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PERFORMANCE e A STeki SPAR WIND
TURSINE BsLAUE ON THE MOU-0 1U0 Ke
EXPERIMENTAL WIND TURBINE

Tneo G. Keith, Jr.
university of Tnledo

ang

Timothy L. Sullivan ang Larry A. Viterna
NASA Lewls Research Center

SUMMARY

The performance anc loading of 3 large wind turbine rotor, 38.4 m in
ciamete; and composed of two low-cost steel spar bladges has heen
examined. Two blaoes were fabricated at Lewis Research Center ang
successfully operated on the Mnd-0 wing turnine at Plum Brook. The
hlaoes were gperated on a tower on which the natural bending freauency
nad heen altered hy placing the tower on a leaf-spring apparatus. It
was foung that neither hlade performance nor loading were affected
significantly by this tower softening technique. Rotor performarce
exceeded prediction while hlade lnads were founo to be in reasorahle
agreement with tnose predictea. Seventy-five hours of operation over a
five month period resulted in no deterioration in the hlade.

INTRODUCT ION

An important part of the NACA Wing cnergy Project involves research
efforts directed toward reducing wind turpine haraware costs. The
ultimate objective of this work is to reduce wing energy costs to a
o0int that is financially competitive with current costs of other forms
of energy proouction. To date, a variety of innovative conceots have
neen consicerea and several have shown excellent potential for
attaining the gesired reguctions,

Amnrg the most promising are several that are associated with
reguctions in the costs of wind turbine hlades. For example, recent
attention has been focused on the design and construction of low-cost
hlaging that will nave long life and will require little maintenance.
wood, transverse filament tape, fiberglass compnsite and steel-
fiperglass composite blages all are currently heing considered.

Moreover, tests on an exoerimental wird turhine using novel concepts
such as fixed piton hlades, a teetered huh, and, most recently,
tip-controlled blaning nave heen performed and £ach has shown certain
operating agvantages that will be reporteo elsewhere.




The purpose of the present report is to evaluate the performance of
another blade cost reauction concept. In particular, the performance
of 3 wing turbine hlade known as a steel spar blade will be presented.
Tne evaluation will he based on fiela test results that were obtained
from the Mod-G wind turhine located at the NASA Plum Brook facility
near Sandusky, Ohio pictured in Figu 2 1.

The cesign and construction of this ‘ype of blade have been discussed
in Ref. (1). 8asically, the blade is formed by surmunding a tapered
steel pole (similar to the steel poles used for lighting aiong highways
or for support of electric transmission lines, known as utility poles)
with an airfoil shape which is formed out of lightweight wood rihs
overwrapped by a fiberalass cloth. Figure 2 depicts the fabrication
process of the blage. Of primary importance, cost of constructing the
hlades tnat were eventually tested was aporoximately one fourth that of
the aluminum blades originally flown on the Mod-0 wind turbine, and
describea in Refs. (2) ano (3). Moreover, it has heen estimated that
these costs can be reduceg by implementation of mass production
techniques; it may he possible to construct such a blade for less than
$20,000 (1980 dollars).

To be sure, suth cost savings are very attractive. However, these
financial advantages mean little unless the proposed blading possesses
the aqualities of long life, good aerodynamic performance and low
maintenance. Then too, these hlades will he attractive only if they
demonstrate adequate performance when used in concert with other
proposed cost reduction concepts.

One such concept is that of the "firm" tower. A tower may be termea
soft, firm or stiff depenging on the value of its first hending
frequency. If the first bending freguercy is less than the rotor
speed, "P", the tower is saio to he soft; if the first bending
frequency is hetween one and two P, the tower is said to be firm; and
if the first nending frequency is greater that 2P, the tower is said to
be stiff. The Moa-0, MOd-0A and Mod-1 wing turbine towers all have
first hending frequencies that exceed 2P and consequently are termed
stiff. One reason for desiring a firm tower is that it offers savings
in amount and cost of material without incurring performance

penalties. As a demonstration and investigation of the firm tower
concent, the existing Mod-0 stiff tower was softened by placing the
tower on a leaf-spring apparatus. This work was reported by Winemiller
et al. in Ref. (4).

In the following, the perfarmance of steel spar blades on hoth stiff
and firm towers will he examinea. Blade loadings will also be examined
ang compared to predicted values. However, before proceeding to these
examinations, brief descriptions of the wind turbine facility, the
steel spar blade ana the tower (both stiff and firm) used in the test
program will be q:ven.



TeST rACILITY AND EQUIPMENT

All tests were performed on the Mnd-G wind turbine located at the NASA
Plum Brook facility. The peri)d of testing was between September 1978
and February 1979. During this perind, the blades were operated for 75
hours. The 0ata upon which this report is based represent 7 hours of
oper~tion.

The Facility

The experimental wind turhine located at Plum Brook is a two-bladed,
horizontal axis machine naving a rotor diameter of 38 m (125 ft); it is
rateg at 100 kw when run in an 8 m/s {18 mph) wind at a rotor speed of
40 PM., The wing turbine consists of: Two rotor blades 19.1 m (62.5
ft) long, a nacelle that houses the alternator, gearbox and low-speed
(.~ive shaft, and an open truss <* | tower 28 m (97 ft) nigh. The
tower has a 9 m (3U ft) sguare ' :se, but tapers to a 2 m (7 ft) square
at the top. When the tower is situated on a spring base, simulating a
"softened" tower, the rotor centerline is 31 m (103 ft) above the
ground. A more cetaileu descriotinn of the Mod-0 facility is given by
Thoimas ang Richards in Ref. (5).

Tne Blade

Figure 3 depicts the steel spar hlade gesian. It should be noted that
tne steel spar was holted to a high strength steel tubular extension
section tnat was in turn attached to the hub flange, fFigure 3a. This
union was oictated by hub geometry and the geometry of standard utility
poles. In addition, to reduce the steady flatwis> blade loads, it was
necessary to reduce the pre-cone angle from the 70 built into the
Moo-0 hub to 39. Therefore, tne steel spar is at a 49 angle to the
extension piece as shown in Figure 3a. The steel spar is made in two
sections so as to permit the use of thinner wall material in the
outbnard section of the blage.

The blade olanform and typical cros< section are shown in Figure 2.
The leading eage of the airfoil shape is formed with foam, whereas the
trailing eage shape is formed with woooen r bs. The hlade skin is made
of fiherglass cloth. Further design and fabrication details have been
reportec by Sillivan et al., Ref. (1). Tanle I presents additional
rotor information. Physical details of the original Mod-0 aluminum
hlades are also presented for purposes of comparison.

Examination of these data suggests that the steel spar tlade is a much
simpler blage fcrm: it has no twist, has a constant thickness ratio
and has a greater root cutout. Also, the steel spar blace is slightly
longer. For the tests, two blades were fahricated. The blade weight
and balance data for each of the two blaues are summarized in Table
11. As may be seen, the weights of the twe blades are within 13 kg
(28 1b) of each other (approximately 1 ¥). The total weight of each
blage is ahout 1,640 kg (3,615 1b) compared to Y10 kg (2,000 lo) for a
Mod-0 aluminum blade.
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The blades were instrumented with strain gage briages to provide
flatwise angd chorawise loads during operation. These bridges were
located at Stations 45, 159, ana 540.

The Tower

As mentioned previously, Ref. (4) describes the design, fabrication and
testing of a softened tower. Briefly, the tower flexibility was
alterea from 2 Hz tc 0.832 Hz hy inserting a leaf-spring fixture under
tne base of the tneer. It was demnnstrated that this method provided
lateral stapility as well as a means of adjustment in order to create
the desired natural freyuency of the system. A schematic of the
softening simulation is snown in Figure 4. It was found tnat the
deflections proouced by a force or moment. were in close approximation
to those obtained for a truly firm tower; apparently, the technique of
softening the tower at its base adequately simulated a firm tower
bpaving flexibility adistributed more uniformly.

RESULTS AND DISCUSSION

ouring the tests of the steel spar hlage, the Mod-0 wind turbine was
operated with its supporting tower in two gifferent configurations:

the first was the stiff tower mode in which the tower exnibited a first
bending frequency of 1.6 to 1.7 Hz (3.0 to 3.2 P); the second was the
firm tower mode in which the tower had a first bending frequency of
approximately 0.8 Hz (1.5 P). From the measured performance and loads,
it was founad that the tower natural frenuency had very little effect on
either blage performance or hlaoce loading at the operational speed of
31 RPM. Furthermore, it was found that there was no apparent increase
in hlade loads when passing through resonance (22 to 26 RPM). Each of
these topics, resonance response of the rotor and tower, aerodynamic
performance and hlade loads, are oiscussed below,

rotor and Tower Resonance response - Startup and Shutdown

Tne response of the rotor ang the tower while passing through the
resonance point during startup and shutdown is the focus of
considerable interest to cdesigners of wing turbines with softened
towers. The softened Mod-O tower had a first cantilever penaing
frequency of 0.8 Hz which produced a peak response pnint at a rotor
speed of 24 RPM; this speed must be passed through during each startup
and shutdown of the wind turbine. Typical response of the Mod-0 when
passing througn resonance can he seen in Figure 5, Case I and 1I, which
shows a time sequence aof tower deflections, acceleration measured at
the rotor support bearing and blade chordwise and flatwise bending.
Case 1 shows the response for a slow passage through resonance typical
of a low wing startup and Case 11 shows a response for a faster
startup. In Case I, 55 seconds were required to pass from 20 RPM to 30
RPM while 58 seconds were required to urop from 30 RPM to 20 RPM,
Corresponding times fcr Case I1 were 35 seconds during startup and 14
seconds during shutdown.



Blage nending lnaos were not affected by the passage through resonance
as ingicateo in Figure 5. An anparent increase in flatwise bending
aes nccur during shutdown in Case 11, Figure Sb, but tne buildup in
flatwise loaos is due to the nigh nlade feather rate (19 per second)
used in the test ratner than to any lnad increase associated with the
tower response.

As ingicateg in tne Figure 5, the rate of passage through the resonance
point nas 3 significant impact on the amplituae of the tower response
as reflecteg in the tower deflections and in the rotor bearing block
acceleration, with the slower rate of passage throug~ the resonance
prooucing significantly higher response. (Unfortunately, the oata
system clipped the tower deflection signal; the gashed line on the
figure indicates the probable envelnpe of the tower deflection.). The
rotor dearing accelerometers inaicate that the predominant response is
lateral, or perpendicular to the rotor axis, with the response in the
axial direction heing only one half tnat in the lateral oirection.

Figure 6 presents the viriatien in tower displacement and in rotor
support bearing acceleration as the rotor speea varied for both
increasing and decreasing rotor soeen. The plot demonstrates the time
required for resonance builauo in a system of this type, with the peak
response occurring shove the resonance rotor speed for increasing rotor
speed and helow it for decreasing rotor speed.

Tables 111 and IV tahulate the results for purposes of comparison.
Table 111 oresents the chordwise and flatwise loaus nefore, during and
after passing through resonance for the slow passage through rescnance
ang Tapie IV presents the peak tower deflections and rotor support
hearing acceleration for increasing and decreasing rntor speeds. Table
II1 ingicates that the passage through tower resonance, if anything,
reduces blace henaing loads in hoth the flatwise ang chorawise
owrections., Table 1V points out tne 3dvantages to he gained in reduced
tower response hy a rapid passage through tower resonance.

Aermuynamic Perfornance

Figure 7 presents the measured aervdynamic performance of the steel
spar rotor. More soecifically, this figure proviges a plot of tne
measured alternator oower output versus tne measured wind speed as
recoraed by a wing anemometer located at the top of the wind turhine
nacelle. As may he seen the performance for firm and stiff tower
nperation are not appreciably different.

Also shown in Fiqure 7 is the preoictea performance as computed by the
wilson PROP code, Ref. (6). Tne predicted results were corrected for
arive train losses using the following empirical relationship

Py = 0.95 (P -0.075 Pg)



where P; is the generated electrical power, Pg is the power

produced by the rotor and Pg is the rated electrical power. Tne
constants appearing in the relstinnship were established from previous
wing turbine tests.

rrom Figure 7 it can pe seen that the steel spar blades performed
slightly petter than predictea. The PROP code uncerestinates the
megian power proouced both near cut-in ano at rated wing speeds.
Precise reasons for these aifferences are at present mot fully
understood. The PROP coue is currently being reviewed in an attempt to
resolve this difficulty. In particular, assumptions made concerning
blade roughness and blace stall are being carefully examined, as are
limitations of the momentum theory upon which the PROP code is based.

It is of some interest to compare the performance of the steel spar
blades with that of the original Lockheed aluminum hlades. Tnis
comparison complements the comoarison nf physical differences presented
earlier in the form of Table I. Figure 3 displays the experimental
performance data for the two hlade types. Tne steel spar blades were
found to produce approximately 15% more power at a given wind speed
nelow rated. At present, the reason for this somewhat better
oerformance is not fully understood. It was hypothesized that the
gifferences could he attributed to the fact that the steel spar blade
h3s a slightly larger rotor diameter and a reduced coning angle.
However, further investigation revealed these physical differences
could only account for a 1.3% increase in power. The better
performance of the steel spar blade was alsn unexpected because the
blade has no twist and has 3 greater percentage of root cut-out.

Blade Bending Loads

desides an examination of blade performance, it is of eaual importance
that some attention also be given the blade bending loads. For, as is
well known, in lai- 2 wino turbines operating at relatively low shaft
speeds, blade benaing loaas are of much greater concern than are
centrifugal tension loads. As a matter of germeral practice, these
tenging loads are resolveu into flatwise and chordwise components at
stations along the hlade soan, with the chord line as the flatwise
axis. Herce, flatwise bending produces stresses on the pressure and
suction surfaces of the hlacde while chordwise henaing produces stresses
at tne leading and trailing edges.

Figure 9 shows the variation of the flatwise bending component at blade
station 45 against wind speed. Results for steady and cyclic loads are
presented. The steady moment load is defined as one-half the sum of
the maximum and minimum loads during one rewolution of the rotor,
whereas the cyclic moment lnad is defined as ore-half the difference
petween the maximum and minimum loads. Results are presented for hoth
stiff ang firm towers. And, as in the case of the performance data,
tre reduced tower natural frequency is seen to hawe very little effect
on blade bending loaas.



For comparative purposes, the gesign blade bending loads as obtained
from use of the MOSTAB-WT computer coce, Ref. (7), are also shown in
Figure 9. It can be seen that, in general, the design cyclic values
are in gooa agreement with measured results. Differences that occur st
the higher wind speeds are attributed to the fact that the computer
code overestimites wind shear at higher wind speeds, and consequently,
tends to predict cyclic loads that exceed the measured values. On the
other handg, the difference between the design and measured steady
component of the flatwise pending load is due to differences hetween
the design and fabricated blade weight and center of gravity (CG)
location. The design weight and CG are 1,565 kg (3450 lbs) and 8.3 m
(27.3 ft), respectively, while the actual weight and CG are 1,740 kg
(3615 1b) and 7.2 m (23.8 ft). In addition, the actual rotor speed was
not useg in the code. The design rotor speed was 33 rpm, shile the
actual rotor speed was 31 rpm.

Measured and predicted chordwise steady and cyclic bending moments are
compared in Figure 10. It should be noted that the steady component of
the chorowise load is the toraue producing component. From the figure
it can be seen that the preaicted cyclic load is sligntly greater than
that measurea. The difference is again due to the difference between
design and actual blade weight and CG location. At least a portion of
the gifference between measured and predicted chordwise steady load can
again be attributed to the difference between the actual rotor speed
and the design speed used in the calculations.

The steel spar blades were operated on the Mod-0 wind turbine over a
period of 5 months, including the most severe part of the winter.
Blades were then removed from the machine and inspected. The
fiberglass skins showed no signs of deterioration and dye-penetrant
check of the spar-to-flange weld revealed no cracks. As further
evidence of durability, the in-boara section of the blade is still
being utilized in various wind turbine tests.

CONCLUDING REMARKS

In this investigation it was determined that the Mod-O wind turbine
could be successfully operated using wind turbine blades fabricated
with a low-cost steel spar as the primary structural member. In
addgition, it was found that:

(1) the passage through tower resonance during startup and
shutdown resulted in no adverse effects on blade loads;

(2) neitrer rotor performance nor blade loading was affected
significantly when the stee) spar places were operated on a tower thst
nad its natural frequency lowerea to 1.5 times the rotor speed when
compared with data taken with the tower frequency above 2 times the
rotor speed;
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(3) the aerodynamic performance hotn exceeoed that predicteo as

well as that of the aluminum hlades nriginally flown on Mod-0;

(4) tre blade loads were in reasonable agreement with the

calculated loaas used in designing the blanes; and

(5) no structural ceterioration in the blades was oetected during

or after the test program.
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TABLe 11, Steel

Item

Blade weignt, kg (lb)

Balance weight, kg (1p)
extension weight, kg (1b)
Total weignt, kg (1bH)
Spanwise C.G., station, m (in)

ohordwise C.G., oercent chord

Soar vlaoe scight ang dalance

slaje Nn, 1
1,115 (2460)
31 (68)

454 (1089)
1,641 (3617)
7.24 (285)
27

B8lade No. 2
1,129 (20923)
0 (0)

S1C (1125)
1,639 (3613)
7.24 (285)
7

TAcee [11. Peak-to-t Ak Hlade Loads at Sta. 199
ouring rFirm Hwer ODeration (Case 1)

perating Congition

20 rom
Lu=30 rom
5 ropm
50-20 rom

26 Tom (DFEak resonance,
increasing mtor speed)

d3OTOm (PRIK Iesanance,
iwCreesing rutor speed)

ulage Mament, 133 N-m (in-ft)

rlitwise

55 (u9)
1 S=lu \ 17‘33)
19-35 (24-43)

20-31 (e7-42)

la (19)

2a (33)

Cnorawise

e (90)
66-77 (90-105)
71 (96)

n5-80 (-108)

71 (96)

o8 (92)



Condition

increasing rotor
speed

decreasing rotor
speed

TneLe 1v. Influence of Rntor Acceleration
na Tnwer Deflection and Png Arceleration

Rotor

Acceleration,
rpm/sec.
0.18

0.29

- 0.17
-0.71

Peak Tower
ceflection,
cm (in)
6.6 (2.6)

1.8 (0.7)

11.2 (4.4)
1.0 (G.4)

Peak Fod
Acceleration,

9

0.21
0.17

0.24
0.11
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Figure L. - Mod-0 wind turbine.
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