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A COMPARISON OF FINITE ELEMENT PREDICTIONS AND EXPERIMENTAL DATA FOR THE
FORCED RESPONSE OF THE DOE 100kW VERTICAL AXIS WIND TURBINE*

D. W. Lobitz

W. N. Sultlivan
Sandia National Laboratories
Albuquerque, New Mexico 87185

ABSTRACT

A specialized finite element capability

has been developed to predict dynamic
structural response of the vertical axis
wind turbine (VAWT). This report is con-
cerned with evaluating this finite element
analysis technique. To achieve this,
several types of experimental data taken
from the DOE 100kW rotor are compared with
predictions. These data include parked
rotor natural frequencies, very Tow wind
centrifugal and gravitational load response,
and vibratory response from wind 1oads
covering the rotor operational spectrum.
Generally, the agreement between theory

and experiment is very satisfactory. It

is concluded that the analysis package is
suitable for engineering design. Short-
comings observed in modeling accuracy are
believed to be due primarily to inadequacies
in blade aerodynamic load calculations.

1. INTRODUCTION

A part of the continuing DOE-sponsored
research program on the vertical axis wind
turbine (VAWT) has been concerned with the
development of rotor structural modeling
techniques. A varijety of finite element
based tools which have evolved from the DOE
effort and others have been reported in the
literature. These tools are intended to
analyse several structural design issues,
such as the determination of rotor modes
and frequencies [1], identification of aero-
elastic instabilities [2,3], and prediction
of rotor response amplitudes due to aero-
dynamically applied loads [4]. Regarding
the first two issues, relatively detailed
efforts at experimental confirmation

have been reported [1,2]. The third issue,
response amplitudes for wind loading, is
considerably more complex since it involves
both structural dynamic modeling and
aerodynamic load determination schemes.
Because of this complexity and the limited
availability of comprehensive structural
data on operating rotors, there have been
only qualitative attempts reported [4] to
compare actual VAWT response data with
predictions.

This report compares a particular rotor
response analysis technique referred to as
FFEVD [4] with experimental strain gage data
collected from the DOE 100kW rotor [5].
FFEVD is a NASTRAN based finite element
package which is still in a developmental
stage. The version of FFEVD evaluated here
includes advanced steady state (constant
wind speed) streamtube-type aerodynamic
models and previously identified important
rotating system effects [8]. Not included in
this investigation are damping effects
{structural and aerodynamic) and unsteady
loads due to atmospheric turbulence [9,10].
These effects may be important in some
applications, but their inclusion in FFEVD
requires additional theoretical work which
is currently being developed.

Comparisons with the experimental data are
made for two 100 KW rotor configurations.
The tested configurations correspond to

two guy cable support systems used which
differ in axial cable stiffness by a factor
of three. This change was effected to reduce
rotor stresses by shifting a particular
rotor mode frequency farther from a known
excitation frequency [11].

Two aerodynamic models are used in FFEVD to
establish sensitivity to 1oad models. These
models were CARDAA, a double-multiple



streamtube model with dynamic stall and
variable Reynolds number effects [7], and
FORCE, a simpler single streamtube device
[6,12].

The 100kW rotor was instrumented with strain
gages to experimentally evaluate the
structural integrity of the rotor. Because
of stress concentration effects, the gages
as placed are not optimal for providing
confirmation data for finite element models.
Nonetheless, the instrumentation is
sufficiently comprehensive to provide a
useable data base. The strain gage data are
processed on-site by minicomputer to a
variety of reduction formats. The major
format used here is the RMS vibratory strain
level expressed as a function of the wind
speed. This quantity is relatively easy to
measure, is predictable by the analyses, and
is itself an important factor for fatigue
life estimation [13]. Other measures of
rotor response, such as frequency spectra
and mean stress levels, are also used in
this report.

The following sections include a description
of the experimental setup, discussion of the
FFEVD package and the rotor finite element
model, presentation of selected results, and
concluding remarks.

2. DATA ACQUISITION AND PROCESSING

There are three nearly identical units of
the DOE 100kW VAWT system in operation at
Rocky Flats, Colo., Bushland, Tx., and
Martha's Vineyard, Mass. All the data
reported here came from the Bushland rotor
since it is the most comprehensively
instrumented.

Structural instrumentation referred to in this
study consists of 18 strain gages located

as shown in Figure la,b. Blade gages are
concentrated at the four blade/tower
connection regions (Fig. 1b). The blade/tower
connection is effected with a "strongback"
which is an extruded aluminum section welded
to the blade to provide a flat surface for
bolting the blade to the tower and strut
attachment points. Gages to measure tower
bending strains in and out of the rotor

plane are located just below the mid-rotor
flange. Experience with other VAWT rotors
and the design analysis of the 100kW rotor
[14] indicated that these locations
experience the Targest structural loads.

A1l the gages are set up for direct strain
measurements and do not directly measure
overall section loads. This is because the
system was designed to assess component
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Figure la. Overall placement of strain
gage instrumentation on the DOE 100kW
rotor.
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root gages measure strain parallel to
the Tong dimension of the blade.

integrity which is determined by strain. For
finite element comparisons with data,
overall section loads are more desirable.
Unfortunately, load determination from
direct strain readings is compromised
somewhat by stress concentration factor
uncertainties. This problem is most acute
for the leading and trailing weld gages
which are clearly in the vicinity of a
stress riser. Laboratory measurements with
test sections indicate that the stress
concentration at the weld gages ranges from
1.1 to 1.5 for purely flatwise loading. The
observed variability in stress
concentration factors is evidently due to
high strain gradients in the gage vicinity.
This makes strain readings very sensitive to
gage location and weld smoothness. To at
least approximately account for the observed
stress concentrations, the analytical
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results for the weld gages are increased by
a factor of 1.3. This correction is not used

for the other rotor gages.

Analog outputs from the strain gage bridges
are digitized to a ten bit binary word and
serially multiplexed with a PCM (Pulsed Code
Modulator) system attached to the rotor. The
high level PCM output signal is passed to
the data analysis software through a single
pair of rotor sliprings. The sampling rate
of the system corresponds to 100 readings/sec
for each gage channel. A1l analog inputs to
the PCM are low-pass filtered to 25hz to
eliminate digital aliasing.

The PCM data are analysed on-site with a HP

1000 series minicomputer. Analysis software
capabilities relevant to this report include
the following:

(1) QUIK data analysis--Al11 PCM
channels are monitored for a five
second period and the maximum,
minimum and average values
computed. These values are
displayed on the console for all
channels in a frequently updated
tabular format.

(2) Strain BINS data--The "Method
of Bins" [15] reduction scheme
is used to determine the RMS
strain vs. wind speed function
for each strain gage channel.
PCM data are monitored for one
rotor revolution and the RMS and
mean strain levels are computed
along with the corresponding
mean wind speed. The RMS level
is defined as the root-mean-
squared difference between
strain readings over a revolution
and the mean strain for that
revolution. Histograms of strain
RMS levels vs. wind speed "bins"
may be created from thousands of
rotor revoiutions. By combining
data taken on days with different
wind conditions, the RMS strain
levels can be determined for a
wide range of wind speeds.

(3) Amplitude Spectra--Fast Fourier
transform techniques are used to
compute strain amplitude frequency
spectra from stored time series
data. The amplitude spectra are
defined as the square root of the
product of twice the spectral
density and the bandwidth. In this
report, the typical time series
record length is 30 seconds. This
yields a frequency resolution of

.03 hz with a maximum frequency of
50hz.

Because of DC drift in strain gage bridge
outputs, a process of zeroing the gages is
required if absolute strain measurements are
to be used. A state of zero strain is
defined as a parked rotor in negligible
winds. This definition allows relatively
frequent zeroing of the gage system. The
zeroing process does, however, eliminate
gravitational loads from the measurements.
This is inconsequential for vibratory strain
measurements, but care must be used in
interpreting mean strain levels,

3. ANALYSIS METHOD AND FINITE ELEMENT MODEL

The method of analysis is based on the
finite element technique in order to provide
modeling versatility. The development
efforts have focused on the derivations of
mass, damping and stiffness matrices, and
force vectors appropriate for the VAWT. Due
to the quasi-linear nature of the final VAWT
equations of motion, existing solution
procedures for static, eigenvalue and
frequency response analysis can be used.

The equations of motion are developed
relative to a coordinate system which rotates
with the turbine at its angular velocity.
Normally the use of a rotating frame results
in the introduction of time-dependent
coefficients because the support system (in
this case the guy cables) does not rotate
with the turbine. However, if the mass of
the support system relative to the rotating
components can be neglected, and its stiff-
ness in the plane perpendicular to the axis
of rotation approximated as isotropic, the
support system can be modeled as though it
were rotating with the turbine. For VAWTs
these are reasonable approximations, and
consequently, the total system can be modeled
in the rotating frame without time-dependent
coefficients. Rotating coordinate system
effects, such as Coriolis and centrifugal
forces, must still be included.

For small motions, u, relative to the rotat-
ing frame, the finite element equations of
motion are represented by

[MI{u} + CcI{u} - [SI{u} + [KI{u}

= {Fct + {Fq} + {Fa}. (1)

Here M and K are the mass and stiffness
matrices. The quantities, C and S, which
derive from rotating coordinate system
effects, are the Coriolis and softening
matrices respectively. The softening matrix



accounts for changes in the centrifugal
force that result from the structura
deformations. These last two matrices are
developed in detail in [1].

On the right hand side of Equation (1), the
three terms represent the centrifugal, gravi-
tational and aerodynamic forces respectively.
The first two are steady and do not change

as the turbine rotates. The aerodynamic
force, however, generally consists of steady
and oscillatory components. For a steady
wind, the oscillatory components are periodic
with a period corresponding to one rotor
revolution.

Solutions to Equation (1) would be routine
except that a significant nonlinearity arises
due to stretching of the blade in its long
dimension. This stretching causes K to be a
function of the deformation [16]. Inclusion
of this nonlinearity in Equation (1) results
in complex solution procedures. To avoid
this, a revised stiffness matrix is developed
commensurate with the quasi-static displace-
ment field associated with the steady
aerodynamic, centrifugal and gravitational
loads only, neglecting the oscillatory
components of the aerodynamic loads. This

is accomplished through iterative solution

of the following equation:

k(w3 {u} = [SMul+{Fc}+{Fg}+{Fal,

where F, denotes the steady component of
the aerodynamic loads. A revised stiffness
matrix, K., obtained after iteration of
Equation (2) is used in all subsequent
calculations. Results from computations
using K, represent deformations about a
state prestressed by gravitational,
centrifugal, and steady aerodynamic loads.

(2)

In cases where the rotor is operated in very
Tow winds, solutions of Equation (2) with
{F4}={0} can be compared with experimental
data. This is done in the next section
under the subtitle of "Centrifugal and
Gravity Load Response."

To obtain the modal characteristics of the
rotor while rotating at a specified angular
velocity, the right hand side of Equation
(1) is set to zero. The stiffness matrix,
however, corresponds to the prestressed
state discussed above. The resulting
Eigenvalue problem is Hermetian due to the
skew-symmetry of the Coriolis matrix. Thus,
in general the mode shapes will be complex
and the natural frequencies are real.
Complete development and validation of this
procedure can be found in [11.

The frequency response of the rotor, driven
by the oscillatory aerodynamic loads, is

8

computed by solving the following variant of
Equation (1) in the frequency domain:

(M1 {E}+0e1{a}-Is {ul+ K, J{u} = [Fa}-

The vibratory aerodynamic forces, f;, for

steady wind conditions are computed using

one of two aerodynamic load models. The

more sophisticated of the two, CARDAA, is a

double multiple streamtube model with wind

shear, dynamic stall and variable Reynolds

number effects [71. The simpler one, FORCE, .
employs a single streamtube model [12]. 1In

either case, the aerodynamic forces are

computed for a reference blade as it turns

through one complete revolution, taking care

to represent the forces in the rotating

coordinate system. These forces are then |
Fourier decomposed numerically in terms of l
"per rev" frequency components which !
represent integral multiples of the rotor |
angular rotational frequency, @, as shown

{3)

below:
Fx 1 Apxsin(nat) + Bpycos(nat)
Fyp = 4 1 Apysin{nat) + Bpycosinat) (4)
F, L Apzsin(nat) + By, cos(net)
r

where the Ap's and Bp's are Fourier sine and
cosine coefficients, respectively. The
aerodynamic loads from either CARDAA or
FORCE can be adequately represented with six
Fourier harmonics.. Loads on other blades
located azimuthally away from this reference
blade by an angle, ¢, are given by,

Fy cos¢ [g Anxsin(nat+ng)+B, cos{nating)]
-sing [ Anysin(th+n¢)+Bnycos(th+n¢)]
Fy p=< sing [E Anxsin(nat+ng)+B, cos(nat+ng)]
+cosy [) Anysin(nat+ne)+Bpycos(nating)]
F, L Apzsin(nating)+B, cos(nat+s)

(5)

In this manner the various per rev excita-

tions are isolated and corresponding rotor

responses are obtained with standard finite
element frequency response solution proced-
ures.

The frequency response results are in the
form of sine and cosine response
coefficients, C, and D, respectively, for
each per rev excitation. To compare RMS
vibratory test data with predictions, the
RMS of the computed response is required.

The RMS is given in terms of the response
coefficients by 172

RMS = [2 (cﬁ + D%)/Z] (6)
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Because of its extensive library of solu-
tion procedures, the MacNeal-Schwendler
version of NASTRAN [17] was selected for
the implementation of the above analysis
techniques. Procedures exist in NASTRAN
for the iterative solution of Equation
(2), complex eigenvalue analysis and
complex frequency response computation.

A minor amount of DMAP programming (a
NASTRAN feature which allows the user to
modify the code without dealing with the
source code) is required to transfer the
prestressed stiffness matrix to subsequent
solution procedures.

For the frequency response computations,
two special pre-processing tasks are per-
formed in FFEVD. First, as there is no
provision in NASTRAN for generating the
Coriolis and softening matrices, they are
developed in FFEVD and supplied to NASTRAN
through its matrix input option. Secondly,
aerodynamic loads for the blades are cal-
culated, Fourier decomposed, and put in a
form acceptable to NASTRAN. In both of
these operations FFEVD reads the NASTRAN
BULK DATA deck, extracts necessary informa-
tion, performs the required computations,
and adds the appropriate NASTRAN input
cards to the BULK DATA deck. In this
manner, the special considerations for the
frequency response analysis of VAWTs are
transparent to the user and the NASTRAN
utilization appears relatively routine.

A special post-plotter has also been
developed to help the user interpret the
relatively large amount of NASTRAN output
data.

Due to the simple structural nature of
the VAWT, finite element models consist
of beam elements (CBEAM elements in
NASTRAN), concentrated masses and linear
springs. The NASTRAN model of the DOE
100kW VAWT is shown in Figure 2.

Each blade is represented by 42 CBEAM
elements, the tower is modeled by 12,

and the blade struts by two each. The
guy cables are accounted for by two
orthogonal, horizontal springs attached at
the top of the rotor, and a vertical load
acting down through the tower. The tor-
sional stiffness of the drive train is
represented by a torsional spring, and
concentrated masses are added at
blade-to-blade joints and the mid-tower
flange connection. The base of the rotor
is considered to be infinitely stiff and
is modeled by prohibiting translational
motion at the thrust bearing.

Neither structural nor aerodynamic damping
are included in this model.

Fig. 2. NASTRAN finite element model of
the DOE 100kW VAWT.

4. RESULTS
4.1 Rotor Natural Frequencies

A complete modal test was not conducted on
the 100kW rotor. Partial measurements of
the parked rotor modes were completed to aid
in verifying the NASTRAN finite element
model. Modal frequency data were obtained by
monitoring free vibration response following
hand excitation of the rotor using personnel
suspended from a crane. By pushing the rotor
by hand in the appropriate direction and
frequency at a soft point of the rotor, it
is possible for an individual to selectively
excite the lowest frequency modes to
amplitudes measurable by the strain gages.
This technique was used to determine the
frequencies of the first five rotor modes.

Table 1 summarizes a comparison between the
measured free vibration modes and those
predicted by the NASTRAN finite element
model. The agreement between measurements
and NASTRAN is excellent. This confirms
that the finite element model is a good
dynamic representation of the physical
structure.



TabTe 1. Parked Rotor Natural

Frequencies

Mode # and Freq.(hz) Freq.(hz)

Description Meas. Theory

1. first flatwise, 1.7 1.6-1.6%
blade "drooping"

2. first "butterfly" 2.2 2.1
rotor out-of-plane

3. first tower 2.7 2.7
bending in-plane

4. 2nd "butterfly" 3.4 3.5
out-of-plane

5. 2nd flatwise 3.6 3.6-3.7*
blade

* Double modes corresponding to symmetric
and antisymmetric rotor responses.

4.2 Centrifugal and Gravity Load Response

Purely centrifugal and gravitational loads
may be applied to the rotor simply by
motoring the turbine in negligible winds.
This load system is well defined and the
results are helpful in locating errors in
the finite element model or the
instrumentation system.

Finite element analysis of this test is a
statics problem since all the applied loads
are steady. The analysis is effected as
described in Section 3. Initially, the
response due to both centrifugal and gravity
Toads is calculated. Response from another
calculation for gravity loading only is then
subtracted from the centrifugal and
gravitational load results. This is done
since the measured data has gravity loading
effectively subtracted due to the gage
zeroing process. This process is not quite
equivalent to analyzing or testing with only
centrifugal loads. This is because the rotor
stiffness generally changes for the
different load cases and thus linear load
superposition is not applicable.

Table 2 shows predicted and measured stress
levels for all the blade gage locations of
Figure 1. The agreement is fair for the
leading and trailing edge gages and poor for
the weld gages. It is believed that the lack
of agreement for this well defined test is
primarily due to complex stress
concentration effects near the blade root.
This test involves both blade axial and
flatwise bending loads. This precludes
assigning a single stress concentration

10

Table 2. Centrifugal and Gravitational Blade
Stresses, 48.1 RPM Rotor Speed

Gage: Leading Leading Trailing Trailing

(Fig.1b)  Edge Weld Weld Edge

Theory, 1236 -1166 -84 1236

upper root

Meas., 1375 210 423 n.a. :
upper root 5

Theory, 1238 -6445 -4117 1238

lower root

Meas., 1756 -4057 -3857 1507

Notes: units for stress are psi; positive
stresses are tensile; all results shown

lower root i
are less gravity-only stresses (see text). ‘

factor to the analysis. Although limited
data were obtained on flatwise bending
stress concentrations (see Data Acquisition
section, above), none are available for
axial loading. Since the axial load path
from the blade to the tower passes
exclusively through the strongback welds, it
is likely there are high axial load stress
concentrations near the weld terminations.
The fact that the weld strain gage
measurements in Table 2 are more tensile
than predictions is consistent with this
hypothesis.

Although the stress concentration issue
prevents this test from solidly verifying
the finite element static analysis, it is
apparent that the model reasonably predicts
rotor response to static loads.

4.3 RMS Vibratory Stress Response

RMS vibratory stress data are available for

the DOE 100kW VAWT in two structural

configurations. The difference consists of

a three to one ratio in the guy cable

stiffness, and hereafter the two designs

will be identified as either the soft or

stiff cable configuration. As the soft cable

data was taken during the heat of the summer H
in Bushland, Tx., the aerodynamic loads for

the frequency response analyses were

computed with an air density of .066 .
1bm/ft3. On the other hand, the stiff cable

data was taken during the winter with a

corresponding density of .072 1bm/ft3. 1In

all cases where the CARDAA aerodynamic model

was used, the wind shear factor was set at

.17, a reasonable value for the site. For

the weld gage locations, the predictions



were multiplied by a factor of 1.3 to
account for the stress concentration which
exists in the hardware but not in the
NASTRAN model. This value was obtained from
laboratory measurements done on the section
in question.

Both aerodynamic models were used in the
predictions, and, in general, the FORCE
model substantially underpredicts the data,
whereas the CARDAA model demonstrates much
better agreement. Consequently, since
CARDAA is considered to be the most accurate
of the two models, the majority of the
predictions are made using it, and only a
few with FORCE in order to demonstrate the
differences.

The level of agreement between data and
predictions was similar for the two turbine
configurations. Thus, to avoid repetition,
only a few comparisons for the soft cable
configuration are included here.

A -0f-P1 A
2000 A FFEVD Results, Out-o ane
® FFEVD Results, In-Plane
= x Qut-of-Plane Data
- )
2 1600 + In-Plane Data .
- [
w
W
- x %
brs x M
> 12004 o+t
S A
Led
o
5 x + + *
; x ?
£ 800 4 < 4
-4
+
x
¥
x
+
400 x
x +
x A
o+
x : .
3
+ + *
10 20 30 40
Wind Speed (mph)
Fig. 3. RMS vibratory rotor tower stresses

for the stiff cable configuration, CARDAA
aerodynamic model.

Figure 3 shows RMS vibratory stress
comparisons between predictions and data for
the rotor tower in the stiff cable
configuration, using the CARDAA aerodynamic
model. The theory tends to underpredict

in Tow winds and overpredict in high ones.
The observation that the out-of-plane
response is greater than the in-plane is
correctly predicted.

Comparisons for the blade edgewise response
are shown in Figure 4. 1In this figure and
subsequent ones, the x's represent data for
one of the blades, and the +'s, the other.
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These two sets provide a measure of the
repeatability of the data. As with the tower
comparisons, the theory overpredicts
response in high winds. However, at low wind
speeds the agreement is quite good.

The blade weld gage comparisons are shown in
Figure 5. Generally the agreement between
the predictions and the data is very
satisfactory. However, referring to parts a
and b of Figure 5, the inconsistency in the
corresponding data from each blade produces
some uncertainty in assessing the level of
agreement for this case.
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RMS vibratory stress comparisons for the
soft cable configuration are shown in
Figures 6, 7 and 8. Using the CARDAA
aerodynamic model, the agreement between data
and predictions is similar to that obtained
for the stiff cable configuration. On these
curves several points are included which
correspond to predictions using the FORCE
aerodynamic model. These points tend to
severely underpredict the data in low winds,
with better agreement for the higher wind
speeds. In general, however, the FORCE
results are inferior to and less
conservative than those made with CARDAA.
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Fig. 5. RMS vibratory blade flatwise stresses for the stiff cable configuration,
CARDAA aerodynamic model; (a) upper trailing weld, (b) lower trailing weld,

(c) upper leading weld, (d) Tower leading weld.
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Contrasting the corresponding curves for the
soft and stiff cable configurations, the
change to stiff cables has significantly
reduced the edgewise blade response (Figures
4a and 7), especially when a 10% increase is
applied to the soft cable data to normalize
it to the winter air density. Applying this
same factor to the flatwise soft cable data,
the flatwise response has also decreased,
although less dramatically (Figures 5d and
8). Alternatively, the the tower response
has increased (Figures 3 and 6) and the
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Fig. 6. RMS vibratory rotor tower stresses
for the soft cable configuration.
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Fig. 7. RMS vibratory blade edgewise

stresses for the soft cable configuration,
lower trailing edge.

dominant response has shifted from in-plane
to out-of-plane for the stiffer cables.
This shift is correctly predicted by the
finite element modei. Both the test data
and the analysis predictions confirm that
the stress reductions sought by the
installation of stiff cables were achieved.
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Fig. 8. RMS vibratory blade flatwise
stresses for the soft cable configuration,
lower leading weld.

For both cable configurations, the
analytical results for the tower and
edgewise blade response generally
overpredict the data for high winds. There
are several possible explanations for this

1
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Figure 9(a). Amplitude spectrum for upper
leading edge gage, 30mph winds.
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Figure 9(b). Amplitude spectrum for upper
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disagreement. One major difficulty with the
analysis is seen from examining amplitude
spectra of gage response. Two such spectra
are shown in Figure 9 for the leading edge
and leading weld gages, respectively. Note
that the theory predicts response only at
the integral per revs of the rotor speed as
discussed in Section 3. It is apparent from
Figure 9 that the rotor experiences a more
broad-banded response. This is believed to
be due to atmospheric turbulence. Either
because of turbulence or basic inaccuracies
in the aerodynamic load model, the 1 per rev
response component is considerably
overpredicted for the leading edge gage.
Another factor is that the method of bins
data analysis technique tends to
underestimate the response near the high
wind end where the data are relatively
sparse [15]. The effects of both structural
and aerodynamic damping, neither of which
have been included in the analysis, may also
reduce the predictions.

5. CONCLUDING REMARKS

A1l the results presented indicate that the
FFEVD analysis package is a very useful
engineering design tool. The analysis
produced credible predictions of all the
structural data obtained for two
configurations of the 100kW rotor operated
over a wide range of wind speeds.

While the level of agreement is encourqging,
FFEVD clearly does not absolutely predict
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all response details with high accuracy.
This is undoubtedly due to the simplifying
assumptions currently imbedded in the theory
and to experimental difficulties. It is
worthwhile to consider where the likely
sources of error are in this study and to
discuss ways to eliminate or reduce them:

(1) Aerodynamic Load Modeling--Any
linear forced vibration analysis produces
responses which are proportional to the
applied loads. The differences in results
produced by the CARDAA and FORCE load models
demonstrates this. While CARDAA represents
the state-of-the-art in streamtube modeling
approaches, it has only been partially.
verified by comparing predicted and measured
average rotor shaft torque. Furthermore,
both the CARDAA and FORCE models are based
on steady winds with the consequence that
forces are produced exclusively at discrete
frequencies related to the rotor speed.
Examination of the response spectra clearly
show that atmospheric turbulence spoils such
a simple representation of load spectra.
Efforts are in progress to model unsteady
load effects [9] and to directly measure
aerodynamic forces on VAWT blades [18].
These efforts should lead to improved load
models for future application in FFEVD.

(2) Experimental Technique--The gaging
of the 100kW rotor was not arranged best for
obtaining confirmation data. It is
recommended on future tests that blade
gaging be arranged to measure tension,
flatwise moments, and edgewise moments
rather than direct strain. This can be done
by locating active bridge elements far from
stress concentrations and by calibrating the
bridges with known loads prior to blade
installation

(3) Rotor Damping-- The structural
damping of typical VAWT rotors is very low

(the order of 1% of critical [19]). Inclusion

of damping of this magnitude will have a
negligible effect on FFEVD results for non-
resonant operations. However, aerodynamic
damping can, for certain rotor modes,
approach 5% of critical [2,3]. This may be
large enough to influence non-resonant
results. Inclusion of aerodynamic damping
into FFEVD is complex but can be done
without altering the basic structure of the
package.
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