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fo IEA

R&D WECS Annual Report 1978

Aa agreed in the CRD an annual report ehould be worked out for
each of the IEA projects and subrnitted to rEA before the end of
January 1979.

Thie docunent contains the report of the Executive Cornittee of
the R&D WECS progranme for the petiod to the end of 1978. By
decision in the Executive Comitteeftn behalf of the Operat:i'ng
Agent for the four Tasks.
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IEA Progranme of

PdSEARC}I AND DEVELOP}IENT ON WIND ENERGY CONVERSION SYSTI]MS

Executive Sunrnary

The Progranrne consists of
Implernenting Agreement :

Annex Title

four Tasks according to Annex I-IV of the

III Integration of wind power into Kernfors chung sanl age
National Electricity Supply J lich GrnbH

Sys tems

Investigation of Rotor Stressing Kernfors ching s anlage
and Smoothness of Operation of Jiilich GmbH

Large-Scale Wind Energy Conversion
Syst ems

Participation in the Tasks is shown on the following page.

The Progranme was initiated in 1971 , The start-up of Tasks I and II
has been delayed, and the revised schedules extend to 1981. Tasks
IIl and Iv progress as planned which means that Task IV and Phase I
ot rask rrr wrrr be comDteceo Lr7 LYlt.

Tasks I, III and IV are comnon fund projects. A call-up
butions to Task I was sent out in December 1978 based on
budget adopted by the Executive Conrnittee. Expenditures
and lV are as originally projected.

The Executive Conrnittee held its inaugural meeting in Paris on l4arch
7 and a second meeting in Arnsterdam on October 6. At the first meet-
ing Mr. Rey (Sw'eden) L'as elected Chairrnan and Mr. Sens (rhe Nether-
lands) Vice Chairman. At the second meeting Norway and the U.K.
entered as new contracting parties.

The Prograrmne of Work and Budget for the Tasks were unanimously
adopted at the second EC meeEing.

No expert meetings have been held during 1978. No new proiects have
-- been proposed,

The technical progress is surmnarized in the attached Annual Progress
Reports for each Task as prepared by the Operating Agents.

IV

I Environmental and Meteorological
Aspects of Wjnd Energy Conversion
Systems

II Evaluation of models for wind
energy s iting

operating Agent

National Swedish Board
for Energy Source Develop-
ment

Department of Energy' USA

for contri-
a revised

for Tasks III
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IEA Prograffne of

RXSEARCH AND DEVELOPI"IENT ON WIND ENERGY CONVERSION SYSTEI4S

Participation of contracting parcies

Il1Country

Aus tria

Canada

Derunark

Germany

Ireland

Japan

Netherlands

New Zealand

Contracting party

the Republic of Austria

National Research
Council of Canada

Ministry of Trade and
Industry

Kernforschungsanlage
Jiilich GmbH

the Goverrunent of
Ireland

the Gover rent of Japan

Stichting Energieonder-
zoek Centrum Nederland

New Zeal"and Meteorolo-
gical Setvice

Institutt for
Atomenergi

National Swedish Board
for Energy Source
Development

Department of Energy

bepartment of Energy
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Environmental and meteorological
svstem6

aspects of wind energy conversion

Sunrnary

The objectives of this Task include studies of the environmental
inpact and operational safety of large-scaLe wind energy systems
(WECS), investigation of uncertainties in wind forecasting for wind
power nethrorks, and reconrnendation of load cases for the design
of WECS.

Participating countries in this Task are Austria, Canada, Denrnark,
Federal Republic of Gerrnany, Ireland, Japan, the Netherlands, New
Zealand, Norway, Srreden, the United Kingdom, and the United States.

The Task is divided in eight Sub-Tasks. Sveden is responsible country
for five Sub-Tasks, the Netherlands for two and Ireland for one.
Three Sub-Tasks include eol-laborative efforts between the partici-
pating countries. Two of the Sub-Tasks are add-on projects to in-
dependent base proj ects.

The progranme was initiated ia 1977, The start-uP of to'"t of th"
Sub-Tasks has been severely delayed. The revised schedule extends to
I Oal

One of the Sub-Tasks concerns a study of wind wake effects rqhich is
carried out at TNO, the NetherLands, in order to determine at which
distance windmil"ls have to be placed for optimum energy output from
a group of windmil,ls. Experiments on vertical axis Darrieus type
turbines have been confleted. The results short that a maximum outPut
of about 7 N/mz is reached with a spacing of about 6.5 windmilL
diameters.
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Envirorunental. and rne teorolog ical
svstems

aspects of wind energy conversl0n

Introduction

The objectives of this Task are divided in the folloving

Area A: Environnental Impact and operational Safety of

three areas:

Large-Sca1e
Wind Energy Conversion Systerns (WECS).

Area B: Investigation of the Uncertainty in Wind
Wind Power Networks.

Forecasting for

Area C: Load Case Reconmendations.

A there are six Sub-Tasks. Areas 3 and C have one Sub-Task
shown in the following table.

In area
each as

Sub-Task

AL

A2

Ti r1e

Study of WECS farm area and WECS

safety lirnit requirements

Study of combined wind-biomass
energy sysEems

Study of wind wake effects

Study of the impacts of large-
scale WECS on the performance of
electro--rnagnetic rn'ave systems

Study of aestethic factors and
visual effects of large-scale WECS

RePort of A1-A5

Investigation of uncertainty in
wind forecasting for wind power
networks

Load case recomnendations

Responsible

SWeOen

Ire land

Netherlands

Netherlands

Sweden

Sweden

Sweden

Country

A3

A4

A5

A6

B1

ct

The ParticipaEing Countries in this Task are Austria, Canada, Denmark,
Iederal Republic of Germany' Ireland, JaPan' the Netherlands, Nert

Zealand, Norway, Sweden, United Kingdon and United States of Arnerica.

Substantial delays have occurred in the start-up of mostiub-Tasks.
Sunnraries of technical progress during 1978 are given be1ow. Sub-
Tasks A1 and 45 are add-on projects to independent base projects.
Brief status reports of the base projects are included for information'
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Sub-Task 41: Study of IIECS farm area and I\IEC S safety limit requirements

This Sub-Task is carried out at the Aeronautica'l. Research Institute
in Stockholr'r as an add-on effort to a base project.

The objective of the base project is to analyze the pr:obability of
ul-timate failure for a wind turbine system due to loadings and other
actions, considering choice of material, structural design, production
control, service inspections, inbalance detection' de-icing, and
operation routines. Land-based large scale or snal1 scale turbine
syst"*s lrith horizontal axis are treated assuming propeller material
to be steel, aluminum, or composite material-. The aim is to develop
a method for checking the safety against catastroPhic failure and to
evaluate which safety level may be attai.ned in a realistic design.

The investigation is performed in tr^ro stages. No 1 includes' study
of available design informalion, analysis of J-oadings and other
actions, collection of material proPerties including scatter' ice
accumul.ation, and definition of method for risk analysis including
inventory of possible accident chains with fatal consequences. In
stage No 2 a number of crj-tical events will be analysed'using
staiistical methods considering the effects of inspection and service
control. Numerical- examples for typical strucLures r.ri11 be treated
and safety requirements presented.

The first stage is now being performed irnplying collection of t."ic
material.

Sub-Task A2: Study of combined wind-biomass energy systems

This Sub-Task is carried out under the coordination of The National"
Board for Science and Technology, Dublin, Ireland.

The purpose of the project is to determine the potenEial" cost reduc-
tions and other advant ages /d i sadvantages resulting from co-locating
ITTECS farms and Short Rotation Forestry (SRF) energy plantations and

associated thermal power stations '

.The following elements and revise<i schedul-e have

A1-A3 El-ectrical systern design and costing for
WECS farm and facilities shared with SRF

thernal plant

B1-82

been defined:

Ieb-July 79

cl-c2

D1-D2

D

Optinrization of electrical system costs'
O+M costs, mode of operation, of cornbined
plant

Effects of high wind speed on sRF Sronth
rates

Optimization of access requirements and

Coordination and report preparation

Feb-Ju1y 79

Dec 78 - May

costs Jan-June 79

79

Nov 78 - Aug 79



This work is carried out at TNO, Apeldoorn, the Netherlands.

The aim of the experiments is to determine at which mutual distance
windnills have to be placed in order to achieve an optimal energy
output of a group of windmills.

Ttre experiments on vertical axis tulbines have been comPleted' Only
this plrt of the wake-effects work is contained in this Sub-Task'
Exteniion of the experiments with horizontal axis turbines is fo::e-
seen to rnid 1980.

In an wind tunnel the wake of a turning model of a Darrieus-rotor has

been measured in a homogeneous flow field. This rsake has been sirnulated
on a small.er scale by a stationary grid to be able to investigate a

group of windmills. The stationary grid has been placed in the
Ic.lld atno"pheric boundary layet of the windtunnel and the vake of it
within this layer has been measured. In order to simulate the inter-
action of the wakes of a whole group or pani of up to about 100 winC-
rnills the grids hava been place<i on a circular turn-table in the wind-
tunnel. By measuring Lhe force on the different windmill - simulating
grids in u gaoup an estimate can be made of the energy output of
luch a group of windmills. By doing so for differeni soacings'betqeen
windmills an idea can be gained about the sir'e of the spacing that is
required to get a maximum ener:gy output of a group of windrnills on

" *i.r.r, utno, Th. results sholr that a maximum outpuL is r:eached of
abiut 7 tnl/rn2 rvith a spacing of about 6.5 windmill- diameters'

Results from rhis work were presenteC at the 2nd International Symposium

on Wincl Dnergy Systems in Amsterdam in 0ctober 1978.

Sub-Tack A3: Study of wind wake effects

Sub-Task A4:

SUD- I aS K

This Sub-Task is performed at the
Institution of Landscape Planning
a base proj ect .

Swedish Agriculture UniversitY,
at AlnarD as an add-on effort to

Study of the impact of 1-arge-scale \{ECS on the performance
of el-ectroma€ine t i c wave systems

This work is carried out under the direction of the Netherlands Energy

Research Foundation, Pe tten.

A classification of services r'rhich may be disrurbed by large scale
WECS has been comPleted at PTT Leidschendam' ?roblems that may occur
at fixed services are invesLigated. The conditions which have to be

met in orcler to avoid interference are derived' The study of the
interference of hrECS on broadcasting and rnobile services is in
progress.

Study of aestethic factors and visuaL effects of large-
scale hrECS
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In the.base project two methods of visualizing a moving wind turbine
system in a natural environmenL have been worked out. The best results
were obtained with the chroma-key videotape method. The second nethod
using front projection on 35 nrn film gave less satisfactory results'

Background films have been taken for three different locations in
Sweden. The background filns will be scanned in videotape and nixed
with studio pictures of moving r,rind turbine nodels on a second video-
Eape. still pictures in colour will be produced b1'a different nethod.

Sub-Task Bl. :

This proj ect
Hydrological

Review and study phase
Development phase
f'onmrlation of load case

The pro-ject has been delayed and is now expected to start in llarch
1979 and last until December 1980.

An expert meeting is planned to take place during tr,Io dFvs in April/
May 1979 in order to define criteria for an objective wind forecast
verification scheme.

Sub-Task C1: Load case recolmlend ations

Saab-Scana, Linki5ping, has been selected as prime contractor with
ERN0, Bremen, as a subcontractor for work concerning vertical axis
turbines.

Review of existing load case definitions has been initiated. A request
for load case data has been sent to the Participants' Detailed data
have been received from Denmark. New Zealand has asked for additional
information. l^lest Germany will send data in November. No other data
have been received. An atcempt will be rnade to get more inforrnation.

The present schedule is as follows:

Investigation of uncertainty in wind forecasting for
rvind power networks

will be performed at The Swedish Meteorological and
Institute in Norrkiiping,

- Jan 197 9
Jan 1979 - June 1979

list July 1979 - Sept 1979



national swedish boerd for
energy source development

acting for the

IEA R&D WECS

EXECUTIVE COMMITTEE
The Secretariat
BPlce

L979-O2-O5

The Departxnent of Energy,
Uniced States of Anerica

IEAIPOWXCS/II IAPR 78

,/
ANNUAL PROGPGSS REPORT 1978

IEA Inplenenting Agreement for a Programe of

RESEARCU AND DEVELOPMENT ON WIND ENERGY CONVERSION. SYSTEMS

Annex II

Evaluation of models for wind energy siting

Operating Agent:

It lllng .ddr.t :

Box I l@
9!6312 SPANGA

3lr..l .ddr..r:
4 KlstagAngen
KISTA

lol.phon.L
0&752 03 60

talagrartt

B.IPBOFO

f.l.rt
r?ea
ENPROFO 8



I

ANNUAL REPORT OF ACTIVITIES 1N THE

IEA PROGRAMME OF RESEARCH AND

o':"oo"il,ll,l: 
"^iX:l';,"NVERS 

IoN

Through Annex Ii of the implementing Agr"eement for a Prograntme of

Research and Development on tlind Energy Conversion Systems an international

program on windfjeld model verification has been undertaken. The objectives

of Annex II are to evaluate the role of numerical models in wind turbine

siting. The verification progran has been subdivideo into three tasks ' Task I

provides for the preparation of a detajled verification plan. In Task II'
model verification vril l be caffiecl out by the varjous participants. Task III
covers reporting the final results.

The verification plan, which is the final product of Task I, will identify

the models to be tested and will name the data sets to be used. The plah will
present a detailed description of '"he verification procedures and will defjne

the respons.ibilities of each participant. Figure 1 is a milestone chart for

Task I. l',lilestone I represents the IEA meeting of last l4arch where the plan

for Annex II was presented for corffnent and concuffence of other participating

countries, In April 1978, a letter was sent to each partic,pant inviting hi i'r]

to subnrit descriptions of computer models that have application to WECS siting

and to describe those data sets in the participant's possession that might be

used for verification. The letter also included, as examples. descriptions of

a model and data sets proposed by the United States and a draft pt"ocedure for

model veri fi cat i on.

since that time, informal discussions between the operating Agent and some

of the panticipants ha,,,e been held as plans for specific activities are being

considered within each country. In addition, the Federal Republic of Germany

and Norway have ioined Annex II and have been sent initial planning informa-

tion for cons i derati on.

0n l5 November 
.l97&a letter was sent to participating countries proposing

an initial nteeting of technical representatives that would be held at iEA head-

quarters jn Paris. This meeting has been scheduled for i and 2 February 1979

and is shown as milestone 3 in Figure l. The purpose of the meeting wili be to



give the technical representatives of each participating country an overview
of the p1 ans and objectives for Annex II. It wiil also provide an opportunity
for each participant to discuss his country,s plans and objectives and to
suggest nodifications or improvernerrts to the draft verification plan.

After the meeting, activity in Task I should proceed approximately as

indicated in Figure I. Inputs and suggestions from al1 participaLing countries
should be received by nrid-l,larch 1979. Based on thcse suggestions, a revised
plan will be prepared and sent to the participating countries by 15 April 1979.

l,lritten concunrence is expected by early June, and a second neet.ing of technical
representatives is pianned for early September 1979. This meeting will 'be

scheduled for a time and piace agreeable to a1l participants. Subjects to be

addressed will include:
r Presentation and review of the proposed models and da1"a sets.
. The status of verification activities in participating countries.
c Critiques of the proposed models.
o A working session in which final adjustntents to the pian will be made.

The result of the meeting wilI be the International Verification Plan.
The operations involved in implementing the verification activity are

shovrn in Figure 2. Implementation will begin around l5 September 1979 with the
prcparation of users' manuals that will fuliy document the various models. At
this tinre the adaptation of data sets to the participant's computer facilitjes
wii l also begin.

By 15 November 1979 al1 participants should be appiying their models to the
test cases. In mid-l'larch 'l980 a meeting of technical representatives of the
participating countries will be held to discuss preliminary verification results.
An assessment will be made, from the limited verification data that will be avail-
ablg of the usefulness of the modeis in siting. At this time, a decision will
be made on additional verification tests. It is anticipated that additional
verification data will be required before an accurate assessment of the siting
nndel s can be given.

The target date for completing the first stage of verification
is i5 July 1980. Additional case studies wjll be initiated at that
verification computations, will be completed by January l981 .

Milestones for the reporting task are shovrn in Figure 3. By 15

computati ons

time. Al I

each partic-ipant will have submitted a report to the Operating Agent

a complete users' manual for" the model . This manual vrill contain the

August 1980

copta i ni ng

i n formati on

-"'l-
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specified in paragraph 2(d) of Annex II. In addition, the report will contain:
o initial verification results for the model tested,
r recorrmendations on the applicability of the model to various types of

tbrrai n and nreteorol ogical conditions,
o identification of those ternain types and meteorological conditions for

which the ntodel should yet be eval uated,
o recommendations for any additional modeling work or field tests that

appear to be needed.

After the Operating Agent consol idates the reports and users' ntanuals, they
will be distrjbuted to participants for their review and use.

Participants r^rill send a report to the 0perating Agent on the resul ts of
any additional verjfjcation tests aqrccd to in the l'larch 1980 meeting or in
other comrnunications. between the Operating Agent and the participants by 1 Feb-

ruary 1981 . These reports vrill supplement the conclusions of the report on the

initial verification tests and will be cir"culated to all participants for their
infornration.

In early May l9Bl a meeting will be held in which the final results and

reconrnendat i on s will be presented and discussed. The 0perating Agent r,rill con-

sol idate ail of the participants' finai reports, irrcluding all comments and

conclusions from the meeting, and conrplete a ccmprehensive final report on the

results and recomnrendat i o n s by 1 Septenrber 1981 .

in the United States, model verification activities have already started
on the 0ahu data set that nas briefly described in an attachment to the April
l97B letter (l'lilestone 2, Figure 1). Models that are being tested include a

primitive equation model and two ob,iective analysis techniques. One of these

techniques is the model that the United States has proposed for testing in
Annex II. A brief description of the model is given in Appendix A of this report.

0ahu is an island ('vt570 .frn2) situated in the northern portion of the trade

wind zone of the Pacific 0cean (2.l'30'N, l5Bo 00' l,l) . The island has fairly
rugged topography as indicated in Figure 4.

Two ridges that run north to south lie along the eastern alrd western edges

- of the island. The average elevation of the vrindward (eastern) ridge is about

600 m. The 'leeward ridge is slightly higher. The maximum elevation on the island
is 1225 m.



Preliminary results from the verification tests have shown that the ob-
jective analysis nodels reproduce the general features of flow over Oahu quite
well. Figure 5 shows a computed wind vector field at 15 m above the surface

for an idealized trade wind day.

. In producing thq vector field shown in Figure 5 the model was initialized
by assuming a uniform wind direction of 065" at all grid points. A uniform
wind speed of l0 m r-l ruu, assumed at 200 m above the surface. The wind speed

followed a l/7 power low below the 200-m level and was constant above it. The

features in Figure 5 - enhanced wind speeds over the mountain ridges and around

the points as wel l as the low wind speeds in the central valley and on the east

side of the windward mountain range - comespond to observations.
Work is currently underway to obtain more quantitative observations by

comparing compuied and observed wind speeds at a number of points on the island
for several days throughout the period from 1 August 1976 to 31 JuIy 1977.
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EVA,LUATION OF |VIODELS FOR WI|':D EI'IERGY SITiNG

TASK I I: II4PLEIlEIITATION OF VERIFICATIC)|] ACTIVITY

i979 1980
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1, BEGIN pREpARATIoN oF usrR's MANUAL, 15 sepr 1979

Z, BEGIN ADApTATIoN oF I6tTIAL DATA SETS, 15 srpr 1929

J, srARr MoDEL RUNs, 15 rlovelveen 1979

4, MEETTNG oN TNITTAL RESULTs, 15 unncn 1980
' 5, DEctstoN oN ADDTTIoNAL coNDrrtoNs uNDER wHicH MoDELS wrLL BE

TESTED WITH NEW CASE STUDIES

6. rNrrrAL vERTFIcATIoN coMpurATroNS coMpLETeo, 15 JULy 1980

7, ADDITIoNAL cASE sruDIEs rNrrtATEo, 15 uut-v 1980

8, ADDITIoNAL cASE sruDrEs coMpLETED, 1 tnnunny 1980

FIGIJRE 2
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EVALUATIOII OF IIODELS FOR WIIiD ENEP.GY SITING

TASK III: REPORTING
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REPORTS ON INITIAL CASE STUDIES AND USER,S MANUALS SUBMITTED TO

OPERATING AGENT/ 15 AUEUST 19BO

CONSOLIDATED USER,S MANUALS AND REPORTS ON

COMPLETED AND DISTRiBUTED TO PARTICIPANTS

APPLICATION, IF DESIREO, 15 NOVENBER 1980

SEND REPORT ON ADDITIONAL CASE STUDIES TO

COORDINATED DISTRIBUTION., 1 FEBRUARY 1981

INITIAL CASE STUDIES

FOR EVALUATiON AND

OPERATING AGENT FOR

Il.

-

MEETING OF PARTICIPANTS TO PRESENT AND DISCUSS RESULTS AND MODEL

APPLIcATIoNs, 1 r'rnv i9B1

FrNAL REPoRr, 1 srPrEr',rsen 1981
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FIGURE 4. Perspective of Oahu Looking Southwestward (dor"nstream) '

l.|ind Vectors at
Ideal ized Trade

'I 5 m Above the Surface for
l.li nd Fl ow Over 0ahu

FIGURE 5.
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APPENDTX A

Two types of models have been considered for site screen-
ing on the mesoscale in the United States -- pri.mitive equation
models and objective analysis schcmes. In principle, the
primitive eguation models should yield better win<i fj,e1d simu-
lations since they incorporate more accurate physics. However_,
it is not cl-ear wheLher this potential advantage would be realizecl
in rnost practical applications. The reason being the uncertainties
in initial- and boundary conditions that wor.rLd exist in actual
practice.

The objective analysis schemes that have been proposed for
site screening are of the "mass consisLent" type similar to the
MATHEW model described by Sherman (1978). The advantage of
these models is that they require very little computer time to
run and are thus relatively inexpensive. The mass consistent
models also contain some rudimentary physics, for they produce
a three-dimen s iona I , nondive::gent flo\^, field which is subject
to slip boundary conclitions at the sulface of the earth. Thus

they should be superior to other objective analysis techniques
that interpolate wind observations accor<ling to some arbitrary
weighting scheme.

For the international verification exercise, the United
States is proposing a mass consistent objective analysis model.
The particular version p::oposed is one that has been developed
for the.U.S. Department of Energy by Science Applications, fnc.
of La Jolfa, California. An early version of this particular
model is described by Traci et aI. (1977)



The Lheor:eLi.caI foundation of the mass colrsistent rvincl
flow models was established by Sasaki (f958). The approach
clefines a variation integral- wliose sol-ution minimizes the vari-
ance between an initial gucss of the wind field and the final,
adit:sl-od field. This solrtl- ion is snhioct to the constrainu
that the adjusted field be everylvhere nondivergent (Sherman.,

197B) . Thjs variation intcgral is

.to'u 
J

.lrha E rr'l 6r-T.tdr;-- > - Jnge

whose solul-ion min imi zes

equations associated with (I), and

that expressicn, are

tl-i::=0dxz"l ("-"o ) (2)

r(u,v,w, 
^) 

=Iil {"ill, - .o)' * (.,, - "o)2]

* "l(, - *o)2 * .r ri xdyd z (1)

rvhere x,yrz are the usual meteorologicai- coordinates; u,\',w
are the adjusLed velocity components in the x,y,z directions'
16c^6^f irrnlrr. rr r' .w_ are the corrcspondin.g injtial values;, "o, ..o
tr (x,y, z) is the L,agrange mul-tiplier; o.l ,02 are Gauss precision
moduli. The Gauss nociuli govern the size of the wj.nd f .ield
adjustments and vary with positi.on in the model. In the
vicinity of actual- wind observations, ct, should be Larqe and the
relative adjustment of the wind field small. I^lel I away from
locations of wind observations, o, should be sma11er, the ratio
o,/c- also governs the relative size of adjustmcnts in Lhe

IZ
horizontal and vertical wind f ield. l./-ith increasingly stable
atmospheric stratification, for example, cr/o" should decrease.
Thus, empirical adjustments for the gross effects of stratifi-
cation on the wind field are possible.



The.major difference bet-ween the
NOABL) and I'IATIIEW is the introduction
terrain-conformal coordinate system.
of this approach are:

(3)

(s)

to.,

proposed model ( called
of a nonorthogonal,
The principal advantages

of the surface bound-

0l - .':i::-v
oy

,,i ("-"

2"t(*-,

\-o/

l-o/
Dtr - .t
dz

(4)

and

a more accurate representation
ary condition;

the capability to use a grid which is "stretched"
in the vertical; ' and

the elimination of unused storage locations (grid
.cells which falt inside terrain in a rectangular

coordinate system).

The latteil,two advantages primarily affect computational
efficiency. The stretched grid enables one to obtain the

Eu 3v 0w
0x 0y Dz

These equations are subject to the boundary conditions

I6 (v'n) = 0

where 6 O denotes the first variation of the quantity bracketed
and fi is an outward positive unit normal vector. Specifying
l=0 is appropriate for "open" or "flow-through" boundaries
whife setting Vl'i=0, which results in no adjustment to velo-
city normal to the boundary (see (2)-(4))' is used in producing
impermeable boundaries.



i'

. dcsired vertical resolution near the surface while keeping the
total nunber of grid cel1s reasonably small.

In the new nonorthogonaJ. coorclinate systen, the horizon-
tal coordinates x and y remain the same. The vertical coordi-
nate, however, becomes

zm-zzm-2

"T-"s ?T (?)

t'Jhere zs and z, are the .elevations of the surface and the top.
of the model , respectively. TransforminS l2') - (4) into the new

coordinate system results in a new set of Euler-Lagrange
equations. These are

2ai(u-uo) - [3]. *,"- 3+]

zol (,,-vo) - 
[+ 

. f ,", 3i]

zol(*-wo) .'-+* =o

=0

=0

,

(8)

and

(e)

(10)

where

( rr)

E"t
,"y = -Ei lr2')

substituting (8)-(10) into the transformed version of (5).
' The result is

?r.
zsx = -5F

and



".*] .r'n["#.a I ar:; L'T"
+oz az ?llsy dol

.2o- \rl +

"zl
{t(

*3
do "'Q . .:)] + *+

* o 
[""*

sy dy9I*dx

z
sx

r]

+

where

"fio = o[r"*ro * ""yto - to]

The lateral boundary conditions are

. I=0

=-,"i[+.+ +l

r=01
vr-i=o 

J

( r3)

(14)

(rs)

are desired to
boundary it is
t w=0. Thus,

be
assumed

the upper

depending on whether these boundaries
impermeable or "leaky". At the upper

that (zr-2") is sufficiently Large tha
'boundary condition is

N]=o

At the surface fi=O. This implies

(r6)

.sP. -q -Fl?



l.

I

ao
(17)

to the boundary
is then calcu-

The solution strategy is to soLve (I3) subject
conditions (15)-(i7). The adjusted wind field
lated using (8)- (f0) .

The initial wind tictd uo, Vo, w..., is obtained by inter-
polating the available wind observations. If a vertical wind
profile is available in addition to surface wind observations,
a Linear interpolation is used. in the vertical- and a 1,/R2

interpolation is used in the o p1ane. The initial vertical
velocity field is set equal to zero everywhere.

Since .the number of wind soundings is usual).y smaffer
than the number of surface observations ' the wind field above

some convcnient boundary layer height is assumed to be speci-
fied by the available profile ot ptofil"". Thus, the surface
observations are only uped bel.ow this height. lvhen there are
no wind profiles, surface observations are extrapolated verti-
ca1Iy by a prespeci.fied power law and a l iuearly-varying
!..--,i -- ^-^1^uurrrrrrY
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PROGRAI,{ME OF I{ORK

Task III (Annex III), Phase I

Obi ect ive
;lJ 

"" 
..iginal hourly data of wind vefocity, wind direction,

energy prodrlction and energy demand, we have analysed the
engineering and economic possibilities of large. - scale
wind energy systems converting wind power into eLectrical
power with special attention to complementary povrer regulation
capacity, particularly with respect to coastal areas of
Northern Germany. At the sane tj.me, the iDtegration of
r"ind energy into national energy supply systems has been
examined .

Means

A sinulation model of wind energy integrated into the
national energy supply system has been developed in which,
ar0ong others, the following parameters have been taken up
wind data, energy demand data, technical data of wind
energy conversion, technical- data of conventional energy
production and storage as.weLl as considerations for the
Iocation of wind power p1anLs.
Preliminaryrthe models are limited regionally to the
North-cerman coastal area and utilities located there.
Later on Lhese models have served as basis for the integration
of wind energy i.n the existing energy supply system of
the BRD. The models are build in such a way that not only
the integration of .wj.nd energy in the national energy
supply system of the BRD can be examj-ned by making use
of these models, but also of other countries.

-3-



1b)
1c)

Sub Task

1a)

2a)

2b)

. There are no
approach as

Annex III.

-3-

Tit 1e

Determination of Er.rergy F1ow

CoLlection of German wind

and demand data

Collection of newest turbine - data

Computer processing of data

Prelimlnary studies of model simulation

for integratj-on of wind porver into national

electricity supply systems

Building of simulation model

Test and expansion of model using

original hourly wind and demand data

Evai.uation of Energy FIow

Collection of cost data

Cost and value assessment of

wind energy

rinit neport

Preparation of final report

changes in objectives and technical
described in Implementing Agreement,

3)

4',t

-4-



Costs for the project lrECS, Task ffl (Annex III)

Poi-nts of r{ork as
de:i.ned in the
I;piEeirting Agree-
nent., Annex III
2. ueo ns

Points in
the Prograr&e
of tlork

salary corput.rl ) Working
funds

Operating
Cost,

'Taxes Total

(a) t2) (1)

(ii)(a) (2)

(r)(a)

- (a) --(2)---(tli)
(a) (2) (iv)

(a) (2,

(a) 12)
(a ) (21

(a) (1)

(5)

(v)

(vi )
(vti)
(a) (2)

Collection of German
data

Compute! processing of
data

Prelinlnary studly
of modeL

Building of model

Test and exp. of model
Simulation uslng
original hourly data

collection of cost data

Value assessnent of,
uind energy

Preparati.on of final
report.

Means Phase

I 7.ooo

27.ooo

44.ooo

19.ooo

55.ooo

55. ooo

3l . ooo

64 . ooo

40. I 60

7 8.4t6

5.ooo

3.ooo

4.ooo

1 . I.oo

2 .ooo

3.ooo

4 .ooo

2.ooo

3.ooo

3.64o 427

22.ooo

30. ooo

48. ooo

2o. loo

5B.ooo

68 . ooc

35. ooo

66.ooo

4 3. l60

87.483

coLlan sutrs 441 .575,- (4oo. ooo 
' 
-) 27 .Loo '- 3.54o,- 5.427 ,- 477.743,-

I

I

€rl

ul
DI

N

Ara}.ell,j,ng cost to ( 1 )

l) DM 4oo.ooo,- paid

- (5) were eselsacet to

separately 1n total by

DM 29.1oor-rtbus the

G€rBan @verrulent

total suro is DM 506.843,-.be

the



1c)

2a)

2b)
?l

3. STATUS OF WORK

TT[18 FRAME

rrlA>E I

Determination of Energy F1ov,

1a,b) Collection of cerrnan Data
(wind speed, demand, conversion,
Computer processing of data
PreLiminary study of model
Building of model
Test and expansj.on of model

technology )

Simulation using original hourly data
Evaluation of Energy Ff oi,,

4) Collection of cost data
Val-ue - assessment of wind energy

Final Report
5) Preparataon of final report

PHASD II* (Participating Countries), starting int'Srlt/y fSZS

xl
€lolPt
.l

I

rn
I

1 1 -?O

Determination of energy Flow (Collection of lata of other countrles with respect to wind
speed, demand, cost --- Computer processini of data by means of the model)

Evalllation of Enerqv Fl-ovr (Value - assessment. of wind energy)

Preparation of Final Report

* The prcposal for Phase
Comroittee on April, 2

II will be subrnitted before the next meeting of the
nd. 1979 ln Copenhagen

Exec utlve
I
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Status of FJork:

Programme of 'rrork is in time ( see time frame) .

The modeLs of wind energy pr:oduction and the models
of conventional energy production for the North-German
coastal area ha.re been finished. Original , hourly wi_nd data
of the German Weather Service of 5 coastal weather stations
for theperiod of '1969 - 1976 as well as demand data of
utility companies of North-Germany for 19?5 have been
provided and processed for the computer. Also detailed
availabllity data of conventional povler pLants have been
collected as a basis of the determination of the "value"
of wind energy. Based on these facts, the maximum admissible
investment costs oi wind power plants (break - even - point)
have been calcul-ated by maki.ng use of investment and fuel
costs of conventional power plantss.

Based on the lmproved experience a second phase of the
project is proposefl, to do a thorough investigations on
the prospects of wind energy for more coutries - partly
outside Europe.
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1. F irrna/Ins t itu t
2..Name
3. Thema

4. OrtlDatum
5. Art

Publ icat ion s

Un j-vers itit Regensburg
Lorenz Jarao
Stromerzeugung aus l{indkra ft :

Eiri alter Traum kann Wirklichkeit
werd en

Griif el f ing, Junj. 1978

Ver6ffentl ichung in:
Energiewirtscha ft l iche Tagesfragen,
Zeitschrift f iir die Elektrizitats-
wirtschaft, 28. Jg. (Hef t 6),
s.357 - 365

1. Firmar/Ins ti tut
2. Name

3. Thena

Or t /Datum
Art

[Jniversiteit Regensburg
Lorenz JaJ:aB

fntegration of wind Energy in National
Energy Supply Systems

- Compari.son of Conventional and Wind
Povrer Plants
Washington, D.C., 19.-21. Sept. 1977

Ver6ffenilichung in:
Proceedings of the Third Biennal Conference
and Workshop on Wind Energy Conversion Systems,
Washington, D.C., Sept. 'l 9 to 21 , 1977,
Vol. I. S. .144-455, Sponsored by The United
States Depaxtment of Energy Dj.vision of Solar
Technology, Coordinated by JBF Scient,if ic
Cor pora t ion

4.
5.

l. Firma/Institut
2. Name

3. Thema

Or t/Da t um

Art

Universitat Regensburg
Lorenz JaraB
Garantierte Leistung (Kapazitatseffekt). und
Gesamtleistung als Be st imrilung sg 16 Ben der
Energieproduktion eines Windkraftwerkes
Ilamburg, JuIi t 978

Verijf fen t I ichung in:
2. nd Interna ts- ional es Sonnenforurn,
12.-14. Juti 1978, Band Irr, VoI . fII,
s.389-402

4.
5.



1.
2.
3.

Firrna/In s t itut
Name

Thema

4. OrtlDatum

: UniversitAt Regensburg

: Lorenz JaraB
: StatusberichL ET 4085 A

Abschlitzung der technischen und wir tscha ftl ichc:
M6glichkeiten ej"ner groBtechnischen Umwandlung

von Windenergie in elektrische Energie unter
besondercr Beriicksichtigung des ben6tig ten
Reserve- und Speichersystems - Bestimmung und

Bewertung der l.lindenergief ltis se

VerO f f ent-1-ichung in:
Seminar und Statusreport windenergie,
23./24. Oktober 1978, veranstaltet von der
KFA-Jii l ich GmbH, Projektleitung Energiefor-
schung, im Auftrag des BMFT, Jiil--conf-27,
Oktober 1978, ISSN 0344-5798, S. 193-205



1. Firma/Institut:
2. Nane :

3. Thema :

.

4..OrtlDatum

Unlversitiit Regensburg

Lorenz JaraB
Statusbericht ET 4O85 A
Abschiitzung dei technischen und wirtschaf tlichen
Mdgl.ichkeiten einer groBtechnischen Umwandlung
von Windenergie in elektrische Energie unter
besonderer Bertcks ichtigung des ben6tigten
Reserve- und Speichersystems - Bestinunung und

Bevrertung der Windenergiefliisse
Ver6f fent 1j-chung in:
Seminar und Statusreport Windenergie,
23./24. Oktober 1978, veranstaltet von der
KFA-Ji.ilich cmbH, Projektleitung Energiefor-
schung, im Auftrag des BMFT, Jiil-Conf-27.
Oktober 1978, ISSN 0344-5798, S. 193-205

1. Firma/Institut:
2. Name :

3. Thema :

4. Ort/Datum :

5. Art :

Universitet Regensburg
. Lorenz JaraB
Sttirmische Entwicklung der Windenerg j-e

Grlifelfing, Nov. , Dez. 1978

Ver6ffent I ichung in:
Mittei lungsblat t der Deutschen Gesellschaft
fiir Sonnenenergie e.V. (DGS) r

Heft 5, 1978, S. 14-17

l.
2.
3.
4.
5.

Firma/Institut: Universitet Regensburg
Lorenz JaraB
WLnd Power: A Good

Grlif e1f ing, . . .

wird verdffent_Iicht
MAK Power Nev/s

Name

Thema

Ort,/Datum
Art

Chioce for OPEC Countries

in:



. Reports

1. Firma/Institut : UniversitAt Regensburg
2. Nanre : Lorenz Jara6
3. Thema : Integration of l,lind Power in National

Supply Systems
4. Ortr/Datum : Paris, Febr. 1977

5. Art : Vortrag beim Expertentreffen der fEA

1. Firmar/Institut : Universitet Regensburg
2. Name : Lorenz JaraB

. 3. Thema : Integration of Wind Energy in National
Energy Supply Systems-Compar i son of
Conventional and Wind power plants

4. Ort/Datum : Vortrag beim United States Departnent of
Energy anlSBlich des Third Wind Energy
Workshop

1. Firma/Institut : Universitet Regensburg
2. Name : Lorenz JaraB
3. Thema : Report on "Integration of Wind povrer into

Natlonal Electricity Supply Systems "

. 4. Ort/Datum : Paris, MErz 1978

. 5. Art : Vortrag bei fEA, anlaiBlich Annex III of the
"Irnplementing Agreement for a Prograrune of
R + D on Wind Energy Conversion Systems"



1. Firma,/Ins titut
2a Name

3a Thema

Name

Thema

4. OrtlDatum
5. Art

Universitiit Regensburg
Lorenz Jara3
(l) Statusreport of the project

rrTnl-aarrrian 
^€r' ..r:yr c.r Ll.ur vr. Wind power into

Natiollal Electricity supply Sys tems "
(2) Optimai euantities of

a) InstaIled Capaci tylm2
b) Nominal Frequency
c) Variation of Nominal Frequency
d) Storage Si ze

(3) Analysis of Wind Speed and Wind
Freguencies at Coasts and Northern
cermany with Respect to Diurnal
and Seasonal Variations and to
Directions

Rudolf Meyer
Inbegration of Hind power into National
Electricitif Supply System: A Simulation
Model
Stuttgart, Juni 1978

VortrSge beim Expertentreffen der IEA
anlaBlich Annex fIf, fV

2D

1. Firmar/Institut : UniversitAt Regensburg
2. Name : Lorenz JaraB
3. Therna : .carantierte Leistung (Kapazitetseffekt) und

Gesanltleistung als Be stimmungsgr6Ben der
Energ ieproci uk tion eines Windkraftwerks.

4. Ort/Datum
5. Art

Hamburg, JuIi 1978

Vortrag beim 2. Int. Sonnenforum



1. Flrna/fnstitut : Uni.vel:sitJt Regensburg
2. Name : Lorenz Jara i3

3. thema Die "gesicherte KapazitAt" zur vergleichenCen
Bctraclltung aLto:nativer:. q-nergiequelLen mit
konventloncllen Kraftwerken und die Wirt-
schaftlj.chkeit gro0er Windkonverter bei
der Stronerzeugung
.Ttilich, Sept. I 978
Vortrag bein Energieseminar
mitglreder der KFA-Ji.ilich

4. Ort/Datum
5. Art der Vorstands-

1. Flrma/rnstitut :

2. Name :

3. Thema !

Universitat Regensburg
Lorenz Jara8
Report on "fntegration of l^Iind power into
Nat j.onal Electriciiy Supply Systems',
Amsterdam, Okt. 'l 978

Vortrag bei der IEA, anla3lich Annex III
4. Ort/Datum
5. Art

'1. Firma/fns Ei tut
2. Name

3. Thema

4. Ort/Datum
5. Art

: Universitat Regensburg
: Lorenz JaraB
: Statusbericht ET 4O85 A

Abschetzung der technischen und wirtschaf tlichel]
M6glichkeiten einer groBtechnischen UmwandlunE
von I{indenergie in elektrische Energie unter
besonderer B eri.ick s icht i gung des bendtigten
Reserve- und Speichersystems -
BesCirunung und Bewertung der Windenerg iefliisse

: Jtili.ch, Okh. 1978

: Statusseminar "Windenersie "



1.
2.
3.
4.
5.

Flrma/Institut: Universitat Regensburg

Lorenz Jara3
Was kann die Windenerglenutzung lelsten?
Regensburg, Okt. 1978

Vortrag bei der Deutschen Naturschutz-
akademie e.V, und dem kath. Blldungs-
$terk Regensburg-Stadt, Semlnar "Alternative
Energien "

Name

Thema

OrtlDatun
Art

:a

1. Firna,/I nstitut:
2. Name :

3. Thema :

4. OrtlDatum
5. Art

Universitet Regensburg
Lorenz JaraB
Technische und wirtschaftliche MOglichkeiten
der Windenergi enut zung

Miinchen, Januar 19?9

Vortrag beim Meteorologischen Institut der
Universitiit Miinchen

I

I

a

J
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O. OBJECTIVE AND MEANS

Tho obicclive of this tosk is to inveitigotc possibilities for low rotor stressing,

high opcrotionol smoothncss ond systcnr vibrolion control of o 3 MW wind

power systenr. The technicol objecfivc involvcs controlling the rotor blodes

in order to reduce odditionol loods rcsulting florn vyind profiles, gusts ond

grovity, to the exterrt thot lhe rotor hos to cofry o minimum of loods not re-

quired lo produce fhe input power of thc ploni.

By meons of improved design, occurote colculotions ond experiments using o

wind tunnel model, on extrcmely light but duroble design of q 3 MW plont is

prepored. For the rotor, o hub concept is developed which minimizes stressing

of the struch;re ond disturbonces to the operotionol smoothness by externol

influences. A dynomic onolysis of lhe rvhole system is being corried out in

otder to ovoid domoge due to unocceptoble vibrotions. By meons of wind

tunnel experiments, the computotionol nrethods ore being verified, messures

ore token to increose tlre smoothness of operotion, qnd decreoses of stressing

ore being verified. The tosk is corried out olr the bosis of the following outline

progromme of work.

I



I. PROGRAMME OF WORK

Tosk lV includcs l2 Sub-Tosks.

Rcsponsiblc Porticipont: GermonT

Sub Tosk ond titlc

Rotor D cvelopmento)

r)

2i

3)

4)

b)

r) Exorninolion of the interference between tower ond rotor which

provides on importont lood cosc for the blode; ond

Compulotions for dificrent types of towers ond sclection of best

lower design;

Wind-Tunnel lnvesrigotions

lnvestigotion methods ond deicrminotion of doto for models ond wind

. lunnels; '

2l Computotion, design ond construction of severol wind-tunnel models

In connection with the investigotions to be corried out occording to

item (4) below,.

.3) Devclopmeni ond completion of the systcms for ocqui:ition, tronsfer

ond evoluotion of dofo for experimenls provided under itenr (4) below,

plonning o system for fhc supervision of operotionol doto for o prolotype;

4l Wind-lunnel expen'ments,.

5) fwo-dimensionol investigotions (profiles):

6) Thrce-dimcnsionol investigotions.

Aerodynomicolly optimol rotors;

Smoothncss of rotor operot ioni

Rotor blodc computotions using Finite Element Methods; ond

Investigotions i nto moleriols behoviour;

Vibrction of the Complete Wind Powcr System

2)

c)

r)



2. BUDCET

A revised budget wos odopted ot thc 2nd Executive committee mcering os shown in
toble l.

since lhere is only one responsibre porticipont (Germony) ii wos not fcrt necessory
to split the budgcts ond expcnditures resp. for rhe yeors r97B ond rgz8 furthcr rhon
in Toble ll.

Toble ll Budgers of the yeors rgz8 ond r97g sprit inro difierent cost groups.

The finonciol contributions for the controcting porties for rgTgore given in the
minutcs of the 2nd Executive committee meeting ond wi be cofled up offer opprove-
ment.

.@

:

v

Cos t
1 tcm

lludgct 1978
(Decicled )

Budgct 1979
( Dcc i decl )

Salarlc s

uornpu ter costs
l.torking funds
TraveI cos ts
Other costs and taxes

623.172
72.40o
17.600
13.960

124.454

193 .7 47

z. ooo
40. BOo

5.840
5.436

Sums tota] (DM) 8s1 .596 253 .423



?able f

Folnts of vork
as Ceit r:,ed in
l\a 7-h1.F6^-

t.i n9 A9r esient
i:.:::e x Iv

Poi.nt.s.
!n the
Dr09:a-.n:ie
of work

Safary $o!kg. fund.s Equ lP.rent ODe!atlng
cost

Taxes To.-a1

a) tl )

l2l

(3)

(4,

a)

a)

a)

b! (1)

b) (?)

c) (1)

c) (2)

c) (3)

ci (c);c) (9)

c) (a);c) (6)

(5)

t.t.z
1.2
1.3,1
1 .3,2
1.4.1
1.4.2
2.1
?.2

3.2
3.3
3.4.1

3.1.2.2

14.879

59.5r5
65.954
89 .27 2

7,439
14.879
14.879
44.636
44.635

178.545

14.879
14.879
59.515

117.619

2.100
4.OOO

2{.o0o

I .ooo
4 .000
o (an
'I . 600

2.OOO

3 .600

1l
42.OOO-'

5r.{oo1)

6 4 . 900'/

5.460,--

I t.zly
iJ-l>t

rr).Jt>
90.95i

1 I _r 'r1,'

1i .o39

52.636

195.115

i9.7't9
1o1.515

1i1.219
co 1\r:;r suns 815.919 59.600 1 16.3oo I s.e e o

li.oss.lrsTrazelli.ng costs ijo (1) - (1) i7g3g qsrelnaicc co be Dt4 1g.6cc, Lhus the toeal sun ts

1) Th"ru 
"o. 

t"
2t _.'- ;..e 5e cos:s
3) ?h"r" 

"oraa

are assoclat.ed wlth a) (1)
ar'e assoclated wl-th c) (1)
a:'? associaleC trtth c) (n)

respectlvely
, 2, rc spect:vc Ly
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3. STATUS OF WORK

The tosk ii corricd oirt ot two institutes of thc University Stvttgort

Instituf fur Aerodynomik und Gosdynomik

lnstitut ftlr Stotik und Dynomik der Luft- und Roumfohrtkonstruk tioncn

The numbering of the sub-tosks follows the updoted progromm6 of work from

April 1976.

The relevont publicotions (P) ond lecturers (L) ore given below ond referenced

in the following by lobels os e.9. (P2) or (12)

,'



PUDLICATIONS

(Pl) Institut f0r Acro- und Gc:dyncmik, F.X. Wortmonn Bcschrcibung
dcs t(onzepts " Schwingcnclc Windturbine"
fnst. Bcr icht 77-13Dez. 1977

(P2) ln:titr.rt fUr Acro- und Cosdy,nonrik, F.X. Wortmonn "Die schwingcndc
Wirrdturl;inc"
Siultgortcr Zcitung 13.02.78

(P3) Institut fUr Aero- und Gosdynonrik, F.X. Wortmonn
lnstitut fur Storik und Dyncmik, J. H. Argyris
K.A. Brcun, "Sunrmory of the Slotus Report givcn lo the Executive Committee
of lhe Intcrnotionol [ncrgy Agency "on Morch B, l97B in Poris, Univcrsittjt
S tuttgort, llar.z l97B

(P4) lnslitut fUr Acro- uncj Qe5qJvnomik, F.X. Worfmunn
lnst;tut ftir Stotik und Dyc,-:r"il<, J. H. Argyris
K,A. Broun "Sumrncry of lhc Slotus Rcport for the Executive Comnrittee of
lhe Inlcr notionol Energy Agency", Octcbcr 6, 1973, Amsterdorn,

(P5) Instif uf fUr Aero- und Gosdynomik, F.X. \y'y'orlmonn

Institut fiJr Sictik und D7ncmiL, J.H. Argyris
' Siolusbericht zurn Forsch unE:vorlroben ET 40364 "Unlersuchungen zum Bou

groBer Rotorl,li:;f ter iijr GROV/lAN und zunr Schwi ngungsve rlro ltcn des Gesoml-
systcnrs. Univcrsitcit 5tuttgorl, Oktobcr 1978, Berichl dcr KFA JUI ich und
Vortrog.

(P6) Institu, fUr Aero- und Gcsdynomik, F.X. Wortmonn

"Trogflugclprofile fur groee Windturbinen" Univcrsitdt Stuttgort, Okt. 1978.
Bericht der KFA Julich und Vortroq.

(P7') lnstitut fur Aero- und Gcsdynomik, 5. Mickeler
"Rotorbldtrcr mit incjividuellcr Schlogfreiheit und Blottwinkelrucksteuerung
unlcr dcm EinfluB vcrschicdencr Bden" Universiliit Stultgort, Okt. 1978,
Bericht der KFA JUlich und Vortrog.

(PB) Institut fUr Stotik und Dynomik, -l .H. Argyris, K.A. Broun, B. Kirchgi:Bner
"Einflu0 der Zentrifugolkrcftc ouf die geometrischc Steifigkeit dcs Rotorblolle:",
Universittjt Stuttgort, Okt. 1978, Bericht der KFA JUlich und Vortrog.

(P9) Insfitr-rt f0r Stotik und Dynornik, J.H. Argyris, K.A, Broun, B. K[Jcirgol'iner
- -"EinfluB 

der N4ossenvcrfcilun3 ouf Cie Becnspruchung von Rotorbliittern" Uni-' versitajt Stuttgort, Ol,.f . 1978, 0ericht der KFA Julich und Vortrog.

(Pl0) Institut fur Stotik und Dynomr'k, J.!1. Argyris, W. Aiclrcr, F. Korl, W. Kumrncrlc
M. Mullcr "RcchncrgcrtUt:tc lr\elltechnikcn fUr dic Dotcncrfcssung on Windcncrgic-
konvcrlcrn", Univcrsitdt Slult{iort, Okt. 1978, Dcricht dcr KFA Julich un Vor-
lrog. 

,
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Institut fur Aero- und Gosdynomik, F.X. Wortmonn
Institut fUr Stotik und Dynomik, J.H. Argyris
Vortrogcncler: K.A. Broun
Stotus Bcricht vor Ccnr Exccutivc Committee dcr lntcrnolionolcn
Errergie Agcntur, Poris, 7 .3.1978

Institut fUr Aero- und Gosdynomik, F. X. Worimonn
lnstiiut fijr Stotik und Dyncnrik, J. H, Argyris
Vortrogendcr: K. A. Broun
Stotus report of tlre proiccr; "lnvestigotion of Rolor Stressing ond Smoothness
of Operotion of Lorgc-Sccle WECS", IEA-Expert meeling, Stuttgort, 8.6. 1978,

(13) Institut fUr Acro- und Gosdynomik, F.X. Wortmonn
How for will the blocje of o windturbine fly?
IEA-Expert meeling Stultgort, 8.6.1978.

(L4) lnstitut fi]r Aero- und Gosdynomik , F, X . Wortmonn
Dos Konzcpt dcr sclrwingendcn Windturbine
Vortrog KFA Jtilich, 19.9,1978.

(15) Institut fUr Aero- und Gosdynomik, F. X. Wortmonn
Institut ftjr Stotik i-'nd Dyncmik, J.ll. Argyris
Vortrogender: K.A. Broun
Stotus Bericht vor dcm Executive Committee der lnternotionolen
Energie Agentur, Amsterdom 6,10. l97B

TECTURES

(Ll)

(12)



(t)

(1. t)

(t.l.l)

&olg 9gyql"rt'19{

Acrody,nomicol ly opt imcl

Invc:ligotiorrs into 3ystcm

for blodc onC rotor (rotor

dislribut ion ond gconrctr;,

-9-

rotcrs

optimisol icn

dc.s ign, lood

of thc blodc:).

Technicol stotus

A comPutcr'Progrom wos dcvcloped to find ihe optirnum of thc c.listribution of circulotion
ond corrcsponding to it rhe wing crrord ond twist distributions by iterotion.
lnput doto ore roted speed, tip speed rotio, diometer of the rotor, root diometer, the de-
sired distribution of ihe ongle of o*ock ond the digitizcd oirfoir chorocteristics -

Preconditions therefore ore constont roted speed, rigicl brodes ond coning ongre zero.
Anolher Progrom wos developecl to colculote the lood distribution ond power coeificient
for ony speed rotio ond given geornetry i.e. for off-design conditions.

0

Lz

rlnoncrSl s lol u9

Expcndilurcs os proiectcd

!:!"_'lSl-S_'j:itj::

Pl, P2, P3, Ll, 12,

(Budget Dl\^ 17.279')



- l0 -

(l .1.2) D.esign ond cxpcrimcntol studics conccrning

the dcvelopmcnt of oirfoil profilcs with

. zero pitching momcnt, icoturing high glidc

rotios ond good stoll choroctcri:tics;

' clorificotion of the nonstotionory

behoviour porolcll to oll othcr invcstigotions.

Technicol sto tus

The blodes of windturbines feoture usuolly extrem high ospect rqtios. In order to reduce lhe

flutter stobility problem ond the control loods it is neccssory to reduce the pitching nroments

of the oirfoils os much os possible. At thc some time the glide rotio of these oirfoils should

be high ond lhe stoll behoviour should be smooth. For the inner port of the blodes the oirfoils

should be extremely thick to support thc strength ond stiffness of the blodc rool. Such oir-
foils ore not ovoiloble ond require o s pecicl development. Thcrefore o first sct of oirfoils
with o thickness rotio of 15 i6 to 50 96 wcs designed, build ond investigoted with o free

ond forced lronsitiorr in ll.re ronge of Reynoldsnumbers belween 3 - 5 . l06.

These tesfs demonstroles the copobiiitiqs of these oirfoils for o smooth surfoce ond the lorge

losses vrhich occur espcciolly for the thicker oirfoils, when thc surfocc roughncss provokes o

Premoture tronsition. In the immedicte future there will be o furlher development to improve

the stoll behoviou'r of these oirfoils:-

Finonciol stotus

Expenditurcs os proi cctcd

ft !"_'I9.1 _"_"_rj y lrj 9 :
P6, Ll, 12, L5

I

.(Budset D^ 33.757)



- ll -

(1 .2) Snroolhncss cf rolor opr:rction

Thcorclicol ond cx1:crirncnlol in'.'cstigolions

using funcfionol mo.iols for rliffcrcnt

rolor hubs in ordcr to rcdurce the slrcssing

of thc blode ond incrco:c the smootlrncrs

of oPerotion .

fechnicol stolus

@

Theoreticql ond experimenlol investigotions were performed for rotor hubs with different do-

grees of freedom for the blodcs ond thc r'ofor oxis. one port of this work concentroted on

the flcpping motion of thc blodes witlr cxtremely lo'ge d3 -ongles' Flcpping ongle ond pitch

ongle ore coupled ond whcn the rotor oxis is not perpendiculor on the plone of rotolion lhcre

will be o cyclic pitch vrlridh restores tlie orientotion of the blodes. on lhc other side the dom-

ping of the flopping motion is reduced by lorge J, -ongl"' ond the control momenls' vrhicl'

bend the rotor oxis increose with d, . ln proctice it seems reosonoble to restrict the rotio of

the piich lo flop ongle to 3 - 5.

Another extremely useful device to improve lhe smoothness of tlre power ouiPUt is connected to

o certoin leod-log motion. The degree of freedom is portly o necessity of t-he flopping motion,

becouse it reduces lhe dongerous coriolis forces. However the rolor of the horizontol oxis

mochine with leod-log freedom ex-periences o strong instobiliiy, colled ground resononce' Whe

the.rotor oxis hos some yow ond pitch freedom it con be shown thot this difficulty con be

overcome when lhe leod-log freccom is releosed only neor the designed rototionol speed of the

rolor ond, when the rotio of rotorfrequency ond leod-log frcquence is of the order of '3' The

most importont discovery come wilh the windtunnel modcl which proved lhot leod-log freedom

is copoble to obsorb completely ony gustincss of rhe wind or lhe lower wqke '



' lz -

A7.4 n diomctcr frrnctionol rotor modcl, drivcn by qn elccrric ro,or, u,o, builr orrd is

used for meosurcmolf s in ordcr lo vcrify cornputotionol merhods. The prcsent rotor hub is o
rinrplificd version of the finol onc, .nlhich is un<lcr consrruction, This modcl is cquippcd wilh
lhc dofo ocquisition syslcnr (:cc i.g) ona uscd os test bccj for rhc furthcr dcvclopmcnt of fhe
mentioned systcm plus sof lwore.

@

@

Finonciol stotus

Expenditures lorger

Exlernol octivitics

Pl, P2, P3, P4, P5,

(Budset DM ll5.315)

lhon proiected; budgct portly tronsferred from (3.2)

P7, Ll, L2, L4, L5



(t .3)

(r .3. l)

- 13 -

Rotor blode compuiotions u:ing Finite

Eltmb"t Mcthods

Stoli c compulotionr ollovring dimensioning

of thc blodc. Comporiron bclwccn lincor ond

non-l ineor compulotions.

f$

Technicol stolus

Using the FEM severol rotor blcdes vrere colculoled for thc looding cose deodweighl

whot ted to o moteriol choice (GFRP or steel), (: reosonoblc dimcnsioning of the woll

lhicknesses ond modificotion in the ocrofoil thicknesses.

For lhe chosen loyout tlre considcrotion of non-lincoritics docs not occur to be neces:ory.

Estimoies for the number of looding cycles were goincd from publicotions on wind meosurc-

menls in northern Germony. Quosisfotionory looding (without influence of grovity) wos

found to couse smoller stresses in lhe struclure thon the decdweiglrt if o speciol moss dislri-

bution wos chosen over the length of the blode.

Ilgf:'..j_'lgtl'_

Expcndilures os proiected

h!"_'lS.!_._"_tjyi_tjS'_

P3, P4, P5, PB, Pg, Llo [2, L5

(Budset DM 90.954)
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(1.3.2) Dynomic comJrulotion: lo obloin rcsononcc5

ond llrc rcsPonsc to timc-dcpcndcnt cxcitotion

(rron-linecr, if nccessory). Considcr<rtion of

stochostic vrind locrds oncl ocrocloslic stobiiily'

Thc rcsulls will ollow odc<1uclc dinrcrrsioning

for dynornic lood cose: ond/or improvcmcnt of

the slructure with respect to il: dynomic be-

hoviour.

Technicol stotus

The eigcnfrequences of lhc broked ond rototing full scolc blqdes were colculoted' The geo-

metric stiffness coused by centrifugcl forccs qnd by the leod-log motion ore token into

occount with the FEM computotion. Tlrc irrfluence of oerodynomic forces on thc vibrotion is

not yet implemented. For comporison of tlre eigenfrequencies nonlinf,or compul.tions rvcrc

perfonned for o smoll mothemolicol rnodel which led to good correspondence'

For o mothemoticol full scole rotor mo<Jel wilh non eloslic bloclcs ond support bul with flop

@

hinges ond mechoniccrl flop-pitch coupling the responsc lo

(e.g, tower woke) wos colculoled. For different geor rolios

ongle, rotor thrust ond driving moment vzos found using the

occount oll non lineorities due to oerodynomics'

Eigenfrcquenci es for the 7 .4 m mod|l were colculoted using lhe FEM'

lLt".t"_l-.J_'lel9'_
(Budsct Dlvl 113.272)

globol gusts ond locol gusls

(flop-pitch) the respcnse of coning

ocluol polors ond toking into

Expcndi tures os Proiccled

Exlernol octir'i ti cs

P3, P4, P5, P7, Pg, [9, Ll, L2, L5
a

.l



(t .4)

(1.4. l)

Invesligotions

Accomponying

into motcriols bchoviour

invcstigotions into the ,trength of
molcriols ond iointr (slctic ond/or dynomic) os

neccrsory (porollel to oll othcr investigotions).for os

Tcchnicol stotus

Literoture sludics ond o few experimenls

doio for the FEM computotions.

Finonciol stotus

with CFRP-specimcns lcod !o the motcriol

o

I

't'

I

(\.
r.,

f.xpenditures smoller thon

(Budset DM 11.039)

proiected, budget portly

Externol octivities

I

I

lronrferred



(1.4.2) Plonning of mcrir-,r

thc scrvicc I ifc of

com poncn ls .

Tcchnicc-rl slctr,:

No octivitics hove stortcd yet.

Finonciol'siolus

Expendilurcs will be smollcr thon

Externol o ct iv il ies

-16-

fr: i ig'.r c lc:l: lo pfo../c

higirly slr c:red lolor

(Budgct DM 14.879)

proicclcd; buclgct port ly tronsferrcd to (1.2)

none
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(21

(2.1)

Vibrotlon of llrc corn-ple-tc wind tT:1g-Y, t c.T

Exomirrot ion of tlrc irricrfcrcncc bclwccn to"vcr

ond rolor vrhiclr providcs orr importont lood cose

for thc blodc.

IS Sh I i"_._l_'_t.l y'_ -
The nonlineor cquotion of motion for on isololcd rotor blodc with Pitch-floP coupling is

derived to study the dynomic rerponse undcr giovitotionol looding ond vorious gusl conditi-

ons.

To provide o first informolion of the bchoviour of the winclturbine ond of the forces ond momcnl

ot tlre rctor hub the co,.nplicoted coupling ond interoction of orhcr degrecs of freedom forced

fo reslrict the dcrivotion of the firsl steP to o one degree of freedom system'

Nunrcricol instcbility problcms resulting from the slepwisc intcgrotion of the highly nonlineor

integrodi fferenf iol equolion hod to be solved in ordcr lo ollow nonlineor comPutotions wilh

tineor ond nonlineor oerodynomic coefficients. The discucsion includes the response to'

- nonhomogenious vri.nd distributions, e'g. surfoce boundory loyer' sheor flows'

- globol gusts, e.g. steP guste, single ond multiple pulie gusts'

- locol gusis, e.9. lowcr influence.

Flutter instobiliry due to certoin gusi loodings depcnding on the Pitch-flop coupting is deter-

mined by computofions vrith nonlineor oerodynomic coefficients, whereos the solution of the

nonlineor differntiol equotion vrith lineor oerodynomic coefficients still shows o stoble be-

hoviour.

fu lhe computotion time is dcpendent on the dcaree of nonlineority o comporison between the

solutions of rhe lineorized ond the tlifferent nonlineor di ffcrnt io lequoti ons hos becn mode con-

sidcring thc occurocy of the results under cn economic vigwpoint '

@

Finonciol stotus

Eipenditures os Proiected

*tS_'lgl_"_._t j:LtjS'-_

P7,

(Budset DM 14.879)



(2.2) Compu lotions

ond sclection

for diffcrcnt types of towers

of bcsl tower <!csigrr,

Tcchnicol sto lus

Two slecl lowcrs - fhe rotor idc:liscd os lumped moss - cre invesiigotcd with the Finite

Elcment MethoJ. A frce stonding ond o guycd conslruction ore investigoted for stresses,

displocemcnts ond eigcnfrcqucncie:. As looding deod wcightr. prestressiqg of cobles, diffcr-

ent gusts ond v. Kormon excitoiion ore considercd. The dynomic locding is obtojned from

o rotcr rnodel with flopping dcaree of freedom ond pitch-flop cou nling with rigid blodes

ond o rigid support.

Expcnditures os proi ected



- li

(3)

(3. l)

Wrrd Tunncl lnvcstigctti ons

@

Investigotion mcilrods

Dclcrrninotion of dolo for nrodcls ond vzirrd

tunnel:, citlrcr by compulotion or expcrimcn-

tolly on o minor wind tunnel, depcndent on

Problems to bc invcstigotcd;

Tcchnicol sto tus

An invcsfigorion hos been stortcd io clorify lhe influence of different typicol pcmr:eters in

windtunncl tests. This is necessory to plon ond evoluotc windtunnel tests, which moke sense.

The follovring poiometers were considcreC:

l. Rcynoldsnumber: it is not possible to duplicote lhe high Reynoldrnumbers of lorge windtur.-

bines in lhe windtunnel, hcwever with oirfoils below l0 % lhickness lhe windtunncl moo'el will

yield meoningful results os long os thc Reynoldsnumbers stoy obove 
.|50 - 200 000.

2. Froude number: This porcrmefcr connot be simulated with vyindtunnet models. However the

influence of the grovity moy be sludicd seporolely by specicl roto.ting models which neglect

oll other porometers ond conclntrote orrly on the Froude nunrber. This moy be cllowed becouse

lhe interference betweerr oerodynomic cnd grovity effects is usuolly snroll.

3. Locknumber: This rotio of oerodynomic forces to moss forces con eosily be reproduced by

windtunnel models.

4. Flutter: The similoriry with respect to oeroelo:lic phenomeno

lunnel models, when the frequency rqtios ond the geometry of the

ore f he some.

5. Simulotion of gusts: In this field the prgperly instrumcnled windtunnel ond turbine model

ore extremely useful. Devices io introduce gusts into the windtunnel flow ore necessory ond

their frequency must increose inversely with rhemodel scole. Wirh expcciolly designcd gusl

lottices ond corbonfibre motcriols it seems possible to build such gust devices.

con olso be reolized bY wincj-

model ond the full size rotor



6, Thc lcst :cction of lhc wirrdlurrnr:l lrcs lo cl,::ol

ordcr lo rcducc ihe inlcr[crcncc oi thc nroCcl u itl',

to opply sirrrilor tcchhirlucs os lhcy orc ccmmorr in

the bcundorics of the test scclion rhoulC con:i:i of

r,rilir ihe l,;gh .l-9 of o

ihc tunnei boundorics it

tror,s:orr ic windtunne ls,

slotted v;olls.

wincjturbinc . ln

5cems oPProPriotc

wilh othcr vrords

Iit:t-'s]-:tgLs'-

Expenditurcs os proiected

Extcrnol octi'u iiics

ncne

(Budset DM 4B.636)
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(3.21

Technicol stotus

D ifferont windtunnel

wos not to simulote o

in foregoing notes.

Eitsr:,sl-'le!:'-

Expenditures smoll6l

Extcrnol octivi ties

-21 -

Compulolion, dcsign ond corrstruction of

sevcrol wind tunncl nrodcls in conncctiorr

wilh lhe investigotions to bc corried out

occording fo 3.4:

modets werc designed ond build ond tested. The qim of these models

complete windlurbine, but wos directed to single problems os menlioncc

@udsct DM 195.145)

lhon proiected, budget portly tronsferred to (l .2)

@
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(3.3) Dcvelopment ond complcfion of lhc. systcms

for ocquisilion, tron:fcr ond evoluotion of

doto for cxpcri ments'provi Ccd under 3.4,

plonning o sysrcm for lhe supcrvision of

opcrotionol doto for o ProfotYPe:

Technicol sto tus

The doto oiquisition system is implcmentcd ia the7.4 m rolor model . The meosured dolo

ore digitoliscd in the rototing systcm ond ore lronsmitted vic on opticol slip ring (12 bits

porollel) into thc stctor. Up to novr one chonnel is operotionol ond meosurements of the

grovity incuccd tecd-log ongle osciliotions ond the bending moment ol lhe root of lhe

blode were successf,.rlly performed. The extcnsion to o l6-chonnel slstem is performed ot

present.

Up to now the meosured doto con

.tion of the blode. The rototionol

light pen ond screen .

:i

Finonciol-f totuc (Eudset DM21 .479\

be shown on o screen, plotted bgoinst the ongulor posi-

speecl of ihe rotor con be controlled interoctively vio-

@

!: t"_'t9l _:.-rj: itJ: _
P4, P5, Plo, L5 .

Expenditures torger thon expected r budget portly tronsferred from (l '4' l)



f$
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(3.4) , Wind tunncl cxpcritncnts

(3.4. I ) Two-dimensionol invcstigoiions

(Profilcs)

Teclrnicol sto tus

Compore (l ..l.2)

fif:t"f91:t:l:,- (Budgct DM7s.ngl

Expenditures os proie cted

h L._,1_..1 _9._t 
j y itj g : _

P3, P4, P5, ?6, Ll, L2



(3.4.2)

(3.4.2.1)

-24-

Tlrrec-dirncnsiono I invcst igo I ions.

Investlgotions on rigid modcls:

generol choroclcristics of fhe streom oround

the wind whccl in porollel flow, with simulo-

tion, in o smoll-sizc wind tunnel

4r

Jgshtd:t.lg:-

No octivites hovc storted yct.

!:trg.r"-'sl-'ls!g'-

Expcnditvres os proiected

Externol octivities

(Budeer DM l0l.515)



(3 .4 .2 .2)

Technicol stc t us

No octivitics hove storlcd Yct,

Finonciol st o tus

Expcndi tures os proiccted

!':L"JfSl _._._tjy LtiS: _

nono

-25-

Invcsligoiion: 9n 6i11 sgl6slrt:tic moclcl <-' f

lov,,cr ond rctor, willr lcclucecl clcsign of ihc

plonncd hub construclion irt o moior vrirrd

tunne I

/\

@

(Budsct DM 44.636)
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(4) Specific Roponsibi|itics of thc Opcroting

, Alcnt occording to thc lmplemcnling Agrccmcnt

ond espcciolly Anncx lV. 5,

Tcchnicol stotus

l.1

'@

i

w

finbnciof rtotus

Exlcrnol octivitics

@udset DM l3l.2l9)




