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WIND POWER CONSULTANT MISSIONLABORATOIRE DE LENERGIE SOLAIRE - BAMAKO MALI 

Forward 

behalf 
This document has been prepared as a summary report for a wind power consultancy onof Sheladia Associates Inc. to the USAID 
Solaire (LESO) in Bamako Malil. 

sponsored Laboratoire de lEnergie 

A wind power group, group energie eolienne (GEE), had been set up within LESO.purpose of this consultancy Thewas to provide technical assistancein the scope of work. to the GEE as set outAs some work had been done by the group prior to the arrival ofthe 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 areas follows: 

I. 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 installationsin USA and Canada late in 1983. Report is included as Appendix 10. 
3. Review of the project and report had been completed by ITDG "TheDevelopment of the LESO I Wind Pump" Report is included as Appendix 

Future 
11. 

4. Schedule for planning activities during 1984 had been prepared and is attached asAppendix 12. Most of the activities scheduled had been delayed 4-6 monthspending arrival of wind consultant.
5. A comprehensive library of reference material had been assembled by LESO as a 

technical literature resource. 
6. The LESO I windmill had been designed and tested at LESO test site. 
7. The LESO I prototype had been installed at site in Konate just outside Bamako on 

new 12m tower, in May 1984. 
8. New design for LESO II transmission had been started by workshop advisor, M.Andre Charette. 
9. Initial attempts had been made a wind data logging and forsite assessmentvarious locales around the country. 



2. 

WIND POWER CONSULTANCY REPORT 

Scope of Work 
The scope of work for the consultancy was established as the following guidelines:
I. Review the fundamental concepts of wind-powered water pumping and electricalgeneration systems with the LESO "Groupe Eolienne."2. Conduct training in small wind energy conversion system design, and addressstructural and fatigue elements influencing system life.3. Review blade design procedures, braking systems, tower design, etc.; and proposemethods of wind system manufacturing applicable to the Malian situation.4. Review or propose vAnd energy system monitoring procedures and recommendinstrumentation for system performance data acquisition.5. Introduce computer-assisted design modelling and system performance analysisinto the LESO wind pump design program. Examine available softwarerecommend procurements. and 

6. Establish the ')rocedure for a wind resource assessment program using availabledata, and recommend supplemental data acquisition hardware to expand the windresource data base for Mali. 
Two further items 7 and 8 were initially included, however,constraints for the wind consultant. were deleted due to timeThis was subsequently incorporated into the scopeof work for the workshop advisor. 

Overall Work Plan 
In order to carry out the field work in a
overall work plan 

systematic and comprehensive manner, an
was developed for implimentation.
 
Principle objectives for the work plan as established were: 
1. Review and categorize the wind regime within the rgions of interest. 
2. Determine the types of wind mills and end uses that would be most suitable forthe available wind regime. 
3. Improve existing hardware and develop new designs to provide efficientreliable machines to meet the criteria in item 2. 

and 

4. Establish techniques to monitor performance of field prototype installations. 
By achieving these objectives it would be possible to ensureaspects of wind power utilization that all the importantwere well covered and understood by the GEE. 



-----------------------

3. 
Further, work done in achieving these objectives would also involve considerablethe computer facilities at the lab use offor modelling and analytic work.enhance the wind team's capabilities for This would alsousing computer techniques for further windpower for development work. 
Finally, having completed this comprehensive work plan, it was felt that all the itemsincluded in the scope of work would be well addressed, and would thus allow the termsof the consultancy contract to be met.
 

Scheduling
 

In order to maximize 
 the benefits from the consultancyplanning and preparation for the GEE, considerable 
schedules show 

was done for the schedules applicable to the field work. Thethe flow of the work and accomplishments of the consultancy for itsduration.
 

They are presented 
 directly following in summary form and as a readily accessiblereference. 

WEEK NO. I 
JUNE 30, 1984 

Goals: 

1. Meet LESO and GEE project staff.
2. Review background information.3. Prepare work plan for six week consultancy. 

Achievements 

1. Goals as above realized. 

WEEK NO. 2 

JULY 7, 1984
 

Goals:
 

1. Complete review of project background information.2. 
3. 

Review computer programmes and capabilities on hand.Prepare comparison report on wind systems for continued development work byLESO/GEE.
4. Study tower cost effectiveness for optimization analysis.5. Attend July "reunion consieul scientifique." 

Accomplishments. 

1. Two basic computer programs received and reviewed.Software on Weibull wind analysis and height variations does not appear to beuseful in context of project.2. Comparison report 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. 



WEEK No. JULY 14.84 

Goal S: 

1. 
 compilation and presentation of 
data for wind 
resource
 
assessment.
 

2. commencement 
of tower no. 
2 in workshop.3. develop design of new transmission for LESO II 
to working
stage so drawings for 
fab. can be completed.
4. design a new 4 india. rotor for LESO II5. calculate the HMT exploitable for current and
given the use of new rotors
the available 60
6. mm dia piston pumps.
put LESO I machine back in
7. operation (new cam
evaluate the cost req'd).
of a 5 
m dia rotor using local materials.
 

Accomplishments : 

1. 
 compilation and presentation of
2. resource data underway (MBT)
work on tower commenced 14.7.84, however not all 
materials
 necessary to complete are available
system and design for 
new transmission & chassis finalized
4. new 4 
m dia rotor design finalized, to be drawn up
5. HMT exploitable curves completed for windpumps using avail­able piston pumps.6. LESO I fitted with new 
cam and operational again.
7. more information on 
received. Meeting for 

Whirlwind electric generating system
further evaluation to follow.
S. costs for 5 rn dia rotor based on 
12PU500 design Summarized
and included in comparative study. 

WEEK No- 4 Goals 

1. 
 program computer to do pumping predictions based on mean
wind speed data and standard 
2. 

Weibull function analysis.start shop drawings for 4m dia rotor.
3. 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

systems. wind pumping
 



July 21.84 
EEL No. 4 

Goal s: 

1. 
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.
design tail 
for new 4 m 
dia machine and check structural
 
connections
 

4. finish summary of 4 at 
 dia rotor design work.
5. establish technique 
for field monitoring 
 wind pumping

systems. 

Ac comP1i shments: 

1. Drawings for 
new 4 m dia rotor started. However entire process
is not proceeding 
too well and efforts will 
have to be made
to improve the situation.
2. transmission/chassis design was

additional forward offset of 

modified to incorporate
 

rotor will 
the rotor, required so that the
not strike the 
tower. Platform will 
have to be
modified or 
moved lower. Further modifications were required
as not all 
materials originally specified were available.
Changes were made to 
incorporate the round 
stoc.< and
flat plate stock that could be obtained and used 
to complete


the hub assembly.
3. the ccmputer programme to predict wind speed-hourlyprobabilities and resulting wind pumping outputs has been
developed. Documentation and familiarization with the program
remains to be done.
 . a mathematical 
 model 
 and computer 
 programme
developed has been
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 corre­lation with wind tunnel test 
results. Documentation and
familiarization with the model 
has commenced.
• pump rod 
on 
LESO I in field was repaired. Further work will
likely be required to replace entire rod with 25 mm dia pipe
or 12 
mm dia round stock,

• to prevent further failures.
familiarization with the Apple lie and fortran and wordstar
wordprocessing 
was undertaken with 
some frustrating moments
techniques and programme for field monitoring machine perfor­mance not undertaken and will be carried forward. 
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8. 

SUMMARY OF WORK CARRIED OUT WITH GROUP ENERGIE EOLENNE 

overall wasAs mentioned, an plan 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 thewind regime within Mdli. This would serve two purposes, to be able to evaluate use of wind derived energy vs. other sources 
the 

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 forseveral 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-specificwind monitoring. This equipment installedhad been at several locations. However,none had continued in operation in mid-1984. Minor problems and tower collapses dueto cattle, had plagued the installations and put them out of service. As thesedifficulties were not unsurmountable, it indicated that these stations could be putwas 

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 hand,on one of the programsfor determining wind averages and standard deviations was deemed useful. This wouldtake 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 only for outsideuseful wind analysis
scope of standard wind pumping, ie. height 

the 
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 theGEE. It is entitled "Wind Analysis ior Estimated Velocity-Frequency of Wind RegimeBased on Average Velocity," and is presented in Appendix 2. This model, makes itpossible to use the limited field data to predict wind pumping or wind electric outputsfor given wind regimes. With this information, wind utilization for power generationcould be compared to other non-wind sources. Specific examples were done. Based onthis information it was found that wind electric generation would not be cost effectiveunless 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. 



From the information available of the wind regimes for the regions of interest, itpossible to establish parameters wasand criteriaregions. This was one of the initial 
for wind machines to operate in thesetasks carriedreport out duringcovering this the field mission.work is entitled, "Comparative The 

AnalysisMachine Development," see Appendix 
for Wind Pumping

I. 
In summary, the report compares the various types of wind mills in terms of operatingcharacteristics, and suitability for local operation and manufacture.also made using limited information Comparisons areonreport explains that the wind regime is 

material and labour for fabrication costs. Thetoowater pumping. low for any uses other thanElectrical generation requires much greater average wind speeds, and 
low speedwas therefore deemed not to be practical. A recolamendationthe work on the LESO I type multi-bladed was made to continuewind mill for water pumpingto the available winds and should be cost effective provided 

as it is suited
that a reasonable systemlife may be expected. 

While the work done on this comparison study was owork fcr the consultancy, some degree beyond the scope ofit was considered to be a good starting point for the field
work, and was able to address some basic design philosophy for wind pumping systems.
The evaluation of electrical
mentioned power generating windmillsin Objective No. was also undertaken,1. As a Whirlwind asinstallation system wasby LESO/GEE, under considerationthis system for power outputs from 

was used as an example toa given wind regime. predict expected
outputs would be As mentioned,too low the analysis indicatedto be cost effective, thatfurther work see Appendix 2.was undertaken on For this reason, nowind electric generating systems for the GEE.discussion on the procurement of an electric system Final was referred to the next meetingof the scientific council. 

Objective No. 3: 
Improve existing hardware and develop new designs to provide efficient and reliablesystems for water pumping applications. 
The program to improve and develop designs for the wind millsrotor design, hinged tail control system design and tower design. 

was divided into three, 

Rotor Design 
As the existing LESO I multi-bladedundertaken to rotor was suitable fordevelop a 4 m 0 rotor. a 3 m 0 design, workThere were wasnew more powerful two objectives here,rotor for the LESO to produce a1I prototype machine,development of in-house design capabilities. A computer model 

and to encourage thecomparative analysis of various was developed so thatparameters assuchcamber etc. could be carried out. blade shape, blade angle, bladeSketches of complete design 
This program and description is found in Appendix 3.details for a new 4 m 0 rotor were given to the GEE sothat the shop working drawings could be prepared. 



10. 
Hinged Tail Control System Design 
A mathematical model was developed for the hinged tail control system,detailed design work for the so that themore 

new LESO II prototype could be completed.than 20 possible configurations As there are
simultaneous to be consideredequations to be solved as well as several thousand
programmed in fortran for the Apple fie. 

in the optimization process, model wasthe
This allowed the detailed design parametersto be se~ected which would permit detailed shop drawings to be drawn up.

The mathematical model and summary of computer model are presented in Appendix4. 

Tower Design 
As 
part 

the 
of 

cost analysis in the comparison studies showed thethe system costs, tower to be ait of significantwas interestoptimized, to to show how costs could possiblyimprove the cost effectiveness of the total wind pump system. 
befound that costs vs. 


characteristics are 
height and rotor diameter are basically linear and if 

It was
 
known, wind regimesome optimization can be done to maximize power outputsand 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 

of whether 
 wind powered systems should 

objective, essentially one which will provide the final justificationbe used for specific applications in therenewable and remote energy utilization envisaged by LESO.
 
In summary, 
 the report on performance monitoring entitled,Powered System Performance,,, shows that such monitoring can 

"Evaluation of Wind 
be done, however, willlikely be very expensive and time consuming, and will likely provefor trouble shooting systems which to be most usefulare not realizing theirlevels. expected performanceA full report is contained in Appendix 6. 

As time constraints on
could be directed to 

field portion of consulting limited the amount of effort thatthis study, it was completed immediately following the fieldmission. 



RESPONSE TO SCOPE OF WORK 

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

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

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

The pumping systems fundamentals were thoroughly reviewed 
 during the fieldconsultancy throught the course of designing the new LESO II prototype rotorand tail, establishing the HMT vs. V and rotor 0 for the existing 60 mm pumps.Other background fundamentals were well comprehended by the GEE prior to thestart 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 electricsystems for Mali carried out. results haveThe already been noted under
Objectives No. I and 2. 

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

2.&3. Conduct training in small WECS design, and address structural and fatigueelements influencing system life. Review blade design procedures, brakingsystems, tower design etc., and propose methods of wind system manufacturingapplicable 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 computerprograms ROTOR.FOR and RRR.FOR were developed so that blade/rotorcomparisons could be readily made. This would also provide information ontorque and power loadings for structural calculations. 

Braking systems & hinged tart design dealt withwas by developing hinged tailmodel and computer program TAIL.FOR and TSWD.FOR to do the iterativesolutions. As noted in Objective 3, further information is found in Appendix 4. 

As the SWD report 77-3, "Static and Dynamic Loadings on the Tower of aWindmill," by E.C. Klaver covers the analysis of rotor loads for tower design, theonly other work done on towers was the cost benefit analysis as presented in
Appendix 5. 



12. 
Having established the models to predict rotor and tail forces and incorporatingthe SWD static and dynamic load calculations, enough information is available tocarry out a complete set of loading calculations for the wind rotor/tower system.Using results obtained from this, enough informationstructural engineers so is then available to thethat the designs will be adequate to handle the expectednormal operating loads, storm wind loads and cyclic fatigue loads. 

Further discussions and training on
techniques design was carried out by demonstrating thefor determining starting to torques and characteristics, matching topumps 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 forimplimentation in the existing workshop. 

4. Review or propose wind energy system monitoring procedures and recommendinstrumentation for system performance data acquisition. 
The recrt "Evaluation of Wind Pcwered System Performance', was prepared todirectly address this requirement. See Appendix 6 for further information. 

.5. Introduce computer assisted design modelling and system performance analysisinto the LESO wind-pump design program. Examine available softwarerecommend procurements. 
and 

Computer design and analysis models were developed for the following: 

i rotor blade design
ii hinged tail designiii wind analysis for estimated velocity-frequency of wind regime 
With these programmes it is possible to predictsystem, design the energy input to a winda wind rotor to produce the required power from the predictedwind input and design a hinged tail contol systemprovides the essential elements for complete 

to protect the windmill. This 
aprogram wind energy developmentand greatly reduces the

develop suitable 
amount of manual calculations required tosystems for given sites and wind regimes.software for calculating average wind As mentioned,velocities and standard deviations werealready on hand, and are adequate for the needs of the GEE. A listing of the newsoftware is found in Appendix 8. 

6. Establish the procedure for a wind resource assessment programdata, and recommend supplemental data acquisition hardware 
using available 

to expand the windresource base for Mali. 



13. 
The report "Wind Analysis for Estimated Velocity-Frequencyaddresses the question of of Wind Regimes"wind resource assessment,standard Weibull function may and demonstrates how thebe used to predict the energy fromavailablespecific wind regimes when the average velocity is known. 
As six complete data acquisition systems were onadequate equipment hand at LESO, this should beto help expand thecourse, will wind resource base for Mali.only be true This, ofif the equipmentoperational for extensive periods of time. 

is installed in the field and kept
entirely successful. To date, this programme has not beenFurther recommendations will be addressed later in thisreport. 

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

1. List of additional reference material for the LESO library was compiled, seeAppendix 13. 
2. Listing of all computer programmes and report files on disc was compiled, seeAppendix 8. 
3. Summary of the experiences by Kenya Industrial Estates with similar wind pumpdevelopment program was prepared, see Alpendix 9. 
4. Constant liason with A. Charette was maintained to assist with design for newLESO 11 transmission. 
5. Comparative study to justify direction of programme for GEE was prepared fordiscussion by the "consieul scientifique." 
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CONCLUSION AND 	RECOMMENDATIONS 

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

The GEE program has identified most of the typical pitfalls that can plague similarlyoriented projects. Such things as of good fieldlack 	 data, problems keeping fieldinstruments operational, difficulties in information exchange with other projects,quality control in fabrication, limited local materials, transportation difficulties andpoor 	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 handledrelatively well by the GEE. In addition, the group has several advantages notnecessarily enjoyed elsewhere on similar projects. 

The program for the GEE has established realistic goals in developing wind hardwareand establishing a wind data resource base. Other unrelated but often includeddevelopments such as pumping hardware or establishing full irrigation schemes are notincluded in the scope of work, as has been done frequently elsewhere. 

The two Apple computers provide more than 	adequate capabilities for wind systemshardware design and analysis. The software programs developed during thisconsultancy should prove to be very useful for further wind machine development. 
The resource people to turn wind power concepts into shop drawings and fieldhardware are available within the LESO. The workshops are equipped adequatelyenough to carry out all the fabrication tanks required. 

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

The recommendations for the GEE for continued work are as follows: 

1. 	 Continue work on LESO II prototype and field installations. 

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

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

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

i. 	 Forgo further work with electric systems unless sites with V>12 m/s can beidentified, ur if other systems are not cost effective. 



15.
 

Further long range goals could include:
 
. Establishment 
 of a wind systems field teamregular intervals, performing that would visit instalations onmaintenanceestablishment of such a team 

and monitoring outputs. Thedevelopment group would be a new venture for a wind energyas it has not been done with other similar projects in Kenya,Botswana, Ethiopia, Sudan, Tunisia etc.long term This teamsuccess of a country wind program 
would do much to ensure theby keeping the wind pumpsoperational. 

2. Procurement or development of a very low cost wind runstart to register until the meter which does notwind passessystem. This the Vcut-in for a suitablewind-run windmeter would pumpgive a lowpotential while automatically compensating 
cost prediction of pumpingfor periods of calm and very lowwinds. 

3. Continue the evolutionary design work based on the experience with LESO I & IIto develop the LESO IIl. 
4. Procurement of a computer softwarestructural design analysis 

design package that would facilitate thefor windmill towers.computer based version of STRUL 
Hopefully a lower cost, smallor equivalent will become available. 
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APPENDICES 

APPENDIX NO. 
TITLE 

COMPARATIVE ANALYSIS FOR WIND PUMPING MACHINEDEVELOPMENT 

2 
 WIND ANALYSIS FOR ESTIMATED VELOCITY-FREQUENCYOF WIND REGIME BASED ON AVERAGE VELOCITY 

WIND TURBINE ROTORCOMPUTER DESIGN ANALYSISMODELLING TECHNIQUES USING 

4 WINDMILL CONTROL AND BRAKING SYSTEMS 

5 
 ESTIMATED TOWER COSTSPUMPING SYSTEMS VS. HEIGHTS FOR WIND 

EVALUATION OF WIND POWERED SYSTEMS. PERFORMANCE 

7 EXISTING PROGRAMS FOR APPLE COMPUTER ON-HAND 

8 LISTING 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) 

II 
 FUTUREREPORT DEVELOPMENT
(REF.ONLY) 

OF LESO MARK I WIND PUMP ITP 

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

13 LIST OF ADDITIONAL REFERENCES FOR LESO LIBRARY 



APPENDIX I 

COMPARATIVE ANALYSIS FOR 

WIND PUMPING MACHINE DEVELOPMEI 

W. SCHMIDT 
GEE/LESO 

JULY 1984 



MARATVE ANALYSIS FOR WIND UMING MACHINE DEVELOPMENT 
LESO Wind Power Group - Groupe Energie Eolienne 

There are basically two groups ofoverall for capturing 
wind machines to be considered
the wind's potential
horizontal energy. They 
 are
axis wind machines and 
vertical axis wind
axis machines.refers to The 

these 
the axis about which the main rotor turns. And, withingroups there is 
a range of solidities for
(ie the the various rotorstotal surface area of the blades vs. theswept area total projectedof the rotor), which generally dictatesratio, the speed of the tipspeedthe tips of 
the blades relativehence the torque output to the wind, andof the machine
performance Cp equals tip speed ratio, 

(since .coefficient 

A, of 

torque, times the coefficientCt, machines of
with equal diameters producing
output at different tipspeed ratios will 
equal power


have torque outputs in the
inverse ratio of 
the tipspeeds).

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

i) The pumps to be used are those available locallymanufactured under licence. here in Bamako,In all cases,
not be discussed costs and operAtion will
as they will be taken to be equal
The locally made pumps are 60 mm dia. 
for all systems.


reciprocating piston type with
a leather 
 cup seal, a 
lift check foot valve and
plate valve a bronze/plastic
on top of 
the piston. 
 They have essentially
torque requirements and have an 
constant 

range. estimated total efficiency in the 80%Piston 
 and rod speeds will 
be limited 
to maximum values
prevent to
rod buckling 
 and waterhammer 
 as is typical for thisconfiguration. 

ii) Wind rotors 
and systems will 
have to
moderate regional winds. 
be designed for the
 

southern 
The design velocity, Vdesign, for the more
regions of 

cut-in velocities, 
the country is in the 3 meter/second range withVcut-in, set at Vcut-in =ties, Vcut-out, 2 m/s. Cut-out veloci­may be set quite low, in the 7-10 m/slittle benefits will range, asbe realised by trying to capture the
energy developed at infrequent
 

speed 
these higher velocities. However, survival 
wind
d~sign values should not be compromised as 
winds in 
excess
35m/s have ofbeen recorded near Gao. 

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

iv) consistant 
design philosophy should be used
prototyping throughout
and development of thethe machines. 
Key 
 design strategy
should include: 

a) long-term survivability in terms of
integrity overall structuralmust be incorporated 
 into all 
parts 
 of the system.
 

1 



Nothi ng will undermi ne a development programmemore quickly than for wind machinelosing even one machine,sLarces, prior- no matter the cirCumto completing the developmentcation work. Componentto avoid catastropic damage dupl i 
leg in due to a single failurea 3 leg tower, (ie
or only one bolt 
at a connection where two
cAn be installed) is to be encouraged.
 

b) facility 
 to carry out modifications and maintenance
field should in thi
be permitted as 
long as it 
 doesn't compromise
durability of thi
the mach ine.
 

c) close fits and 
tolerances, 
 bearing assemblies,
completed etc. should bE
in the shop and sent to 
the field as 
 assembled 
units
wherever possible. 

d) quoting 
from the World Bank Report (ref.
promoters of no. 1): "In general,
unconventional 
windmills should be asked
strate at 
 to demon­early stages that there are specific quantifiable
tages other than advan­'novelty' to their proposals." Early stages should
be interpreted to 
mean prior to the detailed design stage.
 
e) system cut-i 
 and design points: a big
pump will deliver much more 

rotor driving a small
water than 
a small
larger rotor coupled to
pump waiting a
to start at 
a less frequent higher wind speed.
This is especially 
true for systems which 
are to be
matched for operation designed and
in lower average speed wind
typically they will regimes, where
spend 30-40% of 
the time operating 
in the winds
just marginally above Vcut-in.
 

-f) Components 
should 
 be designed tu 
 be lightly stressed,
reasonably easy to make and serviceable. The elegance and appeal
the desiqn should of
be in its straightforward 
simplicity 
 and
robustness.
 

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

h) windmill 
rotors and systems should be developed with
to providing basic concepts which may be scaled up 
a strategy 

on the experience (or down) basedof previ ousl y successfuldetailing used in work. The
machines such design
as
machines the Comet, Aeromoter or Dempster
should 
 be considered to be an 
excellent guide
development of 
for the
 any new rotors.
 

And finally: 

v) while the wind is free, 
o;.e should
to be 'free'. never expect the wind systems
However, 
 the economic and
should noL be ignored; 
competitive comparisonsand,


involved where high transportation
for other costs aresystems, these often prove to 
 be a leading
advantage, especially for regions with good wind regimes.
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VERTICAL AXIS WIND-OWE.EE_ SYSTEMSs 

Advantages and disadvantages: 

The vertical axis machines
running with and 

are those which gain poweracross whilthe wind,against and show a net surpluslosses while running back: into the 
when tallie 

perpendicular wind. They turn on an axiand usually vertically oriented 
to
They are characterised by their 
the oncoming wind
'simplicity',
deceptive, although this can
as will be explained bi

machines later. Examplesinclude of verticalthe Sav;iius, axiFilippini
high solidity devirces; and 
and ITP 4 bladed rotors aithe DarrieusMusgrove Variable Geometry in its various forms,(VAWVG), thfthe Pinson and rlcDonnell-DoLIgla.gyro-rotors as low solidity machines. 

The low solidity machines can 
be dismissed outright
not suitable prime movers for constant 
as they are
 

they are not torque piston
self-starting, pumps. First,
and, 
 in addition,
torque exhibit
claracteristics. "un-nested"
This undesirable feature,
work done at Sandia Labs USA as explained 
 ir
(ref. no. 
 2),
pump system will means that the rotor andactually lose 
wind, rpm when exposed aof falling to significanton gustthe the corresponding
the torque peak. curve on the left side ofAt this point theperturbation system is unstable.in the Torque-RPM relationship 

Any further 
slide causes the systemback along the to 
Due 

curve until it finally reaches zero rpm,stalled.
to the negligible starting torque, 
 it will not 
 restart.
attachment (seeno. 2 for further information) 
The high solidity machines have enjoyed some attention in research
carried out at 
various institutions around the world. However,
as shown in 
the lierature, only one system has been developed through
 

as far
 
to 
the commercial production stage. As that
are is in Brazil,
known on the few detailssuccess of this commercial venture.
 

In general, despite the 
mentionedlarge 'simplicity'part of be coming from there being 
of the rotors, a 

orient the rotor- into the wind, 
no need to provide means to
 

problem in this feature appears to be
the design. The mechanisms required 
a major
 

to protect
against damaging highwind velocities the rotor are oftenThe 
Filippini rotor, complex or unreliable.suggested 
to be self-limiting under high
conditions. 
 has shown ithis not to be the 
wind
 

with a 4 m dia. case during field
x 4 m trials
high rotor 
in Botswana.
expensive 200 KW Even the complex and
Darrieus prototype built in
Research Council lAte in 
Canada by Nationalthe '70's self-destructed during tests1978 when the aerodynamic braking systems failed. 

in
 
The mechanisms 
for horizontal
rotors axis machinesto which orient 
 the
the wind also provide a very effective means whereby
rotors may be 
turned out the
of the wind.
of the total area 

They then present only
swept to 10-15%
the higher winds,
of survivability, increasing the chancesa feature not 
enjoyed in 
the vertical 
axis concept.
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The Savoniu rotor was thoLight
consideration to be a design tnorthydue to the publicity given 

of further 
to
Insti tute and VITA it by the Brace Researchin the early 19 7 0's.roL:or will produce power from the wind, 
While it is true that this 

with small most research worklow cost systems. These have been 
has been
 

gal.) drums typically two 200 1.cut in half or at (45best systemsas 2 m dia.that built here in x 8 m highBamako early in 19 8 
such 

Lionrs 0's. Afterare complIeted, the investiga­or sometimes before,abandoned the work
so is generally
that other designs within the wind rotor field may
Pursued. be
There are several possible explanations for this:
 
i) the overall power co-efficient 
that for- the Sav/oniusfor is low,the multi-bladed American-style windpumping rotor 

only 50% 
(seeattachment no. 
1).
 

ii) corresponding starting torque:
(when built although the rotor
up in self-starts
more than one stage) unlike the
cousins, lower
its net starting torque is low, 
solidity
 

performance. due to the lower
In fact, overall
for a 

is negative in 

single stage rotor, the starting torquesome orientations.
 

iii) 
 the geometry of 
the rotor requires a central
performance. gap
Any obstructions for maximum
in this gap, 
 such as a
decrease the overall shaft will
output levels accordingly.
 
iv) the solidity of 
the rotor 
ie. the surface area of
the swept surface the blades vs.
 
high: approximately 

area from which the power is extracted is
1.5x very
for the blades alone and up
rotors 
using end-plates to 2 .0x for
as required
increases total for good performance.
costs, This
as it 
makes the rotors quite 
heavy
specific swept on a
 area basis.
 

the rotor is
v) not well suited to scaling up.
largest rotor built As mentioned, the
that has been documented has been in 
the 2 mX 8 m diahigh range, or 16 L .
horizontal rn
rotor in swept area and 
This is comparable to a
a 3 m 4.5 m diaoutput. Horizontal windpump 

dia rotor, when Cp=.30, in
rotors
commercial have gone to 8 mscale dia onto produce useable power for high output 
a 

locations.
well At nearly 50 m or deep
area,
rotor 10 m dia x 10 
it would require a Savoniusn high or equivalent 
to match this
The level performance.
of effort required from 
an engineering and structural
point 
 to develop such standa rotor would make this a very expenesivenot impractical goal. 

if 

vi) tower 
and support design for the Savonius rotor
greatest shortcoming. is perhaps
As mentioned already, the central 
its
 

requirements 
put restrictions on 
gap geometry


shafts for support.
high solidity and vertical As well, the
 
and above 

axis makes support from anywhere but below
the rotor difficult,

and horizortal rotors 

unlike the Filippini or VAWVG designs

point 

which may be supported at or nearin the rotor. a centralGuy wires and 
top Supports,
cantilevered when used fortowers non­are awkward. For example:high machine for the 2 mwith dia x 8 ina mean rotor high ofsupport only 6 metres,was at 13 in to clear the upperthe tips of the blades 
at only 2 m di­



Fur thermore, field experiences are showing that guyed towers have o
poor reliability in less than optimum conditions.Forces transmitted 
to the tower 
are quite high as well.
area The 2007.factor- required for equivalent power means double loadings onthe tower, especially critical 
"furled". Also, the 

in high winds when the rotor cannot beSavonius develops a "Magnus Effect" forceperpendicular to the wind direction, requiringtural strength in 50% additional struc­the tower to resist this while theturning. As rotor is
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
Lower loads 
must also be reflected in 
the amounts of 
 concrete
founidation worJk required fcr the 
and 

tower. 

vii) unless 
 large diameter rotors are 
used, the high 
 rotational
speeds 
of the small diameter rotors even when
tipspeed ratios in 
only running at
the 1.0 - 1.5 range, generally require some
of sort
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
body significant
of design or experimental information available to 
 assist in
prototype problem solving.
 

In summary, 
 the drawbacks of 
the Savonius rotor are primarily
its low efficiency, difficulty inin scaling up to good commercialdifficulty in providing tower 
size,

and other supports to easily raise the
rotor up out of 
the low velocity sub-boundary layer winds, 
and its
high specific weights leading to higher overall 
costs. So, 
 although
this rotor 
design enjoyed considerable publicity during
stages of the early
the renewed look at 
wind systems, it 
has become apparent
that continue to be very limited.

its uses will 


These will only
for very small rotors bewhen the nearly negligable power outputsoffset by using arelow 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 AiXIS 
WIND-POWERED SYSTEMS
 

Advantaqes 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
head low­water- lifting and grain grinding, and on to 
the high speed
bladed, 2-bladed and even 3­
single-bladed propeller style low solidity
rotors used in wind electric systems.


While the low-solidit) high-speed machines generally 
enjoy
highest peak efficiencies, id the 35-50% range, 
the
 

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 riot exhibit good starting perfor­mance 
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
reciprocating using
down-well 
 piston pumps.


transmissions 
They often have back-geared


for reducing shaft speeds 
on 
the smaller diameter (up
to 5 (n dia.) 
rotors. This configuration enjoys several 
advantages:
 

1. high starting torque, ideal 
for constant torque piston pumping
 
systems.
 

2. low tipspeed ratios, generally e% 
= 
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.
 

3. "nested" torque curves 
so

"fall that the rotor and system do notoff the curve" under gusty conditions 
(see attachment no 
2)
 

4. lightweight, strong rotor 
 designs permitting economy 
 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
spokes, radial tension
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". 

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

wind loads.
 

6. often, one 
 section of wooden pump rod is provided as
I ink to protect a weakthe rotor and transmission should the pump jam or

the rods buckle.
 

7. the design information and field experience gathered over
more than 100 years of the
 
use has produced a
from 1.8 m dia. 

large range of sizes,to 8.0 m dia., 
 having very good reliability
survivability andwith minimal maintenance requirements (in 
the order
of 20% of that required for automobiles), demonstrating the possi­bilities for successful scaling up of 
similar designs.
 



The commercially produced systems have one distinct
when considered disadvantage
with a :'nrdwide perspective.
increasirngly They
more expensive. are becoming
Furthermore,
limited numbers of they are produced
Factories located in
in
widespread usage, the American Great 
the areas of traditional
 

Plains,
The Argentina, 
Australia.
same heavy cast-iron construction which makes them so durable
adding 
to current costs and adds is
to transporation costs.
 
Considering 
 this, 
 there 
 has
producing been considerable
lightweight interest
steel in
fabricated
standard designs,
si:ed materials and local 

using available
 
they will labour- within the countries where
finally be installed. 
 Several
have been developed along these lines, 

rotor designs and systems

including the Kijito machine,
the German sail-wing, the Ghazipur 12PU500, Dutch WEU rotor,
I and Jensen's high speed 6 & 8 m dia. SK rotors. 

the LESO
 
In 
order for these systems 
to be competitive with 
the commercially
available systems, they must sit favourably on
f.o.b. prices vs. the charts showing the
size and power outputs.
Furthermore, (see attachment
they must no.
be developed to 6).


be considered to be reliable, 
a state in which they are 
 to
requiring only yearly or
maintenance, or- twice-yearly
else religated for 
use only in 
low lift irrigation
pumping systems where constant attention is available.
Of 
 the systems mentioned above,
rotor will not 

the Jensen design and Dutch
be discussed WEU
as they 
are either too experimental 
 or
too little information is available for comparative purposes.
 
The UITTO machine, developed in 
Kenya by BHEL with the
of ITPower, 
 assistance
while showing advantages on
these the graphs,
benefits when may not enjoy
transportation

included. and importation
(note costs
too that the are
 
collaboration Kijito machine was
with developed
ITP, in
the authors of
there the World Bank
could report,
be some tendency to show so


this design

favourable light). 

in its most
 

The Ghazipu 
 12PU500 system, developed in
been produced in India by Dutch WOT,
numbers, 50 or has
 
tion pumping. 

so, and used successfully for irriga­uses above 10
For m pumping head,
where several experience in
machines Kenya
have been built
Estates by the Kenya
Renewable Energy Group has shown that 
Industrial
 

needed. more
The transmission has been 
development is
inadequate under sustained opera­tion. 
 This design does show
especially as 

good promise for continued
the rotor has already been scaled 
work,
 

prototype to 5
tests on m dia. and
 
comparisons 

8 m dia have been undertaken in Holland.
have been summarized and included in 
Cost
 

this report (see
attachment 
no. 4).
 

The German sail-winq 
field trials 

desin may merit further considerationdemonstrate its reliability after
 
Several and cost effectiveness.
key points must 
be kept in 
mind, however:
 

1) fur-linig, 
 braking and overspeed protection
down-wind self-orienting desiqn. 
- the machine is a
 

require As such, it does not
a tail employ
vane. However, or
as with the vertical 
axis rotors,
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this may be a false economy. Provisionsmust be provided by other 
for overspeed protectionmeans. In this case,is incorporated into a manual disc brakethe design, alongcaution: with a AbR-prior to note ofstorms,

inattention) the sails must 
high winds (or long periods ofbe manually furled and the brake locked
to prevent damage to the rotor


automatically and entire system. There is no
deploying protection system so therelegated machine mustto the rank of bethe well-attended for the time being. 
2) the use of imported sail-cloths especiallydoes noL use sailing vessels as 

in a country which 
a major means
along a sea coast, of transportation
may prove to be
supply or an acceptable local 

a large problem unless adequate

substitute can be guarenteed.
 

3) 
 the tower design, 
 although incorporating
redundancy, double guys for
may still not enjoy the long
angle, term security of
four legged tower. a steel-Of course, if 
field experience dictates
the need for this greater security, a suitable tower design may be
used to replace it.
 

Cost comparisons may be available after the field trials.
 

The LESO I design 

demonstrated 

has been developed and prototyped at LESO and
that the rotor and transmission systems should 
has
 

adequate 
 provide
reliability for pumping applications below 10 
m. The rotor
provides good starting torque and the high wind furling is operative.
The system lends 
 itself to optimization 
for the 
 available
regimes throughout wind

the country.
The cost comparisons have illustrated that the design sits favour­ably on 
the specific cost 
curves. 
Prototype costs in
range sit below the small the $500 US/mL
scale productionfor additional curve, and projected costsmachines including 
tower
be possible, comparing indicate $200-$250 US/mfavourably maywith mass productionsame chart. (see figures on theattachments no.The design and prototype work 

3 & 6)
has shownable for fabrication in 

that the system is suit­
shown 

the present workshop facilities.the required reliability (for up to 
It also has
 

survivability. 10 m pumping loads) and
The design 
lends itself well 
on to being scaled up based
the expertise and experience available within LESO.
The design 
and development work for
required the transmission and
to pump at heads above 10 rotors m can be provided 
 through
present GEE and SAT. 
the
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II 

CONCLUS IONS
 

The work in 
the wind pumping machine development should emphasize
the use of 
the horizontal 
axis high-solidity rotors with good
ing torque. start-
The experience 

design to be 

to date with the LESO I has shown this
cost effective on 
an overall 
 basis and shows good
promise for continued successful development.
Further work based 
on 

design, which vill 

this should also be continued with the LESO
provide a more robust transmission, 
 chassis and
larger diameter 
 rotor which will 
be suitable for

applications from depths greater than 

use with pumping
 
10 m.
 

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

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

Altachmen
ts:
 

1. Co-efficient of 
performance vs. 
tipspeed ratio curves
 
.
 nested" and "un-nested" torque 
vs. RPM curves
 

3. LESO 1 cost 
summary
 

4. Ghazipr 12PU500 rotor cost summary
 

5. Savonius rotor cost 
summary & comparison
 

6. Rotor area specific cost 
vs. dia curves (World Bank fig. 
12)
 

...... m-......................................................
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TTACHMErT No. 1: Co-efficient of power vs. tipspeed ratj 

reference: "Wind Machines", Edridge
 



(A) "NESTED" T__ORQUE CURVE 
 system operating at 
x', 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'.
 

A
 

(B_) "UN_-NEsTED-"TORQUE CURVE 
 system matches at 
x
 
when wind drops to V=10,
 
system matches at y'.

Wind returns to 
V=15 and
 
system goes to z', 
when
 
rpm fluctuates match point

continues to fall 
down curve 
to zero torque and rpm. 

ATTACHMENT No. 2: Torque 
vs. RPM curves
 

ref: Eng. of WES, Banas et 
al, Sandia 
WTJ, vol 1, ro 1, 1977. AWEA.
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TOST SUMtARY FOR GHAZIPUR 12PU500 5 i DIA ROTOR 
Prices in CFA for Bamako (1984) 

Summary of materials 
CFA/unit amount total 

" 1 mm galvanized sheet 6,000 (lmx2m) 4 1/2 29,000 
2. 2 mm qalvanized sheet 2 1,000/ms' .75mb 7,500 
3. rings 3 0mmx6mm flat 3 , 125/6m 18m 9,500 
4. angle 40:40;4 6 , 0 0 /6m 13.75m 13,750 

5. bolts, nuts washers 
6x90 

12x 100 
12x125 

100/each 
100/each 
100/each 

120 
4 
2 

12,600 

6. paint 2 5 00/kg 5kg 12,500 

sub-total 

84,490
 

gasoline etc 
 5,200
 

misc. 

3,125
 

overhead 15% 
 13,929
 

TOTAL 
 CFA 
 106,737
 

Cost per unit area of 
rotor 6000 CFA /mt
 

Size of 
the rotor 
 5 m diameter
 

AETTAHET No. 4. Cost Summary of 5 
m dia Ghazipur 12FU50Q
 

ref: GEE (7.84)
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Aj.A-Wj1j.. p.- 5: Savonius Rotor Cost Comparison 

As the Savionius rotor hasbuilt basis, not been costed outcomparison by LESOwill on an asbe showncosts for as a ratio againstthe LESO equivalentI design,equivalent the SavonLius beingpower. scaledThis will then be to produce
used comparedthe with theby Ecole National cost figuresdes Ingenieurs when they built thex 8 2 m diam high rotor in 1982.LESO I Techr; ­ estimated Cp 0.25 

rotor area ­7.2m2

hub height 12m
No. blades 
 16
 
est solidity 
 0.80
 

Cost summary 
 Tower 
12m high 
 195,000 
 CFA
 
3m rotor & tail 45, 0 0 0
transmission A 6,000
 

chassis

Savonius rotor 
Technical 
summary: 
 estimated 
 Cp 0.13
 

average rotor 
height 
 Sm
 
rotor solidity est.


To compare 1.6
 
the costs of 
a Savonius and LESO I
power two ratios will producing 
equal
be applied 
to the rotor area to give
equi valence this
 

Factor- to correct 
for difference in Cp: 
 P'=CpLESO/CpSav.
 
Factor 
 to correct 
for difference in 
average rotor
the power heightlaw to equate usingthe heights and then cubing 
 to give
power:
 

V (H LESO/ H Sav)i where 1/5 isroughness coefficient 

PP' = (H LESO/ H Say) 3 
Therefore 
 the correction which must be applied 
to the area of
Savionius rotor a
is: 

A Savonius/A LESO = P' x PP' 
And, as 
 the Savonius has a much higher solidity for
area, 
 this factor the rotor
must be applied 
as well 
to rqflect 
 in the
costi:
 

solidity correction 
S' = solidity Say/solidity LESO
Therefore the ratio of the costs will be the ratio oftimes the the areasratio of the solidities: 

Cost Savonius/cost LESO C" F' F" x S' 
Therefore 
 C" = 25/.13 a 
(12/8); 
 x 1.6/.8 

T-,e estimated =4.9costs of a Savonius rotor to a LESO rotor producing 
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lhe same rated power will be 4.9 times. 

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

As the power produced by the two rotors is equal,developed across the net drag
the rotors should be equal
Savonius as well. However,
develops the
a Magnus 
force equal to
directed at the drag force,
right angles to 
the drag vector. Therefore the total
urce generated 
on a Savonius tower 
will be 1.42 x drag.
 
As tower 
 costs have been found to be proportional
diameter, ( to the rotorarea 
 and drag force is a function of area) and
tower- height, a 
tower cost factor can 
be found:
 

tower cost 
factor T' = (drag force)Q/- x h Sav/ h LESO/= (1.420% x 8m/12m 

= 0.79
 
Therefore 
a factor of 0.6 can 
be applied to ratio the cost of
tower required for a
a Savonius rotor 
to that required for 
a LESO
rotor- producing 
the same power.
 

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

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

rotor 
cost x .75 x area cost factor = 45,000 x .75 x 4.9 

= 166.000 
tower 
cost x tower cost 
factor 
 = 195,000 x 0.79 

= 154,000
 
transmission cost, 
(same) 
 = 6,000 

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
heavier size of the 

to the larger andSavonius, and would be esti to increasetotal costs 
by an additional 
130-150%.
 

. .............................................
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Previous 
cost fi Qures fur the 2 m dia 
x 
8 Ii high Savonius bui]t 
at the Ecole National 
des Ingenieurs are 
available: 
 (1982)
 

Component total 
price 
 material/labour 
 materials only
 
rotor 
 151250 
 50/50 
 75.625 
CFA
 
Lower 
 225,000 
 50/50 
 112,500 CFA
 

Using the previous figures for 
increased rotor 
area costs become
 
rotor 
 4.? X 7.3/16 


390,980
 
tower x 2.29(incr.area) x 
8/6 incr. height 
 223,000
 

These figures indicate that the previousreasonable ratios are f
arid can 
be used 
to indicated predicted costs 
 f.r- aSavoniuls rotor producing equivalent power 
to 
a LESO rotor.
 

In summary, it 
is indicated that for 
the 3 m
a dia sized LESO rotor
Savoni us rotor producing 
the 
 same power
approximatelv 150 - 200. 
would cost 

more.
proportional As the sizes increase, 
 the
costs would also increase due to the higher specific
weight of 
the SavoniLus rotor.
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ref: 
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APPENDIX 2 

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

AND ELECTRICAL POWER OUTPUTS
 

W. SCHMIDT 
GEE/LESO 

JULY 1984 
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SUMMARY 
 OF WJ"ULL 
FUNCTION 
PREDICTIONS 
AND WATER 
 OUTPUT
 
PREDICTIONS FOR THE FOLLOWING PARAMETERS
 

The :ullo,,wing 
values were used to run
the -on:tivity of 
Lhe progr'an, at,:, ev.aluate
tihe model 
to variations in 
k and c.
 

V/ s 

c M/s
 

2. 1.2. 

1.35
I:.Z6
.:3. 2.7
c . 2i.50 
 1.12
 

3.3---T .1.5 3.56
4. 
 3.5 
 1.45
5. 3.87
4. 5 1.50 
 4.437.0. 
 4.5
it.5 
 1.302." 
 4.9
5.0 

9.., 
... ,3.0 1.90 

6.21ii. 
12 
 6.6. 
 1.50 
.00 6.646.77
6. 0 
2.50 
 6.76
 

WI NDM:[ LL PAIR'AMETERS 

Tip speed Ratio = 1.5
 

ji-mL:r 
= 4. 0 meters 

'VCut-i = 2.0 m/S 
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FROGRAM GROG
REAL_ VN(:3O),V(30) 5 V I@H(30) 

HT=O .0 UKZS
 

41 , . -

WBAR6.0
 

WK:=2. 3
 
C=WBAR/.887
 
VCUT=2.0
 
ALAMB=1 .5
 
DIA=4.0
 
WRITE (2,2S)WLMR,WKC
FORMAT(' 
 AVER. WIND SPEED',FS.I,'M/S
WRITE(2,29)DIA,ALAMB 


K=',F3.1, 
 C= ,F4. 2
°
" 
FORMAT(' ' C F
ROTOR DIA USED =',F5.1,• 
 LAMBDA =',F4.2)
DO 20 I=1,21
VN (I)=(VCUT-.25)+( I*. 25)
 
H (I)=6760*EXP (-
 (VN(I)/C)**WK)

IF(I.GT. 1)G0T034
 
WRITE(2,$S)H(i)

FORMAT(' 
 NO. HOURS GT VCUT-IN 
 ',F7.17' HRS')
CONTINUE
 
IF (I.EQ. 1)GOT020
H(1I-1 ) =H (I-1) -H (I) 

HT=HT+H(I. 
1 )WR= (VN (I)*ALAMB/(3.1415*DIA) )*3600.H (I-1)


WTR=WTR+WR
 
WRITE (2 ,12)VN(I-),H(I1)VN(I)

FORMAT( 
 LOWER VEL RANGE,F6.2,FlO.,

I HOURS'UPPER VEL. RANGE',F6.


2 )
WRITE (232 WR
FORMAT(' 
 STROKES IN THIS VEL. RANGE =',F10.0)
IF (I. EQ. 21 )GOT0200
 
CONI"I I4UE
 
CONT I NUE
 
WRITE (2, 18) HT, WTRFORMAT(' 
 HRS OPERATION IN YR 
: 8760 .. 8
'STROKES IN YR',F12.0)
 
STOP
 
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 develoa simplified mathematical model for the GEE. As this would only be a "first-ordermodel, using several simplifying assumptions, the information generated would onigive approximate values. However, these results would
comparative purposes. This way, 

be more than adequate fo
designs and rotor configurations could be analyzeand comparisons between different rotors could be made. For example, two rotorwith different blade angles or differing blade shapes could be evaluated and comparelto each other. By systematically analyzing all the important configurations for a rotogeometry, an optimum design would result from this iterative design process(Hopefully, initial design parameters would be reasonably close to begin with, so th4number of iterations required would be minimized.) 

Blade Element Model 

The analytic procedure developed takes the lift and drag valves for a given angle olattack -of a blade element, and calculates the net lift and net drag. Using theresultant net differenc in force the torque generated by the blade element is thercalculated as net force times moment arm. The total of the elemental torques alongthe blade is summed up, times the number of blades to give the total estimated torque.The product of tip speed ratio () and torque will give power output. The torque andpower coefficients CT & CP can be found by dividing through by the respective total
input values. 

'bisV0 OF /to r*o..4 

A-ur ,, Ild oc
I: lmn iga
 
Ls~ 

Figure 1: Blade Element Force Diagram 



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

Equation used: 

I. relative wind angle 0 tn-I (Ax R x radial station) 
2. fixed angle = P 
3. angle of attack, X = 900. /3 ­
4. lift (+ve) in plane of rotation = CL cos 
5. drag (-ye) in plane of rotation = CD sin
6. torque = (CL cos 0 - CD sin 0) x mom.-nt arm/cos 02 where cos 02 corrects foi

wind velocity to element 
7. coeff. torque = torque x n9 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 of blades
no. 
FBYL is the % camber of blade
RR is the rotor radius
 
ALAMB is 
 tip speed ratio 
Pl is T_

RS is 
 radial station of blade element, moment armBC is blade correction for non-rectangular blades
THETA is 0 relative wind angle

BETA is / blade angle

ALFA is X angle of attack
 
THETA B,
 
BETA B,

ALFA B are valves of 0, /3 and o in degrees (trig functions use value in 

radians)CL is coefficient of lift from reference figureCD 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 I,of attack, finds the nearest valves for CLand CD and then finds T, CT and CP. Tip losses are approximated by using only halfthe CL valve for the tip blade element. While the calculations may be done manuallythis program is largely a rapid way to calculate the multiple equations. 

Results 

In order to evaluate the model, the I2PU500 rotor was used for comparative purposes.As a performance curve was given for this rotor, it was assumed that if a model couldpredict this curve relatively well, it would be a fairly good model. Figure 2 shows theresults of using the model to predict the 12PU500 performance curve. 
As the initial valves predicted by
curve, "swirl 

the model do not reproduce the given 12PU500a factor" is added to the model to modify the actual velocity seen byeach blade element. This factor is used to force the model to predict the requiredcurve. As the figure shows, using a swirl factor of 1.3 does give quite a good matchingfor the curves. (This would represent a velocity reduction to 88% across the bladeelement, not unreasonable.) 

With the model now able to predict the 12PU500 rotor performance reasonably well, itwas used to evaluate the LESO I 4m 0 rotor. The results are shown in Figure 3.the LESO 1I has 18 blades, a higher solidity, a "swirl factor" of 1.4 is used as 
As 
anapproximation. 

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

All printouts are appended as attachments. 

Attachments 

1. Program ROTOR.FOR, Model for 12PU500 
2. Program RRR.FOR, Model for LESO II with rectangular blades3. Program RRR.FOR, Model for LESO II with trapezodial blades 
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PROGRAM ROTOR
 ENTERING 

SWIRL IN THETA
THIS PROGRAM CALCULATES COEFF OF TORQUE AND PERF FOR 
 12PU500BASED ON CL AND CD OF BLADE SECTIONS
DATA ENTRY 
IF FOR F/L 
0.05 AND 0.10 ONLY
CURVED PLATES ONLY
MUST ENTER LAMBDA AND RADIUS, MODIFY BLADE CORRECTION
AND BETA ANGLE OF BLADES TO RUN OTHER CONFIGURATIONS
ANGLES USED ARE:
BETAB 
 ANGLE OF BLADE TO ROTOR PLANE, DEGREES
BETA BETAB IN RADIANS
THETAB 
ANGLE OF INCIDENT WIND IN DEGREES
THETA 
 THETAB IN RADIANS
ALFAB 
 ANGLE OF ATTACK IN DEGREES
ALFA ALFAB IN RADIANS
 

ALFA 
= BETA 
- THETA
KIK 
IS RADIAL STATION COUNTER, WATCH INNER LIMIT
WHEN LAMBDA IS ZERO, 
CD 
 GOES TO ZERO FOR STARTING TORQUE

NO CORRECTION IS MADE FOR VELOCITY REDUCTION ACROSS BLADES
(1-A)
 

TIP LOSSES INCL BY SETTING CL 
= 0.0 @ .95 
PROGRAMME SHOULD BE USED FOR COMPARATIVE PURPOSES ONL

SEE PROGRAM RRR.FOR FOR PARAMETERS FOR LESO II 
ROTOR
SEE ALSO PROGRAM ROLL.FOR
REAL F' 
RR,THETABALFABALFA,THETA,BETA°,BETAB
 

AREA=.2"*. 
2 5 

BLADES=1
 
FBYL =.05 

2
 

RR=2. 5 
DO 25 I=1,17
 
ALAMB=(I*.
 

2 5)-.25
 
CT=O.0
 
PI=3.1


4 1 5
 
DO 30 .....- ,95 10
 
RS=KK /100.0
 
BC=(.250- (RS-.25)*RR*.022)/250


MODIFY 
WITH SWIRL
THETA=ATAN(RS*ALAMB*..30) ......
 
THETAB=THETA*ISo./pI

BETA=(36-9-((RS-.25)*RR.15))PI/I80

BETA IS 
BLADE ANGLE INITIATIZATION, 

BETAB=BETA*180/PI 

CHANGE FOR NEW CONFIGUR'N
 

ALFAB=90-BETAB-THETAB
 
ALFA=ALFAB.PI/180.

FORMAT(' 
 ALFA,BETATHETA',3F6.2,'

IF(ALFAB.GT.90)GOT0 RS & LAMBDA',2r6.3)
 

IF(FBYL.EQ.O 9 9
10)GOT071

IF(FBYL.EQ.. 0 5 )GOTO 41
 
WRITE (2,31)
 

http:IF(FBYL.EQ


4 

41 1 F( L AB . 8 ) G T 4 ­
CL=O. 0 
CD=L 1. 2 
GOT09?1 
IF (AiLFAS.*LT. 75) L3OTO4Z. 
CL=. 30'r 
CD=i. 18
 
GOT091 

43 
 IF(ALFABLT6)60TO
 
4 4
CL=. 48
 

CD-i. 14
 
GOCT091
44 
 IF(ALFAB.LT.5)GOT
 

CL=. 62
 
CD=. 95
 
B0T091


45 
 IF(ALFBLT­
4 5)G
6 0Q 4 6
CL=. 75
 

CD=.E80
 
GOT091
 

46 
 IF(ALFtB.LT... 5 )GOTQ4 7 

CD=. 65
 
G0T091
47 
 IF(ALFB8LT2'5S)GOT04
 

CL=i .0
 
CD=. 50
 
GOT091
 
IFAFA.T
48 	 17 .6)60T0)49

CL=1. 12
 
CD=. 7.5
 

49 
 IF(ALFAB.LT12.

4 )GOT050


CL=1. 13
 
CD=.25 
BOT091


50o 
 IF(g1LFgiB.LT 
.08)GOTOS1
 
CL=i. 15
 
CD=. 15
 
B0T091
 

CL=i .0
 
CD=. 10
 
GOT091
 

52.. 	 IF(VALFAB.LT2.)GQT
 
CL=. 68 5 .
 

CD=. 04
 
G0T091
 

5-
 IF(ALFIB.LT2.5)GOTOS
 
CL=. 30 4
 

CD=. 03
 
G0T091


54 
 IF(ALFPi.LT7.)GOTO
 
5 5
CL=-. 20
 

CD=. 08E
 
GOT091
 

CL=-. 4
 
(CD=. 10 
GOT091


56 IF(ALFBLr 1 -e)G(o-r i 
CL::.-. 6 
CD:=
 

http:IF(g1LFgiB.LT


Go-roc?

72 	 IF(LA.L.-7)GT7
 

CL=.:3
 
CD- 1.2
 
GOT091 

CL=. 5
 
CD-=l.1
 
GOT091


74 
 IF(CLFBLT.55)GQT
 
7 5.
 

CL=. 68
 
CD=i .0
 
G0T091
 

-75 	 IF(ALFAB.LT45')

6 QT 76CL=. 830 

CD.=. 835 

76~G O OA 1FF B
. T : 7 G T 7
 
CL=. 96
 
CD=. 70
 
GOT091
 

77 
 IF(ALFAB.LT.32)GOT0

7 8
 

CL=1 .05
 
CD=. 65
 
GOT091
 

78 
 IFAFBL-7GT7
 
CL=1. 18
 
CD=. 58
 
G0T091
 

'/9IF (ALFAB.LT22)GOTOGO 
CL=1 .2 
CD=. 48 
GOT091
 

890 
 IF(ALFgAB.LT.13)G0T081 
CL:.z1 -2 
CD=. -75 
GOT091 

al 
 IF(ALFB.LT1

5.5 )G
6 0Q 8
 

145
.L 

CD=. 3.0 
GOT091
 
IF(ALFAB.LT.
 82 	 13 .5)G0T083
 
CL=1 .50
 
CD=. 25
 
G0T091
 

BC. IF(AZLFB.LT.11)G0T0834
 
CL=i. 454
 
CD=.2
 
(30T091


84. 
 IF(ALFgAB.LT.7)G

6 QOB8. 

CL=1 .3C 
CD:=. 15 
GOT091 

CL=i .05
 
CD=. 15
 
GOT091
 

86 
 IF(ALFAS-R.-L253)G

6 QOB 8 7
CL-=.6
 

CD=. 08
 
GoTo91i 

87 IF (ALFAR. I T. -7 -1,rn- o ofTn 

http:IF(ALFAB.LT


GOT09188 
 IF(ALFAB.LT.-15)(3OT089
 

CL=-.12
 
CD=.1
 
GOT091
 

19 	 IF(ALFAB.LT.-198)GOTO00
 
CL=-.735
 

CD=. 3.5 
GOTO 91


91 
 CONTINUE
 
IF(RS.EO..
 95)CL=0.0

T (CL*COS(THETA)-CD*SIN(THETA))RSBC 
.I /(CO(THETA))
* *.O/(COS(THETA>)CT=CT+T
 

WRITE (2,'.3) RSBETABTHETAB.ALFABCLCD,T
FORMAT(* 
 RADIAL STATION=,,F4.2,
* ,F4.1, ALFA=',F	 BETA=',F4.1,, 

6 .1,' CL=',F4.2,. 	 THETA='


CD=',F4.2,

* 	 TORQUE=F3.2)


70 
 CONTINUE
 
CTA=CT*BLADES*AREA/(RR*RR*PI)
 
WRITE(2,­J.5 	 FORMAT(' 5 )CTcCTAALAMB,FBYL
COEFF TORQUE AT RS=',FS.2, 
 COEFF TO CORRECTED=

F6.2,
CP'=CTA*ALAM-BLAM8DA:=,F4.2,' 


F/L= ,F4.2)
 
10r WRITE(21 103CP
FORMAT(' 
 COEFFICIENT OF PERFORMANCE =,F6.2)25 CONTINUE
 

GOT0101
 
99 
 WRITE(2,­37 	 FORMAT(' 7 )
 

**** ALFA .GT. 
90 W~l'
 
GOTO10I


10 
 WRITE(2,39)ALFAB

FORMAT(' 
 **** ALFA LESS THAN -19.6,


PROGRAMME ABORTED
 
* 	 NO VALUES GIVEN 

101 
 STOP.......
 

END
 

RAUDIL STTION 
.25 
 BETA=16.

TORUE 	 9 THETA 0.0BEA.69T1T9 	 ALFA= 57.1 
 CL= .75
RADIAL STATION- .Zr5 

.	 CD= .80
TORQUE= 	 BETA=33.1
.2 1T 
 THETA 
0.0 
ALFA=
ET = .0 56.9
A A = 5 . CL= .62 CD= .95
RADIAL STATION= 	 = .6
TORQUE= .27 .45 BETA=29.4 	 D .9

THETA= 0.0
"A 	 ALFA= 
60.6
F = 6 	. CL= .62 CD= .95RADIAL STATION= .55 	 L 6
TOR QUE= .32 BETA=25.	 D 9
 

6 THETA= 0.0 
 ALFA= 
64.4
A F CL= .62
RADIAL STATION= 	 = 6 . L 6 CD= .95
TORQUE= .28 .65 BETA=21.	 D 9
 
9 THETA= 0.0
". ALF= 


RADIAL ST.TION 
68.1 

. L CD=1.i
A F = 6 CL= .48

.75 BETA=18.1 	 4 D I 14
 THETA= 0.0 
ALFA= 
 CL= .48
TORQUE= . 31i 

71.9 
CD=I.14 

RADIAL STATION .85 BETg=j.4
T"RQOUE= 	 THETA= 0.0
.2.	 ALFA= 
.	 

75.6 .30 CD=1.1TORQUE=
'ZAL STATION= 	
CL= 

8.95 BETg=10.0.00	 6 THETA=COEFF 	 0.0 ALFA=TORQUE 	 -79.4 CL=0.00AT RS= 1.79 COEFF 	 CD=1.1 8COEFFICIENT 	 TO CORRECTED=RADIAL OF PERFORMANCE 	 .07STATION= 	 LAMBDA=0.00.25 BETA=36 0.00	 F/L= .031THETA=TORQUJE= 	 9 4.6 ALFA=.I-7	 48.5 CL= .75RADIAL STATION; .3 	 CD= .80BETORQUE= 	 I THETA.23 	 6.5 ALFA= 
50.4T	 CL-- .75 CD= .806 

,A
 

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


7OR0, 1tHLFO 4; 2'> CL=- 75.D 

9 LFA~TR I O'TTI ONm7 C
EBETA~18.4 THET=..TORQE= I L~~5~:6 L..6~C~9RIADJAL STAT ION= 3 ~z.2J.8 5 ­ L,49-L4>6
TORQUE= -27 
 THTAXI. 

'C= 

BE-TfT O ~~ o i j EE ~ ~10. TT I O N ~L F~ 2. 2 ACL=0 
 CD . 9
CO E F'F DI Q EN -~ l . - CO FF TTACO FR. RECTED... .0 6 L , ~E~D~2A1-1LNTP~,FERFORMANCE 0./=0 

~~ AS - BETA-- ~ 

21J 
44.0 CL= 
 8 CD= 


CD=
 
FAD~ 
 ,
1L ST TIO N=I. 61 BEHET02=22Lt12P4 


'TORQUE=' . 6' ,< > . ' 
' D
 

t45 
 L- ' 
RAI, 2CL -7j CD .80L,ST ATION = .7E51,H* E ~ 2 ~ 

TORQU E BET ito.1 'L ~ ~ . '' i7=' THETA= 1LA DA 6 7 . 4' CL 
 0'*>~~~ 
* 9, L 0* 0~7 54 CD=EFF 

TORQUE-' BETA=14.j THETA-''RADIAL 8 'ALF&'= 46.7 'CL= 882 " A5-CD=STATION=2' 4 2' .,?5 BETA=10.64AE. p2". 2 O~ <o "~{' ; ~ ~ * 2~'~'~'
' T HET A ~""7'. ALF A = 647C7
 

RUDI: 
 ATATION 15 4~~ F T0
 
R AIL(:STOTION 
 251 2 BET A= 6 9''j2 4 t 

' j2 . t~~"*~~~HEA
rORQUE= ~ ~21. 
 ''t"' ALFA'''' "t2 9. 4' CL 

.6"5
T ORQPUE= 2n 

2 D= 

""""""""""' THET0m. 
 OLFA7 2' E3' 0S CL = .88 CD .T 2 -THETA...27 
8 ALFA= "'36. 9 LCA=L 003 CD= &

TZ,,OEF O RQUE'2 'l74-36.FF ;T THTT'2 . ALF-= 
 MBD
1' CL= sS 
' RAD AL -' '4T. 
FJADI UL = 
 ~ ~ " t t ALF'A='""''2~sTTION= . ,j. BETA= IS. 1'"" 

~ C CL = -88 CD= '. 1=7 ~ 4'~TORQUE -' THETA -6. 2A- LF= 75 CL=
 
TP'R'QUE= 2 

c? CL= 

BETA=10. 
 THETIA='4.
4 'TORQUE="' 2 ' 
' A2 C = .52LA'" 7 6.~E 'CL=;.oTOEFLI CIALAMBBDA=;'.9,2"2RADIAL -STATION ': 

___~ 
:BET'T740'29L i- 2~ 9

TORUE= :,4 T~HE TA 4 4 3 4 L ~ 27 ~ ~ 
1. 0 

=18. ALFA 2 0 
Cji'-. 1 CL 33TORUE 6. BETA= .124 'TETA=4 ALA 7 7 C -1.00 =b20:

45 BETAE .44 THT=_.7t ALFA
 

P 9~ L' i ~ ~E~I O'-N.j o~ H~ Si 0 A ~C - . 0 0 _ CD = -.5 0 

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


--

TORO*t~LF 7.T i~ O ~ ~ ~ 144 -1H- LBE ~ 10 6 T H T =67CO 'Ij
E sGO~~~ fF.1 CO F 5 . LL= 1.-F0'T 10 NC~Ei 1OU~~.cD .- . F L~ 

TOcEF TOOEA L0 C
 
RAD~DIAL,L STATIC)~ _ 

'7 ~ ~ L ~ 0 D 1
C) QU * -9
R ADI AL -THETA4 =7--~ I N 2 ALFA =­' . 5 B ~ ~ ~ T E ~ ~ ' 
RSi i T'''' 4 .,8~9TTC~ D 0
 

4 ~~TO4 ~4QO 
STAT BEON7- I ''CL = 6 ~ ' D- . 4
4~ j'" 4444' -~ ~ ~ FRADIAL 4 S T THET 49**.*J-7 

AQ~LF A= I IC70 D; . 1
 
TORUE
.1rHETA=-70 
 BEA=,9. E3 ALFA _""9"<'l CL '00:VCD 1
IF42E C EB 0 E FO M ET 2 '. ""'6 
TH TA . I 44 4-9 
, 'L-;I4CL44'4-.6 cRA IA STATION:Z9: 
 TH TO9~ LFA = 6l'. "C 
 C = ' 2
4RADI-1AL4 STATI ON=A 
 = - j> & 
 '."2-"{CL. '68-'C'TO.RQiUE = " 946 * THETA-694
H T - 'j' A"
LALFA44, 
6.44'444CL 
 63 CD= 104
T O R Q U ET " A= 14 4 THETA 
 ""'4 '<'.<4"
 

RADIAL44STATION= 

'6 
 BETA=1. 
 THE404 


EF 1 T O R Q U E : _ :
CIO 4 .~44', :44.:V444';'~ u~'~4 CL 0 D 447
'4'4"4.1- 0
4~ .,4'"4444 ' ''~ '' 10

CL68bC,7
RAILSTATION'-'4 
 B~EETA _76' 19 HTA' 

R4U4"' 70
RADIAL, STAT =39.44 
4 

4ION>~.45BEA 
THETA=70 
 .LFA=<j~ 
 L- '36


RA'A'STTO=BETi=29

6 THETA=1.
T,ORE ' 4 72"'= ~~ TR E-7 

At 
4~ 5.&= CL0 008
ADIAL4'ST AT IO CD=-04,
N = .
 ORIBEA 
= 
RDASTTO= 4" 

TOR QUjE= 65 BETA"*....9 4~ A B A 2 O' 
 . " /


TH 8'EA=4
T014~~~3' OA = .44<.4.7- ­4 C...,
CL= .68
5 CCD
 

RETAAL
STTON'8,44 44 rOR UE 
 334'p 
 THETA =11 , 4 ALFA 
 1j'. c .6 B 4 D44' .04
44STATION= .9 
 BETA "
TO EFFU TORQUE 
7 %4 4 'H0.61 
 . 4 LF
4' '''" '44 ~ 

' 
 4 <44 ~ ~ ~ ' 44 
'[ORQUE~z 
 ET
 

STTI~44ET 1j CD=RADIAL STATION=<~ = THETA=5.. 4 ALFA 5.5 LTORQ1UE= T~HETA=58.1 'ALFA
.20 4F,' 4 B'A"..9
RADI.AL STA ION ' 4 4"'<4'> 

=~ " CL=4'
' ' i " 4 " CD= 0:E FOO ) 14 'ATHETA=679.0 A A ' - p~ L~ 4~ 0 4 4 D 

ETA=18 
 'LFA= 
 1 .7 CL=:,. D= , 0R AA I .~.<
STA ION .65 
 BETA =---I.<4c? THRDIAL ST ATIO... T, '
TO O E :< 4 L AT E A 7 ~ 4'CL=
~)i~o~L TAT ~ L D 'I ~ B 'T~ '0~ '~'~'THETA 7 

6 
JI~"~4 

<4 
 -

TORQUE--4 

~ E A4 ~ . . ALFA= 
 - CL-i .00 
 CD= *10
 
*~,BETA= 1s 1 
 THETA=7.3' 
 L
 



--

r 
-~.'NiTRqO~E.. 6E W~ TA.~ 

6 THETA 6z. o ALFA ~DI AL,!LSTAT ION 7 ~, -T6)& BETI 2.7 i 

RADIAL STAY I N-T7T' 
CL- 00~ CD ' 0T ORDUE A A 9 SE1 ETA1..6 T
 

ALA=CL 

A~4 - 'o ALFA= 
CL= 

k~ 

TOR QULE =T , 2-.4- 9 THETA=7.... 
-0 

AL A-. CL ,*0 CD K 
~,~-cIA-TAIN- UE= j~ BETA.5TORCE 2'ri-, 

7 *THET=6.6ALFA'=
C) -2' CL=' ­ 8 'CD=
 

i ST TI- 4'DIA~ SR ATI N~ 85 BET A =1 THETA =7 " L AJOR~ ' 5 LA UE D- 'CD"- 0-<A/R D IAL STAT ION =' .:' 5'

TOu~ - .22 D'T 

7 0- ALFA=: 
-1. 7* CL-0 00 CD =
" 0 7, ~~r~BTCOEFFuErAjRS6y7 2TOR 
TORANCQUE=1
ADIAL STATION, AL~z -24 C~.5 ' BETA=21.9ORQU A4TI T EE=' 24'FA ~- L A4TH T:.7 . L 6'h: -1.- >' ,! .ADI L ST -' CL 7'- CD=T O . I


ADIL" .4 C 0STATION= '75 ,BETA l~F ..
-H T 6TORQUE- ­8.21 THET'"72.59ALFA 'RADIAL STOTION= 

TORQUE=~ D .08.5 ' B"' K'K "4- Q'K THETA =74.4.;,RADIAL STATION 2 L A 2 ~ - 9~ - L 0 d f. 9 o ,E A 2 1 9< 2~~~-TORQUE= -58 DEA 10 TH T=47 .'0"AL A 
 C-'i 0. 'JO RQE =.'TR U ""'46 '2-'17 - 7' LF 6 c - . 0 CD = .0 4 ­
_l-D I 'L "STATIO TNCsB-" " '~~ c 7 't5k'~ F 2 2 ~ 2 2ORUE=~', 24f2' 42 -9RADIAL 2 TH TA: . AL A=STAT ION = " 9 5 ~~~--- - -' 4.1 - CL2 .68"2--BE A 1 ' ' 2 H CL t 0 CD" .04.2~T 7 0 L A 2 >:J 2 "t 

TO E. OQ ER O MA C THETA= 60 '' -CL CD= ok* 0' 
> R AD I AL ST AT J N 4-

55~ i- ' ":'- - "CDALFA= 9 . :'OQE' -0 CD='C'LLJ3*BETA -1.9"THETA=71_6 LA CL=
~CD=~ ) 
RADIAL- STAION -8 

- T5R&~ ~ ~ 7'Z 'BETA=212"<4'"
DORQUE=, TO-46', (­:ETA .2 2 THEA=7 . ALFA


RD IAL&TAION=5, 
2 , 2 ~ ~C L ' 0 CD K. j
2-o r' 8 5.~ ~ 2 - -~ BET A -=4 4OQE1l,5_ '-0.7~ 
TH ETA= -6 4 C - . 0 C = . 2 

* D5A SLA= F 8 

RAD -.STTON -, BETA CL=SI 0 CD'2
'95 =106" THEA7
TORQUE=~7.4 ALFA= 412CL0 00CD,',,-: .76 ,C . 



D~s~r~ri THETA" 

AHL,~STOTION4 

r uI AL S ~TE-i~''Tf 

7Bf,-7 

V 

TE 

L_ 

~ 

~ 

~ 

~ 

-. 4 

~ 

L 

C OTEt73CD- .06 

T L .i4o =66 9HT7~ 6 ~-6 CL 00 CD= .0 

TOE70E7RFO 

-,D, U 
A- D I..4 

E =: 

AS 

-

LT P 

c 

T 

-, 

I. O N =-4 

OR-

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

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

BETA=4 

BETA 

-4 

-. 4-

14THT =77.­

:-
4. 

.444/44 . 
4 

- -­

o. 64~4'444 

-
L 

4 

'THE44,' 

-4 

C D-~ 

44 

'. 

4-E F I I' N 

444 

T -. O F " 

AT.44 444 

PERFORMANCE1 

C 

444 

' E 
RS=---4)

TO 

44. 
4 CORRECTED="~ 

.4 
~ ­ '4r-.4---4-

. ~ - , 
-­ 44'~~t4~: 4

4 ~ - 44 4 . 4 4 4 4 ~ 4 4 . 4 .4 ~ 4 
444-4,4444 . 4 .0 0 

f~4~2i 

4 
'4 

F / L-
4- 44 4 

s-' 

0 

44 

54 

4-ql 4444444 

- ' ' ' 

44-,~-"~4 f,444.4-M, 



P'" OG RAN RRRTHIS PROoGR;AM CALCULATES COEFF OF TORQUE"/"' /////'/'/I/ AND FERFENTERING :.1.4 LE----ISWIRL FACTOR ///////////BASED1. 
 THIS ISBASED WITH RECTANGULARON CL AND CD OF BLADES 1.25 MDATA ENTRY BLADE SECTIONS X .250M _IF FOR F/L 0.05 AND 0. 10 ONLY
 
CURVED 
 PLATESMUST ONLYENTER LAMBDA AND RADIUS,AND BETA MODIFYANGLE BLADEOF BLADES CORRECTIONTO RUN OTHER CONFIGURATIONS
ANGLES USEDBETAR ARE:ANGLE OF BLADE TO ROTOR PLANE, DEGREES
BETA BETAB IN RADIANSTHETAB ANGLE OF INCIDENT WIND IN DEGREESTHETA THETAB IN RADIANSALFAB ANGLE OF ATTACK IN DEGREES
ALFA ALFAB IN RADIANS
 
ALFA 
= BETA 
- THETA
IS RADIAL STATION COUNTER, WATCH INNER LIMIT
 

KK 

WHEN LAMBDA IS 
ZERO, CD 
 GOES TO ZERO FOR STARTING TORQUE
NO CORREC'IOON IS MADE FOR VELOCITY REDUCTION ACROSS BLADES
PROGRAMME SHOULD BE USED FOR COMPARATIVE 
PURPOSES ONLY
THIS 

HAS CL= 50% @ RS 
PROGRAMME 

.95 TO MODEL TIP LOSSES 
SEE ALSO PROGRAM ROTOR.FOR FOR 12PU500 DATA
I 


I Ij I II 
 III
 

THIS PROGRAM HAS TIP ANGLE AT 30 DEGREES
I 
 II II 
 I l 
 IIII
 

SEE ALSO PROGRAM ROLL.FOR

REAL PIRR,THETABALFABALFA,THETABETA,BETAB

AREA=.


2 
BLADES=IS
 
FBYL w.05
 

'2
RR=2.0
 
DO 25 
I=112
 
ALAMB=(I*.2 

5 ) -. 25
 
CTwo.0
 
FI=3. 
1415
 
DO 30 KK=45,95,10
 
RS=KK/100.0

BC =(((RS-.375)*2.0*.120)+.200)/200
 

BC=I. 25
 
THIS FORCES BC TO 1.25
THETA=ATAN 
(RS*ALAMB*1.4)

SWIRL FACTOR ENTERED 
 .... 1.4 ///THETAB=THETA*8o./PI
 

BETA=(45.0-((RS-.375)*RR*I2)).pI/ 
18BETA IS BLADE ANGLE INITIAtIZATION, 


BETAB=BETA190/'F'I 
CHANGE FOR NEW CONFIGUR'N
 

ALFAB=90-BETAB-THETAB 
ALFAALFAB*.PI/1o.

FORMAT(' 
 ALFABETA,THETA,,3F6.2, 

IF (ALFAB.GT.905 GOT099
 RS & LAMBDA',2F


6 .3)

IF(FBYL.EQ.O 10)GOT071

lF(FBYL.EQ..05)GOTO 


41

WRITE(2,:I)FORMAT?' 
 /'//' CL,CD NOT TABULATED 
FROG ABORTEDr30FO 101 
 PO BRE
F BY L EQUAL 5%) 

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


'MRP~,,~T O B T ~ T E 0. AFLFO t 4 6. 3 CL= .7 so~ 
D, I T 

RA DIAL BETAI 4N60 p j :TH fETA -F ~~ 4 ~ C~ 5 .C'R~LL ~ibS~~~ r7I o BET A - .-, .. 4 T E ~o- ~ ~ ~ ~ C 7 0 
TORQUE= .70~ -':7 ALF 4

TO Q E .66. 
 'H T - LFO= 56. . CL z 62 cDRADST- AALIDN3 c <$iTORQOE= 7'C TH T = .A LF 

- .- L- 3 C 
~~COEFFe .TOUE A RS7::4> COEFF'~
TO CORCTD'
C FE C E "T' C?0

'4'~'~CO R - > 6 CO F TO 
1' 

F~IIEtOF PERF -- 000 C R E T Dl ."LAMBDA o 00 F'/L='' 00~ 

~'-~ ~ B<TA=4 :.> THETA= 9 OLFA= 7RO'ALSAIN 4 ; CLE=40.6 ~'THETA=10 9ALA 
' 6 D ; 5 

C 68'D= 
RAPAL, TTION= .65 BETA 684, 4THETA-2BLF8,.C 

.64> RADALiSTATJON- 7.5~ BETA= -. 0~'~THETA 14.7 A'LFA=" 9 CL7D 
,69 ON-''E ~ E A ~ "&~~T E A 1RD,,LSTATION L A ~ '" CL 8 CD= ~'65a~5 BETA-: .1' 

1>'"ORQUE= 7&, UA-( 4THTA=16.6AFA U.'46D ~7. C= 
'FHT41


COEFF TORQUE AT RS 
. AL 

3r..1, CGEFF TO CORRECTED= 19' LAMDA= "25F/L.. .;05
A'Al~STATION 4..5 . B,E .- THETA 17 .5. ALFA= ~ 4 TORQUE-- '".50 CL 'o 000, 

CL . C.,D''~<:RDIA~ 
SATON- 5 5
" BETA40.83 

'~~A"AF 
 4~ 0~D':s
 

R ASI AAT ON . -5 BE T A = 63 i4TOLFA~ .-. 6 T HET A =.--' ' L' A"RADJ AL> STATION= .75 2 '0.1 CL= ii~D D =' 0P"~ETIA'=' '04 THE r 7'TOR~UT AF7 ~ ' 0 2 7/ 7/~C''>:LFA--~, 3't CL=1 00. CD=~.5i~RADIALj STATION E34.1THE"TA=70. 

TORQUE= B7J.;.085' BEAD "8"ALFA 25 6 CL-1. 00C =.0 
RAL_ STTJ IO .95 BET~' i' lWTOGU0 R'"0. 7:§; BEA-1'v THT 2. CL-COEFrF TORQUE' AT"'PS=" 7. Co FFT 

LA '56 CD=".
 
COEFICIENT OFPERF F/=


LMD=.0FL,'0
 
'AIA4 S"'45,,AT ON
4, TA~ ,Io BE'TA ,yr~ DI~ L ~ 4 -7 - D4IV=: :5 5 ~ ' o'" -~ 'THETA = .0'0' ALFA= ' i9.~ L=--I 'l'? 

-r\ADIL 4 STATION=6 BETA=4.8f K THETA-' 4. AL='
 
RDIAL S A I

DIOISTATION=N 6J BT.75.. FBETA7.6.0' THE TA= ..- AFA 15.A' CE3 1'vCD' .2
 
RA6IAL, 'S T4)T 10N-
 '65 BETA=7 T'"6HETA=: 41. 3 ALFA= 14. CL'- 1 . . 25 

"RAFDIAL STATI'oN-9s BF.1. T ETA~4, L i~~C ~., Ds~
E-FTOQ~ltAT'-'RS:- 20, C FF: T'CORRECTED *0 LiDA.T L-.o',DI 
 L _ _ A MB DA, 

http:BETA=4.8f
http:BETA40.83


'TOPL!iA 
RA 

L0F~L 1h-~6 CL=i15 
I A[. CD 

T N I-

RADIAL,~~0 
5 BT: 6 T;T1HETA-4.i ALFA 76 CL I oo, CD= o 
-OPE 1I~ 

LA,6 HT _O' -0, 6 4~ CL= 68 CD= 04 
TTHE0. QLf~c-+TORQUE': 5 -- CL-1417-. O F CD .04 

'§.COCOEF EP O O R C E
ICOEFF E R F 

4 1 .0 0 
TOQU _=DE__4_..22T_ 

T TCISAELFA=' 
E3. 6~L DC =. 00 

o-, 

ROD V10 
4 

STAT'Ot= 
.65 

~ T O R Q U E = _ ,. 7 9', 

RDA TTIN .. 5 

TORQUE"':.,., 

BET 4 8 -' 
'- ----TA 4 . ALFA=, 

K B ~ , 8 4 T E f ~ 4 V I L 

BETA "76. 
0 

- -THETA=--' -7-

p C L = . 6 S 

: D~~ 

, C D - . 0 4 

o--.,< 

~7' TORQUE 
. 

RobiAL:STATION=. 
--

UE 

4<??1COEFF 
-TORQUE 

AT RS= 

A - ~~ L.IN 
1 

LJ IERFRA~DIAL STATION= 
.41T 

11 TO R U= ~ 
5 0 

RDA STTO 
RA~DA STAT ION= .6 5 

--TORQ UE ~ 571 

.6O= 5 

RDIL 'STATION= 
.5 

3. 

8 T4c-A-?'1~I 

- -- -
44A=1 

21 T4 
A -5-?-OR 

A,p1 
LFA= 

-1-7-- COEFF TQ CORRECTED= 
16 

.2.3- '1 14 
'34 

THT =4.. 4 ALFA= 

I' ;1-I' 
4 l, 

BT=0 
HT =1 . LA 

4 E A ~ 61 ~ 3. 

1THETA49I1,. 
LF ~ ~ A~ Y~413 

-
BETA=7 6 4 THETA=. 

ALFA:-p 

BET=. 
0 

14 '1 
6x 

ALF
4 

~ 

<LAMBDA= 

.4 

-~ --

1 

11 j4. 

.6 
- -

4 

24-

-­

-4-

CL 15 

1 25, 

CL= . 

-4I. 

C = -. 

1111A~ 

C= 0
C - ,~ .i-

CL -2 

L-

CL - 10;I 

CD=4-- -

Fj/L= .01 

CD= .44-

CD= 044 

CD-

D -- 0~ 

CD .. U' 

CD4. 

1 

-

.- 22 
F.ADiAL STTION= 

. 65~ BET :7. T HET= 
 7-
 A0~7LFA=-
 6.4 
 CL=~~-.0 
1CD= 0 8. . 

.4 
 CLA 
RAIF\DIAL STATION 
 = E3 
T O R A3...I U E . . . CP61E9 

BE 
, T E A1 4 4 ~ 3 : 2 A FA 3 0 
 CL 
 - 4
? C ~ 1 D 

0 1 06; 1T 
-'1 

C 1-k1-.0' 
rF ORQUE:,TRS- 1 

I-114~ 1 I -- ?I I ICOEFF ICIENT: IC EF0 T1,Q COR141F ECOF E­
-EF- 31QO LMBD=IRcTb-I, F/~L,.11 L~RDIAL 1 

STTION 
454 EBET-=434-.

TOR UE~ THET=z- 2 4784ALF=.

4 -4.8
-

C 
DI -L-20
TA L IO = 51 BETA -40. 
 6 HET= 7.
-' OLR Q U E ~ . 1 

A -7.34~ 
. . 7 0 ~ CL=' 1 01 1A CD= -0611 4 4~ - I 

1 - -_ D E T A4 ­ .
 H I-. 1 2 L O
-T-A--64-E5A0. 9 6 C = ­ 4
T H-- E1 5H 
j 5 CL----.AR D II A L4 S 0 'CD,T O T I< O N =4 10l3 5 

. 6 , T1 -
0 THETA6 1 

1 4 AF 
 310 R 0. 
-' -A 4-41 1-1 - - -- D=l 1lTORQUE~ 4 .9 

l6 
1 T E 4 4 ~ F

g ~ <~~ ~ A'a L 4Nl' C1 A 7 . 
l 

- -

1 
1 



k. COEFFtCIENT- OF~PE F 
rIjJIJST r, 

-- ~THm .dBALFA- 4 0L- r 10 
RAD I LL~F T0(V I t,4C B 

CL 
R 0, li E 10 CL 40 CD 10
Tt 
 BE 4O~.THETA,-t64 05 ifA CL-: 40ii10RDIL 7rA T 1s 

-r.(i CDHEA=­
4* 

4 04 

ETA - , ' 
= 

CtR&if~r 4DYB~ 
C L 

TOL)UE=T'HETA-. A-6RAD IOL STAT ION - 6 L ~ 1 C-~ 
.4 BETA-714 2 THETA=,.TORQUE=' I.,881_ 

5' 4)Lg- 4 L - 4 0 C = 1 
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WINDMILL CONTROL ND BRAKING SYSTES 

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
the machine. on
Control systems control 
or 
limit the maximum speed of
the rotor, saving 
 it from destructive centrifugal and
forces. These gyroscopic
systems can 
also limit the tower loads to keep
below the design maximums during high 
them
 

winds 
 or storms.
control systems Typical
allow the windmill to operate up to 15
activating gradually - 20 m/s,
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,
apply braking do not
forces to the windmill. Control systems 
will
reduce the power absorbed by the rotor, 
only


often to levels where the
rotor is stopped by the load.
 

BRAKES: it 
is often necessary to have additional braking and lock­ing mechanisms. 
These brakes or

maintenance, locks are required when performing
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. Brakes that
the rotor, stop slow
it and lock it are generally drum or
These can be easily incorporated into a wind system 

disc type.
 
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
spring working on gravity or
tension principle is quite adequate. 
 The gravity system is
somewhat 
more reliable - gravity never breaks, 
gets stolen
pered with, rusts or required spare parts. 
or tam-


The hinged tail
controls the windmill allowing 
system

swing ofgradually as the wind force 
by 

increases. 
the rotor 

It requires 
to 

the 
out 

rotor 
the wind 

offset from the to bemain yaws axis, or an auxillary side vane beprovided toa momentso that will develop about the main axis. tailThewill also bring the rotor back the asinto winddecreases back the wind speedinto the working range. (Some hinged tails alatching mechanism to prevent thir 
use 

return when isit desired toinspect the 
rotor for possible damage prior to using 
 it following

high winds.) 

Description of Hinqged-Tail qstem with Offset Rotor 

The hinged tail system has two axes.
vertical The first is the main
axis about which the entire windmill rotates or "yaws". The
other axis is the tail 
hinge, about which the tail 
swings relativeto the rest of the rotor head and chassis of the windmill. For theentire windmill rotor, tail, chassis etc. to be in anstate, and not equilibriumrotating about either of these axes, the sum of the
moments around these individual axes must be equal to zero. 



The axes and the motions relative to them are 
illustrated:
 

l -i V 

F9.~K 7a, 

•NIAS 

F~ai__.ur 
 1 : Main ax:es 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 imuch like a rigid tail system. 
 With the rigid tail system, when th
wind changes direction, the tail sees a side wind, albeit one reduceifrom the atmospheric wind velocity as the tail is thein wake ofrotor. There is a normal force generated by the 
th 

tail which moves tharotor back towards the wind. As the tail comes parallel with the windirection, 
 the force diminishes and the rotor 
stabilizes facing
the wind. (note: the tail surface and its moment arm must 
int
 

producelarge enough moment around the yaw ax:is to balance the forces tryincto bring the rotor 
out of the wind. If this is not the 
 case, th
system is unstable, and will likely turn backwar-d .)With a~i offset rotor and a rigid tail, the rotor will bring theentire winc~mill around until the moment generated by the offset rotoris balanced by the side aerodynamic forces on the tail as it comes_out into the windstream. The resulting angle is winc
constant for all 


speThe hninged tail system works similarly. When the rotor comes outof the wind - as it designed to do when the wind is too strong - thetail is brought into the wind 
to counteract this movement. However,
rather than turn the rotor completely back into the wind, as with thenon-offset rotor, the tail takes up an angle of less than 90 degreeswith the rotor plane, allows the rotor to stabilize angled to thewind, as 
with the 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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Fig. 116, Schematic drawings of the different parameters involved in the analysis of the
inclined hinged vane safety system. 



that it can 
vary its angle with respect to the rotor axis.
the tail 
 Remember
that always wants to be parallelthe path of with the wind,
least wind resistance. as that is
not Now, if
'locked' together in someway, if 
the rotor and tail 


the the tail were 
tail would just trail 

were free on the hinge,in the wind,
right back perpendicular and the rotor would 
 swing
to the wind, 
 along side the tail,
slightest breeze. 
at the
 

Here is the "trick".. 
rotor, 'locks' theand the aerodynamic

Gravity 
force on 

tail relative to thebalanced the offset rotor
by the tail is counter­(the moments about the main yaw axis
equilibriu
 
m ) . What are in
makes this interesting is that the position
which 
 the tail 
 is at
allowing 

'locked' is different
the rotor to for each wind speed,
come Progressively further out of the wind as
the velocity increases.
The way this 'locking' actionaround the hinge occurs is by balancing the momentsaxis so that they arehappens, equal tothe tail will not zero. When thismove relativei.e. to theit is in equilibrium at 
chassis or the rotor,be another the hinge. To achieve this, there mustforce creating an opposite momentcounterbalance aboutthe aerodynamic the hinge axis toforcehold the rotor on the tail which isin position, required toat angle d 
 to the wind.
gravity This is wherecomes into play.The hinge of the tail is angled backthat the (and sometimescentre sideways)of gravity sohorizontal plane. It 

of the tail no longer movesmoves in in apoint "A" an oblique plane withbehind the main yaw its lowest point,axis andstays fixed with respect to 
the hinge axis. This pointthe hinge at
rotor, so all times, aswhen the rotor and well as to thehinge jointpoint turn about"A" moves correspondingly. the yaw axis, the

this However,spot Linder the tailthe influence of moves away fromparallel with the wind. 
the wind, as the tail tries toAs the staytail moves fromclimbs up the Sloping plane, this lowest point, itarid gravityagain. The higher tries to bring it backit goes, the downgreatertime as the gravity force.the wind forces the tail to At the sameclimbthe tail to the up this plane, "the anglewind is reducing ofdiminish. so the aerodynamicThis forcesgoes on until also

the aerodynamic the moments created by theforces gravity andare balanced,equilibriu and the hinge injoint is n.Now at 
the same time, 
 the aerodynamic forces on
the aerodynamic 
forces from the tail 
the rotor and
the main yaw seek their equilibrium
axis, and finally the entire system comes to a 

about
 
state. static
To briefly re-iterate, the drag forces on
moment 
about the rotor 
 create
the main yaw axis. a
this As the system startsoffset force, to rotate under
rotation, 

the tail following the low spot inmoves out into the its' plane ofwindstream.out of The rotorthe wind until continuesthe tail, to anglechasingthe the low point,wind enough comesto provide out intothe opposite,about the yaw counterbalancingaxis. The tail is moment
force which provides 

held at this attitude a balancing by the gravitymoment,locking, it up that it will 
around the hinge axis,

moment 
so transmitfrom the aerodynamicallythe tail to the yaw derivedaxis.the sLIm of When equilibriumthe moments about the main yaw 

is achieved 
moments axis andabout the hinge axis are 

the sLIm of thesimulataniously all zero. 

3 
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The MatheRmatical MODEL 

These 
actions of 
the tail
the yawing of about its axis,
the rotor about the main axis can 
gravity effect 


a mathematical model. all 
and
 

be described
This is desirable by
can so that
be made to design a reasonable attempt
a system that will
predicting 
 be functional,
before hand the result of as well as
field system to any changes carried out 
 on 
 a
amount of 
try and modify its characteristics.
computations required, the smaller second and third 


To reduce 
the
terms 
 are dropped 
 for simplicity. order
algebraically The 
model
by manual calculations, may be solved

using 
a hand calculator however numerical iteration
or 
small computer can
A simplify the process.fortran programme is provided to assist with the solution
the equations by iteration. of
 

Main Axis Equation: 

The force on 
the rotor
SUrface is the aerodynamic drag on
is, noting 
 the rotor
that it is by definition parallel
direction, and hence cannot be broken to components: 
to the wind
 

F1-. cj . 1 V 
(1
 

the value Cd 
= 8/9 is the theoretical value When
power is 
taken from the wind. max.(see later note on 
changing
this value to .50 x 8/9) 
As the rotor yaws with the

the rotor- providing 

wind by angle J, the projected area
the ofdrag surface changes by cos I.: 

Fr IC J AC ( A rr*LCe. P) V"1Now, the effective'moment (2) 
arm also changes with yaw angle J:
 

C e 
This is more comple: when there is an offsetrotor to the sideis mounted and theahead of the yaw axis: 

* 41' ';- ' (4) 

4
 



Therefore, the moment generated by the rotor 
is
 

(5)
 
and -when 
 ' is small: 

(6)
 

Not'e: 
 when the rotor is offd*set, 
and 't9' is not
be'included. small, 
it must still
This is called the 
"side" Force
centre of as it develops when the
the rotor moves to 
the side of 

moment the yaw axis creating aarm sin(9 x I as a result df 'I'. 
The force from the tail is 
as follows:
 
A wind blowing 
on 
a flat plate generates a force normal 
to the plate
equal to:
 

*jcC T b~r (vA, (7)
where Cn = 2.6 a(, ( NP 0"--f407 

as evaluated by SWD 
(ref 1, fig 11.5)
and 24is in radians. 
Now, 
as the tail is in 
the shadow of
reduced the rotor, Velocity
by a factor (1-a). Vow is
This has been estimated
evaluated and will be
as required. (ref no 
1, fig. 11.6)
 

Therefore the effective force due to 
the aerodynamic load 
is:
 

The moment arm 
for 
the tail

[(Raero • 

about the yaw axis is equalco (2) + Rhinge.cos to(d+ch)) + (Raero . sin I' + Rhnge. 

Therefore, the moment due to the tail 
about the main yaw axis is:
 

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

This is simplified for the computer programme as:
 
My-axis 
= CT*EC*cos(r)*cos(CT) - CTA*alfa*(Raero + Rhinge) (11)
 

where CT 
= A r.' V%
and CTA (12)= 
 Ar1lrAM (,a rV6 

noting that when Raero>>Rhinge, moment 
(13)
 

arm 
7 Raero + Rhinge
 

S,.
 



Hinge Axis Equation
 

The weight 
o+ 
the tail 
acts as a pendulum. 
The -orces 
of gravity

acting on the tail are as 
follows:
 

F -S;-­
(14)
 

and: when axis is tipped back by 4 only

P4(~~A. r"(5) 

when axis is tipped sideways as well
Noting that 
 -
 -


(16)
Therefore: ()
 

F s(17)4e 

where G is the weight of 
the tail 
due to gravity.
 
As the moment arm 
is Rg, therefore the moment created by the gravity
force on 
the tail, about the hinge axis is:
 

The forces generated 
by the aero loading on 
the tail vane 
 is as
before:
 

and the 
 moment 
 arm of 
the tail
Therefore about the hinge
the moment axis is 
 Raero.
created by the aerodynamic forces on
about the hinge axis i: 
the tail,
 

pi CK AnotL 0fr4)Vs PAM 
ir 2.16 A.. -nu V, 
 , (19)
At equilibrium the sum of 
the moments about the hinnge axis are 
equal
to zero:
 

4 SI. Ctf ,~S;,.e . (1-.simplified 6 t & (20as before to:
 

- CTA C 4 EAV. 
(21)
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oJLvin_ 
 the Moment Eguations:
 

As 
 the moment 
equations about the hinge axis
yaw axis 
 (20) and
(10) give two equations and two unknowns, 
the main
K, and all 
the other variables are either known 

the angles toand

from the reference material, or may be evaluated
the equations 
may be solved.
 

The solution 
 of these equations
however it 	 may 
be done algebraically,
is much (pore straight forward to use an
programme to do this. A sample programme in 
iterative computer


fortran is as follows:

Fortran 
Programme for iteration of angles 
? and 4r for 
 various
velocities V.	 wind
 

PROGRAM TI+-Ibbo 

name of 
the program
REAL MYR,MYS,MYT,MTA,MTG
 

REAL ALFA,D
71 DO 18 I=9,14 

72 velocity iteration
DO 19 K=40,60,


2 

73 	 delta iteration
D020 J=1,20 


alfa iteration
 
ALFA=J*2.0*3.1415/360. 

D=K*I-O*2.0*3.1415/360. 	 alfa to radians
 
V=I*1.2 
 delta to radians

RO=1.229 velocity 

RR=.75 air density 
AR=RR*RR*3..1415 rotor radius 

area of rotor 
EC=8.1
EC=.176 
 coefficient of perf
AL=.100 	 eccentricity of 
rotor
 
AT=.41 4' fwd to rotor
 

area of tail

D D:. 


DD = D'360./(2-3.14 (1-a) vel reduction
 
15 )
IF(DD.GT.45)EC=EC,I.25 	

delta to degrees
 
modify ecc.
IFDD.GT.45)VRED	 to simulate
 

RH(G=. 	 9
V 	 side vane at angles > 45"
RHG=.10 	 modify 
 (1-a) for d 
> 450

G=32.4 hinge radius
 
EPS=15.* weight of rotor
20. *-3.1415/360. 	 in N
RTG=.8. hinge angle
 
RAERO=1.0 tail radius to C of Gray


tail rad.
CTA=2. 
6*. *RO*VRED*VRED*V*V*AT to aero centre
 
MYR=CT*(EC*COS(D)+AL*SIN(D))*COS(D) CTA
 
MYT=CTA*ALFA*(RAERO+RHG) 
 rotor moment
 

MTG=G*SIN(EPS)*RTG*SIN(DALFA) tail moment to y-axis

MTA=CTA*ALFA*RAERO 


gravitymomen

XX=MYR-MYT 	 aero moment to hinge
to hinge
 

sum moments about y-axisYYTG T O 19sum
IFIF(YY.LT.-2)GOTO(XX. LT.-I) GOTO 1919 shorten 

of moments 
print 

hinge-axis 
outALFA=ALFA*360.O/(
 

2 .*3.14 15) 
 alfa to degrees

D=D*360.0/(2..3.1415) 


61 WRITE(2,61)XYYALFADV delta to degd-ees

FORMAT('
WY 
 MOM Y AXIS= 
,FB.5,' MOM TAIL=,F8.5 pitu
ALFA =',F4.11' 
 printoutDELTA =',F4.11° 
 VEL =°,F4.1)
20 
 CONTINUE
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 The dimensionless 
normal force coefficient CN of a
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Fig. 11.6 
 The factor (1-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 (1-a) 
is found by taking the square root of the 
ratio
 
between the moment on 
the vane with 
rotor and without
 
rotor. Deflection of the wake, however, causes
 
unrealistic values for high values of 6 at low A.
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ATTACHMENTS 

WINDMILL CONTROL AND BRAKING SYSTEMS 

ATTACH. NO. 
TITLE 

I COMPUTER MODEL OUTPUT PREDICTIONS FORSWD 2740 ROTOR WITH CD = 4/9 

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

3 COMPUTER MODEL OUTPUT PREDICTIONS FORLESO II ROTOR WITH CD = 4/9 



ATTACHMENT NO. I
 

COMPUTER MODEL OUTPUT PREDICTIONS FOR 

SWD 2740 ROTOR WITH CD = 4/9 



ATTACHMENT NO.2 

-OMPUTER MODEL OUTPUT PREDICTIONS FOR 

SWD 2740 ROTOR WITH CD = 8/9 



ATTACHMENT NO. 3
 

COMPUTER MODEL OUTPUT PREDICTIONS 

FOR LESO U ROTOR WITH CD = 
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ESTIMATED 
 TOWER COSTS VERSUS HEIGHTS
 
Note 
 on the correlation of estimated tower costs
waterpumping systems. 

vs. heights for windmill-
It is of interest to correlate the costs for towers vs.water so that the initial establishment of system parameters,
etc. may be optimized to maximize the cost benefits of the system's water output.
 

height for windmills pumping
tower height, rotor dia 

In order to establish some basis forthe manufacturers an estimate of tower costs, itpublished weights for existing was assumedthe costs. thatThis is felt togenerally have 
be a reasonable estimate 

towers would be representative ofa total as fabricated steel componentscost of $1.50 to $2.00 US perprovided that no extensive machining work is required. 
pound ($3.30 to $4.40 US/kg) 

The weights of towersweights from Aermotor, Comet and Dempsterwere divided 
weight/meter by the height of the tower to 

were tabulated and the 
weight/foot 

equipment. This was then plotted 
obtain a weight/foot orwas then divided on a graph,by the diameter see Figure 1. This

weight/(foot-diameter), of the rotor to obtain a specificsee Figure 1. 

Summary of Results:
 
The general trend shows that as the diameters increase and heights get higher, there is
 
a slight increase in the specific tower costs.
specific costs are However, for a general size range,
fairly consistent.small range. Thus, they may be assumed theThis will aid in the optimization by allowing one 

to be linear overone increases the diameter by 10-20% or the height by 10-20%, 

ato say that, generally, if or vice versa, the costswill increase or decreasek! 10-20% respectively.
Now, if tower height vs. output is correlatedrouhness giving a corresponding it is
(H ,Ho) 

found that for boundary layerpower law coefficient of 1/7, the power3/7, approximately the square root of the change in height.
is 1/3, increases asthen the relationship is linear, a change If the coefficientin height giving apower input. direct change in 

Figure 2 shows these relationships graphically. 

linear with area 
This means that as costs for the tower are linear with height or diameter, and power issaid that if n 

(d2 ) but influenced by the power law coefficient, itis less than 1/3, it is better may be generally'diameter, and if to increase power by increasing rotorn is greater than 1/3, by increasing tower height.This assumes a 50:50 split in rotorcosts to towerare more than 50% costs for the total system.of total costs, the break point 
If the towerincreases and unless the boundary layer is very rough (ie. 

on power law coefficient 
n greater than 1/2, 

likely unsuited to wind generation in the first place) it is generally more cost effective 
which isto increase power output with a larger rotor.

Of course, there are limits to this as rotor diametersnormally necessary for. wind pumping needs. greater than 10 arerotor mat least 5 meters Standard rules of thumb such 
notabove and clear from local obstructions as having

turbulence must also be observed. 
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 orpropose wind energy system monitoring procedures and recommend instrumentation forsystem performance data acquisition.
 

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

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

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

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

The overall field performance evaluation is the final assessment of the entire windpowered system. It determines how much water is being delivered at a site (or powerbeing generated) over a period of time, leading to the efficiency and ultimately thecost effectiveness of the system.
known, 

It is assumed that the wind rotor characteristics areor can be evaluated as described later in this discussion. The measuring of thewind regime on a spectral basis (ie. number of hours vs. wind velocity) will give thepower 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 givethe overall system efficiency. In turn, this indicates how suitable the system is for theinstalled 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 velocity measurements, as mentioned, indicate the power input into thesystem, as well as the suitability of the wind regime for power production, ie. whetheror 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 thirdpower, V3, the accuracy of the measurements of the wind speeds and the width of theranges chosen has the greatest influence on predictingIdeally, one this input into the system.would prefer to measure the entire wind spectrum concentrating on theranges between the cut-in velocity of the wind system, Vcut-in, around 2water pumping, up to 7-10 m/s form/s, beyond which there is little overall energy availablewhen the wind averages are in the 3-5 m/s range (as is typical for the non-coastal nearequatorial locations). It is important to use ranges that are small enough, preferablyonly I m/s wide. This will minimize errors introduced when the energy distribution isshowed 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-frequencyinformation may be read out directly from
that it does not 

the instrument. It has the disadvantageretain the wind history so that short term cycles, such as diurnalvariatons may be analyzed. 

The chart recorder has the advantage of presenting a fuller picture of the windhistory, 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 duringperformance evaluation testing. 
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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 rotordiameters of the windmill, but not closer than 2-3 diameters. It should also be locatedat the same height as the rotor hub centre, and not in turbulent wake from rotor orother 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 knownvolume, ie. a 200 litre drum or 2 m3 steel container. The container should be largeenough 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 flowchannel, 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 entirerange of flows expected. See Attachment No. I for further details. 

Long term measurements require the use of totalizing flow meters such as those usedfor metering domestic water consumption. However, more complex recordinginstrumentation could be used if it is important to keep records for comparison withwind 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 informationis 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.rotors turn at less than 100 rpm As mostit should be possible to count this rate while using awatch to give the elapsed time. Counting should be done for approximate 1-IYminutes to minimize interval errors. When the rpm vs. wind speed for the rotor isdetermined while the wind is constant and the rotor not indergoing a transientresponse, a good estimate of rotor tip speed may be made. This will assist in verifyingthe matching of the rotor to the pump. 
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Preparation for Evaluation 

Prior to visiting the site for field evaluation studies, the predicted performance chartsfor 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 obviousmismatching in the system that may have inadvertently occurred. 

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

Measurement of Field Performance 

Using the instrumentation prescribed, the data is collected in the field and preliminaryevaluations made. In this way field modifications can be andimmediately. made evaluatedThe field tests may be quite time consuming if the winds are irregular. 

INTERPRETATION OF RESULTS FROM FIELD PERFORMANCE MEASUREMENTS 

Results Other Measurements Causes 

1. windmill not starting - wind speed Vcut-in 1. pump too large 
2. pump jammed or broken 
3. transmission jammed 
4. tail locked out 
5. blade angles off- low wind speed 1. pump dia or stroke too large 
2. poor wind regime 

2. windmill running too - flow okay 1. head lower than expectedfast, 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 1. good system in operationokay charted (evaluate total cost 
effectiveness) 

Other projects carrying out field performance evaluations are BHEL in Kenya with theKijito system and VITA with the V-8B system in Thailand. (Ref. 1) 

\,
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EVALUATION OF ROTOR CP AND STARTING TORQUE 
The measurements required for evaluating the performance of a rotor vs. rpm are bestcarried out under controlled conditions. Even well instrumented field trials, underatmospheric wind conditions are susceptible to the measurementThe variability of the wind speed 

erors and uncertainties.
and its power input as a cubic function, V3, thedynamic yawing of the wind rotor and the response characteristic of the rotor will allaffect the accuracy of output data. However, with a great deal of patience

ingenuity these errors can be kept to a minimum. 
and 

One technique that may be useful is to arrange to carry out tests with artificiallyinduced "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 windcalm, the vehicle may motored atbe 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 ofrpm and torque are only valid when the wind has been constant, ie. ± 10% for 1 -2minutes, and then does not drop off until at least the same amount of time has elapsedafter 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 lowervalues, any changes in wind speed will cause drastic changes in rpm or even cause therotor 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 theperformance curves for rotors on a dynamic basis using extremely sophisticated andexpensive computerized instrumentation, this level of evaluation will not be reliable orcost effective under present conditions at LESO. 
It is always important to keep in mind that the optimization of the rotor configurationthrough extensive evaluation testing is the onlynot
Optimizations of blade 

way to increase windmill output.angles, shapes etc. may improve a rotors output by + 10%.However, a net50% increase in power may be gained for example by changing thediameter of a 4 m 0 rotor to 5 m 0, witout 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 thewind speed is constant enough to take rpm and torque readings. The chart recorder maybe backed up by a real time data logger for easier data reduction. The location of theanemometer is important, as previously discussed. 
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RPM Measurements 

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

Torque Measurements
 

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

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

Angle of RotorLo Wind Measurements
 

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

Results
 

The data from the measurements 
can be analyzed and presented in the standard CP orCT vs tip speed ratio graphs. Comparisons between rotors areThese techniques for performance evaluation have 
then easily carried out.

been used successfully by mostresearch organizations, and are the s.urce of all empirical performance figures for wind 
rotors.
 

Attachments 

1. Standard Handbook Weir Data for Water Measurements 

2. Standard Handbook Data for Power Measurement 

References 

1. Performance Tsting of a Windmill - Pump SystemW. Nijhoff, Renewable Energy Review Journal, Vol. 6, No. 1,Jan. 1984. 
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APPENDIX 7
 

EXISTING PROGRAMS FOR APPLE COMPUTER
 

ON HAND AT LESO, JUNE 1984
 



L- tIAMO 

JLIST
 

REM
100 INTEGRATION OF MULTIBLADE
105 
 REM 
WINDMILL MODEL AND WEIBULL
110 
 REM 
 WIND MODEL TO GET OVERALL
115 
REM 
 WATER OUTPUT
 
120 
 REM
 
130 
 REM
 
200 
 REM 
 PROMPT USER,READ DATA
 
201 
 REM
 
205 
PRINT 
"INTEGRATION 
OF MULTIBLADE WINDMILL WITH WEIBULL WIND DISTRIBU
TION"
 
206 
PRINT
207 
 PR INT

210 
 PRINT 

212 


"INPUT ROTOR DIAMETER IN METERS":
PRINT "INPUT WINDMILL BEAR RATIO": 
INPUT RDIAM
213 INPUT GBR


214 

PRINT "INPUT TOTAL PUMPING HEAD IN METERS": 
INPUT HEAD
215 
PRINT "INPUT CYLINDER DIAMETER IN METERS":
PRINT 
"INPUT WINDMILL STROKE IN METERS": 

INPUT CDIAM
216 
PRINT 
"INPUT WIND 	PUMP RATED SPEED IN M/S": 

INPUT STROKE
217 
PRINT 
 INPUT VR
213 PRINT 

"INPUT PUMP AND LINKAGE MECH EFFICIENCY,,: INPUT NPT
219 PRINT 
"INPUT AIR DENSITY IN KG/M3": 
INPUT RHOAIR
"INPUT WINDMILL SHUTDOWN SPEED IN M/S".
"70 
 PRINT


( :2 PRINT 	
"INPUT INTEGRATION INTERVAL IN M/S": 

INPUT YF
 
"INPUT MEAN VELOCITY IN M/S": 


INPUT DV
224 INPUT VBAR
226 

PRINT "INPUT WEIBULL SHAPE FACTOR": INPUT K 
PRINT "INPUT TIME PERIOD(IN HOURS) OVER WHICH THE INTEGRAL 

CALCULATED": 


INPUT IS TO BE
.20PINT "INPUT PERIOD
THE MAX:IMUMI ALLOWED PUMP STROK E IN METERS": INPUT MAXST

21 REM
 
232IREM
2.. 
REM =TO CHANGE WINDMILLS CHANGE 313,030,3;.

29 
REM
 
241 DIM TSR(500),PRPM(50O),WF(
 

5 00),FLOW(500),HOURS(500),PV(500),PSTROKE(
500) ,YPS(500),QA(500)
 

242 REM
 
249 
 REM 
 INITIALIZE
 
250 Y% 
= 
(I / DV) * VR + 1
251 Z% 
= 
(Q / DV) * VF + 2
 
25?,REM
 
267 
 RE:M
 
263 
GOSUB 
1000 
269 REII 
271 PRINT "DO YOU WANT A FULL OUTPUT(INPUT 

T2UT(NPUT 
1) OR JUST THE FINAL WATER OU230 IF SIGN 0)": INPUT= 1 THEN SIGNPRINT "V"; 
TAB( 15);"PUMP STROKE"; 
TAB( 30);"VOL/S
TROKE"
 

300 WQA

2,9 

R)HEADREM = SET(STROKECONSTANTS* 1000.0 
* 9.81 * (CDIAM .
 2)) / (8.0 * NFT *R )	 GB 
105 OP
i10 Ki = WQA * 3.141592654= 
2 / (RHOAIR 	* 3.141592654 


* ((RDIAM / 2)12 NVP = 	 3))0.9
 
13 CCQD;13 C O' = = 0'.333.3
 

.3 




*.",16 V= 0.0 
318 FOR I 
= 1 TO Z%
3.19 PSTROF"E(1) = STROKE:320 IF PSTROKE(I) * ((V / VD) ..2)321 QA(I) > MAXSTR THEN PSTROKE(I)
= (PSTROKE(I) * = MAXSTR
1000.0 *T * GBR )"" 9.81 * HEAD * (CDIAM 
 2)) / (8.0 * NP22 VPS(I)
-. = 3.1415926 * ° 2(CDIAM.
323 IF SIGN = 2) * PSTROKE(I)
I THEN PRINT V; * 250 * 324 V = V + DV TAB( 15).PSTROKE(I); NVP
 

'P. TAB( 30);VPS(I)
 

325 NEXT 1
326 TSR(1) 
= 0.0;PRPM(1) 
= 0.O:WF(1) 
= 0.0
327 V = DV
 
328 FOR I 
= 2 TO Y%
330 TSR(I) = 2 ­ ((3.00"3003 
* K1 * QA(I))335 IF TSR(I) < 

/ (V 2))

0.0 THEN TSR(I)
336 IF TSR(I) = 0.0
2 THEN TSR(I)


340 PRPM(I) = 2
 
= TSR(I) 
 * V
345 WF(I) = PRPM(I) 

*-K2 

* VPS(I) * 60.0350 V = V + DV
 

351 LT 
 TSR(I)
 
352 LP =PRPr1(I
 
•5:3
-, LW = WF(I) 
355 NEXT I
356 FOR I = Y% TO Z% - 2357 TSR(I) = LT:PRPM(I) 
 LP':WF(I) 1358 NEXT I

359 TSR(Z%) 
= O.:TSR(Z% 
-360 FRFM(Z%) 1) = 0.00.0:PRPM(Z% - 1) = 0.0
361 WF(Z%) 
= O.0:WF(Zy 
- 1) 0.0
362 REM 
-91 
 REM
 
?2 REM
 

410 REM 
15 REM
 

420 TFLOW 
: 0 0:V = 0.0

4'5 FOR I = 1 TO Z.43 FLOWcrk) 
 WF(I) * HOURS(I) / 1000.0
43 31 TFLOW = 
TFLOW + FLOW(I)

440 V " V + DV
 
445 
NEXT 
I 
446 
 REM
 
447 REM 

IF SIGN = 
448 0 THEN GOTO 470
 
452 
PRINT "V(M/S)"; TAB( 15)"STRKS/MIN"; 


TAB( 30)"TSR"; TAB( 4 5 )"LTRS/HR
". TAB( 60)"HRS OF WIND"; 

453 

TAB( 75) "OUTPUT M3"
PRINT
 
454 V 
= 0.0
 
455 FOR I 
= 
I TO Z% - 1
4160 FRINTRS(I); Y. TA~B( 15)FRPrM(l); TAB(c 30)TSR(I) ; TAB
TAB( 75)FLOWU) 3 W ( ) 
 A ( 6 ) O
462 V = V + DV465 NEXT I
466 PRINT "T"F; TAB( 15)PRF'M(Z%); 
TAB( 30)TSR(Z%);


60) HOURS(Z%) TAB( 45)WF(Z%); TAB(; TAB( 75)FLOW(Z%)49 PRINT 
4/I 
 PRINT "TOTAL WATER OUTPUT OVER ";PERIOD;" 
HOURS = ";TFLOW;" 
CUBIC ME
TERS"
 
472 
 REM
 
473 REM
 
481 
 REM 
482 REM 
48 FRINT 



'500A RINT "IF YOU WANT TO RUN AGAIN"501 PRINT "YOU CAN RESET ANY NUMBER502 PRINT OF""VARIABLES YOU WANT FROM THIS LIST:"
505 PRINT TAB( 10)"l)

510 ROTOR DIAMETER
PRINT 
 TAB( 10)"2) GEAR RATIO"
315 PRINT TAB( 
10)")

520 TOTAL PUMPING HEAD"
PRINT 
 TAB( 10)"4) CYLINDER DIAMETER"
PRINT
525 TAB( 10)"5) STROKE"530 PRINT TAB( 10)"6) WINDMILL RATED SPEED"
535 PRINT TAB( 10)"7) MECH. PUMP EFFICIENCY"PRINT
540 TAB( 10)"8)
545 AIR DENSITY"
PRINT 
TAB( 10)".9) 
WINDMILL SHUTDOWN SPEED"
550 
PRINT 
TAB( 10)"10) INTEGRATION INTERVAL"
555 PRINT TAB( 10)"11)

560 PRINT 

MEAN WIND VELOCITY"
TAB( 10)"12) WEIBULL SHAPE FACTOR"
565 PRINT 
TAB( 10)"13) INTEGRAL TIME PERIOD"
567 PRINT
570 TAB( 10)"14) MAX PUMP STROKE"
PRINT "IF 
YOU WISH TO QUIT TYPE 15,IF NOT,TYPE IN HOW MANY VARIABLES
YOU WANT TO CHANGE"
 
575 INPUT CODE

580 
 IF CODE >= 
 15 THEN
05 GOTO 900
FOR I
590 PRINT 1 TO CODE"INPUT THE NUMBER ASSOCIATED WITH THE VARIABLE TO BE CHANGED":INPUT CCt;95 
 IF CC = 1 THEN 
GOTO 615
596 IF CC = 2 THEN GOTO 616
597 
 IF CC = 3 THEN 
GOTO 617
598 IF CC = 4 THEN GOTO 618
IF CC
599 = 5 THEN GOTO 619
IF CC
600 = 6 THEN GOTO 620
/'91 IF 
CC = 7 THEN GOTO 621
2 IF CC 
= 8 THEN 
GOTO 622
60:. w 9 THEN GOTO 623
 

IF CC 

604 
 IF 
CC = 10 THEN GOTO 624
605 IF CC = 11 THEN GOTO 625.606 IF CC = 12 THEN GOTO 626607 IF CC 1:= THEN GOTO 627608 

615 
IF CC = 14 THEN GOTO 628PRINT "ROTOR DIAMETER=": INPUT RDIAM:616 GOTO 630PRINT "GE-AR RATIO=": INPUT GBR:
617 PRINT "TOTAL GOTO 630PUM'ING HEAD=":618 INFUT HEAD:PRINT "CYLINDER GOTO 630DIAMETER=": INPUT CDIAM:619 PRINT "STROKE=": GOTO 630 

620 INPUT STROKE:PRINT "WINDPUMP GOTO 630RATED SPEED=":621 PRINT INPUT"MECH VR: GOTOPUMP EFFICIENCY=": 630 
622 INPUT NPT: GOTO 630PRINT "AIR DENSITY=":
623 PRINT INPUT RHOAIR:
"WINDMILL SHUTDOWN SPEED=": 

GOTO 630
 
624 INPUT VF:
PRINT "INTEGRATION INTERVAL=": GOTO 630
 
625 INPUT DV:PRINT "MEAN GOTO 630WIND VELOCITY=":
626 FRINT "WEIIULL INPUT VBAR: GOTO 630SHAPE FACTOR=": INPUT627 FR[NT "INTEGRATION K: GOTO 630PERIOD=":623 PRINT INPUT PERIOD"MAX PUMF STROKE = ", INPUT MAXSTR630 NEXT I
 
615 GOTO 250 
?00 END 
Jq0 REM WEIDULL SUBROUTINE
 

350 REM
 
10'82 
K41085 GK =(1 + 1 / K)= 3.0867111 - 4.42886996 * K4 + 3.333 7 56 9 34 * (K4 . (K4 ' 2) ­3) + 1.16294780. 1712.1025 
 (K4 4)
.090 C 
= VBAR / GK• ..095 V 
 DV
 

I&.om ~
 



1115 'V(I) (EXP 
 ( 
 (V - D2) / C)
.. K)))-- ..K))) ( EXP( (V + D2) /C)
 
1120 TFV TPV + F'V(I)
1125 HOURSI) 
= PERIOD * FV(I)1130 THR 
= 
THR + HOURS(I)
 
135 V = V + 
 DV
 

1140 NEXT 1
1145 PV(1) = 1.0 - ( EXF ( ­ ((D2 / C)1150 PV(T%) ^...K))= EXP ( - (((V - D2) / C)1155 TFV ^ K))= TPV + PV(1) + PV(T%)1160 HOURS(1) 
 PERIOD * PV(1)1165 HOURS(T%) 
= PERIOD * PV(T%)
L170 THR 
= THR + HOURS(1) + HOURS(T%)
.175 
RETURN
 



]LIST
 

1999 
REM 
 HEIGHT CORRECTION BY JUSTUS
2000 PRINT "INPUT UNITS"
2005 
PRINT 
" I)METERS/SEC.

2010 
PRINT 
" 
2015 

2 )MILES/HR"

PRINT 
" 3)KM/HR­

2020 
 INPUT VUNIT
 
2025 
REM
2030 
PRINT "INPUT OBSERVED VELOCITY":
2035 IF VUNIT INPUT VA
= 2 THEN VA
2040 = VA / 2.23694
IF VUNIT
2045 = 3 THEN VAREM = VA / 3.6
 
2050 4
PRINT "INPUT MEASUREMENT2060 ALPHA HEIGHT(M),':= (0.37 - 0.088 INPUT . A( LOG (VA))) / (I - (0.088 . ( LOG (A2065 / 10))PRINT "INPUT DESIRED HEIGHT":
2070 VX INPUT X= VA * ((x
2071 / A) - ALPHA)IF VUNIT = 2 THEN VX
2072 " VX * 2.23694IF VUNIT 
= 3 THEN VX 
m VX *2075 3.6PRINT "V AT DESIRED HEIGHT ":VX
2020 PRINT "ALPHA= ";ALPHA 
2085 
 END
 



LIST
 

100 REM 
PROGRAM GENERATES DAY
105 REM 
BY DAY WIND SPEED DATA
110 
 REM FROM A MONTHLY MEAN
115 REM 
AND SIGMA OF DAILY

120 REM 
 MEANS AND A RANDOM
 
125 REM 
 NUMBER ROUTINE
 
130 REM
 
135 REM 
 SAVES DATA INTO DISK
140 REM 
 FILE FOR USE IN STORAGE

145 REM 
 PROGRAM
 
150 REM
 
155 REM 
ASSUMES SIGMA OF DAILY
 

MEANS
160 REM = CC*MONTHLY MEAN
 
165 REM
 
170 REM
 
180 REM
 
205 DIM GS(30),VDAY(30)
 
210 REM
 
215 REM
 
220 REM
 
222 HOME
 
225 
 PRINT "ENTER ANY INTEGER(1-10),
226 PRINT "AS A RANDOM NUMBER SEED


277 INPUT K
SO -PRINT "INPUT MONTHLY MEAN WIND SPEED , MIN M/S "INPUT263 REM
 
264 
REM
 
265 
 REM GENERATE PSEUDO WIND DATA
 
266 REM
 
267 CC 
= 0.45
 
263 SD = CC 
* VM 
270 REM
 
272 DT 
= 0.0:DS 
= 0.0

275 FOR I = I TO 30 
285 RK 
= RND (K)
290 Ri 
=
295 GS(I) RND (1)
= ( SQR ( - 2.0 * LOG (RK))) 
* COS (2 * 3.141592654
305 VDAY(I) = * RI 
306 

VM + (GS(I) 
* SD)IF VDAY(I) 
< 
0.0 THEN VDAY(I) 
= 0.0
307 DT 
= 
DT + VDAY(I)

308 DS 
= DS + (VDAY(I) * 
VDAY(I))

315 NEXT I
 
116 REM
 
317 REM
 
318 DT 
= DT / 30320 SC 
= 
( SQR ((DS - (30 * 
DT * DT)) / (29)))
3.25 REM
 
370 REM
 
75 X 
- VM - DT
 

, XXX = 0.05
339 IF 
X < 0 THEN X 
= - 1 * X341 IF X 
> XXX THEN 265
 
365 REM
 
366 REM
 
369 REM 
 PRINT OUT RESULTS
 
370 REM
 
375 REM 



FPR I NT 
395 FOR I 
= 1 TO 30

400 PRINT I,VDAY(I)
 
405 NEXT I
 
406 
 PRINT
 
107 PRINT "INPUT408 PRINT MEAN =";VM; TAB("INPUT SIGMA 25); "CALCULATEDD = ";SD; TAB( 2 5 );"CALCULATEDMEAN ="DSIGMA D410 ";SCREM 
420 
 REM
 
425 REM. FILE SET UP 
IN APPLE

427 
 REM 
 PLOT FORMAT
 
430 
 REM
440 =442 CHR$D$PRINT "DO (4)YOU WANT TO SAVE THIS INTO A DATA FILE(YN)444 "INPUTIF S$ = 6$"N" THEN450 PRINT "INPUT 600

NAME OF DATA FILE ":455 INPUTPRINT "INSERT NAME$PROPER DISKETTE 'IN Dl '457 PRINT "READY (Y/N) " 
458 INPUT R$

459 IF R$ = "N" THEN 455 
460 
 REM
 
462 PRINT D$;"OPEN ";NAMEs464 PRINT D$; "DELETE ";NAMES465 

466 

PRINT D$; "OPEN ";NAMES
PRINT D$;"WRITE ";NAMES

467 PRINT TO
 
468 PRINT 0
 
470 FOR 
 I = 1 TO 30

475 PRINT I
 
476 PRINT VDAY(I) 

."90 NEXT I
0 PRINT D$;"CLOSE ";NAMES600 PRINT "DO YOU WANT 
 TO RUN AGAIN(Y/N)


610 IF Cl 
": INPUT C$w "Y" THEN 222 

7?0 
 END
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PREPARED FOR GEE DURING CONSULTANCY
 

JUNE 26 - AUGUST 2, 1984
 

W. SCHMIE 
GEE/LES( 
JULY 198, 



WORDSTAR FILE Z NAMES-

This 
 file describes all
by W. Schmidt 

the files that have been entered onduring the wind discconsultancy June 18 - August 13
Sched4 This is the schedule of activities for week no. 4
and a summary of achievements during week no. 3.
Sched5 
 This is the schedule of 
activities for week
and a summary of no. 5the achievements during week 
no. 4.
Sched6 This is the schedule of activities for week
and a summary of achievements during week 

no. 

no. 

6
 

5.
Schedd7 This is the summary of achievements during week no.(end 6.of contract w schmidt) 
STUD This is the Wordstar file containing the comparativeanalysis of various wind systems prepared for theGEE to present to 
the director-. 
Its intention is 
tc'
justify the present direction in 
wind mill 
develop­ments. 
IEIB This is the Wordstar documentation 

developed using standard Weibull 
on the fortran program 

wind velocity vs. 
function to predicthourly probabilities foraverage V. variousIt also predicts

electrical outputs 
the estimated pumping orthat may be expectedr-eg i me. for that wind 

The fortran program 
 is GROG.FOR
(in for- the pumping
strokes for a given dia and tipspeed ratio) and
GGELEC.FOR for the electrical outputs 
(in kilowatt-Ihour-s) 
KIE This is a WordsLar file which summarizesthe Kenya Industrial the findings byEstates Renewableduring its development of 

Energy Program
the 
12PU500 windmill 
which
may be applicable to the development work being done
on 
LUSO I & LESO II 
wind machines here in Mali.
tt_2 
 This is the Wordstar documentation 


and computer on the mathematical
model 
 for 
 the hinged
windmill. tail design
The fortran programs are 
TAIL.FOR. and
TSWD.FOR.
 
FIELD This is the WurdsL-ar file coritaining the documentationfor the field and performance assessment report.
AES This is the Wordstar file that lists all
prepared for the filesthe GEE by w. schmidt You are readingOuLput from NAMES 



REF 
 This is a wordstar file 
listing recommended reference
material 
that shouIld be added to G.E.E. 
s resource
informati 
on.
 
GROG.FOR This is the fortran program to evaluate the Weibull
function and tabulate the no. of strokes pumped inyear a 
GGELEC.FTR This is 
the fortran program which evaluates the
Weibull 
function and calculates the
hours that no. of kilowatt
are available at 
the site during a 
year.
TAILFOR 
This is the fortran program which calculates the
solution to a 
hinged tail 
windmill 
by iterating the
two unknown angles. This program contains the input
data for LESO II.
 
TSWD.FOR 
 This is 
the fortran program which calculates the
solution to 
a hinged tail 
windmill
two unknown by iterating the 

date 
angles. This program contains the inputfor- SWD 2740 rotor and provision to change datato that representing 
arnX offset 
rotor model.
ROTOR.FOR 
 This is 
a fortran programme to estimate the perform­ance of 
a fan style windmill


blades. rotor using curved plate
This 
programme

comparative is to be used
purposes only
as the
assumptions model makes 

for
 
arid several
neglects several
that losses.
the absolute This means
torque and power levels
calculated, but the values derived are 


are not
 
indications of


the efficiencies and potentials for the rotors beingcompared. This programme
the 12FU500 uses input parameters fromto verify the modelciurves so against publishedLhaL -:urther results may 
 be interpretLed
aid adjuslied 
acc ,rdin1gly.

RRR.FOR 
 This is 
a fortran programme 
copy of ROTOR.FOR with
the LESO II parameters 
as inputs.
 

IV 
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REPORT ON FINDINGS BY KIE ON
 
WORK WITH 12PU500 WINDMILL
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REPORT ON FINDINGS BY LIE ON WORK WITH 12PU500 WINDMILL
 
General 
 findings 

Programme 	

by the Kenya Industrial Estates
on 	 Renewable
its development 	 Ener
 
applicable 	 and system prototyping 
which
 
been working 

to other projects doing similar development work.
with the 
12PU500 since it 	 KIE
 was introduced
UNIDO project in 	 in 1979
Kenya.
 

1. main shaft: 
 should 
 not weld or
shaft 	as spot weld to
this tends to lock bearings
 
design 

damage bearings (note: original Ghazipu
had a 
 shaft 
 taper piece not
bearings so 	 common
while welding to lock 
in other sty
 

bearing, it does not 
it may work for this style
for the generally available types)


2. main bearing changed 
to heavy duty oil
20,000/" ($1500 USD$)a pair. (This may not be 

bath bearing at 
a cost
 

ically sound entirely econom­as it 	doubles 
the cost of 
the entire system.-W)
 
'-
 cross 	head frame being reinforced to reduce
will 	 flexing. Flate plat
be added by welding on 
sides 	and top, boxing in 
structure.

4. pivot for 
head frame modifications will
easier orientation, yawing, 

be required to permit
 
ifications include axial 

into the wind. Details of 
the mod­bearings and roller guides.

5. roj ends, imported 	at 
a cost of $7
connection rod 	 USD each will 
be used for
ends rather than fabricate nylon/steel component

6. rocker ar'm 
for pump rod: 
the bearing 
to be 	designed using 
a
heavy 	duty truck universal 
are available at 	

joint. Several standard sized unitslow cJsL, offering good strength, dust resis-Lance and fine bearing act ion. 
7. craik arm design changed 
to
modificatiors 	 stiffen up original design.
are planned: 	 Two
first,
arm and later 	 a heavy plate was used for thethe design will 
incorporate
hole etc. 
 It was identified that this is 

a disc with threaded
 
transfer 	 a critical 
stress/load
zone and efforts 
to spread the load 
are 
very important.
8. 	 modifying the side vane with 

more surface area, 

a larger spring, variable rate and
some of which will 
be added at
ation 	 45' orient­to provide for 
gust pick-up.
 

9. 	 tower: change to a more 'nock-down'
facilitaLe bolted construction to
 
tran-sportation.
 

10. 	 Lower: details in 
design added to permit galvanizing of 
compon­ents, 	especially for concrete/steel 
corrosion resistance and
for use at 
coastal 
locations.
 



Genery P-robe Areas 

I. Bearings -main shaft 
-yaw bearings on tower 
-crank 
arm
 

General solution: 
to replace with heavy duty reliable imported units,
generally supplied from automotive/truck 

sources.
Comment: 
 replacement 
 of 


to two year 
the main bearings to increase one-and-a-half
observed life by items
increasing costingthe total lox, in fact
effective system cost by 50-100%, may not
as either 
reviewing be as cost
longevity means of
of increasing
existing 
 bearings the
oversizing, ( ie bydust protection, sun shading,
grease) regq.arcand greasing
if necessary replacement from time 

with clean 
practical to time on amaintenance schedule. 

2. rigidity of rotor support head and frame: 
Gereral solution: additional steel

completely added, especiallytriangulated in sectionsin notthe originalgreatly design, whereincrease it willthe resisLare to twisting. 

3. power transmission from rotor- shaft to pump rod:General solution: heavier sectio" of steel,placemnenit better bearingsof sliding sections and re­with long swing arms. 

4. roLur LoLrol system:
 
Gener al 
 soluLion: testing and minor modific. tionstuning to permit fineaid long ter-m reliability 

general Comments by KIE 
1. machine most suitable for low lift irrigation needsnot for pumping (5 m head)to 20m. 
2. major ity of the system problems is wih the pumps, niot the windr 'Lor-s. 
.. will likeiv rQdesign for prototvpe II based on the experiencethe overpast five years. 

w.s.27.7.84 

,/
 

http:w.s.27.7.84
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Toutefois £1 faut rocannatr. quo co couru 4tait
 
nianmoind intirosaant ot surtout tr~s pratique. L'aniplo 
 dlu tem~ps~ OIAL
 
le nuivant i 

82 11 190- cours th~orique" 

-12. 1 anos pratique 

Le couru thdoriqut a porti sur l'hi :Lu.La-.- dai 6h~. 
no* (L.veo projection do disque)p I*& ditforezites cj-v1!:ats . oj 
China$ (Dompst.1.4Au.to.)# la selection do certuio6. tolianndog). 

POU~eo'..; Piston" lo reneau,d* distribution do 11sau (caloul hydrii.ulJ 
quo sihipla)p choix des tuyautories 'basi our dos crir. techniques zi 
40onomiques.I 

Quant aux travciux Pratiquoa, ius ont -o-irti uur le .~~ 
tags *t do dimontage,des different.. parties do systbuteos dQa pompage i 
pyidno, roue, uyst~we do transamission ; la rdparcition Puna 6olienna 
Domptort llimplantation ot 1'drsct Xon d'uno 4clianne. 

.En plus dos eoliennes do pompage Aorui.ctor ot Lisiipct.i­
nous avons travailloS our lea types Samson's W4'llidiiyp Bakor toUtQb8 dib 
multilail.savec dos diamhtres~dereuw variant ontre 1,8 at 2.4 mbtros, 

Ce cours, qul. eat diopens6 p~riodiquoi iait 4~U bQilt dl.:4
 
cotte univerdit4# Stait suivi par 8 poraonu05 donit4 ici~2
 
flostwunis ot un IHaltione Il a dteI 
 sanotionn4 par un aip1duw 3 4UL*iL... 
of technician of wind technology". 

Be Conf~renoe international. sur l'nurrjo doll ain. 
Sanfranoisco (Cali±'ornio) 17-19 (ht. 

Durant mon stagos il, mta, 4t douic.~ lloppor~iujS 
d~assster cotte grand. oonfdreric. orgmnis4. par AWiLA (Awriuin
 

Wind Energy Association) loassooiation amoricain. do 11inerg'j 
 doliJI
 
no aux USA*
 

Plus do 200 porsonnos do difforents ~y (Gun s.L .. 

d'Europ., Japon etc...) ont assisti & cetto contri'urijj i4ul u 
fabficanta at chorchourn.. 

Los th~moz discutst, avec apport do projection da dia 
pa (at dui transparents# ont portd essontiellowent sur Ion aoroginri,­
tomurs dg, inoyennes ot do grand.. puievancon t 50 Kw coL plus. 

Des probibmos relatifs & un d~voloppomant Uftndralisi 
do Ilutiliaation do l'dnorei. Aolionne out dt4 dibattus I concaption
 
selection do sites 
 rkecting adcuritd, pollution, l'R8tsurunce at bonr 
impact our le ddvoloppotzwnt dos tormom d~~od~a(.*,,s 

http:Dompst.1.4Au.to


II faut signaler quo tout l. long-do cotto conf6rc.-.:o
 
un accent particulier a iti mn sur le d6voloppement ot lavenJr tr s
 

promotteur des form.s dtioliennes surtout dane doe r4gioas ia vitL
oa 


so annuelle moyanne du vent eat do l'ordre do 8m/3.
 

Aux USA, la califorul. ost l'un dos itats oiL sont
 
installgas lo plus des. formo dO6olennos, Cola a 6t6 rc tdu poss~bl­
grAce non seulemont k un bon r6gime do vent, mais surtout 4 cauze 
di
 
la politique incitatrico men6. par'lo organismes dital, Ioas pouvcii...>
 
publics ot lea particuliers trs ontropronantoe
 

Pendant la confirencoe so d6roulait simul-aneuent uiiw 
exposition dfa6roggndrateurp do systbmeo do weasures du vjntv dus aiaci 
nos 6lectriques pouvant Stre utilisgesdans lea aeroj lCIL.-

En outre une excursion a 6td organisi 4 AltaoaG P,; 
(situ6 & quolquea miles do San-Francisco) oh sont installes des fiorwi 

d'a~ro-inrateurs de differente.s firmes i ENERTECH, ES-, IND POwifit i 
Cos trogtnrateura au nombre do 400 environ ot dluno JLi:ijanuE . isii
 
duello do 50 & 
130 Kv on g6ndral produisont do l'clectricitg jira-.Lte­
ment dans la reseau diectrique dj, oxistant k un cod.' trba co"patitjtj 
4 cents la KWH. Ils fonctionnont 9 mois llann6e ot bien qua d6J ,. pro­
ductifs font ndanmoins toujours lobjet do R & D.
 

A Altmantpass, 1. projet'oh cours provult l'install"­
tion do 600 adrog6ngrateurs en tout at d'une puissance tutale do 31 z-i
 

En plus dIAltamont Pass, J'ai pu visitS, pendant daux
 
heures, una autre forma d"A6rog6ndrateura,.-tu e . Livrniora (h 30 lu±­
los do Sans-Francisbo)2 Mr. Jack KI N witiorologisto do US Wind POwEIR
 
mla entretenu dos method.s do colleote, d'analyse ot do traitement daa
 

donnges du vent par ordinateur.
 

0. Univereitd ddtat du Massachusett. Awharst 24-28 (c
 

Cetta partie du stage, bion qu'ayant dt. iwi'poviu 
par suits d'un changement intervenu dans le programme, a t
i,
 
l'une des pluasint6rossants surtout'sur 1o..plan acaddrnique. La fir||
 
Dynorgy chez laquelle je dovais passi un stage d'envirou 12 jouro, au' 
les"ffrmes d' oliennos" aurait quitt6 la California pou" l'ox~cutiu 
d'un contrat qu'elle venait d'obtonir aillours. 

Ainsi J'ai travaill6 pendant 5 jours & la 'acult4 dw 
wdcaniquo sur lea aspects thiorriques do l'dnorgi. 6olienne at visit6 
l'atolier da fabrication at dos installations. 



' 
dei durd. d'un soemstro pour lea candidate & la licence i di 2 bu;s: .- j's 


pour coux k la maltriso et au RJ. En plus elle a conqu Qt fabriqui uri
 

agrog6niratour do 25 Kw pour Io 
chauffaCo d'un bfltttlent quo J'ai viit.
 

on ceopagniu du PreCremaokg do2 adjoint do 1& facult6 db mtcuniquts.
 
Los trav4ux de R & D our cotte machine qui devaient no... .eUt conti­
nuer 6taiont suspendus provisoirement par manque do f'inincew1et. La
 
troupe do recherche an 6norgie olienno do l'universitS s'interasse ju-. 
si aux machines & axe vorticalm I ainsi la construction d'uu Darrius
 
avait dibut6 dans leatolior quo J'a± pu visitor.
 

Pendant men a4Jour Jo6tais oncadr6 par 3 p'o suur3 t
 
Pro Cromack, Dr. Xo %aaa c at Dr. J. Manwello Cloat avOc co 
darnier qua
 
31ai 1. plus travailld sou la forms do conf6rence - question ( ou dcj"
 
bat), foritie tr s originals ot officac. 4 raison do 4 k.5 heures par
 
Jour. Lea sujuts traitds, on plus do la documentation dant J'ai 6t6
 
pourvu, ont porte our I
 

wMethodolegie en6ralo de selection dc 
oite (1.'0,Cuv.
 
J,aanwell)
 

- Rotor design (J. Manwell) 

En plus do ses cours souvent appuy6s p . Job projec­
tiona de Diapo, J'ai pu participer avoc Jo Manwell et Ni .Cuvwi .
 

s6ance de Qalib, .ed.'unanememhtre ..OIaam.MS768) h la scufrflarie
 
do l'univorsiti at assit 
 au d6niontago d'un petit aerog~n~rataur IMW
 
19000 de chez WindWard (situ6 & quolques km de 1'univor.it4) qu'l.:;
 
onsuite trarIport6 JL luniversit6 Iil sera utilisz ou jiuL .t cdi0­
par lee 
6tudiants pondant lea a6ances do travaux pratiituti+
 

Cleat lo lieu do signaler qu'en plus do la perwu',+.+ft 
disponibilit6 des prefeuseurp on partioulie 1
du Dr. J.fanj;ell, j 'tLLi! 

deans do trbs bonnes conditions do travail.
 

III. Stage au Canada 1 30 Oct. - 9 N4v.
 

Le stage a it6 conatitu6 essentiellemret binon surtouc 
do visite de personnes at d'institutione sloccupaxxt d arL-rie olie,1.. 

A, Univerait6 Laval j Quebec City (Qeb~u) 31 Oct.
 

Pendant deux heures Jo ae uis entretornu.- .Lvac 1, I-L:,. 
Vinh Do Nguyen du d~partement do ginie m6caniqueo II mlu parlS de lauL 
travuux ot do lours aotivitis dane lo domain* dlutilisation do lldner­
gia 6olienne at remis quolquos documents sur lea rjs-.titizt des teats
 
effdctuis sur des prototypes r6alisis par eux, Ensuite II mfu fait viii. 

t l a s i n a l l a t i s.at on 




Le Pr. V.D. Nguyen eat trAs oennu dane l wonda olien pou .­
' t...ravaux our lea dolitnnes & axe vertical notainwurt bur le type)
 
taf7;Iippini* Par ailleurs il 
 a enseigni aussi pendant qualques ari, s
 
.V'Iluniveraiti de Dakar Oh il avait initii et lanc4 un programme de 

R & 1 our lea ioliermoa* 

Ma visit* des installatieon a-port4 8ur u. Su,.iu-i at uo 
philippin4 installde our le toit diun bfttment do l'universiL. Bi-wuit
 
J'ai visitd los laboratoires dladrodynamique at d'olacvxtchniquo oL 
sent congua does appareils dlinstrumentation pour le coiitrdla wt la co i­

i ema.do dla~rogenrateurs 

B. Extrawatt 
 St Joan do la lands 1 Nov. i u'.. iC 

Extrawatt eat une firma Canadienno qui fabriqu4 d ,iu
 
ratours k l'axe horizontal do 8 et 
I8 KM. Ell fabriqu. sushi etuUI. 
Ment our la base do grands commando (comma ce fat is c". dt, k',ru)I Li. 
eolionnds multipales de pempage- do la et des ponipar " w,,&.L
 
coats trbs competitifs,
 

En ontpagnie du Prdsident Mr, Cloutier J'ai 
 visitg l'utelia!­
do construction mecanique OQ lion precede au montage final des uercie,.5..
 
nerateurs "EXTRAWATT" avant 
leur oxpddition final.Ainai Jl;ai pu vui.
 
les 2 a~roangrateura (our 50 unitds commandies )PrrL6 a Ctre ionvoyeu
 
pour dimaontration au Liban, il est prdvu un pour lL cbta d'Xvoire uu
 

Extrawatt eat une 
machine ttba intiressante non seuloment
 
our le plan financier (c$ 9250 la I8 Xc) 
 main aussi sur le plan techni­
quo avec, entre autre, 
une vitesse de demarrage (avec production d'(1l.:...: 

tricit6) tr6s basso 1 4 mph 

C. Pratt $ Whitney Montreal 2:. Nov. 1430-1630 

C'est une usine qui fabrique assentiellement des turbopro­
pulseurs pour lea aviene et 
lea h6licept~reas
 
Mr Jan 9.. ww'a fait faire ud tour do lusine oi J'ai pu visiter entre
 
autre, 
 le Laboratoire do tiest airo.dynamique celul do testir d, ti,..- .
 
bopropulbou'rs at Is bureau trbs sophistiqug dlingenacrii- par V'U1L L..,. 

Ensuite il'mfa entretenu do see experiences bur led iolioniz:: 
axe vertical* (Solienno de l'±le de, Madeleine) sur losquelles il a Lu
 
k.travailler d'une manibre gdn6rale at d'un prejet d' l1iunno iXL
 

vertical aussi et de 230 KW qu'il avait initig dane a1tbIpb t -jL 
nalement nla abeuti k cause des difficults techniquet qua '.. 
sa rdaliaation.
 

D. Institut do recherche d'hydre quebec IRTI.' M,'otr^.1'i .4 j' 

Ce trbs grand institut do renowmde mondiale tL'LVL.l.1 tL , .& . 
leent sur tous lea preblmos relatifa & la diutributiu, a;. 



?6lotiq&.rasuau do moyanneg basso at haute tainbiokA* lea traanortw , 
tours eI~cv.. 'Ea plus do cola do* toavaux do R & D y *out wtn~ husai SU 

'lesk6nrori, ranouvolablos, ea soi do divisions a 4nor6gia t5oliawic, 11io~ 
'mias, production d'hydrogbne (pour stocicags do l'6norgie), chtrrug 
*solaire.
 

A ic*o arrivio £tl'iroq J'ai iti requ jxar Wr Bertwri Subulnior, 
obdrohour & aL division "6norgie iolienne"..t qui 4tai'~ lo rod*poaubto 
do mon *tudee Apr~n co chalouroux at triis cordial ccuoi3. J'ai ou droit 

une proj~cti.r. Ifireq sea j' 1 Ado film'sur it aCivit~zi. i:n-t,'.3t 

visit4 corti.s labo do recherche at d'expiriwoutatoll 1 il
 
basso tonuiong, transforwateure, 
 simiulation do d~ctiarc, e~l-ctriclua dijilz 
l~ea licraea huuto tonrsionotco".)
 

Lw'~quipa do oherchours do Is, division "4narias t.Aioumn,&' u4vw, 
laquelt. j 'ul pas-md LIa plupart do won tesmps traviAillaip ~ ~i~ . 

lea adrogt~noritaurs & axe vertical et jo dirais surtout ZL.u' 101 YJ4.. 
Darric... Ella c onqau *t'oxpirimenti Is Darrius.... o2:3 s-i do Illu d, 
Madeleineo t aictuellemont travaill., our 1s projet, qul isorLit une prwi~ike 

re wnmdiula d'un 1Jarriuv do dont.-- :1W lea 4tudets a~rocyaLiquaz itaierk 
tarmin~es ilrastait h inalimer lean tudea do coflatrucioui f.ohtiu
 
antreprino jn~r unea utro firma.,
 

Avisc fl. Saulhie±, I* -Pirasohivoin, 1. clioe' d6 La -Uavi.itwt, jJ
 
eu qualquaA diiicusnions th~oriquos 
 our lea Darriui an 6phaWxLV4 ;!t un
 
ddjeunor 
do travail avoc touts 1l4quipe do charchoure do. IL diviizdwi. 

* Jl&d &adiat hiun *ssai our un Darriun dto 50 Ki**K1 1 %,Jt
 
inan6 puar Do. Saulni~r ot 
,I,-Dariaan at a parti sur 1.i US-wui-iiu u ,&,i
 
do la rnauhirzeg va production d"41octriciti, la vuriutiu tia CQU!1a.%.
 
motour eya fopctLioa do I& vJ~toao3 du vent avoc 
 trac4 do courboo cur~a­
tdriatiquos par Ilimpriwsnts, do Itordinat~uro Do& osmaa oat part6 aws-.1 
our ls* oaract~ristiques du couple do treinag. principtlaw-witot 3uri
 
is& dur~,iotst tr~o d~torwinants pour attdnuor l'4iArAsplitud6 dtajvi ttLs
 
pouvunt cauber la rupture 
don haubans at partaut I lutdo xoi..mn .uO 1', 
machine,
 

Lliveq a offeotui aunsi don *xpdrinientutionas CUL' LL prodUCLL.J, 
d'hydroi;Zine p&r l'd;norgio Aolionne* Mrs Go Dolangrv chaf cdd co~ptc(e 
division u proriuis d'.nvoyer au LESO 1. rapport sur cot. fieoidis dZXs rii 
sorai dio~pomiible, 

Conoernazitle, Biomasag jo ntai vu.aucune install~tion &t Virv~j. 
?outetois Is chef cottodo division wla. affiraid quo loure objectirs 
portent our ta 
gazefication do la tourpe ot I& productioit .i, wt4it11.aul. 

0 0. of 0 6 
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Il n'ya plus do travaux do R & D our Io chauffago S3oliairo 

k .1ireq. Ninwoins J'ai pu visitor des inl~tAlAtirJ3 *X±8­actuaeont 

,tantos at op~rktionnelLed k' tiLtre do daimonstratiofl. 
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THE FUTURE DEVELOPMENT OF THE LESO MK I WINDPUMP
 

1. Introduction
 

This report has been prepared for the Laboratoire d'Enorgie
 
Solaire, (LESO), Bamako, Mali, by Peter L Fraenkel o+
 
Intermediate Technology Power Ltd., (ITP), following a visit
 
from April 27 through May 2, 1963.
 

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 energy expert, while on secondment from ITP, during the
 
period March through May 1982.
 

The design was intended to be reasonably well engineered, 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
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simpler Sahores windpump introduced by Pere Plasteig with 
assistance from the US Peace Corps and VIlA, 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 3otie 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
 
windpuops imported from France were installed in the northern
 
desert regions to provide water points for nomads; although
 
most of these no longer function, the failures are tU1OLgLht to 
be mainly due to minor problems and it is believed n,.i.iy could 
quite easily be restored. The author of this report nappened 
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 50 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 oh
 
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 che&ap and 
simple design. However, it must be stressed that the design 
will possibly be limited to supervised irrigation applications 
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and will not be suitable for unattended duties such as water
 
supply in remote desert locations, in its present form.
 

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 mutst 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. It 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 from
 
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
 

3
 



fatique 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 thue
 
machine, but the sharp tips will also generate vortico.; 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 sheox- or
 
finished thin fibre-glass sheets can be found (they ar-, used
 
for roofing in some countries), then these would be evrn
 
better due to their resistance to corrosion in addition to
 
their light weight.
 

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 transsmission 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 from the
 
main chassis frame to add to its strength and to move the
 
point of maximum stress outboard from the frame. This Whould
 
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 whichi
 
are screwed into axial holes drilled between the shaft arid the
 
hub). The front end of the half shaft would need to bro solid
 
to cater for this and probably should therefore be a piece of
 
machined bar several cm long inserted into the tubular half
 
shaft, 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 from thi
 
fulcrum and by increasing the throw of 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 zit thic
 
stage in the 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 syt:cem of this kind is much the easieta to
 
design. However, if 
tensile coil springs cannot be obtained
 
locally, then an 
inclined hinge is recommended and expi-rimaents

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 i5 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 cushion the
 
tail movement at the ends of its travel are vital. These 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 cornnered
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This should be a welded assembly
lattice tower be developed. 


made up from angle steel sections. If practicable it should 

be in one, or perhaps two sections. If more than onL- section
 

is used, then welding jigs will be required to ensure the
 

components assemble together properly after welding.
 

It is probable that 50mm angle may be used for the corner
 

posts, and 37mm for the horizontal members. 12mm rouid bar or
 

cross brac.rig, and
concrete reinforcement rod may be used for 


this normally tensions quite adequately simply by thL
 

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.
 

having
Concrete foundations, calculated to be stable simply jy 


adequate weight to prevent up-rooting must be used. Maximum
 

gusts unde~r extreme conditions are unlikely to exceed 40m/s in
 

Mali.The method for calculating gust loadings should be to
 

consider the projected area f0 of the wind-pump normal to the
 

wind, multiplied by a drag coefficient of about 1.3 in the
 

standard drag calculation:
 

)=Cd. AV 

4.5 pumps
 

Pump sizing can be initially carried out be referring to pumps
 

a similar
used with commercial direct drive windpumps of 


diameter(eg 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 ,nay 

be calculated. 

It is recommended that a pump development programme be avoided
 

is reasonably satisfactory,
if possible until the windmill 


since pump development is a considerable project in itself. If
 

possible, commercially available pumps should be use.d Fur LhL 
is made intime being. HcAever, since only one size of pump 

Mali, it will eventually be important to develop a pump 

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
 

adapted by LESO
suitable design that could be adopted or 
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This should have several key objectives:
 

a) to measure the technical performance of the LESO windpump
 

b) to learn more about the wind regime in Mali
 

C) to investigate how effective this kind of technoiogy is
 
as used by farmers in Mali
 

5.1 technical performance monitoring
 

It is recommended that two distinct types of test be carried 
out, namely:
 

a) instantaneous tests, and
 

b) cumulative tests
 

The former consist of tests which measure the second-hy-second
 
output of 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 optimiF:e the
 
windpump design, while cumulative testing is more impcrtant to
 
determine the practical and economic value of the system.
 

5.1.1 instantaneous testing
 

A range of options are available to do such tests, ranging
 
from using nothing 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
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wind speed cubed). Extraneous results of 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 there the
 

wind varies by less than (arbitrarily) plus or minus 15%
 

should be accepted as meaningful. In fact, becuase of this
 

constraint, it is worth limiting the size of the contjiner 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 Lping
 

Even so, if the results are i-resented
substantially constant. 


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 anemometers 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
 

so that it is directly
at hub-height, in a direction chosen 


downwind of the windmill as seldom as possible.
 

5.1.2 Cumulative testing
 

a day
Instantaneous testing will normally take place for only 


at the most, and engineers or techhicians will be present.
 

Cumulative 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, usiually by arranging for the instruments to be read
 

daily and the result written into a log book. However,
 
be used,
automatic equipment that can be read less often can 


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
 

If a mechanical
suitable electronic or mechanical totaliser. 
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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 come,to
 

pieces in hours rather than days! For this reason there is a
 

lot to be said for a dry cell powered electronic counLer with
 

If a clock is added to the
an optical sensor for this duty. 


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 th.an the
 

in any case it certainly providoL; a good
average water meter; 

However, the pump needs to be calibrated, and
double-check. 


must be borne in mind that the volumetric efficiency may
it 

vary significantly in low head pumping applications 'ith 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 some warning if the pump deteriorates due to valve
 

seals or piston leathers wearing or getting damaged. This can
 

happen quite quickly if poor quality materials are used and/or
 

the water contains abrasive silt in suspension.
 

Finally, a vital requirement with all field tests of t:his 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.
 

5.2 Obtaining improved knowledge of the wind regime in Mali
 

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
 

to Gao, as this is the one region
north from about Mopti 

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
 
area. To
primarily to help the nomads who move around in that 


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.
 

9
 



5.3 Investigation of the effectiveness of windpumps for
 
irrigation in Mali
 

This part of the programme is required once the windpuaps are
 
sufficiently well proven and understood to be deployed in
 
small numbers with farmers. It is recommended that a suitably
 
qualified investigator spends some time observing 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 farmers to make
 
better use of the windpumps. Finally, once it is decided that
 
the system is being used as effectively as is reasonably
 
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.
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REFERENCE LITERATURE RECOMMEN FOR LESO LIBRARY 

w.schmidt 27.7.84 

1. ENGINEERING 
 HANDBOOK 
ON THE ATMOSPHERIC
GUIDELINES ENVIRONMENTAL
FOR USE IN WIND TURBINE GENERATOR
Frost, DEVELOPMENT,
B, Long, W.
R. Turner, 
 NASA Technical Paper
December 1978, No. 1359,
372 pgs., 
 NASA. Washington D.C.,
National USA, available
Technical 
Information Service, Alexandria VA.,- a good reference on USA.interpretting wind history data and for
developing design information for wind systems.
 

2. TECHNICAL 
REPORT 
DEALING WITH ORP/TOOL
(Ghazipur 12PU500) , 
WINDMILL PROJECTNiek Van de 
 Ven,
WOT/TOOL, T.H. Twente, Postbus 217, 

June 1979. Available 
Enschede, Holland.- history of the development of the 12PU500, providing valu­able information for other projects doing similar work
 

3-
 STATIC AND DYNAMIC LOADINGS ON THE TOWER OF A WINDMILL,
E.C. Klaver, 
 1977, SWD Publication 77-3, available SWD.
P.O. Box 
85, Amersfoort, the Netherlands.
 -
excellent design information for rotors and towers
in all
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.
 

INTRODUCTION
4. TO WIND ENERGY,
314pgs. E.H. Lysen, Aug 1982,
SWD Publication 
82-1, available 
 SWD. P.O. 
 Box 85,Amersfoort, the Netherlands.
 - a very compresensive summary of wind energy informationwhich is 
invaluable 
to 

Includes much 

the wind energy project staff.information 
in Dutch 

that is only available otherwisetechnical publications and not published outsideof the SWD group. Highly recommended. 


