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ABSTRACT 

Volume III of this study discusses major features of the Darrieus vertical-axis wind 
turbine design including the blades, the speed increaser, guy cables and cable anchors, 
transmission, clutch, brakes, and the electrical system. System weight character­
istics are tabulated. The report discusses operation and maintenance costs and 
requirements and cOhcludes with detailed descriptions of point designs for 120, 200, 
500, and 160o-kW Darrieus vertical-axis wind-energy systems. These same point de­
signs are used for the detailed economic analyses discussed in Volume IV. 
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Pref'ace - Objective and Organization of' the Vertical Axis 

Wind Turbine (VAWT) Economic Study 

The ultimate objective of' the VAWT economic study is to determine as accurately 

as possible the prof'itable selling price of' Darrieus vertical axis wind energy systems 

produced by a typical manuf'acturing and marketing f'irm. This price may then be com­

pared to the electrical utility energy saved by the system to allow potential users 

to assess the usef'Ulness of' the VAWT concept. The basic approach f'or assessing the 

selling price is through a detailed economic analysis of' six actual system designs. 

These designs cover a wide range of' system size points, with rotor diameters from 

18 to 150 f't, corresponding to approximate peak output ratings from 10 to 1600 kW. 

All these systems produce 60-Hz utility-line power by means of induction or synchro­

nous generators coupled mechanically to the rotor and electrically to the utility 

line. 

Two independent consultants in parallel conducted the economic analyses of' these 

point designs. A. T. Kearney, Inc., a management conSulting f'irm, provided analyses 

for the four largest point designs; Alcoa Laboratories considered all six design 

points. Both studies attempt to determine a reasonable selling price f'or the various 

systems at several production rates ranging from 10 to 100 MW of' peak power capacity 

installed annually. In addition, the consultants also estimated the costs of' con­

structing one or f'our preproduction prototypes of' each point design. Toward this ob­

jective, the consultants considered a hypothetical company to procure components; 

perf'orm necessary manuf'acturing; and manage the sales, marketing, delivery, and f'ield 

assembly of the units. Profits, overhead, and administrative costs f'or this hypo­

thetical company are included in estimating the appropriate selling price for each 

point design. 

Sandia Labo~atories selected the basic conf'igurations of'the point designs (i.e., 

the number of blades, blade chord, rotor speed, etc) and developed specif'ications 

f'or the configurations using an economic optimization model that ref'lects the state­

of'-the-art in Darrieus system design. The computer-adapted optimization model uses 

mathematical approximations f'or the costs of major system elements and the energy 

collection perf'ormance of' the system. The model ef'f'ects cost vs performance trade­

of'f's to identif'y combinations of' system parameters that are both technically f'easible 

and economically optimal. 

System conf'igurations identif'ied by the optimization model served as a starting 

point f'or all the point designs. Sandia Laboratories completed the designs f'or the 

f'our largest systems (120, 200, 500, and 1600 kW) and Alcoa Laboratories prepared the 

two smallest systems (10 and 30 kW). The level of' detail associated with each design 
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is commensurate with an adequate determination of component costs and not necessarily 

with what is required for actual construction of the systems. 

This final report is divided into four separate volumes, corresponding to over­

all organization of the study: 

Volume I 

Volume II 

Volume III 

Volume IV 

The Executive Summary - presents overall conclusions and sum­

marizes key results. 

Describes the economic optimization model including details of 

system performance calculations and cost formulas used in the 

optimization process: The model-estimated costs per kilowatt 

hour of the optimized systems are presented as a function of the 

rotor diameter, and the dominant cost and performance factors 

influencing the results are discussed. The volume concludes 

with a tabulation of optimized performance and physical charac­

teristics of the point designs. 

Presents the actual point designs and discusses major design 

features. Tabular data on energy production, component weights, 

and component specifications are inclUded. 

Summarizes results provided by the cost consultants' analyses, 

interprets observed trends, and compares results with those from 

the economic optimization model. 

... 

" 



ECONOMIC ANALYSIS OF DARRlEUS VERTICAL-AXIS 
WIND TURBINE SYSTEMS FOR THE GENERATION 

OF UTILITY GRID ELECTRICAL POWER 

VOLUME III: POINT DESIGNS 

Introduction 

To yield credible results, any study or investigation must be based on reliable 

information. Certainly the economic feasibility assessment of the Wind Energy Con­

version System (WECS) is an endeavor of this type. The concept of pricing actual 

point designs is used to develop realistic cost data for this assessment. This por­

tion of the final report (Volume III) presents the approach used for these designs, 

the designs themselves, and some general design ana~ses. 

* Six point designs were generated from the system characteristics established 

using the economic optimization model described in Volume II. These designs cover a 

spectrum of sizes (18- to 150-ft diameters) and outputs (10 to 1600 kW). All the de­

signs are for synchronous (constant rpm) rotor control using an induction or synchro­

nous generator connected to an existing utility grid. The ratings used are nominal. 

A design rationale was established that defined these designs in sufficient detail to 

allow accurate cost estimates. In turn, this design rationale led to the identifica­

tion of certain general features shared by this family of turbines. Some of these 

features were dictated by the original ground rules, others by the economic optimiza­

tion model, and the rest by the design process itself. The most notable common feature 

of these point designs is conservative fabrication methods. 

Design Rationale 

Since VAWT cost estimates are based on point designs, it is imperative that they 

possess the following qualities: 

Cost/efficiency balance in energy collection and conversion 

- Structural soundness 

- Longevity 

- Reliability of cost estimates 

- Low cost 

A brief discussion of the design rationale used for each of these categories 

follows. 

*A point design of a VAWT is a design at a specific power point such as 120, 200, 500, 
or 1600 kW. These points were selected and designs made for a wide range of VAWT 
sizes to form a basis for cost studies. 
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Cost/Efficiency Balance 

To determine the output of a wind turbine, the characteristic efficiency of the 

various components must be taken into account. More importantly, ~ of efficiency must 

be assessed and accounted for. This was done for the point designs using the performance/ 

cost relationship embodied in the economic optimization model. In addition, geometry 

changes imposed by manufacturing/assembling processes can affect the cost/efficiency 

balance of the design in the actual design process. Attention was given to this aspect 

throughout the point design process to maintain a reasonable cost/efficiency balance. 

Structural Soundness 

The Economic Optimization Model processed only those basic configurations and 

geometries that met or exceeded minimum structural requirements. These structural 

requirements and the analyses used to determine conformance to these requirements are 

discussed in length in Volume II and are also included in this volume as Appendix C. 

The types of analyses used in the model are summarized as follows: 

Blades 

Tower 

Tiedowns 

- Nonlinear finite element static analysis used in dimensional 

analysis form to determine blade operational stresses and stres­

ses in parked survival wind case. 

- Conventional buckling, load analysis, torsional and bending 

natural frequency analysis, and analysis of axial stresses. 

- Analysis of cable sag for blade strike and resonant frequency/ 

operating frequency analysis. 

The basic structural integrity of the point designs was then maintained or im­

proved during the design process. Conformance to general structural requirements was 

spot-checked. After completion of the design, the designs were analyzed statically 

and to some degree dynamically. Hence the designs are judged to be structurally sound 

for the purposes of this study and only minor changes should be necessary to make a 

production set of drawings. 

Longevity 

The point designs incorporate features that either ensure long life (~ 30 yr) 

or cost-effective replacement. Placing most of the running gear at ground level en­

hances the ability to "design in" cost-effective replacement. 

Reliability of Cost Estimates 

Because the success of this overall study largely depends on generating reliable 

information, the point designs were done to assure easy, reliable cost estimates. 

1. 

'-, 



• f 

.-

Using catalog items wherever possible instead of specially designed items and simple 

established fabrication techniques eases the cost-estimating process. As a result, 

cost estimators were able to apply quotations from fabricators and suppliers to form a 

reliable basis for component costs and, subsequently, total system costs. 

Low Cost 

When a choice of approaches was possible, the lowest-cost method of fabrication 

was chosen. As an example, aluminum extruded blades were chosen for use throughout 

the point designs because that fabrication method produced blades that were struc­

turally sound, long-lived, reliably cost-estimated, and relatively low-cost. Thus 

while extruded blades may not be the lowest cost per se, they represent the lowest 

cost that currently satisfies the other requirements as well. The point designs there­

fore represent current state-of-the-art turbine design. 

General Features 

Because of the original guidelines established and the elements of the design 

rationale used, the point designs share some general features. This section discusses 

those general features and some of their exceptions. 

Blades 

All point designs have two extruded aluminum blades with a NACA 0015 cross sec­

tion and 'miform wall thickness. Blades for the largest turbines were designed with 

multiple longitudinal sections for ease of shipping and assembly. Because of extrud­

ing limitations, any blade cross section with a chord greater than 29 in. is made up 

of two or more extrusions having a longitudinal weld. 

The blade shape is a straight-circular arc-straight approximation of a tropo­

skien,1,2 a configuration that minimizes the amount of blade bending required during 

fabrication. This shape retains most structural advantages of the troposkien and at 

the same time substantially reduces fabrication costs. 

All the point designs have a height-to-diameter (HID) ratio of 1.5. The econo­

mic optimization model actually indicated a very modest cost-of-energy dependence for 

HID ratios between 1.0 and 1.5. The target HID ratio was selected for the point de­

sign to minimize the curved section curvature that eases fabrication and shipping of 

the blade. 

The blades are rigidly attached to the central tower using steel clamps that 

envelop the blade section. The blade material is 6063 at a T5 temper. Temper is 
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assumed to be achievable in the as-extruded condition, without any additional heat 

treatment. 

Rotor Central Tower 

The central tower transmits torque from the blades and reacts the axial load 

from the tiedown cables. 

A large diameter, thin-wall tower is characteristic in each point design. This 

is a low weight design and amenable to mass production using spiral welding automatic 

machinery. 

Speed Increaser 

The speed increaser used for all point designs consists of an enclosed gear box 

with controlled lubrication. For overall economy and longevity, an earlier stUdy3 

concluded that an enclosed gear-speed increaser offered the required longevity with 

minimum maintenance. 

These increasers, which have a vertical low-speed shaft and a horizontal high­

speed shaft, are catalog items except that the capacity of the thrust bearing in the 

low-speed shaft must be increased. Increasing this thrust capacity allows the speed 

increaser to be used as a turbine base and eliminates the need for a separate base 

and thrust bearing. 

Universal Joint 

Each point design incorporated a universal joint in the drive train just above 

the low-speed shaft of the speed increaser. This joint allows for misalignment of the 

rotor tower with respect to the speed increaser. The joint also allows erection of 

the turbine after complete assembly without the use of a crane by acting as a hinge. 

Guy Cables and Anchors 

A three-cable guy configuration is used on all point designs for economic reasons. 

Since soil conditions were not known, a conservative dead weight/friction approach 

was used to design the guy-cable anchors. Cost estimates based on this design yield 

an upper bound. A recently completed foundation and anchor study4 has identified 

anchor designs of significantly lower cost than those used on the point designs. 

Brakes 

Each system has a brake designed to stop the wind turbine for a design condition 

of 20% overspeed from the rotor synchronous rpm with maximum torque wind loading. A 

disk brake using standard heavy equipment calipers was chosen. 

~. 
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Electrical Systems 

Electrical systems are grid-connected, 3-phase, 4Bo-v or 4160-v outputs. 

The 10-, 30-, and 120-kW systems have a 4Bo-V, 3-phase output with 4Bo-v controls. 

whereas the 200- and 500-kW systems achieve a 4160-v output by using 4Bo-v machinery and 

controls and a step-up transformer. The 1600-kW system uses 4160-v controls and 

machinery. 

The 10-, 30-, and 120-kW systems use induction machinery. The 200-, 500-, and 1600-. 

kW systems have two options; option 1 is a synchronous machinery system, while op-

tion 2 is an induction machinery system. 

The 10- and 30-kW systems use the induction machine for starting with fUll voltage. 

The 120-kW system options include the induction machine with full voltage start and 

the use of a clutch. The 200- and 500-kW systems with option 2 use the induction ma­

chine with reduced voltage during startup. The 1600-kW option 2 induction system is 

brought up to speed under no-load with subsequent mechanical clutching to start the 

rotor; the 200-, 500-, and 1600-kW option 1 synchronous systems operate the same way. 

System Weight Characteristics 

Point design weights listed in Table I are the calculated weights of the actual 

point designs as opposed to the weight estimates generated by the Economic Optimization 

Model discussed in Volume II. Table I lists weights by components such as blades, 

tower, tiedowns, transmission, and generator. The weight of mounting hardware, clamps, 

bearings, etc., is included in the total component weight as appropriate. 

In addition, weight estimates of the four machines optimized to operate in 12- and 

lB-mph average windspeed sites are listed at the bottom of Table I. These estimates 

were made by changing point design weights to account for the appropriate transmission, 

generator, and structural requirements. The nominal rating of these machines is changed 

when optimized for these windspeeds. 

System output vs weight is presented in Table II. Expected annual output for 

each system is calculated for various windspeeds. The turbine as optimized for 15-mph 

average windspeed is operated at 12-, 15-, and IB-mph average conditions. These outputs 

are compared to the outputs of turbines optimized for 12- and IB-mph average conditions. 

Note that the energy per unit weight is very sensitive to site wind conditions 

but ostensibly not sensitive to turbine optimization for the range presented. 
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TABLE I 

Point Design Weights by Component Optimized 
for 15-mph Average Windspeed 

Nominal Rating (kW) 10 30 120 200 500 1600 

Weight (lb) (Followed bZ Percenta~e of Total Wei~ht) 

Blades 310(21) 1120(23) 5040(28) 9190(23) 20,000(21) 69,710(25) 

Tower 260(18) 1600(32) 5200(29) 13,720(34) 29,330(31) 102,390(36 ) 

Tiedowns 270(19) 751(15) 3850(21) 8335(20) 15,960(17) 48,360(17) 

Transmission 200(14) 600(12) 2000(11) 5250(13) 21,800(23) 46,000(16) 

Generator 160(11) 400(8) 1260(7) 2370(6) 3830(4) 10,600(4) 

Other 250(17) 500(10) 710(4 ) 1960( 5) 4300(5) 6850(2) 

Total 1450 4971 18,070 40,825 95,220 283,910 

Total 
12-mph Optimum Estimate 17,037 37,224 83,100 265,000 
Rating Optimized for Windspeed (kW) 83 140 270 860 

Total 
18-mph Optimum Estimate 20,862 48,255 112,800 352,000 
Rating Optimized for Winds peed (kW) 180 390 870 2500 

The range of 10- to 13-kWh/lb compares favorably with the range of current and 

near-term large horizontal-axis machines, particularly in light of the fact that (as 

discussed in the design rationale section) these designs represent state-of-the-art 

capability and simple fabrication methods. The application of value engineering, 

other fabrication techniques, and advanced development will enhance the energy-to­

weight ratio. 

Operation and Maintenance 

An obvious item in the overall cost structure of a wind turbine is the cost of 

operation and maintenance (o&M). This section deals with such costs in the context 

of a mature machine beyond p,rototype stage. 

Maintenance and Inspection Requirements 

The bearing at the top of the tower where the guy cables are attached to the tur­

bine should be lubricated at 6-month intervals. 

Transmission oil should be changed yearly. 

Motor bearings should be lubricated every 6 months. 

", 
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Nominal 
Size 

(Dia x Ht) 

55 x 83 

55 x 83 

55 x 83 

55 x 83 

55 x 83 

75 x ll3 

75 x ll3 

75 x ll3 

75 x ll3 

75 x ll3 

100 x 150 

100 x 150 

100 x 150 

100 x 150 

100 x 150 

150 x 22::; 

150 x 225 

150 x 225 

150 x 225 

150 x 225 

Opt. Design 
Windspeed 
(mph avg) 

18 

15 

15 

15 

12 

18 

15 

15 

15 

12 

18 

15 

15 

15 

12 

18 

15 

15 

15 

12 

TABLE II 

System Output vs Weight 

Sited 
Winds peed 
(mph avg) 

18 

18 

15 

12 

12 

18 

18 

15 

12 

12 

18 

18 

15 

12 

12 

18 

18 

15 

12 

12 

Total System 
Wt(lb) 

20,862 

18,060 

18,060 

18,060 

17,037 

48,300 

40,825 

40,825 

40,825 

37,200 

1l2,800 

95,220 

95,220 

95,220 

83,100 

352,000 

283,910 

283,910 

283,910 

265,000 

Nominal 
Rating 

(kW) 

180 

120 

120 

l20 

83 

390 

200 

200 

200 

140 

870 

500 

500 

500 

270 

2500 

1600 

1600 

1600 

860 

Output 
kWh 

(lb!yr) 

20.7 

20.4 

13.5 

7.3 

7.2 

18.1 

17·9 

1l.9 

6.4 

7.0 

16.8 

17.1 

1l.2 

5.8 

6.6 

15.1 

15.4 

10.4 

5.6 

6.0 

Annual 
Output 

(kWh) 

432,000 

368,000 

246,000 

132,000 

123,000 

875,000 

731,000 

490,000 

263,000 

259,000 

1,890,000 

1,630,000 

1,070,000 

553,000 

549,000 

5,330,000 

4,370,000 

2,950,000 

1,590,000 

1,580,000 

The guy-cable tension should be checked semiannually in June and December and 

adjusted if necessary. This permits proper cable tension at times other than those 

of extreme temperature and will give better cable tension for a longer time. Turbine 

perpendicularity can be checked and corrected if necessary by proper selection of the 

cables to be tensioned and the amount of cable tensioning performed on each cable. 

Although the turbine is designed to operate for a long time with only the above 

maintenance, it should be visually inspected at the 6-month cable tensioning and lub­

rication intervals for lubrication leaks; for cracked, broken, and loose parts; and 

for unusual noises. 
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The required manpower expenditure ranges from 0.5 man-day per year for the 10-kW 

system to 10 man-days for the 1.6-MW system. This ranges from 

0.5 x 200 
9000 

to 10 x 200 
650,000 

1% of Initial Cost 
Year 

0.3% of Initial Cost 
Year 

where labor costs are $200 per man-day and consumables are included in labor cost. 

Replacement 

Although the bearings, generator, and speed increaser are designed for the machine 

lifetime of 30 years, it is prudent to assume that some fraction of these components 

will require replacement. For estimating purposes, it is assumed that the wind turbine 

system will require major servicing that is the equivalent of 

10% of the turbines requiring bearing replacement 

10% of the turbines requiring generator/electrical system replacement 

10% of the turbines requiring speed-increaser replacement 

For cost-estimating purposes, a bearing replacement is assumed to cost 50% of 

the initial erection cost; a generator/electrical system twice the original generator/ 

electrical cost; and a speed increaser replacement 1.5 times the original speed in­

creaser costs. 

For a design life of 30 years, and using the system costs in Volume IV, each tur­

bine is assessed annual replacement costs as follows: 

Percent Replaced x Assessment x Fraction of Total IC 
Turbine Lifetime 

In terms of percent of initial cost (IC) IC 
% year 

Bearings 

10 x 0.50 x 0.11 
30 

0.02 

Generator/Electrical 

10 x 2 x 0.12 = 0.08 
30 
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Operation 

Speed Increaser 

10 x 1.5 x 0.19 
30 

0.10 

Total Replacement Assessment 0.20 

The amount of manpower expended for operation is strongly influenced by the appli­

cation to which the wind turbine is applied and by the type of control system used. 

For a utility application using an automatic control system, the amount of time charged 

per turbine is constant with respect to size. Dispatching manpower might be on the 

order of 15-20 minutes per week. Expressed as an annual cost, this is 

20 x 52 x 200 ~ $433 
60 x 8 

Expressed as percent of initial cost, 

% IC 

10 kW 200 kW 1600 kW 
433 433 
9000 = 4.8 125,000 = 0.35 650,000 = 0.07 

Total O&M Costs 

Total O&M cost estimates for three turbine sizes are as follows in terms of 

percent of initial cost per year: 

% IC £er Year 
10 kW 200 kW 1600 kW 

Maintenance and Inspection 1 0.3 0.3 

Replacement 0.2 0.2 0.2 

Operation 4.8 0.35 0.07 

Total O&M 6.0 0.85 0.57 

The methodology previously developed can be expanded to produce the following 

estimates of O&M cases for the point designs. 

15 
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Annual Maintenance and Operation Costs 
(Estimated) 

10 kW 30 kW 120 kW 200 kW :200 kW 1600 kW 

Maintenance and Inspection $100 $150 $200 $ 400 $1000 $2000 

Replacement 18 30 140 250 580 1300 

Operation 433 433 433 433 433 433 

Total $551 $613 $733 $1083 $2013 $3733 

Installed Costs $9000 $15,000 $70,000 $125,000 $290,000 $650,000 

Point Design Descriptions 

As previously disc11ssed, the Economic Optimization Model was used to identify 

potential point designs. These potential designs were then worked into actual designs 

in sufficient detail to permit both analysis and cost estimation. 

One of these designs (120 kW) is presented in detail in the following section. 

The remaining designs are briefly discussed, along with erection schemes for the 500 kW 

design. Detailed drawings and specifications of the point designs are cataloged in 

Appendix A. 

Mechanical Design - 120-kW VAWT (Drawing No. s26580) 

The characteristics calculated using the Economic Optimization Model are presented 

in Table III. 

Blades -- The blades are 82.5 ft high and 55 ft in diameter at the blade cen­

terline, for a height-to-diameter (HID) ratio of 1.5 to 1. Figure 1 shows a troposkien 

blade shape for a VAWT with this HID ratio. Since such a shape is difficult to manu­

facture, an approximation of the troposkien with a circular-arc/straight-line shape is 

used for the blade design shown in Fig. 2 (Ref. 1). Figure 3 shows the geometry of 

the VAWT in the two-bladed configuration. 

The airfoil shape of the blade is a NACA 0015 with a chord length of 24.24 in. 

and a blade length of 24 in. Figure 4 shows the blade cross-sectional design. The 

blade is a 6063-T5 aluminum extrusion. Each blade section is a single extrusion, with 

the curved section shaped from a straight extrusion using incremental three-point 

bending. 

The blade length is comprised of one curved section and two straight sections 

joined together before the blade is assembled to the VAWT shaft. Building the blades 

in three shorter sections makes shipping them easier. 

,. 
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Actual Rating 

116 kW @ 31 mph, 
Design rpm: 52 

. . 

Dia. 
ill2. 

55 

H/D 
Ratio 

1.5 • 

Drive-Train Torgues (lb-ft) 

High-Speed Low-Speed 
Shaft Shaft 

Condition (1800 n>m) (Rotor ~) 

Normal 510 17,600 
Operating 

Runaway to 880 -30 ,400 
63 rpm and 
Emergency 
Braking 

Starting NA NA 

" 'r 

TABLE III 

Estimated Design Features - 120-kW System 

Steel Tower 

Dia. Wall Thickness 
(ft) (in.) 

3.7 0.060 

Dut;l C;lcle 

300 h/yr, contin-
uous 

Single use without 
permanent damage 
to drive train 

360 starts/yr 

Tiedowns (3) 

Length Cable Area Pretension 
(ft) (in. 2 ) (lb) 

175 1.0 20,000 

Chord 
(in. ) 

24.0 

Blades (2) 

Wall Thickness 
(in. ) 

0.24 

System Performance @ 52 rpm 
(0.076 lbm!ft3 air density) 

Windspeed \ml'h) 
At 30 ft. At Turbine Turbine 
~ Centerline Output (kW) 

9 
10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
31 
32 
34 
36 
38 
40 

9.9 
11.0 
13.1 
15.3 
17.5 
19.7 
21.9 
24.1 
26.3 
28.5 
30.7 
32.9 
34.0 
35.0 
37.2 
39.4 
41.6 
43.8 

2.0 
4.7 

11.7 
20.7 
31.8 
44.5 
57.9 
71.8 
85.8 
99.5 

112.5 
124.5 
130.0 
128.0 
124.2 
120.7 
117.4 
114.5 

Electrical 
Output (kW) 

1.4 
10.5 
21.5 
34.1 
47.3 
60.8 
74.2 
87.2 
99.5 

110.9 
116.0 
114.0 
110.4 
107.2 
104.2 
101.4 
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The blade sections are joined together with aluminum extrusions placed into the 

blade cavities and riveted to achieve a smooth aerodynamic surface on the blade exter­

ior in the joint area (Fig. 5). The blade is attached to the VAWT shaft by bolting 

:: .. ",.:o."::::::::""';=_"'~€=:{::~=':~_~:: : 
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Figure 5. 120-kW VAWT Blade Joint Design 

cheek plates on both sides of the blade and then to the shaft (Fig. 6). Disruption 
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Figure 6. 120-kW Blade Attachment Design 
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of the blade aerodynamic surface near the shaft by the cheek plates is of little con­

sequence because of the low blade velocity in this area. This arrangement more easily 

supports the blade root loads. 

Guy Cabl es -- The VAWT is supported by three guy cabl es attached to the top of 

the VAWT (Fig. 7) and anchored at ground level (Fig. 8). Bridge strand with an effec-

• " 

" i' '1, ; 

; -1 

/ ' ., ,' 

I .... ~":.]-, 

, . 
; ~ 

Figure 7. l20-kW VAWT Guy-Cable Attachment Design 

tive modulus of elasticity of 23,000,000 psi was selected for the guy cables to achieve 

cable rigidity for resonant frequency control. The pretension load in the guy cables 

is 20 ,000 lb. The 1.3-in.-diameter cabl e, selected on the criterion of rigi dity, has 

a strength of 208, 000 lb. A Class B zinc-cabl e coating was thought to be generally 

sufficient protection, although a Class C zinc coating could be used in extreme environ­

ments such as areas near the ocean. 

The bearing at the top of the VAWT must support the guy-cable forces as well as 

the nonrotating material above the bearing. A Rotek bearing was selected for this 

position because of its capability to r eact to thr ust, radial, and moment loads simul ­

t aneously with a single bearing . 

Transmission -- Bui lding the VAWT directly upon the transmiss ion is the most eco­

nomical mounting method because it uses an existing transmission bearing (Fig. 9). 
Load at the transmission can be determined when the VAWT blade and tower weights and 

'. 
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Figure 8. 120-kW VAWT Guy-Cable Tiedown Design 
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Figure 9. 12o-kW Transmission Brake and Clutch Design 
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guy-cable tension are known. A transmission can then be selected to carry this load 

and transmit power to the generator. 

A Philadelphia Gear transmission with a gear ratio of 34.5 to 1 was selected 

for proper power-transmission capability, for adapting to an l800-rpm electric genera­

tor. The thrust load capability, however, is only about one-half the capability 

needed. It is assumed that a bearing of the proper size can be incorporated in the 

transmission; otherwise a lower support tower is necessary to carry the VAWT . The 

gear ratio is not exactly correct, but slight changes can be made when ordering the 

transmission. 

Clutch -- A VAWT cannot be reliabl y started by the wind; it must be started by an 

outside source such as a motor. The generator can be used as a starting motor if the 

motor is allowed to operate at full speed during startup . This is done by running the 

motor at full speed and using a clutch to engage and start the VAWT. While producing 

the rated torque, the clutch is allowed to slip until the VAWT is up to rated speed. 

This prevents motor and drive-train overload as might be experienced if the VAWT were 

connected directly to the motor during motor start. 

The electric motor is started, brought up to full speed, and synchronized with 

the grid in the case of a synchronous motor. The clutch, which is engaged by a 

hydraulic cylinder, slips until the VAWT is brought up to rated speed with the clutch 

providing rated torque. 

See Appendix B for clutch design calculations. 

Brake -- The brake disk is designed by the same method as the clutch. The amount 

of energy that must be absorbed ~o stop the turbine is determined and the brake area 

can be calculated. Table III shows that runaway torque due to wind is 30,400 lb-ft 

at a turbine speed of 63 rpm . Inertial energy of the turbine at 63 rpm is 832,000 

ft-lb; the energy due to the wind during stopping is determined by the selected stopp­

ing torque of the brake upon the turbine . Brake torque must exceed 30,400 lb-ft of 

wind torque to slow the turbine . A brake torque of 45,000 lb-ft is selected as reason­

able because the turbine and transmission must be designed to stop the turbine one 

time without damage in an engineered stop. To determine stop time at a brake torque 

of 45,000 lb-ft, the inertial energy must be absorbed at the same time as the wind 

energy . 

See Appendix B for brake design calculations. 

Cable Anchors -- The tiedown cable anchors were designed for a worst case in which 

the anchors are built on top of the ground. A coefficient of friction of 0.3 was used 

for the anchor on the ground and no allowance was used for ground shear for a buried 
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anchor. The anchor, formed with two internal cavities for ballast space, was sized 

as though the cavities were filled with dirt. 

Other cable-anchoring systems should be considered for specific sites during the 

site study before building a VAWT. 

Cable tension is achieved with hydraulic cylinders. After the desired tension 

is achieved, an electric motor screws a nut into position to maintain the tension. 

With proper sensing and control of the hydraulic system and the electric motor, this 

system could be used for an automatic cable tensioning system. 

Mechanical Design - 200-kW VAWT 

Drawing S25325 in Appendix A shows the mechanical design of the 200-kW VAWT. 

The rating of this VAWT is 220 kW at a speed of 41 rpm in a 31-mph wind. 

Blades, G~y Cables, Transmission, Clutch, and Brake -- The blades are 112.5 ft 

high and 75 ft in diameter, for an HID ratio of 1.5. The blades are divided into 

four sections -- two straight and two curved. The curved portion of the blade is 

divided into two sections to achieve a reasonable shipping length. 

The airfoil shape of the blade is a NACA 0015 with a chord length of 29 in. The 

blade is a 6063-T5 aluminum extrusion. Each blade section is a single extrusion, with 

the curved section formed from a straight extrusion into the curved shape. 

Aluminum extrusions placed into the blade cavities and riveted to the blade join 

the sections together. The blade is attached to the VAWT shaft by bolting cheek 

plates onto both sides of the blade and then to the shaft. 

The VAWT is supported by three guy cables attached to the top and to anchors at 

ground level. Guy-cable pretension for this VAWT is 46,000 lb. The cable selected 

is a 1.8-in.-diameter Class B zinc-coated bridge strand with a breaking strength of 

396,000 lb. 

A Rotek bearing was selected for the top of the VAWT because of its capability to 

react thrust, radial, and moment loads Simultaneously with a single bearing. 

The VAWT is built directly upon the transmission shaft. A Philadelphia Gear 

transmission was selected for proper power-transmission capability and nearly proper 

gear ratio, but the thrust-bearing capability is only about one-half that required. 

The clutch for starting the VAWT is mounted on top of a differential. To start 

the VAWT, the generator is used as a motor and the motor is brought up to full operat­

ing speed. At this time the motor turns the differential and the clutch turns freely. 
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The brake caliper at the clutch plate applies a force to the plate as hydraulic pres­

sure is applied to the caliper, gradually stopping the clutch plate. In turn the VAWT 

starts to rotate and accelerates to full speed. The clutch plate absorbs the heat of 

friction caused by the caliper during startup. The VAWT is started at the rated torque 
6 of 42,000 lb-ft in 13 seconds; the clutch plate must absorb 1.2 x 10 ft-lb or 1540 

Btu of energy. 

The brake for stopping the VAWT is located on the differential shaft between the 

differential and the generator. The runaway torque for the VAWT is 75,000 lb-ft and 

a brake torque of 110,000 lb-ft was selected to stop the VAWT. This requires a stopping 

time of 19 seconds and an energy absorption capability in the brake disk of 5.4 x 106 

ft-lb, or 6944 Btu. 

Cable Anchors -- The tiedown cable anchors were designed for a worst case in 

which the anchors are built on top of the ground. A coefficient of friction of 0.3 

was used for the anchor on the ground and no allowance was used for ground shear for a 

buried anchor. The anchor, formed with two internal cavities for ballast space, was 

sized as though the cavities were filled with dirt. 

Other cable-anchoring systems should be considered for specific sites during 

the site study before building a VAWT. 

Cable tension is achieved with hydraulic cylinders. After the desired tension is 

achieved, an electric motor screws a nut into position to maintain the tension. With 

proper sensing and control of the hydraulic system and the electric motor, this system 

could be used for an automatic cable tensioning system. 

Mechanical Design - 500-kW VAWT 

Drawing 824633 in Appendix A shows the mechanical design of the 500-kW VAWT. The 

rating of this VAWT is 482 kW at a speed of 30.8 rpm in a 31-mph wind. 

Blades, G~y Cables, Transmission, Clutch, and Brake -- The blades are 150 ft high 

and 100 ft in diameter, for an HID ratio of 1.5. The blades are divided into four 

sections -- two straight and two curved. The curved portion of the blade is divided 

into two sections to achieve a reasonable shipping length. 

The airfoil shape of the blade is a NACA 0015 with a chord length of 43 in. The 

blade is extruded with 6063-T5 aluminum. The largest blade chord that can be extruded 

is 29 in. The 43-in. chord of the blade is extruded in two pieces and put together 

with a modified tongue-and-groove joint. After the two pieces are put together to form 

the 43-in. airfoil shape, the curved sections are formed. 
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Aluminum extrusions placed into the blade cavities and riveted to the blade join 

the blade sections together. The blade is attached to the VAWT shaft by bolting cheek 

plates onto both sides of the blade and then to the shaft. 

The VAWT is supported by three guy cables attached to the top and to anchors at 

ground level. Guy-cable pretension for this VAWT is 86,000 lb. The cable selected 

is a 2.3-in.-diameter Class B zinc-coated bridge strand with a breaking strength of 

644,000 lb. 

A Rotek bearing was selected for the top of the VAWT because of its capability 

to react to thrust, radial, and moment loads simultaneously with a single bearing. 

The VAWT is built directly upon the transmission shaft. A Philadelphia Gear 

transmission was selected for proper power-transmission capability and nearly proper 

gear ratio, but the thrust-bearing capability' is only about one-half that required. 

The clutch for starting the VAWT is mounted on top of a differential. To start 

the VAWT, the generator is used as a motor and the motor is brought up to full operat­

ing speed. At this time the motor turns the differential and the clutch turns freely. 

The brake caliper at the clutch plate applies a force to the plate as hydraulic pres­

sure is applied to the caliper, gradually stopping the clutch plate. In turn, the 

VAWT starts to rotate and accelerates to full speed. The clutch plate absorbs the 

heat of friction caused by the caliper during startup. The VAWT is started at the 

rated torque of 121,300 lb-ft in 13 seconds; the clutch plate must absorb 2.44 x 106 

ft-lb, or 3100 Btu of energy. 

The brake for stopping the VAWT is located on the differential shaft between the 

differential and the generator. The runaway torque for the VAWT is 210,000 lb-ft, 

and a brake torque of 300,000 lb-ft was selected to stop the VAWT. This requires a 

stopping time of 20 seconds and an energy absorption capability in the brake disk of 
6 

11.3 x 10 ft-lb or 14,540 Btu. 

Cable Anchors -- The tiedown cable anchors were designed for a worst case in which 

the anchors are built on top of the ground. A coefficient of friction of 0.3 was used 

for the anchor on the ground and no allowance was used for ground shear for a buried 

anchor. The anchor, formed with two internal cavities for ballast space, was sized as 

though the cavities were filled with dirt. 

Other cable-anchoring systems should be considered for specific sites during the 

site study before building a VAWT . 

Cable tension is achieved with hydraulic cylinders. After the desired tension is 

achieved, an electric motor screws a nut into position to maintain the tension. With 
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proper sensing and control of the hydraulic system and the electric motor, this sys­

tem could be used for an automatic cable tensioning system. 

Mechanical Design - 1600-kW Design 

Drawing 825603 in Appendix A shows the mechanical design of the 1600-kW VAWT. 

The rating of this VAWT is 1650-kW at a speed of 22.1 rpm in a 32-mph wind. 

Blades, G~y Cables, Transmission, Clutch, and Brake -- The blades are 225 ft 

high and 150 ft in diameter for an HID ratio of 1.5. The blades are divided into 

five sections -- two straight and three curved. The curved portion of the blade is 

divided into three sections to achieve a reasonable shipping length and arc height. 

The airfoil shape of the blade is a NACA 0015 with a chord length of 64.5 in. 

The blade is extruded with 6063-T5 aluminum. The 64.5-in. chord of the blade is 

extruded in three pieces and put together with a modified tongue-and-groove joint. 

After the three pieces are put together to form the 64.5 in. airfoil shape, the curved 

sections are formed. 

Aluminum extrusions placed into the blade cavities and riveted to the blade join 

the blade sections together. The blade is attached to the VAWT shaft by bolting 

cheek plates onto both sides of the blade and then to the shaft. 

The VAWT is supported by three guy cables attached to the top and to anchors at 

ground level. Guy-cable pretension for this VAWT is 231,000 lb. The cable selected 

is a 3.4-in.-diameter Class B zinc-coated bridge strand with a breaking strength of 

1,326,000 lb. 

A Rotek bearing was selected for the top of the VAWT because of its capability 

to react thrust, radial, and moment loads simultaneously with a single bearing. 

The VAWT is built directly upon the transmission shaft. A Philadelphia Gear 

transmission was selected for proper power-transmission capability and nearly proper 

gear ratio, but the thrust-bearing capability is only about one-half that required. 

The clutch for starting the VAWT is mounted between the generator and the trans­

mission. To start the VAWT, the generator is used as a motor and the motor is brought 

up to full operating speed. The clutch, which slips during startup, is designed to 

absorb frictional heat. The VAWT is started at the rated torque of 554,000 Ib-ft in 
6 

18 seconds; the clutch plate must ~bsorb 11.5 x 10 ft-lb, or 14,830 Btu of energy. 
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The brake for stopping the VAWT is located between the transmission and the gen-
6 erator. The runaway torque for the VAWT is 1 x 10 Ib-ft, and a brake torque of 

1.5 x 106 Ib-ft was selected to stop the VAWT. This requires a stopping time of 

27 seconds and an energy absorption capability in the brake disk of 47 x 106 ft-lb, 

or 60,400 Btu. 

Cable Anchors -- The tiedown cable anchors were designed for a worst case in 

which the anchors are built on top of the ground. A coefficient of friction of .3 

was used for the anchor on the ground and no allowance was used for ground shear 

for a buried anchor. The anchor, formed with two internal cavities for ballast 

space, was sized as though the cavities were filled with dirt. 

other cable-anchoring systems should be considered for specific sites during the 

site study before building a VAWT. 

Cable tension is achieved with hydraulic cylinders. After the desired tension 

is aChieved, an electric motor screws a nut into position to maintain the tension. 

With proper sensing and control of the hydraulic system and the electric motor, this 

system could be used for an automatic cable tensioning system. 

Figure 10 (Drawing no. 825070) is the design of a method for lifting the 500-kW 

3 1 X 20 1 X 35 1 

Figure 10. Gin Pole Erection 8ystem 

Lucker Wire Rope Jack j 

Luck~r Mfg Co. I 
"::: "":;l 

VAWT into the vertical position using a gin pole and a power source; Fig. 11 (Drawing 
no. 825070) is the design for lifting the 500-kW VAWT into the vertical position 

using a hydraulic cylinder and a power source. 
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Figure 11. Hydraulic Erection System 

30 

.1 
ii 
i 



",. 

APPENDIX A 

Point Design Tabulations and Drawings 

l20-kW Drawing No. 326580 
200-kW Drawing No. 825325 
500-kW Drawing No. 324633 

l600-kW Drawing No. 325603 
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Dia. 
Actual Rating (ft) 

226 kW @ 31 mph 75 

HID 
Ratio 

1.5 

Dia. 
(ft) 

4.7 

Steel Tower 
Wall Thickness 

(in. ) 

0.090 

TABLE A-I 

Design Features - 20Q-kW System 
(Single Pass, 29-in. Chord Extrusions) 

(Figures A-I through A-7) 

Weight 
(lb) 

6000 

Length 
(ft) 

250 

Tiedowns (3) 
Cable Tiedown 
Area Weight 
(in. 2 ) (lb) 

1.9 4982 

1st Torsion Freq. 
1st Bending Freq. -

18.3 Hz 
3.4 Hz 

Pretension - 46,000 Ib 
1st Tiedown Freq. - 0.94 Hz 

Drive-Train Torques (lb-ft) 

Chord 
(in. ) 

29 

Blades (2) 
Curved Per-Blade 

Straight Section Section Weigbt 
Length Length (lb ) 

(ft) (ft) (incl. joints) 

32.2 73.4 

Blade Wall Thickness - 0.25 in. 
Number of Joints - 3 
Total Weight of Joints - 705 Ib 

System Performance @ 31 rpm 

31.49 

(0.076 1bmLft3 air densit~) 
Windsj2eed (!"r'h) High-Speed Rotor 

Shaft Shaft Service At 30 ft At Turbine Turbine Electrical 
Condition (1800 !'.Em) (Rotor rpm) Factor Duty Cycle ~ Centerline Outj2ut (kW) Outj2ut (kW) 

8 9·3 1.6 
10 11.6 12.3 

Normal 1000 45,200 1.2 3000 h/yr, 
Operating continuous 

12 14.0 27.0 3.1 
14 16.3 45.5 21.6 Startup -1000 -45,200 1.0 360 starts/yr 

Runaway to 1670 75,000 1.0 Single use without 16 18.6 67.6 43.5 
50 rpm and permanent damage 18 20·9 92.1 67.5 
Emergency to drive train 20 23.3 118.2 93.4 
Braking 22 25.6 145.4 119·9 

24 27.9 173·1 146.5 
26 30.3 200.7 173.0 
28 32.6 227.7 198.5 
30 34.9 253.4 222.8 
31 36.1 265.8 226.0 
32 37.2 252.8 222.3 
34 39.6 245.2 215·1 
36 41.9 238.3 208.7 
38 44.2 232.0 202.7 
40 46.6 226.1 197.1 
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Dia. H/D 
Actual Rating (ft) Ratio 

531 kW @ 3l mph, lOO 1.5 
31.l rpm 

TABLE A-II 

Design Features - 500-kW System 
(Figures A-8 through A-14) 

Steel Tower 
Dia. Wall Thickness Weight 
(ft) (in. ) (lb) 

6.3 0.14 17,080 

1st Torsion Freq. (Hz) - 15 
lst Bending Freq. (Hz) - 2.6 

Length 
(ft) 

323 

Tiedowns 
Cable 
Area 
(in. 2 ) 

3.l4 

(3) 
Tiedown 
Weight 

(lb) 

lO,620 

Pretension - 86,000 lb 
1st Tiedown Freq. - 0.77 Hz 

Blades (2) 
Curved Per-Blade 

Straight Section Section Weight 
Chord Length Length (lb) 
(in.) (ft) (ft) (incl. joints) 

43 43 98 

Blade Wall Thickness - 0.25 in. 
Number of Joints - 3 
Total Weight of Joints - 2386 lb 

8136 

Drive-Train Torgues (lb-ft) System Performance @ 31.1 rpm 
fO.076 lbmift3 air densit~) 

High-Speed Rotor WindsEeed !'lEh) 
Shaft Shaft Service At 30 ft At Turbine Turbine Electrical 

Condition (1800 rEm) (Rotor !J2.Il!) Factor Dut;y: C;y:cle Ht Centerline OutEut (kW) OutEut (kW) 

Normal 1960 136,000 1.2 3000 h/yr, 8 9.6 2·3 
Operating continuous 

Startup 2198 -l36,000 1.0 360 starts/yr 

lO l2.0 23.2 
l2 14.4 52.7 .6 
14 16.8 91.l 39.0 

Runaway to 3380 210,000 1.0 Single use without 
36 rpm and permanent damage 
Emergency to drive train 
Braking 

l6 19.2 l38.9 86.3 
18 21.6 194.l l46.0 
20 24.0 253.0 205.9 
22 26.4 314.2 267.6 
24 28.9 376.3 329·9 
26 31.2 437.8 391.l 
28 33.6 497.3 450.1 
30 36.0 553.3 505.2 
3l 37.2 579.6 531.0 
32 38.4 575.3 526.8 
34 40.8 558.l 510.0 
36 43.2 542.4 494.5 
38 45.6 527.9 480.2 
40 48.0 514.5 467.1 
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g; 

Actual Rating 

1330 kW @ 32 
mph, 21 rpm 

Condition 

Normal 
Operating 

Startup 

Runaway to 
26 rpm and 
Emergency 
Braking 

" 

Dia. 
(ft) 

150 

H/D 
Ratio 

1.5 

TABLE A-III 

Design Features - 1600-kW System 
(Figures A-15 through A-22) 

Dia. 
(ft) 

9.4 

Steel Tower 
Wall Thickness Weight 

(in.) (lb) 

0.20 102,000 

1st Torsion Freq. (Hz) - 10.0 
1st Bending Freq. (Hz) - 1.7 

Length 
(ft) 

465 

Tiedowns 
Cable 
Area 
(in. 2 ) 

6.6 

(3) 
Tiedown 
Weight 

(lb) 

32,100 

Pretension - 230,000 Ib 
1st Tiedown Freq. - 0.61 Hz 

Chord 
(in. ) 

64.5 

Blades (2) 

Straight Section 
Length 
(ft) 

64 

Curved Per-Blade 
Section Weisht 
Length (lb) 
(rt) (incl. joints) 

146.7 36,000 

Blade Wall Thickness - 0.38 in. 
Number of Joints - 6 
Total Weight of Joints - 16,000 1b 

Drive-Train Torgues (lb-ft) 

High-Speed Rotor 
System Perfor~nce @ 21 .rpm 
1°.076 1bm/ft air density) 

Shaft Shaft Windspeed mph) 
(1800 !:pm) (Rotor ~) Duty Cycle At 30 ft At Turbine Turbine Electrical 

5800 497,000 3000 h/yr, 
Ht Centerline Output (kW) Output (kW) 

continuous 8 10.3 14.7 

-5800 -497,000 360 starts/yr :10 12.8 71.2 
12 15.4 150.3 28.4 

11,700 1,000,000 Single use without '14 18.0 252·9 130.7 
permanent damage 16 20.5 379.1 256.0 
to drive train 18 23·1 519.1 439.1 

20 25,6 666.8 600.7 
22 28.2 818.1 765.6 
24 30.8 969.4 929.2 
26 33.3 1116.5 1087.8 
28 35.9 1255.8 1237.0 
30 38.5 1342.8 1330.0 
32 41.0 1300.2 1284.6 
34 43.6 1261.4 1243.0 
36 46.2 1225.8 1205.1 
38 48.7 1193·1 1170.0 
40 51.3 1162.9 1137.6 
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1 '! 

Nominal Rating (kW) 

Diameter x Height (ft) 

Collection Area (ft2) 

Ground Clearance (ft) 

Blade Chord (in.) 

Blade Wall Thickness (in.) 

Rotor Solidity 

Tower Diameter (ft) 

Tower Wall Thickness (in.) 

Tiedown Tension (lb) 

Number of Blades 

10 

18 x 27 

324 

10. 

6 

.125 

.104 

2.0 

.032 

1700 

2 

TABLE A-IV 

Rotor Geometry for the Point Designs 

30 120 200 

30 x 45 55 x 83 75 x 120 

900 3000 5600 

10. 10. 17. 

11 24 29 

.22 .24 .25 

.120 .135 .120 

2.4 3.7 4.7 

.032 .060 .090 

5000 20,000 46,000 

2 2 2 

.. 

500 1600 

100 x 150 150 x 225 

10,000 22,500 

13. 17. 

43 64 

.25 .38 

.134 .134 

6.3 9.4 

.140 .20 

86,000 230,000 

2 2 



V1 
(X) 

TABLE A-V 

Performance Characteristics of the Point Designs 
(15-mph Median Distribution)* 

Nominal Rating (kW) 10 30 120 200 500 1600 

Actual Peak Output (kW) 8 26 ll6 226 531 1330 

Rated Windspeed (mph), 34 32 31 30 31 30 
30- ft Reference 

Annual Energy Collection 13.7 51.6 246 490 1070 2950 
(MWb/yr ) 

Plant Factor (%) 19.3 22.3 24.0 24.4 22.6 24.9 

Rated Rotor Torque (ft-lb) 398 2260 17,600 45,200 136,000 497,000 

Rotor rpm 163 95.0 52.0 40.1 31.1 21.0 

Blade Reynolds Number .47 .89 1.8 2.3 3.6 5.5 
(Millions) 

Maximum Power Coefficient .34 .37 .38 .37 .39 .39 

*All results are for sea-level air density. Performance calculations are from Version 16 of the optimization model . 

1. .. , ' 



VI 
\0 

-? ~. 

Nominal Rating (kW) 

Weights (lb): 

Blades 

Tower 

Tiedowns 

Transmission 

Generator 

Total 

Annual kWh per Pound of 
System Weight (kWh!lb) 

.j, 

TABLE A-VI 

Predicted Component Weights (lb) for the Point Designs 

10 30 120 200 500 1600 

138 857 3640 6630 16,300 72,600 

368 1050 4890 13,900 27,400 101,000 

105 353 1710 4680 9300 31,400 

48 272 2110 5430 16,300 59,600 

161 434 1420 2420 4800 9990 

819 2970 13,800 33,000 74,000 275,000 

16.4 17.2 17.7 14.6 14.1 10.6 



Cl\ 
0 

TABLE A-VII 
* Predicted Component Costs for the Point Designs 

Nominal Rating (kW) 10 30 120 200 500 1600 

ComEonent Costs (~) 

Blades 1180 3110 9120 21,300 47,200 160,000 

Tower 635 1910 8260 22,500 46,500 176,000 

Tiedowns 262 883 4290 11,700 23,800 78,500 

Transmission 399 1570 8020 17,200 41,200 116,000 

Generator and Controls 2650 3920 9180 22,600 45,300 67,300 
(460 V) (460 V) (460 V) (4160 V) (4160 V) (4160 V) 

Field Erection and 1260 4630 15,100 26,400 ~4,300 119,000 
Foundations 

Total 6380 16,000 54,000 122,000 248,000 717,000 

$/kWh @ 15% 6.97 4.65 3.30 3.72 3·50 3.65 
Annual Charge 

*All costs are from Version 16 of the optimization model. 

... , 
l' 
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APPENDIX B 

Clutch and Brake Design Calculations for 120 kW VAWT 

Clutch 

A VAWT cannot be started by the wind; it must be started by an outside source 

such as a motor. The generator can be used as a starting motor if the motor is al­

lowed to operate at full speed during startup. This is done by running the motor 

at full speed and using a clutch to engage and start the VAWT. While producing the 

rated torque, the clutch is allowed to slip until the VAWT is up to rated speed. 

This prevents motor and drive-train overload as might be experienced if the VAWT were 

connected directly to the motor during motor start. 

The electric motor is started, brought up to full speed, and synchronized with 

the grid in the case of a synchronous motor. The clutch, which is engaged by a 

hydraulic cylinder, slips until the VAWT is brought up to rated speed with the clutch 

providing rated torque. 

The amount of energy required to start the VAWT is the energy converted into VAWT 

kinetic energy plus the energy converted into heat in the clutch disk owing to slip­

page of the clutch pads upon the clutch plate. The kinetic energy of the VAWT is 

given by the equation 

where 

U = kinetic energy (ft-lb) 

I VAWT moment of inertia (Slug/ft2) 

w angular velocity (rad/s) 

(El) 

The amount of energy converted into VAWT kinetic energy is ~ 571,000 ft-lb. The 

angular acceleration of the VAWT by using rated torque is given by 

where 

Y 
T 

I 

angular acceleration (rad/s
2

) 

rated torque (lb-ft) 

moment of inertia (slUg/ft2 ) 

T 
Y = I (B2) 

#-

-. 



.. 

" 

where 

The starting time under these conditions is given by 

t = time (s) 

t !!!. 
y 

(B3) 

With the rated VAWT torque of 17,600 lb-ft and the VAWT moment of inertia of 

38,210 slUg/ft2 , the VAWT acceleration is 0.461 rad/s2 and the starting time is 

11.87 seconds. With the motor providing rated torque to the clutch for 11.87, the 

starting energy requirement is given by 

where 

u 
s 

U starting energy (ft-lb) 
s 
T torque (lb-ft) 

RPM = turbine rpm 

t = time (s) 

T(RPM) x 550 x t 
5252 

ft-lb (B4) 

Torque differs from the low-speed side of the transmission to the high-speed 

side by the transmission gear ratio. The energy calculations were done by using the 

torque on the low-speed side of the transmission. The amount of energy to be ab­

sorbed in the brake and clutch is the same on either side of the transmission although 

the torques differ by the transmission gear ratio. 

The starting energy requirement is 1.142 x 106 ft-lb, of which 571,000 ft-lb are 

converted to VAWT inertia and 571,000 ft-lb or 734 Btu are converted to heat in the 

clutch plate A l-in.-thick steel plate is selected as the clutch to conform with 

the plate heat-flow theory of putting heat into one side of an infinitely thick plate. 

The plate is not infinitely thick, but is considered as such for the short time con­

sidered. 5 The only thing considered here is the one-time startup of the VAWT without 

a wind. The number of starts, the wind velocity, the clutch-plate temperature, and 

the frequency of starts change only the size of the clutch, but not its design prin­

ciples. Clutch-plate temperatures are given as follows 

8 (B5) 
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where 

8 temperature, at distance x from heated surface (OF) 

8s heated surface temperature (OF) 

8
0 

starting temperature (OF) 

where 

x distance from heated surface (ft) 

t time (h) 

a = thermaldiffusivity 
K 

ct = -pC 

K = coefficient of thermal conductivity (BtU/h·ft2 .oF/ft 23.5 for 1025 steel3 ) 

C specific heat (Btu/lboF = 0.l26) 

P density (lb/ft3 ) 

During startup it is assumed that the maximum clutch-plate starting and surface 

temperatures are lOOoF and 40cPF, respectively. With these assumptions derived from 

Eq. (B5) and Fig. Bl (Ref. 5), the temperature ~ in. from the heated surface of the 

1.0 

0.8 
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~0.4 
~ 

0.2 

V 
~V 
~ 

Oft 0.8 

~ ~ 
~ 

L 
~ 

1.6 2.0 2.4 2.8 3.'2 3.6 4.0 
~ 
Vat 

* Figure Bl. Clutch Temperature Function fl 

clutch plate is found to be l800F and the temperature l in. from the heated surface 

is l20oF. This permits an energy absorption of the clutch plate of 732 BtU/ft2 dur­

ing startup. 

*Reprinted by permission of McGraw-Hill Book Company from p. 195 of Ref. 5. 
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With a required energy absorption of 734 Btu, an area of 1 ft2 is needed to 

start the turbine. With a coefficient of friction between the clutch pad and the 

clutch disk of 0.24 and an average radius of 5 in., a hydraulic cylinder force of 

4800 lb is required to start the VAWT at the rated torque of 480 lb-ft. 

Brake 

The brake disk is designed by the same method as the clutch. The amount of 

energy that must be absorbed to stop the turbine is determined and the brake area can 

be calculated. Table III shows that runaway torque due to wind is 30,400 lb-ft at a 

turbine speed of 63 rpm. Inertial energy of the turbine at 63 rpm is 832,000 ft-lb; 

the energy due to the wind during stopping is determined by the selected stopping 

torque of the brake upon the turbine. Brake torque must exceed 30,400 lb-ft of wind 

torque to slow the'turbine, A brake torque of 45,000 lb-ft is selected as reasonable 

because the turbine and transmission must be designed to stop the turbine one time 

without damage in an engineered stop. To determine stop time at a brake torque of 

45,000 Ib-ft, the inertial energy must be absorbed at the same time as the wind energy. 

This can be determined as follows: 

Ub brake energy brake torque (lb-ft x avg rpm) 550 ft-lb x stopping time 
5252 x s s 

or 

or 

where 

Uw wind energy wind torgue (lb-ft x avg rpm) 
5252 x 550 x t 

U 
w 

45,000 x 31.5 x 550 x t 
5252 

30,400 x 31.5 550 t 
5252 x x 

148,443 t 

100,282 t 

Then Db brake energy - Uw wind energy inertial energy, 

(148,443 - 100,282)t 832,000 

t 17.28 s 

2,564,410 ft-lb 3296 Btu 

(B6) 

(B7) 

(B8) 



66 

By using the same l-in. thick steel disk as that used for the clutch and squeez­

ing the disk with a caliper on both sides, disk temperatures can be determined by the 

following equation and by Fig. B2. 5 

where 

* Figure B2. Brake Temperature Function 

e 8 - (e _ 8 ) f (at ~) ° F 
s ,s 0 3 d2' d 

8 temperature, at distance x from disk center (OF) 

SS heated surface temperature (OF) 

e starting temperature (OF) 
o 
x distance from disk center (ft) 

t time (hr) 

a thermal diffusivity (ft2/hr) 

(B9 ) 

Since emergency stop time is l7.28 and the brake disk is heated from both sides, 

the disk achieves a center temperature of 370°F with a surface temperature of 400°F 

and absorbs l463 Btu/ft2 . An area of 2.25 ft2 is necessary'to absorb the 3296 Btu 

required to stop the VAWT. 

*Reprinted by permission of McGraw-Hill Book Company from p. 198 of Ref. 5. 



Figure B3 shows the maximum diameters of steel disks, diameters that are limited 
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Figure B3. Brake Disk Diameter 

because of centrifugal force at 1800 rpm vs temperature. This force, besides limit­

ing the possible disk diameters of brakes and clutches, can require the use of multi­

ple disks for a design, depending upon the design ground rules applied. 

Figure B4 shows the differential temperature limit for steel brake disks. The 

thermal stress created by heating the steel brake disk during start and stop is given 

by the following equation: 

where 

S yield stress (psi) 
y 
E modulus of elasticity (psi) 

s 
y 

y coefficient of thermal expansion (in./in.oF) 

AT differential temperature (OF) 

With the starting temperature of 100°F and a final temperature of 400°F, the 

clutch calculations show that the hub area will not change temperature during the 

stopping time. This gives a differential temperature in the brake disk of 30oDF. 

(BlO) 
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Room Temp. Strength Steel 

300 

Temperature Rise (is Fl From 1000 F Start Temperature 

Figure B4. Brake Disk Thermal Stress 

Since yield strength decreases faster with increased temperature than d~es the modulus 

of elasticity, the modulus of elasticity at the final temperature of 400°F is used. 

The average coefficient of thermal expansion from 100°F to 40cPF is used. This gives 

the following thermal stress in the brake disk during the stopping operation: 

6 -6 8 St = 27.55 x 10 x 7.1 x 10 x 300 = 5 ,700 psi (Bll) 
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Structural Constraints 

The major structural components of the vertical-axis WECS (the blades, tower, and 

tiedown cables) are constrained dimensionally in the optimization model to ensure 

compliance with minimum structural performance standards. 

Several simplifying assumptions were made in establishing these constraints, as 

it is not possible to complete a complex structural analysis of each component within 

the optimization model. Thus, while the constraints do screen out designs that 

clearly are structurally inadequate, they are not intended to eliminate subsequent 

detailed structural analyses on each point design. 

Structural constraints have a substantial impact on the overall optimization 

study because the basic dimensions (and hence the costs) of the rotor components are 

governed by the structural constraints. It is therefore recommended that this area 

receive attention in future research programs, with attention directed toward the 

refinement and confirmation of existing calculations. 

Blade Structural Constraints 

The structural adequacy of a blade is a function of its chord, the mechanical 

inertias and area of the cross section, the rotor diameter and HID ratio, and the 

physical properties (yield strength, elastic modulus,etc) of the blade material. 

To limit the large number of possible variations among these blade characteristics, 

this study is restricted to aluminum extrusions of 6063-T5 material. A simplified 

cross section is used to calculate· section properties. This section is simply a 

NACA 0015 hollow airfoil with uniform wall thickness (Fig. C-l). Of course, extruded 

blades designed for this application typically have vertical webs to stabilize the 

forming of curved blade sections, but these vertical webs have only a small influence 

on cross-section inertias. The advantage to this simple section is that mechanical 

cross-section properties may be very easily calculated from the blade chord, C, and 

the wall thickness-to-chord ratio, r ~ tic. Table C-I summarizes the simple calcula­

tions required to determine all the section properties for the blade. 

A set of minimum acceptable performance criteria is required to establish struc­

tural adequacy of the blade. The following criteria have been used in the optimiza­

tion model: 

l. Vibratory trailing edge blade stresses because of edgewise blade loading less 

than the endurance limit at a normal operating condition of l50-fps tipspeed 

with 60-mph winds. 



Notes: 

" 

1+--- XC·9_ 

NACA 0015 

C BLADI CHORD 
t BLADE WALL THICKNESS 
Xq. DISTANCE FROM NOSE TO CENTROI D 
I[ [DGEWISE SECTION INERTIA 122 

IF FLATIVISE SECTION INIRTIA· III 

J TWISTING STIFFNESS FORM FACTOR 

Figure C-l. Blade Model for Determining Structural Constraints 

TABLE C-I 

Property Values for Simplified Blade Section in Fig. C-l 

Quantity 

Flatwise Inertia 
IF 

Edgewise Inertia 
IE 

Twisting Stiffness to 
Edgewise Stiffness Ratio 
GJ/ErE 

Blade Centroid Location 
X cg 

Structural Area 
A 

s 

Enclosed Area 

Value 

0.036 

0.49 C 

0.l02 c2 

Units of structural quantities are determined by the units of blade chord, C; 
r is the ratio of wall thickness-to-blade chord. 

Property calculations use thin-wall approximations and should not be used for 
r > 0.015. 
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2. Twisting deformations in the blade because of edgewise loading less than 2 

degrees at the normal operating condition. 

3. No blade collapse with a parked rotor with 150-mph centerline windspeeds 

normal to the blade chord. 

4. Gravitational stresses less than 40% of yield (assumed to be 30,000 psi) in 

the parked, wind-off condition. 

5. F1atwise stresses because of centrifugal and aerodynamic loads below the 

endurance limit at the normal operating condition. 

The endurance limit for the vibratory blade stresses is taken to be 6000 psi 

(zero to peak) for the 6063-T5 extrusions. This is a very conservative estimate6 

for a 107 cycle lifetime. Considering the infrequent nature of 60-mph winds, and the 

fact that vibratory stresses decrease to zero as windspeed is reduced,7 the 107 cycle 

fatigue lifetime corresponds to considerably more actual rotor cycles. 

There are, of course, many other structural criteria involved in designing a 

Darrieus rotor blade, but a blade design that meets these fairly severe criteria will 

in all likelihood be structurally acceptable. Notable in their absence as structural 

criteria are blade resonant frequency requirements; this is because the above condi­

tions lead to blades that necessarily are quite stiff in both the f1atwise and edge­

wise directions. This produces relatively high blade resonant frequencies, the order 

of two to three times the rotational frequency of the rotor. While these frequencies 

are not high enough to preclude significant aerodynamic excitation of blade resonances, 

the probability of such excitation is low. Also, the frequency spacing between the 

lowest blade modes is large enough to avoid any excitations that may occur by making 

small adjustments to the synchronous rotor rpm. 

Given the structural performance requirements on the blade, it remains to esti­

mate stress levels as a function of blade structural properties. This has been done 

by extending results from finite-element ana1yses8 of the 17-m research turbine. 

Dimensional analysis is used to deduce performance of geometrically similar rotors 

with different blade properties. An example of this approach is shown in Fig. C-2. 

* Results for the edgewise bending stress at the blade root are expressed in dimen-

sionless form. The dimensionless stress is 

*Edgewise bending stresses are estimated with quasistatic loading; i.e., dynamic ef­
fects are neglected. This procedure is justified if blade and system resonant fre­
quencies are well above the aerodynamic excitation frequencies. If this is not the 
case, the result should be interpreted cautiously. 
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Figure C-2. Edgewise Bending Stress as a Function of 
Blade Tensile Load, T 

-

where crb is the dimensional stress, R is the turbine radius, V is the edgewise max 
aerodynamic loading per foot of blade at the rotor centerline, L is the distance from 

the centroid of the blade to the trailing edge, and I is the cross-section edgewise 
e 

moment of inertia. Two cases are shown for rotors with or without l7-m-type support 

struts. A centrifugal stiffening effect is shown in Fig. C-2. The amount of centri­

fugal stiffening depends on the rotationally induced blade tension, T, expressed 

in dimensionless form. The maximum aerodynamic load, Vmax ' is estimated with the 

single streamtube model. 9,lO The load, V ,and hence the edgewise bending stress, max 
depend on the wind and tipspeed associated with the operating condition and the tur-

bine geometry. For a fixed set of operational conditions, the load, V ,is almost max 
directly proportional to the blade chord, C. 

Similar dimensionless curves have been developed for other aspects of structural 

performance, including parked-blade gust loading, gravitational stresses and deflec­

tions, blade twist due to edge loading, and flatwise blade stresses. These curves 

are used like the edgewise stress curves to estimate performance of many turbine types. 

Blade stress levels and deflections become progressively higher for a fixed ratio 

of blade wall thickness-to-chord length as the chord-to-radius ratio (C/R) is reduced. 

This is because blade cross-section properties deteriorate rapidly with reduced chord 

(see Table C-I). Thus, there is some minimum value of C/R at which the structural 

performance is just adequate. Because of the dependence of the blade section properties 
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on the blade wall thickness-to-chord ratio, r 

depends on r. 

tic, this minimum possible C/R 

A curve of minimum possible C/R's as a fUnction of r (Fig. C-3) is shown for 

BLADE WALL THICKNESS RATIO 

Figure C-3. Chord-to-Rotor Radius Ratio Minimums as a 
Function of Blade Wall Thickness 

rotors with an H/D ratio of 1. The structural criterion that is ftrst violated at 

the minimum C/R is indicated on the figure. Note that for large wall thickness-to­

chord rat!.os, the blade twist condition is dominant, while thinner walled blades are 

vulnerable to edgewise stresses. Also indicated on the figure is a critical rotor dia­

meter, the rotor diameter above which gravitational stress condition is violated. 

The critical diameter may be increased by increasing the blade C/R. 

Modifying the definition of minimum acceptable performance will naturally change 

the minimum possible C/R. Examination of performance criteria indicates that the 

first four criteria are dominant and or nearly equal importance. Thus, a significant 

change in minimum possible C/R would require reduction in the performance standards 

on all of the first four conditions. 

Note that the results shown in Fig. C-3 are only valid approximations for the 

aluminum extruded blade section of Fig. C-l. Using other materials or a different 

section geometry may change the minimum possible C/R. 

Support struts as used on the DOE/Sandia and the Canadian National Research 

Council (NRC) Magdalen Island turbines tend to decrease the minimum possible C/R 

because the struts contribute to improved edgewise stiffness, parked buckling resis­

tance, and reduced gravitational stresses. This effect is indicated on Fig. C-3, 

'. 



based on analyses of the strutted 17-m turbine. The critical diameters for gravita­

tional loads are not shown on this figure because they are generally above 500 ft 

and out of the range of interest in this study. 

For a blade of given chord and wall thickness, rotors with larger HID ratios are 

expected to be weaker in all directions because of the increased aspect ratio (blade 

length-to-chord ratio) of the blades. In analyzing HID> 1 rotors in the optimization 

model, the minimum permissible C/R has been increased 20% to account for this effect. 

This increase is a judgmental estimate that is currently being examined with new 

finite element models for HID = 1.5 rotors. 

Tower Structural Constraints 

The tower is defined as the rotating support structure between the upper tiedown 

bearing and the base support above the transmission. It is a single tube designed to 

transmit aerodynamic torque from the blades and axial tiedown reactions into the 

transmission. Tower construction is assumed to be of mild steel with a cylindrical 

cross-section and uniform wall thickness. 

The following structural criteria, based on the formulas in Table C-II, are used 

to evaluate towers: 

1. General and local buckling loads are at least 10 times greater than tower 

axial loads. 

2. Torsional and bending tower natural frequencies are above 4/rev at a rotor 

tip speed of 200 fps. 

3. Tower axial stresses are below 6,000 psi. 

Generally, these conditions are in decreasing order of dominance. The buckling condi­

tion safety factors are high to account for eccentricities and local flaws in the 

structure that inevitably occur in any real design. 

The basic structural parameters involved in tubular tower selection are the tower 

diameter and its wall thickness. Many possible combinations of these parameters can 

satisfy the structural criteria; however, a unique combination resulted if the require­

ment of minimum tower volume (weight) was added. Such minimum volume towers are used 

in the optimization model. 

Although the tower dimensions resulting from application of this mOdel do meet 

structural requirements, they may violate other practical considerations. For example, 

a tower diameter should not be a sUbstantial fraction of the rotor diameter, or flow 

blockage may occur. Excessively thin or thick walls may be difficult or impossible to 

manufacture These special problems require some user care in interpretation of 

results to avoid conflicts. 
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TABLE C-II 

Formulas Used for Determining Tower Performance 

Critical general buckling load, P crg 

Critical local buckling load, P 1: cr 

First tower bending frequency, fb: 

First tower torsional frequency, f t : 

Static compressive stress, 0c: 

where 

D tower OD 
0 

D. tower ID 
~ 

L = tower length 

E = Young's modulus 

G = shear modulus 

v = Poisson's ratio 

J
b 

= polar mass moment of inertia of tower and blades 

. ' 

.. 

t 
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The mechanics of calculating tower dimensions are automatically carried out in 

the optimization model. Axial tower load sources accounted for include the tiedown 

reactions, the axial component of centrifugal blade loads, and the weight of the tie­

downs, tower, and blades. The tower length is calculated from the rotor geometry, 

including any additional ground clearance specified by the user. The formulas in 

Table C-II are used to calculate critical buckling loads, resonant frequencies, and 

stresses. 

Typical results for minimum volume, structurally adequate tower dimensions are 

shown in Fig. c-4. It is noteworthy that the tower proportions suggested by this 

50,0 

----HID,!., 

---HID 1.0 -----

50 100 150 200 250 300 

ROTOR 0 I AMETER lit I 

Figure c-4. Dimensions of Minimum Volume Towers Satisfying 
the Structural Criteria Discussed in the Tower 
Structural Constraints Section ---

model have larger diameters and much thinner walls than were used on the Sandia 5-m 

and 17-m prototypes. These large diameter, thin-walled towers are substantially 

lighter than the smaller diameter, thick-walled tubes used in the past. 

Tiedown Structural Constraints 

The cable tiedown system provides a simple, inexpensive way to support the rotor 

against overturning loads. Two properties of the cable are subject to structural 

constraints -- the cable diameter and the pretension. The cable diameter has direct 

impact on cable cost; the pretension influences tower and foundation costs. 
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The structural constraints imposed in the optimization model are derived ~rom a 

scaling analysis o~ the l7-m research turbine cable system. ll ,12 A major excep­

tion to this rule is the use o~ three cables in this study rather than the ~our used 

on the 17-m system. This change was made to simplify and reduce the amount o~ 

material in the tiedown system. 

In selection o~ cable size, the diameter was chosen in the same proportion to 

cable length as that on the l7-m turbine. This yields a dynamically similar sti~~­

ness on top o~ the tower regardless o~ absolute rotor size. 

Selecting the pretension is more complex. Pretension is required because o~ 

cable droop, which occurs in the downwind cable when the tower is loaded by aerodyna­

mic blade ~orces. This droop drastically reduces the e~~ective sti~~ness o~ the down­

wind cable and increases the possibility o~ a blade striking a cable. In the optimi­

zation model, the pretension is chosen so that the loss o~ downwind cable sti~~ness 

is less than 20% o~ the ~ull, no-droop sti~~ness. The loading condition used ~or this 

requirement is a "normal" operating case, with the rotor at 150-fps tipspeed in a 

60-mph wind. Satis~ng this sti~~ness requirement generally leads to cable droop 

displacements < 1% o~ the cable length. 

Results ~or the cable pretension are shown in Fig. C-5 ~or rotors with H/D's o~ 

1.0 and 1.5. To satisfy the droop reqUirements, the pretension increases with rotor 

diameter to approximately the 2-1/3 power. Since cable strength grows with the 

square o~ the rotor diameter, there is some limiting size on tiedown systems designed 

to these pretension conditions. This e~~ect is shown in Fig. C-5 where the cable 

sa~ety ~actor, de~ined as the ratio o~ cable ultimate strength to maximum working 

load, steadily decreases with increasing rotor diameter. However, ~or rotor dia­

meters o~ < 300 ~, sa~ety ~actors are still adequate. 

Also shown in Fig. C-5 is the ~irst resonant fre.quency o~ the cable expressed 

as a multiple o~ the rotational ~requency o~ the rotor. This curve is approximate in 

that the rotor ~requency is estimated ~or normal operating conditions based on a 150-

~ps tipspeed operating condition. 

An actual turbine may di~~er in rotor speed ~rom this estimate by 20% because 

o~ di~~erences in rotor solidity or site wind characteristics. The ~ndamental exci­

tation frequency into the cables is n per rev, where n is the number o~ blades. It 

is evident that H/D = 1.5 rotors with two blades will excite the cables above the 

~irst cable ~requency. Alternatively, ~or H/D = 1.0; two-bladed systems provide 

excitation below the ~irst cable resonance. It is believed, based primarily on 

experience with the 17-m rotor, that either case can produce acceptable cable per~ormance 

although some ~ine tuning o~ the rotor rpm and/or cable tension may be required. 
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Figure C-5. Cable Pretension, Resonant Frequency, and 
Safety Factor as a Function of Rotor Diameter 

The prescribed cable tensions can have a considerable effect on system costs be­

cause of their influence on the tower sizing, rotor bearing requirements, and founda­

tion loads, The pretension rules discussed have been successfully applied to the DOE/ 

Sandia l7-m rotor, but they are believed to be conservative. For example, the Cana­

dian Magdalen Island rotor has roughly half the pretension indicated in Fig. C-5. 

Future research directed toward establishing less conservative, lower tension design 

guidelines is advisable. 
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