: i . o i ssi\gg.{ggﬁi\\ &
_ : e o ) e e e
o L e \é foy
e FU e SRR i us‘\%@%“““\@
= - i e Do \'.@‘%‘" . “\‘%‘ﬁ«? o e iﬁﬁ"".?«sﬁ; L7
T ol s 1 : i eyt

. -

L o
. . %3\%‘5 :
R

“ﬁ‘

A
o o
e
M
A
.

i‘%

il

e
e
i

i
B
o
.
i

i
W
i




=
e

““‘?é“
e




.

SANDTB-0062
ECONOMIC ANALYSIS OF DARRIEUS VERTICAT AXIS WIND
TURBINE SYSTEMS FOR THE GENERATION OF
UTILITY GRID FLECTRICAL POWER

VOLUME IT - THE ECONOMIC CPTIMIZATION MCDEL

W. N, Sullivan
Advanced Energy Projects
Division 4715
Sandin Laboratories
Albuguerque, New Mexico 87185



Abstract

This report is part of a four-volume study of Darrieus vertical axis wind tur-
bine (VAWT) economics. This volume describes a computer model of VAWT cost and
performance factors useful for system design ang optimization. The content and
limitations of the model are ocutlined. Cutput datsa are presented to demonstrate
selection of optima and to indicate sengitivity of energy cost to design parameter
variations. Optimized specifications generated by this model Por six point degigns
are summarized. These designs subsequently received a detailed aconomic analysis

discussed in Volume IV,

An appendix is included with s FORTRAN IV listing of the model and a degcrip-

tion of the input/output characteristics.
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Preface - Objective and Organization of the Vertical Axis
Wind Turbine (VAWT) Economic Study

The ultimate objective of the VAWT economic study is to determine ag accurately
ag possible the profitable selling price of Darrieus vertical axis wind energy systems
produced by a typical manufecturing and marketing firm. This price may then be com-
pared to the electrical utility energy saved by the system to allow poltential users
to assess the usefulness of the VAWT concept. The basic approach for assessing the
gelling price is through a detailed economlc analysis of six actual system designs.
These designs cover a wide range of system size points, with rotor diameters from
18 to 150 f+., corresponding to approximate peak cutput ratings from 10 to 1600 kW.
A1l 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 anslyses of these
point designs. A, T. Kearney, Inc., a management consulting firm, provided analyses
for the four largest point designs; Alcoa Leboratories considered all six design
points. Both studies attempt to determine & ressonable selling price for 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 four preproduction prototypes of each point design. Towsrd this ob-
Jective, the consultants considered a hypothetical company to procure components;
perform necessary manufacturing; and manage the sales, marketing, delivery, and field
assembly of the units. Profits, overhead, and administrative costs for this hypo-
thetical company are included in estimating the appropriate selling price for each

point design.

Sandia Laboratories selected the basic conflguraticns of the point designs (i.e.,
the number of blades, blade chord, rotor speed, ete.) and developed specifications
for the configurations using an economic optimization model that reflects the state-
of-the-art in Darrieus system design. The computer-adapted optimization model uses
mathematical approximations for the costs of major system elemenits and the energy
collection performance of the system. The model effects cost vs performance trade-
offs to identify combinations of system parameters that are both technically feasible

and economically optimal.

System configurations identified by the optimization model served as a starting
point for all the point designs. Sandia Laboraiories completed the designs for the
four largest systems (120, 200, 500, and 1600 kW) and Alcoa Laboratories prepared the
two smallest systems (10 and 30 ¥W)., The level of detall associated with each design



is commensurate with an adequate determination of component costs and not necegsarily

with what is required for actuzl construction of the systems.

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

all organization of the study:

Volume T

Volume IT

Volume IIT

Volume IV

The Executive Summary - presents overall conclusions and sume
marizes key results.

Describes the economic eoptimization model ineluding details of
system performance caleulations and cost formulas used in the
cptimization process. The model-estimated coste per kilowatt
hour of the optimized systems are presented as a funection of the
rotor diameter, and the dominant cost and performance factors
influencing the results are discussed. The volume concludes
with & tabulation of optimized performance and physical charac-
terigtics of the point designs.

Presents the actual point designs and discussges major degign
features, Tabular data on energy production, component weights,
and component specifications are inecluded.

Summarizes results provided by the cost consultants' analyses,
interprets observed trends, and compares results with those from

the economic opfimization model.



1. Introduction

Tn any wind energy system, many variables such as the rotor diameter, blade
chord, number of blades, rotor speed, and rated power must be specified to define
that system. The process of designing particular Wind Energy Conversion Systems
(WECS) wust start from a specific selection of these system variables. The economic
optimization model was developed as a design tool to aid in selecting optimal combina-
tions of Darrieus vertical axis wind turbine (VAWT) system specifications. This re-
port discusses the content of the model and applies it to determine specifications

for six point designs which gubsequently received a detailed economnic analysis dls-

cusged in Volume IV.

The bagic turbine configuration investigated is shown in Fig. 1.1 along with nomen-
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Figure 1.1 - Basic Turbine Configuration and Nomenclature

clature* used throughout this study. Frimary features of the basic configuration are
evident from this figure. This bagic configuration is not substantially different
from Darrieus systems designed and built in the past by Sandia Laboratories, the Cana-
daian National Research Council, and others. The major differences are the elimina-

tion of the lower supporit base above the trensmission (axial loads are taken out through

¥A glossary at the end of this volume Gefines additional terms frequently used in
this study.



the transmlssion), and the use of three (rather than four) tiedown cables. The con-
figurational variables which have been investigated in this study are the blade chord,
number of blades, the ugse of struts, height-to-diameter ratio, rotor rpm, ground
clearance, and rotor diameter. The range of the variables was left open, with the
appropriate limits determined by the trends observed in the cost of energy.

Several ground rules have been incorporated into the economic model, most signi-
ficant of which are summarized in Table 1.1. These rules reflect an attempt to reduce
cost and performance uncertainties that increase considerably with incressed general-
ity. Although there is no intention to conclude that concepts excluded by these
ground rules may not offer economic or technical advantages, the ground rules do re-
flect the current state-of-the-art in Darrieus turbine design and serve as a reasonable

starting point for this analysis.

The cost estimates in the optimization model are best interpreted as "1000th
unit” costs as utilized in otherl’2 DOE-sponsored economic studies. There are no
learning curves or other quantity discounts imbedded in the model cost formulas.
This exclusion avoids the substantial uncertainties involved in generalizing a cost
formuls to inelude production quantity effects which are valid over a wide range
of component sizes and specifications. IF rroduction guantity effects need to be
assessed, component-by-component analysis of a pvarticular design is the recommended

course of action.

An important feature of thisg model ig the inclusion of structural constraints
on the major rotor elements -- specifically the blades, tower, and tiedowng -- be-
cause these elements should be sized according to structural rather than economic
limits. For example, a tiedown cable will cbviously be less expensive as its diameter
and breaking strength decrease, but there are certain structural limitations that
should govern cable size. The same applies for tower and blade elements. Structural
congtraints are incorporated in the model to prevent convergence to econowically attrac»

tive zolutions that are not structurally sound,

Appliecation of this model 4o select polint design configurations showed that,
whereas some variables had a marked effect on costs per unit of energy produced,
others did not. In the case of variables found in the model %o be very weakly effec-
tive on cost, the following basic preferences governed the final selection: 1) phy-
sical simplicity over the more complex, 2) design similar to rast experience over un-
tried design, 3) lower weight, and 4) higher energy collection per unit of gwept area.
Application of one or more of these rules was sufficiant for a final selection of

variables for the point designs.

*Supersceripts denote references at the end of this report.



Table 1.1
Optimization Model Major Ground Rules

- Rotor to operate at constant rpm, controlled by the utility grid through a synchro-

nous or induction generator.

- Blade construction from constant crogs sectioan, NACA 0015, thin-walled, hollow alu-

wminum extrusions, using manufacturing techniques existing in the United States,

- Single rotating tower of tubular cross section, supported at the top by a three

cable tiedown system.

- A1l structural components to be stressed below £000 psi vibrateory stress in 60 mph

rotor centerline windspeeds at noymal operating rotor rpm.
- Parked rotor survivel windspeed of 150 mph at the rotor centerline.

- Cost estimates based on recurring component costs expected for an established pro-

duction industry.

- Total annual system cost, 1ncludlng operatlon, maintenance, and financing assumed

to be 15% of total capital cost.
- Optimization based on minimizing annvel system cost per unit of energy supplled.
- 15 mph average windspeed distribution used for point design optimizations.

- Wind shear exponent of 0.17 from a reference height of 30 feet used for energy

caleulations.

¥The Executive Summary (Volume I) of this study uses a different formula for calculat-
ing the cost of energy to facilitate comparison of results with other DOE-sponsored
economic studies.
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Probably the most significant result of thie study concerns the effect of system
size on the cost of energy. The cost of energy was found to be surprisingly insensi-
tive to system size for rotor diasmeters from 50 to 150 £t., (corresponding to approxi-
mately 100 to 1500 KW ratings, respectively), with a definite trend towards less cost-
effectiveness on either side of thisg range. The results alsc indicate an economic
preference for rotors with two blades, no struts, and height-to~dlameter ratics between
1.25 and 1.5. These features have been incorporated in the point designs discussed in
Volume IIT of the overall study.

Many computationsl and conceptual simplifications are necessary to develop this
model and to yield a compact, understandable instrument. This is the main disadvan-
tage to the computer modeling approach of economic analysis. It is important for the
user to ve FTamiliiar with the strengths and weaknesses of the model and to use Jjudgment

in interpreting results.

There 18 alsc the problem of continuing maintenance of the model as correctable
weaknegses are discovered or as new cost and performance data are available, There
have been 16 different versions* of the economic optimization model developed during
the course of this study. BHach version represents an uypdate to the cost or performance
ecglculations motivated by the appearance of new information. The fubure usefulness
of this model depends on the user's willingness to continue updating and improving the

model as more reliable data on wind turbine economics appear.

In what follows, Section 2 describes the basic organization of the program. Sec-
tion 3 gives details on the program components; and Section 4 presents results, includ-
ing the definition of point designs. A complete FORTRAN IV listing of the optimiza-

tion model is attached as an appendix.

*The June 1978 version, referred to as "Version 16", described in this report, is the
latest availlable at the time of writing.



L

2. Model Organization

The cptimization model has been implemented on a time-sharing computer system.

This permits interactive use of the program through a keyboard.

The model is not strictly an optimiéation program in that "best" combinations of
variables are not selected entirely by the computer. BRather, a set of dependent
variables such as component costs and weights, and annual energy oubtput are caleulated
and displayed based on the user's cholce of independent variables, The user actually
selects the optimam configuration by trying various combinations of independent
variables. This approach, which retains a Judgmental factor in applying the model,
avolids convergence to mathematical optima that are impractical or artificial because

of svbtle inaccuracies in the basic economic modeling.

Program organization is shown in Fig. 2.1, Input variables on the left are selec-

INPUS
SCLIDTY AERCDYNARMIC TRANSMISS ION, GENERATOR CUTEUT
- PERFORMANCE
O AMETER PERFORMANGE C s
HiD STRUCTURAL POWER
CONSTRAINTS
NUMBER OF | ANNUAL
BLADES - ” A1 ENERGY
PERFOTORANCE TOST [ES ¢ /KW i
STRUTS "] CALCULATION EVALUATION MmN zEp ] KW -HR
8 ADE WALL RPM
THICKNESS Witio SPEED | [TWIND SHEAR TOTAL
TRANSMISS10M DISTRIBUTION COST
SERVICE NEW RPM
FACTOR
GENERATOR
SERVICE
EACTOR
MEDEAN WIND STRUCTURAL
SPEED CONSTRAINTS

Figure 2.1 ~ Economic Optimization Model Organization
(See Glossary for Definition of Terms)

ted by the user. From these cholces, the aerodynamic and electrical performance ie
caleulated, followed by estimaies of component costs. The turbine rpm is usually
varied to minimize the system cost per unit of energy produced, although an option is
available to permit selection of the rpm as an input variable. This option was found
to be important for assessing performance of a system constrained to a pariicular rpm

by tranamission or structural limitations.

11



The choice of independent variables for input to the program is not unique. For
example, rated pcwerl’2 could have been used as the fundamental parameter governing
the size of the system. However, experience indicated that using the physical rotor
dimensions {diameter, blade chord, number of blades, etc.) is more convenient. The
reagon ig that when rated power is used as input, very slight changes in performasnce or
cost caleulations yield completely different optimized rotor dimensions, Alternatively,
with rotor dimensions fixed on input, program alterations affect primarily the rated
power, annuel energy, and thimnm rotor rpm. These latter changes are much eagier to

incorporabe inte an ongoing design than are changes in the rotor dimensions.

Structural constraints are introduced into the program in iwo different ways.
The blades are constrained on input by considering only structurally adequate possi-
pilities to begin with. The tower and tiedowns are actually dimensioned within the

main program, with dimensions selected to meet minimam structural requirements.

A typical input seguence ls shown in Fig. 2.2. The user responds to guestions
with appropriate imput data. Typical oudput is shown in Fig. 2.3, Computation time is
negligivle and the user may conduct many iterations, the primary limitaiion being the
speed of the output terminal. TFor rapid evaluvation of many combinations of input
variables, a2 brief output option is availsble that prints only the last three lines

of the usual output.

A user's manual for thias program is included in an appendix at the end of this

voluma. The marnual defines the input and output data in some detail. A complete

FORTBAN IV listing of the program is also in the appendix.
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Tigure 2.3 - Output of the Economic Optimization Model
(Version 16). Tnput and Output Terminology
Are Defined in the Appendix of This Volume
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3. Model Content

3,1 Performance Calculations

The performance calculations in the model consist of several parts. These are:
(1) calculation of aerodynamic performance of the rotor, (2) caleculation of drive
train and electrical losses, (3) input of the windspeed distribubion with correction
for wind shear, and () integration of performance characteristics over the windspeed
distribution to obtain annual energy production. Each aspect of the performance

calculstion will be considered separately.

3.1.1 Aerodynamic Performance -- The problem of aerodynamic performance is deter-

mining appropriate performance curves for a variety of rotor parameters, such as the
height-to-diameter ratio, the solidity,* the blade Reynolds number, and the ratio of
tip to windspeed. ZExperience with wind tunnel testsB and aerodynamic analyses have

indicated that all these parameiers can significantly affect rotor performance char-

acteristics.

The classical performance measure for wind turbines is the power coefficient
(cp_) defined ag the ratio of turbine shaft power per unit of projected turbine area

to the power in the undisturbed wind per unit area. In mathematical terms,

B./A

Pogvd

where Pt is the rotor shaft power, A is the projected area, £ is the air density, and
v, 1s the ambient windspeed. The power coefflcient depends most strongly on the tip
apeed ratio, X, and is wusually expressed as a function of A, with the other rotor

variables such as blade Reynolds number, height-to-diameter ratio {H/D), and solidity

held constant.

In the optimization medel, the power coefficient curve needs to be simplified so
that it may be appropriately varied as a continuous fumetion of the rotor variables.

This has been effectad by using a five-parameter curve, shown in Fig, 3.1. The five

*Throughout this report, the solidity is defined as the ratio of total blade area %o
+he projected area of the rotor. The blade area is n+.BL-C, where n is the number of
blades, BL is the blade length, and C ig the blade chord., The projected turbine ares
ig approximated by A = % R2 B/D, with R being the turbine radius, and H/D being the

height-to-diameter ratio.



POWER COEFFICIENT MODEL

i i 1 1 I 1

1Y A

TEP SPEED RATIO A

Figure 3;1 - Parameterization of the Power Ceoefficlent
Curve

parameters are: the "runaway" +tip speed ratio, kr; the maximum power coefficient,
Cpm; the tip speed ratio, km’ corresponding to Cpm; the value of power ccoefficient,
Cpk’ at which the ratie CP/R3 is a maximum; and Rk’ the value of the tip speed ratic
corresponding to Cpk' The significance of these first three parameters is reason-
ably self-evident, but the latter two are unuswal. The Cpk and kk govern the peak
power and rated windspeed, respectively, which occur when the rotor is operated

at constan® rpmh gs in the utility grid application. Defining the quantity K.P =
Cpk/ki, it follows from the definitions of Cpk and Ay that the peak aerodynamic

power in a constant rpm applicatlon is
P =K [hoa(a)?]
max ph e

and ocecurs at a rotor centerline windspeed

v Ru/x

rated ~ k ’

where Ry is the fixed tip speed of the rotor.

The actual Cp curve showa in Fig. 3.1 is a smooth function going through the five
parameters discussed. In Region I, a parabela 1s used, going through cpm and O at
km and kr, respectively, with zero slope at Cpm. In Region IT, a similar parabcla
is used through the points at CPm and Cpk' Region TII uses a curve, CP = Bknb
where B is selected so that Cp = Cpk at A = Kk’ and n is taken to be 3.5. The value

of n governs the performance of the rotor ebove rated windspeed.

15
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In constructing this Cp curve model, the ultimate objective is o create a power
vs windspeed curve for any fixed value of Ru that is representative of Darrieus zero-
dynamic performance. This is because the power ve windspeed charscteristic ig what is
actually used to determine annual performance. Figure 3.2 shows the power vs windspeed

\.F=Rmzi).k

. 3
P=KD I!ZDAIRwZ)

SHAFT POWER P

VER“’Z“‘{ WIND SPEED V

Figure 3.2 - Power vs Windspeed Characteristic for the
Model Power Coefficient of Fig. 3.1

charscteristic following from a model Cp curve for two tip speeds, Rwl and Rme. The
influence of the five parameters used to specify the CP curves is indicasted on this
figure. Note that as discussed in other reports, the output power is limited to a
maximum value that is quite dependent on the particular constant rotor speed selected
for the system. The ghape of this curve ig very similar to that measured from field
and wind tunnel tests on the DGE/Sandia 17 meter, 5 meter, and 2 meter Darrieus tur-
binegs as well as the Canadian Magdalen Island machine.5’6’7
ITT of the CP curve governs the performance of the rotor above rating. If n were

The value of n in Region

exactly equal to 3, the power output would be constant above rating. The choice,
n = 3.5, was made to produce a fall-off in power above rating roughly similar to that
observed experimentally.

The remaining part of performance modeling involves determining the value of the
five power coefficient parameters as functions of the turbine solidity, H/D ratio, and
the Reynolds number.* The mulitiple streambtube model,8 with & modification to account
for variations in the local blade Reynolds nunber, was applied9 to determine the power

*The Reynolds number, called Rep, is defined as Re, = (Rw)C/v, where C is the blade
chord and v is the kinemsatic viscosity of air.




coefficient parameters. 1In applying the streambube model, comparison with experimental
data on 2 meter wind turbines indicated reasonable agreement except for a tendency %o
overpredict the runaway tip speed ratio, Kr. The values of kr were reduced from 10

to 30% in the optimization medel to fit the 2 meter experimental data.

An interpolation routine was developed for intermediate values of the power
coefficient parameters from a multiple streamtube determination of the parameters ab
discrete solidities (0.05, 0.13, and 0.25), H/D ratios (1.0, 1.25, and 1.5), and a
range of Reynolds numbers. This inberpolation routine, CFPARM, is used in the optimi-
zation model for solidities from 0.05 to 0.25, H/D ratios from 1.0 to 1.5, and Reynolds

5

numbers from 1 x 107 to 3 x 106. NACA 0015 airfoll data are used in the versions of

CPPARM in this study, although versions are availsble for the NACA 0012.

Typical results from the application of CPPARM {Fig. 3.3) indicate the effect of

167 T T ¥ T 1
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Figure 3.3 - Solidity Effects on Aerodynamic Performance:6
From Mulbiple Streamtube Model, Re, = 3x 10
NACA 0015

3

7



18

turbine soli@ity on the five performance parameters. Note the tendency of Rk’ lm’
and lr tip speed ratios %o lncrease with decreasing solidity, as is typical for all
wind turbines. This effect tends to increase rotor speed, an advantage in that the
required transmission capacity tends to be reduced. This beneficial effect is offset
by the reduction in Cpm and KP’ which reduces the total energy collected by the

rotor,

Aerodynamic performance calculations mre an important part of the optimization
model, The total annual energy collected and the optimum rotor rpm are directly rela-
ted to the five paremeters generated by CPPARM. There is, therefore, & need to experi-
mentally verify and update the results predicted by CPPARM as a part of any maintenance
program for the optimization model.

3.1.2 Drive Train and Flectrical losses -- Losses in converting aerodynamic

torque to electrical energy occur in the mechanical speed increager and the generator.

In the speed increaser, a fixed-loss model is used that agsumes a fixed-power
loss for all loading conditions in the transmission. The magnitude of power logs is
taken to be & percentage of the low speed shaft rated power of the transmission. The
optimization model assumes the fixed loss is 2% of rated transmission power per shage
of gears. The number of transmission stagesg required is determined wsing & maximum
gear ratio of 6:1 per stage. The high speed shaft is assumed +o turn at 1800 rpm and
the low speed ghaft at rotor rpm for calculating the number of stages required.

At fractions of rated transmission loads, where the system operates most of the time,

the efficiency of the transmission falls off rapidly (Fig. 3.4) as a fixed loss is

Lo T 7 T T T
Rl -
-
[
]
= 61 -1
i
d
z |
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0 ; | ! ! )
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Figure 3.4 - Mechanical Transmission Efficiency,
Fixed Loas Model
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always subtracted from aercdynamic power input to the speed increaser. This differs
considerably from the fixed efficiency models used in other wind turbine system stu-
&ies.l’2 The application of the fixed loss mcdel is based on the fact that transmis-
glon losses are primarily due to viscous :E‘riction,:LO and in the constant rpm applica-

tion, these losses are only weakly dependent on transmitted torque.

A capability exists to assign service factors to the transmission, This service
factor is the ratio of the continuocus input power capacity of the transmission to the
peak power cutput of the rotor. Service factors other than unity are sometimes neces-
sary to fit a cataloged trensmission to a particular WECS or to provide additional

1312 Cipie

service factor influences the loss model by changing the power capacity and hence the

capaeity for unusual torque inmputs from the rotor, such as torque ripple.

fixed logss of the transmission.

The rated load efficiency of the generator depends on the rated power of the gen-

ergtor. The electrical leoss at rated 10&62 is taken to be

= 0.05(1000/Pr )0‘21“5

Rloss ated

where Prated is the rated generator power in kilowatts. This formmls is compared in

Fig. 3.% with the Smeaton Handbook recommendation. The simple formula agrees rea-
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Figure 3.5 - Efficiency of Synchronous Generators
at Rated Conditions

sonably well with these data.

At fractions of rated load, the absolute loss is assumed2 to decrease paraboli-

cally to half the loss at rated Ioad as the load decreases to zero; i.e.,

2
= I + 0. R
Loss LO.5(PO/Prated) 0.5] loss
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where PO is the electrical output power. Note that the efficiency of the generator,
P0/{Losg + PO}, is reduced considerably for operation at frections of full load.

Bervice fachors may be agsigned to the elecirical generator for the same rsasons
they are used on the transmission, Generator service factors above unity tend to in-
crease the electrical losses by increasing the time the gererator is fractionally '

loaded.

While this loss model is for synchronous generators, the same model 1s assumed

to apply for induction generators.

3.1.3 Windspeed Distribution -- Three wind duration curves are imbedded in the

model., These correspond, respectively, to 12, 15, and 18 mph annual median wind-
speeds measured at a 30 f£t. reference height. These duration curves, shown in Fig.

3.6, are identical to those used in earlier DOE-sponsored systems studies on horizontal

axis WECS,T*2

A wind shear correction is applied to these data to adjust the distribution vele-
eity, vref’ to a rotor cenmterline velocity, vcl' The centerline velocity is then used

in calculating aerodynamic output of the rotor. The standard correction

_ XPOY¥
Vo1 = Vref(Hcl/Href)
is used, where Hcl is the height of the rotor centerline, and Href is the reference

height for the speed distribution. The walue of XPON is 0.17 unless otherwise noted.
A user option exists to change the exponent if desired.

While all results presented in this report are for the 12, 1%, or 18 mph distri-
bubions of Fig. 3.6, performance characteristics may also be determined for a Rayleigh
distribution at user discretion. The Rayleigh distribution has the advantage that

any desired mean windspeed may be input.

3.1.4 Calculstion of Annual Energy Production -- Anmual energy output is always

cgleulated at a fixed rotor tip speed, Rw, corresponding to the synchronous operating
gpeed of the turbine. For a given value of tip speed, the Reynolds number is calcu-

lated and CPPARM produces the five aercdynamic performance parameters.

The value of KP (see Section 3.1.1) governs the peak aerodynsmic output of the

rotor,

- Ti 3
Ptma.x = [$pA{Rw) -] KP
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Figure 3.6 - Annual Windspeed Duration Curves Used in
Economic Optimization Model. The Curve
Represents the Number of Hours in a Year
That the Windspeed Exceeds & Specified Value

The projected area of the rotor, A, is given for differert radius and H/D ratio rotors
by A = 8/3 G {#/D). This formula follows from a parsbolic approximation to the blade
geometry.13 The air density, p, is generally taken to be 0.076 lbm/ft3, which cor-

responds to & standard day at ses level.

Peak aerodynamic output is used to determine transmission and generator power

ratings. System power output as a function of the centerline windspeed is

f = “ e
P (V) =72.(V ;) ~ transuission loss - generstor loss,

with

L 3 Dy =
P (V 2pAV cp(x), A= Rw/vcl

cl} =

Transmission and generator losses are caleulated as discusased in Seetion 3.1.2.

Annusl energy is determined by integrating the system power over the centerline

windspeed duration curve, Vcl(t),

d/”tmax
ES = PS (vcl) at .

min
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In this formuls, the Hime, tmax’ corregponés to the cut-in velocity on the duration

curve; i.e., the lowegt velocity for which PS(Vcl) is positive. The time, t y COT-

min
regponds to the cub-out vsloeity. Throughout this study, it is assumed that tmin = {,
a3 the maximm windspeeds on the duration curves are generally well below the 60 mph

design windspeed of the rotor.

3.2 Structural Constraints

The major structural components of the vertical axis WECS (the blades, tower and
tiedown cables) are constrained dimensionally in the optimizaticn model b0 ensure com-

pliance with minimum structural performance standards.

Several simplifying assumptions were made in establishing these constraints, as
it is not possible to complete a complex atruetural analysis of each component within
the optimization model. Thus, while the constraints do screen out designs that clearly
are gtructurally inade@uate, they are not intended te eliminate subsequent detailed

structural analyses on each point design.

Struectural 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 atten-
tion in future research programs, with attention directed toward the refinement and con-

firmation of existing calculations.

3,2.1 Blade Structural Constraints -- The structural adequacy of a blade is &

function of its chord, the mechanical irertiass and area ¢of the cross section, the
rotor dismeter and H/D ratic, and the physical properties (yield atrength, elastic
modulus, ete.) of the blade materisl. To limit the large number of possible varia~
tions among these blade characteristics, this study is restricted to aluminum extru-
giong of 6063-T6 meterial., A simplified cross section is used to calculate section
properties. This section is simply a NACA OCL5 hollow airfoil with uniform wall
thickness {Fig. 3.7). 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 smsell 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, v = t/C. Table 3,1 summarizes the simple calculations required to determine
all %he section properties for the blade of Fig. 3.6.

A set of minimum acceptable performence criteria is required to establish struc-
tural adequacy of the dlade. The following criteria have been used in the optimiza-

tion model:



Notes:
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4 = TWESTING STIFFNESS FORM FACTIOR

Figure 3.7 - Blade Model for Determining Structural Constraints

Table 3.1
Property Values for Simplified Blade Section in Fig., 3.6
Guantity Valus
Flatwise Inertia Cb’r 6.2 x 1073
Ip
. . L -1
Edgewise Inertia Cr 1.7 x 10
I
E
Twisting Stiffness to 0.036
Edgewise Stiffness Ratio
GJ/EIE
Blade Centroid Location 0.9 ¢
Xc.g.
Structural Area .08 C°r
A
s
Enclosed Area 0.102 CE

Units of structural guantities determined by the unita of blade chord, C; r is
the ratio of wall thickness to blade chord.

Property caleulations use thin-wall approximations and should not be used for
r > 0,015,
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1. Vibratory trailing edge tlade stresses due o edgewise blade loading less than
the endurence limit at a "normel" operating condition of 150 fps tip speed
with 60 mph winds.

2. Twisting deformations in the blade due to edgewise loading less than 2 de-
grees at the normal cperating cendition.

3. Yo vlade collapse with a parked rotor with 150 mph centerline windspeeds nor-
mal to the blade chord.

4, Gravitational stresses less than 40% of yleld (assumed to be 30,000 pei) in
the parked, wind-off condition.

5. Tlatwise stresses due to centrifugal and serodynamic 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-T6 extrusions. This is a very congervative estimatelh for a
107 gycle lifetime. Considering the infrequent nature of %0 mph winds, and the fact

7

that vibratory stresses decrease to zero as windspeed is reducedl5, the 10° c¢ycle

fatigue lifetime corresponds to considerably more actual rotor cycles.

There are, of course, many other structurel criteris involved in designing a Dar-
rieus 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
eriteria are blade resonant frequency reguirements; this is because the above condi-
tions lead %o biades that necessarily are quite stiff in both the flatwise 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 encugh to preclude significant aerodynamic excitation of blade resonsnces, the
probability of such excitation is low. Also, the frequency spacing between the lowest
blade modes is large enough to aveild any excitations that may occur by making small

adjustments to the synchronocus rotor rpm.

Given the structural performance requirements on the blade, it remains to egti-
mete stress levels as a function of dlade structural properties. This has been done
by extending results from finite element a,na.lysesl6 of the 17 meter research turbine.
Dimensional analysis is used to deduce performance of geometrically similar rotors
with different blade properties. An example of this approech is shown in Fig. 3.8,
Results for the edgewise bending stress* 8t the blade root are expressed in dimen-

gsionless form. The dimensionless stress is

*Edgewise bending stresses are estimated with quasi-static leeding; i.e., dynamic ef-
fects are neglected. This procedure is justified if blade and system rescnant fre-
quencies are well above the aserodynamic excitation frequencies. If this is not the
case, the result should be interpreted cautiously.

2k
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Figure 3.8 - Edgewise Bending Stress as a Function of
Blade Tensile Load, T

crb/ ( RevmaxL/ Ie) ,

where o, is the dimensional stress, R is the turbine radius, Vmax is the edgewlse
aercdynamic loading per foot of blade at the rotor centerline, L is the distance from
the centroid of the blade to the trailing edge, and Ie is the cross section edgewise
moment of inertia. Two cases are shown for rotors with or without 17 meter-type sup-
port siruts. A centrifugal stiffening effect is shown in Fig. 3.8. The amount of
centrifugal stiffening depends on the rotationally induced blade tension, T, expressed
in dimensionless form. The maximum aerodynamic lead, V,

8,17 max
? The load, Vmax’ and hence the edgewise bending stress,

s 18 estimated with the
gingle streanmtube model.
depend on the wind and tip speed associsted with the opersting condition and the tur-
bine geometry. For a fixed set of operation conditions, the loagd, vﬁax’ is almost

directly proporitional to the blade chord, C.

Similar dimensionless curves heave been developed for other aspects of structural
performance, including parked blade gust loading, gravitational atresses and deflec-
tions, blade twist due to edgewise loading, and flatwise blade stresses. These curves
are used like the edgewise stress curves to estimate performsnce of meny turbine

types.
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Blade stress levels and deflections become progressively higher for a fixsd ratio
of blade wall thickness-to-chord length as the chord-to-radius ratio (C/R) is reduced.
This is becauge blade cross section properties deteriorate rapidly with reduced choré
(see Teble 3.1). Thus, there is some minimwm value of C/R at which the structural
performance iz just adequate. Because of the dependence of the blade section proper-

ties on the blade wall thickness-to-chord ratio, r = t/C, this minimum possible C/R

depends on r.

A curve of minimum possible C/R's as 8 function of r (¥Fig. 3.9) is shown for

MINIMUM POSSIBLE C/R FOR

( INCREASE MINEMUMS 8Y 20%
FOR HID = 1.5 ROTORS )

I
q)")
’$\¥

RUF
147

CRITICAL ROTOR
DIAMETER ()

137

UNSTRUTTED

CHORE TO RADTUS RATIO{ C/R )

WITH STRUTS

r¢1 ; } i ] L l
e . 004 . 006 008 01 012 014

BLADE WALL THICKNESS RATIO

Figure 3.9 - Chord-to-Rotor Radius Ratio Minimums as a
Function of Blade Wall Thickness

rotors with a H/D ratio of 1.0. The structural criterion that is first violated at the
minimum C/R is indicated on the figure. Note that for large wall thickness-to-chord
ratios, the blade twist condition is dominant, while thinner walled blades are vulner-
able to edgewise stresses, Also indicated on the figure is & "eritical rotor dia-
meter,” the rotor diameter above which gravitational stress condition is viclated.

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

Modifying the definition of minimum acceptable performance will maturally clange
the minimum possidle ¢/R. Examination of performance criteria indicates that the
first four criteria are dominant and of neerly equal imporiance. Thus, & significant
change in minimum possible C/R would require reduction in the performance standards

on all of the first four conditions.

It should be emphassized that the results shown in Fig. 3.9 are only valid approxi-
mations for the aluminum extruded blade section of Fig., 3.6. Using other materials or

a different section geometry way change the minimum possible C/R.
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Support struts as used on the DOE/Sandia and the Canadian Natiomal Research
Council (NRC) Magdalen Island turbines tend to decrease the minimum possible C/R
because the struts contribute Lo improved edgewise stiffness, parked buckling resis-
tance, and reduced gravitational stresses, This effect is indicated on Fig. 3.9,
baged on analyses of the strutted 17 meter turbine. The critical diameters for gravi-
taticnal loads are not shown on this figure because they are generally above 500 ft,

and out of the range of interest in thls study.

For a blade of given chord and wall thickness, rotors with larger H/D ratios are
expected to be weaker in all directions due to the increased aspect ratio (biade
length-to-chord ratio) of the blades. In analyzing H/D > 1 rotors in the optimization
model, the minimem permissible C/R has been increased 20% to account for this effect.
This increase is & judgmental estimeste that is currently being examined with new finite

element models for H/D = 1.5 rotors.

3.2.2 Tower Structural Constraints -- The tower 1g defined as the rotating sup-

port structure hetween the upper tiedown bearing and the base support above the trans-
mission. 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 fcllowing structural criteria, based on the formulas in Table 3.2, 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 locel flaws in the

gtructure 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, it was observed that a unigue combination
resulted if the requirement of minimum tower volume (weight) was added. Such mini-

mum volume towers are used in the optimization model,

Although the fower dimensions resulting from applicetion of this model do meet
structural requirements, they may violate other practical considerations. For example,
& tower diamefer should not be a subsgtantial fraction of the rotor diameter, or flow

blockage may occur. Excesgsively thin or thick walls may be difficult or imposgsible

a7
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. Table 3.2
Formulas Used for Determining Tower Performance

Critical general buckling load, Pcrg:

3
1B L I
Pcrg - (6hL2> Do[l - (Di/Do) ]

Critieal loeal buckling load, Pcrl:

Forl =(MHL) Di(l - Di/Do)[l - (Di/Do)23
LV3(1 - V)

First tower bending fréquency, fb:

1
2
5, = -39VE/p D1+ (0,/5)°]

First tower torsional frequency, ft:

1

N 1

+ o ,':% 2

- 2 -
£, 0 (G/nIJb) p[1 {Di/DO) 1
Static compressive atress, o,

. 2 2
o, = net axial load/(m/k) DL - (Di/Do) ]

where

D = tower 0.D.

D. = tower I.D.
tower length

Q

i

Young's modulus
ghear modulus

Poimson's ratio

il

e
o < G B O
1§

polar msss moment of inertia of tower and blades



to manufacture., These special problems require some user care in interpretation of

resulis to avold conflicts.

The mechanics of calculating tower dimensions are auvtomatically 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 lemgth is calculated from the rotor geometry,
including any additional ground clearance specified by the user. The formulas in
Table 3.2 are used to calculate critical buckling loads, rescnant frequencies, and
stresses.

Typical results for minimum volume, structurally adequate tower dimensions are

shewn in Fig., 3.10. It is noteworthy thet the tower proportions suggested by this
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Mgure 3.10 - Dimensions of Minimum Volume Towers Satisfying
the Structural Criteris Discussed in Section 3.2.2

model have larger diameters and much thimner wells than were used on the Sandia 5
meter and 17 meter prototypes. These large diameter, thin-walled towers are substan-
tially lighter than the smaller diameter, thick-walled tubes used in the past.

3.2.3 Tiedown Structural Constraints -- The cable tiedown systen provides a

simple, inexpensive way to support the rotor against overturning loeds. ‘Two properties
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of the cable are subject to structural constraints -- the cable diameter and the pre-
tension. The cable diameter has direct impact on cable cost; the pretension influ-

ences Lower and foundation costs.

The structural constraints imposed in the optimization model are derived from a

18,19 A major excep-

scaling analysis of the 17 meter research turbine cable system.
tion to this rule is the uge of three cables in this study rather than the four used
on the 17 meter system. This change was made to simplify and reduce the amount of

material in the tiedown system.

In selecting cable gsize, the diameter was chosen in the same proportion to cable
length as that on the 17 meter burbine. This yields a dynemically similar stiffness

on top of the tower regardless of absolute rotor size,

Selecting the pretension is more complex. Pretension is reguired because of
cable dreoop, which occﬁrs in the downwind cable when the tower is loaded by aerodyna-
mic blade forces. This droop drastically reduces the effective gtiffness of the down-
wind cable and increases the possibility of a blade striking a cable. In the opbimi-
zation model, the pretension is chosen so that the loss of downwind cable stiffness
ig lesg than 20% of the full, no-droop stiffness. The loading condition used for this
requirement is a "normal” operating case, with the rotor at 150 fps tip speed in a &0
mph wind, Batisfying this stiffness requirement generally leads to cable droop dis-

placements < 1% of the cable length.

Results for the cable pretension are shown in Fig. 3.11 for rotors with H/D's of
1.0 apd 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
of the rotor diameber, there is gome limiting size on tiedown systems designed to these
pretension conditions, This effect is shown in Fig. 3.11 where the cable safety fac-
tor, defined as the ratio of cable ultimate strength to maximm working load, steadily
decreases with increasing rotor diameter. However, for rotor diameters of < 300 ft.,

safety factors are still adequate.

Also shown in Fig. 3.11 ig the first resonant frequency of the cable expressed
as a multiple of the rotational freguency of the rotor. This curve is approximate in
that the rotor frequency ls estimated for normal operating conditions based on a 150

fps tip speed operating condition.

An actual turbine may differ in rotor speed from this estimate by 20% due to 4if-
ferences in rotor golidity or site wind characteristics. The fundamental excitation
fregquency intc the cables is n per rev, where n is the number of blades., It is evident
that H/D = 1.5 rotors with two blades will excite the cables above the first cable
frequency. Alternatively, H/D = 1.0, two bladed systems provide excitation below the
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Figure 3.11 -~ Cable Pretension, Rescnant Freqguency, and
Safety Factor as a Functicn of Rotor Diameber

first cable resonance. It isg belleved, based primarily on experience with the 17
meter rotor, that either case can produce acceptable cable performance although some

fine tuning of the rotor rpm and/or cable tension may be reguired.

The prescribed cable tensions can have a considerable effect on system cosbs be-
cause of their influence on the tower sizing, rotor bearing requirements, and foundation
loads. The pretension rules discusged have been successfully applied to the DOE/Sandia
17 meter rotor, but they are believed to be conservative. For example, the Canadian
Magdalen Island rotor has roughly half the pretension indicated in Fig. 3.11. Fubure

research directed toward establishing less conservative, lower tension design guide-

lines is advisable,
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3.3 Component Cost and Welght Calculations

To minimize annual cost per wnit of energy produced, costs of the major WECS
subsystems are estimeted in the optimization model. For the cost calculations to be
useful for optimization purposes, it is necessary to estimate costs for a range of

system parameters such as rotor dlamebter, operating speed, and rotor solidity.

Because of the large number of specially fabricated and purchased plece parts in
& typical WECS, the task of cost estimating for a complete range of system possibili-
ties 1s formidable. Fortunately, in the process of optimization it is not necessary
to account for the cost of every system component. Tt is assumed that only the major
system elements govern the optimization process. The major parts of the system inclu-
ded in the model are the rotor blades, tower, tledowns, speed increaser, electrical
gystem, and installation, Tt is belleved that cost trade-offs between these items will

dominate the selectionAof optima.

In conjunction with the cost calculations, estimates of component weights are

also provided.

3.3.1 Rotor Blaede Costs ~- It ig asgumed thet the blades are thin-walled, hollow

extrusiong with constant wall thickness. The blade construction process is as follows:

1. Btraight sections are extruded as a gingle piece unless the chord length
exceeds 24 inches. For blade chords sbove 24 inches, the cross section is
constructed of multiple pieces, with no single piece exceeding 24 inches.
These pileces are Jolned with a longitudinal weld under factory conditions.

2. The troposkien (Greek for "twrning rope") shape of the blades " is approxi-
meted by straight and circular blade sections. The curved sections sre to be
bent at the factory, using an incremental bending process.

3. Transverse Joints are used in the blade to permit shipping blade sections by
conventional means. The shipment reguirement iz that formed blade seetions
can fit ih a 60 x 12 x 12 ft. box. The transverse joints (if required) are
congtructed of hollow extrusions thet fit inside the hollows of the blade.
These joints are bolted together in the field.

The parts of this process that lead to recurring costs are raw materials, extru-
sion press time, Joining of longitudinal and transverse sections, and bending the
curved secticns, Table 3.3 summarizes the rules used to determine these recurring
costs in the blade cost model. Two major nonrecurring costs are also included in the
model; these are the press setup charge ($3000) and extrusion die cost ($20,000).
These nonrecurring costs are distributed over an assumed production run of 100 units

and have relatively little impact on total blade costs.




Table 3.3
Blade Fabrication Cost Elements

Raw Material and Extrusion Press Time

$2/1b of straight finished extrusions. Blade weight is calculated using the section
of Fig. 2.7 with 20% additional weight for vertical section webs.

Longitudinal Joining of Sections with Chord Above 24 Iaches

$12/ft of finished weld.

Transverse Shipping Joints

Extruded joint inserts are used, assuming their weight per unit length is the same as
vlade sections, Length of inserts equal to two chord lengths per joint. Fabrication

cost of $2/1b assumed for joints,

Blade Forming of Curved Blade Sections

Incremental bending cost is taken to be proportionsl to blade length, based on U8
man-hours @ $25/hr used for the curved blade spars on the DOE/Sandia 17 meter turbine.

The cost formulas are based primarily on discussion with the aluminum industry
and our experience in past blade procurements. Of the costs accounted for, the curved
section bending and longitudinel welding costs are the most uncertain. These costs

are probably quite sensitive 1o the degree of automation associated with the processes.

The costs in Table 3.3 are conservative estimates for nonsutomated bending and welding

methods .

Blade costs are calculated in the optimization model, given the geometrical para-
meters of chord, wall thickness (subject to structural constraints), rotor diameter,
and rotor H/D ratio. An option to include blade support struts as part of the blade
cost is available. These supports are assumed %o have the same cross sections as the

other blade sections so that their cost is accounted for as additional blade length.

Figure 3.12 shows typlcal single blade costs as a function of rotor diameter.
This particular figure is for a fixed rotor solidity {0.135) and wall thickness-to-
chord ratio (0.006). Discontinuities in the cost are due to the requirement of multi-
ple piece extrusions when the chord is greater than 24 inches. Also shown is the

plade weight.

Figure 3.13 indicates the fraction of toial blade costs devoted, respectively, to
raw extrusions and postextrusion work such as bending the curved sections and making
longitudinal welds. WNote that the raw extrusion cost dominstes the larger systems.
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Figure 3.12 - Single Blade Cost and Weight as & Function
of Rotor Diameber

This effect is also shown in Fig. 3.13, where the cost per pound of finished blade

approaches $2 as diameter incresses.

3.3.2 "Miedown and Tower Costs -- Both these costs are estimated from the welghts

of relevant components.

Tiedown weights are calculated from the structurally constrained cable diameter
and its weight. The tiedown system cost is taken at $2.50/1b of cable. This per-pound
cost is high for standard galvanized bridge strand ($1.00-1.50/1p), but the conserva-
tism is appropriate since the weight of cable abttachment hardware has not been included.
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Figure 3.13 - Finished Blade Cost per Pound and Percentage
of Costs for Labor and Meterials. H/D = 1.5 Rotor,

The tower, made entirely of steel, consists primarily of large diameter, thin-
walled, spiral welded tubing between the blade attachment fittings. The diameter and
wall thickness of this tube are determined structurally (see Section 3.2.2). The
tower alac has transition pieces 4o mate the much smaller diameters of the tiedown
bearing apd transmission input shaft to the central tube. The weight of these items
is estimated assuming the transition to occur in one tube diameter. Blade attachment
fittings are also part of the tower. Fitting welghts are estimated assuming the volume

per fitting is equal to the blade interior volume for a single chord length,

From the sunm of these weights, the tower cost is calculated using $1.50/1b, a
typical selling price for mild steel components of this type.

The weight and hence the cost of the tower and tledown systems are affected by
the blade ground clearsnce. A minimum possible ground clesrance is dictated by the
height of the transmission and the length of the tower-to-transmission transition
piece (see Section k.2.4). If the specified ground clearance is greater than this
minimuﬁ, length is added to the thin-walled, tubular sections, This increased length
affects the tiedown length, cable diameter, cable preitension, and tower axial load.
Thig in turn affects the tube dimensions and weight through the structural constrainis,

The net effect is an increase in tower and tiedown costs, depending on the ground
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clearance. This effect 1s included in the coptimization model so thet the impact of

ground clearance could be investigated.

3,3.3 Transmission Costs -- A gear-type compact gearbox is used %o convert ths

relatively slow speed output of the rotor to a high speed (1800 rpm) shafb suitable
for use with standard electrical generators. A study by Stearns-Roger, Inc.lo of

*
drive train economics 1is the main source for cost data used in the optimization model.

Tigure 3.14 shows various gearbox ccsts as guoted by four vendors to Stearns-Roger.

1000 ,

o TRANSMISSION WEIGHT { LBS )
o) TRANSMISSION COST (3%}
L SUPPLIED BY STEARNS-
ROGER, INC { REF )

8
=]

00

TRANSMISS{ON COST (K)

o

/ I
P 100, 030 1, 600, 000 10,800, 600
/ RATED TRANSMISSECN TORQUE, LOW SPEED SHAFT [L8S-FT)

\ :
\rb L
2 \\

L)

[

]

3

=

=

=

&

1

k=

TRANSMISSION WEIGHT (185 )

W\ .,
N

Figure 3.14% - Gearbox Cost and Weight as a Function of
Rated Transmission Torgue

There 1s considerable scatter in these data, indicating that the cost of a transmission
greatly depends on the supplier selected. The lowest cost transmissions were used to
generate a cost formula, because a wind turbine company in production presumably would

seek out the least expensive supplier.

*The Stearns-Roger study considered other power conversion possibilities besides the
compact gearbox/high speed generstor, These include slow speed DC generators; bhelt
or chain drives; and large diameter, exposed gear transmissicns. The study conclu-
ded that the most econcmical concept with mimimuw development time iz the compact
gearpox directly coupled to a high speed generator.



A formule similar to one used in the GE conceptuwal design study on horizontal

axis systemsl ig also shown on the figure:

‘ 0.8
Corans = 3.2{rated torque)

This formula is used in the optimization model, and it appears to be reasonable for
the lowest cost transmissions with peak torque ratings below 500,000 ft-1b. Caution
is appropriate for very large transmissions (1,000,000 fi-1b and up), as the formula
underpradicts the cost of such large trapnsmissions.

Pigure 3.14 also shows gearbox welght as a function of rated torgue, These
welghts were obtalned from a Philadelphia Gear catalog end should be representative
of parallel shaft gearboxes since the materials and construction are similar. The

overall cost per pound for these gearboxes is around $3, using the above cost formuls.

An important factor in determining drive train costs 1l the transmission service
Pactor defined as the ratio of the transmission torgue capacity to the expected maximum
torgue transmitied. Service factors grester than unity may be required on the WECS
to ensure long transmission life in the presence of torque transients thet exceed the
expected maximum driveline torgue; or service factors less than unity may be possible
because the system spends only a fraction of total operating time at rated conditions.
In most results presented in this volume, a service factor of 1 has been used, but s

user option is available to change the service factor if desired.

3.3.4 Generator and Electrical Controls -- The electrical system consists of an

1800 rpm induction motor/generator with a fixed mechanical connection to the high

speed shaft of the transmission.

The generator is alsoc used as 8 motor to start the Darrieus rotor from rest.
In the starting mode, a reduced voltage starter is reguired to avoid transmitting
excessive torgques through the drive train. This starting process is limited by the
heating of the motor during startup. Stearns-RogerlO has shown that the process is
feasible, with certain exceptions for very large rotors (diameters above 150 feet)
operating at relatively high rpm. Modifications to the starting system, such as
mechanical clutches and/or heavy duty electrical equipment, may be reguired in these
special cages, In assessing electrical system cogsts, these special cases are not con-
gidered. As the electrical and starting system is a very small fraction of total sys-

tem cost on large rotors, this simplification is not particularly significant.

Typical list prices for 1800 rpm synchronous and induction generators are shown
in Fig. 3.15. A formula used by Kamaae for generator cost is also shown., As iz the

cage for transmission costs, there is congiderable scatter in these data. List prices
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Figure 3.15 - Costs of Synchronous ard Induction Generators

for similar generators may vary by a factor of two, depending on the supplier. The
Famarn formula does appear to be resscnably representative, however, and therefore it

is used in the optimization model.

The dominant cost items necessary Lo cconneet the generator to the wbility line
ars a 1) three phase circuit breaker, 2) reduced voltage starter, and 3} transformer
{optional). The transformer option depends on the avallable utility line voltage and
the economic tradeoff of the cost of high wvoltage electrical egquipment ve a transformer

and lower voltage equipment.

The cost of controls is quite sensitive to the available utility line voliage.
Two user-selected possibilities are included in this study: W60 Vv for systemg below
300 kW, or 4160 V for all sizes. In the 460 V case, no transformer is used and all
comtrols operate at 460 V. In the 4160 V case, either 3160 V controls {ne transformer),

or B0 V controls (with transformer) are used, the choice depending on relative costs.

Figure 3.16 shows the cost of the controls for both the k160 V and 460 V cases.
Sources of individual cost points on these curves are indicated. The golid lines are
the approximations used in the optimization model. The break in the 4180 V cost curve
ig due to a switch 4o a transformer at power levels below 600 hp. The controls cost is

added to the generator cost to obtaln a total electrical sysiem cost.
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Figure 3.16 - Cost of Electrical Controls

Tt is possible to inpub a gervice Factor on the electrical system for assessing
the costs of over- or under-rated systems. This iz a practical consideration for ana-
lyzing specific designs, since using shelf electrical egquipment to the turbine usually

requires some mismatch in rotor output and generator rating.

3.3.5 Instellation Cosgts -- Installation costs cover the labor, meterial, and

equipment needed for foundation construction, assembly, ané‘erection of the turbine.

Toundation costs are estimated from the volume of concrete required for the rotor
bage pad and the three tiedown foctings. The total volume of the three tiedown foot-
ings is estimated to ve egual to the rotor base volume. The concrete volume required
was scaled from the minimum foundation requirements on the DOE/Sandia 17 meter rotor

ag the cube of the rotor height. Costs of concrete foundation work are as follows:

Concrete Work Cost ($)

Porming = 1.3u/7t2 (1abor and material)
Excavating = 0.0838/ft3 (labor and equipment)
Finishking = 2.01/ft3 (labor and material)
Reinforcing = O.8h/fﬁ3 (labor snd material)
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The assewbly and erection assume the following labor and equipment requirements:

Labor Nurber of Days Cost per Worker ($/nr)
1 Foreman ' N 19.96
1 Forklift Operator N 15.86
2 Crane Operators 3 18.14
k Tavorers N 12,54
2 Electricians L 18.53
2 Surveyors L 17.00
1 Trencher Operator 1 15.86
Equipment
2 Light Trucks 83.0 {($/aay)
1 Forklift 155.0 ($/day)

76.0  ($/day)

Varies with rotor size
(Approximately $2400/aay
for 100 ft. diameter)

1 Trencher

w =

2 Cranes

*N = variable number of days

The number of days, N, is the critical parameter in the asgembly. N is assumed to be
7 days for a turbine diameter of 60 £, and is scaled up linearly with diameter for

larger rotors.

Electricians, surveyors, and crane operators are viewed as being needed a set
nurber of days regardless of turbine size above 60 ft. The cranes are needed 3 days,
and a cost formula based upon turbine size was developed using actual local crane

rental data.

Turvines having diameters < 60 ft. will not require as much manpower or equlpment
as outlined above. For turbines < 20 ft. in diameter, a fixed assembly cost of $1000
is agsumed, with the assembly cosis increasing linesarly between 20 ft. %0 the 60 .

in diameter full crew assembly cost.

A fencing cost is also included in the installation. The fence simply surrounds

the turbine base and ite cost is scaled linearly with turbine diameter.

Total costs of foundations and erection are shown in Fig. 3.17, The rapid growth
of the installation cost on large rotors is due primarily to the growth in foundation
volume, The H/D = 1.5 rotor installation costs are substantially higher because of
the larger foundations and cranes required. This difference decreases on small rotors,

wvhere labor charges, which are relatively insensitive to height, dominate.
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L. Economic Optimization Model Results

The major results obtained from application of the optimization model are the pre-
dietion of the cost of energy and net energy production of optimized systems, identi-
fication of optimum design parameters, and a summary of the system parameters selected

for the point designs. ZEach aresa will be discussed separately.

Interpretation of absolute costs provided in this chapter should be cautious in
view of the approximations bullt into the model. The reader iz advised %0 consult
Volume IV of this study where the costs of each point design are analyzed in substan-
tially greater detail. The discussion here is restricted to relative cost issues and

the interpretation of the economie trends obgerved.

4.1 Cost per XKilowati-Hour and Performance of Optimized Systems

The predicted installed system cost per kilowatt-hour is governed by the ground
yrules discussed in Section 1. Probably the most significant rule is the 15% annual
charge that is assumed to be the ftotal cost to the owner for finarcing and operating
the system. Converting presented cost per kilowatt-hour to any other annuval charge

rate is easily done by multiplying these regulis by the ratic of the new charge rate
to 15%.

Teble 4.1 summarizes typical properties of the optimized systems. The rationale
leading to these selections is discussed in Section 4.2,
Teble 4.1

Typical Properties of Optimized Systems
(15 mph Median Windspeed Distribubion)

Rotor E/D = 1.5, two blades, unstrutted (struts may be desir-
able for diameters above 150').

Sclidity Ranges betwesn .12 and.ll depending on rotor diameter.

Rated Windspeed Approximately 30 mph @ 30' reference height.

Cut-In Windspeed Approximately 10-12 mph @ 30’ reference height.

Plant Factor From 20—25%, depending on rotor sige.

Rotor Ground Clearance Ags low as possgible, with enough room for drive %rain
placement except for smaller rotors (< 30' diameter)

where g 10-20' clearance is advantageous.

In what follows, results are given for the cost of energy as a function of system
size, performance as a function of system size, the effects of siting (meteorology) on
cost of energy, and discugsion of cost of energy sensitivity to possible errors and

omissions in the optimization model.



4.,1,1 Cogt of Energy as a Punction of Svetem 8ize -- The cost of energy va rotor

diameter for optimized systems i1s summarized in Fig. 4.1. One significant feature of
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Pigure 4,1 - Blectrical Energy Costs for Cptimized
Systems from Version 16 of the Optimization
Model

this curve is the lack of cost of energy sensitivity over a relatively wide range of
rotor diameters, from 50 to 150 f£t. in diameter. This corresponds to power ratings
from ~ 100 to 1500 kW (see Section 4.1.2). On either side of this range, the model

indicates a definite trend towards less cost-effective systems,

Another apparent feature of the cost curves is a lack of smoothness, an effect
due primarily to discrete changes in blade costs that occur as the blade chord and
length increase (see Section 3.3.1). larger blades require more joints as fabrication
and/or shipping constraints are encountered, and the addition of joints incresases the

cost in discrete Jumps.

Tdentifying the cost drivers on the WECS gives some insight as to the nature of
the cost of energy curve. Percenmtages of the total system cost of the rotor ({blades
and tower), tiedowns, transmission, electrical components, and field work (foundation,
assembly, and erection) are shown in Fig. L.2 ag a function of rotor diameter, This
curve demonstrates a fundamental difference between large and small systems: the
electrical system dominates for small systems, whereas structural hardware, particular-

1y the rotor, domingstes the larger systems. This effeet 1s explained as follows.
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Electrical system costs are roughly proportional to the peak power rating of the system
which varies with approximately the sguare of the rotor diameter. Alternatively,
structural hardware cost tends to be proportional to ite volume, which varies with
nearly the cube of the rotor diameter for structures designed to the same level of
structural performance, (See, for example, Fig. 3.12 for blade weight and cost varia-
tion with rotor size.) Of course, actusl relative growth rates of subsystem cost and
energy ccllection capacity as rotor size increases are net such simple proportions due
to wind shear effects and because component costs include labor and handling in addi-
tion to material {volume dependent) costs, Nevertheless, the gualitative source of
the difference in eleetrical and structural component cost growth rates offered by the

simple scaling argument is quite reagonable and leads to the behavior of Fig. L.2.

The tendency of the large systems above 150 ££. in diameter Ho have a higher cost
of energy 1s produced by the same effect. The incremental increase in cost of the
structural components exceeds the incremental increase in energy collected by the
system. Figure 4.3 shows the energy collected per pound of total system weight {exclud-
ing foundations) as a functicn of rotor diameter. The kW-hr per pound of system
weight continually decreases and for systems large encugh to be dominated by material
coste, this effect will eventually cause an increase in the cost of energy. In this
economic model, the declining kW-hr/lb tends to adversely affect the system cost of
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energy at diameters above 150 ft. Howsver, there are sconomic and performince fac-
tors that can substantially change this breskover diameter., Several faciors of this

type will be discussed in Sechbions 4.1.3 and 4.1.h.

The smailer systems {less than 50 f+. in diameter), while benefitbting from a low
system welght per unit of energy collected, are costly because of the high cost of
the electrical components. Incidentally, electrical system cogt depends significantly
on the utility grid voltage availmble (see Section 3.3.4). The zolid curve in Fig.
.1 i3 for a M160 V system, which generally requires a transformer. The dotted Line
is for a lower voltage (460 V) comnection that eliminates the transformer and nobice-

ably reduces the cost of energy.

4.1.2 Annual Performance and Total Cost of Optimized Systems -- Figure 4.h sum-

marizes the performance and total cogt for optimized systems. Twe performance meg-
sures are shown, the average power and the rated power. The average power is defined
as the total annual energy collected divided by the total time in a year, 8760 hours.
Rated power, a more frequently used measure of WECS size, is the peak output of the
system. The rated power for a Darrieus system optimized for a 15 mph median wind-
speed distribution generally occurs at windspeeds above 30 mph {30’ reference height).
The rated power varies strongly with small perturbations in synchronous rotor Tpm
{see Section %.2.1). The tradition of rated power as a measure of system size should
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Figure 4.4 - System Performance Parameters as a Function
of Rotor Size

be used caublously in view of this sensitivity. The average power and cost of energy

are much less sensitive %o perturbations in the optimization process.

WECS performance is proporiional to ambient alr density. A sea level air den-
sity (0.076 lb—m/f%B) has been used throughout this study. The effect on performance
at sites with different density may be obtained by scaling the performance in direct

proportion to the air density.

Rated and averags power levels lncrease more rapidly than in direct proportion to
the rotor area. This is shown in Fig. 4.5, where annual kilewatt-hours per square
foot of rotor ares are given ag a function of rotor diameter. The increased utilization

of the rotor as diameter (snd height) incremsse is due to the wind shear effect.
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The total weight of the system {excluding foundations), also shown in Fig. 4.k,
grows roughly with the cube of the rotor diameter. This characteristic seems inevitable

when comparing different size rotors designed to the same set of structural perfor-

mance criteria.

1.,1,3 Meteorological Effects on System Cost of Energy - Meteorclogical variables

considered in this model are the median windspeed and the wind shear exponent (see

Section 3.1.3).

Figure L.6 shows the effect of windspeed distribution on the cost of energy, using
the 12, 15, and 18 mph median windspeed distribution of Fig. 3.%, The solid lines
represent optimized systems for each distribution. Costs associsted with the different
drive train ratings for each distribubion are accounted for, but the tower, tiedown,
and blade elements are assumed identical at all three sites. Bince the tower, blades,
and tiedowns are sized for the 15 mph distribution, this assumption is conservative
for the 12 mph case and optimistic for the 18 mph case., The dotted lines on Fig. 4.6
are the cost of energy for systems coperating at the same rotor rpm {and drive train
ratings) as the 15 mph system. Such systems, although not optimized, are structurally
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sound as the aerodynamic and centrifugal loadings are dependent primarily on the rotor
rpm. These "nonoptimized” systems represent an upper bound on the cost of energy at
the 12 and 18 mph sites.

The effect of wind shear exponent is shown in Fig. 4.7 for the rangs of exponents
from 0.1 to 0.24. Cost-effectiveness of large systems is clearly gquite sensitive to
the wind shear exponent. Figure 4.7 demonstrates the importance of sccurately deter-

mining wind shear effects in siting larger systems.

.14 Sensitivity of Cost of Energy Resulis to Changes in Cost FPormulation -

While it is not possible to consider the effect on system cost of energy to all possible
variations in the economic model formulation, a few general observations are possible.
The perturbations in the model considered in this section are 1) uniform percentage
change in the cost of all components, 2) a uniform fixed cost addition, 3) a cost

change in a few (but not all} components, and L) changes in the drive train service

factor.

A uvniform percentage increase in the cost of all components could occur due to,
say, an waccounted-for seller’s markup, Such a change will not affect any trends ob-
served and willl simply change the cost of energy in proportion to the markup for all
systems discussed. The effect is identical in consequence to an increase in the annusl

charge rate.
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Fixed or nearly fixed costs are costs that vary none or little with the overall
size of the system constructed. Such costs can cceur from factory or distribution
overheads associated with a wind turbine business. Operation and mainbenance can
also have fixed cost components. If large enough, these fixed costs can change
overall trends in energy cost vs rotor size, as demonstrated in Fig. 4.8. The intru-
sion of fixed costs, even as low as $10 X, can shift the favor toward larger systems.
The selection of the best turbine should therefore be accompanied by an assessment of
any fixed costs that may not be accounted for adequately in the optimization model

cost formulas.

Cost adjustments on individual componemts of the system may be required because
of new technolegies or because of errcrs in the cost formulation presented here. The
impact of such adjustments on total system costs can be estimeted using the component
percentage curves shown earlier (Fig. 4.2). Obviously, cost changes in items repre-
senting a small (large) fraction of total system cost will have a small (large) effect

cn the cost of energy.

Variations in transmission and generator service factors can affect energy cost
through changes in drive train cost and efficiency. The minimum service factors pos-
sible in a WECS are unceritain because of ignorance of the magnitude and frequency of
torque transients and the sffect of such transients on transmission and generator

life. TFigure 4.9 shows cost of energy and average oubtput power relative to service
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factor 1.0 realized at service factors between 0.8 and 2.0. Evidently, using arbi-
trarily large service factors to cover drive train life uncertainties can be expensive.
It is important that the minimum possgible service factor be achieved through reduction
of torgue transients and/or by sufficient understanding of the effect of such tran-

sients on the 1life of the drive train to avold wvnnecessary overdesign.

4.2 Igentification of Optimum Design Parameters

Design parameters that are varied in the optimization process are the rotor dia-
meter, rpm, solidity, number of blades, height-to-diameter ratio, and ground clearance.
The effect of all these variables, except for rohbor diameter, which was discugsed in

Seetion 4,1.1, will be discussed separately.

4. 2,1 Rotor RPM -~ For a given rotor configuration, the rotor rpm affects most

overall system performance characteristics, such as the rated power, rated windspeed,
and anpual energy production. This differs from conventional horizontal sxis systems
where two variables govern the gystem performence; namely, robor rpm and the pitech
conbrol criterion. VAWT power 1s controlled in high winds solely through the asrody-
namic stalling characteristics of the bla.des.4 The "rated" windspeed at which this

stall occurs depends only on the rotor rpm.

The effect of rotor rpm on system performance and cost is shown in Fig, L,10.
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This particular example is for a 100 ft. diameter rotor with a H/D of 1.5. An optimum
rpon in terms of the cost per kilowatt-hour is evident. At rotor speeds above the opti-
mum, the rated power is high and plant factar* low. This proftuces high transmission
and generator costs, and low overall mechanical-to-electrical conversion efficiency be-‘
cause the generator and transmission operate predominantly at fractional loads. Thesze
effects eventually cause the cost of epergy to increase with inereasing rpm. At rpm's
below the optimum, the plant factors are much higher, but the rotor spends more time

in the stalled condition, which reduces the serodynamic energy collected.

It 13 noteworthy that the cost of energy reaches a very broad minimum, indicating
that the rpm mey be varied somewhat without significantly affecting energy cost. Al-
ternatively, the rated power wvaries strongly with rpm. This effect permits some
"$uning” of the rotor to be compaiible with the specifications of availsble transmis-

sions or generators and also to avoid rotor resonances.

The rated windspeed (not shown in Fig. 4.10) is directly proportional to the rpm
and 1s approximately 30 mph (30' reference height) at the optimum rpm. This rela-
tively high rated speed leads to the low plant factors (epproximately 25%) at opbimum
rpm, If desired, the plant factor may be increased to over 50% by reducing the rotor
rpm, though this will be at the expense of annual energy production (as reflected by
the annual average system powar), and the cost of energy will incresze.

The results of Fig. 4.10 were cobtained for the 15 mph median windspeed distribu-
tion of Fig, 3.5. Optimum rpm varies roughly in direct proportion to median wind-

speed for other windspeed distributions.

4,2,2 Rotor Solidity and Nutber of Blades -- The solidity of the rotor and the .
nunber of blades determine the blade chord, The minimum structurally possible wall
thicknessk(see Section 3.2.1) is used for any particular cholice of blade chord. The

energy cost for a 100 x 150 ft. rotor as a function of solidity is shown in Fig. 4,11
for two- and three-bladed rotors. Both ceses demonstrate an optimum solidity.

The cost of energy generally varies guite slowly with solidity, indicating no
necegsity to be precise about solidity selection. However, an important exception is
indicated by the step changes in the cost of energy that oceur at certain discrete
solidities shown in Fig. 4.,11. These steps are caused by a change in the number of
extrusions required to construct the blade cross section. The necessity for addi-

tional pieces occurs at discrete chords corresponding to multiples of the maximum

*"Plant factor” is defined for these systems as the percentage ratio of the annual
average power to the rated power.
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extrusion press size. These additional pieces require considerable additional labor
and tooling costs (see Section 3.3.1)., It is importent, therefore, %o select a soli-

dity that avoids being close to the high side of such a step.

Several balancing effects are traded off to yleld an optimum solidity, At low
solidities, the blade costs are reduced and the rotor rpm increases, which reduces the
speed increaser cost. Bub aercdynamic oubtput is inmpaired at low solidities, which
eventually causes the cost of energy to increase. At high solidities aerodynamic
output is improved, but this benefit is offset by increased blade and transmission

costs.

A three-bladed system optimizes at a higher solidity, with the minimum cost rer
unit of energy slightly higher than for the best two-bladed systems. Although the
cost difference is small, the increased complexity of & three-bladed rotor provides
additional incentive to use two-bladed rotors. But the economics indicete thet should
technical issues (such as torque ripplell) increase the desirability of three-bladed

designs, they can be obtained without prohibitive economic impaet.

Tigure 4.12 shows similar results with blade support strute ineluded. These
gtruts permit the use of thinner walled blades because of the strengthening effect of
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Figure 4,12 - The Effect of Solidity on Cost of Energy for
Two~ and Three-Bladed Rotors with Support Struts

the struts (see Section 3.2.1). The minimum cost strutted systems, after appropriate

reduction of blade wall thickness, have approximately the same cost of energy as do

unstrutted rotors. The simplicity of the unstrutted roter favors its use, although

struts may be desirable on very large systems (above 150 ft. in diameter) for the

attenvation of gravity loads.

4.2.2 Rotor Height-to-Diameter Ratio -- The rotor height-to-diameter ratic is a

fundamental design parameter that affects a variety of performence and cost issues.

Figure 4.13 shows the effects on system cost of energy for a 40,000 fﬁ.a rotor as a

T~ T ¢ 1 KW-HR, MAXIMUM

L DIFFERENCE BETWEEN
HiD«LOANDH/D =15

£ KW-HER

i 1
Lo 1.25 L5

HID

Pigure 4.13 - The Effect on Cost of Energy of Rotor #/D,
10,000 ft.2 Rotor,

sl
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function of the rotor helght-to-diameter ratio. It is apparent that the optimm sys-
tems have H/D =~ 1.25,

For rotors with the same swept ares, iwo major factors favor large height-to-
diameter ratios. PFirst, the overall height of the rotor is incresged, which in con-
Junction with wind shear increases the energy available to the rotor, Secondly, an
optimized Darrieus rotor tends to operate at roughly the same tip speed, independent
of ﬁ/D. A large H/D rotor operates at & higher rpm for a given tip speed, and this
reduces maximm drive train torgue. The net effect is reduced transmission cost.
Major disadvantages of large H/D are increased tower, tledown, and installation costs
due to the greater helght of the rotor, and a gradual decrease in aerodynamic perfor-
mance (optimum asrodynamic performance occurs near H/D = 1.0). These negative effects

begin to dominate as H/D increases above 1.3,

The effect of reducing H/D iz just the opposite. Tower, tiedown, end installetion
cozte are reduced but transmission costs increase and wind shear benefits are reduced.
The overall balancing of these advantages and disadvantages leads %o the low ratlo of
system cost of energy sensitivity to H/D shown in Fig. 4.13. However, certain factors
not accounted for in the optimization model have led to the choice on the point designs
of the largest cost-effective H/D; i.e., H/D = 1.5. These other factors are the im-
proved tiedown clearsance and reduced blade curvature assoclated with larger height-to-
diameter ratiocs. It is believed that these factors will ease design, manufacture, and
shipping of the rotor. However, should other technical or economic issues be discovered
that favor lower H/D rotors, the use of rotors with height-to-dlameter ratios as low

as 1.0 should be possible without undue economic impact.

L.2.4h Rotor Ground Clearance -- The clearance between the lower blade attachment

Tittings and ground level is a factor which may be varied to some degree in the design

process. The method considered here is to simply increase the tower length.

In considering variations in ground clearance, there is a minimum possible clear-
ance which is regquired to clear the transmission, generator, and leave room for tower-
to-transmission couplings. This minimum value will depend on the size of the machine
and the specific nature of the design. The optimization model assumes a minimum 12
ft. clearance Tor a 100 fi. diameter rotor and scales this wvalue in proporticn to rotor
dismeter for other sizes. The minimum 12 £%, clearance is based on typical transmis-

sion and coupling dimensions for a 100 ft. rotor.

The fundamentel tradeoff occurring upon addition of ground clearance is between
increased snergy collection from wind shear and increaged cogt in the tower and tie-
downs {see Section 3.3.3), TPigure 4.1h shows the cost of energy as a funetion of

ground clearance for rotor sizes from 18 £t. to 100 fi. in diameter. The larger
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Figure 4.1% - The Effect of Rotor Ground Clesrance on
Cost of Energy

rotors (above 75 ft.) indicate a steady decrease in cost of energy as the clearance
is reduced to the minimum value. The two smaller rotors show an optimum clearance in
the range of 15 ft. All cases show a rather modest dependence of cost of energy to

ground clearance,

The gqualitative difference between large and small rotors regarding optimum ground
elearance 1s because of the difference in cost of the tower and tiedowns relstive to
total system cost (Fig, 3.2). The total cost of smaller systems is dominated by elec-
trical costs and so the ilncrease in total cost due o a clearance inecrease sbove the
minimum value is relstively unimportant. The opposite is true for larger systems.

The results given here only apply for a wind shear exponent of .17 and for the
method of adjusting ground clearance by extending the tower. Naturally, systems at
gites with different wind shear properties or with unique geological feabures may he

more or less sensitive to the choice of ground clearsnce,

4,3 Specifications and Performance of the Point Designs

Six sets of system specifications have been developed for the point design pro-
cess. These specifications cover a range of rotor diasmeters from 18 to 150 ft., cor-

responding to approximste power ratings from 10 to 1600 ¥W. The range of siges is




intended to include the systems with the least cost of energy predicted by the optimi-
zation model. The larger and smaller systems in the range are on the higher portion
of the ¢/KW-hr curve {Fig. 4.1). This is intentional, so that the predicted trends
toward increasing costs could be verified or modified based on the results of detailed

economic analyses of the polnt designs.

The careful observer will note that some of the point desmign specifications dif-
fer from the optimum values presented in Section 4.2. These inconsistencies are
cgused by the fact that specifications were set with earlier versions of the economic
model, This was unavoidable becavse the lead time necessary to complete the peint
designs reguired a commitment to the specifications while the optimization medel conw
timued to be refined. However, in presenting the model-predicted costs, weights, and
performance of the polint designs, the latest versions of the economic model are usged.
The deviation of specifications from current optima affects the cost of energy by less

than 9%, a very small effect when considering the overall resolution of the model.

The six point designs are referred to by approximete peak power ratings (10, 30,
120, 200, 500, and 1600 XW). These ratings are rounded off congiderably and the
actual peak output power of each design may differ by as much ag 20% from these nomi-
nal values. '

The 10, 30, and 200 kW systems are unique in that an attempt was made to optimize
the rotor diameter to a fixed blade chord (6", 11", and 29", respectively), rather
than optimizing the chord for a fixed rotor diameter. The overall effect on optimized
cost of energy due to this subtle difference in optimization 1z hardly detectable, but
it does produce noticeable differences in the optimized specifications, particularly
the rotor solidity. This difference should be taken into account when athtempting to

discern trends within the point design specifications.

The point design properties are summarized in the four following tadles (L.2 -
h.5), with data on rotor geometry, system performance, predicted component weights,

and predicted component costs.
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1. GSystem Components and Specifications

Tower .

Tiedowns

Rotor

Drive Train

Transmission

Generator

Generator and Transmission
Ratings

System Power Rating

Generator and Transmission
Service Pactors

Generator and Transmission
Efficiencies

Generator and Transmission
Losses

Electrical Controls

Automatic Controls

The blade-supperting vertical rotating structure with
assoclated bearings, blade abtachment hardware, and
tiedown connection fittinzs. Some units also have
lightning protection devices and structures (base
tower) to support the lower bearing.

Subsystem for supporiting the upper tower bearings
including ceble guys, cable terminations, and any
tensioning hardware.

Subsystem consisting of all low speed rotating parts,
i.e.; tower, blades, and low speed shafts.

Subsystem consisting of all rotating components except
the rotor.

Speed increasing gearbox between the low speed rotor
shaft and the high speed genersator shaft.

Synchronous or induction machine o convert'high speed
shaft output of the transmission to AC electrical
power.

The maximum continuous duty power levels which can be
transmitted by the generator and transmission.

The maximum electrical output power expected from the
system,

The ratio of continuous duty power ratings to the maxi-
mun expected output power from the system,

The ratio of output power te input power.

The difference between output power and input power.

All electrical hardware required to connect the out-
put of the generator to the utility grid and provide
manual control of the system. Includes any electri-
cal hardware required for starting the rotor.

All electrical or mechanical hardware reguired to
provide unattended, automatic operations. Includes
anemometry and measurement transducers as required.
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Rotor Diameter

Rotor Height-to-Diameter
Ratio (H/D)

Rotor Ground Clearance

Rotor Centerline

Rotor Area {A)

Blade Length

Blade Chord ()

Rotor Solidity (o)

2. Rotor Geometry

Twice the maximum horizontal distance from the axig of
rotation to the blade.

The vertical distance between the upper and lower
blade-to-tower attachments divided by rotor diameter,

The vertical distance between the lower blasde attach-
ment and ground level.

A horizontal line, centered between the upper and
lower blade atbtachment fittings.

Tyice the area enclosed by one blade and the axis of
rotation.

Total distance along the blade between the upper and
lower blade attachments.

Straight-line distance between the blade cross-section
leading and trailing edges.

Total blade area (blade length x chord x number of
blades) divided by rotor area.



Amnual Windspeed Distri-
bution

Annual Windspeed Duration
Curve
Median Annual Windspeed

Mean Annual Windspeed

Wind Shear

Reference Height (HREF)

Wind Shear Exponent (XPON)

Meteoroiogical Factors

4 probabalistic distribution of windspeeds expected
over a year at & particular site,

A curve of windspeed vs. time indicating the amount
of time in a typleal year each windspeed is exceeded.
That windspeed which is exceeded exactly half the time
in a year.

The average of all windspeeds occurring annually.

The tendency of windspeed to increase with distance
above the ground.

A specified measurement helght associated with site
wind statistical data. HHEF is taken to be 30 feet
throughout this study.

Exponent used in the wind shear correction formuls,

REF\H
REF

VREF is the windspeed at the reference height.

5 \KPON
Vy = V. - 3 Vx is the windspeed at height X,
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Rotor REM (RPM)

Rotor Rotational Speed
(w)

Rotor Tip Speed (Ro)

Rotor Tip Speed Ratic {L)

Power Coefficient (cp}

Performance Coefficient
(K}

P
Rated Windspeed
Cut~Out Windspeed
Cut-In Windspeed
Annual Energy
Rated Power
Average Power

Plant Factor

Availability or Availa-
bility Factor

&

Aerodynamic and System Performance

Rotor turning speed in revolutions per minute,
Rotor turning speed in redians per second.

Speed of the blade section at maximum horizontal dis-
tance from the axis of rotation.

The ratioc of rotor tip speed itc the rotor centerline
windspeed V

CL*
P /A%pvs
5 CL
PS = robtor shaft power
A = rotor area
p = local AFPR density
VCL = centerline windspeed

P /adp(R0)® = o /A3
Usually Kip refers to the maximum value of CP/XB.

A windspeed, at reference height, corresponding to the
maxinmum electrical output of the system,

A windspeed ab reference helght above which the sys-
tem is shut down.

The lowest windspeed at reference height for which the
system produces positive power.

Total system energy avallable annually in a specified
windspeed distribution.

Peak output power produced at rated windspeed. Oubput

power never exceeds this value.

Total annual energy divided by the number of hours in
a year.

Ratio of average to rated power. Indicates the frac-
tion of time the system is at rated power.

Ratio of annual energy delivered to what is available.
Availability factors account for maintenance downtime.



Annual Charge Rate {ACR)

Operation and Maintenance
(08)

Levelization Factor

5. ZHconomic Factors

The percentage of total system capital costs the user
must pay annvally to finence the wind energy systenm,

The annual cost required to operate and maintain the
system. .

A factor multiplying estimated O&%M costs 4o account
for inflation of these costa over the lifetime of the
systen.
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A.1l Definition of Input.Data
{See Fig. A.1 for Typical Input Sequence)

Quantity

Rotor Diameter (£t)

Nunmber of Blades
Height-to-Diameter Ratio
Struts {see options below)
Rotor Solidity

Bisde Wall Thickness-to-Chord Ratio
Generator Service Factor
Transmission Service Factor
Line Voltage

Median Windspeed (mph)

Air Density {lbm/ft3)

Wind Shear Exponent

Rotor Ground Clearance (ft)

Varieble Name

DIA
BLDS
HOD

X81IG
WALL
SUCG
BVCT
VOLTS

XPON
HCLR

User Input Options

Cption
Blade Struts?
Cptimized or Specified Rotor rpm?

Rayleigh or Standard Windspeed Distribu-

tion?

Change Single Line of Input Used on
Previous Run (see Fig. A.2)

Brief Oubput?

Mesns to Select

Input O for No Struts, 1 for Struts
Input T for Optimized, N for Specified

Input 12, 15, or 18 mph for Standard
Distribution. Input Other than 12,
15, or 18 to Obtein Raleigh Distribu-
tion.

Input Line of Input Data to be Changed
Following "Changes" Statement

Input N for Full Output (Fig. A.2);
Input ¥ for Abbreviated Output (The
Laat Three Lines of Fig. A.2)
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gﬂégﬁ)g?ﬁ??gﬁngUHBER'OF BLADES, H-D, STRUTS
5“?%?4?95?IHE SOLIDITY.BLADE WaLL THICKNESS RATIO
gﬂ{gﬁlégﬁgéTRﬂNS. SERVICE FARCTORS,LIME UOLTAGE
gRéEF QUTPUT?

gngr OPTIMIZED RPM?7

ENT: MED. W<S,AIR DENS.,XPOM, HCLR
7 15., .876, .17.7.

Figure A.1 Input Sequsnce for Version 16

UERS1E6,6-30-78, 55.X 83. FT ROTOR 460 .UOLTS

CPK, CPMAX ; RE—— . 88785 38588 | 18869584E+07
KMR TIP SPEED RATIOG-~ 3.01 2.76 11.47
- PEAK OUTPUTSCKMW ) :ROTOR, TRANS, GEN-— 124 .18 119.22 189.78
PEAK TORGUE,LQ SPEED SHAFT-- 16971 .9
RATED WIND SPEED(MPHR 38'REF >~ 38.96
TOTAL ENERGY-- 237999, 15.MFH MED. WIND SPEED
CHORD, TURBINE SOLIDITY-- 23.673 .134
BLADE WALL THICKMESS RATIO,WALL THICKNESS~- 818 .237

UNSTRUTTED TURBIME.H/D =1.58
BLADE GROUND CLERRANCE-— 7,08

MAX. TORGQUE CAPACITY, TRANS—- 16972,

MAx ELECTRICAL CAPACITY,GEM~- 118,

TOWER DIA.WALL THICKNESS-- 2.5 074

DIAMETER, RPM, TIPSPEED—— 33 . 68 =1.52 148.36

NET AXIAL LOAD INTO BRASE~~ 43576. 45

ITEM COST $> PERCENT OF TOTAL  WEIGHT $/1.B
BLADES - 2124 .41 17.5 3438, 2.65
TOWER F232.408 13.9 4822. 1.56
TIEDOWNS 3316 .43 v.5 1967, 2.58
TRAKS 7823.99 15.2 2837 . 3.88
LGEHERATOR 8993.41 17.3 1359. 6.62
FOUNDATION 2211.99 4.2

ASSEMBLY 12584 .49 24 .4

TOTAL 32857.12 iep.0 i3z222. 3.24
NORMAL I ZEDC $./KW-HR - 3.28 '
gHﬂHGES OR <CR> TO GO

Figure A.2 Typical Output Data, Version 16
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- A.2 Definition of Output Data
(See Fig. A.2 for Typical Output Data)

CPK; CPMAX; RE

- K, ¥, R Tip Speed Ratios

Peak Outputs (kW), Rotor, Trans, Gen

Peak Torque, Low Speed Shaft
Rated Windspeed (mph @ 30' ref.)

Total Energy

Chord; Turbine Solidity

Blade Wall Thickness Ratio; Wall Thick-
ness

Blade Ground Clearance

Meximum Torgue Capacity, Transmission

Maximum Electrical Capacity, Generator

Tower Diemeter; Wall Thickness

Diameter, rpm, Tip Speed

Ket Axial Load into Base

Normalized (¢/kW-hr)

Changes or {CRY To Go?

Meximum Performance Coefficient (XK.,
Section 3.1.1); Maximum Power Coef-
ficient; Blade Reynolds Number

Tip Speed Ratios Ay, Ams Ap Discussed
in Section 3.1.1

Actual Pesk Output Expected at The Rotor,
Transmission High Speed Shaft, and
Electrical Terminals on the Generstor

Peak Rotor OCutput Torgue, in ft-lbs

Windspeed at Which Peak Rotor and System
Output Occurs

Total Apnual Electrical Energy Collecition
(¥Wh) in a Given Windspeed Distribution

Blade Chord (inches); Solidity, Defined
&8 the Ratic of Blade Length Times Chord
Divided by Rotor Ares

The Ratio of Uniform Wall Thickness to
the Blade Chord; Actual Wall Thickness
{inches)

Clearance, in Feet, from the Lower Blade
Attachments to Ground Level

Actusl Rating (£t-1bs) of Transmission
{May Differ from Peak Rotor Output
Torque )

Actual Rating (kW) of Generator (May
Differ from Peak Generator Oubtput)

Tower Outside Diemeter (£t); Wall Thick-
ness (in). Dimensions Selected to Meet
Btructural Reguirements

Rotor Diasmeter (ft); Rotor rpm; Speed of
Ma.x:i.mum Radius Portion of Blade (ft/
sec

Net Force (1bs) at Base of Tower Due %o
Tiedown Reactions and Total Rotor
Weight

Cost, in Cents per Kilowati Hour, Cal-
culated by Taking 15% of Total Cost
and Dividing by Total Energy

Input Integer to Change Single Line of
Input Data., Input Carriage Return
<CR> to Repeat Caleculation
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Functions

POWER('T)

F{T)

CP{TSR)
POG{PING)

POT(PINT)

Subroutines

PAXTAL

TOWER

CTNSTL
TRANS
GEN
CBLADE
CPPARM

LOOK
LOOKZD

- A.3 Description of Functions and Subroutines in Order

-——

of Their Appearance in Version 16

Caleculates electrical power oubput duration function for
integration to determine annual energy. Takes into account
the windspeed @uration curve, serodynamic performance of
the rotor, and transmission and generator losses,

Windspeed duration funection, based on linear interpolation
between specified points of velocity and time in hours.
Data from F(T) are corrected for wind shear.

Power coefficient as a function of tip speed ratio, using
model described in Section 3.1.

Cutput of the generator {kW) as a function of input shaft
power PING {kW).

Output of the high speed transmission shaft (EW) as a func-
tion of the slow speed shaft inmput (W).

Caleulates the net axial load in the tower. Also calculates
required tiedown pretension.

Calculates tower dimensions for minimum volume towers meet-
ing the criteria discussed in Section 3.2.2.

Calculates foundation and installation costs.
Calculates transmission cost.

Caleculates generator and electrical controls cost.
Calculates blade costs.

Calculates aerodynamic performance parameters for use in
function CP(TSR}.

A one-dimensional interpolation routine used by CPPARM,

A two-dimensional interpolation routine used by CPPARM,



Ak Complete FORTRAN IV Listing
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76

1776

701
720

101

702

104

703

i75

T04

174

173
708

706

167

102

B4
T07

705

PROGRAM ECON(INPUT QUTPUT s TAPEG s TAPESG=TNPUT» TARETT=0UTPUT)
COMMON/FV/NDL»VD(200)+TD(200)
COMMON/TOWER/TL s HCLR
COMMON/CPTSR/XLK s CPK e XLMs CPMAX ¢ XNs RLRLM
COMMON/ENG/AsPRATEDsRUs CONsRILOSSGsRLOSST S GR
COMMON/SHEAR/FACT

DIMENSION NND(3)sVVD(200:3) ¢ TTD(20003)
DIMENSION Z(50s444)

EXTERNAL POWER

CALL INITT{(1Z20)

CALL ANMODE

PYzh HATAN(]L W)

NuM=100

CON1=.96

ICG=0

CALL ERASE & PRINT 720

FORMAT (50X/)
IF(ICGNE.QaAND . ICGNEL1)YGOTO T02
PRINT 101

FORMAT{#ENTER DIAMETERsNUMBER OF BLADES:H/D+STRUTSH)
READ #.DIAsBLDS+HOD,STRUT
IF{ICG.NE.OYGOTO 7010
IF{ICG.NE.0AND,ICG.NE.2)G0OTD 703
PRINT 104

FORMAT (#ENTER TURBINE SOLIDITYSBLADE WALL THICKNESS RATIOH)
READ #+SOLeWALL

IF{ICG,NE.D)IGOTD 7010

IF(ICG.NE-O+AND ICG.NEL3)GOTO 704
PRINT 175

FORMAT (#ENTER GEN. , TRANS, SERVICE FACTORS.LINE VOLTAGE®)
READ #4SVCGeSVCTVOLTS
IFIICG.NEL0)YGDTO 7010
IF(ICGLNEOLARDLICG NEL4)YGOTD 708
PRINT 174

FORMAT (#BRIEF QUTPUT+#)

READ 173+IANSI]

IF(ICG.NEL.0)GOTD 7010

FORMAT (Al}

CONTINUE

XFLAG=0,

FLAG=D.

IF(IANS] .FQ.IHYIFLAG=1.,
IF(ICGJNELO0LAND,ICG.NE-S)IGOTO 707
PRINT 107

FORMAT (#WANT OPTIMIZED RPMe#)

READ 173s1ANS

IF(IANS EQ.IHY)IGO TO 64

PRINT 102

FORMAT(#ENTER ROTOR RPM#)

READ #4RPH

XFi. AG=1.

IF{ICG.NE.0}GOTO 7010

CONTINUE

IF(IANS  NE«1HY) XFLAG=]
F=SART (4. +HOD®#2)

XLOR=F ¢ 5#HOQD*HOD#AL0G( (2, +F) /7HOD}
FORMAT (6F10.3)

ARDEN=,076
IF(ICO.NELBAND,ICG.NE.6)GOTD 705
PRINT 60

READ #4VMEDsARDENs XPONsHCLR
IFLICG.NEL.O)YGOTD 7010

CONTINUE



Sg
103

&0

113

248

244

900

71

94

CON=, f46TARULN/ (B350 e FlWTd2e1 T4}
HREF=30. ‘
REWIND 4

DO 50 ITAR=]1+3

SEAD(4y2) ND

NND{ITAB}=ND

00 & I=1sND

REAN{44+1) VYD (IsITAB) s TTD(T+ITABR)
CONTINUE

CONTINUF

FORMAT(I10+7F10,.0}

JTAB = ¢

RAY=0.

FORMAT (#ENT MED, W/S+AIR DENS . o XPONHCL R %)
IF{VMED.EQ.12+) JTAR =

IFIVMED ,EQ.15. ) UTAR=?
IF{(JTAB.EG.0)RAY=),
FORMAT(*PRATEDPAVG*s2F10.2)
IF(RAYLEC.C.)IG0O TO 2a6

PRINT 248

FORMAT (#ENTER RAYLEIGH AVE WIND SPEED#)
READ #,VMED

CALL RAYDIS(VMEDNuUMH YD TD)
NDI=NUMB~]

GO T0 4900

ND=NND (JTAB}

ND]=ND=-1

D0 7 I=1eND

VDIE)=vvD(lsJTAR)
TD(II=TTD(I+JTAR}

R=plas2.

CALL ERASE
HMIN=1Z2 . #DIA®HOD /150,
IF{HCLR LT +HMINIHCL R=HMIN
HINCR=HCLR=HMIN
TL=DIA#HON+HINCR

RW = 80.
IF(XFLAG-FQ-1-)RW=D*RPH*PY/30.
RIN = }0.

OFTMAX = 0

NI=D

A=g ,*R#*R*H0OD/3,

FACT = ((HUD®#R+HCLR) /HREF) #4XPON

CONT INUE

W = RW/R

S = W#3p./PY

C = SOL#1Z2%A/{RLDG#XL0ORER)

COVR = C/(12.%R)
RE-R#RHWHCOVR/1,6197E~-4

CALL CPPAHM(SOL-HanREvCPKvXLKoCPMAK»XLM;XLP)
XN=3.5

RLEKLM=X K/ XM

RLRILM=XLR/XLM

RPCG=,05

GR=1800./5

RPCT=,04

IF{GR.GT36)RPCT=, 06

SAVE=RPCG

PIR=CON® (RWHH 31 #0PKraA
PTR=PIR=PIRE*RPCTH#SyrT

P1=RPCTH#SYCT

PR=HPCG*SVCG
PRATED=PIR*(l.=Pl~-p2+P1%p2)
RPCG=.05* {1000,/ (PRATED®SYCGE) 182,215
ERR=ABS({ (RECG=SAVE)Y /RPCG)
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IF(ERR.GT4eUSIGO T 94
RLOSSG=RPCG¥PTR2SVCG
RLOSST=RPCT#PIR®SVCT
VIN=60,#RW/ (88, #XLR)
VRAT=60 . *RW/ (88, #XLK)

ERR=.0001
CALL QNC3(POWERs0.,8760+¢ERRsF s IERR)
EA = E/A

UTL =E/(B760.*PRATED)
PAVYG=E/BT760.

TI=PIR®550./ {4 T464Y)

DIA = R#2, :
CALL TOWER(RsHODsXLORsCoWALLoBLDSsWTLlsWT24WTIs TDIA, TWALL)
CALL CINSTL(CFOUND,CASSEMBsDIAsHODsHCLR)
PR=PRATED#SVCG

CALL GEN(CGENsPReVOLTS)

TR=TI#SyCT

CALL CBLADE(CBLDsBWsBLDSsCoRsNUMeWALL s STRUT s HOD s pUMP)
CALL TRANS(CTRANSTR)

BW=BWH#BLDS
TU=WT3+WT2
TLL=BW+WT1+TU
WBSU=14,2E~6%* (TU#e,5)
WBSL=14,2E~6%(TLL#*#],5)
WST=2.#15., TH{TDIA®®3)
WBF=2.#BLDS®, 1 02RCaCHC*]169/1728,
WT1=WT]+WBSU+WBSL+YST+WBF
T=BW+WTI+TU
WTRANS=, 12%TI¥#SyCY
WOEN=3] . THPR## g
WTOT=WOEN+WTRANS+WT1+WT2+8Y
CTIE=WT272.5
CTOW=HT1%1.5
CBLO=CBLD#BLDS
CT=CBLD+CFOUND+CASSEMB+CTRANS+CGEN+CTOW+CTIE
CNORM=CT*15,./t
OPT=1.,/CNORM
IF(XFLAG«EQ:1:)G0 TO 74
IF(OPT.GT.OPTHMAX)IGO TD T2
NI = NI + 1 ‘
IF(NT.EQ.1)B0 YO 72
OPTMAX = Q.
IF(NI .G6T. B5JG0O TO 74
RW = RW = 2,%RIN
RIN = RIN/4,
GO TO T1

72 OPTMAX = OPT
RW¥ = RW + RIN
GO TO 71

T4 CONTINUE
IF(FLAGL.EQ.1e)GO To 137

DUM=DTA®#HOD
PRINT 300+DIAsDUMeyOLTS

300 FORMAT(SOX/ s3XKe#VERSLG+6/30/78s%9F 4,000 XB3F4.08% FT ROTOR™®,
1 F6.0s#VYOLTS#) '

PRINT 115:CPKeCPMAXRE

115 FORMAT (#CPKsCPMAXsRE==#32F10.5,F15.8)
PRINT 116 XLKs XL MeXLR

116 FORMAT (#KMR TIP SPEED RATIOS==#,3F10.2)
PRINT 118sPIRsPTRsPRATED



s NeNeRel

118 FORMAT (#PEAK OUTPUTS{KW) ROTORs TRANSsOEN==# 5 3F8,.p)
PRINT 775, TI1 e

775 FORMAT (#PEAK TORQUF.LO SPEED SHAFT-=%#.F12.1)
VRATED=RW#60./ (BB, #XLK¥FACT)
PRINT 762+ VRATED

762 FORMAT(#RATED WIND SPEED (MPHS 304REF)=«#4F6,2)
PRINT 307.EsVMED

307 FORMAT(#TOTAL ENERGY==#92F10.0e#MPH MED, WIND SPFED®s/)

PRINT 309+Ce350L

309 FORMAT(®*CHORDsTURBINE SOLIDITY-«#,2F10,3)
THICK=WALL®C
PRINT 330.WALL:THICK

330 FORMAT (#BLADE WALL THICKNESS RATIOsWALL THICKNESG=-#,2F10.3)
IF(STRUTSEQ:1IPRINT 3144HOD
IF(STRUTWEGCW)PRINT 315.H0D

314 FORMAT(#STRUTTED TURBINE:H/D =%,F4.2)

315 FORMAT (#UNSTRUTTED TURBINE«H/D =%#,F 4.2}
PRINT 63+HCLR

63 FORMAT (#BLADE GROUND CLEARANCE=-=#3F642)

XESVCT#T] )

576 FORMAT(¥MAX. TORGQUE CAPACITYoTRANS==®2F10,07}
PRINT 576X
X=PRATED#SVCH
PRINT ST7T4X

577 FORMAT(#MAX ELECTRICAL CAPACITY GEN-=%,F10.0)
PRINT S7B+TDIATWALL

578 FORMAT (#TOWER DIAswALL THICKNESS~~%#oF6,1eF6.3}
PRINT 310.01A5S4RW

310 FORMAT(#DTAMETER+RPMs TIPSPEED==*33F10.2)
PRINT 313,7T

313 FORMAT(#NET AXIAL LOAD INTO BASE==#sF15.2,/)

PRINT 317

317 FORMAT(#ITEM* o ) 4X e 2COST(S) %6 X HPERCENT OF TOTAL#s3X o R WEIGHT %y
15X+#5/1.B%)
W=CBLD#100./CT
DOL=CBLD/BW
PRINT 318.,CBLO+W-Bw.DOL

31n FOPMAT(IQ*BLADES*QﬁxiFla.Z'iDX,FQq1!1‘X9F8.0’5X,F6.2}
W=CTOW#100./CT
DOL=CTOW/WT1
PRINT 319.,CTOWewWeWT)»DOL .

319 FORMAT (#TOWER® s 7X9F122910KeFbulellXsFB.045X9F6.2)
W=CTIE#100./CT
DOL=CTIE/WT2
PRINT 320+CTIEsHWeWT29D0L

A20 FORMAT (#TIEDOWNS# 34X sF12.2910XKsF4.1el1XeFB,0s5Xor6,2)
W=CTRANS*#100./CT
DOL=CTRANS/WTRANS
PRINT 321 +sCTRANS W WTRANS DOL

32) FORMAT(#TRANSH ¢ IR sF12:2910XsF 4,16 1XsFB.045%X3F6.2)
W=CGEN#]00./CT
DOL=CGEN/WGEN
PRINT 330.CGENWsWGENSDOL

390 FORMAT (#GENERATOR® ,3XeF 12,251 0XoF 4ol ellXoFB, 05X ,F6.2)
W=CFOQUND#100./CT
PRINT 322.CFOUNDsMW

322 FORMAT(#FOUNDATION#2XsF12.2+10X9sF4.1)
W=CASSEMB#100./CT
PRINT 325+CASSEMBy

325 FORMAT (HASSEMBLY®o4XeF12.2010XeF4%el)
w=100.
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DOL=CT/7WT0!
PRINT 323+CTauWoWTOTDOL

323 FORMAT(/»#TOTALSyTXoF12:2510XoFSelsliXoFB.0s5XsFg,2)
PRINT 324 ,CNORM _ ‘

324 FORMAT (ENORMALIZED(S/KW«HR) =~=8#4F10.2)
GO TO 7713

137 PRINT T778,PRATEDsPAVGeCseCNORM

778 FORMAT (#PRATEDPAVGsCLORD s B/KH=HR==%34F10,2)
PRINT 33245

332 FORMAT({#ROTOR RPM=-#sF5,2)
PRINT 323:CTeWoeWTOT.DOL

773 CONTINUE

OO0

7010 PRINT 667
667 FORMAT({#CHANGES DR <CR> T0O GO+#)
READ #51C6
IF{EOF (66))6664665
666 1CG=10
665 IF(ICG.LT.0)STOP
GOTO 701
SToP
END
FUNCTION POMER(T)
COMMON/ENG/AsPRATED sRW s CONsRLOSSG9RLOSST 5,5 GR
POWER=0D,
V=F{T}
IF(V.LE.O,) RETURN
Pl = CON®A®V#RI&CP (RW/V)
P2 = POTI(P1)
POWER = POG(P2)
RETURN
END
FUNCTION F(T).
COMMON/FV/NDLsVD(200) s TD(200)
COMMON/SHEAR/FACY
PO 1 I=1eND1
J=1
IF{T.GE.TD(I) «ANDsT . LELTD(I+1}) GO TO 2
1 CONTINUE
2 F2YDL « (VDIJe 1) =V (NI #(T=TD(U I/ (TD e ) =TD () )
F=BB8.#F#FACT/60,
- RETURN
END
FUNCTION CP(TSR)
COMMON/CPTSR/XLKsCPKs KLMys CPMAX » XN RLRLM
IF(TSRLLELXLE) GO TO 1
IF(TSR.GELXLMIGO To 2
A = (TSR=XLM)/ (XLK~XLM)
B = CPK#(XLK¥##3) - CPMAX
CP = CPMAX + A®p=p
RETURN
2 A = (TSR=XLM}/ (XLMeRLRLM - XLM)
CP = CPMAX = A#ARCPMAX
RETURN
1 CP=CPK#XLK##3# (TSR/XLK) ##XN
RETURN
END
FUNCTION POG(PING)
COMMON/ENG/A'PRATEDsRW o CONeRLOSSGsRLOSET ¢SGR :
CC FUNCTION GIVES OCUTPUT GENT POWER AS FUNCTION OF INPUT POWER
c

AA = PRATED#*%2/(,54RLOSSG)
B = SART{1e+4.# (PING=-5%RLLOSSG)/Z7AA)
POG = AA#(B=lo)#,5




IF{POG «LTs Us)POG = 0, .

RETURN

END

FUNCTION POT(PINT)
COMMON/ENG/AsPRATEN ; RWs CONSRLOSSGsRLOSS T o5, 6R
POT = PINT-RLOSST

C

C

[ o
IF(POTLLE.0.)POT = (.
RETURN
END

C

SUBROUTINE PAXIAL (ReSyHODsXLORsBLDS+CoWALL sWT2sWT3, TOT)
COMMON/ TOWER/TL s HCLR
COMMON/PAXIAL/FREQ,AREAsCL s PRETsATMAXs ATMIN
CC THIS EVALUATES NET AXTAL LOAD ON TOWER
CC DO TIEDOWN PRETENSIONS FIRST

IF (DUMP «NE.0.)PRINT 71
71 FORMAT (#ENTER PAXIAL®)

PI = 4.,%ATAN(1,)

ALFA = 35;%PI/180,.
CDEN = 2.07%144,/.596
EY = 2.6E7

HEIT = HCLR+Z2.2#R#HND
DIST = HEIT/TAN(ALFA)

CL = SQRT(HEIT®HEIT+DIST#DIST)
A =2.11E~7#CL=CL
E = 3.6E9
DELTA =(4-7E“3*C05(ALFA}*CL*CDEN/E)’?{lo/3.}
TMIN COEN®A#CL#COS(ALFA) /7 (B, #DELTAI
TMAX = EY#A
TMAX TMAX/2.
CC EVALUATE TURBINE SIDy LOADS
8L = XLOR®R
F = 410.%C*BL/Bs.
€ THIS IS THE SIDE FORCE AT DESIGN CONDITIONS

#

FACT = 6e/9e
DELT = FACTHF
PRET = DELT+TMIN

ATMAX =PRET+DELY

- TF(ATHAX +GT o TMAX)PRET=TMAX~DELT
ATMIN = PRET-DELT
ATMAX = PRET + DELT
X = CDEN®ARCLECOS(ALFA}/(B.%ATMIN)
Y = S512.%E/(12,#COS (ALFA)#CLA*CDEN)

SKTAR = Xe)i#x#y

DELTA = CDEN*A®CL#COS(ALFA) /(8. #TMIN)
ADENS = 1690

CON = 1312*(2"1:1/609)'*2/3202

BAREA = 2,0%C¥CoWALL /144,

BD = ADENS*BAREA
TENS=BD#R#R#SESaCON
CCBLADE TENSION IN LB8S
ANG = S59.%P1/180,
IF(HOD.GT.1.1)ANG=50. %P1 /180,
IF(HODGT e 13 ANG=45.#P1/180.
CAX = BLOS®*TENS®COS (ANG)
TAX = 3.#PRET#SIN(ALFA)
CPV=A#CL #3,
WT2=CPV#500,
TOT=CAX+TAX
WT3=TAX
AREA = A%144.
FREQ = PI®*SQRT(PRET#32.2/ (CDEN#4))/CL
81



FREQ = FREQ/(Z.%#P])
46 RETURN
END | A
SUBROUTINE TOWER(RyHODesXLORsCoWALL oBLDSyWT1oWT2e WT3sTDIALTWALL)
COMMON/TOWER/TL «HCLR
ADENS = 169.
RHOB = 2.0#CHC#ADENS#WALL/(144.%32,2)
RHO = 500./32.2
PR = .3
PI = 4. %ATAN(],)
SNEW=200.%60./ (R#2 ,4P1)
CALL PAXIAL(RsSNEW,HODs XLORBLDS»CoWALL sWT2:¥T3oTOT)
E = 30.E6%]144.

SAVE=TOT
SFB = 10
SF5 = 4,
SMAX = 60000./5F%
DO = LO0I®TL
DINCR = .2%DO0
YMIN=1.E10
NV =}

17T N =1
DIDOR = .1
DIDO = 1.

15 CONTINUE
VOL=P12DO0#DO%(1,=-DIDO*DID0O) #TL /4.
TOT=SAVE+VOL#500./2,+WT2/2,

PCRITG = PI##*3#ERDoav4® (] ~DIDO##4)/ (64 #TLETL)
PCRITL = PI®E®*DO®#DO#(1.-D1D0)*#{1.~DID0O#DIDO)
PCRITL = PCRITL/(4,4SQRT(3.%(1.~PR#PR)})

PJ = BLDS#]6.%¥HOD®#RHOB® {R#E%3) /15,
6 = E/(2.#(1+PR))
RFREQT = SQRT{G/{(PI#TL2PJ)}#DO*DO¥SQRT (1.~-DID0O**#4)
RFREQB = ,39%3QRT(E/(RHO® (TL#%4)))
RFREQB = RFREQB#*DO#SART{1.+DIDO®DIDO)
PREVT = RFREQT/(SNEW/60.)
PREYB = RFREGB/ (SNEW/60.)
CRIT = PCRITG/SFB
IF(TOT.GE.CRITIGO 10 10
CRIT = PCRITL/SFB
IF(TOT.GE.CRITIGO 1O 10
IF(PREVT.LE.44)G0 TO 0
IF(DIDG.EGole}DID0O=1.0001
STRESS = 4.*TOT/(P1#DO*DO% (1,~01IDO*D1D0))
STRESS = STRESS/144,
IF(STRESS.GESMAX G0 TO 10
GO TO 16
19 DIDO = DIDO-DIDOR
IF(DIDON,LT.0.)G0 Tn 14
GO TO 15
16 IF(N.GT,.51G0 TO 14
DIDO = DBIDO + DIDOR
pIDOR = DIDOR/S,
N=N=+-1
GO TO 1%
14 CONTINUE
YOL = PI#00#D0#{],-DIDO#DIDO)I®TL/ 4,
IF(DIDO.LED)GO To 102
IF(VOL«GT.VMIN, AND ,PREVB,.GT.4.1G0 TO 6
102 CONTINUE
VYMIN = yOL
po = DO + DINCR
GO YO 17
6 IF(NV.GT.5IGO TO 117
NV = NV + ]
VMIN = 1.E10



117

72

DO = DO ~ DINCR#2,

DINCR = DINCR/S,

G0 0 17

CONTINUE

WT1=500.%VOL

TBb1A=DO

TWALL=6,.%(D0«DIDO®DO)

RETURN

END

SUBROUT INE CINSTL(CFOUNDoCASSEMB9DIAoHGDoHCLR)
SAVE=DIA

H=DIA*HOD+HCLR

CFOUND=10. 6*DIA+.0314*DIA*DIA*(HOD**'66}*.00503*Hon*(DIA“*3)
FACT=B,22E-5"HOD#HODH* (H4#3,56)
IF(DTALLT.60)DTA=A0.

IF{FACT.LT1200,)FACT=1200,

NDAY=3."DIA*B°/6G|

FACT2=512.%40) 6% { (H/60.,)#%,3)
CASSEMB=1726++FACT+1186.#((H/60.)#* 3} +NDAY®#FACT
IF(SAVE . LT+604 )1 CASSEMB=1000.+(CASSEMB=1000. )% (SAVE=20.)/40.
IF{SAVE LY +20.) CASSFMB=1000.

DIA=SAVE

RETURN

END

SUBROUTINE TRANS (CTRANSsTT)
CTRANS=3.425%T14%,795
RETURN

END

SUBROUTINE GEN(CGEN,PRATED.VOLTS)
CGEN=B84,.,12% (PRATED®#,835)

CC ¢cO0ST FORMULA FROM GE CONCEPTUAL DESIGN STUDY

OO0

CCONz=4000,+18000.4PRATED/375,
CCONI=27000.+7000.+PRATED/1500.
TF{CCON,GT.CCON1}CCON=CCONL
IF(VOLTS.LTe1000.)CCON=2000,+25,*PRATED
CGEN=CGEN+CCON

RETURN

END

SUBROUTINE CBLADE(CRALDsTOTWeBLDSsCoRoNUMaWAL Ly STRUT »HOD + DUMP)
PI=t.%ATAN(])

NJOINT=(Q

TMAXL=60.

TMAXH=]12e

NJT=0

STRUTL=0.

RC=,66#%R
IF(HOD.GTelsl)RC=.04%R
IF(HOD.GT o1« 3)RCx1 _ 26%R
THETA=112.

IF (HOD+GT.141) THETA=98.
IF (HOD+GT o 143) THETA=89,
ANG=THETA#PI/360,

H=RC*# (1,-COS (ANG))
XL=2.#RCO*SIN(ANG)
CURVEL=RC#ANG*2,
ANG=THETA#PI/{180.22.#FLOAT (NJOINT+1))
TH=RC# (1.~-COS5 (ANG) )
TL=RC#2,*SIN(ANG)

IF (TH.GT« TMAXH) GO TO 10
IF{TL.GT.TMAXL)GO TO 10



84

sRe Nyl

10
99

iz

11

i3

14

37

38

is
3o
17
ig
15
20

G0 TO 99

NJOINT=NJOINT+}

GO TO 8 '

CONTINUE

NPEICE=C/24.

NPEICE=NPEICE+1 o
BWL=0.024%C*C*169./ (144, #FLOAT(NPEICE))
CL=RC#2, #ANG

BWL=BWL*yALL/.01

XMAX=5000./8WEL
BWL=BWLS*FLOATINPEICE)
IF(XMAX.GT«CLIGO TO 11
CL=CL#FLOAT(NJOINT+1) /FLOAT (NJOINT+2)
NJOINT=NJOINT+}

GO TO 12

CONTINUE

NCURVE=NJOINT

SL=Q77ﬁ*R ’

IF (HOD.GTo1o115L=.8234R
IF(HOD 6T o103} S5L=,8584R
NST=SL/TMAXL

TSL=SL/FLDATI(NST+1)

IF (XMAX.GT=TSL)IGO TO l4

NST=NST+1

GO T0 13

CONTINUE

WTS=TSL*BWL

IF(STRUT.EQ.C.)GD TO 38

STRUTL=, T06%R

NJT=STRUTL/TMAXL
TSTRUT=STRUTL/FLOAT (NJT+1)

IF (XMAX,GT.TSTRUT)GO TO 38
NST=NJIT+1

GO TO 37

CONTINUE
NJOINT=NCURVE+24NST+24NJT+2
TOTL=SL#2,+CURVEL+STRUTL %2,
TOTW=TOTL*BWL
COIE=20000.*FLOAT{NPEICE) Z/{BLDS*FLOAT {INUM))

CSETUP=3000.*FLOAT(NPEICE )/ (BLDS*FLOAT (NUM))
CMATE=TOTWHZ o

CLABJ=12+#2.¥TOTL#*FLOAT (NPEICE~1)
CLABB=,75#CURVEL#*25,
WTJT=BWLHFLOAT(NJOINT)I®#C#2, /12,
CMATJ=WTJIT#2,
CBLD=CMATJ+CLABB+CL ABJ*CMATE +CSETUP+CDIE
TOTW=TOTWRTIT ‘

IF(DUMP EG.0.1G60 To 15

PRINT 16 :

FORMAT (/s # BLADE GEOMETRY RESULTS®)

PRINT 17sCURVEL sHe XL s NCURVE

PRINT 30» C

FORMAT (#BLADE CHORD==%#¢F10.2)

FORMAT (/9 #CURVED LENGTHsHEIGHTsDRAFToJOINTS-=#33F10,2y14)
PRINT 18sSLsNST o

FORMAT (#STRAIGHT SFCTION LENGTHeJOINTS«=®,F10,2574)
PRINT 19sSTRUTLNJT

FORMAT {(#STRUT LENGTHs JOINTS==%#,F10.2+14)

PRINT 20sXMAX

FORMAT (#MAX EXTRUSION LENGTH=~#3F10.2)

PRINT 21+TOTW



21
22
23
24
23
26

27
15

1000

FORMAT (#TOTAL BLADE WEIGHT==%,F10,2
PRINT 22 -
FORMAT (/s #COST DATA%)

PRINT 23sCDIESCSETUP

FORMAT (/+#PER BLADE DIEsSETUP COST-~%¢2F10.2)
PRINT 24sCLABJsCLABR . ,

FORMAT (#BL ADE BONDINGsBENDING COSTS=-%,2F10.2)}
PRINT 25sCMATEsCMATY )

FORMAT (#EXTRUSION MAT COSTsJOINT MAT. COST~=%s2F10,2)
PRINT 26+CBLD B
FORMAT (#TOTAL BLADE COSTmw®,F10,2}
CTOTL=CBLD*BLDS

PRINT 27+CTOTL

FORMAT (#TOTAL ROTOR COST=m®,3F10.2)

RETURN

£ND

SUBROUTINE CPPARM{SIGsHODIRECsKPMsXKsCPMeXM s XR)

REAL KPMs{OGREC

DIMENSION AKPM(3+3) ¢BKPM {3931 s AXK(393)sBXK(393)9ACPM(3s3) sBCPM
1 §3s3)sAXM{3s3)9BXM(3e¢3)sTHOD(3:3)+TSIG(3)
COMMON/ZLIMITS/TLO0(4) s IHI(4) s IR(4) +DENSIEXs VR

DIMENSION Z(4)DZ{4)

DATA (THI{I)el=1e4)/3¢3+3:3/

DATA (TLO(L)s]l=194)/101l0lsl/

DATA (IR{I)eiI=156)/19)¢lsl/

DATA (THOD(I?91=150)/1001025s145916051.2501591.0451.2541.5/
DATA (TSIG(I)oI=1e3)/0.05+0.132:0.20/

NACA 0015

DATA (AKPMII)s1=195)/~2.393+~7,1839-3.378,-5a319,=7,295,~9,057,
1 =11.6499=22:5399=144359/

DATA (BKPMII}sI=190)/0,36050.667+0.443:0.88221.0499,1,166»

1 1.571+2.285+1.785/

DATA (AXK(I)$1=199) /346319721 793.74B833.4800%,23544,285,

l 3-72&94!328!‘0.497/

DATA (BXK(I}9I=199}/”0-930"0.242"0-0349*0.0349-0.0339—0-038t
1 ~0.060a=0c1014-0.110/

DATA (ACPM{I)}vI=159)/0,213+0.09950.238,0.35090,394,0,328,

1 0,3454033620,.340/

DATA (BCPM(I}’I=1’Q)/0000!!0-012'00003,00001'9&09390.0049
1 0.00390.004900,004/ i

DATA (AKM(I)sI=I!9)/4-66296-74014.57196.204;7.02397.6959

1 4.90993093501.214/

DATA (BXM{L)eI=149)/0.28150,163,0,26850,033¢=0.075.-0.1314

1 «0,007:0,04250.211/

{LOGREC=ALOG(REC)

CALL LOOKZD(42SIGyTSIGe0sHOD» THOD s AKPMuBKPM s AXK s BXKeZ+D7v4073)
KPM = Z{1) + Z(2)#_0GREC

KPM=KPM#,00])

XK = Z{(3) + 7(4)# OGREC

CALL LOOKED{QGSIG!TSIGOOQHODwTHﬁﬂvACPﬂQBCPHgAXM’BXM;Z,DZ,4,3)
FORMAT(10Xs4(2XFT7.1)}

CPM = Z{(1}) + Z{(2)Y*¥_NGREC

XM = Z{3) + Z(4)*|_nGREC

XR = 1,04%LOGREC ~ 3.4S#ALOG(SIG) -~ 10,45

RETURN

END

SUBROUTINE LOOK (IfsXLeXsAsBeCsEsY+Ds1IDN)
COMMON/LIMITS/TLO(4) s IHI(4) s IR (4} o DENSIEXS VR
DIMENSION X(1)s A())s B{l¥s C(1}s E(1}y Y(1)r D(])
IH=IHI(II}

IL=ILO(II)

DO S J=]1+10DN

DUJY = 0.0

Y{J} = 0.0
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10
20
30

40
50

60
70
90
160

110
120
130
140

150
160

176
180

190
240
210

220
230

5

ip

CONTINUE

VR = 0.0

IEX=0

IF (X{IRY=XC(ILY)Y 10410030
1Ex=1

IF (XL=X{IH}) 120s130+20
IF (XL=X{IL})) S0+150+140
IF (XL«X{TIH}) 40+130+120
IF {(XL~X(IL}) 1405150650
I=IR(IL)

I=MINO{IsIH)
I=MAXO0(1sIL)

i8=]

I¥=1

GO TO0 70

I=1+1

IS=0

IF (IEX) 80s80,90

IF (XL=-X(I)) 100+1609110
IF (XL~X{I}} 11041600100
I=1~1

IT=0

IF (1S) 160+160,70

IF (IT) 160:1604580

1EX=3

I=1H=1

60 TO 160

1Ex=2

I=11

DEN=X{I+1}=-X{1)

IR(II =]

VR=XL=-X (1}

IF {IDN) 230+230s170

GO TO (210+200+190,180)s IDN
YC(4IZE(T)
D(a)=E(I+1)~£(])
Y(3y=Cc(1}
DI3¥=C(T+1)~C(D)
Y{2y=B(I)
Di2)y=B8(I+1)}=B(I)
Y{1)=A(1)
D{1)=A(I+1)=-A(])
IF(DENL.EQ00}) RETURN
DO 220 J=1+1I0N

D{JYy=D(J) /DEN
Y{a)sY{J)+D(J) YR
VR=YR/DEN

RETURN

END

SUBROUT INE LOOKED(IIoXL;X;IF»YL!Y!AOBvC'EuZ’DZqNLooxyNDi

COMMON/LIMITS/ILO0(4) o IHI(4) s IR{4) sDENSTEX VR
DIMENSION Xt1l)» YINDslls A(NDsl)ls B(NDsl)s
E(NDsL)e Z(4)> DZ(4Yy FAN L3 DZI (&)

bt

2 DZR (&)

VRS = 1,0

J =90

DO 10 I=1.NLOOK

Z(1) = DZI(I)Y = 0,0

CONTINUE

IF(IHI(II) .EQal) Gn YO 20

CALL LOOK{IIoXLoeX20s090s0s7+:DZ50)

VRS = VR
J = IR(II)
JJ = IF + J

C{(NDs1)>
ZR(4&) ,

CALL LOOK(JJfYL;Y(le)’AlloJ}vB(lvd)pC(l!J}95‘1’J192992vNL00K1



(ele e

15
20

30

40

DO 15 I=1sNLOOK

ZLily = 2(1)

DZL{I) = DZ(I)

CONTINUFE

CONTINUE

J=J+1

JJd = IF + J

CALL LOOK(JJeYL oY (1o JloA(19d)oB (o d)oC(lod)oE (Lo )oZeDZoNLOOK)
DO 30 I=1+NLOOK

ZR(I) = 2(1)

DZR({I}Y = DZ(IL)

CONTINUE

VRSP = 1. ~ VRS

DO 40 I=1sNLOCK

Z{1 = ZL(I)?VRSP + ZRLI)®VRS
DZ(I)Y = DZLAL)#VRSp + DZR(I)#VRS
CONTINUE

RETURN

END

SUBRCUTINE RAYDIS (XxMEANsNUMB s VEL s HOUKS)
DIMENSION VEL(1)sHOURS(])

COMPUTES A RAYLEIGH DISTRIBUTION WITH A PRESCRIBED MEAN

RAY{X9sRC2+RC22) = (X2#RC2)I *EXP (~X#X#RC2Z)
C=XMEAN/1.2533

c2=C*C

RC2=1a./C2

RC22=RC2/2.

FIND UPPER LIMIT FOR QPERATION

io

X=25.,

Y=RAY {XsRC2sRLC22)
IF{YLTL1.E=3)G0 To 5
X=X+1.

GO Y0 1

YT0T=0.

NUMB#X+]1 .

DO 10 J=1¢NUMB
X=FLOAT (NUMB=~J+1)
Y=RAY {X+RC2sRC22)
VEL (J) =X
HOURS I ) =YTOT#8760,
YTOT=Y+YTOT

RETURN

END

87



88

DISTRIBUTION:
TID-4500-R66 UC-60 (283)

Aero Engineering Department {2)
Wichita State University
Wichita, K5 67208
Attn: M, Snyder

W. Wentz

Pr, Daniel K. Ai

Senior Scientific Associate
Alcoa Laboratories
Aluminum Company of America
Alcoa Center, PA 15069

R. E. Akins, Assistant Professor

Department of Engineering Science
and Mechanics -

Virginia Polytechnic Institute and
State University

Blacksburg, VA 24060

Mr. Robert B. Allen
General Manager
Dynerqgy Corporation
P.O. Box 428

1269 Union Avenue
Laconia, NH 03246

American Wind Energy Association
54468 CR31
Bristol, IN 46507

E. E. Anderson
South Dakota School of Mines
and Technology
Department of Mechanical Engineering
Rapid City, SD  5770)

Scott Anderson
318 Millis Hall
University of Vermont
Burlington, VI 05405

George W, Barnes

Barnes Engineering Co.
1645 South Claudina Way
Anasheim, CA 92805



¥. K. Bechtel

Washington State University
bepartment of Electrical Engineering
College of Engineering

Pullman, WA 99163

M. E. Beecher

Arizona State University
Sclar Energy Collection
University Library
Tempe, AZ 85281

K. Bergey

University of Oklahoma
Aero Engineering Department
Norman, OK 73069

Dr. B. F. Blackwell

Department of Mechanical Engineering
Lousisiana Tech University

Ruston, L& 71270

Steve Blake

Wind Energy Systems
Route 1, Box 93-A
Oskaloosa, K5 66066

Robert Brulle
McDonnell-Douglas

P.0O. Box 516

Department 241, Building 32
St. Louls, MO 63166

R. Camerero

Faculty of Applied Science
University of Sherbrooke
Sherbrooke, Quebec

CANADA JIK ZR1

Professor V. A, L. Chasteau
School of Engineering
University of Auckland
Private Bag

Auckland, NEW ZEALAND

Howard T. Clark

Mcbhonnell Aircraft Corporation
P.0. Box 514

Department 337, Building 32
St. Louis, MO 63166

89



S0

Dr. R, N. Clark

U8DA, Agricultural Research Service
Southwest Great Plains Research Center
Bushland, TX 79012

Arthur G. Craig
Alcoa Mill Products
Alcoa Center, PA 15069

Dr. D. E. Cromack

Associate Professor

Mechanical and Aerospace Engineering
Depar tment

University of Massachusetts

Amherst, MA 01003

DOE/ALO (3)
Albuguergue, NM 87185
attn: D, K. Nowlin -
W. P. Grace
D. W. King

DOE Headguarters {(20)
Washington, DC 20545
Attn: L. V. Divone, Chief
Wind Systems Branch
G. T. Tennyson, Program Manager
Wind Systems Branch
D. F, Ancona, Program Manager
Wind Systems Branch

C. W. Dodd

School of Engineering
Southern Illinois University
Carbondale, IL 62901

D. P. Dougan
Hamilton Standard
1730 NASA Boulevard
Room 207

HBouston, TX 77058

J. B. Dragt

Nederlands Energy Research Foundation (E.C.N.)
Physics Department

Westerduinweyg 3 Patten (nh)

THE NETHERLANDS

€. BE. Elderkin

Battelle~Pacific Northwest Laboratory
P.0. Box 999

Richland, WA 99352



Frank R. Eldridge, Jr.
The Mitre Corporation
1820 Dolley Madison Blvd.
Mclean, VA 22102

Blectric Power Research Institute
3412 Hillview Avenue

Palo Alto, CA 94304

Attn: E. Demeo

James D. Fock, Jr.

Department of Aerospace Engineering Sciences
University of Colorado

Boulder, CO 80309

Albert fritzsche
Dornier System GmbH
Postfach 1360

7990 Friedrichshafen
WEST GERMANY

W. W. Garth, IV

Tyler & Reynolds & Craig
One Boston Place

Boston, MA

E. Gilmore
Amarillc College
Amarillo, TX 79100

Roger T, Griffiths

University College of Swansea
Department of Mechanical Engineering
Singleton Park

Swansea SAZ 8PP

UNITED KINGDOM

Professor N. D, Ham

Massachusetts Institute of Technology
77 Massachusetts Avenue

Cambridge, MA 02139

Sam Hansen

DOE/DST

20 Massachusetts Avenue
Washington, DC 20545

W. L. Harris

Aero/Astro Deprtment

Massachusetts Institute of Technology
Cambridge, MA 02139

91



Terry Healy (2)
Rocky Flats Plant
P.0O. Box 464
Golden, CO 80401

Helion
P.O. Box 4301
Sylmar, CA 91342

Don Hinrichsen
hssociate Editor
AMBTIO

KVA

Fack, S-10405 '
Stockholm
SWEDEN

J. T. Huang
Alcoa Laboratories -
Aluminum Company of America
Alcoa Center, PA 15069

Sven Hugosson

Box 21048

S. 100 31 Stockholm 21
SWEDEN

0. Igra

Department of Mechanical Engineering
Ben-Gurion University of the Negev
Beer-Sheva, ISRAEL

JBF Scientific Corportion
2 Jewel Drive

Wilmington, MA 01887
Attn: E, E. Johanson

br. Gary L. Johnson, P.E.
Electrical Engineering Department
Kansas State University
Manhattan, KS 66506

J. P, Johnston

Stanford University

Department of Mechanical Engineering
Stanford, CA 54305

J. R. Jombock

Alcoa laboratories

Aluminum Company of America
Alcoa Center, PA 15069



Kaman Aerospace Corporation
0ld Windsor Road
Bloomfield, CT 06002
Atin: W. Batesol

Robert E, Kelland

The College of Trades and Technology
P.O. Box 1633

Prince Philip Drive

St. John's, NEWFOUNDLAND

BiC 5p7

Larry Kinnett
P.0. Box 6593
Santa Barbara, CA 93111

0. Krauss

Michigan State University
Division of Engineering Research
East Lansing, MI 48824

Tawrence Livermore Laboratory
P.O. Box 808 1L-340

Livermore, CA 94550

Attn: D. W. Dorn

M. Lechher

Public Service Company of New Mexico
P.0O. Box 2267

Albuguerque, NM 87103

George E. Lennox
Industry Director

Mill Products Division
Reynolds Metals Company
6601 West Broad Street
Richmond, VA 23261

J. Lerner

State Energy Commission

Research and Development Division
1111 Howe Avenue

Sacramento, CA 95825

L. Liliidahl

Building 303

Agriculture Research Center
USpa

Beltsville, MD 20705

P. B. 3. Lissaman
Aercenvironment, Inc.
660 South Arroyo Parkway
Pasadena, CA 91105

93



o

Olle Liungstrom

FFa, The Aercnautical Research Institute
Box 11021

5-16111 Bromma

SWEDEN

Los Alamos Scientific Laboratories

P.O. Box 1663

Ios Alamos, NM 87544

Attn: J. D. Balcomb Q-DO-T
Library

Ernel L. Luther

Senior Associate

PRC Energy Analysis Co.
7600 01d Springhouse Rd.
Mclean, VA 22101

L. H., J. Maile

48 York Mills Rd.
Willowdale, Ontario
CANADA MZ2P 1B4

Frank Matanzo

Dardalen Associates
15110 Frederick Road
Woodbine, MDD 21797

J. R. McConnell

Tumac Industries, Inc.

650 Ford St.

Colorado Springs, CO  B0915

James Meiggs

Kaman Sciences Corporation
P.0. Box 7463

Colorado Springs, CO 80933

R, N. Meroney

Colorado State University
Department of Civil Engineering
Fort Collins, CO 80521

G. M. Monsson

Department of Economic Planning
and Development

Barrett Building

Cheyenne, WY 82002

NASA

Langley Research Center
Hampton, VA 23665
Attn: R. Muraca, MS317



NASA Lewis Research Center (2)
2100 Brookpark Road
Cleveland, OH 44135
Attn: J. Savine, MS 509-201
R. L. Thomas
W. Robbins
K. Raza, MS 49-4

V. Nelson

West Texas State University
Department of Physics

P.0O. Box 248

Canyon, TX 79016

Leander Nichols
Natural Power, Inc.
New Boston, NH 03070

Oklahoma State University (2)
Stillwater, OK 76074
Attn: W. L. Hughes
EE Department
D, K. McLaughlin
ME Department

Oregon State University (2)
Corvallis, OR 97331
Attn: R. Wilson
ME Department
R, W. Thresher
ME Department

H. H. Paalman

Dow Chemical USA
Research Center

2806 Mitchell Drive
Walnut Creek, CA 94598

R. A, Parmelee

Northwestern University
Department of Civil Engineering
Evanston, IL 60201

Art Parthe

Draper Laboratory

555 Technology Square
Mail Station 22
Cambridge, MA 02139

Helge Petersen

Riso National Laboratory
DE-4000 Roskilde
DENMARK

95



96

Dr. Barry Rawlings, Chief

Division of Mechanical Engineering

Commonwealth Scientific and Industrial
Research Crganization

Graham Road, Highett

Victoria, 3190

AUSTRALIA

Thomas W. Reddoch

Associate Professor

Department of Electrical Engineering
The University of Tennessee
Knoxville, TN 37916

A, Robb
Memorial University of Newfoundland

Faculty of Engineering and Applied Sciences

8t. John's Newfoundland
CANADA A1C 587 ’

Dr. L. Schienbein
Development Engineer
DAFINDAL Limited
3570 Hawkestone Rd.
Misgissauga, Ontario
CANADA L5C 2VB

Arnan Seginer

Professor of Aerodynamics

Technion-Israel Institute of
Technology

Department of Aeronautical
Engineering

Haifa, ISRAEL

br. Horst Selzer

Dipl.~Phys.

Wehrtechnik und Energieforschung
ERNO-Raumfahrttechnik GmbH
Hunefeldstr. 1-5

Postfach 10 59 09

2800 Bremen 1

GERMANY

H. Sevier

Rocket and Space Division
Bristol Aerospace Litd.
P.0. Box 874

Winnipeg, Manitoba

CANADA R3C 254



P. N. Shankar

Aerodynamics Division

National Aeronautical Laboratory
Bangalore 560017

INDIA

David Sharpe
Kingston Polytechnic
Canbury -Park Road
Kingston, Surrey
UNITED EKINGDOM

D. G. Shepherd

Cornell University

Sibley School of Mechanical and
Aerospace Engineering

Ithaca, NY 14853

Pr. Fred Smith

‘Mechanical Engineering Department Head
Colorado State University

Ft. Collins, CO 80521

Leo H. Soderholm

Towa State University
Agricultural Engineering, Room 213
Ames, IA 50010

Howard Sonksen
18600 Main St.
Huntington Beach, €A 92648

Southwest Research Institute (2)
P.0., Drawer 28501
San Antonio, TX 78284

Attn: W. L. Donaldson, Senior Vice President

R. K. Swanson

Rick Stevenson

RE. 10

Box 830

Springfield, MO 65803

Dale T. Stjernholm, P.E.
Mechanical Design Engineer
Morey/Stiernholm and Associates
1050 Magrnolia Street

Colorado Springs, CO 80907

R. J. Templin (3)

Low Speed Aerodynamics Section
NRC-National Aeronautical Establishment
Ottawa 7, Ontaric

CANADA K1A OR6

97



o8

Texas Tech University (3)

P.0O. Box 4289

Lubbock, T 79409

Attn: K., C. Mehta, CE Department
J. Strickland, ME Department
J. Lawrence, ME Department

Fred Thompson

Atari, Inc.

155 Moffett Park Drive
Sunnyvale, CA 94086

United Engineers and Constructors, Inc.
Advanced Engineering Department

30 South 17th Btreet

Philadelphia, PA 19101

Attn: A. J. Karalis

United Nations Envirofment Program
485 Lexington Avenue

New York, NY 10017

Attn: I. H. Usmani

University of New Mexico (2)
Albuguerque, NM 87106
Attn: K. T. Peldman
Energy Research Center
V. Sloglund
ME Depar tment

Irwin E. Vas

Solar Energy Research Institute
1536 Cole Blvd.

Golden, CO  B0401

P. N. Vosburgh, Development Manager
Alcoa Allied Products

Aluminum Company of America

Alcoa Center, PA 15069

Otto de Vries

Naticnal Aerospace Laboratory
Anthony Fokkerweg 2
Amsterdam 1017

THE NETHERLANDS

R. Walters

West Virginia University
Department of Aero Engineering
1062 Kountz Avenue

Morgantown, WW 26505



E. J. Warchol

Bonneville Power Administration
P.O. Box 3621

Portland, OR 9722%

D. F. Warne, Manager
Energy and Power Systems
ERA Ltd.

Cleeve Rd.

Leatherhead

Surrey KT22Z 78A

ENGLAND

R. J. Watson

Watson Bowman Associates, Inc.,
1280 Niagara St.

Buffalo, NY 14213

R. G. Watts

Tulane University

Department of Mechanical Engineering
New Orleans, LA 70018

Pat Weis

Bolar Energy Research Institute
1536 Cole Blvd.

Golden, CO 80401

W. G. Wells, P.E.

Associate Professor

Mechanical Engineering Department
Mississippi State University
Mississippi State, MS 39762

T. Wentink, Jr.

University of Alaska
Geophysical Institute
Fairbanks, AK 99701

West Texras State University

Government Depository Library
Number 613

Canyon, TX 79015

Wind Energy Report

Box 14

104 s. Village Ave.
Rockville Centre, NY 11571
Attn: Farrell Smith Seiler

99



. 100

C. Wood

Dominion Aluminum Fabricating Ltd.
3570 Hawkestone Road

Mississauga, Ontario

CANADA L5C 2V8

ig00 G. A, Fowler
1200 I. D. Smith
3141 T. L. Werner (5)
3151 W, L. Garner (3)
For DOE/TIC (Unlimited Release)
3161 J. E. Mitchell (15)
3161 Pp. 5. Wilson
4533 J. W. Reed
4700 J. H. Scott
4710 G. E. Brandvold
4715 R. H. Braasch (100)
4715 R. D. Grover
4715 E. G. Radlec
4715 R. 0. Nellums
4715 W. N, Sullivan
4715 M. H. Worstell
5520 T, B. Lane
5521 D. W. Lobitz
5523 R. C. Reuter, Jr.
5523 T. G. Carne
5523 P. J. Sutherland
5600 D. B. Schuster
5620 M. M. Newsom
5630 R, C. Maydew
5632 C. W. Peterson
5632 P. C. Klimas
5633 S. McAlees, Jr.
5633 R. E. Sheldahl
B266 E. A. Ras
DOE/TIC (25)
(R. P. Campbell, 3172-3)



.
Ce
e
i
L

"
_ ‘1‘\‘}\ s

i
sl

S
\%@5 5
‘,\i“'-b!\;; i

i
i

i

o

gl

S

o
e

i

. !

n G
i e o ! i

b 'ﬁiﬁ“ D G %"Ez%éf‘.gu

e : ; ‘0 a\iv};;:o,;n :
iy v ; M)

o o ] o ol

R
e
‘%R!:"‘ o
e
3‘%\\&?‘*& o

i
i
1
i

i




i 4 é?;‘é‘}" ki w;f’dx Sr e J_ i
i '.s!s,‘?' \"\\" i et .ﬁ&ﬁa -.:.‘ Ao .. :
'g»‘\.’\_fn‘ﬁ\.’|“ i "t‘."‘-‘"‘"\‘ S e o i - : i ! i ""%we : 5 5 AR ) x:“' &
Gl ﬁ%“ 3 i S R ‘;\'_‘ AT T ! S
It : {‘n 7 [ I i%\ \ ‘\‘ i e
T _";:\.a-‘ R @N‘!@% e ; .%{” ’-%Q“ L
i O | S "’ﬁ'\
G
!

-
... \,
i i S L :

i
U

i
i

i
-
i R e
e

A

P f : i e
i ?fik‘t%‘s;,’\' .‘;."‘\,‘ i i i | : _’{‘é’ eﬁ,\:}‘% i ,f,\“;\

i

%‘\h’.\l’! \::': 2
e
M‘\K“‘&E L

a 'z."'&%%%ﬁi’ﬁ ,
i e

i
SRy
\‘ i \,‘:‘&‘ :“g}.
i
u".wg%
et
L

.ﬁ ﬂ\p\a' ‘
e
.

i
5

as
A

.

)

i

@J:‘z'@'-;\_,

i

D
i R

L i ' : . e - B - o :
i S i e ] S ) e ! ;
R i B i e e e o e S
A o e ,;a“."\‘. S Al i ; 0 ‘ *‘,‘:\?\‘
- - %E\?
- } ;’; i "‘i}«\'ﬁ:ﬁ‘ &\. e e o ‘%\‘\\‘ﬁﬁﬂ‘:{ M “%K o ! i . g%‘@g
L ‘;"%}\‘s'! e ; 7 e e R e o S L
3 ﬂ*{%\ C“}’ e e \-i . i i Boni s S L \’\5‘\* e i \1\; e \“@aa\ v( el
. ... .
%\ﬁ‘g\@g sﬁ@%@ 4 ! 2\7@& ARG 3 R e 3 % ' R %2\ X\ m ; {{A m gmf’fé ;%\f&%\%l\‘\i%‘i ‘E%» i
&‘?‘fm L

i
e
.

g ST \I: %}‘f' % % i S A A S ’g %Vw\ B 3 T
e Hiy «n‘gﬂ P e ‘éi\ .
g\\:\@}ﬁi\g‘?\j\ri R 'g.t (}xﬁl\}ﬁwﬁ%ﬂ{ ? @Qéfgfﬁi\w, g‘;}‘\ S j-\" S *% i ‘ ! ‘?‘ 5 "' e ‘j.x\’;: “‘\,} %}5\'\ i ‘%@\%\ % "d}i‘f""’ g%’%%imé\\;%\iéﬁ\g

L W@% . ﬁ% L i 7 - - _
e Eliay '&“{r :

‘L'!l, :

G

&%;@x i .

m“;@“ o
o




