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ABSTRACT

This report presents the results of Phase I of a program to design a 2kw
high reliability wind turbine for use in remote locations and harsh en-
vironments. In Phase I of the program, a predecessor of the proposed
design was procured and tested in a wind tunnel and in the freestream

to observe operational characteristics. An analytical procedure was
developed for designing and modelling the proposed variable axis rotor
control system (VARCS). This was then verified by extensive mobile test-
ing of pre-prototype components. A low speed three phase alternator with
a Lundel type rotor was designed. Prototypes were fabricated and tested
to refine calculation procedures and develop an effective alternator with
appropriate characteristics. A solid state field switching regulator was
designed and tested successfully. All necessary support elements were
designed and engineered. A complete analysis of system reliability was
conducted including failure mode and effects analyses and reliability, main-
tenance and safety analyses. Cost estimates were performed for a mature
product in production rates of 1000 per year. Analysis and testing con-
ducted throughout the first phase is included in this report. Final pro-
totype fabrication and testing will be covered in a subsequent Phase

IT report




FOREWORD

1974 with the goal of
t effective small wind
n the remote

North Wind Power Company (WWPCo) was founded in
designing and developing a high performance, COS
energy conversion system (SWECS) for commercialization 1

and residential power markets.

bes the details of the Phase I design of a 2kw high
ions and harsh environ-
Pr-71768-F, awarded

This volume descri
reliability wind turbine for use in remote locat
ments. This program was conducted under contract No.
by Rockwell International Energy Systems Group in January 1978, as a

part of the United States Department of Energy's Federal Wind Program
Warren Bollmeier was the Rockwell Technical Monitor and L.D. Cullen was
the Rockwell Contract Administrator. Fach of these men provided valuable

review and guidance throughout the program.

The NWPCo personnel who contributed to this effort were: Donald Mayer,
David Sellers, John Norton, Jr., Arnold Johnson, John Kueffner, Douglas
Livingston and Glenn Gazley. Numerous consultants also assisted in the
program; among them were Professor John Dugundji of M.I.T., Dutch Greimann,
Professor Philip Trickey, James McGuigan, Clint Coleman and Hugh Currin.

The final version of this report was edited by Rockwell International

personnel at Rocky Flats to increase internal consistency and help
clarify the presentation of important information.
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NOMENCLATURE™

AC - alternating current

AKWH - annual kilowatt hours

amp - ampere

AOM - annual operating and maintenance cost
ASTM - American Society for Testing of Materials
AWG - American wire gauge

@ - at

a - angle of attack

g - blade pitch angle

C - centigrade (carbon or chord; where applicable)
cc - cubic centimeter

Cp - drag coefficient

CDR - Critical Design Review
c.g. - center of gravity

CL - lift coefficient

cm - centimeter

COE - cost of energy

C. - power coefficient (rotor)
Cs - system power coefficient
Cy - thrust coefficient

D - rotor diameter
dbl. - double

DC - direct current
Dg - generator drag
° or deg. - degrees

Exp. - experimental

F - Fahrenheit

FCR - fixed charge rate

FDR - Final Design Review

FMEA - failure mode and effects analysis
ft or ' - feet

ft? - square feet

ft-1b - foot pound

gm - gram

hp - horsepower
Hz - hertz

I - moment of inertia

IC - installed cost

ID - inside diameter

in or " - inch

in-1b - inch pound

ITDC - intensive testing data collection

* Editor's note: This report contains unconventional nomenclature;
however, internal consistency has been maintained.
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K - stiffness

K2 - generator rotor loss factor
kg - kilogram

kva - kilovolt amperes

kw - kilowatt

kwhrs - kilowatt hours

1b - pound

L/D - Tift to drag (ratio)

LTDC - Tong term data collection
X - failure rate

M - moment
m - meter
me - square meter

M3 - out-of-plane blade bending moment

Mp - aerodynamic moment

mc/I - bending stress

MIT - Massachusetts Institute of Technology
mm - millimeter

mo. - month

mov - metal oxide varister

mph - miles per hour

Mg - overturning moment

MTBF - mean time between failure

NA - neutral axis in or out of plane of rotation
n-m - newton meter

no. or # - number

NRC - National Research Center (Canada)

NWPCo - HNorth Wind Power Company

OAF - output adjustment factors
0.D. - outside diameter

pA - available wind power

PD - preliminary design

PDR - preliminary design review
ph - phase

@ - angle of force

Pp - rated power

féi - pounds per square inch

- perpendicular

v - rotor azimuth

% - percent
/ - per

+ - plus

+ -

plus or minus

Q - torque
Q/A - quality assurance
Q/C - quality control
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r - local radius

Rp - Reynolds Number

REA - Rural Electrification Administration

rev - revolution

RFP - request for proposals (when used in text)

RPM - revolutions per minute

r/R - variation (r) from blade chord line at nondimensional radial
station (R) of blade

Ry - reliability

p - air density

SWECS - small wind energy conversion system
t - one year (or turns)

TSR - tip speed ratio

0 - twist angle

UV - ultraviolet

V - velocity
V - average (mean) wind speed
v - volt

VARCS - variable axis rotor control system
VS - Versus

X - distance

Y - yaw (degrees)
yr - year
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1, INTRODUCTION

1.1 Introduction

The philosophy of North Wind Power Company (NWPCo) has been to base the
development of new small wind energy conversion systems (SWECS) designs

on the utilization of time-proven concepts which are refined and augmented
by advances in analytical modelling techniques and materials. Design con~-
cepts such as a three bladed upwind rotor, a direct drive or low speed
electrical generator, and the Parris-Dunn method of speed control by rotor
tiltback--using a variable axis rotor control system (VARCS)-—were applied
to the 2kw high reliability SWECS. NWPCo's objective for this program

was the evolution of a design emphasizing cost effectiveness without com-
promising performance or reliability. The direct drive generator and the
VARCS are critical components essential to this design philosophy.

NWPCo's investigations have shown that no off-the-shelf direct drive gen-
erators are available which meet cost and performance goals. High speed
generators employing gear boxes were eliminated due to reliability and
maintainability considerations. NWPCo's experience with the design and
construction of a 4kw direct drive alternator gave NWPCo confidence that
personnel, facilities, equipment and suppliers were available to carry
out the successful design, construction and evaluation of a 2kw direct
drive alternator. During Phase I, NWPCo developed an alternator employing
a cast Lundel interdigitated rotor. This design enhances system reli-
ability by eliminating rotating coils while providing significant cost
savings over other options.

Simplicity is the foundation of the system reliability. By choosing the
rotor tiltback design (VARCS) to control speed, NWPCo has eliminated the
need for a variable blade pitch hub assembly with an additional folding
tail or shutdown-reorientation device for protection in very high winds.
Performance problems such as torsional vibration or mis-pitched blades
are significantly reduced by the use of fixed pitch blades and the VARCS.

To carry out the system design, it was necessary to develop new analyti-
cal models and to undertake an ambitious program of in-house testing.

At the end of Phase I, alternator and VARCS prototypes have been success-
fully constructed and tested, Final prototype configurations have been
designed. Calculations indicate that the system will have a mean time
between failures (MTBF) of thirteen (13) years and will equal or better
the cost goal of $1500/kw (in 1977 dollars) at a production rate of

1000 units per year.

1.2 Previous Wind Machine Experiences

NWPCo began with a thorough investigation of existing SWECS designs from
pre-REA (Rural Electrification Administration) machines to foreign manu-
factured units such as the Australian Dunlite and the Swiss FElektro. Our
investigation found that certain design features prevalent in the most
successful of these wind machines should be maintained in any new SWECS




design. Previous experience has proven the desirability of the following
features for the reasons given:

1. Upwind Rotor

The upwind rotor avoids problems of tower shadow, is highly re-
sponsive to wind direction variations and is compatible with a
variable axis rotor control system (VARCS).

2. Three Bladed Rotor

The three bladed rotor has proven to be a responsive, stable and
durable arrangement.

3, Direct Drive, Low Speed Generator

NWPCo's experience has shown that pre-REA machines utilizing direct
drive consistently proved more reliable and efficient than geared
units.

4. Rotor Tilt or Blade Pitch Control

Various methods of rotor speed control have been examined including
braking, yaw position variation and rotor riltback or blade pitch.
Older units of the pre-REA era used blade pitch and (in the case of
the Parris-Dunn) rotor tiltback. Each of these methods proved
responsive and durable; however, the rotor tiltback method has the
added advantages of reducing parts stressed in motion and providing
automatic shutdown and reset in high winds and has been chosen as
the basis for the NWPCo high reliability design.

In the spring of 1977, NWPCo responded to a wind turbine design competition,
sponsored by the DOE and managed by Rockwell International, for the devel-
opment of a 2kw wind machine for use in remote areas where harsh environ-
mental conditions are probable. Based on our own experiences with pre-REA
units, NWPCo proposed a design which emphasized simple yet durable com-
ponents, a minimum of parts stressed in motion, and complete protection
from the environment. In January 1978, NWPCo was awarded a contract to
develop a three bladed, horizontal axis, direct drive system with fixed
pitch blades. The design phase of this contract has just been completed.

1.3 Organization

Figure 1.1 is the organizational chart for Phase I of Contract ffPF71768F.
Farly in the course of Phase I, John Norton replaced Glenn Gazley as De-
sign Team Leader. Contract work was organized on a team basis related to
the relevant engineering disciplines of mechanics, aerodynamics and elec-
trics. Each design team was headed by an employee in the relevant en-
gineering discipline with access to highly qualified outside consultants.
Note that consultants are shown in parentheses.
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2. BASIC TRADE-OFF AND PARAMETRIC ANALYSES

2.1 Review of Baseline Design and Critical Development Areasg

The originally proposed lkw design featured a 3.32 meter (m) fixed pitch
rotor and a DC shunt wound generator integrated with a variable axis

rotor speed control system which initiated rotor tiltback in 18 meter

per second (m/s) (40 mile per hour (mph)) winds. The generator was rated
to produce lkw at 9 m/s (20 mph) at a speed of 360 revolutions per

minute (rpm.) It would produce constant voltage until a maximum output

of 4kw was reached at 15.6 m/s (35 mph) or 800 rpm. At 24.6 m/s (55 mph)
the rotor pitched to the horizontal plane and automatic shutdown occurred.

Extensive tradeoff studies were conducted prior to the Preliminary Design
Review (PDR.) The design of the generator and the VARCS were identified
as critical development areas and detailed analyses were carried out prior
to the Critical Design Review (CDR.) The following major design decisions
were made prior to contract initiation:

1. The choice of the upwind three bladed rotor was based
upon NWPCo's experience with reconditioned older machines.
We believe that a three bladed upwind machine is even more stable
than the downwind configuration. (In addition, the VARCS requires
the upwind orientation.) Blade deflection problems were not an-
ticipated at the proposed rotor diameter of 3.32 meters.

2. Sitka spruce was chosen as the blade material. Experience with
wooden blades on the older machines indicated excellent dura-
bility and reliability. NWPCo's ability to fabricate blade sets
in-house allows iterations of various airfoil options to be quickly
tested for durability and performance.

3. The most successful older machines used low speed, direct
drive generators which consistently proved more reliable and ef-
ficient than geared machines. The base generator proposed was a
1-4kw DC shunt wound unit. The DC generator was chosen because of
past experience with rebuilding generators and immediate
applicability to battery charging. The sizing, cost-effectiveness
and reliability of the DC option, however, were closely scrutinized
in extensive pre-PDR trade studies which eventually led to the
specification of a 2kw alternator. :

4. Simplicity of design and reduction in number of moving parts in-
herent in the variable axis rotor control system is the foundation
of the reliability of the system. NWPCo's design approach empha-

‘sizes the need for durability as well. The VARCS method of speed

control simplifies the system by eliminating the need for variable

pitch blades and a variable position tail by providing automatic
shutdown and reorientation. The substantial reduction in the num-
ber of moving parts stressed in motion made possible by utilizing
the VARCS greatly increases reliability. .

that reliability is best achieved through design‘simplicity and durability.

Each of these precontract design choices adheres closelykto the NWPCo philosophy
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The two critical components which form the basis for system reliability
are the VARCS and the low speed, direct drive generator. These compo-
nents allow the high reliability SWECS to be designed so that only three
assemblies move in respect to one another. (See Figure 2.1.)

Each of these assemblies is constructed of sub-components which are ri-
gidly attached limiting movement to flexure only. The first assembly
consists of the rotor and fixed pitch blades, the main shaft and the al-
ternator rotor. This assembly rotates on bearings located within the al-
ternator case, The second assembly consists of the alternator case, the
stator and the VARCS plate. As wind speed increases, both of these as-
semblies pitch from the vertical to the horizontal plane on two bearings
attached to a hinge pin. The third assembly consists of the VARCS spring
and a cast steel saddle to which the tail is rigidly attached. The VARCS
motion is restrained by a spiral torsion spring. Spring torsion automa-
tically reorients the machine as wind speed decreases. The third assembly
is free to move in yaw in order to orient the machine to wind direction.
Some rotor imbalance and tail mechanism failures were recorded by NWPCo's
rebuilt Eagle machines due to severe environmental conditions at remote
installations. Utilizing the VARCS eliminates these potential failure
modes, Since the generator is direct drive, there is no need for a gear
box which eliminates high speed parts subject to stress and reduces start-
up torque requirements. This simple yet rugged system most effectively
achieves contract reliability, cost and performance goals.” Prior to PDR,
in order to gain experience with the VARCS method of speed control, a
Parris-Dunn was tested at the National Research Center (NRC) wind tunnel
in Ottawa, Canada.

2.2 Early Phase I Tests

Prior to Preliminary Design Review, NWPCo conducted three major test pro-
grams: Wind tunnel tests at MIT of two airfoil sections at low Reynolds

number; wind tunnel tests at NRC of a modified Parris-Dunn wind machine:

and freestream testing of the Parris-Dunm.

MIT wind tunnel tests were undertaken because very little airfoil section
data at low Reynolds numbers is available,

SWECS rotors operate at Reynolds numbers ranging from 100,000 to 300,000,
and as low as 20,000 during start-up conditions. Local angles of attack
on untwisted blades can exceed 30° and angles of attack during start-up
can be as high as 85°., Existing published data was obtained to serve as
a tool to the aircraft designer and does not cover the angles of attack
or Reynolds number range of interest to the SWECS rotor designer.

MIT's 12"x12" wind tunnel is a low turbulence, open circuit wind tunnel
equipped with a three component strain gage balance. Wing sections are
cantilever-mounted from the bottom wall of the test section. Velocity is
monitored by the difference in static pressure between the test section
and settling chamber as based on a pitot static calibration of the test
section.
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Figure 2.1
System Schematic




Our wing section models had a 3" chord and were trimmed in length to
allow a 1/32" clearance from the top wall of the test section. The

two sections tested were the FX 76MP120 modified to a thicker section

by flattening the bottom of the section as shown in the Appendix and the
20 percent. GU 25-5 (11)8 section which had been previously tested at
Reynolds numbers ranging from 390,000 to 630,000, Reference 2. The
Wortman section had never been tested before.

Wind tunnel tests were run to determine airfoil performance at Reynolds
numbers below 390,000. The data obtained indicated transition from
subcritical to supercritical flow at a Reynolds number of 250,000, An
FX 76MP120 modified section was also tested; its critical Reynolds num-
ber turned out to be about 150,000,

Full scale tests of the Parris-Dunn were conducted in March 1978 at the
large NRC wind tunnel in Ottawa, Ontario, Canada. These tests had the
following obJectlves

1. Determine natural damping due to gyroscopic forces.

2, Determine rotor power coefficient (C ) by measuring velocity upstream
and downstream of the rotor.

3. Determine power output versus pitch, Cp versus pitch.

4. Determine rotor start up speed -- to be compared with starting
torque of generator.

5. Investigate vibrations induced during tiltback.

A ten-foot diameter rotor based on the MIT data was designed to be tested

on the Parris-Dunn unit at NRC. It was designed for a tip speed ratio of

7 and twisted to operate at a 2° design angle of attack. An angle of 2° was
chosen to minimize 1lift, allowing a large enough cross-section to provide a
structurally sound blade. 1In addition, an original Preliminary Design
three-bladed Parris~Dunn rotor was refinished. These blades were twisted
and tapered, employing a modified Clark Y airfoil section.

The following test plan was used for’the NRC wind tunnel tests:

Test 1

Measure tower drag (done without unit at an appropriate time).

Test 2

Test Parris-Dunn with refinished original modified Clark Y blades.

(1) Upstream/downstream velocity tests with Parris-Dunn in fixed tilt.
Determine start-up velocity.

Measure velocity upstream/downstream with pitostatic probes at 10, 15,
20, 25, and 30 mph.

(2) Tests of free tiltback.
Begin at 15 mph going up by 5 mph 1ncrements until unit reaches 90°
tilt position.




Go 2 velocity steps beyond 90° position.

At each velocity step, vary load from 500;to?1600 to 1500 watts (w).
Vary yaw at each velocity to 59, 100, 15°, and 355°, 3509, and 3450,

Test 3

Test Parris-Dunn with GU 25-5(11)8 blades matched to Preliminary Design
generator output curve.
Repeat test procedures for these blades as in Test 2 (1) and (2).

The NRC tests provided the foliowing results:

1. The GU blade rotor, designed for a tip speed ratio (TSR) of 7, would not
break through a TSR of 4 until the rotor-generator pitched back. In the
pitched mode, tip speed ratios ranging from 5 to 9 were recorded.
Calculations indicated stalled conditions over the entire blade
at TSR=4 at low Reynolds numbers. A boundary layer trip was added
to each blade (a narrow strip of masking tape on the upper surface
at about 15% chord.) Unfortunately, the run without the trip
was scrapped by NRC and no data were obtained.

The rotor with the boundary layer trip exhibited remarkable per-
formance, attaining overall power coefficients (based on the velo-
city component normal to the rotor) as high as .45, The boundary
layer trip managed to achieve supercritical flow over the blade,
resulting in improved rotor output and allowing breakout from the
TSR=4 lock at lower tilt angles.

2. As previously mentioned, calculations show a stalled condition at
TSR=4 for any wind speed on the NRC rotor. A 5 meter rotor design
was later calculated for the 2kw alternator, using the GU section
and a working angle of attack of 80 to alleviate stall tendencies
at lower tip speed ratios. Calculations indicate that transition
to suberitical flow will prevent rotor acceleration past TSR=4 un-
less a boundary trip is added.

3, At 9m/s and the design RPM of the alternator, the working angles
of attack on the GU were found to be of small negative values and
performance goals at 9m/s could not be met.

The performance characteristics of the FX airfoil were worked up from the
MIT data. The higher Reynolds number data were extrapolated, and the data
look similar to that of the GU with peaks Cp, Cp, versus Reynolds number
shifted from 400,000 to 200,000. The MIT data in this case covers the
entire transition range -- missing in the GU data. A 5-meter rotor de-
signed with the FX section indicates a stall phenomenon at TSR=4, similar
to that exhibited at NRC. ‘ =

In general, it was concluded that high performance airfoils and small rotors
do not form promising combinatioms. Schmidt's data? show that the airfoils
of yesteryear had transitions from subcritical to supercritical flow at
lower critical Reynolds numbers, i.e. 60,000, as compared with 200,000 to
300,000 for today's high performance airfoils. Schmidt also states that

e e




sharp leading edges promote instant transition into supercritical flow.
NWPCo investigations have shown that the evolution of blade sections led

to increasingly sharper leading edges. For a SWECS rotor, it appears better
to design to a lower OP and utilize an airfoil section with a low critical
Reynolds number.

Following completion of the NRC testing, NWPCo installed the Parris-Dunn

on its test tower in Warren, Vermont. At this installation, performance
parameters were measured and recorded as at NRC on the strip chart., This
testing continued from March 1978 to July 1978, when the unit was taken

down and shipped to Rocky Flats. During this period, NWPCo was able to
observe the operation of the system under winter and summer conditions,
including a 15 minute thunderstorm with winds gusting over 22.4 m/s (50 mph.)

Freestream tests constituted for NWPCo sufficient testing to assure that
the control system could operate without the shaft being loaded, and to
assure that pitch and yaw damping would probably not be essential in the
larger system. The opportunities to observe an operating system under
controlled and uncontrolled conditions provided a point of reference for
the balance of the first phase of the program.

2,3 1 to 2kw Generator Trade Studies

2,3,1 Introduction

The following base assumptions were made in order to select the optimum
rated capacity generator for development under this program:

1. Average monthly load - 320 kilowatt hours per month (kwhr/mo) at the
load (not subject to seasonal variations.)

2. The units are designed to charge battery banks and must be cap-
able of providing 320 kwhr/mo to the load. Therefore, the
sizing of the unit must take into account efficiency factors due
to line losses, batteries, regulators, etc. Output adjustment
factors (OAF) are estimated as follows:

a. Regulator efficiency = .99
b. Diode efficiency = ,98
c. Line losses (100 ft) = .97
d. Battery efficiency (@50°F) = .77
e, Regulation efficiency = .87
f. Load matching = ,95

TOTAL OAF = ,60

3. Battery bank shall be sized to provide reasonable storage and
alarm period, and shall be maintained within manufacturer's
recommended temperature range. Discharge depth, in general,
shall not exceed 40%.




4, Wind data for Casper, Wyoming adjusted to 7000 ft., as
noted by Frost, | was selected as the representative
wind regime.

5. A detailed component-by-component cost estimate was performed
for the 2kw alternator configuration, assuming 1000-unit per
year production. Using the 2kw estimate of $1035.00 as a base-
line, estimates of probable cost ratios for the other config-
urations were determined by D. Livingston and P. Trickey using
engineering judgment based on their production data for elec-
tric motors and generators of similar types. The derived esti-
mates for other configurations also include adjustments for
such variations as increased shaft requirements for larger
rotor diameters.

2.3.2 Criteria for Selection

1. Ability to meet load requirements during seasonal wind spec-
trum variations.

2. Ease of manufacture: component availability, ease of construc-
tion, availability of fabrication equipment.

3, Cost per kilowatt hour per year.
4, Reliability of configuration.
5. Applicability of configuration to battery charging.

2.3.3 Ratio Costing of Configurations (assumes 2kw = $1,035.00)

Probable Cost Estimated Estimated Annual Energy Cost
Ratio Production Cost Energy Output

Configuration (%) (kwh) (¢/kwh/yr)
lkw
10.89-ft rotor 0.48 500 2145 23,3
1-2kw
10.89-ft rotor 0.67 690 2898 23.8
1-3kw
10.89-ft rotor 0.78 807 3220 25,1
1-b4kw
10.89-ft rotor 0.88 911 3362 27.1
2kw
16.4-ft rotor 1.00 1035 4545 22.8
2-3kw -
16.4~-ft rotor 1.22 1263 5506 22.9
2-bkw -

16.4-ft rotor 1.39 1435 6209 23.1
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2.3.4 Output vs. Load (assumed 320 kwhrs/mo Load

Monthly Summer |% of |Monthly Winter|?% of|Monthly Annual |% of

Configuration |[Output Average|Load|Output Average|Load|Output Average |Load
(in kwhrs) (in kwhrs) (in kwhrs)

1kw 98 30 406 127 179 56
1-2kw 116 36 590 184 241 75
1-3kw 119 37 689 215 268 84
1-b4kw 117 36 746 233 280 88
2kw 212 66 850 270 379 118
2-3kw 233 73 1088 340 459 143
2-bkw 250 78 1263 395 517 162

2.3.5 Trade Study Conclusions

1. Based upon the Output vs Load Table, the 2kw, 2-3kw and 2-4kw
machines were the only ones which will meet load demands over
the duration of the year. All of the 1 kw units fail to meet
the load demands except during the winter season.

2. The 2kw, 2-3kw and 2-4kw units all have good cost-to-output
ratios and compare favorably in terms of ability to meet load
requirements. The 2-3kw and 2-4kw have better output than the
2kw machine in the summer months (by 11% and 18% respectively),
but must be justified in terms of cost per kilowatt hour per
year, ease of manufacture, reliability and excess winter pro-
duction:

a. Cost per kilowatt hour per year - The 2kw out-performs all
the other units in this area, despite having only a small
advantage over the 2-3kw and 2-4kw units.

b. Ease of manufacture - The 2kw would be easier to manufacture
due to less requirement for current carrying capacity.

c. Reliability - Because of the need for carrying higher currents,
the 2-3kw and 2-4kw configurations may be less reliable than
the 2kw unit.

3. The overall conclusion of this study was that the 2kw is the
proper size unit.
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3, CRITICAL LOADS

3.1 Introduction

In consideration of the severe service requirements and environmental
conditions to which the high reliability unit is subjected, NWPCo has
adopted a conservative approach to the calculation of critical loads.

The variable axis rotor control system is inherently load-shed-

ding, and safe automatic shutdown is achieved at 90° pitchback. The
extreme load cases are due to gusting, and occur throughout the opera-
ting range of the VARCS. Values for gust amplitudes were chosen from
Boulder area data, as representive of very severe documented conditions.
NWPCo made no allowance in its loads calculations for any stress-reliev-
ing response by the system, i.e. all gusts were assumed to be "square
wave." It is felt that this conservative approach, along with provision
of at least 2:1 safety factor, provides enough margin to insure the system
against failure caused by the most severe gusting conditions, by sluggish
response due to icing, and by extraordinary wind conditions.

3.2 Wind Regime Definition and Methodology

The wind regime is defined in terms of the contract specifications for
environmental conditions, i.e. 9 m/s (20 mph) rated wind speed with 54 m/s
(120 mph) steady maximum and 75 m/s (165) maximum gust. In the design re-
gime, Boulder area maximum gust data are extrapolated to a gust amplitude
of 4.5 times a mean wind speed of 8 m/s (18 mph). A gust chart was devel-
oped from this data (see Figure 3,1 ) and 12 points were selected for ex-
amination.? Points 1 through 4 represent gusts, both negative and positive,
occuring at a mean wind speed just under 9 m/s before pitchback is initi-
ated. Points 5 through 8 occur at 14 m/s when the machine is pitched back
to 54° and is producing power. Points 9 through 12 occur at 70° in a mean
wind speed of 20 m/s when the rotor is producing enough torque to sustain
alternator output. A thirteenth point was analyzed, i.e. 90° pitchback at

73.8 m/s (165 mph.)

As mentioned previously, gusts are assumed to occur as "square waves'l,
i.e. no ramp times are assigned to the gust events. No calculations for
frequency of wind shifts were done in this analysis, and no calculating
of gyroscopic loads were done. All rotor loads were calulated at a den-
sity of 1.2 kg/m3.

e

In general, the wind regime is defined as simply and conservatively as
possible to insure that design wind conditions are accounted for with an
adequate safety margin and without an unnecessarily complex and extensive
speculative analysis.

For each point on the gust chart, the blade and rotor loads are calculated
for a quasi-steady condition, i.e. no responsetoﬁ'thezcontrol functions,
to the gust. Individual blade loads are calculated for at least 4 azimuth
positions unless the loading is critical, in which case 8 positions are
examined. TFigure 3,2 gives the notation used by NWPCo in this analysis.
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Fq=Out of Plane Shear Force

Q -Shaft Torgque

1 -Retational Speed

Rinner-Inner integration limit and point

4z, of apvlication of force F{ and
) [ bending moments My and M,

r:yw My= In plane bending moment at yainmr '
‘ My~ Torsiomml moment at o/t (quarter chord)

M3- Out of plane bending moment

Notes Computer outputs forces in

newtons and newton-meters
Conversionss Newtons x ,22U8 & lbs
Newton-meters x 7376 » ft-lbs

Figure 3.2

Rotor Loads Diagram
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A complete chart is then prepared of the rotor and blade loads for all

13 points for the blade root section and for the blade section at a ra-
dius of 29.6" (r/R = .3) where the transition from the structural G625

to the N60 airfoil occurs. This latter point is expected to be the most
highly stressed point on the blade. A stress analysis of each blade sec-

tion is performed for its respective maximum loads. (See section 4.2.2,
Figures 4.7,4.8, 4.9 ),

The results of the critical loads calculations are shown in tabular form
in Figures 3.3a-d.
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Figure 3.3a
Critical Loads Table

Square Wave Gust on Loaded Rotor*

Iintte Final , , ; Rotor |[Rotor
Vel. Gust |Vel. M1 M2 M3 Fi Q M Thrust|Torque
Polint{m/s g° IRPMIFactor | m/s X YIN=-MIN=-M]N=-M]N N=M]N=-M N N=-M}Cp
1 8 10°  1215] 0.5 4 14.08] All 0.6 0.3 =9,0 14.2 - 0.8] =12.4] 42.6 2;5 076
2 8 10° 1215f 1.0 8 7.04] All 30.5 0.7 -241.3] 168.7 36,2 -281.,5| '506.1| 108.6).406
3 0 10° 2150 1.9 115.2 | 3.71} Al 42.3 3.6] -290.3] 213.8 50.6| -341.2] 641.5] 151.9}.083
4 8 10° 1215 4.5 |36 1.56] All 51.6 9.8] =495.6] 438.2 66.6] -599.9{1314.6] 199.7].008
0° 0.7 0.4 =114 18.0 1a1 =157
90° =01 0.7 - 1.6 18.3 =0, =16.0
5 14 50° 1241} 0.5 7 9,02 - 59.0 3.3} .021
180‘, 0.7 0.4 =114 18.0 tel =257
270° 1.7 0.2 =17.8 22.8 2.5 =23.3
0° 40.0 0.9] -308.3] 214.8 47.5] =359.4
90° 30.7 1.7] =308.3F 2721 37,01 -445.0
6 14 50° 241 1 14 4,51 - 634.3] 124.61.105
; 180° 40.0 0.9| -308.3] 214.8 47.5] =359.4
270° 38.5 0.8] =219.7} 140.7 45,7} =253.2
0° 54.0 4,3] =362.9{ 265.0 64.5| =426.0
-90° |- 148.8 2.3| -782.2] 598.0{ 178.6] =924.5
7 14 50° {241 1.8 125.2 | 2.51 - 908.1| 288.7}.039
180° 54,0 4,3} =362.9| 265.0 64,5| =426.0
270° 26,6 0.4| =141.6 56.1 40.5| =154.9
0° 52.7 9.4 =446.3 362.5 65.2 =532.6
30°| 101.8 10.7] =719.6] 578.3] 123.9] -857.3
60°1  153.5 14,2} =992.1 805.4] 186.7]-1183.8
90°} 182.0 14.61=-1116.2] 915.2] 222.3]|-1334.0
120°} 153.5 14,2} -992.1 805.4| 186,7=1183.8
8 14 50° [241] 3.1 143.4 | 1.45— el 1008.6| 60603
1 50° 101.8 10.7 =719.6 578.3 123.9 =857.3
180° 52.7 7.4] =446.3] 362.5 65.2] =532.6
210° 59.4 0.,0] =251.5} 106.6] 100.4] ~276.9
240°] 252.8 -0.7] =52.5| -159.3| 354.4} =14.6
270°] 244.3 -0.9| =21.4| =210.7] 343.1 23.7
300°| 252.8 0.7 =52.5| =159.3] 354.4] -14.6
330° 59.4 0.0} =251.5] 106.6) 100.4} =276.9

* |nner Integration limi+ = .238 m (blade root).
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Figure 3.3b
Critical Loads Table

Square Wave Gust on Loaded Rotor*

inlt. Final Rotor {Rotor
Vel. Gust |Vel. M1 Mo M3 F1 Q M Thrust|Torque

polnt|m/s g° |rPMIFactor [ m/s | X | ¢ IN=-M|N=M|N-=-M]|N N-M|N=-M| N [N=M]Cp
0° 1.2 0.3] -12.3] 19.4 1.7 -16.9 /

90° =03 0.8 =12.8 19.7 =0.4 -l 705
20 [61.8° 1230 0.5 |10 6.03 59.3 5.010.01
180°|  1.2| 0.3 -12.3]  19.4]  1.7] -16.9

270° 3.7 0.2] =41.8 36.2 4,91 =50.4

B mmmmsdsmsmeiolhamemedin )
]

0° 47.6 0s7 -309.0 21607 56.4 =360.6

90' 3007 263 -426'4 305.3 3647 “’499-1
20 [61.8° [230f 1.0 |20 3,01 589.8] 131.0(0.03
' ‘ 180° 47.6 0.7] =309.0] 216.7 56.4| =360.6

270° 21.2 0.5] =118.6 56.2 27,47 =132.0

0°| 47.5 4.0 -328.8] 242.1] 56.8] -386.4

90°| 135.9 3.7] -887.3] 673.3] 161.9|-1047.5
11 | 20 let.8° {230 1.7 |34 |1.77 ~ 859.1| 282.1(0.01
4 ~ 180°]  47.5 4.0| -328.8] 242.1| 56.8| -386.4

{270° 81.9 =0.3] ~11.9] =94.8] 114.1 10.7

] 0° 47.3 5.2] =361.0{ 279.2 57.4| =427.5

30‘ 1 1605 9.0 =728.8 562.5 i 41.0 -84607

60°| 229.9 6.2{-1165.8] 931.0{ 277.5|-1387.4

90°] 243.7 5,7|=1290.8] 1014.6] 291.6}~1532.3

B 120°) 229.9 6.2|=1165.8] 931.0] 277.5|~1387.4
112 20 }61.8° [230] 2.25 145 2.34 - : 1005.3| 586.810.01
150°f 11645 9.0] -728.8] 562.5| 141.0] =846.7 .

180° 47.3 5.2 =361.0{ 279.2 57.4] =427.5

210° 68.5 0.1] =135.6 15.6] 105.5] =139.3

240°] 186.1 -0,7] =42.8{ =205.0{ 251.9 91.6

0 270°%F 180.8 =0.8 77.3] -263.5| 245.0] 140.0

300°| 186.1 0.7} =42.8| =205.0] 251.9 91.6

330° 68.5 0.1] =135.6 15.6] 105.5] =139.3

0° 12.6 0.2 =92.4 64.5 15.01 =107.8

90’ "‘ 5.6 6.2 "‘ ’-8 1504 =24.3 =15.5
13 73.8186.12°]130F 1.0 [73.8 | .462 =69,0{ 66.3] .00
180° 12.6 0.2] =92.4 64.5 15.0] =107.8

270° ?oes not|{compute

-~ * lnner Integration limit = 238 m (blade root).
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Figure 3.3c
Critical Loads Table

Square Wave Gust on Loaded Rotor*

Inlte Final Rotor {Rotor

Vel. 1 Gust |Vel. M1 M2 M3 Fi Q M Thrust|Torque
Polnt|m/s B° [IRPMIFactor .| m/s X PIN-MIN=-M|N=M|N N=-M|N=M N N=M
1 All
2 ALl 480.6] 105.0
3 ALl
4 8 0° 4.5 36 1.56] All 22.5 6.8 =275.4| 340.3 53.5| =555.5
<&
<
&
N\

Oo 26~8 5.5 "‘260.7 30201 5709 -509-4

}0° 5203 8.2 ‘438.‘ 493,9 1 ‘4-6 -824'6

60° 773 10,6} =569.0f 687.5] 172.7|-1134.9

90° 88.8 1102 =633.5] 779.0] 203.6}-1274.6

120°] 126.9 2.0] =687.7] 795.7] 258.1]-1342.6
8 14 50° 1241F 3.1 43.41 1.45 1038.5 417.3
150° 52.3 8,21 -418.1| 493.9| 114.6] -824.6

180° 126.8 5.5 =260.7] 302.1 57.9] =509.4

210° 11,0 3.5] =143.6] 178.5 2602 =290.5

240° 35.2 3.2] =104.1 48.8] 186.7| =144.3

270° 57.9 3.1] =79.50 =10.1] 253.,9] =71.2
186.7) =144.3

300° 35.2 3.2] =104,1 48.8

330°| 12,7 3.7] =159.1| 191.4 -316.6‘

* Inner Integration iimit = 823 m (blade root).
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Figure 3.3d
Critical Loads Table

Square Wave Gust on Loaded Rotor®*

Intte Final Rotor {Rotor
Vel Gust [Vel. M1 Mo M3 Fi Q M Thrust]Torque
olntim/s B° |RPM|Factor | m/s X PYIN=-M|N-M}]N=-M}N N=M|N-=-M N N=M}Cp
0° J
90°
9 | 20 161.8° 1230] 0.5 10 |6.03
180°
270°
: -
; 90° W
10 | 20 |e1.8° |230] 1.0 | 20 |3.01 4353‘
180° ggx
<\Q
270° W©
1 Oo
90°
20 161.8° |230] 1.7 | 34 |1.77
180°
270°
| 0° 25.4 4.1 -216,2| 242.6] 53.2| =415.9
30° 60,1 7.0] -415.6] 492.0] 132.2] -820.6
60°] 125.9 3,3] -679.8] 799.1] 260.7|=1337.5
90°| 137.5 2.2] -758.7] 880.1] 277.8}-1483.1
) 120°] 125.9 2.3| -679.8| 799.1| 260.7]|-1337.5
12 | 20 161.8° |230] 2.25 | 45 |1.34 1018.5] 458.6].010
150°] 60,1 7.0] =415.6] 492.0] 132.2} -820.6
1 80° 25-4 401 "2‘6.2 24206 5302 ‘41 5n9
210° 8.4 203 "'1 0204 ‘ ‘906 ‘8-5 "200.8
240° 33,0 1.9] =45,1] =23.2] 144.7] =25.9
4
: 270°| 66,7 1.9  =7.8] =95.4] 222.9] 70.8
300° 33.0 1.9] -45.11 =23.2| 144.7] =25.9
330° 8.4 2.3| =102.4] 119.6 18.5| =200.8
00
90°
13 | 73.8186.12°1130] 1.0 | 73.8] .462
180°
270°

* tnner Integration Iimit = 823 m (blade root).
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3.3 Important Environmental Conditions

The severe environmental conditions have been major factors in the evo-
lution of the design of the NWPCo 2kw high reliability SWECS. The basic
machine configuration and rotor speed control system were selected in or-
der to insure machine protection from extreme environmental conditions.
Figure 3.4 outlines the specific design choices made in response to each
condition.

One of the advantages of the VARCS was its compactness. It can be easily
sealed and protected from rain, salt water and ice. A1l func-

tional components are completely sealed. The VARCS is also a control sys-
tem which employs large components not critically sensitive to temperature
fluctuations. The temperature conditions posed one of the severest design
challenges in the program. All materials had to be selected for their
continued performance at extremely low temperatures. These included the
steels, aluminum, wiring insulation, coatings and grease.

It was determined that little could be done about the occurence of ice.
For this type of equipment, the primary concerns with icing are additional
system loads, functional impairment and performance degradation.

All static system wind loading calculations were made with the assumption
of increased drag and weight due to a complete covering of 2%" of ice.

This assumption was primarily responsible for the selection of the solid
leg Rohn tower. The machine geometry provides sufficient clearance between
functional parts. The final consideration of performance degrddation
applies primarily to rotor performance. While some degradation will occur,
overall power output calculations indicate that the system will still
provide sufficient power and energy for the intended applications.

Finally, care was taken in the selection of materials and fasteners in
order to reduce to a minimum the potential for aggravated electrolytic
corrosion. Aluminum parts are interfaced only with stainless steel shafts,
bolts, bushings, and bearings. In addition, exposed non-stainless steels
are galvanized and aluminum components anodized. These precautions will
assure the maximum maintainability and life of the complete system.
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Figure 3.4
NWPCo's Response - Extreme Environmental Conditions

TEMPERATURE Low RanGE

HIGH CARBON STEEL; LOW TEMPERATURE
GREASE; SPECIAL STEEL SEALS; LOW
TEMPERATURE INSULATION; -FEW MOVING
PARTS (NO GEAR BOX OR BLADE PITCH-
ING MECHANISM)

HicH RANGE :
No SPECIAL PROVISIONS REQUIRED

RAIN WEATHERTIGHT FITTINGS AND CONNEC-
TORS; TOTALLY SEALED CONSTRUCTION

SNOW, SLEET, ICING CLEARANCES PROVIDED; FEW MOVING
PARTS

HAIL RESILIENT BLADE MATERIAL

SALT WATER SPRAY MATERIAL SELECTION; WEATHERTIGHT

FITTINGS AND CONNECTORS; TOTALLY
SEALED CONSTRUCTION

DUST TOTALLY SEALED CONSTRUCTION;- WEATH-
ERTIGHT FITTINGS AND. CONNECTORS:
LEADING EDGE. TAPE; POLYURETHANE
BLADE COATING

WIND VARIABLE AXIS ROTOR CONTROL SYSTEM

CORROSIVE ATMOSPHERE MATERIAL SELECTION; TOTALLY SEALED
CONSTRUCTION

LIGHTNING INSTALLATION PROCEDURES AND TRANSI-

ENT PROTECTION
NOISE FEW MOVING PARTS; FIELD TESTING
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4, TECHNICAL DISCUSSION AND DESIGN

4,1 Introduction

The following section discusses in detail the design analysis and test-
ing of the high reliability 2kw SWECS by sub-system, i.e. rotor, alter-
nator, VARCS and support structure. A brief review of the evolution of
the design is presented with a discussion of the relevant criteria. Each
section includes a discussion of the analytical techniques as applied to
each sub-system, along with a review of component test results and their
impact on the design itself and modeling techniques.

This discussion is organized by sub-gsystem for clarity and organization;
however, it should be kept din mind that much of this work was conducted

simultaneously on the whole machine.

4,2 Rotor Design Analysis‘and Testing

4,2,1 Preliminary Design Development

The initial proposal specified a three blade 3.32 meter diameter fixed
pitch rotor, using twisted blades and a GU-25-5-(11)8 airfoil section.
The diameter of 3.32Zm was based on assumptions of a lkw generator capa-
city with 85% efficiency at rated output, to be achieved at 9 m/s. The
GU airfoil was proposed initially due to the availability of data at re-
latively low Reynolds numbers (down to 3.9 x 107), and due to its struc-
tural characteristics (20% section). The blade material selected for
study and development was Sitka spruce. NWPCo had extensive experience
with the performance and fabrication characteristics of this material.

Through the initial stages of the program, preliminary trade-off analyses
and component testing indicated some major changes. An analysis of poten-
tial load configuration and power requirements in a typical wind regime
was conducted in order to determine optimal generator capacity in the 1

to 4 kilowatt range with regard to overall system costs per kilowatt for
each option. The complete analysis is included in Section 2.3. This study
indicated that a 2kw machine was most suitable for development under this
program,

Early generator designs indicated that maximum efficiency would be limited
to 75%. As a result, we increased the rotor diameter to 5 meters. (See
Figure 4.1.)

Wind tunnel tests of the GU airfoil by NWPCo at the MIT wind tunnel did
not confirm preliminary extrapolations of available low Reynolds numberg
data at 3.9 x 107, Later full scale rotor testing at the NRC wind tunnel
in Ottawa, Canada confirmed that this airfoil was subcritical in the low
range of operating Reynolds numbers and, therefore, unsuitable for further
development. (See Section 2.2 for discussion of early testing.)

However, the three blade configuration continued to indicate superior
stability and start-up characteristics. The VARCS provided more than
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adequate control and safety so that the blades remained fixed in pitch.
Further work was done in order to specify the actual blade twist schedule
and planform.

As a result of the first four months of rotor design work, the primary
elements of the final design were selected for analysis and testing. De-
sign criteria for application throughout the balance of the program were
identified and made the focus of the design effort.

4.2.2 Final Design Analysis and Specification

In research subsequent to the rejection of the GU airfoil, the N60 airfoil

with 12% thickness was discovered. Data by Schmidt 2 showed a critical Rey~
nolds number of 6.3 x 104, well below the low range for this blade of

11.0 x 104, (See Figures 4.2 and 4.3 for airfoil data.) In order to make

up the structure lost in the 127 N60, a second airfoil -- the G 625 with

a 20% thickness was found in the Schmidt report and used in the first

third of the blade length, This airfoil also has good characteristics

at low Reynolds numbers -- critical at 10.5 x 107, although it exhibits

a somewhat lower maximum lift to drag ratio.

In order to reduce material costs and enhance blade manufacturability, it
was established that the blade must be able to be carved from a 2" x 8"
lumber section (see Figure 4.4.) This major design criterion restricted
the maximum twist at the inboard stations. The G625 section is fit in
the section with maximum chord of 20 cm and a maximum twist of 130, per-
mitting 12.5 at the transition to the N60. Strip theory calculations on
a blade with this twist schedule indicate sufficient starting torque to
permit early start up of the unloaded rotor, especially in consideration
of the absence of any geared transmission friction losses. The twist is
linear around a continuous aerodynamic center at the quarter chord (see
Figure 4.5.) The intermediate twist schedule is selected to acheive a
fair transition from station to station while optimizing the axial inter-
ference at each station. (Figure 4.6 shows the blade specifications

from the final design.)

The airfoil characteristics, twist and planform were then filed for use

in the crossflow program described in Volume III of this report. A com-
plete rotor load chart is included in Section 3.3 (see Figures 3.3a-d) and
the largest of the loads calculated for each load parameter (ml, my, M3,
f1) is analyzed in order to determine the structural capability of the
blade design in the predicted wind regime. Figures 4.7 and 4.8 detail
this stress analysis and identify the particular load condition for which
the calculation is performed. No significant static torsional loads were
identified. Also, no serious in-plane or shear stresses were discovered
for this blade design. However, out of plane loads are substantial and
stresses were found to be high., 'Two seéctions were examined: the root
(.238m) and the one third radius (.823m) at the transition to the N60,
under both loaded and unloaded conditions for each section. The most
serious stress condition occurs at the .827m radius under no-load condition
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Variation of Lift Coefficient with Reynolds Number for the N60 Airfoil
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Variation of Drag Coefficient with Reynolds Number for the N60 Airfoil
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Figure 4.4
Blade Airfoil Sections
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Figure 4.5

Foreshortened 5-M Blade Blank Profile (Bottom View)
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Airfoil #2
r/R
Type

Section

Critical Reynolds

Number

Airfoil #1
r/R
Type

Section

Figure 4.6

Blade Specifications

.238m to .823m (30% radius)

GU25
20% of chord length

10.5 x 104

.823m to 2.5m
N60

12.5% of chord length

Critical Reynolds

Number
L/D max.
Cy, max.

CD max.
Twist

Plan Form
Taper

Span

Aspect ratio
Solidity

Tip

6.3 x 104

56 @ 10° angle of attack
1.25

.01

Non-linear to approach a = .33

Linear 20cm (8") to 8cm (3.1")
2.3m

19.7

43
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Figure 4.7
Blade Stresses (Loaded)

Blade stresses will be examined at the blade root (r = .238m)
at the termination of the structural section (r = .823m).

Blade Root: The section here is rectangular.

N = Tc. I T = bh3 = 8bc? = 2bc3
]e J 12 1z 3
b ——>| c/T = 3
2be?

Bending Stressl= MC/I.

At the root, b = 6.00", h = 2", ¢c = 1",

i : Bending Safety3
Type of Bending Maximum Moment? Cc/I Stress Factor
In Plane 229.9 N-m = 2022 in. 1lb. .083 168 psi 60
Out of Plane ~=1290 N-m =11417 -in. 1b. . 250 2854 psi 3.6
Shear

Maximum Shear = 701 Newtons = 157.5 lbs.
Cross-sectional Area = 1-.5 in.?2
Thus, shear stress = 15 psi L to the grain.

1. Centrifugal loads not included in stress calculations.

2. Maximum Moments: Based on a gust factor of 2:25 at a mean
windspeed of 20 m/s and pltch angle of 60° with rotor loaded
operation at 200 RPM.

3., Safety Pactors: Based on modulus of rupture of 10,200 psi
(Sitka spruce at .4 + .01 specific gravity).
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Figure 4.8
Blade Stresses (Loaded)

Stresslat r = 0.823m:

The neutral axes of the N60 section have been determined and are
sketched below. 5

Crossectional area = 5,628 in

NA out of plane

19.428 in.4 T

I in plane =
I out of plane = 1.385 in.%
C in plane = 4.60 1in.
C out of plane = 1.02 in.
Chord = 8 in.
Twist = 11°
Bending Safetyy
Type of Bending Maximum Moment c/1 Stress Factor
In Plane? 137.5 N=m = 1210 in - 1lb .237 287 psi 35
Out of Planel  =-275 N-m = -2435 in-1lb .737 1728 psi 5.9

Shear
Maximum Shear Force = 335 Newtons 75.0 1b.
Shear = 35.2 psi 1 to the grain.

1. Centrifugal loads not included in stress calculation.

2. Maximum Moments: Based on a gust factor of 2.25 at a mean wind
speed of 20 m/s and pitch and of 60° with rotor loaded operation
at 200 RPM.

3. Maximum Moments: Based on a gust factor of 4.5 at a mean wind
speed of 8 m/s and a pitch angle of 10° with rotor loaded ooberat-
ing at 250 RPM.

4. Safety Factors: Based on modulus of rupture 10,200 psi (Sitka
spruce .4 ¥ .01 specific gravity.
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when the rotor is subject to gust factors of 4.5 at a mean wind speed of 8m/s
(see Figure 4.9 ). 1In light of this condition, we have moved the
transition point further out the blade radius to reduce the cantilever

and provide more material for structure at the inner radius.

An amalysis of the blade was performed in order to determine the point

at which centrifugal failure of the Sitka spruce blade would occur. This
analysis indicated that the RPM at failure proved to be very high (2170
RPM), well above the speed of which the rotor is capable under the most
extreme conditions.

The detailed aeroelastic analysis was performed by Dr. John Dugundji of
MIT. Blade frequencies out of the plane of rotation (8 Hz) and
torsional (28 Hz) were measured. Dr. Dugundji also calculated these
values for the blade structure. With allowances for experimental con-
ditions, calculated values were empirically verified and used in the
flutter analysis.

Truck tests of the rotor locked at 90° pitchback in a 50 mph wind indicated
that the rotor tended to orient with one blade upwind and the other two
swept back. Correcting the blade semi-chord for this swept back position
(60° off perpendicular to the wind) and using the torsional frequency 28Hz .
the calculated flutter wind speed for the blade was 287.5 mph, well above
the maximum design condition for this rotor. Dr. Dugundji also performed
an analysis of the bending frequencies for a Unarco-Rohn 45 GSR guyed

tower specified for this system. The first and second tower bending
frequencies were graphed with the first and second out-of-plane blade
bending frequencies, correcting for the effect of rotational speed
on blade stiffness. (see Figure 4.10.) The analysis indicated no
potential interaction of rotor forcing functions and/or system fre-
quencies.

Figures 4.11 and 4.12 describe blade coating properties and leading edge pro-
tection selected by NWPCo. The one-part moisture-permeable polyurethane coat-
ing has been used successfully for blade surface protection by NWPCo in its
Eagle manufacturing program. It meets all its specifications and offers
extreme ease in application. The leading edge tape is used commonly for
helicopter rotors. NWPCo's experience in its truck testing program has
confirmed its excellent adhesion and extraordinary abrasion resistance.

4,2.3 Final Design Testing and Verification

Due to the rotor pitch method of speed control, available analytical models
of rotor performance were not adequate. A dynamics review was held at NWPCo
to develop a theoretical model for predicting rotor loads and performance
throughout the pitch range. In addition, an ambitious test program was
proposed to verify the adequacy of the applied theory, to confirm

the values used to design the pitch control spring and to develop

test data on the system dynamics. This test program was carried out in two
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Figure 4.9
Blade Stresses (Unloaded)

Stress at r - .823m (airfoil transition)

Maximum loads have been calculated for a mean windspeed of
8 m/s and a pitch angle of 10° with the rotor unloaded op-
erating at 455 RPM.

Bending Safety
Type of Bending Maximum Moment™* Cc/I Stress Factor*
In Plane 213 N-m = 1,884 in-1lb .237 446.5 psi 22.87
Out of Plane 1146.4 N-m = 10,139 in-1b .737 7472 psi 1.36
Shear

Maximum shear force = 1299 Newtons = 292 1b

10.5 in 2

Crossectional area

Thus, shear stress = 27.8 psi .l to the grain.

Maximum Moments: Based on a gust factor of 4 at a mean wind-
Speed of 8 m/s and a pitch angle of 10°.

Safety Factors: Based on modulus of rupture 10,200 psi )
(Sitka spruce .4 + .0l specific gravity). Centrituagal loadina
not calculated.
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Figure 4.10
Campbell Plot for NWPCo 2kw SWECS




Figure 4.11
Blade Coating

Type One part polyurethane
Application 3 coat spray
Characteristics Excellent salt spray resistance

Excellent abrasion characteristics

Good impact resistance
Excellent bond to wood

Experience ' Used in North Wind Eagle remanu-
facture

In-house abrasion tests with sand-
blast

Experience in truck tests confirms
manufacturer's claims
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Figure 4.12
Leading Edge Protection

Type Scotch 3M Abrasion-resistant Film
: .012" thick

Application Self-adhering

Characteristics Excellent abrasion resistance

(aircraft leading edge protection)
Excellent solvent resistance

UV resistant

Experience In-house sandblast test showed
no wear.

Truck test experience indicates

outstanding durability and ad-
hesion.
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series on a moving test bed (a truck). The first of these was designed

to measure rotor power throughout the pitch range and at varying tip speed
ratios. Simultaneously it was intended that this test would measure the
force at the hinge pin to be opposed by the spring in order to maintain
desired rotor output.

For the test bed a l%—ton Dodge 4x4 surplus military weapons carrier was
selected. This vehicle provided a substantial support

for the test structure, with four wheel drive, a winch and an enclosed bed.
A tiltable Rohn 25G tower was mounted on the front bumper to support the
SWECS sixteen (16) feet above the ground. An anemometer boom extended eight
feet ahead of and four feet to the side of the truck. All instrumentation,
inverters, field controls and loads were operated by test personnel in the
rear cab. (See Figure 4.13.) Rotor pitch was fixed using a BLH load
beam at which bending strain was measured. (See Figure 4,14.) With this
facility the rotor pitch could be fixed for a test run during which loads
and/or current could be varied to vary tip speed ratios. Wind speed and
direction relative to the truck were measured, alternator field and line
voltage and amperage were measured, and rotational speed and bending strain
at the load beam were measured. All these parameters were recorded on an
eight channel strip chart.

The second series used this same test bed to assess operational speed con-
trol system performance and observe system pitch dynamics., In this series
the measurement and recording of pitch angle was substituted for load beam
strain. Results from this load beam data and this second series will be
reviewed in a later section.

At the dynamics review it was determined that maps had to be developed of
the roter coefficients of power and coefficient of thrust as a function

of tip speed ratio. It was decided to use the work of Lissaman and Wilson
as a starting point and modify the analysis to account for extreme cross
flow angles. This is accomplished by applying the crossflow angle to re~
compute the resultant angle of force (§) for each of the blade stations

and azimuthal positions requested. (See Figure 4.15.) Figure 4.16

shows the resulting Cp map for our final rotor design across the full oper-
ating range of tip speeds and for each representative pitch angle. (Rotor
thrust calculations and the C; map will be discussed in Section 4.4.)

The desired pitch angle was fixed and the test was run at a selected wind
speed within the operating range for that pitch angle. For each angle
during a run, the alternator field circuit excitation was varied. This
technique permitted variations of tip speed ratio and duplication of data
points from dynamometer tests of the alternator. This test was necessary
to determine rotor power output for calculation of Cn. Figure 4.17

is a sample test run at 100 pitch. Each track is identified at

the left. Note the effect of varying field resistance on line voltage and
current and on rotational speed (RPM). This run was taken at approximately
15 mph. Vertical lines outline data points. The data record shown took
slightly over three minutes.
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Figure 4.13

Truck Test — Preliminary Support Structure
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HDB=y-a ¥
2)B+o +a 90°
3)9T+a+y=90° i
4) :.eT+u=90°-y

Substitute 4) into 2)
g +90° - y = 90°
JB =y

y +¢ = 90°

o=

torque loss)
due to dragj

S

T twist angle

Elemental torque

%9-= L cosy - D siny
=L sin¢ - D cosp=C q Apgp

Vo (1l = a)«

Elemental axial force

AAF = L siny + D cosy
=L cosd+ D sind= C,q Azsp

(1 + al)

a= axial interference factor
a'= tangential interference factor

Figure 4.15

Blade Element Force Diagram
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Figure 4.16
Power Coefficient Vs Tip Speed Ratio at Various Pitch Angles for Rotor #7
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Figures 4.18 through 4.22 present rotor performance data points over-—
laid on the theoretical performance curve of the rotor for that rotor pitch
angle. These five angles were chosen as representative. The minimum

angle that insured safe tower clearance was 10°. The maximum angle at
which power could be generated was 70°. In fact NWPCo was unable to sustain
field current at this angle without losing rotational speed.

Although severe test conditions (temperatures below OOF) limited the total
samples taken, the rotor data that was procured exhibits excellent repeat-
ability, not just from run to run, but from day to day, and it exhibits
sufficient consistency to draw some important general conclusions about the
effectiveness of this model in predicting the performance of wind turbines
in extreme crossflow.

In general, the rotor appears capable of extracting somewhat more power

than Lissaman and Wilson predict. This conclusion must be tempered by the
observation that a wind speed correction factor applied to the 10°

data will bring the data points into the curve. However, this same factor
does not correct the data at higher pitch angles. The truck it-

self may have caused a disturbance of the flow field so that the anemor
meter read a lower wind speed than the rotor saw. The larger discrepancies
at high pitch angles definitely indicate an aerodynamic effect not accounted
for by the Lissaman and Wilson model,

The conclusion has been supported by truck testing of an active VARCS. 1In
original spring calculations, theoretical rotor performance values were
used to determine the necessary control spring rate. In truck tests, rotor
output continued to increase beyond the pitchback angle at which predictions
had indicated that it would drop off.

4.3 Electrical System Design Analysis and Testing

4.3.1 Preliminary Alternator Design Development

In its initial proposal NWPCo specified a 1-4kw low speed DC generator.
Subsequent trade-off analyses indicated that a 2kw genmerator better suited
the load requirements and offered significant cost advantages. (See Section
2.3.) Further study revealed the advantages of an AC alternmator over the
DC generator (see Figure 4,23.)

Once the alternator was chosen, three possible rotor configuration options
existed: (1) conventional wound with laminations; (2) permanent; or (3)
interdigitated. Each of these rotor options was investigated

for performance, applicability to battery charging, ease of manufacture,
reliability and cost. The conventional wound-type rotor was eliminated
early in the analysis because of high field power requirements, difficul-
ties in manufacture, and centrifugal forces acting upon the windings.

The permanent magnet and interdigitated options both showed favorable per-
formance, reliability and cost characteristics. Figure 4.24 is a repre-
sentation of the three rotor configuration options.
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Cp Vs Tip Speed at 10° 8
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Cp Vs Tip Speed at 31,5° B
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(1)

(2)

(3)

(4)

Figure 4.23

Trade-off Analysis of 2Kw DC Generator Vs 2Kw AC Alternator
with Wound, Permanent Magnet or Lundel Rotating Field

GENERATOR

Brush selection not scientific
process; brushes are subject to
wear and must transfer high cur-
rents (70+ amps).

Localized heat caused by bar-to
bar voltage as brush moves over
commutator causes wear.

High current in rotating arma-
ture in a low voltage machine
leads to manufacturing diffi-
culties, since heavy wire must
be inserted in slots. This wire
is then subject to centrifugal
forces which may lead to fric-
tion. ‘

Estimated Costs = $1565.00

49

ALTERNATOR

(1) Rectifier diodes easily
calculable with demon-
strated reliability.

(2) Permanent magnet requires
no slip rings or brushes.
. If wound or Lundel rotor
is used, only field cur-
rent (5 amps %) is trans-
ferred and there are no
bar-to-bar type voltage
variations over the smooth
slip ring surface.
(3) Wound rotors have smaller
wires in slots, but are
still subject to centri-
fugal forces and friction.
Permanent magnets eliminate
wire. In the Lundel, the
rotor has one coil wound
around the central shaft
in .the shape of a solenoid,
rather than one coil per
pole. Hence, stresses in
operation are in tension.

(4) Estimated Costs = $1035.00




Luhdel Laminated Rotor
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Permanent Magnet
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Figure 4,24

Generic Rotor Types
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A trade analysis between the permanent magnet and interdigitated rotor op-
tions was conducted with the following results:

1. Permanent magnet with magnets in casting or in Lundel type casting:
a. Advantages:
No sliprings
Best theoretical efficiency at rated RPM
Variable stack length
No losses to field.

b. Disadvantages:
Assembly difficult
Difficult to magnetize
Cogging losses
Voltage - RPM curve not appropriate to battery charging without con-
trol
Overspeed-voltage control difficult
Flux density permanently reduced by temperature extremes

2. Lundel/Wound Rotor (Interdigitated):
a. Advantages:
Theoretical efficiency close to permanent magnet
Best voltage - RPM curves for battery charging
Easier regulation in overspeed conditions
Casting material availability
Ease of assembly and manufacture

b. Disadvantages: .
Efficiency at rated RPM lower than permanent magnet
Stack diameter to length ratio limited

A wound rotor was recommended by NWPCo, as opposed to a permanent magnet
rotor, due in part to the greater control of the electro-magnetic field.

A mechanical speed control was designed so that a loss of load enhanced the
response characteristics of the mechanism. Therefore, it is felt that contrc
of the field was acceptable from the point of machine survival. Field con-
trol was desirable due to the low power switching demands of the field as
opposed to those of the line output.

4.3.2 TFinal Alternator Design Analysis and Testing

NWPCo's 2kw low speed alternator is rated to produce 2.5kva AC at 32 volts
rotating at 250 RPM with an alternator efficiency of 70%. The stator is a
three-phase, lap-wound silicon steel laminated configuration (see Figure
4.25.) The Lundel rotor consists of two six-fingered opposing castings
connected by the steel core. The interlocking fingers constitute the 12
poles of the rotor. The rotor winding is coiled around the core, therefore,
not subject to shifting caused by centrifugal force. The solenoid type wind-
ing is simple and inexpensive to manufacture and in this configuration re-
quires approximately 1/6 of the field power of a conventional wound 12 pole
rotor. The system self-excites using the residual magnetism of the Lundel
iron to induce a voltage in the stator. As shown in Figure 4,25, the flux
path is from the positive rotor core to the positive Lundel teeth, where

it jumps the clearance of 0.060 in. to the stator. The path from this point
is through the stator to the negative teeth, down through the negative core
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stator

rotor coil

rotor core

rotor
tooth

(arrows indicate
flux path from
positive to
negative Lundels)

Figure 4.25

Lundel Alternator
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and across to the positive core, from which it again flows to the positive
teeth and the stator, etc. The machine must rotate at 200 RPM

before the induced voltage can overcome the stator resistance and the for-
ward drop of the rectifiers. The electromagnetic field will then build

to 32 volts and the machine will pick up the battery load.

Most of our work has focused on the development of the alternator rotor.
There is virtually no documentation of Lundel rotors in this size and speed
range, so our testing program has been directed at confirming the theore-
tical calculations used to predict alternator performance.

NWPCo's dynamometer is a precision motoring dynamometer. The following
description specifies the dynamometer as it was set up in the NWPCo shop

in August 1978. The overall design of the dynamometer allows for a variety
of other specifications and applications at a small expense. Figures 4,26-27
show the generalized plan and functions of the facility in two degrees of
detail.

The drive section consists of a 10hp DC 0-3000 RPM motor, a 10 hp preci-
sion motor controller unit designed and built by Schulz Controls, Inc.,
New Haven, Connecticut, and custom instrumentation filters, amplifiers and
read-outs designed, built and installed by NWPCo.

The motor controller features 0.5% maximum error speed regulation, using
a tachometer feedback network. The motor drive is a nominal 10 hp drive
with current (torque) limits from 30% to 1507% with 3% holding accuracy.
Up to 150% of torque is supplied for limited durations, with programmable
time constants for error correction, load change and acceleration.torque
demands. The motor can be fully stalled at the 30% to 50% torque limit
setting indefinitely with complete safety. Other motor controller features
include motor thermal sensing and readout of all error junction signals,
as well as all motor voltage and current levels through the NWPCo instru-
mentation system. In short, the drive section of the dynamometer is ver-
satile in its programmability and precise in its performance and instru-
mentation.

An 8:1 RPM reduction is achieved using Wood's timing pulleys and belts, in
two reductions. Wood's timing belt drives provide a positive, non-slip,
uniform-speed transmission, wide speed range and high efficiency. This
transmission was designed with a minimum 1.5 safety factor, for a rated

10 hp. The two transmission shafts--1% in. and 1 5/8 in.--are supported
by Dodge self-aligning pillow blocks. A Wood's sure-flex coupling pro-
vides a non-slip, flexible connection between the test unit and trans-
mission shaft.

A Wertronix tachometer generator (100 vDC, 1000 RPM) is used for RPM output.
Transmission from the test unit shaft is achieved using a Wood's timing
belt drive with a 1:2 speed ratio.

The torque which is applied to the altermator shaft is instrumented to less
that one foot-pound resolution using a hybrid system of stock BLH and cus-
tom NWPCo instrumentation modules.

The generator (alternator) under test can be monitored in synchronous, bat-
tery, or straight resistive load configurations under a wide variety of
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electrical loads in a self-excited or programmable external excitation
configuration.

NWPCo custom instrumentation consists of analog, digital meter, oscillo-
scope and strip chart recorder precision monitoring of:

1) Output voltage

2) Output current

3) Internal temperature
4) Vibration

5) RPM

6) Torque input

7) Field output

8) Field current

Our first prototype failed to meet design calculations producing a maxi-
mum of 1227 watts. An examination of the no load curves indicated a pre-
mature saturation of the magnetic flux path in the rotor. The initial
slope of the curve indicated that there were no unspecified air gaps.
Tests also indicated a significant voltage drop of load applied. Figure
4,28 compares no load DC voltage versus current (amperes) for all the
subsequent modifications of the intial rotor. The highest curve is cal-
culated using the conventional value of 1.8 for K2 (rotor loss factor).
The lowest curve represents the actual test values from the first rotor.

In an effort to analyze the saturation problem an extensive testing program
was initiated. Using exactly the same stator stack and rotor coil, a series
of modifications was performed on the original rotor (Rotor 1A.) 1In the
first of these, 1/8-in. steel plates were bolted under each finger to en-
large its cross-sectional area (Rotor 1B). See Figure 4.29 for a cross-
section at the center of the alternator which shows the stator, original
Lundel fingers, the plates, coil, sleeve and original core. Next, the
plates were removed and a 5/16-in. thick sleeve was fitted around the rotor
core to increase its cross-sectional area (Rotor 1C). Rotor 1D incorporated
both modifications simultaneously. The test results indicated that the
fingers and the core were saturated due to inadequate or poor magnetic
characteristics.,

At this time a second alternator was fabricated using the same stator

stack and rotor coil with an entirely new set of castings from the same
heat as the first set and a new shaft and core of the original dimensions
made from a low alloy, mild steel -- SAE 1018. As Figure 4.30 shows, this
single variable resulted in performance almost matching that of Rotor 1D,

On the basis of this test program, it was concluded that the rotor geometry--
particularly tooth and core sections and clearances—-is crucial. In addition, th
rotor material specification must be strictly defined and controlled to
assure its magnetic characteristics. Significant improvement would be
possible with a core~iron containing .1% carbon or less.

56




ey
o N
SO o T
sz el
F— = o et RS
- <L & “O,...U
— 3 S =
TR [ 7 ]
- USm - Md
— O -
S| =38 e~
— = O et
: 220 | in
L [
ZM?. N
_ SR S m!l.i- .
- I
Rt et ,.||4.| po 4~\‘ —
i .
. i
. ) i
YTrITTTE T T H
! i

Kg= 2.2

T

‘|'|\Computer

e

aa] 4
—r -
“ i
5 3
Ll ¥
o i
[2'4 Lo

i
|

P S

i

R aaha st £

"6 5/8

@ <
S H
C 3
(&) T T
o < : v
L&« N — . .
& = B o p T
[o Nl I ~ ' .
..m.l. - =z | S
o @ o
o S '
— O - T
(&4 - L
] &~= 5SS
Q BT
b= 1
(-4

S10A 00 8

Field Current-Amperes

Figure 4,28

2Kw Alternator No-Load Saturation
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Prototype Alternator Section
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4.3,3 Final Alternator Design Specifications and Tests

On the basis of the test results from alternator #1 (a-d) and #2, a third
alternator prototype was specified and analyzed with a computer model us-
ing appropriate values derived from the test program. Table 4.30 indi-
cates the changes made between alternators #1, #2 and #3. (See Figure

4,31 for cross-section of #3.) 1In the stator, the diameter was increased
to increase overall output and allow larger rotor outer diameter. The sta-
tor yoke was decreased to make better use of yoke area and further enlarge
the stator inner diameter. The enlargement of the slot area and opening
permit the use of a heavier wire in the winding.

The increased rotor diameter permits a more favorable length-to-

diameter ratio, and hence, a greater core sectional area. Larger finger
cross-section and more space for the field winding also becomes possible.

The casting was changed to eliminate the need for an extra core

piece and, therefore, eliminate one potential air gap. An extremely low-car-
bon (C=.08%) magnetic iron was found for the Lundel casting which greatly
improves the magnetic permeability of the section in the flux path. As

a result of these changes, the rotor leakage factor (K2) is reduced from

2.2 to 1.8 (calculation based on dynamometer tests).

At this time, the stator and rotor windings were re-specified to reduce
stator losses and decrease field power requirements, thus increasing over-
all efficiency.

Laminations and Lundels for Alternator #3 were received in late February
and early March 1979. The stator stack was laid up and wound according
to the specification presented at FDR. Testing began shortly thereafter.

No-load tests indicated that the rotor saturated at lower voltage than ex-
pected (75 vDC vs. 77 vDC). Externally excited load tests, however, indi-
cated that power output was more than satisfactory. At 250 RPM with 4 am-
peres in the field, the output was 2508 watts (DC) with a .59 ohm load.
With maximum input, field output was 4042 watts with a 2-ohm load. Self-excited
tests showed that the alternator produced a maximum output of 2100 watts at
250 RPM with a 1 ohm load. At this condition, the output voltage was 42
vDC with 3.6 ampere field current. The overall efficiency was 75%Z. It was
concluded from this test that rotor saturation was limiting voltage, and
hence current to the field. Previous tests had indicated that between 4
and 5 amperes in the field were required to achieve the desired output. A
new field coil was then wound, using one gauge heavier wire and the same
number of turns (858 turns, #16 AWG.)

In subsequent tests with the new field coil, the alternator produced 2950
watts DC output at 250 RPM with 5.6 amps in the field at 50v. The overall
efficiency was 73% with a 1 ohm load. Increasing the load to 1.7 ohms de-
creased output to 2691 watts at 30 vDC at an efficiency of 68%. The field
would not support heavier loading.

Once self-excited, the field would not build until 200 RPM. Cold, the
rotor had no measurable residual magnetism and the alternator would not
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Figure 4 ¢ 30
Table of Alternator Changes

ITEM NOS. 1 & 2 MO, 3
Stator 0.D. 14.375 15.375
Rotor 9.843 11.199
Yoke 1.085 .710
Slot Area in 2 .335 . 581
Slot Opening .098 .252
Rotor Core Diameter 6.000 6.875
Rotor Core Length 3.000 3.500
Rotor End Thickness 1.370 1.500
Finger Area in 2 1.165 1.277
1L/D Ratio .305 . 268
Stator Winding 11t,10AWG 9t,13AWG
Rotor Coil 858t ,19AWG 858t ,17AWG
Rotor Leakage 2.2 (meas.) 1.85 (cale.)

A. Stator Changes
1. Increased diameter allows for increased output, requires no major
mechanical changes.
2. Moving slots outward better utilizes yoke area; gives larger stator
I.D.
3. Larger slot area allows for heavier winding.
4. Effect of these changes is easily and accurately calculated.

B. Rotor Changes

Increased diameter provides lower L/D ratio.

Greater core area.

More space for field coil winding.

Use of two-piece core/finger construction eliminates air-gap .
Specification of Genecast G47 alloy will greatly improve magnetic
quality of rotor.

6. Rotor leakage factor (K2) should decrease to 1.85 or less.

Li Wi

C. Winding Changes

Changing stator from 11-9 turns reduces reactive losses by 3.
Stator losses decrease by 43%.

. Field power decreases by 43%.

Overall efficiency up from 637 to 73%.

. Rated output voltage still reached at less than 150 RPM.
Changing rotor from 19AWG to 17AWG decreases voltage requirement
for rated field current by 267.

Lt W
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self-excite. This was due to the high permeability of the Lundel material.
Permeability and retentivity are inversely proportional, Some degree
of permanent magnetism had to be introduced in the rotor.

Therefore, a hardened tool steel washer was fabricated and clamped in the
core between the two Lundels. It was designed to provide the residual mag-
netism necessary to induce enough stator voltage to overcome the forward |
drop across the diode bridge. This induced voltage requirement is very
small, on the order of 2 v at 250 RPM, no load.

Complete dynamometer tests were conducted on the #3 alternator with a
1/16-in. hardened-tool steel washer (#3b) (see Figure 4.32.) The addition of
the magnetic material sandwiched in the core between the Lundels allowed

the alternator to self-excite at approximately 190 RPM with no apparent
penalty in overall output or efficiency. However, this excitation RPM was
considered too high. Using materials on hand, a second washer was pre-
pared and sandwiched with the first, thus doubling the mass of magnetic
material (#3c). Excitation RPM was thereby reduced to 180 RPM.

The rotation speed was still considered too high and a better magnetic
material was specified. A 1/8-in thick washer was fabricated and in-
stalled using this material. This new material reduced excitation speed
to 165 RPM. At this point, the design was frozen with respect to the mag-
netic requirements for self-excitation.

The optimum operating voltage for #3 and #3d stator and rotor windings
was approximately 45 vAC. To charge a nominal 24 vDC battery bank

32 vDC is required to account for diode drop (2 vAC), slip-ring losses,
and line losses and still provide 26,4 vDC to the batteries.,

A new stator and rotor winding was, therefore, proposed and prepared for
testing. This winding pattern was designed to produce 2300 watts with
optimum efficiency at 250 RPM at 31 vDC.

4.3.4 Power Conditioning and Transmission Design Development

The final alternator design produces 3 phase AC power. Some form of rec-
tification is therefore required to provide DC voltage for charging batter-
ies while maintaining maximum reliability and producing minimum signal
interference. In addition, power has to be transmitted from the generator
in free yaw, down the tower to the load (see Figure 4.33.) NWPCo spe-
cified a full wave bridge, using one diode per phase per side. This con-
figuration maximizes efficiency and minimizes DC ripple. The diodes used
are General Electric #A70PB (IN3296 & IN3296R).

For the alternator field, 2-in diameter by 9/16-in wide brass slip-

rings were specified. The field brushes are .25-in square metal gra-
phite, two per ring. Since rectification takes place on the unit, only
three power leads are required off the tower: output negative, common
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Figure 4,32

2 KVA Alternator Numeration

NUMBER STATOR ROTOR OTHER
3 9 Turns, 4 in Hand #13 858 Turns #17 _
3A -same- 858 Turns #16 _
3B ~-same- -same- .0625 496 steel washer
3C -same- -same- 2-.0625 496 steel washer
3D -same- -same- .125 497 steel washer
4 11 Turns, 4 in Hand #14 540 Turns #14 .125 497 steel washer
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positive and field negative. Three brass slip-rings, 6.03-in diameter
by 11/16-in wide, were specified for transmission off the tower. The
two sets of power brushes are 1/2-in square metal graphite, two per ring.
The field brushes are .25-in square (the same as the alternator), two
per ring.

The power cable specified is #2 AWG copper for 100 feet of transmission
from tower top to load. TFor a load at 24 volts, 2kw, the voltage drop is
calculated to be 2.7 volts.

The alternator voltage at peak output has been established at 32 volts AC
to account for charging a 12 cell battery bank at 2.2 per cell, 2 volts
forward drop at the rectifier and up to 3.6 voltage drop in transmission.
The field regulation has been set to limit output voltage at the battery
to 28 vDC to protect the batteries from over charging. The setting can be
varied for different battery banks.

4,.3.5 Regulator Design Development

The 2kw alternator produces variable voltage up to 57 vDC at 300 RPM. 1In
order to protect the battery from overcharging, additional voltage regula-
tion is required when output exceeds demand at the load. The VARCS remains
an effective speed governor with and without shaft loading. Due to consid-
erations of reliability and expense, and in light of the above mentioned
characteristics of VARCS, NWPCo chose to regulate the voltage in the field
circuit. A number of alternatives for this type of control are available
including variable resistors with electromechanical relays, linear solid
state transistors and solid state switching regulators. NWPCo chose the
last of these alternatives due to its inherent reliability, minimal heat
dissipation and low cost.

Using a reference oscillator, a reference voltage is established (see Fig-
ure 4.34. ) The voltage set and error sense monitor alternator voltage.

As voltage exceeds the reference, the switching transistor switches the
field current while a free-wheeling diode maintains the field current dur-
ing the off cycle., The switching transistor, acting as an on/off switch,
is on 100% when alternator voltage is below the reference. This percentage
is reduced to a minimum as the batteries charge up and output voltage re-
sets to the reference. Switching takes place at 1000 Hz. A shunt and cur-
rent limit prevent overload and an additional regulator protects the inte-
grated circuit. An additional reverse current diode prevents battery dis-
charge.

In order to maintain maximum field power at start-up and assure an initial
zero voltage drop at the regulator, a start-up circuit was added consisting
of a zener diode, transistor and electromechanical relay which is closed

to bypass the regulator at start-up and opens when field voltage begins to
rise.

A Ferranti IC was chosen for the regulator because it required a minimum
of peripherals and offered additional control functions such as current
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limiting and load dumping. NWPCo's regulator uses the current limit capa-
bility to protect against overload and short circuit, acting as a self-re-
placing fuse.

4.3.6 Lightning Protection Provision

The objective of this effort was to provide protection of the entire elec-
trical system in case of lightning strikes and lightning-induced transi-
ents and surges. The system consists of the alternator rectifier diodes,
the power wiring, the tower transmission, the field regulator and the load.
NWPCo's past experience has indicated that very little can be done to pro-
tect against direct hits, however, provision can be made against mild and
indirect strikes and induced transients.

All system components have been enclosed in grounded metal shielding; the
diodes in the alternator, wires in metal conduit and the regulator in a
metal cabinet. Heavy insulation and high voltage rated components are
specified in the system to provide the capacity to withstand voltage spikes
not absorbed by the voltage absorber set in the circuit from positive to
negative ground, positive to negative, field to alternator negative. (See
Figure 4,35, ) 1In addition, active transient suppressors have been pro-
vided in the form of metal-oxide varistors to provide an alternative path
~ to ground whenever wiring exceeds a given voltage with respect to ground.
As Figure 4.35 shows, suppressors are provided from positive and nega-
tive to ground, positive to negative, field to alternator negative. MOV's
are excellent for this application because they have a high response knee,
high dissipation characteristics, and are also bidirectional and quite
inexpensive.

4.4 VARCS Design, Analysis and Testing

4,4,1 Preliminary Design Development

In its proposal to design and develop a high reliability wind system, NWPCo
specified a variable axis rotor control system (VARCS) modelled on the con-
trol system of the old Parris-Dunn machines of the '30's and '40's. This
rotor speed governing system appeared to offer significant reliability and
cost advantages. It was the simplest governor design which NWPCo had en-
countered in its extensive review of the pre-REA machines. All components
could be easily protected from the weather in a single assembly. Common
techniques available to manufacturing technologies could be employed in

its fabrication. Finally, it allowed the system to shutdown completely

and re-set automatically in very high winds. This latter feature recom-
mended the VARCS especially for applications at unattended sites suscep-
tible to extreme weather.

Early in the program, it became apparent that there was no precedent for

the analytical development of a total system design employing this type of
control system. In fact, there were no readily available theoretical tech-
niques for modelling the performance and loading:of a wind turbine in ex-~
treme crossflow (+20°.) First, NWPCo had to determine the performance of
the rotor at extreme crossflow angles in order to establish a pitch schedule
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which would assure maximum alternator output, Then, the rotor thrust at

each specific wind speed and pitch angle associated with the desired per-
formance was determined to calculate the load at the hinge to be resisted
by the control spring.

An analytical model was needed to calculate rotor coefficients of power
and coefficients of thrust for a range of tip speed ratios at each rotor
pitch angle. 1In order to establish a consensus on the nature and degree
of accuracy of such a model, NWPCo held a "dynamics" review at its offices
in Warren, Vermont. Present at this review were Dr. John Dugundji of MIT,
Tom Sheehy of Sikorsky Helicopter, Dr. Forrest Stoddard of U.S. Windpower
Associates, Clint Coleman and Hugh Currin of Windworks, Dr. Craig Hanson
and Sandy Butterfield from Rocky Flats, and the NWPCo staff. Dr. Dugundji
presented a paper which proposed an analysis of airfoil section parameters
at discrete radial stations for a number of azimuthal positions to deter-
mine overall rotor performance and loads at a given tip speed ratio and
pitch angle. Clint Coleman presented a similar model developed by Robert
Wilson of Oregon State based on Lissaman and Wilson strip theory.3 This
model calculates the angle of attack (o€) for the airfoil at a discrete
number of radial stations at a particular azimuth. As crossflow angle is
increased (by pitchback), a new resultant wind velocity (@) and angle (f)
are calculated for each station and azimuth (see Figure 4,15.) Summing
all the points calculated gives overall torque and thrust for the rotor at
each tip speed ratio and pitch angle.

The results of these calculations are plotted as Cp and/or Ct versus tip
speed ratio. Figure 4,16 in Section 4.2 is the graph of Cp versus TSR.
Figure 4,36 is a plot of C, versus TSR for 100, 20°, 30°, 40° and 600,
Note in Figure 4,36 that C. drops off sharply as tip speed ratio increases.
At this point the rotor has entered the turbulent wake state. The axial
interference factor has exceeded 0.5. Beyond this point momentum theory,
upon which Lissaman and Wilson is based, is apparently no longer valid.
Figure 4,37 plots the results of work by Forrest Stoddard at University

of Massachusetts,® His research into helicopter experience indicates that

axial thrust continues to increase with increasing axial interference factor.

It is important to recognize this shortcoming of the Lissaman and Wilson
theory in the design of any control system which relies on thrust. If
thrust did not continue to increase with increasing tip speed ratio, then
this control system would not be effective for the unloaded rotor. Loss
of load could then cause a catastrophic failure at the rotor. The more
sophisticated '"vortex filament theory" does predict increasing thrust.
Graphs developed by Hamilton Standard were used to fill in the back side
of the Lissaman and Wilson graphs™ (see Figure 4,36, insert.)

4,4.2 Final Design Analysis and Specification

The Lissaman and Wilson model became the primary analytical tool in the
VARCS design and development. Hugh Currin, then of Windworks, Inc., trans-
lated this analysis into a versatile and workable program in Tektronix 4051
Basic which allowed extensive rotor performance modelling.
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As mentioned earlier, rotor thrust is then added to aerodynamic drag of

the system to calculate the overturning moment at the hinge point. Figure
4.38 explains this calculation and the equation used. Note that the ele~
ment M, aerodynamic moment, generated by the component of wind parallel

to the rotor, is considered negligible and was not included in the calcula-
tion of overturning moment, Mg. This was the consensus of those present

at the dynamics review although considerable interest was expressed in
measuring this moment.

With these tools in hand, it is possible to calculate a spring rate which
opposes the overturning moment, generated largely by thrust below 60¢ pitch,
so as to extract maximum power up to the point at which the crossflow angle
becomes so great that the rotor cannot develop enough torque to sustain any
load.

The mechanical design team determined that a linear spring would be the
most easily manufactured and the most reliable configuration. The aero-
dynamic problem, therefore, was to find an optimum performance and pitch
schedule which translated into a linear graph of overturning moment versus
pitch angle.

Using calculated torque requirements for the final alternator design (Fig-
ure 4.39 ), and the rotor performance maps developed by the Currin program
(Figures 4.15 and 4.36,)- a system performance matrix was developed to
match a projected pitch and performance schedule for all relevant parameters.
(See Figure 4.40) C, and generator drag were reduced to overturning mo-
ment and plotted against pitch angle. The pitch and performance schedule
were altered and the matrix revised until this graph became linear. Figure
4,41 is the final graph of overturning moment versus pitch angle for the
matrix in Figure 4.45 ., The final VARCS spring constanb is determined by
the slope of this graph.

The result of this design process is a wind system with the theoretical
power curve shown in Figure %4.42 , and a control function as diagrammed

in Figure 4.43 . It should be noted that this curve is based on statically
derived values. It does not account for dynamic stall and wake effects
which will tend to flatten out the top of the curve and extend the power
range. Given the theoretical power curve, the average monthly output in
kilowatt hours versus average annual wind speed is plotted in Figure 7 77°

Finally, the pitch schedule and rotational speed for the final design have
been calculated fior the unloaded rotor by extrapolating the Cy curves on
the basis of the Hamilton Standard Curves. Figure 4.45 shows the results
of this calculation. As indicated, rotational speed is quite a bit higher
although pitchback initiates at a much lower wind speed (7.3 m/s). Maximum
thrust on the tower, of course, remains the same and 900 pitch is attained
at the same wind speed as for the loaded case. Although the control func-
tion continues to be effective, perhaps even safer, out of plane rotor
loads are substantially increased. This problem is addressed in the section
on rotor design and analysis (Sectiom 4.2 ) and has been resolved by a
minor re-design of the blade.
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Figure 4,38

Rotor Performance with Pitch and VARCS Spring Calculations

We initially projected our VARCS mechanism to control RPM for a
constant 2.5 kva output in windspeeds up to 40 mph (19 m/s) and
shutdown (i. e. pitch tc 90°) at 60 mph (28.6 m/s). Using alter-
nator torque characteristics and the rotor performance maps devel-
oped by the Lissaman and Wilson program, a system performance ma=-
trix was developed for these parameters:

o -
ye) ¢, Dg Vv RPM X Cp Q

The following analysis was used to find the required spring moment:
Mg = AF(h) + Mj + D,(h cos 3 + X; sin g ) - Wy(X; cos, - h sin 3 )-Wp(X,cosd- h sing)

Where: AF = Axial force of rotnr
DG = Generator drag = £ (3)
h = Distance from pivot pin to shaft axis
Xg = Distance from pivot pin to rotor
Xg = Distance from pivot pin to generator c¢. g.
Wg = Generator weight
WR = Rotor weight
,43 = Pitch angle of unit
D = Rotor diameter

MA = An aero moment due to force parallel to the rotor
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Assumed Alternator Torque Input Characteristics as of 1/22/79
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Figure 4.40

PPM #4: Projected Performance with 62,3 In-Lb /Deg., Spring
(Q-Matched with Anticipated Alternator Requirements)

P P

ﬁ ¢ £ °6 Vn/s wen * ‘e (n-m) (Wa tis ) (Wa(t):gm‘
E.g 4.88 150 | 8.05] .43 37.91 595 345
ég ! 6.2 175 | 7.4 ' 428 | 65.6] 1202 697
? 7.25 200 | 7.231 .426 | 91.2] 1910 % 1168
0f.72 ] .021 1b| 9.12 250 | 7.18| .425 | 145.1] 3798 | 2203
10 | .675] .405 1b | 9.37 250 | 6.09] .32 | 1451 3798 | 2203
20| .63 .62 9.60 246 | 6.711 348 140.9| 3629 | 2105
300.53 | .04 10.18 240 | 6.18| .272 134.1] 3370 | 1955
40 ;.40 | 1.51 11.2 232 | s5.43! .186 126.7| 3078 | 1785
50 | .26 | 2.72 12.9 220 | 4.47| .1lo04 114 2626 | 1523
60 | .15 | 4.88 16.2 200 | 3.23| .o038 91.8| 1922 | 1115
70 | .08s| 11.54 20.8 168 | 2.12] .010 57.1| 1004 582
80 | .036| 23.0 25.6 102 | 1.04] .00l 22.9| 245 | None*
90 | 0 ﬁos.o 47.0 o | o 0 0 0 | nNone

*RPM too Low to Self-Excite
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1. STANDARD NPERATIONAL MNDFE
50 pITCH AT START-UP TO ACCOUNT FOR
BLADE DEFLECTION
CUT-IN WIND SPEED: 19MPH
MAX WIND SPEED THIS MODE: 71MPH
MAX POWER OUTPUT THIS MODE: 2703WATTS
MAX RPM THIS MODE: 257RPM

2. AXIS ROTATIOM VERTICALLY

OVERSPEED CONTROL
CONTROL INITIATION: 21MPH
SHUTDOWN:  105MPH

1 1 3, SHUT NOWM --- 105MpH

0
AXIS ROTATION TO 9N
POWER AND RPM'S APPROACH

SPRING TENSION REALIGNS ROTOR AS GUSTS
SUBSIDE

4, MAMUAL SHUT DOWN
SERVICE AND MAINTENANCE

Figure 4.43

Variable Axis Rotor Control System (VARCS)
Operational Modes
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4,4.3 Design Testing and Verification

The VARCS appears analytically to be an effective and safe overspeed con-
trol system for a wind turbine both loaded and unloaded. However, the -
analytical model developed for this program is unconfirmed by empirical
testing. The VARCS is based upon the control system used in the Parris-
Dunn, a machine whose rotor never exceeded 14 feet in diameter and which
was used in rural and agricultural applications. The control system had
been developed through trial and error exclusively. For the high relia-
bility machine, NWPCo applied an analytical model, yet to be confirmed
through prototype testing.

The test program developed at the dynamics review specified testing a pro-
totype on a movable test bed to confirm rotor performance and load calcu-
lations for the full range of pitch angles, Testing an operating prototype
VARCS to confirm its operating characteristics and make minor spring adjust-
ments (if necessary) were also specified. Section 4.2.3 described the facil-
ity employed for this test program. Considerable effort and time were ex-
pended in order to get calibrated data from the load beam. Figure 4.17
from Section 4.2.3 is the record of a run at 10° at approximately 15 mph.
The top track is the record of the load beam signal for this run. Note

the noisiness of the signal. Coupled with a resolution of only 205

in-1b per division, load beam data were difficult to reduce. Data points
were determined by visually averaging the signal for a given period. The
overturning moment measured was reduced to axial thrust subtracting the
calculated effect of simple aerodynamic drag for the given pitch angle and
wind speed. Converted to co-efficients of thrust for the tip speed ratio
at the data point, the data were overlaid on the graph of theoretical C
versus tip speed for that pitch angle (see Figures 4,46 through 4,50,)
Throughout these tests, the five meter rotor was flown on the #2 prototype
alternator which was not yet capable of absorbing the available torque,
thus allowing the rotor to overspeed. Most of these data points were taken
at tip speed ratios above the optimum and beyond the limit of the Lissaman
and Wilson theoretical model. A shadow line indicating the probable ex-
tension of the graph has been included to indicate the relative accuracy

of this data. For all pitch angles tested, with the exception of 459, data
points fall within a broad band somewhat above the projected curve. At

the pitch angle of 45°, the machine is very nearly balanced and it was ex-
tremely difficult to determine the effect of the weight of the machine.

The data at 30° were taken without varying field excitation. As a conse-
quence, all data points for 30° occur within a narrow range of tip speed
ratios.

It is possible to draw from this data a few general qualitive conclusions
about the analytical model., These data confirm the expectation that axial
thrust increases with increasing tip speed ratio and therefore, the VARCS
will be an effective control system for an unloaded rotor. The data also
appear to support the analytical model's prediction of the relative thrust
values for various pitch angles and tip speed ratios. The apparently higher
thrust recorded for 10° and 31.5° may be due to the deformation of the flow
field caused by the truck as described in Section 4.2.3.
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The second series of tests were conducted with the 5 meter rotor mounted

on the #2 prototype alternator using a first prototype of the VARCS spring,
The rate for this spring was not linear throughout the pitch range, nor

was it as stiff as had been expected. In order to test the accuracy of

the theoretical model, a performance matrix was developed which matched

the low torque requirements of the #2 alternator (see Figure 4,51 )

to rotor power according to a pitch schedule so that the slope of the

graph of overturning moment versus pitch angle matched the approximate
spring rate of the prototype spring.

With the field excitation at the highest setting of four amperes, numer-
ous test runs were taken. Figure 4,52 shows data points from these.

tests overlaid on the power curve based on the performance matrix. This
figure indicates excellent consistency of data and good correlation be-
tween analytical and empirical data for these parameters. However, al-
though pitch angle data exhibits good consistency in Figure 4.53, the
correlation between the empirical and the analytical is not close. A care-
ful look again at the power data and the RPM data (Figure 4.54 ) shows

a slight shift to lower wind speeds. Again this shift as well as the dis-
crepancy between test and theoretical pitch data may be assigned in part
to the flow disturbance around the truck, which caused the rotor to "gee
more wind than the anemometer measured.

On the basis of test data recorded during the two series of truck tests,
NWPCo was confident of the ability of the analytical model, given known
airfoil and alternator torque characteristics, to predict, within manufac-
turing tolerances (¥10%), the spring characteristics necessary to give the
specific performance and pitch schedule desired.

4.5 Support Structure Design Analysis and Testing

4,5,1 Preliminary Design Development

Previous sections have discussed the design and development of the operat-
ing elements of this system. While many of the elements of the proposed
design changed through the program, the basic configuration, except for
the size, remained very similar. Figure 4.55 is the designer's sketch

of the proposed design. Using the Parris-~Dunn as a model, NWPCo hinged
the VARCS behind and below the alternator. The tail was attached to the
free-yawing saddle and a bumper was provided for the alternator at rest.
Instead of a coil spring behind the generator connected to the tail, NWPCo
proposed a spiral torsion spring fixed on the VARCS shaft. Figure 4.56

is a cut-away drawing of the final design. The VARCS hinge point is still
behind and below the rotor/assembly, the tail is mounted as on the Parris-
Dunn, on the saddle, and the VARCS spiral torsion spring is fixed on the
VARCS shaft. All of these elements have been the subject of extensive
trades and engineering analysis which will be reviewed in the following
section.

87




Figure 4.51
Rotor #7/Alternator #2a Matches

Pitch Rotor
angle  Cp be.  Vmys X% RPM Cp. Q-  (Watts)
0 773 .196 8.9 9.02 308 .369 95.0 3064
10 .77 .374 9.0 8.9 306 .351 G54 3012
20 .75 - .569 9.2 8.36 294 .316 94.3 2903
30 .62 913 9.4 7.29 262 .258 92.2 2529
40 <43 1.278 9.8 6.01 225 . 185 86.9 2047
50 .275 1.834 10.6 4.4 178 .103 77.3 1441
60 .07 2.442 11.4 1.5 65.3 013 33.4 228
70 .05 4,051 12.7 1.1 53.4 .006 27.6 154

80 .02 6.645 14.4 0.5 27.5
90 LOL475 14.141 17.4 0 0 0 0 0
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4.5.2 Overall Final Design Analysis

Figure 4.57 is the master drawing for the high reliability 2kw SWECS.
This drawing shows in elevation and section the major sub-systems and
components with overall dimensions. The parts sub-assembly numeration
is shown and keyed in the lower left hand corner. TFigure 4.58 is

a complete specification chart for this system.

The assembled rotor is mounted rigidly to the alternator shaft using a
tapered and keyed fit. The Lundel rotor of the alternator is also mounted
on this shaft using a shrink and keyed fit (Series 200.) This assembly
element consists of steel, wood and copper and is supported in the alu-
minum end bells by two stainless steel bearing retainers which reduce the
potential for electrolytic corrosion between the steel shaft and aluminum
end bells (Series 100.) Note Figure 2.1 in Section 2 which is a sche-
matic of the relationship of these major components.

The end bells enclose and support the alternator stator which consists

of laminated silicon ‘steel stampings (part number 111), assembled and
dipped in epoxy. The assembled alternator is bolted to a tenzalloy alu-
minum support casting (Series 300, part number 310). Field slip rings

are mounted on an extension of the alternator shaft such that field brushes
can be mounted on the alternator support casting in a sealed enclosure
(Series 800). The aluminum VARCS disc is attached to the alternator sup-
port casting and is fastened to the outer radius of the VARCS spring. One
field and two power leads are brought off the generator through an alu-
minum conduit into the VARCS shaft opposite the VARCS spring. The shaft
is bored out to connect to an elastomeric boot which connects the shaft

to the saddle tube. The rotor/alternator support, VARCS disc and wireway
consitute component number 2. (See Section 2, Figure 2.1.)

The hollow end of the shaft receives the field and power leads. The solid
end is machined to receive a bolted and keyed steel hub - to which the in-
ner spring radius is fastened. The VARCS gpring is steel and attached

at the outer radius to a bracket by two cam followers. "The transition
from the aluminum end bells and alternator support is made to the stain-
less steel VARCS shaft and spring through bearings to minimize corrosion
potential.

The VARCS shaft is rigidly bolted to the cast steel saddle. One bolt
passes through the solid end of the shaft. A second bolt passes over

and clamps the hollow end of the shaft to the saddle (Series 400). Prior
to pitchback, an arm of the saddle supports the alternator on a cast sili-
cone bumper. The 2%-in diameter support arms for the tail assembly

fit into seats cast in the steel saddle and support a sheet

metal tail vane of triangular shape (Series 500.) The main yaw bearing is
mounted over a machined seat in the casting and seated in the upper part of
the stub tower. A steel tube is welded to the saddle and passes through the
lower sleeve~type yaw bearing. Two power slip rings and the field slip
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Figure 4,58

Table of System Specifications

General Description

Physical Description

Weight (less tower)
Rotor Diameter
Tower Height

Operational Characteristics

Cut-in Wind Speed

Speed Control Initiation
System Shutdown

Survival Wind Speed

Rated Output @ Wind Speed
Rotational Speed @
Cg @ Rated Output

i

5.36 m/s
6.70 m/s
7.15 m/s
8.04 m/s

Yearly Output in V

I

Weight (Blades, Hub)

Diameter

Capture Area

Solidity

Tip Speed Ratio

Cp at Rated Output
Blades

Material

Planform
Twist

Airfoil

Rated Output

(12 mph)
(15 mph)
(16 mph)
(18 mph)

96

3 bladed, horizontal axis,
upwind

356 kg (785 1b)

5m (16.4 ft)

12.2 m (40 ft)

3.6 m/s (8 mph)
9.4 m/s (21 mph)
47 m/s (105 mph)
73.7 m/s (165 mph)
2.2 kw @ 9.3 m/s (21 mph)
250 RPM @ 2,2 kw
.29

6,000 kwhrs

7,800 kwhrs

8,400 kwhrs

9,600 kwhrs

41 kg (90 1b)

5m (16.4 ft)

19.63 m?2 (2.11.2 ft2)
.04

7.5

.41

Sitka spruce (aircraft grade)

Linear taper from 200 mm (8")
@ r/R=.3 to 80 mm (3.1") @ tip

Non-linear from 12.5° @ r/R=.3
to .5° @ tip

G625 from r/R=.1 to r/R=.3,
N60 from r/R=.3 to tip




Hub
Material

Type

Generator

Type

Nominal Voltage

Size

Number of Poles

Figure 4.58 (cont'd)
Table of System Specifications

Synchronous Speed @ 25 Hz

Rated Power @ Speed

Efficiency
Weight
Speed Control

Type
Spring
Pitch Range

Yaw Control

Tower
Type
Material
Height
Weight

System Cost
Unit
Tower
Storage
Installation

TOTAL

97

Cast and wrought steel
(ASTM 148-73 Class 80-50)

Fixed Pitch

3-phase synchronous alternator
(Lundel rotor)

24 vDC

458 mm (18") by 368 mm (14.5")
12

250 RPM

2.2 kw @ 250 RPM (150" trans-
mission line)

70% @ rated speed and output
133 kg (295 1b)

Variable Axis Rotor Control
System (VARCS)

Spiral Torsion Spring
K = 71 in-1b/degree

50 to 90° (from horizontal to
vertical)

Free yawing

Unarco Rohn 45 GSR dbl. guyed
Galvanized steel

12.2 m (40 ft)

700 kg (1555 1b)

52867
S 700
$2000 (24 volts)

$1200 (site dependent)

$6767




Figure 4,58 (cont'd)
Table of System Specifications

Cost of Energy

Installed Cost $6767

Fixed Charge Rate .085

Annual Operation & Maintenance Cost $135

Annual Kilowatt Hours Produced 7,800 (assume 6.7 m/s (15 mph)

average)
COF. = IC (FCR) 4+ AOM
kwhrs
_ 6767 (.085)+ 135

COE = 7800
COE = $.091 per kilowatt hour
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ring are mounted at the bottom of the tube below the bottom plate of the
stub tower.

The entire tower adapter assembly (Series 600) is set on the tower (Series
700). This assembly consists of a machined steel disc, providing a seat
for the upper main yaw bearing, welded to a 7%-in diameter by 12-in

long steel pipe in turn welded on a triangular steel plate sized to adapt
to a standard Rohn 45GSR tower section. The saddle tube passes through

a sleeve bearing set in the tower plate. Power and field brushes are
mounted on the underside of the stub tower and protected by a weathertight
cover.

The manual shutdown assembly (Series 1300) consists of a shielded aircraft
cable fastened to the alternator support, passing through a plastic sleeve
in the saddle down through a channel inside the saddle tube and out the
center of the power and field slip ring cover. The cable is connected to
a ball bearing swivel which allows the system to yaw without twisting the
cable. The unit can be cranked manually from the tower base to 90° pitch-
back for shutdown and service.

4,5.3 Rotor Assembly Final Design and Verification

Figure 4.59 1s an exploded assembly drawing of the rotor sub-assembly with
a complete parts list. The nose cone is specified as cast royalex for dur-
ability and manufacturability. A heavy steel casting (ASTM 148-65,

Class 80-50) is bolted on upwind of the blades. The 2-in by 6-in root
section of the blade is clamped between this casting and a nine-gauge
stamped steel pressure plate, Six 3/4-in galvanized steel bolts clamp the

the blade between casting and pressure plate. An additional 3/8-in bolt passes

through the long dimension to provide additional shear strength. The 3/4-in
diameter bolts are provided for bearing surface for the wood not for clamp-
ing. The pressure plate provides additional backing for the blade in bend-
ing. The ASTM 148-65, Class 80-50 specification is a steel with moderate

to high carbon content to assure that ductility is maintained at ex-

tremely low temperatures. All metal parts are cold galvanized. The spruce
blade material is specified as to grade: select structural; moisture
content of 19% maximum; and specific gravity of .4 minimum. The last
specification is included to assure sufficient strength to withstand out-of-
plane bending loads with a safety margin of two or more.

In the course of truck testing, a support tower failure allowed the rapidly
rotating rotor (400 RPM+) to strike the runway at over 35 mph. This in--
cident resulted in total destruction of the blades; however, subsequent
examination of the hub connections indicated no degradation of the quality
of the blade or hub connections.

4.5.4 Alternator Sub-Assembly

Figure 4.60 is the exploded sub-assembly drawing for the alternator with
parts list. This assembly consists basically of the shaft, bearings, end
bells, rotor and stator. Due to the magnetic characteristics of the Lun-
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del rotor, the end bells must be made of a non-magnetic material, such as
aluminum. The front bearing is pre-loaded by a set of disc washers

to take up differential thermal expansion and to limit machinery
tolerances. Both bearings are grooved for lubrication, as are all

other bearings in the system.. Early investigations of bearings indicated
that lubricant life expectancies limited sealed bearing life to less than
15 years. To meet the 25-year system 1ife goal, NWPCo specified bearings
to be lubricated every year or as necessary. Seals, both inside and
outside, are steel.

The shaft is sized to support the Lundel rotor with minimal deformation
of the air gap, and to support the cantilevered rotor loads ahead of the
front bearing. Particular attention was devoted to this latter dimension
since previous experience with the Parris-Dunn had indicated a tendency
to fail just ahead of the bearing.

Figure 4.60 shows the alternator support at its attachment to the rear
end bell. The alternator support was maintained as separate from the end
bell to permit greater versatility in the early manufacturing process by
keeping the front and rear end bells identical and simplifying part changes.
The alternator support is cast tenzalloy aluminum to reduce dielec-

tric potential at the interface with the end bell, to reduce active weight,
and to enhance corrosion resistance. Sufficient section is provided
throughout to insure the structural integrity of the part.

Early truck testing was performed on a fabricated prototype of this con-
figuration which was involved in the failure described in the previous
section. All components escaped without damage, with the exception of the
shaft which was bent slightly and the stator stack which was skewed. These
components were repaired and used in subsequent successful tests with the
rest of the sub-assembly.

4.5.5 VARCS Sub-Assembly

Figure 4,61 is the VARCS exploded assembly drawing with parts listed con-
sisting in this drawing of spring, disc, hub, shaft, bearings and- alterna-
tor support bearing seats. The VARCS cover is also cast royalex for dur-
ability and ease of manufacture. The VARCS disc is cast tenzalloy alumi-
num rigidly bolted to the alternator support leg (part number 26). A
bracket on the disc holds the outer radius of the spring radius to vary
with contraction and expansion.

The VARCS spring is a spiral torsion spring. Various other alternatives

| were examined including coil torsion springs, torsion bars and a helical

| torsion spring. This last alternative was engineered and designed to de-
termine cost, reliability and performance and maintainability relative to

the spiral torsion spring. The spiral configuration was ultimately selected due
to assembly and maintainence advantages. The spring itself is fabricated from
1%-in and %in AIST 4340 spring steel, coiled hot and treated after fabri-
cation. Depending on the location of the cam followers, the spring rate

can vary from 82 in-1b per degree to 65 in-1b per degree. The
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inner radius of the spring is clamped in a machined steel hub keyed and
bolted to the VARCS shaft. As the unit pitches back, the disc rotates
through 90°, contracting the spring. The spring is set up so that it is
open beyond the at-rest position through 30° to assist pitchback. Beyond
this point it contracts to resist pitchback. The spring is coiled to
permit 3/8-in clearance between coils when contracted.

The steel VARCS shaft supports spring and hub, transfers the load to the
rotor/alternator assembly on two bearing legs to the support ears of the
saddle, and provides an enclosed way for the power and field wires. Bear-
ings are double-acting spherical roller bearings, sealed and greasable
like the alternator shaft bearings. The wire way is bored through from
one end to the center of the VARCS shaft where it passes through a cast
elastomeric boot connected to the saddle. A bolt prevents torsional and
lateral movement of the shaft. A second bolt over the top of the hollow
end of the shaft assists in keeping the unit seated in the saddle.

This system was fabricated, assembled, and tested in a pre-prototype
configuration for truck testing in Phase I. Although final castings will
not be completed until Phase II, experience has verified the feasibility
of this configuration.

4.5.6 Saddle and Stub Tower Assembly

Figure 4.62 is an exploded assembly drawing of both the saddle and

stub tower sub-assemblies with parts schedule. The saddle consists of

a major steel casting (ASTM 148-65 Class 80-50) to which is welded a

steel tube. This assembly transfers all dynamic/static loads to the tower
adaptor and supports the yaw bearings. The support ears cradle the VARCS
shaft as explained in Section 4.5.5. 1In the exploded drawing (Figure 4.62)
the support ears are shown directly above the yaw axis.

Bosses on both sides of the saddle casting are cored to receive the tail
support arms which are then through-bolted to the casting. The tail sup-
ports are 2%-in diameter galvanized pipe. The arms are identical but in-
verted in assembly to provide stiffening for triangular tail vanes (see
Figure 4.62.) The lengths of the support arms and the area of the

tail vane were dictated by the need to assure adequate leverage to properly
orient the machine for start-up. However, overall length was minimized to
reduce tail bending loads. Consequently, the tail vane size and shape
were specified to provide adequate blade clearance at 900 pitchback. The
vane was also balanced around the support arms to reduce the potential

for forced torsional vibration of the tail assembly.

The support arm of the saddle is cushioned by a cast silicon bumper of suf-
ficient size to absorb the energy and minimize the impact of a release
from 900 pitchback. With the bumper, such a release is equivalent to
dropping the alternator from a height of three inches. In Phase I

truck testing, release occurred numerous times without effect on the
alternator components.

In addition, the saddle and tube provide a way for field and power leads
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and for the manual shutdown cable. This latter component passes through
a cast elastomer, with a low coefficient of friction, into a conduit and
out through the bottom of the slip-ring cover along the yaw axis. At the
bottom of the saddle tube, enclosed in the power slip-ring cover, are the
slip-rings.

The stub tower or tower adaptor is of the simplest and toughest construc-
tion. The top machining, welded to the support tube, supports a large,
greasable double-acting spherical roller bearing. The bottom punched
plate, welded to the support tube, supports a small plain bearing to
stabilize the system, and is bolted directly to the top flanges of a stan-
dard Unarco-Rohn 45GSR tower section. Underneath this bottom plate and
inside the tower section, a cast Royalex(d cover protects the slip-rings
and brushes mounted on the saddle tube and lower plate respectively. This
configuration, as on the alternator support, permits easy access to slip-
rings and brushes for inspection and replacement, if necessary.

4,5,7 Final Design Installation

The design of all support components provides adequate material and struc-
tural characteristics to sustain the loads imposed by contract power and
wind regime specifications within the environmental extremes of snow, ice,
salt water, heat and extreme cold., In addition, the overall design at-
tempts to simplify field assembly procedures to minimize the poten-—,

tial for improper field assembly and/or injury. The unit arrives in four
packages containing blades, alternator and VARCS assembly, saddle and stub
tower assembly and tail. First, the saddle/stub tower assembly is bolted

to the tower top (weight approximately 225 pounds.) Second, the tail assem-—
bly is hoisted and mounted on the saddle (weight 50 pounds.) Third, the
alternator/VARCS assembly is bolted to the saddle (weight 415 pounds.)
Finally, the rotor is assembled on the ground and then lifted and fixed

to the alternator shaft (weight 85 pounds.) The total system weight on the
tower is 775 pounds. (Note that weights used here are actual, while those
in the costing section (6.3) are estimated.) At this point, manual shut-
down connections are made at the alternator support and swivel. Power and
field leads are passed through the saddle tube and connected to the slip
rings. Transmission wires are then brought through the power slip ring
cover and made up at the brush terminal. The entire erection procedure
should take approximately 1) hours.




5. RELIABILITY, MAINTAINABILITY AND SAFETY ANALYSIS

5.1 Introduction

Throughout this development program, reliability, maintainability and
safety have been driving factors in the design process. NWPCo has dis-
covered through its own experience that these factors are the primary
purchase considerations for the intended market for this system. This
section discusses the techniques and results of the analyses which were
applied to quantify these factors and to assure that they were adequately
satisfied by the design. In general, our analyses have confirmed the ac-
curacy and effectiveness of the design philosophy applied from the begin-
ning of the project. Where analysis revealed shortcomings and potential
weak areas in the design, appropriate design modifications were made.

5.2 Reliability Analysis

This section discusses the techniques and results of the analysis and cal-
culation of system reliability. For purposes of this analysis, a lambda,
or rate of failures per million hours, was estimated for every part of

the system. All serial lambdas for components within a subsystem, such

as the alternator, were summed to develop a single failure rate for that
subsystem. Subsystem lambdas were in turn summed to develop the overall
failure rate in failures per million hours for the entire system, which
was converted to failures per year by the following formula:

failures _ failures 100

year 10° nrs X 114

Mean time between failure and lambda (in years) are derived one from the
other by inversion. Reliability (Ry) is derived from lambda by the fol-
lowing equation:

Rt = E=t

On the data sheets and flow charts in this section, t equals one year in
all cases. For parts exhibiting redundancy, such as brushes and bolts,
a single lambda was calculated for the aggregate, using the following
formula:

R () = 1-(1-Ry)...(1-R )

All parts are assumed to survive in the system for a mean time between
failure (MTBF) of ten years, except as noted. For components specified

to be replaced in less than ten years, the lambdas for the components were
based on an assumed reliability -- R. for one year if the part were no
older than the maintenance schedule specifies. This technique is applied
to pieces with high wear rates such as blades. These parts have a low in-
itial failure rate, but a short MTBF. Graphically:

3
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By refinishing the blades every two years, we change the graph for this
component to look like this:
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This replacement schedule can adversely affect the reliability rate of
fasteners and other parts associated with replaced part. Failure rates
and replacement schedules have been adjusted accordingly for those com-
ponents.

All lambdas account for the actual operating time of the part so that
no further adjustment for actual service hours is required.

The greatest difficulty of this analysis was in estimating failure rates
for these components. For most pieces, no generic failure data was
available. Therefore, it became necessary to estimate failure rates based
on metal corrosion rates, material fatigue life characteristics and pre-
vious field experience. 1In spite of the resulting roughness of this cal-
culation, the analysis has produced substantial benefits in design changes
to improve maintainability, reduce parts count, and introduce redundancy
where necessary and effective.

5.3 Safety Analysis

This analysis identifies major hazards associated with construction,
maintenance and normal operation of the 2kw SWECS.

5.3.1 Environmental Hazards

Due to the nature of the projected application of these machines, they
will be installed in remote areas, subject to extreme environmental con-
ditions. These conditions subject personnel to illness or injury due to
exposure, snow blindness, and freezing of flesh to metal, as well as sun-
burn and sunstroke. Such locations have notoriously unpredictable
weather, and it is recommended that protective clothing, shelter and
supplies be provided for all personnel at all times when working at or
travelling to and from the site. It should be noted also that judgment
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and effectiveness are compromised above 10,000 feet. This condition will
aggravate the hazards of working above the ground. All personnel should
be cautioned about the above hazards, and special attention must be paid
to safe procedures. Under no circumstances should a site be visited alone.

5.3.2 Site Preparation

In the course of site preparation, normal precautions must be taken to pro-
tect personnel from injury due to forced particles (i.e. dust, rock, wood
chips) and from injury due to excessive noise associated with heavy mach-
inery and air drills and hammers in particular. It must be noted that
mountaintop sites offer limited working space and pose special hazards,
such as falling or rolling machinery, in addition to those mentioned above.

Precautions for such work are detailed in the Federal OSHA regulations and
include eye protection, ear protection, roll bar equipped machinery, life-
lines, and procedural recommendations. An Oak Ridge Laboratory report

on WECS safety (see Reference 6), also refers to the OSHA requirement for
protection from toxic and irritating plants. In general, a site considered
for application of this machine should be carefully surveyed for poten-
tial hazards and the on-site clearing and excavating process should be
carefully planned ahead of time.

5.3.3 FErection and Installation

This operation is generally recognized to be the most hazardous aspect of
WECS operation. Tower erection hazards and procedures are well documented
and understood (protective measures are detailed in the OSHA register).
NWPCo has had experience in all types of tower erection for SWECS. On
the basis of this experience, we have specified the Unarco-Rohn 45 GSR
tower, as not only strong and stable, but also easy and safe to erect,
both with and without the assistance of a crane. The use of helicopters
for mountaintop erection and installation must be approached with great
caution, as the wind conditions which make a good SWECS site also creste
hazardous flying conditions.

The installation of the SWECS itself is less understood and poses cer-
tain special hazards. There is, of course, the danger of dropped and
falling tools and parts, and the major hazard of falling. The 2kw high
reliability SWECS is designed to be pre-assembled in the factory (alter-
nator/VARCS and saddle/support tower). The rotor and tail are assembled
on site on the ground and the sub-components are then lifted to the tower
top and assembled. Power transmission and manual shutdown connections
are made. This procedure limits overall time spent on the tower as well
as the number of discrete parts and tools required up top. It also aug-
ments overall system reliability by reducing to a minimum critical as-
sembly operations under uncontrolled and adverse conditions. Our experi-
ence indicates that the tension and discomfort of working up on the tower
compromises the quality of workmanship. Therefore, we have concluded that
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only simple and gross operations should be performed on the tower in as
short a time as possible.

In line with OSHA regulations and sensible practice, hard hats should be
worn at all times on the site. Steel-toed and steel-shanked boots are

also recommended. The former are recommended for work around heavy objects;
the latter reduce fatigue and discomfort from the ladder rungs. When
climbing the tower, safety belts should always be used.

Excessive muscle strain is a potential hazard when working with heavy
machinery and is aggravated in different circumstances. Development
and refinement of installation procedures will reduce the potential for
this type of injury.

5.3.4 1Inspection, Testing and Maintenance

In addition to the ongoing envirommental hazards and those posed by work-
ing above the ground (falling, etc.), these operations present the fol-
lowing dangers: impact from the rotor, impact from the unit if released
from manual shutdown, and electric shock.

The North Wind machine is designed so that it should not be necessary for
the rotor to be turning while personnel are on the tower. Impact from

a rotating windmill blade has been known to kill an individual climbing
the tower. At the very least, a blade can knock a person to the ground.
For this reason, we have included the first ten feet of manual-shutdown
cable (the section below the rotor-swept area) in the critical components
list. We also recommend painting a broad red stripe around the tower
three feet below the limit of rotor sweep.

The manual shutdown system provided pitches the unit to 90° where no
rotation will occur. Inspection and maintenance can then take place with
no danger from blade rotation, regardless of what sudden wind direction
changes occur. A yaw locking device such as a lanyard to the tower will
prevent sudden unit movement and resultant injury from being pinched or
knocked from the tower.

The danger of electrical shock is always present when working on electric

generating machinery. However, the low voltage DC power produced by this system

presents a very small threat of severe injury. In any case, all electric
connections meet or exceed national electric codes. This precaution only
makes good sense from the reliability perspective as well.

5.3.5 Operation

Under operating conditions, the hazards of a SWECS system are generally
reduced. (See Oak Ridge Lab Report.)7 Danger to authorized personnel can
be significantly reduced by safety training and system familiarity. Public
access to the installation must be restricted, either by fencing or simply
by the remote location. In any case, clear warning signs should be pro-
vided. The rotor sweep band on the tower is one example.




Figure 5.1 ROTOR (200) TAIL (500) |

Reliability Flow Chart X :.866 X =24
MTBF = 132 MTBF = 475 |
#PARTS = 64 #PARTS = 5
ALTERNATOR (100) g
:
|
A : 1,769 |
MTBF = 64
#PARTS = 26 |
:
CONDITIONING (800) VoAsReCoS. (300)
A 1604 A 15195
MTBF = 188 MTBF = 219.4
#PARTS = 5 #PARTS = 14
REGULATION (900) MANUAL (1300) SADDLE (400)
A 2 1.84 A 1459 A ::5195
MTBF =62 MTBF = =248 MTBE. = 132
#PARTS = 10 #PARTS = 5 #PARTS = 14
STORAGE (1000) ; STUB (600)
A :.849
MTBF -« =134
#PARTS = 29
TOWER (700)
A
MTBF =
#PARTS =
4 |
ELECTRICAL PATH MAINTENANCE PATH MECHANICAL PATH
A :.459
A @ 5.079 MTBF = 248 A : 5.9
MTBF = 22 yr. #PARTS = MTBF = 19,31
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Figure 5.2
Reliability Data Sheet

System failure rate (per million hours)....c.eeeeeeneecnacanss 8.8

System mean time between failures (years).ceeeeooscccssccssseass 13.0

aumer = %
System reliability after 1 year.....oceeecocccconnconsconcnecs .926
System reliability after 5 yearsS...cceesecececscsoossesossnnas .680
" " after 10 YearS...ececeocsccocsasocsssssssns 462
" " after 25 yearsS...ceeescesssacssscccnoncanon .145
=t
(R, = Ellé)

Note:
Reliability figures are based on the maintenance schedule.

All non-moving structural parts (i.e. bolts, laminations, and fixed cast-
ings) are assigned a minimum lambda of .00l failures/million hours.

All moving components subject to fatigue and wear are assigned a minimum
lambda of .07 failures/10® hours (except where contrary data is available).

Slip rings, brushes and blades will be replaced and/or refinished as
necessary.

Calculations of bearing failure rates are corrected for loads and rota-
tional speeds.

Component lambda's are corrected for estimated real life cycles per hour.
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% As the 0Oak Ridge report pointed out,8rotor failure resulting in blade
sheddings poses a threat to operating personnel and the public. This
hazard is reduced by good engineering and workmanship, aspects identified
and addressed with care throughout the unit design and testing process.

5.3.6 Conclusions

With few exceptions, most major hazards associated with the installation
and operation of this SWECS are well documented and addressed under other
headings in the OSHA regulations. The exceptions are injury from the
blades in rotation, the alternator/rotor in pitch, and the system in yaw.
Our design responds to these hazards with failsafe pitch and yaw locks,
warning signs and procedural recommendations.

The greatest and most prevalent hazards (falling equipment and falls from towers)
3 are common to many industries. Tested and approved safety devices are

| available, and safe procedures are documented. NWPCo's previous exper-

ience has encouraged the design of an installation procedure that reduces

to an absolute minimum the amount of time spent on the tower and the num-

ber of tools and parts carried up the tower.

| Environmental hazards are the most unusual and perhaps least generally
understood. We cannot emphasize enough the need for respect and prepar-
ation when taking personnel and equipment onto sites such as those for
which the 2kw high reliability SWECS is intended.

5.4 TFailure Mode and Effects Analysis

| 5.4.1 Introduction

Failure mode and effect analyses (FMEA's) were performed on each component
in the system which was identified as being critical. A critical component,
for purposes of this analysis, is a part whose failure, due to its function
in the system, will cause a system failure. A system failure is defined

as a significant reduction of the overall energy output of the system.

The comments in the last two columns of the FMEA chart indicate the con-
clusions of the analysis of each part as it affects manufacturing and
quality control procedures and the maintenance program. The following
charts detail the FMEA's conducted on the 2kw high reliability SWECS:

e T
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6.0 PRODUCTION AND COST ANALYSIS

6.1 Introduction

Cost and production analysis for this effort is based upon NWPCo's exper-
ience in the short run production of reconditioned Jacobs Wind Flectric
systems. Since NWPCo intends to commercialize this wind turbine system,
every effort has been made to have this analysis correspond to redlistic
production planning. All costing figures are in 1977 dollars.

6.2 Production Facility

It is estimated that 39 man-hours per unit will be required in production

quantities of 1000 per year. Using a production rate of 20 units per week
(for 50 weeks), we project a factory employment of approximately 24 indi-

viduals, not including a production manager and a quality assurance engi-

neer.

The factory will be organized by sub-assembly as follows:

Series 100 -~ Alternator Assembly 2 semi-skilled workers
1 machine operator
1 semi-skilled assembler
Series 200 -- Rotor Assembly 1 skilled blade carving machire
operator
1 finisher
2 assemblers
Series 300 -- VARCS Assembly 4 semi~skilled assemblers
Series 400 —- Saddle Assembly 1 skilled worker
Series 500 -- Tail Assembly
Series 600 -- Stub Tower Assembly
Series 1300 -- Manual Shutdown/Final
Assembly 2 semi-skilled assemblers
Inspection & Crating 1 quality assurance engineer
1 assistant
1 carpenter
Shipping & Receiving 1 inventory controller
1 assistant/fork lift operator
Maintenance 1 maintenance engineer
1 assistant
TOTAL 24 persons

132




Factory machinery required for this level of production include the
following:

- 15" drill presses (3 with indexing tables)
- 14" grinders

- 8" tool grinder

- 10 ton arbor press

- 8" dip tank

- paint spray booth with 18" exhaust
- coil winding machine

- 2'x2'" dip tank

baking oven

- MIG welder

- radial arm saw

- pneumatic hammer-tacker

- pneumatic 3/8" impact wrenches

- fork 1ift (1 ton)

- floor crane (1 ton)

- 36"x12" lathe with tools

T s e = N e e R S T e X
I

Approximately 10,000 square feet of production space will be required with
an additional 2,000 square feet required for warehousing.

The finished product will be shipped in three crates as follows:

1. Alternator, VARCS, saddle and stub tower assembled together.

2. Rotor hub and matched blades disassembled.

3. Tail assembled.

6.3 Estimated System Costs

Cost of 1st unit (1979 dollars)....cceeevcooooocns 84,736A.00%
Cost of 100th unit (1979 dollars)..cecocoooooooasocs $3,551.00%
Cost of 1000th unit (1979 dollars).c.cvovecoococns §2,50%2,00%
Cost of 1000th unit (1977 dollars)

including overhead and profit......ceveeeececenes $2,867.00

Dollars per pound for 1000th unit (1977 dollars)..S$ 4,.59/pound

*Cost does not include overhead and profit

6.3.1 Estimated Turnkey Costs

(1977 dollars)

Wind machine (1000th machine)......veveeveccnoaans §2,867.00
Tower (40 ft. RORD 45GSR) vt v iiiirrrnncncencnnanas 3 700,00
Tnstallation COSES..ueeroocscoconooocaoososesonsnses $1,200.00

(assumes local labor & relatively accessible
site; include concrete, site preparation & labor)
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*#Turnkey costs can be as much as 1007 higher depending upon site acces-

siblity,

storage requirements and required auxiliary generated facilities.

6.4 Cost of Energy Calculation®

Base data:

IC =
FCR
AOM

AKWH

It

i

The cost

Q

o

=
il

[

o

o)
il

initial installed cost  (turnkey) = $6,767.00
fixed charge rate (commercial) = § 0.085
annual operation & maintenance cost= $ 135.00
annual kilowatt hours produced
(assumes 15 mph mean wind) = 7,800 kilowatt hours

of energy (COE) can be calculated using the following formula:

(1C) (FCR) + (AOM)

(ARWH)
6767 (0.085) + 135
7800
$.091 = 9¢/kilowatt hour

* The fixed charge rate cost of energy calculation method used in
this report was specified by Rockwell International to allow
comparison of the North Wind High Reliability wind system with
other machines developed under DOE sponsorship. The reader
should be aware that life cycle costing provides a more accurate
cost of energy determination. A good introduction to this
method--as it is applied to wind systems—-can be found in SWECS
Cost of Energy Based on Life Cycle Costing, W.R. Briggs, Rocky

Flats Wind Systems Program, RFP-3261, May 1980 (available from

NTIS.)
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7. PROGRAM STATUS AND SCHEDULE

7.1 Phase I Schedule

Figure 7.1 charts the initiation and completion of the major milestones
in Phase I of the high reliablity 2kw design and development program.
Projected completion dates for Phase I design reviews are also shown as
open bullets. As can be seen, we were unable to meet the initial nine
month timetable to FDR. This was due in part to the difficulties of
adapting a young company to the requirements and methods of this type of
contract. However, a large element in the extension was the expansion of
the scope of the project to encompass ambitious and extensive pre-proto-
type fabrication and testing. As a result of this Phase T work, the over-
all program schedule does not reflect the extra four months in Phase T.

The following parameters will be measured during the testing of Proto-
type I at Rocky Flats:
Wind speed, V  (mph, m/s)
Wind direction, WD (degrees)
Air demsity, A (slugs/ft3, gm/cmB)
Out of plane blade bending, M3 (in-1b, n-m)
Alternator input tOrque; Q (n-m)
Rotor RPM (RPM, rad/sec)
Rotor azimuth, ¥  (degrees)
Field current, lfield (amperes)
Line current, 174,, (amperes)
Alternator temperature, T, (°C)
Alternator vibration (Hz)
Rotor pitch, &  (degrees)
Machine yaw, Y (degrees)
Tower vibration (Hz)
Line voltage, E{ipe (volts, DC)
Field voltage, Efielq (volts, DC)

Rocky Flats testing will itself have two components: intensive testing
data collection (ITDC) and long term data collection (L™C) .

ITDC will require measurement of the following variables for which pro-
vision will be made on prototype I where necessary:

v M3 W Liine A
WD Q I TA Y
RPM lfie1d Vibration
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LTDC will require measurement of the following variables for which pro-
vision where necessary will be made on both Prototypes I and IT:

v lfield 4
WD lline Fline
RPM A

Data collected during LTDC should be reduced and presented graphically in
the following format:

Pitch Output vs. Wind Speed
Pitch wvs Wind Speed

RPM vs Wind Speed

RPM vs Pitch

Pitch Rate vs Wind Speed Rate
Pitch Rate vs Yaw Rate

Pitch Rate vs RPM

The first four required plots are self-explanatory, however, the last three
relate to specific questions which are critical to machine operation. digh
change rates (either positive or negative) directly affect pitch rate.

This is the only area that we are currently aware where data sampling rates
must be faster than one per second. Our experience with the 80N watt Par-
ris-Dunn machine indicated yaw rates of 209/second and pitch rated exceed-
ing 659/second. This last condition was caused by a 2.6 gust in a 6.0 m/s
wind.

Another area that we would like to 1ook at would require a circuit that
would indicate the difference between relative wind direction and machine
orientation. There has been some speculation, with some possible confirma-
tion from the NRC Wind Tunnel Data, that SWECS do not tend to orient them-
selves directly into the wind.

Other pertinent machine data should be collected over a long term but with
no advantage over short-term, e.g. Cp vs Tip Speed Ratio, Tip Speed Ratio
vs Wind Speed, Input Power vs Output. Once the alternator and rotor ef-
ficiencies had been mapped there would be no need for longer data collec-
tion.

This test program is designed to produce complete and useful data on the
overall performance and suitability of the prototype. In addition, the
test program will answer some more academic questions about the dynamics,
loading and operating characteristics of a tilted rotor.
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APPENDIX A

LOW REYNOLDS NUMBER WIND SECTION
TESTS IN THE MIT 12" X 12" WIND TUNNEL
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LOW REYNOLDS NUMBER WING SECTION TESTS IN THE MIT 12" x 12"
WIND TUNNEL

Very little airfoil section data at low Reynolds Numbers have
been published. Indeed, had it not been for the model air-
craft enthusiasts, the world would be completely without low
Reynolds Number data. NACA's single effort in this area,

Ref 1, has long been discredited due to the high turbulence
levels in the VDT Wind Tunnel.

Small WECS rotors operate at Reynolds Numbers ranging from
100,000 to 300,000 and as low as 20,000 during start-up con-
ditions. Local angles of attack on untwisted blades can ex-
ceed 30° and angles of attack during start-up can be as high
as 85°, Existing published data was obtained to serve as a
tool to the aircraft designer and does not cover the angles
of attack or Reynolds Number range of interest to the WIG ro-
tor designer.

MIT's 12" x 12" wind tunnel is a low-turbulence, open-circuit
wind tunnel equipped with a three-component strain gage ba-
lance. Wind sections are cantilever mounted from the bottom
wall of the test section. Velocity is monitored by the dif-
ference in static pressure between the test section and set-
tling chamber as based on a pitot static calibration of the
test section.

Our wing section models had a 3" chord and were trimmed in
length to allow a 1/32" clearance from the top wall of the
test section.

The strain gage balance was calibrated with the following
results:

Initial Settings on Strain Indicator
Gage Factor = 2 , add 25/1000

No Load Settings for Channel 1, 2, and 3 was 2500

If: Ly = (Strain Reading).p.nne1 1 —2500
D, = (Strain Reading) shanne1l 2 —2500
M3 = (Strain Reading)channel 3 —2500
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Low Reynolds Number
Wing Section Tests - MIT
16 March 1978 Page Two

Then: L gm —0.23286Ll - .01302D2

]

D gm 0.20335D, = .01314L,
M gm in = ,6328M;

A balance tare drag was determined for each of the four test
speeds with the following results:

Re v Manometer Setting D, Correction (Counts)
50,000 21.32 mph 0.32" 19
100,000 42.64 1.18" 66
150,000 63.97 2.68" 145
200,000 85.29 4.66" 260

The air density was determined by monitoring the temperature
and barometric pressure.

The two sections tested were the FX 76MP120 modified to a
thicker section by flattening the bottom of the section as
shown in Fig. 1 and the 20% GU 25-5(11)8 section which had
been previously tested at Reynolds Numbers ranging from
390,000 to 630,000, Ref. 2. The Wortmam section had never
been tested before.

The data obtained are presented Figures 2 -9 . 1In Fig. 2,
note the lack of a distinctive stall at a Reynolds Number of
50,000. This is characteristic of thick unsymetrical sections
at very low Reynolds Numbers as is shown in data from Ref. 3,
which is reproduced in Fig. 10.

The GU section was designed to be an optimum at a Reynolds
Number of about 600,000 where like a Liebeck section, the down-
ward slope on the leeward side is on the verge of laminar sep-
aration in order to minimize drag and maximize 1lift. Hence,

at a Reynolds Number as low as 50,000, a laminar separation
occurs at very small angles of attack and the stall character-
istics usually associated with angles of attack from 10 © to
20° are not evident in that the stall has occurred at much lo-
wer angles of attack.
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Low Reynolds Number
Wing Section Tests - MIT
16 March 1978 Page Three

Despite low L/D's at low Reynolds Numbers, the GU 25-5(11)8
section with its 20% thickness is a good section for a

small WIG rotor because of the ruggedness of the blade re-
quired to provide the necessary torque. This section is a
natural for large WIG rotors because of its outstanding L/D's
at higher Reynolds Numbers.

Fig. 3 shows CL vs. Reynolds Number, and the curves exhibit
a distinctive bell-like shape. Similar data from Ref. 3
(Fig. 12) also exhibits this bell shape.

The Wortmann section was designed to be optimum at about
200,000. The 1lift channel of the strain indicator ran out
of range at very low angles of attack, precluding obtaining
data near 200,000, but the section looks very promising in
an aerodynamic sense. It is by far the best performing sec-
tion that I have flown on my radio controlled sailplane,

Re = 100,000.
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MIT Models

0 Two Reguired
o Material: Maple

o Thickness: .6" for GU Model
45" for FX Model

GU -5 (u)e

76 4P {20 MOD
AsmoPOIL Fx

Figure 1
Sketch of Sections Tested
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Figure 92. Sumimary of the five airfoil profiles measured,
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Comparison of lift slope for five different nrofiles in four different
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