

BO 105 blade
EMMEN wind tunnel blade

rotor diameter 8.5 m
DNW wind tunnel blade

rotor diameter 12.35 m
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2. Basic Design of Rotor Blades

A structural member must be able to transfer all forces
and moments.
Unid i rec t iona l carbon fiber layers in long i tud ina l d i rec t ion
react both,bending moments and centrifugal forces. Glass
fiber fabr ic (+45 ) t ransfers the tors ional moments as wel l
as the transverse loads. Foam or spars are provided for
preventing local bending and for supporting the flapping
force.
Fig. 6 shows the typical design of a cross-section.

3. Stiffness Values of a Laminate

For calculat ing the st i ffness values of the di fferent lami
nates and cross-sections, the characteristic values of the
resin and the fibers are needed:

mater ial propert ies: '
2resin: E_ = 3500 N/mm

VB = 0 .35 •

*B =_ 1.2 g/cm3

aB = 55 • 10"6 1/K

00 fi b e r : E _ . .F| |
= 218800 N/mm

M = 28000 N/mm2

GF = 50000 N/mm2

V_. , |,= 0 .23

£_ = 1 .78 g /cm3SF
cl... = -0.35 * 10"6 1/K

an = 12.5 • 10"6 1/K

c{> = 40.5% by volume = 50%

by weight
(G825-1 fabric, warp
d i rec t i on )
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2E-glass fiber: E_ = 70000 N/mm

vp = 0.217

;F = 2.59 g/cm3

ctp = 4.8 -10""6 1/K

<J>_ = 36% by volume (+45°-plies)

<j>_ = 31.7% by volume = 50% by
weight
( G 8 2 5 - 1 f a b r i c , fi l l i n g
d i r e c t i o n )

2Conticell C60 foam: E = 35 N/mm

v - 0.3
33 - 0.06 g/cm

By using these values we obtain the elastic properties of uni'
directional and multilayer laminates (program VERBUND).

laminate propert ies:

G825-1 (Unidirectional carbon fiber laminate with
5% g lass fibe rs i n fi l l i ng d i rec t i on ) :

E = 86400 N/mm2

E = 7 2 4 0 N / m m 2

G# = 2620 N/mm2
v = 0 . 2 6xy
v = 0 . 0 2 2yx

g lass f iber fabr ic w i th +45° f iber or ienta t ion:
E = 7500 N/mm2

E = 7500 N/mm2

Gv = 7640 N/mm2
G = G = 2330 N/mm2x z y z '
v = v = 0 . 6 1x z y x
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4 . Ca l cu la t i on o f t he C ross -Sec t i on and B lade P rope r t i es

To obta in quick aesul ts at the beginning of a b lade design, the
program MGS was developed. I t computes typical cross-sect ion
v a l u e s o f m u l t i c e l l u l a r c l o s e d s h e l l s a s s t i f f n e s s e s , a n d t h e
p o s i t i o n s o f c h a r a c t e r i s t i c p o i n t s a s c e n t e r o f s h e a r,
c e n t e r o f g r a v i t y a n d c e n t e r o f e l a s t i c i t y. I n t h i s p r o g r a m ,
the c ross-sec t ions are idea l i zed in beams o f cons tan t Young 's
modu lus , shear modu lus , th ickness and dens i ty (see F ig . 7 ) .
Calculated resul ts can be seen below.

I t i s a l so impor tan t to know the ove ra l l behav io r o f a b lade .
This can be calculated by using the program BALKEN (=beam).
It computes the unknown forces and bending under load at any
desi red cross-sect ion of a b lade, which may have vary ing
b e n d i n g s t i f f n e s s e s a n d m a s s d i s t r i b u t i o n .

F o r t h e fi n a l s t a t i c a n a l y s i s t h e d a t a o f t h e c r o s s - s e c t i o n s a r e
computed with the more exact finite element program S47. The
g e o m e t r y o f a c r o s s - s e c t i o n i s s p l i t u p i n t o t r i a n g u l a r a n d
square d isc e lements fo r wh ich the mate r ia l va lues , ca lcu la ted
by VERBUND (in section 4), are needed (see Fig. 8). Like the
program MGS, S47 suppl ies the bending and torsional st i ffnesses as
w e l l a s t h e p o s i t i o n s o f s i g n i fi c a n t p o i n t s a n d t h e p r i n c i p a l
axes . I t a l so computes the shear s t resses fo r a to rs iona l ang le
o f 1 . 0 [ r a d ] . T h e f o l l o w i n g l i s t s h o w s t h e c o m p a r i s o n o f d i f f e r e n t
values computed by MGS .and S47 for the cross-section r/R=0.4 of
WEA Demo blade.

MGS S47

c e n t e r o f g r a v i t y X
y

7431)
55

800
53

mmc e n t e r o f e l a s t i c i t y X
Y

558
61

549
64

center o f shear X
y

576
59

509
84

t e n s i l e s t i f f n e s s 1 .24 1 .20 109 N

b e n d i n g s t i f f n e s s
i n fl a p p i n g
i n l a g g i n g

49.8

197

48.9

179 106 Nm2
t o r s i o n a l s t i f f n e s s 10.9 12.5

'w i thout foam

I t can be seen that most o f the va lues approx imate ly co inc ide.
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5. Calculat ion of the Stresses

To obtain the safety factors, the resulting stresses and the
strains of the blade are calculated by using the program
NLBLADE. As input the geometry and the characteristic values
of the cross-sections computed by S47 and additional data as
mass distribution, ti lt angles etc. are needed. The program
computes the transverse and normal forces, the moments and the
maximum stresses at each cross-section taking into account
theory II effects, which are important for blades with large
bending.
For static loads, a safety factor of 5 is required and for
dynamic loads a value of 2.
If only the maximum bending stresses in flapping or lagging
(and not the resulting stresses) are needed, they can be
calculated by using the following formula:

M Ex max,
s l a y e rf f m a x ( E I ) x t o t a l • * _

We obtain for the above mentioned cross-section of the WEA-Demo
blade in the unidirectional CRC-layers (moments in fig. 9):

2a = 9 3 . 7 N / m m i n fl a p p i n gmax
2a = 2 1 . 0 N / m m i n l a g g i n gmax

The ultimate stress of the T300 laminate (<J> = 40.5% by volume)
i s :

o_ = 1050 N/mm2

That means a safety factor of 11.2 in flapping and of 50 in
lagg ing.
It can be assumed that the CRC rovings react the centrifugal
force which normally causes low stresses in the windmill blades
in comparsion to the other loads:

c e n t r.o = a.rovings

Foam or spars and the skin of the blade react the transverse
forces Q as a function of the shear stiffnesses:

Q 1 | G F s ' l Q t o t a l = Q , + Q 2
Q 2 ( G F s J 2 F = t h i c k n e s s x h e i g h ts

which leads to the shear stresses:

x = 2 < TA — al lowed
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6. Blade Root

Especially in the root section, thermal stresses can be
caused by different thermal expansion coefficients of
root laminate and steel flange. This can be avoided by
using addit ional +45 glass pl ies or carbon fibers in
the c i rcumferent ia l d i rec t ion .
Fig. 10 shows the connection between the bolts and the
hub flange used by MBB for the wind tunnel and wind energy
rotor blades. In order to minimize the dynamic loads the
bolts are prestressed.
The total stiffness Cp of the flange can be calculated by

1 . h

I t is d i fficu l t to estab l ish the s t ressed area in the root
laminate between cross bolt and root rib or flange.
Normally an equilateral triangle with the upper corner in
the center of the bolt is assumed. The stiffness C_ of
the bolt is also calculated according to the upper formula;
In addi t ion to the in i t ia l load, the bol t receives the
following share of the dynamic load F, :

CBF = a • ~Bdyn Cfi + Cp rdyn

Fig. 11 shows the bolt-flange diagram of the WEA Demo blade.
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7 . Te s t s

To obtain a good product the following tests are performed

Test of mater ia l propert ies
- weight
- Young's modulus and ultimate stress by single layer

specimens
- ultimate interlaminar shear stress by ILS specimens

Test o f s t ructura l par ts
- Young's modulus of root laminate
- creeping of the bolted structure
- dynamic test of the root laminate
- crumpling test

Test of the entire blade
- eigenfrequencies
- damping
- s ta t ic loads

8. Test of the Mater ia l Proper t ies

To obtain basic data of the used materials, all delivered
lengths of fabric have to be tested. At first the weight
of an area of 100 x 100 mm is measured with and without
resin. Then the number of fibers in the sample are counted
and the weight of 10 single fibers is measured.

The fibers should be evenly distributed and straight across
the breadth of a prepreg or a fabric. In order to check the
qual i t iy of the mater ia l , s ingle layer specimens are
produced out of the fabric and tested (Fig.12/13). These
specimens, which are relatively cheep to produce, give the
ultimate stress and the Young's modulus in longitudinal
and perpendicular direction of the fibers. The waisted
tensile specimens are not used for acceptance test. On an
average, these show litt le higher values of the Young's
Modulus and a smaller standard deviation, but they need
much more time consuming.
ILS specimens supply the ultimate stress for interlaminar
shear. A sample is considered broken when the curve in
the diagram showing the relation between force and bending
suddenly declines.
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9 . Te s t o f S t r u c t u r a l P a r t s

I n t h i s s e c t i o n t h e t e s t s o f t h e s t r u c t u r a l p a r t s a r e d e s
c r i b e d f o r t h e q u a l i fi c a t i o n o f t h e w i n d m i l l b l a d e s ; S o m e
of the tests have al ready been performed.
a) Laminate Test

I n o r d e r t o c h e c k t h e q u a l i t y o f t h i c k fi b e r l a m i n a t e s ,
a beam i s tes ted hav ing a s t ruc tu re s im i la r to tha t o f
t he roo t l am ina tes o f t he w indm i l l s . The e longa t i on i s
measured by using strain gauges. Then the Young's modulus
i s compared w i th t he t heo re t i ca l va lue .

b ) Tes t o f t he Roo t Sec t i on ( fig .14 )

A bo l t connec t ion e lement i s tes ted under s ta t i c and
dynamic load. The used laminate is in conformi ty w i th
the real b lade. The bol ts are prest ressed wi th 100 kN. The
creep is measured as a funct ion of t ime. Final ly the ' sample
is loaded by a dynamic force of F, n=250 kN + 250 kN up to
at least 10s cycles. A creep test was al ready performed for
t h e D N W w i n d t u n n e l b o l t s ( fi g . 1 5 ) . T h e i n i t i a l s t r e s s f e l l
to about 90% of the or ig ina l va lue . A f te r two weeks , there
was no more change. -

c ) "C rump l ing Tes t "

A fracture test was made with the outer part of a EMMEN
wind t unne l b l ade t o ob ta in t he u l t ima te l oads ( t r ans
ve rse fo rce i n flapp ing and bend ing momen t ) ( fig .16 /17 ) .
The b lade was loaded in a 3-point -bending- test . The
theo re t i ca l c rump l i ng s t ress was ca l cu la ted by the
f o l l o w i n g f o r m u l a :

acr = 0.825/EUDEKQK = 273 N/mnT
2

EUD = 7654° N/N™ M40A unidir. laminate (CRC)
E . . = 3 5 N / m m 2 ]

2 } Con t i ce l l C60 ( f oam)
GR = 13.5 N/mm J

The tes ted u l t ima te l oad was a l i t t l e h ighe r t han the
theo re t i ca l va lue because the cu rva tu re o f t he ou te r
contour cannot be inc luded in the formula .
To minimize the bending moment, the transverse force
was then introduced near one of the two bearings. The
expected f rac ture va lue was 35 kN; the tes ted u l t imate
load was 44 kN
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10. Test of the Blade

a) For the WEC project a test specimen was built (fig. 18/19 )
For tes t ing i t was fixed in the hor izonta l pos i t ion .
The eigen frequencies and the modes were measured up
to 200 Hz by using electrodynamic pulsators . After
switching off, the damping was measured. The following
list shows the first eigen frequencies.

ca lcu la ted
Hz

measured
Hz

lagging 8,9 10,0

fl a p p i n g 8,6 9,8

b) The static test will be performed in few weeks. A force
F = 10s N is introduced at two sections, first at 5.2 m
and then atio.2 m. By using two force introduction positions
we can obtain information about the influence of the
shear deformation in bending. The strains are measured
by more than 200 strain gauges. Introduced at 10.2 m,
the force simulates 2.5 x the maximum possible operational
bending moment in flapping and lagging (fig.2o).
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Wind

Figure 1:
WEA-Wind Energy Converter
(Wind Energie Anlage)
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56 m

F i g u r e 2 :
WEC-Pro jec t
(Wind Energy Conver te r
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Figure 3: Upper and Lower Shells of WEC

Figure 4: Assembly of WEC Test Specimen
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BO 105

EMMEN wind tunnel

DNW wind tunnel

Fig.5: Cross Sections of Blades Constructed up to the Present



- 130 -

unidirect ional CRC
+45 E-g lass

layers

unidi rect ional CRC

Figure 6; Typical Construction of a Cross Section of a CRC Blade

E3.333

Figure 7: WEA-Demo, Cross Section at r/R =0,25
Idealized Structure for MGS-Program
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WER DEMO PROFIL BEI R/RR=0.7
MflSSSTflB 1 : 7.5

NEfl DEMO PROFIL BEI R/RR= 0.4
MRSSSTflB 1 : 11.628

^"**^

i

J
. 3 3 3 3 3 J 3 .

3 3 3 3 3 3 i 3 ■ ' ^ " ^ ^ f t f e ^ ^
Jr*) "*

u ^ N k ^

3 3 J 3 j 3 3 3 3 • ^^^^ft
7 \ y

mt

V
3

3 3 J 3 3 3 3 •^\& * i r r r - — * ' " '

3 3 3

1 1 . 1 U i l

3 3 o

WER DEMO PROFIL BEI R/RR= 0.25
MRSSSTR8 1 : 13.889

Fig.8: 3 Cross Sections of the WEA Demo Wind Energy Converter
( d i f f e r e n t s c a l e s )
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^ l agg ing \ flapp ing

0 0 . 5
Bending Moments

*>X = r/R
1 . /

0 0 . 5
Transverse Forces

1.
24.2 m

X= r/R

Fig.9: Typical Loads for WEA-DEMO Blade
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**W«u

^ T l - i r n r ' " '

EMtffiN Wind Tunnel

DNW Wind Tunnel
WEA and WEC Wind Energy Converters

Figure 1o: Various Bolt Connect ions
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oCO

oom
{

ovo

i u — — -

Single Layer
Specimen Waisted Tensile Specimen

^ U

ILS Specimen

Fig*13; Specimens for Testing Material Propert ies
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F i g . 1 4 : Te s t o f t h e A t t a c h m e n t A r e a

12.5

days

F i g . 1 5 : M e a s u r e d D i m i n u t i o n o f I n i t i a l S t r e s s i n g
Force of DNW Bolt
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Figure 16; Setup of Crease Resistance Test

F igure 17; S i te o f Fracture
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Figure 2o: Bending Test of WEC Specimen
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REVIEW OF DOE/NASA
LARGE WIND TURBINE BLADE PROJECTS

PATRICK M. FINNEGAN
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

LEWIS RESEARCH CENTER
CLEVELAND, OHIO 14135

CONTENTS

• BLADE DEVELOPERS
• CONFIGURATIONS
• BLADE PROJECTS

ALUMINUM BLADE
STEEL BLADES
FIBERGLASS BLADES
WOOD BLADE

• TIP AND .SPOILER CONTROLS

PRESENTED AT THE IEA MEETING, STOCKHOLM, SWEDEN
APRIL 21 AND 22, 1980



BLADE DEVELOPERS

ALUMINUM
LOCKHEED - 60' - MOD-0, -OA

STEEL SPAR
BOEING - 100' - MOD-1
BOEING - 150' - MOD-2
BUDD CO. - 60' - SR AND T
LERC - 60' - MOD-0

FIBERGLASS
HAMILTON - 60' - SR AND T
KAMAN/SCI - 150' - SR AND T
KAMAN - 100' - MOD-1
SCI - 60' - MOD-OA

WOOD
GOUGEON BROTHERS - 60"- MOD-OA

to
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.31 THICK
.08 THICK

TYPICAL CROSS SECTION STA. 81.5
STA. 69.0 >- THIS PORTION REHCVED

NEW ROOT FITTINS WITH
FLANGE FOR DRAG STRUT.

ALTERNATE ROOT END CONFIGURATION

.4340 STEEL
HEAT TREATED
FTU - 140. KSI

MOD-OA ALUMINUM BLADE ROOT END
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STEEL BLADE CONCEPTS BEING DEVELOPED

• SIZE - 60, 100, AND 150 FEET
• BUTT AND SPOT WELD
• STRUCTURE

- ALL STEEL AND STEEL SPAR
~ STEEL SPAR

- FORMED PLATE AND WELDED
- UTILITY POLE TECHNOLOGY
- SPOT WELDED STAINLESS SHEET, ANGLES, & CHANNELS

~ AR PANELS
- WELDED STEEL
- STAINLESS BONDED TO SPAR, FOAM SUPPORTED
~ FIBERGLASS, SEGMENTED, FOAM SUPPORTED
- DOPED FIBERGLASS ON PLYWOOD RIBS

- HUB
- CARRY THROUGH
- BOLT ON

• CONTRACTORS
- BOEING, BUDD, LERC WITH UTILITY POLE MFG

■-4
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TRANSITION

144.0

CHORDWISE WELD
TYPICAL 6 PLACES

CENTERLINE RING ADAPTER

cUs
REFERENCE PLANE

Splice plate
301 stainless steel-24 gage

Upper spar panel
A533-V/4 to K inch thick

Lower s.par panel
A533-5/16 inch thick

Foam-in-place
10 lb/ft3

Block foam
8 lb/ft3 to 3 lb/ft3

Trailing edge skin
301 stainless steel—24 gage

Trailing edge cap

3 mil foil strip
polysulphide sealer
(typical all bond edges)

MOD-1 Blade
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150 FOOT STEEL BLADE
SKIN AND SPAR CAGES

MOD-2 150 FT TIP CONTROL BLADE

• USE AISC FOR FATIGUE ALLOWABLES
- DEVELOP QUALITY CONTROL TO ASSURE DEFECTS WITHIN MARGINS

• CRACK PROPAGATION RATE VERIFIED BY TEST. CRACK DETECTOR RESPONSE
PROVIDES SAFETY MARGIN.

• BUCKLING DESIGN VERIFIED BY 30 FT FULL SCALE TEST

• VERIFY TIP SPINDLE DESIGN BY TEST

• IN FUTURE DESIGNS IMPROVE TIP STRUCTURE
- LIGHTER-BETTER AIRFOIL SURFACE
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TIP CONTROL SPINDLE - 150 FOOT STEEL BLADE

ROOT END 150 FOOT STEEL BLADE



- 1 5 2 -

BLADE ASSEMBLY

ELASTOMERIC BOND
OUTER SKIN

POLYESTER FIBERGLASS

2IMPOUND OENSITY
Z% POUNO OENSITY

STAINLESS STEEL
SPOT WELDED SPAR

SECTION

SPOT WELDED STEEL SPAR BLADE
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EXPLODED VIEW
OF STAINLESS
STEEL SPAR

II1 I' III1 I I Y Yin ill I1 1,1

: + ■ •»»■* + ♦
i^fc. mmT

V 4- 4

Il ,t lit % t I JSJSE =*=*=&

FULL SCALE TEST ELEMENTS

SPOT WELDED STEEL SPAR BLADE
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TEST SPECIMEN

FULL SCALE TEST SPECIMEN OF
SPAR AND ROOT END FITTING

"k+
■ J ^

* 4 -

>

O

URETHANE ELASTOMERIC BOND
I

OVERSIZE HOLE
TENSION BOLT ONLY

RJLL SCALE TEST ELEMENT ROOT END

SPOT WELDED STEEL SPAR BLADE
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Part
Test
no.

Yield
stress
(0.2X),
psi

Ultimate
tens i le
stress,

psi

Tensile
elong.,

%

Spar Flange 1 35,000 59,000a 38a
i 2 28,400 * 59,600 50

Weld, 1 35,900 64,600 7a
2 37,600a 61,600 a 7

flange/ pipe

Weld, 1 54,700 79,700* 16a
2 50,000 a 79,800 16

pipe/pipe 3 53,900 81,000 16

i
Extens Ion piece • • • 80,000 b 107,000 b

8 Allowable value
b Estimated from hardness of RC 22 MATERIAL PROPERTY DATA

£2

I

30 I—

20

rSTRUCTURAL KLDING COE

/-AISCCODE
/ SPAR-TD-RANGE VEU) FATIGUE LIFE ANALYSIS.

io - CPEJWTING STRESS^ !

io-

40 hPH WIND r selected limit
I OOOHR)

IO3

KMR OF CYCLES

10° 10'

£ SINGLE WALL

20'

DOUBLE WALL

FULL SCALE FATIGUE TEST SPECIMENS OF
UTILITY POLE SPAR AND ROOT END

3s>
STANDARD UTILITY POLE PRACTICE

UP TO 5 LAYERS
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FIBERGLASS BLADE CONCEPTS BEING DEVELOPED

• SIZE --"60, 100, AND 150 FEET
• FILAMENT AND TAPE WOUND
• ROTATING MANDREL AND RING WINDER
• AFT PANELS

- FIBERGLASS/HONEYCOMB PANELS/FOAM SUPPORTED
- WOUND ON REMOVABLE AND FOAM AND MANDRELS
- PREFORMED HONEYCOMB PANELS
- ONE AND TWO CELLS
- WITH AND WITHOUT SPAR TO T.E. JOINT

• ROOT END
- BOLT ON
- WOUND AND BOLTED
- WOUND WITH MECHANICAL INTERLOCK

• CONTRACTORS
~ HAMILTON STANDARD, HERCULES, SCL KAMAN

^4
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CRON LONGITUDINAL STRANDS
FORM TAPE STRUCTURE AND HOLD
E-6LASS ROVINGS IN PLACE

-̂GLASS ROVINGS ARE ORIENTED ACROSS
THE WIDTH (TRANSVERSE FILAMENTS)

Transverse Filament Tape (TFT).

STEADY STRESS - 9.0 KSI

A TUBULAR SPECIMEN
O DRY SPECIMENS AT ROOM TEMPERATURE
Q WET SPECIMENS AT 80% RH, 90°F

-*- TERMINATED WITHOUT FAILURE

I (MEAM)

2 10

10'

DESIGN STRESS 9,000 + 3,000 FOR IO8 CYCLES
DESIGN LOAD: MAX. GUST 18 TO 60 MPH GUST +25% OVERSPEED

io: io6 10' 10'
CYCLES TO FAILURE

TFT Laminate Fatigue Characterization.
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DIRECTION OF ROTATION

STA
0.00

STA
15.00

(Chord 11.43'}

STA 15.00
STA 75.00
STA 150.00

LINEAR 8LA0E TWIST ANGLE = 15°
23000- SERIES AIRFOIL
WEIGHT WITH AO AFTER = 36000 LB

TRAILING
EDGE CLOSURE

STA
150.00

(Chord 5.1')

AFTERBODY
PANELS

AOOITIONAL SKIN
THICKNESS

STRUCTURAL
TRAILING
EOGE SPLINE

•ORAG LINK
TRUSS ASSY

AOOITIONAL SKIN
THICKNESS

SYNTACTIC FOAM
ADHESIVE

TRAILING
EOGE
SPLINE

PASTE EPOXY
ADHESIVE

£ GLASS/POLYESTER
PUITRUSION

BLAOE
FIBERGLASS
T CLIP

.FILAMENT WOUNO
FIBERGLASS SPAR

PULTRUOEO
PAPER CORE SPLINE
HONEYCOMB
PANELS

150 Foot Wind Turbine Blade Assembly Details.
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Syntactic Foam P-368L8.

Sub-element Test of Afterbody Panel to Spar Attactaient.

EA913 PASTE
EPOXY

2280 PSI TEST

8 SPECIMENS

550 Kl REQUIRED

F159-1583
PRE-PREG SKINS

SECTION OF
SUB SCALE SPAR

F159-1583
PREPREG
T-CLIP

2 PLY

•- P

565 LB/IN TEST

2 SPECIMENS

45 L8/IN
REQUIRED

<•) AOHESIVE SHEAR STRENGTH lb) TENSION TEST OF T-CLIP ATTACHMENT TO SPAR

Sub-element Tests of Skin-to-skin Bond Lines and T-clip-to-spar Bond Lines.
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STEEL
ADAPTER

1.5 IN. THICK

3.0 OIA. STUD
5.0 DIA. BUSHING
7.0 DIA. HASHER OUTSIOE

•4.0 IN. THICK LAMINATE AT BOLTS
3.0 IN. THICK LAMINATE AT CORNERS

45X TFT
2SX HOOPS
302 ±4S# CLOTH

BLAOE SPAR

1.5 IN. THICK
LAMINATE

90S TFT
10S HOOPS

Blade Root End Adapter Attachment Detail.
,8

DESIGN LOAD: MAX. GUST 18 TO 60 MPH GUST +25% OVERSPEED, 10 CYCLES
FATIGUE TESTS: 4 SPECIMENS, 10? CYCLES, AT MAX. GUST LOAD

TEST

.Afterbody skins,
tensile strength

Skin to core bond
tensile strength

Afterbody skins bond
sdheslve lap shear

T-cllp to sper attach
ment (detail)
tensile strength

T-cllp to spar attach
ment (subassembly)
tensile strength

Afterbody panel to
spar attachment shear
strength of syntactic
foaa

NUMBER
OF SPECIMENS

AVEJUU3E
STRENGTH

REQUI.RED
STRENGTH

51,000 psi 10,000 psi

1 7 5 p s i 1 0 p s i

2 , 2 8 0 p s i 5 5 0 p s i

5 6 5 l b / I n . 4 5 l b / I n .

6 1 3 l b / I n . 4 5 l b / I n .

1 1 7 p s i 3 2 p s i
(core failure)

ALLOWABLES FOR AFTERBODY STRUCTURES .
150 FOOT FIBERGLASS BLADE
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BUCKLED AT 9% ABOVE DESIGN LIMIT LOAD
DESIGN LIMIT = HURRICANE WIND LOAD

EARLY BUCKLING CAUSED BY LOCAL FABRICATION FAULT

150 FOOT FIBERGLASS BLADE BUCKLING TEST
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FABRICATION FAULT THAT CAUSED EARLY BUCKLING

OUTBOARD 100 FEET DID NOT CONTAIN FAULTS TESTS TO 1.5 TO 2.8 TIMES DESIGN
LIMIT LOAD WITHOUT FAILURE



- 165 -

.DIRECTION OF ROTATION

S 25% CHORO LINE

VCHORDWISE FIBERGLASS REINFORCEMENTS

-1.00 IN. THICK, NOMINAL

•TFT SPAR

3.00 IN.

HONEYCOMB
PANELS

TYPICAL BLADE SECTION

FOAM ADHESIVE
SHEAR-TIE

SPAR-TO-AFTERBODY SPLICE- FULL SCALE
FATIGUE SPECIMEN

IO6 CYCLES AT OVERLOAD CONDITION

SPAR/AFTERBODY FATIGUE TEST

100 FT, FIBERGLASS BLADE
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ADAPTER TO NASA HUB

ROOT END FITTING
j - 5 5 -

60 '
22'

D-SPAR

- -4
o.*c_

WEB DOUBUER
OVERWRAP

•/ -FOAM AFTERBODY MANDREL

Vl 'mf .

■ FOAMTRAILINC
EDGE CORE

Ww&5v55§?
Ti^'.'-K

FIRST AFTERBODY

0 . 7 C m m

TYPICAL CROSS-SECTION

FOAM AFTnUUODY OVERWRAP

HALF-SCALE HU3 JOINT FATIGUE TEST SPECIMEN

60 FOOT COMPOSITE BLADE
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STUD FAILURE
LOAD (1QOO LBS)

100

60 -

10 ■

20 ■

15O I 30
© 22

" \

4 a *5 2 o 7 7 « 7 6
33 AVERAGE

FAILURE
LOAD

SPECIMEN
NUMBER
(TYPICAL) _ 39.5

HURRICANE
LOAD

60 FOOT WOOD BLADE - MAXIMUM STUD LOADING CAPABILITY

MAX
BOLT
LOAD.

LB

TEST DATA
(URC)

o SINGLE-BOLT JOINT SPECIMEN (LeRC)
a FULL SCALE MOD-OA BLADE ROOT (FT. EUSTIS)
A PEAK LOAD (20' ROOT SECTION)

• DESIGN POINTS.
MOD-OA BLADES

A REDLINE LOAD
B CUT-OUT HIND
C RATED HIND

ALLOHABLE J °*
1 1- (0.67 xTEST) O^a*

STUDS
REPLACED

J l _ _
1ST 10- 10D

LIFE, CYCLES
10' IO8

/- 30 YR

7fi

FATIGUE DATA FOR BOLT-TO-WOOD TENSION JOINTS
FA3RICATED BY GOUGEON BROS., INC.
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INFINITE LENGTH BLADE ANALYSIS AND EXPERIMENTAL RESULTS

~l

**^Fi 'n i t< Length
Aspect fi-a-tio • 18

r - r

0 -

4

JT/ ifin i t f Length

.M >
* * • — — - . m -

~l

Finite Leny'th
Aspect R*ti6l IB

• ■ *
L - U I t

An fie o f At tack, Je j .
n

23024 AIRFOIL CHARACTERISTICS (MOD-0) FOR INFINITE AND FINITE LENGTH BLADES
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FINITE LENGTH BLADE ANALYSIS AND EXPERIMENTAL RESULTS

n-
I n fi n i t e L t n j t H

1

\f /Vj i£ t f L*n j t l%
Aspect Rmtio ■ &

Anjle o-f Attack, dej.
21

r - r

L -

I n fi n i t e L e n j t k

KFl'r\tte LcnjtJi
Aspect R*\tio- 8

l a f I *

A n * I t o f A t t a c k , d t j .
21

CLARK-Y AIRFOIL CHARACTERISTICS (GEDSER) FOR INFINITE AND FINITE LENGTH BLADES
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SOME DESIGN ASPECTS OF THE KMW/ERNO/VFW
WIND TURBINE ROTOR BLADE

by

K. Wieland
A. Nowag

Presented at an IEA-Expert Meeting at Stockholm on the 21th
Apri l 1980.

Abstract: The report describes roughly the KMW/ERNO
WTS-system and its design philosophy.

The requirement for 30 years life time demands
very carefull design work and material selection
in order to achieve a fatigue safe design espe
cial ly i f a welded steel construct ion is chosen.
Load assumptions and load cycles are discussed.
Dimensioning load cases are described and re
la ted to the to ta l po tent ia l o f mater ia l cyc l i c
l i f e .
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1 • I n t r o d u c t i o n

In 1979 the cooperating companies KMW (Sweden) and ERNO/VFW
(Germany) received a Swedish government contract to develop
and built a horizontal axis wind energy converter in the
2 - 3 MW class. KMW acting as the program leading firm is
responsible for tower, machinery (Gear, Generator) and hub,
and erno/VPW is responsible for the rotor blades as well as
for the entire system dynamics. Fig. , gives an impression
of the entire system. Some design data is presented in
t a b l e i .

The WTS consists of a two blade turbine of 75 m diameter which
is mounted to a concrete tower of 85 m height. 2 MW rated

electrical power shall be achieved at 12,5 m/s wind speed.

2. Design philosophy of the rotor blades

During the tender phase for this project in 1978 investigations
have been performed to develop the design philosophy for the
entire system and specially for the blades.

Alternatively to other known designs the rotor shall run
upwinds to avoid negative effects from the tower shadow.
The blades therefore had to be designed stiff. Fig. 2 shows
the result of an evaluation of the blade deflection using
different blade mater ials. The glass reinforced plast ic blade
shows a deflection at the tip of about 6 m which was unac
ceptable for upwind rotor operation due to foreseen blade/
tower inter ference.

Fig. 3 summarises the arguments which had to be belanced.

The result ing configurat ion is described in fig. 1 and table I
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o Two blade rotor running upwinds

o Rotor and Hub rigid design

o St i f f s tee l re in forced concrete tower

For the construction of the blades different materials have
been considered for selection:

1 . F i b r e s : G l a s s
Aramid
Carbon

2 . L i g h t M e t a l : A l u m i n u m
Ti t a n

3 . S t e e l : d i f f e r e n t a l l o y s

The table JT gives a survey of the material properties

Select ion cr i ter ia were:

o s p e c i fi c t e n s i l e s t r e n g t h

o spec ific E-modu l ( s t i f f ness )

o endurance (fat igue resistance)

o ma te r ia l cos t

o manufactur ing cost

o development cost and risk.

Fibres

Fibre mater ials c lear ly show the highest specific tensi le
strength, whereas with regard to the specific st i ffness, the
carbon/aramid combination or the pure carbon fibre only can
compete with steel.
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Disadvantages for fibres are resulting from cost, namely

o

o
high material cost (special ly for carbon)

high manufacturing cost with great quality
assurance effort

high development cost in order to provide a
stat is t ic basis for mater ia l va lues wi th respect
to the long l ife behavior for a period of at
least 30 years.

Experts cannot give any endurance guarantees
for load cycle numbers higher than 107. (A WTS
should survive more than 108 load cycles).

Aluminum

Two qualities of aluminum have been considered:

Alloy 7075T7351, high tensile strength, non weldable
A l l o y A l M g 5 , w e l d a b l e

For reasons of statical and fatigue loads the weldable Al-alloy
AlMg5 will reach the same weight as a box beam out of steel. As
plate thicknesses of 30 mm must be used for the box, the weld
ing would be very expensive and reducing the reliability extreme-
i y .

The disadvantages therefore are:

o Problems in production (forming and welding)

o D i f ficu l t i es in de l i ve ry o f p la tes o f the requ i red
thickness

o Mate r ia l cos ts .
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A rotor blade made of the high tensile strength alloy would
offer advantages as the blade weight might be reduced by appr
30 %. But this would also correlate to:

o Reduction of stiffness by 30 %

o Remarkable increase in costs for production and
mater ia l ( to ta ly r i ve ted cons t ruc t ion)

o D i f fi c u l t i e s i n d e l i v e r y o f t h e m a t e r i a l

Ti tanium

The titanium alloy requires very high material and manufacturing
cost and has therefore been removed from further discussion.

Steel

The steel materials show the highest specific st i ffness. Further
advantages are:

o M a t e r i a l p r i c e

o Manufacturing cost (conventional welding methods in
accordance with specified working processes)

o Ava i l ab i l i t y o f s ta t i s t i ca l l y secu red ma te r i a l cha rac
t e r i s t i c s

o Low development risk.

Merely the low specific tensile strength is to be regarded as
a disadvantage.
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Resul t of mater ia l invest igat ion

Since high stiffness reguirements were imposed on the rotor
blades aiming on a very rigid rotor, a steel construction oniy
was suitable for the load carrying box beam. Economic consid
erations lead in this case to the same conclusion. For the
secondary structure (leading and trail ing edge) the least ex
pens ive fiber o f fe red i tse l f - the g lass fiber. The low s t i f f
ness is of no importance in this case. However, the higher
material costs are compensated by the lower costs for manufac
ture of these strongly molded parts.

3. Blade design

Following the material select ion for the load carrying struc
ture of the blade the construction principle was developed.
See fig. 4 .

The structure of the blade is devided into a torsion box
(primary structure) made from steel and into leading and trail
ing edge parts (secondary structure) made from GRP which form
the aerodynamic shape of the profile. The surface of; the steel
torsion box itself is part of the aerodynamic surface of the
blade.

The torsion box is a combined welded/riveted steel structure
which is st i ffened by r ibs.

Carefull corrosion protection shall be applied because of the
very negative influence of corrosion to the fatigue problem.
The inside of the torsion box is therefore ventilated by the
centr i fugal-forces when the rotor is running.
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4. Design aspects for high endurance Qualities of the rotor
blade

The Swedish Board for Energy Research has defined a number of
load cases in the technical specificat ion for the project ,
which are based on experience of theoretical data, meteorolo
gical measured data and experimental data.

These load cases combined with the requirement for 30 years
life time of the system generate an engineering problem which
centers around the fatigue aspects of material and design ele
ments.

Fig. 5 gives a summary of the most important load cases, -Ths
diagram shows the number of load cycles to be taken into account
as well as the stress levels between the various cycles have to
be calculated.

It should be pointed out that the WTS control system will in
fl u e n c e t h e l o a d l e v e l s f o r c a s e s 1 a n d 5 i n fi g . 5
Except for an emergency braking the system shall be brought to
stop in a soft manner to avoid high negativ stress level peaks
for case 5 . This can easily be achieved by the respective
computer software of the control system.

During the start procedure the blade has to be pitched from
the feathered posit ion ( ** 90°) to the operating pitch posit ion,
Pitch angle values from around 90° - 45° generate high stress
levels in some cr i t ical parts of the blade load carrying structur
due to the fact that the high bending moment from the blade
weight acts in the plane of lower stiffness. These loads can
also be deminished by adequate start-control.
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Having chosen a welded steel torsion box for the blade we had
to follow the rul es for welded construction as defined by
the Swedish welding code.

Fig. 6 shows a diagram taken from StBK-N2 describing the
permissible stress amplitudes with respect to cycle number and
welding quality (Kx~factor). You may find similar values in
the building codes of other countries as well as especially
in the German area. The diagramm shows indirectly the diffi
culty to achieve a low weight but healthy design. The design,
loop is described in fig. 7 . As the weight is the main
dimensioning parameter but is parallel influenced by aerody
namic loads one gets a .very sensitive design circle.

Finally all material life using load cycles have to be cumu
l a t e d .

The diagrams in fig. 8 and fig. 9 show for the two different
areas < 10 and > 107 load cycles the relation of the differ
ent load cycles.

Load cycles 3, 5 and 6 are cumulating life usage, portional
described in fig. 8. Load cycles 2 and 4, which are normal
operating cases, have to be calculated for infinite endurance.

The portion of weight loads and aerodynamic loads for these
cases is shown in fig. 9.

To keep weight down one has carefully to define details in
the design, to avoid cr i t ical points in the welded structure.
It should be aimed to achieve an overall welding K factor
not greater than 2 which seems feasable in a good workshop.
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Summary

It can be shown that a WTS-rotor blade made from welded steel
wi l l sufficient ly do i ts scheduled work for many years, i f the
dangerous areas known for such machinery are carefully investi
gated .



o

- 1 8 6 -

m P

KiWERNO/VFW WIND ENERGY CONVERTER

FIGURE *
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WTS DESIGN DATA

WINDTURBINE

Blade number
Pos i t i on
Diameter
P i tch cont ro l
Rotor speed
Blade material

upstream
75 m

yes
25 rpm
Steel/GRP

NACELLE

Yaw positioning yes

MACHINERY

Type of gear
Generator
Generator speed

Planet/bevel gear
asynchronous
1500 rpm

TOWER

Mate r ia l
Height
Diameter (top)

Concrete, s teel re inforced
85 m
4 , 5 m

PERFORMANCE

L o w e s t w i n d s p e e d 6 m / s
H i g h e s t w i n d s p e e d 2 1 m / s
rated power at 12,6 m/s 2 MW
Energy production/year 6,7 GWh estimated

TABLE I
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CASE 3
37500mm

REL BLAOE LENGTH X/R —*-

0 . 0 0 . 1 0 , 2 0 , 3 0 , 4 0 , 5 0 , 6 0 , 7 0 , 8 0 . 9 1 . 0

B lade deflect ion for d i f ferent mater ia ls

FIGURE 2



Table TT : COMPARISON OF MATERIAL CHARACTERISTICS

SPEC. SPEC. ULTIMATE ±6k MATERIAL

g/cm
°*t 2N/mm 2N/mm E t 2KN/mm

Ec
KN/mm2

TENSILE
STRENTH
* i / rkm

E-MODULE

10 km

ELONGATION R=0,5
71 0 C y c l e s

N/mm

PRICE
R e l a t i v e
ST52

MATERIAL

FIBRES
•

i

FASERN oo
E-Glass 1,7 420 440 15 14 24,7 0 , 9 3 ,5 35 _ v o- 1 5

i

A r a m i d fi b r e 1 ,25 450 120 24 12 36 1,9 2 ,5

Ar.F + Carb. 1 ,35 500 240 33 23 37 2 ,6 1,7
50 % 50 %

Carbon 1 ,40 550 500 44 42 39 3,1 1,3 100 400

7075T7351
AlMg5

2 ,7
2,7

480
236

70
70

18
8,7

2 ,6
2 ,6

7
9

40
20 v 8 - 10

Ti tan -Log
3.7164.1 4 ,5 900 110 20 2,4 8 ^ 5 0 - 7 0

S tee l
1 .7735.4 7,85 680 210 8 ,7 2 ,7 12 70 - 3 , 5
ST 5 2 7,85 510 210 6,5 2 ,7 22 60 1

EP-MATRIX, 40 Vol.% WARP AND FILLINGS 1:1
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DESIGN PHILOSOPHY

SHORT REALIZATION TIME

LONG LIFE TIME

no experiments proven technology only

LOW COSTS / HIGH ENERGY

LOW MAINTENANCE
EASY REPAIR
GROWTH POTENTIAL

"A running WTS is better than a broken high sophisticated one"

FIGURE 3
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S4att /Si op-Cycle

©
(D

©
©

B l a d e f c . a i k n t e . o L 3 0 ° b l a d e < <
k S ° k u

formal Of>era.4i'on 42.SS ht/s

ht$h SfJiyiU SAear- 12. ST *•*/,*
hJot^xott Op*r*/< 'oy\ 24.4 ** /$

Start / 2o/a/,'t>y. / 3/op - CyC/e

Gusiloaoi e.q. V'JJtit m/s

Summarv of Load Cases

FIGURE 5
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Design Type, and
Selection of Material
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1 . In t roduct ion

Blades of high power wind turbines belong to the largest
rotating machine elements ever made. Their service life
is limited by fatigue, which may be combined with corro
sion .

Fatigue evaluation consists of several steps:
1. A preliminary design is developed.
2. Loads expected during service l i fe are forecasted.
3. Deflections and stresses are determined using the

dynamics and material properties of the turbine.
4. The probabi l i ty of fai lure is evaluated comparing

stat is t ics over the forecasted s t ress fluctuat ions
wi th labora to ry tes t resu l ts .

5. I f necessary, the prel iminary design is modified
and the whole procedure is repeated.

The outlines of this method are generally valid in machine
design. Problems which are specific for wind turbines arise
in the second and fourth step; how to forecast the loads
and how to estimate the frequency of their occurrence?

2. Loads on the blade

Determinist ic loads Random loads

Grav i t a t i ona l

Centr i fugal force
Mean wind force

Normal start

Normal stop

In te rac t ion o f de te r
ministic events and
tower passage

Except ional s tar t

Exceptional stop
Wind gust (turbulence)

Interaction of random
events and tower passage
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The reason for deviding the loads in two categories is that
deterministic loads can be calculated in a straightforward
manner, whereas the magnitudes of the random loads at given
instants are undetermined; thus the treatment of random loads
requi re probabi l is t ic and stat is t ica l methods.

I t is qui te natura l to calculate par t ia l fa t igue damage
caused by deterministic forces and that caused by random
forces separately and eventually add them to obtain the total
damage;using some cumulative damage theory. This will result
in underestimation of the damage, which will be shown now.

3. The linear cumulative damage theory

The purpose of the method is to evaluate fatigue at variable
amplitude loading on basis of experiments which are made at
constant amplitude loading. The Palmgren-Miner rule is the
simplest and most well-know representative of the cumulative
damage theories.

Let the fat igue l i fe to fai lure at /constant amplitude stress
of S. be N. and the actual number of cycles at this stress be
n., then the partial damage is assumed to be

Di " N.1

In an actual case various stresses S.; i = 1,2 .... m occur
l

n . t imes; in any order of succession. The sum of the par t ia l
damages, the total damage

m n.

1*4 N. =- '
l

i s the condi t ion o f fa i lu re .

Values of N. corresponding to the given values of S. are taken
from the Wohler (S-N) diagram, which is based on numerous constant
amplitude laboratory tests. This diagram is usually plotted using
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l o g a r i t h m i c s c a l e s o n b o t h a x e s g i v i n g a s l i g h t l y n o n - l i n e a r
cu rve . As a fi r s t app rox ima t i on , i t may be subs t i t u ted by a
s t r a i g h t l i n e c o r r e s p o n d i n g t o t h e e q u a t i o n

NSb - c

I nse r t i ng t he va l ueso f N . eva l ua ted w i t h t he a i d o f t h i s equa t i on
in the previous one we obtain the total damage

1 ^ r - bD = - ^ _ n . S .C i = 1 1 X

The theory as out l ined above has several shortcomings, f rom which
we d i s rega rd now and pos tu l a te , t ha t i t i s a t r ue desc r i p t i on
o f the ac tua l fa t igue mechan ism. However, fa t igue eva lua t ion
may \ .■> lead to erroneous results which will be shown next.

4. The coincidence of loads

The cruc ia l po in t is that we do not know at which ins tant a
w ind gus t w i th an assumed in tens i t y ac tua l l y t akes p lace . I t
may or may not co inc ide wi th some of the determin is t ic loads,
for example with the maximal bending moment caused by gravitat ion
or w i th the in te rac t ion o f the tower passage w i th the ma in w ind
load .

As an example le t us invest igate the case of two st ress ampl i
t u d e s S * a n d S 2 ( t h e y a r e a l w a y s p o s i t i v e b y d e fi n i t i o n ) ; t h e i r
numbers of cyc les are n. och n~, respect ive ly. The to ta l damage
i s

■K n 1 S 1 b * ^ ^

What happens now i f a part of these stresses occur at the
same ins tant? Say tha t th is co inc idence takes p lace p t imes.
Then S * occurs only n,. - p times, S~ only n^ - p times and the
combinat ion S. + S~ occurs p t imes resul t ing in a tota l damage of
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= ir(nrp) S^ ♦ (n2-p) S2b ♦ p (S1*S2)bJ

= 4 [ " l S 1 b ^ 2 S 2 b ] ^ [ ( S 1 * S 2 l b - S 1 b - S 2 b ]

Here the last term can be expanded using the binomial theorem
giv ing

( l )S1 1 S2 +(n- l ) S1S2b * •■• "S1b " S2bJ

■U n 1 S 1 b * n 2 8 2 b ] * f [ n S , ' " 1 S 2 ^ n S l S 2 b Y . . . . ]

The first term in the last row represents the total damage
in case that no cycles coincides, as given above. We see
that the total damage becomes always greater when some cycles
coincide, because the second term in the last row is always
positive. This result was proved using the Palmgren-Miner rule,
but it holds as well for any other cumulative damage theory.
It only depends on the fact that partial damages are not pro
port ional to the stresses, which is a property of construction
materials, not of the particular damage theory which we have
chosen.
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5. The interaction of stresses due to different loads

As we have seen, a unified treatment of all kinds of deterministic
and random loads is necessary.

When evaluating fatigue damage due to stress cycles which take
rise from different sources, the probability, that some cycles ■
coincide in time, should be evaluated. Partial damages may not
be added, i f th is probabi l i ty is d i f ferent f rom zero (wi th in
some permissible error).

Though' direct addition of partial damages may not be admitted,
a weighted sum might give good results. Thus we are led to the
choice between two methods:

( i ) Loads (or stresses) are computed as funct ions of t ime
and added prior to fatigue evaluation. This method will
be cal led simulat ion ( i .e., computat ion of the t ime
history of the process).

( i i ) S t a t i s t i c a l p r o p e r t i e s o f d i f f e r e n t s o r t s o f l o a d s a r e
evaluated separately. When considering fatigue, account
of their interact ion is taken by probabi l ist ic method_s.
This procedure wi l l be ca l led the probabi l is t ic in ter -
actiori method.

6. Fatigue evaluation using simulation

A scheme of the procedure may be as follows:
First, aerodynamic forces are calculated. They depend on the

- specified mean wind velocity at the height of the hub

- wind shear (the difference of mean velocit ies at different

heights)
- turbulence (irregular departure of wind speed components

from local mean valus)
- tower shadow (periodic interference with the tower).
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Having chosen an appropriate aerodynamic theory (no claims of
l inear i ty are posed) loca l w ind speeds and forces a long the
b lade a re de te rmined . A spec ia l p rob lem in th is con tex t i s the
s i m u l a t i o n o f t u r b u l e n c e , w h i c h w i l l b e t r e a t e d l a t e r.

Nex t , the mass fo rces due to g rav i ta t ion and ro ta t ion a re
added and then the sum is inserted into the equat ions of mot ion
of the b lade (or poss ib ly in to the dynamic equat ions o f a
grea te r sys tem, wh ich may cons is t o f b lade , nace l le , tower
and cont ro l sys tem) . These equat ions are so lved by d i rec t in te
gration in the t ime domain or by using normal mode decomposit ion
(the latter seems to be more economical). Stresses are computed
as f unc t i ons o f t ime , g i v i ng t he samp le f unc t i ons f o r t he s ta
t i s t i c a l e v a l u a t i o n o f f a t i g u e .

I f t h e l e n g t h o f t h e s e s a m p l e f u n c t i o n s i s s u f fi c i e n t , s t a t i
stics can be made by counting processes such as

- l e v e l c r o s s i n g c o u n t
- peak count
- range count
- r a i n fl o w c o u n t .

These methods are amply documented in the l i terature on fat igue.

I f the sample funct ions are too shor t (because o f economica l
reasons) , the d is t r ibu t ion o . f peaks shou ld be es t imated. However,
t h i s i s a m o r e d i f fi c u l t a n d u n c e r t a i n m e t h o d .

The procedure descr ibed above is repeated fo r d i f fe ren t va lues
of the mean wind veloci ty. Using est imates of the expected mean
w i n d v e l o c i t i t e s d u r i n g t h e s t i p u l a t e d l i f e t i m e o f t h e w i n d
turb ine, the to ta l fa t igue damage can be computed.

Simulat ion has the advantage, that the dynamics of very complex
systems may be t reated. I ts drawback is the necessi ty to combine
severa l computer programs and run them extensive ly, in order to
o b t a i n t h e g r e a t a m o u n t o f d a t a w h i c h i s n e e d e d f o r s t a t i s t i c a l
eva lua t i on ; a so r t o f b ru te fo rce me thod .
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7 . Turbu lence s imu la t ion

Wind ve loc i ty fluc tua t ions can be descr ibed in two manners :

- as a s t a t i ona ry s t ochas t i c p rocess

- as a succession of descrete wind gusts.

In the fi rs t case one po in t energy dens i t y spec t ra and two po in t
coherence and phase spectra are specified. These spectra are
obtained f rom anemometers placed at fixed points in space. Dn
the o ther hand , po in ts o f the tu rb ine b lades move on ver t i ca l
c i r c l e s . I f t h e s e n s o r i s m o v i n g a l o n g a c i r c u l a r p a t h , w i n d
fluc tua t i ons can be cons ide red as a pe r i od i c s tochas t i c p rocess .

Simulat ion means to construct by mathematical methods a t ime
f u n c t i o n r e p r e s e n t i n g t h e fl u c t u a t i n g p a r t o f t h e w i n d ,

hav ing the p resc r ibed spec t ra .

Two ways of simulation are known

- d i g i t a l fi l t e r t e c h n i q u e s
- matr ix methods.

D i g i t a l fi l t e r t e c h n i q u e s f o r s i m u l a t i o n w e r e p r o p o s e d b y
Shinozouka and Sato Ref 1 and 2 and applied for the case of
fl i g h t v e h i c l e s b y P e r l m u t t e r ( s e e c h a p t e r 1 4 b y F i c h t l , P e r l -
mut ter and Frost in Ref 3) .

Mat r i x methods were o r ig ina ted by J .N. F rank l in (1965) . Our
current work in Sweden is an extension of th is method to the
case o f a pe r iod i c mu l t i va r ia te p rocess . I n th i s way we s imu la te
the tu rbu lence as pe r c ieved a t po in ts mov ing w i th the ro ta t i ng
t u r b i n e b l a d e . F o r f u r t h e r d e t a i l s s e e R e f . 4 .

The concept of descrete wind gust was used in several decades.
I t s app l i ca t i on on w ind tu rb ines was recen t l y p roposed by F ros t ,
Long and Turner, Ref. 5.
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8 . T h e p r o b a b i l i s t i c i n t e r a c t i o n m e t h o d

This is a new concept and i ts deta i ls are not e labora ted yet .
Two formulations may be .proposed:

- when summing damages, weighting factors are used,

wh i ch depend on t he p robab i l i t y o f i n te rac t i on o f t he
cor respond ing s t resses .

- random and de termin is t r i c loads are subd iv ided in

g r o u p s a n d t h e p r o b a b i l i t y o f t h e i r
m u t u a l i n t e r a c t i o n i s e v a l u a t e d . T h i s g i v e s t h e
expected numbers o f load cyc les , va l id for such
in te rac t ions . The cor respond ing s t resses are computed
and a convent iona l app l icat ion o f some cumulat ive
damage theory comple tes fa t igue eva luat ion .

T h e q u e s t i o n o f w e i g h t i n g f a c t o r s i s t h e o r e t i c a l l y c o m p l i c a t e d
a n d l i t t l e i s d o n e i n t h i s c o n t e x t a s y e t .

The subd iv i s ion o f l oads i n g roups and eva lua t i on o f t he i r
i n te rac t ion i s the bes t o f the p resen t l y known methods , apar t
f rom s imu la t ion . . However, i t i s heav i l y depend ing on the sk i l -
f u l ness o f t he i nd i v i dua l , who spec i fies the g roups and the
condi t ions for the combinat ion of loads. Loads should be com
b i n e d t a k i n g r e g a r d t o t h e i r , d y n a m i c a l e f f e c t s . T h i s i s d i f fi
c u l t t o e s t i m a t e a n d d i f f e r e n t t r i a l s o u g h t t o b e t e s t e d w i t h
the aid of computer programs, which show the t ransient mot ions
o f t h e w i n d t u r b i n e s a t t h e s e c o m b i n a t i o n s .

9. Conclusions

Sepa ra te t r ea tmen t o f va r i ous l oads i n f a t i gue eva lua t i on
leads to weak design. Correct resul ts can be obta ined by
s i m u l a t i o n a n d b y a p r o b a b i l i s t i c i n t e r a c t i o n m e t h o d .

Work on s imulat ion is current ly go in-g on at the- Aeronaut ica l
Research Ins t i tu te o f Sweden in co l labora t ion w i th SIKOB,
E n g i n e e r i n g C o n s u l t a n t s . F i n a l r e s u l t s w i l l b e r e p o r t e d
l a t e r .
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DESIGNING FOR FATIGUE PREVENTION

Thomas M. Zajac*

Before s tar t ing my ta lk , I want to read two shor t paragraphs f rom a lecture

by Bo K. 0. Lundberg, published as FFA Report 76 Stockholm 1958, entit led

"Some Proposa ls fo r Eva lua t ing Fat igue Proper t ies o f A i rp lane St ruc tures" .

"The famous Swedish poet Esaias Tegner (1782-1846), professor in the

Greek language, when once involved in an academic controversy concerning

the merits of a new grammar in the Greek language, written by a contem

porary scholar, made a statement about this grammar which can be trans

l a t e d a s f o l l o w s :

"The grammar admittedly contains both much that is true

and much that is new; what is true, however, is not new,

and what is new is not t rue."

I t is my bel ief that any one requested today to present a paper on

t h e s u b j e c t o f a i r c r a f t f a t i g u e r u n s a g r e a t r i s k o f b e i n g t h e t a r g e t

o f c r i t i c ism o f the same severe na ture as tha t o f fe red by Tegner. The

reason f o r t h i s i s , on one hand , t ha t such a mu l t i t ude o f a r t i c l es

survey ing the contemporary a i rc ra f t fa t igue prob lem have been wr i t ten

dur ing the last few year that, easy as i t would be to make a lot of

t r u e s t a t e m e n t s , i n s t i l l a n o t h e r r e v i e w o f t h e f a t i g u e s i t u a t i o n , s u c h

s ta temen ts a re un l i ke l y t o be sc i en t i fi ca l l y new. On t he o the r hand ,

the fa t igue p rob lem, bes ides be ing ve ry obscure , i s a t p resen t s t i l l so

c o n t r o v e r s i a l t h a t i t i s v e r y d i f fi c u l t i n d e e d t o p r o d u c e a n y t h i n g

that i s no t on ly new but a t the same t ime is ind isputab ly t rue . "

* C h i e f o f M a t e r i a l s a n d S t r u c t u r a l I n t e g r i t y
Hami l ton Standard Div is ion
Uni ted Techno log ies Corpora t ion
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What Mr. Lundberg be l ieved was t rue then, I be l ieve is s t i l l t ime today.

Since I have no new information, I can only hope that you wi l l find some

in te res t i ng i n fo rma t i on tha t m igh t s t imu la te you r t h i nk ing on th i s comp lex

s u b j e c t . S i n c e t h e b l a d e i s o n e o f t h e m o s t c r i t i c a l u n l i m i t e d f a t i g u e

l i f e s t ruc tu res i n a w ind tu rb ine , I w i l l exh ib i t some resu l t s f r om many

y e a r s o f s t r u c t u r a l e x p e r i e n c e w i t h u n l i m i t e d f a t i g u e l i f e a i r c r a f t p r o

p e l l e r b l a d e s . T h i s e x p e r i e n c e h a s l a r g e l y i n fl u e n c e d t h e e v o l u t i o n o f

a design l imit concept and design features in the Hamil ton Standard wind

tu rb ine b lade .

Against th is background, let me proceed to Exhibi t 1 which presents the

des ign fo r fa t igue p reven t ion express ion in i t s mos t e lementa ry fo rm, i .e .

the appropr ia te s t rength must be equal to or greater than the actua l s t ress.

The next two exh ib i ts look at each s ide of th is equat ion.

Exhibi t 2 l is ts the main sources of loading which must be evaluated, which

then must be t rans lated in to s t resses which these loadings induce in va j ious

reg ions o f the s t ruc ture . The s t ress ana lys is must cons ider the adequacy

o f t he t heo re t i ca l me thod t o ob ta i n e l as t i c s t r esses and p l as t i c s t r a i ns .

When theore t i ca l uncer ta in ty ex i s ts , appropr ia te exper imen ta l ana lyses

should be appl ied.

Exh ib i t 3 a t tempts to l i s t the major fac tors wh ich bear on the s t rength s ide

o f t h e e x p r e s s i o n , w i t h t h e f o c u s b e i n g o n f a t i g u e s t r e n g t h . I t i s s t i l l

not uncommon to find that designers deal wi th the fat igue st rength quest ion

on the basis of handbook data obtained from laboratory specimen test resul ts,

R e a l i s t i c a l l y, t h e s e d a t a g e n e r a l l y r e p r e s e n t t h e b a s i c f a t i g u e c a p a b i l i t i e s

o f t he ma te r i a l i n a pa r t i cu la r f o rm and hea t t r ea t cond i t i on .
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Actual fabricated components, exposed to particular environments, life

requirements, and other factors such as maintenance repairs, number of

samples in service, and risk considerations present a most difficult and

challenging problem to the designer in assessing what fatigue strength

limit to design to. The significant effect that some of the factors

listed have on full scale structural component fatigue behavior, and how

Hamilton Standard addresses the fatigue strength design limit, will be

addressed in future exhibits.

Exhibit 4 presents a typical stress-cycles diagram. Small scatter is

indicated for data generally associated with the static strength region

of the diagram. Increased scatter is indicated in the low cycle fatigue

region of the diagram, and large scatter is indicated for the high cycle

fatigue or unlimited l i fe region. Wind turbine structures span the entire

range of the stress-cycles diagram; however, information in this talk will

focus on the unlimited life region. This is the region where all of the

items in Exhibit 3 have their most significant effect and it is the region

for which aircraft propeller structural experience has been accumulating

for forty years. Over the projected l ife span of thirty years for a

wind turbine, simple calculations indicate accumulation of several hundred

million significant stress cycles in a blade. In a mere ten thousand

hours of aircraft operation, representing only several years of commercial

service, aircraft propellers accumulate over six hundred mil l ion significant

stress cycles. Therefore, the wind turbine blade fatigue and unlimited

life considerations are very much akin to the aircraft propeller blade.
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E.xhibi t 5 shows a typical sol id metal smooth and notched laboratory fat igue

specimen. Many thousands of such specimens have been tested over the years,

and vo luminous resu l t i ng da ta a re pub l i shed in the l i t e ra tu re .

Exhibi t 6 compares the typical laboratory specimen in s ize and shape scale

re la t ionsh ip to a t yp ica l s imp le one-p iece so l i d a luminum prope l le r b lade .

Exhib i t 7 depicts some of the damage infl ic ted on a sol id a luminum propel ler

b l ade i n a no rma l se r v i ce env i r onmen t . The i nse t p i c t u re f r om the t i p

portion of the blade shows common erosion and gouging damage in the blade

sur face . The inse t p ic tu re f rom the midd le por t ion o f the b lade shows

in te rg ranu la r s t ress cor ros ion a t tack tha t can resu l t , f rom aggress ive chemica l

and mo is tu re env i ronments . The inse t p i c tu re f rom the inboard re ten t ion

fi l l e t a r e a o f t h e b l a d e s h o w s f r e t t i n g o f t h e s u r f a c e d u e t o s t r a i n d i f f e r e n

t ia l mot ions between the b lade sur face and i ts mat ing steel raceway r ing.

These are on ly th ree o f the serv ice opera t ing env i ronmenta l fac tors tha t

can resu l t i n severe reduc t ions in the h igh cyc le fa t i gue s t reng th o f the

blade. This damage cannot be prevented. However, the effects of the damage

can be and are mit igated by inducing deep compressive residual stress layers

in the b lade fi l le t and the ma jo r b lade sur face a reas by co ld ro l l i ng and

shot peening, a long wi th appropr ia te per iod ic inspect ions and maintenance.

The essence of Exhib i ts 5, 6, and 7 is d isplayed in the composi te of Exhib i t

8. The upper band encompasses the fatigue test results from many hundreds

of laboratory specimens. These specimens, l ike the smooth vers ion shown in

Exhib i t 5, were manufactured f rom cut up sect ions f rom actual heat t reated

sol id a luminum al loy propel ler b lade forg ings. The lower band encompassed
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t he f a t i gue t es t r esu l t s f r om tes t i ng a l a rge number o f ac tua l f u l l s ca le

product ion fin ished prop te l le r b lades o f the same a luminum a l loy. The

bo t t om dashed l i ne rep resen ts an app rop r i a te des ign l im i t f o r t h i s pa r t i cu l a r

p rope l l e r b l ade w i t h p resc r i bed i nspec t i on and ma in tenance . I f cons i de ra t i on

w a s g i v e n t o o p e r a t i n g t h i s s t r u c t u r e i n t h e u n l i m i t e d l i f e r e g i o n w i t h o u t

at tent ion to inspect ion and maintenance, the des ign l imi t would be reduced

s u b s t a n t i a l l y .

In a somewhat paral le l d isplay, E.xhib i t 9 presents only the low boundary

of the labora tory spec imen fa t igue data for a moderate s t rength low a l loy

s t e e l u s e d i n f a b r i c a t i n g h o l l o w s t e e l c o r e / s h e l l p r o p e l l e r b l a d e s . I n

th i s i ns tance , a p re fo rmed s tee l she l l i s b razed on to a fla t tened ho l l ow

steel core. The edge cavi t ies between the core and the shel l and the

cen t ra l co re cav i t y a re fi l led w i th a modera te dens i t y sponge rubber mate r ia l

f o r s u p p o r t a g a i n s t l o c a l p l a t e v i b r a t i o n a n d s e c t i o n s h e a r fl o w. T h e l o w

boundary, encompassing the resul ts f rom fat igue test ing a large number of

fu l l sca le p roduc t i on b lades , shows the l a rge s t reng th reduc t i on i n the

fab r i ca ted s t ruc tu re compared to the bas i c ma te r ia l f a t i gue behav io r.

T h i s p a r t i c u l a r p r o p e l l e r b l a d e w a s i n t r o d u c e d i n t o s e r v i c e s h o r t l y a f t e r

Wo r l d Wa r I I o n l a r g e c o m m e r c i a l a n d m i l i t a r y a i r c r a f t . R e l a t i v e l y e a r l y

s e r v i c e c r a c k i n g r e s u l t e d i n s u b s t a n t i a l a d d i t i o n a l t e s t i n g o f b l a d e s a s -

rece i ved f rom se rv i ce use . Ra the r g ross reduc t i ons i n f a t i gue s t reng th a re

ind ica ted by the low boundary fo r b lades conta in ing serv ice infl ic ted damage

in the fo rm o f gouges and den ts . A fu r the r reduc t ion , con t inu ing a t ve ry

high numbers of cycles, is indicated by the low boundary for b lades which

exh ib i t ed co r ros ion damage f rom in te rna l mo is tu re en t r y. I t shou ld be

pointed out that b lades us ing . th is same basic s teel spar which is corros ion

pro tec ted w i th a th in e lec t rodepos i ted p la t ing sys tem, covered w i th an
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adhes ive bonded fiberg lass re in fo rced epoxy she l l and fi l led w i th a c losed

cel l low densi ty urethane foam, have developed an excel lent serv ice record.

T h i s c o n fi g u r a t i o n p r o v i d e s e x c e l l e n t c o r r o s i o n p r o t e c t i o n f o r t h e p r i n c i p a l

load car ry ing member — the cent ra l s tee l spar, and the ex terna l she l l i s

extremely insensi t ive to gouge damage, moisture, and i t does not dent .

Exh ib i t 10 re la tes t o a pa in fu l l y l ea rned expe r i ence dea l i ng w i th t he s t ress

s ide o f the express ion in Exh ib i t 1 . The ske tch dep ic ts the genera l d imen

s ions o f the inboard reg ion o f a la rge one-p iece ho l low s tee l p rope l le r

b l ade .

Early samples of this monocoque blade were coramited to propel ler-engine-test

s tand runn ing fo r func t iona l and per fo rmance type eva lua t ions . One b lade

f r a c t u r e d d u r i n g t h i s t e s t i n g , t h e s e p a r a t i o n o c c u r r i n g i n t h e t r a n s i t i o n

reg ion be tween the inboard round sec t ion and the a i r fo i l sec t ion . Subsequent

labo ra to ry e .xpe r imen ta l s t ress ana lys i s revea led tha t s t resses in th i s

t rans i t i on reg ion were subs tan t ia l l y h igher than expec ted due to l oca l

seconda ry s t r uc tu ra l ac t i on . Th i s l esson was l ea rned p r i o r t o t he ava i l a

b i l i t y o f fi n i t e e l e m e n t a n a l y s i s t e c h n i q u e s , b u t p o i n t s o u t t h e i m p o r t a n c e

of knowing the stresses and employing experimental measurement techniques

where analysis may not be adequate.

The next two exhibits show methods developed and employed for fatigue

t e s t i n g l a r g e s a m p l e s i z e s o f f u l l s c a l e p r o p e l l e r s t r u c t u r e s i n t o t h e h i g h

c y c l e , u n l i m i t e d l i f e r e g i o n . E x h i b i t 11 s h o w s a m e t h o d o f f a t i g u e t e s t i n g

m u l t i p l e s a m p l e s o f f u l l s c a l e p r o p e l l e r b l a d e s .

In the case shown in the r ight hand s ide of the p ic ture, s ix b lades are being

tes ted ar a resonant f requency. By smal l t ip mass tun ing, each b lade v ibra tes
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at the resonance frequency of the test assembly and is stressed at a common

v ib ra to ry s t ress leve l . The assembly may be tes ted fo r up to severa l

h u n d r e d m i l l i o n c y c l e s . I f n o d i s t r e s s i s o b s e r v e d a f t e r d e t a i l e d i n s p e c t i o n ,

the assemb ly i s re tu rned to t es t a t a h ighe r s t ress l eve l . Th i s p rocedure

i s c o n t i n u e d u n t i l f a t i g u e c r a c k i n g i s p r o d u c e d . A s o n e b l a d e f a i l s , a

dummy b lade is inser ted in i ts p lace and the tes t ing is cont inued.

At h igher modes of v ibrat ion, peak s t resses are produced in the outer reg ion

of the b lade. The firs t fundamenta l mode produces peak s t resses in the in

b o a r d r e g i o n o f t h e b l a d e . B y c u t t i n g o f f t h e t i p p o r t i o n o f t h e b l a d e ,

peak st resses can be s imulated in the inboard region at test f requencies two

to t h ree t imes t ha t o f t he f u l l l eng th b l ade , t hus sho r t en ing t he t es t t ime .

Fur ther, in a s imi la r four b lade se tup, t ips o f ad jacent b lades can be drawn

towards each other, producing a s teady bending st ress in each b lade. A

v ib ra to ry s t ress i s super imposed on th is s teady s t ress , a t resonance , us ing

th is same tes t equ ipment . Over the past fo r ty years , near ly two thousand

fu l l sca le p rope l le r b lades and b lade sec t ions have been fa t igue tes ted ,

some to as many as three hundred mi l l ion cycles at a given stress level .

The le f t hand por t ion o f th is exh ib i t shows mul t ip le s tack ing o f spec imens

on s imi lar equipment. Adhesively bonded tab/base bar specimens are tuned

a n d t e s t e d i n fl e x u r e a t a c o n s t a n t s t r e s s l e v e l . B a s i c m a t e r i a l d a t a c a n

be accumula ted on la rge sample s izes in re la t ive ly shor t t imes.

Exh ib i t 12 shows a fu l l sca le prope l le r hub/b lade re ten t ion assembly be ing

f a t i g u e t e s t e d . I n t h i s c a s e , t h e t e s t b a r r e p l a c i n g t h e b l a d e h a s a

r e t e n t i o n a n d i n b o a r d s h a n k r e g i o n i d e n t i c a l t o t h e p r o p e l l e r b l a d e . I n t e r n a l



- 2 1 6 -

wedge/pre load prov is ions enable app ly ing and mainta in ing a s imula ted cent r i

fuga l load . Cyc l i c bend ing loads are super imposed on the hub/ re ten t ion

assembly by rotating t ip unbalance masses. These tip masses can be phased

to s imulate any v ibratory mode, in any d i rect ion, on any mul t i -arm assembly

The types of fu l l -sca le test ing descr ibed have been conducted on product ion

and on se rv i ce exposed s t ruc tu res . Some o f the resu l t s o f th i s tes t ing

were shown in Exh ib i ts 8 and 9 . I t i s impor tant to emphas ize a t th is

po in t t he d rama t i c r educ t i ons i n h i gh cyc l e f a t i gue s t r eng th , t he un l im i t ed

l i f e r eg i on , t ha t mus t be adequa te l y cons ide red i n des i gn ing l a rge c r i t i ca l

s t r uc tu res f o r f a t i gue p reven t i on i n se r v i ce env i r onmen ts .

I n a n e f f o r t t o f o c u s c r i t i c a l a t t e n t i o n o n t h e s u b j e c t o f f a t i g u e b e h a v i o r

o f s t ruc tures , Hami l ton Standard organ ized fo r and evo lved the des ign l im i t

concep t nea r l y twen ty yea rs ago . Th i s i s dep i c ted i n Exh ib i t 13 . O rgan i za -

t i o n a l l y, a d i s c r e e t g r o u p i s r e s p o n s i b l e f o r g a t h e r i n g a n d e v a l u a t i n g a l l

ex te rna l l y deve loped fa t i gue da ta , deve lop ing and ana l yz ing a l l i n te rna l

fa t igue tes t data on spec imen and fu l l sca le s t ructura l components , conduct ing

a l l l a b o r a t o r y d e v e l o p m e n t , a n d s e r v i c e f a t i g u e f r a c t u r e i n v e s t i g a t i o n s , a n d

in tegrat ing product serv ice exper ience. Th is s .ame group issues des ign l imi ts

to the Design Room for a l l components for the prescr ibed mater ia l , fabr ica

t ion , env i ronment , and l i fe and main tenance requ i rements . Conceptua l ly, the

d e s i g n e r c a n s t r e s s h i s s t r u c t u r e u p t o t h e d e s i g n l i m i t . S a f e t y f a c t o r s

are not app l ied by the des igner to the s t rength s ide o f the express ion in

Exh ib i t 1 s ince the des ign l im i t accoun ts fo r the s t ruc tu ra l pe r fo rmance

of the component and embodies a very low probabi l i ty of fa i lure.
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The next Exhibit, 14, displays some of the more important design features

of the Hamilton Standard wind turbine blade. The material system for the

blade is fiberglass in an epoxy resin matrix. This material systen is

very insensitive to environmental factors and damage as they relate to

unlimited life fatigue performance. The blade design features a two-cell

monoli thic structure, entirely fabricated by filament winding. The steady

tension load is carried by the full cross-sectional area of the blade.

The bending loads are carried primarily by the leading edge cell, which can

also easily carry the torsional loading.

The nominal fiber layup orientation is +30° to the blade axis, however,

material properties are carefully balanced for maximum weight reduction.

This orientation results in material properties and a cell geometry that

has buckling resistance greater than the loads impressed on the rotor. No

internal or supplementary supports are required to provide an adequate

buckling margin.

The width and wall thickness of the leading and trailing edge cells are

varied along the blade length to provide smooth distributions of major

and minor bending moments of inertia, torsional capacity, and blade mass.

In the inboard region, the trail ing edge cell tapers off to transfer its

minor loading unformly and progressively to the leading edge cell which

is integral with the retention. This minimizes stress concentrations which

can be very detrimental in a high cycle fatigue environment. Detailed

finite element alalysis of the trail ing edge cell termination has confirmed

the efficacy of this concept. Also, the dominant load carrying leading edge

cell has no abrupt section changes which eliminates undesirable secondary

structural act ion stressing. No joints, which can present cr i t ical fat igue

problems, are involved in the blade area of the structure.
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The centr i fugal and the bending loads in the b lade must be t ransmit ted to

a cen t ra l hub s t ruc tu re . ' Th is i s accompl i shed th rough a re ten t ion con

s i s t i ng o f an i nne r and an ou te r s tee l r i ng , t he ou te r r i ng be ing even tua l l y

bo l ted to the hub . The mos t e f fec t i ve way o f t rans fe r r i ng the loads f rom

t h e fi b e r g l a s s r e s i n b l a d e s t r u c t u r e i n t o t h e s e s t e e l r i n g s i s b y d o u b l e

over lap shear shown in Exh ib i t 15 . Th is t ype jo in t e l im ina tes the bend ing

and re la ted pee l assoc ia ted wi th s ing le over lap shear type bonded jo in ts .

The s tee l r i ngs a re t ape red t o p rov i de f o r a mo re e f fic i en t j o i n t , r educ ing

the s t ra in concen t ra t ion a t the ou tboard end ing o f the r i ngs . As a con

serva t i ve des ign fea tu re , a to ta l l y redundan t load pa th i s p rov ided by a

ser ies of l ine-reamed and bonded bol ts a lso shown in Exhib i t 15. Both the

adhes ive bonded jo in t and the bo l ted jo in t a re fu l l y capab le o f ca r ry ing

the b lade loads in to the s tee l r i ngs i ndependen t l y.

F ina l l y, i t shou ld be ment ioned tha t the b lade i s p ro tec ted f rom eros ion

and u l t r av io le t damage by an ex te rna l l y app l i ed u re thane coa t i ng . L i gh t

ning damage protect ion is provided by a metal system consist ing of an

aluminum t ip cap, and leading edge, t rai l ing edge, and chordwise aluminum

fo i l s t r i ps . The edge s t r i ps ex tend f rom the t i p cap and connec t to the

e x t e r n a l s t e e l r e t e n t i o n r i n g s . F o i l i s a l s o w r a p p e d a s a n e x t e n s i o n o f

the ou te r s tee l r ing to p rov ide a cone o f a t leas t 30° to p ro tec t the

inner r ing . Th is sys tem has been demonst ra ted to ma in ta in the l igh tn ing

charge externa l ly and pro tec ts the ent i re b lade f rom l igh tn ing damage.

I n c l o s i n g t h i s t a l k , t h e n e x t t h r e e e x h i b i t s l i s t t h e m a j o r s t e p s t h a t

m u s t b e f o l l o w e d f o r d e s i g n i n g f o r f a t i g u e p r e v e n t i o n . E x h i b i t 1 6 l i s t s

t he fi r s t t h ree s teps as des ign requ i remen ts . These a re , name ly :
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1) The best assessment of the serv ice loadings that wi l l be imposed on

t h e s t r u c t u r e .

2 ) R e a l i s t i c e v o l u t i o n o f t h e e n v i r o n m e n t a n d t h e l i f e r e q u i r e m e n t s .

3) An assessment of appropr iate maintenance, which must be pract ica l to

accompl ish.

Exh ib i t 17 l i s t s t he nex t t h ree s teps t ha t a re i nvo l ved i n t he ac tua l

des ign execu t ion . These s teps a re :

1 ) Se lec t ion o f the mate r ia l s and p rocesses fo r the s t ruc tu ra l componen t .

2 ) An adequa te theo re t i ca l s t ress ana lys i s , suppor ted by expe r imen ta l

analyses on ear ly s imulated sect ions as needed.

3 ) Es tab l i shmen t o f componen t des ign l im i t s t o sa t i s f y t he l oad ing ,

env i ronment , l i fe requ i rements , and main tenance.

The last ser ies of s teps are presented in Exhib i t 18 and cover the

c r i t i c a l v e r i fi c a t i o n s t e p s . T h e s e a r e :

1 ) L a r g e s c a l e c o m p o n e n t f a t i g u e t e s t i n g a s r e q u i r e d . T h i s c o v e r s e i t h e r

ac tua l f u l l s ca le componen ts , sec t i ons t he reo f , o r app rop r i a te l a rge

s i m u l a t i o n s .

2 ) Measure l oads on the s t ruc tu re i n a l l t ypes o f ac tua l ope ra t i ng

condi t ions and envi ronments.
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3) Final stress vs. strength comparison. These final stresses are either

measured in discreet areas during the load measurements mentioned above,

or are recalculated if loads are different from those init ial ly established

The final strength is obtained from the large scale component testing

and reassesses the design l imits or iginal ly provided. I f this final

strength is equal to or greater than the actual stress, the elementary

expression in Exhibit 1 is satisfied, and a trouble-free structural

component should result for its defined life.

TZ:ms
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ô

k View B-B



w

CD

Q
UJo

CO

S
x
X
LU



FORGED HIGH STRENGTH ALUMINUM

Rotating Beam Specimen
Taken from Forgings

t o
t o
oo



MODERATE STRENGTH STEEL ALLOY

rax

V£>

t o
t o



- 2 3 0 -

LU

OQ

LU

CO
LU
O
LU

i
LU

CNJ <̂

E x . 1 0



EXHIBIT 1 1

CONTROLLED FATIGUE TESTING
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Short note: A fracture test of the
vertical axis wind turbine VAWIAN
rotor blade (14 x 1 m)

by R. Windheim in co-operation with ERNO-Raumfahrttechnik

The Energy R+D Program of the Government of the Federal
Republic of Germany includes the project "Wind energy con
verter system with vertical axis rotor" (3-ET 4253 A,
ERNO-Raumfahrttechnik, Bremen; total costs: DM 872.000).

The objective of this project is:

Theoretical and experimental investigation in order to
answer the question on the economically most favourable
solution for wind energy conversion.

The work program is the following:

The WEC concept is characterized by a vertical axis, high
speed rotor with straight vertical blades. The dimensions
are to be referred to a power output of 20 kW and more.
Wind velocity: 7 m/sec and more. A prototype will be
developed and operated in order to investigate the perfor
mance and mechanical behaviour of this WEC-type by experi
mental results. The project is planned to be realized in
three realization phases: I Development, II Fabrication
and erection and III Operation and evaluation. The contract
covers phase I.
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A fracture test of an original rotor-blade (14 m x 1 m) designed and constructed
for the vertical-axis-wind-turbine VAWIAN was accomplished by the "Institut fiir
Leichtbau - Aachen Technical University". It was shown in this test that the
safety factor (j = 1,5) against maximum loads during service will be obtained.
These loads are aerodynamic and centrifugal forces (Fig. 1).

J-V?tf JA/
.2 9 3 m. AS/*,

-f9 7fA//*mm

Fig^_I

Shearing forces and bending moments induced by these loads were simulated by
8 concentrated forces.
Fig. 2 shows the exactly and approximated curves of shearing forces and bending
moments.

J A e o / v / > 9 - f o r c e s 3 c n c / f ' n o m o m e n t s

Fia. 2
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Fig. 3 shows one of the symmetrical parts of the testing stand,
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A 1.5 limit load was obtained in 12 steps. After each step stresses and defor
mations were measured. Ten seconds after obtaining 1.5 limit load the rotor-blade
was fractured near to one of the supports. This was a shear failure: no com
pression or tension fracture was observed.

Test blade
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'racture of the blade
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Visit to the Swedish 60 kW
research unit at Kalkuanen

The 60 W unit
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Sven Hugosson looking out of
the nacelle

The 60 kW unit

laW. ■■■■ 'P& ' -S f -

Sven Hugosson (left) explains the wind power unit to the experts
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