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Structural Design of the Sandia 34-Meter
Vertical-Axis Wind Turbine

Introduction

Sandia National Laboratories (SNL), as the lead
DOE laboratory for Vertical-Axis Wind Turbine
(VAWT) development, has developed state-of-the-art
computer codes to model and analyze the structural
and aerodynamic performance of VAW'Ts. Data from
the SNL 17-m research machine (built in 1976) and
the DOE 100-kW machines (designed in 1978 and
erected in 1980-81) were essential in developing our
analytic models. We continue to gain data from these
machines but, in general, the data is well predicted by
our current codes. This technology has been success-
fully transferred to industry, as evidenced by the
number of companies now building or planning to
build VAWTSs in the 17-m size range.

Over the past few years, SNL has developed and
tested a family of natural laminar flow (NLF) airfoils
specifically designed for use on Darrieus-type (curved
blade) VAWTs. These airfoils were designed to have a
very low and wide drag bucket with abrupt stall
characteristics to enable the VAWT to produce more
power at low wind speeds (compared to VAWTSs with
NACA 00XX airfoils) and to flatten off the power
curve at higher wind speeds. The family consists of
symmetric airfoils 15%, 18%, and 21 % thick (SAND
0015/47, SAND 0018/50, and SAND 0021/50, respec-
tively), all with natural laminar flow (at zero angle of
attack) over nearly the entire forward half of the
airfoil. A comparison of the NACA 0018 profile with
the Sandia-developed SAND 0018/50 laminar flow
profile is made in Figure 1. Additional information on
the design and testing of these airfoils may be found in
the Klimas and Berg report.!

NACA 0018
------ SAND 0018/50

Figure 1. Comparison of NACA 0018 Airfoil Profile with
SAND 0018/50

These NLF airfoils perform best at Reynolds
numbers between 1 million and 5 million. At low
Reynolds numbers, such as those encountered near
the tower, the performance of the NLF airfoils is less
satisfactory than that of airfoils in the NACA 00XX
series. Thus, to make use of the NLF airfoils, we need
to construct a blade with an NLF profile near the
equator and a NACA 00XX profile near the tower.
Aerodynamic and structural considerations show that
we require a larger chord airfoil near the tower than at
the equator, so we also need to consider a nonuniform
chord (tapered) blade. We want to continue to use an
extrusion process to fabricate our blades, and because
it is difficult to extrude a blade with a nonuniform
chord, we decided to consider the use of step-tapered
blades with uniform chord blade sections between the
step changes in chord length.

The potential economic advantages of using lami-
nar flow airfoils and step-tapered blades have been
investigated by Kadlec.”? His work was based on ex-
perimental data for NACA 00X X airfoils and a combi-
nation of preliminary experimental and analytical
data for the SAND 0018/50 and SAND 0021/50 NLF
airfoils. Kadlec found that, with respect to a constant-
chord NACA 0015 blade machine, a step-tapered
blade machine using an NLF profile near the equator
and a NACA 00XX profile near the tower would result
in a significant decrease in the cost of energy (COE).

Preliminary work also indicated that the use of
NLF airfoils may result in a sizable decrease in the
magnitude of the lead/lag vibratory loads experienced
by the turbine blades. Certainly, the cyclic loads in
high winds will be reduced significantly, for these
airfoils stall at a lower angle of attack, and the maxi-
mum lift and drag acting on them are less than the
corresponding forces acting on a NACA 0015 blade. If
these blades do actually decrease the vibratory loads,
the blade lifetimes may be extended, resulting in a
further decrease in the COE relative to a conventional
VAWT.

Further studies have shown that a 34-m diameter
turbine would enable us to investigate the full benefit
of the tailored blade concept, for the potential advan-
tages increase quite rapidly with size up to 34-m and



then level off. This size machine would also provide us
with a new standard against which we could validate
our structural and aerodynamic codes, a machine for
which the gravitational and stochastic wind effects
would be much more important than any we have to
date.

Considerable interest has been expressed in the
potential benefits of utilizing continuously variable-
speed generators with wind turbines. With such a
generator, the rotational speed of the turbine could be
varied with wind speed to maximize energy capture.
The only way to quantify any benefits that might be
realized with variable-speed operation is to build a
machine specifically designed to operate in such a
mode, since no existing machine has an operating rpm
range of any size that is free of resonances.

The Wind Energy Technology Division of the
Department of Energy has funded Sandia National
Laboratories to design and build a 34-m research
VAWT. This machine will incorporate the tailored
blade concept described above, be capable of continu-
ously variable-speed operation, provide structural and
aerodynamic data against which to validate our codes,
and serve as a test bed for future VAWT research.

Design Tools

Throughout the design process we have main-
tained a strong interaction between the analytical
tools and our experienced hardware designers, pro-
gressing through several sets of layout and conceptual
drawings as the design evolved. Qur computer codes
help us evaluate design concepts from structural and
economic standpoints, but the experienced designer is
still indispensible.

The analytic design tools used in this effort com-
prised three computer programs: an economic analysis
known as ECONI16, a natural frequency analysis
known as FEVD (for Finite Element VAWT Dynam-
ics), and a forced vibrational response analysis known
as FFEVD (for Forced Finite Element VAWT Dy-
namics). A short summary of each program follows.

ECON16

The design of a VAWT system must begin with
the specification of many system variables such as
rotor diameter, rotor height-to-diameter ratio, blade
chord(s), number of blades, rotor speed, blade shape,
and blade cross-section profile and design. Blade
cross-section design, in turn, includes the number,
location and thickness of ribs, the thickness of the
blade skin, and the amount of fill in the nose and tail

of the blade. The ECON16 code was developed at
Sandia to aid in selecting optimal combinations of
these and other system components.® It includes mod-
els for estimating the costs (in 1978 dollars) of major
system elements and for estimating the total energy
production of the system. ECON16 incorporates some
major ground rules, including the following:

* Rotor to operate at constant rpm, controlled by
the utility grid through a synchronous or induc-
tion generator

+ Single rotating tower of tubular cross section,
supported at the top by three guy cables

» Blade construction of constant cross section,
thin-wall, hollow aluminum extrusions

» Optimization based on minimizing annual sys-
tem cost per unit of energy supplied

The model assumes that any turbine that it ana-
lyzes has a 30-yr lifetime; it does not determine an
anticipated lifetime or attribute an economic value to
it.

FEVD

FEVD is a finite element code based on NAS-
TRAN.! The code is described in detail by Lobitz® and
Carne et al.® It requires a finite element model of the
wind turbine including beam, rigid bar, spring, or
concentrated mass elements with the appropriate
three-dimensional properties. The model must accu-
rately represent the tower constraints or supports
(both top and bottom), the torsional stiffness of the
drivetrain, and the presence of bearings (modeled as
concentrated masses with appropriate element re-
leases). In addition, the joint properties (blade-to-
blade, tower-to-blade, and tower-to-tower) must be
carefully determined. In some cases, one may need to
construct a detailed three-dimensional model and an-
alyze it extensively to determine appropriate joint
stiffness for inclusion in the beam-type model. Qur
finite element model for the DOE 100-kW VAWT
(Figure 2) is typical of the detail required. Moments of
inertia and material properties must be specified for
each element shown in the model, and the location of
each grid point is required. A model may easily con-
tain over 400 lines of variable specifications. The
FEVD code computes the rotating system effects for
this finite element model and generates the appropri-
ate input data for the NASTRAN code. NASTRAN is
then used to compute the system’s natural frequencies
and mode shapes. The variation of the rotor response
with rotor rpm is illustrated in a “fan plot” (Figure 3)
for the DOE 100-kW machine. Only a few of the lower
frequency, more important modes are plotted in Fig-
ure 3. The name attached to each mode refers to its



shape at zero rpm; as the rotor rpm increases, the
modes assume very complex shapes and it is difficult
to label them. 1F is the first flatwise (symmetric and
asymmetric) mode, 1Pr is the first propeller mode, 1B
is the first butterfly mode, 1T is the first tower mode,
2F, is the second flatwise asymmetric mode, etc. Some
turbines contain two distinct tower modes character-
ized by the tower moving either in the plane of the
blades (tower inplane, or TT) or perpendicular to the
plane of the blades (tower out-of-plane, or TO). Illus-
trations of these mode shapes may be found in the
Carne et al report.®

FFEVD

FFEVD is also a NASTRAN-based, finite element
code. In fact, it uses the same finite element model of
the VAWT that FEVD uses. FFEVD calculates the
effects of the rotating system and estimates the rota-
tionally resolved wind loading on each element of the
turbine blades using a version of the double multiple
streamtube aerodynamic code known as CARDAA."
The rotating system effects and wind loadings are
added to the finite element model to create a NAS-
TRAN input deck, and NASTRAN then calculates
the turbine response to wind loading. The NASTRAN
output is plotted as the ‘'mean and vibratory stress
levels for each element in the model. Further informa-
tion on FFEVD can be found in the Lobitz work.?

The CARDAA code includes the Gormont dy-
namic stall model,’ modified with the Masse’ correc-
tion.'” This empirical dynamic stall model is summa-
rized by Berg.!' As implemented in FFEVD, this code
includes the capability to analyze a machine whose
blades contain step changes in airfoil chord length (up
to six different chords) and in section profile (up to six
different profiles).

CARDAA assumes a steady incident wind with a
vertical gradient to model the earth’s shear layer. We
are fully aware that the incident wind is actually
stochastic, with significant variations in both direc-
tion and velocity. We also know that as machines
become larger, the relative size of typical atmospheric
gusts or eddies becomes smaller than the size of the
turbine, and the effect of a stochastic wind becomes
greater. In fact, Lobitz'* has recently shown that for
the Mod 2 Horizontal-Axis Wind Turbine (HAWT),
the stochastic wind must be included in the forced
vibration model or a significant resonant problem is
missed entirely. Preliminary investigations (with a
single multiple streamtube code) indicate that these
effects are less severe for VAWTSs than they are for
HAWTs, but they may still be important. A compari-
son of FFEVD results with experimental data'® indi-
cates that the code results (without a stochastic wind

model) are quite conservative for the 17-m machine,
but that is not to say that we will not see significant
stochastic wind effects on a larger machine. We are
currently working on a new aerodynamic code that
incorporates a stochastic wind model, but completion
is probably a couple years away.
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Figure 2. Finite Element Model of DOE 100-kW Turbine
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Design Process

Since this is to be a research machine, several
special considerations must be incorporated into the
design. The fact that we intend to use this machine to
evaluate other blade designs in the future imposes the
requirement of a very stiff tower design. The vibration
modes and frequencies of a stiff tower are less sensi-
tive to the exact blade design than a soft tower would
be, and the design of new blades should be much easier
with a stiff tower. The tower must also be designed to
allow the blade/tower joint geometry to be readily
changed, for new blades may well require different
mounting angles. In addition, we will be investigating
the potential advantages of a continuously variable-
speed generator on this machine, so we cannot design
it for operation at a single rpm; we must have a range
of operating rpm in which the machine is free of
resonant conditions.

Updated NLF experimental data have been in-
cluded in the ECON16 model since it was used by
Kadlec for his work,? which was expanded signifi-
cantly during the basic design stage of this project.
The basic procedure was to identify attractive config-
urations with the ECON16 program and then to eval-
uate their structural feasibility with the FEVD and
FFEVD programs. '

FEVD was used to determine the machine modes
and frequencies of vibration as functions of rotational
speed. The results were plotted as fan plots (Figure 4).
Presentation of this data in this manner, overlaid with
the harmonic lines of the rotation frequency, enables
one to readily spot potential resonance problems. The
intersection of these per-rev (P) frequencies and the
natural rotor frequencies show where resonance prob-
lems could occur. Some of the modes are basically
“odd” and will couple only with odd per-revs (1P, 3P,
etc.), whereas others are “even” and will couple only
with even per-revs (2P, 4P, etc.). For example, the first
tower (1T) mode shown in the figure is an odd mode
and will not be driven by 2P, 4P, etc. In addition, the
higher per-revs (5P or above) do not contain sufficient
energy, in general, to significantly drive a resonant
condition. We have found that some mode crossings
are very benign and may be safely ignored, whereas
others are potentially catastrophic. Examples of the
latter are the 1B/1P, the 1T/3P, and the 1Fy/2P
crossings.

Once we located a potentially dangerous mode
crossing, we used FFEVD to determine the antici-
pated rotor response both near the mode crossing and
well away from it, where there should be no resonance.
The mean and vibratory stress levels calculated by
FFEVD indicated how badly the mode coupled with
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the driving frequency near the mode crossing (how
bad the resonance was). If the mode coupled too
strongly, we tried to alter the turbine design to shift
the crossing out of the operating range. If the stress
levels away from resonance were too high, we modified
the design of turbine blade sections, or changed the
basic design of the turbine to attempt to reduce those
levels. After the necessary structural modifications
had been incorporated into the model, we returned to
the ECON16 code to reoptimize it.

Three design options were pursued throughout
the basic design process. Each option is discussed in
some detail below, and an evaluation follows.
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Figure 4. Fan Plot and System Driving Frequencies for
DOE 100-kW Turbine .

Option 1

This was the first design to be pursued, and we
chose a conservative design with extremely rigid
blades that would not need struts of any type. In
Option 1, we wanted to design a machine that we were
confident could be built, without paying too much
attention to the comparative COE. We would then
move on to alternate designs that would address COE.
The ECON16 code and structural considerations both
indicated that we should consider a step-tapered
blade with a longer chord near the blade/tower sup-
port and a shorter chord near the equator. We tried to
avoid any blade flatwise resonance problems in Op-
tion 1 by driving those frequencies above the lower
per-rev driving frequencies. We also needed to keep
the first TI mode above the 3P line throughout the
operating range of ~27 to 42 rpm.

The results of our efforts are shown in the fan plot
in Figure 5. We were unable to avoid a 1F crossing of
the 3P line at 31 rpm, a 1B crossing of the 5P line at 35



rpm, and a 2F, crossing of the 5P line at 34 rpm— all
exhibiting some degree of resonance. The 1F/3P cross-
ing defined the lower end of the operating range; the
upper end was limited by the 1TI/3P crossing at 47
rpm. The crossings at 34 and 35 rpm meant that we
could not operate the turbine close to these rates of
rpm; therefore we had two small operating windows
(31-33 and 37-44 rpm) rather than one large one. This
design evolved into a machine having a height-to-
diameter (H/D) ratio of 1.4, a 3.05-m (10-ft) diameter,
a 0.95-cm (0.375-in.) wall steel tower, and a blade that
had a 1.83-m (72-in.) chord NACA 0021 profile near
the tower, a 1.07-m (42-in.) chord SAND 0021/50
profile in the intermediate region, and a 0.91-m (36-
in.) chord SAND 0021/50 profile at the equator. The
first column in Table 1 summarizes the characteristics
of Option 1.

;able 1. Option Summary

Option 1 Option 2 Option 3
Diameter, m (ft) 34 (110) 34 (110) 34 (110)
H/D 14 - 1.3 1.2
Operating Range, 31-33 30-34 29-32
rpm
37-44 36-42 36-42
Operating Mode Variable Variable Variable
Speed Speed Speed
Annual Energy, 1.23 1.13 0.96
MWh
Airfoils
Root NACA 0021 NACA 0021 NACA 0018
Intermediate SAND 21/50 SAND 18/50 SAND 18/50
Center SAND 21/50 SAND 18/50 SAND 18/50

Chord, m (in.)

Root 1.83 (72) 1.22 (48) 1.07 (42)
Intermediate 1.07 (42) 1.07 (42) 0.91 (36)
Center 0.91 (36) 0.91 (36) 0.76 (30)
Struts None Mini Deep
Rigid Cable
Solidity, % 15 12 10

All Options have a steel tower, 3.05 m (10 ft) in diameter,
with a 0.95-cm (0.38-in.) thick wall.
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Figure 5. Fan Plot for Option 1

Option 2

With Option 2 we took a far less conservative
approach than with Option 1. We did not like the large
chord that evolved to meet the requirements of Option
1, so we decided Option 2 would use a smaller chord
blade near the root and shallow rigid struts, if neces-
sary. We sought to keep the struts near the blade-to-
tower joints to minimize their effect on the aerody-
namic performance of the machine. Our experience
with deep rigid struts on our 17-m research turbine
has made us very aware of how detrimental they can
be. With a shallow strut and an arbitrarily imposed
constraint that we would limit the chord of the blade
at the root to 1.22 m (48 in.), we found we could not
drive the blade 1F frequencies' high enough to avoid
the 3P frequency throughout the operating window.
FFEVD indicated that the 1F, mode would be driven
by a 3P crossing, and the 1Fg mode would be driven by
a 2P crossing. We elected to tailor the blade response
to lie between the 2P and 3P lines throughout the
operating window. We also shortened the tower to
keep the 1Tl mode from crossing the 3P line in the
desired operating range.

Figure 6 shows the fan plot that resulted from our
efforts on this design. As you can see, we ended up
with a 1F crossing of the 3P line at 28 rpm, a 1B
crossing of the 3P line at 35 rpm, and a 1T1I crossing of
the 3P line at 43 rpm. The 1F/3P crossing effectively
defined the low end of the operating range; the 1TI
crossing defined the upper end of that range. FFEVD
indicated that the 1B/3P crossing was not a severe
one, but we still would not want to operate right on top
of it. Again, it effectively split our operating range and
we had two small operating windows rather than one
large one. This design evolved into a machine with an
H/D ratio of 1.3 and a blade having a 1.22-m (48-in.)
chord NACA 0021 profile at the root, a 1.07-m (42-in.)
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chord SAND 0018/50 profile in the intermediate sec-
tion, and a 0.91-m (36-in.) chord SAND 0018/50 pro-
file at the equator. It used the same tower as Option 1
and shallow (0.9 m or 2.9 ft toward the equator from
the blade-to-tower joints) rigid struts. Option 2 is
summarized in the second column of Table 1.

FREQUENCY, Hz
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Figure 6. Fan Plot for Option 2

Option 3

Our philosophy in the design of Option 3 was to
use blades that were soft in flatwise bending and to
incorporate deep cable struts to boost the blade 1F
frequencies above the 3P line. Cable struts seem to be
far less detrimental than deep rigid struts to the
aerodynamic performance of a turbine and have been
used successfully in the past. We again had to shorten
the tower to get the 1TI/3P crossing out of the desired
operating range.

The Option 3 fan plot is shown in Figure 7. The
cable struts did push the 1F modes up high enough
that they did not cross the 2P or 3P lines in the
operating range. The 1B crossing of the 3P line, how-
ever, was still a problem. FFEVD indicated that this
crossing was much more severe for Option 3 than for
Option 2, probably because the blades for Option 3 are
less rigid in the lead/lag direction than the blades for
Option 2. Once more, we ended up with two small
operating windows rather than one large one. Option 3
was a turbine with a 1.2 H/D ratio and a blade having
a 1.07-m (42-in.) chord NACA 0018 profile at the root,
a 0.91-m (36-in.) chord SAND 0018/50 profile in the
intermediate area, and a 0.76-m (30-in.) chord SAND
0018/50 profile at the equator. It also used the same
tower as Option 1. Option 3 is summarized in the third
column of Table 1.
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Figure 7. Fan Plot for Option 3

Evaluation

Once these conceptual designs were completed, we
evaluated the three options we had developed in order
to select one configuration that we would continue to
work on. We compared the stress levels throughout
the 25- to 42-rpm range, especially at the mode cross-
ings within the desired operating window. We deter-
mined the operating windows that existed with those
mode crossings and estimated how difficult it would
be to eliminate the resonance problems, either by
eliminating the crossing or by changing the structural
design so the mode would not be so readily driven. We
calculated the COE for each design, examined our
modeling confidence for each of the three options, and
estimated the difficulty of fabricating each of them.

Option 1 was eliminated rather quickly. Its COE
was much higher than for the other two options, the
large chord blade near the root would require at least
three and possibly four extrusions and would be diffi-
cult to fabricate, and it would be difficult to move or
control the resonant mode crossings within the de-
sired operating window.

Options 2 and 3 had very comparable COE fig-
ures, and the fabrication difficulty appeared to be
about the same. We felt, however, that the more severe
1B/3P resonance problem of Option 3 would be more
difficult to mitigate, and we had greater confidence in
the modeling of Option 2 with the rigid struts than we
had in the modeling of Option 3 with the cable struts.
Therefore, we selected the Option 2 configuration for
further detailed design work.

Detailed Design

Once we selected Option 2 as the basic design with
which we would continue, we got down to the real
details of how, precisely, we would build this machine.



Exactly how would we attach the blade to the tower?
How about blade-to-blade joints? How would we con-
struct the blade from multiple extrusions? What
would be the best tower-to-blade angles? These and a
hundred more questions must be answered before a
turbine is actually built. I will mention here some of
the major features that we have established at this
time.

After further design studies of Option 2, we de-
cided to eliminate the struts completely, using more
rigid tower-to-blade joints and longer blade clamps to
control the blade flatwise frequencies. Sketches of the
tower-to-blade joint are presented in Figure 8. The
same design will be used for the upper and lower
joints. These joints actually serve two functions: as
transitions from the large torque tube to the smaller
torque shafts that pass through the upper and lower
bearings, and as mounts for the blade clamps. The
blade clamps are attached to the transition flanges by
plates on the leading and trailing ends of the clamps.
The blade’s mounting angle may be changed by sim-
ply replacing the existing plates with plates having
clamp-mounting holes drilled for the desired angle. In
addition, the use of other blade profiles or chords will
require only the replacement of the blade clamps and
mounting plates. The blade end of each blade clamp is
tapered to decrease the stress concentration that will
occur in the blade at the end of the clamp. By elimi-
nating the struts and reworking this joint, we were
able to drop the 1F/3P crossing from 28 to 26 rpm,
thus expanding our operating window slightly.

~
- ~— TORQUE SHAFT

l<———>-l<— Q.78 m (30 1n}

[

Figure 8. Blade-to-Tower Joint and Clamp

The blade-to-blade joint is illustrated in Figure 9.
It is an external joint, similar to those we are currently
using on our 17-m research turbine NLF blade. The
sleeve portions of the joint will be extruded, bent to
the proper shapes for each airfoil, and bolted securely
to those airfoils. The two sleeves will then be attached
to either side of a 7.6-cm (3.0-in.) interface plate.
Although it is not shown in Figure 9, the area immedi-
ately on each side of that plate will be aerodynamic-
ally faired with nonstructural material. This type of
joint is relatively cheap to fabricate, is easy to install,
and will allow us to interchange blade sections readily.
Wind tunnel and 17-m turbine tests indicate that
external joints such as these do not seriously degrade
the aerodynamic performance of the machine.

/SLEEVE
T =i \
-

4 e 4.

L I

T 4 4 4 4+ 4+ o

LR BRI I TP S

+ 4 e e e e

+
4+ + + o+ + 4+ -1
P RN 4

oooooooo

D IR TR S
PR N R
PR I T T Y

R S N |

++ 4ttt rbs s

Figure 9. Blade-to-Blade Joint

The blade sections will be constructed of multiple
extrusions (Figure 10). The maximum size of each
extrusion is limited by the size of the extruding press
available; the largest single extrusion blade that can
be fabricated today is ~0.74 m (29 in.) in chord. The
1.22-m (48-in.) chord NACA 0021 blade profile shown
in this figure will be fabricated from three extrusions,
all with 0.79-cm (0.31-in.) wall and rib thicknesses.
The 1.07-m (42-in.) and 0.91-m (36-in.) chord SAND
0018/50 blade sections will use two extrusions each,
with 0.64-cm (0.25-in.) wall and rib thicknesses. The
nose of each blade section is 1.27 em (0.50 in.) thick,
and the tail is filled, as illustrated in the drawing.
Current plans call for the extrusions to be bolted
together, but we are not irrevocably committed to that
method.
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Figure 10. Construction of a 1.22-m Chord NACA 0021
Airfoil Section

We have elected to use an aluminum tower 3.05 m
(10 ft) in diameter, with a 1.27-cm (0.50-in.) wall,
rather than the steel tower we developed for the
conceptual design. The aluminum tower will allow us
to reduce the stiffness of the guy cable by 25% and
still keep the first tower inplane mode at the desired
level. In addition, the difference in the coefficient of
thermal expansion for aluminum and steel, combined
with the 2-to-1 difference in lengths of the steel cables
and aluminum tower, will result in much smaller
temperature-induced cable tension changes than we
would see with a steel tower.

To obtain the necessary stiffness at the upper
bearing of 78 810 N/cm (45 000 1b/in.), we will use
three 8.9-cm (3.5-in.) diameter guy cables ~90 m (295
ft) long. The size of these cables mandates the use of
hydraulic tensioning devices for each cable, but once
proper tension is obtained it will be maintained by a
mechanical device. We must keep the natural guy
cable frequency above the 2P turbine driving fre-
quency at all rotational speeds to avoid cable reso-
nance. The cable tension necessary to obtain such
frequencies for cables of this size is excessive (595 000
Ib per cable). T'o reduce the cable tension required, we
intend to use cable anchors to force a cable node one-
third of the way up the cable and to utilize active cable
damping. These details will be worked out as the
design progresses.

The upper bearing design is shown in Figure 11.
The upper plate on the bearing housing is designed to
accept 3, 4, 6, or 12 guy cables, although the current
configuration calls for the use of 3. The vertical load
caused by cable tension is carried by the thrust bear-
ing at the bottom of the bearing assembly, whereas the
radial loads are distributed between the lower bearing
and the upper radial bearing.

The rotor base is a simple design with four angled
legs and single braces on each side. The top plate is a
10.2-cm (4.0-in.) thick steel plate upon which the
lower rotor bearing and the disk brake calipers are
mounted. The entire weight of the rotor and the
vertical load caused by guy cable tension is borne by
the lower rotor bearing. The ground-level, right-angle
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transmission does not bear any vertical load. The
current base design places the lower rotor bearing 4.8
m (15.8 ft) above ground level, which provides clear-
ance between it and the transmission for two sets of
slip rings (a total of 100 channels), a torque sensor,
and two elastomeric couplings to protect the torque
sensor. The instrumentation lines will be run from the
slip rings inside the blades and will be brought to the
outside at the blade joint near where the lines are
required.

Figure 12 is a fan plot of the current design. It is
only slightly changed from the one in Option 2 (Figure
6), with the 1F and 2F lines a little lower as a result of
the changes in the tower/blade joint design. The
1F/3P crossing, which defines the lower end of the
operating range, is now at 26 rpm, the 1B/3P crossing
is at 34 rpm, and the 1TI/3P crossing is at 45 rpm.
NASTRAN does not predict a severe resonance at 34
rpm, but unless we see a very light resonance during
actual operation we will be restricted to the use of two
small operating windows (28-33 and 35-43 rpm) rather
than the one large window that we would like.

Our current design has a rated power of 480 kW in
a 12-m/s (27-mph) wind at 37.5 rpm and an estimated
annual energy output of 1.15 X 10° kWh (based on a
mean wind speed of 6 m/s and a Rayleigh wind speed
distribution). The turbine cutout wind speed is 20 m/s
(45 mph). An artist’s conception of the 34-m test bed
is presented in Figure 13.
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Figure 12. Fan Plot for the Test Bed

Figure 13. Artist’s Conception of Sandia’s 34-m Test Bed

Although our test plan has not been worked out in
detail at this time, the general procedure has been
established. We will instrument the blades, joints, and
tower with approximately 75 strain gages to allow us
to determine the local and global stress distributions
for the turbine. Some gages will be placed to detect
maximum stress levels and to determine stress con-
centration details. These will be used to spot potential
problem areas. Other gages will be placed to yield data
that can be directly compared with our code results. A
torque sensor on the low-speed shaft will be used to
measure the rotor torque and to determine the aerody-
namic performance of the machine. We will conduct
modal tests of various sections of the machine during
construction and of the full machine prior to first
turn. The results of these tests will be used to fine-
tune our finite element model to match the actual
machine. We will start operating the turbine at
selected fixed speeds to characterize the machine
responses. At each speed we will seek overall perfor-
mance data as well as stress data from all of our gages.
We will pay particular attention to operating speeds in
the vicinity of the 1B/3P mode crossing, where we
anticipate a resonance condition. Once we have ade-
quately characterized the machine in the fixed-speed
mode, we will develop operating algorithms to operate
in a continuously variable-speed mode in each of the
anticipated operating windows. Finally, we will de-
velop an algorithm to allow us to operate in a continu-
ously variable-speed mode over the entire operating
range, excluding only the rpm band around the 1B/3P
crossing. If 1B/3P resonance is g mild one, we may not
have to exclude that speed from our operating range.

We currently plan to let contracts on the turbine
blades and transmission (the long lead time items)
early in calender year 1985; contracts for the rest of
the equipment will follow throughout 1985. Erection
and first turn of the test bed should occur sometime in
1986 at a site to be selected by the DOE Wind Energy
Technology Division.

Summary

Sandia National Laboratories 1is currently
performing detailed design studies for a research-
oriented, 34-m diameter, Darrieus-type Vertical-Axis
Wind Turbine. This work is a continuation of the
conceptual design stage completed in May 1984, in
which we looked at three potential VAW'T configura-
tions. Qur primary analytic tools during these design
studies have been the Sandia-developed ECON16,
FEVD, and FFEVD codes. All three VAWT configu-
rations investigated during the conceptual design
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stage incorporated a 3.05-m (10-ft) diameter steel
tower and step-tapered blades with NLF sections near
the turbine equator. The main features of the three
options are summarized in Table 1.

After evaluating these options, we elected to con-
tinue our detailed design phase with Option 2.

A detailed design of the turbine is currently un-
derway, and the machine will continue to evolve as the
design progresses. The current design includes the
following features:

» A 3.05-m (10-ft) diameter aluminum tower with

a 1.27-cm (0.50-in.) wall

» An H/D ratio of 1.3

» Continuous variable-speed operation

+ No struts

» External blade-to-blade joints

« SAND 0018/50 blade section near the equator

» NACA 0021 blade section near the tower

« Multiple extrusion blade profiles

We anticipate the completion of fabrication and
the start of testing sometime in calendar year 1986.
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Structural Design of the Sandia 34-Meter
Vertical-Axis Wind Turbine

Dale E. Berg
Wind Energy Research Division
Sandia National Laboratories
Albuquerque, NM 87185

Abstract

Sandia National Laboratories, as the lead Department of Energy laboratory for Vertical-Axis
Wind Turbine development, is currently designing a 34-m diameter Darrieus-type vertical-axis
wind turbine. This turbine will be a research test bed that provides a focus for advancing
technology and validating design and fabrication techniques in a size range suitable for utility use.
Structural data from this machine will allow structural modeling to be refined and verified for a
turbine on which the gravity effects and stochastic wind loading are significant. Performance data
from it will allow aerodynamic modeling to be refined and verified. This design effort incorporates
Sandia’s state-of-the-art analysis tools in the design of a complete machine. In this report I
describe the analytic tools we are using, summarize the conceptual design procedure, and present
portions of our detailed design as it existed in September 1984.
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