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DEPARTMENT OF TH~ ARMY
WATERWAYS EXPERIMENT STATION. CORPS OF ENGINEERS

VICKSBURG , MISSISSIPPI 39180

to WESYV 25 November 1977

SUBJECT : Transmittal of Technical Report D—77—32

TO: All Report Recipients

1. The report transmitted herewith represents the results of a research
effort (work unit) initiated as part of Task SC (Disposal Area Reuse
Research) of the Corps of Engineers’ Dredged Material Research Program
(DM1~P). Task SC is included under 

the Disposal Operations Project,
which is concerned with both the environmental effects of disposal
operations and facilities as well as new concepts for disposal, partic-
ularly those concepts involving consideration of dredged material as a
resource rather than simply a waste product.

2. A particularly attractive concept for mitigating the land require—
inents for disposal sites is to increase the life expectancy of sites
through the periodic removal of dredged material for use elsewhere.
Optimally , sites could be used indefinitely and be truly permanent
disposal facilities. However, continuing needs for the dredged material
must be identified ; procedures must be identified for processing and/or
rehandling materials; and mechanisms must be established for marketing
materials under known constraints.

3. The investigation reported herein addresses identification of power
sources for processing systems at reusable disposal sites. Processing
systems at disposal sites may be designed to extract sand and gravel for
commercial use, remove silt and clay from water to meet effluent—quality
restrictions, and dewater residual silt and clay to reduce volume and/or
provide a more desirable material. Conventional power may not be avail—
able or may be extremely expensive due to the remoteness and inaccessi—
bility of many of the disposal sites; consequently, alternative power
sources were investigated for the DMRP by the Civil Engineering Labora-
tory, Naval Construction Battalion Center, Port Hueneme, California.

4. The scope of the assigned task was to provide a screening and
selection procedure for designing power sources for dredged material
processing systems. No original research was conducted as part of this
study, and conclusions were drawn based on existing information. The
exact power requirements for reusable disposal sites are unknown because
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this study was made concurrently with studies to provide guidance on the
design of such facilities. However, the range of magnitude of power
available from alternative sources was determined and could be fitted to
the power requirements later.

5. Wind, solar, and hydraulic power sources were considered in the
study. Results indicated that even though flat—plate solar collectors
are now cominerciafly available to heat air or water for buildings, they
are not well adapted to known dredged material processing systems re-
quirements. Solar cell electrical power generation, though available,
is not cost competitive in its application at present. Likewise,
hydraulic power generation by waves, currents, or small hydroelectric
plants does not appear to be practical at typical dredging sites. Of
all the alternative power sources studied, wind electric generation
seemed to be the most practical and versatile.

6. Though the unit cost of wind—produced electricity is competitive,
the present generator size limit of 12 kw might require a large number
of wind—powered generators at a dredging site. For example, if windmills
were used to power devatering devices such as vacuum pumping or electro—
osmosis systems, approximately one 12—kw wind—powered generator would be
needed for each acre. However, larger lOO—kw wind—powered generators
are now under operational tests. A typical 100—acre disposal site could
be dewatered by devices operated by twelve lOO—kw generators.

7. The results of this study will be included as part of a synthesis
report on the concept of reusable disposal sites. Of course, the
results are also applicable to any situation where power may be required
at a disposal site.

Engineers
Comr~ander and Director
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EXECUTIVE SUMMARY

This report provides a basis for selecting alternative , renewable

power sources specifically for operating dredged material processing sys—
• tems.

A dredged material processing system is designed to: (1) extract

sand and gravel for commercial use , (2) remove silt and clay from water

to meet quality restrictions on return water, and (3) dewater the resid—

ual silt and clay to reduce volume and/or provide a usable foundation for

later land use. Currently, processing of dredged material usually con-

sists of holding the hydraulically pumped slurry in a diked containment

area and draining off the water after settlement of the suspended mate-

rial. Subsequent natural drying by evaporation may not significantly re-

duce the water content of silts and clays f or long periods of time (years).

The scope of the i~ signed task was to provide a screening and se-

lection procedure for the engineer designing a dredged material proces-

sing system in order to decide which natural form of energy (or combina-

tion), if any, should be chosen to power the system. Power requirements

of the mechanical gravel and sand separators would be established when

specific equipment is selected for a particular system. Mobile equipment

for dredged material processing might be powered from the alternative

sources ; for example, electric motors could operate on batteries charged

by the alternative sources.

The exact power requirements to dewater the fine—grained fractions

are unknown because dewatering equipment is presently under development ,

but alternative power can be provided in several forms. The following

were considered in this study:

1. Wind power for driving pumps and electric generators

2. Solar radiation for conversion to thermal and electrical
energy

3. Hydraulic power (waves and currents) for driving electric
generators.

Some consideration was given to obtaining power from solid waste (such

as incineration of trash), but the idea was discarded as not pertinent

to the scope of this report. In this report , wind power is presented as

1
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electricity or as shaft horsepower, solar power as heated water or air

flow or as electricity , and hydraulic power , possibly, as electricity .

Even though flatplate solar collectors are now commercially avail—

able to heat air or water for buildings , they are not well adapted to

known or proposed dredged material processing systems. The cost of solar

cell electrical power generation , though available, is prohibitively high

at present. Likewise, hydraulic power generation by waves, currents, or

small hydro—electric plants does not appear to be practical at typical

dredging sites,

Of all the alternative power sources studied , wind electric genera-

tion seems to be the most practical and versatile to apply at this time.

A l2—kw DC wind generator is shown to provide power at Buffalo, New York

• (best site), for $O.0243/kw—hr, a price actually less than the typical

purchased electricity cost of $O.0263/kw—hr . Electrical power could be

used by the vacuum pumping and electro—osmotic dewatering systems pre-

sently under development elsewhere. However, though the unit cost of

wind—produced electricity is competitive, the present size limit of 12 kw

might imply a large number of wind generators at dredging sites. Such a

situation may be deemed impractical at this time.

With an estimate of 0.15 kw—hr to be required to remove 1 gal of

water from dredged material by electro—osmosis , the l2—kw wind generator

could provide energy to dewater over 2500 cu yd of dredged material in a

year at favorable locations. The energy cost for this processing would

be $0.18/cu yd. Vacuum well—point pumping is also being tested by other

Dredged Material Research Program investigators using wind—generator

power. While approximately one 12—ky wind generator would be needed for

each acre, several facts should be considered : (1) purchased electricity

costs are rising rapidly , (2) bringing electrical powerlines to remote

sites is costly, (3) larger lOO—kw wind generators are now under opera—

tional test , (4) removal of water from fine—grained dredged material by

any method requires considerable energy , and (5) wind generators can be

transported between sites. A 100—acre disposal site might be powered by

twelve 100—ky wind generators under the above assumptions, thus dewater—

ing 250 ,000 cu yd/yr. Spacing the generators at two propeller diameters

2

L -•—.-~~~~~~~~- -



‘~~~~~~~~~~~~~~~~ T - - 

~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 
— ----

~~~~
- :-~~~~

I
apart on a line facing the prevailing wind implies an array about one—

half mile long.
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PREFACE

This report documents work performed by the Civil Engineering

Laboratory (CEL), Naval Construction Battalion Center , Port Hueneme ,

California , as part of the Corps of Engineers Dredged Material Research

Program (DMRP). The i)M~P is sponsored by the Office , Chief of Engineers

(DAEN—CWO—M), and is administered by the Environmental Effects Labora-

tory (EEL), U. S. Army Engineer Waterways Experiment Station (WES),

Vicksburg , Mississippi.

The study was conducted under Task 5C of the DMRP , “Disposal Area

Reuse,” Work Unit No. 5C08, “Identification of Alternative Power Sources

for Dredged Material Disposal Operations ,” and was performed during the

period from June 1975 through June 1976. The report is the result of

research to identify, describe , and evaluate presently available or

potential systems for converting available resources located in the

vicinity of dredging and disposal sites to usable energy for operation

of equipment. Both technical and economic feasibility of differen t

power generation systems is considered .

• The principal investigator at CEL was C. E. Parker of the Energy

Program Office , and the associate investigator was J. B. Ciani. Coauthors

of this report were D. Pal and K. F. Vodraska . Others who contributed

to this work were F. W. Herrmann , R. E. Kirts , and H. S. Zwibel. The

figures were drawn by R. S. Eldridge and D. J. Erwin . The report was

edited by V. N. Spafford .

The study was managed by Alfred W . Ford , EEL, for Charles C. Cal—

houn , Jr., Manager of the Disposal Operations Project , DMRP . The

study was under the general supervision of Dr. John Harrison , Chief , EEL.

The directors of WES during the period of investigation and prepa—

ration of the report were COL G. H. Hilt , CE , and COL J. L. Cannon , CE.

The Technical Director was Mr. F. R. Brown.
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CONVERSION FACTORS , U.S. CUSTOMARY TO METRIC (SI) UNITS OF MEASUREMENT
t

• U.S. customary units of measurement used in this report can be converted
• to metric (SI) units as follows:

Multiply By To Obtain

inches 2.54 centimetres

feet 0.3048 metres

yards 0.9144 metres

miles (US Statute) 1.609344 kilometres

square inches 6.4516 square centimetres
- ; square feet 0.09290304 square metres

acres (US Survey) 4046.856 square metres

cubic feet 0.02831685 cubic metres

cubic yards 0.7645549 cubic metres

gallons (US liquid) 3.785412 cubic decimetres

• pounds (mass) 0.4535924 kilograms

tons (short) 907.1847 kilograms

horsepower 745.69999 kilograms per cubic
metre

pounds (mass) per cubic 16.01846 kilograms per cubic
foot metre

British thermal units
(international) 1055.056 joules

langleys 41840.0 joules per square metre

pounds (force) per
square inch 6894.757 pascals

knots (international) 0.5144444 metres per second

miles per hour 1.609344 kilometres per hour

_ _ _ _ _ _  _ _  _ _  j
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Multiply By To Obtain

feet per second squared 0.3048 metres per second squared

cubic feet per minute 0.0004719474 cubic metres per second

Fahrenheit degrees 5/9 Celsius degrees or
• Kelvins*

BTU per pound (mass) 2326.0 joules/kilogram

BTU per pound (mass) x
Fahrenheit degrees 4186.8 joules/kilogram —

Kelvin

BTU per hour x feet
square x Fahrenheit
degrees 5.678263 watts/metre squared —

Kelvin

degrees (angle) 0.01745329 radians

• I

* To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use the following formula: C’(5/9)(F—32). To obtain Kelvin readings,
use: K=(5/9)(F_32)+273.15.

12 J
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IDENTIFICAT ION OF ALTERNATIVE POWER SOURCES FOR DREDGED

MATERIAL PROCESSING OPERATIONS

PART I : INTRODUCTION

Background

1. Dredging of sediments from the bottom of waterways is neces-

sary to permit ship traffic. The dredged material removed is usually

disposed by either placement in water outside the waterway or on land.

Land disposal often involves a diked containment area where, to permit

reuse of the area or the material itself, certain “passive” processing

of dredged material traditionally takes place. Dredged material is

usually hydraulically pumped to the containment area, The resulting

slurry has a very high water content, which presents a difficult problem

in draining and drying this material (particularly if the material is

fine—grained clay, silt, and organic matter). Therefore, the main ef-

fort in future dredged material processing is anticipated to be drying,

or dewatering, to reduce volume and stabilize the soil.

2. Historically, when there were few restraints on acquiring mar-

ginal land for disposal areas, the dredged material was left to dry

rather passively by natural action of sun and wind . Minimal ditching ,

sluicing, pumping, and other simple assistance to nature were provided.

With no great press of time or space, this passive processing continued

over several years, typically between dredge fills or “lifts.”

3. Now, restrictions imposed by environmental legislation on

water disposal and on use of wetlands for disposal sites have caused a

trend toward more disposal on land ; but , at the same time, population

pressures have increased land costs. This conflict has generated re—

search to accelerate the tempo of dredged material processing — indeed ,

to change it to an active operation. Such active processing requires - •

power. However, costs of energy have been increasing in recent years

at very high rates , whereas alternative power system costs are relatively

13
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constant. It is projected that electricity rates will escalate 6% to

7% annually above general inflation ; alternative power system costs are

projected to increase at general inflation rates.

4. The costs of petroleum products to the military have doubled

in the past 2 years; for long—range planning, future increases up to 8%

annually above general inflation rates are used. Electricity rates,

being fuel dependent , are following similar trends. Thus, the energy

costs of dredged material processing present a sizeable problem from the

standpoint of fuel cost alone. Therefore, this task was formulated to

provide essentially fuel—free power to the processing equipment.

Purpose

5. The objective of the study was to identify and formulate de-

tailed descriptions of presently available or potential systems showing

near—future feasibility for converting resources of energy located in

the vicinity of dredging disposal sites to usable energy for operation

of equipment used in dredged material processing operations. The ap—

- 
• 

proach taken was to acquire and organize the information necessary to do

site—specific analysis of local source energy systems.

Scope

6. The scope of this study is limited to commercially available

alternative power systems or those sufficiently advanced in development

4 to be available in the near future. New untried concepts are not in—

cluded .

14



PART II: APPROACH

General

7. The essential approach taken in this work was to acquire and

a organize information necessary to do site—specific analysis of local

source energy systems. The methodologies expected to be analytically

employed and a description of the portrayal of results are presented

in this report.

8. Three tasks delineated in the Statement of Work for this study

are summarized as follows:

a. Identification and investigation of alternative energy
source research and development and specification of
work that may be adaptable and beneficial to the ob—
jectives of dredged material processing operations.

b. Identification and description of potential sources of
energy available at dredging and dredged material pro—
cessing sites, including characterization and quantifi-
cation of the energy resource and quantified descrip-
tions of physical systems used to convert local energy
sources. This task was to include investigation of
potential wind , solar, and hydraulic power. Consider—
ation was also given to the feasibility of other energy
sources.

c. Evaluation of the potential energy sources and systems
by means of illustrative portrayal, data appearing In
tabular or graphical form , and technical dissertation
including quantitative and qualitative information. The
means for detailed site—specific design and evaluation
through the use of parametrically presented design, per—
formance, and cost data are provided . Plans and pro—
cedures for the adaptation and utilization of energy at
dredged material processing operations are recommended.

Study Functions

9. The following study functions were required to accomplish
these tasks:

15
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a. Compilation of an information base, including (1) alterna—
tive energy research and development reports and results;
(2) local source energy data such as winds, insolation,
water currents, waste heat, and thermal gradients; (3) energy
demands in dredged material processing operations and physical
data describing the equipment; (4) physical data describing
potential energy systems; and (5) methodologies used to
analyze energy sources and systems.

b. Construction of parametric design sizing plots for each
system.

c. Construction of parametric energy performance plots for
each system.

d. Construction of parametric cost information plots for each
system.

e. Preparation of technical dissertation on each system
recommend ing possible plans and procedures for adaptation
and utilization.

f. Combining of all study information into a final report.

Methodologies

10. Methodologies were applied in the following areas:

a. Local source energy analysis; i.e., quantities of energy
contained at each local source.

b. Energy system sizing.

c. Energy system performance.

d. Cost benefit analysis.

Data Sources

11. Wind and solar energy available in each geographical region

was obtained from historical climatological data.

12. Wind—power duration curves were computed using velocity

distribution data, and system energy output was computed from the enve—

lope of windmill operation defined within the wind—power duration curve.

Spatial correlations of wind energy data were computed by using a method

previously derived by the principal investigator . Monthly variations in

wind energy were computed from historical data.

16
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13. Solar energy was computed using daily values of insolation

• for each month taken from weather station records.

14. Quantities of energy available in local water currents , waste

• heat, and thermal gradients were computed from available data . Energy

available in water currents is simply the quantity of kinetic energy

con tained in a given cross section of flow. Only a certain fraction

(0.30 to 0.44), depending on the efficiency of the turbine, can be con-

verted to useful mechanical work. Energy from waste heat or thermal

gradients was computed using a Rankine thermodynamic cycle operation

between the head source temperature and the surroundings.

Computations —

15. Mean values and variations about the mean were computed from
• local source data. When appropriate , probabilities of occurrence of

phenomena related to energy system design , such as amounts of stor&ge ,

were computed from time—dependent energy data.

16. Sizing depenc~s on the time—dependent energy requirement ,

time—dependent quantities of available local energy, and efficiencies of

energy conversion characteristic of each device. The available local

source energy varies from site to site, and there was variation in

conversion efficiencies , depending on the approach. Consequently , a

parametric method of sizing was necessary.

17. A series of parametric curves were constructed showing the

variation of system size with parameters such as energy source intensity ,

• component efficiencies , demand cycle, and local source time—dependent

fluctuations . Conventional sizing parameters were used , such as rated

power output, collector area, pumping capacity , or storage capacity .

Data necessary to size a detailed design appear on these parametric

plots. System component efficiencies were taken from the survey of

energy research.

18. Energy system performance is presented as a function of local

energy source intensity and the time— integrated amount of local energy.

For instance, windmill performance is given on two plots. One shows the

17 
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windmill system’s overall power coefficient as a function of windspeed ;

the other shows the operational envelope of the windmill on a site—

specif ic annual power duration plot. Area within the operational enve-

lope gives the expected annual energy output. The site—specific power

duration curve is computed from windspeed distr ibution data taken at or

near the site. The techniques used to compute these plots are given

along wi th typical example problems so tha t the method can be app lied by

the sponsor to any site—specific problem .

19. In the example of computing windmill performance using the

power coefficient and then comput ing a power dura tion envelope , an

op timum load match is assumed to occur be tween windmill outpu t and load

demand . In some app lications , optimum load matching is a realistic

assump tion , bu t in cases where it does no t occur , some technique is
req uired to accoun t f or the loss of ava ilable energy due to load mis-

matching. A methodology is given in the study results that can be

app lied to site—specific load demand and time—dependent local energy

source data to arrive at a statistically averaged load factor. Also , a

similar method of ana lys is is given to compute required energy storage

capacity, given the probabilities of minimum threshold local energy

intensity occurring over specific lengths of time.

20. A s:milar set of methodologies is given for each type of

local energy source. A sizing and performance analysis is made , using

selected site data and appropriate energy systems that realistically

showed promise of app lication at the specific sites.

Cost Benefits

21. A comp le te cos t benefi t analysis was not made on each alterna— 
• -

tive power system due to lack of data. The principal problem is that

there is little or no basis for comparison inasmuch as there is no

dr edged material processing of any consequence taking place at present.

However , at the time of application of alternative power systems , the

f ollowing analysis method should be followed .

18
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22. Each energy system should be analyzed for its cost , which

should include the capital investment in machinery and its installation ,

the expected average annual maintenance expenses , and the cost of fuel.

Where possible, real cost data should be used ; but, when these da ta are

not available , estimates should be made based on cost information obtained

on similar devices. Costs of conventional machinery should be computed

and used for comparison. Benefits should be computed by applying a

present value cos t analysis to each system, including a conven tional

sys tem relying on petroleum fuel for energy. Benefits should then be

reflected in a savings in life cycle cost of the local source energy

system over the conventional system. The most likely benefi t should be
a savings in fuel expenses, but it could occur with a savings of capital

investment and maintenance and operating expenses. Benefit should be

- 
- 

also expressed as a net periodic savings in petroleum fuel. Values of

— interes t ra tes and expected percentage rise in ma intenance, opera ting,

and f uel cos ts, as well as economic life, should be discussed wi th the

sponsor prior to the analysis, and mutually agreeable values should be
used.

23. A savings—to—investment ratio should be computed from the

• cost—benefit results as a relative measure of the monetary value of the

system. In addition , the cost of energy expected to be delivered to the

dredged material equipment by the local energy system should be computed

from annual expenses and expected annual energy output. Cost data

should be parametrically presented in a comprehensive manner for ready

use in subsequent site—specific analyses.

Presen tation

24. Results are portrayed in tabular , graphical , equation , and
pictorial form , depending on the nature of information being transmitted .

Da ta appearing in tabular form incl ude local source energy da ta , such

as appropriate climatolog ical da ta , physical characteristics of all

19
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existing or conceptual energy systems examined in the study, specif ic

system performance da ta , specific system cost data, and operating and

maintenance data.

25. Graphical results include presen tations of available loca l

source energy ; time—dependent load and source power curves; parametric

design curves, including the appropriate sizing information ; and para-

metric energy performance curves. Mathematical expressions used in the

analysis are presented in a comprehensive manner.

26. Pictorial illustrations, such as sketches and drawings, are

provided to clarify images of the transmitted information. Sketches of

proposed concepts showing their physical size and how they appear on a

typical dred ged ma terial site are given. Drawings of existing equipment

are presented when available. 
•
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PART III: POWER SOURCES

Wind Power

Introduction
• 27. The idea of developing shaft power from the wind is very old .

For centuries , windmills of crude aerodynamic design have been in use in
Holland, Denmark, and North Germany for grinding wheat. Such wind

machines provided high torques at slow rotating speeds but were

inherently inefficient because of their low tip—speed—to—windspeed

ratio. Small windmills were used to pump water on farms in the United

States and in other parts of the world . The Smith— Putnam wind turbine

in Vermont, which operated successfully from 1941 to 1945,1 demonstrated
the feasibility of developing large amounts of power from the wind . The

two—bladed propeller of the machine was 175 ft in diameter and developed

1,250 kw in a 24—mph wind . This wind machine generated electrical power

synchronously. Numerous other wind—power systems in 20— to lOO—ki.i size

• have been used over the past 30 years.
2 5

28. The evolution of the internal combustion engine and the
grow th of public electrical networks forced such windmills to disappear .

Because of the diminishing supplies of fossil fuels today , however ,
interest in wind—power systems is renewed . Several companies market

wind machines in 5— to 12—kw capacity. Currently ,  the National Aero-

nautics and Space Administration (NASA), under the sponsorship of the

Energy Research and Development Agency (ERDA), is developing a lOO—kw
6

• machine to generate electrical power. ERDA is also funding numerous

other wind—energy—related projects at various universities and private

companies.7

29. Commercial wind genera tors are available in sizes from 50 to

12,000 wa tts, wi th mos t des igned to genera te DC power only. Recently,

some firms (Aerowatt of France and Elektro G.m .b .h. of Switzerland) have

developed wind generators in sizes from 4— to l2—kw to produce 3—phase

AC power.

21
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30. The Aerowatt machine is designed to produce 4.1 kw at a

• windspeed of 16 mph with a propeller of 30.6 ft in diameter . The Elektro

machines deliver 5 to 12 kw. The NASA lOO— kw wind generator is still

under development, and complete data on its performance are not yet
available.

31. The old farm—type windmill, because of its high torque charac—

teristics, is well suited to pumping applications. A 6—hp model of such

a windmill made by Aeromotor Company is shown in Figure 1. Table 1

lists the necessary operational data on a 5—kw AC wind generator , 6— and

12—kw DC Elektro wind generators, and the 6—hp Aeromotor pumping unit.

32. A typical wind machine unit is designed to last for a period

of 30 years. Therefore, when determining the economics of wind—power

installations, this equipment life cycle should be used. A 12—kw DC

unit installation is shown in Figure 2.

• 33. The system is more fully described in Append ix A.

Conversion of wind power to energy

34. Feasibility. Wind as a source of energy has many applica-

tions, will provide nonpolluting power, and will save fossil fuels for

other important operations. Environmentally , the use of wind—powered

systems for dredged material processing sites appears to be a promising
• application. For instance, utilization of wind power for operating

dewatering systems may not require any storage of energy. A wind—power

installation without storage (depending upon its size, the wind potential ,

and the remoteness of the site and the construction costs of installing

the plant) can produce the power at a cost comparable to that of the

• • existing sources of power such as a diesel engine or, in some circum-

stances, a public utility. A preliminary survey of the existing wind

data indicates that many locations in the continental United States have

attractive wind—power potential , thus making the use of wind power for

dredged materials processing feasible.

35. Wind power has been used successfully in the past to pump

water for drainage and irrigation of land areas in Holland . A typical

a drainage mill of crude design lifted water to a height of about 3 ft and
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on the average pumped about 27,000 gal of water per hour during strong

winds. The 19—ft—diameter , 4—bladed propeller of such a machine drained

water from 37 to 50 acres of land area. Such mi]ls converted only about

• 16% of the wind energy into shaft power and operated at tip speeds two

to three times the windspeed . Most of the drainage mills used a centrif-

ugal pump capable of handling large water flows under very low heads;

however, due to unsteady rotational speeds the pump efficiencies were

less than 40%. The inherent low efficiency of the wind—powered centrif-

ugal pumps is due to irregular rotational speeds and low operating

heads.

36. The American multibladed windmill has been used for pumping

water on farms. Such a wind—power system converts about 30% of the

wind ’s kinetic energy into shaft power; a corresponding figure for a

modern propeller system is about 42%. The multibladed rotor, however,

offers a good starting torque, a desirable feature for operating recipro-

cating pumps. The windmill system is a relatively slow turning unit

with the rotor—tip—speed—to—windspeed ratio of unity. In comparison, a

• 
• propeller type rotor turns at tip speed ratios of 4 to 6.
• 37. Costs. The Aerowatt machine costs $19,000 and is designed to

produce 4.1 kw at a windspeed of 16 mph with a propeller 30.6 ft in

diameter. In comparison, the Elektro machines for 5 to 12 kw cost

between $7,000 and $10,000. Clearly, from the initial—cost point of

view the Aerowatt machine is not competitive with the Elektro units. In

this study, the Aerowatt and NASA machines will not be included .

38. A 6—hp old farm—type windmill made by Aeromotor Company with

a pump and the mounting tower like that shown in Figure 1 sells for

about $5,000. The equipment costs, including installation for each

unit, are shown in Table 1.

Solar Radiation

Introduction

39. The sun ’s energy fal ls upon Earth continuously and gives

sustenance to all life. It has been the origin of most energy sources
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known to date — wood , coal, natural gas, wind, ocean, etc. The direct

conversion of this solar energy output to benefit mankind is currently

receiving much research and implementation. With specific attention to

dredged material processing operations, solar energy conversion applica-

tions present a very formidable challenge.

40. Man has been dependent upon the sun from the beginning of

time, and acknowledged its existence in many ways. However , the first

most notable attempt at converting this energy was Archimedes’ setting

fire to an attacking Roman sailing fleet in about 212 B.C.

41. Much development work was accomplished during the Eighteenth ,

Nineteenth, and Twentieth Centuries on solar energy thermal conversion

devices. It was not until the 1930’s, however, that the photovoltaic

cell proved its ability in directly converting solar energy to electric-

ity.

42. The sun’s energy can be converted by one of three processes :

(a) solar—chemical, (b) solar—thermal , and (c) solar—electric. Princi—

pally, with dredged material processing operations , heat is provided to

dry dredged material or electricity is provided to power electrical

• devices (pump motor). Each of the solar energy conversion processes is

briefly discussed in Appendix B.

Conversion of solar radiation to energy

43. The effective application of any solar energy conversion

process depends much on the individual components comprising the total

system.

• • 44. The solar collector is the heart of the solar energy conver—

• sion process — “it ’s the bucket used to catch the sun’s free energy.”

There are several types of collectors — flat—plate , concentrator , and

solar cell — each best suited for converting solar energy to benefit

man.

a. The flat—p late solar collector is primarily used for low
and med ium temperature (less than 200 F) fluid heating
applications . It is the principal design utilized for
agricultural product drying, pool water and domestic hot F
water heating , liquid process heating , and building space

24
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heating and cooling. The main heat—carrying mediums used
in the flat—plate collector are air and water (antifreeze,
etc.).

I. The concentrator solar collector is chiefly utilized for
‘ solar—thermal energy conversion applications necessitating

high output temperatures of the heat—carrying medium
H (e.g., to operate turbines for electrical generation).

c. The solar cell, or photovoltaic cell, directly converts
sunlight to electrical current. Chiefly utilized in
space vehicle applications in the past, it is currently
receiving intensive development for terrestrial applica-
tions.

45. Appendix B discusses the basic construction materials and

operating efficiencies of the various noted types of “solar collectors,”

as well as energy storage mediums and ancillary equipment required to

make a solar energy conversion system operational.

• 46. Feasibility. Flat—plate and concentrator solar collectors

are currently being utilized in many diversified cost—effective ap-

plications. The photovoltaic cell, however, is still much in the de—

velopment stage and limited to remote—access applications where

conventional power is difficult to obtain.

47. Applications. Electrical generation and drying are those

applications of the sun’s energy that are economically appropriate to

meet the energy demands for dredged material dewatering .

48. Converting the sun’s energy into electrical power is an

important concern because of the dependence upon electrical devices in

the United States. The solar—thermal—electric energy conversion process

• (solar concentrators , heat engine, and electrical generator) results in

• low overall efficiency and presents control and maintenance problems.

The direct solar—electric process eliminates intermediate conversion

equipment and requires minimum maintenance. The solar—electric process

is more practical than the solar—thermal—electric process because of the

limited and sparsely located electrical equipment at dredged material

processing operation sites. Yet both solar energy conversion processes

are still far from being cost—effective , when current or projected
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availability and cost of conventional fossil fuels are considered , as

well as the costs for material, labor, and maintenance of energy con-
version process equipment. However, the process for future electrical

generation , at selected or remote site locations , definitely poin ts to

that of direct photovoltaic conversion .

49. Solar energy naturally helps dewater dredged material spread

on the ground and exposed to the sun ’s heat.  This natural method has

two distinct disadvantages : (a) an insufficient amount of sun energy

may be available to evaporate water as quickly as desired ; and (b) the

lack of control of the surrounding atmosphere to enhance evaporation

and prevent the addition of unwanted moisture (such as rainwater).

50. Costs. It is difficult to accurately predict the r~ost of

undeveloped systems; however, some rough estimates can be made .

51. Direct production of electricity by photovoltaics today costs

between $5 and $20 per peak watt. At such costs the payback period is

too large to consider. However, the Energy Research and Development

Administration (ERDA) optimistically predicts that in 10 years the cost

will be reduced to $0.50 per peak watt. Under these conditions , a cell

with 1—watt peak capacity operating for 1 day could produce about 5 watt—

hours of energy. A simple payback period based on commercial electricity

at $0.05 per kilowatt hour is 7 years. In other words , after 7 years,

the electric power from the photovoltaic cell would be free. The life
- I expectancy for a solar cell is 15 to 20 years.

52. Mechanical power can be produced by using solar energy as a

source of heat , but such solar—powered systems are not commercially

available today , although they have been used over the past three cen—

tun es. Again, it is difficult to predict the total cost of a solar—

powered engine; however , a minimum cost of the solar collection required

can be obtained as follows: under favorable conditions the incident

solar energy is about 0.1 hp/sq ft of surface area (oriented perpendicu—

lar to the direct solar radiation). If an overall system efficiency of
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10% is assumed , then 100 sq ft of collector surface area would be required

• to power a 1—hp engine. At present prices of $10 to $20 per square foot

of collector area, the collector cost would be between $1000 and $2000.

Hydraulic Power

Introduction

53. Among the alternative power devices that may be able to

provide power for the equipment at dredged material processing areas are

those using hydraulic energy. For this study, hydraulic power systems

include those that convert the energy in tides, ocean thermal gradients ,

salinity differences , waves, or currents to usable power.

Discussion of systems considered

54. Tides. In the past, tides have received more attention than

any other as potential sources of hydraulic power because these sources

are predictable — but they are also highly site dependent. This site

dependence has limited serious consideration of large tidal power plants

primarily to France , Russia, and the United States, where there are
8—10sites with very high tide ranges lying near large natural basins.

No matter what size the tidal power plant is, large water storage basins

are required .

55. Tidal power systems do not appear to hold promise as poten—

tial sources of power for dredged material processing. This is true

because: (a) although tidal power may be cost effective on a large F

scale, it is probably not economical on the scale that would be required

for dredged material processing; (b) the efficient use of tidal power on

any scale depends to a large extent on the range of the tides at the

dredge sites, and the tide ranges at the sites of Interest in this study

are not over 10 ft; and (c) tidewater holding basins that are required

as part of tidal power systems are not generally available and could be

used more efficiently as dredged material processing areas than as

adjuncts to a power system for dredged material processing. Therefore ,

tidal power systems will not be considered further in this study.
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56. Ocean thermal gradient. Presently, interest in renewable

energy sources is focused on ocean thermal gradient power systems that

use cold water at depth in the ocean and the warmer water near the

surface in heat exchangers to produce power. The thermal gradients in

the ocean are quite constant and remain so throughout the year at any

location in the deep ocean. The power (from the sun) dissipated in

maintaining the temperatures in the ocean is equal to about 40 billion

Mw.11 But at a typical location in the tropics , this vast amount of

power manifests itself as only a 27°F difference in temperature between

the warm water at the surface and that 650 feet below)2 The efficiency

• of a heat exchanger operating with this meager temperature difference is

very low (probably less than 4%).

• 57. Nearshore thermal gradients are not nearly as constant as

those in the deep ocean , and the temperature differences are much smaller.

These characteristics make thermal gradient energy conversion unsuitable

for nearshore waters. Therefore, this source of power will not be F

considered further as a power source for dredged material processing.

58. Salinity . One potential source of hydraulic power that is

present near many dredge sites is that of salinity differences. Such

differences exist where freshwater meets seawater (e.g., at the mouth of

a river at the ocean or in an embayment). It was theoretically estimated

by Norman13 that a United States total of almost 120,000 Mw of salinity

power exists from runoff into the oceans and the Gulf of Mexico. The

F fact that this type of energy exists is evidenced by the osmotic pressure

that builds up at a semipermeable membrane separating fresh and sa’ine

• water and drives the freshwater to the other side.

59. Some laboratory models of devices to tap energy from salinity

differences have been devised ,
8
~~°’

14 but this energy source has not as

yet been adequately researched .15 The development of an operational

salinity power system is not expected in the foreseeable future , so this

source of power for dredged material processing will not be considered

further in this report.
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60. Waves. The most clearly evident source of hydraulic energy

is that of the waves that come to shore and expend their energy in

breaking. Many devices have been conceived for conversion of wave

• energy to usable power. Available wave energy depends on the wave

height (the vertical distance between the trough and crest of the wave)

F and period (the time between successive waves). High waves of long

period have more energy than low waves of short period . Ocean waves

F vary widely, and the characteristics of these waves differ with location,

season, and year.

61. Four types of wave power systems have been conceived : (a) wave—

induced surge, (b) orbital water particle motion , (c) vertical motion of

the water surface, and (d) pressure changes under water. However, none

of these wave power systems are much beyond the conceptual stage for

land—based applications.

62. The combination of the wave characteristics at dredged mate-

rial processing sites may make energy from waves a viable alternative

and one of the wave power systems above may make this extraction possible .

Therefore, the equipment and analysis methodologies for wave power

systems are described in Appendix C.

63. Current. Another potential source of hydraulic power is

water current. These currents include the major ocean currents , the

currents in inland watercourses, the flow of dredged material in dredging

operations, and the tidal currents in coastal waters.

64. The feasibility of extracting sizeable amounts of power from

the Florida Current portion of the Gulf Stream System , the most rapid

ocean current near the U.S. coast , was investigated in 1974. It was

found that, although the kinetic energy in the Florida Current off Miami

has the potential of producing 25,000 Mw, it might not be possible to

extract more than 4% of this power)6 The highest speed portion of the

Florida Current is several miles of fshore* and limits the application of

this potential source of hydraulic power for small shore—based activities,

such as confined dredged material processing.

* True of most major ocean currents.
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h 5 .  Inland wa tercourse curren ts, on the other hand , may exist

beside , or very near , dredging sites. The direct use of these currents —

without damming a stream or requiring a significant difference in eleva—

t i~ n along the stream is possible with turbines installed directly in

the flow of the watercourse or with waterwheels. Power turbines are

presently under development but are not yet available off the shelf.

Waterwheels , used for centuries, are very inefficient compared to tur—

bines.

66. Currents in inland watercourses which may be dammed and have

significant elevation differences along the stream can also be used to
generate power. Small dams are used to store and elevate the water and F

discharge it through pipes to small hydraulic turbines that are available

off the shelf. These turbines require an elevation head of at least

6 ft and produce power up to 10 kw.

67. Connecting such a turbine to the pipe carrying the discharge

from hydraulic dredging operations could be another source of hydraulic

power. The feasibility of using a solids—laden eff luent  to drive a

f reshwater turbine has not been demonstrated.

68. Tidal currents in coastal waters (like inlets to bays or

upstream of river mouths) change direction and distribution with time .

This difference in flow characteristics from those of inland watercourses ,

wh ich normally have unidirectional flow, requires adjustments to the
power plan t design to give effective energy recovery.17 

Such adjustments

are possible.

69. Major ocean currents as a power source for dredged ma terial

processing are not feasible.

70. Direct use of unidirectional currents in inland watercourses

and tidal currents in coastal waters without dams may have appl ication
to dred ged material processing operations . Such current power systems

and the ana lysis me thodolog ies for these are described in Appendix C.
71. Use of small off— the—shelf turbines for power generation from

currents in inland watercourses with significant elevation differences

along the wa tercourse and wh ich may be dammed may be poss ible but is
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site dependent. Adequate information is readily available on these

turbines from manufac turers , like James Leffel Company in Spr ing field ,
Ohio; this equipment will not be discussed further in this report.

• 72. Feasibility of using these small turbines to extract power

from the discharged ma ter ial from dredg ing operations is questionable.

Conversion of hy draul ic power to energy

73. Feasibility. Waves and currents are more reasonable alterna—

tive power sources for dr edged mater ial process ing opera tions than other

hydraulic sources. Tides, ocean therma l gradien ts, and salinity differ—

ences are considered much less feasible alternatives at present.

Consequen tly ,  only wave and current power systems are addressed further .

74. Applications. Presently,  wave or current power systems are

not used extensively , and equ ipment is not available off  the shelf

except for small hydraulic turbines which genera te small amounts of

power (under 10 kw) from currents in dammed streams. These systems are

usually found in rural areas , and the power they produce is used f or

domestic applications .

75. Costs. Cost information for hydraulic power systems of the

wave and current types is minimal since these systems are primarily

still in the early stages of development.

76. Wave power systeraa cannot compete with existing power systems

a t today ’s fuel prices.’8 Based on the rough calculations these authors

made without even including cos ts of moor ings , accumulators, power
genera tors , and turb ines , a wave power system would cost $750/kw of

installed capacity . These calculations were made for waves of 5—ft

height and 4—second period .18

77. Current power systems that require no head are under develop-

men t, and an es tima te of their cos t was made by Somers and Shoupp.’9

These authors , basing their estimates on immersed Kap lan turb ogenera tor

units operating in the Florida curren t, calcula ted minimum costs of

$l0O/kw for 5O,000—kw units and about $200/kw for 5,000—kw units.
19

Scal ing laws would probably raise the cost of a 500—kw unit of this type

to over $300/kw.
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78. Current power systems for watercourses with elevation differ-

ences along a r iver wh ich may be dammed are available off the shelf.

The costs of these systems are a function of the available head and

quant ity of flow in the watercourse. Typical cos ts for a head of

10 feet and flows as given are:

Power Flow Cos t per kw
(kw) (ft3/m in) ($)

1 155 6300
3 370 2400

• 5 590 1550

Do—it—yourself units of this type can be made for elevation heads as low

-
• as 1.5 ft if reservoir land is available to contain the water. Such

units are likely to be less efficient and more costly per kilowatt than

manufactured units.
20

H
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PART ]I\ : REGIONAL ASSESSMENT OF POWER SOURCES

Wind Power

Po ten tial for nine sites

79. The wind—power potential of a given site is determined by use

of the power duration curves in Figures 3 through 11 to compute the

output of a wind machine of known performance data. For dem•rnstration

of the de tailed computations , the output of the 5—kw AC Elektro unit was
compu ted for the Buffalo site and is given in Table 2. Thus, by use of

the wind data for each site and Equation A4, the output of the 5—kw unit

was computed on a monthly and annual basis for all nine sites. The

tabulation of results includes the available energy in the wind , the

wind machine output , and its specific power output (SPO) by the month

and year for the site. The results also include the average power

coefficient for the machine at the site. A mean monthly value was

recorded with the months of the year in which excess or deficiency of

energy occurs. For completeness , the de tails of the pr edic ted mon thly
and annual data on the performance of the 5—kw unit for the remaining

eigh t sites are listed in Appendix D.

80. For comparison , the total annual outputs of the other Elektro

wind generators (the 6— and l2—kw DC power plants) were also computed

for all nine sites and are shown in Table 3. There is a very small

d ifference between the outputs of the 6—kw DC and the 5—kw AC units.

The energy output of the 12—kw unit , however , is generally abou t 75%
• higher than the other two. The specific power output of the 5—kw AC

unit is invariably higher than that of the 6—kw DC unit , which , in turn ,

is higher than that of the l2—kw DC unit. The data show that the 5—kw

AC unit delivers its full rated outpu t for a longer period than the

other two units, thus showing a better match between unit and site.
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Cost information

81. The economics of wind power were de term ined for  each site by

dividing the equipment and installation costs of each power plant by its

total output for a period of 30 years. Table 4 shows distribution ~f

initial costs of the plants on a kilowatt—hour basis for the machine.

It should be noted that at present the wind generators available connner—

cially are not mass—produced and , thus , the cos t of fabr ica ting each 
-

•

un it is considerably higher than if it were mass—produced . Hence , to

make a reasonable estimate of the initial costs per kilowatt—hour output

of a wind—power installation , the interest on the ~nitial capi tal req uired

for the installation is not taken into account. In other words, it is

assumed that the total cost, includ ing the interes t on the cap ital of a
mass—produced unit, will be equal to the pr esent selling pr ice of the

unit. It is clear from the data given in Table 4 that the equipment and

other initial costs of delivering energy by the 5— or 6—kw units at

Buffalo is about $O.0320/kw—hr , whereas , for the same units installed in - •

the vicinity of Savannah, it is about $O.0845/kw—hr. Costs for the 12—

kw unit , however , at these locations are $O.0243 and $0.0657/kw—hr,
respectively . The ascending order of initial costs per kilowatt—hour of

energy for the various sites is Buffalo , Galveston , Seattle , Norf olk ,
Detroit , Mobile, Ph iladelphia , Por tland , and Savannah. It can be seen

from the data that the distribution of initial costs for each kilowatt—

hour for the l2—kw wind generator is generally about 227’ lower than for

the 5— or 6—kw machines . The costs for the 5—kw AC and 6—kw DC units

are very close at all loca tions excep t at Por tland , where the 5—kw -
:

machine is abou t 11% higher than the 6—kw unit.

Solar Rad iation

82. The amount of sun energy available at the earth ’s surface is

chief ly dependen t upon: (1) geographi cal loca tion , (2) altitude , (3) cli—

matic conditions , (4) time of day and year , and (5) inclination and
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orientation of the solar energy receiving surface. Recorded solar

• energy data, received on horizontal surfaces at selected site locations ,

are disp layed in Table 5 and in Figure 12 for comparison only. If the

collector surface is tilted facing south, the inclina tion ang le greatly
af fec ts the amount of solar energy it receives throughout the year .

This relationship is detailed in Appendix D, as well as other particulars

per tinent to de termining the availability of the amoun t of solar energy

under given conditions.

Hydra ulic Power

Po tential for  nine reg ions

83. Wave power. The characteristics of ocean waves (height and

period) vary widely on the coasts of the United States. Most of the

waves off the West coast of the United States range in height from 3 to

10 ft with periods from 5 to 11 sec; on the East coast, 1 to 8 ft , S to

9 sec ; and on the Gulf coast , 1 to 5 ft , 1 to 5 sec (abstracted from

data compiled in Reference 21). On both the East and West coasts higher

waves of longer periods are tound in the winter , bu t on the Gulf coas t

the wave heights and periods do not vary much except during hurricanes.

The West coast appears more promising from the standpoint of the amount

of wave power avaii~ ble; the East coast, less so; and the Gulf coast ,

least. However , Gul coast waves would provide a more constant source

of power , and their regularity may be an overrid ing consideration .

Therefore , the wave characteristics at dredged material processing sites

- • on any U.S. coast may be such that waves represent a viable energy

source.

84. However , waves are found at only two of the nine sites consid—

ered : Galveston with waves a~’~ rag ing be tween 1 and 5 f t and Tol edo with

waves averag ing 1 f t with occasional maximums of 8 ft. These waves are

— not consistently high enough to warrant further consideration of wave

power as an energy option.
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85. Current power. Theoretically, any unidirectional current may

be used for the direct (i.e., without damming the watercourse) generation

of power , but the €~conomics of generating power (the capital cos t of the
equipment versus the cost benefits of the power produced) from weak

currents make this generation infeasible. Only one of the nine sites

has a purely unidirectional current : Cayuga Island in the Buffalo

Dis tric t where the average curren t is only 1.5 knots. Power generation

at this site with this curr ent would require a very large turbine with a

volume of over 30,000 f t3.

86. Although tidal currents, as well as unidirec tional curren ts ,

• can be used to directly generate power, a lower limit (2.1 knots) to the

tidal current speed required to generate power exists. This limit is

available in one direction (ebb or flood) at five of the nine sites

considered , but at only one site (Portland District—Clatsop Spit) in

both dIrections.

Rela tive regional costs

87. Four types of wave power systems have been conceived , but

none of these has gone much beyond the concep tual stage of developmen t

for land—Lased applications . Preliminary estimates of the cost of wave

power systems indicate that these systems cannot compete with existing

power systems at today ’s fuel prices. Use of waves as an alternative

source of power for dredged material processing is not feasible for the

nine sites considered here.

88. Current power systems for use in either unidirectional or

tidal currents for watercourses that may not be dammed were considered .

• It was found that for unidirectional currents the vertical axis turbine

was preferred ; and for tidal currents , the S,avonius rotor. Equipment

components for these have been developed , but total systems for power

production have not yet been assembled and tested. The power available

from these is a function of the area of the system projected in the

direction of current flow and the cube of the current speed . For example ,

a typical vertical axis turbine 60 ft in diameter with an overall eff 1—

cleucy of 44% operating in a 2—knot unidirectional current would produce

50 kw .
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89. Current power systems can be obtained off the shelf for

- . dammed watercourses with an elevation head of at least 6 ft. The power

t generated with these off—the—shelf systems depends on the head and the

- flow in the watercourse bu t is limited to 5 kw when the eleva tion head

is less than 10 ft.

90. The cost of current power systems for use in watercourses

that may not be dammed is estimated at $300fkw, assuming that a 500—kw

system is used (this is the smallest current power system of this type

that has been considered). The cost of a typical current power system

(hydraulic turbine) for use in a dammed watercourse with a head of 10 ft

is $l ,550/kw for a 5—kw system.
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PART V: CONCLUSIONS AND RECOMMENDATIONS

Conc lusions

General

91. Wind machine. Wind machines are commercially available now

to provide electrical or mechanical power. Wind—generated electricity

is shown to be comparable in cost to purchased electricity at certain

dredging sites. However , even though wind power concepts are cost bene-

ficial, they might prove to be technically unattractive because of the

relatively low outputs available from a single machine. Matching of

wind—derived energy to processing systems requires additional effort .

92. Solar radiation. Commercial thermal solar collectors are not

well adapted to proposed processing systems. Solar cell electrical de-

vices are not cost competitive with conventional electricity sources at

present.

93. Hydraulic power. Hydraulic power extraction from river cur—

- • rents , though possibly appl icable , is not readily available . Wave power

is limi ted in app lication and not commercially available at this time.

Mini—hydroelectric plants on nearby streams may be app licable at certain

sites .
— Wind power

94. The following conclusions were reached :

a. Utilization of wind power to operate the dewatering systems
at dredged material processing sites seems to be very prom—
ising at Buffalo and Galveston — each with an annual avail—
able energy density of 166 and 147 kw—hr/sq ft of the disk

I 
• area , respectively . The sites in the vicinity of Norfolk ,

Detroit , Mobile , Philadelphia , and Seattle show marginal
potential wi th yearly available energy density varying from F
84.8 to 115 kw—hr/sq ft of the disk area . Finally ,  the
sites near Savannah and Portland , each with an energj den-
sity of 57 and 67.6 kw—hr/sq f t /annum , show relatively
poor promise.

b. Many practical constraints exist , however , which can in-
fluence the application of wind power at dredged material
sites , such as the necessity for special foundation designs
and availability of suitable pumping equipment . Additional
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research is required to determine the various constraints
and their effec t on the utilization of wind power at these
sites.

• • c. Commercial wind machines with or without a generator with
5— to l2—kw size are on the market and can deliver either
AC or DC power or drive a water pump . In particu~ar , 6—kw
DC, 5—kw 3—phase AC , and 12—kw DC units are readily avail—
able from Elektro company in Switzerland while a 6—hp wind—
powered pumping unit is marketed by Aeromotor Company in
the United States. These systems , with some modifica tions ,
can be adapted to the dewatering operations .

d. With commercial wind generators the cost (excluding the
interest on the capital) of energy per kilowatt—hour de-
livered at Buffalo by the 6—kw DC , 5—kw AC, and l2—kw DC
units is estimated at $O.O3l7, $O.0323, and $0.0243, re-
spec tively. The cost per kilowatt—hour for the same three
units at Savannah is $0.0847, $0.0843, and $0.0657, respec—
tively . The cost of wind—generated power at the rema inder
of seven sites varies between that of Buffalo and Savannah
(Table 4).

a. A procedure for computing wind energy potential using ex—
• isting long—term data for a site is presented , and it is

shown that the windspeed and the correspond i ng power du— • 
-

ration curves are powerful tools in estimating the wind—
power potential of a site. It is suggested that special
attention be given to the time of year in wind—power 

• -

analysis because there are substantial variations in wind
velocities from month to month . Next , the concep t of the
specific power output , a commonly used parameter for eval-
uating the performance of a given wInd machine installation ,
is introduced .

f. A correlation scheme, based on the statistical theory of
turbulence , enables a wind energy prospector to readily

• and economically estimate the wind—power potential of a
site without long—term wind data simp ly by making short—
term measurements on the site and correlating them with
the long—term data from the neighboring weather stations.
The correlation scheme yields good results in cases where
wind data follow the normal distribution . However , more
work is required to extend the method to incorporate the
effects of thermally induced turbulence and local terrain
roughness. This will be published separately.

.8• The method of mechanically mixing the wind generator out—
put with the existing utility grid to operate a water pump
at constant speed improves its efficiency and delivers
continuous stabl e power.
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Solar radiation

95. Dredged material processing operations present a formidable

challenge fo r solar energy conversion applications . Basic considerations
are as follows ;

a. Water elimination from dredged material is of chief con-
cern.

b. Working environment , usually close to coastal waters,
usually indicates an overcast sky and water—salt—corrosion!
wind—spray conditions.

a. Ground surface may be both muddy and dirty, as well as
unsettled .

d. Electrical power requirements are high for driving pumps ,
which would necessitate large solar collector receiving
surface areas.

a. Available space for solar collector array structures is
limited .

f .  Locations of operations tend not to be fixed in a static
position.

Hydraulic power

96. In the evaluation of hydraulic power sources as alternatives

to conventional power for dredged material processing operations , cur—
rents or waves were found to be better alternative sources of power than

• tides, ocean thermal gradients, or salinity differences.
97. Current power systems for watercourses that may not be dammed

have not been developed . However, current power systems for watercourses

that may be dammed are available off the shelf and may be used where
there is adequate reservoir space. Machines deriving their motive power

from the end of pipelines have not been developed .

Recommendations

General

98. It is recommended that a wind generator be installed at Buffalo

or Galves ton matched to a suitable dredged ma terial processing system to

demonstrate the utility of alternative power systems.

Wind power

99. Although wind generators with 5— to 12—kw capacity are
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commercially ava ilable , the methods and hardware to utilize their variable

• outputs to match the character istics of dewater ing equipment at dredging

sites have to be developed for eff icient  uti l ization of wind power. Fur—
ther work , the refore , is recommended , as f ollows :

a. Investigate impact of factors involved in practical ut i-
lization of wind power.

b . Explore fur ther  the use of an automatic load switching
device fo r matching loads to the generator ’s output and
its use as a power mixing device.

Solar radiation

100. With regard to the findings and special emphasis on simplic—

ity ,  reliability, and cost—effectiveness , the following recommendations
are presented .

a. Attempts at electrical generation , via either the solar—
thermal—electric or direct photovoltaic conversion ,
should be considered “experimental” — with all associated
risks because of: (1) the low energy—conversion effi-
ciency of the system, (2) the expensive capital equipment ,
and (3) the system hardware maintenance/control upkeep .

b. Thermal storage of solar energy should not be considered
because of: (1) space limitations , (2) weight capacity
consideration , and (3) movement of operations .

Hydraulic power • 
-

101. Current power systems for dammed watercourses are recommended

• where elevation head of over 6 ft along the watercourse can be obtained

and where the power required is less than 5 kw.

102. The following are not recommended :

a. Tidal, ocean thermal gradien t , and sal ini ty hydraulic
power systems , because they are not feasible for dredged
material processing operations .

b. Wave power systems, because land—bound applications are
still under development and none of the nine sites have
suitable wave conditions .

a. Current power systems for undammed watercourses , because
these are still under development . 

• 

-
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Figure 1. Aeromotor 6—hp , wind—driven water—pumping unit with a
rotor diameter of 16 feet
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Figure 2. Elektro l2—kw DC wind genera tor installa tion near
Wintertzur , Switzerland . The wind machine has a

propeller 21 fce t 6 inches in d iame ter
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Table 1

Data on Elektro G.m.b.h. Wind Generators and the Wind-driven
Aeromotor Water Pumping Unit

(Life expectancy is 30 years for all units.)

Aeromotor
Elektro 6 kw Elektro 5 kw Elektro 12 kw 6-hp Water-

Item DC Unit 3 Phase AC Unit DC Unit pumping Unit

Propeller:

diameter l6ft - 5 in. 16f t -5 1n.  2l f t -6 in .  16ff
no. of blades 3 3 3 18

Rated W indspeed 26 mph 23 mph 27 mph 25 mph
Cut-in Speed 8 mph 8 mph 8 mph 8 mph
Furling Speed 45 mph 45 mph 45 mph 45 mph

Output 6kw at 65VDC 5 kw atllO/190 lOkw ,11OVDC 6 hp at 25 mph
(or 115 FCD) at VAC at 23 mph at 27 mph

26 mph frequency 12 kw, at 32 mph
60-100 Hz

Power Coefficient C~, 0.307 at 26 mph 0.370 at 23 mph 0.267 at 27 mph 0.272 at 25 mph
0.200 at 32 mph

Cost ($)
w ind generator 6.700 6,700 10,000 5000a
tower 1,800 1.800 2.000
installation 2,000 2,000 2.000 2,000

Total ($) 10.500 10,500 14,000 7,000

aincluding pump and tower
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Table 3

Summary of the Total Annual Output and the Specific Power Output
of the Three Elektro Wind Generators for all the Nine Sites

5-kw, 3-Phase 6-kw 12-kw
Annual  AC Unit DC Unit DC UnitAverage 

___________Location Windspeed
(mph) SPOa Output 

s io 
Output 

s io 
Output

kw- hr kw-hr kw-hr

Buffalo 12.4 2163 10,815 1849 11,0~~ 1605 19,260

Galveston 12.5 2015 10,075 1768 10,609 1533 18,396

Seattle 10.7 1637 8,185 1387 8,322 1196 14,352

Detroit 10.3 1367 6,835 1153 6,918 992 11,902

Norfolk 10.2 1422 7,110 1145 6,870 985 11,820

Mobile 10.0 1276 6,380 1076 6,456 926 11,112

Philadelphia 9.6 1218 6,090 1028 6.167 885 10,620

Portla id 7.7 873 4,365 804 4,823 693 8,316

Savannah 8.4 823 4,150 689 4,134 591 7,092

a SPO units of kw-hr per kw-yr.
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Table 4

Equipment and Installation Costs of Electrical Output
Produced by Elektro Units

(The initial costs per kw-hr do not include the interest on the capital.)

6-kw DC 5-kw, 3 Phase 12-kw
Location Unit AC Unit DC Unit

($/kw-hr) ($/kw-hr) ($/kw-hr)

Buffalo 0.0317 0.0323 0.0243

Galveston 0.0330 0.0347 0.0253

Seattle 0.0420 0.0427 0.0327

Detroit 0. 0507 0.0513 0. 0393

Norfolk 0.0510 0.0493 0.0393

Mobile 0.0543 0.0550 0.0420

Philadelphia 0.0567 0.0573 0.0440

Portland 0.0727 0,0803 0.0560

Savannah 0.0847 0.0843 0.0657
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APPENDIX F: NOTATION

A Disk area through which fluid (wind or water) is moving

A ’ Sur fa ce area under consideration , ft2

• A Projected (in the current direction) area

C Wind—power constant evaluated from long—term wind data

C or
C~~(V) Wind—power coefficient

c Specific heat of substance

d t Tempera ture d i f feren tial

E Energy
E To tal energy ou tpu t

F Frequency of the grid supp ly

G Amount of water stored , gal

g Acceleration of gravity (32.2 ft/sec
2
)

H Significant wave height, the average height of the highest third
of the waves

h Convective heat transfer coefficient, Btu/hr—ft
2
—°F

c onv
m Mass of substance

N Design speed of the grid motor

P Atmospheric pressure, lb/in.
2

P’ Number of poles in the field winding of the grid supply

Par tial pressure of wa ter vapor in air at air tempera ture (t ) ,
lb/i n. 2 a

~C 
Power potential of water currents

g
ra ted Rated output of wind machine using power duration curves

P(t) Wind power per unit time

Vapor pressure of water at water temperature (t ), lb/in.
2

Power per foo t of wave fron t wid th , kw

Pw(t) Ins tan taneous power ou tpu t of a wind machine

Q Energy, Btu

RA SR
I

/SE
h 

ratio

SE.~ Average daily solar radiation received on a horizontal surface,
ly/ day

Fl
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-1~
SE Average daily extraterrestrial solar radiation received on a

horizontal surface, ly/day
SPO Specific power outpu t, the ratio of the total annual output of

the wind—power plant to its rated output

SR
1 

Average daily solar radiation received on a south—facing surface
(angle from horizontal), ly/day

s Slip of the gr id supply
T Time period

T’ Wave period

TA Time adjustment, mm

t Time

t
f 

Final temperature of substance, °F

Initial temperature of substance, °F

U Mean windspeed

V’ Heat of vaporization of water , Btu/lb
V Windspeed

V(t) Windspeed at given instant of time t

v Current velocity

W Humidity ratio :~

Width of wave front

Z Amount of water vapor in lb/hr

-y Weight density of fluid (62.4 lb/ft3 for fresh water and 64 lb/ft3

f or seawater)

Energy dissipa tion ra te in f t2/sec
Overall e f f i c iency
Mass density of air

Mass density of fluid (2 lb—sec2/ft4 for seawater)

4,(U ,T) Energy pattern factor

Asymptotic value of 4i (tJ ,T)

F2
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APPENDIX A: WIND POWER ANALYSIS METHODOLOGIES
AND CONVERSION SYSTE-IS

Analysis Methodologies

Wind energy calculations

1. The instantaneous power available in the wifld is the kinetic

energy per unit time of a column of air moving undisturbed through a

finite disk area. Explicitly ,  the power P(t)* is

P ( t )  = 
4 

p A V3( t ) (Al)

where hl a 
= the mass density of air

A = the disk area through which the wind is blowing

V ( t )  = the windspeed at a g iven ins tant  of time t

In Equation Al , the changes in the ambien t  air dens i ty  0a due to dai ly

and seasonal temperature variations are considered t~~ be small; thus ,

these changes will be considered as independent of tire at a given
location. Integrating Equation Al over time t yields :he energy availa-

ble in the wind over an arbitrary period of time (e.g., T ) .  Thus , the

energy E is

E = 
T P ( t ) d t  = 4 ~a A 1

T V3(t)dt (A2)

Since V ( t )  is available as a set of numbers , E is g en er a l l y obtained by

numerical evaluation of the integral. A standard nu~.erical integration

technique, such as trapezo idal rule , y ields fa irl y accurate results.
2. A wind machine can convert only a fraction of the available

power into the shaft output , thus implying that the expression of Equa-

tion Al must be multiplied by a conversion factor to obtain the power

* For convenience , symbols and unusual abbreviations are listed and
def ined in the No ta t ion of Append ix F.

Al 
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ou tpu t of :~ie wind machine. The theoretically limiting value of :he

conversion factor for a propeller machine is 0.593. Thus, the fzstan—

taneous p~~ er ou tpu t of a given wind machine at V(t) is

PW ( t )  = 
~C p

(V)P a A V3 ( t )  (A3)

where the factor C (V) is called the “power coeff ic ient” of the ~achine .

For a conven tional propeller machine , depend ing upon the winds p~ ed V(t),

C (V) var~~ s from 0.4 to 0. Finally , the total energy output E.. of a

wind mac ’n~-’e over a time period T is

E = 
4~a 

Af T C (V) V3 ( t)d t (A4)

3. ~urther , the power coefficient C (V) for a given wind ~achine

is easily obtainable from its design and performance charac ter is:ics by
solv ing Ec~ ation A3 for C (V). As an examp le , C (V) for a co=~~rc ially

ava ilable ~—kw wind generator was computed ; the results appear :— Table Al.

A plot of C (V) versus V for the same machine is shown in Figure Al.

The values of C (V) for windspeed values at or below 7 mph are zero

because the wind machine has a cut—in speed of 8 mph . The machf~ e

starts pr :ducing the full output of 5 kw at a windspeed of 23 ~~~ -i and

has a fur ing (shut-down) speed of 45 mph to protect it against storms

and gales.

4. Specific power output (SPO) is a commonly used var iab e for

evaluat i--: the performance of wind machines . For a given location it is

def ined as the ratio of the total annual output of the wind—power plant

to its ra:ed output. Since the annual output is generally measured in

kw—hr and the rated output of the machine is specified in kw , :he SPO is

stated L-. units of kw—hr/kw—yr. By analy tically using Equation A4, SPO

for  a win~~~ machine installation is given by

A2
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C (v)  V3(t)dta o p  (A5)
- rated

where P is the rated output of the machine using power duration
rated

curves. The integral in Equation A5 oan be evaluated numerically.

Physically , the SPO for a given ins ta .lation indicates the number of

hours of rated output operation in a :~ear. A high value of SPO indica tes

a good installation while a low SPa implies poor installation. Thus,

the SPO plays an important role in a;Draising a site for wind power

installation.

Windspeed and power dura tion

5. Existing surface wind data in the form of windspeed , usually

given in miles per hour or kno ts, ar e measured by an anemometer , with

observations made each hour. Another way of presenting wind da ta for  a

given location is to prepare drawings of monthly or annual freq uency

distribution of windspeed and directimn, called “wind roses .” The wind

da ta are comp iled as percen tag e f r ecuency of windspeed and direct ion

groups. To a wind—energy analyst the frequency of wind direction at a

given loca tion may be important in sizing a given wind machine, bu t for
estimation of the output of the machine at the location over a certain

period of time , the wind direction is of little importance. Thus, for
this study ,  the wind data for each size are listed as a total of frequen—
cies for all directions . Table A2 is an examp le of the f orma t of the
historical wind data available from National Climatic Center. The data

are g iven by the mon th and the year as a percen tage of f reque ncy of
windspeed in a given speed or range. The data in the tables were based

on the observations taken during 1951 to 1960.

Descrip t ions of Convers ion Systems

6. The windm ill—driven recipr oca ting pumps generally are desi gned

to ~iandle relatively small amounts of water at high lifts for transfer-

ring the water to elevated tanks. At dred ged ma terial con tainmen t

A3 
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sites , pump ing systems capable of transferring large quan tit ies of f lu id

against low to moderate heads are required . Most of such pump ing units
are required to handle headed water containing a wide variety of solids ,

including silts, clays , and inorganic matter. Further , if such pumps

were driven by wind—power sources , they would operate under variable
input torque. Generally, the variable torque input to the pump shaf t

results in a variable speed operation which in turn causes higher

losses of energy. Presently, no off—the—shelf pump ing hardware is
suitable £ or pump ing mudd y wa ter and , at the same time, compatible with
the wind turbine output . However , wind—generated electricity offers

more flexibility in operating equipment and systems at the sites.
7. Another factor to be considered while app lying wind power at

the dred ged material site is construction cost of installing the wind—

power installation. At most sites , locating a wind—power system may

require spec ial f ounda tion desi gn due to the poor bear ing capac ity of

the local soil. Special construction features may result  in additional

costs and thus raise the cost of the power produced on a per kilowatt—

hour basis. Additional research is necessary to fully assess the prac—

tical utilization of wind power at dredged material sites.

8. For dewatering dred ge containment sites comprised most l y of

sand , the conventional pump designs of either the reciprocat ing or the

centrifugal type may suffice. Price Island in the Portland Distric t

(Appendix D) is an example of such a site, which occupies a land area of
about 120 acres. Preliminary calculations show that two 16—f t—diam

Aeromotor pumping units are enough for dewatering the Price Island site.

9. Sectorov~ suggested that to use wind power for water pumping

and irrigation instal lat ion, it is generally most convenient to operate

the cen t r i fuga l  pump e lec t r ica l ly f rom the output  of a wind generator .

Such an arrangement ensures near ly  constant—speed operat ion of the pump

without  de te r iora t ing  its e f f i c ien cy .  Also , di rect  conversion of wind

energy into elec tr icity o f f e r s mor e f lex ib i l ity in its usage. For
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— example , if the electro—osmosis method of dewatering is ap~~~ied at a

si te , the wind—generated elec tric ity may be used for  the elec trodes and

for operating the water pump simultaneously.

10. Because of the random nature of the wind , an AC genera tor

driven by a wind—powered rotor will deliver electricity with variable

voltage and frequency . The variable frequency power , if su~ p lied to a
mo tor driving the wa ter lif t pump, will operate it at irregular speeds. -;

To keep the cost of the energy produced low, it is essentiai to fully

utilize the output from the wind generator. That is, utilization of the

generated power between cut—in and rated sp~ ed mus t be done by matching
the load to the genera tor ’s momentary capacity. Thus, to follow the
gener ator ’s output versus windspeed characteristics over its entire

opera ting range , the available load should be inf initely variable. In

practice, however , the infinitely variable load is almost imoossible to
obtain. One convenient way is to divid e the available load into a

- - series of small units and switch them in and out of the circuit to match

the genera tor ’s instantaneous output. Such a scheme requires an auto—

- I matic switching device for applying the load to the generator circuit.

One such system employs elec tromechanical relays for load s:;itching and

is now under development at CEL, as shown in Figure A2 . Th~ swi tching
rela --s used are controlled by an electronic logic circuit actuated by

the generator output. In the operation of the switching de~-ice , the
plots of Figure A3 show that the various switching sequences are a

function of the generator output frequency for a five—step switching

device. The schematic also shows that a rectifier converts the output

of the 3—phase AC generator into a DC power req uired by the electrodes
of the electro—osmosis process. The loads Li , L2 , etc., r e fer  to a bank

of ~lectrodes at convenient locations at the site. In fact , the concep t

of the switching devices discussed can be easily extended to a system

for sharing the load with the existing utility or other source of elec—

tric ity simply by using two—position relays as shown in Figure A4. An

A5
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add itional rec tif ier is requ ired on the utility line to obtain DC elec-

tricity. During the period the wind genera tor is inopera tive, the

elec trodes are supp lied by the utility power and when the wind is blow—
ing above the cut—in speed of the wind genera tor , the switching device
connects the optimum number of electrodes to the generator. This

arrangement provides an efficient use of the wind generator ’s output

while maintaining continuity of power to the electrodes. One of the

loads in the schematic of Figure A2 may be the mo tor of a pump required
to lift water after it is collected at the cathode. The power input to

the pump motor may be AC and need not be rectified. A concept to accom-

plish constant speed operation of an AC motor operated on the variable

output of the wind generator will be discussed next.

11. Figure A5 is a schematic of a system for mixing the grid and

the wind—generated power mechan ically to drive a cen tr i fugal  pump at

constant speed . The pump is dri-.-en by two motors coupled to its shaft.

One motor is a variable pole—induction motor connected to the grid line.

Irrespective of the windspeed , the pump operates at a constant speed

correspond ing to the design speed of the gr id motor given by

N = l2OF(l—s)/P’ (A6)

where F = the frequency in Hz of the grid supp ly

s = the slip , which usually varies from 0.02 to 0.10 depending
on the motor size

P’ the number of poles in the field winding

The arrangement locks the wind—generator rotor to a speed corresponding

to N. Thus , the changes in windspeed will result  in a variable t i p—
speed— to—windspeed ratio of the rotor. For maximum efficiency, mos t

commercial wind machines must o~ erate at a fixed tip—speed—to—windspeed

ra tio. Hence , the rotor of a wind machine must turn at variable speed

to mainta in  i ts t i p—speed - -to—win d speed ratio close to its rated value .

One method of opt imiz ing  th is  r a t i o  is to allow a discre te change in the
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ro tor speed in var ious steps by changing the poles on the mo tor at some

preselected windspeeds. The pole chang ing can be done by an automatic
switching device of the type discussed earlier. The concept being —

discussed uses four or five different pole pairs in the range between

the cut—in and the rated speed of the rotor. In practice , doubling the
number of poles can be done by a simple parallel circuit scheme. Further

investigation , however , is required to prove the prac ticability of the
method .

12. Another system for dewatering dred ged ma terial processing

Sites is shown schematically in Figure A6 . The system is simple and

uses off—the—shelf components. The lifting of the water is done by a

po sitive displacement dev ice of rec iprocating type , such as a diaphragm
pump . To utilize the wind machine output effic iently, a set of two
holding tanks is provided : as one is emptied , the other stores the

water being lifted . The system has a special advantage in that the lift

pump never comes in contact with the water being lifted. The various

valves on the lines are electrically operated through some type of level

sensor in the holding tanks. The lift pump is dr iven by a wind machine

through a mechanical coupling. The practicality of the system should be

determined through f ie ld  tes ts at a si te wh ere d ewatering is a definite

problem (e.g., at Mobile).
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Table Al

Power Coefficient C~(V ) for a 5-kw Commercial Wind
Generator for Various Windspeeds

Power Coefficient ,
Windspeed, mph Pw (t) —

Cp ‘/OPaAV 3 (t)

0 0

7 0

10 0.443

12 0.417

15 0.390

18 0.376

23 0.370

24 0 343

31 0.163

38 0.09

46 0
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APPENDIX B: SOLAR ENERGY CONVERSION PROCESSES

Descr iptions of Conversion Systems

Types of systems
1. Solar—chemical. In the solar—chemical conversion process , the

sun ’s energy is directly conver ted into chemical energy thro ugh elec—
tronic processes within the solar collecting medium. This is the basic

mechanism of photosynthesis. It provides for growth of plants, wh ich

can be consumed by various methods to provide heat , electricity , nutri—
tion , etc. Figur e Bl displays a flow d iagram of a typ ical solar—chemical

energy conversion proc ess d esigned for heating application.

2. The direct solar—chemical conversion process of plant growth

(requiring water) could be utilized to eliminate moisture from unwanted

areas; however , this approach necessitates both p lan ting and harvest ing

operations and may involve a leng thy “p lant growing ” period . The basic

solar—chemical energy conversion process is believed to offer limited

resul ts  in energy reduct ion of dred ged material processing operations .

3. Solar—therma l. The solar—thermal conversion process is the

d irec t conversion of the sun ’s energy into usable heat. (This is the

basic driving force of other energy forms — wind , hydr opower , ocean
thermal gradients , ocean currents , etc.) This process is commonly

uti lized for air dry ing of agr ic ultural pr oducts, heating pool water ,
prehea ting potable hot water , and providing heated air into building

conditioning zones.

4. An extension of the basic solar—thermal process is use of a

heated fluid to provide power for: (a) operating an engine for a mechan-

ical drive system and (b) operating a turbine for electrical generation .

This latter energy conversion is designated the solar—thermal—electric

process , which is presently being investigated as the process for future

l a rge—scale  e lectr ical  g e n e r a t i o n .  Figures  B2 and B3 show typ ical flow

diagrams of the solar—thermal and solar—thermal—electric energy conver-

sion pr ocesses , respectively.
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5. Solar—electric. A solar—electric process , more commonly known

as the pho tovoltaic conversion , consists of electrical energy (direct
current) being produced directly upon the collector ’s exposure to sun-

light. The energy conversion system necessitates an inverter to achieve

alternating electrical current status. Figure B4 shows a typical flow

diagram of this process.

6. This type of system is still much in the development stage

with regard to low cos t app lications . Systems that are in service are

very expensive but acceptable for remote site (space, ocean) applications .

Solar Energy Conversion Equipment

Solar collec tor s

7. Flat—p late solar collector. The basic construction components

of the flat—plate solar collector are

a. Glazing cover — transparent glass or plastic cover to
transmit sunlight and minimize heat loss via convection
heat transfer .

b. Absorber plate — principal solar heat collecting surface
to which fluid tubes are attached .

c. Fluid tube — provides fo r  passage of heat—carrying medium .

d. Insulation — to minimize heat losses trom absorber p la te/
fluid tube.

a. Casing — enclosure that houses the components.

Figure B5 depicts the components of the flat—plate collector; Figure B6

displays various cross sections that are commonly utilized in flat—p late

solar collectors. Energy collection efficiency of flat—plate collectors

depends upon construction and app lica tion , but will range between 40 to
90% for space cooling and low air temperature heating applications ,

respectively.

8. Solar concentrators. Concentrators are basically constructed

with two surfaces : a reflector surface and a blackened receiving surface

(fluid tube or boiler). Two major disadvantages with concentrators are

their utilization of or4y the direct (not diffuse) component of sunlight

B2
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and their requirement that tracking devices follow the sun across the

sky. Their energy collection efficiency depends upon construction and

desired ou tlet f l uid tempera tures , bu t e f f i c iency is generally less than
50%.

9. Solar cell. The solar cell consists of a positive—negative

(P—N) junction in a semiconductor between a positive (P) layer , which

con tains movable posi tive charges , and a negative (N) layer , which
contains movable electrons. When sunlight is absorbed by the cell , each
photon uni t of light produces a negative electron and a positive charge.
Ordinarily , these would immed ia tely recombine and result in the conver—
sion of light to heat. However , due to the potential barrier at the P—N

junc tion , the electrons produced by the light in the N—layer are driven
to the electrode, and the positive charges produced by the light in the
P—layer are driven to the other electrode. As these electrons and

positive charges build up at the two separate electrodes , a potential

develops and electr ical current flows through the wires connec ting the
two electrodes. Figure B7 displays views of a typical photovoltaic

solar cell.

10. Various mater ials are being utilized in the construction of

solar cells to achieve high energy conversion efficiencies and lower

manufactur ing costs.  Most notable of these materials are: silicon ,

cadmium sulfide , and gallium arsenide. To date , average energy conver-

sion efficiency of solar cells is only about 10%.

Energy stora ge

11. Numerous forms of devices for storing collected sun energy

are both available and currently being researched . The principal methods
of energy Storage discussed in this report are thermal and electrical.

12. Thermal storage is the most common and involves increasing a

storage sub stance ’s temperature. Water is primary choice for thermal

storage beca use of its read y availability and high heat capacity. Rocks

provide a secondary storage selection but are chiefly used in air hea ting

systems .
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13. Electrical energy is stored principally in ba tteries charged

during day light hours. Several types are marketed , vary ing in opera ting

l ife, charg ing ra tes , size , and costs. Some present day and future

battery types are: lead—acid (liquid and dry), nickel—iron , nickel—

zinc , nickel—cadmium , lithium—sulfur , and sodium—sulfur .

14. If batteries were to be used , they would be connected in

parallel to allow low voltage charging by photovoltaic or solar—thermal—

electric energy conversion devices and then would be discharged in

series connection at higher voltages.

15. Fly—wheels , fuel cells, an~ other similar exo tic energy
storage devices are still in development; their applicability to dred ged

material processing operations is undetermined .

Ancillary equipment

16. To complete any solar energy conversion system, transmission ,

control and retrieval of the energy collected and stored must be consid-

ered . These topics will be briefly d iscussed below , with emphasis on

solar—thermal system applications .

17. Transmission. The energy transmission system consists basi—

cally of: passage—ways for the heat—carrying medium and prime mover s
(e.g., water pump or air fan) of the heat transferring medium. Materials ,

size, and design of the passage—ways will be dependent upon: (a) the

type of heat—carrying medium , (b) system pressure requirements , (c) corro—

sion particulars , (d) temperatures expected , and (e) desired flow rate

capacity . For air transporting systems, plastic pipe/duct_work will

sa tisf y expected system requirements; for  liquid transporting systems ,

metal piping is principally utilized (plas tic may be used in limited

app lications). Choice of metal piping — inexpensive steel to expensive

copper — depends upon system design requirements.

18. Control. Controlling the operation of a solar energy conver-

sion system is of paramount importance. The term “control” re fers  to
switching on—off or modulating prime movers and terminal (energy retrieval)

units. The latter are usually controlled by specif ical ly  loca ted

B4
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temperature sensors. Temperature sensors are usually placed : (a) at

the outlet of the collector system, (b) inside the energy storage medium,

and (c) in the location designated for final disposition of the collected

solar energy. The collector system operates when solar energy can be

absorbed ; the retrieval system activates when collected or stored solar

energy is needed .

19. Retrieval. Retrieving the collected or stored solar energy

may require terminal equipment (heat exchanger) to transform this energy

into a usable form. Fan coil units (water—to—air heat exchanger with

fan  assembly) are typically used to conver t hea t from a liquid to an

airstream. Where air is heated in the solar collector and utilized

directly ,  as in the case of enhancing dred ged mater ial  dewatering , no

terminal unit is required .

ii 
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APPENDIX C: HYDRAULIC POWER ANALYSIS METHODOLOGIES
AND CONVERSION SYSTEMS

Analysis Methodologies

Wave power

1. The potential—energy—derived portion of the available wave

power (the rate of transfer of potential energy when waves fall from

above the still water level to below it) may be expressed as:

W ’ p g
2T’H 2 

(Cl)

where W’ = width of wave front

= mass density of fluid (2 lb—sec2/ft
4 

for seawater)

g = acceleration of gravity

T’ = wave period

H = significant wave height, the average height of the highest
third of the waves

2. The total power , including that from the kinetic energy of the

water in orbital motion under the wave, is twice the power from the rate

of change of potential energy.22 
Therefore, for a unit width (1 ft) of

wave front:

P , = 0.028 H 
2
T’ (C2)w S

where P , = power per foot of wave front width, kw

H = significant wave height, ft

T’ = wave period , sec

3. The power that can be converted by a wave power device is

equal to the total power 
~w’ 

multiplied by the overall efficiency ii.

C l \

I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~
—

~~~~~~~~~~~~~~~~
---

~~

-

~~~~
~.



Current power

4. The power potential of water current may be expressed as:

= 
A’yv3 (C3)

where A’ = the projected (in the current direction) area

y = weight density of fluid (62.4 lb/ft
3 for fresh water and

64 lb/ft3 for seawater)

v = current velocity

g = acceleration of gravity (32.2 ft/sec
2
)

This formulation assumes no significant elevation difference between the

inflow and tail water. This assumption is generally valid for dredged

material processing sites.

5. Most natural water current velocities decrease with depth .

Offshore, where this decrease is fairly linear below the turbulent

region near the surface, the average current spe~d over the depth of the

submerged power plant runner may be used in the above equation to esti-

mate the power potential. This simplification results in a conservative
17power estimate 5~ to l0/~ too low. In other water bodies in which

current speeds are not significantly influenced by the tides, the same

approach (i.e., averaging the current speed between the top and bottom

of the runner) is adequate, provided the reduction in current speed with

depth can be considered linear, or nearly so.

6. In water bodies with tidal influence, the current speed varies

• with the tide from a maximum in one direction at ebb to a maximum in the
• opposite direction at flood . An estimate of the annual average power

level for a tidal current power system at a site with high tidal currents
23was made by Heronemus et al. These authors assumed that equipment can

be built which (a) recovers energy from currents in both directions and

(b) shuts off at a current velocity of about 2.1 knots. They used the

C2
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tidal current predictions published annually by the National Ocean

Survey (NOS). The reader is referred to the original reference for a

complete description of this analysis methodology.

7. Potential current power can be estimated using the above

techniques for any site and using, for example, the data given in Table

D3. The validity of these estimates is clearly dependent on the accuracy

of the current speed information, which should be from points as near as

possible to the locations and depths where the power generation equipment

will be used. Suitable data are frequently not available for the specific

site and depth of interest because (a) the surface currents are those

most frequently measured or predicted and (b) surrounding landforms and

the bottom significantly affect currents — tidal currents, in particular.

8. An example of a site where published data on surface currents

were useful in making an estimate of power potential is Nobles Island

(north of New Hampshire). Heronemus et al.23 were able to use tidal
current predictions here because the site has water depths as great as

60 ft and indications of peak current influence down to the bottom. On

this basis it was assumed that a uniform current velocity distribution

exists down to 25 ft. It was also possible to lay out on a chart a 100—

ft—wide path in the river far enough from land that a uniform current

across the path could be assumed. Therefore, a 30—ft—deep , 80—ft—wide

current power system could be designed for this site using available

local source data. Unfortunately, not many sites are as ideal, so

current measurements must be made before power potential can be estimated.

Descriptions of Conversion Systems

Wave power systems

9. Over 50 patents have been awarded since the turn of the century

for devices to extract energy from the waves.24 
Only those devices

intended to provide power to shore are of interest here. These devices

seek rr~ extract energy from the following sources:
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A. The surge of water up the beach caused by waves ,

B. The orbital water particle motions under the waves ,

C. The vertical motion of the surface of the waves , and
D. The pressure changes below the waves.

10. The surge system, Type A , requires storage of water to the

height of the waves in a lagoon on land into which the surging water

spills.25 
One concept of this type calls for a converging channel

through the surf zone that would concentrate the waves so that a head of

water is maintained in a pond at the shore end of the channel by the net

momentum transport of shoaling and breaking waves.11 The stored water

then runs back to sea level through a turbine. This type of wave power

system requires the ponding of large amounts of water on land; natural

basins, or vacant land on which artificial basins can be constructed,

are generally not available at processing sites. Consequently, this

type of wave system is not a good option for powering equipment for

processing dredged material.

11. The orbital motion system, Type B, has received much attention

recently. It Is a rocking vane device that is claimed to be highly

efficient.25 Unfortunately, this system is quite large and must be free

floating. Canney26 holds no hope for such a system primarily because

its dimensions must be carefully controlled to match the wave environment.

Thus, Type B systems are not considered promising for providing the

relatively small power requirements of dredged material processing

operations.

12. The surface motion system, Type C, operates near shore and

usually involves a moored floating object that operates a generator

onshore through a submerged linkage. Such a system can be fabricated

simply and operated with available hardware and conversion equipment.

However, the problems of a float on the turbulent ocean surface and

moving parts in contact underwater are great. Some of these problems

are alleviated by a system that replaces the moored buoyant float with a

• weight suspended from a shore—based boom and puts the linkage system

• C4
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onshore.27 Unfortunately, this system must be used at a site with a

very short horizontal tidal shift to minimize the boom length.26 
This

shoreline system’s vulnerability to storms will result in much mainte-

nance and repair , and capital cost of a system to suspend heavy weights

• from shore out over the waves would probably be very high. Wave motion

in the horizontal plane will distort the desired vertical action of the

suspended weight.
26 

Further refinements of Type C wave power systems

may relieve some of the drawbacks mentioned above, but at present such a

system is not a suitable power source for a dredged material processing

operation.

13. A pressure system, Type D, may be moored to the seafloor or

• • mounted directly on it. In either case the device is below the water

surface in a relatively calm and less corrosive environment. A prototype

of a moored wave power device was tested and found to have an efficiency

of ~~~ 
28 

A bottom—mounted system uses bellows on the seafloor to apply

the pressure of passing waves to the pumping of a hydraulic fluid to an

accumulator and generator onshore. One system of this type uses pliable

rubber—like strips filled with hydraulic fluid and encased in concrete

troughs.29 
This system was tested on a small scale; it was claimed that

almost all of the pressure change from the waves was converted to usable

energy.29 
The simplicity of this device and its high efficiency are

definite advantages, but maintenance might be troublesome.
26 

Another

• disadvantage with this system is that it might cause accelerated beach

erosion and deposition.

14. Although none of the wave power sy5tem types above is without

drawbacks, the Type D stands out as the more viable as a power source

for dredged material processing operations. As with most alternative

power systems, more development is required. The design criteria (as

stated in Reference 28) for wave power systems should be:

“1. The device must operate beneath the sea sur-
face.

2. It must have a reliable lifetime of two or
more years.
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3. It must be composed of the smallest possible
number of moving parts.

4. All barriers against seawater penetration
must be positive; no reliance upon working
seals, rotating or reciprocating.

5. No operating parts shall be exposed to, or
• extend into, seawater.

6. The unit shall be composed, insofar as possi—

• ble , of components commercially available, of
proven long—life reliability.

• 7. The configuration must be compact and rugged .

8. The unit must produce usable power under
• ordinary moderate sea state conditions.”

Current power systems

15. The momentum exchange devices that have been considered for

the conversion of the energy in natural water currents to usable power

are: (a) horizontal axis turbines with the axis parallel to the current

f low, like the Kaplan turbine or open propeller; (b) horizontal axis

turbines with the axis perpendicular to the current flow, like the water

wheel or Savonius rotor; (c) vertical axis turbines, like the Voith—
¶ Schneider propeller; and (d) others, like an invention using a series of

parachute drogues)6

16. Detailed analyses were made by Sheets’7 for the Kaplan turbine,

open propeller, and vertical axis turbine when used underwater in a

nearly constant velocity current and by Heronemus et al.23 for the open

propeller and Savonius rotor when used at the ~iater surface for tidal

river currents. Sheets judged the vertical axis turbine superior for

his application, and Heronemus et al. favored the Savonius rotor for

• their application.23 These preferred current power systems are described

in the following paragraphs, based on the work of References 17 and 23,

respectively. Sheets considered the water wheel for submerged applica—

tion and found it inferior to the other turbines he considered , but the

water wheel is included in the following discussion as a potentially

useful device when used at the water surface.

C6
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17. Vertical axis turbine. A vertical axis turbine is shown in

Figure Cl. Advantages of such a turbine for conversion of water current

energy include:

a. Neither the platform nor the turbine assembly has to be
rotated relative to the current flow direction.

• b . No structure other than the blades is in the way of the
current flow through the turbine runners.

c. The turbine runners can be designed to account for cur-
rent veloci~~ differences between the top and bottom of
the blades.

18. The turbine has the following disadvantages:

a. Reasonable estimates of water current velocities and
distribution with depth (hopefully measurements) are
required for design.

b. The turbire must be larger than either the Kaplan turbine
or open propeller for the same flow velocity.

a. The design for reliable blade adjustment to account for
vertical flow velocity gradients is complicated and the
fabrication expensive.17

19. Savonius rotor. The Savonius rotor was developed for the

measurement of water currents. This rotor is usually oriented vertically

• j for measurement, but for extraction of current energy a horizontal

orientation is considered , as shown in Figure C2. Some of the pros and

cons of this rotor as a water current energy conversion mechanism are

given below. Its advantages include:

a. Its simple geometry makes it relatively inexpensive to
fabricate.30

b. Operation is possible with currents that reverse direc-
tion.23

a. Operation does not require the damming of a water source.
23

20. The Savonius rotor has the following disadvantages :

a. It lacks radial symmetry so the torque is not steady but
varies as the rotor turns.30

b. Design of this water surface penetrating system must be
very sensitive to corrosion and biofouling .23

a. When in the horizontal configuration shown, the rotor
cannot efficiently extract energy from current in direc-
tions other than perpendicular to the axis.
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21. Water wheels. Water wheels (Figure C3) were the traditional

source of low power systems for centuries. Such a current power device

has the following advantages:

a. No research and development is required to make the water
• - wheel an effective water current energy extraction device.

b. The fabrication and maintenance are not complex.

22. The disadvantages are:

a. A very large rotating structure is required above the
relatively small immersed paddles.

b. Water flow in only one dire.tion is required.
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Figure Cl. Vertical axis turbine based on work by Sheets’?~
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Figure C3. Water wheel based on work by Sheets
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A P P E N D I X  D: DATA AND POWER POTENTIAL FOR SELECTED LOCATIONS

Wind Power Potential

Parametric plots

1. The performance curves for Elektro wind machines are shown in

Figure Dl. Based on the performance curve data , the power coefficients

C , as functions of windspeed V , were obtained for all the Elektro units

and are given in Table Dl for later use. The detailed data on the

performance of the Aeromotor pumping unit are not available.

Windspeed and power duration • curves

2. The windspeed V as a function of time t is not readily availa-

ble from the existing data. As discussed in Appendix A , the wind data

documented as a frequency of windspe ..~d show the percentage of time (a

year or a month) the windspeed was between certain values. The available

data must , therefore , be reduced to the speed duration plot as follows.
• 

a. Starting with the zero windspeed , determine the percentage
of time the windspeed is above a certain predetermined
value. For instance , for 100% of the time, windspeed is
above zero ; this gives one point on the speed—time chart.

b. Next , determine from the wind data the percentage of time
• speed is above a given value and plot it on the chart. A

smooth curve through the points renders the speed—duration
• curve for a location. The windspeed—duration curves, each

with a duration of 1 year for each site, were drawn using
the annual average data.

a. Next , the wind—po wer duration curve is derived from the
speed du ration simply by cubing the ordinate ( i .e . ,  the
windspeed V) and multiplying it by the factor (l/2)pA to
obtain the power available in a column of air flowing
through given disk area A.

The power duration curves , each wi th  a du rat ion of 1 year fo r each s i te ,
were prepared for  later use . Both the windspeed and the power duration

curves for each of the nine selected sites are shown in Figures 3 through
11. For simplicity , the disk area for the calculations was taken to be

100 sq ft; thus, the ordinate of the power duration curves in the above

figures is the available power per 100 sq ft of the disk area. Also
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t prepared for comparison was the total available energy per 100 sq

ft of the disk area at each site for a duration of 1 year, or 8760

hours; the results are shown in Table D2 , which also gives the ann’ial

• average windspeed at each site. Based upon the results of Table D2,

Buffalo, Galveston, and Seattle show an excellent potential for windpower

I: conversion. Norfolk, Detroit, Mobile, and Philadelphia have an average

potential for wind energy , but Portland (Oregon) and Savannah (Georgia)

show a relatively poor promise of wind energy. In summary, it can be

stated that the windspeed duration and , hence, the corresponding power

duration curves are useful tools in readily assessing the wind potential

of a given site by simple calculations.

Solar Radiation Potential

Use of solar data

• 3. The term “solar radiation,” is synonymous with the commonly

accepted term of solar insolation and refers to the amount of sun energy

received at the earth ’s surface as terrestrial solar energy.

• 4. Most solar radiation is measured with a horizontally positioned

• instrument called the pyranometer , which measures both the direct and

diffuse components of the sun’s energy . These data are recorded on a

• daily (and in some cases, hourly) basis in units of the langley (iy).*

5. Data on the average daily terrestrial solar energy received on

a horizontal surface are of limited direct use in many solar energy

conversion applications. What is sometimes more importantly desired

are: (a) hourly solar radiation data — for hourly evaluation of particu—

lars (system efficiency determination) of a solar energy conversion

process; and (b) inclined receiving surface solar radiation data — for

selection of optimum inclination or determination of energy received on

a constrained receiving surface. Figures D2 and D3 show the typical

daily distribution of solar radiation on clear days in the months of

* A langley is equivalent to a gram calorie per square centimetre , or,
in more common notation , equal to 3.687 Btu/ft2.
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January and June, respectively ; Figure D4 depicts the typical yearly

distribution of solar radiation for various receiving surface inclina-

tions. The following discussion allows for estimating the hourly and

inclined receiving surface solar radiation data from existing data.

6. Solar time. The hourly time values referenced herein refer to

solar time, which basically accounts for the orbital factors of our

earth and may vary from local standard time. The adjustment for convert-

ing solar to standard times is made by the following relationship:

Solar Time = standard time + TA + 4(Meridian — Longitude)

where Standard Time = local clock time at location of interest
(adjust for daylight savings time, if
applicable)

TA = time adjustment, mm (see Figure D5)

• Meridian = standard meridian of time zone, deg West
(see Figure D6)

Longitude = longitude at location of interest, deg West

7. Length of day. The length of day (sunrise to sunset) varies

throughout the year and with geographical latitude.

8. Hourly solar radiation. The amount of solar radiation received

on a horizontal receiving surface and available during various hours of

the day is a percentage of the total daily solar radiation for various

lengths of day . This information is most useful for locations where

day—long clear sky conditions prevail; for overcast sky, these data are

less valid .
• 9. Inclined receiving surfaces. Many methods have been proposed

for estimating the amount of solar radiation, on inclined south—facing

surfaces, from various known parameters. The method employed herein

basically follows a rationale set forth in Reference 31. The conversion

of “horizontal” solar radiation data to “inclined” solar radiation is

made by the following relationship:
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SR~ = (SEh ) (RA )

where SRi = Average daily solar radiation received on a south—facing
surface (angle from horizontal) in ly/day

SEh = Average daily solar radiation received on a horizontal
• surface, ly/day

SE = Average daily extraterrestrial solar radiation received
on a horizontal surface, ly/day

RA = SRIISEh ratio at given latitude, month, receiving surfaceinclination, and SEh/SE ratio.

• Data will be found in Reference 32. An example follows.

EXAMPLE

Location: San Antonio, Texas
0Latitude: 29.5 N
0Longitude: 98.5 W

• Q. What is the average daily amount of solar energy received on a
horizontal surface in the months of February and September?

A. February = 347 ly/day (1278 BT1J/ft~-day)
September = 493 ly/day (1818 BTU/ft —day)

• Q. What is the solar time at 1:00 p.m. standard time on September 15?

• A. Standard Time = 1:00; TA = 5 minutes (see Figure D5);
Meridian = 90 degrees (see Figure D6); Longitude = 98.5 degrees

(see input data)
Solar Time = 1:00 + 5 mm + 4(90—98.5) = 1:05 — 34 mm 12:31 p.m.

• Q. Assuming clear—sky conditions, how much solar radiation falls on a
horizontal surface between 1:00 and 2:00 p.m. in September?

A. Length of day is approximately 12.2 hours
Solar Radiation = 12.4% of total daily input of 493 ly/day

Q. How much daily solar radiation falls on a 30—deg south—facing
surface during the month of September?

A. SE = 786 ly/day (30 deg latitude)
SE
h = 493 ly/day
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SEh/SE = 493/786 = 0.63

RA = 1.10 (30 deg latitude, 30 deg, Sept)
• SR

~ 
= (SEh) (RA) = 493 ly/day (1.10) = 542 ly/day

Hydraulic Power Potential

Data

10. Table D3 furnishes the local source data for hydraulic study

f or nine sites.

Parametric plots

11. Figures D7 to D9 are sizing and performance parametric plots

for current power systems. These plots are intended to show the varia-

tion of output power with the most frequently measured characteristics

of currents.

12. Figures D7 to D9 on the unidirectional current power system

show the output power of devices o•f this type as a function of current

• speed . These plots are applicable to the size proportions and efficien-

cies given on the figures for vertical axis turbines, Savonius rotors,

and waterwheels.

13. Parametric plots of tidal current power are not included

because there is no common parameter that may be portrayed as a function

of output power at any site. Furthermore, the energy available in the

tidal currents at eight of the nine sites is minimal, and good data near

enough to the ninth are not available.
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Power Coefficient C~, Shown as a Function of Windspeed V for
the Elektro G.m.b.h. Wind Machines

__________________ 
Power Coefficient 

_______________

Windspeed Elektro 5-kw,
(mph) Elektro 3-Phase, Elektro 12-kw

6-kw DC AC Unit AC Unit

0 0 0 0

3 0 0 0

7 0 0 0

10 0.443 0.443 0.443

12 0.417 0.417 0.417

15 0.390 0.390 0.390

18 0 376 0.376 0.376

23 0.370 0.370 0.370

24 0.343 0.343 0.343

26 0.307 0.260 0.307

27 0.288 0.232 10.267

32 0.175 0.148 0.200

38 0.106 0.090 0.123

46 0 0 0
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Table D2

Available Energy Per 100 sq ft of the Disk Area in 1 Year (8760 hours)
for the Nine Selected Sites

Total Available Energy Per
. 

Annual Average 100 sq ft of the Disk AreaLocation Windspeed in 1 Year(mph) (kw-hr /100 sq ft)

Buffalo, New York 12.4 16,634

Galveston, Texas 12.5 14,735

Seattle, Washington 10.7 11,498

• Norfolk , Virginia 10.2 10,121

-

• 

Detroit, Michigan 10.3 9,374

Mobile, Alabama 10.0 8,892

Philadelphia, Pennsylvania 9.6 8,481

Portland, Oregon 7.7 6,762

Savannah, Georgia 8.4 5,734
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APPENDIX E: INFORMATION SOURCES

Wind Power
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American Sun Industr ies ASG Industries
3477 Old Conejo Road P .O .  Box 129
Newbury Park , CA 91320 Kingsport, TN 37662

Beutel’s Solar Heating Co. CSI Solar Systems Division
1527 North Miami Ave. 12400 49th S t . ,  North
Miami, FL 31136 St. Petersburg, FL 33732

D & J Sheet Metal Co. Daylin, Inc. (Sunsource)
10055 N.W. 7th Ave. 9606 Santa Monica Blvd .
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E & K Service Co. Edwards Engineering Co.
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8100 W. Florissant 5115 Industrial Road , Suite 1/513
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• West Haven , CT 06510
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P .O.  Box 12408 Van Nuys , CA 91401
Memphis , TN 38112

Free Heat Garden Way Labs
P .O .  Box 8934 P .O .  Box 66

— Bos ton , MA 02114 Charlotte , VT 05445

Gaydart Industries , Inc. General Electric
8542 Ed geworth Dr. King of Prussia Park
Capital Hei gh ts, MD 20027 P .O .  Box 8661

Philadelphia , PA 19101

General Industries Hadley Solar Energy Co.
2238 Moffett Dr. P.O. Box 1456

• Ft. Collins , CO 80521 Wilmington, DE 19899

Helio—Dynamics, Inc. Hitachi America Ltd.
518 So. Van Ness Ave. 437 Madison Ave.
Los Angeles, CA 90020 New York , NY 10022

Honeywell Inc. International Solartherr44ics Corp.
2600 Ridgway Parkway P.O. Box 397
Minneapolis, MN 55413 Nederland , CO 80466

Inter Technology Corporation Itek Corp., Optical Systems Div .
P.O. Box 340 10 Maguire Rd.
Warrenton , VA 22186 Lexington , MA 02117
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J. and R. Simmons Construction Materials Consultants, Inc.
Co., Inc. 2150 So. Josephine St.

2185 Sherwood Dr., South Denver, CO 80202
Daytona, FL 32019

Northrup, Inc. Obelitz Industries Inc.
2208 Canton St. P.O. Box 2788
Dallas , TX 75201 Seal Beach , CA 90740

Owens—Illinois People/Space Co.
P.O. Box 1035 259 Marlboro St.
Toledo , OH 43666 Boston, MA 02109

Physical Industrios Corp. Powell Brothers , Inc.
P.O. Box 357 5903 Firestone Blvd.
Lakeside, CA 92040 South Gate, CA 90280

PPG Industries, Inc. Raypack, Inc.
One Gateway Center 31111 Agoura Rd.
Pittsburgh, PA 15222 Westlake Village, CA 91361
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3003 N.E. 19th Dr. La Jolla, CA 92036
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Skytherm Processes & Engr. Solar Conversion Corp. of America
2424 Wilshire Blvd . P.O. Box 15358
Los Angeles, CA 90056 Long Beach, CA 90815
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1437 Alameda Ave. P.O. Box 17776
Lakewood, OH 44107 San Diego, CA 92117

Solar Energy Engineering Solar Energy Inc.
748 Big Tree Rd., S. 171 Belmar Blvd.
Day tona , FL 32019 Avon Lake, OH 44012

Solar Energy Research Corp. Solar Power Corp.
10075 County Line Rd. 930 Clocktower Parkway
Longmont, CO 80501 New Port Richey , FL 33552

Solar Products, Inc. Solar Water Heater Co.
P.O. Box 52883 10221 S.W. 38th Terrace
San Juan, Puerto Rico 00903 Miami, FL 33165

Solar Systems Sobaron Corporation
323 Country Club Dr. 4850 Olive St.
Rehoboth Beach, DE 19971 Denver, CO 80022
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Solarsystems Solartec , Inc .
1515 W.S.W. Loop 323 1035 Ea. Peachtree St.
Tyler , TX 75701 Lakeland , FL 33801
Solergy Sol—R—Tech

F 150 Green St. The Trade Center
San Francisco, CA 94111 Hartford , VT 05047

Sol—Therm Corp. Sunburst , Inc.
7 West 14th St. 70 N.W. 94th St.
New York, NY 10011 Miami Shores, FL 33150
Sunearth , Inc. Sunshine Energy Corp.
P.O. Box 99 Route 25
Milford Square , PA 18935 Brookf ield Center , CT 06805
Sunwater Co. Sunworks, Inc.
1112 Pioneer Way 669 Boston Post Rd.

• El Cajon, CA 92020 Guilford , CT 06437

The Stolle Corp. Tranter, Inc.
1501 Michigan St. 735 E. Haxel St.
Sidney , OH 45365 Lansing , MI 48909

Unitspan Architectural Sys tems , U.S. Solar Corporation
Inc. 6407 Ager Rd.

9419 Mason Ave. West Hyattsville, MD 20782
Chatsworth , CA 91311

W. R. Robbins & Sons Ying Mfg. Corporation
1401 N.W. 20th St. 1940 W. 144th St.
Miami, FL 33125 Cardena, CA 92049

Youngbbood Co., Inc .
1085 N.W. 36th St.
Miami, FL 33142

Local source data

1. Publications:

Atlas , R . A. and Charles , B. N . ,  “Summary of Solar Radiation Observation ,
Tabular Summaries,” Report D2—90577—2 , Boeing, Corp., Seattle, 1964.

Becker, C. and Boyd , J., “Solar Radiation Availability on Surfaces in the
United States as Affected by Season , Orientation, Latitude , Altitude, and
Cloudiness,” Solar Energy, Vol. 1, No. 1, 1957.

Bennett, I., “Monthly Maps of Mean Daily Insolation for the United States ,”
Solar Energy, Vol. 9 , No. 3, 1965, pp 145—158.

Bennett, I., “Frequency of Daily Insolation in Anglo—North American During
June and December ,” Solar Energy, Vol. 11, No. 1, 1967 , pp 41—55.
“Climatological Data, National Summary,” National Oceanic and Atmo—
spheric Administration , Environmental Data Service, Washington, DC ,
Annual.
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Climatic Atlas of the United States, National Oceanic and Atmospheric
Administration, Environmental Data Service, 1968, 80 pp.

Fritz, S., “Weekly Mean Values of Daily Total Solar and Sky Radiation,”
Technical Paper No. 11, Supplement #1, U.S. Department of Commerce,
Washington, DC, 1955.

• Marine Climatic Atlas of the World, Vol. 2, North Pacific Ocean, U.S.
Navy , Chief of Naval Operation , Washington, DC, 1956

“Mean Daily Solar Radiation , Monthly and Annual Climatic Atlas of the
F United States,” U.S. Department of Commerce , Asheville, NC , 1974.

Moon, P., “Proposed Standard Solar Radiation Curves for Eng ineering ,”
Journal of the Franklin Institute, pp 583—618.

Visher , S. S.,  Climatic At las  of the United States, Harvard U.  Press ,
Cambridge, 1954.

2. Local data sources*

National Climatic Center , Environmental Data Service, Federal Building,
Asheville, NC 28801, (704) 252—7865.

- Hydraulic Power
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Becker , W . W., “An Inquiry into the Feasibility of Using Ocean Wave
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* Until recently the principal source for obtaining solar rad iation
measurements was the Nationa l Weather Service at Asheville, N.C.

-
• These data are sparsely recorded , applicable only to horizontal receiv—

ing surfaces , and its credibility sometimes questioned because there
was only limited interest in solar radiation measurements prior to the
“energy crisis.” Today , however, in addition to the National Climatic
Center , the ref inement  of the Weather Service, and the expansion of
its data acquisition program , there are other government agencies,
numerous schools, solar energy related equipment manufacturers , utili-
ties, and even individuals taking solar radiation measurements. It
will take time for these new data sources to establish statistical
recordings that can be utilized , but these new sources will eventually
fill present data voids in both geographical location and receiving
surface ’s orientation/inclination.
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Bretschneider , C. L. and Gaul, R. D., “Wave Statistics for the Gulf
of Mexico Of f Brownsville, Texas,” Technical Memo 85, Army Corps of
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“General Data for the Delaware River, Part I, Long Range Spoil Disposal
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The Johns Hopkins University University of Washington
Baltimore, MD 21218 Seattle, WA 98105

(206) 543—5078
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Department of Oceanography Director
Oregon State University Data Services Division, D76
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(503) 754—3504 Administration

— Washington, DC 20235
(202) 674—7500
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University of Michigan (713) 846—2453
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