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FOREWORD

The Solar Energy Research Institute (SERI), a Division of the Midwest Research
Institute, has been authorized by the U.S. Department of Energy to provide
technical management services for the Wind Energy Innovative Systems (WEIS)
program. The focus of the WEIS program is to assess the technical and eco
nomic feasibility of innovative concepts and systems. A large number of these
concepts have potential merit. Therefore, a critical examination of their
technical and economic attributes will provide guidance and direction for
future WEIS efforts.

This report summarizes work prepared by Grumman Aerospace Corporation,
Bethpage, New York for SERI, Golden,Colorado under Subcontract XH-9-8073-1.
The SERI Technical Monitor was Mr. Richard Mitchell.

The objective of this research effort was to establish by preliminary design
and manufacturing trade-off studies the economic feasibility of the Diffuser
Augmented Wind Turbine (DAWT) concept. The results suggest that fiberglass
reinforced plastics construction of the diffuser could lead to attractive
and competitive cost of electrical generation for the small (5-200 kW) rated
output wind energy conversion system range.
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This investigation was supported by the Solar Energy Research Institute
under Subcontract XH-9-8073-1. The author thanks Dr. Irwin Vas, SERI,
for his support and guidance. In a work of such diversity and detail
as is evidenced by this report, no one individual could originate all the
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SUMMARY

The Diffuser Augmented Wind Turbine (DAWT) is an innovative approach under
investigation since 1975. Its goal is to improve the life cycle economics of
wind energy conversion. Through the use of a unique compact diffuser, the
volumetric flow processed by the turbine is much greater than conventional
rotors of the same diameter and more natural wind power is converted at the
same free wind speed. However, the diffuser structure is an economic burden
that potentially can offset the technical performance gains of the concept.
To prevent this from occuring, careful attention must be accorded the design
and manufacturing approaches of the diffuser and its supporting structure to
assure low enough costs to retain attractive overall system prospects.

This report covers work conducted under SERI Contract XH-9-8073-1 to explore
system engineering design alternatives and to determine preliminary cost and
energy output of cost effective DAWTs.

For each of three DAWT physical sizes, three materials of construction
approaches were taken within the scope of a preliminary design effort as shown
by the schematic procedure of Fig. 1. Diffuser structures made of aluminum,
fiberglass-reinforced plastics sandwich (FRP) and ferrocement were designed to
common criteria by three teams, each of which were specialists in their par
ticular medium. In addition, each team developed a production approach and a
production costing estimate with about 10 - 15% accuracy. Extrapolations of
these design point costs to other diffuser design configurations and expansion
area ratios were developed based on costing rules recommended by the study
teams.

$

$

$ $
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DIFFUSER
COST
TREND
ESTIMATES

ROTOR DIAMETER

Figure 1. DIFFUSER COSTING PROCEDURE
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The conclusions of this preliminary engineering study are that the best
overall design approach for the DAWT1s diffuser is of a hybrid, fiberglass
sandwich skin mounted on an aluminum frame. (Ferrocement also is a viable
approach but is limited by current technology to diffuser sizes under 12.2m
(40 ft) maximum diameter).

A production approach for cost effective DAWT systems in the 5-150 kW rating
range would be to fabricate transportable subassemblies at production centers
within marketing regions of 300-400 km (185-250 mile) radii.

These factory-built major components are then to be shipped to installation
sites for final assembly and erection onto pre-prepared foundations of
reinforced concrete. Typical locations for appropriate production centers are
Wichita, Kansas, and Oklahoma City, Oklahoma. Our cost estimates presented
here reflect the regional labor and material indices of these candidate
production centers during 1979.

Using performance measured during prior wind tunnel test phases in which DAWT
models having an .46m (18 in.) diameter turbine were investigated, three
rating sizes of DAWTs with rotor diameters of 2.7, 6.9, and 11 m (9, 22.5 and
36 ft) have been established for candidate point designs. The rotor has been
assumed to use a low cost, untapered, untwisted, extruded aluminum blade
design as incorporated in a present conventional wind turbine unit.

Each of the three rotor diameters have been rated on the basis of a realistic
assessment of generator and gear box availability at lowest cost and highest
reliability compatible with rating wind speeds and annual distribution spectra
of wind speed. As shown by Table 1, this results in ratings between 11 and
150 kW; the potentially available wind energy is computed from an assumed
Rayleigh distribution of wind speed occurrence, installation site annual
average wind speed (V) of 25.7 km/h (16 mph), cut-in speed of 9.7 km/h
(6.0 mph), and cut-out speed of 64.3 km/h (40 mph). Representative possible
installed selling prices (within 10 - 15% accuracy) for the representative
three DAWT power ratings in limited production lots of approximately 100 to
500/yr are in 1979 dollars:

a) 11kW - $ 18,000 to $ 20,000
b) 60kW - $ 65,000 to $ 70,000
c) 150kW - $140,000 to $150,000

Table 1 DAWT RATING &ROTOR SIZE MODELS

Rotor Diameter DAWT Rated Performance

m (ft) kW @ km/h (mph) kW h for V, km/h (mph)

2.7 (9.0) 11.2 @41.9 (26) 47,200 25.7 (16)

6.8 (22.5) 60 @39.4 (24.5) 267,000 II II

11.0 (38.0) 150 @38.6 (24.0) 674,000 II II
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Using the DoE calculation method, the busbar cost of electricity (COE)
generated by these DAWTs is between about 2.0 and 6 cents per kW h in the 150
kW rating range and between about 4 and 10 cents per kW h in the 11 kW rating
range for typical end users of these power units and sites with annual average
wind speeds of 16 to 12 mph (25.7 and 19.3 km/h) respectively.

These DAWT CaE estimates in 1979 dollars are compared to goals established by
the DoE in 1978. Without accounting for inflationary effects between the 1978
and 1979 dollars, or tax incentives, commercial end users of the DAWT would
incur lower COE expenses than the DoE goals for limited production conditions
at virtually all ratings up to 200 kW. For farmer applications, the DAWT
provides lower COE at all ratings greater than about 40 kW. With more refined
rotor design for negligible cost increments, the DAWT's COE has the potential
of extending the superiority over the DoE 1978 goals for all power ratings.
The differences between DAWT and DoE cost trends provide margin to devise
marketing and pricing strategies to stimulate manufacturing investment and
accomodate changing market conditions. Therefore, the DAWT appears to provide
the potential for broader market penetration than possible with planned
improvements or refinements of conventional wind turbine systems.

Conceptual Installation of Two DAWTs with a 5.5m (18 ft) Diameter Turbine
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Pt total pressure
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NOMENCLATURE LIST (continued)

IF power

qo free stream dynamic pressure
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r augmentation ratio = ClI' /.593
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V wind velocity
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€ rotor station velocity ratio = V2/V
00

nD diffuser efficiency = ~P/~q across diffuser

e diffuser half angle

A diffuser throat-to-exit area ratio = A2/A4

p air density

~ angle between resultant wind vector and rotor plane of rotation = a + S

~,w rotational speed
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SECTION 1.0

INTRODUCTION

This report summarizes the work conducted under SERI Contract XH9-8073-1 to
examine system engineering design alternatives and determine costs and energy
output for the diffuser augmented wind turbine (DAWT) innovative wind energy
conversion (WEC) concept. The wind energy innovative systems (WEIS) program,
managed by the Solar Energy Research Institute (SERI) on behalf of the U.S.
Deptartment of Energy (DoE), has the goal of making the wind form of solar
energy a more attractive and cost effective resource than conventional WEC
approaches, and competitive with alternative means of energy production.

The DAWT concept originated in 1973 in its present modern form. Earlier
. analyses and development (Ref. 1,2,3) had not considered overcoming the
economic penalty of the diffuser although a valuable perspective had been
obtained later through tests regarding possible performance and operational
features (Ref. 4,5,6,6a).

Our break with the traditional DAWT diffuser designs was in recognlzlng and
discovering means of creating very compact diffusers that would be inherently
low cost but of high aerodynamic performance. The fluid mechanical challenge
was confronted, starting in 1975 under a U.S. ERDA contract. Subsequently,
the experimental investigation progressed through a multi-stage process
involving three research test facilities, and was supported by fluid dynamic
analyses and estimates of costs. Sufficient data was obtained to prove the
feasibility of the concept, and that the demonstrable augmentation of power is
of considerable magnitude (Ref. 7). Forecasts of performance resulting from
improvements in DAWT design beyond the model configurations investigated
predict up to 10 times the annual energy attainable by conventional bare
turbines.

In Ref. 7 the various issues affecting the design, manufacturing, and
economics of DAWT were discussed. The present investigation addresses these
issues and presents estimates of the cost of energy produced by DAWT systems
in the 5 to 150 kW power rating range. In Section 2.0, the DAWT system
concept is reviewed and designs are described for three candidate construction
materials. In Section 3.0, the manufacturing approaches and cost estimates are
presented. The busbar costs of electricity are computed in Section 4.0, and
compared with DoE cost goals published in 1978 (Ref. 8). Finally,
recommendations for a DAWT field investigation model are made in Section 5.0,
as well as for a scope of work for continued development of the DAWT concept.

Specific design studies for two non-metallic candidate materials are described
in Appendices A and B. A prelimina~ stress analysis of the aluminum
fabricated DAWT is given in Appendix C. Details of three foundation designs
are given in Appendix D.
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SECTION 2.0

DAWT DESIGN

2.1 SIZING AND RATING

It was the intent of this reported effort to provide wide value to DAWT
assessment. Therefore the initial task of this SERI contract required
selection of three system sizes (i.e., rotor diameters). For each selection,
point designs were conducted in each of three candidate materials of construc
tion. From these nine designs and the resulting trend of cost sensitivity
models for various other diffuser configurations, we have been able to
generate diffuser cost trend estimates as graphically depicted by Fig. 2-1.

The limiting rotor size that actually was selected was a consequence of the
wind turbine design philosophy assumed for this investigation. This
assumption was that the blades be untwisted, and of constant chord and
constant sectional contour to take advantage of the low cost aluminum
extrusion fabrication technique.* With the presently available aluminum
extrusion press capacity, the longest cantilevered span blade considered
practical is 5.5 m (18 ft); thus, the maximum rotor diameter considered for
this study is 11 m (36 ft). Because of the centerbody dimension needed to
enclose other components of the wind turbine, such as electrical generator,
transmission gear box, etc., the shortest span blade considered practical is
1.35 m (4.5 ft), for a rotor diameter of 2.7 m (9 ft). A third rotor size, to
make trend analysis possible, was selected at the mid-range of the rotor
diameter limits or 6.9 m (22.5 ft).

As indicated by the interactive elements schematic, shown by Fig. 2-2, the
performance evaluation of DAWT systems in terms of electrical energy cost
requires a determination of annual energy production among other factors.
This value of generated output potential requires consideration of the power
rating for each of the three DAWT rotor sizes. Realistic ratings depend on
the natural characteristics of the projected installation site such as wind
velocity duration profiles and mean wind power potential. They also depend,
in the specific case of the DAWT, on the diffuser's economically appropriate
augmentation ratio, and the generator and power transmission machinery
available. Although DoE has made attempts to standardize or reference wind
turbine ratings to a free wind speed of 8.94 m/s (20 mph), the liberties taken
by commercial developers and producers of conventional wind turbines in rating
their machines at other wind speeds is obvious to the serious worker in this
field. Therefore, it seems grossly unfair to assign a fixed and arbitrary
rating wind speed to the DAWT which does not serve at least another functional
purpose. One useful and meaningful such purpose is linking the rating to the
commercially available, standard generators. Although electrical generators
represent a minority cost element of an entire DAWT, the cost advantages and
especially reliability of a mature production generator better justifies a

*These design assumptions lead to conservative DAWT performance. Therefore,
the ratings and economics considered here do not represent the ultimate
potential of the DAWT concept.
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rating pattern that accomodates the available hardware rather than an
arbitrary wind speed value. Of even greater significance to the consumer than
power rating is the annual energy (kW h) potentially available from a wind
energy conversion system; analytical studies of the sensitivity of annual
energy to rating wind speed indicate increased total energy output as the
rated wind speed is increased, if energy demand is not a constraint. In Table
1, we provide the ratings for the three DAWT study models based on the assumed
diffuser augmentation ratio attainable, and the and the most cost-effective
standard generator compatible with the rotor size. For comparison, we also
provide the rating that would have resulted from consideration of an arbitrary
8.94 m/s (20 mph) rating wind speed. For a Rayleigh windspeed distribution
the total annual energy available with both power rating methods is given for
a site with an annual average wind speed of 7.15 m/s (16 mph).

Table 2-1. THREE DAWT STUDY MODELS*

Rotor

I
Assumed DAWT Rated Performance

Diam. Diffuser
I

Stand. Generator 20 MPH Std. Wind Speed
m (ft) Augment. Method Method

Ratio, Power Energyt Power Energyt
r kW @MPH kWh kW kWh

2.7 (9)
I

5.5 11.2 @26 47,200 5.2 27,150

6.8 (22.5)1 5.5 60 @24.5 267,000 32.3 168,600

11 (36) I 5.5 1150 @24 674,000 82.5 430,650
I i

t at U= 16 mph measured at 9.1 m (30 ft) height

The assigned DAWT augmentation ratio has been developed, as suggested by Fig.
2-2, from the interplay of benefit and cost of different diffuser configura
tions, exit-to-entrance cross-sectional area ratios, and aerodynamic
performance. The theoretical trends of aerodynamic performance to area ratio
trends are shown by Fig. 2-3. The greater the area ratio of the diffuser, the
higher the augmentation ratio. These theoretical performance curves have been
modified to show the strong (about 25%) downturn in performance at ~rea ratios
less than about 2.25 in accord with our experimental observations.*

The relative cost-to-diffuser area ratio trend curves are presented by Fig.
2-4. Here, lower costs are a direct result of smaller diffuser surface areas
in accord with manufacturing estimator's recommendations. As Fig. 2-4 shows,
there is generally decreasing cost (and surface area) with lowered area ratios
as well as certain other geometric and diffuser shape influences.

*Note earlier footnote in Subsection 2.1 regarding the rotor design
philosophy; use of this bare turbine design gives ratings, below, which are
not representative of the ultimate DAWT potential.

**Unreported proprietary data of Grumman Aerospace Corporation.
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Combining the trends of Fig. 2-3 and 2-4 results in Fig. 2-5 which offers a
measure of benefit-to-cost that tends to reach a maximum at an area ratio of
about 2.25. However, because long term operation probably is more reliable at
a design point somewhat removed from a potentially rapidly changing dynamic
performance condition, we have rather arbitrarily assumed the diffuser area
ratio in this study to be 2.75, although 2.50 probably also would be
satisfactory. The fine adjustment of this diffuser sizing parameter can be
reasonably deferred until a later date. It is sufficient, at this point, only
to draw attention to the conservative impact on co~t estimates of the 2.75
area ratio used in this report; lower area ratios are possible and should
improve the economic prospects of the DAWT.

It is indicated by Fig. 2-1 that several diffuser configurations have been
assessed in this report. However, only the 2.75 area ratio, baseline diffuser
with 30 degree half angle has been made the subject of intensive point design
effort for each of the three rotor sizes selected. Table 2-2 gives the major
dimensions of the baseline diffuser configuration for these three point
des i gns.

Table 2-2. BASELINE DIFFUSER DIMENSIONS

-I Baseline Diffuser Dimensions m (ft) for 30° Half-Angle

Rotor Diam m ft) Inlet Diam Exit Diam Axial Length

2.7 (9) 3.0 (10) 4.6 (15) 2.0 (6.5)

6.8 (22.5) 7.6 (25) 11.4 (37.5) 4.3 (14.0)

11.0 (36) 12.2 (40) 18.3 (60) 6.6 (21.5)

The height above ground level of the turbine axis has been assumed to be 3.0 m
(10 ft) plus half the diffuser exit diameter. This exit diameter clearance is
considered adequate to permit full rotation into the prevailing wind direction
without hazard to personnel or conventional vehicles. It is also adequate to
prevent animals or children from climbing into the diffuser cone without
further safeguards, such as an 2.4 m (8 ft) high chain link perimeter fence,
being necessary. This ground clearance also is adequate for most usual'
snowfalls in the U.S. in open fields, and to allow the diffuser to escape the
most erosive effects of storm-driven sand and particulates.* For the three ~
rotor diameters investigated the ground clearance assumption gives a hub
height between 5.3 m (17.5 ft) to 12.2 m (40 ft) and the usual 9.1 m (30 ft)

* Although no direct evidence is available for DAWT installations, it is
believed that the small sized aerosol particulates capable of rising in
strong winds above about 1.5 m (- 5 ft) will not cause severe erostion.
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altitude wind statistical measurements for geographic locations may be applied
directly for energy computations with negligible error.*

2.2 BASELINE DIFFUSER DESCRIPTION

The focus of the engineering point designs has been the baseline diffuser
configuration, comprising three components whose features are described as
follows:

• A cylindrical duct, 0.91 m (3 ft) long encloses the rotor and its
inside diameter (ID) is greater than the rotor diameter creating a gap
of 3% of the rotor radius.

• The second diffuser element consists of a divergent section, concen
tric and downstream of the cylindrical duct. The upstream end of this
element is cylindrically shaped with an inside diameter greater than
the rotor diameter by 5.5%. The wall of this component proceeds
downstream, through a curved transition section of increasing diameter
to a 30° half angle conical frustrum and

• A third coaxial (downstream) divergent element that continues the 30°
half angle frustrum to the final downstream exit diameter, producing
an overall expansion area ratio of 2.75. The upstream end of the
third component coincides with the axial location of the downstream
end of the second component but the former has a greater ID, creating
an annular gap between the two components equal to 0.8 percent of the
'local diameter. The total axial length of the two conical components
for a 2.75 overall area ratio is 50% of the inlet diameter; the
upstream conical element alone has about a 30% length-to-inlet
diameter ratio. The expansion area ratio of the upstream conical
element is 1.83.

Variations on the baseline diffuser geometry, called sensitivity models, also
were established. These were designed initially to yield costing rules, by
means of a few point design estimates, for other diffuser area ratios,
diffuser expansion half angles and shape configurations. However, because the
production cost estimators held the view that diffuser cost is predominantly
controlled by the surface area of each design, a more general investigation
was conducted, using geometric relationships, leading to the relative costs
shown by Fig. 2-4, referenced to the 30° half angle, 2.75 area ratio, baseline
configuration. In these relative cost studies the cylindrical housing around
the rotor remains unchanged.

The dump diffuser shape retains the same upstream conical diffuser component
as the baseline but reduces the axial length of the downstream conical section
to about 10% of the inlet diameter. The total expansion area ratio is
achieved by a radially outward projecting collar at the downstream end of the

*Wind tunnel investigations of DAWT models in simulated Earth boundary
layer velocity gradients exhibit slightly improved power coefficients
compared to uniform flow conditions (Ref. 5). In the absence of more
detailed evidence, the correction for hub height is neglected in this
present preliminary study, as a simplifying assumption.
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shortened conical element.* Figure 2-6 compares the basic lines of the
baseline and dump diffuser designs for a 2.75 overall area ratio and a 30°
half angle.

2.3 LOADS AND DESIGN CRITERIA

The three sizes of baseline DAWTs have been designed to survive without
permanent deformation a projected maximum loading due to a steady state sea
level wind speed of 53.6 m/s (120 mph) and an applied wind gust factor of
1.21. The gust factor used is that recommended in Ref. 9 and results in a
maximum dynamic pressure of 53.7 psf (2563 Pa). Based on wind tunnel model
investigations the frontal view drag coefficient CDf has been determined
as 1.1; the side view drag coefficient, CD ' has been measured as 0.80
(Ref. 7). Table 2-3 presents the maximum Brag forces computed for each of the
DAWT study designs, and the resulting ground level moments for the hub height,
H, that assures a 3.05 m (10 ft) ground clearance for the diffuser exit plane.
The indicated total weight in Table 2-3 is an approximate preliminary
estimate. The condition for maximum wind load does not coincide with an
operational, power generating condition. For purposes of design the DAWT
ceases operation at or less than 33.5 m/s (75 mph). The estimated variation
of internal static pressure within the diffuser is presented by Fig. 2-7 for
the maximum operational wind speed.

The external static pressure loading on the diffuser varies with circumferen
tial angle from the stagnation point of the mean wind flow direction. Figures
2-8 and 2-9 show this angular variation based on the experimental model data
reported in Ref. 7.

2.3.1 Aluminum Construction

A preliminary stress analysis of the complete DAWT aluminum structure is given
in Appendix C. The structural design of the aluminum and FRP versions of the
DAWT compares favorably to the criteria used to design the Sears Tower, the
world's tallest 442 m (1450 ft) office building (Ref. 10). In the Sears Tower
project a 1.8 safety factor was applied to the extreme wind load condition
expected with a statistical recurrence of over 10,000 years. The design wind
pressure at the top of the Sears Tower was 62.5 psf (2993 Pa) (Ref. 10). The
DAWT, with a maximum structural element at about 21.3 m (70 ft) has been
designed for a uniform maximum wind pressure of 53.7 psf (2563 Pa). The
required DAWT lifetime of 30 years contrasts to the statistically expected
recurrence of DAWT maximum wind pressure in excess of 120 years (Ref. 9). The
allowable design stress of 22,000 psi (151,690 kPa) used for the DAWT aluminum
structure was the same value used on the Lunar Module and is well under the
ASTM specified yield strength of about 40,000 psi (275,800 kPa) for 5083
aluminum alloy. A study of Appendix C reveals that positive margins of safety
(at times quite large) exist for all conditions of the analyses. For the
level of costing accuracy assumed for this contract, a more detailed design
and analysis beyond that presented in Appendix C was considered unwarranted.

*At the station of sudden cross sectional change, the flow is thought of as
"dumped" into the rel at i vely ·1 ow pressure regi on immedi ately downstream of
the collar. This sudden, radially expanded, flow change gives this diffuser
configuration its name.

12













The structural design approach, including safety factors, for the ferrocement
version of DAWT has been dictated by the allowable stress and design standards
for ferrocement vessels established by the Norwegian Shipping Board (Det
Norske Veritas Rutles). These standards are considered the most authoritative
for this construction material, and in our consultant's/subcontractor's (David
J. Seymour) opinion impose more severe design requirements than any
non-maritime environment application for the same external loading criteria
assumed for DAWT.

The DAWT design approach presented in this report is that of a stressed skin
conical shell with external longitudinal stiffening members at segment attach
ment locations which also transfer the loads to fore and aft circumferential
rings. The centerbody nacelle is suspended by three sets of staggered N
shaped struts attached to the circumferential rings at three equi-spaced loca
tions. The preferred mounting of the aluminum and FRP diffuser designs is by
means of an aluminum cantilevered cylindrical column anchored to a below
ground concrete foundation. Each DAWT (rotor) size has had an individual
foundation designed for average mid-continent soil conditions; column attach
ment to the foundation is by bolts to a steel collar anachored into the found
ation. A structural hinge and lock at the bottom of the column allows erec
tion after ground level assembly and check out as shown by Figs. 2-10 and
2-11.

The DAWT concept has an insensitivity of performance for minor transient
directional changes of the wind, within about plus or minus 15° off-axis (Ref.
6, 6a). For major changes of wind direction, associated with, for example,
weather frontal movement, there is a need for the DAWT to have freedom to yaw
in the horizontal plane. Such motion is provided by a lubricated journal-type
bearing near the upper end of the column. The bearing is located as high as
possible on the column and still permit clearance of the diffuser's longerons.
In this way the overturning moment acting on the bearing is minimized. The
bearing design approach taken has been to construct two tapered steel rims,
rotating relative to each other and separated by a packed grease lubricant.
The steel rims are chrominum electroplated over a base plated nickel substrate
to protect the steel from corrosion. An outer circumferential clamp helps to
retain the lubricant, and mechanically align and fix the two parts of the
column support.

A typical DAWT configuration, constructed of aluminum, and containing the
features described above, is shown by Fig. 2-12. It is determined in Appendix
C that the journal bearing pressure for the maximum DAWT operational condition
(33.5 m/s (75 mph)) varies with rotor diameter size from 1189 psi (8198 kPa)
for the 2.7 m (9 ft) diameter rotor to 2541 psi (17520 kPa) for the 11 m (36
ft) diameter rotor; these pressures are low in comparison to usual journal
bearing design criteria of 7000 psi (48,265 kPa).

2.3.2 Ferrocement Construction

The ferrocement version of the DAWT introduces other features because of the
unique characteristics of this constructional material. Details of the
ferrocement design study including structural analysis are presented in
Appendix A. This study was conducted fOI Grumman by David J. Seymour, Ltd, an
organization with considerable ferrocement boat design and construction
experience. However, ferrocement appears inappropriate to the 11 m (36 ft)
rotor diameter point design because the state of current knowledge and
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experience has not extended to such large sizes; our subcontractor, Mr.
Seymour, has recommended a modified approach using prestressed concrete and
ferrocement. The larger diffuser spans beyond about 12.2 m (40 ft) diameter
are expected to produce cracking of the mortar in the pure ferrocement design,
because of untenably high tensile stresses; the hybrid alternative appears a
feasible solution but requires further investigations which Mr. Seymour also
describes and proposes in Appendix A.

For the smaller rotor sizes suitable for ferrocement the design is a stressed
skin, of high rigidity, composed of layers of wire mesh and rods covered by a
layer of mortar. Longitudinal reinforcement ribs of ferrocement construction
and section attachment flanges aid the load transfer to the ground support.
In the general arrangement shown by Fig. 2-13 a single vertical post support
and several roller casters allow the DAWT to rotate in yaw. This design is an
alternative to the single column, journal bearing configuration described for
the all-aluminum version. Either diffuser support design is practical and
interchangeable, although this ferrocement version in Fig. 2-13 is not specif
ically shown for the single column mounting.

2.3.3 Fiberglass Reinforced Plastics (FRP) Construction

Another approach to DAWT construction introduces a sandwich material (typified
in Fig. 2-14) consisting of a core of end grain balsa wood encased by FRP
layers of moderate thickness 0.32 to 0.48 cm (1/8 to 3/16 in.). Assisting us
in this design effort has been Pearson Yachts, a major designer and producer
of commercial FRP sail boats, and the Baltek Corp., commercial suppliers of
balsa wood.

The diffuser skin thicknesses have been computed by a Baltek computer program
for critical buckling pressure on truncated cones. These design calculations
are based on NASA SP 8019 and MIL Handbook ANC 23 recommendations for
isotropic sandwich shells with a 1.8 safety factor. Material properties and
details of the computer calculations are presented in Appendix B. The
FRP/balsa sandwich panels are fastened to an aluminum skeleton consisting of
upstream and downstream flanges and interconnecting, axial longerons. The
0.91m (3 ft) long cylindrical shroud surrounding the rotor also is made of FRP
around a 0.95 cm (3/8 in.) thick balsa core. This shroud is attached by
aluminum supports to the longerons; plywood inserts in the FRP shroud allow
fastening to the aluminum supports. The centerbody housing the generator,
gearbox, and turbine controls is suspended from the end flanges by staggered-N
strut arrays at three locations 1200 circumferentially apart.

The longitudinal FRP panels are connected to form diffuser sectors by means of
riveted overlap joints as shown by Fig. 2-15. A silicone type sealant is
applied along the joint to dampen inter-panel vibrations, exclude moisture,
and provide some flexure-resistant adhesion.

Each diffuser size requires a different optimum thickness of end grain balsa
wood core to assure that the FRP skin layer carries the loads effectively and
that the structure is rigid. Thicker FRP skins are stronger structurally and
need thinner balsa cores but impose penalties in over~ll weight and COSj. The
density of FRP as used by Pearson Yachts is 1602 kg/m (about 100 lb/ft )
whereas the end grain balsa supplied by Baltek has a density of 136 to 144
kg/m3 (8.5 to 9 lb/ft3). Although two FRP skin thickness options are
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discussed in Appendix B, we have used the thicker one (0.48 cm (3/16 in.)) for
the 6.9 and 11.0 m (22.5 and 36 ft) turbine diameter designs, and the 0.32 cm
(1/8 in.) skin thickness for the 2.7 m (9 ft) rotor diameter design.

In order to prevent moisture from reaching the balsa core, Pearson's engineer
ing department has found from experience that it is desirable to bring upper
and lower FRP skins together in a sealed joint shown by Fig. 2-14; the larger
the length of the joint, the better the probability that integrity of the seal
will be maintained. This feature favors the dump diffuser configuration shape
for FRP construction. Although an aluminum plate attachment flange is still
essential, the longer FRP flange of the dump design provides a shorter,
stronger, more rigid diffuser structure, for a given area ratio, than a
baseline design geometry.

To facilitate highway shipping, no dimension of the FRP panels may exceed
3.7 m (12 ft). As a result the diffuser for the 11.0 m (36 ft) diameter rotor
consists of 16 FRP panel segments and that for the 6.9 m (22.5 ft) diameter
rotor has 10 segments. The 2.7 m (9 ft) diameter rotor need only have its
diffuser made in two halves. As shown in Appendix B, the FRP segments may be
nested on a truck trailer so that more than one complete DAWT set can be
transported at a time.

The cylindrical column support, with aloft journal bearing for yaw movement,
is equally suitable for the FRP panelled diffuser as for the completely
aluminum-made diffuser.

The wall slots necessary to make the compact diffuser practical are facili
tated in the FRP panel by localized knock-out plugs as indicated in Fig. 2-14.
These plugs are created at a jog in the diffuser wall during the lay-up
manufacturing process by omitting the balsa cone and forming a thin web of FRP
alone along a portion of the panel IS arc width. This web is then cut out and
removed after the panel is cured. Sections of the jogged wall adjacent to the
slot webs are built up to the full design thickness, including balsa core, to
bridge the fore and aft parts of the panel.

2.3.4 Foundation Design

This study included consideration of foundation requirements. The single
column support has been chosen for all diffuser material designs because it
presents the least restrictions to field operational possibilities. For
example, an alternative support approach that superficially appe9rs attrac
tive, provides multi-element supports in the nature of caster wheels, attached
to the bottom rear end of the diffuser, and a front pivotal post. The wheels
roll along a hardened ground level walkway as the diffuser yaws in response to
free wind changes. However, the wheels could become immobilized by moderate
snowfalls, blowing sand, rocks or debris, or freezing rain during low wind
speed conditions.

But with the yaw bearing located high on a vertical column support, only the
upper section of the column need rotate. The stationary bottom column section
is attached to a subsurface foundation. The size and depth of the foundation
depends on the maximum vertical and horizontal forces imposed by the wind on
the diffuser as well as the DAWT weight and soil conditions. Therefore, each
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DAWT size has to be analyzed individually for an optimum foundation design; we
have created three such designs.

The 9 ft rotor diameter DAWT foundation is controlled by the overturning
moment of the maximum wind. For a 30° soil friction angle, the passive
pressures of the soil on the side of the footing resist the wind moment. An
unequal ground pressure distribution at the base of the footing also helps to
resist overturning. As a result of this analysis the smallest size DAWT
requires a poured concrete foundation of about 3.6 m (12 ft) depth and 1.8 m
(6 ft) in diameter. This is the simplest type of footing where soil
conditions permits easy excavation.

The middle-sized DAWT, with a 6.9 m (22.5 ft) diameter turbine, requires a
somewhat different foundation design to resist the wind forces and moments.
For this size, a large diameter, shallow depth reinforced concrete slab is
required. The shift in distribution of soil pressures overcomes the over
turning moments. Steel rod reinforcement is needed to resist the shear loads
in the large concrete slab. The slab diameter is established by the criterion
that negative (tensile) ground pressures are not permitted. This basic type
of foundation is appropriate for almost any soil condition but the reinforce
ment and large slab diameter approach becomes less attractive economically
where piles may be used instead. For the 6.9 m (22.5 ft) rotor DAWT, a
reinforced concrete slab of 1.5 m (5 ft) depth and 8.5 m (28 ft) diameter is
found to be needed.

The largest size DAWT, with a 11 m (36 ft) diameter turbine, has peak wind
forces and overturning moments which are best resisted by a foundation
consisting of timber piles and a reinforced concrete pile cap. The downward
and upward forces on the piles resist the wind induced overturning moment.
The highest pile force is at the position furthest from the foundation center
in the prevailing wind direction. The pile forces are symmetrical in propor
tion to their distance from an axis perpendicular to the wind direction. The
weight of the DAWT and the pile cap is equally distributed among the piles.
Timber is an economical pile material with good uplift capacity under most dry
soil conditions. A local high ground water level at any given installation
site would require the piles to be specially treated to prevent rot.

For the 36 ft diameter rotor DAWT, a 1.2 m (4 ft) deep reinforced concrete
pile cap of 7.6 m (25 ft) diameter would be poured over a circular array of
twenty tapered piles of 0.3 m (12 in.) nominal diameter by 9.1 m (30 ft) long
treated timber.

In all foundation designs a steel base plate and collar is anchored to the top
of the concrete to receive the aluminum cylindrical pedestal for the DAWT. To
facilitate final assembly and erection of the DAWT at a site, the bottom of
the aluminum column features a structural hinge (see Fig. 2-10) to rotate the
entire DAWT assembly from ground level to a vertical position as shown by Fig.
2-11. Lock fittings at the base keep the support column in this operational
position until DAWT maintenance requires a return to the ground.

Details of the three foundation designs and costs are presented in Appendix
D.
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2.4 WEIGHT ESTIMATE

From the preliminary stress analyses accompanying each point design for the
different material approaches the DAWT weight estimates shown by Table 2-4
have been generated. These data are for a baseline diffuser configuration
with 30° half-angle and a 2.75 area ratio. For a rotor diameter increase by a
factor up to 4, the trends of component and system weight increase with
turbine diameter increase are shown by Fig. 2-16 (sheet 1). Relative to the
smallest rotor diameter (2.7 m (9 ft)) studied, the ferrocement diffuser
approach produces the lowest rate of weight increase with rotor size growth.
The use of FRP panels, instead of aluminum skin, for the diffuser yields a
slower rate of increase of total above ground system weight with increase of
rotor diameter above 6.9 m (22.5 ft). Below 6.9 m, the relative change of
total above ground system weight with rotor size appears insensitive to the
material used for the diffuser. The turbine assembly weight increases slowly
with rotor size change. Because the wind power conversion potential increases
with the second power of rotor diameter change, the ratio of DAWT weight-to
power changes much slower than the weight alone (see sheet 2 of Fig. 2-16).
For ferrocement construction of the diffuser the relative weight/power ratio
is almost constant as rotor size increases, as shown in Fig. 2-16 (sheet 2).
While the FRP panelled diffuser approach produces about 30% greater relative
weight-to-power ratios with a 400% growth in rotor diameter, it is less than
half the comparable ratio increase for the all-aluminum construction.

For the FRP panel/aluminum frame diffuser design approach, the weight of the
fiberglass fraction varies from almost 60% of the total, for the smallest DAWT
studied, to about 42% for the 11 m (36 ft) turbine diameter design. This
diminishing FRP fraction trend points out the more rapid growth with DAWT size
of the ring and longeron structural frame requirements to absorb wind loads.

In this total system weight analysis, the basic design of the support column
and yaw bearing is assumed unchanged for all material approaches except the
ferrocement version. For the latter, a 10% increase in material thickness is
assumed to accommodate the much heavier diffuser weight.* While the pre
dominant material of the support component is aluminum, between 26 and 32% by
weight is steel; this material is principally used in the yaw bearing plates
and positioning clamp. As DAWT size increase, the weight fraction of steel in
the support subsystem slowly increases to absorb the increased diffuser weight
and wind loading.

The weight of the DAWT foundation is not well correlated to DAWT size because
foundation designs are not geometrically similar. Each footing situation is
predicated more on a cost optimized solution from among several options rather
than on a single geometrically scaled approach. The use of timber pilings for
the 11 m (36 ft) DAWT size, with a rather shallow concrete cap is actually
lighter in weight than the deeper concrete cylinder foundation for the 6.9 m
(22.5 ft) DAWT. However, the heavier type foundation is estimated to cost
less than a pile supported foundation for the intermediate sized DAWT; these
foundation design cost relations reverse for the largest sized DAWT.

*This simplifying assumption for ferrocement does not affect the general
conclusions of this report. SERI reviewers caution that a more rigorous
stress analysis is needed to assure that positive safety factors exist.
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Table 2-4. WEIGHT COMPARISON OF 3 DAWT SIZES WITH DIFFERENT DIFFUSER CONSTRUCTION
MATERIALS (BASELINE, 30°, DIFFUSER CONFIGURATION, 2.75 AREA RATIO)

(ALL WEIGHTS IN POUNDS)

CONSTRUCTION
MATERIAL All ALUMINUH FRP PANELS/ALUM. FRAME FERRO CEMENT DIFFUSER REMARKS

DAWT Component/
t Rotor Di a. , Ft-r 9 22.5 36 9 22.5 36 9 22.5

Diffuser 940 9,320 40,530 1,405 12,730 37,900 5,400 37,600 Note 1 - 59.8% FRP
Note 1 Note 2 Note 3 2 - 46.7% FRP

3 - 42.4% FRP
Balance Aluminum

Yaw 595 595 655 Note 4 - 25.6% Stl.
Bearing 5,340 5,340 5,900 5 - 29.9% Stl.
and Support 19,310 19,310 6 - 32.4% Stl.
Pedestal Note 4 Note 5 Note 6 Note 4 Note 5 Note 6 Notes Notes Balance Aluminum

4,8 5,8 Note 8 - 110% of
FRP and Alum.
Versions

Turbine and 975 975 975
Centerbody 3,275 3,275 3,275 Various Materials

6,650 6,650

Total Above Ground 2,510 17,935 66,490 2,975 21,345 63,860 7,030 46,775

Foundation 42,150 400,500 256,000 42,150 400,500 256,000 42,150 400,500 Concrete with Stl.
Note 7 Note 7 reinforcements and

flanges.
Note 7 - does not
include about
40,000 lbs. of
timber pilings
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It is concluded from this design study that the widely assumed (e.g., Ref.
lOa) preliminary estimates of weight growth to the third power of relative
characteristic (e.g., rotor) dimension (W ~ 03), and weight-to-power ratio
growth directly with characteristic dimensions [(W/") :::: D) lead to incorrect
conclusions. Within the DAWT system sizes studied here, there is very evident
economies of scale of materials utilization with geometrically larger unit
sizes and with different constructional materials. These data do not
invalidate, however, the general assumption that at some critical size further
geometric scaling up will lead to extraordinary increases in weight (and
weight/power ratio) because other and new design considerations will have to
be introduced to assure integrity and reliability.

Table 2-5 lists our weight estimates for two diffuser configurations that are
different from the 30° baseline shape used for the point designs. These new
values are lower than those in Table 2-4 and were obtained from the geometric
relations that characterize the diffuser shape change. Component elements
that primarily are affected are the diffuser skin area and the longeron
1ength.

Increasing the baseline half angle from 30 to 45° results in a 29% reduction
in slant length of the diffuser, and in the skin and longeron weight. This
effect is included in the diffuser component weight estimates, for all
aluminum construction of DAWT weights in Table 2-5. For the dump diffuser
with 45° half angle, the diffuser skin and longeron component weights are
51.8% of their counterparts in the baseline - 30° design.* On an overall
consideration for a constant 2.75 diffuser area ratio, the weight of the
improved configuration DAWT (i.e., 45° half angle, dump diffuser) for above
ground equipment is about 75 - 80% of the baseline configuration for which the
point designs were made.

In contrast to Betz ' approximate theory (Ref. lOa) that relates the increase
of weight~§ower ratio directly with rotor diameter, a 0.36 power law exponent
(i.e., D· ) is a better approximation to trend the 30° baseline
all-aluminum point designs over a 4:1 range of rotor diameter change.
Furthermore, for the FRP panelled, 45° dump diffuser configuration the
exponent reduces to 0.29 over the same range of rotor diameter change.
Because it was possible to make only two ferrocement point designs (see
Subsection 2.3.2), and over a much narrower range of rotor sizes, we do not
attempt to establish more generalized scaling relationships for this material.

2.5 TURBINE DESIGN

Preliminary designs were developed by Grumman Energy Systems (GES) for rotor
diameters of 2.7, 6.9 and 11 m (9, 22.5, and 36 ft) based on the 8 kW WTG
(10 m (33 ft) rotor diameter) GES design sponsored by the DoE Rocky Flats Wind
Systems Program.

* In the "dump" diffuser design, the height of the exit plane flange
increases the ring depth. But the principal load carrying elements of the
C-shaped exit ring are its end legs. Lengthening the connecting radial web,
then, leads to relatively small increases in the total ring weight. For
simplicity, this small weight increment has been neglected here. But the
small expected overall weight growth should result in an incremental cost
that likewise is small and within the accuracy of this preliminary estimate.
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Table 2-5. WEIGHT COMPARISON OF 3 DAWT SIZES
WITH DIFFERENT DIFFUSER CONSTRUCTION MATERIALS

(IMPROVED, 45°, DUMP DIFFUSER CONFIGURATION, 2.75 AREA
RATIO) (ALL WEIGHT IN POUNDS)

I
CONSTRUCTION ALL ALUMINUM FRP PANELS/ALUM. FRAME FERRO CEMENT DIFFUSER REMARKS
MATERIAL

(450 Baseline DAWT) (450 Dump DAWT) (450 Dump DAWT)(conf i ourati on)

DAWT Components/
t Rotor Dia. ,Ft.~ 9 22.5 36 9 22.5 36 9 22.5

Diffuser 815 7,835 32,880 900 8,240 24,530 2,800 19,480 Note 1 - 48.3% FRP
Note 1 Note 2 Note 3 2 - 37.4% FRP

3 - 33.1% FRP
Balance Aluminum

Yaw Bearing 595 5,340 19,310 595 5,340 19,310 655 5,900 Note 4 - 25.6% Stl.
and Note 4 Note 5 Note 6 Note 4 Note 5 Note 6 Notes Notes 5 - 29.9% Stl.
Support 4,7 5,7 6 - 32.4% Stl.
Pedestal Balance Aluminum

Note 7 - 110% of FRP
and Alum. Versions

Turbine and 975 3,275 6,650 975 3,275 6,650 975 3,275 Various Materials
Centerbody

Total Above 2,385 16,450 58,840 2,470 16,855 50,490 4,430 28,655
Ground Weight

Foundation Same as Baseline Diffuser Construction Materials (See Table 4)

%of 30u
95 91.7 88.5 83 79 79 73 74Baseline Config.

Weight (see
Table 4)

1467-02l(T}



The wind turbine consists of three untwisted, constant chord blades, of 10%
tip solidity and fabricated from 6061-T6 aluminum extrusions. The blade cross
sections are typically of a modified NACA 4418 airfoil (Ref. lOb) shape with
chord lengths of 30.5, 76, and 114 cm (12, 30, and 45 in.) for rotor diameters
of 2.7, 6.9, and 11 m (9, 22.5, and 36 ft) respectively. For the largest
rotor diameter the blade section chord exceeds the current extrusion press
capacity of 91 cm (36 in.). Consequently, for this chord size only, the blade
trailing section is a separate extrusion that is spanwise seam welded to the
front torsion box section extrusion along the top and bottom surfaces. This
latter design approach adds somewhat to the blade fabrication cost but avoids
the development and capital costs of a new, larger capacity extrusion press
for 1imited production runs.

The central spar box of the aluminum blade extrusion is attached by two
cadmium plated, high strength bolts to stainless steel blade stubs fastened to
the low speed drive shaft as shown by Fig. 2-17. The step up in drive shaft
rotational speed to the induction generator is achieved by a commercial double
helical steel gearbox with a gear ratio, typically, of 15:1. Both Dodge
Manufacturing Co. and Browning Manufacturing Division (of Emerson Electric Co)
gear boxes for Class I service have been selected; the latter company's
product line is applied only to the lowest output ratings of the DAWT. Up to
30 kW (40 hp) generator rating, Dayton drip proof, three phase induction
motors (240V, 60 Hz, 1800 rpm) are specified as typical generators. Typical
larger generator sizes have been selected from the Westinghouse, 240/480 V, 60
Hz, 1800 rpm, product line of induction motors.

Active pitch control of the blades is employed to start up the turbine at the
low wind speed end of the operating regime. It is also used to feather the
turbine blades for wind speeds above 40 mph. The control activates a primary
and secondary electromechanical actuator which alters the blade pitch by
push-pull rods. A programmable micro-processor is on board for the turbine
control logic.

The DAWT in stand-alone status, is assumed connected electrically to a
stand-by diesel-electric powered grid. In the event of grid power loss, the
turbine has a permanent magnet generator driven off the high speed shaft for
emergency pitch-change actuator operation.

The primary motor drive for the actuator has a design lifetime of 106 in. of
travel. Because of the randomness of the natural wind it is impossible to
specify the time needed before replacement of the drive is necessary. All
other components are designed for very long lifetime (i.e., 20 - 30 years) low
maintenance operation.

The generator, gear box, transmission coupling, and accessories are mounted
onto a rigid bed plate fabricated of Cor-Ten steel plate and channel. The
cylindrical enclosure which forms the turbine centerbody is made of aluminum.
Access doors in the enclosure permit maintenance and servicing.

The centerbody is concentrically mounted within the diffuser by means of three
sets of struts attached to the diffuser primary structure (i.e, rings and
longerons). The blades are located at the upstream end of the centerbody and
the mid chord position of the blades coincide with the center of the
cylindrical shroud. The 3% R clearance between the blade tip and shroud 10 is
designed to suppress blade end flow losses and still allow for blade radial
growth because of centrifugal loading.
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There is no yaw control directly provided to the turbine because the response
to major wind change is supplied by the yaw control for the entire DAWT unit;
minor wind directional changes for ± 15° off-axis variations need not be
followed at all because of the inherent insensitivity of the DAWT concept's
performance to such changes (Ref 6a).

Augmented output of the DAWT's turbine is linked to requirements and
characteristics of the diffuser. For a given diffuser geometry, from a
theoretical standpoint the maximum augmentation tends to require low turbine
loading coefficient CT, values as shown by Fig. 2-18. However, for high
diffuser efficiencies, nO, (i.e., greater than 85%) the rate of performance
falloff is relatively less for higher CT values than for values less than
optimum, typified by the curves of Fig. 2-18.

Turbine cut-in normally occurs at high tip speed ratios, Rw/V2' typically
around 12. As the free wind speed increases, tip speed ratio decreases for
constant rotational speed, w. As a result, the power coefficient, Cw ,
increases until a rated value is attained at a tip speed ratio of about 5.

Further increase in wind speed reduces the tip speed ratio below 5 and causes
the turbine power coefficient and turbine efficiency to falloff. The
decrease in Cw has the effect of offsetting somewhat the increasingly
available natural wind power. This tendency toward aerodynamic self
limitation of shaft power may not eliminate, however, the need for a
shaft-mounted brake or a turbine control to feather the blades at very high
wind speeds or for special situations like maintenance periods.

The characteristics of the diffuser do not upset this normally inverse
relation of C wand available wind power at high wind speeds. However, the
enhanced quantlty of air flow processed by the DAWT results in a higher local
air speed at the upstream face Df the DAWT's turbine than for an equal
diameter bare turbine exposed to the same free wind conditions.

2.6 ICE AND SNOW LOADS

Although specific provisions for snow and ice loads were not made in the
current DAWT designs, some discussion is warranted. In response to our
requests to SERI for this type of load criteria information, we were advised
that none were available during our design phase. Because the static
structure of the DAWT is designed with ample safety margin for the very high
wind condition, we believe it is inherently structurally safe for static loads
equivalent to 2.54 cm (1 in.) thickness of ice. Without actual field tests we
are unable to realistically assess the effect of ice or snow on DAWT
operation; several possible remedies are available such as electrical heating
of leading edges and the use of ohmic and frictional heating from the electric
generator and gear box. It might be noted that the DAWT may provide greater
protection than for bare turbines from ice cast off from the blades to the
ground.
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SECTION 3.0

MANUFACTURING APPROACH AND COSTING

In this section we develop the cost estimates for the three different size
DAWT point designs in each of the three materials investigated. A prerequi
site to the financial estimate is an assumed model for the production
approach.

Primarily because the candidate major marketing areas for wind generators are
regionally segregated (e.g., high plains, Pacific Northwest, Southern
Appalachians, Northeast and Texas Gulf Coast) and long distance shipping of
large components is very costly, it was assumed early in the project that DAWT
production centers would be established within candidate marketing areas.

Another element that would influence production center selection is the
regional cost index of labor and materials and possible inducements of local
economic development commissions such as business tax concessions, low
interest loans, plant availability, and labor training programs. In this
investigation we aprlied regional wind power potential and regional cost index
criteria in establishing a manufacturing approach scenario, although the
reputation of regional labor force skills also shaded our decisions.

Table 3-1 presents construction project cost indices for labor and materials
for 11 selected metropolitan areas within top candidate wind marketing regions
(Ref. 11).

3.1 APPLICATION SCENARIO

For this study, a typical business scenario to accommodate an annual
production rate of 100 units is a production center in the Wichita, Kansas
metropolitan area. This industrial center with a population of over 250,000
already has a significant private airplane manufacturing base and a labor and
management resource pool knowledgeable in the metal trades and relatively low
in labor costs. It is also located in one of the highest wind power potential
regions. Throughout this area the electrical needs are supplied by several
private utilities and electrical generating cooperatives such as Central
Kansas Electrical Cooperative, Sumner-Cowley Electric Cooperative and Central
Telephone and Utilities Corp (CT&U). Crisscrossing this part of Kansas are
transmission lines of the power and distribution companies, thereby, providing
an existing grid for connection to wind power arrays. In addition to large
centralized steam turbine plants, these Kansas utilities typically maintain
smaller (1 - 15 MW) generators driven by diesel engines or gas turbines for
line voltage boosting and to meet local peak loads. These smaller production
facilities provide opportunities fOf wind energy applications as petroleum
fuel savers. DUflng 1973, CT&U generated 4,606,000 kW hours from these small
power installations (Ref. 12). The diesel and gas turbine generating instal
lations had an asset value of about $6,311,000, used $180,861 in fuel and had
an operations and maintenance (O&M) cost of $157,541 (Ref. 12). Using a typi
cal utilities annual charge factor of 0.18, the production cost of diesel and
gas turbine generated electricity in 1973 was $0.0242 kW h for capital cost,
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Tab1e 3-1. REPRESENTATIVE 1979 REGIONAL CONSTRUCTION COST INDICES (Ref. 11)

Indices*

Metropolitan Area Labor Material Total

Charlotte, NC 71 98 83.5

Roanoke, VA 74 100 86

Lubbock, TX 79 100 89

Dallas, TX 86 96 90

Portland, MA 81 103 91

Jacksonvi1l e, FL 84 101 92

Wichita, KA 91 99 94

Oklahoma Ci ty, OK 89 101 94.5

Binghamton, NY 91 99.5 95

Bill i ng s , MT 90 102 96

Providence, RI 95 101 97

Denver, CO 97 103 100

St. Louis, MO 103 99 101

Portland, OR 109 98.5 104

New York, NY 113 100 107

*Index of 100 is based on the average of conditions in 30 major U.S. and
Canadian cities as of July 1, 1978. Material index base (= 100) represents
average of 100 construction project materials and their typical relative
quantities. Labor index base (= 100) represents average of 30 labor
categories with typical construction project weighting but not relative
productivity between categories or cities.
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$0.039/kW h fuel cost, and $0.034 in O&M, for a total cost of $O.315/kW h.*

Therefore, it is not surprising that CT&U used this equipment at only 9.65% of
its total installed energy production capacity. As will be seen in Section
4.0, the projected cost of energy of substitute wind energy generating
installation will be considerab14 less than CT&U's marginal cost of production
from its oil burning equipment.*

Our assumed typical DAWT array installation site is located in Harper County
in south central Kansas. The governmental seat of this 801 sq mile county,
the city of Harper, is about 44 miles (73 km) southwest of Wichita and is
linked by the Atchison, Topeka and Santa Fe railroad and three primary
highways. Harper County had a population of 8319 in 1973 (13) and the land is
almost entirely used for agriculture and composed primarily of deep loam and
sandy loam, an important consideration for designing DAWT foundations. The
city of Harper is strategically placed, about midway between CT&U's 25 MW
electric generation installation at Pratt and its 40 MW plant at Wellington in
adjacent Pratt and Sumner Counties, respectively (Ref. 14).

In order to minimize costs of labor and equipment modification to prepare DAWT
sites and foundations and to assemble and electrically connect to the
utility's transmission line, we assume a 10 by 10 array of 100-150 kW rated
DAWTs. The array is located just north of the Harper City limits in Township
6 and adjacent to an E-W running complex of private and REA power transmission
and distribution lines. The DAWTs can be spaced between 0.2 and 0.5 miles (or
more) apart and will "farm" the wind in a 4 - 25 sq mile area on a
noninterfering basis with the original crop or grazing use of the land. The
required dedicated land area surrounding the 100 DAWT foundations is a total
of about 0.2% of a square mile, or a little more than one acre.

This Harper County model is not an isolated case in the high plains states.
Literally hundreds of such opportunitites exist within the rural area bounded
by the low labor cost, metropolitan area industrial centers of Dallas,
Oklahoma City, and Wichita.

* SERI reviewers hold that DAWT should compete with conventional WECS and
not diesel and gas turbine generating installations for peak load. However,
DAWT's competitiveness with conventional WECS is automatically gaged by its
comparison to DoE goals shown by Fig. 4-1 and 4-2. (To date, these goals
have yet to be demonstrated by actual conventional WECS.) Hard operational
cost data exists for diesel and gas turbines and the trend is upward as fuel
cost escalates beyond the 1973 example year. Renewable energy sources like
WECS and DAWT must be shown to compete with, and attractively displace, the
non-renewable petroleum-fueled energy converters.

**SERI reviewers comment that WECS cannot substitute for peakload capacity
credit without energy storage provisions. The issue of capacity credit is a
current institutional barrier and is beyond the scope of the present
investigation. However, there are numerous contemporary reports and
analyses that treat the viability of wind energy systems as fuel savers
without energy storage, and without the need for capacity credit
considerations.
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Furthermore, the 100 units described above at the Harper County location, only
"farm" a maximum of about 3% of the county land area. Therefore the potential
exists for 25 or 30 more such arrays, for a total of about 3000 units in the
100 - 150 kW rating class in this one Kansas county alone. This market would
absorb 30 years of production at the assumed 100 annual rate, or 6 years at a
yearly average rate of 500 units; at the higher production rate the average
unit cost would be approximately 80% of the lOO/year rate, assuming an overall
90% learning curve experience (Ref. l4a) for the variable production costs and
a prorata distribution for the fixed production costs.

3.2 MANUFACTURING CONSIDERATIONS

Because of the DAWT's fundamental requirements for a foundation and for
standing apart from other structures, it has two manufacturing aspects. Part
of the fabrication cycle is in a controlled manufacturing environment just
like the conventional consumer product industry. A second part of the cycle
occurs at the final installation site in an environment encountered by the
building and public works construction industry. The permissible size and
weight limits of conventional shipping modes establishes the boundary between
the factory and field portions of a complete DAWT manufacturing cycle. Except
in details, the field portion contains the same basic steps regardless of what
material the DAWT diffuser is made; land at the site must be prepared, a
foundation made, the DAWT components assembled, the assembly erected onto the
foundation, and the generator unit hooked up and checked out.

These individual steps in the field may be separated by many months because of
such factors as the need for the poured concrete to cure to maximum strength,
and seasonal constraints on outdoor work.

In multiple unit arrays such as described above, the opportunity to pursue
just one step at a time, e.g., land preparation, offers a field situation in
which economies of scale of operations through efficient mobilization of
manpower and machines and learning curve benefits, can lead to a lowered per
unit cost as opposed to a single isolated installation. However, the
foundation cost estimate included in Appendix D has not assumed any economic
benefit of multi-unit arrays, and therefore must be considered a conservative
estimate in the context of our application scenario; a 90 - 95% learning curve
cost trend could reasonably be expected (Ref. l4a) which could lower the
average per unit cost to between 59 and 77% respectively on an uninterrupted
total lot of 100.

The portion of the fabrication cycle accomplished in a controlled factory
environment is next considered. In this situation, the particular needs of
each of three constructional materials are addressed. However, certain
elements and concerns are common to all materials.

For example, it is tacitly assumed that engineering design and development
testing had been completed in a previous phase and the design lines of the
commercialized model are frozen. Thus, tooling, processes, and material
specifications will not change during a production run. It is assumed further
that facilities exist which are accessible to road, rail or water shipping
modes and that DAWT sub assemblies are produced to the largest size, weight
and complexity compatible with these shipping modes.
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The availability, skills, and cost of the local labor force are assumed
compatible with the production requirements of the materials of construction
and DAWT size, and the cost estimates generated here. If skills presently are
not available, it is assumed that labor pool training will precede employment
and its costs be deferred by local or federal government grants or tax
incentives except where of a minor nature. The precedent for such job
training programs is widespread as deliberate government policy for
socio-economic purposes.

It is assumed also that basic materials are available in the sizes,
quantities, and to the specifications required, and at the average cost index
associated with the regions such as listed in Table 3-1.

Because each construction technique has unique problems and production
requirements, we break down the discussion of manufacturing approach by the
diffuser material used.

3.2.1 Ferrocement

In Section 2.0 it was concluded that only the small and intermediate sized
diffuser could be designed in ferrocement with any confidence because of the
present state of knowledge and exper'jence. The David J. Seymour organization
indicates that indoor production facilities in former warehouses and even
barns could be used to satisfy the batch lot manufacturing requirements of the
diffuser structure. The marketing region would be serviced by this production
center until market saturation would be achieved. This market centered
manufacturing approach has the effect of reducing product transportation
costs, of minimizing plant investment* and greatly involving local labor and
locally rented heavy equipment, although for the relatively short term (i.e.,
less than 10 years.)

The latter aspect of duration could take advantage of a locally low cost, but
perhaps less dedicated or less productive labor pool than provisions for long
term commitment. On the other hand ferrocement fabrication requires
relatively unskilled labor, for the most part, so investment in training
should not be great. The critical human element problem to the short term,
market located production center concept is the small cadre of production
leadmen and on-site managers. Major relocation of these essential employees
every few years may be viewed as psychologically disruptive, but it is a
common construction industry practice. A possible solution, which also
provides a response to the question of on-going service (i.e., repairs and
spare parts) for units already installed in the consumer market, is offered by
a network of these short term, local satellite production centers, in rented
facilities, but supervised and supported by a state or regional operations and
service center of longer term (e.g., 30 years) presence. This headquarters

*SERI reviewers maintain that only dedicated production facilities should be
considered for DAWT in order to provide a comparison with conventional WECS.
Such arbitrary constraints on strictly business decisions appear unwarranted.
The entrepreneur in a free competitive society always has the freedom to meet
the needs of the market place in the best way he sees fit - a usual and
practical concept in contemporary U.S. business.
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can serve as the supply warehouse for small size, easily shipped components
such as turbine blades, generators, gear boxes, and standard hardware and
tools that are needed at new field installations as well as for replacement
parts of already-installed units.

The local production centers probably will require adjunct concrete batch
plants to make the desired mortar-mix if economical arrangements cannot
otherwise be concluded with local, pre-existing concrete suppliers. Steam
curing equipment permits more efficient use of molds by reducing to about 2
days the time for obtaining full cement strength from the usual 28 days. This
equipment requires a fresh water supply and source of heat energy.

As illustrated in Fig. 3-1, molds for batch production quantities of 100 or
more sets of DAWT components are made of steel and can be dismantled and
reused elsewhere. These molds are sized to produce diffuser segments that are
within the dimension and weight restrictions of highway shipment. Figure 3-2
shows typical shipping orientations. A set of the cast segments for one
diffuser is assembled together at the installation site by bolting their
flanges, at ground level. The complete assembly is then lifted onto the
prepared foundation by a mobile crane, rented locally, as shown in Fig. 3-2.
Large arrays of DAWTs promote high efficiency use of the special crane
equipment and help to reduce the rental charge per unit installation.

For a single or small number of ferrocement diffusers the casting mold can be
made of ferrocement. The advantage lies primarily in lower cost (about half
that of the steel mold) and quicker availability because of the eliminated
machining of a steel mold.

3.2.2 Fiberglass Reinforced Plastics (FRP)

As noted in Section 2.0, FRP construction is proposed and was considered, only
to the making of the diffuser skin panels; the so-called FRP design is really
a hybrid FRP/aluminum construction, where the aluminum-fabricated components
are interchangeable with the all-aluminum constructed diffuser assembly.

Pearson Yachts has estimated that a plant floor space of 35,000 sq ft, a staff
of 102 people, and facto~ equipment expenditures of just under $200,000 are
needed to manufacture simultaneously 100 sets of DAWT panel components per
year in each of the three sizes studied. Full details are presented in
Appendix C. The flow of work is from the mold department to a trim and
sanding operation, and then shipping. A considerable reduction in floor space
(to 6500 sq ft) and personnel (to 60) is needed for a single production line
of only the largest size (11 m (36 ft) rotor diameter) DAWT. FRP panels for
the smallest size DAWT (2.7 m (9 ft) rotor diameter) can be produced in a very
modest, 400 sq ft, plant with but six workers at the 100 assembly/year rate.
The production requirements are assumed to grow linearly with production rate.
However, in the opinion of the Pearson organization, annual production rates
above 300 units for the larger size DAWT models would require an excessively
large single facility and labor force for the hand layup production process
commonly used in the FRP industry. Solutions to problems raised by these
higher production rate schedules are to geographically disperse plants within
market areas and to use a resin transfer, or resin injection molding, process.
The latter is a relatively new method of shorter fabrication cycle time,
requires a lower level of labor skill,and is less labor intensive.
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The FRP panels can be shipped to the site on flat bed trailer trucks, as well
as rail freight cars or freighters. Within standard truck transport limits,
as many as 9 complete sets of 2.7 m (9 ft) diameter rotor DAWT panels to a
limit of eleven-sixteenths of a full set of 11 m (36 ft) diameter rotor DAWT
panels can be loaded on each standard flat bed trailer (see Fig. 3-1a, b, and
c).

The components of this hybrid assembly that are made of aluminum or steel are
to be separately supplied from geographically dispersed plants optimized by
floor space to accomodate production machinery, market size, and available
labor resources.

The major FRP tooling investment is the construction of a plywood master plug.
The many production molds needed to sustain the targeted production rate are
made by hand layed-up FRP molds using tooling quality resins and heavy duty,
protecting surface coatings to ensure long life. For single prototypes, the
FRP is applied by hand over a formica covered plywood mold. However, PVC foam
is used as the core instead of end-grain balsa because it is easier to shape.
The result is that the tooling for the prototype is of low cost and can easily
be changed to reflect design improvements arising from development test stage
inputs.

3.2.3 All-Aluminum Design

The manufacturing approach for the DAWT structure constructed entirely of
aluminum (except for the yaw bearing) was developed at Grumman Aerospace. The
production and tooling breakdown analysis was made according to aerospace
industry manufacturing methods labor categories, but to commercial fabrication
standards. Inspection was included in accordance with commercial practices.

Estimates of production manhours cover fabrication within the production
center facility as well as metal forming component assembly, alignment and
erection at the site. (Foundation and site preparation work was not included
within this part of the estimate; see Appendix D.) The assumed machinery
available for metal forming and processing has not been limited by Grumman's
current capabilities but is within known standard fabrication methods. This
does create somewhat of a problem for making the largest size DAWT investi
gated because the compound curvature of the front diffuser section requires
heavy duty rolling equipment that for the foreseeable future is otherwise
fully committed within the U.S •• Therefore, dedicated machinery to assure
availability for DAWT production would have to be separately acquired. In
addition to the large pre-production investment required for machinery, a
dedicated plant would have to be built, which would restrict the flexibility
of serving several geographically dispersed market regions to within the
restrictions of commercial shipping modes. There are no such machinery open
capacity problems for the other two DAWT sizes examined. The diffuser skin
for each of the two smaller sized DAWT's is to be made of 7 segments. The
diffuser skin of the 11 m (36 ft) rotor diameter DAWT is to be made of 11
segments.
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3.3 COSTING

3.3.1 General Assumptions

DAWT installations involve a substantial effort at the field site. Therefore,
in estimating costs the practices of general contractors (Ref. 11) seem most
appropriate. As recommended in Ref. 11, an overhead (indirect) rate of 20% of
direct labor plus direct materials (OL + OM) is applied for components
fabricated at the production centers, and 21% of OL + OM is applied to field
operations. Table 3-2 presents a breakdown of the average overhead rates
excerpted from Ref. 11. Prevailing general and administrative (G&A) expenses
for general contractors plus an average net pretax profit of 5%, Ref. 11, adds
15% to the gross unit cost to generate a possible and viable unit selling
price. A more extended discussion of the price-making process in the cases of
individual projects, different consumer product types and basic commodities is
beyond the scope of this study and the reader is referred to appropriate
literature such as Ref. 15. Some of the appropriate and possible price making
strategies for the relatively new wind energy conversion system market are:

• Market penetration pricing

• Loss leader pricing

• Price skimming

• Early recovery of investment cost

• Target return pricing

• Target rate of return pricing and for government stimulated
competition

• Sealed bid pricing

• Going rate pricing.

A conventional cost breakdown format is followed here with consideration of
variable and fixed production costs, indirect costs, and G &A and prof~t

provisions all directed towards a unit selling price for a complete
installation. Costs are estimated for major subcomponents, for each of three
DAWT sizes, and in each of the three construction materials.

Fixed and tooling costs are prorated over production rates of 100, 200, and
500 units in a direct ratio to quantity basis.

Labor hours and raw material costs have been obtained from primary cost
estimating sources.

• Aluminum and steel fabricated parts were analyzed by the Grumman
Aerospace estimating department.

• Foundation and site preparation was costed within the Grumman
Aerospace Research Dept. using construction industry typical data
presented in Ref. 11.
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Table 3-2. GENERAL CONTRACTOR FINANCIAL ASSUMPTIONS (Ref. 11)

No.

1
2
3
4
5
6
7
8

Items

Supervi si on
Home Office Expenses
Tools &Minor Equipment
Workman's Compensation
Field Office Expenses
Performance Bond (Avg.)
Unemployment Tax
Socia1 Security

Overhead Rate (Indirect)
Typical %Direct Costs

(Labor &Mtls)

2.4
7.7
0.4
3.3
0.8
0.7
1.9
2.5

Total 19.7%

9
10

Additional Items for Field Operations
Risk Insurance
Public Liability Insurance

Total

0.4
0.8

20.9%

Breakdown of Item 2 (Home Office Expenses)

Salaries (Mgmt, Clerical, etc.)
Legal, Accounting, Data Processing
Estimating and Proj. Mgmt Expenses
Pensions and Bonus Plans
Insurance
Depreciation (Overhead equipment)
Office Equipment
Vehicles
Office Rent
Ut il it i es
Miscellaneous

Breakdown of Item 9 (Risk Insurance)

(Avg. % of 7.7% of D.C.)

48%
3%
7%

12%
6%
4%
1%
5%
4%
2%
8%

(Annual Rate/$100)

Fi re
Vandalism
Extended Coverage

$0.114 - 0.243
0.015
0.07 - 0.14

Total Avg. Annual Rate $0.40
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• FRP-made components were analyzed and estimated by the Pearson Yacht
organization.

• Ferrocement made diffusers were estimated by the David J. SeYmour,
Ltd. organization.

• Wind turbine generator assemblies were estimated by the staff of
Grumman Energy Systems Corporation.

3.3.2 Labor Rates

Labor cost rates per hour used were computed as averages of typical mixes of
labor categories for DAWT factory production and tooling operations in
Grumman's Stuart, Florida plant during 1979. The Stuart labor market is
typical of a labor (1979) regional cost index of 90% closely comparable to
that of Wichita and Oklahoma City. Labor involved in field operations was
rounded off at a premium rate of about 10% above factory labor. The base rate
for variable production labor is taken at $6.90/h in the factory (production
center) and $7.50/h for field operations; the base rate for fixed production
expense (principally tooling and fixture making) is taken at $9/h in the
factory (production center) and $10/h for field site operations. For the
ferrocement con~tructed diffuser we have used the direct dollar billing cost
estimates of David J. Seymour, Ltd. Their billing rate includes both direct
and indirect production costs and is averaged at a straight $15/h rate for all
labor categories.

3.3.3 Production Quantity Effects

Volume production of the same unit results in reduced average direct cost
because of improved labor productivity through the learning experience, and
quantity discounts for large purchase lots of materials. Although the
learning experience factor is more usually associated with a factory
environment of repeated operations, it also applies to physically separated
field operations such as site preparations, foundation laying, and assembly
and erection; this benefit is especially experienced where the different sites
are not too distant and in the same topographic and geologic region (Ref.
14a).

From the information and analysis supplied by David J. Seymour, Ltd., the
volume production of 100 complete assemblies should benefit by an approximate
95% learning curve for labor involved in mold handling, mesh lay-up and
mortaring. A quantity purchase discount of about 30% in the material cost,
particularly the wire mesh, is considered likely. As a result, the combined
effects of labor and material cost reductions lowers the 100th unit cost to
about 78% of the prototype. The average direct production cost for the 100
units would be about 81% of the prototype. In addition, the production mold
cost can be charged against the entire 100 unit lot which lowers the per unit
cost for the molds and tooling. Although no further cost benefit has been
assumed in labor or materials for production quantities of 200 or 500 (perhaps
an unfair assumption) we have taken the added benefit in unit cost reduction
for the mold and tooling expense by these larger lot sizes. For ferrocement
construction, there does not appear to be a production volume dependency on
DAWT size within the ± 10% accuracy in estimating and the size range
considered.
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Estimates of volume of production economies for the FRP panels do appear to
exhibit a physical size dependency, according to Pearson Yachts. For the 100
unit lot size the estimated DAWT unit variable cost of production is
equivalent to an overall 91% learning curve trend for the 2.7 m (9 ft) rotor
diameter size; a 96% curve for the 6.8 m (22.5 ft) rotor diameter size, and a
98% curve for the 11 m (36 ft) diameter rotor size DAWT. These trends
provided by Pearson Yachts result in approximate average variable costs for
100 unit lots of 62%, 80%, and 88%, respectively for the three sizes, compared
to first unit costs. If the estimated volume cost reduction trends are
assumed extendable to 200 and 500 lot sizes, we obtain corresponding average
costs of 57%, 77%, and 86% for the 200 set quantity and 51%, 73%, and 84% for
the 500 set quantity. For purposes of this study, we have frozen the learning
curve trend at the 100th set quantity value. However, unit fixed production
cost arising from mold fabrication cost has been distributed over the 100,
200, or 500 unit production lot sizes considered here.

The direct production labor hours for aluminum and steel components also have
been assigned a reduction trend with lot size according to information
supplied by Grumman manufacturing estimators. A secondary dependency with
item size as well as manufacturing operation has been estimated. On an
overall basis, the direct labor hours for producing the 2.7, 6.8, and 11 m (9,
22.5, and 36 ft) rotor diameter DAWT's are estimated to follow a 86%, 90%, and
88% learning curve trend, respectively, and to be extendable to the 500 set
lot size.

Learning curve trends for sheet metal forming, metal machining, and
installation site assembly are estimated at 80%, 85%, and 95% respectively.

Overall cost estimates for the wind turbine generator, WTG, follow an
approximate 80% learning trend for 100 unit lot sizes (suggested by Grumman
Energy Systems estimators). For production lot sizes greater than 100, we
have not assumed a further production index benefit for the WTG subsystem,
although this may be unduly conservative.

3.3.4 Cost/Pricing Analysis

With the assumptions and procedures already described, the analyses of
estimated cost and selling price for DAWT's presented in Tables 7, 8, and 9
have been developed. Within the ± 10% accuracy associated with these
estimates it appears that the units with ferrocement diffusers are the least
expensive and those with a diffuser made entirely of aluminum are the most
expensive. However, the fine details of the comparative evaluation are more
virtual than real because any significant change in the assumed manufacturing
process, or material thickness could alter greatly the relative rankings of
the construction methods. If one generalizes which construction approach is
the most versatile and the least capital intensive then the hybrid FRP/
Aluminum approach appears the best. The ferrocement approach is limited to
DAWT's with rotors under 7.6m (25 ft) in diameter. The all-aluminum approach
appears to require large capacity metal forming machinery to accommodate the
upper range of DAWT sizes. If sufficient open capacity cannot be reserved
under subcontract, production requirements have to be met by dedicated plant
and equipment obtained through pre-production investment of considerable
magnitude. FRP tooling and molds are of low enough investment magnitude to
present no major impediment.
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Table 3-3. Estimated Cost Analysis - DAWT - Baseline
Diffuser, All-Aluminum Structure, 30° Half
Angle, 2.75Area Ratio

• 36 FT. ROTOR DIA ,.. . 22.5 FT. ROTOR DIA • • 9 FT. ROTOR DIA •
DAWT STRUCTURE FOUNDAT'N ROTOR TOTALS DAWT STRUCTURE FOUNDArN ROTOR TOTALS DAWT STRUCTURE FOUNDAT'N ROTOR TOTALS

ASSY ASSY ASSY

(FACry MADE) (FIELD MADE) (FLO SITE) (FACry MADE) (FACry MADE) (FIELD MADE) (FLO SITE) (FACry MADE) (FACT'Y MADE) (FIELD MADE) (FLO SITE) (FACT'Y MADE)

VARIABLE PROD COSTS

DIR LABOR HRS (ALL CATEGORIES) 961 4332 460 5753 390 1456 400 2246 208 778 340 1326

DIR LABOR COSTS (NOTES 1,2), $ 6631 32490 3174 42295 2691 10920 2760 16371 1435 5835 2346 9616

DIR MATERIALS COSTS, $ 49682 16151 65833 15195 9725 24920 1653 3757 5410

TOTAL VARIABLE COSTS, $ 56313 32490 24000 19325 132128 17886 10920 16000 12485 3088 5835 2000 6103

FIXED PROD COSTS (TOOLING AND FIXTURES)

DIR LABOR HRS PER UNIT OF 100 UNITS 985 731 1 716 553 172 725 303 119 422

200 493 366 859 277 86 363 152 60 212

500 197 146 343 111 34 145 61 24 85,

DI R LABOR COSTS (NOTES 3,4), $
PER UNIT OF 100 UNITS 8865 7310 16175 4977 1720 6697 2727 1 190 3917

200 4437 3660 8097 2493 860 3353 1368 600 1968

500 1773 1460 3233 999 340 1339 549 240 789

TOTAL DIR PROD COSTS, $
PER UNIT OF 100 UNITS 65178 39800 24000 19325 148303 22863 12640 16000 12485 63988 5815 7025 2000 6103 20943

200 60750 36150 24000 19325 140225 20379 11780 16000 12485 60644 4456 6435 2000 6103 18994

500 58086 33950 24000 19325 135361 18885 11260 16000 12485 58630 3637 6075 2000 6103 17 815

INDI R PROD COSTS,$ (NOTES 5, 6)
PER UNIT OF 100 UNITS 13036 8358 5040 3865 30299 4573 2654 3360 2497 13084 1 163 1475 420 1221 4279

200 12150 7592 5040 3865 28647 4076 2474 3360 2497 12407 891 1351 420 1221 3883

500 11617 7130 5040 3865 27652 3777 2365 3360 2497 11999 727 1276 420 1221 3644

GROSS INSTALL COST, $
PER UNIT OF 100 UNITS 178602 77072 25222

200 168872 73051 22877

500 163013 70629 21459

G&A & PROFIT (@ 15% OF G.I.C.l, $
PER UNIT OF 100 UNITS 26790 11561 3783

200 25331 10958 3432

500 24452 10594 3219

SELLING PRICE, $
PER UNIT OF 100 UNITS 205392 88633 29005

200 194203 84009 26309

500 187465 81223 24678
064]·033W

NOTES

1. AVG FACTORY LABOR RATE = $6.90/HR
2. AVG FIELD LABOR RATE =$7.50/HR
3. AVG FIXED LABOR RATE (FACTORY) =$9.00/HR
4. AVG FIXED LABOR RATE (FIELD) =$1O.OO/HR
5. INDIRECT FACTOR (FACTORY) = 20% OF DL&DM
6. INDIRECT FACTOR (FIELD) = 21% OF DL&DM

ALL COSTS IN 1979 DOLLARS
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Table 3-4. Estimated Cost Analysis - DAWT - Baseline
Diffuser, FRP Panels & Aluminum Structure,
30° Half-Angle, 2.75 Area Ratio

36 FT. ROTOR DIA .. I- 22.5 FT. ROTOR DIA -I- 9 FT. ROTOR DIA -I
FRP ROTOR FRP ROTOR FRP ROTOR

DIFFUSER STRUCT PANELS DIFFUSER SUPPORT FOUNDAT'N ASSY DIFFUSER STRUCT. PANELS DIFFUSER SUPPORT FOUNDAT'N ASSY DIFFUSER STRUCT. PANELS DIFFUSER SUPPORT FOUNDAT'N ASSY
(FACTORY) (FIELD) (FACTORY) (FACTORY) (FIELD) (FIELD) (FACTORY) (FACTORY) (FIELD) (FACTORY) (FACTORY) (FIELD) (FIELD) (FACTORY) (FACTORY) (FIELD) (FACTORY) (FACTORY) (FIELD) (FIELD) (FACTORY)

VARIABLE PROD. COSTS

DIR. LABOR HRS. (ALL CATEGORIES) 788 3041 1 152 157 164 460 185 718 520 96 100 400 115 455 112 40 42 340
DIR. LABOR COSTS (NOTES 1, 2). $ 5437 22808 7949 1083 1230 3174 1277 5385 3588 662 750 2760 794 3413 773 276 315 2346
DIR. MATERIAL COSTS, $ 34724 13995 7220 16151 8244 4453 2780 9725 965 648 390 3757

TOTAL VARIABLE COSTS, $ 40161 22808 21944 8303 1230 24000 19325 9521 5385 8041 3442 750 16000 12485 1759 3413 1421 666 315 2000 6103

FIXED PROD COSTS (TOOLING AND FIXTURES)

DIR. LABOR HRS. PER UNIT OF 100 UNITS 907 317 96 33 268 92 55 24 163 68 28 13
200 454 159 48 17 134 46 28 12 82 34 14 7
500 181 63 19 7 54 19 11 5 33 14 6 3

DIR. LABOR COSTS (NOTES 3, 41, $ (NOTE 7) (NOTE 7) (NOTE 7)
PER UNIT OF 100 UNITS 8163 3170 3070 864 330 2412 920 1579 495 240 1467 680 436 252 130

200 4086 1590 3070 432 170 1206 460 1579 252 120 738 340 436 126 70
500 1629 630 3070 171 70 486 190 1579 99 50 297 140 436 54 30

TOTAL DIR. PROD COSTS, $
PER UNIT OF 100 UNITS 48324 25978 25014 9167 1560 24000 19325 11933 6305 9620 3927 990 16000 12485 3226 4093 1857 918 445 2000 6103

200 44247 24398 25014 8735 1400 24000 19325 10727 5845 9620 3694 870 16000 12485 2497 3753 1857 792 385 2000 6103
500 41790 23438 25014 8474 1300 24000 19325 10 007 5575 9620 3541 800 16000 12485 2056 3553 1857 720 345 2000 6103

INDIRECT PROD. COSTS, $ (NOTES 5, 6)
PER UNIT OF 100 UNITS 9665 5455 5 GOO 1833 328 5040 3865 2387 1324 1924 787 208 3360 2497 645 860 371 184 93 420 1221

200 8849 5124 5000 1747 294 5040 3865 2145 1227 1924 739 183 3360 2497 499 788 371 158 81 420 1221
500 8358 4922 5000 1695 273 5040 3865 2000 1 171 1924 708 168 3360 2497 411 746 371 144 72 420 1221

GROSS INSTALL COST, $ TOTALS TOTALS TOTALS
PER UNIT OF 100 UNITS 184554 73757 za aae

200 177 038 71316 20925
500 172 494 69856 20019

G & A & PROFIT (@ 15% OF G.I.C.), $
PER UNIT OF 100 UNITS 27683 11064 3365

200 26556 10697 3139
500 25874 10479 3003

SELLING PRICE, $
PER UNIT OF 100 UNITS 212237 84821 25801

200 203594 82013 24064
0647·032W 500 198368 80335 23022

NOTES

1. AVG. FACTORY LABOR RATE = $6.90/HR.
2. AVG. FIELD LABOR RATE = $7.50/HR.
3. AVG. FIXED LABOR RATE (FACTORY) = $9.00/HR.
4. AVG. FIXED LABOR RATE (FIELDI =$10.00/HR.
5. INDIRECT FACTOR (FACTORY) = 20%'OF DL. & DM
6. INDIRECT FACTOR (FIELD) = 21% OF DL & DM
7. MOLD COSTSVARY DIRECTLY WITH PRODUCTION RATE

ALL COSTS IN 1979 DOLLARS
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o 09225FT RO 0T R DIA .. "II FT. R T RDIA •
DIFFUSER ROTOR DIFFUSER ROTOR

ASSY 01FFUSER SUPPORT FOUNDAT'N ASSY TOTALS ASSY DIFFUSER SUPPORT FOUNDAT'N ASSY TOTALS

(FACT'Y & FLO) (FACTORY) (FIELD) (FIELD) (FACTORY) (FACT'Y & FLD) (FACTORY) (FIELD) (FIELD) (FACTORY)

VARIABLE PROD COSTS, $ (LABOR 33000 3442 750 16000 12485 65677 6100 666 315 2000 6103 15184
AND MATERIALS) (NOTE 1) (NOTE 1)

FIXED PROD COSTS (TOOLING
AND MOLDS), $

PER UNIT OF 100 UNITS 840 495 240 120 252 130
200 420 252 120 60 126 70
500 168 100 50 24 50 26

TOTAL DIRECT PROD COSTS, $ (NOTE 1) (NOTE 1) (NOTE 1) (NOTE 1)
PER UN~T OF 100 UNITS 33840 3937 990 16000 12485 67252 6220 918 445 2000 6103 15686

200 33420 3694 670 16000 12485 66269 6160 792 385 2000 6103 15440
500 33168 3542 800 16000 12485 65995 6124 716 341 2000 6103 15284

INDIRECT PROD COSTS, $
PER UNIT OF 100 UNITS 787 208 3360 2497 6852 184 89 420 1 221 1914

200 739 183 3360 2497 6779 158 81 420 1 221 1880
500 708 168 3360 2497 6733 37 18 420 1 221 1696,

GROSS INSTALL COST, $
PER UNIT OF 100 UNITS 74104 17600

200 73048 17320
500 72 728 16980

G&A & PROFIT (@ 15% OF G.I.C.), $
PER UNIT OF 100 UNITS 11 116 2640

200 10957 2598
500 10910 2547

SELLING PRICE, $
PER UNIT OF 100 UNITS 85220 20240

200 84 005 19918
500 83638 19527

NOTES

1. FERROCEMENT DIFFUSER COST INCLUDES DIRECT AND INDIRECT EXPENSES.
2. COSTS OF DIFFUSER SUPPORT, FOUNDATION AND ROTOR ASSY ARE SAME

AS FOR ALL-ALUMINUM CONSTRUCTED DAWT.
3. ALL COSTS IN 1979 DOLLARS

0647-031W
1467·024(T)
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For the FRP/aluminumOAWT, the average breakdown of the gross installation
cost by major subsystem is given in Table 3-6. From this analysis it is
evident that there is a DAWT size dependency on the relative cost of the rotor
and the diffusers; the percentage cost of the turbine assembly diminishes with
size, and the diffuser relative cost increases with size. The support
pedestal relative cost remains almost constant with size and the foundation
cost displays no fixed trend with size. The latter point probably is a result
of the lack of geometric similarity of the designs and more influenced by the
specific needs and features of each anchorage. Within the DAWT size range
investigated, there is not yet an indication that the relative costs of the
two major subsystems have reached an asymptote.

The selling price, SP for DAWT1s with variation in turbine sizes between 2.7
and 11 m (9 and 36 ft) in diameter, 0, is approximately given by a SP -
01• 50 proportionality. The selling price-to-rated power ratio is
proportional to SP/02, or approximately (SP/Power) z 0-. 50• This
relationship points to more economical investments in wind power as the OAWT
unit sizes increase in geometrically similar designs. This scenario does not
account for the possibility of more economical diffuser design approaches in
very large sizes, to bypass the shipping size and weight restrictions on
component production. One such alternative, not currently examined, but
actively employed in recent major construction projects, is the use of
architectural fabrics (Ref. 16). In this approach, tension surfaces (made of
coated fabrics) are made to survive for 30 to 50 years, and conform to desired
shapes with the help of a metal framework structure. The fabrics are shipped
in pre-cut bolt form and assembled under precalculated tension loads, to the
skeleton framework. The investment of tooling and factory machinery is
eliminated, and the lighter weight material yields a lower overall weight
growth with size. It is our recommendation that architectural fabrics be
investigated for very large OAWTs as a possible means to decrease the capital
cost growth with size of the diffuser subsystem of the DAWT.

The fixed production costs of the FRP/aluminum DAWT version, involving only
the tooling and fixture labor, are listed in Table 3-7 as a function of
production lot size and DAWT size. The list shows the expected reduction in
unit share of total tooling cost with production lot size. The reduction is
somewhat less than linearly proportional to lot size because the mold cost for
FRP-made component is practically invariant with annual production run. The
required time for FRP lay-up fabrication and curing ties up each mold for
about 2 - 3 days, so only about 100 - 150 components can be produced per year
from each mold; annual production rates of greater number would require more
moldS, and prolonged production over several years also would necessitate mold
replacement after between one to two years. It is revealing that the smallest
DAWT size unit involves the largest percentage of gross cost in the fixed cost
category. For this unit, improved production processes and tool design holds
the potential of perhaps a one-third reduction in production fixed costs,
representing a 2 - 5% reduction in gross installation cost (and selling
price).

Major cost (and selling price) reductions from the estimates in Tables 3-3
through 3-5 could be obtained by using a diffuser with a greater included
angle, for example, 90°, than the 60° considered here in our point designs.
On the basis of small scale model testing (Ref. 5, 6) and theoretical grounds
(Ref. 7, 17) better aerodynamic performance is to be expected for a 45° half
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Table 3-6. FRP/ALUMINUM DAWT BASELINE DESIGN SUBSYSTEM COST BREAKDOWN

Average %of Gross Installation Cost
Rotor Diameter, Ft

Subsystem 36 22.5 9

1. Diffuser (Overall) 64 45 48
a. FRP Parts 17 15 9.5
b. Meta 1 Parts 47 30 38.5

2. DAWT Support 7 8 7
3. Turbine Assembly 13 20 34
4. Foundation 16 27 11

Table 3-7. FRP/ALUMINUM DAWT BASELINE DESIGN UNIT FIXED PRODUCTION COSTS
(DIRECT AND INDIRECT)

%of Gross Installation Cost
Rotor Diameter, Ft

Production Lot Size 36 22.5 9

-100 10.2 9.2 15.9
200 6.3 6,,1 9.8
500 3.9 4.1 5.8
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angle than 30° half angle. With the influence on internal boundary layer flow
created by tangential slot injection, a full flowing diffuser continues to be
anticipated with the 45° half angle. The geometric relationships leading to
lower relative costs, for the same overall area ratio, have previously been
calculated (see Fig. 2-4) for the alternative 45° half angle and dump diffuser
configurations. The net result of these very reasonable considerations is the
projected estimated cost and selling price listed in Table 3-8. Two materials
of construction and three turbine sizes are involved in these projections.
The shortened axial length of the diffuser obtained with a 45° half angle, for
the constant 2.75 area ratio, is further accentuated by the employment of the
dump diffuser configuration for a FRP/aluminum construction approach. The
diameter of the diffuser support pedestal (column) also will be affected by
the axially shortened 45° dump diffuser design. Therefore, the relative cost
factor has been applied to two diffuser related subsystems of the DAWT but
excluded from the rotor assembly and foundation subsystems in Table 3-8. The
net effect, at the 100 unit production lot run level is to lower the required
unit selling price to between 69 - 81% of the point designs (baseline 30° half
angle) for FRP/aluminum hybrid construction, and 79 - 84% for the all-aluminum
construction approach (see Table 3-9).

In the next section we will use these projected selling prices in computing
the projected cost of electricity and comparing it against Department of
Energy 1978 goals for different DAWT unit sizes. The 45° half angle diffuser
configuration projections are presented foremost because this design
represents the best likely achievable commercial product based on the current
analytical and experimental information available to us.

3.3.5 Price Per Pound

In the highly industrialized U.S. economy, there are a sufficiently large
number and diversity of manufactured products to make possible an approximate
generalization of selling price on the basis dollar per unit weight ratio for
the three major groupings of products: a) precision, b) electromechanical,
and c) functional. To provide data to those who wish to indulge in this
preliminary estimating process, we present Table 3-10. In this tabulation, we
have employed the above-ground weight data of Tables 2-4 and 2-5. We also use
the selling price estimates of Tables 3-3, 3-4, 3-5, and 3-8 for limited, 100
units/year, production rates. The concrete foundation has been excluded in
each of these considerations because of its unrepresentative weight and cost
relative to the above-ground equipment.

The above ground weights of the DAWT vary between about 2000 and 60,000 pounds
for rotor diameters between about 2.7 and 11 m (9 and 36 ft). As shown in
Table 3-10, the estimated price per pound (in 1979 dollars) ranges between
about $2 and $10, with the smaller sized units being the more costly.
Generally speaking, the indices for the limited production lot DAWT models are
very comparable to the price per pound of standard mid-1970's vintage
automobiles which are mature production items.
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Table 3-8.. PROJECTIONS OF ESTIMATED COST - DAWT - FOR TWO DIFFUSER
DESIGNS, 45° HALF-ANGLE, 2.75 AREA RATIO

DIFF ASSY
PORTION OF DIFF REL PROJECTED PROJECTED

ROTOR TOTAL S.P.- DAWTS.P., COST: S.P.• 45° S.P. - TOTAL
DIA MATERIAL OF 30° BASELINE 30° BASELINE, ( 45° DESIGN) DIFF ASSY, DAWT,45°
(FT) CONSTRUCTI ON DAWT, $ $ 30° BASELINE $ DIFF,$

36. ALL-ALUM - BASELINE CONFIG .710
PER UNIT OF
100 UNITS 205392 145325 .710 103180 163247

200 194203 134138 .710 95238 155303
500 187465 127400 .710 90454 150519

36. FRP PANELS/ALUM STRUCTURE - DUMP. CONFIG .518
PER UNIT OF
100 UNITS 212237 137350 .518 71147 146034

200 203594 129527 .518 67095 141162
500 198368 124697 .518 64593 138264

22.5 ALL-ALUM - BASELINE CONFIG .710
PER UNITOF
100 UNITS 88633 49140 .710 34889 74382

200 84009 44515 .710 31605 71099
500 81223 41730 .710 29628 68233

22.5 FRP PANELS/ALUM STRUCTURE - DUMP. CONFIG .518
PER UNIT OF
100 UNITS 84821 33493 .518 17349 68677

200 82013 31488 .518 16311 66836
500 80335 30297 .518 15694 65732

9. ALL-ALUM - BASELINE CONFIG .710
PER UNIT OF
100 UNITS 29005 17800 .710 12638 23843
200 26309 15103 .710 10723 21929
500 24678 11715 .710 8318 21281

9. FRP PANELS/ALUM STRUCTURE - DUMP. CONFIG .518
PER UNIT OF
100 UNITS 25801 12710 .518 6584 19675
200 24064 11230 .518 5817 18651
500 23022 10343 .518 5358 18037

0647-029W

1467-019(T)
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Table 3·9. RELATIVE SELLING PRICE OF DAWTs WITH
45" VERSUS 30

0
HALF·ANGLES AND TWO

MATERIALS OF CONSTRUCTION

(Based on 100 Unit Production Lot Run)

%of 300 Baseline Desiqn SP
Rotor Diameter, Ft.

Material of
Construction 36 22.5 9

All Aluminum 79% 84% 82%

FRPjAluminum 69% 81% 76%
1467-022(T)
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Table 3-10. ESTIMATED MARKET PRICE PER POUND* OF DAWT'S
(1979 DOLLARS)

DAWT Configuration Improved, 450 Half-Angle, Dump Baseline, 300 Half-Angle, Baseline
Diffuser, 2.75 Area Ratio Diffuser, 2.75 Area Ratio

Rotor Diameter; Ft. 9 22.5 36, 9 22.5 36

Material of
Construction Above Ground $/Pound Above Ground $/Pound

All Aluminum 8.85 3.20 2.21 10.45 3.70 2.60

FRP Panels/Alum. Frame 6.85 2.75 2.23 7.75 2.45 2.80

Ferro Cement 3.15 1.55 N.A. 2.95 1.35 N.A.

*Includes all above-ground components (e.g., diffuser, turbine assembly, support, etc.)

1467-023(T}



SECTION 4.0

BUSBAR COST OF ELECTRICITY

The cost of electricity (COE) generated by DAWTs is computed in Table 4-1 by
the standard DoE equation (Ref. 18):

COE = (Capital Cost, $) (Annual Fixed Charge, %)/Annua1 Energy, kW h

In addition, the yearly operations and maintenance (O&M) expenses, over the
lifetime of the unit should be included to present a realistic commercial
environment. We present O&M costs separately here in view of the greater
uncertainty about its magnitude because of the lack of precedence and
experience.

In Table 4-1 in addition to our recommended FRP/a1uminum version of the DAWT,
in three rotor sizes, we present the all-aluminum for comparison. As
previously indicated in Section 3.0, we have not projected the COE for
production lot sizes beyond 500 because of uncertainty of the appropriate
scaling relation. There is the possibility, also, that very much larger
quantities will require different manufacturing techniques for the FRP panels,
which cannot be extrapolated from the data about the presently assumed
manufacturing approach.

The largest size DAWT (11 m (36 ft) rotor diameter) has been analyzed for
three output ratings, 150, 100 and 82.5 kW. While all employ the same rotor
size and DAWT structure the first rated unit differs from the latter two by
virtue only of a higher capacity generator and gear box. The price
differential is only $3000, or only a 2% price increase to yield a 50%
increase in power rating. The 82.5 kW unit, rated at 20 mph, employs a 100 kW
capacity generator and transmission gearbox and, therefore, sells at the same
price as the 100 kW unit rated at 21 mph; the only difference is the 1 mph
wind speed change at which the rating is made. The data emphasizes the point
previously made in Section 2.0 about the artificiality of "standardizing" the
rating wind at 20 mph. The DAWTs with the two smaller rotor sizes 6.8 and 2.7
m (22.5 and 9 ft) in diameter are presented in two ratings, one for which the
installed generator is capable of providing output and the other for comparing
to a "standard" 20 mph wind speed. As a result, the possible selling price of
these smaller units does not vary between the installed capacity rating and
the under-rated condition imposed by a 20 mph wind speed.

The output performance (in kW h) of each DAWT analyzed here is conservative
because of the rotor design philosophy initially assumed. As was noted in the
first section of this report, a more refined rotor blade design,
incorporating, for example taper and twist, would be expected to increase the
output by 50% or more, without any contemplated changes in diffuser
configuration. Although the blade manufacturing costs would increase somewhat
by these refinements, it should have a small impact on the total cost of the
DAWT; one rough estimate is about a 3% overall cost increment. Thus the
results of Fig. 2-15 must be viewed as merely indicative but not definitive
regarding the ultimate economic prospects for the DAWT concept.
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Table 4-1. PROJECTIONS OF COST OF ELECTRICITY

FOR DAWT (45°HALF ANGLE, 2.75 AREA RATIO)

ROTOR PROJECTED PRODUCTION AUGMENT'N CUT-IN RATED RATED WIND ENERGY OUTPUT, kW-HRS BUSBAR COST OF ELECTRICITY ($/kW-HR)
DIA UNIT SELL'G LOT RATIO WIND SPEED POWER, SPEED, (WEIBULL WIND DISTRIBUTION) V,MPH=12 =14 = 16 = 12 =14 =16
FT DAWT VERSION PRICE,103$ SIZE ·MPH kW MPH V,MPH=12 = 14 = 16 ANNUAL CHARGE FACTOR = .18 ANNUAL CHARGE FACTOR = .10

36 FRP PANELS/ALUM. STRUCTURE 149 (1) 100 5.5 6.0 150 24 466600 579795 674185 .058 .047 .040 .032 .026 .022
DUMP DIFFUSER CONFIGURATION 144 (1) 200 5.5 6.0 150 24 466600 579795 674185 .056 .045 .038 .031 .025 .021

141 (1) 500 5.5 6.0 150 24 466600 579795 674185 .054 .043 .036 .030 .024 .020

146 100 5.5 6.0 100 21 367130 446630 499915 .072 .058 .052 .040 .032 .029
141 200 5.5 6.0 100 21 367130 446630 499915 .068 .054 .050 .038 .030 .028
138 500 5.5 6.0 100 21 367 130 446630 499915 .068 .054 .049 .038 .030 .027

146 100 5.5 6.0 82.5 20 314325 380325 430650 .083 .068 .061 .046 .038 .034

22.5 FRP PANELS/ALUM. STRUCTURE 69 100 5.5 6.0 60 24.2 185680 230950 267050 .067 .054 .047 .037 .030 .026
DUMP DIFFUSER CONFIGURATION 67 200 5.5 6.0 60 24.2 185680 230950 267050 .065 .052 .045 .036 .029 .025

66 500 5.5 6.0 60 24.2 185680 230950 267050 .065 .050 .045 .036 .028 .025
69 100 5.5 6.0 32.3 20 123065 148905 168605 .100 .083 .074 .056 .046 .041

9 FRP PANELS/ALUM. STRUCTURE 20 100 5.5 6.0 11.2 26 32350 40510 47170 .112 .090 .077 .062 .050 .043
DUMP DIFFUSER CONFIGURATION 19 200 5.5 6.0 11.2 26 32350 40510 47170 .106 .085 .072 .059 .047 .040

18 500 5.5 6.0 11.2 26 32350 40510 47170 .101 .079 .068 .056 .044 .038
20 100 5.5 6.0 5.2 20 19810 23970 27145 .182 .151 .133 .101 .084 .074

36 ALL-ALUMINUM STRUCTURE 163 100 5.2 6.0 78 20 294840 355680 405600 .101 .083 .072 .056 .046 .040
BASELINE DIFFUSER 155 200 5.2 6.0 78 20 294840 355680 405600 .094 .079 .068 .052 .044 .038
CONFIGURATION 151 500 5.2 6.0 78 20 294840 355680 405600 .092 .077 ..068 .051 .043 .038

22.5 ALL-ALUMINUM STRUCTURE 74 100 5.2 6.0 30.6 20 115670 139535 159120 .115 .095 .083 .064 .053 .046
BASELINE DIFFUSER 71 200 5.2 6.0 30.6 20 115670 139535 159120 .112 .092 .079 .062 .051 .044
CONFIGURATION 68 500 5.2 6.0 30.6 20 115670 139535 159120 .106 .088 .077 .059 .049 .043

9 ALL-ALUMINUM STRUCTURE 24 100 5.2 6.0 4.9 20 18520 22345 25480 .234 .194 .169 .130 .108 .094
BASELINE DIFFUSER 22 200 5.2 6.0 4.9 20 18520 22345 25480 .214 .176 .155 .119 .098 .086
CONFIGURATION 21 500 5.2 6.0 4.9 20 18520 22345 25480 .205 .169 .148 .114 .094 .0820647-030W

(1) INCLUDES $3000 DIFFERENTIAL FOR 150KW RATED GENERATOR AND
TRANSMISSION GEAR BOX COMPARED TO 100KW RATED EQUIPMENT

1467-025(T)
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4.1 WIND ENERGY POTENTIAL

The COE Table also differentiates between different sites and different types
of users. Sites with annual average wind speeds of 12, 14, and 16 mph are
considered with regard to their annual energy potential for each DAWT rating.
The wind speed occurrence distribution (i.e., probability) assumed for this
energy computation is a special case of the Weibull equation known as the
Rayleigh distribution (Ref. 19). This single parameter model has been recom
mended where the wind speed frequency distribution of a site is generally
unknown but the long term mean wind speed is known and is greater than 10 mph
(4.5 mjs) (Ref. 19).

The Rayleigh distribution function has the form

P(V) = 2!. 'i;; e-m
2 vc.

where: m = (0.7854 V2 jV2)

P(V) wind speed frequency distribution

V = wind speed

V = long term mean wind speed.

Using the Rayleigh function, the number of hours per year, T, that
the wind exceeds a value, V, can be computed as:

T = 8766e-m

Because the instantaneous power in the wind-is proportional to V3, the
annual mean wind power is proportional to V3 rather than (V)3.
For the Rayleigh distribution (Ref. 19):

V3 ~ 1.91 (V)3

and the potentially available mean wind power at a site or region is (Ref. 19)

PA :::: 0.955 p V3, wattsjm2

where: p is air density in kgjm3

and V is wind speed in mjs.

We have computerized the calculation of energy generated by the DAWT using the
Rayleigh distribution, stated above, for specific values of the DAWT power
rating, power rating wind speed, cut-in wind velocity and cut-out wind
velocity. For the cut-out speed a value of 40 mph (17.8 mjs) is used in Table
4-1 although we find that using a higher value, such as 75 mph (33.4 mjs),
produces only a negligibly larger annual energy.

It is also assumed in our application of wind statistics that the long term
average wind speed has been measured at a height above the ground that is
representative of the DAWT hub height. A typical meteorological measurement
height is 9.1 m (30 ft); the hub of the three DAWTs investigated here are
assumed to be at 6 - 13 m above the ground. Since the vertical profile of
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wind speed is sensitive to upwind terrain features as well as general
atmospheric conditions (e.g., stratified, unstable, etc), no assumption is
further made for hub height correction to the measured wind speed at 9.1 m (30
ft).

4.2 ANNUAL CHARGE FACTOR

The annual charge factor appropriate to two classes of end users of DAWTs is
given in Table 4-1 as 0.18 for use by utilities and large industrial
corporations and 0.10 for farmers and REA cooperatives (Ref. 20, 21).
Although a more comprehensive justification of these annual factors is beyond
the scope of the present project, we believe it is useful to note that this
factor includes allowances for cost of money, depreciation, return to
investors, debt retirement, insurance, income and other taxes (Ref. 21). The
factor varies with equipment type, regional site and service life of the
equipment. Therefore any change in DAWT ownership conditions that affects the
site location, service life, and acccounting or tax provisions will change the
annual factor and the cost of energy over the lifetime of the unit. Federal
or local government incentives through reduced taxes, co-insurance, low-cost
loans, or equipment cost rapid write-offs would have an immediate and large
influence, far beyond minor technological improvements or finely tuned site
selection, in reducing the DAWT cost of energy to competitiveness with current
conventional baseload energy generation. At the values of annual charge
factor assumed in Table 4-1, the DAWT generates electrical energy that is cost
competitive with current diesel and gas turbine powered generators and
secondary fossil fuel power plants in which pollution abatement equipment cost
is included (Ref. 20).

4.3 OPERATIONS AND MAINTENANCE

Estimates of the annual allowance for operations and maintenance of the 100
unit DAWT array over a 30-year lifetime are given in Table 4-2. These 0 & M
estimates add about $0.001 - $0.003 per kW h to the COE given in Table 4-1 for
the 150 kW - 60 kW units, respectively. Because of the much lower energy
output level of the smaller machines, 30 kW or below, the O&M cost
contribution to the busbar cost is between 2 - 6 mills per kW h. For these
small machines, however, the likely end-user is the individual farmer,
consumer or small agricultural processing industry. In this case the
operations cost can be considered negligible because it would be performed by
the owner-user. This situation would lower the O&M costs to between 1 - 3
mills per kW h, and may become negligible if the owner-user performs the
maintenance in contrast to a contracted service from a regional maintenance
organization.

4.4 SALVAGE VALUE

Finally, the element of salvage value of the DAWT at the end of its 30-year
design lifetime must be considered. At present (1979), scrap aluminum is
purchased at a price of $0.30 per pound by Reynolds Aluminum (Ref. 21);
projections of what aluminum producers might be willing to pay for scrap in
30- years are speculative, but could be as high as $1.00jlb in 1979 dollar
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Table 4-2. OPERATIONS AND MAINTENANCE COST ESTIMATES*

Regular maintenance of the DAWT entails only an annual change of transmission
lubricant and the lubrication of the journal bearing.

Case 1. For 60 - 150 kW Units

Estimated Annual Maintenance = 2 days x 8 h = 16 h

1979 Hourly Labor Cost @ $15/h

Levelizing factor to account for escalation
of labor rates over 30 year lifetime of unit

"Leve l t zed" Labor Cost per Year

Estimated Annual Operations Cost per Unit
of 100 Unit Array (Averaged over 30 years)

Total °&M

a) COE for 150 kW Rated Unit

$240/yr

x 2

$480/yr

= $150/yr

$630/yr

Annual Total O&M Cost
Average Annual Energy

$630
500,000 kW/h = $.0013/kW h

b) COE for 100 kW Rated Unit

Annual Total O&M Cost $630
Average Annual Energy 400,000 kW/h

c) COE for 60 kW Rated Unit

Annual Total O&M Cost $630
=Average Annual Energy 200,000 kW/h

Case 2. For 10 - 30 kW Units

Estimated Annual Maintenance - 1 Day x 4 h

1979 Hourly Labor Cost @ $15/h

$.0016/kW h

$.0032/kW h

4 h

$ 60/yr

*These 0 and Mestimates are consistent with the basic turbine design used
in this investigation and were described in DoE Report RFP-3007 (Vall),
Table V, page 9, March 1980. They are not to be considered as representative
of other designs and general conventional wind turbine experience.
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Table 4-2. OPERATIONS AND MAINTENANCE COST ESTIMATES (continued)

Case 2. (continued)

Levelizer Factor over 30 year
lifetime of unit x 2

"Levelized" Labor Cost

Estimated Annual Operations Cost per Unit
(Averaged over 30 years)

Total 0 & M

d) COE for 30 kW Rated Unit

;:: $120jyr

;:: $ 80jyr

;:: $200jyr

Annual Total O&M Cost
Average Annual Energy

e) COE for 10 kW Rated Unit

Annual Total O&M Cost
Average Annual Energy

;::
$200

120,000 kWjh

$200
35,000 kWjh

70
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equivalents.* For the FRP/aluminum DAWT design approach recommended here,
the scrap aluminum at a recycle net value of $0.30 to $1.00/lb in 1979 dollars
would have a range of salvage worths, for the three DAWT sizes, of
approximately:

DAWT Rotor Diam., m(ft) 2.7 (9) 6.8 (22.5) 11. (36)

DAWT Aluminum Salvage Value (1979 $)

@ $O.30/lb resale price

@$1.00/lb resale price

270

900

2070

6900

6,360

21,200

The effect of salvage value is to reduce the net capital cost outlay
depreciated over the 30-year lifetime of the unit. As a simplification, we
treat salvage value as untaxed negative (or reduced) capital expenditure in
the COE equation, then the effect is to reduce the energy cost of the unit.
Table 4-3 presents the approximate average reduction in CDE for the utility
and the REA cooperative or farmer, applying the appropriate ACFs of 18% and
10%, respectively, and the two possible bounds for scrap aluminum prices.

4.5 BUSBAR COST OF ENERGY

The calculation of net COE with consideration of basic installation cost, O&M
costs, and projected salvage value is given by Table 4-4. The utility user is
the most likely to employ the 60 to 150 kW DAWT units in arrays, with net
busbar costs between about $0.03 - $O.06/kW h, for limited DAWT production.
The REA Cooperative is the likely user for arrays of 60 - 150 kW units with
net busbar costs between about $0.015 and $0.035/kW h, for limited DAWT
production. The individual farmer or consumer is the likely market for the 11
kW rated unit and in individual units produced from limited production lots
the net busbar cost of electricity is estimated between $0.04 and $0.06/kW h.
In view of the degree of uncertainty connected with O&M as well as salvage
amounts, one can approximately consider these items as offsetting each other.

*Recycled aluminum currently provides a 95% saving in energy needs over the
conventional processing of ore to virgin aluminum. The aluminum industry has
turned increasingly to recycling since 1973 in the face of greater
consumption growth than in increased smeltering capacity. The pacing factor
contributing to low smeltering growth has been the available supply of US
electrical energy. With continuing restrictions presented by US energy costs
and availability, it is likely that recycling will expand and that the price
scrap aluminum will command will exceed by a considerable margin the normal
long term inflationary rate of the general economy. However, advances in
smeltering technology or pressures on a mature metals market (e.g., material
substitution) may cap aluminum pricing in 20 to 40 years and affect the
future need and affordable price paid for scrap by the industry. If scrap
aluminum appreciates in value in excess of the long term inflation rate at a
compound rate of just 2 to 4%, then at the end of 30 years its present value
would appear to be $0.54 to $0.97/lb, respectively, in 1979 dollars.
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Table 4-3. REDUCTION OF COE FROM SCRAP ALUMINUM SALVAGE RECOVERY
(AFTER 30 YEARS)

DAWT ROTOR DIA, m, (ft) 2.7 (9) 6.8 (22.5) 11.0 (36)
Assumed Avg. Annual
Energy, kW h 35,000 200,000 500,000

REDUCTION IN COE, $/kW h (1979 $)

Utility end-user

@$0.30/lb resale price 0.0014 0.0019 0.0023
@ $1.00/lb resale price 0.0046 0.0062 0.0076

Farmer end-user

@ $0.30/lb resale price 0.0008 0.0010 0.0013
@ $1.00/lb resale price 0.0026 0.0035 0.0040

In Table 4-4, we have assumed 100% availability of the DAWT. For lesser
availability because of machine or natural causes, the COE cited above will
increase directly. Thus, for 95% availability the REA cooperative would have
busbar COE of ($0.015 - 0.035)/0.095, or $0.0158-0.0368/kW h. Arrays of
DAWT's are likely to have higher availabilities than single, stand-alone,
units, partly because of superior logistical support.

4.6 COMPARISON TO DoE GOALS

To provide a basis for evaluation, the data of Table 4-4 is plotted in Fig.
4-1 and 4-2 against the band of Department of Energy (DoE) goals established
in 1978 (Ref. 8). The band for site annual average wind speeds between 12 and
16 mph is presented as a continuous plot against output rating although the
DoE Goals were for discrete 8, 40 and 200 kW sized units. Limited production
cost goals are used although in DoE terminology this refers to production runs
of 1000·s of units and the DAWT estimates are only for lot sizes of 100's.
The 200 kW sized unit costs (Ref. 8) are for the third generation, Mod-X,
paper design proposed by NASA in January 1979. DoE goals for this rating of
unit are not differentiated by user; therefore in Fig. 4-2 we have projected
the COE goal for farmer applications by use of the same ratio of
farmer-to-commercial costs employed for the 8 to 40 kW ratings.

It is clear from Fig. 4-1 and 4-2 that the estimated DAWT busbar cost of
energy in 1979 dollars is lower than the commercial and farmer application
goals set in 1978, at all ratings between 40 and 200 kW and for all average
wind sites. The differential between goal and estimate could represent the
margin available for different pricing strategies by a manufacturer to support
future product improvement, warranty and service provisions, or marketing
concessions as well as the ± 10% accuracy associated with the present cost
estimates. In the 20 - 40 kW, for the rating range, commercial user the DAWT
estimated CaE is 5 - 18% lower than the DoE goal, without further accounting
for the inflationary effect on the value of the dollar between the 1978 and
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Table 4-4. SUMMARY

NET COE FOR THREE DAWT RATED OUTPUT UNITS IN LIMITED PRODUCTION LOTS

DAWT Rotor Diam, m (ft) 2.7 (9) 6.8 (22.5) 11. (36)

Utility, Industrial, Commercial End-User

Rated Output, kW 11 60 150

Basic Installation 0.068-0.112 0.045-0.067 0.036-0.058
+ 0 &M 0.0057 0.0032 0.0013

Total COE, $/kW h 0.074-0.118 0.048-0.070 0.037-0.059

- Avg. Salvage Value
@$0.30/lb 0.0014 0.0019 0.0023
@ $1.00/1b 0.0046 0.0062 0.0076

Net COE, $/kW h
@$0.30/lb resale 0.073-0.117 0.046-0.068 0.035-0.057
@ $1.00/lb resale 0.069-0.113 0.042-0.064 0.029-0.051

Farmer, Consumer, REA Cooperative End-User

Rated Output, kW 11 60 150

Basic Installation 0.038-0.062 0.025-0.037 0.020-0.032
+ a &M 0.0057 0.0032 0.0013

Total COE, $/kW h 0.044-0.068 0.028-0.040 0.021-0.033

- Avg. Salvage Value
@$O.30/1b 0.0008 0.0010 0.0013
@ $1.00/lb 0.0026 0.0035 0.0040

Net COE, $/kW h
@ $0.30/1b resale 0.043-0.067 0.027-0.039 0.020-0.032
@#1.00/1b resale 0.041-0.065 0.025-0.037 0.017-0.029
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1979 referenced years.* At higher power ratings (e.g., -150 kW) the DAWT
estimate is one-half the DoE goal for the commercial user.

For the farmer end user, the 1979 DAWT estimate (on average) is about equal to
the DoE goal for the high site speed (V = 16 mph) situation, and about 6
to 14% lower at the low site speed (V = 12 mph) application. At this
time, there appears to be a potential for broader market penetration, once
this market is stimulated, by the DAWT than by improved conventional wind
energy machines.

*In this regard, the US dollar lost 10% of its buying power in this one year
interval. However, according to the US Bureau of Labor Statistics, the
average cost of energy in the US had increased by 15%. Thus, the energy cost
goals would be expected to increase at a faster rate than the overall
economic climate.
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SECTION 5.0

SUMMARY AND RECOMMENDATIONS

5.1 SUMMARY

In this report we have provided technical direction and a preliminary
assessment for the DAWT approach to wind energy conversion in unit outputs up
to 150 kW. The results rather convincingly demonstrate the economic viability
of the DAWT measured, for example, against the COE goals established by the
Department of Energy in 1978. These conclusions require no more than existing
design and manufacturing technology. Further economic benefits, leading to
even better prospects, are likely with: .

• Future refinements in product design and production approaches

• Economies of larger quantity production

• Special tax incentive situations, and

• Continuing cost escalation of non-renewable energy sources.

Some of these factors require detailed and individualized financial analyses
beyond the current scope of investigation. Other factors can follow from
actions taken by Government policy makers and planners as well as
industrialists with their appreciation that the DAWT innovative concept is
ready to emerge from the research phase to become a practical and commercial
product.

The reason for these unabashed conclusions stems from the investigations of
DAWT point designs with rotor diameters between 2.7 and 11 m (9 and 36 ft) and
in three engineering materials. From design, manufacturing, and cost
considerations, the preferred diffuser configuration is of hybrid construction
with FRP panels supported by an aluminum frame. The most desirable diffuser
shape is the three element, tangential wall slots design originated by Grumman
Research.

The diffuser half-angle is 45° and features an exit IIdumpll flange which
creates an inlet to exit plane area ratio of 2.75 in an overall axial length
of about 25% of the inlet radius dimension. All factory-made diffuser
components have been sized to conform to standard shipping dimensions and
weights. The turbine employs Grumman Windstream 33 rotor technology, which is
an extruded aluminum, constant chord, untwisted blade approach; active blade
pitch control; and an AC induction generator.

We have generated realistic preliminary estimates of production costs (within
about 10% accuracy) because experienced cost estimators analyzed the
engineering drawings of the point designs, and current (1979) published
regional standard labor rate indices of the construction industry were used.

Limited production runs (i.e., 100 to 500 units per year) of factory built
subassemblies, and subsequent, on-site, final assembly and erection within 300
- 400 km (185 - 250 miles) of regional production centers is the assumed
manufacturing scenario. For commercial end users of 60 to 150 kW rated
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DAWTs, we estimate busbar COE between approximately $0.065 - $0.035/kw h,
respectively, dependent on production lot size and local annual average wind
speed. These costs in 1979 dollars include provisions for operations and
maintenance on an annualized basis over a 30-year lifetime. Because of
different financial treatment and objectives of investment, the COE for
farmers, homeowners, and REA Cooperatives is estimated at between $0.035 
$0.020/kW h for the same rated units and site conditions.

At the 5 - 15 kW unit rating size end of DAWT systems the COE for farmers is
estimated at $0.045 - $0.065/kW h, and for commercial end users at $0.070 
$0.115/kW h. No tax credit incentives have been considered in this COE
determination; the salvage value of the aluminum components of the DAWT has
been estimated and included in a manner to approximate conventional cost
accounting practices affecting depreciation of capital investment.

Without considering special pricing strategies, we project possible selling
prices (1979 dollars) for fully installed DAWTs as ranging from $141,000 for
very limited production of 150 kW units to $18,000 for 11 kW rated DAWTs.
Assuming the high side of an estimated 10% accuracy, the capital cost will
vary from about $1.00/W for the 150 kW rated unit to $1.80/W for the 11 kW
system. On an above-ground weight basis, the 60 - 150 kW DAWTs average about
$2.50/lb for limited production which is comparable to mature production
standard automobiles. The smallest sized, 11 kW, DAWT unit analyzed costs
about $7.00/lb which is comparable to that of luxury/sports automobiles.

The trend of installed selling price of the DAWT per rated power varies
approximately inversely as the square root of rotor diameter for the 2.7 to 11
m (9 to 36 ft) rotor diameter range. The two major DAWT components, the
rotor-generator subassembly and the diffuser structure, comprise approximately
34 and 48%, respectively, of the entire installed system cost for the 2.7 m (9
ft) diameter rotor, 11 kW rated DAWT system. These relative amounts change to
about 13% and 64%, respectively, for the largest, 11 m (36 ft) diameter rotor,
150 kW rated, DAWT system considered.

5.2 ATMOSPHERIC TESTING MODEL

Wind tunnel research (Ref. 6, 7) has been an essential first step to demon
strate feasibility and quantify the fluid dynamics effect of the DAWT concept.
However, this controlled flow laboratory environment is not intended to
duplicate the environmental rigors and random variations of the natural wind.
Because the end goal of the DAWT project ultimately is to introduce widespread
DAWT utilization, it seems prudent to conduct atmospheric testing to verify
the total system integrity and, thus, assure product acceptance in the market
place.

Atmospheric testing involves the structural as well as fluid-mechanical
elements of the DAWT. Therefore, this final proof-of-concept model should be
essentially a physical duplicate of the end item (i.e., a prototype).

We recognize the many DAWT size variations possible and justifiable on
different grounds. On the basis of minimum cost to accomplish proof-of
concept testing we propose a DAWT with the minimum practical rotor diameter of
2.7 m (9 ft) (i.e., DAWT 9) in accordance with design features shown by Fig.
3-8 and 3-10.
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This one-off production prototype is anticipated to be more costly to
fabricate than the first of a regular production lot because the tooling will
be more improvised to save production engineering costs but the full costs of
jigs and fixtures will have to be absorbed by a single unit. In addition,
there will be the usual high relative cost of a one-of-a kind item because of
lack of prior experience.

The estimate for the DAWT 9 is presented in Table 5-1 in terms of labor hours
and purchased parts or materials in the absence of an existing regional
production center and uncertainty about the installation site location. This
estimate assumes that all required engineering and drawings have been
completed in a prior phase, and that the engineering liaison is sufficient in
the ratio of 1:25 to production hours.

Assuming fabrication in three metropolitan areas, Denver, Houston, and New
York, with standard metal trades costs of labor in 1979 (Ref. 11), the
possible billing cost for making a proof-of-concept DAWT 9 can range between
$335,500 (Houston) and $415,000 (New York), excluding engineering liaison and
shipping as shown by Table 5-2 for the baseline, 30° half-angle diffuser
configuration. Over 70% of this cost (or between $250,000 and $300,000) is
estimated to be associated with the tooling, jigs and fixtures for this
proof-of-concept model. A substantial savings of about $100,000 is
anticipated by planning to use a dump diffuser design with 45° half-angle
instead of the 30° baseline configuration.

It is expected that the DAWT 9 would be subjected to atmospheric testing for
at least two years during which time essentially all aspects of DAWT operation
and performance could be characterized. No cost estimate is presented for
this testing phase because of the different possibilities of its sponsorship
and administration.

5.3 RECOMMENDATIONS

From the conclusions of this investigation we believe there is strong
justification to proceed to:

1. Detail design of a hybrid (FRP panel-aluminum frame) version of the
DAWT 9* with dump flange, 45° half-angle, 2.75 area ratio diffuser
features.

2. Obtain multiple bids for the cost of manufacturing this hybrid
version of a DAWT 9 model.

Upon completion of a wind tunnel investigation verifying the Performance
expectations of a dump diffuser 45° half-angle version of the currently
available DAWT model with 18 in. turbine diameter (DAWT 1.5):

3. Proceed to construction of a proof-of-concept DAWT 9 for atmospheric
testing at Rocky Flats or equivalent facilities.

*That is, a DAWT with a 2.7 m (9 ft) diameter turbine.
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4. Plan for two or more years of atmospheric testing of the DAWT 9.
Prepare the test site foundation and support facilities including
instrumentation for this protracted investigation.

In anticipation of further economic investigations of the DAWT concept
directed toward large power rating systems:

5. Investigate the design problems and prospects for economical
fabrication of DAWT diffusers constructed of architectural fabrics.

6. Investigate the material strength properties and design problems of a
prestressed concrete/ferrocement version of a large size DAWT
diffuser for use with a rotor of 50 ft, or greater, diameter.
Conduct material testing in research laboratories to supply needed
data.
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Table 5-1. ESTIMATE* OF PRODUCTION LABOR AND PURCHASED PARTS FOR ONE
DAWT 9 PROOF-OF-CONCEPT SYSTEM FOR ATMOSPHERIC TESTING

(Baseline, 30° half-angle, 2.75 Area Ratio Diffuser Configuration)

Component

1. Aluminum Frame

Tooling
Direct Fabrication

Labor Hours

9700
1200

Purchased Parts or
Mtls. (1979 $)

$5,000
9,000

Included in item 1

2. A1umi num Pedesta 1
(including yaw bearing)

Tooling
Direct Fabrication

1720
220 II II II

3. FRP Diffuser Panels (Purchased parts)
Tooling (mold) $14,000
Panels (1/8 in. thick) 4,500

4. Rotar Assembly
Direct Fabrication 1700 $18,000

5. Foundation (SUbcontracted)
Direct Fabrication 4,000
(Includes site preparation)

6. Li ai son Engineering 580

Totals: 14540 m-hrs , shop
580 m-hrs, eng'g $54,500

*Excludes instrumentation, electrical hook-up, travel and shipping costs to
field site, special equipment rental, and spare parts.

Table 5-2. ESTIMATE OF BILLING COST** (1979 $) OF FABRICATION FOR ONE DAWT 9
(Baseline, 30° half-angle, 2.75 Area Ratio Diffuser Configuration)

Metropolitan Area
Denver Houston New York

Avg. Hourly Billing Rate
for Metal Workers $19.60 $19.30 $24.40

Total hours (from Table 19) 14,540 14,540 14,540
Total Labor Cost $285,000 $280,600 $355,000

Materials &Purchased Parts
(from Table 19) $54,500 54,500 54,500

Total Billing Cost $339,500 335,100 414,500

**Excludes shipping, engineering liaison, productivity variations, etc.
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1.0 SUMMARY &CONCLUSIONS

A study has been completed into the feasibility of employing ferro-cement

as a material for constructing diffuser shells of proposed wind

turbines.

The study was conducted by David J. Seymour, Ltd., Naval Architects &

Marine Consultants of San Francisco, CA., for Grumman Aerospace Corp. of

Bethpage, N.Y., developer of the diffuser system.

A diffuser is an augmentation device which increases the efficiency of a

wind turbine, and consists of thin shell shrouds down wind from the rotor.

The exit diameters of these shrouds may vary from 15 (for 9 ft. rotor dia.)

to 60 feet (for 36 ft. rotor dia.) with lengths of 5 to 20 feet. A key

to the overall effectiveness of the diffuser concept is to select a

material that not only meets the structural requirement of the system but

lends itself to minimum costs through volume production.

Results of the study indicate that ferro-cement is a suitable material for

wind turbine diffusers. Utilizing current "state of the art" for

ferro-cement design and construction this material meets diffuser

requirements for structural design, thin shell configuration, surface

smoothness, resistance to corrosion and adaptability to volume production

through re-usable molds. In addition cost estimates made for the study

clearly indicate an appreciable economical advantage relative to steel and

other materials.

Based on experience with ferro-cement boats the cost for diffuser

construction in ferro-cement should be approximately 25% that of steel.

Preliminary structural analysis in the study established a maximum diffuser

exit dia. of about 40 feet as the limit for employing ferro-cement design
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•
and construction techniques. For diameters above 40 feet the need for

incorporating a prestress system in combination with ferrocement ;s

suggested.

The following recommendations for further study and analysis beyond the

scope of this effort are considered necessary to validate the findings

of this study including the concept of combined prestress and ferro-cement.

i) Establish Maximum Diameter for Ferro-cement Diffuser.

ii) Investigate combination prestress/ferro-cement system for large

diameter diffusers.

iii) Construct Prototype ferro-cement model for test and evaluation.
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2.0 INTRODUCTION

This study presents the results of an investigation into the feasibility

of utilizing ferro-cement material and construction methods for the

diffuser shells of proposed wind turbines.

The study was conducted under contract with Grumman Aerospace Corporation.

P.O. No. 14-74176, dated June 14, 1979, by David J. Seymour, Ltd., Naval

Architects and Marine Consultants. The study team was led by Mr. Seymour,

Chairman of the Society of Naval Architects and Marine Engineers· Hull

Structure Committee Panel HS-11 on "Ferro-cement and Marine Concrete

Structures". Also on the team was Mr. Conroy Betts, an experienced

professional builder of ferro-cement marine craft.

The investigation included five main categories:

i) Review of the II st at e of the artllof Ferro-cement.

ii) Evaluation of Application of Ferro-cement for Wind Turbine Diffusers.

iii) Preliminary Designs in Ferro-cement for Two Typcia1 Baseline Diffusers.

iv) Production Technique Considerations.

v) Cost Analysis.

A-6



3.0 FERRO-CEMENT - CHARACTERISTICS &STATE OF THE ART

Although ferro-cement is as old as reinforced concrete its employment as

a construction material has been somewhat limited. It has received some

attention in the last few decades particularly for the building of small

boats. The following text summarizes ferro-cement1s history, description

and current applications.

3.1 HISTORY

The first known application of ferro-cement was for small marine craft and was

developed by Lambot of France in· 1855. Li ttl e advance in the art ~~":J

made until the early 1940 f s , when the Italian e~gineer Pier Luigi Nervi

concentrated his efforts on relatively large sail and power vessels, as

well as some architectural structures employing the principle of thin

shell ferro-cement construction.

From 1940 to 1960 most ferro-cement construction development has been on

a scale of either small commercial or ll amat eur Jl (backyard) efforts concen

trated in Canada, New Zealand and the United States.

Within the last decade considerable basic research on the engineering

properties and application of the use of ferro-cement has been undertaken in

Canada, the United States, United Kingdom, Australia and New Zealand. The

U.S. Navy and Canadian government have sponsored several research efforts.

Also, limited commercial work in the United Kingdom and New Zealand has

contributed towards determining the engineering properties of this material

and its practical use as the structural engineering material. See Ref. 1 &2.
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3.2 USES OF FERRO-CEMENT

The majority of ferro-cement development and construction has been directed

toward marine craft hulls because the material is well adaptable for

molding into any shape in a monolithic unit.

Its relative high rigidity, compressive and flexural strength, resistance

to cracking, non-corrosiveness and resistance to fire contribute to a

desirable boat-building material. Not least in this regard are its low

relative costs to other materials employed in small craft.

Ferro-cement marine craft built have included sail and power vessels for

pleasure, commercial fishing or cargo transport mostly ranging in size

from 30 to 60 feet in length. Some barges were constructed in Canada

having a length of 180 feet although these employed some pre-stressed

concrete features in combination with ferro-cement. The Peoples Republic of

China is building sampan type barges of ferro-cement.

Pier Nervi has pioneered the use of ferro-cement for building and civil

engineering structures such as walls for small buildings and precast

units for wide span roofs.

The Indian government has developed low cost ferro-cement silos for

storage of grain.

There are definite advantages to ferro-cement in certain types of uses.

It is a material that can be engineered to a high degree of precision,

however it requires labor ranging from unskilled to semi-skilled utilizing

relatively inexpensive materials.

Continuing research should expose a wider range of applications for ferro-cement

in many types of land and marine structures.
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3.3 GENERAL PROPERTIES

Ferro-cement consists of a thin shell of Portland cement mortar which is

heavily reinforced with steel in the form of rods and wire mesh. Typical

shell thicknesses are from 3/8 inch to l~ inches with steel rods varying

from 1/8 inch dia. to 5/16 inch dia. and the steel wire mesh averaging about

19 guage welded (.042 11
) on about ~ inch centers longitudinally and transversely.

For very thin shell construction rods are ommitted and hexagonal (chicken

wire) is used.

Figure 1 shows the conmon types of ferro-cement "l ay up" or steel reinforcing.

The rods provide the structural shape while the combination of mesh and

rods add to the strength of the material. Mortar, usually consisting of

Portland cement, sand, pozzalin and additives impregnates the mesh and

rod volume with about 1/8 inch cover layer.

Ferro-cement demonstrates a synergistic effect during strain and cracking.

This is because of the even distribution of steel reinforcing which tends

to i~hibit cracks from forming in the mortar to a greater extent than in

plain mortar or regular reinforced concrete.

The major parameter in analyzing ferro-cement strength (strains and

cracking) is the surface area of the steel reinforcement which is rather

high relative to its total volume. This is the principal characteristic

that differentiates ferro-cement from reinforced concrete.
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Recent research has been done in steel fiber reinforced concrete which is closely

related to ferro-cement. It consists of Portland cement mortar reinforced

with short (one inch), small diameter wires (.02 inches) evenly mixed and

dispersed throughout the concrete. Low cost and adaptability for use with

existing reinforced concrete equipment has been its main advantages. However,

bond failure and wire pullout have limited its use to concrete highways

and airport runway slabs ranging from 4 to 6 inches. It is not recommended

for diffuser shells.

The only building codes or standardized design and construction procedures

have been those in the marine classifications societies, such as Lloyd's

Register of Shipping, the American Bureau of Shipping and No~seke Veritas,

the latter being the most complete.

3.4 STRENGTH PROPERTIES

a. Compressive Strength of ferro-cement is related directly to the

compressive strength of the mortar which for 28 day cure averages

6000 to 10,000 psi. Per Ref. 4 inclusion of steel reinforcement

has minimal effect on ultimate mortar compressive strength.

b. Tensile Strength differs from ordinary reinforced concrete in that

there are two significant points in its tensile behavior on the

stress vs. strain curve. Ferro-cement undergoes elastic elongation

prior to first point of cracking, after which the behavior is

quasi-elastic with a reduced modulus. See Fig. 2. taken from Ref. 5.

~ The formation of a tensile crack (visible) is the accumulation of

micro-cracks which are typical tn cementatious materials. In ferro-cement
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howeve~ the reinforcement tends to restrict propagation of microcracks·

in the vicinity of steel reinforcement. The behavior of ferro-cement

in tension is shown in Fig. 3 which is the result of work by Walkus and

Kowalski of Ref. 6.

It has been established (Ref. 5 and 6) that the first crack strength in

tension is relat~d to volume percentage of reinforcement and surface

area of reinforcement, referred to as "specific surface of reinforcement"

which ;s defined as the surface area of the reinforcement (in direction

of load) divided by the total volume of ferro-cement. Fig. 4 shows the

relationship of specific surface to tensile stress at f i rs t. c.~~c.\< .

c. Flexural Strength of ferro-cement in bending exhibits unique properties

similar to those in tension. Within the elastic limit (i.e. up to stress

at first crack) the relationship of flexural strength to specific

surface of reinforcement is significant while at ultimate flexural strength

its capacity is related to that of the reinforcement. Typical

load-deflection curves are shown in Fig. 5, taken from Ref. 7.

'rhe norma 1, form of express i ng f1 exura1 strength is "Modul us of Rupture",

which is defined as load at bending of standard specimen (1 m x O.25m)

divided by section modulus (of total cross section). Stresses of 6000

to 9000 psi for modulus of rupture are normal.

d. Shear Strength

Available data indicates that shear strength ;s dependent on volume

of reinforcement for shear loading normal to plane of material.

See Fig 6. Ref. 8.
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Although design shear stress will be relatively low, flexural or tensile

stresses are generally more critical for thin-shell structures.

e. Modulus of Elasticity

Research in modulus of elasticity of ferro-cement shows a relationship

. between increased vo1ume of percentage of rei nforcement in the di recti on

of loading and increased modulus. A definite decrease in modulus after

formation of first crack has been noted in all tests. Results of tests

in Ref. 7 indicate values of 1 x 106 psi to 4 x 106 psi for ferro~cement.

f. Fatigue Resistance

Limited research shows that fatigue cracks occurred on loaded specimens

after 2,000,000 cycles. For highly loaded ferro-cement structures

with various loading ranges additional research in fatigue behavior ;s

reconmended.

g. Impact Resistance

The behavior of ferro-cement under impact loading is typified by high

ductility and energy absorption in the plastic range, excellent

localization of damage and easy repair of damaged sections.
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Experiments in Ref. 3 indicate that, by the application of a fiberglass

layer with epoxy to the outer sides of a ferro-cement shell in lieu of

a cover layer of morar, the impact strength is inceased by as much as 100%.

(Cost data on small boats indicate a cost of about $4.00 per square foot

for application of fibreglass layer.)

3.5 PERFORMANCE CHARACTERISTICS

a. Surface Characteristics of ferro-cement construction are similar to those

of reinforced concrete or precast concrete construction. Surface

control can be achieved to the desirable level or degree of accuracy

such as with precision molds, finishing techniques, mortar additives

and surface coating for smoothness and durability.

Surface durability depends on the quality of the mortar, finishing and

curing all of which are within the scope of normal concrete technology.

Epoxy coatings and marine paints have been used on ferro-cement boat

hulls for added corrosion protection and surface durability although

such methods add appreciably to costs.

Although no data on high velocity air flow on ferro-cement is available

considerable research on hydraulic abrasion and cavitation has been

accomplished in Portland Cement Association studies. See Ref. 9. No

problems should exist for air flow however studies should be conducted

to confirm this.

b. Corrosion Resistance

Deterioration of reinforced concrete and ferro-cement in corrosive

environments result from chemical attack on the concrete or mortar

and corrosion of steel reinforcement. Chemical attack on concrete such

as sulfate reactions permits liquids to enter, as do cracks

in mortar, to corrode the steel reinforcement.
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Protection against corrosion can be provided by

i) Increase impermeability of mortar

ii) Application of impermeable coatings

iii) Galvanizing of steel reinforcement

iv) Design stress levels to minimize crack· widths.

Increased impermeability of mortar has been developed through experimentation

using acrylic latex additives. Impermeable protective coatings used in

marine ferro-cement construction are normally resin-based coa tings such .as

polyester, urethane, and epoxy.

c. Freeze-Thaw Characteristics

Studies of Ref 2 and 10 including tests per ASTM C 291-67 (Method of

Test for Resistance of Concrete Specimens to Rapid Freezing in Air and

Thawing in Water) indicated ferro-cement to have improved freeze-thaw

characteristics by increased amount of steel reinforcement. Additional

tests are recommended for resistance to freeze-thaw characteristics for

diffuser application.

d. Vibration Characteristics

Although no tests have been conducted specifically for vibration and

damping it ;s well known from experience in small boats with combustion

engines that ferro-cement has excellent damping characteristics when

compared to steel.

e. Fire Resistance

Ferro-cement has high fire resistance due to the incombustible nature

of cement mortar which insulates the steel reinforcement. Fire tests

at 1700Q F for l~ hours had no effect on the material per Ref. 11.
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f. Wei ght

Unit weight figures (about 13 lbs/ft. 2 for 1 inch lay-up with rods)

are roughly 10 to 20% higher than comparable steel structure (plating

and s ti ffeners) .

g. Maintenance and Repairability

The low maintenance cost of ferro-cement structures when compared to most

metals is due primarily to the corrosion resistant qualities o~

cementatious materials. A marine problem (not to be considered for

diffusers) has been to protect ferro-cement from chemical (sulfate)

attack. Good bonding of coating is mandatory. However, even with

coating failure well made, applied and cured mortar will resist this

attack .

The low impact resistance of ferro-cement relative to figerglass and

most metals is compensated by its ease to repair. Considerable experience

has been gained with small craft suffering severe impact damage which

was repaired within a few hours at nominal cost.

Tests of repaired panels were conducted per Ref. 2 and found to be 70

to 80 percent of their original strength. Repair materials consist of

Portland cement mortar, epoxy grout and commercial patching mixtures.

Repair procedures include removing damaged or spalled mortar, straightening

or replacing deformed reinforcement, treating broken surfaces with an

etching or bonding agert and application of new mortar.

h. Dimensional Stability

The major factors affecting structural dimensions and tolerances are

drying shrinkage and creep. Experience on small boat shells has been

of the order of ~ of one percent.

Drying shrinkage during curing can be minimized by proper mortar mix

specifications or if cast then compensating by casting segments oversize.

No data is available on the extent of dimension change with ambient temp

erature changes and tests on the ferro-cement diffuser prototype are

suggested to determine such.



Creep character; sti C' s tudi es of ferro-cement i ndicate tha t the creep

characteristics are those of the metal reinforcement and not those of

the compos i tee

Although not considered a problem area for diffuser element design some

research is suggested on creep characteristics of the specific

configuration of structures proposed.

3.6 CONSTRUCTION METHODS

The most common methods have been developed primarily for marine

construction which should be adaptable to fabrication of other types of

structures including diffusers for wind turbines.

Two principal ferro-cement construction techniques are currently in use,

namely the "open armature" or "open mesh lay-up" method and the "male

mold" method.

In the "open mesh lay-up", the structural shape is defined by a network of

steel reinforcing rods which ;s overlain with wire mesh. Mortar

application is from both sides and surface control is by hand troweling.

This method is labor intensive and achieving close dimensional tolerances

is extremely difficult.

The "male mold" method employs a precisely constructed reusable mold to

achieve the desired finished shape and surface and appears to be

especially compatible with the structural and economic requirements of

diffuser wind turbine construction.

Examples in the use of molds in large ferro-cement structure have been:

i) Large (180 ft) ferro-cement cargo barge by Ferrocon Industries

of Vancouver, B.C.

ii) Large 55 ft power sailboats by Fibersteel Corp. of West Sacramento, CA.

iii) Prefabricated Folded Plate Roof Elements built in Eastern Europe

as described in Ref. 6.
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4.0 FERRO-CEMENT APPLICATION TO DIFFUSER DESIGN

4.1 EVALUATION OF FERRO-CEMENT CHARACTERISTICS

A general review of ferro-cement characteristics in-the preceeding section

indicates that the material is generally suitable to meet the structural

requirements for wind turbine diffuser design and should be economically

competitive against other candidate materials.

4.2 DESIGN STRESS CRITERIA

A summary of ferro-cement design criteria for stress levels has been

established for use in preparing preliminary designs of a 9 ft. rotor dia.

HWM)

PROPOSED FERRO-CEMENT DESIGN STRESS LEVELS
(Based on 1" Mesh Lay-up 2 Layers ~" ~. Rod

4 Layers ~11 x ~11 x 19 gauge

and a 22.5 ft. rotor dia. model of diffusers, each having a 2.78 area ratio
(exit-to-in1et).

~

Uniaxial Compression
Uniaxial Tension
Flexural Compression
Flexural Tension
Shear

Criteria for Design
Against Cracking

O. 25 ~ ~
O.75 ~ t

0.45 f ~
. 0.75~,:

l.~

Design Stress
Based on No Cracking

2300 psi
1000 psi
4000 psi
1000 psi

100 psi

{' =
e

51; =

Ultimate mortar compression strength

Tensile stress to produce first crack

9000 psi

1400 psi

Included in establishing above stress levels the empirical and scientific

data of certain regulatory bodies has been incorporated, such as the

American Concrete Institute. In addition t due to the similarity of diffuser

shells with those of marine craft, the rules for marine ferro-cement

construction by American Bureau of Shipping t L10yds Register of Shipping

and Norske Veritas have been used for guidance.

A-22



It is considered that the current "state of the art" in ferro-cement can

easily meet above stress levels based on latest mortar mixes and additives

together with configuration, distribution and quality of the steel reinforcement.

4.3 PERFORMANCE CHARACTERISTICS

The use of ferro-cement for wind turbine diffusers should ~rovide the following

advantageous characteristics:

a) Load Capaci ty - the structura1 requi rements of ferro-cement can easi ly

meet the wind loads as well as the dead load for support of the

turbine unit.

b) Dimensional Tolerance - although not critical for wind turbine diffusers,

relatively close tolerances in both offset dimensions and deviation

from "true curve" can readily be met because of the use of precise molds.

c) Durability of Structure - due to high corrosion resistance qualities

of ferrocement it is ideally suited to resist the effects of exposure

to a wide range of environmental conditions that a wind turbine diffuser

would experience.

d) Diffuser Surface Characteristics - through the use of precise molds and

surface preparation with epoxy or similar coatings ferro-cement surfaces

should be the equivalent of metals like steel for smoothness of aerodynamic

surfaces.

e) Other Characteristics - such as vibration damping, fire resistance,

repairability, etc. though not considered as a primary design criteria

are nonetheless available as additional advantages.

4.4 COST EVALUATION

General cost data available for ferro-cement construction of small boats

and marine craft clearly establishes a lower cost level of the magnitude
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of 25 to 50 percent of that for steel construction. Such type construction

and costs of course are not directly comparable with subject wind turbine

diffusers. However, it appears certain that a definite economic advantage

over other materials will be available through the use of ferro-cement.

Cost estimates have been made for ferro-cement type construction, including

two diffuser models. See Section 7.0.
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5.0 DIFFUSER PRELIMINARY DESIGNS

Preliminary designs were developed for three baseline diffuser configurations

namely:

Configuration #1 - 9.0 ft Rotor Diameter

Configuration #2 - 22.5 ft Rotor Diameter

Configuration #3 - 36.0 ft Rotor Diameter

Basic lines and arrangements for diffuser shrouds, provided by Grumman

Aerospace Corp., were based on results of wind tunnel test data.

5.1 DESIGN CRITERIA

Wind Velocity:

Gust Factor:

Wind Direction:

Allowable Design Stress Levels:

Ice/Snow Loads:

Turbine Blade Passage Frequency:

Basic Lines:

Static Pressure Profiles:

120 MPH

1.21 <U.S. Dept. of Commerce)

Head-On and Lateral

(See Ferro-Cement Stress Levels

& Det Norske Veritas Rutles for

Ferro-Cement Vessels)

Not Included

12.5HZ

By Grumman See Figure 7

By Grumman See Figs. 8 and 9 in

main text

5.2 FERRO-CEMENT DESIGN CONFIG. #1 & #2 MODELS

Preliminary designs designated Config. #1 and #2 Models were prepared

employing ferro-cement type construction incorporating design criteria

furnished by Grumman shown in Fig. 7 and general arrangements as shown in

Fig. 8 and 9. Typical details of design are shown by Fig 13 in the main

text.
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5.3 CONCEPT DESIGN OF CONFIG. #3 MODEL

Review of the ba~eline dimensions and arrangements of Configuration #3

(36 Ft. dia. Rotor - 60 ft. dia~ exit Diffuser) indicates that it is·

beyond the feasible size for ferro-cement design and construction as

found in the current state of the ~t for such material.

The major reason is that the large spans of the exit diffuser shell will

result in excessive tensile stress levels well beyond the capability

of ferro-cement to avoid cracking.

To compensate for such high tensile stresses in large concrete structures

having similar long spans a prestress system (pre-tensioned or post-tensioned)

is provided. Such methods are a departure from the basic principles of

ferro-cement design philosophy which derives structural strength through

the rigidity of its thin shell panel.

Therefore the study team proposes for diffusers with large diameters a

system using a combination of prestressed concrete combined with ferro-cement.

A concept design was prepared and is shown in Fig. 10 using such a method

for Configuration #3.

Some work has been done in the use of combined prestressed concrete and

ferro-cement for large ocean going barges as described in Section 3.6

and Ref. 11.

Since such a method is beyond the scope of this study only a very brief

concept design is offerred at this time. From the writers' experience such

design and construction appears feasible from both structural design and

costs and warrants further research and development as discussed in

Section 8.
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5.3 CONCEPT DESIGN CONFI'- NO .. ~ (coY'\1:.~

a) Estimated Weight

OUTER DIFFUSER 55 x 8' x.21 ' @ 150#/~~J

INNER DIFFUSER 45 x 14' x .21 @ 150#

ROTOR SHROUD 36 x 3' x .25 @150#

LEGS

RIBS &MISC.

b) Pre-Stress'~Sys tem

=

=
=

TOTAL

(short ton)
S.T. (2000#)

21.8

31 .2

6.4

5.2

3.4

68.0 S.T.

A prestress system is proposed with tendon ducts imbedded into diffuser

sections which would be separately cast as in the smaller size ferro-cement

models.

T'C'P. e.f'O~¥

COL.D ~O't-JT

FIGURE J)

Pl2.E.~""'fC:..E.SS

WI r.z.e.cs. -
PD"5T- TEN~\O~e.0

TEt-.\DON ~~OiO~ POlto.J'TS

A.cter assembling and aligning cast segments together on site, "cold Joints"

would be made and grouted. Then wire tendons would be inserted in tendon

ducts, post tensioned at anchor points and grouted in place.
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c) R.O.M. Costs

Rough Order of Magnitude costs for Conf. No.3 single prototype

construction is estimated at $1.50/lb. giving a total cost of

$200,000.
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6.0 PRODUCTION TECHNIQUES

For configurations #1 and #2 of diffusers it is proposed to employ current

fabrication techniques for ferro-cement employing a mold system.

Fabrication details are shown in Fig. 19 in the main text.

6.1 MOLD METHOD

6.2

It is proposed to utilize molds for diffuser fabrication due to accuracy

of shape control, smooth surface finish and improved productivity for

volume production.

Ferro-cement molds would be used for volumes of up to 10 units. For over

10 units, steel molds are recommended.

Molds would be designed to be dismantable and reusable. They would be

sized in segments to meet highway, railroad or barge dimension and weight

restrictions to simplify transportation. Fig 20 in the main text shows

shipping particulars for mold and/or castings~

PRODUCTION SCHEMES

Dependent on volume of diffuser units and their final site location it is

proposed that production centers would be established in close proximity

of wind turbine sites. Optimum number and locations of centers would be

established in evaluating the total number and size of diffuser units

required, the number and location of wind turbine sites, and the trans

portation means available in the area.

Other factors in selection of production facilities and their location

would be availability of labor, existing suitable buildings, and sources

of raw materials.
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Large volume production would probably warrant setting up concrete batch

plants adjacent to facilities while small volume would rely on availability

of local concrete patch plants.

Also to improve productivity steam curing would be provided which permits

higher utilization of molds by reduced curing time. Time for steam curing

would be 2 days versus normal 28 day cure to full strength.
6.3 FACIlITY REQ~IREMENTS

It is suggested that production facilities be situated indoors in a large

enough building to accommodate the largest mold segment. Old warehouses,

existing barns or buildings would suit the purposes. Outdoor production

is not recommended due to production restrictions from weather and problems

with quality control for mortar placement and curing.

Fad 1it; es for diffuser product; on to be accommodated by such a buil di ng

would include:

i) Floor Area &Height Clearances to suit largest size diffuser
casting segment.

ii) Floor Strength to support diffuser segment weights.

iii) Portable Cranes

iv) Material Storage - Cement/Sand/Additives/reinforced steel

v) Fresh Water Supply

vi) Mortar Mix Equipment (not required if local plant provides mortar)
and Tools

vi'iJ El ectri c Power & Li ghti ng

viii) Ventilation System

ix) Steam Curing Equipment
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x) Worker1s Lockers &Restrooms

xi) Administrative Offices

xii} Cementatious Waste Material Disposal

xiii} Parking Facilities

6.4 ASSEMBLY PROCEDURES AT SITE

Cast ferro-cement diffuser segments would be assembled at site by suitable

truck cranes for positioning and securing segments onto wind turbine

foundations.
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7.0 COST ESTIMATES

a) General

Cost estimates based on ferro-cement type construction and current

price levels have been prepared for two diffuser model configurations.

Costs for construction and testing of a single prototype unit for each

model employing standard ferro-cement techniques have been estimated.

Next volume production cost estimates were made with final analysis

of size and shape effects on costs.

b} Labor Rates

A billing rate of $15.00 per hour which includes direct labor~ indirect,

G &A and profit was used in cost estimates. It is believed that this

rate reflects the average for semi to unskilled labor over the general

II wi ndyll areas of the U.S. to be employed in ferro-cement construction.

7.1 COSTS FOR TYPICAL FERRO-CEMENT CONSTRUCTION
(One Unit - custom fabricated method - no molds)

CONFIG.
ITEM No. 1

CONFIG.
No. 2

a) t<1aterial
Mortar @$70/yd
Rod 3/1611 ~ @ $.50/1b.
Mesh WWM @$0.40/ft. 2

Concrete @$40/yd.
Reban #4 @$.25/ft.
Rod -'4 11

.. @$.50/1b.
Wiggle Rod 3/1611 @$.50/1b.
Bo1ts~ Washers, Nuts
Flat Bar
Epoxy Coating

TOTAL MATERIAL
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42
105
480

8

28

17
16
26
28

100
850

$

231
1184
3040

48

75
80
32
40

360
400

5490



ITEM
CONFIG.

NO. 1
CONFIG.

NO. 2

b) Labor
Mesh Lay-Up 230 MH @$15 3450 22,500

1500 MH @ $15

Mortar & Cure 70 MH @$15 1050 7,500
SOD MH @$15

Epoxy Coat 400 ..- 2,000

TOTAL LABOR 4900 32,000

TOTAL MATERIAL & LABOR 5750 37,490 I
I

c) Un; t Cos ts

Based on estimated weights for typical ferro-cement construction.

WEIGHT

COST/LB.

d) Site Assembly Costs

Transport, Crane Rental, Labor
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CONFIG.
No. 1

5400 Lbs.

$1.06

CONFIG.
No.1.

$1000

CONFIG.
No. 2

37,600 lbs.

$1.00

CONFIG.
No. 2

$2000



e) Summary of Costs for Prototype Model

CONFIG. CONFIG.
No. 1 No. 2

Engineering &Development $10,000 $15,000

Materials &Labor 5,750 37,490

Site Assembly 1,000 2,000

Test &Evaluation 5,000 10,000

TOTAL $21,750 $64,490

7.2 COSTS FOR VOLUME PRODUCTION (100 UNITS) DIFFUSER MODELS

a) Mol d Costs

CONFIG. CONFIG.
No. 1 No. 2

Ferro-cement Mold @$1.25/1b. (4800 lbs) (36 ,000 1bs. )
$6,000 $45,000

Steel Molds @ $3.00/1b. (4000 1bs , ) (28,000 lbs.)
$12,000 $84,000

Since ferro-cement moras are limited to only 10 to 20 uses and unit cost

differential between ferro-cement and steel mods is not a significant factor,

steel molds only recommended.

Steel Mold Cost (Amortized over
Per Unit 100 production

units)
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No. 1

$120

CONFIG.
No. 2

$840



b} Summary of Costs for Production Unit (100 Uni ts )

CONFIG. CONFIG.
No. 1 No. 2

Cost
Production Unit

See Fig. 12
(80% of $5,750) $4,600
(80% of $37~490) $30,000

Steel Mold Costs 120 840

Site Assembly 1,000 2,000

Inspection &Test 500 1,000

TOTAL COST/UNIT $6,220 $33,840

7.3 COST SENSITIVITY TO DIFFUSER SIZE &SHAPE

a) Effect on Unit Costs

From experience in building ferro-cement marine craft hulls ranging

in length from 20 to 60 feet it has been found that variations in both

size and shape have little or no sensitivity to these parameters.

Therefore, unit costs ($/lb.) have no effect from these variables.

b) Parameter Affecting Cost

The principal parameter affecting costs of a given diffuser model

will be surface area which is related directly to weight and cost.

c) Sensitivity Model Study

To analyse the cost effect of varying surface area of various diffuser

configurations the sensitivity models shown in Fig. 12 were selected.

Results of the study are shown in Fig. 13 which indicates that increasing

the 1/2 angle slope of the Baseline Diffuser to 45 degrees (model A-2)

with the same inlet/exit area ratio is the most cost effective.
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7·4 VOLUME PRODUCTION EFFECT ON COSTS

Estimates on effect of costs by volume production have been made and

general curves, indicating the reductions, are given in Fig. 14.

Curves are based on the assumption that material costs (about 15% of

total) will appreciable drop for volumes of 100 units due to volume

purchasing, particularly of welded wire mesh. The labor costs (about

85% of total) reduce due to learning experience with molds, mesh lay-up

and mortaring up to a volume of 100 units.

FIGURE 14
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8.0 RECOMMENDATIONS FOR R&D

The results of subject study indicate the need for further study and

research which authors consider are beyond the scope of this study project,

namely:

i) Establish Maximum Diameter Ferro-cement Diffuser

ii) Prestress/Ferro-cement System for Large Diffusers

iii) Prototype Ferro-cement Model

8.1 ESTABLISH MAXIMUM DIAMETER FERRO-CEMENT DIFFUSER

As previously established in this study there is a maximum absolute size

(approx. that of Configuration #2 for 22.5 ft. diia. Rotor) beyond which the

ferro-cement system is not feasible. Further investigation appears

warranted to determine this peak limit more accurately since ferro-cement

cons tructi on is obviously much preferred over pres tress system both from

weight considerations and economy.

Detailed stress analysis and laboratory testing will be required to

establish this practical maximum size.

Estimated Cost for Analysis $8000

8.2 PRESTRESS - FERRO-CEMENT SYSTEM FOR LARGE OIA. DIFFUSERS

According to investigations by Grumman Aerospace on their augmented wind

turbine system the largest practical diameter for extruded aluminum type

rotor blases is about 36 feet giving a diffuser exit diameter of about 60 feet.

In the interest of economy in diffuser construction it has been shown in

this study that cementatious materials are most eff'ective in this regard.
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Therefore to continue application of such materials for large size wind

turbines beyond the. practical range of ferro-cement (both in design and

construction techniques) the introduction of prestress concrete is most

desirable. The concept design proposed for a 36 ft. dia. rotor diffuser

in the study indicates the general feasibility of combining prestress

concrete technology with that of ferro-cement. Further research appears

warranted and is recommended by the authors.

A brief outline of feasibility of a prestress/ferro-cement diffuser system

is given below:

i) Establish a study team combining qualified engineers and constructors

knowledgeable and experienced in both concrete and ferro-cement.

ii) Undertake structura l design analysis of optimum prestress/ferro-cement

system utilizing lab tests. Consider high strength light weight

concrete.

iii) Undertake construction techniques for automated volume production

and site installation.

iv) Prepare cost estimates and economic analysis.

Estimated Cost for Study

8.3 PROTOTYPE FERRO-CEMENT MODEL

$25,000

The next phase in development of ferro-cement for use in diffuser design

and construction,and,to firmly validate it as a practical and feasible

material, is to construct a prototype for test and evaluation.

It is recommended that a full scale ferro-cement prototype for a 12 ft.

dia. rotor be constructed and tested.
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Outline of such a prototype program is given below:

i1 Establish a team consisting of aerodynamic engineers and

ferro-cement specialists for design, construction and testing of

diffuser prototype.

ii) Prepare design for ferro-cement prototype diffuser (12 ft. dia.

rotor) employing latest version of Grumman Augmenter Diffuser

and current ferro-cement design standards.

iii) Construct molds, fabricate,(lay-up) armature,mortar and cure.

iv) Set up prototype - experiment with cold joints, assembly methods,

check weights.

v) Conduct Tests - stress analysis under service loads, freeze-thaw,

fire, corrosion) surface abrasion, etc.

Estimated.cost for project is:
(weight 10,000 1bs~

Engineering $10,000

$25,000 .Molds 8,000

Armature } 7,000
Mortar

Tests

Misc.

15.000

5,000
$4~,ObO
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Appendix A-I

Supporting Calculations

for

Ferrocement Design of

Baseline and Dump Diffusers

Designed for: Grumman Aerospace Corp.
Bethpage, N. Y

By: David J. Seymour, Ltd.
San Franciseo, CA.

Oct 15, 1979

A-46



























APPENDIX B

PRELIMINARY STRESS ANALYSIS OF THREE DAWT
DESIGNS USING ALUMINUM CONSTRUCTION

(Alum. Alloy 5083)

by G. Hudson
12/79
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APPENDIX C

INVESTIGATION OF DIFFUSER-AUGMENTED WIND TURBINES*
FIBERGLASS REINFORCED PLASTICS FABRICATION

by

Bruce R. Collemer
Manager, Design &Engineering Services

Design &Development Department
Pearson Yachts Division

Grumman Allied Industries, Inc.
West Shore Road

Portsmouth, Rhode Islaned 02871

November 1979

Prepared for
Research Department

Grumman Aerospace Corporation
Bethpage, New York 11714

Approved by: William H. Shaw
Vice President - Marine Products
Grumman Allied Industries, Inc.

*This is a Final Report covering Task 2 thru Task 6 covered under Grumman
Service Request/Authorization #13982. Reference Purchase Request B 282386
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PREFACE

Pearson Yachts is a major producer of fiberglass sailing auxiliaries, competing

throughout the United States as well as overseas. Welve established a reputa

tion of quality throughout our industry that has led to our prominent position

in the marine industry. In addition to our sailing auxiliaries, we have pro

duced Industrial Parts for Olson Bodies, Inc. (United Parcel truck parts),

Naval Underwater Systems Center - N.U.S.C. (FRP Sonar Nose Cones), and Schlumberger

Well Services - Grumman Houston (FRP Modules for offshore oil drilling rigs). In

all of the Industrial Parts that welve produced, we have limited ourselves to

fabricating the fiberglass portion of the units mentioned.

Our expertise, under our present management structure, available manufacturing

facilities, and present available labor market, has allowed us to undertake FRP

Industrial Products successfully.

For the purpose of this report, we will focus on the fiberglass manufacturing por

tion of the Diffuser-Augmented Wind Turbine. As this project progresses through

the evolution of design, prototype, testing, and production, this position should

be evaluated by Pearson Yachts, Grumman Allied Industries, Grumman Aerospace Corp.

and Grumman Corp. as to the potential of Pearson Yachts to participate in what we

consider to be a significant project.
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DIFFUSER AUGMENTED WIND TURBINE

Task 2 - Prepare Preliminary structural designs using FRP for three wind turbine

sizes, using general 3erodynamic configuration, tolerances, and wind load infor

mation supplied by Grurrman Aerospace Corp., and material guide limits from Task 1.

These designs need not include a horizontally rotating base, diffuser, and shroud

base supports, or foundation, but should provide means of attaching the FRP-nlade

diffus~~ and shroud to the structural supports. Also~ consideration should be

made for at~aching or integrating the wind turbine supports structure into the

FRP diffuser and shroud components. At tile initiation of this contract, GAC will

define three rotor diameter sizes to be addressed.

Fig~.14 in the main text shows the FRP construction design incorporated into the

Diffuser-Augmented Wind Turbine, Dump Diffuser.

Based on the current information available, we would propose to use the overlap

style joint, shown by Fig.Z-15 in the main text. This would allow ease of on

site fabrication, in contrast to using the "butt type ft joint, including the in

side and outside fairing pieces. A sealant (i.e., silicone, thiokol, etc.)

would be used between the overlapping segments to provide some adhesion as well

as dampening any vibration between segments.

By using the front and rear flanges of the dump diffuser as well as the longerons

that are positioned at the midpoint of each 12'-0" segment, attachment to the base

could be easily facilitated.
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11/5/79

Diffusers could be made in any color/colors to minimize visual pollution. This

could be a consideration to overcome initial objections by various environmental

groups.

Another option available would be to pigment the resin used to layup the entire

diffuser and shroud. This would ensure that in the event any of these units be

come scratched, either in shipment or assembly, it would be undetectable due to

the color being all the way through the laminate. This treatment would also have

an application, particularly in windy or sandy conditions, where an abrasive type

atmosphere exists. A cost for this option is included later in this report.

The fabrication of a D.A.W.T. in Fiberglass Reinforced Plastics also allows for

a major advantage of weight savings due to the use of an end grain balsa wood

core. This weight savings allows for minimal costs being incurred on the construc

tion site. Also, because of the size of the larger units, this allows individual

segments to be relatively rigid compared to thinner materials.

A weight summary follows in this report.

Another area to be considered is the possibility of having to repair any of these

units in the field. Fiberglass reinforced plastics can be repaired relatively

easy. This could be a major consideration when a unit must be repaired infue

field in lieu of disassembling, transporting, and finally repairing at the factory.

A simple review of this technique is described within this report.

C-6



11/5/79

DIFFUSER-AUGMENTED WIND TURBINE WEIGHT STUDY*

1/8" Skins 3/16" Skins

41/Unit IF/Segment #/Unit #/Segment

4'-6" Radius-Diffuser
2 Segments - 1 Unit 600 300 810 405

Shroud 240 120 320 160

11'-3" Radius-Diffuser
10 Segments - 1 Unit 3.900 390 5,120 512

Shroud 620 62 820 82

11'-3" Radius-Diffuser
Sensitivity model
10 Segments - 1 Unit 4,900 490 6,450 645

Shroud 620 62 810 81

18'-0" Radius-Diffuser
16 Segments - 1 Unit 11,350 710 14,280 893

Shroud 1,120 70 1,410 88

* These weights do not include any allowance for stiffeners in order to provide
a better base for comparison. Stiffener weights would range from approximately
Sf! on the 4 t _6" radius unit per segment to 15f! on the 18 t _O" radius unit per
segment.

II-pounds
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CABLE - BELCOBAlSA
NORTHVALE (NEW JER

lELEX-135358·
BELCBALSA-NVAL

L~~

Gi'~~ BALTEK CORPORATION
\~ V 10 FAIRWAY COURT 0 POST OFFICE BOX 195 0 NORTHVALE, NEW JERSEY 01647 0 AREA (201) 767-1400

October 11, 1979

····--~I

Mr. Bruce Co11emer
Pearson Yacht Division
Grumman Allied
West Shore Road
Portsmouth,. R.I. 02871

Gentlemen:

Enclosed you will find the printouts for calculating the laminates required
to withstand critical buckling pressure on the DA\vr shells. The dimensions
for the shells were taken off the prints supplied by you. The following
information was used for the design:

Modulus of Elasticity - 1 million PSI
Poisson',s Ratio - .3
Balsa Core Shear Modulus - 26000PSI
Safety Factor - 1.8

In comparing the formula for buckling instability of the truncated cone, as
supplied by Ken, with a formula in Military Handbook ANC23, the reduction
factor of .75 is not included in the ANC23 formula; therefore, I have
included the reduction factor in my calculations for minimum buckling pressure,
which was arrived at as follows:

Design Pressure - 1 PSI
Safety Factor - 1.8
Reduction Factor - .75

Therefore, the input
2.4 PSI. I analyzed
i.e•• 125 and .1875.
calculations.

PSI buckling pressure into my computer program was
2 different skin thicknesses for each of the shells,
The enclosed printouts show the results of these

If you have any questions concerning these analyses, please feel free to
contact me.

T'-~ infC"rmction ~.~r:'c;"'ed hen.in is bcs~(' soll2-ly en data D'icilC'b"1 to LIS and en

Ac Nn,er:'~' ,...1 Ccrlifieci hiin';,i..d BL:U'OEAILA one! is beli~v"d 10 be

-.rcr::v·cte. 11 cwever no e:o:press or implied warrant)' regar~;:10 its cecvr acy, t~Ht

r: s~'ls to be cbtoined from the use thereof, or Ihot any such use will not

bf,inge any poten: is mnde.

GDD/emh C-8

Very truly yours,

BALTEK CORPORATION
/ / fi'

t~/7../ {;. ;(·tC-t4L-
GeorgE'. D. Dohn,
Manager, Engineering
Belcoba1sa Division

F.nrln~l1rt>· "Print"nllt"c:



EALTEK CORPORATION
10 FAIRWAY COURT

NORTHVALE, NEW JERSEY 07647

TELE: (201) 767-1400

COMPUTER ANALYSIS FOR:

GRUMMAN AEROSPRCE COMPANY
PART # 10 (G.A.C.)
4~6P LENGTH / 5'6" "DIAMETER-

-----------------------·.··r
""e ir.fcnnotion '·~ntai:!.d her~!n is bot~e' sot.ly en delta crlc:ila!l!o ,., vs and COl

t~e ~r.]:'l.,r:les :~r C<:rtifi:!'d Kilndri..d C:::lCOBAU;A e:td is b~l:end to be

c~::,,·d~. However no e::press Qr ir.:p/ied worronty reijar~:"Ct it • .,·Cl·' ..••• t'l.

r ~!I ,., Ie- be cbtoined fr:lm the un thoareof. Of' t~at any luch ;,. wi'; n-:)' •• , I.

i..fr:-:C!~ cny pCit~nt is mode.

• •••••••••••••••••••••• II •• II .

BALTEK PROGRAM #1: UNIFORM RADIAL EXTERNAL PRESSURE FOR CYLINDERS

REVISION 6, 27 APRIL 1977

REFERENCES: MIL HANDBOOK ANC 23 CHAPTER 10

· .

It~PUT •••

MODULUS OF ELASTICITY
POISSON~S RATIO (MU)
CORE SHEAR MODULUS

C\'LIt'~DER LEHGTH
CYLINDER DIAMETER
CVL HoHlER RADIUS

MINIMUM BUCKLING PRESSURE
SI<IN THICKNESS
CORE TH I CK~~E,=;S

EcPSI) = 1000000
~1 = .3

G<PSI) = 2600~)

L(FT) = 4.5
I11(FT) :: 5.5
R2(FT) :: 2.75

P(PSI) = 2.4
T9 (I ~D = .125

C(IN) = 1 .5

· .

OUTPUT ...

CRITICAL BUCKLING PRESSURE
(PSI)

12.25

S~IN THICKNESS (IN) = .1250

LBS OF LAt'lI NATE
(PER SQFT)

2.0

CORE THICKNESS (IN):: .2500

RIB £1

=

:: 1.71E+~j6

C-9
RIB SPACING (I~D 54.00



· .

DOMED TOP DESIGN

REFERENCE: ROARK, R.J.
FORMULAS FOR STRESS AND STRAIN
MC CRAW-HILL BOOK CO.

· .

INPUT ••.

MODULUS OF ELASTICITY
POISSOH ." S RAn 0 (~1U)

RADIUS OF BOTTOM
TOP

DESIGtt PSI

E(PSI) = 10013003
M = .3

R8(FT> = 5.5
R9(FT> = 5.5

P3(PSI) = 2.4

· .

OUTPUT •••

CORED STRUCTURE MUST HAYE A
.99697::: 1291 7:::

WITH A RIB SPACING OF
CYLINDER RADIUS

CRITICAL BUCKLING PRESSURE OF (PSI) =

(HD = 54
(FT>·= 2.75

· .

C-IO



BALTEK CORPORATION
1e FA I Rl'JFt'l COURT

NORTHVALE, NEW JERSEY 07647

TELE: (201) 767-1400

COMPUTER AHALYSIS FOR:

CRUMMAN AEROSPACE COMPANY
PART # 10 (G.A.C.)
4'6" LENGTH / 5'6" DIAMETER_

'!" t" :.~!~r,.""tio"~,n·Cli:'!ed hersl" is bas~~ solely on data avella!::/e h us ond 011

.~~ !',,"'e·;:e,:..i Ccrlifif'd r{;:n~ri...ci &SLCOEALSA arid is boiiev~d to b!J
r..··' .•.~rc. However no e::preS1 or implied warrcnty regar~ing its n<;cur::l::Y, t:~:J

r r,J:ls 10 I.e cbtolned frOlll the loiS.thereof. or that any such us. will no'

bfringe Clny paten: is mnde•

.............................................. " .

BALTEK PROGRAM #1: UNIFORM RADIAL EXTERNAL PRESSURE FOR CYLINDERS

REVISIOt·~ 0, 27 APRIL 1'~77

REFERENCES: MIL HANDBOOK ANC 23 CHAPTER 10

I tlPUT •••

MODULUS OF ELASTICITY
POISSON~S RATIO (MU)
CORE SHEAR MODULUS

C'iLI HIlER LE~~GTH

CYLINDER DIAMETER
CSL I NDER RAD I US

MINIMUM BUCKLING PRESSURE
SK I N THI CK~~ESS
CORE TH I CKt·iESS

E(PSI) = 10CH'30CH]
M = • :3

G(PSI) = 26CHj0

L(FT) = 4.5
D1(FT) = 5.5
R2(FT) = 2.75

P(PSI) = 2.4
T9(IH) = .1875

C(It·D = 1 • 5

......................................................................

OUTF'UT ...

CORE THICKNESS (IN) = .2500

CRITICAL BUCkLING PRESSURE
(F'~:;I)

22.76

SKI t-~ Tt-l I CKr·4ESS ( It·D = .1:::75

t·4 Ut'l E: ER OF RIBS = 0
C-ll

RIB El = 1.71E+(16

LI:::; OF LfHlI thiTE
(PER SOFT)

3.0

RIB SPA CI t4 G (It·D = 54. (to



· .

DOMED TOP DESIGN

REFERENCE: ROARK, R.J.
FORMULAS FOR STRESS AND STRAIN
MC GRAW-HILL BOOK CO.

· .

H~PUT ....

MODULuS OF ELASTICITY
POISSON/S RaTIO (MU)

RADIUS OF BOTTOM
TOP

IIESIGN PSI

E(PS I) = 1000000
M = .3

R8(FT) = 5.5
R9(FT) = 5.5

P3(PSI) = 2.4

• ••••••••••••••••••• -a ...... a •••••••••••• a ••••••••••••••••••••••••••••••

OUTPUT •••

CORED STRUCTURE MUST HAVE A
• 'j'j6978129178

WITH A RIB SPACING OF
CYLINDER RADIUS

CRITICAL BUCKLING PRESSURE OF (PSI) =

(HD = 54
(FT) = 2.75

· .

C-12



BALTEK CORPORATION
10 FAIRWAV COURT

NORTHVALE, NEW JERSEY 07647

TELE: (201) 767-1400

COMPUTER ANALYSIS FOR:

GRUMMAN AEROSPACE COMPANY
PART #11 (G.A.C.)
iI' LENGTH / 14' DIAMETER

Tl..e Inf-,'",ation ~:lnl'ab.d henln 'S baled 1OI.ly on data ovei!c:bl. to "I and (1ft

t~e "ro~.rlie.:;,iCcrlifi""d [CHnd,l .. d eaCOBALSA and is befie.... to b~

(:('·=-.r.~t'.l. However ~o eJO:j:ress or implied warrCln~" reGc.,~ino it~ occur."". tll.
r SI'~'S to be cbtcined fram 'he u.e thereof. or that any such UJe will not
idringe any pat."t is mad••

......................................................................

BALTEK PROGRAM #1: UNIFORM RADIAL E~TERNAL PRESSURE FOR CYLINDERS

REVISION 6, 27 APRIL 1'377

REFERENCES: MIL HANDBOOK ANC 23 CHAPTER 10

IHPUT ...

MODULUS OF ELASTICITY
POISSON/S RATIO (MU)
CORE SHEAR MODULUS

CYLIt·~DER LEt~GTH

CYLINDER DIAMETER
CYLINDER RADIUS

MINIMUM BUCKLING PRESSURE
SK I ~~ TH I CKNESS
COF~E TH I CKNESS

E(PSI) = 1(100000
~1 = .3

G(PSI) = 260013

L(FT) = 11
II1(FT) = 14
R2(FT) = 7

PCPSI) = 2.4
T9 ( I ~o = .125

C ( It·D = 1 • 5

••••••••••••••••••••••• I ••••••••• , .

OUTPUT ••.

CRITICAL BUCKLING PRESSURE
(PSI)

2.65

SKIN THICKNESS (IN) = .1250

LBS OF LFU'lI NATE
~PER SI;!FT)

2.0

CORE THICKNESS (IN) = .5000

= 6.88E+07

NlJt'1E:ER OF RIBS

f;:IB EI

= e
C-13
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· " " " " " .

DOMED TOP DESIGN

REFERENCE: ROARK, R.J.
FORMULAS FOR STRESS AND STRAIN
MC GRAW-HILL BOOK CO.

· - " ." .

IHPUT •.•

MODULUS OF ELASTICITY
POISSON~S R~TIO eMU)

RADIUS OF BOTTOM
TOP

DESIGtl PSI

E(PSn = 113130000
~1 = .3

R8(FT) = 14
R9(FT) = 14

P3(PSI) = 2.4

• ••• II •• " " " II " ••• " II ••• " " II " • II " " " •• " ••• " " " " " •• " •• " ••••••••• " ••••• " II •• II ••••

OUTPUT ..•

CORED STRUCTURE MUST HAVE A
1 • ~)3:31 75'37254

WITH A RIB SPACING OF
CYL alliER RAD IUS

CRITICAL BUCKLING PRESSURE OF (PSI) =

( IN) = 132
(FT)= 7

• • " " • II •••• " •• " •• " " " II II II •• " • " ••••• II •• " • " • II " •••• II ••• II •• II •••••••••••••••••
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BALTEK CORPORATION
1(I FA I R~JH~' CuURT

NORTHVALE, NEW JERSEY 07647

TELE: (201) 767-1400

COMPUTER ANALYSIS FOR:

GRUN~lAN AEROSPACE CONPA.HY
PART #11 (G.A.C.)
l1 T LENGTH / 14~ DIAMETER

The infol'mation ~)ntCli::.d h.r.in Is based so'e'y en data Clvcllcrb'. 'et 'It and I
'!:e r.r~~en!H 0; Ccrtifi.d I{ilndri-.d 2ELCOBALSA Gnd Is bftlicv.d to b,f C)It .;

eee-ret•• Ho....y~r 110 el',reSI or in:plied warranty r.go,~j"O It. (l(cur,cy. ':la i

r."SUits to b. c.btcined from the us. thereof. or tha' an)' luch us. willnot I~
i.,!rmge any poten~ is made.

· .

BALTEK PROGRAM ~1: UNIFORM RRDIAL EXTERNAL PRESSURE FOR CYLINDERS

REVISION 6, 27 AF'PIL 1977

REFERENCES: MIL HANDBOOK ANC 23 CHAPTER 10

• II •••••••••••••••" •••••••••••••••••••••••••••••••••••

IHPUT •••

MODULUS OF ELASTICITY
POISSON'S RATIO CMU)
CORE SHEAR MODULUS

CVL I ~~DE~: LE~~GTH

CYLINDER DIAMETER
CYL I~~DER F~AD I US

MINIMUM BUCKLING PRESSURE
SKIN THICKNESS
CORE TH I CI<NE:;S

E(PSI) = 1(h30000
N = .3

G(PSI) = 260eo

L(FT) = 11
Dl<FT) = 14
R2(FT) = -,

(

P(PSI) = 2.4
T9(IN) = .1875

G( I~O = 1 .5

· .

OUTPUT •.•

CRITICAL BUCKLING PRESSURE
(PSI)

3.43

SKIN THICKNESS (IN) = .1875

LIeS OF LAt'lI HATE
(PER ::.C!FT)

3.0

CORE THICKNESS (IN) = .3750

t·WtotE:EP OF f: I BS

RIB EI

=

= 6.88E+07
C-15
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......................................................................

DOMED TOP DESIGN

REFERENCE: ROARK, R.J.
FORMULAS FOR STRESS AND STRAIN
MC GRAW-HILL BOOK CO •

• • • • • • • • • • • • • • • • • • • • • • • • -e-.•••••••••••••••••••••••••••••••••••••••••••••

H~PUT .••

MODULUS OF ELASTICITY
POISSON'S RATIO (MU)

RADIUS OF BOTTOM
TOP

DESIGU PSI

OUTPUT •••

CORED STRUCTURE MUST HAVE A
1.03::: 17557254

WITH A RIB SPACING OF
CYLI NDER RAIl IUS

E(PSI) = 1000000
~1 = .3

R8(FT> = 14
R9(FT> = 14

P3(PSI) = 2.4

CRITICAL BUCKLING PRESSURE OF (PSI) =

(HD = 1:32
(FT> = 7
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BALTEK CORPORATION
10 FAIRHAY COURT

NORTHVALE, NEW JERSEY 07647

TELE: (201) 767-1400

CONPUTER Al4ALYS I S FOR:

GRUMMAH AEROSPACE COMPANY
PART # 1~ (G.A.C.)
19' lENGTH / 22'-DIAMETER

T~e Inforr.t~tion t">I'I'ai~.d h~~el:l I, b"'~d sorely on elata aovallabl. to '"~ and Cit I
'1'01 rrl),:,ert.es of Ccrtlflf'd I\.llnc!rI"'ld n~LCOBAI.ZA Clnd Is b.lieved to h
(""I:I;ret:. However ne .~I)rltn or implied werrarrlv r.... ardin'. ,.. • I

• ,. 'I •• ncC"",r~:r, ~I;.a .
r .$!l;t, to II. c;btoined from the '"'s. thereof, or t!\a~ any 'I,/~h 11M willnot /'
i..,frinve c:ny patent is made•

• • • • • • • • • a ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

!:H~TEt( Pj;:o-GRFt~1 #1: lI~UFORH RADIAL E::(TERNAL PRESSURE FOR CYLINDERS

REVISION 6, 27 APR I L 1'377

REFERENCES: MIL HANDBOOK ANC 23 CHAPTER 10

......................................................................

IrlF-UT •••

MODULUS OF ELASTICITY
POISSON/S RATIO (MU)
CORE SHEAR MODULUS

CVLINDER LENGTH
CYLINDER DIAMETER
CYLI t~DER RAD I US

MINIMUM BUCKLING PRESSURE
SKI~~ THICKNESS
CORE THICKNESS

E(PSI) = 1000000
~1 = .3

(;(PSI) = 26000

L(FT) = 1'~

Dl(FT) = .-) .-,
.:.::;

R2(FT) = 11

P(PS!) 2.4
T'~(IN) = .125

C( I~D = 1,5

•••••••••••••••••••••••••••••••••••••••• I •••••••••••••••••••••••••••••

OllTPUT •••

CRITICAL BUCKLING PRESSURE
(PSI>

2.60

SK It~ TH I C.(HESS ( It·D = .125~~1

t·tuf'lBEF.: OF RIBS = ~~1

C-17
RIB EI = 4.61E+08

LBS OF LANIHATE
(PER SQFT)

2.0

CORE THICKNESS (IN) 1.2500

RIB SPACING (IN) = 228.00



· .

DOMED TOP DESIGN

REFERENCE: ROARK, R.J.
FORMULAS FOR STRESS AND STRAIN
MC GRAW-HILL BOOK CO.

• ••••••• r a a • a •• a ••••••••••••••••••••••• a ••••••••••••

INPUT •••

MOD~LUS OF ELASTICITY
PO I SSON ~ S RAi I 0 (~lU)

RADIUS OF BOTTOM
TOP

DESIGt-t PSI

E(PSl) = 1(1e~jeee
M = .3

RS(FT) = 22
R9<FT> = 22

P3(PSI) = 2.4

• a •••

OUTPUT •••

CORED STRUCTURE MUST HAVE A
• ';44505596~)63

WITH A RIB SPACING OF
C'a'L1 NDER RAD I US

CRITICAL BUCKLING PRESSURE OF (PSI) =

(IN) = 228
(FT> = 11

· .
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BALTEK CORPORATION
113 FA I RUR't COUr;~T

NORTHVALE, NEW JERSEY e7647

TELE: (201) 767-1400

.. ,-
The l:'Iformation ~,,,,tai;'l'cI h.r~!,," ts ba.ed lOfotyon' dbt. G\tt!II.~'. t& \II 6ftd
t!"e r:r,!'er::., of Ccr~ifieod l~ii"~r1,.d OCI.COnAI.GA Clnd fa b.ll.~,}j •• iI .. o~
~r:~·r.:te. How.v~r no .::;",en or l,.,pll2d worrGl'l'y r.,atet~no It, iU"..,.,ty••;:t
r '~l.'·;S to b. cbtclned f~m the us. 'h.r.~f. or that any luch "10 wlllllot
i.~iringe any pate:'lt is mnde.

I
I

------------1

COMPUTER ANALYSIS FOR:

GRUMMAN AEROSPACE COMPANY
PART I 12 (G.A.C.)
19' lENGTH ~ 22~DIAMETER

,. .

BALTEK PROGRAM #1: UNIFORM RADIAL EXTERNAL PRESSURE FOR CYLINDERS

REVISION 6, 27 APRIL 1977

REFERENCES: MIL HANDBOOK ANC 23 CHAPTER 10

••••••••• I ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

I t~F' UT ...
"10DULUS OF ELAST I CIT ...· E(PSI) = 1000000
PO I SSON ,-S RATIO (nu ) t'l = .3
CORE SHEAR "10DULUS G(PSI) = 26000

CYL I NDE~~ LENGTH L(FT) = 19
C'.JL I ~~DER DI At1ETER Dl(FT) =- 22
CYL I t'~DER RADIUS R2(FT) = 11

nr NIt1Uf1 BUCKLING PRESSURE P(PSI) = 2.4
SKIN TH I CK~~ESS T9( ItD = .1875
CORE THICKNESS C<IH) = 1.5

......................................................................

OUTPUT .••

CRITICAL BUCKLING PRESSURE
(PSI)

LBS OF LAN ItHiTE
(PER SG!FT)

3.04 3.0

SKIH TH I CKt'~ESS (ItD = • 1875

NUt·lBEF.~ OF RIBS = (1

RIB EI 4.61E+08
C-19=

CORE THICKNESS (IN) 1.0000



· .

DOMED TOP DESIGN

REFERENCE: ROARK, R.J.
FORMULAS FOR STRESS AND STRAIN
MC GRAW-HILL BOOK CO.

· .

HlPlIT •••

MODULUS OF ELASTICITY
POISSON~S R~TIO (MU)

RADIUS OF BOTTOM
TOP

DESIGN PSI

E(PSI> = 11300000
M = .3

R8(FT) = 22
R9(FT> = 22

P3(PSI) = 2.4

· .

OUTPUT •••

CORED STRUCTURE MUST HAVE A
• ':;&445055';16063

WITH A RIB SPACING OF
CYLI NDER RAD IUS

CRITICAL BUCKLING PRESSURE OF (PSI) =

(UD = 228
<FT> = 11

C-20



BALTEK CORPORATION
10 FAIRWAY COURT

NORTHVALE, HEW JERSEV e7647

TELE: (201) 767-1400

COMPUTER ~NALYSIS FOR:

GRUMMAH AEROSPACE COMPANY
PART I 13 (G.A.C.)
13'~" 'LENGTH / 15' DIAMETER

The infomlaticHI .,~toi;":.d he'lt'" t. btn.d ~~y~ ~@ll1t 6?~aBh! .0~ 6iid 0;' . -/
I~. J:r~~erli"of Ccrtilltod 1~t1l'hhl",d Dr:l.COfi.\t.tA fifttJ is I:eii!yt:d hi 6;
ceCIl:.::te. However no er."." or It"'ll'llflt.:f 'NOfl'ftr\t)' fi08fcln!i i., c-cbhi:h tia
r; SI;:lS '0 b. ebtoln.d fr~m th. l.I.t th.root••, Hili. IIt11\iih ijH .ill ~I j'
i~frillg. cny patent II mnd••

• ••••••••••••••••••••••••••••••••••••••••••••• ., • ill •••••••••••••••••••••

BAL TEK PROGRflt'1 .j 1: UN I FrjR~1--RFtIt I AL E::<TERt'~AL PRESSURE FOR CYL I NIIERS

REVISION 6, 27 rtPf;:IL 1977

REFERENCES: MIL HANDBOOK ANC 23 CHAPTER 10

· ' " .

1t~F'UT ...
t'10DULUS OF ELAST I CI rv E(PSI) = 1000eee
PO I SSOt~,. S RATIO ( nu ) f'1 = .3
CORE SHEAR r'10DULUS G(PSI) = 260ee

CVL It~DER LEt'~GTH L(FT) = 13.5
CYL INlIER DI Ar1ETER ni crr» = 15
CYLINDER RADIUS R2(FT) = 7.5

111 NI fo1lJt'l BUCKL I ~~G Pf;~ESSURE P(PSI) = 2.4
SKIN THICKNESS T9( HD = .125
CORE THICKNESS (:( It·D = 1..5

· .

OUTPUT ...

CRITICAL BUCKLING PRESSURE
(PSI)

2.54

~,K I t·~ THICKNESS (HD = .1250

t-IUt'lE:ER OF RIE:S = 0

f;: I B EI = 1.04E+08 C-21

LBS OF LAt'1It'~ATE
(PER SOFT)

2.0

CORE THICKNESS (IN) = .6250

RIB SPACING <IN) 162.00



· .

DOMED TOP DESIGN

REFERENCE: ROARK, R.J.
FORMULAS FOR STRESS AND STRAIN
MC GRAW-HILL EOOK CO.

• •• & .. -•••• < .

INPUT •••

NODULUS ~OF ELASTICITY
POISSON'S RATIO CMU)

RADIUS OF BOTTON
TOP

DESIGN PSI

ECPSI) = 1000000
M = .3

R8 CFD = 15
R9CFT> = 15

P3(PSI) = 2.4

· .

OUTPUT •••

CORED STRUCTURE MUST HAVE A
• 9063·n ?:•.;:7';18

WITH A RIB SPACING OF
CYLINDER RADIUS

CRITICAL BUCKLING PRESSURE OF (PSI) =

(Hl) = 162
(FT) = 7.5

· .

C-22



BALTEK CORPORATION
10 FA I R~JA'( COURT

NORTHVALE, NEW JERSEY 07647

TELE: (201) 767-1400

COMPUTER ANALYSIS FOR:

GRUMMAN AEROSPACE COMPANY
PART # 13 (G.A.C;)
13~6~'LEHGTH /15~ DIAMETER

Th. inforr':'o'ion ",';~ai~ed here:n Is baled sClI~y em data ava"a~. to VI Clncf 0" I
I!'e J:r:'l:-er:l~s OJ; Ccr:ifit'd l\i:ncfr •.,d ESLCO.c,\Lf.A end i. bcli,v=J to b:t l'
oo::c':~·: te. ~;ow.Yer roo e~l'resl or implied worro"t" u;ord:ng Irs ocevr~cy, ';'J
r_'~II'I, 10 b. cbtcined fr:Jm tn. us. 'hereof. or that any such us. will not Ii
r~{rir:g. c:ny potent hi made.

• a I ••••••••••••••••••••••••••••••••••

BALTEK PF:OGRAt'1#l: lIt~IFOF...t1 RADIAL EXTERHAL PRESSURE FOR. C....'LINIIERS

REVISIOH 6, 27 APRIL 1977

REFERENCES: MIL HANDBOOK ANC 23 CHAPTER 10

· - .

It~FUT •••

MODULUS OF ELASTICITY
POISSON/S RATIO (MU)
CORE SHEAR NODULUS

c:.... L I t·L1)ER LE~~GTH

CYLINDER DIAMETER
CYL I t~DER RAD I US

MINIMUM BUCKLING PRESSURE
SK It·~ TH I CKNESS
COPE TH I CKt"E~;S

E(PSI) = 10(u3000

"1 = .3
G(PSI) = 26000

L(FT:" = 13.5
Dl(FT) = 15
R2(FT) = 7.5

P(PSI) = 2.4
T9(IN) = .1875

G(It·D = 1.5

• I ••• a I .

OUTF'UT •••

CORE THICKNESS (IN) = .3750

CRITICAL BUCKLING PRESSURE
(PSI)

2.45

SK I t·~ TH I Crt'~ESS ( It-D = .1875

~'Ur'lE:ER OF ~~ I BS = 0
C-23

F.: I II EI = 1.04E+08

LES OF LAN It'~ATE

(PER SQFT)

3.0

RIB SPACH~G (ItO = 162.00



· .

DOMED TOP DESIGN

REFERENCE: ROARK, R.J.
FORMULAS FOR STRESS AND STRAIN
MC CRAW-HILL BOOK CO.

· .

I tJPlIT ...
t'10DULU::: OF ELASTICITY E(PSI) = 1013013013
POISSON-'S RA-TIO 01U) M = .3

RADIUS OF BOTTOt'l R8(FT> = 15
TOP R9(FT) = 15

DESIG~t PSI P3(PSI) = 2.4

· .

CIUTPUT •••

CORED STRUCTURE MUST HAVE A

WITH A RIE SPACING OF
C'.'LINDER RADIUS

CRITICAL BUCKLING PRESSURE OF (PSI) =

(IN) = 162
(FT> = 7.5

· .

C-24















11/5/79

D.A.W.T. - Comparison of Physical Properties of FRP for Mat/Woven roving
composite:

Property

Density /1/ft3

Flexural Ultimate KSI

Modules of Elasticity Kl06

Tensile Ultimate KSI

Compression KSI

*Interlam~ar Shear KSI

Perpendicular Shear KSI

Grurrman
Values

94

30

15

22

12

Pearson Yachts
Values

100

1.1

15

10

Bearing KSI 18 21

Endurance Limit % of Uit.

K Factor BTU/in/ft2/hr

20

3.6

*Note: Grumman values indicate a higher interlaminar shear value (1.3 KSI) for
an a11 woven r ov ing lamina te

C-31



11/5/79

Task 3 - Establish and describe fabrication techniques for the three designs re

sulting from Task 2. Because production lot quantities may vary from only a

single prototype to larger quantities of 50 to 100 units per year, the produc

tion methods may differ with lot size; establish techniques for prototype and

larger lot sizes. Also, consideration is to be given to shipping and erection re

quirements at a field installation site.

The fabrication technique for the prototype D.A.W.T. would be fabricated by a

hand layup process common throughout the FRP field. This procedure would be

done on a One-Off process involving formica covered plywood molds. It may be

necessary to substitute an Airex PVC foam core in lieu of the proposed balsa

wood core intended for the production pieces. This is a common practice in One

Off type construction. Provided all segments of the diffuser and shroud are the

same, this would mean that relatively low costs would be involved in the prototype

tooling. Another advantage of this method is that any unforeseen changes that

should become necessary, at a later date, could also be accommodated at a minimum

of expense. These units could have either a preapplied gel coat surface of a post

applied paint finish (i.e., Awlgrip, Imron). The texture of both sides would be

in accordance with samples supplied with this report.

Once the prototype design and installation have been approved for production, we

would then propose to commit to FRP tooling. This tooling would be fabricated

from constructing a plug/plugs (plugs are wooden parts reproducing the actual fi

nish parts desired) over which FRP mold/molds would be layed up using tooling resins

and gel coats to insure longer production life versus conventional general purpose

resins and gelcoats.

In the mold would be markings, on the mold side, for locating fittings, holes to be

drilled on site, or attachment of miscellaneous fittings.

C-32



Any individual piece will not exceed a measurement of 12'-0" in at least one di

rection to facilitate shipment over the road.

C-33



11/5/79

Task 4 - Devise a prel~inary production plan for the designs of Task 2 and

fabrication methods of Task 3 including facilities, personnel requirements and

training, and special equipment or tooling. Provide a written description of

these production plans including schematics of production line arrangements, man

power assignments, and job descriptions.

We have included a diagram showing the general arrangement of a plant that would

be needed to produce diffusers and shrouds in any major quantity. This arrange

ment doesn't include any provisions for offices, cafeteria, wash rooms, lockers,

or lunch room. It is intended to demonstrate the type of material flow that

would be necessary. Also, we've included a page on the plant facility it would

take to produce 100 units/yr. of each size for a total plant output of 300 units/yr.

The following three graphs (one for each size diffuser) show the number of mold

segments necessary to produce from zero to one thousand units per year, actual

square footage for molds only, actual square footage for molds and trimming, and

manpower requirements for the appropriate number of units. It becomes apparent

from these graphs that on the 11'-3" radius and the 18'-0" radius units that as

the quantities increase above 200-300 units per year, it becomes somewhat prohibi

tive to produce this amount in one facility because of labor pools and facilities.

There are at least two alternatives to this situation; an alternate method of

fabrication (discussed at the end of this section), or to produce these units

at various locations throughout the country. This latter alternative would ob

viously depend on "geographical demand".

C-34











11/5/79

PlANT:

PLANT FACILITY TO PRODUCE 100 UNITS OF EACH SIZE

35,000 square feet

16' -0" high overhead

Mold Room with adequate ventilation for styrene removal

Grinding Room adequate air and dust removal system

Stockroom

Office, Lunch Room, Locker Rooms! showers

EQUIPl-mNT:

MANP<J.lER:

MOLDS:

2 - Gelcoat guns

2 - Chopper guns

3 - Resin wet out guns

1 - Acetone tank

1 - Overhead bridge crane

I - Hyster fork truck 15 ton

I - Small fork truck 3-5 tons

2 - Resin tanks 4500 - 5,000 gal. lea.

Miscellaneous hand tools, etc.

Direct labor - 90 people

Indirect labor - 12 people

Diffuser - 28 molds

$15,000

15,000

15,000

15,000

22,000

35,000

17,000

30,000

20,000

'/;:<1./ Q. !Btj-;;;',!

Shroud - 28 molds. This quantity may be reduced at a later
date if each segment could be made longer. However, it will
not change any other requirements.
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11/5/79

MANUFACTURING PROCESS

Hand Layup Process

Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Step 7

Step 8

Wax mold

Spray gel coat on mold

Layup mat/roving on inside skin

Chop layer of mat fiber and set balsa core into wet glass

Layup mat/roving on outside skin

Remove part from mold

Trim all edges of excess fiberglass

Grind openings in center of diffuser

C-40



11/5/79

ALTERNATE MANUFACTURING PROCESS

Resin Transfer Method - RTM

This is a fairly new process being used by several FRP manufacturers in an at

tempt to produce greater quantities than allowed by using conventional hand layup

or spray layup. A brochure is included which describes this process as well as

show a comparison between the two processes.

Although not shown in the literature enclosed, there are European manufacturers

making 30' and 34' sailboat hulls and decks. These people are using a vacuum

assist in conjunction with RTM because of the size of the part.

This process is also known as Resin Injection Molding.

C-41



11/5/79

Task 5 - Prepare cost estimates for the Designs of Task 2 and fabrication methods

and production plans of Task 3 and 4. Costs are to be detailed so that individual

facets of the final program can be identified. These facets shall include engineer

ing, direct unit production (for prototype and 50-l00/yr. lot sizes), special tool

ing or fixtures or other facilities, and shipping and installation costs. The

rationale and sources for arriving at these cost estimates shall be given to pro

vide confidence in their accuracy and validity.

All costs used within are our present day costs and represent bulk purchases

(i.e., truckload, tankwagon, etc.) This would mean that initial production lots

would be priced with this advantage, versus someone just starting to build up to

these quantities.

THE PRICES INCLUDED IN THIS REPORT ARE NOT TO BE CONSTRUED AS ANY TYPE OF

QUOTATION. THESE NUMBERS ARE TO BE CONSIDERED ONLY FOR COMPARISON BASIS.
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11/5/79

DIFFUSER-AUGMEN'lED WIND TIJRBINE

The tooling used to make one-off parts due to its construction has a very li-

mited life.

On the 4'-6" radius diffuser we would propose to make a one-off mold that would

encompass ~ of the total unit. It is highly probable that two fiberglass pieces

would be molded off of this \ mold.

The one-off mold for the 11'-3" radius diffuser would encompass 1/10 of the

total unit. This mold would have to be carried to a further degree of sophisti-

cation, in order tc fabricate 10 molded pieces off a one-off mold. the 18'-0"

radius.diffuser mold would encompass 1/.16 of a tGtal unit. A higheir degree of

sophistication would also be obtained on this part Ln- ozdee to mold 16 pieces

off of this one-off mold.

One-off Mold Costs Ea.

4'-6"

$14,048

11'-3"

$ 8,508

11'-3"---Sensitivity
$ 8,607

18'-0"

$14,526

One-Off Diffuser/Shroud/Set
(From one-off mold)
1/8" skins $4,482

3/16" skins $4,716

$16,402

$17,316

C-44

$17,442

$18,560

$38,618

$39,818



11/5/79

PRODUCTION TOOLING COSTS

These would be FRP molds intended to be used for continuing production. The

life of these molds depends greatly on the production rate the molds are used

at. A reasonable rate has been shown on the graphs on pages 20, 21, 22.

One production mold produces the following portion of the Diffuser/Shroud:

4 1-6" 11 1 -3"

1/10

11'-3"
Sensitivity
1/10

18'-0"

1/16

Once the initial piece of tooling has been fabricated, there is a cost reduction

involved in making further sets of tooling.

These costs are reflected below:

4'-6" 11'-3"

Initial Production
Tooling-1 Mold $14,930 $14,915

Secondary Production
Too1ing-l Mold $14,356 $14,303

11'-3" 18'-0"

Sensitivity
$15,213 $18,979

All costs FOB portsmouth, Rhode Island
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11/5/79

DIFFUSER/SHROUD PER PART COSTS

The following is a breakdown of the material and labor breakdown for each in

dividua1 size diffuser/shroud. ( ~ 0
0 ha..- \f-C\/V\i1~)

1/8" Skins Sensitivity

4'-6" 11'-3" 11' -3" 18'-0"
Material $ $ 648.33 $3,721.81 $4,553.26 $13,034.60
Labor Hours 112 520 570 1,152

3/16" Skins Sensitivity

Material $ s 835.47 $4,453.00 $5,447.79 $13,994.75
Labor Hours 112 520 570 1,152
1 f( - . , ~ 10 /2.S- 1<0.vI -U5P., L,(,.·,"'I -I.

\ • I 2-.79' 3.01;" 2.7?.9i .q u·)"'r / 1 {"\. \(:,\) .:.. 76
If these numbers were used to calculate a selling price from Pearson Yachts, the

results would be the following:

4'-6" 11'-3" 11'';'3" 181-0"

1/8" Skins $2,455 $12,290 $14,063 $33,213

3/16" Skins $2,689 $13,204 $15,182 $34,413
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11/5/79

TYPICAL FREIGHT COSTS FRCH PORTSMOUTH, RHODE ISlAND

Se~ents/Truckload

Denver, Colorado

Houston, Texas

4'-6"--

9 Segments

$2,800

2,400

11'-3" *

11 Segments

$3,240

2,800

11'-3" *

11 Segments

$3,240

2,800

18'-0" *

11 Segments

$3,240

2,800

Los Angeles, California 4,200 4,760 4,760 4,760

Bethpage, New York

Miami, Florida

475

2,175

635

2,630

635

2,630

635

2,630

* Indicates it would be a permit load for width
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11/5/79

SOURCES

Owens-Corning Fiberglass

Bean Fiberglass

Henry & Frick Fiberglass Dist.

Cleveland, Ohio

Jaffrey, New Hampshire

Dedham, Massachusetts

United States Steel, Chemical Division Linden, New Jersey

Koppers Chemical

Reichold Chemical

Glidden Coatings & Chemicals

Pittsburgh, Pennsylvania

Detroit, Michigan

Reading, Pennsylvania

C-51



11/5/79

Task 6 - prepare a final report describing all work done under Task 1 to Task 5.

The report is to include design sketches, drawings, design data, reference sources,

production plan and fabrication descriptions and cost estimate results. Basic data

developed and used in this investigation may be included in appendixes to the re

port. A summary of the investigation and its results is to be included in the re

port.

As this Task is being submitted concurrently with Tasks 2-5, much of the data re

quested above will not be repeated within this Task, as it is included within

this overall report. However, it is appropriate to review this investigation and

its findings.

During the initial study of the design it became apparent that with the coopera

tion of Grumman Aerospace Corporation working with Pearson Yachts an item with

the magnitude of the Diffuser-Augmented Wind Turbine could be conceived and manu

factured with existing state-of-the-art processes that are readily available with

a large producer of fiberglass reinforced plastics capability. At this juncture,

it doesn't appear that there would be any major obstacles (manpower, talent, or

manufacturing processes) that would have to be overcome to produce this item.

It is felt that the FRP D.A.W.T. would be a viable product because of its rela

tively low weight, low cost, and proven durability of material. All of these

advantages are reflected from production to freight costs to site fabrication to

visual environmental acceptance.

The availability of material, in this day and age, must be considered on a project

of this magnitude. The sources that Pearson Yachts uses for our resins and fiber

glass have proven over the years to be reliable and consistent. Our prime supplier
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of fiberglass i8 Owens-Corning Fiberglass. They are the largest supplier of

fiberglass in the country producing approximately 520 million pounds of the 800

million pounds produced nationwide. Recently they built a facilit:y in Amarillo,

Texas, which has the capability to produce 200 million pounds of fiberglass per

year. This plant was located in Amarillo because it is situated (wer a very large

gas field giving them a very distinct advantage of fuel ava Ll.abLLf.t.y , All other

plants have dual fuel sources. We also use fiberglass from Pittsburgh Plate

Glass (PPC), Certainteed Fiberglass, and Bean Fiberglass. Certainteed also has

recently completed building a facility in Texas for the same reasons as Owens

Corning.

Our prime supplier of polyester resin is United States Steel, Chemical Division.

We also use resin supplied by Koppers Chemical and Reichold ChemfcaL, These sup

pliers represent the three largest producers of polyester resins i.n the United States.

Pearson Yachts has carefully selected its suppliers over the years to be able to sup

port, supply, and stand behind the products we manufacture. To date, inspite of oil

embargoes, trucking strikes, and allocations, Pearson Yachts has never altered a

Production Schedule due to the inability of these suppliers to deliver material at

the agreed upon price and on time.

Based on weight, cost, flexibility, endurance, and visual color acceptance, it ap

pears that fiberglass reinforced plastics is a viable material with which to manu

facture Diffuser-Augmented Wind Turbines.

C-53



APPENDIX D

DETAILS OF FOUNDATION DESIGNS AND
COSTING FOR THREE SIZES OF DAWTs
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General Descriptions:

Foundation Design No. 1

The circular shaft of the windmill tower is anchored to a circular
concrete footing. The diameter and depth of footing depends on the vertical
and horizontal forces transmitted to the footing by the shaft and on soil
conditions; the dimensions shown in Fig. D-1 are based on forces generated by
a 9 ft rotor and a soil friction angle of 30°. For the footing, loading
conditions are critical when the horizontal wind force is a maximum. The
overturning moment generated by this force is resisted by passive earth
pressures acting on the side of the footing and by an unequal ground pressure
distribution at the base of the footing.

This type of foundation is economical for the smaller DAWTs when soil
conditions permit excavation for the footing without bracing, and mobilization
of pile driving equipment is costly.

Foundation Design No.2

An alternative to Design # 1 is a reinforced concrete circular slab
foundation at a shallow depth. The overturning moment imposed by wind forces
on the slab is resisted by a shift in the distribution of ground pressures.
Reinforcment of the slab is necessary because of the moments and shear induced
in the slab by the ground pressures. The diameter of the slab is determined
on the condition that negative (tensile) ground pressures are not allowed.

This type of foundation may be used practically under any soil conditions
but the reinforcing required for the relatively large diameter slab makes it
uneconomical where piling (shown for a 36 ft diameter rotor) is feasible.

Foundation Design No.3

This type of foundation consists of piles and a reinforced concrete pile
cap in which the shaft of the OAWT tower is anchored (shown by Fig. 0-3). The
overturning moment imposed on the pile cape by wind forces is resisted by
downward and upward directed pile forces. These are highest in the piles
farthest from the center in the direction of the wind. The magnitude of the
downward and upward directed pile forces because of the overturning moment is
equal in piles symmetrical to the axis perpendicular to the wind direction.
The downward pile force from the weight of the structure and pile cap is
distributed equally among the piles.

Timber piles are most economical and provide good uplift capacity under
most conditions. If ground water level is below the pile cap, the piles have
to be treated.
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Design Details and Costing:

Foundation Design No.1 - For DAWT 9

Ref. Fig. D-1

P 3000 lbs

w = x (3)2 x 12 x 125 lbs/ft3 = 42000 lbs

Avg. pressure = 45000/28.27 = 1590 lbs/ft2

= 2 x 1590 = 3180 lbs/ft2

which is O.K. for average soil conditions

Anchor bolt design:

Total X-section area = (31/42) x 31" x x 1/4 = 18 in 2

= 24, 1 in diam., anchor bolts

Structural steel plate and collar:

42 x x 12 x 1/4 = 396 in 3

32 x x 4 x 1/4 = 106 in 3

500 in 3 is equivalent to 140 lbs.

Passive Resistances:

F2 = 1320 lbs/ft2 x 2/3 x 8 x 6 = 42240 lbs

F1 = F2- H = 42240 - 5800 = 36440 lbs

p max = 3040 lbs/ft2 110 x 3 x 12 = 3960 lbs/ft2

which is O.K.

Moments about "C"

Overturning: 5780 x (25 x 8) = 190,700 ft-lb
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168,900

33,700

= 97,300

300,000 ft-lb

F.S = 300,000/190,700 1.5 which is O.K.

Foundation Design No.1 (continued)

Resisting:

42240 x 4 =

45000x .75 =

36440 x 2.67

Cost Estimate (using Ref 11)

(Excluding soil exploration, design, and transportation over 15 miles)

Mobilization $500

Common excavation incl. overbreak

475

47

200

15 cu. yd @$3.10

Shoring

Concrete, redi-mix, 3000 psi

15 cu. yd @$31.65

Anchor bolts, 36" lng.,

24 @ $23 552

Structural Stl. 140 lbs @ $.51 71

Sub total $1845

Round-off 155

Total $2000

0-6



(which are O.K.)

Foundation Design No.2 (For DAWT 22.5)

Slab design of reinforced concrete without piles.

o ; 28 ft, slab thickness = 5 ft.

Overturning moment about bottom

(28.75 + 5) x 36110 1,220,000 ft-lb

Weight of superstructure 15,000 lbs

Weight of slab

(14)2 x x 5 ; 3080 ft 3

x 125 lbs/ft3

385,600 lbs

Total weight = 400,000 lbs

Slab area = 616 ft2

Avg. pressure = 400,000/616 :; 650 psf

Max. edge pressure = 2 x 650 = 1300 psf

Ref. to Fig. 0-2

Resisting Moment

400,000 x 28/8 = 1,400,000 ft-lb (which is O.K.)

Anchor bolts:

Total x - sectional area

72 x x 1/2 = 113 in 2

1 1/2 in. anchor bolts = 113/1.17 = 96 (36 II long)

Structural steel:

Plate: 80 x x 10 x 1/4 = 630 in3

Collar: 72 x x 6 x 1/2 680 in 3

Total = 1310 in 3 equiv. to 370 1bs,
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Foundation Design No.2 (continued)

Cost Estimate (using Ref 11)

Mobilization

Common excavation (120 cu yd @$3.10)

Reinf. Concrete slab (114 cu yd @$82.)

Anchor bolts, 1 1/2 II dt am,.; 36 II long,

96 @$34

Structural steel, 370 lbs @$.51

Rivets, mylar, etc.

Sub total

Round off and Contingency

Total

$1000

372

9348

3264

190

200

$14,374

-1,626

$16,000

(Excludes exploratory drilling (not essential for slab foundation), design,
and transportation over 15 miles)
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Foundation Design No. 3 (for DAWT 36)

Ref Fig. D-3

Weight of Superstructure

Pile Cap: (12.5)2 x x 4 = 1960 ft3

x 125 1b/ft =

Total

Overturning moment about point A:

(40 + 4) x 92,400 = 4,066,000 ft-1b

If P = pile pull capacity

Moment:

2 P xlI = 22P

4 P xlI cos 18° = 41.8 P

4 P xlI cos 36° = 35.6 P

4 P xlI cos 54° = 25.9 P

4 P xlI cos 72° = 13.6 P

Total = 138.9 P

where:

P = 4,066,000/138.9 = 29,270 1bs

52,500 1bs

254,000 1bs

306,000 1bs

Compressive load = 306,000/20 = 15,300 1bs

Total compressive load = 45,000 1bs = 22.5 ton/pile

which is O.K. (safe load)

Pull = 14,000 1bs = 7 ton/pile
which is O.K. for 12 11 dia., 30 ft long

timber pil e
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Foundation Design No.3 (continued)

Anchor bolts:

Cross sectional area

= 117 x x 3/4 = 276 in 2

1 1/2 in diam. = 1.17 in 2

No. of bolts = 234

Base plate = 120 x x 18 x 1/2 = 3400 in 3

Co 11 a r = 120 x x lOx 3/4 = 2827 in3

Total 6227 in3

Cost estimate (using Ref 11)

Mobil i zat ion

Excavation, (80 cu yds @$3.10)

Pile Driving, 600 ft, 12 in. dia. treated
timber piles @$6.85

Encasement with wi re mesh and tube

Reinforced concrete slab. 73 cu yd @$82

Anchor bolts, 18 in. diam, 36 in. long,

234 @$34

Structural steel, 1750 lbs @$.51

1750 lbs

$3000

248

4110

180

5986

7956

892

Rivets, mylar, etc. to jo'in alum. and s t l ,

Sub total

Round off and contingencies

Total

500

$22,870

1,130

$24,000

(Excludes exploratory drilling, design and transportation over
15 miles)
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