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WIND POWER CONSULTANT MISSION
LABORATOIRE DE L'ENERGIE SOLAIRE - BAMAKO, MALI

Forward

This document has been prepared as a summary report for a wind power consultancy on
behalf of Sheladia Associates Inc. to the USAID sponsored Laboratoire de 'Energie
Solaire (LESO) in Bamako Mali,

A wind power group, group energie eolienne (GEE), had heen set up within LESO, The
purpose of this consultancy was to provide technical assistance to the GEE as set out
in the scope of work, As some work had been done by the group prior to the arrival of
the consultant, this will be reviewed first.

Status and Accomplishments of GEE Prior to Arrival

The status and accomplishments of the GEE prior to the arrival of the consultant are
as follows:

l. Group had been organized with M.B. Toure as group leader; F, Kamissoko,
Support engineer; S. Diarra, technician,

2. Group leader Toure had visited various windpower organizations and installations
in USA and Canada late in 1983. Report is included as Appendix 10.

3. Review of the project and report had been completed by ITDG "The Future
Development of the LESO | Wind Pump" Report is included as Appendix ||,

4. Schedule for planning activities during 1984 had been prepared and is attached as
Appendix 12, Most of the activities scheduled had been delayed 4-6 months
pending arrival of wind consultant.

5. A comprehensive library of reference materiaj had been assembled by LESO as a
technical literature resource,

6.  The LESO I windmill had been designed and testzd at LESO test site,

7. TheLESO 1 prototype had been installed at site in Konate just outside Bamako on
new 12m tower, in May 1984,

3. New design for LESO I transmission had been started by workshop advisor, M.,
Andre Charette.

9. Initial attempts had been made a wind data logging and site assessment for
various locales around the country.
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Scope of Work

The scope of work for the consultancy was established as the following guidelines:

L. Review the fundamental concepts of wind-powered water pumping and electrical
generation systems with the LESO "Groupe Eolienne."

2.  Conduct training in small wind energy conversion system design, and address
structural and fatigue elements influencing system life.,

3.  Review blade design procedures, braking systems, tower design, etc.; and propose
methods of wind system manufacturing applicable to the Malian situation.

4. Review or propose wind energy system monitoring procedures and recommend
instrumentation for system performance data acquisition.

5. Introduce computer-assisted design modelling and system performance analysis
into the LESO wind Pump design program. Examine available software and
recommend procurements,

6.  Establish the nrocedure for a wind resource assessment program using available

data, and recommend supplemental data acquisition hardware to expand the wind

Two further items 7 and 8 were initially included, however, were deleted dye to time
constraints for the wind consultant. This was subsequently incorporated into the scope
of work for the workshop advisor.

Overall Work Plan

In order to carry out the field work in a Systematic and comprehensive manner, an
overall work plan was developed for implimentation.

Principle objectives for the work plan as established were:
l. Review and Categorize the wind regime within the r::gions of interest,

2. Determine the types of wind mills and end uses that would be most suitable for
the available wind regime.

3. Improve existing hardware and develop new designs to provide efficient and
reliable machines to meet the criteria in item 2.

4.  Establish techniques to monitor performance of field prototype installations.

By achieving these objectives it would be possible to ensure that all the important
aspects of wind power utilization were well covered and understood by the GEE,
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Further, work done in achieving these objectives would also involve considerable yse of
the computer facilities at the lab for modelling and analytic work. This would also
enhance the wind team's capabilities for using computer techniques for further wind
power for development work,

Finally, having completed this comprehensive work plan, it was felt that all the items
included in the scope of work would be well addressed, and would thus allow the terms
of the consultancy contract to be met.

Scheduﬁng

planning and preparation was done for the schedules applicable to the field work. The
schedules show the flow of the work and accomplishments of the consultancy for its
duration.

They are presented directly following in summary form and as a readily accessible
reference,

WEEK NO. 1 JUNE 30, 1984
Goals:

1. Meet LESO and GEE project staff.

2.  Review background information,

3. Prepare work plan for six week consultancy.

A

chievements
~cvements

l. Goals as above realized.

WEEK NO. 2 JULY 7, 1984
Goals:

1. Complete review of project background information,

2. Review computer programmes and capabilities on hand.

3. Prepare comparison report on wind systems for continued development work by
LESO/GEE.

4. Study tower cost effectiveness for optimization analysis.

5. Attend July "reunion consieul scientifique,"

Accomplishments:

l.  Two basic Computer programs received and reviewed,
Software on Weibull wind analysis and height variations does not appear to be
useful in context of project.

2.  Comparison feport was completed and submitted for typing report entitled,
"Comparative Analysis for Wind Pumping Machine Development."

3. Tower cost effectiveness reviewed and correlations to be documented in report.



JULY 14.84

assessment.

2. commencement of tower no. 2 in worlk:shop.

2. develop design of new transmission for LESQ II to worlking
stage so drawings for fab. can be completed.

4. design a new 4 m dia. rotor for LESO II

9. calculate the HMT exploitable for current and new rotors
given the use of the available &0 mm dia pistaon pumps,

6. put LESO I machine back in operation (new cam req‘d).

7. evaluate the cost of a S m dia rotor using local materials,

Accomplishments:

f resource data underway (MBT)

on tower commenced 14.7.84, however not all materials

necessary to complete are available

system and desian for new transmission % chassis finpalized

new 4 m dia rotor design finalized, to be drawn up

HHT exploitable curves completed for windpumps using avail -~

able piston pumps.

6. LESO I fitted with new cam and operational again.

7. more information on Whirlwind electric generating system
received. Meeting for further evaluation to follow.

8. costs for S m dia rotor based on 12FUSEQ design summarized
and included in comparative study.
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WEEK No. 4 Goals

l. program computer to do pumping predictions based on mean
wind speed data and standard Weibull function analysis,

2. start shop drawings for 4m dia rotor.

I. design tail for new 4 m dia machine and check structural
connections

4. Finish summary of 4 m dia rotor design work.

5. establish technique for field monitoring wind pumping

systems.
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WEEK No. 4

Goals:

—
-« .
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m s

Program computer to do Pumping predictions based on mean
wind speed data and standard Weibull function analysis.
start shop drawings for 4m dia rotor.

design tail for new 4 m dia machine and check structural
connections

finish summary of 4 m dia rotor design work.

establish technique for field monitoring wind pumping
systems.

Accomplishments:

1.

-y

is not proceeding too well and efforts will have to be made
to improve the situation.

transmission/chassis design was modified to incorporate
additional forward offset of the rotor, required so that the
rotor will not strike the tower. Flatform will have to be
modified or moved 1ower. Further modifications were required

Changes were made to incarporate the round stock and

flat plate stack that could be obtained and used to complete
the hub assembly. )

the ccaputer programme to predict wind speed-hourly
probabilities and resulting wind Pumping outputs has been

developed. Documentation and familiarization with the program

remains to be done.

a4 mathematical model and computer programme has been

developed to describe the performance of a hinged tail on an

offset rotor windmill., The existing SWD model was found to be

too complex and unmanageable. The new model gives good corre-
lation with wind tunnel test resultsg. Documentation and
familiarization with the model hasg commenced.

pump rod on LESO I in field wWas repaired. Further work will

likely he required to replace entire rod with 25 mm dia pipe

or 12 mm dia round stock, to prevent further failures.

familiarization with the Apple Ile and fortran and wordstar

wordprocessing was undertaken with some frustrating moments

techniques and programme for field monitoring machine perfor-

mance not undertaken and will be carried forward.
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il cumplele documentation of wind regime Computer nodel

25 oo leta docunentalion familiarization of hinged Lail
mabitenatical and cComputer nodel., "

e de=igii naw tail for: LESD I using hinged tail REOgramme .

q. devel oo curved blade Fotor model to camputer programnme.
ds Lilme allows.

& e lall il Cechnigues for monitoring field performance
(R windpumping syshens,

. review infornalion on Whirlwind electric system and

decide on further acbtion regarding proposed Procurement
and installation.

Accomplishiment ss

1 docunerntation of wind regime computer model completed and
senl £ge COpying and distribulion

2l documentation for hinged taijl mode] completed, and final
report  is being detailed. Compuler model works on SWD  wind
tunnel Lest rotor date, Familiariz=ation With parameters and
nodel completed.

S paranelers for LESD II new tail finalized and programme to be
runsto verify and optimize lLhege paramekbars,

4o Curived blade model  forwarded to weel &,
Jia Lechnigues for- Mmonitaring fiwld pPerfornance study  under

Feview and will bhe forwarded for completion after field wor: k;
conpletad,

s
.

FEview of irformation on Whirlwind electic system carried
out in meeting wikh Mesers Dickao, Hart, Toure 2 Schmidt,
Output  predictions were diven using model for wind regime
analysis, sea ilaen 1 also. Final decision Lo be made by LESO
on intormation and presentation given. Outlook is not favour—
Aable for wind FRgLmRs where average velocity is lecs than
18 m/s asn pavback is Loo lang.

e List of FRecomnended referonce mater tal preparad,
[ - drawi s £or LESD 1T rolor Lmpr aved, for Feview wesl: 4

o EE Gk LampuUtear Hrdgranines  and filles prepared cew NAKNES

LWL repar b o Tings witlh 12FRUSG roLor prepared

--u---n-...q-u--.n;..qn------u-u.-----.----------.-1-
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Lo complele raporle Lo LESD direction as Fegulrec

A diteLefl bule:  {nformalbion S LESD T hinged  Lail inodel %
e e ] R ;
i ThL s LU ved Dl ade rotaor T L an Progeam. report  and
Complete Tamiligrie ABiOn with results.
4. review constrtetion details for LESO II rotot and Lail vane
Wil SHT.
L& arder  gateriale fore LESOD I1 rolor  and tail vane so

Lunfﬁx'uctiuulrudy start 1 SIGP.

--c-a-q-oq..--.----..-q---.-un.n.-u----c.unln-l--.-.u.--

Hecomp lishmenl ss

Vo Curved blade nodel complated and resalts Feviewed, seea
ROTOR.FOR and RRR. FOR. Fredictions for LESO IT rotor
complelsd,

. LESO I roltor delails reviewed for conzstruction in meeting

I
BILLE TR E o s i (R 8

S DIV G maberiale Preparad for ordering LESO II rotor and
“All materials

Fel familiarizalion with all {orLran prageannes now on board

Se Peviewed LEOArammns and ftcomplishments gvear course at
cunsul baney with Toure. Dicko % Hart

REeseited hinged tail model And results for LESQO II
FOLOr FY0r digeussion alid review, Desian looks gooud
a5 proposed, wikh operatyon Mmalntaining 80+ degreeas
Grlenlalion for slart—up and Furlinq conpletelyv in

VRGN MAS S WL

I:I'

; T e ] documen bald ol and reparls to be compleled follawing
Cermination of £iwld WO R August 22,1984,




SUMMARY OF WORK CARRIED OUT WITH GROUP ENERGIE EOLIENNE

As mentioned, an overall plan was developed for the field. The presentation and
discussion of the objectives and achievements follows:

Objective No. I: Review and categorize the wind regime within the region of
interest,

There is considerable interest in having the LESO establish a better data base for the
wind regime within Mali. This would serve two purposes, to be able to evaluate the
use of wind derived energy vs. other sources of energy and to permit wind systems to
be optimized for the available wind regime.

For data collection some previous work had been done by the GEE. Wind records for
several met, stations had been collected, and a report on standardizing this data base
was being undertaken by B. Toure.

Equipment for up to six wind data collection stations was on hand to do site-specific
wind monitoring. This equipment had been installed at several locations. However,
none had continued in operation in mid-1984. Minor problems and tower collapses due
to cattle, had plagued the installations and put them out of service. As these
difficulties were not unsurmountable, it was indicated that these stations could be put
back in operation to continue to add to the data base.

Further work was done to utilize the data base to predict wind pctential and optimize
wind systems for the wind regime.

After reviewing the computer based analysis packages on hand, one of the programs
for determining wind averages and standard deviationc was deemed useful. This would
take the available met. data and produce mean data from which further predictions
could be made. Other programmes for Weibull distribution and height vs. wind speed
were either too elementary, inaccurate or useful only for wind analysis outside the
scope of standard wind pumping, ie. height vs speed correlations at heights greater
than 50'. Copies of this software are found in Appendix 7.

A new computer based model for wind power output predictions was developed for the
GEE. It is entitled "Wind Analysis for Estimated Velocity-Frequency of Wind Regime
Based on Average Velocity," and is presented in Appendix 2. This model, makes it
possible to use the limited field data to predict wind pumping or wind electric outputs
for given wind regimes. With this information, wind utilization for power generation
could be compared to other non-wind sources. Specific examples were done. Based on
this information it was found that wind electric generation would not be cost effective
urless regions with wind averages greater than 12 m/s could be identified.

Objective No. 2: Determine the types of windmills and end uses that would be most
suitable for the available wind regime.
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- From the information available of the wind regimes for the regions of interest, it was
possible to establish parameters and criteria for wind machines to operate in these
regions. This was one of the initial tasks carried out during the field mission, The
report covering this work is entitled, "Comparative Analysis for Wind Pumping
Machine Development," see Appendix |,

In summary, the report compares the varjous types of wind mills in terms of operating
characteristics, and suitability for local operation and manufacture, Comparisons are
also made using limited information on materia] and labour for fabrication costs. The
report explains that the wind regime is too low for any uses other than low speed
water pumping. Electrical generation requires much greater average wind speeds, and
was therefore deemed not to be practical. A recoramendation was made to continye
the work on the LESO | type multi-bladed wind mill for water pumping as it is sujted
to the available winds and should be cost effective provided that a reasonable system
life may be expected.

While the work done on this comparisen study was .0 some degree beyond the scope of

The evaluation of electrical power generating windmills was also undertaken, as
mentioned in Objective No. 1. As a Whirlwind System was under consideration for
installation by LESO/GEE, this System was used as an example to predict expected
power outputs from a given wind regime. As mentioned, the analysis indicated that
outputs wou!d be too low to be cost effective, see Appendix 2. For this reason, no
further work was undertaken on wind electric generating systems for the GEE, Final
discussion on the procurement of an electric system was referred to the next meeting
of the scientific council,

Objective No. 3:

Improve existing hardware and develop new designs to provide efficient and reliable
systems for water pumping applications.

The program to improve and develop designs for the wind mills was divided into three,
rotor design, hinged tail contro| System design and tower design.

Rotor Design

As the existing LESO | multi-bladed rotor was sujtable for a 3 m @ design, work was
undertaken to develop a 4 m ¢ rotor, There were two objectives here, to produce a
New more powerful rotor for the LESO II prototype machine, and to encourage the
development of in-house design capabilities. A computer model was developed so that
comparative analysis of various parameters such as blade shape, blade angle, blade
camber etc. could be carried out. This program and description is found in Appendix 3.
Sketches of complete design details for a new 4 m @ rotor were given to the GEE so
that the shop working drawings could be prepared.
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Hinged Tail Control System Design

simultaneous equations to be solved in the optimization process, the model was
programmed in fortran for the Apple lle. This allowed the detailed design parameters
to be selected which would permit detailed shop drawings to be drawn up.

The mathematical model and summary of Computer model are presented in Appendix
4.

Tower Design

As the cost analysis in the comparison studies showed the tower to be a significant
part of the system costs, it was of interest to show how costs could possibly be
optimized, to improve the cost effectiveness of the total wind pump system. It was
found that costs vs. height and rotor diameter are basically linear and if wind regime
characteristics are known, some optimization can be done to maximize power outputs
and cost effectiveness within a range of overall parameters,

A summary of these findings is presented in Appendix 5.

Objective No. 4: Establish techniques to monitor performance of field installations,

This is a long term objective, essentially one which will provide the final justification
of whether wind powered systems should be ysed for specific applications in the
renewable and remote energy utilization envisaged by LESO.

In summary, the report on performance monitoring entitled, "Evaluation of Wind
Powered System Performance," shows that such monitoring can be done, however, will
likely be very expensive and time consuming, and will likely prove to be most useful
for trouble shooting systems which are not realizing their expected performance
levels. A full report is contained in Appendix 6. '

As time constraints on field portion of consulting limited the amount of effort that
could be directed to this study, it was completed immediately following the field
mission,

\©
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RESPONSE TO SCOPE OF WORK

In order to ensure that the work carried out under the overall comprehensive work
program also fulfilled the original scope of work, this was monitored throughout the
consultancy, and reviewed in a meeting just prior to field termination.

The reponse to individual items in the scope of work is as follows:

l.

2.&3.

Review fundamental concepts of wind powered pumping and electrical
generation systems with the LESO/GEE.

The pumping systems fundamentals were thoroughly reviewed during the field
consultancy throught the course of designing the new LESO II prototype rotor
and tail, establishing the HMT vs. V and rotor @ for the existing 60 mm pumps.
Other background fundamentals were well romprehended by the GEE prior to the
start of the field work, and this allowed more time to be spent concentrating on
more advanced development work. '

The fundamentals of electric systems were reviewed, and evaluations of electric
systems for Mali carried out. The results have already been noted under
Objectives No. 1 and 2.

During the review meeting M.B. Toure noted that he had asked that this item be
included in the scope of work, and concurred it had been satisfactorily
completed.

Conduct training in small WECS design, and address structural and fatigue
elements influencing system life. Review blade design procedures, braking
Systems, tower design etc., and propose methods of wind system manufacturing
applicable to Mali. These items are dealt with together as they both involve
system design.

Blade and rotor design methodology was discussed in depth, and the computer
programs ROTOR.FOR and RRR.FOR were developed so that blade/rotor
comparisons could be readily made. This would also provide information on
torque and power loadings for structural calculations,

Braking systems & hinged tart design was dealt with by developing hinged tail
model and computer program TAIL.FOR and TSWD.FOR to do the iterative
solutions. As noted in Objective 3, Zurther information is found in Appendix 4.

As the SWD report 77-3, "Static and Dynamic Loadings on the Tower of a
Windmill," by E.C. Klaver covers the analysis of rotor loads for tower design, the
only other work done on towers was the cost benefit analysis as presented.in
Appendix 5.
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Having established the models to predict rotor and tail forces and incorporating
the SWD static and dynamic load calcuiations, enough information is available to
carry out a complete set of loading calculations for the wind rotor/tower system,

structural engineers so that the designs will be adequate to handle the expected
normal operating loads, storm wind loads and cyclic fatigue loads.

Further discussions and training on design was carried out by demonstrating the
techniques for determining starting to torques and characteristics, matching to
Pumps and system sizing for given wind regimes.

Finally a close liason was maintained with the S.A.T. and its advisor A. Charette,
to ensure that proposed methods of manufacture would be appropriate for
implimentation in the existing workshop.,

Review or propose wind energy system monitoring procedures and recommend
instrumentation for system performance data acquisition,

The repert "Evaluation of Wind Pcwered System Performance" was prepared to
directly address this requirement. See Appendix 6 for further information.

Introduce computer assisted design modelling and System performance analysis
into the LESO wind-pump design program. Examine available software and
recommend procurements,

Computer design and analysis models were developed for the following:

i rotor blade design
ii hinged tail design
lii  wind analysis for estimated velocity-frequency of wind regime

Establish the procedure for a wind resource assessment program using available
data, and recommend supplemental data acquisition hardware to expand the wind
resource base for Mali,
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The report "Wind Analysis for Estimated Velocity-Frequency of Wind Regimes"
addresses the question of wind resource assessment, and demonstrates how the
standard Weibull function may be used to predict the energy available from
specific wind regimes when the average velocity is known.

As six complete data acquisition systems were on hand at LESO, this should be
adequate equipment to help expand the wind resource base for Mali, This, of
course, will only be true if the equipment is installed in the field and kept
operational for extensive periods of time. To date, this programme has not been
entirely successful, Further recommendations will be addressed later in this
report.

Other Work Carried Qut

Several other tasks were carried out which were beyond the scope of work for the
project.

L.

2.

3.

List of additional reference material for the LESO library was compiled, see
Appendix |3,

Listing of all computer programmes and report files on disc was compiled, see
Appendix 8.

Summary of the experiences by Kenya Industrial Estates with similar wind pump
development program was prepared, see Appendix 9,

Constant liason with A. Charette was maintained to assist with design for new
LESO II transmission.

Comparative study to justify direction of programme for GEE was prepared for
discussion by the "consieul scientifique."

v
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CONCLUSION AND RECOMMENDATIONS

The wind power project being carried out by LESO/GEE can generally be said to be in
good shape. The capabilities of the wind power group have already been demonstrated
by the development of the LESO I prototype. Team members are enthusiastic towards
the development program and have been building a good theoretical and practica!
hands-on base of experience.

The GEE program has identified most of the typical pitfalls that can plague similarly
oriented projects. Such things as lack of good field data, problems keeping field
instruments operational, difficulties in information exchange with other projects,’

quality control in fabrication, limited local materials, transportation difficulties and

poor communications to field sites are frequently encountered problems elsewhere as
well as in Mali.

However, these problems are by no means major obstacles, and are being handled
relatively well by the GEE. In addition, the group has several advantages not
necessarily enjoyed elsewhere on similar projects.

The program for the GEE has establiched realistic goals in developing wind hardware
and establishing a wind data resource base. Other unrelated but often included
developments such as pumping hardware or establishing full irrigation schemes are not
included in the scope of work, as has been done frequently alsewhere.,

The two Apple computers provide more than adequate capabilities for wind systems
hardware design and analysis. The software programs developed during this
consultancy should prove to be very useful for further wind machine development.

The resource people to turn wind power concepts into shop drawings and field
hardware are available within the LESO. The workshops are equipped adequately
enough to carry out all the fabrication tanks required,

And, materials such as angle iron, galvanized flat sheet, flat stock, bearings and
fasteners can be obtained locally in Bamako.,

The recommendations for the GEE for continued work are as follows:
l.  Continue work on LESO II prototype and field installations.

2. Continue to develop design expertise and computer analysis capabilities. Design
philosophy recommended on Comparison Study should be followed.

3. Continue programme for wind monitoring at selected sites, and insure that
equipment is kept operational on a long term basis.

b Establish and maintain good technical liasons with wind support group such as
SWD, TOOL, IT Power, for continued technical back-up.

o Forgo further work with electric systems unless sites with V>|2 m/s can be
identified, ur if other systems are not cost effective.

o
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Further long range goals could include:

I.

3.

operational.

Procurement or development of a very low cost wind run meter which does not
start to register until the wind passes the Vcut-in for a suitable wind pump
system. This wind-run meter would give a low cost prediction of pumping
potential while automatically Compensating for periods of calm and very low
winds.

Continue the evolutionary design work based on the experience with LESO I & II
to develop the LESO I11.

Procurement of 3 computer software design package that would facilitate the
structural design analysis for windmill towers, Hopefully a lower cost, small
computer based version of STRUDL or equivalent will become available,

VT
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APPENDICES

APPENDIX NO. TITLE

1 COMPARATIVE ANALYSIS FOR WIND PUMPING MACHINE
DEVELOPMENT

2 WIND ANALYSIS FOR ESTIMATED VELOCITY-FREQUENCY
OF WIND REGIME BASED ON AVERAGE VELOCITY

3 WIND TURBINE ROTOR DESIGN ANALYSIS  USING
COMPUTER MODELLING TECHNIQUES

4 WINDMILL CONTROL AND BRAKING SYSTEMS

5 ESTIMATED TOWER COSTS s, HEIGHTS FOR WwIND
PUMPING SYSTEMS '

6 EVALUATION OF WIND POWERED SYSTEMS PERFORMANCE
7 EXISTING PROGRAMS FOR APPLE COMPUTER ON-HAND
8 LISTING o©OF FORTRAN AND WORDSTAR PROGRAMS

PREPARED FOR GEE

9 REPORT ON FINDINGS BY KIE ON WORK WITH 12PU500
10 TRIP REPORT BY M.B. TOURE (REF., ONLY)
1l FUTURE DEVELOPMENT OF LESO MARK I WIND PUMP ITP

REPORT (REF. ONLY)
12 SST PLANNING DES TACHES 1984/GEE, (REF. ONLY)

13 LIST OF ADDITIONAL REFERENCES FOR LESO LIBRARY
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COMFARAT IVE ANALYSIS FOR WIND FUMFING MACHINE DEVELOFMENT

LESO Wind Fower Group - Groupe Energie Eolienne

There are basically two groups of wind machines to be considered
overall for capturing the wind‘s potential enerqgy. They are
horizontal axis wind machines and vertical axis wind machines. The
axis refers to the axis about which the main rotor turns. And, within
these groups there is 4 range of solidities for the various rotors
(ie the total surface area of the blades vs. the total projected
swept  area of the rotor’, which generally dictates the tipspeed
ratio, the speed of the tips of the blades relative to the wind, and
hence the torque output of the machine (since .coefficient of
paerformance Cp equals tip speed ratio, A, times the coefficient of
torque, Ct, machines with equal diameters producing equal power
output  at different tipspeed ratios will have torque outputs in the
inverse ratio of the tipspeeds).

Before the comparative analysis is carried out between the
vertical and horizaontal axis machines, there are several general
remarks Lo be made which relate to either configuration, and are
specific to the project at hand within the LESO G.E.E.

i) The pumps to be used are those available locally here in Ramako,
manufactured under licence. In all cases, costs and operation will
not be discussed as they will be taken to be equal for all systems.
The locally made Pumps are &0 mm dia. reciprocating piston type with
a leather cup seal, a lift check foot valve and a bronze/plastic
plate valve on top of the piston. They have essentially constant
torgue requirements and have an estimated total efficiency in the 80%
range. Piston and rod speeds will be limited to maximum values tq
prevent rod buckling and waterhammer as ig typical for this
configuration. .

ii) Wind rotors and systems will have to be designed for the
moderate regioral winds. The design velocity, Vdesign, for the more
southern regions of the country is in the I meter/second range with
cut-in velocities, Vcut-in, set at Veut—-in = 2 m/s. Cut-out veloci-
ties, Vocut-out, may be set quite low, in the 7-10@ m/s range, as
little benefits will be realised by trving to capture the infrequent
energy developed at these higher velocities. However, survival wind
speed dEsign values should naot be compromised as winds in excess of
39m/s have been recorded near Gao.

iii) machines +o be manufactured entirely from locally made or
available materials and components to ensure ease of fabrication and
maintenance.

iv) consistant design philosophy should be used throughout the
prototyping and development of the machines. key design strateqgy
should include:

a) long—term Survivability in terms of overall structural
integrity must be incorporated into all parts of the system.
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Nothing will wndermine a devel opment programme for wind machine
more quickly than losing even one machine, no matter the circum
stances, prior te completing the development worlk. Camponent dupli
cation Lo avoid catastropic damage due to a single failure (ie
leg in a = leg tower, or only one bolt at a connection where two
can be installed) is to be encouraged.

b) tacility to carry out modifications and maintenance in th
tield should be Permitted as long as it doesn‘t compromise th
durability of the machine.

€’ close fils and tolerances, bearing assemblies, etc. should be
completed in  the shop and sent to the field as assembled wunite
wherever possible.

d) quoting from the World ERank Report (ref. no. s "In general,
promoters of unconventional windmills should be asked to demon-
strate at early stages that there are specific quantifiable advan-
tages other than ‘novelty’ to their Proposals." Early stages should
be interpreted to mean prior to the detailed design stage.

e) system cut-in and design points: a hig rotor driving a small
Pump  will deliver much more water than a small rotor coupled to 4
larger PUMp waiting to start at a less frequent higher wind speed.
Thiz ig especially true for systems which are to be designed and
matched for operation in lower average speed wind regimes, where
typically they will spend I0-40% of the time operating in the winds
Just marginally above Veut—in.

) Components should be designed +u be lightly stressed,
reasonably easy to make and serviceable. The elegance and appeal of
the design should be in ity straightforward simplicity and
robustness, ’

g) threaded fastenersg should, wherever possible, be double locked,
preferably with lock-tabs, to prevent loosening under cycl.ic
vibratory loads.

h)  windmill rotors and systems should be developed with a strategy
to Providing basic cancepts which may be scaled up (or down) based
on  the euxperience of Previously successfal work. The design
detailing used in machines such as the Comet, Aeromoter or Dempster
machines should he considered to be an excellent guide for the
development of any new rotors.

And finally:

v) while the wind is free, oie should never expect the wind systems
to be ‘free’. However, the economic and competitive comparisans
should not be ignored; and, where high transportation costs are
involved far other systems, these often prove to be a leading
advantage, especially for regions with good wind reginmes.
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VERTICAL AXIS WIND-FOWERED SYSTEMS

Advantages and disadvantages:

The vertical #1s  machines are those which gain power whil
running with and across the wind, and show a net surplus when tallie
against losses while running back into the wind. They turn on an axi
Perpendicular and usually vertically oriented to the oncaoming wind
They are Characterised by their ‘simplicity”, although this can b,
deceptive, as will be euplained later. Examples of vertical axi-
machines include the Savuenius, Filippini and ITF 4 bladed rotors a:
high solidity deviraeg; and the Darrieus in its various forms, the
Musgrove Variable Geometry (VAWVG) , the Pinson and McDonnell-Douglas
gyro-rotors as 1ow solidity machines.

The low solidity machines can be dismissed outright as they are
not suitable prime movers for constant torque piston pPumps. First,
they are not self—starting, and, 1in addition, exhibit "un—-nested"
torque characteristics, This undesirable feature, as explained ir
worlk done at Sandia Labs USA (ref. no. 2), means that the rotor and
pump system will actually lose rpm when exposed to a significant gust
of wind, falling on the the Corresponding curve on the left side of
the torque peak. At this point the system is unstable. Any further
perturbation in the Torgue-RFM relationship causes the system to
slide back along the curve until it finally reaches zero rpmy,stalled.
Due to the negligible starting torque, it will not restart. (see
attachment no. 2 for further information)

The high solidity machines have enjoyed some attention in research
carried out at various institutions around the world. However, as far
as shown in the lierature, only one system has been developed through
to the commercial production stage. As that is in Brazil, few details
are known on the success of this commercial venture.

In general, despite the mentioned ‘simplicity’ of the rotors, a
large part of be coming from there being no need to provide means to
orient the rotor into the wind, this feature appears to be a major
Droblem in the design. The mechanisms required to protect the rotor
against damaging highwind velocities are often complex or unreliable.
The Filippini rotor, suggested to be self-limiting under high wind
conditions, hag shown this not to be the case during field trials
with a 4 m dia., 4 m high rotor in Botswana. Even the complex and

“pensive 200 kKW Darrieus prototype built in Canada by National
Research Council late in the '70's sel f-destructed during tests in
1978 when the aerodvnamic braking systems failed.

The mechanisms for horizontal axis machines which orient the
rotors to the wind also provide a very effective means whereby the
rotors may be turned out of the wind. They then present only 10-15%
9f the total swept area to the higher winds, increasing the chances
of survivability, a feature not enjoyed in the vertical axis concept.

{I’\J


http:WIND-OWE.EE

The Savonius rotor was thought to be a design worthy of further
consideration due to the publicity given to it by the Brace Research
Institute and VITA in the early 1970's. While it is true that this

rotor will produce power +from the wind, wmost research wark has been
with small low cost systems. These have been typically two 200 1. (45
gal.) drums cut in hal<f or at best systems 2 m dia. #* 8 m high such

as  that built here in Bamako early in 1980°'s. After the investiga-
tions are completed, ar sometimes before, the wark is gerierally
abandoned s that other designs within the wind rotor field may be
pursued. There are several possible explanations for this:

i) the overall PoOwer co-efficient for the Savfonius isg low, only S0%
that for the multi-bladed American-style windpumping rotor (see
attachment no. 1).

iij corresponding starting torque: although the rotor self-starts
(when built up in more than one stage) unlike the lower solidity
cousins, itsg net starting torque is low, due to the lower overall
performance. In fact, for a single stage rotor, the starting torque
is negative in some orientations,

iii) the geometry of the rotor requires a central gap for maximum
performance. ANy obstructiaons in this 9ap, such as a shaft will
decrease the overall output levels accordingly.

iv) the solidity of the rotor ie. the surface area of the blades vg.
the swept surface area from which the power is extracted is very
high: approximately 1.Sx +for the blades alone and up to 2.0x for
rotors using end-plates as required for good performance. This
increases total Costs, as it makes the rotors quite heavy on a
specific swept area basis. ‘

V) the rotor is not well suited to scaling up. as mentioned, the
largest rotor built that has been documented has been in the 2 m dia
¥ 8 m high range, or 16 m®, This is comparable to a 4.5 g dia
horizontal rotor in swept area and a 3 mdia rotor, when Cp=.30, in
output. Horizontal - windpump rotors have gone to 8 n dia on a
Commercial scale to produce useable Power for high output or deep
well locations. at nearly 5@ % area, 1t would require a Savonius
rotor 10 w dia x 1@ m high or equivalent to match this Performance.
The level of effort required from an engineering and structural stand
point to develop such a rotor would make this a very expenesive if
not impractical goal.

vi) tower and support design for the Savonius rotor is Perhaps its
greatest shortcoming. As mentioned already, the central gap geometry
requiremeaents Put restrictions on shafts for support. As well, the

high solidity and vertical axis makes support from anywhere but below
and above the rotor difficult, unlike the Filippini or VAWVG desians
and horizontal rotors which may be supported at or near a central

Point in the rotor. Guy wires and top supports, when used for non-
cantilevered towers are awhkward. For example: for the 2 m dia x 8 m
high machine with a mean rotor high of only 4 metres, the upper

Support was at 13 m to clear the tips of the blades at only 2 m dia.
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Furthermore, field experiences are showing that guyed towers have <
poor reliability in less than optimum conditions.

Forces transmitted to the tower are quite high as well. The 2007
ares factor required for equivalent power means double loadings on
the tower, especially critical in high winds when the rotor cannot be
"furled". Alsza, the Savonius develops a "Magnus Effect" force
perpendicular to the wind direction, requiring S@% additional struc-
tural strength in the tower to resist this while the rotor isg
turning. As tower costs VS. loading are linear,  and the greatest
percentage of the system costs are in the tower, increased loads and
increased rotor weights have large negative cost benefits. Increased
tower loads must also be reflected in the amounts of concrete and
foundation work required for the tower.

vii) unless large diameter rotors are used, the high rotational
speeds of the small diameter rotors even when only running at
tipspeed ratios in the 1.0 - 1.3 range, generally require some sort
of gear reduction so that reasonable Pump rod and piston velocities
may be maintained. This, of course, means additional complications in
the transmission systems.

viii) as large rotors have not been pursued, there is no significant
body of design or experimental information available to assist in
prototype problem solving.

In summary, the drawbacks of the Savonius rotor are primarily in
its low efficiency, difficulty in scaling up to good commercial size,
difficulty in providing tower and other supports to easily raise the
rotor up out of the low velocity sub-boundary laver winds, and its
high specific weights leading to higher overall costs. So, although
this rotor design enjoyed considerable publicity during the early
stages of the renewed look at wind systems, it has become apparent
that its uses will continue to be very limited. These will only he
for  very small rotors when the nearly negligable power outputs are
offset by using low cost surplus materials; and, for small "sailing"
craft which can utilise its magnus effects.

An economic comparison is appended. (see attachment no. 5).
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HORIZONTAL AXIS WIND-FOWERED SYSTEMS

Advantages and disadvantages:

The horizontal axis wind rotors are the more typical windmill
style machines. They range in variety from the high solidity fan-type
"American" windpumpers to the 4-bladed Dutch windmills used for 1ow-
head water lifting and grain grinding, and on to the high speed 3-
bladed, 2-bladed and even single-bladed propeller style low solidity
rotors used in wind electric systeins.

While the low-solidity high-speed machines generally enjoy the
highest peai: efficiencies, in the 35-50% range, their low starting
torques due to the low-solidity makes them a poor choice for constant
torque pumping systems. Even the variable pitch rotors, which are
much more complex and expensive, do not exhibit good starting perfor-
Mance as required unless used with torque multiplying drive systems,
again due to the low rotor solidity.

The high-solidity multi-bladed "American" style sheet metal rotor
has been the traditional choice for water pumping systems using
reciprocating down-well piston pumps. They often have back—-geared
transmissions for reducing shaft speeds on the smaller diameter (up
to S m dia.) rotors. This configuration enjoys several advantages:

1. high starting torque, ideal for constant torque piston pumping
systems.
2. low tipspeed ratios, generally A = 1.0 for Cp max., minimizing

gear ratios required to limit pump rod speeds. In many cases, rpms
are low enough to directly drive the pumps.

= "nested" torque curves so that the rotor and system do not
"fall off the curve" under gusty conditions (see attachment no 2)

4. lightweight, strong rotor designs permitting econamy of
materials, field assembly, and replaceable components. The majority
of the commercial machines use a stressed hoop design in which two
concentric hoops are pulled into compression by radial tension
spokes, similar to a bicycle wheel, albeit much larger. The blades
are fastened to the hoops and may be easily replaced if damaged,
corroded or "shot through with rifle bullet holes".

S. effective furling and braking systems using the tail vane and
additional manual "pull-out" levers protect the system from high
wind loads.

S. often, one section of wooden pump rod is provided as a weak
link to protect the rotor and transmission should the pump jam or
the rods buckle.

7. the design information and field experience gathered over the
mare than 108 years of use has produced a large range of sizes,
from 1.8 wm dia. to B.2 m dia., having very good reliability and
survivability with minimal maintenance requirements (in the order
of 20% ot that required for automobiles) , demonstrating the passi -
bilities for successful scaling up of similar designs.
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The commercially produced systems have one distinct disadvantage
when  considered with a : 2rldwide Perspective. They are becoming
increasingly more expensive. Furthermore, they are produced in
limited numbers of factories located in the areas of traditional
widespread usage, the American Great Flains, Argentina, Australia.
The same heavy cast—-iron construction which malkes them so durable isg
adding to current costs and adds to transporation costs,

Considering this, there has been considerable interest in
producing lightweight steel fabricated designs, using available
standard sized materials and local laboutr within the countries where
they will finally be installed. Several rotor designs and systems
have been devel gped along these lines, including the FKijito machine,
the German sail-wing, the Ghazipur 12FUS00, Dutch WEU rotor, the LESO
I and Jensen's high speed 6 % 8 m dia. Sk rotors.

In order for these systems to be competitive with the commercially
available systems, they must sit favourably on the charts showing the
f.o.b. priceg vS. size and power outputs, (see attachment no. 6).
Furthermore, they must be developed to a state in which they are to
be considered to be reliable, requiring only yearly or twice—yearly
maintenance, or else religated for use only in low lift irrigation
PuUmping systems where constant attention is available.

0f  the systaems mentioned above, the Jensen design and Dutch WEU
rotor will not be discussed as they are either too experimental or
toa little information is available for comparative purposes.

The KITJITO machine, developed in Kenya by EHEL with the assistance
of ITFower, while showing advantages on the graphs, may not enjoy
these benefits when transportation and importation costsg are
included. (note too that the Kijito machine was developed 1in
collaboration with ITF, the authors of the World Rank report, so
there could be some tendency to show this design in its maost
favourable light).

Ihe Ghazipur 12FUSEO svstem, developed in India by Dutch WOT, has
been produced in numbers, S@ or 50, and used stccessfully for irriga-
tion pumping. For uses above 10 n pumping head, experience in Kenva
where several machines have been built by the Kenya Industrial
Estates Renewable Energy Group has shown that more development 1is
Nneeded. The transmission has been inadequate under sustained opera-
tion. This design does show good promise for continued work,
especially as  the rotor has already been scaled to S m dia. and
prototype tests on 8 m dia have been undertaken in Holland. Cost
caomparisons have been summarized and included in this report (see
attachment no. 4).

The German sall-wing design may merit further consideration after
field trials demonstrate its reliability and cost effectiveness.
Several key points must be kept in mind, however:

1) furling, braking and overspeed protection - the machine is g
down—-wind s2lf-orienting desian. As such, it does not employ or
require a tail vane. However, as with the vertical axisg rotors,
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this may be a false economy. Frovisions for overspeed protection
must be provided by other meansg. In this case, a manual disec bralke
is incorporated into the design, along with a verbad note of
caution: prior to storms, high winds (ar long periuods of
1nattention) the salls must be manually furled and the brake locked
to prevent damage to the rotor and entire system. There is no
auvtomatically deploying protection system zo the machine must be

relegated to the rank of the well-attended for the time being.

2) the use of imported sail-cloths especially in a country which
does nolt use sailing vessels ag a major means - of transportation
along a sea coast, may prove to be a large problem unless adequate

supply or an acceptable local substitute can be guarenteed.

) the tower design, although incorporating double gquys for
redundancy, may still not enjoy the long term security of a steel-
angle, four legged tower. Of course, if field eiperience dictates
the need for this greater security, a sujitable tower design may be
used to replace it.

Cost comparisons may be available after the field trials.

IThe LESO 1 design has been developed and Prototyped at LESO and has
demonstrated that the rotor and transmission systems should provide
adequate reliability for Pumping applications below 18 m. The rotor
provides good starting torque and the high wind furling is operative.
The system lends itself to optimization for the available wind
regimes throughout the country.

The cost comparisons have illustrated that the design sits favour—
ably on the specific cost curves. Frototype costs in the #5008 Us/nme
range sit below the small scale production Curve, and projected costs
for additional machineas including tower indicate #200-:750 US/m¥% may
be possible, comparing favourably with mass Production figures on the
same chart. (gee attachments no. 3 2 Y]

The design and prototype work hasg shown that the system is guit-
able for fabrication in the present workshop facilities. It also has
shown the required reliability (for up to 10 m pumping loads) and
survivability. The design lends itself well to being scaled up based
on the expertise and experience available within LESO.

The design and development wark for the transmission and rotors
required to PuUmp at heads above 1@ m can be provided through the
Present GEE and SAT.



The

work in the wind PUmMping machine development should emphasize

the use of the horizontal axis high—solidity rotors with good start-
ing torque. The experience to date with the LESO I has shown thisg

design

to be cost effective on an overall basis and shows good

Promise for continued successful devel opment.

Furthe
design
larger

r work based on this should also be Continued with the LESO 11
which will provide a more robust transmission, chassis and
diameter rotor which will be suitable for usge with pumping

applications from depths greater than 12 m.

Altachments:

1. Co

—efficient of performance vs, tipspeed ratio curves

2. "nested" and "un—nested" torque vs. RFM curves

3. LESO T cost summary

4, Gh

S. Sa

azipur 12FPUSOG rotor cost summary

vonius rotor cost summary % comparison

&. Rotor area Specific cost vs. dia curves (World Bank fig. 12)

Refare

nces:

1),

"World Bank Report" Wind Technolaogy Assessment, vol 1 and
vol. 2, UNDF Froject GLO/BR/00T executed by the World Banl:,
IT Power, February 1983.

Engineering of Wind Energy Systems, Banas et al., Sandia
Labs, USA, Wind Technology Journal, vol. 1, Sprithg 1977. AWEA.
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ATTACHMENT No. l: Co-efficient of power vs. tipspeed ratij

reference: '"Wind Machines", Edridge



{A) "NESTED" TORQUE CURVE

system operating at x 'y when
wind falls to V=10, system
matches at y', small chang
in rpm and the system ride
along the curve, falling
back to y-’.

{E) "UN-NESTED" TORQUE

CURVE

ATTACHMENT No. 2: Torque vs.

rref:

WTJ, vol 1, no 1, 1977. AWEA.

system matcheg at ®C

when wind drops to V=10,
system matches at Y.

Wind returns to V=15 and
system goes to =’y when

rpm fluctuates match point
continues to fall down curve
to zero torque and rpm.

RFM curves

Eng. of WES, Banas et al, Sandia
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Prices in CFa for Bamako (1984}

Summary of materials CFA/unit amount total
i« 1 mm galvanized sheet 5,008 (1mx2m) 4 1/2 29,000
2. E/mm galvanized sheet 21,000/m%* . 7Sm% 7,500
Z. rings 2@mmxzbdmm flat 3y125/6m 18m ?,500
4. angle 40:x40:4 6,00/6m 1%.75m 12,750
3. bolts, nuts washers

6490 18@/each 120 2,600

12:100 100/each 4

121235 100/each 2
6. paint 2500/kg Skg 2,500
sub-total 84,490
gasoline etc 5,200
misc. 3,125
overhead 15% 34929
TOTAL . CFA 186,737

Cost per unit area of rotor 6008 CFa 7/ mt

Size of the rotor S m diameter

ATTACHMENT No. 4: Cost Summary of S m dia Ghazipur 12FUSOQ

ref: GEE (7.84)
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AITACHMENT No. 5: Savonius Rotor Cost Comparison

As  the Savionius rotor has not been costed out by LESO on an as
built basis, comparison will be shown 4% & ratio against equivalent
costs for the LESO I design, the Savanius being scaled to pProduce
equival ent Rowet . This will then be compared with the cost figures
used by the Ecole National des Ingenieurs when they built the 2 m dia
#* 8 m high rotor in 1982,

LESO I Techp:~-1 - : estimated Cp 0.23
rotor area 7.2m%
hub height 12m
No. blades 16
est solidity 2.80

Cost summary Tower 12m high 195,000 CFA
Zn rotor % tail 45,000
transmission & 6,000
chassis

Savonius rotor Technical summary: estimated Cp @.13
average rotor height Sm
rotor solidity est. 1.6

To compare the costs of a Savonius and LESDO I praducing equal
power two ratios will be applied to the rotor area to give thig
equivalence .

Factor to correct for difference in Cp: P'=CpLESD/CpSav.
Factar to correct for difference in average rotor height using

the power law to equate the heights and then cubing to give
power:

Vi o®  (HLESO/ H Saviy  where 1/5 js
roughness coefficient
FE' = (H LESO/ H Sav) §a3

Therefore the Correctiorn which must be applied to the area of a
Savionius rotor is:
A Savonius/A LESO = F' u PR

And, as the Savonius has a much higher solidity for the rotor
area, this factor must be applied as well to reflect in  the
cost:

solidity correction §' = solidity Sav/solidity LESO

Therefore the ratio of the costs will be the ratio of the areas
times the ratio of the soliditieg:

Cost Savonius/cost LESO v = p- B ow g
Therefore  C" = .25, 13 . (12/8)%  » 1.4/.8



the same rated Rower will be 4.9 tines.

Now, Lo calculate the same factor for the cost of the tower,
Corrections will have to be appliad for the tower height and the
increased drag forces.

As  the power produced by the two rotors ig equal, the net drag
developed across the rotors should be equal as well. However, the
Savonius develops a Magnus force equal to the drag force,
directed at right angles to the drag vector. Therefore the total
brce generated on & Savonius tower will be 1.472 drag.

As tower costs have been found to be proportional to the rotor
diameter ( area '/* . and drag force is a function of area) and
tower height, a tower cost factor can be found:

(drag force)’* i h sav/ h LESO
(1.42)7% 4 8n/12m
Q.79

tower cost factor T

Therefore a factor of @.6 can be applied to ratio the cost of a
tower required for a Savonius rotor to that required for a LESO
rotor producing the same power.

Next, from the LESO cost summary, it ig estimated that the cost
breakdown between the rotor and the tail is .75/.25, required as
the Savonius rotor doesn’t require a tail.

Therefore the total estimated costs for and equivalent Savoniusg
rotor using the correction factors would be:

rotor cost x .75 area cost factor = 45,200 x .75 u 4.9
= 166,000
tower cost x tower cost factor = 195,000 x @.79
= 154,000
transmission cost, (same) = 65,000
Total cost estimated for Savonius 325,400 CFA

The total cost ratio is approximately 135% for materials only.

Labour costs would also be increased due to the larger and
heavier gize of the Savonius., and would be estiméd to increase
total costs by an additional 120-1507%.



Frevious cost fiagures for the 2 a dia % 8 m high Savoniusg built

at  the Ecole National des [ngenieurs are available: (1982)
Component total price material/labour materials only
rotor 151,230 350/350 73,625 CFA
Lower 225,000 S8/30 112,500 CFA

Using the previous figures for increased rotor area costs become
rotor x 4.9 4 7.3/1& 390,980

)
tower 2.2’<(incn area) x 8/4 incr height 223,000

These figures indicate that the previous ratios are
reasonable and can be used to indicated predicted costs fur a
Savonius rotor Producing equivalent power to a LESO rotor.

In summary, it ig indicated that for the 2 m dia sized LESO rotar
a Savonius rotor producing the same power would cost
approximately 1586 - 200% wmore. As the sizes increase, the
Proportional costs would also increase due to the higher specific
weight of the Savonius rotor.

14



= USA
A = UK
A = France
V = W Geruany
1982 cost (F.0.B. )/Rotor Area w = Switzerland
: ’ A = India
O = Ching
L, 3 [ X = hustralig
/m” 1000 - ¥* = Denmark
@ = Netherlands
2060 N A ¢ = Canada
A
800 N .« A @ €50 T PReTo
@ Lo T peoo~
700, ]\ 4 |
¢
.Lv v .
600 - . N . ‘
500 . "\‘ A ¢ jm;./,( -feale /ro‘p(Wf fyv,
- A . !
] @ e ﬁl—q" "lom-" {a a([ﬂr\
v .
400  + + o b
o . v
300 . - .
200 4 -~_S£~__ o . 'TTi‘*‘Té
100 - T
{
¥ 1 ] [ [ 4 ¥ i | ) \ 1 ) L) L | BLY

ATTACHMENT NO. &:

ref:

World Bank Report, 1983, ref

no. 1

9 10

11 12

ROTOR AREA SFECIFIC cCOST VS DIAMETER

13 14 15 16
Rator Diametor

(m)

G



APPENDIX 2

WIND ANALYSIS FOR ESTIMATED VELOCITY-FREQUENCY OF
WIND REGIME BASED ON AVERAGE YELOCITY, V, AND
COMPUTERIZED MODELLING OF PREDICTED WATER
AND ELECTRICAL POWER OUTPUTS

W. SCHMIDT
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WD ALY SIS FOR BESTIFMATED VELOCITY. = FREQUENCY. OF Ik W=GINE
AR AE e ST aAGE VELDSITY,Y, AND COMFUTERIZED pODELLING &
hil[l!“ﬁ WRGER AMD ELECTRICAL FOWER OUTEUTS.

Thiye discussion paper develops: a techniqgue w] provide
shanzdacdlzed Weibull function wind predictions tor local wind regimes
when oty Y averaue  wind speeds are Koown. IL also srovides &
compliner  simubabion for water delivery from a wind puip  docatad at
Bl gsile, wop 101 electrical generalion for a wind gerpssalor &t che
siile,

The  technigue is based on using the Weibull functicn. This is
basically a function that has been developed froin the analysis oF

qpirical  data which indicated that the wind redinEs  may be
characikaeristized  In maost regians by the use 4Ff this Wsbull function
and Lo adifving parameters 2 and c. Note thatl Whe canction is
Sy Skandaodited by Usiing Lhe values for average Vede ety at 50
foeh, the stancdard reference height for wind measuremneihi: by k0.

Several  assumptions and estimations are used in developing
this technigue baced on the Weibull function:

1. &o the wind regimes in Mali are not influenced by any major

DR S BT LI R T A 3matu'95, e hills, labes, axtensive torests, Ut
Moica by wmetd scale facktors, 16 lasge land mass with considecanle

deserl  arweas, somne distance o pcean etc. bhe charaCot astics e
assumed to be well represented by a standard Weibull tursition.

e as Uetailed information is lacking on wind characlaristics
whivh  mould facilicate bhe calculation of the applicasbia b and <

Vel ety Chems wall o be o gabimaeted based on information oy Frost et
Wb e e L, Bre FRguERE (B2 For c and oy JUsEUs R e e s S ee
fhgaica (23 ko . Following the inital evaluatlions o tae Weibull

FUfCRion using these estinated values forr the ki and ¢ carameters,
A emqmltl"ity analysis will be peformed bo indicate any Lrends in
erpaes Lhialt these sstimations may introduce.

F.ooaE nh wind speeds are low in Mali, particular atbention will be

H R Lo Whe velocity-duration values near the cuc=in speEeds,  and
Taas o the high wind values which contribulte litble on an averall

basie ty power and punping production.

4.  annual average wind speeds will be used, however in regions where
Ehors aw enpected to be signficant variations in seasonal averages,

cone cunsideration will have to be given to Lhese factars in fusther
(RN It Kabne i~ .:- ;. - &

.  wind=pump performance will be modelled with & variely of cut=in
speeds  and  average velocities. The system is considered to  stark
pumoing  at  Lthe cut-in speed and stop when the wind falls below 1t
agedn. Mo credib will be given for inertia or dynamic wvifects which
Wi allows Lhe wind pump Lo actually run below tha culi=in  veloci by
of ba grvm paoeel chan 10927% volumetric efflciency as L6 possible  &c




A0

some  puampL spetdss  This  can be moditied later by channing the
aftectlve clii-in velocity based on field data if deened NECHEs gAY,

(S TR Y sldrdclerlietics are assumed Lo be linear afuver tcart=up
£30) cinal e rotor soeed Mmay be approxinated by LiL Ny =L
Charactarislics g+ wlectrical yenerating systems will be Lalen asg
those given by the manufascturers or in the literature, gengrally
following Lhe RPOwWer: Curve up from cut—-in to rated power and then
remaining constant urbil Cut-out velocity is exceeded, when power is
NG longere peoaduced.

7. Ll valoes for thhe velocily intervals will be HEpt smuil wid the
arithematic nean torr  the interval will be used as the valtia  Far

calculaling wind run or power productiorn.

The prageamne usad £or calculating the Weibull function is & fortran
Prograimme, am w0l lows:

FROGRAM GIROG

REAL UH(EEJ,V(EB),H(EG)
s =@, 6 -
WIR=0. 3

WSS . 0

WlicsZ o m

R R A et

AT et

flfvb=1 .S

[ A EE R
EHITﬁii,ESJHEQH,HH.C

24 CRTET O AVERL. WIND SEEED,FS. 1, M/S . ofPEss 3l g™ (B S e
WELTECR B9 DA, ALAME

! SCHGART O S ROTnE T USED =‘,F5. 1, " LAMRDA =* Fd,2)

% NG v RE S S
UH(E)E(UCUT—.25)+(I*.ESJ

H(I}=B7éﬂ%EKP(~(UN(I}KC}*%Nﬁi
IF(I.CT. 1) GOTOZ4

WRITE (R, 88 H (1)
e SLEMAT Y NOL HOURS GT VCUT-IN “WFE7.1,° HRSY)
o SRl =

T TE
SRS, 1) E0TDR
I = =T = T
HTE=HAT R (L= 1)
W= (YN (L) R ALAMB/Z (3. 14154DIA) ) #T600%H (1-1)
W R=W TR
HRITE (22N T =19 H(I=1) , UN (T )
o Pt o LOUER VEL RANGE*,F&. 2 F10.0, ¢ HOURS "
< WEFER VEL, RANGEY  Eéd. 2
WIRITE 2, 32 bR
) FRRIRTCS  STROKES IN THIS VEL. RANGE = F1@.0)
[F (L. EQ.21) GOT0200
20 CONTLNUE
200 LT LML
W T TR

[
5
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T
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FPLURMAT " HRS DFERN TION LINERY RS 87 & () S i e
B TR ES TN IR el i)
0GR

BN
Frogram “GROG
dhass sl G genaral proaram Lo calculabte the hours o Wiln
velocitv pgar  vear USing & given average velaocity and  @utinnted
values for kb and c.

The variables used in the fortran language are:

WIRAR 18 khe average wind velocity
bk v5 blhie value of the parameter k
(3 Lhe value of the parameter c

VEUT the cut-in velocity

[ fe
n @ u

nLAMR L& the tip speed ratio

DI s the rotor diameter

HT 15 the total hours of operation

TR i& the total for the no. of strokes

DI 15 the vector containing the wind speeds
T is the vector containing the Weibull values

The steps in the program are:

il the counters HT and WTR are set to zero, and the varriables
dre inlbtislized.

o e i tial values are printéd out for verification

T do loup 20 iterates the value of I used for velocity calc.
4. the velocily is varied from the cut-in velocity up to limit

of [ and stared in VN(I) . Increments of <25 m/s are iwed.

Fig Ll Value uf bBhe Weibull function at various velocti tous g
Caccutaled and stared tn HOI) no. hours expected atd volo-
Caties ureater than current value
a9, since some differences are required and Weibull alwavs aives
values Lhalk are greater than, if ... to 20 initializos Hl)
e Bine ok valiie of He ) 15 calculabed in the AU SIS e
HHEH Y

3. Hi Lolale the hours above cub=in

S WR' caleulates the number of strokes at that wind vzl by
By assuniing Ehat the rotos Will run with the wind ob il.
L ve L1 spead takio.

LG e e s are diven and the value of veloo iy

R s o T T O




4owi o values used for running the Frogram

The  following values were used to run the program and avaluale
the sensilivily of the model to variations in &k and c.

L AVES b c m/s
19 2005 1L 5 544 2.28
s e 1.7%6 e} T
STe Zet ) 1.5@ e

e 55 1P .98
4. T ) 1.45 e 87
a 3.0 1.50@ 4., 4%
. 4.9 1.50 4.98
7= 4.5 1.80 o. 04
(=), 465 2.10 5.08
S ey U 1.90 iy Yo
Wiy o 2.00 (=3 et
11. & 1.50 a9.04%
il . B 2.00 & 77
i S.0 2.50 (5745

The resultbts from running the programme is presented in figure .

The grapli shows the predicted no. of strolies Per year feom & 4 m
dizmelee rotor with & wind running tip speed ratio o+ 1o%i and a
EUE =10y velacity and cuk-out velocities of 2 aadg 3 mee

R RS VIS RO

The paranmeters o+ bk and ¢ are varied to Feoresant dnc:  mayimum
POssible doeviaktions that they could have from the valuee used for
Lhe  @stinabte.  The ogtlines of these under and Var=estimating
CUEvEs  ariz glso  presented. It is of note that even vihern the
gvEmane  values used for k and c May be dncorrect. who  maximumn
(BTl AT Lneroduced by Making these NECRSSAnY assumptian s are only
A LR TOL=DN Fanyge, well within acceptable limics, Mo outpule
TrEon e proycanme ate in Attachment no. L.

FOR THE FROGRAMMES

s e, this model can also be used Lo preclelb wlecltrical

hal Vi dowind electric generalor located abt o =@ ee wilh e
ANGwn Average  wind velocity. It can also be used Lo show  the

amoul of wlectricity that will be generated for wach AVarage wind
Sped,  giving a good estimation of what wind averagus wWill  be
reguired for various machines tao make them economical ], viable.
The summesry af an assessnent done fors & Z.3 o dia Wha s wind wind

]

R RCET gunerator 1S Hblachment no. 2.
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ATTALHIIET NUMEER L

SUMMARY OF  WE.ruLL FUNCTION FREDICTINONS AND WATER OUTFUT

FREDICTIONS FOR THE FOLLOWING FARAMETERS

The fwlluwing values were used to run the Program  arc  svaluate
the BENsilivity of the model to variations in e and ¢,

Vii/ s k cC m/s

1. 2.5 1.358 2.28
2. Y 1.248 E.78
=, Sl 1.50 3.5

A4 1.5 2.56
A, 2.5 1.4% .87
Fe 4.0 1.50 4.4%
& 4.9 .3 4,93
7. 4.5 1.30 S.08
3. 4.9 2.:0 PRLES
@, Yye i 1.90 JorCY: )
L@, F.43 2.0 b.21
11. 5.5 1.50 b. &4
12, 9.0 2.00 $.77
. &.0 2.350 H.748

WINDMILL FARAMETERS

]

Tip speed Ratig = 1.
Thamelur = 4.0 peters

Vout—-in = 2.0 m/s
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FROGRAM GROG s VEY X -

REAL YN (3@),V(30) ,H(30) WKs2.<
HT=G. o

WTR=0. 0 < = wear/ 237
WEAR=&. @

Wh=2, 15
C=WEAR/.887

VCUT=2. 0

ALAME=1. 5

DIA=4.0

WRITE (2,28) WEAR, WK, C

FORMAT (' AVER. WIND SFEED‘ ,FS.1, ‘M/S K=",F3.1," cC=,Fg.2
WRITE(2,29)DIA, ALAME

FORMAT (*  ROTOR DIA USED ="9F5.1,"  LAMEDA = ,F4. o)
DO 20 I=1,62;

VN(I)=(VCUT-, 25) + (1%, 25)

HUD) =67 80%EXF (= (UN (1) /C) %K)

IF(I.GT.1)GOTO=g

WRITE (Z,88)H(1)

FORMAT (' NO. HOURS GT VEUT-IN *,F7.1,' HRS')
CONTINUE

IF(I.EQ.1)G0T02p

H(I=1) =H(I-1)~H (1)

HT=HT+H (1-1)
wR=(VN(I)*ALANB/(3.1415*DIA))*36@@*H(I—1)

WTR==WT ReFbIR

WRITE (2, I UNCI=1) \H(I-1) ,yN(T) '
FORMAT (* LOWER VEL RANGE ' ,F&.2,F10. 0, * HOURS * |
' UFFER VEL. RANGE',Fé.=)

WRITE(2,32) wR :

FORMAT (*  STROKES IN THIS VEL. RANGE =',F1g.@)
IF(I.EQ. 21)60TO200

CONT I NUE

CONT INUE

WRITE(2,18) HT ,WTR

FORMAT(*  HRS OFERATION IN YR : 8760 ... ,Fg.q,-
‘STROKES IN YR’ ,F12.0)

STOF

END
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AVER. WIND SEEED 3. 6r/s il okl (68, 8 1
ROTOR DIA USERD = 4.9 LiHEDe =1, 50 :
NOSIHOURSEGTR VL Tl g FIRES i
LOWER VEL RANGE  2.03 40850 HOURS UREEREVEL L RERGE 0
STROKES IN: THIS VEIL, Adneis - 155741 :
LOVIER VEL RANGE 11,0 420 HOURES HERERE E O R RS = s
STROKES . IN THIS VEL. RANGE - 465104,

LOVIEREVEL - RANGE 2. 5 415.  HOURS URFERTVEL . RANGE 2.5t
STROKES' IN' THIS Vg . RANGE = 491825, ' i.
LOWERLVEL RANGE 2,74 =81, HOURS URPER YEL. RANGE SHD)
STROKES:, IN. THIS VEL. RANGE - 49BB20. :
LOWERUVEL RANGE  =.00 345, HOURS UMFER VEL. RANGE 3.24
STROKES UIN THIS VELY  RANGE = 4873256 . - g
LOWERGVELY RANGE 3. 25 213, HOURS UIPFER VEL. RANGE 3.3*,
STROKES|'IN. THIE VEL. ' RANGE & 470167, 1 fie
LOWER.\VEL RANGE =:5p 281. HOURS UFFER VELL. RANGE . 7¢l
STROKES IN THIS VEL. RANSE o 452593,

LOVER VEL RANGE 3 75 251.  HGURS UFFER VEL. RANGE 4. @0

STROKES 1IN THISCNEC  RANGE. = 431557

LOUWER VEL RuNGE 410 2235, HOURS URHER VEL . RANGE by o

STROKES IN Tilis VITL. RAiGiE = NG7962, .

L.GWER VEL RANGE o ) 198, HOURS = UFFER VEL. RANSE  4.50

STROKES IN THIS VELL RANGE = IBRE6TH. : }

' BWER VEL RANGE it 175, HOURS UFFER VEL. ROMNGE 4.?% :
ROKES IN THIS SV I mariGE = SO62%45. |

LOWER VEL RANGE e 9%, HOURS URRERSVEL,  RaNGE ek

STROKES 1N JHIG WEL D RAGE = 522544, f

bo HOURS UEFER VL, RANGE W.EE'

A i Bl
SWHREAPTL,

STROFES IN THIS VEL. RENGE !
g 1 7.  HOURS UERERTVEL . RaNGE v EE)

LOWER VEL  RANGE g R 1
STROKES IN THI1S MEL RONGBE =
1

2753527

LOWER VEL RANGE .50 - HOURS UFRER VEL. RANEBE By G
STROKES IN THIS VEL. RANGE - 251584,

LOWER VEL RAMNGE o ) B3, HOUES GEFER VEL . Lenor RV
SIROKES TN e e fal s ENGE = ERALETR

LOWER VEL Rériol: 0w i3l A6 HINRG UIEEERSE e i) e
STROKES IN THI: VEL . RAHGE = 2BA47455 .

LOWER VEL RANGE o, 23 GGl HOURS UREERSVEL | maiceE &
STRQKES IN THY S Ve, RANGE 182431,

LOWER MEL ‘RANGL T i) 5. HOURS UREER VEL. SEANGE (i
STRAOKES IN THLS Ve, NANGE 163555,

LOWER VEL RARGI: 0 3 Q. HOURE L
SITROKES IN Ti4; . Bles WiISE = L4551,

FRE OFERATICN 11y CINE: R ET /S (77 s TiaZ, 1 STROR S LBy AT

1
LUWER VEL RANGE 5. 00 1%

1
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STROKES Lh GO, i T - K= S

LOWER VEL RANGE 2 m ?&V. HOURS URFFER VEL. NAMISE
STROKES: IN TH 13 VG RAMEE = =9E612,
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STROKES . IN TellS VEL, Reibe = Q75D

LAWER VEL RANGEE 2. 70 A% HOURS UREER VEL, (AT LS
STRDRES IN THIS YEL. RANGE = 455481 .

LOWER  VEL RANG - Z. Uy Z44.  HOURS URFER VEL. INEMIGE
STROKES IN THIS VEL ., NENEE = 4806899,

LOWER VEL REMGE Z.25 333, HOURS UFFER VEL. RANGES
STROKES IN o VEL, RahGE =

LOWER VEL RAMNGE. 3, 6 220, HOURS UPFEFR B . VRIR
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ATTACHMENT NUMEES &

SUMMARY. (IF FREDICTIONS For WHIRLWIND WIND ELECTRIC GENERAGTOR

FOR Y = 4.0 s AND @ = S.0 m/s. .

Wind Electric Systen Farameters:
Hub height = 30 feet

-

Rotar diamelber = 3.3 meters

Vout—-in = 208 m. /s,

VY
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FROGRAN BeEe0

RIZAL @t VOEBY L M (o)
HT=pa,
WTR=6. 0
WBAR=

W= 20
C=WRAR /. BR7
V”L’“L 5
SE=lRGk

-..l.fq“'-'u
WRITE (2,28 WEBAR, WK . C

FOREIAT ¢ AVER. WIND SPEED ‘' ,FS5.1, ‘M/S SR S T A - =T

WRITE ('2.29)D1A.,CF cpeer
SORMAT (O ROTOR DIA USED S olPtElo @3y © SRR = F4. D)
ooy T s
INCL T T ) 4 T S0

BT =135 équKP(H\VN(I}/E)**NHJ

IFE LY. :f.i;GCTD”4

VRITE (R 83)H(L)

FORMAT ¢ NO. HOURS GT VCUT-IN “9F7.1,° HRS')
CONTINUE
(FOIL RN 1) 6OTO20

o (S e T ) =H{T)
b B I At
WF"(vlfla O L) **3.B*CP*.S*l.:ﬁ?*DIA*DIA*.ES%E.1415

wFHOL-1, %, 0E L
WTR=0TFE-RUF
WRITE (2,12)VN(I=1) sHOI=1) JUN(T)

FGRHATf LOWER VEL RANGE ! yF5.2,F10.0, ¢ HOURS *,

: il (O, T FANGE ¢ F&.mx

er“.. S 7

‘_HJLF:' PMHRFER YR OIN THIS VEL. RANGE =" F12.2)
IF(l.EG_glberDRB@
CONT INUE i

CONT 1pL)E:

NRITE{E,LBJHT,HTR
FDRHGT;' Hits OFERATION IN YR : B7460 o8 alPEs il e
CEWH BRSOUGED TN YR oo Pl 2

S GF

I_.|\“J
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FROGRAM GBRELEQG
Al VIR LV CZ0) L H(Z0) 3

Hi=¢, 8
WTR=6, 9
WRAR =¢&. 0
Wk=2_45
C=WiaR/ . 887
VELIT=2,5
Gi==, B h
DIA=5 248
WRITE (Z,28) WEAR W, C
FORFIAT (*  AVER. WIND SFEED yFS.1,°M/S k=R EE I e ra 2)
WRITE(2,29)DIn,CF ) Pt
FORIAAT ¢ ROTOR DIA USED S Pl s © l=migEEN = ,F4.2)
DO Z& T=1,7%0
VINCL) =((NCUT=.5) + (1%, 50)
H(L) =87 6D%E LR (— (VNCT) /C) ##WH)
IFCI.GT. 1)GEOTOZS
WRITE(Z,E8)H (L)
FORMAT (* NO. HOURS GT VCUT-IN 1F7.1,° HRS*)
CONT INUE
IF(L.ER. 1)GOTOZA -
HOI=1) = (I=1)—=H ()
HT=HT4H(1--1)
WR=(VIN(I)~.28) *%3. Q#CP%. 5%1. 229#DIA#DIA*. 25%3. 1415
*H(I—-1)%.001
WTR=WTR-+WR
WRITE (Z2,12)VN{I-1) ZJHEI=-1) ,UN(I)
FORMAT ( LOWER' VEL RANGE F6.2,F10. @, HOURS',
UFFER VEL. RANGE' Al 3)
WRITEA(Z, Z2) WR
FORMAT LWHR FER YR IN THIS VEL. RANGE =°* ZyF12.20
IF(I.ER.21)6G0T02C2
CONTINUE
CONT INUIE
WRITE(2,18)HT,WTR
FORMAT (¢’ HRS OFERATJION IN YR : 87&0 ... ° yFB.1,° s
‘EWHR FRODUGCED IN Y RS ds F 1 D)
STAr
END
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WIND TURBINE ROTOR DESIGN ANALYSIS USING
COMPUTER MODELLING TECHNIQUES

In order to facilitate the analysis of rotor design at LESO it was necessary to develo
a simplified mathematical model for the GEE. As this would only be a "first-order
model, using several simplifying assumptions, the information generated would onl
give approximate values. However, these results would be more than adequate fo
comparative purposes. This way, designs and rotor configurations could be analyze
and comparisons between different rotors could be made. For example, two rotor
with different blade angles or differing blade shapes could be evaluated and compare:
to each other. By systematically analyzing all the important configurations for a roto
geometry, an optimum design would result from this iterative design process
(Hopefully, initial design parameters would be reasonably close to begin with, 50 the
number of iterations required would be minimized.)

B.lade Element Model

The analytic procedure developed takes the lift and drag valves for a given angle of
attack of a blade element, and calculates the net lift and net drag. Using the
resultant net differenc in force the torque generated by the blade element is then
calculated as net force times moment arm. The total of the elemental torques along
the blade is summed up, times the number of blades to give the total estimated torque,
The product of tip speed ratio (A) and torque will give power output. The torque and

power coefficients CT & CP can be found by dividing through by the respective total
input values.

DILECT o oF [EoTATION

RELATIE
VELocivy

RoTof. PLanE

T \
-:L-Fr

radial  Arm. — BUAE SLTMENT

1
Q{ ——t BoTATIoN
+

PUE g

Figure 1: Blade Element Force Diagram



The angle of attack for the blade element is found by determining the relativ
approach angle of the winr and comparing this to the fixed blade angle. The lift an
drag valves are then taken from the curves given in the reference figures fc
cambered plate air foils, A copy of valves for 5%, 10% and 15% plates is included g
the end of the report. Net drag and lift in the respective directions is then computed.

Equation used:

1. relative wind angle § = tan-1 (\x R x radial station)
2. fixed angle = £

3. angle of attack, % = 900- /5 _ g

4. lift (+ve) in plane of rotation = CL cos #

5.  drag (-ve) in plane of rotation = CD sin §

6.  torque = (CL cos # - CD sin @) x momant arm/cos #2 where cos #2 corrects fol
wind velocity to element

7. coeff, torque = torque x n? blades x area/rotor area

8. coeff. performance = CT * A

Computer Model

In the computer model the following variables are used:

AREA is elemental area
BLADES is no. of blades
FBYL is the % camber of blade

RR is the rotor radius

ALAMB s tip speed ratio A

Pl is m

RS is radial station of blade element, moment arm

BC is blade correction for non-rectangular blades

THETA s g relative wind angle

BETA - is # blade angle

ALFA is & angle of attack

THETA B,

BETA B,

ALFAB are valves of §, /3 and K in degrees (trig functions use value in
radians)

CL is coefficient of lift from reference figure

CD is coefficient of drag from reference figure

T is torque generated by blade element

CT is sum of torque for blade

CTA is coefficient of torque

Cp is coefficient of performance



~
The computer model calculates the angle of attack, finds the nearest valves for CL
and CD and then finds T, CT and CP. Tip losses are approximated by using only half
the CL valve for the tip blade element. While the calculations may be done manually
this program is largely a rapid way to calculate the multiple equations.

Results

In order to evaluate the model, the 12PU500 rotor was used for comparative purposes.
As a performance curve was given for this rotor, it was assumed that if a model could
predict this curve relatively well, it would be a fairly good model. Figure 2 shows the
results of using the model to predict the 12PU500 performance curve.

As the initial valves predicted by the model do not reproduce the given [2PU500

curve, a "swirl factor" is added to the model to modify the actual velocity seen by
each blade element. This factor is used to force the model to predict the required
curve. As the figure shows, using a swirl factor of 1.3 does give quite a good matching
for the curves. (This would represent a velocity reduction to 88% across the blade

element, not unreasonable.)

With the model now able to predict the 12PU500 rotor performance reasonably well, it
was used to evaluate the LESO II 4m @ rotor. The results are shown in Figure 3, As
the LESO Il has 18 blades, a higher solidity, a "swirl factor" of 1.4 is used as an
approximation,

A comparison is also made for the LESO II rotor with rectangular blades vs trapezodial
blades. The results are included in Figure 3.

All printouts are appended as attachments,

Attachments

l. Program ROTOR.FOR, Model for 12PU500
2. Program RRR.FOR, Mode! for LESO II with rectangular blades
3. Program RRR.FOR, Model for LESO II with trapezodial blades
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FROGRAM ROTOR
117107707777 ENTERING SWIRL IN THETA L1717 1777077777

THIS FROGRAM CALCULATES COEFF oF TORGUE AND FERF FOR —=— =

DATA ENTRY IF FOR F/L .85 AND @.1@ ONLY

CURVED FLATES ONLY

MUST ENTER LAMEDA AND RADIUS, MODIFY BLADE CORRECTION
AND EETA ANGLE OF ELADES TO RUN OTHER CONFIGURATIONS
ANGLES USEp ARE: .

EETAR ANGLE OF ELADE TO ROTOR FLANE, DEGREES

BETA BETAR IN RADIANS

THETAE ANGLE OF INCIDENT WIND IN DEGREES

THETA THETAE IN RADIANS

ALFAR ANGLE OF ATTACK IN DEGREES

ALFA ALFAE IN RADIANS

ALFA = BETA - THETA

Kk IS RADIAL STATION COUNTER, WATCH INNER LIMIT

WHEN LAMEDA IS ZERO, CD GOES TO ZERGQ FOR STARTING TORQUE

NO CORRECTION IS MADE FOR VELOCITY REDUCTION ACROSS ELADES

****************************

TIF LOSSES INCL EY SETTING CL = 0.2 @ .95
*****************!!!f!!!!!!!!f!

PROGRAMME SHOULD BE USED Fom COMFARATIVE FURFOSES ONLY
SEE FROGRAM RRR.FOR FOR FARAMETERS FOR LESO II ROTOR
SEE ALSO FROGRAM ROLL.FOR .

REAL PI,RR,THETAB,ALFAB,ALFA,THETA,BETA,EETAB

AREA=, 25#, 75

ELADES=17

FEYL =.,Q@5

RR=2.5

DO 25 I=1,17

ALAME:= (1%, 25) —, o=

CT=0.0

FI=3.1415

DO 3@ ki=25,95,1¢

RS=KK/100. 0 :
BC=(.250—(RS—.25)*RR*.025)/.25@
————————————— MODIFY WITH SWIRL ~——mmmmee___
THETA=ATAN (RS*ALAME*1 . =g)

THETAB=THETA%*180. /F]
BETA=(36.9—((RS—.ES)*RR*IS))*PI/lB@

BETA IS ELADE ANGLE INITIATIZATIDN, CHANGE FOR NEW CONFIGUR ‘N

EETAB=BETQ*18@/PI
ALFAB=9B—BETAE—THETQB

ALFA=ALFAB*PI/180.

FORMAT ( - ALFA,BETA,THETQ',ZF&.Z,' RS % LAMBDA ' ,2Fg. )
IF(ALFQB.GT.?@)GUTD??

IF(FBYL.EQ.@.l@)GDTD?I

IF(FERYL.EQ. . 3)EOTO 41

WRITE (2,21)

FrGMaT + - e AREE

12FUSRQ
——————


http:IF(FBYL.EQ

-

41

44

a5

47

48

49

30

v

R T LE T

IF(ALFAR.

CL=0.0

. CD=1.2

GOTO91

IF{(ALFAK,

CL=.z0
CDh=1.18
GOTO91

IF (ALFAE.

CL=.48
CD=1.,14
50T091

IF (ALFAE,

CL=.42
CD=.,95
GOTO91

IF (ALFAE,

Cl=.75
CD=. 30
GOTO91

IF (ALFAR.

CL=,88
CD=.45
GOTO91

IF(ALFAER.

CL=1.0
CD=. 50
GOTO91

IF (ALFAE,

CL=1.,12
CD=, 33

GOTO91

IF (ALFAE.

CL=1.13
CD=, 25

GOTO91

IF {(ALFAE.

CL=1,15
CD=,15
GOTO91

IF(ALFAR.

CL=1.0
CDh=.10
GOTOo91

IF (ALFAE.,

Cl=,48
CD=.04
GOTO?1

IF (ALFAE.

CL=.z0
CD=, @z
GOTO91

IF (ALFAR,

Cl=-,20
CD=. @8
GOTO91

IF(ALFAR.

CL=-.4
CD=. 10
GOTO91

IF (ALFAER.

Cl=-_4
Ch=_=

LT.BS;GDTD42
LT.755G0T04z
LT.55)6G0T044
LT.35)60T045
LT.45)G60T045
H -33)60T047
LT.25.35)60T048
LT.17.6560T049
LT.12.4)G0ToSe
LT.10.8)G0oTOoS!1
LT.7.3560T0S2
LT.2.5)60TOSz
LT.-2.5)60T0S,
LT.-7.5)60T0SS
LT.-15)G0TOSs

LT.-17.8)60T0100


http:IF(g1LFgiB.LT

72

7%

74

~d
&i]

74

77

78

/79

=1]

81

84

86

87

CD=1.22

.6OTO91
IF(ALFAB.LT. 75)G0TO7:

CL=,3
CD=1,2

50T091
IF(ALFAE.LT.SS)GOTO?q
CL=.5

CD=1,1

6GOTD91
IF(ALFAB.LT.SS)GDTO75
CL=.48

CD=1.@

GOTO91
IF(ALFAE.LT.45)GDTD76
CL=.80

CD=.85

GOTO91
IF(ALFAB.LT.37)GDTO77
Cl=, 94

CD=, 70

GOTO91
IF(ALFAE.LT.ZE)GOTD78
CL=1.05

CDhD=.,45

GOTO91
IF(ALFAE.LT.E?)GDTD79
CL=1.18

CD=., 358

GOTO91
IF(ALFAB.LT.EE)GDTOE@
CL=1.2

CD=. 48

GOTO91
LF(ALFAE.LT.IS)GDTOBL
CL=1,2

Cb=, 35

GOTO%1
IF(ALFAB.LT.IS.S)GDTOBE
CL=1.45

CD=.Z0

GOTO91
IF(QLFAB.LT.IE.S)GOTOSE
CL=1.50

CD=.25

GOTO91
IF(ALFAE.LT.II)GDTDB4
CL=1.454

Ch=.2

GOTOD91
IF(QLFAB.LT.?)GOTDBS
CL=1,3

CD=.15

GOTO91
IF(QLFAB.LT.E.E)GDTOSé
CL=1,05

Ch=.15

GOToO91
IF(ALFAE.LT.—E.S)GOTOB?
Cl=,4

Ch=_,28

6B0T0O91

IF(ALFAR.L T. =7 = RATMoO

1


http:IF(ALFAB.LT

88

+7

71

e

-t

10z

23

161

GOTO9y
IF(ALFQE.LT.—IS)GOTDS?

ClL=-,12

CD=,1

GOTO91

IF(ALFAE.LT.-19.8)GOTOIBB

CL=-,z3

CD=,Z5

GOTO <1

CONT INUE

IF(RS.EQ..?S)CL=B.@
T=(CL*COS(THETA)—CD*SIN(THETA))*RS*BC*I.B/(CDS(THETA))
*1.0/(CDS(THETA))

CT=CT+T
wRITE(2,33)RS,BETAB.THETAB.ALFAE,CL,CD,T

FORMAT (' RapIAL STATION=",F4,72, - BETA=",F4.1,"  THETA="
FA. 1,0 ALFAsFs. g, - CL=",F4.2," cD=",F4.2," TORQUE=
F3.2

CONT INUE

CTA=CT*ELADES*AREA/(RR*RR*PI)

WRITE(2,35)CT,CTA.ALAMB,FEYL

FORMAT (' COEFF TORGUE AT RS=',F5.2,' CcoEfrr Tq CORRECTED=

F&.2, " LAMEDA=" ,F4, 2, - F/L="',F4.2)

CR=CTA*ALAME

WRITE(2, 163 cp

FORMAT (" COEFFICIENT OF FERFORMANCE = ' Fg. 2)

CONT INUE

G0TO1G1

WRITE(2,37)

FORMAT ( * ¥*x* ALFA LBT. 9@ 111044,

G0TO1@1

WRITE(2,29)ALFAR

FORMAT (' s%#% ALFA LEss THAN -19.6, NO vALUES GIVEN
FROBRAMME ARORTED Prrtre EgLm) ‘

STOF

END

RADIAL STATION= , 25 BETA=I4.9 THETA= @3.0 ALFA= 53, 1 CL= .75

TORQUE=

.19

RADIAL STATION= =5 BETA=Z3,1 THETA= 8.0 ALFA= 54,9 CL= .&2

TORQUE=

« 21

RADIAL STATION= .45 BETA=29, 4 THETA= 2.0 ALFA= 4@, 6 CLl= .52

TORQUE=

s
o L

RADIAL STATION= - 55 RETA=25, & THETA= 2.0 ALFA= 64,4 CL= .42

TORQUE=

o
. Ll

RADIAL STATION= « 65 BETA=21.9 THETA= 2.0 ALFA= 43,1 CL= .48

TOROUE=

.28

RADIAL STATION= .73 EETA=18. 1 THETA= 2.0 ALFA= 71,9 CL= .48

TORQUE =

« 31

RADIAL STATION= .85 BETA=14, 3 THETA= 2.0 ALFA= 75, 4 CL= .Z0

TARQUE =
'IAL STATION= .93 BETA=10.4 THETA= 0.0 ALFA= 79 4 CL=0.00

]
Lapa

TORQUE= @, pp

COEFF TOROUE AT RS= 1,79 COEFF TO CORRECTED= @7 LAMEDA=0. 20,
COEFFICIENT OF FERFORMANCE = 0.0

RADIAL STATION= |, o5 EETA=35, 9 THETA= 4.4 ALFA= 48,5 CL= .75

TORQUE:=

L=

17

RADIAL STATION=: _ 35 BETA=ZZ.1 THETA= 4.5 ALFA= 50,4 CL= .75

TORQUE =

A .,

o
LR

CD= .8@
CD= .95
CD= .95
Ch= .95
CD=1.14
CD=1.14
CD=1.18
CD=1.18
F/L= .@5
Ch= .80
Ch= .en

A


http:LAMBDA=0.00
http:IF(RS.EO

R E——————————————.S

L ST AT SR LUN=:

TORQUE= . =
RADIAL STATION=
TOROUE= |, 25
RADIAL STATION=
TORGUE= 24
RADIAL STATION=
TORQUE= .27
RADIAL STATION=
TORGQUE= -_ 24
COEFF TORQUE AT
COEFFICIENT OF
RADIAL STATION=
TORGQUE= . 2p
RADIAL STATION=
TORQUE= =g
RADIAL STATION=
TORQUE= 31
RADIAL STATION=
TORQUE= .z5
RADIAL STATION=
TORQUE= 24
RADIAL STATION=
TORQUE= .2
RADIAL STATION=
TORQUE= .25
RADIAL STATION=
TORGQUE= -, 44
COEFF TORRUE AT
COEFFICIENT OF
“ADIAL STATION=:
ORBUE= | 19
RADIAL STATION=
TORQUE= .24
RADIAL STATION=
TORQUE= =g
RADIAL STATION=
TORQUE= .z1
RADIAL STATION=
TORQUE= 37
RADIAL STATION=
TORQUE= .33

RADIAL STATION= .

TORGQUE= .32
RADIAL STATION=
TORQUE= -. &4
COEFF TORQUE AT
COEFFICIENT OF
RADIAL STATION=
TORGUE= .18
RADIAL STATION=
TORQUE= 29
RADIAL STATION=
TOROUE= .35
RADIAL STATION=

TORAUE= 40
DIAL STATION=
TOROQUE= 44

- RADIAL STATION=
TORQUE= " .47
RADIAL STATION=
TORAUE= .48
RADIAL STATION=
TORQUE= -, 77

P ——

BETA=25. &
<55 BETA=21.9
« 75 EETA=18. 1
.85 BETA=14.4
BETA=10. &
RS =SSN COEEF

FERFORMANCE =
BETA=36.9

e
. L)

. 3G BETA=ZZ. 1

&)

.45 BETA=29.4
.55 BETA=25.4
<65 BETA=21.9
.75  BETA=18.1
-85  BETA=14.4
-95  BETA=10.&
RS= 1.43 COEfrf
FERFORMANCE =

.25  BETA=34.9

« 35 BETA=Z3. 1
- 45 BETA=29.4
BETA=25. &
65 BETA=21.9

« 75 BETA=18. 1

85 EETA=14. 4
« 25 BETA=10. &
RS=11.34" COEFF
FERFORMANCE =
« 25 EETA=346.9
- 55 BETA=3Z3Z. 1

- 45 BETA=29, 4
BETA=25. 4
- 65 EETA=21.9
SV A RETA=18. 1
.85 BETA=14.4

95 BEETA=10. &

THETA=10@. 1
THETA=11.9
THETA=13. 7
THETA=15. 4

THETA=17.2

TQ CORRECTED=
l@l

THETA= 9.2
THETA=12.8
THETA=16.3
THETA=19.7
THETA=22. 9
THETA=26.0
THETA=28. 9

THETA=31.7

TQ CORRECTED=

.23

THETA=13.7
THETA=18.8
THETA=23.7
THETA=28,2
THETA=32. 4
THETA=Z4, 2
THETA=39.7

THETA=42.8

TQ CORRECTED=
Iaq

THETA=18. 0
THETA=24.5
THETA=30. =
THETA=35. &
THETA=40. 2
THETA=44. =
THETA=47.9

THETA=51.0

ALFA=
ALFA=
ALFA=
ALFA=
ALFA=

.06
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=

.05
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=

ALFA=

|
o-
3]

1
1}
(]

o~
[}
(9]

5202

LAMEDA= .25

43.9

44.0

CL= .75
CL= .&2
CL= .42
CL= ,&2
CL=0.00
CL= .88
CL= .88
CL= .88
CL= .88
CL= .75
CL= .75
CL= .75
CL=0.00
CL= .88
CL= .88
CL= .88
CL= .88
CL= .g8
CL= .88
CL= .88
CL=0.00
CL= .88
CL=1.00
CL=1.00
CL=1.00
CL=1.00
CL=1.00
CL=1.00
CL=0.00

e ————

CD=
Ch=

CD=

CD=

F/L=

CD=

CD=

CD=
CD=
CD=
CD=
CD=
F/L=
CD=
CD=
CD=
CD=
CD=

CD=

CD=
F/L=
CD=

CD

I

CD=

CD=

CD=

CDh=

l65

la@

. 80

- 80



http:THT=_.7t
http:l74-36.FF

—“

/

O T I W
TORQUE= {.z7
RADIAL STATION=
TOROUE= -, 77
COEFF TORGUE AT
COEFFICIENT OF
RADIAL STATION=
TORGUE= 29
RADIAL STATION=
TORQUE = .49
RADIAL STATION=
TORQUE= 41
RADIAL STATION=
TORGUE= .09
RADIAL STATION=
TORGUE= .74
RADIAL STATION=
TOROQUE= 94
RADIAL STATION=
TORAQUE= 1.435
RADIAL STATION=
TORBUE= —-. 44
COEFF TOROUE AT
COEFFICIENT OF
RADIAL STATION=
TORQUE= . z=p
RADIAL STATION=
TORGUE= .45
RADIAL STATION=
TORGUE= « 47
"ADIAL STATION=
JORBUE= |43
RADIAL STATION=
TORBOUE= - 81

RADIAL STATION= .

TORGQUE= 1.1
RADIAL STATION=
TORGUE= 1,21
RADIAL STATION=
TORQUE= - =1
COEFF TORQOUE AT
COEFFICIENT OF
RADIAL STATION=
TORQUE= =4
RADIAL STAT ION=

TORQUE= .34
RADIAL STATION=
TORQUE= _zp

RADTIAL STAT ION=
TORQUE= 27
RADIAL STATION=
TORQUE= , =3
RADIAL STATION=
TORQUE= 3%
RADIAL STATION=
TIRAQUE= 1,29
JIAL STATION=
TORGUE= -, =g
COEFF TORGUE AT
COEFFICIENT OF
RADIAL STAT ION:=
TORGUE=" _=n
RADIAL STATION=
TORQUE= | =4

FAam e a, -

EETA=14.4

w

.o

- 75\ BETA=1@. 4
RS= 4.79 COEFF
FERFORMANCE =

25 BETA=34.9

" )

35 EETA=37. 1

-45  BETA=29.4
-55  BETA=25. 4
65  BETA=21.9
-75  BETA=18. 1
.85  BETA=14.4
95  BETA=10.6
RS= 4.49 COEFF

FERFORMANCE =
« 25 BETA=Z6.9

(13
(4]

-85 BETA=14.4
=95 BETA=10.6
RS= 4.58 COEFF
FERFORMANCE =

25 BETA=36.9
35 BETA=33.1
45 BETA=29.4
-55  BETA=25.4
=65  BETA=21.9

) BETA=18.1
BETA=14, 4
BETA=10. &
RS= 2.83 COEFF
FERFORMANCE =

« 25 EETA=34. 9

Rt BETA=33. 1

THETA=645, 7

THETA=48. 0

TQ CORRECTED=

THETA=45, 7
THETA=52, 8
THETA=58. {
THETA=62.3
THETA=465. 5
THETA=48, 1

THETA=70. 2

TC CORRECTED=

THETA=39. 1
THETA=48, 7
THETA=55, &
THETA=60.8
THETA=44. 7
THETA=67.7
THETA=70@. 1

THETA=72. 1

T@ CORRECTED=
.44

THETA=41.8
THETA=51. 4
THETA=58., 1
THETA=463.0
THETA=46, 7
THETA=69.5
THETA=71.8

THETA=73. &

TQ CORRECTED=:

P

THETA=44, =

THETA=S57. 8

ALFA=
ALFA=

.18
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=
ALF A=

.17
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=

N7
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=

11
ALFA=

ALLF A=

7.9 CL=1.00

I'l1.4  CL=@.00
LAMEDA=Z. 0Q
16.9 CL=1.13
11.2 CL=1.15
7.8 CL=1,00
O G E= TN o
J.8 CL= .48
Gttt (e o)
7.5 CL=1.00
7.1 CL=0.00
LAMEDA=2, 25
14.@ CL=1.13
8.2 CL=1.00
9.8 CL= .48
SO ClE=N
3.4, ClL= .s8
42 BNCE= e
ol Bl L4E
7.3 CL=0.00
LAMEDA=2. 50
11.3 CL=1.15
5.5 CL= ,s8
2.5 CL= ,Zzp
1.2 CL= .zo
Nod) “RllE &
2.5 CL= ,3@
SL S NG =R
9.8 CL=0.00

LAMEDA=Z. 75
8.8 CL=1.00

stasl (Elhs o@E

CD=

F/lL=
CD=
CD=
CD=
CD=

CD=

CD=

F/L=

CD=

CD=

CD=

CD=

CD=

F/L=

R .

- 10
- 04
.04
=04
- 10

.1@

- 10
.04
.24
.04

.04

- 04
- @3
- 03
.03
@3
. 04
.04
.05

- 10




———

£ DRVLML S I RTTON= .55 BETA=25, 4 THETA=65. 0 ALFA= —.7 CL= .Z@ cCp= e fafes
TORQUE= 23
RADIAL STATION= . 45 BETA=21.9 THETA=&8.
TORQUE= | =4
RADIAL STATION= .75 BETA=13. 1 THETA=71. 1 ALFA= -7 CL= .30 CcD= - Q=
TORQUE= 43
RADIAL STATION= . 85 EETA=14_4 THETA=7=. 2 ALFA= 2.4 ClL= .Z@ CD= " Js
TORGUE= _sp
RADIAL STATION= .95 BETA=10. 4 THETA=74.,9 ALFA= 4.5 CL=0.00 Cp= .04
TORGUE= -, 35
COEFF TORGUE AT RS= 2.@2 COEFF T@ CORRECTED= . @8 LAMBDA=Z. 00 F/L= .05
COEFFICIENT OF FERFDRMQNCE = 23
RADIAL STATION= . 25 BETA=34. 9 THETA=44. 4 ALFA= 6.5 CL= .48 CD= .24
TORQUE= 2=z

ALFA= —.4 CL= .ZQ D= 0%

()}

RADIAL STATION= R BETA=33. 1 THETA=55. 9 ALFA= «? CL= .30 cp= - A%
TORGQUE= .14

RADIAL STATION= <45 BETA=29.4 THETA=62. 3 ALFA= -1.7 L= .30 CD= .p3
TORQUE= 22

NADIAL STATION= .55 meTA=2s. 4 THETA=66.7  ALFA= -2.4 Cl= .zg CD= .@3
TORQUE= .zg

RADIAL STATION= .4
TORQUE= .37 ‘

RADIAL STATION= .75  peTA=1g. YRS GRS =l Eus oo CD= .@3
TORGUE= .45

NADIAL STATION= .85  BETA=14.4 WLRGEZD AURYS 1,8 Ge o CD= .@3
TORQUE= .52

RADIAL STATION= .95  RETA=10.4 UASUGEZ0) AU 508 e CD= .04
TORQUE= -.52

COEFF TORGUE AT RS= 1.72 Coere TC CORRECTED= .07  LAMBEDA=z. 25 F/L= .05
COEFFICIENT OF FERFORMANGE < oz

“ADIAL STATION= .25  meTAzs. o0 THETA=4857 8 aliE A= N e P CD= .04
OROUE= .24

RADIAL STATION= .35  EETA=33. | LLETASS7Z-9 RN ALE A= Fa B - PR CD= .@3
TORQUE= .14

RADIAL STATION= .45 pETA=29.4 THETA=64-01 AlFA=" —3 4% clies op CD= .08
TORQUE= -.3g

RADIAL STATION= .S5  pETA=p5. 4 THETA=68. 28 alEA=I —5l ol it 0 CD= .@g

TORQUE= -.s5

NADIAL STATION= .85  ReTA=2;.o NSRS OUHYS  =9 G CD= .@8
TORQUE= -, 90

BETA=21.9 THETA=7@.0 nLFA= =125 Cl= 3@ cp= - A3

]

RADIAL STATION= .75 EETA=18. 1 THETA=7Z.7 ALFA= -1.8 CL= .30 cCbD= - 03
TORGUE= 44
RADIAL STATION= » 85 BETA=14. 4 THETA=75.5 ALFA= -1 CL= .3 CD= .@3

TORQUE= .53
RADIAL STATION= « 25 BETA=10. & THETA=77.0 ALFA= 2.4 CL=0.00 CD=..023
TORQUE= -, 35

COEFF TORQUE AT RS= -.74 COEFF TO CORRECTED= —. 03 LAMBDA=3. S0 F/L= .05
COEFFICIENT OF FERFDRHANCE = —. 1@
RADIAL STATION= « 23 BETA=34.9 THETA=5Q. & ALFA= 2.5 CL= .30 CD= .@=

TORQUE= 1@
RADIAL STATION= .35 BETA=33.1 THETA=59. & ALFA= -2.8 CL=-.20 CcD= - 08
TORQUE= -, 23
RADIAL STATION= .45 EETA=29, 4 THETA=45. 5 ALFA= -3. 9 CL=-.20 CD= . @8
TOROUE= -, 30
RADIAL aTﬁTIDN= . 309 BETA=25, & THETA=49. 5 ALFA= -5,2 CL=-.20 CD= . 08
TORQUE= -, 50

JIAL STATION= .55 BETA=21.9 THETA=72.5 ALFA= -4.4 CL=-.28 Cp= . @8
TORQUE= -, gg
RADIAL STATION= - 75 BETA=18. 1 THETA=74.7 ALFA= -2.9 CL=-.20 CD= . @8
TORQUE=-1 ., 23

RADTAL STQTIUN* -85 BETA=14, 4 THETA=76. 4 ALFA= =.8 CL= .30 Cp= i s
TORQUE= .54 ;
RADIAL STATION= W95 BETA=1@. & THETA=77.8 ALFA= 1.5 CL=0.00 Ccp= - 03 J\h
TORQUE= --, 5%




R R R S

POBHULAKHL SR | L ON= ) PG BETA=Z4.9 THETA=52. 4 ALFA= -7 ClL= .7Z@ Cp= .0
TORQUE= |1
RADIAL STATION= <50 BETA=ZZ. 1 THETA=41., 2 ALFA= -4 4 CL=--.20 CcDp= . 08
TORQUE= -, 234
RADIAL STATION= .45 BETA=29. 4 THETA=46.9  ALFA= —0.2 Cl=-,20 CD= .@8
TORGAUE= -, 42
RADIAL STATION= .55 BETA=25. & THETA=7@. 7 ALFA= -4,.4 CL=-.20 CD= .28
TORAUE= -, 54
RADIAL STATION= .g&
TOREUE= -, 97
RADIAL STATION= < 7S BETA=18. | THETA=75. & ALFA= -.3.8 CL=-.20 cD= . @8
TORQUE=-] , =5
RADIAL STATION= -85 EETA=14, 4 THETA=77.2 ALFA= —1.7 (L= - 3@ CD= .@3
TORQUE= 35
RADIAL STATION= « 25 EETA=1@. & THETA=78. 6 ALFA= -8 CL=0.00 Cp= - 0=
TORQUE= - 59
COEFF TORAUE AT RS=-3.58 COEFF T@ CORRECTED= =.14 LAMBDA=4.00 F/L= - 05
COEFFICIENT OF FERFORMANCE = =55

EETA=21.9 THETA=732.5 ALFA= -5 4 CL=-.20 CD= . 28

&y

—




FROGRAM RER

CTHIS PROGRAH CALCULATES COEFF OF TORGUE AND FERF = - LESO I]
////////////// ENTERING 1.4 SWIRL FacTomr [11727077777 -

5!!!!!!!!!!H! THIS IS WITH RECTANGULAR BLADES 1.25 M X 2501 &
BASED omM L AND CL oF BLADE SECTIONS

DATA ENTRY IF FOR F/L 0.5 AND 0,10 onLy

CURVED FILATES OnLYy

MUST EMTER LAMEDA aND RADIUS, MODIFY ELADE CORRECTION

AND BETAH ANGLE 0OF BLADES TO RuM OTHER CDNFIGURATIDNS
ANGLES 155ED ARE:

RETAR ANGLE OF ELADE TOQ ROTOR FLANE , DEGREES

BETA BETAR IN RADIANS

THETAR aNGLE OF INCIDENT WIND IN DEGREES

THETA  THETAR IN RADIANS

ALFAR ANGLE OF ATTACE 1IN DEGREES

ALFA ALFAR IN RADIANS

ALFA = RETH - THETA

K. 1S RaDIAL STATION COUNTER, WATCH INNER LIMIT

WHEN LAMEDA IS ZERO, cp GOES TO zZERD FOR STARTING TORQUE

MO CORRECTION IS MADE FoOR VELOCITY REDUCT 10N ACROSS ELADES

FROGRAMME SHOULD EE usep FOR COMFARATIVE FURFOSES ONLY
REREER R SR EA LTS R p

THIS FROGRAMME HAS CL= spy @ RS .95 10 MODEL TIR LOSSES
i%%*ii**%*********ﬂ

SEE ALE0 FROGRAM ROTOR.FOR FOR 12FUS0Q DATA

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

SEE ALSO FROGRAM ROLL.FOR
REAL PI,RR,THETAB,ALFAB,ALFA,THETA,BETA,BETAE
ARE@=, 24, 2
ELADES=1g
FEBYL =,@5
RR=2.0@
DO 25 I=1,12
ALAME= (I%,25) -, 25
CT=0.0
FI=3.1415
DO 2@  kk=45,95, 1q
RS=kk/100. @
EC =<<<Rs—.375)*2.m*.12m)+.20m)/.2mm
BC=1,23
THIS FORCES BC TQ .25
THETA=ATAN (RS*ALAME#1 . 4)
SWIRL FACTOR ENTERED .. .. 1.4 7777
THETAE=THETA*180, /F]
EETA=(45.B—((RS—.Z?S)*RR*lE))*PI/IBG
BETA IS BLADE ANGLE INITIALIZATION, CHANGE FOR NEW CONF IGUR ' N
BETAB=EETA+180,F]
ALFAB=90-EETAR-THETAR
ALFA=ALFAE#FI/ 180,
FORMAT ( - ALFA,EETA, THETA" ,3Fs. 2, Re o LAMEDA ", 2F 6, )
IF (ALFAE. GT. 90) GoTo99
IF(FRYL.ED.0.10) 50707
LF(FEYL.ER. . 05)GOT 44
WRITE (2,31
FORMAT 2/ oL, ep noT TABULATED  FROG AEORTED 111 )
5070 191 NI
FEY L EOuAL sz


http:lF(FBYL.EQ
http:BETA=(45.0-((RS-.375)*RR*I2)).pI

LT B

GOTO9
RADIAL STATION=
TORGUE= .42
RADIAL STATION=
TORGUE= .52
RADIAL STATION=
TORQUE= &1
RADIAL STATION=
TORQUE= .70
RADIAL STATIDON=
TORQUE= .46
RADIAL STATION=
TORQUE= .37
COEFF TORQUE AT
COEFFICIENT OF
RADIAL STATION=
TORRQUE= .49
RADIAL STATION=
TORQUE= .Sz
RADIAL STATION=
TORQUE= .41
RADIAL STATION=
TORQUE= &9
RADIAL STATION=

‘ORGUE= .74
RADIAL STATION=
TORBUE= .28

COEFF TORRGUE AT
COEFFICIENT OF
RADIAL STATION=

TORQUE= .50
RADIAL STATION=
TORQUE= .59

RADIAL STATION=
TOROUE=' . &9
RADIAL STATION=
TORGUE= .78
RADIAL STATION=

TORQUE= .g7
RADIAL STATION=
TORQUE= .47

COEFF TORGUE AT
COEFFICIENT OF
RADIAL STATION=
TORQUE= .59
RADIAL STATION=
TORQUE= |73
RADIAL STATION=
TORQUE= .94
ADIAL STATION=
1ORGUE= 1.11
RADIAL STATION=
TORGUE= 1.2
RADIAL STATION=
TORQUE= .53
COEFF TORRUE AT
COEFFICIENT OF
RADIAL STATION::

RS= 5.20

FERF
- A5

o

- 51

BEETA=4Z.2
BEETA=4@.8
BETA=38.4
EETA=345.0
BETA=3Z3. 4

BETA=31.2

.28 COEFF

= Q.00
BETA=43.2

BEETA=40.8
EETA=7Z3. 4
BETA=35.0
BETA=33Z. 6
BETA=31.2
COEFF
= « 45
BETA=47,2
BEETA=40.8
BETA=38.4
BETA=Z56.0
BETA=33. 46

EETA=Z1.2

7@ COEFF T@ CORRECTED=

= l11
RETA=47Z, 2

BETA=40.8
BETA=ZE. 4
BETA=Z4.0

BETA=ZZ, &

BETA=31.2

foy £a
it LI S =
HETM--a"1 =

THETA=
THETA=
THETA=
THETA=
THETA=

THETA=

TG CORRECTED=

THETA= 9.0
THETA=10.9
THETA=12.8
THETA=14.7
THETA=14. 6

THETA=18.4

TC CORRECTED=

THETA=17.5
THETA=21. 1
THETA=24. 5
THETA=27. 7
THETA=30. 8

THETA=ZZ. 54

* THETA=25., =

THETA=Z0.0

THETA=Z4,

2]

THETA=38.2
THETA=41.8

THETA=44.9

COEFF TG CORREGCTED=

Tl n Y

ALFA=
ALEA=
ALFA=
ALFA=
ALFA=
ALFA=

19
ALFA=
ALFA=
ALFA=

ALFA=

ALFA= =

ALFA=

- 19

ALFA=
ALFA=
ALFA=
ALFA=

ALFA=

b,
Ry

ALFA=
ALFA=
ALFA=
ALFA=
ALFA=
ALLFA=

50

Yol ELE: o7
0B CBle o7
BB By 7S
S4.0 CL= .75
S56.4 CL= .42
58.8° cL=1.3]1
LAMEDA=@. 0@

37.8/ CL= .88
38.3 CL= .88
38.8 \Cli=} .85
39.3 CL= .88
39.8 CL= .88
40.4 CL= .44
LAMEDA= .2

29.3 CL=1.00
28.1 CL=1.00
27.1 CL=1.00
26.3 CL=1.00
25.4 CL=1.00
2552 C | =N =7

LAMEDA= .50
210 SN G| =P
1928 G E=i1I{i
17.3 ClL=1.13
15.8° CL=1.1Z
4.6 CL=1.1%
LR SN G II= N =

LAMBDA= .75

T S EE———,———

CD=
CD=
CD=
CD=

CD=

F/L=

CD==

/L=

« 80

« B0

« 80

. 80



http:BETA=4.8f
http:BETA40.83

.

, BT sl
TORAUE= . o9p
RADIAL STATION==
TORGQUE= 1.p0
RADTIAL STAT ION=
TORBUE= 1,22
RADIAL STATION=
TORQUE= 1.04
RADIAL STATIOM=
TORGQUE= .57
COEFF TOROUE AT
COEFFICIENT 0OF
RADTIAL STAT ION=
TOROUE= .54
RADIAL STATION=
TORQUE= 51
RADIAL STATION=
TORQUE= 78
RADIAL STATION=
TORQUE= 4@
RADIAL STATION=
TORDUE= .39
RADIAL STATION=
TORQUE= .23
COEFF TORQUE AT
COEFFICIENT OF
RADIAL STATION=
TORBUE= .5p
RADTAL STATION=
TORGUE= . 2g
RADIAL STATION=
DRAUE= .=4
RADTAL STATION=
TORQUE= -, 57
RADIAL STATION=
TOROUE= -, 75
RADIAL STATION=
TOREUE= -, 40
COEFF TORGUE AT
COEFFICIENT OF
RADIAL STATION=
TORRGUE= .22
RADIAL STATION=
TOROUE= -, 34
RADIAL STATION=
TOROUE= -.s5p
RADIAL ETATION=
TORGQUE= -, &8
RADIAL STATION=
TORGUE=-1. 49
RADIAL STATION=
TORDUE=-1, =0
COEFF ' rOROUE AT
COEFFICIENT OF
RADIAL STATION=
TORQUE= -, 27
‘DIAL STATION=
HRAUE= - 7@
RADIAL STATION=
TORQUE= -, 953
RADIAL STATION=
TORQUE=~1, =3
RADIAL STAT ION=
TORGUE=-1 . 75
RADIAI STATTAM-

R

=i}

e R e
BETA=3Z3. 4
BETA=Z4.0
BETRA=3Z.4
BETA=Z1.2
a7 CDEFF
e
EETA=4B.B
BETQ=38.4
BETA=Z45.0
BETA=33. 4

BETA=31.2

-17  COEFF

AT
(R e}

BETA=43.2
BETA=40.8
BETA=38. 4
BETA=34.0
BETA=I3.4
BETA=Z1.2
87 COEFF
= —. B?
BETA=43, 2
BETA=40.8
[ ]
BETA=38. 4
BETA=Z4.0
BETA=33.4

BETA=31.2

11 COEFF TO CORRECTED=

= -.41
BETA=43. 2

BEETA=40.8
RETA=Z8.4
HETA=Z4. 0
BETA=2Z, 4

T A sva

[ = S L
THETA=42. 7
THETA=44. 4
THETA=50. @

THETA=57. 1

TG CORRECTED=

THETA=Z8. 2
THETA=4Z. 9
THETA=48. 7
THETA=5Z.7
THETA=54. 1

THETA=59., @

T@ CORRECTED=

THETA=43. g
THETA=49. 1
THETA=53. 8
THETA=57. &
THETA=40. 7

THETA=46Z. 4

TQ CORRECTED=

THETA=47.8
THETA=57. 4
THETA=57.9
THETA=41. 49
THETA=44. 4

THETA=64. 8

THETA=51.4&
THETA=57.0
THETA=41, 2
THETA=44 .5

THETA=&7. 2

FALF e
ALFA==
ALF A=
ALFA=
ALFA=

31
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=

.18
ALFA=
ALFA=
ALFA=
ALFA=
ALFA=

ALFA=

1l.6 Cl=1.15
9.3 ClL=1.00
7.5 ClL=1.00
5.4 ClL= .58
S.7 Cl= .3g
LAMEDA=1. 20
8.6 ClL=1.00
5.3 CL= .aB
2.9 ClL= .68
1.3 Ccl= .zo

SHICL=1.3
S0R, (ELe 15

LAMEDA=1 .25

3.4 ClL= ,48
-1 Cl= .30

R (Gl o

—3.6 Cl=-.2p

SRS ENC|I=TRS

—4.4 ClL=-.1p
LAMEDA=1.50

-1.@ CL= .zp

4.2 CL=-,2p

o] (el G

7.4 ClL=-.2p

-8.0 ClL=-.4p

-8.8 ClL=-.20
LAMEDA=1 . 75

—4.8 ClL=-.2@

7.8 ClL=-.40p

=9.6 Cl=-.40

-10.5 ClL=-.40
-10.8 ClL=-,40

ELE=
CD=
CD=
CD=
CD=

CD=

F/Ll=

CD=
CD=

CD=

CD=

F/L=

CD=
CD=
CD=
CD=
CD=
F/Ll=
CD=

CD-

I

CD=

CD=

CD=

R

- @3

.@8

I@B

-@3
- 08
. @8
. 08
.10

.10

.08
.10
» 10
1@

- 1PJ




4

COEFFICIENT 0F
RADTAL STATION=
TDHQUEE R
RADIAL STATION=
TORQUE= —_ 79
RADIAL STATION=
TOROUE=—1 ., {2
RADIAL STATION=
TORQUE=-1.53
RADTI AL STATIDN=
TORGQUE=-2. 03
RADIAL STATION=
TORQUE=-1 .87
COEFF TOROUE AT

FUEFFICIENT OF
RADIAL STATION=
TORQUE= -, 59
RADIAL STATION=
TORGUE= -.gg
RADTIAL STATION=
TORQUE=-1 , 27
RADTAL STATION=
TOROUE=~-3, 55
RADIAL STATION=
TORQUE=-4 . 98
RADIAL STATION=
TORQUE=-2. 20
COEFF TORQUE AT

COEFFICIENT OF
RADIAL STATION=

ORGUE= -, 45
RADIAL STATION=
TORQUE=-1, 99
RADIAL STATION=
TORQUE=-2. 94
RADIAL STATION=
TORQUE==-4, 20
RADIAL STATION=
TORQUE=-5. 75
RADIAL STATION=
TORBUE=~-4. 29
COEFF TORQUE AT

COEFFICIENT OF

PEREI bt e R U R E Gl E D s S R e e oo F/L=
RE R ERE= R
i EEIRSED TR e =8.0 CL=-.4p9 gp=
o EEMSO%E  TETAD. AL —l@.8 CL=-.40 @p=
SO EETASES 4 T ETAS 2 0 AL AL ~12.4 CL=-.40 cp=
o7 EEASESD) R AU —13.1 CL=-.40 Cp=
SO BETASST6L  THETA=6545 ALFAL =131 CL=-.40; cD=
S EETAS S 1 O T HET A= 710 = A [ A -12.7 CcL=-.20 cp=
RS==7.87 COEFF TG CORRECTED= -.45 LAMEDA=Z.25 F/L=
EEREAESIN— g1
Sel CEGUASARE (Y EREEG O A -10.8 CL=-.4@ gp=
599 BETA=40.8  THETA=62.6 ALFA= =13.4 CL=-.40 (Cp=
65 BETA=38.4  THETA=64.3 ALEA= -14.7 ClL=-.40 cp=
(oRN BETG= 5o AT HET A= ot I o —15.1 CL=-.450 Cp=
S EBIGRESRG RS Gt —15.@0 cL=-.40 cp=
D EETSELR DERALS AL —14.5 CL=-.20 Cp=
DS S S N OE R PR TR CORRECTED ST S LAMBDA=2.58 F /L=
FERF = ofiGe
SR EETAS4 S o T T A=5000) ALF A —13.2 CL=-.40 Cp=
oS EEURRIEE TSR0, ~ (e —15.5 CL=-.40 Cp=
=% BETA=38.4.  THETA=48.2 ALFA= ~16.6 CL=-.40 gp=
78 BETA=34.0  THETA=70.9 ALFA =16.9 ClL=-.40 cp=
289 EBETA=33.6  THETA=73.0 ALFA= —16.56 ClL=-.40 Cp=
279 BETA=31.2 " THETA=74.7  ALFA= =15.9 CL=-.30 Ccp=
NS=21%62  COEFF TO CORRECTED= -1, 3= LAMEDA=2.75 F/|=

FERF =

—3.44

[~
v

- 10
.10
« 10
.10
.10
. 10
« Q5
.10
.10
-10

-
« o0

« 10
« 30
30
« 20
. 50

.3@

4
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111

FROGRAR RRR ¥
“THIS FROGRAM CALCULATES COEFF OF TOROUE AND FERF S (L) 51
AT 0, ENTERING 1.4 SWIRL FACTOR (LAELLLL0 077 v
BASED ON CL AND CD OF RLADE SECTIONS

DATA ENTRY IF FOR F/LL 0.5 AND @. 1@ ONLY

CURVED FLATES ONLY

MUST ENTER LAMEDA AND RADIWUS, MODIFY BLADE CORRECTION

AND BETA ANGLE OF ELADES TO RUN OTHER CONFIGURATIONS

ANGLES USED ARE:

-BETAE ANGLE OF EBLADE TO ROTOR ~LANE, DEGREES

EETA BETAR IN RGADIANS

THETAR  ANGLE OF INCIDENT WIND IN DEGREES

THETA  THETAE IN RADIANS

ALFAE ANGLE OF ATTACH IN DEGREES

ALFA ALFAE IN RADIANS

ALFA = BETA - THETA

KK IS RADIAL STATION COUNTER, WATCH INNER LIMIT

WHEN LAMEDA IS ZERO, CD GOES TO ZERO FOR STARTING TORGUE

FROGRAMME SHOULD BE USED FOR COMFARATIVE, FURFOSES ONLY
***%f***%***ii*i*i*

THIS FROGRAMME Has CL= S0% @ RS -+ 25 TO MODEL TIP LOSSES
**%***%*******ii**ﬁ

SEE ALSQE FROGRAM ROTOR. FOR FOR 12FUS00 DATA

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

THIS FROGRAM HAS TIF ANGLE AT 3@ DEGREES

?IIII.'IIIIIIIJII!I!II

SEE ALSO FROGRAM ROLL . FoR
REAL PI.RR.THETQE.ALFGE,QLFQ,THETA;EETA,EETAB

AREA=. 2%, =

ELADES=1g9

FRYL =.p5

RR=2.0

DO 25 I=1,17

ALAME= (1%, 25) - o

CT=0.0

FI=Z. 1415

DO 30  Kk=45 95, 10

RS=KK/106. 1

BC =({(RS—.E?S)*E.@*.12@)+.2@@)/.E®B

THETA=ATAN (RS*ALAME+1 , 4)

SWIRL FACTOR ENTERED ceve 1.8 4777

THETAB=THETA%*180. /F|

BETQ=(45.B-((RS—.E?S)*RR*IE))*PI/IEB

BETA IS ELADE ANGLE INITIAEIZATION, CHANGE FoRr NEW' CONFIGUR ‘N
BETAB=EETA%180/F 1

ALFAR=90-FETAE-THETAR

ALFA=ALFAE4FT/180.

FORMAT ( * ASRA, BETA W THETA SFeL 2 o Ra % LAMEDA‘,2F 5. =)
IF(ALFAE. GT. 50) GOTgoo

IP(FEYL.EG. 2. 10)GOTO7

IF(EBYL.EQ. . 05)60T0 41

WRITE (2,31)

R T /8 U C D N T TAEULATED FROG AEORTED 0

GOTO 191

FEBY L EQUAL 5%

IF(ALFAB.ILT. 85) GoTO4 2

CL=0.@ ey
Ejo)ofl o ¢

L 3

Py




4

47

48

49

i

CD=1.13
GOTOP1

AR GALFARLLT.

CL=.48
Ch=1.14
G0TO?1
IF(ALFAR.LT.
CL=.462

CD=. 93
GO0TO91
IF(ALFaB. LT,
CL=.7%3
Ch=.80
GOTN21
IF(ALFAR.LT.
CL=.88

Ch=, 463
507091

CIF(ALFAR.LLT,

CL=1.0
CD=.30
GOTO?1
IF(ALFAR.LT.
CL=1,12
Ch=, 5
GOTO91
IF(ALFAE.LT.
Cl=1.1Z
CD=.2%
GO0TO?1

IF (ALFAR.LT.
CL=1.15
Ch=.19
G0OTO91
IF(ALFAR.LT.
CL=1.0
Ch=.10
G0TO91

IF(ALFAR.LT. 2

CL=.&8
CD=.04
GO0TOS1

IF (ALFAE.LT,
CL=.Z0Q
Ch=.0z
GOT091
IF(ALFAR.LT.
CL=-,20
CD=.@8
GOTO91

IF (ALLFAR.LT.
Cl=—, 4
CD=.1Q
GOTR91

IF(ALFQE.LT.-I?.B)GDTDIGE

CL=-. &
CD=. 3
GOTOS 1

IF(ALFAR.LT.
CL=6.0
CD=1.20
FOTN? 1

LR SN PAYIN SN I o

63 GOTO44
55 GOT04T
431 GOT044
33)6G0T047
25.5)G0T048
17.6)G0T049
12.4)GOTOSO
1@.3)GOTOS1

7.2)60T052

-7.3)60T0%5

=-13)G0OTOSs

F BY L EQUAL TO 18%

83)G6GOTO72

AR N n ki et L


http:IF(rILFAB.LT

/4

Sy o
il

79

)

831

84

84

a8

w—

Lipsg, o
G0TNS1

[FOALFALR,

L B

CD=1.
G0TDY 1

[FOALFAR,

Cl=,48
Ch=1.0
50T091

IF(ALFAR.

CL=.80
CD=.85
GOTRF1

IF (ALFAR.

CL=.95
Ch=.70
GOTO%1

IF (ALFAE.

CL=1.0%5
CD=. 45

GOTO91

IF (ALFAR.

CL=1,18
CD=.58
GO0TO91

IF (ALFAE.

CL=1.2
CD=. 48
GOT091

IF(ALFAR.

CL=1.2
CD=. 35

GOTO?1

IF (ALFAE.

CL=1.45
CD=. =
GOTOR1

IF (ALFAE.

CL=1.5@
Ch=.25

GOTO91

IF (ALFAE.

CL=1.454
CD=.2
GOTO91

IF (ALFAR.

CL=1.3
CD=.15
GOTOR1

IF (ALFAE.

CL=1.05
CD=. 15
GOTOs1

IF (ALFAE.

CL=.4
CDh=.ps
GOTO91

IF (ALFAR.

CL=.10
CD=.@7
50TOS1

IF(ALFAR,

Cl=-. 12

LT.&5)60T074

LT.53)G6OTO07S

LT.45)60T074

LT.37)60T077

LT.32)G0TO78

LT.27)GoTa79

LT.22)60TO80

LT.18)6G0T081

LT.15.5)60T082

LT.1Z.5)G0T083

LT.11)GOTOS4

LT.7)GOTO8S

LT.2.2)60T08s

LT.-2.5)60T087

LT.-7.5)60T08S

LT.-15)507T03%




¥ (] o “h.uu.mu."i,.q;uwiwluﬂ
Cl==_3%5
[ED=, 35
. GOTO 91
21 CONTINUE
IF (RS.E@..?S)CLJCL*.S
TE€CL*CDS(THETQ)—CD*SIN(THETQ)}*RS*EC
* *I.BX(CDS(THETQ)}*1.9/(EDSETHETQ))

CT=CT+T
WHITE(E,ZS)RS.EETQH,THETQE.QLFQE,CL,CD,T
& FORMAT (©  RADIAL STATION=" Fg. 2, BETA=,FE4. 1, THETA="
* aF8.1, 0 alFA=s Eh g el G2 R C D (N TORQUE= * ,
2 [P
5@ CONTINUE
S TA=CTXBLADES*ARER / (RR*RR%F )
ANITE (2, 35) CT, CTA L ALANE. FBY(L :
El FORNAT( " COEFF TOROUE A+ NS=',F5.2, " COEFF Tq CORRECTED=*
R 2 S 0 [TED AL et F/l=,Fa.2
CR=CTA*ALAME
WRITE (2,103)cF
103 T N C O E e G TEN TR B NELC2)
25 CONTINUE
GOTD101
99 WRITE (2, 37)
%7 FORMAT ( * SEEMIALEALCGTL on i v
GOTO1@1
100 WRITE(2,39)ALFAE
29 CORMATC *%%x ALEA LESS THAN ~19.6, NO VALUES Gryen
# FROGRAMME ABORTED LN E)L 3)
101 STOF
END

RADIAL STATION= .45 EETA=4Z, 2 THETA= 0.0 ALFA= 44,8 CL=1.75" CD= . 80
TOROQUE= =7
RADIAL STATION= .55 BETA=40.8 THETA= 2.0 ALFA= 49 2 CL=0.75  GD= - 8@
TORQUE:= - 30 . ¢
RADIAL STAT ION= - 65 BETA=38. 4 THETA= @.0 ALFA= 51,4 CL=".75" CD= - 80
TORQUE= &5
RADIAL STATION= , 75 BETA=34. 0 THETA= 0.0 ALFA= s53.p CL=".75" ©D= . 80
TORQUE = .82
RADIAL STATION= ,gs5 BETA=3Z. 4 THETA= 2.0 ALFA= 54,4 CL= .42 CcD= - 25
TORQUE= « 83
RADIAL STATION=: - 25 BETA=71,2 THETA= 0.0 ALFA= s53.g CL= 1 Cp= - 925
TORGQUE= . sp
COEFF TORGQUE ATNRS=SZ0584 COEFF 1@ CORRECTED= 21 LAMEDA=0. @ F/L= .p5
COEFFICIENT OF FERF = @.00
)T STAT I ON= =45 EETA=43. 2 THETA= 9.0 ALFA= =7.8 CL= .88, CcD= - 65
| _rl';:D.UE':: .o
RADIAL STATION= .55 BETA=4@.8 THETA=10. 9 ALFA= =3.x CL= .88 D= - &5
TORAQUE= 51
RADIAL STATION= .
TORQUE= .45
RADIAL STATION= .
TORQUE= gp

R A ey

RADI AL STATTIMNN= Qe ;
“—

(6}

BETA=38. 4 THETA=12. 8 ALFA= =g g CL= .88 D= =17}

Dl-.
(61

BETA=T4. 0 THETA=14.7 olFa= zo. = CL=".88' .CD= .45

~J
;




R
LN S S T UL et BE e 5], 2 PRE [~ 18, 4 (1 S R I, ) CLl= .44 CD=1 | 45
TOROUE= =3
COEFF TOROUE E [RERS Ta 4 COEFFE 1o CORRECTED== S| LAMBDA= .25 F/lL= .05
COEFFIGTENT QF FERF = .05
RADTAL STATION= a5 BETA=43,2 THETA=17.5 ARLEA= 2o = CL=1.00 CD= -50
TORRUE= .4z
RADIAL STATION= .55 BETA=40.8 THETA=21. ALFA=  23.1 CL=1.00 Cp= - 00
TORQUE= .58
RADTAL STATION= .45 BRETA=7Z3, g THETA=24.5 ALFA=  27.1 CL=1.00 CDp= - ol
TORBUE=" 73 n
RADIAL STATION= S BEETA=Z4.0 THETA=27.7 ALFA= 25,3 CL=1.00 cCp= .
TORBUE= .9
RADTAL STATION= .85 BETA=ZZ. 4 THETA=Z@. 3 ALFAR= 25,4 CL=1.00 CD= .
TORBUE= 1.,@9
RADIAL STATION= .55 BETA=31,72 THETA=2Z. & ALFA= 25.2 Cl= .56 CDp= .z
TORQUE= &3
COEFF TORQUE ATNRS=S3Nx~ COEFF T@ CORRECTED= 3 ) LAMEDA= .S F/L= .0
COEFFICIENT OF FERF = o 155
RADIAL STATION= .45 BETA=43.2 THETA=25.3 ALFA= 21.5 CL=1.12 CD= 4 TG
TORGUE= .s»2
RADIAL STATION= .55 BRETA=40.8 T~ETA=30.0 ALFA= 19.72 CL=1.12 D= o &
TORBQUE= .71
RADIAL STATION= .55 BETA=78.4 THETA=Z4. = ALFA= 17.3 CL=1.13 CcD= o b
TORGUE= 1.00
RADIAL STATION= .75 BETA=35.0 THETA=38.2 ALFA= 15.8 CL=1.13 CcDp= e
TORBUE= 1.725
RADIAL STATION= .85 BETA=33.4 THETA=41.8 ALFA= 14.4 CL=1.13 (D 574
TOROUE= 1.&%2
RADIAL STATION= .95 BETA=31.72 THETA=44, 9 ALFA= o [ells G ChD= .2
TORQUE= 72
“0EFF TOROUE AT RS= 5.84 COEFF TG -.CORRECTED= | LAMBDA= .75 F/L= .@5
COEFFICLENT OF FERF = « 25
RADTIAL STATION= .45 EETA=43, 2 THETA=3Z2.2 ALFA= 14,4 CL=1.1Z cD= 20
TORQUE= .s55%
RADIAL STATION= .55 BETA=40.8 THETA=37.4 ALFA= 11.4 CL=1.15 D= .15
TORGQUE= g7
RADIAL STATION= .&5 BETA=Z8. g THETA=42. 3 ALFA= 9.3 CL=1.00 CD= . 1@
TORQUE= 1.045
RADIAL STATION= .75 BETA=Z4.0 THETA=44. 4 ALFA= 7.6 CL=1.00 CD= .10
TORGUE= 1.41
RADIAL STATION= .85 BETA=33. 4 THETA=50.0 ALFA= Q.4 ClL= .49 CD= .@4
TORAQUE= 1,31
RADIAL STATION= .55 EETA=Z1.2 THETA=S3. 1 ALFA= o Ghs & ChD= .04
TORQUE= .77
COEFF TORGUE AT RS= 5.98 COEFF T@ CORRECTED= « 24 LAMEDA=1. 00 F/L= .@5
COEFFICIENT OF FERF = .54
RADIAL STATION= .45 EETA=4%.2 THETA=38. 2 ALFA= 8.5 CL=1.00 CD= .10@
TORGQUE= 58

RADIAL STATION= <95 EETA=40.8 THETA=43Z.9 ALFa= 9.3 CL= .48 cp= .04
TORQUE= .59

RADIAL STATION= - 65 BETA=Z8, 4 THETA=48.7 aAlLFa= 2.9 CL= .48 CcD= .24
TORGUE= .83

RADIAL STATION= 5 A EETA=Z4. 0 THETA=S2.7 ALFA= 1.5 CL= .3@ cD= « @3

TORQUE= 47
RADIAL STATION= . 85 BETA=Z3. 4 THETA=54.1 ALFA- +& CL= .30 CD= Sl Jus
TORQUE= 41
DIAL STATION= 025 RETA=Z1.2 THETA=59.0 ALFA= —.20 CL=' 15 Cp= « @3
(ORGQUE= | =i
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WINDMILL CONTROL AND ERAK ING SYSTEMS

Controls and brakes are safety systems used on windmills for one
main reason: to prevent damage from being done, either by high winds
to the rotor or tower, or by moving parts to personnel working on
the machine. Control systems control or limit the maximum speed of
the rotor, saving it from destructive centrifugal and gyroscopic
forces. These systems can also limit the tower loads to keep them
below the design maximums during high winds or storms. Typical
control systems allow the windmill to operate up to 15 - 20 m/s,
activating gradually to protect the windmill beyond the maximum
design speed.

There are many types of control systems. A very good summary by
CWD. (SWD) is available. (reference no. 1)

Note that the control systems, such as the hinged tail, do not
apply braking forces to the windmill. Control systems will only
reduce the power absorbed by the rotor, often to levels where the
rotor is stopped by the load.

BRAKES: it is often necessary to have additional braking and lock-
ing mechanisms. These brakes or locks are required when performing
maintenance, putting the machine out of service or keeping it
stopped during stormy weather. They can be as simple as a bolt, pin
or chain fastening the wheel when it is stopped. EBrakes that slow
the rotor, stop it and lock it are generally drum or disc type.
These can be easily incorporated into a wind system through good
mechanical design. Automotive or truck components are often more
than adequate and a readily available source of supply.

For windpumping systems, the hinged tail working on gravity or
spring tension Principle is quite adequate. The gravity system ig
samewhat more reliable - aravity never breaks, gets stolen or tam-
pered with, rusts or required spare parts. The hinged tail system
controls the windmill by allowing the rotor to swing out of the wind
gradually as the wind force increases. It requires the rotor to be
offset from Cthe main yaws axis, or an auxillary side vane to be
Provided so that a moment will develop about the main axis. The tail
will also bring the rotor back into the wind as the wind spead
decreases back into the working rarnge. (Some hinged tails use a
latching mechanism to prevent thic return when it isg desired to
inspect the rotor for possible damage prior to using it following
high winds.)

Description of Hinged-Tail System with Offset Rotor

———

The hinged tail system has two arxes. The first is the main
vertical axis about which the entire windmill rotates or "vaws". The

other #is is the tail hinge, about which the tail swings relative
to the rest of the rotor head and chassis of the windmill. For the
entire windmill rotor, tail, chassis etc. to be in an equilibrium

state, and not rotating about either of these arxes, the sum of the
mements around these individual axes must be equal to zero.
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The arxes and the motions relative to them are illustrated:
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Figure 1 : Main axes and geometry of hinged tail system

To conceptualize how the hinged tail system works, there is
little "trick" that must be appreciated. The hinged tail system i
imuch like a rigid tail system. With the rigid tail system, when th
wind changes direction, the tail sees a side wind, albeit one reduce
from the atmospheric wind velocity as the tail is in the wake of th
rotor. There is a normal force generated by the tail which moves thi
rotor back towards the wind. As the tail comes parallel with the win:
direction, the force diminishes and the rotor stabilizes facing intc
the wind. (note: the tail surface and its moment arm must produce .
large enough moment around the yaw anis to balance the forces tryine
to Dbring the rotor out of the wind. If this is not the case, the
system is unstable, and will likely turn backwardsg.)

With &n offset rotor and a rigid tail, the rotor will bring the
entire winumill around until the moment generated by the offset rotor
is balanced by the side aerodynamic forces on the tail as it comes
out into the windstream. The resulting angle is constant for all winc
speeds.

The hinged tail system works similarly. When the rotor comes out
of the wind - as it designed to do when the wind is too strong - the
tail is brought into the wind to counteract this movement. However,
rather than turn the rotor completely back into the wind, as with the
non-offset rotor, the tail takes up an angle of less than 90 degrees
with the rotor plane, allows the rotor to stabilize angled to the
wind, as with thaz offset rotor. However, in this case the angle of
the rotor to the wind increases as the wind velocity increases.

How the tail does this is as follows. The tail is hinged so
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that it can vary its angle with respect to the rotor axis. Remember
that the taijl always wants to be paralle] with the wind, as that is
the path of least wind resistance. Now, if the rotor and tail were
not ‘locked" together in sameway, if the tail were free on the hinge,
the tail would Just trail in the wind, and the rotor would swing
right back Perpendicular to the wind, along side the tail, at the
slightest breeze.

Here 1is the "trick",. Gravity ‘locks’ the tail relative to the
rotor, and the aerodynamic force an the offset rotor is counter-
balanced by the tail (the moments about the main Yaw axis are in
equilibrium). What makes this interesting is that the position at
which the tajl is ‘locked’ is different for each wind speed,
allowing the rotor to come Progressively further out of the wind as
the velocity increases.

The way this 'locking’ action occurs is by balancing the moments
around the hinge axis so that they are equal to zero. When this
happens, the tail will not move relative to the chassis or the rotor,
tee. it is in equilibrium at the hinge. To achieve this, there must
be another force creating an opposite moment about the hinge axis to
counterbal ance the aerodynamic force an the tail which is reguired to
hold the rotor in position, at angle d to the wind. This is where
gravity comes into play.

The hinge of the tail ig angled back (and sometimes sideways) so
that the centre of gravity of the tail Nno  longer movesg in a
horizontal Plane. It moves in an oblique plane with its lowest point,
point "A" behind the main yaw axis and the hinge axis. This point
stays fixed with respect to the hinge at all times, as well as to the
rotor, so when the rotor and hinge joint turn about the Yaw axis, the
point "A" maoves Correspondingly. However, the tail moves away from
this spot under the influence of the wind, as the tail tries to stay
Parallel with the wind. As the tail moves from this 1lowest point, it
climbs up the slaoping plane, and gravity tries to bring it back down
again. The higher jt goes, Lhe greater the gravity force. At the same
Lime as the wind forces the tail to climb up this plane, the angle of
the tail to the wind is reducing so the aerodynamic forces also
diminish. This goes on until the moments created by the gravity and
the aerodynamic forces are balanced, and the hinge joint isg in
equilibriwnm,

Now at the same time, the aerodynamic forces on the rotor and
the aerodynamic forces from the tail seek their equilibrium about
the main yaw axis, and finally the entire system comes to a static
state.

To briefly re—iterate, the drag forces on the rotor create g
moment about the main YawWw anis. As the system starts to rotate under
this offset force, the tail following the low spot in itg’ plane of
rotation, maoveg out into the windstream. The rotor continues to angle
out of the wind until the tail, chasing the low point, comes out into
the wind enough to provide the opposite, counterbalancing moment
about ihe yaw axis. The tail je held at this attitude by the gravity
force which Provides a balancing moment around the hinge axis,

‘locking: it Up  so that it will transmit the aerodynamically derived

moment  from the tajl to the vaw auxis. When equilibrigm is achieved
the sum of the moments about the main Yaw axis and the sum of the
maments about the hinge axis are simulataniously all zerag.

il
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These actions of the tail about its axis, gravity effect and
the yawing of the rotor about the main axis can all be described by
a4 mathematical model. This jig desirable so that a reasonable attempt
€an be made to design a System that will be functional, as well ag
Predicting before hand the result of any changes carried out oan a
field system to try and modify jits Characteristicsg, To reduce the
amount of computations required, the smaller second and third order
terms are dropped for simplicity. The model may be solved
algebraically by manual calculations, however numerical iteration

Main Axie Equation:

The force on the rotor is the aeradynamic drag on the rotor
surface isg, noting that it jg by definition Pparallel to the wind
direction, and hence cannot he broken to components:

| 3
F; - Cd ’% ( A vcbor V' (1)

the value Cd = g/9 is the theoretical value when max.
Power is taken from the wind. (see later note an changing
this value tg 3@ 1 8/9)

As  the rotor Yaws with the wind by angle J, the projected area of
the rotor providing the drag surface changes by cos d.:

Fr ~ cdj € CArie o )V (2)

This is more complex when there isg an offset to the side and the

rotor is mounted ahead of the yaw axis:

Moment diwn = em{t*,(&“f (3)



Therefore, the moment generated by the rotar ig
e s G 3p (vt Vel o tsn§)

andzwpen ‘£ is small:

Me = g(. (Aritn con )V % (e con &)

(&)

.thgk whein the rotor ig offeset, and ‘2’ is not small, it must still
-be~included. This is called the "side" farce as it develops when the
centre of the rotor moves to the side of the Yaw axis creating a
moment arm sin(4) £ as a result a4+ ‘f-.

The force from the tail is as follows:
A wind blowing on a flat Plate generates a force normal to the plate

Fus o CK'X(’AI'HI- (v)*

where Cn = 2.6 sl o & 0°—ayg
as evaluated by SWD (ref 1, fig 11.5)
and aledis in radians.

(7)

Now, as the tail is in the shadow of the rotor, Velocity Vee is
reduced by a factor (1-a). This has been estimated and will pe
evaluated as required. (ref no 1, fig. 11.8)

Therefore the effective force due to the daerodynamic load ig:
Fam 2.6opy i.(o Ava (1-a)V.)* (8)
The moment arm for the tail about the yaw axis is equal to
[ (Raero * o5, (&) + Rhinge-cos (A+d))* + (Raero . sin & + Rhnge-
sin(d+MH 131 A
ZThergfdre, the moment due to the tail about the main yaw axis igs

Mre 26 o, é(: Ar (9*V' Yo “?QE”‘U#'J”: M&y'@ﬁﬁ)‘)v‘@)

At equilibrium, the sum of the moments about the vaw axis are:
(counterclockwise being +ve)

zhrvo- *AP"MY -GI{ Anbaor(?-‘d'k'_;;g‘“, AVO'Q).V‘-I@«%I)%#A{{S‘)
[ Custs aic £'o flogh siafr b 72

This ig simplified for the computer programme as:

My-axig = CT*EC*cos (M) #cos (J) - CTA*alfa*(Raero + Rhinge) (11)

where CT =,f( Avrda v* (12)
and CTA = 44 Agan Ci-a)* v* (13

noting that when Raero>>Rhinge, moment arm = Raero + Rhinge

5



Hinge Axis Equation

The weight of the tail acts ag & pendulum. The farces of gravity
acting on the tail are as follows:

Fa2Q§qnmesic) (14)
when axis ig tipped back by &€ only
and: . .
P qs..kduel.u.k (15)
when axig isg tipped sideways as well
Noting that Je §'— o (16)
Therefore:

F=g 5;,(546)42*(514) (17)
where G is the weight of the tail due to gravity,

As the moment arm is Rg, therefore the moment created by the gravity
farce on the tail, about the hinge axis ig:

Mg = + Gs:..(acﬂ sh(f-) « By (18)

The farces generated by the aero loading on the tail vane isg as
before:

Fecnd ( Arae (l'-a)'\/"

and  the moment arm of the tail about the hinge axis isg Raero.
Therefore the moment created by the aerodynamic forces an the tail,
about the hinge axis ;=:

Mt = O -{f Avae G-0)'v'r Paes,
v 2.6 X, -}C Arae (1-0)* V¥ < Ragrs (19)

At equilibrium the sum of the moma2nts about the hinnge axis are equal
to zero:

Empg T 0 B Mg- My
"G s erp)sin () By - 2

simplified ag before to:

.Gs«‘.(é‘ts) ‘a'»-(ﬁé)'za " €TA Xaud + Eazee (21)

c{(Ar (-9*v* Raga, (20)

Al
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Solving the Moment Equations:

—

As  the moment equations about the hinge axis (20) and the main
Yaw axis (1Q) give two equations and two unknowns, the angles & angd
X, and all the other variables are either known or may be evaluated
from the reference material, the equations may be solved.

The solution of these equations may be done algebraically,
however it is much more straight forward to use an iterative computer
Programme to do this, A sample Programme in fortran is as follows:

Fortran Frogramme for lteration of angles &« and d for various wind
velocities v,

PROGRAM Térke Seo name of the program
REAL MYR,MYS,MYT,MTA,MTG
REAL ALFA,D
71 DO 18 1=9,14 velocity iteration
72 DO 19 k=40,40,2 delta iteration
73 D020 J=1,20 alfa iteration
ALFA=J*2.Q*3.1415/360. alfa to radians
D=K*1.B*2.0*3.1415/36D. delta to radians
V=1%1.0 ‘ velocity
RO=1,229 air density
RR=, 75 rotor radius
AR=RR*RR*3. 1415 area of rotor
CT=8/9.*V*V*.5*RD*AR*B.5 coefficient of per+f
EC=.178 eccentricity of rotor
AL=. 100 ‘L fwd to rotor
AT=,41 area of tail
VRED=, 7 (1-a) vel reduction
DD == D¥Z36@./(2%3,1415) delta to degrees
IF(DD.GT.4S)EC=EC*1.25 modify ecc. to simul ate
side vane at angles > 45°
IF(DD.GT.4S)VRED=.9 modify (1-a) for d > 45e
RHG=. 10 hinge radius
G=3Z2. weight of rotor in N
EPS=15.®*2.Q*3.1415/36@. hinge angle
RTG=, 80 tail radius to C of Grav
RAERD=1.0 tail rad. to aero centre
CTA=2.6*.S*RO*VRED*VRED*V*V*AT CTA
MYR=CT*(EC*CDS(D)+AL*SIN(D))*CDS(D) rotor moment
MYT=CTA*ALFA*(RAERD+RHG) tail moment to y—axis
MTG=G*SIN(EPS)*RTG*SIN(D~ALFA) gravitymoment to hinge
MTA=CTA*ALFA*RAERD aero moment to hinge
XX=MYR-MYT sum moments about y-ainis
YY=MTG-MTA sum of moments hinge-axis
IF(YY.LT.—E)GDTD 19 shorten print out
IF(XX.LT.~1)G0TO 19
ALFA=ALFA*36@.®/(2.*3.1415) alfa to degrees
D=D*360.Q/(2.*3.1415) delta to degi-ees
wRITE(E,bl)XX,YY,ALFA,D,V printout
61 FORMAT (' MoOM vy AXIS=',F8.S,’ MOmM TAIL=',F8.5,' "y
* "ALFA ="4F4.1,°’ DELTA =',F4.1,° VEL ='4F4.1)
20 CONTINUE
7
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19 CONTINUE
18 CONTINUE
STOR .
END end of the Programme

Farameteaers used for this model :

Radius of rotor = .75m
air density = 1.229
offset ecc = .178 see note on calculation
.t = .10 estimated distance from Y=axkis to rotor
area tail = . 41m*
(1=-a) = .7 d < 45°
= .9 d 3 45°
hinge radius = .1@m (estimated)
weight to tail G = 2. 4N
tail angle = 15° (eps)
radius to CG = 0.8@0m centre of gravity RG
Fadius to AC = 1.0@m aeradynamic centre Raerao

Farameters for SWN 2740 rotor
45 abovea except fors

dres of side vane = .@71 m*
side vane moment arm = 1.26m

Notes In order to use this mathematical model which evaluates
offset raotor rather than a rotor with a side vane, a value must
Calculated  for the eccentricity of the rotor which would correspond
to using a side vane. This is done by salving faor- the moment arm of a
rotor with an equivalent rotor area to the one with the side vane.

As the coefficient of normal force on the side vane changes after the

an
be

angle is greater than 45 degrees, allowance must be made for this
too. However, Lhe effect of ‘L' stil) exists, so this is included.
A modification to the co—efficient of drag for a rotor is made by

879 to compensate for the fact that the rotar
and so the drag should also be

Wsing a value of @.5 x
Cp  is lower than the Betz limit S9. &%
lower .

Solving for the equivalent eccentricity:

moment arm x cg-eff ® f
(coeff = 2, angle<s:)

area side vane
<071 % 1.26 1.4
X .9 X p x VU™

moment due to side vane =

moment due to rotor rotor arm u force due to drag

vi—

€cc. x 8/9 u .5 u P

BCc. is equal to: « 178 for
«» 178 w1

Therefore eccentrity,

coeff @
+23 for coeff @ 2.0

1.6

<7S5% % TL1415




Running the Frogramm

Once the Programme has been run initally, with large changes in
the angles as they iterate, it may he Necessary to re—-run parts of
the Programme, using smaller changes in the angles. This will give a
much more accurate determination of the paoints when the
simultanious equilibrium is obtained.,

Comparing the results:

The fortran Programme has been run and the results are plotted aon
8 graph. figure (2). The results from the SWD mathematical model for
& hinged tail with a side vane, and the results from wind tunnel
tests on an actual rotor are Rlotted on the Same graph. The actual
windtunnel data are referred to as those for the SwDp 2740 rotor. (re+
no 1, figure 11.12, pg 260).

RS the results on the graph show, this model gives a Very good
Correlation with the actual wind tunnel Measurements on the SWD 2740
rotor.Note how well the shape of the model curve follows the wind
tunnel test results.  This is an excellent indication that this model
should give YErY good predictions for the hinged tail windmills to be
analysed. It is interesting to naote that this model shows a much more
consistant correlation to the wind tunnel data than ¢the SWD
mathematical mnodel . As the two are based on similar Premises, this
may indicate that there is a small mathematical error in the SWD
model .

SUMMARY.

The mathematical model presented here is fairly straight
forward: and gives good agreement with wind tunnel data, This agree-
ment is within S-1@v when the rotor cd is adjusted tgo 50%. This model
should prove to be a valuable guide for design work on new windmill
hinged tail control systems. It should also Prove to be valuable for
indicating the trends that vYarious changes in Bxisiting systems will
make, ideal for adjusting or trouble shooting rotors already in the
field. In this way, one will have a before hand look at what
Parameters, such as weight of tail, length of tail arm etc, it will
be Necessary to adjust and by how much, should it be desirable to
raise or lower the furling speed of the rotor.

The model alsg gives a good Predictign of the attitude that the
rotor will take to the wind, so that the resulting power available tp
the rotor May be calculated. This is important sa that the matching
of the systems may take this variation into account. This is also
shown in figure (2). It should be noted that the angle that the tail
takes with fespect to the rotor is not the angle delta. The correla-
tion of tail to rotor faor the SWD 27480 raotor is shown in figure S0y
& wvaluable aid ag this ig actually the only angle one can visually
S€e  change when watching the rotor, tail and wind interact. Unless
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5102 b SR e i o] e T ooy Llie sibe,  wune does ot appraciabe e
AL e Uil e rotor is Laking Lo the wind directly. However . by
GLSREVINGEEN e Follon V. Lail anale, one can derive Lho relationship
belweern bLhe dolor and wind.

Finally, Lhe model will be used to predict the required geometry
and aperaling characteristics for the new LESO II rotor. A summary of
the programne used and the results is at Lached. See Fiqure 4 and Attachment 3.

Farameters of the LESO Il rotor:

4.
@.9@in  eccentricity

Rotor diameter
Falor offset

Il

Pubor forward = 438 4 4

Radius hinge =, 254

A hinge angle = 45¢°

Eall area = 2.0 m%

G, tail weight = 560N

Rg. to ¢ of G = 1.77m

Raery =3.25 to aerocentre of tail

tall hinge angle 7% back tilt (eps) &
tail hinge angle =5 gide Lilt (beta?‘

Results:

As Figure 4 shows, a rotor with eps = 7.5 Raero = 3.25 will have good characteristics.
The tail will keep the rotor into the wind longer and then bring it wp to furling

more rapidly than when eps = 10 and Raero= 2.80 . Figure 4 also shows how a
change to a lower eps = 5 will reduce the gravity effect of the tail, and the

rotor will move out of the wind appreciably sooner than when eps is 7.5 or 10.

Summary :

Overall the figure and other curves resulting from re-running the program will
assist in showing the trends that any further changes, ie. longer tail, heavier
tail nore offset etc. will have in changing the actual characteristics of the
LESO II and subsequent prototype rotors.
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Fig. 11.6 The factor (l-a), indicating the reduced wind speed
behind the rotor, as a function of the tip speed ratio
of a rotor with a design tip speed ratio of 2. The value
of (l-a) 1s found by taking the square root of the ratio
betveen the moment on the vane ﬁl&h rotor and without
totor. Deflection of the wake, however, causes

unrealistic values for high values of ¢ at low A.
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ATTACHMENTS

WINDMILL CdNTROL AND BRAKING SYSTEMS

ATTACH. NO. TITLE
1 COMPUTER MODEL OUTPUT PREDICTIONS FOR
SWD 2740 ROTOR WITH Cp = 4/9

2 COMPUTER MODEL OUTPUT PREDICTIONS FOR
SWD 2740 ROTOR WITH CD = 8/9

3 COMPUTER MODEL OUTPUT PREDICTIONS FOR
LESO Il ROTOR WITH CD = 4/9

r,
~u



ATTACHMENT NO. |

COMPUTER MODEL OUTPUT PREDICTIONS FOR

SWD 2740 ROTOR WITH CD = 4/9
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ATTACHMENT NO. 2

-OMPUTER MODEL OUTPUT PREDICTIONS FOR

SWD 2740 ROTOR WITH CD = 8/9



ATTACHMENT NO. 3

COMPUTER MODEL OUTPUT PREDICTIONS

FOR LESO I ROTOR WITH CD = 4/9



c THIS IS WITH LESO 1T FARAMETERS
REAL YRS MYS MY T, MTA . MTG
REAL ALFA.D, INCL
71 DO 18 1=4.7
72 DO k=15, 75
73 DOLEAg=1  35m—a
ALEA=J#2. 0%, 1415 /740, .
D=kl Q%2 043, 1415 /260,
V=141.0
RO=1.22
RR=2.0
AlL=.43=8
INCL=5.@*2.E*3.1415/36@.
G=Z450.0
AR=RR*RR*7. 1415
CTxB/?.hU*V*.S*RD*QR%B.G
EC=.0%
AT=2.00
VRED=. 7
DD = D#*36Q./(2%3.1415)
IF(DD.GT. 45) VRED=. 9
RHG=. 254
ERS=7.5#2.043.1415/340.
RTG=1.77
RAERO=7. 25/C0S (ESF)
RQER02=((RHB*CDS(.7853+D)+RAERD*CGS(QLFA))**E.E+
#® (RHG*SIN(.7853+D)+RQERD*SIN(ALFA})**E.EJ**B.S
CTQ=2.5*.S*HD*URED*VRED*V*V*QT
MYR=CT*(EC%CDS(D)+QL*SIN(D)}*CDS(DJ
MYT=CTA*ALFA*RAERD?
MTG=G*SIN(EF5+INCL)*RTG*SIN(D—ALFQ}
MTA=CTA*ALFA*RAERD
XX=MYR=MY.T
YY=MTG-MTA
LECYY.LT.~12)60T019
[F(XX.LT.~-10)60T019
LEA(YY.GT.5)GOTOZ0
IE(XX.GT.10)G60T020
ﬁLFﬁwﬁLFﬁ*36B.@/(E.*3.1415)
D=D#*Z50.0/(2. %3, 1415)
NRITE(E,él)XK,YY.ALFQ,D,V

Pty

&1 FORMAT (*  mMOM v AXIS=‘/F8.5, ' MOM WAL oG, 0 0
* ‘ALEA = F4.1 ° DpELTA =2F4.1," VEL =’ Fag.1;
20 CONT INUE
19 CONTINUE
19 CONTINUE
STOF
END

HOMEY AXTS==2.81654 HOM TALl- RoGEER] A AT G EY G Gy e o

R e e e e T S e Sl A T




——.-
1

UMY L e I T IRLL==5. 032940 ALEA =12.0 DELTA =17.0
[0 AL TS==8_ 20674 M0 TAIL=-R. 85284 ALFA =13.8 DELTA =17.0
MOy RATS=-T 6605 MO TATL= 498 ISEINEA =10.0 DELTA =18.0
MoK Y RAIG=~4 87705 MO TATIL= 175855 allEa =11.0 DELTA =19.0
MOMEY AXTS==¢ . = 235 MOM TAlL==2. 574857 ALFA =1Z.0 DELTA =18.0p
MOmM: Y AXIS==7 894> (B TAIL=-4.45z78 ALFA =13, 0 DELTA =13.0
FOR Y RATS=~4 57741 MOMETATL= Z.56214 ALFA =11.@. DELTA =19.0
[MOm vy AXIS=-4. 08159 MOM TATL= =.24514  ALFA =12 DELTA =19.0

=

MOM Y AXIS=~7 50250 Mo TAIL=-4.05755 ALFA =13.0 DELTA =19.0
MOy AXIS=~9. 165564 MM TRIL==7.874%4 ALFEA =14.0 DELTA =19.0
MO Yy HATS=-5. 790219 MOk TATL= 2.14118 ALFA =12.@0 DELTA =20.0
Moty AXIS==7_ 30149 1011 TAIL==1. 664617 ALFA =13.0 DELTA =2@0.0
[ [0] &I AXIS=-B. 813782 rMOM TAIL=-5.47854 ALFA =14.0@ DELTA =20.0@
MAr Yy AXIS=-5. 51413 MOM TAIL= 4.52165 ALFA =12.0 DELTA =21.@
Mo Y AXIS=-7_ 02242 MOM TAIL= | 72020 ALFA =13.0 DELTA =21.0
[MOM Yy QXIS:—S.S?E4G 0 TAIL=-3.08710 ALFA =14.0 DELTA =21.0
Map AXIS==5. 75457 MO TATIL= 2.10086 AlLFA =13.0 DELTA =220

Mo Y AXIS=-8.256472 MoM TAIL= =. 70079 ALFA =14.@ DELTA =22.0
Moy RXIS==G 77710 MOM TAIL=-4 50809 ALFA =15.0 DELTA =22.0
MO Yy AX15=-8.00812 MEM TAIL:= 1.5679468  ALFA =14.@ DELTA =23.0
Mor Y AXIS=-9, 51938 Mom TAIL=-2.12177 ALFA =15.0 DELTA =23.0
MO AXIS==7, 75337 MOM TAIL= 4.05258 ALFA =14.0 DELTA =24.0

‘?f
MO Y AXTS==9. 27201 Moy TATL. : 25870 ALFA =15.0) - DELTA| =24. 0
QMY AXIS=—5.2410% Mo TATL< £.03259 ALFA =15.0 DELTA -

MO AYIC—2 22100 Mom Taz, TrPAR8_ma—15 @ DELTA =26.0

~ MOMLYCAXTS= = 11145 tom TAIL=-5.70180 ALFA = 6.0  DECTA =10.0
MOM Y AXT1S=-2. 34454 Mon TAIL=-8.52450 AUFA = 7.0 DpeitA =10.0
MOMY AXIS= 46547 Mom TS Sl ose2S T AlEAS = o il pEliTA =11.0
MOM Y AXIS=-1.88548 MOM TAIL=-5.92208 ALFA = 7.g DELTA =11.@ VEL
HOM Y AXIS=_1.02984 MoK TAIL=1.89351 AlLFA = 4. @ DELTA =12.@ VEL
'OM Y AXTS=1.Z1912 Mom TAIL=-3.52260 ALFA = 7.0 DELTA = 2.0 VEL

: 7
AXIS==7. 67224 i10mM TAIL=-8.14237 ALFA = 3.0 DELTA =12.0 VEL

v
MOM Y AXIS= 1.58@8% MomM TAIL= Z.48494 ALFA = 4.0 DELTA =13.0 VEL
MOM Y AXIS= = 7661F MO TRIL=-1.12478 ALFA = 7.0 DELTA =1=.0 VEL
MoM Y AXIS=-3.117z= i[e]g] TAIL=-5. 74289 ALFA = 8.0 DELTA =13.0 VEL =
MaM Y AXI1S= 270 S 1.28468 ALFp = 7.0 DELTA =14.0 VEL
MOM Y AXIS=~2, 57474 Mo TAIL==3.7470& ALFA = B.Q DELTA =14.0 VEL
MO Y AAIS=—4 50074 HMam TAIL==7.956317 ALFA = 9.0 DELTA =14.m VEL
Mor Y AXIS= 29715 MOM TAIL=_3. 465097 ALFA = 7.0 DELTA =15.0 VEL
MoK Y AXIS=-2.05001 MoM TAIL=’—.95563 ALFA = 8.0 DELTA =15.0 VEL
MOM Y AXIS=-4,4G5147 y[a]§] TAIL==5. 54735 ALFA = 9.0 DELTA =15.0 VEL
Moy AX1S=-1_ 53894 MOM TAIL= 1.42069 ALFA = 8.@ DELTA =156.@ VEL
FlOM Y AXIS=-3. 88841 MO TAIL=-3, 17592 ALFA = 9.1 DELTA =14.0 VEL
Ma Y ARIS=-4.24711 MOM TAIL==7.78744 ALFA =1@.0 DELTA =16.0 VEL
MoM Y ANIS=—1, G4=74 Mo TAIL= S.81115 ALFA = 8.0 DELTA =17.0 VEL
Mo Y'QXIS=~3.39116 MaM TAIL= =.78%96@ ALFA = 7.@ DELTA =17.0 VEL
(1] AKIS=~5.74090 MOM TAIL=-5.394520 ALFA =10.0 DELTA =17.0 VEL
MOM Y. AXIE=-2.91074 MOM TAIL= 1.59087 ALFA = 7.0 DELTA =18.0 VEL
MO Y. AXIS==5. 24008 MaR TAIL=-3. 60989 ALFA =10.0 DELTA =18.0 VEL
MO AXIS=-7.51414 M0 TATL==7.614649 ALFA =11.@ DELTA =18.0 VEL
MOR Y AXIS=-2.44448 MOM TAIL= 596477  ALFA = 7.0 DELTIA =19.0 VEL
MOM Y AXIS=-4_7942p Mar TAIL= =.62942 AlFA =1@0.@ DELTA =19.@ VEL
FIOM Y AXIS=~-7. 14524 M0 TAIL=-5.27018 ALFA =11.0 DELTA =19.9 VEL.
MO Yy AXIS=-9_ 502454 MOmM TAIL=-9.83478 ALFA =12.0 DELTA =19.@ VEL
Map Y ANIS=~-3. =4570 MOM" TAT L= 1.74448 palLFA =10.0@ DELTA =20.0 VEL
MM AXIS==§, 55585 10 TAIL=-2,84971 ALFA =11.0 DELTA =20.@ VEL
MY AAIS=-9. 05671 MO TAIL=-7.4504¢ ALFA =12.@ DELTA =20.0 VEL
110K Y AXIS=-3. 91577 MOM TATIL= 4.11108 ALFA =12.@ DELTA =21.0 VEL
MOM Y AXIS=—5. 26740 MOM TAIL= =-47581  AlLFEA =11.@ DELTA =21.0 VEL
(L7 BN AXIS==8. 415584 M TAIL=~5. 07000 ALFA =12.0 DELTA =21.0 VEL
MO Y AXIS=-5.8q4940 MOMY TAT (L= 1.89079 alLFa =11.@ DELTA 2200 VEL
Molq Y HATE=-1. 19587 Mo TAIL==2. 594610 ALFA =12.0 DELTA =22.0 VEL
(0] % RATS=~5_ 45,178 MOM TATL= 4. 24938 ALFA =11.@ DELTA =23.00 VEL:
[0t1° Y AKIS=-7 . 86270 FGMT TATIL= H-E29500AllFAl ==t n nelval e G0

R R R L
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50 — Al =l e W
\ 1 ‘ MA LS L Lo LG MU TR 4..2789% ALFA =12.@ DELTA =25.0 VEL = 5.0
(0] 2 AXIS=-9 4584 MO TAT L= o AEFA LS N e Erapay =13.@ DELTA =25.0 VEL = 5.0
Man v AATS= -8 57502 MOM TAIL= 2.10G855  AlLFA =1Z.0 DELTA =25.0 VEL = 5.0
MO MALE=~5. 75677 MOM TATL = 442907 AlrFA =1l3.@ DELTA =27.@ VEL = 5.0
HOME Y AX TS =. 15Q77 MG TAIL==-9, 54734 ALFA = 5.0 DELTA =10.0 VEL =14,
MAM- Y AX15= «&87@27 Mom TALL==-7.14787 ALFA = 4.0 DELTA =11.@ VEL = 4.0
[{B]H AXIS= 1.487297 1arn TAIL=-4. 75805 ALFA = &, ¢ DELTA =12.0 VEL = 5.0

iy = &
[MOME Y Ax (5= 2.275640 tM0OM TAIL==2. 37462 ALEAT = 4.
PMOM Y AXIS=—1,10323 Mo TAIL==7.94524 ALFA =
MOM Y AXIS= Z.04954 MOM TATIL= .00%57Q ALFA =
HMOM Y AXIS:= :732?11 Mo TATLL==5, 57=8x ALFA = 7
MO Y AXI1S= S.80150 MOM TAIl.= 2,.39@17 ALFA = &
MOM Y. AXIS= - 42789 MOM TAIL==Z. 18751 ALFA = 7
M0H Y AXIS==-2 952p2 (a4 TAIL=-8,77104 ALFA = 8
MOM- Y- AXTIS= 4.535144 MO TAIL= 4.7&4307 ALFA =

v el e

Y

|

DELTA =13.@ VEL = 6.0
DELTA =1Z.0 VEL = (=8
DELTA =14.0 VEL = (=

@
@

@

@ .

@ DELTA =14.0 VEL = .07 |1¢
@ DELTA =15.@ VEL = &. oA =
@ &
Q

@

7]

7.
4.
DELTA =15.0 VEL =
DELTA =15.@ VEL = 5.0

DELTA =15.@ VEL = 6.0

Mar AXIS= 1.14608 =" 80704 ALFA DELTA =146.@ VEL = 5.0

PoM Y AXIS=-T_ 21607 MOM TAIL=-5.38475 ALFA = 8.0 DELTA =14.0 VEL = 6.0

(=}

7

8

MOM Y AXIS= 1.87@95 MOM TAIL= 1.56485 ALFA = 7
8

q

=)

@ DELTA =17.0 VEL = 4.0
MOk AXIS=-1.5@2959 MGoM TAIL=-4.00425 ALFA @ DELTA =17.0 VEL = 6.0
"

AXIS=-4,883727 (o] ] TAIL=-9.58194 ALFA =

9
8

KoM AXIS=-Z, 52007 MOM TAIL=-4. 82757 ALFA = 9.0 DELTA =19.0 VEL = 5.0

MOM Y AXIS:=: - 42107 MOM TAIL= 2.@9483 ALFA = 8.2 DELTA =20.@ VEL = 4.0
9
@

Y
Moy . DELTA =17.0 VEL = 4.0
MOM Y AXIS= 2. 55723 MOM TAIL="3.9%744 ALFA = 7.0 DELTA =18.0 VEL = 6.0
MO Y. AXIS= =.81355 MOm TAIL=-1.47035 ALFA = B.@ DELTA =18.0 VEL = 5.0
Mar Y AXIS=-4. 19087 MOM TAIL==7.20147 ALFA = 9.0 DELTA =18.0 VEL = 5.0
MomM Y AxXI1s= =+ 14857 HMOM TAIL= - 73624 ALFA = 8.0 DELTA =19.@ VEL = 4.0

Y

MOM: Y. AXIS=-2.88013 MOM TAIL==2. 46097 ALFA = 9.0 DELTA =2@.0 VEL = 5.0
Mo v AXIS=-4.25794 10 TAIL=-8.02479 ALFA =10.0 DELTA =20.0 VEL = 4.0
MoK Y AXIS=-2.25Z40 MoM TAIL-=. =. 10238 ALFA = 7.@ DELTA =21.0@ VEL = 5.0
M0M Y AXIS=-5. 43803 Mom TAIL=-5, 65818 ALFA =10.0 DELTA =21.0 VEL = 6.2
¢ 10 Y. AXIS=~1. 47378 MOM TAIL= 2.24747 pLFA = 7.0 DELTA =22.0 VEL = 4.0
LooM AX1S=-5.04454 Mam TAIL=-3.29959 ALFA =1@.0 DELTA =22.0 VEL = 4.0
10] 4 AXIS=-B. 42717 MO TAIL=-8.85540 ALFA =11.0 DELTA =22.0 VEL = 6.0
MoM Y. AXIS=-1.11048 Mo TAIL= 4.58788 ALFA = 7.@ DELTA =27.0@ VEL = 4.0
MOM. Y AXIS=-4, 4791 MOM TAIL= —.93574 ALFA =10.0 DELTA =23.0 VEL = 5.0
MM Y AXIS=~7 . 85427 Mo TAIL=-4. 49581 ALFA =11.0@ DELTA =23.0 VEL = ©.0
10 Y AX1S=-Z. 94172 MON TAIL= 1. 39067 ALFA =10.0 DELTA =24.0" VEL = 4.0
0K Y AXTS=~7, 7|79 M10M TAIL=-4_ 14495 ALFA =11.0 DELTA =24.0 VEL = 5.0
MO Y AX18=~7, 47207 MOM TAIL= 2.72091  ALFA =1@.@ DELTA =25.p VEL = 4.0
MOr Y AXIS=~4. 80099 110 TAIL=-1.8@455 ALFA =11.0 DELTA =25.0 VEL = 5.0
Mor Yy AXIS==-§&, 31779 MOM TAIL= - 32370 ALFA =11.@ DELTA =25.0 VEL = 5.0
MO Y. AXIS==9, 49073 Mar TAIL=-5. 00374 ALFA =12.0 DELTA =24.0 VEL = 6.0
im0 Y AXIS==5."%447%4 MOM ATL= =.84Z07 ALFA =11.@ DELTA =27.0 VEL = 4.0
10K Y AXIS=-9 23744 MO TAIL==2. 47352 ALFA =12.@ DELTA =27.@0 VEL = 6.@___
MOM Y AXIS= 5.0984% MOM TAIL=-9. 320391 ALFA = 4.0 DELTA =1Z.0 VEL = 7.0
MOM Y AXIS= 4.15077 mMom TAIL=4+4.91759 ALFA = 4.0 DELTA =14.0 VEL = 7.0
MOM Y AXIS= 39.17424 MoM TAIL=-4.53713 ALFA = 4.0 DELTA =15.@ VEL = 7.0
MOM Y AXIS= &.146780 MoM TAIL=-2.14323 ALFA = &.@ DELTA =16.01 VEL = 7.0@
MOM Y AXIS= 1.58008 MoOM TAIL=-8.88889 ALFA = 7.0 DELTA =16.0 VEL = 7.0
MOM Y. AXIS= 7.13002 Mom TAIL= .29337 ALFA = 4.0 DELTA =17.0 VEL = 7.0
MOM Y AXIS= 2.54657 MoM TAIL=-6.51499 ALFA = 7.0 DELTA =17.0 VEL = 7.0
MOM Y AXIS= g. I7289 MOM TAIL= 2.556195 ALFA = 6.@ DELTA =18.@ VEL = 7.p
MOM Y AXIS= <. 48082 MOM TAIL=-4.148z¢9 ALFA = 7.@ DELTA =18.0° VEL = 7.p
MOM Y AXI1S= 2.95635 MOM TRIL= 4.91187 ALFA = 4.0 DELTA =19.@ VEL = 7.p
oY AX15= 4.28147 M”H—%ﬁ?tffl.78?eﬁ ALFA = 7.0 DELTA =19.0 VEL = 7.p
MM Y AXIS=S—Tmnon MaM TAIL=-8.50015 ALFA = 8.0 DELTA =19.0 VEL = 7.0
MY AXIS= 9. 24795 MOM TALl = - 56006\ ALFA = 7 @ DELTA =20.0 VEL = 7.0
MOM Y AXIS= T TAIL==4. 14157 ALFA = 8.0 DELTA =20.0 VEL = 7.0
MOM' Y AXIS= 5.07877 Mom TAIL= 2.9@@4?) ALFA = 7.0 DELTA =21, VEL = 2.0
MOM Y AXIS= L.G5@562 Mom TAIL=-3.79171 *ALEA = 3§.@ DELTA =21.0Q VEL = 7.0
MO Y AX TS QL3244 N”ﬂ—TﬁTt::1.4513@ ALFA = 8.0 DELTA =22. VEL = 7.0
[MOM Y AR IS==TT7277464 M0 TAlL=-8.14347 ALEA = 9 @ DELTA =22.0 VEL = 7.0 7 "
MO Y ANTS:= F. 06787 1101 TATL=  .878%94 ALEAR = 8.0 DELTA =23.0 VEL = 7.0 \
MOM: Yy AXTS==1151174 MONSTATE=-5. 80Z04 AIHES 2 O G DS & s EEn R )
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FROGRAM TAIL
IHIS IS WITH LESh L FARAMETERS

REAL MYR,MYS MYT  MTA . MT G
REAL. ALFA, D, INCL.

DO 14 I=4, {%

DO 18 k=15, 750

DO 20 J=1.zg
ALEA=T#2. 03, 1415 /260,
D=k 1. 0%2. 057, 1415 ,/750.
V=1%1.0

RO=1.229

RR=2. @

" AL=.438

INCL=5.0%2. 0%3. 1415/340.
G=340.0
AR=RR*RR*3, 1415
BT=8/9. #VxVx . 5=RO*AR*D. 5
EC=.09
AT=2.00
VRED=. 7
DD = D¥Z&60. / (243, 1415)
IF(DD.GT.45)YRED=, 9
RHG=. 254
EFS=10%2.@%Z. 1415/3460.,
RTG=1.77
RAERD=F.25/C0S (ESF)

RQERDE=((RHG*CDS(.7853+D)+RAERD*CGS{QLFQ))**2.B+
(HHB*SIN(.7853+DJ+RQERD*SIN(ALFQ))**2.@)**@.5

CTQ=2.§*.E*HD*URED*VRED*V*V*QT
MYRxCT*(EC*CDS(D)+QL*SIN(D})*CDS(D?
NYT=CTQ¥ALFQ*RQEHDE
WTG=G*SIN(EPS+INCL}*RTG*EIN(D—QLFQB
MTA=CTQ*QLF&*RQERD

AX=MYR—=MYT

YY=MTG-MTA

IF(YY.LT.—IB?GUTDI?
IF(EX.LT."IE)GDTDI?
IF(YY.GT.EJGDTOEB
IF(XI.GT.I@)GDTDE@
ﬂLFﬁ=ALFA*3&@.EK(2.%3.1415)
D=D*3é®.@/(2.*3.1415)
NHITE(E,&I)XX,YY,QLFQ,D,U

FORMAT (*  MoM v AXIS='.F8.5, ° MOt TAIL=',F8.$,'
"ALFA =W FE40t e DELTA SYRa g VEL =,F4.1)

CONT INUE
CONT INUE
CONTINUE
STOF

END

-

)



T HALS=—2 @ 690 MO TAT L= 4448995 all Al 7.0 DELTA =15.00 VEL

e AALE=~4, rogge FOM TATL= 153201 ALFA =10.@° DELTA =15.0 VEL
HMop Y AL LS==~5. 87475 10m TAIL=—. 12752 ALEA =11.@ DELTA =15.0 VEL
Mo RALS=—7 . 3475 (8] TAIL=-3.42107 ALFA =12.0 DELTA =15.@ VEL
MORL Y ARLS==% 9930 Mor TATL= . 2794  ALFA =1@0.@ DELTA =15.0 VEL

Y
I
Y
Moy AXIB=~5.50401 [0 TATlL.=-1.25799 ALFA =11.0 DELTA =16.02 VEL
\f
¢
X

Moy AXIS=—7_ 0154 Rielg} THIL=-5.538%27 ALFA =12.0 DELTA =14.0 VEL
Mo Y ARTS=~-83, 52970 MOM TAIL==9.84207 ALFA =13.0 DELTA =14.0 VEL
MO ! AXIS=-5_ |3T20 Mopl TATL= L. 80694 alFA =11.0 DELTA =17.@ VEL
L] RLIS=-5 . 5977, F1a TAIL=~2, 57894 ALEA =12.2 DELTA =17.0 VEL
FICIE Y RAIS=-3. 20574 MOM TAIL==8.95925 ALFA =1Z.0 DELTA =17.@ VEL
M0M Y AKIS=~4 87705 MOPE TATL= 4.45654  ALFA =11.@ DELTA =18.@ VEL
MOM Y A S=~4. = 235 MOM TAIL= - 18397  ALFA =12.0 DELTA =18.0 VEL
MOM ARIS=-7.89417 oM TAIL=-4. 09995 ALFA =1Z.0 DELTA =18.0 VEL :
MOp AXIS=~2. 16340 MO THIl=-8, 79024 ALFA =14.0 DELTA =18.0 VEL
M0 AXIS=-5.08149 MOrt TATL= 2. 04545  ALFA = Z2.@ DELTA =19.0 VEL

f
¢
Y.
v .
mMom Y AXIS=-7. 59070 MO TAIL=-1, 27501 ALFA =1Z.0 DELTA =19.@ VEL
MO Y AXIS=-9. 10554 M0t TAIL==5.5209z ALFA =14.0Q DELTA =19.0 VEL
MOM Y AXIS==7. 70149 MOM TAIL= 1.5624567 ALFA =13.@ DELTA =20.0 VEL
M0 Y AXIS=-8.81z3> 100 TAIL==-2. 55500 ALEA =14.0 DELTA =20.0 VEL
Mok Y AX1IS=-7.@2247 MOM TAIL= 4.4782%  ALFA =13.0' DELTA =21.0 VEL
(10K Y. AXTS=-8, 5Zz40 MOM TATL= 20357 ALFA =14.@ DELTA =21.0 YEL
mMam: v AXIS=-B, 25472 MOM TAIL= 2. 05725 ALFA =14.@ DELTA =2

1MOmM Y AXIS=-9. 77710 Mok TAIL=-1.21730 ALFA =15.0 DELTA =22.
MOM AXIS=-%. 519=g MOM TAIL= 1, 3626 ALFA =15.@0 DELTA =2:

P1am Y RAEIE==9 27=5 | MOM TAIL= 4.48282 ALFA =15.@ DELTA =24.0 VEL
FIOM Y AN IS= L. 78735 Mo TAIL= 2.945673° AlFA = 4.0  DELTA = 7.0 VEL
MAM Y AX 1S < 28700 MO TAIL=-1.34555 ALFA = 5.0 DELTA = 7.0 VEL
KO AXIS==| 22zom rMOM TAIL=-5, 547873 ALFA = 5.0 DELTA = 7.0 VEL
MO Y AT S=—D S3IT& MOM TAIL=-9.94489 ALFA = 7.0 DELTA = 7.0 VEL
MOM Y AXIS:=: - 57289 MOM TAIL= 1.525830p ALFA = 5.0 DELTA = 8.0 VEL
MOM Y AXIS:= =. 83282 mMOM TRIL=-2.77063 ALFA = 4.0 DELTA = 8.0 VEL
MOk Y AXIS=-2.%41@7 MOM TAIL=~7.05881 ALFA = 7.0 DELTA = 8.0 VEL
MO Y AXIS= L. Q5594 MoM TAIL= 4.39841 ALFA = 5.0 DELTA = 9.0 VEL
MOM Y AXIS= =- 44851 MOM TAIL= - 10481 ALFA = 5.0 DELTA = 7.0 VEL
[MoMm Y AXI5=~1.95557 MORr TATL=-4, 19147 ALFA = 7.0 DELTA = 9.0 VEL
MO Y AXIS=-3.45517 MO TAIL=-8.43930p ALFA = 8.0 DELTA = 9.0 VEL
MBM Y AXIS= =-@7145 MOM TATL= 2.9774685 ALFA = 5.0 DELTA =10.@ VEL
[ 8] AXIS==1.577% 10n TAIL=-1,Z1517 ALFA = 7.0 DELTA =10.0 VEL
MO Y AXIS=-3. 08574 MO TARIL==5.451240 ALFA = 8.0 DELTA =10.@ VEL
ROk Y AXIS=-4 594454 MOM TAIL==9.91078 ALFA = 9.@ DELTA =10.0 VEL
Moy AXIS=-1.20471 MOM TAIL= 1.556484 ALFA = 7.8  DELTA =11.@ VEL
MO Y AXIS==2. 71393 MoM TAIL=-2.73715 ALFA = 8.@ DELTA =11.0 VEL
(MO AXTIG=~-4, 20771 1014 TAIL=-7. Q3358 ALFA = 9.0 DELTA =11.0 VEL
MOM Y AN IS= - 844275 MOM TAIL= 453259 5B A EAT = 7.0 DELTA =12.0 VEL
FICRT Y AXIS=-2 =500y MOM TAIL= . 3066 ALFA = 8.@ DELTA =12.0 VEL
Moy AXIS=~=, 85684 Moe TAIL=—4. 15814 ALFA = 9.p DELTA =12.0 VEL

Y AXTE==5. 55594 iM10M TAIL=--8.35457 ALFA =10.0 DELTA =12.0 VEL
Y. ﬁXIS=~1.9?EB9 MOM TATIL= 2.008497  ALFA = B8.@ DELTA =13.0 VEL
01 Y AXIS=-T 50250 10 TAIL=—1, 28555 ALFA = 9.p DELTA =13.0 VEL
] R ﬁXISu-5.81246 M0 TAIL=-5, 57912 ALEA =10.0 DELTA =1Z.0 VEL
B Y AXIS=—&  Sogan MO TALL=-9 87550 ALFA =11.0 DELTA =150 VEL
[0 AKISmhﬁ.lSSGQ MO TATL= L.58299  AlLFA = 7.0 DELTA =14.0 VEL
0M AX{S@*#.&&EB& i110M TRIL=-3, 704651 ALEA =10.0 DELTA =14.0 VEL
[HOR ﬁXISx—b.l7524 e TATL==7 00010 ALFA =11.0 DEITA =14 @A (e
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$ YR e - S by T ARl e IR VIR = (ST e e )WL = A
LI A T e S T s B S ALEA =125 DELTA =15.0 YEL = 4.0
I

[N ANE==5 55400 LGRS [ S5 T RLEA =100 DELTA =14.0 VEL = A
FICIBT AA LS ~==1 560 | fCHE G285 ALFA =10.0 DELTA =14.0 Vel = 4.0
I HALS == 18] RIBIR AT L= | s g ALEGA =000 DELTA =15.0 VEL = 4.0
BT I (P89 B S B O AT =% ga007 AREEAN S 1200 DELTA =15.0 VEL = 4.0
[ (MRS HALG= =0 [iane HOME TATL= 506748 ALFEA =11.0 DELTA =17.0 VEL
MO LT S=t, &P ) 10 TAIL=~-2.575854 ALEA =12.0 DELTA =17.0 VEL
HCIR AXIS=-5 . i04s7a 10 TAILE=4. 9500, ALEAR =170 DELTA =17.0 VEL
1] A AXIS=~q. 87005 MOM TRIL= 1.45549  ALFA =11.0° DELTA =18.0 VEL -
MOy RALS=-5, 38035 MOM TATL=: - 18527 ALFA =12.0  DELTA =18.0 VEL =
(0] AXLE==7 85017 flla]y] TAIL=—4. 09995 ALFA =13, 0 DELTA =18.0 VEL
[0 HALS =9, 405450 1Ak TAIL=-3. 39024 ALFA =14.0 DELTA =18.0 VEL
MOy RALS:=5, G816 MOr TATL= T, Q4585 ALFA =12.@ DELTA =19.0 VEL
MOy AALS==7 55570 G TAIL=—1.2350] ALEA =13.0 DELTA =19.@ VEL
(TR AXIZ—=5. Q%58 Mo TRIL==5_ 52067 ALFEA =14, 0 DELTA =19.0 YEL
MOy HATG == ZQ1 45 G0M TATL= L.824467  AlFA =13.Q DELTA =20.0 VEL
Map Y HATE==8, 81735 710 TAIL==2_ 55560 ALFEA =14.6 DELTA =20.0 VEL
(0] S RALB==7_ Q2242 MO TATIL= 4.4782% " ALFA =13.@0 DELTA =21.0 VEL

1

1

e i )
=
s

S T
25
=

!

MO HALS==F, 525453 FOM TATL= V2UES? ALFA =14.0 DELTA =21.0 VEL
ror AXIE=-8 25370 MOr TATL= 3.@05725  ALFA =14.0 DELTA =22. VEL
ST AT S~ 77 o (1011 TAIL=—1.21720 ALFA =15.0 DELTA =22.¢ VEL
FIET HATS=-G 5 G MOM TAIL= 1.53826 ALFA =15.0 DELTA =23.0 VEL

1
L | | B T R [ I T iRt

DELTA =13.0 VEL
DELTA =17.0 VEL
DELTA =1Z.@ VEL

I
FOM Y AXIS= =.7861F HOM TARIL= {.459577 ALFA
MOk Y AALE=-T, 175 G TAIL=-%, 78944 ALFA
MORE Y 3
F0Or Y SELTLE HMOM TATLS 4. 55542 ALFA
MOy RS RS i MOM TATL= —-G82452 AlLEA

9. 47285 MOM TAIL=-8. 47905 ALFR

SESSSGBGE‘G

LRI

AU EF L3 1 o

) DELTA =14.0 VEL
-8B DELTA =14.0 VEL

{ anr QKISH*?.E?E?i MOM TAIL= 4.4828% ALFA =15.@ -DELTA =24.0 VEL = 4.0
MO Y AXT S 9. 13518 MOM TAIL= 4.84247 ALFA = =.0 DELTA = 7.0 VEL = 5.0

MOr Y AXIS= Z.79275 MOM TAIL= -, 2504z ALFA = 4.0 DELTA = 7.0 VELE =" 5n
MO Y AXTS:: 44219 MOM THIL==5, 34617 ALFA = 5.0 DELTA = 7.8 VEL = 5. @
HOM Y ANT S G ESS97 MOM TAIL= 2.42733 ALFA = 4.p DELTA = 8.p VEL = 5.@
MO Y AXTIS= L.@T1E8 1100 TﬁIL:"2.47w7E ALFA = 5.0 DELTA = 8.0 VEISE=8=%0
RO AAIS——1 26129 MGH TQfL=-?.56645 ALFA = 5.6 DELTA = 8.@ v E S =l o
MO Y AXIS= L. o4993 Mom TAIL= 40209 ALFA = 5.0 DELTA = 9.0 VEL = 5.0
MOM Y ANIS= —. 70086 Mo TAIL=-4_49101 ALFEA = 6.0 DELTA = 2.0 VEL = .0
(1] I ALIB=~3, 05558 Mo TAIL=-9.78574 ALFA = 7.0 DELTA = 9.0 VEL = 5.2
ISR s Z.2Z71= Mo TAIL= 3.27141 ALEAN =5 DELTA =10.0 WAL = GE)
FEE Y AKX G =. L1ii&5 MOM TAIL==1.8181% ALEA = 5.3 DELTA =10.0 VEL = 5.1
B Y RAIS==2 Asqsa "0 TAIL==5.2112% ALFA = 7.0 DELTA =10.0 v E [S=Sl= 0y
MOE Y. AXIS=: 4 ET47 MOM TAIL= 1.05112 ALFA = &.0 DELTA =11.0 VEL = 5.@1‘
FIQR Y ﬁXI°4“l.BBS4B MOk TQIL=*4.33848 ALFA = 7.0 DELTA =11.0 VEISR= ek
10M. RALLE==4 24052 10t TAIL=-9. 13158 ALFA = 8.0 DELTA =11.0 v E S
HOe Y AXTISE 1.@2%84 mMomM TAIL= 3.91405 ALFA = 5.0 DELTA =12.0 V= = -
MO Y AX TG Fo31912 Mo TAIL==1.18917 ALFEA = 7.0 DELTA =12.9 VEIZ =5,
FIOR Y RIXIS=~Z, L7204 i1CH TAIL==4.25877 ALFA = 8.0 DELTA =12.0 WS, =
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ESTIMATED TOWER COSTS VERSUS HEIGHTS

Note on the correlation of estimated tower Costs vs, heights for windmill-
waterpumping systems,

It is of interest to correlate the costs for towers vs. height for windmills pumping
water so that the initial establishment of System parameters, tower height, rotor dia
etc. may be optimized to maximize the cost benefits of the System's water output.

In order to establish some basjs for an estimate of tower costs, it was assumed that
the manufacturers published weights for existing towers would be representative of
the costs, This is felt to be a reasonable estimate as fabricated stee] components
generally have a tota] cost of $1.50 to $2.00 US per pound ($3.30 to $4.40 US/kg)

weight/foot was then divided by the diameter of the rotor to obtajn a specific
weight/(foot-diameter), see Figure |,

Summary of Results:

small range. This will aid in the optimization by allowing one to say that, generally, if
one increases the diameter by 10-20% or the height by 10-20%, or vice versa, the costs
will increase or decreasc 10-20% respectively,

Now, if tower height vs, output js correlated, it is found that for boundary layer
roughness giving a corresponding power law coefficient of 1/7, the power increases as
fHo) 3/7, approximately the square root of the change in height. If the coefficient

is 1/3, then the relationship js linear, a change in height giving a direct change in

This means that as costs for the tower are linear with height or diameter, and power is
inear with area (d2) but influenced by the power law coefficient, it may be generally

This assumes a 50:50 split in rotor to tower costs for the tota] System. If the tower
Costs are more than 50% of total costs, the break point on power law coefficient
increases and unless the boundary layer s Very rough (ie. n greater than 1/2, which is
likely unsuited to wind generation in the first place) it is generally more cost effective
to increase power output with a larger rotor.

normally Necessary for. wind Pumping needs. Standard rules of thumb such as having
rotor at least 5 meters above and clear from local obstructions to keep it free from
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EVALUATION OF WIND POWERED SYSTEM PERFORMANCE

This report has been prepared in response to Scope of Work Item No. 4, review or
propose wind energy system monitoring procedures and recommend instrumentation for
System performance data acquisition.

There are two sets of circumstances for which it is desirable to evaluate the
performance of wind powered systems, in this case those used for water pumping. They
are:

l. Overall field performance of demonstration units by monitoring the flow rate of
water delivered vs. the wind regime. By measuring these two parameters, it will
be possible to evaluate the output of the system and to recommend any changes
in design parameters, diameter of rotor, cut-in velocity, cut-out velocity, stroke
or matching with the pump etc. which may enhance the overall system
characteristics.

2. Performance evaluation of a wind rotor to determine its coefficient of
performance vs. tip speed ratio and starting torque. This done by measuring wind
speed, (when stable of a period of time greater than the response time of the
system) rpm and torque output of the rotor. This will enable a baseline
performance curve to be established for a given rotor configuration. This will
then permit the assessment of any changes to the rotor configuration to be
compared against this baseline.

By evaluating these performance parameters, it is possible to assess the efficiency of
a wind powered system, determine the sizing required for given applications, and the
predict the overall potential and suitability for delivering water (or power) at a
selected site,



OVERALL FIELD PERFORMANCE EVALUATION

The overall field performance evaluation is the final assessment of the entire wind
powered system. It determines how much water is being delivered at a site (or power
being generated) over a period of time, leading to the efficiency and ultimately the
cost effectiveness of the system. It is assumed that the wind rotor characteristics are
known, or can be evaluated as described later in this discussion. The measuring of the
wind regime on a spectral basis (je. number of hours vs. wind velocity) will give the
power input into the system. When this is compared to the effective power output,
measured for water pumping systems as the flow vs. the discharge head, this will give
the overall system efficiency. In turn, this indicates how suitable the system is for the
installed application, if it is large enough, or if the rotor is well matched to the pump
and so on.

TECHNIQUES & INSTRUMENTATION REQUIREMENTS

Wind Velocity Measurements

The wind velscity Mmeasurements, as mentioned, indicate the power input into the
system, as well as the suitability of the wind regime for power production, ie. whether
or not there is enough power available in the wind to produce significant water outputs
at the site.

As the power level developed by the machine is a function of the velocity to the third
power, V3, the accuracy of the measurements of the wind speeds and the width of the
ranges chosen has the greatest influence on predicting this input into the system.
Ideally, one would prefer to measure the entire wind spectrum concentrating on the
ranges between the cut-in velocity of the wind system, Vcut-in, around 2 m/s for
water pumping, up to 7-10 m/s, beyond which there is little overall energy available
when the wind averages are in the 3-5 m/s range (as is typical for the non-coastal near
equatorial locations). It is important to use ranges that are small enough, preferably
only 1 m/s wide. This will minimize errors introduced when the energy distribution is
showed in a measurement range.

This measurement can be done by:

1. wind spectrum analyzer
2. wind speed chart recorder

The wind spectrum analyzer has the advantage that the wind speed-frequency
information may be read out directly from the instrument. It has the disadvantage
that it does not retain the wind history so that short term cycles, such as diurnal
variatons may be analyzed.

The chart recorder has the advantage of presenting a fuller picture of the wind
history, and makes it easier to correlate any diurnal variations that may be important.

It also makes it quite easy to determine when periods of steady wind occur during
performance evaluation testing.

S
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This system has the disadvantage that the data retrieval can be very time consuming,
and subject to large averaging errors or loss of information.

Location of Anemometers

Anemometers should be located, as general rules of thumb dictate, within 15-20 rotor
diameters of the windmill, but not closer than 2-3 diameters. It should also be located
at the same height as the rotor hub centre, and not in turbulent wake from rotor or
other local obstructions. Further details may be found in anemometer suppliers
literature.

Water Flow Measurement

Water flow measurement in the field can be broken down into two categories:

1. short term
2.  long term

The short term measurements may be carried out by timing the delivery into a known
volume, ie. a 200 litre drum or 2 m3 steel container. The container should be large
enough to take 2-3 minutes to fill to avoid introducing excessive measuring errors,
which would occur with shorter filling times.

Short term measurements may also be taken by constructing a weir in the out flow
channel, and calculating the flow using handbook valves for the shape of the weir.
Attention must be paid to the response time of the weir and channel for the entire
range of flows expected. See Attachment No. 1 for further details.

Long term measurements require the use of totalizing flow meters such as those used
for metering domestic water consumption. However, more complex recording
instrumentation could be used if it is important to keep records for comparison with
wind data. Alternatively long term data could be collected by very detailed record
keeping of storage reservoir volumes.

The value of these measurements, when used in conjunction with windmill information
is to evaluate the performance of the pump, ie. to see if it is leaking etc.

RPM Measurements

It may also be of use to measure the rotational speed of the windmill rotor. As most
rotors turn at less than 100 rpm it should be possible to count this rate while using a
watch to give the elapsed time. Counting should be done for approximate |-1%
minutes to minimize interval errors. When the rpm vs. wind speed for the rotor is
determined while the wind is constant and the rotor not indergoing a transient
response, a good estimate of rotor tip speed may be made. This will assist in verifying
the matching of the rotor to the pump.



Preparation for Evaluation

Prior to visiting the site for field evaluation studies, the predicted performance charts
for the windmill rotor and pump combination should be known, charted and on hand.
This will make it possible to make field changes if necessary to correct any obvious
mismatching in the system that may have inadvertently occurred.

It will also be necessary to know the design pumping head for the system, pumping
losses and be able to measure the static head difference while in the field.

Measurement of Field Performance

Using the instrumentation prescribed, the data is coilected in the field and preliminary
evaluations made. In this way field modifications can be made and evaluated
immediately. The field tests may be quite time consuming if the winds are irregular.

INTERPRETATION OF RESULTS FROM FIELD PERFORMANCE MEASUREMENTS

Results Other Measurements Causes
. windmill not starting - wind speed Vcut-in pump too large

l

2. pump jammed or broken
3. transmission jammed

4.  tail locked out

5. blade angles off

- low wind speed l

2. poor wind regime

2. windmill running too - flow okay . head lower than expected
fast, high rpm 2. blade angles too shallow
(will be hard starting)

- low flow 1. pump leaking or unhooked
2. well dry
- wind high 1. tail vane not furling
3. windmill running - performance as . good system in operation
okay charted (evaluate total cost

effectiveness)

Other projects carrying out field performance evaluations are BHEL in Kenya with the

Kijito system and VITA with the V-8B system in Thailand. (Ref. 1)

pump dia or stroke too large

V/



EVALUATION OF ROTOR CP AND STARTING TORQUE

The measurements required for evaluating the performance of a rotor vs. rpm are best
carried out under controlled conditions. Even well instrumented field trials, under
atmospheric wind conditions are susceptible to the measurement erors and uncertainties.
The variability of the wind speed and its power input as a cubic function, V3, the
dynamic yawing of the wind rotor and the response characteristic of the rotor will all
affect the accuracy of output data. However, with a great deal of patience and
ingenuity these errors can be kept to a minimum.

One technique that may be useful is to arrange to carry out tests with artificially
induced "wind". This may be done by mounting the test rotor on a vehicle or river barge,
locating it out of any local turbulence from the vehicle itself. During periods of wind
calm, the vehicle may be motored at the desired speed held constant while rpm and
torque measurements are made.

When the natural wind is to be used, patience is the key work. The evaluation reading of
rpm and torque are only valid when the wind has been constant, ie. * 10% for [%-2
minutes, and then does not drop off until at least the same amount of time has elapsed
after the reading is taken. Even then, error ranges may be calculated and shown to be in
the 20% range.

It is also time consuming to evaluate the full range of tip speed ratios, as for lower
values, any changes in wind speed will cause drastic changes in rpm or even cause the
rotor to stop. Then the whole system will have to be reset and prepared for another long
steady wind.

While some research organizations such as N.A. Rockwell have been able to evaluate the
performance curves for rotors on a dynamic basis using extremely sophisticated and
expensive computerized instrumentation, this level of evaluation will not be reliable or
cost effective under present conditions at LESO.

It is always important to keep in mind that the optimization of the rotor configuration
through extensive evaluation testing is not the only way to increase windmill output.
Optimizations of blade angles, shapes etc. may improve a rotors output by + 10%.
However, a 50% net increase in power may be gained for example by changing the
diameter of a 4 m @ rotor to 5 m @, witaout any other configuration modifications.

INSTRUMENTATION FOR PERFORMANCE EVALUATION

Wind Measurement

A chart recorder is essential to give the record of wind history, and to identify when the
wind speed is constant enough to take rpm and torque readings. The chart recorder may
be backed up by a real time data logger for easier data reduction. The location of the
anemometer is important, as previously discussed.

.



RPM Measurements

Rotor speed may be timed manually as discussed in the previous section, or recorded by a
chart recorder or data logger using a suitable rpm sensor. A straight forward technique
which could be used would be to drive an anemometer head from the rotor shaft and use a
similar instrument chain as for wind speed readings.

Torque Measurements

Torque measurements are taken as the reaction force of a loaded rotor shaft against a
moment arm. The key to good accuracy is to absorb the power smoothly from the shaft
and to keep the torque arm length constant.

Attachment No. 2 shows a standard prony brake arrangement, and similar devices may be
made up from suitable automotive braking components. Force readings may be taken as
the deflection of a known spring or torsion bar or from a fully instrumented strain gauge,
depending on accuracy of readings desired.

Angle of Rotor 0 Wind Measurements

The angle of the rotor to the wind must be monitored so the output values may be
corrected for any velocity reductions if necessary.

Results

The data from the measurements can be analyzed and presented in the standard CP or
CT vs tip speed ratio graphs. Comparisons between rotors are then easily carried out.
These techniques for performance evaluation have been used successfully by most
research organizations, and are the s.urce of all empirical performance figures for wind
rotors.

Attachments
I.  Standard Handbook Weir Data for Water Measurements

2. Standard Handbook Data for Power Measurement

References
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Attachment No. 1 - Standard Handbook Weir Data for Water Measurement

ASME WEIRS

Definlllons ' A weir is a dam over which liquids are forced
10 tow, Weirs are wsed 10 measure the hw of liquils in inen
channels or in comluits which dn mx flow full; i.c., there is a
free liquid surface. Weirs are almimt exclusively used for
incasuring water flaw, although small anes have been usad for
metering other liquids. Weirs are classified acconiling o their
notch or opening as fullows: (1) rectangular. meich  (original
form), (2)'V or triangular moich; (1) irapesoidal motch, which
when designed with end slopes one horizontal to four vertical
is callexl the Clpotiettl wele; (4) the hyperbelic weie tlesigned 1o
give a constant coefficient of discharge; and (5) the parabolic
weir designed o give a linear relationship of head to flow, As
shown in Fig. 30, the top of the weir is the cres and the
distance from the liquid surface 1o the crest b is called the hesd.

The sheet of liqui flowing over the weir crest is called the
nappe, When the nappe falls downstream of the weir plate, it is
3ail to be free, or sersted. When the width of the approach
channel L, is greater than the crest length L., the nappe will
contract so that it will have a minimum width less than the
crest length. For this reason, the weir is known a3 a contracted
weir. For the special case where L, = L, the contractions do
not take place, and such weirs are known as seppressed weirs,

"

Liquid surfoce ;k“ﬁi‘ plate
%
J

h Heod |

l Cru?/

DA S SRTNCSS S

F1g.30' Notation for weir rtudjr.

Parameters ‘I'he forces acting on liquid flowing over a
WEir are inertia, viscous, surface tension, and gravity, If the
weir head produced hy the flow is 5, the characteristic length
of the weir.is L, and the channel width is L, either similarity
or dimensional analysis leads W f(F, W, R, L JL.) = 0, which
may he written as V = X'\/2g8, where K is the welr coeMfclent
and X = w, R, LJL,), Since the weir has been almost
exclusively used for metering water flow aver limited tempera-
ture ranges, the effects of surface tension and viscosity have
not  been adequately established )y experiment,

Cauton ‘I'he numerical values ol coefficients for. weirs are
based on experimental data obtained from caliliration of weirs
with long approaches of straight channels, Head measurement
should Le made at a distance at least three to. four. times the
expected maximum head 8, Screens and haffies shoukd be used
23 necessary (o ensure steady uniform flow without waves or
local eddy currents. ‘The approach channel should | be  rela-
tively wide and deep.

Rectangular Weirs) Figure 31 shows 3 rectangular. weir
whose crest width is L. ‘Ihe volumetric flow rate may, he
computed  from the continuity equation: O = AV =

(LXK /22B) = KL, \/Ig 4*3, The ASME “Fluid Meters”

r—s CMIUHIH.L.-—'—-——--'
"‘—Crl'lt length,L, —

Liquid surface

Head,h

Crest haight, 2

Fig. 31 Ra;ur'uhr\n'r.
feport recommends  the following equation for. rectangular

weirs: 0 = (h)CL, /2¢ 527, where C is the coefficlent of dis-
charge C = fIL /L. &IZg}, L, is the adjusted crest length L, =
Ly + AL, and 3, is the adjusted weir head be= b 4+0.003 fr.
Valuesof C and AL may be obuained from Table 15. To avoid
the! possibility that ' the liquid | drag along the  sides of the
channd will affect side contractions, L, — L_ should be at
least 45, ‘The minimum crest length should be 0.5 ft to prevent
mutual interference of the end contractions. The. minimum
head for free flow of the nappe should be 0.1 fi.

Examme.  Water flows in 2 channel whose width is 40 fr. Aq the
end of the channe is a rectangular weir whose cress width is 10 ¢ and
whose crest height i3 4 ft; The water flows over the weir at s height of )
ft sbove the crest of the weir, Estimste the volumetric flow rate, L L,
= 10/40 = 0.25, HZ = )4 = 0.75, from Table 1§ (interpolated), C =
0.589, AL = 0.008,L,=L,+AL = |0+ 0.008 =. 10,008 feodam b +

0.00) =) 4 0003 = 3,00 fr, O = () CLoIg k'™, 0 =
@13)0,599X10.008)2 % 12, 17/:%3.0034, Q = 164.0 ft¥/s (4.644 m/s).

Table 15, Values of C and AL for Use In Rectangulss-Welr Equalion

Crext lengih/channel widih = LJL,

WZ 0 0.2 0.4 0.6 0.7 0.8 0.9 1.0
Coefficient of discharge C

0 0.587 0.589 0.591 0.593 0.595 0.597 0,599 0.60)
0.5 0,584 0.588 0,594 0.602 0.610 0.620 0,631 0.640
1.0 0,586 0.587 0.597 0.611 0,625 0.642 0.66) 0,676
1.5 0,584 0.586 0,600 0.620 0.640 0,664 0,495 0,718
1.0 0.58) 0,586 0,603 0.629 0,85§ 0.687 0.726 0.75)
1.5 0,582 0,585 0,608 0.6)7 0.671 0.710 0,760 0.790
1.0 0,580 0,544 0.610 0.647 0.687 0.7)) 0.793 0.827

Adjustment for crest length AL, f

Any 0.007 0.008 0,009

0.012

0.01) 0.014 0.01) =0.005

Complnnl fmm dam wiven in =Flusl Metrers,” ASME, 1971,




Triangular Welrs  Figure 12 shows 2 triangular weir whose
ftch angle is 8, Uhe vodumetric! fkew! rate may be compiited
from . the continvity  equation 0= AV = (4% 1an 8/2)

(K" \/2gh) = K 1an (6/2) \/Tg b8, ‘The ASME "Fluid Meters®
feport recommends the following for triangular. weirs: 0 =

(8/15) C tan (42) /3£ (b + AbPA, where C. is the coeflficient
of discharge C = /16) and A5 is the correction for head/crest
ratio 44, = f16). Vilues of C and| A may! be obtained from
Table 16,

ExaMme. - It is desired 10 maintsin s flow of 167, (¢¥s in an open
channe whase width is 20 ft at'a height of 7. ft by locating a triangular
weir at the end of the channel, ‘The weir has a crest height of 2 (v, What
notch angle is required 10 maintain these conditions? A wial-and-error
solution is required. For the first trial amume # = 60° (mean value 20 to
100°); then C-'= 0.576 and Ab = 0,004,

b+ Zmleby 2. bms
Q = (V15) C tan (8/2) V25 (b + Adp»

167 = (B/15X0,576) tan (&) VT X 3217 (5 + 0.004)*%, tan™! (62) =
1.2099), @ = |00"S)’,

Second trial, using @ = 100, C = 0.581, Ab = 0.00), 167 = (&
15X0,581) tan (2) 92 % 32,17 (§ + 0,003 tan”! (6/2) = 1.20012, 0 =
100°)9"  (close check).

—

Channel width, L, *-I

Notch angle

Liguid
surfoce

Crest height, 2

Fig. 32, ‘Triangular weir,

Table 18. Valuss of C and Ah for Use In Triangulan-Wair Equation

Weir ntch angle 8, deg

Item 20 Jo 45 60 15 20 100
c 0,592 0.5R4 0,380 0.576 0.576 0,579 0.581
Ab, fr 0.010 0,007 0.008 0.004 0.00) 0.00} 0,003

Cumpiled from data givew i “Fluid Merers,” ASME, 1971,

Attachment No. 2 - Standard Handbook Data for Power Measurements

POWER MEASUREMENT

Power is defined 1s the rate of doing work. Common units are
the harsepower and the kilowart: | hp =133,000 fclb/min =
0.746 kW, The power input to a rotating machine 'a hp (W) =
2mnT/k, where w = r/min of the shaft where the torque T is
measured in Ibf:ft (N'm), and & = 33,000 felbfMp'min (60
Nm/(W)Xmin)), The same equation applies to the power out-
put of an engine or motor, where w and T refer to the output
shaft. Mechanical power-measuring devices (dynamometers) are
of two types: (1) those absorbing the power and dissiparing it
as_heat and (2)/those transmitting the measured power. As
indicated by, the above equation, two measurements are
involved: shaft speed and torque. The speed is measured
directly by means of a tachometer, Torque is usually mea-
sured by balancing against weights applied 1o a fixed lever
arm; however, other force measuring methods are also used!
[nthe | transmission dynamometer, the torque is measured by
n;luns of strain-gage elements bonded to the transmission
shaft.

There are several kinds of sbsorption dynamometers. The
Prony brake applies a friction load to the output shafr by means
of wood blocks, flexible band, or other friction surface, The
fam brake absorbs power by “fan™ action of rotating plates on
surrounding air. 'IPI: water brake acts as an inefficient centrifu-
83l pump to convert mechanical energy into heat. The pump
casing: is mounted on antifricrion bearings so that the devel-
oped turning moment can be measured, [n the magneiic-drag or
eddy-current brake, rotation of a metal disk in'a magnetic ficld
induces eddy currents in the disk which dissipate as heat. ‘The
field assembly is mounted iin bearings in order to measure the
torque.

One type of Proay brake is illustrated in Fig. 35. The torque
developed is given by L(W =~ W,), where L is the length of the
brake arm, ft; W and W, are the scale loads with the brake

: W,
Sering Weigh
P H — ll-l:dl
.-"D'““
[==—Broke band
Balance
Broks Ening weights
L

Fig. 35  Prony brake.

operating and  with the brake free, respectively. The brake
horsepower then equals 2wal(W. — We)/33,000, where w is
shaft speed, r/min.

In addition to eddy-current brakes, dectric dynamometers
include calibrated generators and motors and cradle-mounted
nerators and motors.  In calibrated machines, the ef ficienc
is determined over a range of operating conditions and plotted).,
Mechanical power. measurements can  then be made by mea-
suring the electrical power input (or. output) to the machine, [n
the electriccradle dynamometer, the motor or generator. stator.
is mounted in trunnion bearings so that the torque can bhe

measured by suitable scales,
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EXISTING PROGRAMS FOR APPLE COMPUTER
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LEso/Gee
PloGLmny o - mpp

ILIST

180 REM INTEGRATION OF MULT IBLADE

185 REM WINDMILL mopgL AND WEIRULL

118 REM WIND MODEL Tg GET OVERALL

115 REM WATER QUTFUT

120 REM

170 REM

28@ REM FROMPT USER,READ DATA

201 REM

202 HOME

205 PRINT "INTEGRATION OF MULTIELADE WINDMILL wITH WEIBULL WIND DISTRIRU
TION®

2046  FRINT

207 FRINT

<1@ FRINT "INFUT ROTOR DIAMETER IN METERS": INFUT RDIAM

212 PRINT "INFUT WINDMILL GEAR RATIO": InpUT GER

<13 FRINT "INPUT TOTAL FUMFING HEAD IN METERS": INFUT HEAD

=14 FRINT "INFUT CYLINDER DIAMETER IN METERS": InFUT CDIAM

215 PRINT “INFUT WINDMILL STROKE IN METERg". INFUT STROKE

<16 FRINT "INFUT WIND FUMF RATED SFEED IN Mygn, INFUT VR

217 FRINT "INFUT FUMF AND LINKAGE MECH EFFICIENCY" . INFUT NFT

218 PRINT "INFUT AR DENSITY IN KG/M3I": INPUT RHOAIR

219 PRINT "INFUT WINDMILL SHUTDOWN SFEED N M/S": INFUT VF

2@ FRINT "INFUT INTEGRATION INTERVAL IN M/S": INFUT DV

‘2 FRINT "INFUT MEAN VELOCITY IN M/S": INFUT VEAR

“24  FRINT “INFUT WEIEULL SHAFE FACTOR": INFUT

<86 FRINT "INFUT TIME FERIOD(IN HOURS) OVER WHICH THE INTEGRAL IS TO Eg
CALCULATED": INFUT FERIGD

I FRINT “"INFUT THE MAXIMUM ALLOWED FUMF STRORE IN METERS": INFUT MaxgT
=

271 REM

232 REM

23T REM =TO CHANGE WINDMILLS CHANGE 313,370,376

23I%  REM

240  REM

241 DIM TSR(SD@),PRPM(S@@),wF(SBQ),FLDN(SQ@),HDURS(SQ@),PV(S@Q),PSTRDKE(
50@) , VFS (520) ,0A (500

242 REM

<49 REM INITIALIZE

25@ Y74 = (1 / DY) % UR + 1

<51 7% = (1 / DY) % UF + 2

5% REM

267 REM

258  BOSUE 1900

265 REM

270 REM

=71 FRINT "DO YOU waNT A FULL OUTFUT (INFUT 1) Om JUST THE FINAL WATER QU
TRUTCINFUT @) “: INFUT S1GN

<30 IF SIGN = 1 THEN FRINT "V": TAE( 15); "Fume STROKE"; TAE( Z0); "voL/s
TROKE"

277 REM SET CONSTANTS

B0 WEA = (STROKE = 1008.2 * 9.81 % HEAD « (CDIAM ™ 2)) / (B.@ % NPT % GE
R

@S OF = woa = 3.141592454

MO K1 = 2 / (RHOAIR # 141592654 * ((RDIAM ; o) - )

2 NVE = gl

"7 COD = @, 33

.
1 1l
N



318
318
19

-t al

ma

-t

Rt i)
-l
T
et

et e

Rtel
L)

rm
'l

T
Ry

228
Z30
339
338
I40
345
350
KA
158
3048
337
298
239
360
361
362
-T2
.72

11Q
415
420
125
=@
435
443
445
d44
447
448
4351

452

457
454
455

450

4462
4465

4564

H

“r

-
— 2

4,1

472
47z
481
48z
487

N~

V'= o.0
FOR I = 1 10 7%
FSTROKE(I) = STROKE » ((v , ypy ~ 2)
IF FSTROKE(I) » MAXSTR THEN FSTROKE(I) = MAXSTR
WACD) = (FSTROKE(I) % 1000.q = 7-81 % HEAD * (CDIAM ~ 2)) , (g.g & NF
T # GER)
VES(1) = 3.1415926 % (CDIAM ~ 2y « PSTROKE(I) # 250 % NV
IF SIBN = 1 THEN FRINT v; TAB( 15)sPSTROKE (1) ; TAR( 3@);VFS(1)
V =y o+ py

NEXT I
TSR(1) = @.0:FRFM(1) = B.0:WF(1) = @.p

V = pv

FOR I = 2 10 vy
TSR(I) = 2 - ((3.0030@3 # K1 GACI)) / (v ~ 2))

*

IF TSR(I) < 0.0 THEN TSR(I) = 2.0
IF TSR(I) » 2 THEN TSR(I) = o

FRPM(1) = TSR(I) % K2 #» v

WE(I) = FREM(I) = VFS(1) #* 40.0

V=V 4+ pny
LT = TSR(I)

LF = FRFM(I)
LW = WFry

NEXT I

FOR I = vz TO it - 2

TSR(I) = LT:FRFM(I) = LF:WF(I) = |
NEXT I
TSR(Z%) = @.0:TSR(Z%Z - 1) = 2.0
FRFM(Z7) = @.@:FRFM(Z% - 1) = 2.2
WF(Z4) = B.G:WF(Z% ~ 1) = 0.9

REM

REM

REM

REM

REM

TFLOW = 0.@:v = 2.0

FOR I =1 10 7%
FLOWIIY = WE(1) = HOURS (1) / 10292.0

TELOW = TFLOW + FLOW(I)
V=V + py

NEXT [

REM

REM

IF SIGN = @ THEN GOTO 470

FRINT

FRINT "VIM/S)": TAB( 15)"STRKS/MIN"; TAE( 3@)"TSR"; TAR( 45) "LTRS/HR
"i TAE( 6@)"HRS OF WIND"; TAB( 73) "OUTFUT M3

FRINT

V= 0.0

FOR I = 1 1o z% - 1

FRINT V: Tagg IS)FRPH(I); TAR ¢ S@TSR{I); TAR( AS)WF (1) ; TAR( 60 HQU
RS(I); TaE: 73IFLOWC(L) .
IV, = l') -+ Dv

NEXT 1

FRINT "EUVF: TARC IS)PRPM(ZZ); TAER( EB)TSR(ZZ); TAR( ASIWF (Z%) 3 TAE(
SB)HDURS(ZZ); TAR( 75)FLOW(ZY)

FRINT

FRINT

FRINT "TOTAL WATER OUTFUT OVER "sFERIOD; " HOURS = "i TFLOW; * CuRIC ME
TERS"

REM

REM

REM

REM

FRINT

[T T



1660

i@
182
l@es

090
@935
100

FRINT "If YOU WANT TO RUN AGAIN"

FRINT "YOu CaAN RESET AMY NUMEER orF"

FRINT "VARIARLES YOU WANT FROM THIS LIST:"

FRINT TaR( 1@)"1) ROTOR DIAMETER *

FRINT TAB( 10) ") GEAR RATIOQ"

FRINT  TAEB( 1@)"3) TOTAL FUMFING HEAD"

FRINT TAER( 1@)"4) CYLINDER DIAMETER"

FRINT  TAE( 1Q)vs5) STROKE"

FRINT Tag¢( 1@)"&8) WINDMILL RATED SFEED"

FRINT TAg( 12)"7) MECH. FumMF EFFICIENCY"

FRINT Tag¢ 1@)"8) AIR DENSITY"

PRINT TAR( 1@)"9) WINDMILL SHUTDOWN SFEEpD"

FRINT TAR( 12)"1@) INTEGRATION INTERVAL"

FRINT TAER( 1@)"11) MEAN WIND VELOCITY™"

FRINT TAR( 1@3)"12) WEIRULL SHAPE FACTOR™

FRINT TAR( 135 "12) INTEGRAL TIME FERIOD"

FRINT TAER( 1@)"14) MAX FUMF STROKE"

FRINT "IF vou WISH TO QuiIT TYFE 15,1F NOT,TYFE IN HOW MANY VARIABLES
YOU WANT TO CHANGE"

INFUT CODE

IF CODE » = 15 THEN GOTO 900

FOR T =1 71O CODE

FRINT "INFUT THE NUMBER ASSOCIATED WITH THE VARIAEBLE TO RE CHANGED" ;
IMFUT cC

IF CC = 1 THEN 650OTO 815
IF CC = 2 THEN G&OTO o14

IF CC = = THEN G&OTO 617

IF CC = 4 THEN GOTO 19

IF CC = S THEN GOTO o619

IF CC = ¢ THEN GOTO 620

IF CC = 7 THEN GOTO &2t

IF CC = 8 THEN GOTO 420

IF CC = 9 THEN GOTO &0

IF CC = 10 THEN GOTD o2a

IF CC = 11 THEN GOTO 405

IF CC = 12 THEN GOTO aog

IF CC = 1= THEN 60OTO &2v

IF CC = 14 THEN GOTO 428

FRINT "ROTOR DIAMETER=": INFUT RDIAM: GOTO &20

FRINT "GEAR RATIO=": INFUT GRR. GOTO &Z@

PRINT “TOTAL FUMFING HEAD=": INELT HEAD: GOTO &30

PRINT “CYLINDER DIAMETER=": [NEUT CDIAM: GOTO &3@

FRINT "STROKE=": INFUT STROKE: GOTO &Za

FRINT "WINDFUMF RATED SFEED=": INFUT VR: GOTO &30

FRINT “MECH FUMF EFFICIENCY=". INFUT NFT: GOTO 630

PRINT “AIR DENSITY=": INPUT RHOAIR: GOTO &Za

PRINT “WINDMILL SHUTDOWN SFEED="; INFUT VF: GOTO &3

FRINT “INTEGRATION INTERVAL=": INFUT DV: GOTO 3@

PRINT “MEAN WIND VELOCITY=": InNFUT VEBAR: GOTO &30

PRINT "WEIRULL SHAFE FACTOR=": INFUT K: GOTO 47@

PRINT " INTEGRATION FERIOD=": [NPUT FERIOD

FRINT “MAX FUMF STROKE = " [NpUT MAXSTR

NEXT 1

GOTO zs@

END

REM  WEIEULL SUBROUTINE

REM

K4 = (1 + 1 ; 1y

Gk = 2.8B67111 - 4.42886996 % 14 + S« IITTTEFT # (K4 ~ 2) - 11429478
A x M8 3 4 0.171231025 # (kg ~ 4)

C = VBAR / Gk

Vo= py ;
TEA) o en e 3



1115

1120

1125

11370

135
1140
1145
11350
1135
1150
1165
1170
1175

FV(I) = C EXP (-~ (((y - D2y 7 Cy ~
"~ K)Y))
TEV = TRV + PV(])
HOURS(I) = FERIOD #* PV (])
THR = THR + HOURS (1)
V=V + pv
NEXT 1
FV(1) = 1.8 - ¢ EXF ¢ -~ ((D2 / C) ~ E))
PV(TZ) = Exp ( - (v -~ p2y 7 ) ~ KJ)
TFV = TRV + pPy(1) + FV(TY%)
HOURS (1) = FERIOD # FV (1)
HOURS(T%Z) = FERIOD # FV(TY%)
THR = THR + HOURS (1) + HOURS (T7%)
RETURN

( EXF

(

(((V + D2)

/7€)



LIST

1999 REM HEIGHT CORRECTION EY JUSTUS

2002 FRINT "INFUT UNITS"

2005 FRINT 1)METERS/SEC™

<01@ PRINT 2)MILES/HR"

2015 PRINT ° 3)KEM/HR"

2020  INFUT VUNIT

2025 REM

2830 FRINT "INFUT OEBSERVED VELOCITY": INFUT vaA
2033 IF VUNIT = 2 THEN VA = vg / 2.234694
<042 IF VUNIT = 3 THEN vA =

-

VA / 3.6
2043 REM
2030 FRINT "INFUT MEASUREMENT HEIGHT (M) INFUT A

<050 ALFHA = (@.27 - 0.088 * € LOG «(vary) 4 (1 - (0.088 # ¢ LOG (A 7 10);
))

2865 FRINT "INFUT DESIRED HEIGHT": INFUT X

<@70 VX = ya = (X 7 ay -~ ALFHA)

<@71 IF YUNIT = L THEN VX = ux % 2.23694

2072 IF YUNIT = S THEN VX = yx % 3.6

2B73  FRINT "y AT DESIRED HEIGHT = "1VX

2080 FRINT "ALFHA= "1 ALFHA

2085 END



LIST

100 REM FROGRAM GENERATES DAY
105 REM RY DAY WIND SFEED DATA
118 REM FROM A MONTHLY MEAN

115 REM aND SIGMA OF DAILY

120 REM MEANS AND A RANDOM

125 REM NUMEER ROUTINE

130 REM .

133 REM SAVES DATA INTO DISK
148 REM FILE FOR USE IN STORAGE
145 REM PROGRAM

150 REM

135 REM ASSUMES SIGMA OF DAILY
150 REM HMEANS = CC*MONTHLY MEAN

145 REM

170 REM

180 REM

205 DImM GBS (Z@) ,VDAY (Z0)
21@ REM

213 <SEM

22 REM

222 HoME
<25 FRINT "ENTER ANY INTEGER(I—IG), "
22 FRINT "AS A RANDGOM NUMBER SEED "
- 27 INFUT K :
- 4B CPRINT "“INFUT MONTHLY MEAN WIND SFEED , IN M/S v, INFUT WM
253 REM
244 REM
2565 REM  GENERATE FSEUDO WIND DATA
254 REM :
26T CC = .35
268 8D = CC % VM
270 REM
272 DT = §.0:08 = 2.2
273 FOR I = 1 TO 20
L83 RK = 8‘ND (k)
29@ R1 = RND (1)
293 GS(I) = ( s@R ( - 2.0 # LOG (RK))) % cos (2 = 3.141392654 % Ri
305 VDAY (1) = UM + (GS(I) #* sSD)
@6  IF VDAY (1) “ @.@ THEN VDAY(I) = 0.0
307 DT = DT + VDAY (1)
Z@8 DS = pg + (VDAY (I) % VDAY (I))
13 NEXT 1
216 REM
17 REM
218 DT = pT s 3P
220 SC = { sgr ((DS - (3@ * DT = DT)) 7/ «(29)))
225 REM
S30 REM
TG XK = VM - pT
T XEAX = .05
239 IF X ¢ @ THEN X = - 1 & x
241 IF X n o oxxx THEN 265
365 REM

2b6  REM
369 REM  FRINT OUT RESULTS
7@ REM

273 REM

— -~ L R R



“AYa
395
4006
405
406
‘a7
428
410
420
425
27
40
440
442
444
4350
455
457
458
459
450
442
454
455
464
467
168
170
475
474
3@

400
51@
750

FRINT

FOR I =1 1O 30
FRINT I,vDAY(I)

NEXT I

FRINT

FRINT "INFUT MEAN = "1VM;: TAR( £€3) 3 "CALCULATED MEAN = "“:pT
FRINT "“"INFUT SIGMA D = "1SD; TAB( 23) ; "CALCULATED SIGMA D = "sSC
REM

REM

REM . FILE SET yp IN AFFLE

REM FLOT FORMAT '

REM
D = CHR$ (4)

PRINT "DO vou WANT TO SsAve THIS INTO A DATA FILE(Y/N) T": INFUT st
IF S = wyw THEN 400

FRINT “INPUT NAME OF DATA FILE ": INFUT NAME:

FRINT "INSERT FROPER DISKETTE IN D1v

FRINT “READY (Y/N) v

INFUT R%

IF R = "N" THEN 455

REM

FRIMNT Df; "OFEN " NAME$

FRINT O#; "DELETE "3 NAME$

FRINT D#;"OFEN " NAMEE

FRINT D#f; "WRITE "iNAMES$

FRINT =0

FRINT O

FOR I = 1 Tg 2@

FRINT I

FRINT VDAY (I)

NEXT 1

FRINT D#; "CLOSE "sNAME$

FRINT "DO vou WANT TO RUN AGAIN(Y/N) v,

e lnlel
Lm s

IF C% =
END

"Y' THEN

INFUT C3%
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WORDSTAR FILE - NAMES-

file describes all the files that have been entered on dise

by W. Schmidt during the wind consultancy June 18 - August 13

1=
j—

I

i
Irs

FIELD

YAMES

This is the schedule of activities for weel no. 4
and a summary of achievements during week no. e

This is the schedule of activities for week no. S
and a summary of the achievements during week nao. 4,

This is the schedule of activities for week no. &
and a summary of achievements during week nao. S

This is the summary of achievementsg during week no. 6.
{end of contract w schmidt)

This is the Wordstar file containing the comparative
analysis gf various wind Systems prepared for the
GEE to present to the director. Itg intention isg te
Justify the present direction in wind mill devel op-
ments, '

This is the Wordstar documentation on the fortran program
devel uped using standard Weibull functiaen to predict
wind velocity vsg, hourly Probabilities for variaous
avarage V. It algo predicts the estimated pumping ar
glectricgl outputs that may be expected for that wind
regine, '

The fortran Program is GROG.FOR for the pumping
(in strokes feor 4 given dia and tipspeed ratio) and
GGELEC.FOR far the electrical outputs (in kilowatt-—
haours)

This is g Wordstar file which Summarizes the findings by
the Kenya Industrial Estates Renewable Energy Frogram
during itg development of the 12FUSDQ windmill which
may be applicable to the development work being done
on LES0 I & LESQO II wind machines here in Mali.

This is the Wordstar documentation on the mathematical

and computer model for the hinged tail design
windmill. The fortran Programs are TAIL.FOR. and
TSWD. FOR.

This is the Wordstar file containing the documentation
for the field and performance assessment report.

This is the Wordstar file that lists all the files
Rrepared for the GEE by w. schmidt You are reading
vubput from NAMES



material that shauld be dadded tg G.E.E. ‘s resource
information,

ROG.FOR This is the fortran Program to evaluate the Weibull
function and tabulate the no. of strokesg pumped in a
vear

GBELEC.FOR This is the fortran pProgram which evaluates the

twa unknown angles. Thig Program contains the input
data for LESQ II.

ISWD.FOR This is the fortran Program which Calculates the
solution to a hinged tail windmill by iterating the
two unknogwn angles, Thig Pragram contains the input
data for sSWD 2740 rotor and Provision tg change data
to that repracenting ang offset rotor madel,

ROTOR, FOR This ig g fortran Programme to estimate the perform-
ance of a fan style windmill rotor using curved Plate
blades. Thig Programme jig tg be used only for
comparalbive PUrposes ag the model makeg saveral
assumptions and Neglects several losses, This means
that the absolute tarque and power levels are not
calculated, but the values derived &re indications of
the efficienciweg and potentials for the rators being
Compared. Thisg Programme usesg input parameters franm
Lhe 1Z2FUSQEQE to vearify the model against published
Lurves oo Lhgt further results may be interpretted
and  adjusl ey accardingly.

RRR. FOR This ig a fortr an pProgramme cupy of ROTOR.FOR with
the LESQO 1] Parameters ag inputs.
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EFORT ON FINDINGS EY KIE ON WORK WITH 12FUS@@ WINDMILL

————— —— — ——lh

General findings by the k.enya Industrial Estates Renewable Ener
Frogramme on its development and system Prototyping which «
applicable +tg other projects doing similar development work. KIE
been working with the 12FUSO08 since it was introduced in 1979
UNIDO project in Kenya.

1. main  shaft: should not weld or spot weld to lock bearings
shaft as thig tends tgo damage bearings (ngte: original Ghazipu
design had a shaft taper Piece not commen in oather sty
bearings so while welding to lock it may work for this style
bearing, it does not for the generally available types)

2. main bearing changed Lo heavy duty oil bath bearing at a cost |
20,000/= (1500 USD¥) a pair. (This may not be entirely econom-
ically sound as it doubles the caost of the entire system. ~ws)

J. tross head frame being reinforced to reduce flexing. Flate plat
Will be added by welding an sides and top, boxing in structure.

4. Pivol for head - ame modifications will be required to permit
2asier orientation, Yawing, into the wind. Details of the mod-
ificationg include axial bearings and roller guides.

Sa rod ends, tmported at a cost of $7 USD each will be used for
connecltion rod ends rather than fabricate nylon/steel component

&, rocker arm for panp rod: the bearing tag be designed using a
heavy duty truck universsl joint. Several standard zized unitg
AR available ab low cust, offaring gooud strength, dust resis-
tance and fine bearing action.

7. crank  arm dasigyn changed tg stiffen up original design. Twa
modifications are planned: first, a heavy plate was used for the
M and later the design will incorporate a disc with threadsd
hole etec. It was identified that this is a critical stress/load
transfer zone and efforts to spread the load are very important.

8. mudifying the side vane with a larger Spring, variable rate and
More surface area, some af which will be added at 45 orient-
ation to provide for gust Pick-up.

5. tuwer : change to a more "knock-down bolted canstruction to
facilitate Lransportation.

1G. Lawer: detajls in design added to permit galvanizing of compon-
ents, especially for concrete/steel corrosion resistance and
for use at coastal locations.



Genergl Froblem Areas

S Sl

1. RBearings —imain shaft
~Yaw bearings on tower
—crank arm

General solution: to replace with heavy duty reliable imported units,
generally supplied from automotive/truck sQurces,

Comment : replacement of the main bearings to increase one—-and-a-hal f
to two year observed life by items costing 1@:, in fact
increasing the total system cost by S@-100Y%, may not be as cost
effective as el ther reviewing means of increasing the
longevity of existing bearings ¢ ie by sun shading,
oversizing, dust protectian, regul ar greasing with clean

grease) and {f Necessary replacement from time to time on s
Rractical maintenance schedul e,

2. rigidity of rotor support head and frama;

Gereral solution: additionagl steel added, especially in sections not
“ompletely triangul ated in the original design, where it will
greatly ircrease the resistance to twisting.

T power transmission from rotar shaft tg pump rods:

Gener al solution: heavi - sectiong of steel, bettar- bearings and re-—
Blacement of sliding seckions witkh loung SWiNng arms.

4. rotor otk ol svstem:

Gemner 1 sulubtion: testing and minur modifications tg prermit fine
tuning and long kernm reliability

General Camments by | E

l
|
!

l. machine most suitable far low lift irrigation needs (3 m head)
not for Pumping to 20m.

“oomajor ity of the systen Problems is wilh Lhe RUumps, not Lthe wind
ratars,

J. owill likely redesigrn for Prototype II Lased on the experience over
the past five vears,

w.s.27.7.84
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RAPPORT DE STAGE PAR M.B. TOURE AUX US.A.ET AU CANADA
DU 1 OCT. AU 12 NOV, 1983

TRIP REPORT BY M.B, TOURE TO USA AND CANADA
OCT. 1 - NOV. 12, 1983

REFERENCE ONLY (IN FRENCH)
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. Toutefois il faut regonnaftre que ce cours etait
néanmoins intéressant et surtout trds pratiques L'emploi du tewps dt.
le suivant

8*% . 11°* < cours théoriquo'

Jo
12 -6 - séance pratique

Le cours théorique i Portéd sur l'histu.idque dss Golic.
nes (aveo pProjection de disque), les differentes cIgompugantes: o des 1
chines (Dompstqg}i‘jncuotor). la selection de certainoes doliennes, lc.
pompes... A piston; le reseau de distribution de l'eau (caloul hydruuli
que simple), cpoix des thynutoriol basé sur des critérus tocliniquas u»

daononiques, .

Quant aux travaux pratiques, ils ont poité sur le ol
tage et 3¢ démontage des diff!rontou parties de systdumas de pompage t
Pyldne, roue, systime de tranimil-ion 3 la réparation Jd'une édolienny
Dompter, liimplantation et l'érection d'une dolienne.

En plus des aeoliennes de pompage Aervuctor ot Lamupt.i
nous avons travaillé sur les types Samson, Hslliday, boker toutes dus
multipailes avec des diambtres.Mereum variant entre 1,8 et 2,4 mdtras.

Ce cours, qui eat dispensé piriodiqueniznt au soin d.:
cuttae univurdité; dtult suivi par 8 personuos dont 4 sndrleaing, 2
Bostwuraris et un HaYttien, Il a été sanotionnd par un dipldug 1 "Dlplg;
of technician of wind technology®, | |

Be Conférenceg internationale sur l'énurpie doliunn. ;
Sanfrancisco (Cnliforniu) 17=1Y Vct.
Duraunt mon stage, il m'a été dounsc Llupposrtiyultd

d'assistor 4 cette grande conférence orgunisée par AWLA (Awericuin
Wind Energy Aaaooiation) l'asasociation amoricaine de l'dnergise dolioi-

ne aux USa, _
Plus de 200 personnes de difforents puys (Lunwda, ol
d'Europe, Japon oto.;.) ont aseiasté & cette contéruncg Qul u e ot
fabficants et chercheurs,.
Les thdmes discutéma, avec apport de projection da dia

Pa @t du Transparents, ont portd essentielloment sur los adrogénuri-

teurs de wmoyennes et de grandes puissances 3 50 XKwv ot plus,

Des probldmes relatifs h un développomant gendralisé
de l'utilisation de l'énergie éolienne ont été débattus 1 concaption
selection de site, marketing, sécurité, pollution, l'ussurance et son
impact sur le développement des fermes d'adrogéndrat iy, \

]
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Il faut signaler que tout le long -de cette conférec:. .
jun ‘accent particulier a été mis sur le développement et l'avenlr tres
.prometteur des fermes d'doliennes surtout dans des régicils ou la vites:

' se annuelle moyenne du Qent est de l'ordre de 8m/s,

Aux USA, la califormie est l'un des états ol sont
installédes le plus deé fermes d'éoliennes., Cela a &été rcndu possible
grlce mon seulament & un bon rdégime de vent, mais surtout A causec do
la politique incitatrice menée par les erganismes d'dtal, los pouvoirs
publics et les particuliers tras ontropienanta.

Pendant la conférence se défoulait simultanement unw
exposition d'aérogénérateur, de systdmes de mesures du vunt, des machi

nes électriques pouvant 8tre utilisdggdans les AETORSILLL wCeurs,

En outre une excursion a été organiseé & iltawouc Puss
(situé & quelques miles de San=Francisco) oti sont installdes des forue
d'adrogéndrateurs de differente’s firmes & ENERTECH, Esy, VIND POWELR I
Ces udrogéndrateurs au nombre de 400 environ et d'une puissance indi.i
duelle de 50 a 150 Kw en général produisent de l'électricitd dircctew
ment dans la reseau électrique déja existant A& un cofli trés coLipoetici
bk cents la XWH, Ils fonctionnent 9 mois l'année et bien que déji prow

ductifs font nédanmoina toujours l'objet de R & D,

A Altamantpass, le prodﬂf"?h cours prevolt 1'insitull. -~

tion de 600 adrogénérateurs en tout et d'une puissance totale de 31 v

En plus d'Altamont Pass, J'al pu visité, pendant deux
heures, une autre ferme d"érogénératcuraﬂaitué- & Livermore (2 30 wi-
les de Sans=-Francisae)? Mr. Jack Klaﬁx m‘téorologiste de US Wind POWER
_m'a entratenu des methodes de collects, d'analyse et de traitement das

données du vent par ordinateur.

Ce Université d'dtat du Massachusett. Anharst °h~ 3 ue

Cette partie du stage, bien qu'ayant dté iwmproviudu
par suite d'un changement intervenu dans le programme, a $té ndunmoir.
1'une des pluu“intérousanhq surtout sur lael.plan académiqua. La firme
Dynergy chez laquelle je devais passé un stage d'environ 12 jours suy
les“férmes d'éoliennes" aurait quitté la Californiae pous l'oxdcutiown

d'un contrat yu'elle venait d'obtenir ailleurs,

Ainsi J'ai travaillé pendant 5 jours 3 la facults ds
mécanique sur les aspects théeriques de l'énergle éolienns et visite

ltateolier do fabrication et des installations.

5/




;43‘dur60 d'un semestre peur les candidats & la liceuce vi da 2 suitesty-

;ﬁgur ceux a la maftrise et au Eull, En plus elle a congu vt fabriqué un
 ;6rog6nératour de 25 Xw peur le chauffage d'un bRtiment que j'ai visit.
en cowpazniev du Pr.Cremack, ddﬁﬁh adjeint de ls faculté de mécanique,
Les travaux de R & D sur cette machine qui devaient norislewsnt conti-

nuer dtaiont suspendus previseirement par manque de finuncuueut. Ls
groupe de recherche en édnergie éolienne de i'ﬁﬁi;orsité s'interesse uu:
81 aux machines & axe verticalm } ainui‘la conatructior d'un Darrius

avalt débuté dans l'atelier que j'ai pu visiter.

Pendant mon séjour j'étuis encadré par 3 professcurs i
Pr, Cromack, Dr.MbQukwanc et Dr, J. Manwell, C'est avec ce dernier quo
J'al le plus travaillé seus la forme de conférence e~ guestion ( ou ddm=
bat), forme trds originale et efficace & raison de &4 & 5 heures par
Jour, Les sujuts traités, en pluas de la decumentation dunt j'al &té

pourvu, ont porté sur g

= Methodolegle générale de salectien d¢ site (MO,Covi.:
J.Manwall)
« Reter design (3. Manwell)

En plus de ces ceurs souvent appuyés puy dos Projccw
tions de Diupo, J'ai pu participer avec J. Munwell et MHu.Covun & Ulle
séance de calibragege d'un anememdtre @éohﬁnn.MS768) & la soufilerie
ds l'université et assité au démentage d'un petit aSrogénérataﬁr By
1,000 de chez WindWard (situé A quelques km de l'univer:zité) qu'cu .
ensuite transporté & l'universitd 3 il sera utilisd ou piubdi studis

par les dtudiants pendant les sdéances de travaux Pratiques,

Cleat le lieu de signaler qu'en plus dv la rermunent s
disponibilité des prefesaseurs, en particulier du Dr. JeManyell, j'étuis

dans de trés bonnes conditiens de travail.

III. Stage au Canada t 30 Oct., = 9 Nuv.

Le stage a 6été constitud essentiellement sinon surtout

de visitae de personnes et d'institutions s'occupant d'duergie éolieti v,

A. Université Laval s Quebec City (Qebuc) 31 Oct.

Peandant deux heures je me suis entretonu. uvec le Py,
Vinh D. Nguyen du département de génie mécanique. Il m'u parlé de leour:
travuux et de leurs activités dans le domaine d'utilisation de lténer=-
gle évlienne et remis quelques documents sur les rcsultits des teyts
effdctués sur des protetypes réalisés par eux., Ensuite 11l mla fait visi-
té loa installations,
A



_ Le Pr. V.D, Nguyen eat trds cennu dans le woncs ¢olien pous
;égffgffravaux sur les deliennes & axe vertical netamment sur le type

tfﬁﬁflippini. Par ailleurs il a enso;gn‘ aussi pendant quelques anudes

?*&“1'univorait6 de Dakar et 11 avait initié et lancé un programma de

j?h & D sur las éoliennes,

Ma visite dea installatiens & portéd sur un Suvsiius et un
Philippini installée sur le toit d'un bAtiment de l'universitd. EBasuiv
J'ai visité les laboratoires d'adredynamique et d'elactrotechniqua ou
sont congus des appareils d'instrumentation pour le countr¥ls ot la CG L
~mapde d'udrougéndrateurs,
B, Extravatt St Jean ds la lande 1 Nov.'lljua 1630

Extrawatt est une firme Canadienne quil fabrique des wdruges .
rateurs & l%axe herizontal de 8 et I8 KW. Elle fabriqu: zussl el soude.
ment sur la buse de grande cemmande (commo ce fOt la cus du keérou), ..
eoliennus multipales de Pempaga de l'eau et des pompes & wain & dow
ceQits trds competitifs.

En compagnie du Président Mr. Cloutier j'ai visité ltutelioss
de consiruction mécanique ol l'en precdde au montage final des WO LU -
nérateurs "LXTRAWATT" avant leur expé&ition finale.Ainsi j'ai pu voir

-les 2 adrogdnérateurs (sur 50 unités commandéoa)B???’u ttre wnvoyeus
pour démenstration au Liban, il eat prévu un pour iu cdte d'Ivoire wuos

Extrawatt est une machine tds intéressante non seulement
sur le plan financier (c# 9250 la IB KV) mais aussi sur le plan tachni-
que avec, entre autre, une vitesse de démarrage (avec production dvélaz.;

“tricité) tris bassae 3 4 mph

C. . Pratt § Whitney Montreal 2. Nov. 1430-1630
C'est une usine qui fabrique essentiellement des turbopro-

pulseurs pour les aviens et les héliceptdres,
Mr Jan V408K w'a fait faire ug touﬁ de l'usine ol j'al pu visiter entre
autre, le Laboratoire de test aérojynamiquo, celul de testing dew tu.- .
bopropulseurs et le bureau trds sophistiqué d'ingenacring par oraincuc..
Ensuite il m'a entretenu de ses expériences sur les dalieniic:
axe verticale (dolienne de 17%le de: Madeleine) sur lesquelles il a ou
'Y travailler d'une manidre générale et d'un Prejet d'dolivnne & uxe
vertical aussi et de 230 KW qu'il avait initié duns le {tsmps ot yui 1L
nalement n'ap?iouti 4 cause des difficultés techniques gue reucunire. .z
sa réalisation,
D. Institut de recherche d'hydre québec IRIQ, Montrasliad pic.

Ce trés grand institut de renommée mondiale tiruvuille encend;
leuent sur tous les preblames relatifs & la distributici, de l'éucrﬁh./
P



“dlootriquo ! resvau de moyenne, basse et huuto tenusiou, les transforu..

ktours olc... En plus de cela des travaux de R & D Y sont lendés aussl su
‘Neﬁ»

iea é¢neryies reacuvelables au sein de divisions @ dnergie Solieune, Uio

.m.‘.. pProduction d'hydrogéne (pour stockage de '6norgie). chauftagae

.solaire.

A woy arrivée & l'ireq j'ai été regu pur Mr Beruurd Saulnier,
chdrohour 4 la division "énergie éolienne” ot qui $tai: ls responsable
do ‘mon stagee. Aprés ce chaloureux et trds cerdial accueil Jtal au droit
A une projection de film sur l'ireq et ses uativitds. Insvite jlui
visit‘ certains lubo de rechercho et d'expériwentation i1 iiiute to sasles,
bns-o tanuion, transforwateurs, simulation de déoharcha eluctrique duus
le- lignes huute tunliouotc...)

L'équipe de chercheurs de la division "dnergie dolicune” uvue
laquelle j'ul passé la plupart de wmon tamps travallle priucipalawicnc si..
'les adrogéndirateurs & axe vertical et Je dirais surtout sui les Cypos
Dirriooa. Ella a congu et expérimenté le Darriys: de 230 v deo 1'%le do
‘Madeleinu at cctuellement travaille sur le projet, qui sorult une prumie
re mondiulu d'un Ynrriuss de 3 MW dont les étudaes udrodyriamiques dtaian:
termindes ; ilynstait & finaliser las dtudes de constructio: wdcandgquy
antreprise pur une autire tirma.'

Avac B, Saulﬁté,,I.'Pmracchivoin, le chef duv la ddviston, jrai
ou quolques discussions thdoriques sur les Darrius en géucrul »t un

déjeuner de travail avec toute 1'équipe de chercheurs de la division.

J'ui asaistd 4 un essai sur un Darrius do 50 Kive Y1 dtuit
mené par B, Saulnier et Mr. Durien et a portd sur le dénmusrugs et Leg.y.
de la machine, sa production d'électricitd, la variutiun du coule
motour en fonotion de la vitesse du vent avec tracé de courbeys CUTUC~
tdriatiques pax 1° 1mpr1manto de l1l'ordinateur. Des essais unt portd aus-i
sur los carnccéri-tiquoa du couple de troinnga et principulowent sus
aa dur‘oqéut trés déterninante pour ntt&nuor 1tawplitude des vileatdoa.
pouvant cuuser la rupture des haubans ¢t partaut la cdestruction v .o
machine,

L'ireq a effeatué aussi des expdérimentations dur lu producciuy,
d'hydrogine pur l'énergis dolieune., Mr, G. Belanger, chaer da cotcw
division u pronis d'enveyer au LESO le rapport sur ces estals dos qa'ii
saoara divwponible,

o Concernantla Biomass, je n'ai vu aucune installution a 1%ire..
Toutefois le chef de cette division m'a affirmé que lours objectils
portent sur la gazefication de la tourpe et la production de wdthanul,

o.c,/ncv
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Il n'ya plus de travaux de R & D sur le chauffage Soluire
D™y >
Juotuollomont A l'ireqe Nédanmoins j'ai pu visiter des installations oxiau

.tanfol et aopérationnelles & titre de démonatration.
00

Ee DBruce rasearch institut. Montreal 7 Nov. IO --.
Cet institut de recherche est composé d'un batimenl ot du 2

Chamﬁq d'ensais. C'est dans le bAtiwent que se.treuve, an plus das quul-
ques bureaux,la bibliothdque trds fournie. Ld j'al travaillé quelques
heur;;not ai vu obtenir quelques documants.

_ J'ai visité les 2 chauwps d'essals. Sur lo prenior stuient Gipe-
060 dou saclioirs wolaires & vapeur pour la culsson, daes fuu:as sclalrus.
Quant au sgcond y ataioent oxpo-os un aédregénérateur (1 hh) Lowxo hordvouc
un philip1n1 st up savordug' ot non opératiomnel. Le blAtiwent qui 'y
tr6ﬁ¥o disposé d'un systhbme de chaurfage hybride 3 BETO S e @l
capfours solulces, Les digesteurs do biogaz quant i oux dtuzuut ddoharg oo,
on devait y débuté inceseament des tests aved la betterave cuiic suboyiui.
Tous ces DXOpotypesics ont 4té réalisés ou expérinentds pax ded dtudianto
dans le cuadre de lours ménairemou thbses.

Le Directeur de l'institut Mr. Layand m'a invitd ausoi & uns
projaction de viddo-cassette trds intdressant sur le thdmo swulwvenv 3
"Eiogaz 4 Guyana" (Chine) ol le biogax est utilisé pour fulwe toactiounnew
. groupe élect¥ogdns de 25 KWA. '

. SOFATT Montreal 8 Nov. 83 9°°-16%°

(Socifté de formation et d'mesistance technique intornatiou¢1e)
Cl'est duns l'un das bureaux de cette socldté qulest installe ODr. Bzrowal.i,
specinliste un udronautique qul s'occupe actuallemsut d'adrogdnérateurs
4 axe vartical,

Notre entretien qui a été trds instructi€ a ports ugf les caruc-
téristiques techniques de ltaérogénération (type pnilippini) WECCAN conyu
par lui-m8me. L'originalité.de cette machine se situerul uu udveuu du
profil (Bzrozwki) des pilaes, ce qui confbre 4 la wachine un coufriclent
de puissance Cp de 64 % pour dea vents faibles. Ly licounse seralt dis-
ponible pour uchate.

G. CNRC. OTTAWA 9 Nov. 83 92014

Canadian National research CounsciE

Cette institution do rachar&ha, cgonung l'indigue oin ! won .’

o

it
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olt przncipalemunt axé sur le developpement no EIes grosfsd iuaclhilue ars:.
| Jo cttorai le Durrius de 3 MY qui est en cours de conceptica on cullue
boruticn avea L1'INRY,

Hou padvage & ce centre a été trds tris interosscnte Afust
sous ll'aimuble direation de J.F. Penna (chercheur) J'ai vieits la soure
rlcrie oll sont menés les easais néro(ynnmiquol. aon systdme d'inatrumon-
tntion de collocte, de traitement et de steckage des donnéea par. ordi-
nctour. Il w'a dté donné l'oocasion de voir scommwent 1'on . icéda powr
étudier l'dcoulement de 1llair (ou fluide) sur différents Lsiullls u’

'do pguvoir ensuite um‘lioror leurs caract&ri-tiquoa aéro&ynumiquou et
'pnrtnnt leurs pcrfarmancol.
Aprés la visite j'al discuté avec J.P. Penna de ia t““aric e

Les thimes tralitde, bien que pus s#n proruadeur yu lu

.mnqhinoa Darriua.
tomps doant ja diaposais wals d'une munidre trius explicite c.ii portéa s
lo d‘crochugo agta,uqug\.ue st dynamiquo ot son inrlucnoo sUr led caruce

tdriatiquoa d'un Darrius |} la différence’ danu l'étudo nirodynamiquo des

machinss A axe verticale et celle & axe herizontale.
Lnsuite j'ai 6téd regu par M S. Chapell, lu chour .o udviniuu,

qui, m'a parld des activitéa du CeNRWCo, de louxuoptiou Pacs dlos grusaw.

machines & axa vertical uniquement, L'entretien a §t8 brer caw jo devais preadr.
l'avlon pour Bogton (UbA) mettant ainsi fin & mon séjour Canadien,

Second VIND Boston (USA) IO Nev. §2C.ro35
"fecund wind" est une petite firme, (de 4 & 5 PETSLINGE ) wi

plnino uxpansiovn, qui fabrique des appareils Lesurdss 0L d'vurvgloireine,
dou donndos da.vent, Leur dernier appuareil le AL 200 ¢st tyds iuprag-
6ionnant de par lea possibilitdés qu'il effre A L'utilisutour 1 les done
ndes y peuvent 8tre stockdes dans de petits “Chip" dlactroniquus quu
l'on peut gurder aussi lengtewps que l'en souhaiterai. Losec do wia vigic.,,
la firne déuenageuit Pour des looaux plus grands.

Woods [fola I0-I2 Nov. 83

Wouvdas Hole est une petite ville au bord de la mur ¢t situds &
juelques nilles de Hoston, Ici habite Mr. ND. Campbell qui 'y Tria Licn
lecueilld ot rondu men séjour tras agréable.

A Yoods [lele Jj'ai rencontré Mr. Rus dd"ltussociniion dus veic.,-
:1r1quo¢". Il est constructeur de Potits adrogénérateurs pour los Latowus
re Rus m'a ontretenu de 868 projets et entre autre de sa disponibilits
'our trunsmettre am technelogie et son saveir faire dans lug paye on voic

.../000



do doveloppemant dans des conditions A arr8toer do comnun accorde Mo .
%oul w'a rewis des documents relatifs & son projet tris iutdrossani de
dinpouiuir do fabricatien de la glace grfice & l'dnergic silivnne,

J'al pu visiter le *Wind Farm” clest A dire un parc! ol mont iro-
tallés das doliennes de pompage ni{ de petits adrogénérateurs pour sualis
faire lu curiosité des visiteurs qui pourraient aussi éventuallewent
8'ils le doeirent s'inscrire L des cours do fabrication Jdfdelisnne
fuatique A voila. Le bAtimont du propriétaire est allimont: uanfquenent

A}

2 adérogénicutuury, de I XW chaocun, avec un syatéma de stoclhags par Late

teri. Uno partie de l'énergie Jlectrique est ausai utilioo PO ol
de l'wvau danoe un petit chifteau d'eau.
Clest apris ocetle visite qudk pris fin wmon stage.

llamarques et Conclusion,

.Confarnewant au pregramne unitial du stage les veleis rolutife wu
études théuriques n'ont pas 6té exeoutss coume ce fut le cuw do 1'uni-
versitd du Nouveuu Mexique qui avuit un autre prozrunmg ou up rotvuidin
- Par wangue do twwps car comme l'gn pout le constatar lv culousurier é¢tui
trep serrod. ' )

Néanmoinse J'ai tiré un grnnd profil de ce stags que ja ceasidéic
pcuitif. Cala u été possible grfca surtout A llentibro diapoaibilité de:
persouinas rancoutréoss Yu'elles trouvent lei l'expreassiuvn de ma sincers

"cvhnnalissance.

Hamako, le
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THE FUTURE DEVELOPMENT OF THE LESO MK I WINDPUMP

1. Introduction

This report has been prepared for the Laboratoire d’Envrgie
Solaire, (LESO), Bamako, Mali, by Peter L Fraenkel of
Intermediate Technolagy Power Ltd., (ITP), following a visit

from April 27 through May 2, 1983.

2. Background

The LESO Mk I windpump development was initiated by LESO

mainly as a workshop training exercise. Assistance with the
design and with training was provided by Mr Bill Wright, a UK
wind enerqy expert, while on secondment from ITP, during the

period March through May 1982.

The design was intended to be reasonably well engineercd, but
able to be built entirely with locally available steel stock-

and components. The cost was also required to be kept as low

as possible.

One of the main difficulties related to achieving an adequate
power transmission mechanism due to the limited availability
of bearings and other good quality machine components in
Bamako. Eventually a cam drive mechanism was evolved, which
although crude in some respects, does offer some prospect of

reliable and effective operation.

The author visited Bamako both in order to deliver a series of

lectures on various renewable energy topics, as well as to
review the windpump design and this report runs through some

of the points discussed and conclusions arrived at in
consultation with LESO staff.

Obviously a key element continues to be the training function
achieved both for workshop technicians and for the engineers
at the laboratory to develop a reasonably complex and
‘"demanding item of technology. However, there are also
prospects that the design, if perfected, could serve a useful

function for farmers in Mali.

A precedent has already been set with the rather cruder and

N

\b/



simpler Sahores windpump introduced by Pere Plasteig with
assistance from the US Peace Corps and VITA, for farmers to
irrigate small plots of land. Unfortunately this windpump
demands rather a lot of repairing and adjustment so the
majority are no longer operational (according to the
UNIDO/Lavalin Group’s UPS Study there are just one or two well
maintained exceptions). The LESO windpump involves centralised
manufacture, in Bamako, but is intended to overcome some of
the reliability problems inherent in designs like the Sahores,
and it is therefore hoped it will prove more acceptable to

farmers.

Long before that, before independence, more sophisticated
windpumps imported from France were installed in the northern
desert regions to provide water points for nomads; althliough
most of these no longer function, the failures are thought tn
be mainly due to minor problems and it is believed many could
quite easily be restored. The author of this report nhappened
to visit one or two examples of these between Gao and Tessalit
10 years ago, and at that time, the machines visited were

non—-operational for minor reasons

About SO solar photovoltaic pumps are also installed in Mali,
but these are very much more expensive than locally made
windpumps(or even than imported windpumps) and are totally
unsuitable for local manufacture, so offer little prospect for
assisting the development of local industry, although they may
technically be the best option for pumping water reliably in
the less windy south of Mali.

It must be stated that much of Mali is probably not suited for
the deployment of windpumps, due to inadequate winds, but on
the other hand it is believed that much of the more arid and
semi—-arid parts of the country are adequately windy. As a
rough rule of thumb, it is desirable for the annual mean wind
speed to be in excess of 3m/s and the mean monthly windspeed
in any month should not be less than 2m/s for windpumps to be
economically and  technically successful. An important aspect
of the work of the LESO is to determine in more detail the
wind and solar resource available for use in Mali.

It is believed the main application for the LESO windpump is
similar to that of the Sahores, to irrigate plots of land on
the banks of the River Niger to the north and east of Bamako.
In other words it will generally be continuously supervised by
the owner while in use, as irrigation normally demands the
presence of the farmer. As a result the LESO windpump will
not need the sophisticated storm protection or the capability
of running a year or more without attention that is required
by commercially manufactured water—supply windpumps, nor will
it have to operate on deep boreholes where high pump rod
forces would be unavoidable; the possibility for relaxing the
requirements compared with a commercially manufactured
windpump make it feasible to produce a relatively cheap and
simple design. However, it must be stressed that the design
will possibly be limited to supervised irrigation applications



and will not be suitable for unattended duties such ac water
supply in remote desert locations, in its present forn.

3. Recommended objectives of future windpump development

——

Future development should take the design, currently at the
prototype stage, to the level where a number of machines can
be deployed under controlled field test conditions in order to
assess the effectiveness of the concept for irrigation duties.
Clearly the field prototypes need not be perfected completely,
(indeed this would be impossible as the field experience is a
vital element in the development process), but they must be
sufficiently well developed to perform reliably and
effectively for sufficient periods for farmers to make good

use of them.

It is also of considerable psychological importance that no
serious failures occur, (such as total self-destruction of a
machine), as this could damage the prospects for future
dissemination of the technology by giving it a bad name.

It is therefore proposed through the rest of this report to
review the technical short-comings of the design as perceived
at this stage and to recommend improvements, and then finally,
to recommend a basic testing programme (and to suggest some
useful measuring and assessment techniques).

4. Technical Review

4.1 rotor

The main area for concern with the rotor is the blade roots,
which consist of standard galvanised water pipe. [t is
believed these may, suffer fatigue failure at the roots and it
is recommended that steps be taken to reinforce the blade
roots with sleeves formed by splitting a length of the same
pipe as is used for the spar and forcing it over the area at
risk, or by finding a size of pipe that happens to fit well
over the existing spar. A preferred alternative is to find a
larger diameter pipe to use-as a spar instead, which will not

need sleeving.

Attention should be given to avoiding stress concentrations at
the point of maximum bending moment due to such things as the
U bolt clamps used at present to attach the spars; it would be
better to use pipe clamps made from flat bar rather than U
bolts. This will require that the rotor ring be changed fronm
pipe construction to angle section construction. It is
possible that the LESO may for the time being continue with
the existing design, but regular inspection of any windpumps
in operation should be carried out to look for early signs of
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fatigue cracking at the blade roots.

A minor improvement will be to round the tips of the blade
sheets, which at the moment are sharp edged. The main reason
is for safety to prevent injury of people working on the
machine, but the sharp tips will also generate vortice: and
turbulence which can cause a small loss of efficiency.

It would be worth experimenting with the use of lighter blade
metal, if this can be obtained. This could be thinner steel
sheets, which if they prove too flexible, could be reinforced
by rolling joggles into it as stiffening (analagous to
corrugated sheets); alternatively, if light alloy sheevs or
finished Lthin fibre-glass sheets can be found (they ar.: used
for roofing in some countries), then these would be evin
better due to their resistance to corrosion in addition

their light weight.

to

Some discussions were held on the possibility of cutting the
sheets from which the blades are shaped at an angle to their
edge to produce trapezoidal blades, (this idea originated from
LESO engineers). Typically the blades might be cut so that one
end has roughly twice the chord of the other. If the broad
end of the trapezium so formed is at the blade roots and the
narrow end at the tip, some marginal gain in efficiency will
result. Also, because the unsupported part of the tip is
narrower, it may be possible to use lighter gauge steel sheet.
More important, the average blade root stress will be reduced
because of the reduction of both weight and windloading near
the tips. Some small reduction in starting torque combined
with a small increase in rotor tip-speed ratio is also likely.
- Therefore this suggestion ought to be tried and is likely to

prove a useful one.

4.2 transmission unit

The main stub axle which supports the rotor has a serious
stress raiser at the point of maximum bending moment and
requires modification in order to avoid any risk of fatigue
failure. Steps have been already taken to introduce gussets
which are welded on to the stub axle where it emerges {rom the
main chassis frame to add to its strength and to move the
paint of maximum stress outboard from the frame. This should

be an adequate improvement.

The rotor hub was attached to the drive shaft by two grub
screws, which were inadequate. A larger grub screw held by a
- welded captive nut is now used and may prove to be sufficient;
if this gives trouble, a second grub screw should be used., or
possibly screwed keys (i.e. grub screws used like keys which
are screwed into axial holes drilled between the shaft and the
hub). The front end of the half shaft would need to be solid
to cater for this and probably should therefore be a piece of
machined bar several cm long inserted into the tubular half

shaftt, and welded securely to it.
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The load on the cam could be reduced slightly by repositionin
the position of the ball-bearing cam—-follower further fram thi
fulcrum and by increasing the throw cof the cam to compensate
so as to avoid reducing the pump stroke. The cam throw shoulc
be increased as much as possible with the space available, anc
this will dictate the new position of the cam follower.

It would be desirable to eliminate the intermediate rocker
lever which acts as the cam follower, but to do this will
require extensive redesign, so this is not recommended at thic

stage in che development.

4.3 Tail and governing system

The existing governing system, in which the tail vane is
hinged to the boom, is not recommended as it seems unlikely to

provide effective furling under storm conditions. Therefore,
the vane requires to be rigidly fitted to the boom, and the
boom should in turn be hinged behind the transmission frame.

The force required to hold the tail straight against the wind
should if possible be provided by a suitable tensile coil
spring, since a syccem of this kind is much the easiest to
design. However, if tensile coil springs cannot be obtained
locally, then an inclined hinge is recommended and experiments
will be needed to determine the correct hinge angle to obtain
the desired furling speed; needless to say, this will be a
time—-consuming process. Because a coil spring system is so
much easier to get right, this is quite strongly recommended, .
(even if a few springs need to be imported), as it will speed

up the development process.

Whichever system is used, suitable bump stops to cushian the
tail movement at the ends of its travel are vital. Thesz could
be valve springs from an engine acting as buffers by being
mounted on suitable brackets. The impacts caused by furling
and unfurling can otherwise be considerable and can damage the

system.

The existing tail assembly is otherwise attractively light and
effective.

4.4 Tower and foundations

The existing tower design ought to be completely replaced
primarily because it has at present no redundancy (any
component failure will cause catastrophic tower collapse) and
it involves the flattening of the tubular members at their
ends which inherently provides many weak points in the
structure. Also the existing tower does not appear stiff

enough under strong wind conditions.

Therefore, it is recommended that a three or four cornred



This should be a welded assembly

made up from angle steel sections. If practicable it should
be in one, or perhaps two sections. If more than one section
is used, then welding jigs will be required to ensure the
components assemble together properly after welding.

lattice tower be developed.

It is probable that SOmm angle may be used for the corner
posts, and 37mm for the horizontal members. 12mm round bar or
concrete reirforcement rod may be used for cross brac.ng, and
this normally tensions quite adequately simply by tho
contraction which occurs after welding.

Where more than one section of tower is used, they may
possibly be joined by using bolted fishplates, as with railway

tracks.

calculated to he stable simply vy having

Concrete foundations,
Max imuin

adequate weight to prevent up-rooting must be used.
gusts under extreme conditions are unlikely to exceed 40m/s in
Mali.The method for calculating gust loadings should be to
consider the projected area A of the wind-pump normal to the
wind, multiplied by a drag coefficient of about 1.3 in the

standard drag calculation:
2
D = Cd.}zf Av

4.3 pumps

Pump sizing can be initially carried out be referring to pumps
used with commercial direct drive windpumps of a similar
diameter (eq Comet). Obviously allowance ‘must be made- for any
difference in stroke between the windpumps being compared.
Note that most windpumps that size are back—geared and
therefore drive a larger pump more slowly.

More scientific sizing may be achieved by determinino the
starting torque characteristic of the LESO windpump by locking
the rotor with a. spring-balance (or spring of known stiffness)
and measuring the reading (deflection) at different
windspeeds. Hence the pump rod pull available for starting at
the desired starting windspeed and consequent size of pump may

be calculated.

It is recommended that a pump development programme be avoided
if possible until the windmill is reasonably satisfactory,
since pump development is a considerable project in itself. If
possible, commercially available pumps should be used fur the
time being. Howsever, since only one size of pump 1 made 1n
Mali, it will eventually be important to develop a puinp
manufacturing capability. Both IT Power in the UK and the
Steering Committee for Wind Energy in the Netherlands are
working on pumps for local manufacture and may well have a
suitable design that could be adopted or adapted by LESO

¥



This shkould have several key objectives:

to measure the technical performance of the LESQ windpump

a)
b) to learn more about the wind regime in Mali
c) to investigate how effective this kind of technol!agy is

as used by farmers in Mali

5.1 technical performance monitoring

It is recommended that two distinct types of test be cuarried
out, namely:

a) instantaneous tests, and

b) cumul ative tests

The former consist of tests which measure the second-ty-second
output af the windpump in response to variations in the wind,
while the latter measures the windpumps output over a lengthy
period, (such as 24 hours), in response to the total
cumulative wind run in the same period.

Instantaneous testing is important in order to optimice the
windpump design, while cumulative testing is more impartant to
determine the practical and economic value of the system.

S.1.1 instantaneous testing

A range of options are available to do such tests, ranging
from using nothin@ more than a simple cup-—-counter anemometer,
a 10 gallon (or similar) container (of known capacity) and a
stopwatch, to continuously monitoring via electrical
transducers feeding either a multi-channel chart recorder or
else a micro—-processor controlled data—-logger (or

micro—-computer).

The simple option consists of timing the filling of the
container, while measuring the wind run in the same period.
For success, as steady a windspeed as possible is required, or
extraneous results will be obtained. The reason is that this
is actually a "“cumulative test" over a short time period and
the mean wind speed can only be correctly assumed as the wind
run divided by the time if the windspeed remains fairly
steady. The reason extraneous results will be obtained if the
wind varies is because the cube of an average value will be
considerably less then the sum of the cubes of its components
if these differ very much, (wind energy is proportional to the

5|



wind speed cubed). Extraneous results af this kind had
already been obtained by laboratory engineers during some
preliminary tests that they had completed before the author’s
visit; it was recommended that only measurement runs where the
wind varies by less than (arbitrarily) plus or minus 15%
should he accepted as meaningful. In fact, becuase of this
constraint, it is worth limiting the size of the container to
be filled so that each test does not last for more than about
half a minute or so under typical wind conditions.

More accurate results can be obtained with the aid of
electronic monitoring equipment which allows a much shorter
sampling time so that the wind speed can be taken as teing
substantially constant. Even so, if the results are presented
as an X-Y "scattergram" considerable scatter will still be
found due largely to discrepencies in the wind speed as “seen”
at the anemometer head compared with that through the windpump
rotor, and due to different response time-constants for the
windpump compared with the anemometer head. Again, steady
wind conditions (on an open site with little turbulence) will
reduce the scatter. However, once a scattergram with a large
number of points is derived, "a lot of reasonably reliable
predictions will be possible from it.

The World Meteorological Office (WMO) has recommended the use
of twin anemoneters for wind-turbine monitoring, located about
one rotor diameter either side of the rotor (roughly in the
plane of rotation) at rotor hub height. Since the plane of
rotation moves as the wind direction changes, the best tactic
is either to set up the anemometers to suit the prevailing
wind, (and to log wind direction so allowance for changes can
be made), or to use moveable anemometers (which is possible
with a small machine), during short term "instantaneous" type
tests. For cumulative type tests, it is probably sufficient
to use a single anemometer located about 10m from the windpump
at hub-height, in a direction chosen so that it is directly
downwind of the windmill as seldom as possible.

S.1.2 Cumulative testing

Instantanecus testing will normally take place for only a day
at the most, and engineers or technicians will be present.
Cumul ative testing on the other hand requires to be carried
out for an extended period, preferably running to two years or

more.

The objective is to log average daily output and average daily
wind run, usually by arranging for the instruments to be read
daily and the result written into a log book. However,
automatic equipment that can be read less often can he used,
but obviously greatly increases the instrumentation costs.

A useful extra parameter to log cumulatively is the number of

strokes completed by the windpump per day, through using a
suitable electronic or mechanical totaliser. If a mechanical



counter is used, it must be borne in mind that it will need tc
be switched in the region of 25 million times in five years,
and therefore needs to be very securely mounted and tu be of
high mechanical quality - anything crude tends to cowaz to
pieces in hours rather than days! Far this reason there is a
lot to be said for a dry cell powered electronic councer with
an optical sensor for this duty. If a clock is added to the
electronics, it is then easy to obtain much more useful
information such as the hours per day of operation (and hence

the mean speed of rotation).

In the end, knowledge of the number of strokes possibly can
provide a more reliable indication of water output than the
average water meter; in any case it certainly providi:u a good
double-check. However, the pump needs to be calibrated, and
it must be boarne in mind that the volumetric efficiency may
vary significantly in low head pumping applications with pump
speed, so a linear relationship with speed should not
necessarily be assumed.

A further reason to monitor the number of strokes is to
provide saome warning if the pump deteriorates due to valve
seals or piston leathers wearing or getting damaged. This can
happen gQuite quickly if poor quality materials are used and/or
the water contains abrasive silt in suspension.

Fimally, a vital requirement with all field tests af this kind
is a disciplined approach to calibration and recalibration of
transducers, (particularly flow meters). Anemometers cannot
be recalibrated in the field, so a good policy is to have
several good quality units which can be compared with each

other from time to time. :

S.2 Obtaining improved knowledge of the wind regime in HMali

Every opportunity should be sought to place either cup—counter
anemometers (providing someone can be relied on to log their
readings preferably two or three times daily) or automatic
wind energy prospecters in different regions of the country.
There is little doubt that the most important locations to
monitor for wind are along the Niger River where it swings
north from about Mopti to Gao, as this is the one region
likely to have a reasonable wind regime combined with a

sizeable static population.

It would also be useful to obtain some data from the arid
north of Mali in case windpumps are to be located in future
primarily to help the nomads who move around in that area.
that end, wind prospecter units might be placed at such
permanently manned locations as the Mali border post with
Algeria at Tessalit and perhaps at other centres further south

such as Tombouctou and Gao.

To



9.3 Investigation of the effectiveness of windpumps for
irrigation in Mali

This part of the programme is required once the windpuwps are
sufficiently well proven and understood to be deployecd in
small numbers with farmers. It is recommended that a suitably
qualified investigator spends some time aobserving the
windpumps in use in order to evaluate the effectiveness of the
water distribution and application techniques and to gain an
insight into any developments needed to assist farmerc to make
better use of the windpumps. Finally, once it is decided that
the system is being used as effectively as is reasaonatly
possible, a proper techno-economic evaluation is required. The
objective of this will be to decide what future (if any) the
technology might have, and hence the most appropriate next
stage for its development.

-olo—-
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1. ENGINEERING HANDEOOK. ON THE ATMOSFHERIC ENVIRONMENTAL
GUIDELINES FOR USE IN WIND TUREINE GENERATOR DEVELOFMENT, W,
Frost, H. Long, R. Turner, NASA Technical Faper No. 1359,
December 1978, 372 Pgs., NASA. Washington D.C., USA, available
National Technical Information Service, Alexandria VA., USA.
= & good reference on interpretting wind history data and for
developing design information for wind systems.

2. TECHNICAL REFORT DEALING WITH ORF/TOOL WINDMILL PROJECT
(Ghazipur 12FUSO@) , Niek wvan de Ven, June 1979. Available
WoT/700L, T.H. Twente, Pastbus 217, Enschede, Holland.
- history of the development of the 12FUSBQ, praviding valu-
able information for other projects doing similar work

3. STATIC AND DYNAMIC LOADINGS ON THE TOWER OF A WINDMILL,

E.C. klaver, 1977, SWD Fublication 77-3, available SWD.

F.0. Box 895, Amersfoort, the Netherlands.

~ excellent design information for rotors and towers all

in one book. Easy to understand with examples. This is
an essential book for anyone working on field projects
and needing to do aerodynamic and structural loading
calculations, :

4. INTRODUCTION TO WIND ENERGY, E.H. Lysen, Aug 1982,
Zl4pgs.  SWD Fublication 82-1, available swpD. F.0. Box B
Amersfoort, the Netherl ands. '

T & very compresensive summary of wind energy information
which is invaluable to the wind energy project staf+.
Includes much information that is only available otherwise
in Dutch technical publications and not published outside
of the SWD group. Highly recommended.



