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l;AThe subiect matter.

The actual work for this thesis started in february 1964, when
the author was given the responsibility of the Investigation work in
the Znergy Generation course offered by‘Prof, Adnen Ii, Taspinar at

 Robert College.

A survey made in the-Enginéering Index 1960 %o 1963; showed that
there wvas plenty of information available on "wind power". A t0pic’
nad to be selected for an enéineering project during that semester
among modern metﬁods of power generation, éuch as: direét;convefsiong
solar energy, geothermel power, atomic powver, wind pover, etc. The

subject of wind_power wvas considered by the author to be the most

interesting.

The encouraging results of the preliminary experiments and the

suggestions given by Frof, Taspinar, moved the author to decide on

Wind Power as the subject for his thesis, and sbandon the first idea
on the subject of "Cotton Standardization'", for which he had started

early in January 1964,

The preliminary project concluded showing that there was a large
field for the research of "wind rotors and their application in
underdeveloped areas", and this was taken as the specific subject

matter for this thesis.

2. Method of analysis,

Throughout the whole work, the author attempted to separate the

problen in three main interrelated items:
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ror this reason the:

- Survey
= Theory

- Design

ere analyzed taking into consideration this basic classification.

%. vethod of work.

Following the suggestions made by the advisor, Prof. Tagpinar, a

ystem was developed to handle the work, based on the items:

a) Gantt's chart
b) Agenda

c) Diary

In this way it was possible to develop a systenm, that can be sum-—
P ¥ ?

arized with the following scheme:
Outline
: : . Chase

» "Think

Plan
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4. Pnysical and mental health. -

It wag found out by experience, that health influences creativity
¢ efficiency. In order to be productive it is necessary to be in

cal

0]
.

cd mood and this is only possible through a balanced diet, phy
ercises and spiritual recreation. for this purpose the following

ints were coansigtered as essential:

~ Cod lever oil

- Carlsbad Sprudelsalt

- 'Dried yeast

- Gelé Noyale

- Yogi.

- Yalking

- Gardening

— Decorative arts

~ Classical Turkish music and poetry
- Turkish proverbs '
- Religion

~ Admiration of Hature

5. Related activities.

Sesides the work for ths thesis, the author was engaged in the fo-
owing studies:

a) Engineering BHducation
b) Hydraulic lachinery and Fluid Hechanics Hotes
¢} Rehabilitation Flens

d) Review of undergraduate courzes.
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It was possible in this way to alternate the work for the thesis

sh othef activities, and at the same time these Sbudleu nelped in

Fl

<

sroving the methods and information for the'uh881s;

the following scheme was applied in reviewing the undergraduats

arses:
FMATH
[ ! . ]
; FLUISICS - , ' CHBM ISTRY
: |
f 1 [ 4 '
BIESTRICITY - THERMO . HMECHANTICS MATERIALS
' |
j
‘ S RESISTALCE ¥
, T , |
FLUTD -DYUAMICS HEAT TRANGFZR SACHINED DESIGH .
1 | ]
Y

EEAT BNGINELRING

6. Eesults.

The development of the thesis made it necessary to deal with seve-

1 basic engineering sciences:

- Fluia Dynamics (airfoils, circulation, etc.)

- Hachine Design (bearings, rotor balancing, etc.)

L

- Ingineering Economics (cost estimation, economic analysis

ich uO{Cbher with heat Transfer are the cornerstones of echanical

gineering

the

—

bed

iesides this, the suthor was Tforced 1o develop & systematic work
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order to accomplish something efficiently, and the method of tacik~

ng en enginesring problem, is in the author's opinion his greatest

'ofit. This can be summarized with the following diagram:

DATA
# 1
Plan
l
SY ST BN | #*BEEDBACK
'
Result

|
SVALUATTIO

$=a
A

7..Comments on the work accomplished.

Although the author attempted to make his work as complete as po-
gible, the lack of the necessary engineering background prevented

his to be the actual case. As a whole the following items nmay be

ommented:

\a) Content of the,repoft
As @ vhole the thesis is thé result of coampiling a large amount of
nformation and not as the author iﬁténded : the result of the deve-
opment of’an‘idea, the survey, theory and design planned in such-a
ay‘as vo bring iight to this idea. In other words, the work should
ave béen'developed in the form of a cyéle, repeated several times
eading to the development and impfovement of an'original idea., The

eport is more of_an "introductory work" and not & complete project.
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A suggested scheme Tor this cyclic work is as follows:

bata
Design Creative Thinking
Experimentation

b) Survey data
‘The survey on the available data was made in order to show the
rend in the development of wind power, and not to give a complete

dea about the subject.

c) Experiments
The experiments are not sufficient, morc accuracy and further work

eing still necessary.

8, Recommendations.

puring the development of tae p?oject the author was faced with se-
ious technical difficulties that he could not alvays solve safisfac;
ofily; sfor this reason the author wishes to present here an outiine
f what he considers should be done to improve the conditions and

elp craduate students to be nmore efficient in their work.

- Cleer definition of regulations related with thesis
ork.

o

= Graduate students meetings with the teaching staff to

3

iscuss problems related to their thesis. Work in common between staff
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d students may help to solve minor details and even to select the
iesis topics.,

- Ceminars with teaching staff to help students to make~
> for their undergraduate defiéiencies . These seminars should also

;2l with the basic principles of Zngineering Design.

The autnor feels that the following items may help in the develop-

ent of a thesis:

1. Select the topic for the topic from a real need of

ne community in which you live.
2. Isolate variables very carefully.

3. Try to make research with the materials and equipment o

vailable.

4. Avoid becoming saturated with the subject, alternate

ne work of the thesis with other work.

5. Tine should bhe allowed for new concepts and ideas %o

ecome mature. It is not alwsys possible to understand something the

irst time it is rezad.
6, vhen dealing with other persons to get their help be

s polite as possible.

7. Try to make the design as flexible as possible so as

0 be able to change variables whenever needed.

6. Be always ready to receive new inspiratious.

9. The work should be undertaken for personzl satisfaction.]
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1.1 Statement of the problem

The aim of this work 1s to study the possibilities of the utiliza-

on of wind rotors for the generation of power in underdeveloped areas
Today there are around 50.000 wind charges in service in the United
;ates, with an average rating of almost 2 kw; and aproximately

)0.000 windmills in service developing an average of 0.25 h.p. In

mmark 88 wind turbines generate from 30 to 50 kw. (1)

This gives an idea about the importance of the subject, and the necd
> developing more efficient methods of wind power generation.

The work is divided into the. folloving items:

[

a. Survey on the research work carried up to date.

b, Study of the basicktheéretical Qrinciples involved

in windmill design

c. BExperimentation on different wind rotors to analyze

their performance characteristics.

[o0

Zconomic analysis in the design of wind machines.

1.2 Descrintion of the sciences uged

The following sciences we used during the work:

L) E.Ayres and C.Scarlott "iEnergy Sources - The Wealth of the World"®
fc Graw #ill Book Co. Inc. 1952 pp 255-263.
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a) leteorology
b) Fluid Dynamics

¢) Hachine Design

a) Mebteorology

The careful design of wind machines requires knovwledge of

e characteristics of wind the forces that generate them. Heteorology

ips in ‘predicting wind regimes. (, ) - ¢ , :
, t mwee's Homdpede p. G-12, 13
b) Fluid Dynamics ‘ o

The basic principles of aerodynamics are very important

thematical tools in the study of rotors and airfoils.

c) Machine Design
- “he knowledge of the properties of materials and machine

rts are a prerequisite for satisfactory design,

1.5 Available facilities

The following equipment available in the liechanical Engineering
boratory at Robert College were used in the performance of the ex-

riments:

- Tachoumeter

- ifan

— Uind tunnel

- VWater flow channel ( X¥E Thesis 1961 )
- Soldering equipmenf

~ Anemometer

- VibTrodyne for balancing of machinery
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-~ Variac

he following apparatus was used in the Physics’Laboratory:

- Optical bench

-~ Ienses

L.4 lescription of advices and comments

5.
6.
T
8.

9.

10.

Advices given by Prof. Adnan H. 'Tagpinar

Study of wind rotors (Flettner rotors)
Selection of an airfoil profile for the Impala rotor

Study of the wind stucture

- Study of the performance characteristics of défferent

-wind rotors

Study of multi-stage Impala robors

Use of airfoil discs

Study of rotor bdlancing techniqu s

Study of source and sink principles’

Study of circulation principles

Vigsualization of steémiine~formation around stationary

wind rotors.

Design of a wood patiern for the manufacture of blades

Use of plastic materials to manufacture rotors
dseasurement of torque by means of springs
Design of a new stand

Importance of rotor balancing (efficiency, vear, ctc.)

Visualization of the eddy formabtion in multi-stage ro--

-~

. tors.

j
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17. Utilization of the rotor in other fields.
18, Analysis of the power output of a rotor from theoreti-

cal considerations

19. Improvement of stand to reduce yawming of rotor
20. Circulation models
21, Improvement of the visuvalization techniques

22, Heasure of torque by prony brake,

B. Comments by Prof. Stanley Thompson

1. Place of windmills in the power economy of a particu-
lar country.

2. Importance of windmills today.

C. Comments by the Comprehénsive Committee

.

Proof of the.relation : P =k , v° in wind pover

N

. Ugse of stainless steel as a ray material

Aproximate vower developed
Joukowsky condition in the design of airfoils

. Calculation of torque developed

(oA T A %
-

*

Type of generator to he used.

115 Pathod of procedire

Prebruary 1964 - June 1964 ;

1. Ingineering Index survey

2. Survey on L.Vadot articles

3. Survey on kncyclopedya Britanica : rotorship

~

4, beccano model of a wind rotor
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. Impala rotor 20 cm in diameter
. ¥ind theory

. Circulation theory

W 3 o Wum

. FPreliminary survey on Futman and lew Delhi Svymposium
v Cvey

0

. Contact with B.Golding

10. FYreliminary survey of World Pover Conference
11, Printing thesis paper .

12, New 12 mm shaft

13, Zxpress type Impala rotor

14, Hulti-stage Impala rotor.
September 1964 - January 1965

1. Survey of thesis regulations

2. Survey of ME érticles on rotors

3. Survey of World Powef Conferencé 1962, Neﬁ Delhi
Symposium, Golding, Putnam.  . |

4. Thesis outline

5. Rotor balancing sténd

6. Use of plastic materials

Te Progress report I

8. New 20 cm diameter Impala rotor

9, Savonius S-~rotor

L

Féﬁfuary 1965 - Juné 1965

l. Visualization of fluid flow
2

. Interview on Prof, Tagpinar's research work

AN
L]

Wind theory’
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. #fixing wood stand

Vibrodyne experiments-

Wind measurements

Visualization of flow techniques

. Bearing selection

9]

(o TR ¢ BEENE N B & N N ¥ 1 B -

esign of new stand

S

10. EXperiménts with new rotor

11. Progress report II

12, BSoldering techniques

13, Hanufacture of new rotors

14, Testing of new stand in +the wiﬁd tunnel

15. Ferformance characteristics of the Impala..rotor with
different enmgles of attack of blades.

16. Aerodynamic principles |

17. ¥xperiments with new rotors

18. final report vwritting.

1.6 Units and abbreviations

The large variety of sources from vhere information was surveyed
‘or this work, forced the author to unify the termindlogy as much
5 possible, and include a glossary to define the most imporﬁant

erms used in the report.
The metric system was used throughout the whole work for unifornity.

The nomenclature used in the theory is given in the form of a toble
L the begining of each section.

—

ihe references are given at the end of each section.
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1.7 ZErogress_time chart _ -
A total of around 550 hours vere used in the preparation of this
.esis over a period of one and a2 half years, with an average of 10
urs per veek., A simplified progress time chart is given below
arting on October 1964 till June 1965,
1964-8 . - .
THESIS Ocobre | Xo vambed Doce nréed }mu&ry ?éérmu} forck 4/0" 7/ /"7&y ;2’/'6
\ AP TRITINIIIIRA LI TIINI T LI TIITIT S
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gﬁa{. SC LL - % ) - : .
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I The historv of ihe windmill .

t secas very prodbable tnat the lesopotaniz is tiue cradle_of the
dmill, towards 1500 BC. Althoug‘ there is no inforaztion aboutb

ise aacuaines, it is possinle to iiagine that they were vertical-

's nills, It wzs thourght that the Crusazders introduzed the wind-
‘1 te wurope, dut it now seems that the dediterranenn cauntries‘

:1 them much before the year 11C0. rsrom there it was spread to the
rth of Zurojne: windmillis are mentioned in the =zrchives of
ey in sngland from the year LCCC. n rrince some docunents abouw
18imills apreared in thGIIBth century; in Qerﬁan& in the 1l4th cen-
ry. In gener:l europeasn windmills had o norizontsl axis with 4-
aded rotor ia vne fora of a érose_ These machines wers used to

ind corn.:

g

About:thé year 135C, in tﬂe Low Countries milis were first used

r.punping water, with the cbject of draining tie land gsituated be-
, , e ,

w sea level. A gpecial design WQS‘developed for this purpose in.

50 in Schqopha§en nolland ), and soon they suread all over the

antry. Vindmills soon were extenued 2ll over Euroge Tor irrigation

fouwrtains. an afticle pubiisned in i588 5§'Agpstiuo

ael’li Y o le Diverse e Artificiose Eachime ", shows the use o

v 5 foun-

ndinills to sarry witer hy vessels tied by choins to fecd o .2

in (£1g.2.21-1), In 1680 Andre Brockler propoied a nsw type of

ndiill in the " Theatruam machinarum covun Y. b uses a chain puap
th double gexr troin.(rig.2.11-2). in 1578 Jacdaues Lesson in the

YA LT ST AL,
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fig 2.11-1
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Yindmill driving a chain
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< .
% pump, Irom Agostino Hamelli
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1dill driving a chain

1p via a double gear
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ckler, 1636 (1)
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Fig 2.11-3

3 Vertical windmill which does
; not require a yawning mecha-

SITYINIQIDO0 vaNit
SPIVINTINO ViINIT

, 2.11 - 4

E—go&erning windmill with
table paddles having

ng return, driving

ingle action pump,

1 Jacob Leupold, 1724

nism, driving a

.

irom Jacgques nesson 1578,

5

Tab YIS

k]

Lo —

o ™

chain pump

»
H

(1)
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w

mecanigues ", describe

o
AN
[o}
o]
ct

heatre Jes ingtrumonts nothemavig

ertical widuill wnica recalls tne modern favonius rotors.(if'im2.24-6

n the 17th century engineering prin:iyles developed wnd more ra-
~al aad eractical ucs gns-weré made. The evolution led to construc-.
ns 50 cura:le that they stilill zurvive i their main outlines. The
1 interesting spplication was made in Hollund, &
IL:ke of Scheraecer, near Alkaanr ih_xorth holland, wws dr:ined
windmil:s working in series according to the plaAsAﬁf Lenghwater,
are: of about 1172C acrss was recovered’by means of 50 wiudnilis.
- mogt interssting nachine wos proposed by Jacob Leupold in his
nheatrum machinarum hydraulidarum " printed inrleipzig. in 8 bla-
rotor drives by means of a cran shaft and 2 tie rod, a single-

ing pump. The machine has.sPeclal mechanisms for self-regulation.

2.11-4).

n 1739 eliior pudlished in the " Architeeture hydraulique " se-
al windmills. Anong others, one had an in llned axis, on one side

: wheel wus supported, and on the other an elevat'ng vheecl was

nsed directly into the water. Another windmill na dﬂrusc of a ro-

 very similar to modern high speed ypropellers with twisted bla«

(rig 2.12-5 and Jigo2, ;~6) Towards 1745 sdmuand Lee patented .

- auxiliary wnecl or fantail, uzed to turn the mill 1nto the wlnd,
omatically, a device stili used toduy. m 1759 :meaﬁon presented
The noyal BSociety 2 report " On the conutruction and effects of

dmill sails ", waich des:rides expe rimental study t“ asure

que at different speeds. (1)
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2.11-5

mill driving a tread-
directly, and a wvind~
with a piston pump,

Lelidor 1739 (1)

3

FAL i la Yt 4 R

L s re ~1rs } Devsewm Sime puscho

poas Ebrer [P g
DN L onevrnt ity romt

Fig 2.11-6
Windmill driving a chain
punp through a cable trans-

migsion, from Jelidor 1739

—

1

p
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;idence exizt of the utilization of windnilis during the last
bury in Denuark. Seveaty or eighty yéars agn practiéally all farm
. in Penmark was periormed oy men and animals. Danisa farms are

2 rule 100 to 15C,000 a® large, and the zountry is divided iﬁ_

s 0f such gize. Grain vwas grourdd in industrial mills mainly dri-
2y wind power (ri.r 2.11-7;. The windmills as a rule wers of~the
h type with four sails and 2 swept area diameter of 20 to 22 n,
1 providing 30 kw. Sails had to be renewved every 15 tc 20 years.
development of the Tanisnh agriculture forced farms towards the
of the century to huild their own house- -milis, that vers very
itive in coastrustion. Several manufacturers sson started tae

vction of nouse-mills made of iron a ¢ steel.

yout 1890 irofes-or f. La Cour, a teacher of “hJolC& und‘chemistry,
» the financial help of tze Danish toveraent started a research
{ on windmills. (2) In 18986 w,z.ﬁooreland started some experi-
bs . in lMeerut (India)-on tne use of ﬁindmills for well irrigation.{B)

red Chﬁ*'er»on, }ro*esuor of dnvlneerlng in Hardas (India) con-

Led gome experiments-in 1902 on the use of windmills fcr irriga-
1. Thne windmill had a diameter of 5.2 m, was plaved 2% m above

1:d level, water beinpy raised to a level of 8 m. e mude some sug-

tions obout the power obvtainable from the wind ond toe nest lo~

ion of wind power plauts. (4

[ter the World war I , towards 192C, Joukowsky, urzewie ki,
;sosky, Savbinin from Hussia; Prandlt, etz from Germany; Jonstantin,
fel from irance became interested in the design of more interes-~

; and efficient windmills., iumue from Sermany bduilt in 1920 a

—
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Mg 2,117
Industrizl 2ill in
Deamark (19 th cent.)

(2)

e e g

Pig 2.11-8

The ¥umme wind turbine built

in Germony ,192C - (5)
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6 blddeé, mbderate tiv =spead ratio, windiill (Fig 2.310-8). In 1924
Fletiner startsd nil work on the wind rotor, making use of the l‘agnus
effect; in 1925 he c2rossed the ocean with his rotoraﬁlp saden~-Baden
(fig 2.23-1), foliowed =y the secoad ship»@arbﬁra. The same yeur in
sinland, Uavonius bullt his SQshaped rotor, (5) in 1929 the “adras
Jep rrtmeant ol asriculture in indis set up & wiadmill at‘Jdimbatqrc,

4 m oin diameter and 13 a above ground level, with & dally uveruge

output of o0 litres. {4) in 1929 Darrieus in Bourget ( Ironce ),

biult a two-hladed unit ZC = in dianeter and a ratio of tip speel of

10 (rig 2.11-9).

L

‘n 1951 = ‘ussian design vas tested, after two years of wind mes-
ats

‘
u\

1]

"he unit was 33'm in diameter, 100 .hw oulpub, 220 vol:
induction generator, vonne“tod to a G300 vo,t line, to tiae 20,000 kv
pea+ burning steam‘station at Sevastopol, 30 ka distant { lulta ),

ferulation was by pit:h control and an sutomutic yawning systenm

o

{#ig 2.12-10). Tn 1932 Badauras tested his 30 m high, 9 m disneter
vind rofor ﬁith sucéeso;(ﬁig 2.23412). in 1833% Honnef_yroposed a de~
sign witn 5 turbines (BSkmvin dismeter eac n)kmounted on,a ?30 n hign
téwer, the generators being built in the turvines, generating a total
QfﬂSOGO‘kw;.(Eig 2,11%11}.(5) n 1936 the lysore Eeparﬁment of

1

Agriculture ( Tndia ) set up a windmill at Hibbal near langal

Q

4

{1
»

73 m in diameter, 17 m from the zround level, producing 100,C00 litres

Tn 1941 the Smith-Putnam wind turbine was installed oa the Urandpa's
Inob in Yermont ( J3A ). It was & two vlade, 58 a aiameter'wneel, on

a 41 m high tower developing 1C0C kv in I wvorasle winds (rig 2.25-3),
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Fig 2.11-10
“he Iugsian wind turbi-~

‘ne, 33 m in diameter

built in Yalta, 1931

(5)

Fig 2.11-9

The 2C o Darrieux wind

turbine

+

1929

(

-

J

)

¢
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fig 2,11-11

Design proposed by RGeS

Honne® , 1933 (5)

3

Fig 2.11-12

¥

e

fte

wind turbine gystem visuali-
zed by Percy H.Thomas 1945

(6)

e s ":':‘:‘- : T
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casged oun tae results obtzined from this Tirst

tal unit, Jer:y H. Thomas engineer of the JSA

designed in 1945 two special units: one a two hiade turs

xw., the other for 6500 kw. with three hladez
7 researcn on experimental windmill and wind tunnel

at the township of laslev icr tne

Asaociation (B3AIRA), conducted

L%

gtarted the resexrch oa wind turbines and ordereds

gzxperimental unit on Josta llead Lill on the Jrkney

windiest spots on earth, o0 generate 100 kw. (6) "his was
. L '

by other two 100 kw. uaits (fig 2.27- 1 Sig 2,.27-2).

inn 1951 the Iesearch

,oun 11 of ID?U“l sotublished & Wwind Yover
JOmmittee; in order ﬁo stucy the potentialities of wind power in the
Couﬁtry..(@) In 1952 J.#.Still publiéhéd his results on the wind-
mill in Poona ( India ). ie reported that the plant was not efficient
the use being limited to places of plentylwind. (4) rPurinc the sa-
me period, J.nﬁtter atlthe Allgaier Jerke.}mbb at Joingen, Jermany
his 7.8 kw., 220/33C volt, 10 =m propeller dizcueter wind turbine,

waich turned a 3 phase, 50 c¢ycle zenerator (rig 2.11-13).(9) In 1953
a3 kw..dnit was cvut inte operatioa ot .ilat, w ricing at 11C volts
LCL{1G) In 1954 Australia starts o DrOgT - 0% ergction of 27 wind
survey étations in various rarts of the south. “gotictical data wos
;w‘uere¢ in order %o stuxy the a:onoﬁlcs oi wind power zeacratio: (117
In 1956 L. Vadot,kconsultint enineer at .eypric, France, reporied

manufacture of several wind turbines ranging from 6 to 21

meter. {12) (sig 2 .29-1 t5 sig 2.29-4), In 1857 W.A.

commercial cxperimen-
Jederal Power
ine for 7500
(#ig 2;11f12).(6)
investigatidn
JAB organi-

Jlectrical and
3.W.G0lding
the efaction_of

coazb one 21 the

ArTLISON rep

Jomission

n

Allied
an

followsd

in Jig—

ported
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. Fig 2.11-13

[o]

Allgaier small pover generator designed

by ititter, 8 kw. (12)

Fig 2.11-14

Windmill at Utrecht,liolland

a5

;
.
a
i
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superinents carried sati

i S sfactorily on a 1 waty w!
(13). ’
The lattest report available on wind vower is

iorld rower Jonference held ot Helburne during

seing carried in sagland in the Sritish

~ociat

tries Heseurch As ion and in Tsrzel by the HLesearch Council. (14)
- $ ___

(1) L.vadot " dater tudoping by Windmills " Houille Blauc ne. eptenvre
1957. w»p 524-529. . - ;

(2) doduul " ¥ind sachines " Yind a.d tolar .nergy. frose: ~dings on
the Hew ‘elai yaposium.d 3000 19.8. pp 55-73.

(3}~5 th world iower»Confereﬁce, wien 1856, wpbiHo-587.

4) R.V,Bumian " Some ifoﬁlemg ia the Jtilization of Wind Jower in
India ", wlnu and Solar wnergy. lroceedings on the Hew Delhi

Cymposium.iksB 0 1958, 102-105,

from the

P

) Palmer U..lutnam "Fower dind " Vaen ¥

N

b.dyres and J.Zcarlett "snergy Sources -~ The

Me.draw 4ill Book Jo. no. 1652 pp 255-263,

(7) @.4.30lding and ¥,s.5ontagnon "Development of & 1GC kw. iind Io-
wer Plaht in the dnited Xingdon" Comision Naclicnal de .nsgrgias
Sspeciales. ﬂadrlavﬁune 1960. ‘

{8) 5 %h ﬁorld‘}ower Sonference. wien 1956. pp 313-314.

(9) Joilitter "Planning and»;alan:iug ol _neryy of imall Lutput wind

rover: 1an**”,nind anG ffolar snergy. Procesdi
Lelhi Symposium. UHESCO 18H8. pp To-89.

{10) J. srenkiel "Wiad rower lHesearch in Israel®

'Irogeedings~of the .lew D lh Sympo fum. CHLE

(11)

(12)

2.

"The tric

tlanche,
!!‘A
Yol

rowoer

L.nadot Preduction of Elec 1 inergy
Jctobre 1958. pp 5C3-525.

dperated -l

ﬁouille
W, 4

,“7]»"1 nee

—

(13) rison Wind 3

[

L] ‘.L«

ring s 76 Ho.5 May

xlf) 6 th aorld

A'i

L K

sonferen

Jiven
1962

slentrical 2.4

5 th dJorld iower Conference 1958, ien. up 185.

2t A T .
2T Powar

nd rotir (Pig 2,210-1)

in the &6 tu

by

. Legeurch is still
Allied ndus-

1948.pp 98-108
1th of

oztrand

>

Bpae R PR
qiea the world!

ngs of the .ew
Jing aad folar nergy
20 1958 pp 108-114.

by the Jing®

~

“upnly " Zlectrical

i v
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2.12 Zxperiments on & new wind rotor.

e following information was ot tﬁ*neﬁ from an interview with

Frof. nan lialet Tagpinar, professor of liechanical ingineering at

hobert Collegw. and advisor for this thesis, held on [jarch 24, 1965,

The purpose of the “¥qterview was to Tind out the development of a

new idea for the utilizatiwp of wind power, carried out by Prof,

Tagpinar that ma&e it possiblenthe invention of a new wind rotor.

Prof. Tagpinar, °noved since early\childhood great inte;eét for

machinery. he still remembers with nle\B re, & trip to-Anakolia

15

N\

‘where he saw a 81mple water wheel turning, q§ed to scare birds from

L

, N
the fields. VWhen he started teaching Eluid %eéﬁ§nics and nydraulic

0

lMlachinery at Hobert 011epe, he was 1nvol ;64 in ﬁhc u531gn of pro-

\

peller turbines as an assignaent to tae/senior class;*q§ was then
interested on the lattest develOpneﬁts made in the field\o” Ly dro-
dynamnics and 89801ally on the pf1n01plc of flow. During his sradua-
te work in #.I.T., he plannea to prepare his thesis on "Three dimen-
sidnal balancing appara;dg”. There he was introduced to Prof.

-
‘Spannhake, professo;/gf hydraulic‘machinery. Prof, Tacspinar assis-
ted him in the Qréction of the Cavitation Laboratory, cavitation
ubelng the subgact matter for his thesis. During their work, Prof.
Ta3p1nar su ggested Prof. Spannhake an idea azbout scavenging ICS,
which pne 1atter de§eloped aftervards wheﬁ he returned baclk to
Iar,//uh Germany. Frof. Spannhake was the Director of the ltesearch

Institute for dydraulic Machinery. -
ad

Prof. Taspinar hazad also the opportunity of working with Jrol.

Th. Rehbock, from tarlsruhe, Dircctor 01 the Research Laboratory on

|

IVERSITESI KUTLIPHANES

T patazicl N
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\ Mg 2.12-1
i
Lo . ’
;o blades manufactured by
’ Adnan i. Taspinar,

ig 2.12-4

aper model by Prof. “agpinar
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r Regulation and Lsnd Reclamation, specially in the drainsge pro-

jects of Zwndersee in foliand and river Rhein in Germuzny.

After his return’tb\igfkey, Irof. Taspinar save a lecture at iobert
, — :
~ v, FP R . Ce S L e ey . . ., i
Colluge on Modern ~luild T“ynamiies and Cavitation. lie soon started his
experiments on & nev wlnd rotor, bas ﬂg;?is ideas on the basic prin-

ciples of liydrodynamics. i'ig 2,12~1 shovs a ir of wings used for

.ed\ig\ii follows:

—

his experiments. The outline of the ez perlment carr

1. unperlmcnts to study the flow condltlonq around the statio-~
nary wind rotor, uo1n5 paper strips attached to the wings. This made
it possible the anhlyqls of the blade profiles and strcam tubes in

the wheel.

2. Torque measurements'to study the power characteristics of

the wind rotors,

3. Study of different blade profiles. . A

ol

4, $tudy of the performance characteristics of cifferent models
varying the diameter to height ratio:
- one to one ratio
- one to two ratio
- one to four ratio (Ezpres&_type)
-~ four to one ratio

- two to one ratio.”

5. Study of the performance characteristics of three stage

rotors, placed 120 degrees oub of phase from each other.

The nost interesting charecteristic of the rotor is it reversabili-

t that is to say the ability to turn in cloek and counterclockwise
Wy { Ly N , ,
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- /62,58,

s.) %— P&\& % \&\3\

Frinciples of the Impala hotor

Different applications of the rotor
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irection. The idea was finally patented by the Turkihh goverment. The

:eculiar characteristics of this rotor makes it poszible its applica-~

ion in otner Tields of energy generation such as water turbines, .

team turbines and also gas turbines, and as ship propeller.(Fig 2,12-2

'Prof. Tagpinar has also prepared a program for the impie@entation
f the invention, téking into consideration the cxisting conditions
10 ﬁnderdeveldped countries. The aim of the program is to utilize the
rind rotor in small communities with water scarcity to pﬁmp vell or
groundrwater to be used for irrigation. The plon enviseges the pobsi-
ility of fihaﬁcing the project in such a way as to accept paymént

vfthe cost of the egquipment and its installation only after water

128 been pumped out.

A field of application of this rotdr than ban have still furthéf
ievélopment is‘the one oT the gas turbine, Thé‘gases pfoduced in a
combustion chamber may be injected in-the rotor through nozsles pla-
ced_in the: |

- main exis of the rotdr

- nose of the blades

!

tip of the blades

3

- upper chamber of the blades

‘lower chamber of the blades : .

Another possible application may be the use of two ram jets in the
form of eirfoils, placed instead of the blades, developing in this
way an extraordinary torjue. (Pig 2.12-3)

In rebruary 1964, Prof. Tagpinar brought to his Graduate class

-

R

by o
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at Robert College, a paper model of the "Iapala rotor!" to expain the
vasic principles iavolved in such a rotor. (Pig 2.12-4). <rom this

model, the author of this thesis started his preliminary work.

eri kaptin awma, tarifi bende ... (iT.H.)

JokoLiy €.
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2.210

bir yolurt yiyiszsi var".

La Cour Project (Leamark,l890)
India Research rroject (1898)

flettiner Wind Rotor Ixperiments (1924)

'Savonius Wind Rotor Froject (1925)

Smith-Putnan ixperimental Froject (1941)

“BAS Research rroject (Denmark,1947)

%IATRA Research Project (England,l1949)

Israel Research Progran (1951)

txperimental Program in srance (1956)

Wind-Rotor Research Project (USA,1957)

|
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2.21 ia_vour Froject Denmark -, 1890 )

Windmills are an important factor in the developmesnt of the Lanish

agriculture., sefore the end of the last'century,vgrain,was ground in

[
}-J
[}
o
4
t.t.
&

industrial milis driven mainly by wiad, ag a r Puteh tyve,

il
with four s2ils and a swvept diameter of 2C to 22 o . At that

ci ne
there were acout 3000 windmills producing each 30 :w., Sheir sails

having to be raneweé'each 15 to 20 vears.‘The de%elonméﬁt of the la-
nish agriculturé’tow&rds the end of the ceatury 10orced many farsers
to huild'their‘own nouse~mills, that were very'primiﬁive in construc-
’tién. Soon several,manufaétufers started &he production of house-

mills of iron and steel., This mills worked very satisfactorily at about

(W3}
(W
g

7 m/sec wind speeds or more. Avout years aga, 30,000 of these

house-mills were working producing about 100,000 kvw. (&ig 2.11-7).

Aﬁout 1860 irbxes zor F.la sour, a ieacher of physicskand Chemistry
~at the idskov wolk wnigh ?ehool, hocane inter—sted in the utilization
of wind power. ne had péevf sly worked aut fhe Koral ;astltute of

“eteorolozy 1in :openhagén, vhere ne had started studying’the problem.
‘The Danish Goverment grgnted him a sum of money Ior the erection of
an experimental ﬁill ét Askov. A wind tunaéi\ a laboratory wus
:also erected near the experimex*ul»mlll (#ig 2.21-1). This uill pro-
duced enough eclectricity for light and powef to the town:hip and
highvschool éf sgkov. dbout 1900 la Cour vyresented his design of =z
‘wingwill for sappiying eleétricity for farm use, During the Tollowing
10 years‘sewéral of this windmaciines were erssted in [ennark gene-

2 -

ratingeach 5 to 25 kw., 110 or 220 voltage,s up:lied with = 100 to 30C

,. -

smper~hour hattery for periods of calm wind.
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Jtilizaetion of electricity csoon became very comaon in fenmark, and
the conventional type of diesel engines were introduccd to.the zoun-
try. After the world Vvar II, an interconnected network betﬁeen Ten-—
ﬁark, ‘weeden and sealand was estiblished. The large zaount of availa-
blé,éleéﬁricity in Denmark made it possivle the utiiization ot elec~-
tric power for ﬁodking, heﬁting, poultry, farm work, efe.,with the

' 3 . . - ) N o I'4
consequeant rise in the living standards. (1)

Fig 2.21-1

¥ind tunnel at Askov, 18696 (1)

(1) ’,Juu1'5Wind ‘achines™. ind and lar cnersy iTocesdings ol

TR Y

Jd 0
3 T ‘ o PO
the new ~elhi ¢yaposium. INBES20.-1958. pp 50 73,

!
,,,,,, L e AT TN T T

i
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2.22 India Rescarch Iroject { 13%8.)

In 1898 W.H. ~ooreland started some exveriments in eerut on the

use of windmills for 1rr“gation. n 1902 Alired Chatierton ~onducted

some experiments on the same subject. in 1952 J,:.8t1i11 pudblished

his results on the windmill in Toonzn. _esides the above Wagtwoneo

experiments, some individual attempts for exploting wind power were

.

asde in sadras, sysore, Coiamvatore, and were useful in identifying

o)

the problem. The Indian Goveruzent bezane interegted in the wroblem

end started & research DrOgram.

The indian ..efeorclos lbdl oepartn ent ( LuD ), mantains regular

obuervgtloxs of wind veloc1tj and dlrectlon at more than 20 ylaoes

-

,CWtferea all over the country. pata relau1ﬂ~ the average monthly and

“E

annual mean hourly wind velocities at these stations ﬁere published
in 1948. These data provi&ed dseful information on aress where wind-
mills may be set up, but thel are of littlie value for estimating ﬁhgb

ailable wind power. ilore recently the IKD has installed recording
aﬁemographs at selected 24 places, and & proposal for installing
anemographs in' 15 ﬁore‘places wag consicered., An estimate of the a-
vailable energy for windmills at 20 selectcd places nas been méde by
Bhatia. Considerations to'be taken into account in the meazsurement
of wind powver ha?e also béen analyzed by Vénkiteshwaran, and taey

coastitute the prelim 1nary approach to practical large scale projects

)

in wvarious

S

The surveys reveel that prospects for wind power existe

borg

regions of Fejastaan and the West Coast. The Second Five Year Flan
2pes the possibilities of setting up 5000 small units znd 100

nedium sized units for irrigation znd rural electrifi: ziion pUrno-

> .
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The Indien Goverment has esiablizhed o reseny

e

purpose, with the supgort of yissco. (2)
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,2%  sletiner iiind fotor Zxperiments  { Gernasy, 1924 ).

=

In 1225 Anton cletiner in his book ou the rotorship: "iein Veg

“f

.

um Lotor" (ieipzig), euphasized the importance of finding an econo-
ical solution to makeruse of the enoraous amount of wiad power avai-
able on land aad on sea. He hao started naking some research on the
erodynamnic Zaboratory of the University of GUtiingen (.Geruaﬁg ) in
922, to inprove thé exisiing methods of utilizing wind power. .y
eans of these exzperiments ne w@s abhle Lo confirm his-flow theories

nd esthlish the coeffiniets which made it pos=ible to - decide on the

e

Py

roportions of hls fanous roto ship.

@]
]

He nad dl°COX8TG@42_g;:jT cut aral sehuecy tne airnlane wing and

. rotor. ‘m both cases s streamlines are feflected to one side of the

oav. where an acceleration of the fluid takes place, with 2 reduction
H4 i

f pres:ure, while on the opposite side, tue fluid is retardied wigh

’

m increase in prescure; causing 2 1ift upon the projected area of

.L

4

he body. In the case of the airplane wing tie deflection of the stream

Llines is affected by means of a special profile section. The rotor

is, therefore offering a new surfaze to

’...

ls revolved about a fixzed ax
che wind making the actim continuous. This action reseives the namne

:f "Hagaus effect®, which first made investigations on the gubject.

1, ievelopmcnt,of the euperinents

The Tirst application of %he rotor for ship propulsion was the
Buckau - latef naased Bad;n Baden. This ratarship proved that the
application wus tezhnicaily fbu,muic. (1) iﬂ'ship‘was 3z sasted, 960

tons, eguipped v;th ZOV hp 2uXiliary mctor. Two story mast were erec-—
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o

%)

i 14 a2 high, provided with ! ex;ln vs. The cylinders were fitted b
I Y G Y

-

ey, rotated by motors at & speed of 125 rpm with a tip velocity

20 m/sec, using § hp power. (2) In wind and sea such as she

~ountered in the sorth Sea in midwinter, as well as on the Atlantic,
) ? : »

ere she also passed through. ter ific storms, the rotors proved 1o

entirely safe, reliable end efficient. The rotors accompli

=
[
[0
=t

-~

nctly as much power s pails of about 10 tines tne area it formely

.

i, In place of a crew to handle he sails, there was only an elec-
ic controller on thé bridge forreach rotor., {ig 2.23~l) ‘*he second
toréhip, was the 3000 tons larbara - the Tirst rotorship actually
i1t ‘for commercial service —~ whose performance agreed with the
pectations of desiqnefs and owners..l) 't was built in 1927, consis-
g of 3 vertical rotating C}l%ﬂGGTS, 7.5 » in diameter, 32 n nhigh.

e maximum rotating specd of eazh rotor about its vertical axis

s 150 rpm. {3)

Although wiadmills had t #sed Very extensiveiy during the last
zutury,.tuere was no Sl“ilfl“lnu ensineering develogpment on the

sic designs uantil the first decades-of the 20th century. fletiner
udied this prohlem fof years and carricd on extenslive crperimentss -

. a result he had come to the conclusion that a waeel with wingssg

Q.J
L&
0]
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oo
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o]
j
]
~4
P
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ot
Lo
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g
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u:
x.-?'
'?.’a
e

111t on the plan of the current woul

pes in efficiency and ability %o start at low wind velocities, 2nd

thstand the highest wind pressures. mhe successful operation oI

1e Lhaden Laden confirmed his ‘OdClL%lDﬁo and 2 windmill based on this

aP a.

rinciples was s00n designed and erected. The whe ezl of the windwmill

4 o diameter of 22am; the tower was 35 u aiga. The four rotors

-

ich had @ diamster of 14 cm at the outer ené and 11 cm at the ianer

]
t
:
!
i
i
%
!
i
H
!
i
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g 2;23-1

den Baden rotorship

925). from Putnan.

Fig 2,232

First large rotor windmill

to be built (1) .
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and 5.7 m lono. The shells wvere made of 0.8 mn aluminium alloy.
1 rotor was driven by a small rotor bailt into the inside of the
tl. The top housing contained the electric generator whizh was dri-

eel through a 1: 100 transmi 1oa. The generator was of

D‘

by the
secianl design giving constant voltage at widely varying speeds

; 2,23%3-2 and sig 2,23-3).

o]

e

1 the basis of tne experience gained with the first wind pover
nt, it was proposed to build 2 35~m wheel. This des ign did not
electric motors to turn the rotors'~ whose regulation was an im~

tant factor for best 0perat1n ConditiOHG but Savon ius rotors

'

o
40}
"3
%!
=
g
©
jon

chec at the ends of the main rotor . The regulation wo
neens of pivoted fleps in the wings of the aux 111ary rotor° which

n and check the speed increase as soon as the wiad speed eiceeds

>

ertain amount, the opening being resisted by springs'(ﬁig Z.2%~
cavonius rotors were 2.64m high, 1.6 = in diameter. The wmaln

tiner rotors were 8 o 1ong and 1.5 @ in diameter a2t the inner
and 1.95 at the outer end. The twer was planned to be 83 m helwht
' chéraétéristic curve of the rotor ;hows a:maximuﬁ'output of 136.5

&t the wind velocity of 36 km/hr. (Wig 2.23-5).

-

. sharacteristics of slettner rotors

mechanism which, when

)

he slettner rotor can be considered 2s

ced in thé current of fluid produces a force nearly at o right

. o o . - L
-1le to the direction of flow, with two compongats: the 11:t (Perpen-

ular to the direction of rlow) and the drag (Parallel to the flow)|

. "ragnus effect” developed when a circular cylinder is rotated in

.

streamline can be expressed mathematically by the eguation:
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C Hig 2.23-3
Another view of the rotor
windmill, (1)
! ) 1
|
. l O
ig 2.23-4 i
roposed wind power plant ! |

£ 135 kw. (1)
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R=1/2 Cp & ¥

here A 1s the projected : reu,‘f the deD”’tJ of tho fluig, ¥ the
eiocity of the fluid with respect to the body, and ¢ a2 coefficient
epending upon the chéracteristics of the vody. In the case of the
irplane wing, this coefficient depends upon the angle of attack and.
ne aspect of the profile,v‘nile for the rotor it also varies with

he ratio of peripheral velocity to fluid velocity. In a alrnldnb
rind the vacuum on the upper side is responsible Tfor SOth 8055 of the
otal 1ift, the same is true fdr the rotor (¥ig 2.23%-6), while the
est is furnished by the pressure increase on the opposite side where
;he cylinder surface movés in a direction opposed to that of the

wurrent.

There are three characteristic diagrams of the IFFlettner rotor, wanich

1ave been published and their action expained:

a) The first one gives the .1ift and drag coefficiens of a rotor,
“or constant wind velocity and varying peripheral gpeed (Fig 2.23-7).
‘he value of the 1ift coefficient for a sail under the best conditions

joes not reach the value of 1.

o) The second one gives the 1lift as a function of the peripheral

velocity and wlnd velo 1ty ratio ( u/v ). The curve illustrates hov
rapidly the 1ift increases as the cylinder acbelerateo and rewchec

1 maximum where the peripheral speed is a@bout 3. 5 to 4 times larger

than the wind velocity (Fig 2.23-8).

) The third one gives the totul pressure abalnst the two rotors of

the Daden Haden, plotted ag alnst the wind VGlOClLJ. The upner surve

-~

rEPrese s tn@ conditions when the rotors are turnlng at a constaht
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136.5 £

Ao e

Fower curve

135 kw, power plan (1) #lettner rotor. (1)
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speed, and the lower one when they are stationary. For this particular
conditions, the pressure against the rotors ceases to increase after

the wind has reached a velocity of about 43 kam/hr (fig 2.28-9),

The study of this characteristics can be summarized as Ffollovs

.
-

1) the 1ift coefficient of a rotor is much larger compared with a

curved surface - such as a sail - or the best airfoil profile.

2) the resistance in the direction of the wind - the drag - is much
larger than for an airfoil, and the 1ift -drag ratio is relatively
low, but the resistance is not exces:ive when dealing with natural

wind.

3) the total pressure exerted by the wind upon the rotor at any gi-
ven wind velocity, when changing the speed of rotation, vary betwveen
o minimum when the rotor is not revolving and a maximum which depends

on the ratio of the peripheral speed and wind velocity.

4) the power required to revolve the rotor at the velocity giving

the

¥

naximum 1ift is less than 104 of the energy abstracted Iro
wind. This figure was obutained from laboratory and practical expe-

rience, but improvement is possible by changes in the design,

The wmain advantages of the wind rotors are:

- ability to start at low wind velocities.

~ ability to generate pover even when the wind velocity exceeds
the value for which it was designed. It reaches a maximum and

then remains constant.

s
ot
_
o]
o
0
]
o

- ability to run wi

aing in a2ll directions. -
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3. Applications of Flettner rotors

The El%ttner rotor can be used as
aj a windmill to pump water or generate power,
b) a means of shi? propulsion
c)
a) avventilator, (i)

o]

water turbine

The only important commercial atteupt to upilize the principles
£ the flettner rotor was made in West Purlingion, New Jersev (Usa)

n 1932, by six large light and pover companies: Public Hervice

s

lectric and Gas Company, Kiddle West Utilities, Detroit Ldison, Stan-~

;ard Gas and ;lectrié, United Gas Improvemeat and United Light znd 7 ’ ;}
‘over companies. The original déSign consisted of 15 Yo 40, 50 tons
rcrtlcal rotors mounted on trucl whioh-oirclé around & 10 m gege

rack about 1000 m in dismeter., Bach rotor‘con51uto oi an aluminiunm

'hell braced and supported by a duralumin framewvork. The rotating

ystem is given its initial rotation by means of a motor. The wind

/r0pe1 it around the track and drives a generator coupled to the

'otor, and at the same time gearin maintzins the reguisite rotation
i each cylindef about its axis. The #enerators are operated in pa-

2llel, feeding their output ubrouﬁh trol]eJ~ to an overhead bus. in
rder to provide Tor conﬁlnuqus rotatlon of each rotor twice during

» coaplete circuit of the track, otherwise the torques produced'on

pposite senicircles would neutralize each other. Bach rotor unit was

C)

,xpected to produce 1000 kvw. under the most Tfavoronle v wind velocitiec

"; 2.23-10), At West iurlington a full size rotor was erected on

3tationary foundations for he purpose oi confirming the results ob-

bained in wind tunnel test on a small wor ing model. (4).

T T, - 4
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i
Pig 2.23~11
Wind rotor gencrator at

L,

Lo
\ i !
b -
B f 5

i v

\ )

4

!

Pig 2.23-12
dind rotor testing et

dWest Burlington. (5)°




Total pressure on the two rotors of th

paden Baden rotorship, plotted agoinst

wind velocity., (1)
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Fig.2.23-10

wind rotor plant proposed for

test Zurlingbon, in Hew Jersey

(6)
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The resulﬁs of this first experimental wind rotor was reporied by
Julius D. Ladaras a gsatisfactory. The towgr wag. a2bout =0 high; 9.3 m -
in Giameter and d¢eveloped a peripheral velocity of as high as 24'km/hr,
With 16 km/hr wind the btower showed a translational force of‘4000,Pg

ot right arges to the direction of the wind (Fig 2.23-11 and Fig 2.23-

12).~(5)

=ations of the i#letfner Kotor™
~

[¢

(1) #.0. ¥Willhofft "Industrial 4pplic
Mechanical ‘nginesring. Vol 49 to. 3 1927 pp 249-253.
uncyclopidia Britanica “"Rotorship”

[\

Pt Pt ) ~
A\
L .t

i

Richard H.#. rao "Fluid “echanics"™ John iWiley end Sons 1961 n 441
"oix L&rge“Light and Fower Jompanies Back Lx?erimental Yind
Rotor Plant™. Blectrical World. October 3, 1931 p  574.
(5) - ™iind Fotor Zxperiments lecidedly Satisfactory®™ Blectrical
Setober 28, 1933 p Y A
o

I3 . . ) . r\ It T e T ryan Tl o~ et B i d 3 1AL 3
(6) - "yill Towers Like These Dot -the Land" Flectrical lorld. Hay 28,
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2.24 gavonius Wind Hotor Project - ( ?inland, 1925 )
1. Development of the project.

fled s Savonius, frpm flelsingfors, finland, became interested in

e

ierodynanic problems in 1924 when the Flettner first rotorship beden

P

aden was tested, iie had then asked to himselfyif it were not stsi~
gle.to sgbstitute the electric motor‘needed to”turh the-cylinder ro-
iors by wind pover. lie made some éxperiments by cutting a rletiner
:yliﬁder.fTOmitOp to bottcmvinto‘sémicylindrical éuffaoes,‘moved
;hese sideways aiong the cutting plene, forming 2 rotor which in cross
sgction resembled the letter "3", plaéed a shaft in the centef and
:losed in the surfaces betweenrthe,tﬁo circular end plates. Hé‘tested
this model in a windy day, an unmistakable pull manifested‘itself;
7hich tended to press the shaftvsideways, The next step was to nake
an¢thér similar struéturehan@ to'mcunt both on the ends of a common
shaft, to ﬁhe niddle of which he fixzed aﬁother shaft at right angies;
fhié resembléd a-tvoébladed propeller or'windmill, with_S~£otors
;nstead Qf ordinary vanes. Holding this sﬁruéture in the‘wind the ro~
ﬁors spinned around_while the Whoie;propeller‘revolved at a failr staﬁ

e,

In this way Savbﬁiusvwas able to make use of the Hagnus effect and
a2t the éame time avoid the need Tor an external power to turn the
rotorsilThekproblcm was then to find a2 way to increase the speed of
rotation df the rotor: this was accomplished_by moving the half cy-
linderé slightly back towards each other and the central axis, having
in this wéy a gap or air passage in the middle of the rotor, It was -

-~

found that the wind striking the cup of one vane would flow through:
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Pig 2.24-1 .

o

) ‘u‘ing
b) Wing rotor with open passage. (2)

(2)

Roat equipped with

rotor with closed passage (vacuum aﬁ concave side

of wing a.)

.

Fig 2.24-2

Savonius

rotor, sailing at 11 km/hr
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the central gap into the other vane, replacing with pressure there
the vacuum which caused the drag. (1) The torque is increased in this

vay by 3 times and the peripheral speed increased by a factor of 1.7.

(2) - There is alsoc an increuse in the side pressure caused by.an‘

X e o Vo fas - i
improvement in the Magnus effect (Fig 2.24-1). L ; )i

Savonius'applied‘his device for the'same purpoééfas Mettner had.
ile equipped'a 5 m-small boat with two metal S*rotorskof‘ébout 10 0
srea each. The vanes were made reversible, so s o allow sailingkf
with wihd.ffbﬁ eithér’side& Thé,results of thié’expériméﬁtx‘were vefy |
saﬁiSfaéﬁory (Fig 2Q24-2). The nexﬁ_applicatioﬁ to undergo tesfs waéw
a rotor Cf-2 mzlfor pumping‘waetr; The results'obtained were veﬁy

encouraging, comparing the output with that of 2 2 2 windmill of Ame-

rican manufacture, thc § rotor prooved to be 705 better.

- After this preliminary experiments, Sevonius realized the need of
4 ! X 39

nore scientific research to determine the best vane form and to study

the influence of size and shape of the central openning, end plates,
-LUECI D : - OF , I

and also other details on the/Speed/and pover output. ror this purpo-

se; he5redisgned and enlarged tne #ind tdnnel_he had uged and equipped
it~with‘the necessary recording instrunents. The test models werse md—
de cohparatively large, with a wind area of 2,300 cmz, In all some

50 different models'weze made and tested in the wind tunnel. These
modéls-included seﬁeral aeroturbines and windmills of the ordinary:

horizontal type, several models of vertical airvheels of older cons-

truction, and finally more than 30 different models of S rotors.

2. Testing of the S rotors

According to experiments carried up to the Tirst decades of the 20th
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century the higﬁest efficiency,feached With-modern_designs of wind~
miilé'was 40%”(wind tunnel at Gottingen, ! Germany ). The nost oomnon
range'of efficiencies runned frommld% for the older wooden 1ndxllls,
to 15—20% for average multi—venéd steel windmills, the highest value
reached for the last ones aemb 30 329 .« The 4 vaned v in 1111 of ba
Cour aevoloned an output of 214, Th;s-rcsults were‘obaained from win65
tunnel 'Xperiments,'condltions in natural‘ﬁind being‘éd&e«h&t diffe-~
rent Tt was estimated that in. dctuaT condltwons 104 of fho po fer

taiﬁed 1n‘w1nd tunnels‘could be ueveloped ¢hls dLI erenye is due

to t 70 main factor ' ' : o '3‘vf  |  <5,‘

a) a windmill provided with a fanctzil cennot instantly follow

A

the freguent changes of wind directiom.

b) loszes due to turoulon“ and resistence due to Iriction are

larger bv a factor of 1. 6 in nature (aftbr Ailan), : 7 S

Wn\h(‘ ;

Jg Professor Jetz had calculated the efficienoy‘of,vértic&l windmills
compared with the common type. horl ontal windmills and eStlmdued
that only 205 of the tnooro lcal mux1mam could he developed with Lho
'vertical;windmills ( 1/3 of that for horizontal windmills). In prac-

tice only an efficiency of 5.10% was alloved for this type.

Savonius coﬁfirmed in his experiments most of this,estimations
and ¢ounu for the Ia Cour wheels for example 20 to 2N efficiency
(i T A nerlphoraT Ppeeﬂ v1nc velog ty ratio of a.gb) Jsing a 12

curved vane turbine model of German design ne ¢ound an efficiency of

32.5% (for a ratio of 1.25). with the multi-vaned turbines of the ver-—

~tical type the best reoult ootrlaed was 14% and this with a2 3 vaned
wheel very simliary to a S rotor with the addition of one ‘vane, This

eyvanes were olosed by 01rnul¢r end nl&te"' when these were reaoved
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fhe pover droppedé to T “he éOr:esgoﬁding power outputfﬁith‘wheels

naving 4, 6, or more vanes wab betﬁeen 8 and 10% with endplates and

avandAS% without them. The best of the rotor models gave 31 z,(for a

perlpheral speed wind velocity ratio of 1. 74), the best output being
at & ratio of 0.85. o |

”he comparative study of the 12 Vunmd vheel, Eh“ Ia Cour wheol and
the u~rotor, shows that the char cterlstlcs of *he pomer curve of tne
»~rotor and tne 12 vaned wheel are olmllar, ahﬁle the La Cour has
the characterlstlcu of a high speed wheel, with the consaquent low

*arting allowable torque.'Savomns proved‘by his experimentsvthat 309

efficiency could be obtained with his S~rotor against what vas predic-.

ted by Betz (only 20% theorctlcal aad 10% pra Cthul) 0f course Betz
had neglected alltogether‘the Magnus effect which accounts for the

big difference (Fig 2.24-32)

.Savoniusrbecamewalso interested ih the torgue problenm for the g
rotor, ﬁhich apparently Was not constant around ﬁﬁe rotor. He‘coﬁpau
red his rotor with the 12 vaned ahd the Ia Cour &heels9 and found that
wnilejthé«last.ﬁwo;werg‘gonstaat,,thé'torque of the °~r0tor reached
.aivalﬁefofleO%kgfeater than the 12 vaned wheel at its maximum point
aﬁd Clﬁ'smaller atjthe miﬁiﬁQmApoint. The 90%position does not, as
mlaht be e{p°ciea, ﬁlve the grea atest torque, the'nax1muﬁ cccuring at

hhe'a3§e of 40. In the 150 position when the turbine presents its

I
)

NoRelcH rs another maximum, equal to

émai;est'area tovthe ﬁind, there ap;
‘he tor@ué of the 12 vaned wheel; though in ﬁhisrpoSitibn the wind

is blowing over the back of the “dvan01nr vane, I1f area is~alsq taken

.}nto consideration the torque is st its maximum in th iév osition. The

relative sum of torque for one complete revolution for the wheels
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Power oul“}wﬂ" '/3

o
rig 2.24-3 a

3o

‘ " . ~ . ,"m}
Power diagrams taken in wind vl

tunnel (power output in per o]

cent of total wind pover)

-~
N
w
<

1) S-rotor, 2) 12 vaned nill,

3) 4 vaned ILa Cour mill. (1)

<« % <
s e |
. : - Pig 2.24~4

hifferent forms of wing rotors of the

firét type tested by Savonius. (2)

[UX S
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Pig 2,24~3 b

Folar torgque diagran
1) S-rotor
2) 12 vaned windmill

'3) 4 vaned La Cour mill

e e b, o e e 2 . i
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idered is: (Fig 2.24-3 D)

_Torque

d-robor 100
12 vaned wheel 87
ia Cour wheel 13X (1)

10ng the many testings, Qavonius experimentediv:th

Lforent Torms

rdﬁors,,withvopenligs octween Jlngs of the oyder 01 1/4 to 1/5 of
séréad of the wings, rith end plates 'mhe results of the coﬁpara#
Eests arelgiVen’aS~follows (Fig’2.24+4) |
‘Tdroue Eating
- Tw0 winged rotor ri h passage 100
Two winged rotor 7ith paszige QJOSﬁﬁ ' | Q.
Two winged : otor with crossed wvings _26.
Three winged rotor with passage opéen. 60 _
qur'ﬁinged_rotor with inside'OPéning - 300
his indicates gggfggggzﬁ5riﬁy of the two winged rotor with parsage
2. windmill, He then investigated the efficiency of his"rotor com—'
ed with a well designed modern windmill \Pig 2.24-5). This wind-
1 ﬁad a diameter of,70’cm with 18.vanes, the latter having surved .

faces_with lS,ahgie at the outer tip and 44 at the baﬁe. i\

wing rotors were tested ag insgt
s ) . .
or Ho.l having a

semic

rlnal form with the passage 1/5

-

having wings of 165 circumference

ead, and wing rotor Ho.Z2

middle opening 1/4 of the spread. The threec models had th

-

jected area perpendicular to the wind. The results from nu

ts in the open air, were the following (no units

the more conventional one.

available

wo types
'Qing
of the
with
e seme
merous

in the
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<
4
i
o
=
hel
<
et
w
o]
(6]
o
)
-
Y o
< ~4
[qV]
- b
[§M i
@
by g
o o)
Uy s

the w

teste

ing ro-

d against
(2)

tor.,

[
|
|
|
,ﬁ

tor arranged

-

x

vonius wing ro

.

0T pump

r water. (3)

ing
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Pype | ~ __Load Epm York Retio of pow

18 vaned windmill 1.3 " 390 507 75

Wing rotor Fo. 1 1.3 - 520 076 - 100

Wing rotor Xo. 2 0.9 705 634 93

A

vThé wing rotors were able to start even with very feeble winds. A
omparative test was made with a Lé our viadllll of 4 curved vanes.
ihé rotor vindmill-éarried 4 radial wing rotors each provided with an
end disc, The area of thé vanes of the Lz Cour windmill was szual to
the‘projecﬁed area of the four rotors; the comparative results were

the following:

, Txpe  } - ‘ Load Ry Work _tatio of vower
Ia Cour windmill 30 110 530 .72
wing rotor 120 58 456 100

pheoe resuluu show that the wing rotor windsnill has a starting

torque 4 times as great as the more conventional windmill, the speed

seing much lower. (2) |

Aiber the nomplctlon of the wind tunnwl tCoto _“von1au bontlnued

o
“~ sooct

his testing wvork in the qatura’ wind. Lurlng nhese tests ho conilrmea

“hat the S-rotor can run in the natural wind at a higher Jpeed thmn

in the wind tunnel, with an increase in the povwr output, whlch was

not the case with the conventional windmills. The average power oub-

Put as'fiﬁed by several tests rose to 37% on the axis. Also

the gstar-
ting power unuerzloau wes not inferior to the conventional typs, the

latter loosing much pover due to changes in wind ulrectlon¢~ﬁn_:aam

. - B

;QF~
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er hand the S-rotor can.instantlv adapt to chanses in direction,

———r

matver how frequent they may occur. The only'important difference
O

the rotors is the increase in the optimum perlpheral specd ratlo

m 0.85 in the wind tunnel.to 0.92-1.0 in the wind.tunnd(1l)
; . _ , =

. Applications of the S-rotors. :

‘he advantages of the S-rotor can be summarized as follows

.= grezter power obtaiﬁaﬁle from the sane mrdjééted area.

- ability to generdte no:er from wind comlng in any direction
(no need for fantails). /

- SLQPllClty of construction.

_—,vertlcal drive sha;ﬁ (no need for é@irl1g)

 - poSsibility of speed.regulatlon with 2 simple device.

- possibility of changing direction of rotation.

The are many possible applications of the S-rotor, among others

e;following can be;mentioned:

- for water pumping -

- kfcr_generating electric powver

_"fo: ventilating and dust elimination

= for.propelling rotorsnips

- acymotors'in riVefs and in tidal flows .

{ for mov1ng adveLt sments and sigas outdoors
- _as,water, air or stean netera

- as a steam turbine

&) Vater pu rping

¢

The S-rotor numplnr plants were first trled in 1925 in finlencé. In

SUD A
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|y

hésé flaﬁts ﬁheiS~rotor is fixed to a vertical shaft~runaing on
#b’self—diling ball bearings sitvated in a central bearing tube ri-
ing half-xay up tﬂe rotor (fig 2.24~6). The upger oeurln‘ ié situa-
ed practicallyrin the middle of the rotor, and the strains ere thus
akén‘up"directly without any leakago. The bearing tube is fixed to
he mast or tower'rzzslng thé rotor td the necessary might oter the
round.'The power shaft is conbtinued straight down to the ground le-
el or to'the.pumn of a special desipgn. larger units are equipped wifh
layps to limit tne rotor to turn over & preuet&rﬂlnea speed, adted

2 *he hentrlfupal force dnpenulng upon Lhe c‘peed of rota+1on. Theﬁ
pee ed of robatlon depends upon the proportions of thc rotor. A rotor

£ 1&rpo dlameter and oomp“ratlve iy short in length,'runs at a slow

peed and* is suitable to use for he avy. 1oads, vhlle one of nqu¢l area

ut long ana of small ula‘euer can have a speed several times hlgher,‘
umping plants are bullt in sizes from 1 ﬁg upwards,‘depending u?on |
he»apnlfcation; (Fiv 2.24-7). (l) A type df'windmill with Srotors
wouatea radlally as vanes oeems to be not V”TJ practical becéuse it

annot take advan ge of.w1nds comlng from all directions. (2)

b) &ehtil@ﬁion.
inother application is the rotor ventilator, equipped with a centri-
hgal'fan at the'lower'end pléte, the co:bination mounted on a central
haflt on ball bearings over the suuﬁlon plpe. 'Pigx2.24—é), This
.rrangement wvag. found to five an efficiency higher ithan any other
7pe of cowl deSigned befoie. (Pig 2.24~9)., The strong sﬁction power

* develons is of special i ortanwe wherﬂ air has to be drawn by

'entllatlop throu gh ducts or pipes of~considerable length, or wvhere

he air due to lower temperature or other causes - mixture of air and”

)

eavy mases. 0., casoline Tumes, exhaust gases - is heavier than
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rig 2.24-7 o S Yig 2.24-8
otor of 1 m° area used for - Robtor centrifugal ventilator
vater pumping S consisting of a driving S8-rotor

B

SR and a driven centrifugal fan, (1)
;/aﬂ)ﬂ"/‘cv%'a'cnc/u /%v Wind c/réeéoy )
A 7 |

T

(1) Lioyd ship ventilator

9 i ~ (2) Johr HNA ventilator
%o |
- 3 (3) S~rotor ventilator

) " e r -4 s s
08 7o 22 A4 1.6 (18 a0 )
Presserc J/'f/(ftazd /.Dec/m;/.s a_/
@rnd /én_\'swzf

Diagram sho&ing air volumes and pressure differences

created by variocus cowls. (1) o L



THESIS

ROBERT COLLEGE GRADUATE SCHOOL ' PAGE 64
BEBEK , ISTANBUL ' ‘ ‘

al. The Ptotor ventilator can be used for ventilating 211 kind of

lings - factories, movies, theatres, schools, barracks, swimming
o L2 N > - . LT ‘ A, . -,‘

s, fortifications, amunition stores, subterranean chambers, cable

P ]

5 — specially in those where electiricity cannot be used or allo-

1, Y
aennduses

They can also be used in farm buildings such as stables,
ies, storage cellars, granaries, ete.. Also They can be used on

s and motorboats. The rotor ventilater has the advantage of being

rtight and can work on heavy storms. for removing gasoline fumes

I3

mey cowl the rotor is able to create a counter pressure excesding

wind pressure znd draw out smoke and stop backilow.

c}lCurrent~and_ﬁidal motdr
me early~tria1s‘sh0ﬁéd that the &=-rotor worked in‘a'water strean
tly in the same way, withfthé same peripheral speed ratio and effi-~
1cy as in an air stream. Wéter being abouﬁ 800 tinmes heaviér than

., the power generated is greater ih prOportion; although the flow

~ivers 6rrtidal’streams nas lover specds - from 2 to 3 m/sec -
>pt for'watérfalls, Bven 2 sypeed of‘O.G m/sec‘gives the same a—
1 of.pover an air épeed of about 5.5 m/sec, which is the wind
rage; For a water speed of Z m/sec the power per m2 of rotor area
wbout 1.6 hp. The rotating speed of a rotor - completély subherged
bhelwutef stream - is 6 times higher than for a paddile wheel with
11 power - only submerged in its lower quarter. Such a rotor suh-
ged‘in,the water is well protected from waves, does not neod ela-
aﬁe dems, earth works, channels aad chutes, a simple Iframe or}

2% bein sufficient.
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Pig 2.24~10

1)

Combination of S-rotor with ordinary pro-

peller fan for ventilating closed vehicles. (4)

Water rotor used at ionaco. (1)
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ie only application of this principle was made by ir. Richards,
irector of the Institute Oceanographique at Monaco, with a double

ir of 0,4 m2

area coupled to a pump with a. stroke volume of abdut
liter. lie was ablg,to raise water by wvave moﬁion‘to 6, 8, 10, 20
finally to a height of 34 m, The power obtained was at times
hp/m2. It wés then decided to build a threé_rotor mbdel mounted
;he same shaft with a total area of 3'm2 for the»pufposé of raising
2T to the~acquarlums of the muoeo OCGO’&UT&Uthue. (Fl 2.,24-~11),
fctor'was fiﬁed in é‘sort of cavity wvorn out of the rocks at the
sr line by the vaves, The cavityvvas‘so gshallow thét a third of
‘rotors were -out of the wvater, aﬁd then the Waves-réCided‘they-
2 entirely out. Because of the pfoximity offthe ocks the_greater
t of the power of the waves was saent in the impa sot and friction,
intefferencé of thé wave actlon being c0n81aerable.,1n's§éte of
s the ‘rotor was ‘driving two aoblc actlng puaps lifting the water

2 hhlﬂht of 65 @ . A power Output of 1.8 = 2.7 hp/ma vas obtained

n_w1nu,3peeds around 3 m/sec. (1)

-d) Ship'prcpelling.

s a method of propelling ships, the S-rotor is an interesting idea,

i

N

ause unlike the,ﬁlettnef'rotorsbip, suxiliary machiﬁery.is not

essary. It also offers more resistance to the wind than a statio-

v cylinhder, so that it could be used for driving a ship directly

h the wind.,Thé'variation of the passage permitsAthe regulation

the speed, thus of ualllnu. Actual testing on a small boat ﬁas
-2)

(2)

ried with satl factory results (Fig 2.24

avonius on31derea his wing rotor as a method of generating po-

- dn small scale, where simplicity and low cost are important
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‘actors such as irrigation, lighting of farms, villages,etec. (1)

—
-
~—

S.d.Savonius "The t-rotor and Its Applications" Hechanical bngi-.
-neering Volume 53 lo., 5 day 1831 pp 3335-338.

- Alexander lllemin "THe Savenius Ying Rotdr"'Eechaniéalvﬁngineering
Volume 47 Fo. 11 1925 pp 911-912. ’

Palmer C.Putnam "Power from the Wind" Ven Hostrand 1948,

B0, Willhofft "Industrial Aprlications of the sflettner Rotor"

s

fechanical Ingineecring Yolume 49 Fo. 3 1327 pp 249-253.
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2.25 Buith -~ Putnam Bxperimental Froject (U.S.4.,1941)

mhe Smith-Putnam proje:t started in 1941 with a long and exhausti-
e research to find.the‘best>1ocation of site. The location had to 5@
n the state of Vermdnt, an extensive study on the.meteorological
onditioﬁs vas made.iSome:favofable sunnit points were selected and
odels of these - 1/5000 scale - were prepared and testéd in wind

unnels under the consultation of von Karman. Very cureful neasure-

ents'were taken, but’ it was found, comparing these results with actual

ata from dnemometers and pllot sulloons, that” exPerlmﬁnt*l res ultu

aa.nO’Valuaole 1mportance,<the;ul:ferelces beln to larce. The ana-

Rrz

ysis of results showéd that the probablo reason for uh’S le&rthﬂ

et ey

as the fact that the comnre 1b111ty of air vaﬁ 1n017n1f;canu ln_

he modelc and the qctual nat urq-of'the freeeair velocity was unknown.

The failufevof~the‘GXperiméntal fééulfs forced the research group
io'také actual déta vithin.a bertain‘area‘of VYermont, b; means of se-
eral nortable anemometers loéated at several.key’locaﬁions (height
na topOFrarhy) in order to find a rulatlon nip bntween ine geo aétry
if the proflle of 1te and the Ulna flow characterist ics;’ﬁaasure~ ;
ents vere carrlea in 20 oeleCued szteo to find the v1nu veloc1uv
:radient, tlnate the free-air velocity and ghus calculate the acde»’

eration factor. In sSome cases it was necessary to use heated anemo-

o

eters (gas or électrically heated), because of icing'of the cﬁps'td
ﬁsorumbntc belng ;reqaentlj checked in wlﬂd tuﬁao¢s. A 60 m high
hristmas tree was erccted on Grandpa's Knob, znd savere l anemomecters
1ounted; The st ruvture of tne tree lu581¢ caused some errors in the

1

lcasurements that had to be cons1dered. Account of the fact thait an

b
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727

o

‘g, 2.25-2

issembly of the blades
5 ‘ﬁhe~8mith-Putnamfwind
turbine in August 1941.

(1)

T o

fig 2.25-1
Grancdpa's nob 1250 kw. test
anit of the Saith-Putinam

wind turbine. (1)
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'ig 2.25=3
smmith-Putnam wind turvine

:;:.&yres aﬂd ;:carlott )

Zeale model of the proposed

prototype of a new ‘mith-
Ffutnzm wind turbine. 1500 kv ]

(1)
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nemometer and a wind turbine are dynamically different had to be ma-

e, the inertias being different. The anemometers recorded with o ha-

3

tery driven stylus each time 80C m of wind had pazced. ‘nother ane-

ometer which recorded the distance euch 15 minutes was added. leasu-

6]

ements made on the temperature gradient, showed a strong variation

T temperature with height.

After meny theoretical, practial, meteorological zand eccnomical
studies were made, the final design of the wind turbine was decided.

g: 1250 kv, ra=

‘he charncteristics d4f the prototype vere the followin

sed capacity, 58 w diameter of blades, 600 rpm, 41 m hub height and
. 4 o = —

56 m tower height. Blades were HACA 4418 profile using & hydraulic

v

pitch control system (Fig 2.25-1). The aims of testing this unit were:

a) adjust the turhine Yo best operating conditions.
_ : ’ |

b)) meacure the aerodynamic and mechanical efdciencies

¢) measure the stresses developed

>

A large number ofirecofding insﬁfuments were Tixed to the wind turé,}
bine in order tO'méaSure diffeneﬂﬁ variables. The unit was brought ‘
intoA0peration.during October 1941, and it worked smoothly duriang one
year, geveral variables-having to be fixed during operation (rig 2.254
2). On February 1943 a main vearing had to‘be‘changed and this caused 2
an'important diéaésembling éperaéion; the repair being completed in K
ﬁarch 1945. After'twovweeks of continuous operation, the failure of ;
one of the blades fbrced the project to be discontinued. Very valua-

le information waskobtained during the running periods. (rig 2.25-3)
Based on these results a new model, rated at 1,500 Lw. was Qesignéd.(l)
E B oL '

(1) Palmer €. Putnam "Power from the Wind" Ven ifostrand 1948,

-~

I U, ; |
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2,26 EAS Res earch Project ( Denmark,. 1947 )

after the

orld War II, vas satisfied by means of a large interconnected net-

Although all the demand for electric power -in Denmerk

oTX vetueen Denmark, Sweeden and Zealand, the high cost oi imported
wels left some incentive to investigate the povtibiliﬁes‘of*using
rind’ﬁower in o small, This could help for a continubus utilization
¥id fhe povier generated by wind machines and the oohsequent saving of
‘uel or water head. ‘.he development of the powor capacity in Denmark

is controlled by a country wide organization.'

In 1947 a research program was started by the SEAS (Syddstsg O°llands
Blektricitests Aktieselskab) ‘in the township of Haslev. The work was

divided into the following items:

2a) measuring wind energy,
b) wind tunnel investigations of rotor hlades,
c) building an experimental mill,

) measuring efficicncy and energy produbtloq of the experi~

mental mill,
e) determination of the effect of wind upon wind motors,
X '

£} construction of future wiad power plants,

) economics of future wind power plants.

The project inclﬁded the study of the wind structure and the mea~
Surement of the vmn@ VQ1001ty under different ccndltlon . (Fig 2.206-1
andinv 2,26~2). Theoretioal considerations of the outpuu that could
be obta 1nea was also discussed. The wind tununel expe:iménﬁs were con-

ﬁerably improved on accont of the long and thorough res nh cwrrled

O0n aeroplane blades. tlll there were two main d1¢1eren0bs to be Laken

g

B P -

1
¢
!
i
i
i
|
i
i
.
i
i
!
|
i
3
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fig 2.26-1

{
SuAS automatically registering {
L2

anemometer. (1)

e
Bl oo citary e

1’4&:’7)'“, P
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Ry

e
1]

i e
Feataa s RN g N
B >

s TP
pe

G
pon

fig 2.26-2
SPHAS automatically registe-

ring anemometer. (1)
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2ir velocities are not constant in wind rotor blades -~ %hey chanpe

CETIYTEES AT A G T ..»-..nw

gith the distance from the root —.and the weipht of the blades in

aef0plane vings is more important than for the blades. The research
on wind ‘tunnels proved that there are differences with the results
obtained in the laboratories and those in the open air, Still it wvas
possiﬁleito determine‘thé optimum tip-velocity and wind speed ratio
from the exPerimehts. The SB Ab ennerln ental mill at Vester Zgesborg

nad. as purpose:

1, study the operating conditions with AC generators connected

V $o AC lines. |

2. test’blade performanées and characteristics in the open air
to éompare wifh_wind ﬁunne1 results.

-3, record performance and determine annual production

“The generator was noéaned on the qu of tnc.tower directly noupled
%o the rotor (Pig 2. 26 3Y. The blades were provided W1th flups to re-
gulate the speed, being operatcd by an a¢r~pres~ure cglln&er gover-
vned by a speblally deviced COﬁtrOl mechanlcm (Fig 2u 4) The gene—
rator had to polar sets, one of & poles for‘wina‘velocities lqwef
than 5 m/sec, and one of 4 poles for wind velocities higher than 8
m/sec. It ﬁas‘found that 35 to 40 m/sec was the pptimum tip-velocity
ang tae 4 poles set vas dlsm nuled. A circuit breaker was mounted in
case dangerous Vibrations vere started. an anemometer was also erec—
ted at a distance of 80 m from the mill, at the same level of the ro-
tor azis; From the ezperimoﬁtal results it was concluded that the
tnovledge of the wind regimes JelpsktOVSGIEC' the best tip-velocity
Sa that the maximum anaual out put is obltained. The efficiency is also

-

influenced vy the blade profile and its twist.
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fig 2,26~3

“xperimental nill at
Vester igesborg {Denmark)

(1)

'—.‘1
g
';
e

ydraulic pitch'control

system of the experimental

1ill at Vester Zgesborg in

Denmark. (1)
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1]

‘he Vester lgesborg experimental mill obtained an output of around
525 kwh/m2 of swept area, or 39% of the wind energy measured, Some
seresting studies on the amount of Torce excerted by the wind pre-

4.
ul struc-

[9]
LY?
iy

v

ire on the blades was made, and it was predicted that car
ral analysis could help to reduce the amount of materisl needed,
th the consequent rediction in the cost. Some investigations were

je to design a 24 m diamebter windmill, with 40 m/sec tip speed angd

naximumn capacity of 200 kw, with a 8 poles, 30 rpm generator. (1)

I AGANM S,

1) J.Juul "VWind fiachines™. iind and £olar bnergy Irocecdings of the

. TIRT IO Y, s - I =
Wew Delhi Symposium. UNESCO 1958. pp 50-75
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2.27 BEAIRA Research Project ({ England, 1949 )
The British Llectrical and Allied Industries Fesearch Association

iinistry of Power, North of

o

with the financial support of the
gcotland iiydro-Electric Board and the British Blectricity Authority ,
started in 1949 a program for the economical explotation of wind po-

wer in the United Kingdom. (1)

An extensive survey was carvied on fhe possinilities of the utili-~
zation 'of wind pover, and it was found that if all suitcble sites we-
re used ‘the equwvalent of 2 to 5 m17lon tons of coal per year — 4000
to 10.000 x lO kwh per yea ~~cou1d»oe generated. The survey also
esﬁated that they were probably several hundred sifes having economi-
cal usable wind speeds -~ 9 to 11 m/sec - on hills or ridges on which
windmillsvwifh a total capacity of 1 to ZQOO-M§ could be installed. (2
Besi&es the studies on the behaviour of wind - wind sPeeds, variations

o

of wind with time - a research program on %the effect of vibraztions

on the design wis conducted.

The first experiméntal vind driven generator désigned for a maxinmum
oﬁtput of 100 kw} vag installed and reédy for working in the winter
of 1950/51, and was connected 4o the local electricity supply system
in‘the Drkney Islands (Scotland); fﬁe shaft on which the wlades were
mounted was connected dire ctly to a 440 volt, 3 phase induction gsne~

retor having a synchroncus ‘speed of 750 rpm. The whole gearbox aund

-

generating system, together with the 3 blade propeller was mounted at
the top of a 26 m tower, that could be rotated so that the blades
alvays Taced the wind. The gearbox, generztor aand control gystem wvere

housed in a casing large enough to enable men to work inside it under

.

)

/
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ver., The blédes were’controlled in pitch by an hydraulic mechenism
perated by the power output. Safety éontrols wvere incorporated to
ring the machine to rest, in the event of overspeeding or pover
ailure and also if éerious vibrations occur. The dats obtained was
ery ﬁaluable, the whole control system prooved to be %oo complex for
ontinuous and reliable operation and it was primarily the\difficulty
ef_continual maintenance aﬁd modification of the System that led to

tbandon the turbine alltogether. (Fig 2.27-1). (1)

The_seqond'lOO kw. pilot plant built, followed the principle deve-
iéped by J.h,Andreaw of Paris, 2y means‘of the?depression centrifugal
pfinciplg, ai;flow iz induced up a vertical converging duct within
the %ower to the hub of theApropéller, and by centrifugal action is
exhausted through the blade tips in jets, that 2t the same time assist
the rotation. The air entérs at the base of the tower through the

plades of an air turbine coupled to a generatory %hisc sysbem avoids

the use of.rigid mechanical connection between'windmill and generator
compensating for fhe lover efficiency of the transmission system. It

2lso allowed to place the turbine éﬁd generator at the bottom of the
toWer; thus reducing the total wéight of the rotating part at the top.

Ihe reéults were reported as successful, and this unit now operates

on a hill a few kilometers from Algiers, operated by the Electricite i

et Gaz d'Algerie. It was found that the design was not economical

enough to be exploited commercially. (1) (2).

i

Hoth designs prooved to be very complicated, a2nd the Fact that fuel

¥as notb a pressing problem for the sritish economy, mads the Hinistry

of Power consider the pogsibilities of devebping & new aund more sim-

Plified design for underdeveldped areas overseas, with the condition
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i
03

100 kvw. windmill at
Costa Hill on the
goast of Orkney in
the United Kingdom.

{fyreg and Scarlott)

Pig 2.27-2.

tip»flapsf.(l)'
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e
' keeping costs to a minimum, 0 as to compete with other conventional
arces of energy._ﬁor this reason 2 25 kw. windmill'waé‘ordered, built
&‘tesbed at Cranfield - Electric Research Association testing sta;
on - and put in gervice in the Island of ian connected to the local
ectricity network. The windnill had a tripod tower of 10 m high, on
ich was mounted the blade system, gearbox and generator, The three
ndes had a dismeter of 11 m with a small angular twist in the bla—
5. In qperation,the blédes wvorked in a fixed pitch, but they were
irned tq'45 pitch by a hyﬂfaulic mechanisn, as a'meansfof bringing

e system to a safe spead~when‘the cenetator was disconnected from

e main powef supply. A simple friction brake\allowed’the'system to

> held stationary when required.

The output from this machine agreed with the theoretical precdictions.
. withstood satisfactorily wind speeds over 125 kam/ar, in the Isle
? {dan. The hydraulic system proved to be a weaxness, as it failed

ecause the piston jamaed. The design still was high in cost, special-

7 pecause of the control system and the fact that the blades were

34

dz oub of aluzminum.

Tt was though necessary o simblify the design‘still more. Some
esearcﬁ had been carried'after-the Warld Var II in the Jational
hysiéal Laborétofy, and it vas found thet the maximum output for
7Ked~pitch windmills-could be increaced by smoothihg out the blades
urfaces, and a still cheaper solution could‘beﬂfound by using un-
vigted bladés} The addition of artificial roughaess av the outer sec-
Eioné of the blades could reduée the maximun output whenever required.

nder the light of this research a 100 kw. wind generator vas cesigned

mich consisted of a towver on top of which a three bladged, fixed-pit~
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shed rotor nade of extruded aluminium~sepﬁion, driving en induction
-eneratory was mounted, The whole mechanism rotated at the top of a
ower by means of a Tantoll, to keep the blades heading into the wind,
rne structure was designed for bnlades rotzbing 2% 75 rpn, and the
senerator at 750 rpa. The oniy auxiliary'mechanism vas a security de-—
vice to prevént the windmill from overspeeding. This consisted of a
negnetic brake, added to the generator shaft, énd large flaps fimed
to the blaées tips with a shear pin so that it would blow out and'acé
asz wind brakesg in case of emergency.‘(?ig 2;27«2). The tripod tower
ag 11 m high made of tubular steel framework, hlnred at two legs to

1awer it for ma 1ntenance, the blades were 16, 5 m in- dl%mcier. The wind~-

mill was installed at the Isle of Han, on & conveniently situated hill

with a fairly good wind reaﬁme, and counected to the lo“al netvork. (L)%

Althouoh t}e«rated ‘capacity at 72 km/hr vas 100 kv., ouﬁbutérof up
120 kw. vere achlevoa 1n v1nd speeds of &0 km/nr. In 10C0 hrs of ope~

wion 1t produced 25,600 kwh, 1ncluu1n& the caln weather and guite-
severe Sforms; (1) (2) The fbllowingvreodrding 1nst:umenﬁs were ¢1ﬁ— 

ted to have a record of the performance:

a) kvh meter

b) time clock

c) wind speed fecorder for averages of 2 minutes
d) power output recorder

e) maximum current indicator

besides these permanent records, some teaporary cata was obhtained:
high speed simultaneous records of power output and wind speed, rate
slowing down as brake was applied, stresses arising in the blades

due to different operating conditions. gome very interesting results

o

ek e o R e
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Fig 2.27-3

‘Wind duration curve for the'lOO kw unit. (1)

’ Fower

foo

<;¢ﬂ¢ﬁséi;7

32 “8 sS4

pﬁ/ind 7/«.«4/
fig 2.27-4
Output-wind speed curve for the 100 kw

(1)

unit.
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ith respect to maximum output were obtained. Tt was found that the

+

sximum oubtput point did not coincide with the experiments in wind
uanelo - actua]lv the point is delayed -~ and that 2o larger maximun
utput was obtained that what it was expected (Fig 2. 27 3 and bln 2.27-

¥#rom the results obtained, it was concluded that with a few minor
~1anéeo cn the prototype a commercial type could be menufactured. The

odifications are:

. the stresses on the blades weré larger than expected,
. a oetter balanc1nv of the blades is qe*cs:aﬁ:,
3 the mecnanlsm of shear»plns to open the blade tip flaps,
i shoﬁldkbe'centralized'so»that all"thé.three flaps open ci-
mgltaneously,,
4, tne energy necessary to start the mé chine to generate power

is higher'than expectead.

It was expectied that the cost of power could be reduced by further

pllflcatlons and better balancing of the output and demand. (1)

(1) B.%. Golding and F.H., tHontagnon "DeveWOpmenu of a 100 kw. FTower
¥Ylant in the United Kingdon" National tomnittee of tpecial
kne rrles.uadrla June 1960

(2) 5 th horla Power Conference.lien, 1950, Dp 226~ 227

Sl e
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2.28 Israel Research Project ( 1951 )

the possibilities of.the utilization of wind powver in:Israel,faktrac-
red attention even before the creation of the state. In 19490 the
Reseérch Jouncilkof Israel started a program for the development of
*srael.vAMOng the energy sources that wefe‘considered, wind- pover vas -
of especial interest ond a COmmittee’was_forméd in 1951 under the
chairmanship of Sydney Goidstein,'Professor of Aeronautics at the
aaifa Iastitute of Technology,.in order to study the quéStion and make

the necessary recomnendations.

ﬁ surveyrmade on the availéble wind data prooved to be unsatisfac~
tory, but from the rough recordo obtained it was pOgSlble to select
the most probaolc windy reﬁlons of the country for Turuher 1nvest1ﬁ”
tion. The recording station already in ex1stance in derusalem and -
Tel—aviv, showed that an average of 16 to 13 km/nr of win veTOCltles
vere avallaBWe. A reco;alng instrunent was ins talled’onVMount-Canaan,
in the‘Upper Galilee, the hlﬂheot 1nh3b1tated ont 1n the country,

1010 m from the séa.level.

It as‘ae01aed to ask for ex pert a031utwnce from UHESCO, and the
purcha e of the neceusary equlpmeqt to carry out a rn°earch program.
SeW, Goldlnﬂ of the Sritish Blectrical uepearcn As 001at10n vas in-
Vited to Israel at the end of 1951 and he made the following recommen=

dationg:

a) a country wide, 2 to 3 years long wind survey,
b) preliminar tr1%1 installations of 3 kw. generators,
¢) performance tegts of the small units,

a) installation and testing of medium size generators at appro-
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piate agricultural settlements.

e) investigation of the wind structure of one or two sites se-
1écted for a preliminary survey, on the basis of available wind data,
in order to establloh large scale Wlﬂdﬂlllg, conaected to the main
elwctrlulty net~-work,

f) establishment of a large fllet plant,

The soclo-economical conditions in Israel, made possible to believe

that econcmic utilization of wind pover is feasable as;

1. Small units connected to storage batteries, to be used in

farms that cannot afford the cost of connection to high tension lines.

Medium size units working alone or supplementing diesel engines
for rural settlement in water pumping, destillation, refrigeration,

‘water heating, or other uses not requiring specific time,

N 2.,Large scale units in plants favorably located in the Horth

‘end center cf the country connected to main netvork.

‘ACCOrding to the program and recommendations made to thé Conecil,
a wind survey-was carried, instaliing‘anemometers in hill tops, when-
ver possible. Selection of smooth toyographical areas ﬁéa:made in
Ovder to reduco ob fahleo and surface roﬁ*hness.'lnstruments installe@
on peaks de 1t wosulble to use the acclwr tlng 1nf1uence of their
81oﬁes on the wind velocity. The data obtained vas analyzed and co-
)

rrel ed to long-range data of the- exis tlnn stations, thn reaultu

obtained were the following:

“a) the vest potential oltec for wind power generation are

situated in the north of the country,
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b) at the highest sites tne vearly wind velocity is around
8 n/sec, .
¢) wind drive machines of about 200 kw capacity giving full
output at 12.3 m/sec wind velocities could be connected to nain network
’producmng,BOOO'kwh/yeaf per kv. installed,
| d) several other sites were deracterized by wind velocities of
around 6.6rm/séc,' |
e) considering the high cost of electric poﬁer genérated by
conventional means (diesel units) at the extreme Center'bf the country
Lilat regiqn)'installation of wvind driven machines would be ec nomi-

cally justified, at mean wind speeds of 5.3 m/sec.

In June 1953 a 3 kw. unit was put into operation in accrdance with
the program at Lilat, working at 110 volts DC, together with a recor-
ding'instrument. Relations between calculated power (from wind daté)
and aétual pover, showed that the eétimated values agree very much
with aﬁtual ones. nfficiency was calculated as the ratio between elec-
trical enérgy obtéined and energy available in the wind, and it came
out to Be 31.5%. The prOpelier diameter wus 4.¢ m, meaning 0. 945 kwh

per mz. (1) (2)

The results of the country-wide wind survey, showed that the best
vind power sites belong to either of two broad topographical catego-

ries:

a) 2 hill forming part of a mountain ridge, with stecp leeward
slopes,
L) an isolated peak in a valley in the general dirgction ol the

Prevailing winds.




THESIS

ROBERT COLLEGE GRADUATE SCHOOL
BEBEK, ISTANBUL

PAGE ~ 84.

gtailed investigation of wind structure was undertaken over two
39530f tbpographical conditions, 2s mentioned above. Tt was foundA
t the mean wind velocity vertical gradientvat fhe hillitops influ-‘
:ed‘the output considerably. The optimunm conditions‘were found on
ular aoad smooth'slopes of about 1/3.5 in the nearestvfew.hundred
.ers from hillop.

‘he operatioﬁ of the small wind generator at bilat auring 3 years,
wed that in any underdeveloPéd area there is definite advantage in
ing wind power units in the place of'diesel generators, where the

sn wind velocity is between 4 and 5 m/sec. (3)

) 5 th World rower Conference, Wien 1956. pp 313-314

) J.PFrenkiel "Wind Power Resesrch in Israel” Wind and Solar knergy

Proceedings of the Kew Delhi gyaposium. UNZSCO 1958.pp 108-114.
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2.29 Ixperimental Program in France ( 1956 )

The Zlectricite de‘ﬁrance, the nationalized clectricity supply

awthority, is the responsable organ for the research program on wind

pover in IFrance. It has been working for the past 10 or 15 years, with

several lrench engineering;concerns, on the development of wind power
plants. Several very thorough theoreticsal studies on windmill design

have been made and two large machines, one of 600 ku the other of

HO

130 kw, dave meen built., (1)

An important research program was carried by the ireanch engineering
company “"leypric", manufacturers of hydraulic equipment, under the
direction of L.Vadot, as conSultiﬁg“engineer. L.Vadot has mate an ex-
: - i
tensive study on the nistorical background of the provlems, the theo-
retical principles involved in ﬁhe design of windmills, the principles
of wind survey and the application of vindmills to waﬁer punping and
electricity generation, The HNeypric company"haé erected 3 windmills
for watérpumping: one of 6 m, the second of 3 m and.the third one of
13 m propeller diameter. Special problexs of speed regulation, puanps,
blade design; structural,analysié vere solved in this projects (Pig

A
i

. E
2.29-1, Fig 2.29-2 and Fig 2.29-3). (2) .

Lesides this waterpumping windmills, Beypric monufactured 2 proto-

~

type D~21 merogenerabor for energy generation, having a rotor of Z1 n

~

A . . . . . -~ ! e —~ts 4 . e
diameter, with variable pitch blades, 132 kw, output at 11 m/sec wind

velocity, turning at 56 rpm en asyanchrounous mobtor ., rig 2.29-4. (3)

(1) B.W.0olding "Energy from wWind and local vuels" The rroblems of
the Arid Zone. Froceedings of the Jaris Symposium 1960, UNLSSO
D 249~ 258
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Fig 2.29-1
Slow running windmill for
feciprocatingApump; Prope~
ller diameter 6.1 m, menu-

factured by Heypric. {2)

3

s

P

#g 2.29-2

High speed windmill with

spring linkage adjustable

blades, for a centrifugal

g.m, Hanu-

punp. Diameter &.

Tactured by FWeypric. (2)
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'ig 2.29-3

jigh speced windmill
jriving an Alta propeller
punp for irrigation purpo-

ses, Diameter 13 m (2)

|4 masses o roveution oe 3 B8 7000

K9

3%

-
Pig P .d9~'4

D-21 aerogenerator, 21 a diameter, 132 kw.

Kevpric,

(3)

ATSBCT




THESIS
ROBERT COLLEGE GRADUATE SCHOOL
' BEBEK , ISTANBUL

L.Vadot "Weter Iumping by windnills", Houille i{lanche Jeptembre

1957. pp 524-529

i
¥

lanche, Octobre 1653 pp 503-525.

L.vadot "The Froduction of nlectirical inmergy by the Wind" Houille

PR g 2
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2,210 Yind Robor Research Froject - ( U.3,A., 1957 )

It was reported that experiments have been made with a new type of
rind-operated electric power supplier, which shows considerable pro-
iise for the future. A prototype was built, with an effective wind

3 o 2 . . . :
:;ross section of about 0.1 m™, which has operated continuously for 3

cf-

rears, under normal weather conditions. The average output was 1 wat

»

7ith wind velocities of aboutb 17.5 km/hr., o maintensznce was required

J

juring the period mentioned, thanks to the special.design made to a-

)

void the wearing of parts.

o

The turbine type of wind rotor used, consist of a2 set of stationary‘
deflecténg blades which capture the wind coming from aay direction,
and increasing its velocity due to funneliﬁg, sends it to the rotor
blades causing counterclock roﬁation (Fig 2.210-1). Tae rotor is moun-

ted on the shaft of a permant wuénct zenerator, provided with ball

bearings for long operation. The generufor is mounted with a weather

proof housing which protects it from climatic conditions (Fig 2.210-2).

As 211 wind directions are equally favorzble to the rotor, the cysten
generates energy continuously. o gearing is necesgsary to adjust for
vind direction changes. The rotor turns at low speeds with perigheral

velocities of half the wind velocity (rig 2.210-3).

Blades arrangements are the result of experiments. In this case 24

joy

royor blades and 20 stator vlades were used. This arrangemen% increa-—
ses wind Speed 7 or Sktim“s. (Mg 2.210-4). “he generator is a multi-
Pole rotating masgnet wound-stator type and zenerates an alternating
Cirrent having a frequency 30 times the rottution speed, without the

-

use of slip rings. tYhe alte rnnulnn current is convertea inte DG, by
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Pig 2.210-1
cechional cross section

of test model. (1)

(A) o -
RELATION OF - -~
ROTOR TO STATOR

-]

[4-==~=STATOR

(8) L
MOUNTING —
ARRANGEWENT
USED IN FIRST
WORKING MODEL

-ROTOR

LR A

.

J.“lg 2.210-2

gize

aceneral leyout of medium

wind power plant. (1)
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~O0

b

‘VAL/ST‘OQ L /\K
PRoOTECTS \/
B : 1y

. . 1

GENERA rct&@

o —

R _.L 2.210~5
| 'Loadi‘ .circum used in t’i;e test of pr.a’cqty'p‘é;fz
| @
A L

;éowar : a)oﬁ 1
o 84
B 7 T

¢+

Ll

L

2

48 to 22 24 6 28 Jo 3z 34

Fig 2.210-6

Tower vs. wind speed for steady winds.. ;kl)
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giode rectifiers, connected to a constent load, with storage battery
in parallel, to absorb excess of enérgy during high winds, and prdvi?
dé’continuity during calm periods. The generator produces.AC voltage
vith open circuit,yoltagefand frequency about proportionalvto the

wind speed. The~capaéitor and'inductbr resonates the generator oufput,
and'thé;AC is converted-into DC, wheh»the voltege exéeeds the vbitage~

the storage battery This help to maLe use of the vind over a wide

ranve of speeds, Vluh no auxlllary oontrols or re lators. The cir-
cult‘resonateS'at the irequency correspondlnF to the 1owest wind speed

Tpe voltage acros” tae 1nductor increases vlth froquency, s0 that ua-:

ne Du‘lu dellvered (Fig 2 10 5)

‘The TGQUlto obta 1neu from the exPerlnentc are plotted in'graphs
the relation between power and veloczty belnﬁ cubic ("lg 2. 210~6)
variety<of'electric generator types could‘oe used dependlng upon
eéoh Spe?lilu appllcablon, In l rger unvts p“Clal compound vlndlnv‘
- to obtaln good impedance match to the load for a wider ranggvol

vind speeds - may be used; (1).

-~

(1) w.A, Harrison'"walnd~ peratea Blectric Power quULY "‘ lectr ical
5

n -ineering Yol 76,Ko May 1957 pyp 4lduﬂ20

-
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2.3 DASIGH CONSIDERATIOES

2.32

2.33

2.34‘
2,35

2,36

Collection of wind data
Analysis of wind data

Power calculations

Analysis of pover demand

- Design of wind machines

Beonomic analysis
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2)31 10911ection of‘wind data

rhe first requirement in designing a windmill is the study of the -

prevailing_conditions,in’the'place vhere it is ex cpected to be used (l)

the problem is a cSmpTgx one beuause wind chaqwes with place, helght,k

time, temperature, orlgln'— from the’.seq or land - mahlng the descrip—'

tlon of the wlad struuture °lmost unnredlctable. (2) ﬁevernhelessu'
it is DOublble to study the dlrectlons, velocities, turbulence and

duratlon of the main w1nds affectln g a given area,

The measurement of the wind characteristics becomes then a véry‘ima
Porﬁaﬂt factor in the desinn'of-windmills. The official or local me-

teorologlcal 3ata about w1nd is never sufficient for this purpose,

'because the local toPowruphlcal and QGO”TapAiCul conditions influence

the charauterlstlcs of the nurfacc winds ~,those vhich are of practical

appllcatlon ~-;.,m.th reglmes,changlng*considerably_witbin”a'few kilo-

méters’of.disfance. (3)

In order to recora the changes on the wind characterlstlpq w1th
twme, spe01a11y ve1001ty uﬁd erectlon, aeveral methods &re used “the -

umpler and chpapesb one belng uhe cup anﬁﬂoweter. owe of thls ap—

Puratus are equlpped vlth electrlc impulse devices that record on a.
mov1ng'banu ar,graph a sign oacn tlme a certuln amount of w1nd has'
past. When sevefal types of anemometers are ﬁsed‘tney,should all be
callbratea and Iactors 3ccounted for any difference, feading; diffe—
ring With the area swept. (4). The values oFf the wind velocity are

8lso varying with the neight from the ground. In locsbing the anemo-

neter it is of upe01al importance to place it hlﬂh enou th so that the'

bulldlng&or stucture where it is 1ountea will not affect the measure-

<
4
<
4‘
|
<
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et

aent s, whatéver the wind direction~may be; In some cages it

is p0831~¢

hle to determlne a oorrectlon factor to account for oostacles and thus:

L,aln,ulen.e the "effecthc helﬁht“ asoumlng tnat the shape of the obs—
ructlono do not change, 1th tlme - Lrees r*roumO, new bulldlngs,k
tc._~, «unfortunate 1y -this is not alvays oossxble, and measurementﬁ

under thlo condlﬁlons, snoulo be avoided. bonalderlng the eiiect of -

the t0pograpny on the wlnd structure, it oeem“ that the best locations

are the “top of hills. huVlnF no large oostructlons‘lnothe Vec;nlty,and
comnandlng v view of the horlzon all afoﬁnd;ﬁﬁromvmeasurémenﬁS'faken
at speolflc p01nts it xg p0831ble to .r* e some gen erel conclu81on"f
about the W1nd structuro in broader areas haV1ng 51m11ar confléuraQ
ulOﬂg‘ Uhen v1nd pover is coa51aered Lor 1rr1gatlon, the study of

wind reglnes ghould be nade uhere water 1s ‘ava 1lablc. ())

~
Y.

Aﬁothor 1mportant fa cﬁor in thé,desivn, is the knowledge of the va-

Tlaﬁlon of the w1nd speed with the helrht from the o*round Tho utili+'7

atlon of anemometeru fl eq at various levelo is veny ekpen51ve,»infa

dea d n170t balloons can be used uﬂ to 2 helght of 500 . (5) Here

it must be noted that errors are 1ntroduced in tnn obaervatlons vheﬁ‘
uhO balloon rlses with strong vertlcal mot1on. (6) ULnd Chungeu V1tb
qelght are leso near the sea ‘because tnerc theru is no ‘etaraat;on-

¢r1ot1on involved. (4)

Another posolble we*hoo‘uo bo used in tulying thé w1nd characte~

ristics is the deforaatzon o? troe Wind uausos certmln perdanen%

deformﬁtidnSVOVer the surface of the earth. fhis can be seen specially

on‘trees, althoufh the effeot o- teuperature, diseases, insect~injury,‘o

]i@hting, salt, 1ice, water,,may»mlslea the o“werwﬁulon There are

‘several types of possible deformationss:
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a) Lateral branches just below the tips of the trunk may be

vent to leewvard (the oppos site side to the wind direc stion) by strong

yinds, while they are still young, and held there wntil their tlsoues'

harden.

b) A young branch rwenera11J benas 1qto the W1nd rather than
oeforb 1t, and. the lee glae grows nore because there is lecs aosorp~ 
tlon of humidity. Lven waen some branches may sueceed to row-ln‘the

Ulndwaru 31de durlng summer they are killed in winter.

c) The dlrectlon of the wlnd, spe01ally the sironger ones is
revealed by the iact that the gmull partlcles abrade Lhe trunk oi the
nlndward side of ‘the tree, Nevnrthelesa in wxntnr, Snow. Muj act as

a_cover an th 1° 1ncrustatvons may not be seen.
Althouﬂh there haq becn some rese arch carried on the subject, still
there 1s no clear ev1dence that the conclusions arrieved at aré-at”‘
all valid. here are eertaln types of defornatlon that are cleariy
ulstlngulshed
1. Brushing: bending of the branches in leeward direction.
’~2; ?légging:'sﬁfétchihg,out of branches to lee@ard ctlon
so0 it looks likéﬂa hare trunk.

3. Throwing: bending of trunk in leeward direction, -

‘4. Vind clipping: leveling of the tree growth, so that all

bpranches do not grow above a certain level.

5. Tree carpets: no branch is strong eaough TO grow above =

few cm from the ground, SO the growth is tou
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tally in the horizontal direction forming a

~carpet,

. 5;‘Winﬁer 1111ng aad reu#rgence. some trebsAFrow1n as:a car~ :
S | pet manage to r‘rog a leader
>dur1na summer. that is kllTea.
rnartlg in w1nter‘ the process
e ‘f “' ': 'f  _‘ o T.,   ,“re?eating eq“h sunmer‘qithf-

& new leader resurg;ng; (6)

1L.Vadctn“”aher Pumplnc Dy hlndmlllﬂ" Eoullle Blanﬁne. oeptembre
 1957 pp 524 529 B ,",' R S : .
5‘L Vadot "Whe Productlop of dlectrlc unarﬁJ fron the Jlna“ doallle*;

‘ dlanche. Octobrg 195d nn 03 525

Eﬁllak&ntan "“ome onolderatlono fLECtlﬂ* the 01ce of Areagi;“"
riqr.Prellmlnary ¥ind rolur Survey '8 in Indl att Wlpd auav olar

J auul "yind- machwnes“ lnd and olar Mnergy Erobeedlnés oi tnev_

Hew Pelhi Qympoalum J'quO 1958 pn )6 74

: NI
‘L.A namaac and “.P.Ramakrl hnan "Wlna ungrgy in Inala" Llnd and,

uDl T unergy Pro eealngs of the Hew Delh L'ujmpo ium JJ”SCO~1958

(6) ralmer C. Putﬁém ““ownr from thp hilG" Van VDSurand 1946.

énergy Proceedings of the vow Delhi uympoglvm URESCO 1958 pp- 33 404 |

e e £ .
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2,32,;Anélvsis of“wind.data

rrom the records obtained from the anemometers, the fdllowing cha~

racteréstic curves cen be drawn:

1) velocity-duration curve.
2) wind-frequency curve

- 3y power~duration curve

‘The first gurve gives the number of hours in a blven efibd‘of:ti»f
ne, Uhlch a,vertaln value of wlnd vclocity blowq. Learly 311 VBlOCl yﬂ;f‘
L N

duratlon curves have the same Ashape { a hyperoola)..The nurve ls ulso

characterlzed'by'the mean.;The wind‘frequency curve~g1ves the‘repu1a~"

1ty of the vlnd shows the number 01 hours during which tne v1nd opeod g

fam 1ns wlthln glven ranve, durlnﬁ~a glveﬁ perlod (l) ths cur»
ve is generally bell haped 0kewed to the left’ 51de. (2) The power
alsvrloutlon (based on the theoretlcal calcuTatlons of pouer as a

functlon of wlnd ve1001ty) glves an idea of tne output it ulao is

veny use?ul to drav the curves glVlng the: enerpy vroducea for a glven.ﬁ’“'*”

1ncrement of wind veloc1ty. (1) "*': e 'iff,,f  e

Tl the values for the w1nd ve1001ty for a perlod of ﬁlme, obtalned
1rom the anemometer recordg,' rq ploted on a- grann and the muxwmum
und mlnlmum v1rd velocztles are counted, 2 frequenuy dlktrlnutlon on
Oﬂ neroentave basev for n"”1mum and mlnlﬂum v1nd VGlOCltl?C‘Odn be
Ploted (Plg 2. 2—1) ha ﬂlfferoqce beuween +the maklﬂum “and minimum
xund velocxtj is the amplltud of the’ turbulenne ( v ) If we assume
)th&t turbulence is the resul of the superno 1tlon of tne axerage wlnd
-Velel y and halF‘Of the amplltud of turoulence formlng an angle. mlth

X : ‘
the uvnrare ve1001tv, the direct%on of va rlqtlon caﬂ be culculated
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Pig 2.32-1

Wind duration curves (3) .

. Rig 2.32-3

‘Graph of wind directions (2)
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mne half Of the amplltUG of tuvoulonce is called the eddy VelOvltY. |

When the -eddy ve1001ty and the average wind velocltv are pqr 1191
and in- the game dlrectlon we obtain the maxlmum bpaed v+ v/2
when the dlrectlon is opposite : vm’n. v/2 , is the minimum velocity

’} _.23-2).

iThekresultsjobtaiﬁerd from these ca1culations are’ﬁear‘the actualf
values. The knowledge;of this angle is~vefy,important.in_the deéigd
kof the bladeé because of‘largé stresses are deﬁeloped»when,tﬁe‘Wind
'form an angle with the directibn of'the axis of rotaﬁibn, The stress

vary 1n ngn in each rotatlon, cau81ng dangerous ultcrqﬁt‘ng fatigues.
It is 1ntereot1ny to note that the variation of wind derCt’On is

slower in strong Winds than in low winds.

‘Tue to frlbtlon on- the surface of th earth, wind vélécityVVariés‘
with the distance irom grounu, uhe graalent‘depending.pértiy»upcnu
the‘lqcal'conﬁguration_of the ground. Lxcept 1or mountwlnaug regions
‘tha Variaiiohlof‘wind velocity (v) ié;a function of hblgﬂt (n) sbove

the;fground~acg0rding to the following lew :
LT 1/n
vorov  (n/ h, )

vhere v _ and ho4are'the‘wind velocity and height at ground Yevel

respectively. The value of n varieg with the roughness of the ground.

for sea n is large, for land wind n is smaller. For flat ground with

ndrmal‘roughneés,An_may be taken as 5. (3)

This discussion does not hola true in mountain sides wer uuroulen
and accelerations occur which are almos t 1mpo*“1ble to predict. Ano.

ther impbftént'factor is the variation of temperature w1§h»helght,
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because dcn31ty cqanrec wvith uemneruture, tnuu also the pover VBTIES.V 

fhe de81gn is also 1nLluenccd by the gust, the change of u1nd dlrec~; 

tion, which isg dlffloult to measure. Hevertheless a graph can be plo-

ted and an idea obtalned about the:wind characteristics (Pig 2.32-<2),

the analysis of annual velocity distribution curves show that they

remaiﬂ cons tunt vith the years v1tn1n lO¢ for a partlculai reglon.
Th tuay of the varlatlon oi Vlnd ve1001tles with tne year - eeauonalf
cnan GG - Lzom tlese burveo an rlve a good idea abouc the w1nd cha-

’ 3
racnerlﬁtlcs in tho roglon. (3)

’

b2
§—3
N~

L.Vadot "Hater,Pumping by dlnamlll"" flouille Blanchéxsepﬁeﬁbré 1957
pp 524-529. | o

(2) Palmer C,Putnam "Pdweb-from the Wind" Van Hostrand 1948 ;
(3) 1. V&dDuv"The }“oauctwon of “leutrlchl wncrnf from tnevnlncf 3ouill¢
Elanche Octobre 1958 Py 503 525.°
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2,%33 Power calculations - , T

‘Czordlng to Betz tneory the pover in kw, developed- ;rom 1 m2 of

nd cross ectlon at.a speed v in m/sec is expressed as:
N, = 0;000613 v o | R
'ﬁot‘all‘thiS'energy~can-be captured, some pass to the other side of
the rotor, and energy is‘necess;ry to evacuatethe air which has done
Jorl £he m431mum ratlo beﬁween the wind speed entergnm the rotor and
les v1ng 1t is 1/3. ”hlb reduueg the total power by 16/27, so
| Ny = 0.000354;v3

! ,

'Thefé are~someflo seo due “to - frlctlon in - uhe bladeo, nz rrlnal edaleo,

The ratio W / Etbls %novn ss the pownr COOLllCle“t CI ;;Fo:ja«r0+ 

‘thAdiémeﬁer ! thn Dower Obu wned is: -

TYDZU

ii_ > 16" 0.000615 v7
Em oL y
Shen, - b Ly
DR - ‘\;J . o o . ) ’ : . RUTRRN A
T o.000482 o, 02 W0 (1)

W
According ﬁo Juul_thé'power'develOpeé can be calcula ed 1n the To-
A 1 1 » Y 3
llow\ng way. “he denSlty of air at 15 € and 760 ma is 0.00122 gr/em
The. nclght varies according 1o
W= 1.3 P

760 . ( L+ L %)
T 573
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;IhEl'e,

-t
S-S
e

weight of air (kg/ a )

barometric pressure (mm)

ot S

temperature ( C)
rthe wind energy is expresged as:

s

.
&

yhere,

m .

| energy  (kgm/ sec)

ng'masSbof air. ( l.22 kg lsecz_).
' 9.81 m* cm

*.

v : velocity of air (cm/ sec)
Only part_bfit5i$'énergy cahibegﬁransferréd*mechanically@’ﬁhé€f914;

mula being derived emperically as:

BE_1.22 Vo ie ALV
' . .9.81 -2

@

: efficiency -

s

gectional arga ‘(mz)

For an efficiency of 0.6 and unit sectional area , .

2 _ 122 72 0.6 .1.7
9«8], 2 -
= 0,037 V2

pressed ‘in power units,

—

4 (ho) = 0.00049% V7
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o
or, - : . .
CE (kw) = 0.37 ( v/10)
Jor a cylindrical wind column of diameter D, EI
§ AR LEes W SOuE 04t v , o

T (kv ) = 0.000 285 D2 V5

' A efficiency factor has to be introduced to account for mechanical -

‘losses,

~ é;;,; Dnergv ohtalﬁed '_»" k?)  :,
- 0.000285 R '

o

AGCDrding to;Gplding, pdwer‘is ex presoea by the formula
0.0006 : K- V7 el e

vhere | ..

P .: pover generated  (kw.) d

[

Az afea'swepﬁ‘ (m?)/

<}

wind velocity ( n/sec ) )

(l) T, Vadot "The IroduCulon of ulGC+TlC&l “nerry from tne Wind" ﬁoullle

\ulanche, Octobre 1958 PO 503 =525, .
(2) g, Jual "Wind Hachines" Wind- and qol.ir Bnerey Procuedlnhs of the

Tew Lelhl'ujm9051un. hﬁSCO 1958 pp 56 4.

o L

. PRl
‘3)f¢.d Golding "The Ecoanomic Utlllzwtlan ok nlni Mnerby in Arla nrea

. ¥ind and olar Energy lTObeedlnéS of the Hew Delhi Qymposlpm,’
Lo Uxssco 1968 pp 90-93. » N ~
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2.34 Analysis of pover demand

gince it is not pOS“lble to change the cnaracterlsﬁlcu oF bhe wmnd
reglmea, 1t beemo more reasonaole to atudy tne charanuerlstlos of the
pover demaﬂd and try to flt 1t to Lhe vallaole output 1rcm thp wina.,;
The demand saould ba ba 1anced in such a way as to raduce electrlcal
storagc 1h Dutterxes to a minimum, xhe energy yenerabed rrom the V1nd'

can be used for mzny q11¢erent purnose , such ag:

R f:;A" é);ﬁator pumnlng, |
b) electrlcity gener atfon,v.'
e) grlndlng,
a) saylng,
e) ¢ omnrecsxnp alr or otler,gases,’:
;f> reflning metals, | |
g)fige’pfoductibn; . A“ R
“h) water destillation,'
"i);domestic‘appliances,
j) production of'hydrogén,
k)fédoking, | o
l)‘breéfiﬁg a1Qater‘héad;

m) hézfing and cooling,etc. (1) (2)>(3).

Watéffpﬁmping*and e1ectricity’genération ‘e%prve sp901a1 aaa;y51
uaLer pumplng 1s used malnly IOT 1rr1wa+10n, for Lal re ason hhe stuay
of the aif ferent Cropo need for vater aad tnc &V&llublllty ox ra1n~
falls;should-be carefully made. Tne-purpose Qz»water pumping is to
sup?iement faiﬁfal1s vhen the crops need'gatér, souasfto im?rde’thef

harvest, Thefrégime of rainfalls during the Yeary'thé‘needffoeraﬁer

s
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nqd the avallable wind should be studied and wind driven pumps loca- -
ted SO as to maich these factors. (4) ‘Yater tanks may be used to -

Compensate the irregular;tleS'of wind fégimes;

another important application of wind power is the generation of

electricity. Thls can oe done in tvo wa;

“2) as isolated units,

b) supplementing’éther sourCES of energy.

The ubilization of the first seems to be reduced to smallssple ap-

plication. The second one, can be used together with:

~ hydraulic power plénts
’—4steam power §1anﬁs,

-~ internal'combuéfion pbwé: plants
#asoiar Qnergy»r |

~ local fuelz power plants,

connected to the-main'networks. The exergy demand can be determined
fron an’ emplrlual formula, obtained. from experience: efjrepresents”

the ratio between the ﬂonnected 1oad (L ) and uhe actuaT demand (D ),

A D,
e = 100 x
IJC 'At
vhere,
Da : inkkwh
I : iﬁ kw

At in hours

of

Lh'Forﬁfarms e: 2-4 %, Tor cities 4-6 % and for small industries 12-
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16 5 . In général a wvell eqalnped farm will need 6. OOO to S.Ooolkwh

per yoar, (5), Whllc a COmmunlty ok apprOXImately 100 pgoplepwill_

aqulre 106 000 kwh per year.,whengvér possible storage of electrici~

ty cnould oe av01aed awd lammlted to acvumulauors for llghtwnr tft

is also p0831b1e to arrdn the demand o‘tha the enelry genevaiea
igigi trlbutod ac ordlng to a predeternlned schedule oP w“eferoace.
mmonﬂtl 'uev1ces can.be_used toiswitch ofx‘aantr sfer the enerzy
,rom one ueaand to ﬁno r!éé\seon aé-thé neéds 9§< e.flr t one 're,

smsfie ds (3) (5) L, SR

P

i&) Pﬁlﬁer Putnam’ "?OLer from the ulnd" Van Nostra nd 104d.

\2) I.vVadot "The Proauc 1on OI ulﬂctrlcwl nergj ;vom ﬁhP a;nd" Hquille,

Blenche Ontobre 19 8 PP )OJ~)¢5 | o 5
Tiyw - s oI -
(3)‘u.n.uold1ng "ﬂnervy from Wind and Local uels® The iroblems of the
| *rld szones. Proceealngs of the Paris Symp081um. UnE““U 1960 5
p C4‘O"‘2580 ’ v “ | |
{4) R.¥,Ramiah "Some Problems in the Utilization of 7ind Power in In-
o Jew T -
' gia" yind and Solar Dnergy Froceedings OI the ilew lehl Syumposium
UNE8C0 1958 pp 102-106. _ : | ;
T T e emd Y¥ind
(5)'U;Hﬁtter "planning and Lalanbln& of Energy of &mallsoutput Win
‘ cdince of the Pew [ i
Fower Plants" Wind and Solar mnergy Proceedings of the levw belhl
Symposium UHD SCO 1998 pp 76-87. | _ X~. )
e 1 Ayt N ot
(6) i uolalnr "The gvouumlc Utilization of Wind lnergy in Arid Areas
| Q » 1
Wind and Solarp bnorgy Frocecdings of the ilew Delhi y1p081an
ﬂH“UCO 1958 pp 90-~88.,
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2.%5 ‘Desizn of wind machines
li‘Development of windmill design,

Although w1ndm11lu‘@re more than uhousand yeans ola,’the mayimuﬁ
Qount of power produced LJ anjone unlt was 51nce~half k hentLrJ not
uore than 15 hn. In aurope wxndmllls cons 1sted of 4 SallS turnlng vzth-
1ow-r.p.m.'1n contrast with the German and Dutch uype Ulﬂdmll] the
Amerlcam ulndmlll conglsted 0¢ a tur01ne uheel Wluh numerous bladeé
weneral iy curved and made out of steel Since: une rel t1v¢ VQIOCLﬁJ
of thc w1nd respe“t to the blade varies v1th the di' anne Trom the
venter of the Jheel the olades vere ﬁuxstea to secure the pr0per an;
gle at each p01nu, or madc in uechons nav1ng alffenext;entrance an~

_rles.

Pue flrsb 1mportant deve 1onment in Wlﬂdmlll des 1gn vas m&de wheﬂ a
qmwller nunber of ol dus for the same 81ve of Jheel t“rued to be used

&uth the re sult thgt the flov “Ondlulono bchlnd tho blu&

Cfl

yere ims
proved and . thu° the eLflClean. At the same tlmc thﬁ speed has 1ncrea—;?;
sea, the vhe°1 could be maae llghter for the same power, but at the
S&Crlflce of the}a.vi ity to- tart at low w1ud.spesds; In other word

while the old Uneelg started unaer lo d at a wind velonlby of 8 km/hr,i‘
the high speed whepl coul& not atart oe1ov 13 Lm/nr. ihlu was a serle

oug dlS&dVﬂntubC for the or 1qary pump whe whlle the 1nvreaqe of

spend at averuge wind VOIOLlilvo wvas not much nore 1nnortapt LOT elec~

MY

'trlu venerutoru. The % i VelOCitiab used to be only Lhree tlmes or .

-
Fd .

hlSher the,wind velocity,.against‘only ﬁw1ce for the old types.

The next improvement was the use of regular airplane cross .sections

(2irfoile). that were substituted for the turbine blades, and the num~
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per of wingb reduced»tm,six, four or even two. This resulted'in‘grea~

ter ef1101 ency and ﬂlgher speed, but still more unfavorable starting
conditions, so that these sort of windmills could only start g,gvé’zgﬁ
Y

15 km/hr wwnd specos. ierc the work of lot*nor and Savowlus sct ing

and the wind Iotor vertica 3 wlndmlll was introduced w1tn £ood results.
(1) Von Karman 001nﬁed out that the rotor type nrblnes vere lov in
flClency, dlfflcult 1n regulatlon, having a hl*her tarust requlrvnﬂ
a larger 1nveutment uavonlus rotor had rehcqod an efvlclency of 31 %
vut in order toudevelop lOOO kw in a wind of 50 km/hr‘arcylinder Qf\
about 35 m in diemeter and 100 m invheighf would be;feéﬁired.‘fhe'sa}
e po&erﬁwouid he ?enerated by a 60 m. dlameter uurolne, u81ng 1/30
éfathe'material (2) The Ulnd ro+or were soon aoandoned and tvo or
threg blaae w1nd tur 1nos were d831gned and erected Tme development

of the alrf011 pro¢1lcs for alrplanes vas used in thc degl“ﬂ of b1a~’

des,‘increaolnv the efflclﬁncy conszuerably.
2. Classi:ﬁ‘icatioh of windmills.

ulﬂd machlnes can. be ulassw¢wed acuordzng to severul crlterlus,,305_~

Bo of the posolble groapsvarc glv“n above._f

- Axis
a) vertical axis

b) horizontal axis  (3)

- Ruméer ofvb1ades.
a) 2 blades
B)‘B blades
c) 4 blades 

d) multiblade
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— Mounting of blades

a) variable pitch blade {for speed regulation)

b) fixed pitch blade.  (4)

2) small scale (from 1 to 5 kvw. outpit)
b) medium " (from‘5 to 50 kv, " )

c)‘lafge " (over 100C kw.:outht ) .\(5)7j 

-~ Rotor position
a) facing the wind

»b)'recéiving4th¢ wind from behing‘ (4)

- Speed of rotation
‘a).high speed_ ( low number of blades ) v
b) low speed ( large ﬁqmber'of’blades ) (6)
= Starting torque o
- a) low starting{torqué b('can start under load )

b)‘high;sﬁarting ﬁorqué {6) ‘ 
:3;~Rated«wind speed’, 
The CPération of a-w;ndmillvié limited by three vaiﬁé§“of wiﬁd‘speed;
>4é)hCut-in s?eed : is fhe spée§ at whiéh‘thé;§QChine begins
| o |  td su?ply poﬁér3 |
b)(rafed épeed~: isfthe_s§eed éx which’£ﬁ¢5réted’?ower‘

of the machine is delivered.
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c) furling speed : is the speed at and above vhich the
machine is_puﬁ out of operation for sa-

fety reasons.

Phe selection‘pf these Values,depends‘upcn the votal energi produC-

tion, the turbine diameter, the load conditions, the SPééd‘df»rotAt&on,

etc. A careful selection of these values will allow Lo obtain the ma-

zimum annual output. (7)

4. Design principles

In the design of wind machines the Tollovwing itens should be congi-—
dered:

= maximum power output

- speed regulation
— number of hlades - REE
~ conning (engle formed by the blades and the Veftiéal

axig of the tower, tc avoid the tip of thc,blade‘téuch'f'

the tover)
- yawning {rotation cof turbine according to changes in
wind direction)

= iunclination of axis of rotation (angle formed 5y7the

axis of the turbine snd the horisontal line) -
- location of site.

~ location of auxiliary equipment

)

. .~ couplihg system

‘f safety measures (for vibrations and high speeds)

- height of towver. (5) (8)

—

- 5. Blade design
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The selection of blades is based upon the following calculations:

1 ¢ lift coefficient

-

drag coefficient

(@]
joF
ve

length of cord

=
.o

u : tangential speed

v : wind speed

=

relative speed
R 1 radivs

Z i nuamber of-bladeSQ_

Lo length:of'blade elemeﬂts‘
A ¥ 1ift

ae

P ‘density of air
I : noment of inertia of the,sectiop['
G : stress
Ca . 1.2=_R_ A
vhere A is a fuhcticn 0f;the-ratiO»u/v. If z is choosen it is possi-
ble to determine the length of cord of the blade section. The 1if%
is calcuiated,as- 3 D

A=g, | _f___{_z__ll.

.2

13

¥rom this equation, the bending noment [ developed aay be. calcu- -

lated, There are two cases in the design of blades:
a) Axis of the blades is perpendiculer to the axis of rotation

The stress on tHe blade rotors depends on the u/v ratio, the stress
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of two blade rotors being O 45 the stres of uhree blade rotor. The

maxlmum stre s ocecur at C.6 of the total lengtn.

| b) Axis of the olades mukes an angle othbr tnan 00 w1tb the S

_aXis of rotatlon

The bending stresses are rep1aced by tensile‘stresses.fIf Fc~isfthe‘
yentrlfugal forve on the.blade and Ef the benalnv Lorue, the resultant
force ‘t w1ll produce ten81on in the blade,

tan'%§; :

‘vhére« bfls the angle which the olude makes Vltﬂ the pl ane. perpendl—'h
cular to the axis of rotation,rIf'Viis the,volume of the,blade;andﬁ

~ the density, then

”he»déulreu dén31ty is TOV, 80 nollow bla deg arefused._specialkcbnrf
alderatlons should be- ma&e in both cases . to study the Iorccs develo~»
ned Jhen the Dlaues are standstlll, Gue to 41wh u1nd veloc1tles. The
nnnlmum °tress ocvurs at the root of the blaues.‘mwo vlade deSIgns-
of;er v13ratlon proolem% that overtnrovght the auvanta;es of buo blqn

4

de rotors. (4)
6. Auxiliary machinery

a) Pumps'

‘There are two types of v t r pumping systems to be considered:

-~
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-~ lov power piston pump

Th? win Lll used in this. caoe is one of the low speed types, .proéf?
vwdlng high c%;artm /uﬂrque for tnc piston, ln thc case rotors,ha?éf
1urre number of blaaes and coneequen 1y ldrge 1nert1u, vhlcn Tlmltu-
itsA '&meter to 7—8 m, The lelclency Qrop 581der007y aurlnw hl zh
vinds. The rotutlonal motlon,of the rotor,is converted 1nto a re01pro-
cating motlon oy means of roaa, s10ub, eCLOntrlCS. hn qpped of the
rOtur has uO be rerupe. bj mean% 01 gewr uO reducc 1nert1a utresueu
’ana resonanue in the rad, whlch causes the rod to act like a’tension~*

- high-pbwerjfotary pump

In case_of hlgh w1nds oentrlfurul or pronelier 1J00~of pumps are .
Dreferre . hJs tyne prov1ue small 111ts at low wlnus, a regulatlon S

7st em LS neeaeu._ (7) -"',,»7 o s ,f"
b} Genératofs

:?heféléétric ﬂqulpmaﬁtyﬁn a wlndmlll is subjeéte&-betﬁe;fdljomihg
vcbﬁditibhs:  o e . v -
- neéd?fof-miniﬁuﬁ]po sible ma*nhananuel
Lo aufématic operéﬁion and rovulatloq
'L5 vafiatioﬁ[pf pover |
- frequeﬁt'connectién to ﬁhé‘nefWQrk
~,tofque undef?bﬁngvéycles
~ vibrations
- éevéfe atmosbheric Cbnditiqns

- need for a breking system
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solutions for pover generation under this conditions arcs

1. asyhéhronous generator
2. synchronous rener tor
C - with intermediate set
~ directly drxvcn'_ (4)

3. 1ndust10q ge aerator {with conaenser)

“he generator can - be connmcted ulrectlj %o tne turolne uhaff at tﬁe
top of the tower or &Oyn on ground levml (8)‘sTn tbe,lafger:machineé
for use w1th a netvorh,laWterndtlnﬂ current- Operatlo  £h rough 1nduc—
tlon renerctor is prefered. when the plant is to run 1mueneadantlg,

a snecially designed AC g ncrutor is nocdcd for varjing sneod of the

rotor. Direct cufrent fmr‘battery charglng‘can be used,~ hen pr duced”f

by a rectifier, ' (5)

(1) "F..d.t.'ziiihofft "Tndustrial Applications of the #lettner Rotor" ile- -

chanical Zngineering. Vol 49 Fo. 3 1927 pp‘2495253;
(2) Palmer “,Putn "Iower I om the Wind", Van Hdstr'nd‘l948

(3) u.W.aoldlng "“he uconomlp Jﬁll’”&tlon of iind unergy in Arld Areas"

>3

Wind ana Holar LAergy T~roc:ee<111m*s of the Hew Dclq1 Symn051um‘
UK:SCJ 1958 pp 90,98 o L -

(4): L.Vadot_"Thé*Productlon of rlectrical Unergy from the ¥ind"Houille

glanche., Octobre 958 PR 5U3-“25 , : o
(5) Z.4.Golding "Znergy Irom lndéLO””l Fuels™ The Froblems of tae

Arid Zones Troceedings of the Paris Symposium URZSCO 1960 pp 249- 58 2

(6) U.ﬁﬁtterw"?ladﬂing and Balancing of unerﬁy of bman-output Jiind
' Tower Plants" Wind and Solar Inergy Proceedlngs of-the» eV Dalnw

mjﬂqoymp051um¢UESS?J 1058 pn T76= 8T.
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AT

7) L,Vadqt "Water Puupiag by #indmills" Houillle Blanche Septembre
1957 pp 524-529. | -
) Paluer C. Putmam "Power from the Wind" Van Nostrand 1948 pp 109-115
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2.%6 .EconomiC»analysis-

'Hhen.making an economic analysis of wind power, it is wise to make
bhe stuules on compar tive basis with the conventional sources of e~

1er'y avallablo. Jhe nroceaurm is as follovs'

1. Calculation of the annual Specific output iy ,( kvhr per year/kw)m
frOﬁ'récordin s . of wind ve1001txes. This value varies wltbln 10 %

from year to year, measurements for one year belng su£1¢01ent

2. Calculation of thewcapital’cost C . ﬁhe-raﬁges are‘the follqwing :

vithout battery (1956)

smaller than lO ku R 420‘7 560 K /kw
'befweéh 10 — 100 1 v 280 - 420 'jy '
‘large'r than 100 kv 140 -280 "

;}3,f alcul tlon of thh ar aual operwtlnv COut S| (1ntere°t derrec1a-‘f»

e

thﬁ and malqtvnance\ WQlCh nan be takon‘as 12 & of the anltal cast

The cost of powver 1is then g‘ven by the exan““lon:

P D . T
Co- T ——
m
s
The coc*‘w thus obtavuea ahould be compared with alternative SOUTCES,

considering the fact thaﬁ'wind power 1s random and provis ions for its
efficient utilization has to be made. IT is up to the designer to chan-

. . e e N ETR) . : 5 £,
ge the rated speed of the wind nachine and fing the optimum ratlio oz

¢ (1)
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s

n order tc find the optimunm si

ze of wind turbine, analysis of di~-

ferent alternatives should be made to find the least cost. The items

nat should be considered'in an economic analysis are:

1. Installed costs

b

a) fIngineering costs

—

i

-

Personnel'
Cvé;head' (. 30 % )
Travels

7 Cgﬁsulfing

| ?ufhishings

b) M&nufactﬁrimg'cdsts

—-—

’,Generator

Gears .

‘Electric coupling

Governor .

Bearings

Switchgear

 ¥lexible coupling

hoists, lifts.

Electrical equipment

Tower
Faint

Pransformers

Distribution line

Rlades

Agsembly

Tools, jigs and fixture

S
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- Hea surement ing struments

c) Installation costs

'~ Road -
f»EreCtion'
~‘Conn ctions

2. Operatlon costs
a) Interests
b) Dividends
c) Taﬁesi
"d)bbepreciﬁtion‘
'e) Mainténgncejébsts
| f)‘Operatipﬁ‘éOsfs
 3,'Energy:cost
| “) Opeerlon comto

b) Annual o&tput ) - (2)

" The future of u1nd powor Jenenus upon the improvenents that can ve

nade om the cost of‘the eneryy generate , and thls is- posslble 1f

some of the following items are considered:

6.

Bettéﬁ seiection of materials (steel, aluninium, etc.).
Better selection of suppiies (béll bearings,:shafts,Metc.).
Setter selection of site. |

Analysis of alﬁerﬁatiVes between one and seVeral'wind_hgchif’
né uﬁits. |
Analysis of cost of other power systems.

Setter fibting of the demand to the available. power.
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Simplification of design (avoid use of variabl itoh blades,]

7.
speed'gbvernors, ete.)
8. Elimiﬂaﬁion_of.gears'
g, Standardization of design for mass production,
10. Allm’ﬂdtion,Of;VibT&thWS.A - ' ~ o
)li.‘neuudfioh of weight qi parts ; : | S
12. Better aﬁd stronger desizns to reduce maintenance znd increa-i |

se the life of the unlts.
Careful selection of rated speed to increase the annual “utn

T

13
o oput. |
14; Ré earuh for better eIfllenuy.
k15, Reﬁeurch of potentialiti of wind p)wer in Ulde areas.

16. Imprdvement’of pover storage °Vst;m | ' :
7. Feductlon OLvqueoseQ in the 1embcro.
'lS.’Improveme 1% of uhe Drbdlct”017ltj of wind rpélme wltnln uhe
i neit 12 qouru, 50 to flt the demand. (l) (2) R
= ‘é.'akna;(ug.
(1)v3,ﬁ.ﬁdiding "The Heonomic ¢ Utilization of Wind dnergy in CArid Ar aﬁ4 fA
Wwind aﬂdk olar uner'y er“““dlﬂ"S oi inc tew Del hl ﬁjnp031un
UNESC0 1958. pp 90 o8 ) : - '
(2) Palmer J.Fut tnam "Power from the Wind" Van 70 srand 19A3.
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2.4 CONCLUSIOH
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Out’of the information obtained from the survey on the available

1ata, it is possible to estate the following points as a conclusion:

l.‘The hi tory of tne windnill starts most probab 1y in the

jesopotamia tovards 1500 B.C.

2. The first signs of the utilization of windmills in Europev.-

date from 1000 A.C

3. During the,18‘thAcentury the sudden development'in'engi-
neering and technology made it possible to develop new énd original

vindmill designs.

4. At the end of the 19 th century a scientific research star-
ted on windmills, and experiments were carried on new and more effi- .~

cient tyres.

5. In 1925 rlettaner and Savonius started they work on verticai

type windmills using the principles of the wind rotor.

6. The nlnd rotor 1dea was aoon abandoned, necause 1t was_
con51dered of 1ow eff1c1en0J and 1t requlrud more naterial per unlt

powver than other conventlonal windmi l t;nes.

T Tn 1940 neyw w1nd turblnes with 3 blades - made Vlth Qirfoil

profiles — and hlgh output started to be deolvnbd and tested.v

8. After the year 1950 large output winduills proved to be
too complicated for practical operation, and simpler designs with

lover output were started.
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9. India and Israel started a country wide research program

ndvexperimenﬁation on windmills, Folloving a basic outline of work:

- Study of the wind regimes within théucountry.

- Data collection on wind characﬁeristicé all over the
cbuntry. | |

- Data collectidn on pover geherating'éYstéﬁs and availa-
‘ble resources.

- Zrection of small windmills in favorable locations

- Design'ofllarger'unité to be installedkiﬁ sites where

nest conditions existed.

.lQ¢ Research is still being carried~todéy in Israel, India and

ingland, for windmills to be used in underdeveloped areas.

for the time being, the future of windmills seeus to depend upon

the following poinss:

‘l) The unpredictability of the vind characteristics, mekes

it necessary to carry on more»compléte surveys on wind regimes.

2) The‘faét that the pover generated_from 23 windmill,is direc-
tly'propoftional to the cube of the wind velocity, makes it necessary

L]

to improve the designs stil1l more for betier overall efficiencies

%) Storage of power has been found uneconomical, S0 a more
careful analysis oi power demands -~ waber pumping, electricity gene-
Meyd 4

ration, cooking, heating, etc. — secms to be 2 better way to lmprove

the efficiency of windmills.
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4) Beconomy being the ultimate test for the utilization of

/ind power, it 1s necessary 1o make the following analysis

a. find the optimum size.

D, coﬁpare”the efficiencies of oné sole unit‘Qs. several .
small units.

’ c.'find‘the most'favoféble,location for the units.

d. analyze théprSSibilitieS of using windmills"bcnnectédu
togethcr or to a mawn necvork.

€. compare the cost of power with other conventlonal po~

wver SOUTCGS.'

5) The future use of windmills seems to be restricted to under-

dev loped areas, where the cost of generation of power by other me-

theds is higher.

6) There is a need for simpler windmill désigns,'and the wind
rotor seems Lo have the characteristics reoulred for a fes sable so~

lution:

a. independance from changes inlwind direction.
D. pou510111tj of working at very high speets.
c. no need for gearing systen

d. caso of manufacture, operation zad maintenance,

»

e can conclude in the following way:

Wind can still be a source of power generation, such as water pum-

3 LR - . . . ) .. s 3an - O!\
ping, electricity production, ventilation, etc. 1g underdevelop

areas, if simple designs such as wind rotors are used.
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aased on this statenent the following outline will be taken as

yide in our

as a
10Tk s

gtudy of wind theory aad..characteristics.

inalyzis of basic aerodynamic principles involved in.

the application of wind rolors,

Fageal

Bxperimentation on different types of wind rotors and

study of their performance characteristics

Design based on the most efficient solution.
sign 1

Scononic analysig of the design.

Analysic of the possible applications, and manuiactu-

x . Y -
ring aethods.

fecomsendations for future work.
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A A

A
#n Hayal-i gem'-1 ruhsarin ko yansin hane-i dilde

. : ~
Yakip ol gem'e perrin sevk ile pervaneler 4insin, "

5., THEORBETICAL BACKGROUND

3.1 ‘Wind Theory

3,2 Aerodynamic Principles
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“ile

A Cied BN
Hesim-1 subh-denin clist_i cularin biliiriiz " (Nabi)

3.1 WIHD DHEORY

3.11  Wind motion

3,12 Forces affecting wind motion
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3,11 Wind motion

Wind motion is a continuous and cyclicay tendency of ‘the atmosphere

/

to stabilize itself and to reach an equilibrium. Temperdﬁure’difie~~:

rences in the atmosplere causes pressure gradients, which create

ferces trying to reach a gtate of balance, Warmer z2ir rises, leaving

a reletive geficiency of air at the surface, while cold air flows to -

compensate this deficiency creating a motion called wind. Cold air

descends under the influence of its higher weight and this cause an
3

increase in the air pressure, vhile the raising of air causes 2 decrea-i |

se in pressure. Thus all winds are the result of horizontal differen- -

ces in pressure, and all winds tend to blow from high to low pressures,
The velocity of air flow will depend upon the magnitud of this pressu-~
re gradient., (fig 3.11-1) (1) °

coLpn Are .

TITTITIITITITTTT 77777777777 777777777777 777777777777 7T7I77IT7TTI777 7777777 777777777 7777777777777

LOW PRESSULE . HI6H PRESSURE

Pig 3.11-1

pPressure gradients

The best examplé of wind motion can be Ffound in the thermal cir-
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culation that occur locally. The basic cause of air flow is the tem-

ature contrast. A sea breeze is caused in the shore where the cool
per : )

air £ills the enply space left by the air heated by the land, raisin

i

or
LS

gue to drop in density. (Fig 3.11-2)

CoLp Al __,-—///%7’7‘777777 . .

.SE'A’

T7TT 7777377777777 77777777

Sea breeze

The process ig often reversed during the anight, when the land cools
faster than the water and an air motion in the reverse direction is

génerated. (2)
>, P4

—

(1) %illiam L.Donn "Metedrology" Me.Graw Hill 1951 pp 140-147.
(2) George E.Taylor "Zlementary ieteorology'"Prentice Hall Inc. liew
fork 1954 pp 121-140
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5.12

rorces. _affecting wind motion-

The speed

interaction

and direction of the wind motion

o)

¢

f the following forces:

Pressure gradient force
Coriolis force
Centrifugal. force

rriction force

will depend upon the

“The analysis of the forces affecting wind motion can be done mathe~

natically and for this purpose the following nomenclature will be

used:

&

B op <

“o

bt
e

B

&
Lav)

se

H R TR
e LX) ®s

[l
.

angular velocity of rotation of -earth
time
velocity of air

acceleration of air

.nass of air

density of air
axis in the horizontal direction

latitusd aangle

“acceleration of gravity

wind speed

axis in the vertical direction
geopotential

Coriolis force

radiuvs |

friction force

=

‘rad/sec

sec

/sec

m/sec2

£r

X
gr/cu’

o
degree
m/éec2
n/sce
o}
m2/3e32
dynes

in

dynes
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1. Pressure gradient force

4ind flow is caused by a prtsuurc difference in the dtmosﬁhére. ThlS
ressure dlerrence can be denotoa by meansg of pre ure grudlent
ector, which 1nd1cabes the alrectlon OL flow at right angles to the
ressure llnes (1sobars) Freszure llnes form.é pressure'field,Aahd

he @reSsare gradient,is expressed symbolically as dp/dn , or the

ate of change of pressure with distance., (Fig.3.12-1)
Py

o

f&
/ %1
fgzé‘f o [

R

Low .PressursE

Pig 5.12-1

Fressure gradient

‘The ex presulon l/JO dn/an is called the pressure gradient force,
amredF is the dbnSluV of air. Actually it is not a Iorce, but an’
wueleratlon, S0 we can con31der it, the force tnat acts upon thm

nit masg of air.
2. Coriolis force

Due to the rotation of the earth around its own axis, the wind is
Hﬁec*eu by the Coriolis forcea. The motlon of the earth cont inuous 1y

leflects any freely noving object, and this deflection acts so as to
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—
ause the object to move toward the right in the northern hemisphere

nd towards the left in the southern heaisphere. (fig 3.12-2)

Fig 3.12-2

veflection of wind

The force that causes this deflection is proportional‘fo:f
,a.4the'3§eéd-of the moving object |
b. the mass of the moving object

c. the 81ne of the la tltuae

This forces act at right anrlec to the ulrecfwon of the ﬂOVlnv
object so that 1t can be &ffectln only its awrectlon, end not its

speed, Tnls force is calleﬂ Coriolis force, and can be simply denyed

Aszune avparticle at the Morth role moving frecly towards the
South with a velocity v in the direction PA, By the time it neos
arrieved at the point 'in space represented by 4, the earth will have

revolves a distance BA, and the particle will z2ctually reach B, ha-
ving followed the curve path FB.(iig 3.12-3)

-

b i o
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Mg 3,12-3%

Coriolis Torce

hus it is deflected to the right. If the earth is revolving about
ts axis with en angular velocity w , the angle BFA will be @ .dt

fter a small interval of time dt , and the distance A will be

©

v at . (fig 3.12-4)

vdt
A
Fig 3.12-4

Deflection angle
ds divided by the radius

The angle  * @t is equal to the arc

vat , or

w4t as_
B v dt
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ds = v w (at )2 -  (31)

In general the dlstanoe travelled by a particle depends on the»i-’

tial velocity and its acceleration

y 1/2 a t° (m2)

]
<
o

S 0

vor an initial velocity equal to zero and a small interval of dis-

znce and of time:

as = /2 a (at)? . (B3)

Equating equations ( E 1 ) and (53)

: R ;; 2
S ' v o { at )2‘== 1/2 a | db )
herefore
a—.-Zch (354)
From Bewton‘é lav
P = m a (25 )
Substituting equation ( B 4 ) in B 5 )
fd= 2 m. Vv : ’ (16)

B - . . _ . . i . . ) e
taking the componeant of @ at any latitude ¢, w sin &, ve hav

i

F=2 n v @ sin & (7))

‘ - : : S0 ati the same eguation
This is the Coriolis forgce. In vector notation the sar |

tan be expressed as:

e
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Iy 2 mw x Vv

A particle moving from the equater northward will be deflected %o
he right, while a2 particle moving towards the equator will also be

eflected to the right. (Fig 3.12-5)
N

.S

Fig 3.12-5

Deflection of a moving particle

u'en the only forces acting upon the air are the pressure gradienﬁ

md the Coriolis force, the blowlng vind is called gcoqtronhlu W1nd .'

the equatlon for: the QGOSbrODHlC wind otates that the borlolls force

squals the pressure r*z‘ac’uent force. ma¢1n9 boUh forces per unit mass,

from equatlon ( B 7 F

2 ¢ sin ¢ ='1/‘p dp/dn

s
S

C B 1 ; . dp/dn (

2 W sin ySJF

vhere ¢ is the wind speed. The wind speed can bevrepresented in

thekpresSure'field as in rig 3.12-6
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- Geostrophic wind

Zgquation ( ¥ 8 ) shows that the wind speed is

- ulrectly prOportlonal to the pressure rraowent

- lnversely nrooor 1onal to Fhe sine of Lle la tltud

- inversely proportional to the aiy,deﬂ51ty
This equation should not be used for latitudes below 10 . When
oes to 0° then ¢ goes to infinity in the limit.

In the northern hemisphere a person standing with his back against
e wind will feel the low pressure side on his left, which is in
:zcordance v1th this dlscu ssion.

As the wind speed is inversely prpportional to the-air density, and
ir density decresses with hoight, the wind speed increases with

of the earth. In order to ufe thés behav1our

leight from the surface
its equivalent from the hydrostatic equation:

ie can substitute ,P by

_dpz_f.g .

'(_1'39)

[
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here =z 1is the vertical disfance 2nd g the acceleration of gra-

ity, therefore

j)='~ dv/g dz (= 10 )
rrom equations ( £ 8 ) and ( & 10 ) .
c - & dp/dn

[¢]

i}

& Cds/an (B11)
VA - 2 @ sin & '

In this vay ‘the pressure tetm is.eliminated‘andwind speed is de-
;endént upon the vertical distanﬁe &z and the horizontal interval:
an- , It is §OSsible to plot cOnsfant pfessure,charts, where the
iind speed changes with the’heighﬁ from the ground. zquation ( B 11 )
lag'the’acceleration‘ofbgrivity in, but'this‘varies practically none
iith height'fbr all practical purpdséS} forvmofe preciseAwork,_g dz
an be repl’at:ed by d,[/ |

/e

o By E SN (e 12)
(/ B (1 ~4&/d) _
’J. : 10 - b

inere

geopotential

RS

R 2
9.8062 m/sec

g ¢
%+ radius of the earth in meters

5. Centrifugal force

s

In general it is ascumed that the wind flows in a straight line,

]
3




THESIS

ROBERT COLLEGE GRADUATE SCHOOL . PAGE /54.'
" BEBEK,ISTANBUL ' -

raEon

5

lt éctually vind travels large distances so that the cﬁrvéture of
e earth enters into picture, does the air is affeétedyby the cen~
-ifugal force due to its curved path, pfoportional;to“mCZ/r, whe-
> m 1is the Mass bfiair, ¢ the velocity and r the radius of_thé

irvature of its path.

inds that blow in response:to Coriolis, pressure gradient and

entrifugal forces are called g adient winds. There can be several

1ternatives as shown in #ig 3.12-7.

<
r c
4
Fo
a)
FC

d)

Aig 3.12-T

gradient wiads
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m Pig 3.12-7,

vy

Coriolis force .

L X

¢?/r : centrifugal force

l/fdp/dn: pressure grad'iel1t force
is an example takevfroﬁ the same figure-case b)

‘ ) - ~
l/jJ dp/dn = 2 wW ¢ sin ¢ -~ ga/r
c® + 2 rw sin §b c - v/ fp/dn - O

o

then

¢ = I‘/)D dP/Ci'l +(I‘ w~1n¢) - T sin@
4. Friction force

In nature the effcct 0¢ 1r1ctlon ﬂﬂused by the surface of the
Qthh Suould also be con31dcred rlctlon uexlects the V1nd so. tndt

it always has a component from hlgh to low Dressure. Thls prov1des

a mechanlsm for the 1nterch3nge of air betwecn hlﬁh and lou presuu—jffﬁf

Te oystems that would nardly be posolole otherW1s§.

Ihen frlctlon entcrs 1nto plCoure, the =need is deoreasea and the"
Coriolis force at. once becomes too wealk 0o balance the pressu;e,

eradient force. (Fig 3.12-8)

Tn order to restore a balance of forces the wind shifts so that
the friction force T can assist/the Coriolis foree in meintaining
. ) .1; .oz y 1 . -} ) IR
2 balance. This 1tuatlon is seen in sfig 3.12-8 where & cand  F

- still just balance she force 1/p Gp /an. ’hp prescuru graulcnt force
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Pig 3.12-8

#ffect cf friction on vlnd

ioes not change,  the Coriolis force is alwaysbnormal to the wind
1wrecblon and thé friction force is alwvays directly Opposed to ﬁne
xiﬁd.:It must be remembered in all discussions thaﬁ.the Windvvector
ts 1f is not.é force, since the wind is assumed to be blowing with

2 steady velocity.

n the equatOr and for local winds the Coriolis force is zerd, so
tha t the wind speed is aenezdant onlj on the pressure difference and

friction. (l)

., Taylor ”llementary iieteorology" Prentice Hall - Inc.

e
York 1954 pp 121- 140,

R
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3.21 Parallel flow
3.22 Source flow

3.23 Circﬁlation flow
%.24 Gombination flow

3.25 lagnus effect

3,26 Drag and 1ift in airfoils

5,27 Power in wind machines

3.28 Graphical solutions

{ fuzuli ) -
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Homenclature -:

velocity of parallel flow

cross section area

flow-%ate or rate of discharge

. source ’

source strehgth

circulation

radius |

diameter

distance from stagnation to source

moment of the dipole

distance between source and sink

veloéity at the surface of & body

velocity due to circulation

radius. of the cylinder

angle made by the ma&ius with the
X - axis at a poinf on the periphery

total préssure

stdtic pressure at a poiht on the

paralliel flow -

density of the fluid

1ift force

drag force

1ift projected area

drag projected area

coefficient of drag

coefficient of 1ift

w’/sec or mz/se

ms/sec

kg/sec 72

Kgr/m

N
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as b

power
pover output

pover available

maximum theoretical efficiency

velocity of source

closed curve

angle made by the circulation

vélocity with the tangent

total velocity

angle of attack of airfoils

mass flow rate

zz m/sec
kg m/sec

ki m/sec

m/sec
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3,21 Farellel flow

The ideal flow is defined as being non~viscous, in other words

iere is no friction. Therefore ideal flow is frictionless and steady

low: the velocities throughout a cross section in a pipe are equal,

fig 3.21-1)

Ideal i'low

In the ideal flow, the flow rate or rate of discharge is :

Q= V . A m1)
where
G : flow rate in m”/sec
V : wvelocity in m/sec

. - "L 2
A : c¢ross section area in m— -

The continuity equation for an incompressible fluid (density cons-

% throughout the flow) is according to tig 3.21-2 :
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where

Vy ¢ velocity at point 1 in m/sec
v, velocity at point 2 in m/sec
Al : cross section area at point 1 in m2
A2 : cross section area at point 2 in m2
2
|
! |
| .
| !
\'Z I Aq Az I Vl
—_— :l - Lo

Pig 3.21=2

Continuity equation

]

A streamline is defined as the tengent line to the instantancous

locities at successive points in a flowing liquid. (¥ig %.21-3)

fig 3.21-3

“hreamlines
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sccording to this definition of a streamline, the ideal flow is cla-

sified as :
1. Parallel flow
2. Source flow
3. Circulation flow

4, CUombined flow

Parallel flov:

streamlines are parallel to each other. (Fig 3.21-4) (1)

Parallel Tlow

qE
3
#)

TT RNV WY +
LT Sy
e T +
3 E
+ L +
1 34 o oo T W INPY g
PRt et
T 1 1
b * p
3 + T 3
b - 1T
+ - +

T

e

1) Adnan H.Tagpinar "Fluid Hechanics Hotes™ (not published)

P
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Source flow -

3,22

A source 1s a point from which fluid is generated at
te. The strength of the source is the rote of flow ps

(1)

wy surface enclosing the source. (Fig 3.22-1)

Pig 3.22-1

Source flow

sor a 3~ dimensional flow, the strength of the source

=i
N
~—

4T @ ; (

‘where
E : strength of the source in mB/sec-
V_ : velocity of the source in m/sec
(=4
2 o .2
47 rT: area of a sphere in m

an uniforn

ssing throug

o~
o]

15¢

h
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, | . L2
£ : strength of source in m“/sec
V_ : source velocity in m/sec

2Wr :. perimeter of a circle in n

tquations ( 2 3 ) and ( E 4 ) are similar to equation ( 21 ),
gince the strength of the source is actually the flow rate of the
source. When the velocity Vs‘is negative, the flow is inwvards end

in this case we nave a sink. (2)

(1) v. streeter "Fluid Dynanics" ic. Grav Hill Book Co. 1948 p 43,

(2) Adnan H. Taspinar "Fluid ‘echanics lotes" (not published)
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5.23 Circulation flow )

#hen fluid circulates around an axis, streamlines are concentric

rcles, and there is circulation flow. (1)
firculation is expressed mathematically as follovs:

If e closed curve $ is drawn on a two- dimensional steady {low
camline, where the componetls of the velocity v, at all points

ong & curve are v,. cos @ , the circulation T is defined as, from

\

5 3.23-1

T :j{ v, ’ACOS-P' ds (55 )
V5 . : g
z*zhere |
j{ : line integral along the closed curve €
5
V.. cosﬁ: component of the velocity v_ on the curve &

c
circulation velocity in m/sec

v :
e
ds : infinitesimal element of the curve ¢
" L. . 2,
T : wirculation in m“/sec

“irculation
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Pig 3.23-2

Free vortex
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a

in the case of & free vortex, the wvelocity is given by the

zpression; ig 3.23-2

r . v, = constant =C { 86)
if we apply the-equation-('E;S ), then
= J 5 . o
T = ;{~vc . cos P ds
< ‘
and cos 2=1
11 = jﬁﬂ‘vit ds
E)
o= v, j£' ds
, .
=v.2T7r ( for acirele )
Prom equation ( £ 6 )
VC = C /' r
Therefore
M =2T¢
or
M=2mTv, .r (27) {(2)

1) Adnan H, Tagpinar "Fluid lechanics Xotes " (not published)
2) Richard H.#. Pao "Fluid jechanics" John Wiley and Song 1961
pp 422-424; |
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3.24 Combined flow -

rhe superposition of more than one kind of flow is called a
npined flow. The method of solving such a flow problem is showm by

ans of czamples:
a) Parallel flow and source flow

A body with a source SO has a strength E., The fluid coming out

on the source remains withih the boundaries of tﬁe volume of the

dy. In addition of this, there is a pérallel flouw around the body
width.D. The distance of the source from the stapnation point of

¢ body - where the velocity is zero ~ is expressed by a .

In order that the parallel flow of the surfoundings repain undis-
rved, the quantity of fluid displaced by the body must flow out of

e source, (Fig 3.24-1)

== |

a

r

i

Fig 3.24-1
Parallel Tlow with source flow

-~

-
1Y
”

7e assume the body to have a c¢ylindrical cross gecetion, then:

A BT
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bzl
]
-y
=
no
N
=
03]
p

where

strength of the source in mz/sec

=

V_: velocity of the source in m/sec

‘ . P . . 2
™r~ : cross section area of the cylinder in m“,

'rom equation ( E8) :

o 5
r =
v
s
i v = D/2, so:
D2 i
4 v_w
:refore:
D=2

IT the distance a2 equals r , then from eguation ( & 9 ):

i

4 v
b \s T

b) Parallel flow with a sorce and sink of equael strength

ihen the distance between a source and a sink is reduced so that

5 . 1 = constant

where

Fame
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ey
'

strength of source (rig 3.24-2)

1 : distance between source and sinlk, in m

, obtain a Dipol , or doublet. (¥ig 3.24-3 )

Pig 3.24-2

Source and sink

Fig 3.24-3

Dipol

The moment of the dipol is defined as:
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A B
Moo= E .1 3 (&11)
m the case of a parallel flow with a dipole we have:

- vyt

?he velocity at the surface is given for a two dimensional flow by:

sin o

v=2V.
here
v : velocity at the surface of the body
¥V 1 wvelocity of the parallel flow
oc i angle with the x-axis (1)

1) Adnan

i, Taspinar "Fluid Mechanics Hotes" (not published)
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3,25 Hagnus Lffect

When a rotating circular cylinder is placed in a flowing fluid we

tain the combination of a

a) Parallel flow {(Fig 3.25-1)

b) Doublet. (Fig 3.25-2)

i ¢) Circulation  (Fig 3.25-3)
by T >

— \

Fig 3.25-1

Parallel flow

e

.

g 3.25~2
Doublet

3 Pig 5.25-3

; L L Circulation

e ki e ot ke




THESIS

ROBERT COLLEGE GRADUATE SCHOOL
BEBEK ,ISTANBUL

PAGE

158.

rhe combination of the parzllel flow and the doublet, represents

+he flpw pattern of a stationary cylinder placed in a parallel flow.

The velocity at any point on the surface of the cylinder is given

by the expreszion in equation ( & 12 ) :

. v = 2V gin o< ( B 12 )

v ': velocity at a point of the surface of a

stationary cylinder in a parallel flow

velocity of the parallel flow.
o¢ ¢ angle made by the radius at a point of the
suriace of the cylinder with the main axis

of the parallel flow. (iig 3.25-4)

Farallel flow with a doublet

The velocity on the surface of the cylinder due to circulation is

Elven by +the expression in eguation ( B 7 ) :

o $
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159,

where

r

r
O

[

T“
2 ﬂ'ro

]

(57)

velocity due to circulation at a point in the

cylinder.

circulation

radius of the cylinder

The superposition of the two flow patterns, namely the stationary

linder in a parallel flow and the circulation is expressed by the

perposition ( algebraic sum ) of the velocities. Irom equations

57 ) and ( B 12):

Y,
i Ve

where

Vi

: is the tétalwvelocity.

is T was taken clockwise, the velocity around the upper poriion

'the cylinder is higher (velocities add) than in the lower portion

elocities substract), this means that the pressure at the lower por-

on is higher than at the lower portion. This pressure difference

‘oduces a lateral force called 1ift. The magnitud of this 1ift may

3

p = D

> caleulated applying the Bernoulli's equation: -

+1/2.}) vl “'1/2"‘}3 vt2 (1-314)“
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where

kp ¢ total pressurev

P, ¢ static pressure of the parallel flow
V : wvelocity of the parallel flovw
v, : total velocity from equation ( § 13 )

If we substitute in eguation ( B 14 ) the value of v, from the

pwation ( E 13 ) then we have:

P =D, + 1/2. PV - 1/ . Pl2Vsinoc- _T
' v 2 ﬂ'ro

the lateral force di' acting on an elementary area per unit lensth

‘the cylinder portion ry - dec, is:

af = - p(r, .de) sineg ( fig 3.25-5) .

fan)
b
I

lateral force element per unit length

dec

Mg 3.25-5

- Lateral force
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The negative sign indicates that the pressure force is always
girected towards the surface and contributes a negative increment

of force when sin o¢ is positive.

The total lateral force FL acting on the cylinder peylnit length

is obtained by integration:

T . , 5 ro.2
£ L e "' - o~ — S————————
By [po + l/2.J>J 1/2 .f(2Vw.noc 2’1?‘1'0) ]

: o
. Ty d < zin g
411 the integral terns except:
ar , |
- - 1/2,.}9(,2 . 2 ¥V sineC. === ) r_ dl sinec
. ‘ "o

o

are equal to zero because they are sin and sin’ terms integrated

from O to 2 .

Computing this integral:

2
P V sin o< . T
= d ok
Y/l
tv)
- .
SANN oG sin 200]
- T 2 4 o
PYC (27 - o)
3 2
o = Py 1T (215 )

This is the total laternl force acting per unit length. This
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uation is known as the Kutta -~ Joukowski theorem, and the phenome-

q was first observed by Hagnus, German scientist in 1852, (1)

xperiments made to study the steamline formation arocund a rotating

linder show very clearly the lifting effect. (fig 3.25-6) (2)

SEuB e A g P LTI

Fig 3.25-6

llagnus effect

———r——

1) Richard Pao "Fluid llechanics" John VWiley and Soms. 1961 pp 424-427.
) S.Goldstein, editor "lodern levelopments in Fluid Dyna
Oxford 1943 pp 53-84.
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.26 Drag and 1ift in airfoils

L8]

Any staiionary solid object inmersed.in a fluid stream experiences
;re81st ance called drag. Zhe.total drag cen be considered the

-jon of the frictional drag apd the pressure arag.

The resultant force on a submerged object can-be discomposed iato.

w0 forces:
Drag forece : parallel force to the Fhuwic—Tlow

Lift force : perpendicular force to the £luid flow

D=

“he nost 1mvort ant app11ggtlon of tho 1ift and dvag concents is

found in a p=a rtlcular proflle Lnoun a5 the alr*/ . (Fig 3.26-~1)

The streémline‘of a parallel flo& is spaced équally. The spaclngo
gtveen streamlines is decreased at the fip of the airfoil with an
increase in the air velocity, and increased at the bottom with a de-
rrease in the air velocit&. This causes a pressure difference that

auses a 1ift in the vertical direction.

LieT ‘ ' ’ ‘ ﬁrdssurc -

— —
— —_—

/’ S
( : %t
x

(‘

SUGNa~

f:re_ssurcz_ +
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the mathematical expressions for the 1ift and the drag on an airfoil

e
| p v -
FL = »CL . AL »-E—-~ : ( & 16 )
Poo=C, . AL “%iz—”- ( 817 )
D D D 5
vhere

Foos ‘l;zn force

Gy ¢ coefficient of 1ift

Ay s projected aréa, cxh (fig 2.26-2)

: density of fluid

v : velocity of fluid

ED' :  drag force

CD : doeffioient of drag

Ay i projected area, d x b (Fig 3.26~-2)

S 3.26-2

Airfoil dimensions

A~\m~_ s @ st

The values of the coefficients of 1lift and drag depend on the angle




THESIS

ROBERT COLLEGE GRADUATE SCHOOL FAGE 465
BEBEK, ISTANBUL

Pt

¢ attack ¥ , which are given in special graphs. (1)

The shapes of airfoils are given by tables, which plot the lower

nd upper chamber as a function of x. (fig 3.26-3)

Pig 3.26-3

- Adrfoil profiles

——

N

Y -
LSNP

1) Richard Pao "Fluid Mechanics" John idiley and Sons 1961 pp 420-42%

pg
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5,27 ZYower of wind machines

The power of a wind machine has been found empirically to be pro-
rtional to the cube of the wind velocity:
P oo ¥

this can be ‘shown mathemetically to be so, as follows:

o]
P=3xv
r where

P : pover

force

.
L

v : velocity =

llewton's law states that

, . dv
P'=m,a =13 ., -
dt
vnere
m  : mass flow rate
a :,_acceleration
1d _
[y !
m = .,V Y A
where e
0: density of the fluid
A : cross section area
Therefore ‘ _

r=lo. v Ax av/dat . v
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rherefore,

| o . a 2
po=1/2- PV L a (12 - 12

It can be proved applying the Sernoulli's equation that:

Vl + V2

50,
S = 1/4 R GRS 20 B S G AL
N o f e L) A Yy 2

The available power from the wind is given by the exyression:

CoR =12, Py AT

1/2 . f. A. “’1-3

where

»Pa : powver available from the wind

The maximunm theoretical efficiency is then :

. A ‘
2 et 2
7 P, 1/4.}3 ( vy +,V2) AT (17 - T
F g ;3
a /2. J3. ALYy
2 2
v, ‘ ! -3
7 (Vy 4+ V,) . (Vg 75") (518 )
i .3 B
2 . V7
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N

the maximum theoretical efficiency can be calculatsd
ic energy orinciples; the output of a wind machine is

elation (#ig 3.27-1) :

o 2
b 1
where
PO : pover output
m : nmass flow rate

vy o velocity input

V : velocity output
o ¢ P
ince

where

A ¢ cross section area of wind machine

P ¢ density of the fluid

from the kine-

£

given by the

¥V : velocity of fluid {through the machine
1 2 ;
~ V
——D-V/ o, VL
C : fMg 3.2

fr
[

~1
okt
Lo B o

Fower ou
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where

'77 : maximum theoretical efficiency

nifferentiating 7 with respect to ‘J2/Vl and setting the resuls

qual to zero, gives

‘fz/vl = 1/3

'7 =16/27 = 59.3 %

kich is the maximum theoretical efficiency. (1)

e

1) John Vennard "Zlementary rluid Hechanics " Jonn Wiley and Sons
Inc. 1940. pp 105-~108.
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3,28 Graphical solutions
T. liagnus effect.

Tn the combination of a parallel flow with a rotating cylinder we
\ave: | |
a) parallel flow
b) doublet flow

¢) circulation flow

- l;;Draw the streamlines of a parallel flow with a spacing m .

.2. Draw the-cylindef éf a diameter D with éenter 0.

3. Drawv circles tangent to the point 0 and passing through
the intersections of the steamlines with the periphery of
the cylinder. (Find the center of this circles knowing

'?three'of its.poinfs) Pig 3.28-1 |

4.;Plot.the streamiines at the‘intérsection of the tangenty
fcircles with the parallél sfreamlines. fhe result is the
combination of akparaliel flow with a doublet.

5, Draw concentric circles with center at 0 .

6. Plot streamlineé at the intersection of the concentric cir-

‘cles with\tﬁe'previouslstreamlines..(Fig 3.28-2). The

result is the combination of a parallel flow, a doublet

and circulation

II. Joukowsky profile

The Joukowsky profile of an airfoil is obtained by the method of

conformal mapping. It can be constructed practically as follows:
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fig 3.26-1

Farallel flow and doublet
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Pig 3.28-2

Parallel flow, doublet aand circulation
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Pig 3.28-3

Joukowsky profile
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1. Drav circle I of radius - r and center 0 .

2. Lay off OB==OAF= 2 r on the x-axis

3. Teke a displacément p =0K.

4. Draw CD +arough point K .

5. Lay off EKE=XD=R .

6. Draw circle II through point C with center at D .

7. Draw circle III through point < with center at & ,

8. Take o<, - o

9. Draw PP and 77 lines through o .

10, At the intersections JII and JIII of PF end 77 1i~
nes with circles II and III, draw parallel lines. The
intersections Of‘thiS‘parallel lines. give points K
of the airfoil profile.

vll. Rejeat itemS’Q. aﬁd 10. taking different values of
o |, fig 3.28-3, (1)

) Adnan Halet Tagpinar "iluid ilechanics Hotes" (not published)
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4, PRACT ICAL COHNSIDLULRATIONS

4.1 VWinad Méasufement

4.2 Visualization of #luid #obion
4.3 Selecﬁion of Bearings

4.4 Rotor GLalancing

4,5 Shaft Tesign

4.6 %oldering

4,7 Speed governors
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4.1 ¥Hind Measurement

n order to get an idea about the characteristics of wind, it is
f primary importance to study the wind speecd and the variations of

irection,

There are too many factors that influence the oharactcristics\of
ind besides the temperature and the §ressufe differcnces, #or cxam-
1e the surface‘roughness, type‘of gsurface - ice, wvater, land, ete, -

resences of bUlldln”S or other ObSuC1eo such as towers, trees, eitc.
he wind characteristics change with height from the ground so meaau%

as

o}

ements of wind are necessary starting from 2 or 3 m to heighte

x

uch as 500 n.

The method of measuring wind speed and direction should be carefully

itandardized. An open space should be utilized, far from trees, buil-

2
¥

ungs or hllls. The wind instruments should never bo mounted on the

[o)]

00f of a Dulldln” becauge tth will alumost certainly cause the rsa-
lings t0 be too high due to Urowdlnb of the steamlines ag air moves

wer uhe building.
1, Wind derutlon

Ih_meﬁéorblogy, ﬁhe wind direction is alwvays given as the direction
rom which it is blowing. The surface wind direction is usually mea—
red bj.same sort’of wind vane. (PFig 4.1-1) The position of the va-
& nay be determined By simply observing it by eye, butvusually S0~
le w@y’is proVided to tfansmit the direction to a distant point

lhere it may be indicated or recorded or both.

-

| The simnlest tvne of dlractlon tlavsmltter uges cam contacts as

I T T I L N T T o bt e
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flg 4.1-1

siind: vane

IR i
BN L
A i
A :
A
E
“ o
IS
s .
AN 5 ~ !
v e 7 v
: {.
i :
~ >
N ¢
3

Fig 4.1-2
Potentiometer type wind direction
transmitter with propeller driven,

- magneto type ancmometor. (1)
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R
ne vane rotates, and closes a circu;t to a lemp, that is lighted
lgeh the vane reaches the contact. There are generally 8 lamps, wiich
mdicaté the wind direction tb the 10 DOlﬂuS of the compassy since
he instrumenﬁ is so disigned that two adjacent lights are lighted
or 1ptermed1,te directions. In some cases 2 wind speed meaéuring Pro-—

eller is coupled to the vane, so that the wind speed is transmitted

6]

nrough an additional connection.

another type of direction transmitter uses a continuous rotating
otentiometer at the wind vane, and a milliammeter, calibrated in di-
ection, for an indicator. This system is thus simnle, and rejuires

nly two wires betveen the wind vane ana 1ndlc@tor. leﬂ 4,1-2)

2

The‘mOSt reliqble and satisfﬂ5tory.systém\of trensmitting the wind
iirection uses small self-sy nchroqous motors at both the wind vane
nd thé indicator.‘In,this.system there are no rubbing_éonfac%e, hen-—
e friction and wear are reduced to a minimum,. rive wires-aré néeded
0 connect the wind vane and'indicator, and 2 supply of albternating
arrent is requlred o special attention need be 9aid to either\
oltage or freuuency stabiiity. continuous indication of all directi-

s is achieved with an accuracy of 2 or bebter.

“he wind direction may be obse rvea and recorded either by points
@ 1 . 3

T the compass or by degrees ona O - 3560 scale. When points of
‘e compass are used, the compass circle aay be divided into 4, 8
Y - b’ 4 o . . . . i . o,
2y 32 ocints. In the 0 - 360 scale, O iIs north, 90 is =ast, 130
is @ ‘ e s W : £ s 3yt 3 s

douth, 270 1is VWest and 300 1is Horth again.

2, ¥Wind speed

-~

- He 1ort scale
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Table I : Beaufort Scale
reanfort s , pe o ia s : -
nee Definition km/hr Definition of effects
Fo.
, » - Smoke rises vertically, nolj
0 Calm : 1.5 perceptible movement of ‘
- anything.
. o ' ' ~ Bmoke shovws wind direction
-1 Light air o 1.5=5 and ourol" moves tree
£ . lea
. 7 Vind felt on face; leaves
2 . lLight breeze o-11 . - rustle, ol'Ll twigs move,
. o _
Leaves uud nall twigs in
3 Gentle breeze . 12-20 . constant motion; blows up

! “dry leaves from ground.

_ doves sma 1*,branches; dust
4 - liHoderate breeze . 21-30 - and paper raised and dri-
~ ven along.

; _ lLarge branches ond small
5 . fresh breeze ©31-40 trees in leaf svwvay; cres-
' ’ ted vavelets form in water

Larfe branches in continu-
6 - Strong vreeze 4150 ous motion,*cloud of dust
raised;vhistling of wires,

Whole trees in motion; in-
7 ioderate gale 51-64 coavenlen e in walking
- Ereaks - lcS and small

8 fresh gale 65-75 branches;valking difficult

Loosens bricks on chimneys
blows roofing slates off;

Q o = oale ) 7R 8RR

. Strong gale 76-88 broken branc ﬂeo.
: Trees uprooted considera-
10 Wwhole gale - £9--105 ble danag truc ure.,
Jat ‘ | Widespead danmzge.,
11 Storm 106-125 SP &

[ 3 -~
. - Jevere damagze.
12 Hurritcane 125 - SR
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the surfzce wind speed can be measured in a large variety of ways.
e simplest is the direct obsergation of the effect of the force

{ the wind on the surface pf the earth, without using instruments.
be‘famous Beaufort scale of wind force was thus developed by Admiral
ir ‘rancis Je’uforz in 1805 for use at sea . Tt was later adapted for

se over land. This method cannot be used were accuracy is required

rale is given in Table I.
- Anemometers

The most widely used wind speed device is the threeQ or four-cup
remometer as shown in lig 4”~ =3. This is used both to meuasure spead
t.unf monent and total W1nd flow per unit tlme. In ong type s contact
4 made_each_time a certzin amount of wind paSSes‘the instrunent. An
sserver can measure the speed with fthis LJpe by counting the aum-

eT -0f contacts'— usually indicated by a buzser or a light - th;t

c2ur in a minute. This gives the speed directly in km per hour., Zince
le instrument also records the total air flow on a dial, the observer
an easily ¢ompute the avérage wind speedqd, between the readings of

he dial.

in which the turning

v

Another modification of this instrumeat is one

" the cups rotates a small ma wveto. The alternating current Droquced
1 this way is nearly proporticnal to the wind Speed. t ig rectified
14 then indicated 5n a small milliamuneter whose scale is calibrated

irectly in wind speed.

)

A modification of the cup anemometer is one in which the cups do

f* revolve. In this instrument, called a bridled anemometer the pre-

d has been substituted by modern me ;uremﬁnt techniques. The Zeaufort
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j‘-ig 401""3

Three cup anenometer

L% .,EF‘;
e i
oy

T
o

Fig 4‘ . l~4 ‘

fridled aneaometer (1)
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ssure of the wind rotates the cup assenbly slightly asainst res-
-raining springs. The displacement is transmitted by a selsyn motor
system to indicators or recorders calidbrated directly in wind speed.

(sig 4.1-4)

Other anemometers depend on the pressure of the wind acting on a
ube that faces directly into the wind. $till others depend on the
ooling effect of the zir on a hot wire. This changes the resistance
f the wire, hence the current which passes through it. Such hot-wire
nemometers are specially useful at low wind speeds, they also have

smell lag and thus very useful in meteorological measurements. (1)

- %.-Wind representation’

¥inds may’be described by the compass direction and velocity in
km/hr or in Beaufort scale, or the& nay be shown diagramatically as
om weather maps. In thié maps wind 1is indicated by an arrow which 
flies with the wind,.thereby ihdicaﬁing the direction. The number and
1ehgth,of the tails on the arrows indicate the Beaufort nuaber of the
vind, kach half tail stands for 1 Beaufort force, as shown in

l‘;ig 4‘ . 1"‘5 [

Fu

& 4.1-5

wimAd ranrecontatioan

S R
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4183 .

To show the average wind conditions. in a given locality the

ind rose is used. The lengths of the radiating lines are proportional

o the Tfrequency with which the wind blows from the different com-~

2ss directions, =as shown in Fig 4.1-6.

O

—

25 5o %

T=
»

fig 4.1-6 -

Yind rose

The percentage. of observationg with calas can be represented by @

amber that is indicated by a number that is indicated inside the

ind rose circle, as shown in rig 4.1-7. (2)

fig 4.1-T

Calms percentage

(1) George ».Tuylor "klemeatary meteorology " Prentice iHall Inc.
~ few York 1954. pp 40-47. .
(2) william I.Ponn "ietcorology with Farine Applications™ rc Graw

111 Book Jo. Tne. 1951 pp 135-137
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4. Practical values .

- The average wind velocity can be taken as 5 m/sec, for land

cing as lovw as 3 m/sec and for sea 8 m/sec.

- The wind velocity increases in the middle of the day or early in
ne afternoon and decreases during the night, specially just before

he sunrise.

-
-

- The duration of wind velocities during the year is

-V ( m/sec ) Duration ( hours/year )
0 ~3 5.200
3.5 - 5 . 3.000
5.5 - 8 | 1.50C
.5 - 10 ‘ : 500
11 - nore | 400

~ In winter, the average wind velocity is nigher than curing sumner.

- The velocity decreases next to the eartin surface due te Ifriction

nd turbulences. The increase in velocity according Lo the height &

s 3
H (m) nerease  ( m/sec per m ) §
0-3 1 |
6 - 12 0.4 - |
20 - 300 0.1 (3) |

3) Adnan halet Taspinar "Wind Power Hotes" 1946. (not published)




e

THESIS

ROBERT COLLEGE GRADUATE- SCHOOL PAGE 18¢.
BEBEK , ISTANBUL -

4.2 Visualigation of rluid Hotion

nhere are several methods used in the analysis of fluid motion in
-der to visualize what 1s happening when fluid flow around =an object.

wese methods can be listed as follows:

Smoke tecnnique

N e

Hot wire technique

Spark technique

Chiﬁa~clay nethod

Liquid-film method
Tufts method

Thoto-viscous method

Schlieren method

L2

(Xe] @ 3 [C AN} B R Y

‘Shadow-graph method

L

Interferometer method

e
— O
L} .

“hele-shaw analog;

=
n

ilectrical analogy -

13. Hydrogen bubble method

In order to decide which method is the most practical, lets muke

&3

hort description of each technique.

1. Smoke technique

I a trongparent gas. In this method smoke is introduced in & wind
‘tnel, and the scattering and reflection of lizht passing through

lese particles is used to study the flov patitern.

-




THESIS
ROBERT COLLEGE GRADUATE SCHOOL PAGE AB6.
BEBEK,ISTANBUL

cmoke should not disturb the flow in the wind tunuel »y forming de-
sits, should be light enocugh not to be influenced by gravity, should
> clearly visible and non-poisonous, non-corrosive, should be easily
cmducéd controlled and still be not too expensive. Several smoke
wrces have been used, and the mbst comnion methodg are eitner fronm

1€ combustioﬁ of organic mafterial or wvaporization of liquid, I wood
s used it is neccessary to filter the smokKe and a specially designed

lant 1s necessary. (fig 4.2-1)

; . : 4

| T [ <;
Y
CotE
CUALE R,
Frors
wood &R
A3 '
—g D . ‘
‘ - [ —
| WATER.
to WIND rynin,
CooLAN o . EL
Ale, ‘ WATEL, TRAP oLANT o

. LEnE WATER TRAF
Pig 4.2-1 ‘

2

Smoke technique

Vils can also be used as 2 source of smeoke. Snoke is iuntroduced in

he wind tunnel by means of hypodermic tubes. (Fig 4.2-2)

MODEL

FAr

SMOKE . (IR

DI rig 4.2-2

omoke technigue In windg tunnel
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»

i oeamand

This method uses fine threads of silk or cotton to indicate the
seneral direction and steadiness of the flow close to their points
of attachment, and is useful in the visualization of the flow clese

to the surface of the body.
7. Photo-viscous method

cnl effects which

in some liguids, viscous shear gives rise to opt
sre similer to the well-known photo-clastic effects of stress analysis.
In such cases, the flow may be observed by passing a beam of polari-

zed light through the fiecld. This melhod is widely used in research

work. (1)

&, Schliceren method

This method depends upon the change of refractive index with chan-
ges of optical media, Light from a source (preferably a line source
instead of a -point source) is focused by a condenser. st the Iocus

2 staight edge is placed such that, by intercepting part of the light

&
[ots

ve get a sharply defined edge of light veam. This light then passes

through the working section. (fig 4.2-3)

N

/

A NN LN NN NN

Sovre g CONDENSER.,  KNIFE o WORKING SECTION .  mmiFs 2 ScREER

Fip 4,23
Schlieren apvaratus

smcugs

AR
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PAGE 469

it the new focus of the light & second knife is placed,

+ intercepts a part of the luminus flux

sninished. The light is then recorded by a

vhotographing

such that

and the intensity is thus

ma:hine.If

rere are no gradiends of refractive index within the working section,

he wmount of light reaching the film or screen is fixed by the re-

ohive position of the two knife sdges. IT a gradiend normal to the

iane of the knife edoce exists however, the beam will
= ] 2

» or down according to the gradiend ~ so that it either adds or sub-

cts from the light normally present on the screen, Thus o
ection involving a pattern of gases is reproduced in various tonss

1 the film.

There are various methods in waich the various elegnontsc of this me-

rod he arranged., In ﬁenoral baca use lenses of good quality are not
veilable in sizes of more than a few cm in diamete it is found mo-~
¢ convenient to use concave paravolic mirrors. (Fig 4,.2-4)

SOUR CE enrFE A

Wo REING ; SECrioN

ku}ra 2 SCREEN

rig 4.2-4

2chlieren apuvaratus
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This system has the advantage thal parallel light rays pass tharough
1e working section, thus producing an image of superior resolution,
her because the light source and the camera are placed o 0pnosi~

ia

e sides of the light path between mirrors, coma is cancelled. Ancthe

act since the light between the mirrors is parallel, they aay be
lzced as far appart as desired.

The knife edges are placed in such a vay that 50 ¢ of the total
llumination is cut coff, novever, care nust be taken not to exceed
he wvorking range otherwise we shall get a black or vhite area where

he changzes awe not shown and so détail is lost. (2)
9. Shadow graph method

this method is due to Dvorak, and is the simplest of all optical

ethods, but it finds use in high-speed wind tunnel studies. It usecs
he same principle of deflection of light with density gradient. A

igint source is sent to the model in the working area and the shadow

rojected on a screen or a camera, (Fig 4.2-5)

2

7T T 7777 777 7777 4

%

2

/

A

/,

, 7777 77T 777777777 /

. ,

ovecs CONDENSE R WOREING SECTION SCREERN

dig 4.2-5
Shadow sraph nethod
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10. Interferoameter method -

Phis method is based on the fact that interference fringes are for-
ed when the lighﬁ from two cohorent scurces - sources emitting light
wves of constant phase difference ~ is combined. A monochromatic li-
it is uﬁht into two and uccd as a source. ¥rom the fringes it is

ssible to measure relatlve densities wnich give an idea bouo the

1uid flov arouad the object.
11. hele-Shaw anulO"

fhis method is due to l.u.uele-“haw and it produces stream

1
vo-dimensional steady potential flow of an incompressible fluid

round an obstacle throughout the channel.

In the original apparatus strsamlines are visualized dy the intro-
wetion of coloured fluid through = row of orificés, into a flow
rannel determined by two parallel plates vhere water flows. The ob-
ects to be studied are introduced in the channel and the distortion

A

f the streamlines observed. (Fig 4.2-5)

& WATER.
PorassIum DEQMAM&AU.‘,
[ r
Lressgoprre =

GLASS

‘MOdC/I
.y | L

#»Qj;aa m/m

. . I
- Pig 4.2-6

liele-Shaw analogy

S LT
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It must be noted here that the streamlines are not shaped at the
contour of the object itself due to the influence of the boundary

constraint. (1)
12. Blectric analogy

“he boundaries in a model are formed out of stips of nonconducting

material mounted on a flat nonconducting surface, and the end of

equipotential lines formed out of a conducting strip (brass or copperj

in electrolyte is placed =t uniform depth in the flow space and a
voltage potential applied to the end of tue conducting strips. Iy
neans of a prove and a volimeter, lines with constant drop in wvol-

tage from one end are mapped out and plotted.

By reversing the process and making the flow boundaries out of
conducting materials and the end equipotential lines from noncenduc-

ting material the streamlines are mapped. (3)
1%, Hydrogen bubble method

In this'method,vhydrogen is generated by e}éctrolysis using a DC
pover supply ( 2 ampers at 30 wolts ) with a small amcunt of salt
placed in a recirculating water flow. The cathode is & fine steel
lire which is crimped. TheAanode is a plate placed in the downstrean

part of the water flow. (ifig 4.2-7)

Plow velocities less than 0.3 m/sec give good results. Zubbles shoulj
be of gsufficient emall size that they do not rise too rapidly to the

surfuce. (4)
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0//2‘ e v * P ©o o

o o . d

° - b . * e, °

® e .0 Wo [

e a0 L L. MoDeL

CATHADE Coh o e e . ' AHoDE PLATE
. ° . ) -c °
e —
30 Vofts D.C.
FrLow/ >
- - 285 m
= _ .
N [rvisaeztrrrirs) ?
fig 4.2-~7
Hydrogen bubble method, (¥)
wvw
(1) R.¢. Pankhurst and D.W.holder "Wind “unael Yechnique® Cir Isaac
Pitman and Sons 1td. ‘ondon 1952. pp 137-173 and 575-576.
{2) orhsn Kural "rhe “hallow Water aAnalogy in Uas Dyaumics™ Robert
College rchool of :ngineering (Thesis) nay 1261,

\3) Victor Streeter "£luid ifechanics™ KeGraw Hill 1958 »p 258, 4

Philip A,Drinker "vluid .ynamics:bxperiments

L e A vy ritrat o TAalhAarat arvror Tretiietdiont® 3T om

sguipaent for
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4.% Selection of bearings }

According to SKF standards, in order to select a vearing, the »ro-

edure 1s

l.

2.

Calculation of the radial force IR in

as Tollovs:

b
e
L

Calculation of the axial force A in kg,

Salculation of speed of rotation n in r.p.m.

Calculation of the total force P in kg from:
P=xRk + Y A fér radial bearings
=,1;5 R + A for thrust hearings
where X and Y are correction factors depending upon
ﬁhe type of bearing and whether the inner or the outer

ring is turning as given in Table I.

Assuaption of the life time I, in hours.
The value of Lh

and is given in Table II.

Selection of the value of fh

from the value of L,1 the diaggram 1I gives the value for
{

Ih .

vill depend upon the working conditions

PR
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7. Calculate the value for the sctual bearing load o' in
kg. from
Fal 1 —_ f T
“n = h *
8. Frovide a safety factor for bearings working zbove 125 O,
according to percentage value given in diagram TII
= C ! 1 100
G, R p/100 )
g, Determine the value of £
I'mowing the value ¢f n from diagram I select fn .
10, Calculate thewalue'of the dynamic bhearing load < in kg,
from:
= C f
C ©7n / n
11, Select bearing from cetalogue knowing the value of C. (1)
(

ok Malzemesi " SES Turkiye 1951 pp 3-7
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4 4 Rotor bala ancing

m all rotating machines, the rotation axig should coincide with
one of the principal axis of inertia of the body. The magnitud of any

unbalance is unll to the centrifugal force : mvz/r .

Lhe condition of unbalance of a rotating body may be classified as

btdb’C or dynamic unbilance. In the cuse of Statlb uabalance, the

unhalance appears in a single axis plane and on the same side of the

exis of rotation, as shown in Fig 4.4-1.

fig 4.4~1
Static unvalance ' ;

a

Consequently this type of an unbalance can be detected by a static
test, where the rotor is placed on a pair of parallel rails. In prac-
tice, however the effect of the unbalance is magnified by rotution,

<

The unbalance of the disks is essentially static unbalance.

'Inythe case of dynamic unbalance, the unbalance can be in 2 single

aial plane and on opposite sides of the eration axis, as in

fig 4,4-2 or in two different axial planes, as shown in g 4.4-3.
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o

Fig 4.4-2

Onae axis

Single axis dynamic unbalance

n iig 4.4-3 it is possible for the oeﬁter of éravity to lie on the
rotation axis, and hgnce the fotor nay be,inbstatic unbalance, lovw-
ever, under rotatioﬂ, the ﬁwq"unbélance forces form 2 couple which
has a tendency to rock the axis of rotdtiog..The unbalance indicated
in fig 4.4—3 is the most general case, where the rotor iz in static

and dynamic unbalance.

Two axtis

_ Mg 4.4-3

Two axis dynamic unbalance
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n all.céses, & complete balance can be obtained by adding or re-
moving correcting weights in two arbitrary and separated transverse
planes. In zgeneral tﬁe end planes of the rotor are convenient correc-
tion planeszii.e. for the rotor in fig 4.4-4 with unbalance w, ond
y@,ktﬁe correction weights at the ends are wl a/L  and Wy (1~a/1)
in the axial pléne of iy and W, w2y be resclved similarly. |

e L -
W,
] A e
N

£ig 4. d=4

=ty

Balancing method

Cpmbining the néceSeafy éorrections‘for cach unb&iance, a single
weight afkeaéh éhd'plaéed at & proper radial ﬁistagce will comple-
tely ba1ancé the,rotor,

The détérminationvof-the magnitdﬁ and aﬁgular position of the un-
balance is performed by means of the balaﬁéixgvmaéhine. 411 balancing
MmhiﬁeS'are*provided‘ﬁith elastically supported»beérings in which

the rotor may spin. (Fig 4.4-5)
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BEABRINGS

—_—r T - e 3 -

" RoToRr.

DAMPER &,

A §
N5

1£ig 4.4-5

Balancing machine

Becausé of the unbalance, the bearings will oscillate laterally,
and the amplitud and phase of the rotor are indicated with respect’
to an arbitrary rotor position by electrical pickups and a strobo-

flash light.

In the case‘iniWhiChyfhe rotor is very long and flexible, the posi-
tion of the unbalance will depend on the elastiw configuration of the
rotor,'which;is,ﬁependanf on.fhe speed of rotation, its temperature,
etec., In such caséé, it is necessary to balance the rotor in its nor-
mal operating environment énd speed by means of & portable balancing

apparatus. (1)

. 0O

——

(1} Theodere Baumeister, Bditor "dechanical Zngineers' Handbook™

-

e Graw Gill Book ©o. inc. 1958. €ixth zdition. pp 5-102 to 5-103.1

i
i
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4.% Shaft design-

if a shaft has to transmit a power {§ in C.V.;(metric horsepower)

we have fpom Hechanics:

NP . v P . 4 . T _.n

where,

P : force in kg

v :  velocity in cm/sec
@ : diameter of the shaft in cm

n : speed of rotation in r.o.m..

3

Since the twisting moment is egual to :

Md = P . { en kg )
2

o2 .8, o
1‘{'= — ( o
or,
60 . 75 . 100 %
My . = 71620 .
2 T n

&Xpressed in cm kg,

ide have from Strength of Haterials:

G
A8
—~—

%3}
i
~—
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Zg = d (e’ ) (55)

for a circular cross section:

G —— ( em” ) { 86)
. 16 '
Therefore:
> 1
16 . a
a = (em ) (27)
7/'"6—(3_»

Shafts being als50 subjected to. bending, the value for O

allowable is:
G—d = 120 kg/cm2 for drought Steel.

Long shnsfts must be tested alsc for allowable torsion angle, It is
génerally required that the twisting angle should not be more thun
1/4 per meter length of the shaft. We get therefore again from

+

Strength of Materia1si

Taking the corresponding values:
. - o, 2
G = 0.4 E = 0.4 x 2,000,066 { kg/em®)

vhere G is the modulus of rigidity.

4
I - d ._ ]T 4
p = - ( en™ )

RIS
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—
and

Mg = 71620 o ( em kg, )

n

g0

2 -1 1 71620 %/ n 1

o — = : v ;

360 4 0.4 = 2000000 g° T

N
n

(em ) (

=i
Xe]
g

{ ca ) (210

is the length of the shafi.
tance between two bearings in transmis:ion lineg should be:

L =100 #d cem for shafts supported by 2 bearings

L= 125 ~Afd cm for shafts with more than 2 bearings

(1)

s

(1} Adnen Halet Tagpinar “Hachine Design ldotes" Robert College

pebek Tistanbul 1965,

-
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4.6 Soldering
1, Definition

Soldering is the method of dniting two or mors pieces of metal by
pneans of a fusible alloy or metal, called solder, applied in amolten

state ( below 425 T ) .

Lead and tin are the bases of most solders. Since solders ars of
low otrength and the )01n uepend° upon adhesion of the ﬂ“tdlog the
design should be made such that the solder does not carry much load.
The solder should serve primarily as a flller material to stop leaks,

seal joints and carry electricity.
2. Solders

Due to the scarcity of tin, hundred of different alloys have been

tried and recommended for use, among others we have:

vTin (%) - Lead (%) kelting ( C) | Use
1. 100 B - 232 ~ high temperatures
2, 60 o 40 t 190 General purpose
3 - 50 ; | 5C 215 sost used
4, - | 40 | SO 257 General purpose
9. 20 . 80. 277 ‘ror fillings
0 g5 Antinony 5 232 digh strength
7. silver 5 93 ' 305 Liigh temperatures

3. Strength of soldered joints

The shear strength of soldered joints at room teaperature depend on:
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~a) clearance in the'joint,
b) soldering temperature;
¢) duration of heating,
d) base material soldered,

e) flux used,

f) solder composition.

4, Design of solder joints

Pfoper clearance between’pérts should be allowed. Best strength is
obtained with 0.125 mm clearance, but a range between 0.075 to 0;25
12 is permissible. The melting of the metal to be joint, may cause
free allqying between metal‘and éolder; thus changing the composition
of the solder gausing difficulties in the application; In suchbcases o

2 larger clearance must be taken.

Parts should be allowed to remain fixed while the filler is still

in the plastic state or just bellow the freeszing point, otherwise the

filler will be'granular with cracks. The maximum shear stress is {rom
140 + 0. 2 ‘
140 to 350 gr/cem”.

5. Solderihg‘fluxes

I

Absolute cleaniness of surface to be soldered should be assured.

Jil and grease should be removed by a solvent, then the dirt and oxi-

de should be removed by scraping the surfaces.

Yor large areas it is better to precoat the surfaces either with
solder or pure tin., %in coatings of approximately 0,005 mm are satis .

foctory if soldered within six wezks.




THESIS

~ ROBERT COLLEGE GRADUATE SCHOOL ' PAGE 20¢.
BEBEK ,ISTANBUL

The clean surfaces should be covered with flux bhefore heat is
applied. The choice of flux depends upon the material being soldered.

slux is a chemical agent serving three purposes:

vhile heating.
b) dissolve any oxides that may form in the surface.
¢) lower the surface tension of the molten alloy to allow

it to flow more freely into the jOinﬁ.

" there are two types of fluxes: non-corrosive and corrosive, lor

copper, brass, aluaminium, bronze, zinc, carbon ste«l, nickel, the

aost - commonly used fluxes are:

1. anzline phosphate { paste, non-corrosive )
2. zinc chloride, amonium chloride plus vater { liguid,

corrosive )

-

6, t'inal cleaning

70 avoid corrosion of surface any residue of the flux wmust be re-
noved, the best way being by hot clean water flowing, to remove the
residue and prevent any concentration of flux to build uv at a point.

(1)

—,

(1) James #. Young "iaterials and Frocesses™ John Willey and Sons Ins
tew York 1954 pp 848-855.
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4.7 Speed governors.

governors are mechanisms designed to maintain the speed of the
prime movér‘(r.p.m.) wiﬁhin reasonably constant limits, whabtever the
the load may be, Hearly all governors depend‘for their action upon
centrifugal force, and coﬁsist of a pair of masses rotating about
¢ spindle driven by the prime mbvgrrand kept from flying outward by

a controlling force, genérally'applied by springs. (1)

Flaps can be used to govern the speed of windmills based on centri-

fugal action. The flaps I produce resistance by flattening. (fig 4.7-1

2)
|
Pig 4.7-1
Speed governor
_l“__

(1) Lionel 8. Marks "iechanical Ingineers' dandbook" Fourth Ldition
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-orav 1111l Book Co. 1941 . pp 1012-1013 .

Andan halet Tagpinar "Wind Power lotes" 1946 (not published)

e
~——
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s

pilavle beraber pismek ... "

5. EXPERIMNENTAL S 4

5.1 Development of experiments
5.2 Apparatus
5.3 Instruments

5.4 Wind rotor models

.

- J
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Development of the experiments

1. Preliminary work

The experimental work started immediately after tha prélimiziaf;?-»
research on the available data, in larch 1964.- Prof. Adnan L&‘;}plnaz‘

advisor of this z‘u’ork, explained the basic prmcvples mvolved 1n the
Imp'&la‘ wind rotor on a pa;per model he had made, (1*‘1{; 2.12~ 11) Ths
author then started his e.;eorlments by preparmg a 5'1911 rotor :nodel
dc_ae with Meccano tools, 60 mm in diameter and 4b nm in helgnt ’I‘he
model reoemblea a Savonius S-rotor, but it was not up to the pcintfw

. i B

and it dig not work satisfactorily. Frrof. Taspinar nade some adjus;h.-e

ments on the vanes, and the resulis were then pronising., (Fig 5.1&} 3

The author was adviced to male 2 study on airfoils, and $0-find an

adequate ‘profile to be used in the ex iperinents oi’ the I:npala’r:b,tgis
"he profiles given by H.A.C.A. were not satisfactory for the p‘???és
baoduge they ‘had sﬁall lover chémber. The advisgor ’bh,eri sugﬁast‘éde‘
fron his own experience an airfoil that resecubled ‘the vane of a ste-,

turbine,

It was then decided to construct a medel 20 cn in diameter andZO
¢ in heigﬁt in drder to be %ésted. A stee shaft of 7 mm in dia.méfe
and 50 cm lonsa was bhreadea to 22 cm, mounted on two 7 mm one. row |
fized ball bec,rlnbs, mounted on a wooden chair used as a stand, The,
Totor blades wverc made of 0.2 ma tinned sheet metal and the dlscs of
0 6 mn ralvanlfe sheet metal. The blades were #ixed to the dlSCS ‘by'
‘*euns o+‘ 3/167 machlne serews. The rotor was good enough to show the
1’1111 Ciples mvolved, but the shaft was very weak when tested in front‘

—

o . “ . PRI oy \ v 3 Was
% the fan at 600 m/min wind speed. (¥ig 5.1-2). A bycicle dyan

)




THESIS )
ROBERT COLLEGE GRADUATE SCHOOL PAGE . 210.
BEBEK,ISTANBUL - ,

oupled by means of a fixed coupling to the shaft and mounted to the
soden stand. The rotor discs were also very thin to stand the big

ir pressure,

The advisorrsuggested to study the performance characteristics of

1e Impala rotor, changing its variables:

2. Ratio of diameter to height
b. Blade position
c. Wind velocity

d, Humber of stages

for this purpose the specd of rotation, power output and wind ve-

occity had to be measured.

- During the month of June 1964, a new shaft was mapufactured, 12 mn

n diémeher out of brass, with a 1/2¢ thread,.The-ball bearings were
hanged,:the~loﬁer bearing changed into a 10 mm thrust bearing to
npport thé load ofithe rotor. {(iig 5.1-3%). Mext, several 10 cn
lapeter rotors of(differenf sizes wer manufachbired and tested, as
een in yig'5;1~4 to 7. Somevrough attenpts to test multistage rotors
ere made. To the experiments made in the laboratory followed a test
n the terrace of the Perkins Building 2t LRobert College with. wery

atisfactory results. At this stage the experiments were discontinued.

2. New developments

In Hovember 1964 the exverimental work was restarted by making a
otor balancing stand using saw blades. (Fig 5.1-8). A wood patiern

i the blade profile to be used for the Impala rotor was prepared,
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'E‘ig 5 . 1"1

Meceanno model

Ffig 5.1-4

Bxpress Pme rotor
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fig 5.1-7

Three stage

rotor

f

S
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Fig 5.1-9

tlood pattern

Rt N S

:
R — . |
' ;

s e
B "‘“’“‘»}‘ e

v

g

Fig 5.1-10
R Plastic‘bladég
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Fig 5.1-12

Water«flov channel

Fig 5.1-13

M ow channel

- schlieren apparatus
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paGE 2/

Vibrodyne

Fig 5.1-18

Wind tunnel electric system




- THESIS

ROBERT COLLEGE GRADUATE SCHOOL
BEBEK ,ISTANBUL

PAGE 246
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fig 5.1-16

Metal stand ' - Bxpress type rotor

Two stage rotor

\
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Fig 5,1-21

Fan
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and the possibilities bf using plasﬁic naterials to manufaciure rotors
vas investigated. (Eig 5.1~9 and iO). It was found possible to give
form fobfldor plagtic covering'material when heated. Unfoftunately

fhe éizesVof plates (.25 x 25 ) , its thickness and the diffiéulties
of binding parts.with adhesives, were importént drawbacks for their

immediate utilization.

A new rotor, 20 cm in diameter and 20 cm in height was manufactired

rods of brass in order

(27

and fixed to metal sheet discs by means o

o

y
to vary the angle of attack of the blades,

In Ffebruary 1965 a Zavonius S-rotor with 1/4 spread (Distance

between blades equal to one forth of the diameter) Fig 5.1-11 .

Tae design of a new stand was started under the aivice of Prof.’

7agpinar, Contact with SKi# Istanbul was of no use in helping in the

o

esign. With the suggestion of Yusuf Usta the use of two conical

bearings was decided.

In March 1965‘experimedfs_on visualization of fluid motion were
Started. With the suggsstion of Konstantin Kaminaris, Senior IE, glass
nozzlesvwere prepared and dipped in the water channel prepared by
Orhan Kural for his thesis in 1961. The glass nozzles were ¥illed
with potassidm permanganate pellets. First exzperiments were very
Mnmising; It waé decided to use sevéral nozzles to represent the
Streamlineslbf a parallel flow,. Various nmethods of suspending thé no=—-

tzles were tried. "

The experiments were not satisfactory. It was difficult to fix glass
¥ith the available material., The flow in the channel was disturbed

| by the nozzles and wooden parts introduced (Fig 5.1-12 and 13)
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Finally the dye pellets were placed directly in'the flbw;cbannel
ﬂd by nroper ad7ustmont of the water flov 1t Uas pooﬂlble to Obtde 

tno des1red zlow pattern.*

Uome adJuotnemts vere made to the JOOd utawd and une dlsﬁance bet~-
ween the bearlnms reduced from 23 em to mnly 19. lt vas necessary
to fix tne posztlon of the oeamnb hou31ngs 1n three Q’rerlOHB S0

as t0 obta1n>proper allgnment,of;the snaft,

It was also de01ded to trJ settlng tae Schllmren pnaratus, With
the dOOperatlon of the -Phyiics Denartmmnt nead Prof Mac Mickle an
optical gench?'lenses and light source;was obt@ined. After‘several
trials,.the light source was'chahged'for a point*sourcégrbuf~the ex—
pe riments were discontinued becaus tthe'aréa of the image obtained~

was‘uo.small to allow for Food reuu1to. ’(Eig'5.1414)

SOme eyPerlmentu were carrlcd with tho Vlbrodyne anparatus to balan-
ce rotating machlnerJ.A”he appurutus was set up, but uhe Tact that
rotors.should be rotated on an horlzontal uhaft, Iorced the author

to dlscontlnue the experlments, (rlg,b,l~15)

In m&y 1965 tbe new stand was manufactuled 1n the work sh0p bJ
fusuf Usta and mounted on an avallaole stand in the Iower La oratory.
Hdg 5.1-16)) The. wind tunnel available at the laboratory was pre-

rered for tne ex nerlmont l(fig 5.,1-17 and 18)

An express ty pe Imna7 rotor and a,tWO*stage‘Impala rotor was ma-
factured and tested. The yawnlnw of these TOuOTS wround the axis
forced the author to finish his ezperlmentatlons at 1s p01nt

(Fig 5,1-19 and 20).
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5.2 Apvaratus -
5,21 ,Séhlieren apparatus

The apparatus is mounted on an optical bench, prbvided with
a source:light from a 6 volis lamp, two condenser lehsés and~tvo
razor blades, all mouﬁted on adjustable suppofts, The object is placed
immediataly after the}secdnd'lens, the image being projected on a |

screen. (Fig 5.21-1 to 5)

5.22 Water flow channel

mhe water flow channpl vas de31nnad by Orhan ’ural for thé 
"shallow hater Analogy 1n Gas Dynam1c s" th951s, and modlfled to havoi
a )O cm w1dth chanﬁel where uater flovs ulthouﬁ turbuleace. Pcllets
are pWaced at the entrance of the chaqnel and bhe nodel at 10 em

‘Irom the bellets of potﬂ351um permanganate. (rlg 5 22~1)

5.23; Fan

A 320 mm dlameucr outlet auct fan used fo" }1tot tube exnerl

nents. Drlven by V belt with opeod reductlon pOS"lDll‘tho. (Fig S 25~

1 ang 2)

5.24 dind tunnel

A 70 £ 32 cm2 outlet cross section area tunnel used for air
ﬂon e,perlments. Driven by a DC motor with speed regulation by means

' of & rehostat. (rgg 5.24-1 and 2)
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LIGHT SovRCE © LENS ENtEr 4 T LENS O08uscr  ANIFEQ Sceesnt
Fe1e.5em . / 18.5cs I
: g £35
A\ +36 QL_ | lll
1 734 , I :
o 85 az 40.5 359 65 ‘yr.s v8

‘7T/////////////////f////////////////////////I TTTT77777 7777777 7777777777777 7777777777 777777777777

C cm)

Schlieren apparatu‘sv ( 1:7.5 )

Pig 5.21-2

‘Knife edge ( 1:1))

440V }

anuﬁ‘

e e

6V ouﬁfut' '

o)
<<:> oF ol

—

iig 5.21-3

Variac
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" 0o

Fig 5.21-4 |
Light source ( 1:5 )

g . Pig 5.21=5
' Support
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Pig 5,22-1
Yater i‘loisr channel { 1:12.5 )
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L S N - LAIR Frow o). 3307 _
480 ? ‘ 400 ? —— . B

P Y-S ) PRI 5 £ > S —

CFan (1:12.5 )

l; 14
&o (—

}.i‘ig 5 . 23'_2

Fan blades ( 1:12.5 )

Wotor : 0.5 h.p. 220/380 volts 3 phase n: 1400 rpm

Fan }: n, = 120C rpn n, = 400 rpm

50 ma ¥ belt drive
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Fig 5.24-1

Wind tunnel  ( 1:25 )
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FAN (D.¢)) GENERATOR VoLT. éouj'. _‘
NI

MAIN (AC)  MOTOR (AC) . GEHERAToR OUTPUT
BNRN! W Jdd

VOLTMETER

,X o .| RedosTaT

-

. Run : RuN OFF STAL| '
A ‘ )=
- AT |
" GENERATOR | STARTING COMPENSATOR,

IND 4 cT 10N  MOTOR.

Induction Motor =

3 phage , 220 Voits_

10 HP
26 amperes

GE

Fig 5.24-2

Wind tunnel electric systen

Genérétor (iterpole)

DC, 80 volts
700 ’krpmv :
4 1/2 kw.

~ 50 azmperes
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Knife edge
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Rotor balancing stand

.ﬁ."ig 5 025“2

- Balancing of rotor
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5,25 Rotor balancing'sfahd

Stand prepared vith saw blades, sharped in the form of a 'V
at one side and mounted on 2 wooden frame in the form of a L with
the poo%1billty of lean01nF statlcally rotors cf any ulze by flxlng

the stand in an apnroplate table. (Flﬂ 5,251 uﬂd 2)
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5.% Instruments

5.31 Anemometer
Diameter of the anemometer is 90 mm, one revolution of the
needle represents 100 m of wind. leasurements to be made wit h the
aid of a stop watch. (Fig 5.31-1) .

5.32 byhamo o _ | .

' Bieycle dynamo, 6 volts and 3 watts output, to be coupled to

the main:shaft by.means of a flexivle rubber tubé,'(ﬁig 5.32«1)

'5.33 lultimeter

.voltmeter, ammeter and onmmeter for AC and DC current for a'

wide range of values. Hade in ﬁunﬁ . (Fig 5 33 1)

5.34 Tachometer

VEB Hessgerate und Armaturen werk~ Karl “arx; ﬁ@#deburg, |
Buckau;_ﬁanges 2 40/160, 120/480, 400/1600, 1200/&800, 4000/16000
12000/48000 T.p.d,

5.35 .Vibrodyne

ianufactured by Tinius Olsen. Static and dynamic balancing
; M?maghinery, for spéed ranges 225 - )600 TeDelay bOUDled vith a
|

\ﬁrooostac 11~ht and plﬁkup“ to pick V1oratvonq through a mavnetlc

penauluﬁ transmltted to an eluctronlﬂ ampllfler.:
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230

1 tour

: 100 neters

©( 1:1.25 )

Pig 5.31-1

Anemcneter
' K' 35
1! ,
r——21¢-—>
<b -
- 35 -
56

=

=

Pig 5.32=1

Blade ( 1:1 )

four METER

BLADE

Ste Anne des Btabts.

Jules ERicheard,laris

Prima (ilade in Japen)

6 volts 3 watts

pynano { 1:1.25 )
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Fig 5.33-1

#ultimeter, tachometer and enemometer
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5.4 Mind fotor models
5.41  Meccano model
:GO-mﬁmdiameter'S—rptor gade'cflmépgaﬁo tools. (Fig,5.4l—l)
| 5,42 Wood stand

uuand made out of a wooden chair 520 mm in height,. with
Drass shaft 12 mm in dlumeter, mounted on two bzll bearlngs of 10

n in diameter. (#ig 5.42-1 and 2)
5.43 petal stand

Bearing houolng pipe w;th two conlcal roller bearings of

20 mm dlameter mouned on a. metal stand and flxed by mean of aAdlsk.“

(rln 5 43—1 to 3)

5.44‘ Savonius S+rotor

20 cm diameter and 20 cn he*ght rotor with two 01rcular
blades of 139 mn in diameter placed so as to leave an air flov pas~a- .

ge in between of 54 mm which is 1/4 of the rotor dlameter (rlg 5 44~ l)
© 5.45 Iﬁpala rotor:modelS° (Eig 5.45-1 tO 3)‘
D : dismeter H : height

'a) Rotor I  D: 20 em  H:20cm

b)‘Rdtor IT (Express tyne) " D: 10 ci H‘ﬁ 25 ch

¢) Rotor III (two stages)  D: 10 cm . @y: iyt 10 on
d) ﬁoﬁor IV (threc stages). D: 10 cm 1.32. 10 cm

-

-33: 5 cm
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bo

SIS
-

20

Nl ~ v ' ) 490 

65_"'

EL e ‘ 1

4o : ‘. . .

Fig 5.41-1

Meccano model ' ( 1;1.25 ), 

Ll L . §
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520

Fig 5.42-1

Wood stand
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Fig 5.42-2
Wood Stand_ shaft,$rass. ( 1:5)
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Pig 5.43-1

ﬁetal'standfbearihg nousing { 1:1. 25 )
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Fig 5.43-2
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Hetal stand shaft  ( 1:1 )
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Zvo

l. Scale 1:5

2_°of et

Fig 5.44-1

CQatrAriite Loradt A

Scaleil:z
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200
e 9.~007'> ——p
Rotor I
I 1
Aoo’
i
L
250 oo
o
N ] ‘ ‘
] : .
i : - : = doo  —r
N 40096—-1 ' ’ o
Rotor II :
'I -
e o
' A 1
400 : o ‘ . 1 400 3
; J4
I g
S0 T .
¥ | o —
1‘ : - ' : oo
- Aoo . v » L l
T_L | | 4—-. )o"o?s‘-——?~ |
L Aqoo v ) »
/ ‘ Rotor V-
Rotor IV ' _
_ Fig 5.45-1
Impala rotors ¢ 1:5)
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Rotor for angle of attack

;
Joo
600 L . " I
:loo‘ ) . o
l .
e 219 P i
Two stage
— 1ua¢f———>‘

Express type »
; ‘ fig 5.45-2 -

-

| Im%éla rotors ( 1:5 )
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. g

| ( 1:5)

tTmpals rotors for different angles
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e¢) Rotor V (two sebara%érstages)'vD:'lo cn leﬁz: 16_¢m

.

£) Rotor with variable blades D : 21.9 cm H: 20 cm

g) Ekpress.type rotor D: 21.9 cm  H : 60 cm
h) Tvo stage rotor D : 21.0 em  Hy: H, : 20 cm

1:
75;46' Blade profile

Thn airfoil profile used for the Impala rotor can be cons-
tfucted by. plottlng its values of (yg) uppe; chamber and (11) lower
chamber against the distance (x). Values are glven in percent so any
siZe*df proflle can be obtained by multplylng all values by thevﬁa

disired factor. (¥ig 5.46-1) |

5.47 Manufaéturé'of biade:proiiles

1; °heet cuttlng

2;;E111ng sheet edpes

S rormlngiw1th~pattern
.‘4' Sdlderiggv R
5. Cutting edges
6. Filling excess solder

7. Turning edges

- Bquipment: scissors, files, scriber, Me2SUT e, t;;augle,’sqlder

soldering matérial end flux, wooden hamuer, brush.
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Visualization of fluid flow

Preliminary data on wind rotors

Data on diffement angles of attack

Data in the wind tunnel
Data on nevw rotors

Discussion of results
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6. 1 Visualization of fluid flow -

1. Schlieren apparatus

AL ter sevcrul trials ana adjustmentu of ‘the qpparatug, a work 1ng
area of 5 em in 1uweter was obtained, the Lmage being of the samo
size 2as the obgecc but inverted. The vorking area being very omall

thevexperiments were discontinued. (Plg J1-1)

ImS _g’-z

| - OSJ“f /-@ e
AT ot S b
A

‘ig 6.1-1

lens

sdlieren apparatus
2. Vater flow channel
*t was poss 1blc to inves tl gate the edalea Qnd vortex developed in
aer01l nr041les. The results are ukeucned in 1g 6.1-2 to 4. ihe

channel width is 320 mm und g to 12 pellet sources can be placeu to

generate the parallel streamllnes.

T must be femarked here that thls experiment represents onlj tne

flow pattern around vtatlonarv blades. #low patterq chanre W1th mov1nn

airfoils;‘It was posgible to obs erve thc halo eI;eCu around the b1a~
deé duevto re‘ardation in the fldW,vAlso some of the p01nt sources
dig nét generzte any streamline becuuce they were dlsturbed by the
Objééts introduced in the flov, these are shoun as "backfloﬁ" mhe

| adjustmment of the water flow is an 1mportant factor in tne success
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| Pig 6.1-2

yater flow channel T
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- . j?ig }6ol"'4

yater flow channel III
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g

of these experiments, Fodels must be heavy enough not to float,

6.2 ,Preliminary data on wind rotors

' Results obtained on June 30, 1964:

Wind velocity 650 m/minute

Rotor I ( one’sfage ) 640 T.p.o.
Rotor II ( express type ) . 650
Rotor III ( two'étagesf) ' 320
Rotor IV ( three sﬁages ) ' ; ‘420
Rotor Vv ( two separated stages ) : 320

6,3 Data on diffewent angles of attack

1. .Preliminary datg‘.
Results obtained on Harch 20, 1965
Wind velocity 650 m/minute
a) Impala rotor

L1 2 | 3

A s555/-%  285/40 . 280/200 |
B 340/- 210/250  395/240
c 285/~  295/240 440/220
D 285/~ 310/260 370/20 |
u "320/45 ’ - 300/300 - 520/ 40
. 410/~ 520/310 - 520/40

-~

* r.p.m. values both in clock- and counterclockwise §irect._,'
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b) Savonius S~rotor ,
900 r.p.m.

2.‘Hew data

Afﬁér the wood stand was fixed and the ball bearings aligned, the

following results were obtained on June 3, 1965

.~ a) Impala rotor

2 5

Ak 220/520 o 580/546
B 490/510 | 500/370
c 585/580 © 610/440
N 550/500 . 600/420
B 606/550  540/40
" Rotor Ii; Exp}essitype , 10 cmvin»diameter' i:”‘620 r;p.mf

" b) savonius S-rotor

6.4 Data in the wind tunnel

Using fhe’metal'stand and the 8.~ 2 position of the Impala rotor

- the following results were obtained in the vind tunnel cm dJune 4 ,

21965:

l
a
,
t
]
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Wind veloeity . - , R?p.m.
540 m/min 200
600 | 250
700 290
780 360
6.5"Eata_on.new rotors
Uolng the metal stand in the wind tunwel the followlng aata vas
obtained in June 10, 1965 with tne nev Impala romoro .
Wind velocity 600 m/uin
'Express type, 20 cm diamcter s 280 r.p;m.'

Two stage 20 cm diameter 320 r.p.m.

'y

6.6 Discussion of resulis

1. From the eXpériments on the anglevof‘a~tack‘of'the blades
of the‘Impalébrotor, it‘wés;seén’ﬁhe large variety of.speedvbf rota-~
tion available. Certain blade»positions give high rotation in"one di— :
rection anly, others a high rotatlon in one direction ana lov rotatlon

in the other, and finally some glve.¢he same speed in bothe d;recthns,‘

2. BExperiments on the Savonius S-rotor. ohomea a very hig gh
speed of rotaetion: 940 r.p.m. (compared with the same size Impala
rotor. of 640 r.p.m.) , bubt with the disadvantage of one directional

rotation,

3. Bxperiments with the Express type Impala rotor showed that

It is posgible to obtain very high speeds of rotation.
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W nc{ ve /O ci £7
m/mmA '

8oo

)(ooj

600

200 ' - 250 - » ) .1‘7.0 | . = 360

 Apom. o
5;¢aJ¢ Rotstion.
Pig 6.6-1 '

Wind velocity vs. speed of rotation
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4, ;xperlments with multi-stage Impzla rotors showed that the-

¢ iz @ wide range of performance characteriétics that can be obtained | |

Erom'this type of rotor.

5. Bxperiments in the wind tunnel with diffenent windlveloci-
sies ohOVS an apnrox1matc cubic rela 2tion vhen plotted in a graph, as
seen in Elg 6.6~1,

6 Although it was not poswlble to make acvurate measurementu

of nower output, an attempt to find a mathematlcql relatlon between

the pover and the speed of rotatlon vas made.

" power is expressed by the formula-

T .0

P  in h.p.
, 5 oAn A
 From Pig 6,6-2
- 1

6.6-2 ' .

Pover output
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The ﬁorce is théyresultant of the 1lift and drag'forces.~-?

on the airfoil blades; (see %.26) 1

. vhere
X ~ ‘2.» vy
SN (Y SN ) TP SR
. . .2 .2
rD : CD . 53 . AD . V°/2 : LD o ¥

The velocity at the tip V is :

V i w.r : &Tn . T , 80 n: 60V/ 2%r

60
Finallylthe power outpub is:
o 60 . ¥
P.k.V.‘t. 2T
75

: k. V2, 60 . %
. 2%r .. 75
where  | » , i )&

Z
-k (kL -l-l;D )

This analysis showvs the cubic relation between the power output and
‘he velocity, but it is only a simplification of the actual case,

ince the effects of the following items are neglected:

e) Circulation 1ift of the vhole rotor when rotating in
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a parallel flov.

b) Pressure drop developed in the airfoil upber'chamber~
due to the air Ilow chamber occurlng between the- d1s

in the outer region -

c) utreamllne for&atlon around the cyllnder rOuathg ax~

round his axis, wth the development of eddies near
the disks.

d) Blades changing consten antly thelr pOululQn, Chang° the

forces and their p01nt of appllcatlon.

e). ffect of the blmae upon each other.

4_,,p

T T

St 2 2 T R e T e T

Running conditions
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Lcononic survey
Design of wind rotors

Cost analysis

“manufacture of wind rotors

Comparative economic analysis

Conclusion
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7. 1 Economic survey

"fnglneerln@ is the economic solutlon of human 1eeds". For this’
reason 1t is necessary o dpalyze the rolo of wind power in the frame‘

of the energy generated in a glven comnunlty.

A suggested outline for an economic survey on wihdApower is as

follows:

1. Pover demand analysis
- FPopulation and population growth
-~ Per capita~pbwer‘demand

~ Power demand forecastings

2. Power supply analysis
~ Thermal powver plants
-~ Hydroelectric power plants

~ ILocal power sources: windmills, waternills, etc.

3. Power sources available
- Oils.
- Goal
~ Solid fuels
- Gaé
- wafer heads
-~ Local fuels (Qaste, wood, tar,‘peat, etci)
- Solar '
= Wina
= Nuclear

— Other
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4. Coﬁparétive cost analysis
~ Thermal ‘
2) Oin
b) Coal
c) Ges
d) Huclear
- Hydroeleé%ric
‘; Solar |
- Wind
- ‘Geothérmalif

~ Iocal fuels

5. Planning of power generation

~ Balancing of supply and demend

- Location of power plants (accordihg to~lowest cost) :

-~ . Research

In this way it is possible to determine the position of each pover
neration method in the whole sconomy. In those -regions where wind
wer offers economic solutions, planning and fometing the utili-

ition of this power source may be possible.

T.2 Design of wind rotors

Assuming that the reSult of the econonic survey shows possibilities

. using wind power, the design of the wind machine follows. liere

a proceduire for the design of wind rotors:

1. Determination of the power demand

‘a) Field of application ' =
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b)'Capacity
2. Determination of the wind power availéble
5. Design of the rotor

é) Calcu}ation of cross section area

b) Calculation of speed of rotation

c) Determination of performance characteristics

4. Degign of rofor shaft
5. Selection of bearings
0. De81gn of bearlnn hou31ng

 7. 1gn of tower

8. Design of power transm1051on mechanlsms (coupllngs, gears)

9. Selecﬁion of auk171axy equlnneat (pump,generaoor Iap heat

pump,refrlverator etc ) ‘
- 10. D851gn for- storage (vater tanh, batterleu, ete.)

li. De; 1gn of wovernor.

7.3 Cost analysis

In'order'tofcalculaté ﬁhé:cost of a wind rotor theffollowing_items

1Quid‘be consideredi

1, Haterials
- Blade sheets

~ Disc sheets

~ Bearings
— [Housing

S~ Tower memners

—

1

Power trans mls ion mechanisms
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7.4

- Paint
- VWelding material
~ Storage

-~  Iubricant

2. Labor

- Cutting
<= Welding
~ Lathe

=~ TFoundation

~ EBrection-

~ . Wrenches

4. Maintenance

Manufacture of wind rotors

The following items should be considered in the manufacture of

nd rotors; for production in lots:

S

»

‘Prepare pattern of bhlades

[easure vlade overall léngth

Marlr lensths on metal sheet
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,4‘
5.
6.
7.
8.
9.
10,
11.

12,

-
™

14.
C15.

16.

17.

Cut blédeysheets

File edges of sheets

Form blades in the pattern
¥eld blades
File»weldedvégrfacés

Mark end diSRS‘énd'cut
eld end disks to blades

Cut shaft

Lathe shaft to size

Cut bvearing hcﬁsing'pigé
Lathe bearing'housihg to size
lake transmissioﬁ,meChanism
Cut and weld tower profiles
Paint e |
Lubricéﬁe,bedrings

Erect tower

‘¥ount housing and shaft

Mount rotor

A routing diagramffor the manufacture is as follovs:

- Blades

Disks . ' Shaft

'Housing

|

ROTOR . T OWE

STARD

’..

1 ) |

4IND ROTOR
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7.5 Comparative economic analysis

As in any other engineering project, it is necegsary to find a erie
teria to analyze the-different,feasable alternatives.'A-comparaﬁive '

malysis of the Pollowing items in necessary:

1.‘Optimumlsize selection

2. Detérmination of best locafion :

3. Selection of number of units j

4, taterials aiternatives analysis

5. Comparison with other powef‘sou;ées‘ 

6. Make or buy analysis

'In order to’give'an exemple and aléo~an idea of thevéfdé:féf“:j
1ognitud, the comparative cost analysis between a géébline;éngine1 ‘ 
nd a'wiﬁd rotor in pﬁmping,waﬁer is taken, Aséuﬁed ppv¢r 2;5'kw’

md 20 m water column, |

1. Calculatidn'of'the cross section area

P

.

0.0006 . A . V2 (see 2.33)

P
A

..

~

0.0006 . v’

Assume & mazimum wind velocity of 12 m/sec.

v 2.5 2
A = : 2.5 nm
- 0.0006 . 127

Take a diameter of 0.75m and & height of 3.5 m

2. Cost estimation of shop
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- Shop area 100 m® % 400 Tl/m2 40.000 91,
- Equipment v
Lathe 30,000 0T,
Drill  2.000

Velder  3.000

Piles f 10

Saw 25

Scissors 100

Other 100 R

o . 35.235» e
~- . Erection ( 15% of equipment ) | 'S.OOOv".
- FPower ( 15% of buildings ) _6.000

o . 86.235 11
3. Cost of materials (per unit)

- Blade plates 110 1L
~ Disk plates ( 3 ma ) 20
- Shaft ( 30 mn diameter 8
- Bearings (3 x 30 mm ) . 50
- ﬁearing housihg pipe ( 2" ) 3
- Tower members 100
- Coupling 15
- Péint 7
- Welding material 29
- VStorage_fank 200

632




THESIS
ROBERT COLLEGE GRADUATE SCHOOL

PAGE 26C. .
BEBEK , ISTANBUL o -

4. Cost of labor (per unit)

- Cutting and welding rotor ; B
1 worker x 2vdéys x 30 TL/day “2‘ 60 Ti_*i :
- Cutting‘and wvelding tower ' | | o
i.worker'x 2 days 2_35 TL/day  ;, 70 -
'~ Lathe and erection | | - |

1 worker z 1 day x 35 TL/day 4 - A_ ‘ 35
165 TL
5, Cost of general expenses (per unit)

10 % of total cost -~ w0Tn

6. Cost of overhead charges
Depreciation of buildings 29 per ‘year
40.000 7L x 2% year
8.000 hrs/year

: 0.10 1L /ar

Depreciation of machinery 10% per year

46,235 L x 10% yvear
8.000 hrs/year

: 0.57 TL/hr -

Total depréciation : 0.67 TL/hr.

Working hours per unit : 25 hrs

Overhead oharges per unit : 0.67 TL/hr x 25 ars : 18.80 Tl.‘

7. Cost of product

Materials } | 632 TL
Labor . 185
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General expenses 100
Overhead charges : 16.80

8. COSt Of Wa‘f}_er un ’
If we assume that the average aqnual ﬁlna VGlDClby is 8 K/Séc, the’ “
xer. O'O.'tpu_b lh :
~P g 0. 0006 Az V3

: ©.0006 x 2.5 % 87 s 0.7 ku.

-

Thistipover will pump ¢

P ‘o V ' A i3 » '
75 v

~take. 80% 3
H

0.7 x 0.80 x 5 T )
o 2.1 trkg/se(:

7 | 20
2.1 x 3600 % 8000 x: 60500000 1/year : 60,500 m?/year

Depreciation 1G5 “A : 91,40 7L

Haintenance 5% 45,50

156,90 1TI/year

136,90 TIL/year ' '
s /v . 0.00225 TL/m>

Oz
60,500 m”/year

9. Cost of power with 2 gasoline engine

P

E SRR Lost of a 2.5 kv gasoline engine 0 1.500 1L




THESIS

ROBERT COLLEGE GRADUATE: SCHOOL | pace 267, |
BEBEK , ISTANBUL RS

srection 10% of cost 150
.1.650 'Ti
Depreciation 104 - 165 7L
Main@enanée v'IO% >165
330
Fuel : 0.3 kg/hr x 80C0 hr x 1 TL/kg 2.400
2,730 TL

The amount of water pumped is:

Q- P x 7 x 75
I

(3]

2.5 % 0.80 x 75 : : 7 5 kg/o
20

7.5 x 3500 x 8000 : 216000000 l/year : 216.000 -m’/year

2,750 TL/year

0.0125 71/ m°
216.000 m-/year

10. Comparative analysis

Wind rotor . 0.00225 TI/m°
Gasoline engine  :  0.01250 TL/m”

Although it is not ﬁdssible to take the cost of watér as the sole

riteris Tor the selection of any of the alternatives, this figures

L~\k : _ S o : ) o g }'ﬁ¢;
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give an idea about their reletive values. The following factores are

not considered in the above analysis:

!

Higher investment required by the gasoline engine

Difficulties in the transportation of fuel

Difficulties in the maintenance of gascline engines

Keed for fuel storage

7.6 Conclusion

In order to obtain the most favorable design the following itenms

should be considered:

1.

Determination of thegcépacities and type of work in which
the wind rotor is geoing to be uséd;

Standardization of siées according ﬁo a certain range

Use of nmodern manufacturing téchniques and materials to
reduce cost and increase the efficiency.’

Design of portable units, middle size units and large si;e

units for powver genaration.
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1. Dbject

The aim of this work is to study the possibilities of the utiliza-

tion of wind rotors for the generation of pover in underdeveloped

areas.

2. Historical backeround

¢

The first evidence of the utilization of wing pover in'Europe dates
from the year 1000 A.C. in Zngland. Nevertheless it is assumed that
' \ oo
the cradle of the windmill may be found in the Mesopotamia towards

1500 B.C."

The first important application of wind powver is found in holland
in 1350, with the object of draining the land situated below the sea
. level. During the 18 century several engineering designs vere put in-

to practice with the main purpose of, punping water.
p C pury ping

The first scientific research on wind power was carried by Prof.
la Cour in Denmark towards 1890, using a small wind tunnel to tesi
models. After the World dar I, several famous engineers became in-
volved in the design of more efficient windmills: Prandlt, Betsz,

Joukowsky, Biffel among others.

In 1924 Elettner developed the first rotorship Baden Baden, which
used rotating cylinders instead of sails, to create a thrgst based
on the 1lifting effect of a rotating ceylinder in a parzllel flow,
effect first investigated by.Hagnus. He also studieﬁ the possibilities

of using rotors to désign wind machines. During the same years

Savonius .designed his S-rotors (two circular blades placed one in

e
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front of the other, between two end disks) and used them for pumping
wvater, ventilation and sailing. The idea of using rotors-{cylindri-
cal shaped windmills with vertical shaft) was soon abandoned because

it wag considered of low efficiency.

In 1941{ The Smith Tutnam project was started in the Uhited States.
It consisted of research and experimentation on a 1000 kw, 2 blade
wind machiﬁe. The erection and operation of such a huge machine
proved to be very complicated and commercially not feasable., The

whole project had to be discontinued when one Of the blades failed.

In 1949, the Dritish Zlectrical and Allied Industriesyﬂeseurch
Association started a research program on wind pover with two 100 kv
units placed in the windiest fégion of the world, in the north of
ingland. This units also were very big, and a simpler type 25 kv
unit'wés designed and tested. The research showed that complicated
Wind machines having variable pitch were not practical.

In 1951 Israel started a research program which wepﬁ gradually
from sméll size units to large size plants, together with a very

wide meteorological survey.

In rfrance some experimental work was carried by the Neypric Co.
using aerogenerators up to 21 m in diameter with satizfactory re-
sults,

. " 8 2 .
In 1957 a small vertical rotor of a cross section of 0.1 m™, with

t—l

¢i_
=
2]
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an average output of 1 watt vas tested in U.8,A, wi

results.

-

finally the research work started by Prof. Tasgpinar on-the Impala
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rotor has to be mentione@. This rotor consists basically of two air-
foil profiles placed one in front of the other between two end disks.
study of the performance characteristics of this rotor chowed the pos-
gibilities of designing Lxpress type (height equal four or more himes
the diameter) and Multi-stage (rot.rs placed one on top of the other
at diffement angles) rotors with good perspectives. This rotor has

also applicaiion in other fields,

irom the research carried up to date the foliowing information

about the design of wind machines was found to be interesting:

a) It is possible to have an idea about wind regimes in &

| _ .
i region from the study of the deformation of trees.
R |

v) In order to analyze the available wind it is necessary to
plot the yearly wind duration curves (nunber of hours each wind velo-

city blows per year).
¢) Wind power is calculated from the empirical relation,

P : 0.0006 , A . V7

2,V the wind

where A is the cross section area of the machine, in m
,velocity and P the power in kw when the velocity is expressed in

n/sec.

d) Yind rotors have the advantages that they can start at low
wind veiocities, run at very high velocties and run with winds coming
in all directions without the need for adjustment.

“a

3. Theoretical background
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The theery of rotors deals with the study of the 1ift developed when
a cylinder is erated in a parallel flow. liere there is a superposi-
tion of parallelvflow, source flow and circulation, vwhich cause a
pressure difference to develop between the lower and upper portion
of the rptating cylinder with the consequent creation of thrust or

lift.

The study of the airfoil 1ift and drag forces is an important tool

for the mathematical analyéis of rotors.

-rrom kinetic energy considerations it is possible to calculate the
maximum theoretical efficiency of a wind machine, which comes out

to be 59.3%. S

4. Practical considerations

a) Vind measurement
'In the study of the charscteristics of wind two instrumenﬁs are used
* the wind vane and the anemometer. The data obtained can be repre-.
sented graphically on maps by means of the wind rose, which fixes the
direction, speed and fréquency of the winds. The avérage wind velocity

can be taken as 8 m/sec.

b) Visualization of fluid flow
In order to have an idea aebout the f;ow cnaracteristics around:
suhmerged bodies, several flow visualizatibn tecinmiques are availabie
emong which the Séhlieren optical method znd the hele-shaw unalogy
are tshe most'practical; The first one uses the principle of change

in defraction due to a chenge in density of the fluid, this change

being projected by means of difracted rays; the second one uses dyes
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such as potassium permanganate to visualiza streamlines

c) Selection of bearings
In order to select a bearing from a catalogue, the speed of rotation
the expected life, the axial and radial forces have to be calculated.
The dynamic load is determined and the bearing selectad according to
N LS

the required dimensions

d) Rotor balancing
Tn order to obtain a satisfactory performance of a rotor it is nece-~
ssary to balance it statically and dynamiéally, special apparatus
being deviced to measure the amount of unbalance from the vibratioas,
bpalancing being performed byiadding or substraéting weights by trial

angd error.

e) Shaft design

The diameter of a shaft is given b} the expression:

1/3

(16 . g
" .Gy

the deflection of the shaft having also to be controlled

f) Soldering
Careful selection of solder material and flux are prerequisites for
good soldering. The cleanness of the surface and the clearancekbetween

parts should. also be checked.

g) Speed governors

In order to control the speed OF rotation it is necessary to in-

clude in the design speed control systems; flaps being a good solution

for controlling the speed in wind machines
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Ixperimental set-un

a) Schlieren apparatus

The result obtained in the Schlieren apparatus were not

satisfactory and the experiments were discontinued

b) Water flow chaanel
“In troducing potassium permanganate pellets in the laminar
£low channel it is possible to study the streamline formation around

s0lid bodies.

c) Wind rotor models
‘several models for wind rotors were manufactured, including
a Savonius S-rotor, an Ixpress type Impala rotor and a Hulti-stage

Impala rotor.

6. Data and results

'The experiments on fhe Impala rotor showed a wide variety of per-
formance characteristics from one directional rotation to rotation
in both directions The maximum speed rotation obtained with the
médels was 640 r.p.m. The high torque developed caused some troubles

in the stucture and reinforcemeant of the stend was found necessary.

The Savonius S-rotor of the same size developed a maximum of 940
r.p.m. It was also possible to see the relation between wind velocity

and gpeed of rotation.

A theoretical analysis of the power developed hy an Impala rotor
vas attemnted, but this had to be done making too many simplifica-

tions, the actual case being %00 complicated.
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7. meconomic considerations -

In order to determine the economical importance of wind pover ib is
necessary to meake an econonia analysis and seebthé_relative importan-
ce of all power generation sources. The cost analysis of 2.5 kw wind
turbine was made, and thé cost of one unit together with a/stoiage
tank for water was found to be around 1.000 TL , The analyls of modern

manufacturing techniques and materials remains to ve done.

8

.
(@)
@]
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-

o
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This work should be considered only as an introduction to the pro-
blem. Through the survey on the available data it was poséible to see
the trend in the development of wind machines and have a glimpse to
what the future may be. The éXamples of Holland, Denmakk and Israel
in developirng a program for the’utilization of wind power should be

remarked. Many fields of application for wind power have been found:

" water pumpihg
~ electricity generation
- grinding of corn
- sawving
- conpressing air or other gases
- refining metals
- ice production
- water destillation
- gJomestic appliences
- production of hydrogen
-~ cooking

- creating a water head
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~ heating and cooling
- ventilating

-~ ship propelling

The experiments on wind rotors although are not complete, they are
very promising and more investigation should be carried in order %o
get better idea about +the performance characterisiics of different

types so as to apply this information in the design of desired types

It remains to make a complete economic analysis of the problem
and nmake the planning and implementation program for the utilization

of wind rotors in communities of scarce resources.

" HNasibimizi aldak ... "

" Yiktin perdeyi
Byledin viran
Varayim sahibime
n

hiaber vereyim heman.

(Karagdz )
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The following items require further work

*'1.

¥ 2.

- ¥12,

13,

S Improvement of the wind tunnel design. w

‘Study of the éddy formation in the multi-stage rotor in the

‘Study of the sireamline formation around the blades and disks,

.
.

Measurement of the torque by means of a stationary rotor pla-

ced in the air flow, using calibrated springs. L/////
Study df the flywvheel effect in the rotors. L////
Design of bearing housing for self-lubrication.

Study of the possibilities of the utilization of wind rotors

for ventilation, electricity gencration and water pumping..L/Z/f/‘.':

Study of the influence pf the rotor weight on the‘performance.yg*tL fi

Study of the effect of increasing the diameter of disks, :
Design of disks with airfoil shape. (Fig 9.1) u///)‘ ?
Tncrease of the number of stages to 6 and 9 .,

Study of the difference in output in the natural wind.
v ) L

water flow channel., -

&

using blades fixed to glass disks in the water flpw channel..\;//

Improvement of manufacturing_prOcesses4///

¥ Suggested by Prof. Adnan H. Tagpinar.

PAGE 280. |
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Fig 9.1

Airfoil disks

|

RIS

Fig 9.2

Prony brake

G4
Pig 9.3

Rotor blades

Mg 9.4

Blade profile
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14.

15.

19.

20.

21.

¥ 25,

Contact Israel, India, Great Britazin and Denamark to stufy the

lattest developments in the field of wing power,

Use of plastic materials and aluminium for the manufacture of

rotors.,

Study the possibilities of casting plastic or aluminum blades

Tor mass production,

iMeasurement of the output using a prony brake, to be compared
with the maxdmunm theoretical output. (fig 9.2)
Study the effect of replacing the blades by two rotors. (us'ig 9.3)]

Study the influence of mass production in the reduction of cost.

Study the planning, financement and implementation of a wind

rotor progran.

Use of the Vibrodyne dynamic balancing apparatus for balancing

the rotors.
Study of the performance of other blade profiles, (Pfig 9.4)
‘Analysis of optimum wind rotor size.

Frepare circulation models:
a. cylinder placed in a troley. (+ig 9.5)

b. spinning cylinder (Fip 9.6)

Improvement of metal stand to account for the revor yawning.

(rig 9.7)
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Fig 9. Fig 9.6
Troley model

Spinning cylinder

Yind Tunnei diffuser

T 4o

Mg 9.7

Reinforcement of stand
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26.

27.

Ifmprovement of the wind tunnel by =2dding a diffuser to reduce

losses at the exit.
Survey of the ingineering Index for nev literaiure.

Study of the blade flapping of very long Zxpress rotors.
Improvement of the study of the performance characteristics of
wind rotors with the purpose of obtaining data for the design

of different types of rotors to serve in diffewment apvlications.
Survey on the Wind machine section of lilitte

Improvement of power transmission mechanisms for rotors.:
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PFantail : special vane placed with tpe purpose of guiding a

wind machine through changes in the wind direction.
rlapping: vibrations of the blades due to high vibrations.
Fitch: angle made by a blade with the axis of the rbtdr.
Governor: special device used to regulate the speed of rotation.

riotoring: power that is required to turn the wind machine with-

out delivering any pover,

H.A.C.A. : Americanm Association dealing with the research of

the Aeronauvtical sciences.

Tip velocity ratio: ratio between the speed of the tip of the

rotor and the wind velocity.
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" Sabreden dervig, muradina ermis," -

12, APPENDIX

1. Correspomdance
2. Instructions for the operation of

Wind Kotor experiments




THESIS

ROBERT COLLEGE GRADUATE SCHOOL
BEBEK, ISTANBUL

PAGE 24%.

Develo
Viale :d¢

ead Agriptlt

; >

£ oTs S Vo

Gwedy oy £Lécy
> oy o




THESIS
ROBERT COLLEGE GRADUATE SCHOOL
' BEBEK, ISTANBUL

PAGE 293

THSTRUCT IONS  FOR THE OPERATION OF

WIKD ROTOR BAPURINERTE

. Visualization of fluid flow

[NC T o

. Savonius S-rotor

Angle of attack of Impala rotor

S5 A
- L]

Express type Impala rotor

5. Multi-stage Impala rotor .
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1. Visuwalization of fluid flow.

1.1 Object

Study the flow pattern around different blade profiles in the .

rater flow channel
1.2 Apparatus

- Vater flow channel
- Potassium permanganate

-~ Blade profile models

—

1.% Procedure

- Open the tap of the Tlow water channel.

— Yait until the water reaches the channel region.

- Adjust the tap and the gate until an uniform flov is obtained.

-~ Ilace pellets of potaswiun permanganafe at the entrance of;
the channel at 1 cm irom each other.

_ Yait for an equilivdrium in. the flow 0 be reached, sO as
fo obtain parallel flow streamline formation.

_ place blade models at 10 cm from the pellets.

~ Change position of blades

1.4 Data

— Draw the flow pattern of different blade profiles with

different positions.

2. Savonius a~rotor
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2.2 Object
3tudy the performance characteristics cf the S-rotor
2.2 Apparatus
- Savonius S-rotor blades
~ iletal sheet disks
- fan
- Dynamo
- Tachoneter
- Multimeter
- VWood stand
2.3 Procedure
~ Mount blades on disks by means of its screvs.
-~ Place the rotor on the wood stand and fasten the bolis
- Jiount the dynamo
— ‘Open the fan
2,4 Data
—vﬁeasure the output in volts and amperes
- Feasure the r.p.m. at load and no load conditions
e o e o b QLT —
5. Angle of attack of Impala rotor
3.1 Object
?ﬁudy‘the performance characteristics of the Impala rotor at
diffe

rent angle of attack of its blades
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3.2 Apparatus

Impala rotor blades

- fan

- Dynamo

- Tachomeber
- Multimeter

- Yood stand

3.3 FYrocedure
- Pix the Impala rotdr blades on the metal sheet disks
~ Place the rotor on the wood stand and fasten the bolts
- [ount the dynamo

-~ QOpen fan
3.4 Data

- Heasure the output in volts and aaperes

- leasure the r.p.m. at load and no load conditions

- HMake measurements in both directions (Clock- and cpunter -
clock wise directions)

- Change blade positions using different holes available in

the metal sheet disks and repeat the same procedure.

4, Bxpress tvpe Impala rotor

4.1 Object

-

study the performance characteristics of the Express type

s
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mpala rotor,

- 10 = 25 Impala rotor
- 20 x 60 Impala rotor
- Yind tunnel
- HMetal stand
- Tachometer
- [etal disks

- Anesmometer
4.3 Frocedure

- tiount the uxzpress type;impala rotor on the metal stand

- Connect the AC»motor to the mains.‘start motor with the
starting compensator. Connect the DC generator, adjust the
voltage to 75 volts and connect the wind tunnel.fan.

- start wind tunnel by mezns of its rehostat

4,4 bLata

- lieasure the r.p.m. with tachometer and wind velocity with
‘anemometer.
- Change wind velocity and repeat measurements

- Plot r.pm. vs wind veloclty.
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3.2 Apparatusv

- Impala rotor blades
- Metal sheet disks

~ d'an

- Dynamo

- Tachometer

- lultineter

- Viood stand

3.3 Frocedure
- I'ix the Impala rotor blades on the metal sheet disks
-~ Place the rotor on the’wbod stand and fasten the bolts
-~ Pount the dynamo‘ |

- Open fan
3.4 Data

~ lleasure the output in volts and amperes

- Measure the r.p.m. at load and no loéd conditions

~ flake measurements in both directions'(CIOCK— and counter -
'clock wise direétions)

~ Change blade positions using different holes available-ia

the metal sheet disks and repeat the same procedure.

4, Bxvress type Impala rotor

4.1 Object

Rﬁudy the performance characteristics of the Express type
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Study the performance characteristics of the multistage Impala
rotor,
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- 20 x 20 Impala rotors
- Vind tunnei
- Heﬁai stand
-~ Tachometer

4
B A5 9

D

tal disks

\

- Anemometer’
5.% Procedure

~ iount multistage rotor on metal stand

— Iroceed same as 4.3

73

A4 Tata

~ Measure r.p.m. and wind velo:zity

- Plot r.p.m. vs wind velocity.
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"Allah, insanlara bahgettiZi nimetlerinin eserlerini gormek ister:

Jilginlerde, GSiretme zevki; amirlerde, adalet; zenginlerde, yoksullara

rardim gibi ... "

A; Criticisms by Prof. Adnan Halet Taspinar:

1. A report to be added as preface summarizing the content of fhé
#hesis with a conclusion ai-the end | |

2. Complete layout of a Pala Wind Rotor Powe; Station,.

3. (1.i) a) Why wind pdwer? Comparision between wind, heat power,
}uclear pover and water power. b) State the fact that as long as the
?orld exist wind will exist; and if water is used for generating po-
}er why shouldn't wind be used tdo. ¢) Give reasons why wind.power

is not used, and state if there is any future for it.

4, (2.12) Prof. Ta$p1nar'became interested in hydrodynamics even

jefore teaching at Robert College. lHe was involved in the complete

iesign of a water turbine, pump design, ICE scavenging and water wheel.

'he name given by Prof. Taspinar to his rotor is "Pala Wind Rotor".
fhe Pala wind rotor is suitable for the power generation with the

ieast available head. For example it could be used in the "Akintibur-

1w Hydroelectric Power Station Project", using 4 or 6 rotors in series.  ,,

%rof. Tagpinar followed closely the work by Frof. rforheimer, professor
3f tiydraulics at hobert College in the Boéphdrus power project which
;sed a head differeﬁcs to generate energy. This project was not sa-
&isfactory, the Pala rotor being more efficient in this aspect. Power
;an be calculated taking the velocity of water as 5 nautic miles/hr.
5. (2.4) Wiﬁd power storage. Although use of batteries is unecono-

I e Y A
nical, wind power can be stored as water, compressed air, heat | i.e.

vant nume) . Pven when vart of the energy is lost in the conversion, 1
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it least the wind energy is not lost.

6. (3.25) Dipol should be preferred to doublet. Therc ig a similar
2ffect in electricity,

7. (4) Desizn to be revised and rearranged. At first a design out-
ine to be discussed. Veakness of this section is due to lack in the
preparétion in the undergraduate years and specially in Iechanical
raving, Yechanisms, “achine Elements, and !iachine Design courées.

Design Outline:

1. “ake a sketch of the design

A®;

. List the component parts in all its details;

3. Specify materials of each part.

4. Take esach component pa;t and analyze all forces affecting
from tie mechanic and dynamic‘point‘of view: ac:eleration; inertia,
3tressesé stresg,delormations, stress concentrations,

- 5. tiake strength of matérials calculatidns
6. Develop equations for the design of each part and apply

hem to various sizes and types. Tabulate the results.

Phe following design analysis is reguired for the Pala rotor:
a) Forces on the end plates due to centrifugal force

b) Forces on weldings due to centrifugal forces
’ |

!
¢ |
£ <t l —+ £ o - —— A
|
|
% ) - ‘ 2o, b))

i
¢) Stress concentrations at the blade ends due to the deformation

of plates, sresses can be reduced by reinforcement (fiber glass)

-~
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ceaun/‘ra%'ofl

A . .

‘A rein corcaman
;

/| l .

/

/

I

/

d) Deflection of the blades due to centrifugal forces. This derlec-.

;ions may be reduced by using stays across the blades.

T i yS
/

f) Forces om rotor attaéhment to tnhe main shaft. The attachment

éhOuld be designed so to be‘easily dismantled.

1
]

g)

S,

Forces on bearings

Me Fed

and main snaft: torsion and bending combvined.
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8.8. { 4.1 and 2 ) Vind measurement and Visualization of fluid motion

should

9.

10.
11.
12.

13,
14.

efiect
15 o"

be of quite different design. The exit should be designed so as to re-

16. ( 3 ) Special chapter to be added on the theory of the rala

*y
e

(

(
(
(
(
(

(

duce the turbulences. This can be cheked using the smoke techniqueb.

Wind Rotor

To be added:

be separate chapters.
4.7 ) Governing of the Pala rotor should be expanded:

a) Study of the'forces with position: velocity, torgue

and acceleration variations.

b) Study of the variations with wind velowity,
7.2 ) To be revised adding items suggested.
7.4 ) Plant layout for the manufacture of Pala rotors.
7.5 ) To be expanded, proportions of the rotor to be 1/2.5.
9 ) To be classified and rearranged in groups
9.25)‘Yawning of the rotor is due to the suction effect. fhis
snould be investigated. |

9;26 ) vind tunnel to be used for the Pala rotor testing should

a) Aeorodynamics of the Pala ¥Wind Rotor

b) Aerodynamics of the parallel flow between head plateg

c) Efficiencies
- mechanical
'~ hydrodynanmic
- volumetric {amount of air entering)
d) Performance characteristics o the Pal; Wind Rotor.

e) Power output analysis per revolution.

1.0 1.1

—

- e) Beonomic asnalysis in the operation
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2. (1.2) d) Technical measurement
e¢) Ingineering economics

f) Industrial Engineering

3. ( 2.12 ) Prof. Spannhake was Director of the Research Institu-

L 4.

te for Hydraulic jachinery in the Technische Hochschule.

The use of rotor also in pumps, power brakes, pover transmission

‘mechanisms, Tluid drive, fluid clutch, compressor, ICE etc.

4.. (2. 34 ) n) heat pump

5. ( 9.15 ) Glass-fiber reinforced plastics

6. ( 9.17 ) ©Prony brake or fluid brake.

June 17, 1965

Pals Rotor

(19u 1)
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