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ABSTRACT

i R ; v

The purpose ‘of this invertigation is to set up an .
experimental system forlthe field testing of thé»performance
characteristics and practical serviceability of a vertical

axis wind turbine.

Based on previous research work, a SavOnius Wind-turbine
prototype was manufactured in the ideal dimepsions. With the
caupling of the necessary apparatus, it was feéted on the
roof of the engineering building of the campué undet natural

conditions.
According to the experimental reSults,

.1/ The efficiency of the prototype is much higher than the
models tested in a wind tunnel. It varies between 34-53%,
and does not fall below 34% of the power in the wind in

relatively lower and higher speeds.

2/ The efficiency reaches its peak value of 53% as the
outer rim of the turbine reaches a velocity equ§l to that
of the wind: At high wind speeds, the rotational velocity of

the rotor rim is about twice the wind speed.

3/ In a region of similar wind régime'as the testiﬁg region,
- a lm2 area turbine when reinforced with the necessary flywheel‘
system and control circuitry, is found powérful'enough to

charge a car battery.continuously}

4/ For two regions of annual averages 10-15 mph;aﬁy size
prototype turbine of the same diameter as that tested is
found to have a generating capaciﬁy of about‘95 kw-hr and
220 kw-hr for constant torque operation, . ' ,YEM%mz

YEM%mz
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Bu arastirmanin gayesi, dikey eksenli bir‘rﬁzgaf’tﬁrbﬁnﬁnﬁn
acik havada dogal sartlar altinda, verim karakteristikleri
ve pratik yararlilik agisindan incelenmesini mimkiin kilacak

deney sistemini kurmaktair.

Savonius tipi bir rilizgar tirbiini protbtipi, on c¢alaigmalarla
tespit edilen ideal Olgililerde imal edilmistir. Gerekli Slgiim
cihazlarinin da kuplaji ile Mihendislik Binasinin ¢atisinda

denenmigtir.
S6z konusu deneylerle varilan neticelere gdre,

1/ Prototip tirblnin verimi, rilizgar tiinelinde modeller iizerin-
deki bulgulara kiyasla gok‘daha'yﬁksek<olup, $34~-53 arasainda
degigmektedir. Dlisik ve yilksek hizlarda elde edilen gig, .

riizgardaki gicln % 34'l4nilin altina diigsmemektedir.

2/ Verim, tirbilin kanadinin en dis noktasi riizgara esit’bir
slirate yaklastigainda, en yliksek defer olan % 53'e plaSmakta—
dir. Yiksek rizgar hizlarinda, kanatlarain dlstkenarlhln hizi,

riizgar sliratinin yaklasik iki mislisidir. .

3/ Rizgar rejimi deney sahasindan pek farklillk gbstermeyen
bir yerde, Lm2 lik bir tirbin, gerckli volan sistemi ve
kontrol deévrelériyle takviye edildiginde, ‘bir oto akisiini

siirekli sarj edebilecek gligte gorilmistir.

4/ Yillak riizgar ortalamasi saatte 10-15 mil olan iki b&l-
ge ig¢in, bu tlrbinin ayni ¢aptaki herhangi bir prototipi,
sabit tark c¢alisma esasina gore 95 kw-saat - 220 kw-saat.

kapasitesinde bulunmugtur. sene—m2 sene—m2
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1- INTRODUCTION

1.1/ Philosophy of This Work :-

. Nowhere is the problem of energy more criticéi than in populous
developing countries which are poor in.conventiohal fuel -
resources. The cost of imported fuel is draining their meager
foreign exchange reserves, crippling-their’ecchomies, and
retarding real growth. Under‘such circumstances, the
traditional trend of judging a power generatlng device on )
the basis of its ablllty to deliver power competltlvely with

conventional generators may be misleading (7)

Large.scale conventional power plant, such as hydro—power
has an important part to play in development. It does not
however provide a complete solution in a sm2ll time period.
There is an importent'complementary’role for the greater use
of small scale rural based poweryplant Such a plant can be
used to assist development since it can be made leqally
using local resources on a relatively miniscule’ bu get
enabling a rapid build up in total eduipment to be made
~without a corresponding and unnacceptably large demand on

central funds.

" A typical characteristic of developing nations is that,

a sizable percentage of the population live in small
communities in a dispersed fastion, thus it has been
recognised - that, availability of small scale enefgy systems
at the rural level can make a;difference between gradual

prcgress-and perennial poverty.

This energy can be generated from our‘renewablé‘ehergy poten-
tial with particular emphasis on systems that can be built

with the intermediate technology and materials available.



“In the shoft term, we reqguire mechaﬁisms tO‘enab¥e the
rapid increase in enargy perrcapfta;Aand in the long term,
we should be working towardé a way . of 1life which“makes use
of energy efficiently and without the iﬁpairmént of the
environment; or of causing safety problems. Such a program
should as far as possible be based oh renewable enerqgy

resources.

1.2/ A Perspective Look Over Wind Power Utilization

Harnessing wind power thru windmills is ndtha new concept.
It has been used for centﬁries in direct applications as,
- water pumping ' ' '

- grain grindijng

~ fodder cutting, .. ect. (1)

However, especially with the development of.internal

cOmbustion engines and availability of Cheap'fuel in .the
beginning of 20th éentury, the ideas related with the uFilizati
and develdpmentvof power generating‘deVices from wind

were left aside without any serious attention due to the

major inherent drawbacks such as,,.4 i ‘ '

1/ Comparatively large valume to power ratio, implying higher
cost per unit power output. “ ' -‘  ‘f'H_ )

2/ Uncertainty in the continuoUs'availability of power.

On the other hand, by time, it'wés realized that fassil fuel
the conventional source of energy, was depleting at a fast
rate, which caused the continuous increase of prices.With

the cost of imported fuels and the possibility of- prolonged
drought conditions, the entire energy problem . has taken more
critical dimensions. Utilization of energy is an éssential
component of development, however, limited fossil fuel reserves

will be needed for more productiwe purposes than

(1) A detailed engineering study about utilization of wind
power 1in civilization.history can be found in ref.((3)).



for simply burning to generate electricity -

It was as late as 1970's when sciéntists,andjéngiheers
re-started to pay interest in develOpihgbequipment_for
utilization of non- convehtioanal'rehewéble'energyisources
like solar, tidal, geothermal, 0ccan thermal gradient as well

as the wind.

1.3/ Elementary Remarks

The problem of finding the amount of‘reéoyerable wind

energy and methods of evaluation is itémized as follbwé:

1.3.1/ The Pressure Storage System

In a sense, the wind is one of the nature's solar energy
storage systems. The sun heats the earth's surface, causing
the air to expand and build up a'pressure gradient between
one region and another. The pressure gradient is the
storage system, and the wind;'the conversioa deViCe for
relieving the pressure. ' o

_ ! o S
The strength of surface winds at any location is governed

by the magnitude of the pressure gradient just .above the

planetary boundary layer and the atmospheriC’Stability in the

boundary layer.:

The pressure gradient; which is due tQ'the differential
absorbtion of solar radiation’ié reinforced neaf:the

coasts due to the thermal contrast between the.landvand the
sea, giving rise to relatively stronger winds at»coastal

regions.

There is no present technology capable of controlling the
pressure storage system to create the required steady and
strong winds, neither a hope to make use of hurricanes or
tornadoes which are estimated to develop more energy

than a hydragen bomb explosion.



These man-made conversion devices, the windmills are

" constrained, to operate in a narrow band at about 8 to-

- 60 miles an: hour, and are able to convert only 59.3%
of the power in the wind passing this the cross-sectional

(%)

-area.

'1.3.2/ Wind Velocity as a Function of Height Above the Ground:

Unlike the case of solar energy,'the surfaces‘nbrmal to the
wind are in vertical direction such that, speed and constancy
increase with height above the ground. Thru dimensional
analysis, adgeneral equation can be thained-for
determining‘wind velocity at a specific height over

some reference height above the ground. Namely,

1

v = v' (*%T) N

where,
"h = height above ground.
hl

v'= wind speed measured at reference height h'

i

reference height above the ground > h'<h

v = wind speed at desired height h.

{%— is the estimated power law increase.

The quantity substituted for N depends upon terrain
conditions. In open farm country and level or slightly
rolling terrain, a factor 7 can be substituted for N

In level and rolling country with numerous obstructions,
such as in suburban.éreas, the factor is 5. An estimate

of 3 is appropriate for city outskirts and near subﬁrbs as

well as areas with large obstructions.

,(*} Derivation of this factor (called Betz Limit) is given 1in
§ 2.2 : .



The
fhe
v,
'are
the

above equation is generally used as h' = 30 feet above

ground. Taking h' as such, giving arbitrary values to

we obtain different velocity profiles. Tables given below

related to the-two curves submitted in order toAillustrate

corresponding velocity profiles.

a/ let v' = 10 ft/sec at h=h'=30’feet.=?'v =10 ff/sec

assigning arbitrary values to h, below table is formed:

h \ v-v'
40| 10.4 | 0.4
50| 10.7 | 0.7
60| 11.0 [ 1.0
70| 11.3 }1.3
80| 11.5 | 1.5
90} 11.7 | 1.7
100 | 11.8 | 1.8
110 12.0 | 2.0
120 12.2 | 2.2
| 130 12.3 | 2.3
140 | 12.5 | 2.5
1501 12.6 |'2.4
b/Let v' = 20 ft/sec

" TABLE 1.3.1 Wind Velocity Variation with Heigt

Above the Ground for a Reference
Value of 10 ft/sec. '

at h=h'=30 feet —> v = 20 ft/sec:

assigning arbitrary values to h, below table is constructed:



h

40 | 20.8] 0.8

50 21.5 1.5

60 | 22.1 2.1

70 22.6 3.6

80 23.0 3.0

90 23.4 3.4

100 23.8 3.8

110 24,1 4.1

120 24 .4 4.4

130 24.7ﬁT 4.7 TABLE 1.3.2. Wind Velocity Variation with
140 24.9 4.9 | §2§Z§e§2: Sgiszdoiogoaft/sec

1 150 25.2 5.2 ‘

The velocity profile curves related to tables a/ and b/ abqve

are submitted below.

From observation of the curves, we.COnclude that the

changing behavior of wind speed withrrespect to a reference
height above the ground is more violent as wind spéed at the
reference height increases. It is due to this fact that
ul'timate limit of wind energy per unit area is not measurable

-unlike the case of solar energy.
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~FIG.13). Wind Velocity Variation With Height Above the Ground for Reference
: Values of 10 ft/sec and 20 ft/sec Recnertively



'1.3.3/ Wind Velocity Modifying Items:

Influences of local tépoqraphy, and artifical obstructions

modify the true wind speed a considerable amount.

Over certain preferred locations like mountain gaps,
estuaries, creeks and qulfs, wind speeds attain unusually
high values, while at the vicinity of an obstruction 2 or 3

mph fluctuations around the true speed can be recorded.

Therefore, published weather bureau data are not much
reliable for statistical predictions, since they are
placed either at locations representative of general area,
or at stations chosen largely for temperature and solar

measurements, or in general weather conditions.

l.3.4/ Nature of Wind:

Wind energy is randomly intermittent. There are periods of

calm interspersed with periods of storms or gusts Thereforc,

a/ Eleborate steps‘have to be taken to obtain predictable
statistical averages of wind speed at a certain region to

predict the annular energy capacity which is proportional to
(1) ‘ '

the cube of wind speed.

b/ Intervals of calm must be considered in planning the
enerygy storing block of the wind generating system, or
means of augmentation of wind enerqgy by other sources must

be searched-.

The above points about the nature of wind conclude to the
result that, the question 'HOw much wind energy is there?"'

is somewhat naive. The only practical question to ask is,

(1) statistical tregtment of wind data is. considered in & 2.



'How much wind energy can man harvest at one locality?' This

question is answered by combining responses from two sources:

1/ Long term measurements of wind speeds at a chosen Locality.
i/ A computation of the output potential of the wind machine.
These two facts have to be suitably balanced in a windmill

design, to reach mecaningful results.

1.3.5./ Power in the Wind:

Power in the wind is directly‘proportional to :
a/ cube of wind specd

b/ area normal to its direction.

Namely, %

P =KAwv

Where,

P = power in the wind thru normal area A.

K

Constant, involving the density of;fluid (air for our case)

\Y Wind speed.

|

Importance of long term wind survey of a site beforq'
installing a windmill cames from the cubic proportionality of
power to wind speed. There is 4.6 times as much energy in the
wind at 25 mph as at 15, and 2.7 times as much as at 18 mph.
A difference of even 2 mph in average wind speed can make a
significant difference in 'the total output for the year.

Differences of 2 to 5 mph can casily'Occur within a Locality.

.. 0

(*) The derivation of this-equation is made in the forecoming
sections. (It has to be reduced by a factor of 0.593 to
predict the maximum output of the ideal wind machine.)
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1.4/ Classification of Wind Machines:

Wind machines can be classified with respect to numerous

criteria ((3)) Some of these are.

1.4.1/ Axis:

a/ horizontal axis.

b/ vertical axis.

1.4.2./ Speed of Rotation/Solidity Ratio:

a/ high solidity (Low speed of rotation; high starting. torque
delivery; moderate or Low efficiencyf) !
b/ Low solidity (high speed of rotation; Low starding torque

delivery; higher efficiency.)

1.4.3./ Mounting of Blades: (for speed regulation)

a/ fixed pitch blade
b/ variable pitch blade.

1.4.4./Scale:

a/ Small scale (from ‘0 - 5 kw output)
b/ Medium scale (from 5-100 kw output)
c/ Large scale(over 100 kw output)

These items are analysed below:

1.4.1/ Axis : The most critical differentiation of windmills
is in their type of axis around which the rotating structure

is revolving either being horizontal or vertical .




The decision on the type of axis of a WGS (Wihdjpower

Generating System) is strategic in sérviceabilitf,'practicality,

as well as efficiency of the system.

Typically, the horizontal-axis wind machines are of the 
propeller type which have existed for centuries in various
forms.(*) :
An illustrative figure for this class of windmills is given
below: ' |

-

F_IG. .41 PRINCETON SAILWING WIND GENERATOR
Source: T.E. Sweeney and W.B. Nixon, PB-231 341, December 1973

(*) Detailed analysis about main engineering projects involving
horizontal-axis wind machines can be found in references

((3)), ((11)), ((8)) and ((9)).



A major drawback of the horizontél axis is that, plane of
blade rotation must constantly‘change as the wind direction
changes. (Usually accomplished in practice by affixing a |
"tail" or vertical stabilizer to the rear of the rotOr, and
allowing the rotational axis to pivot into the wind.)

This introduces gyroscopic loods, and a design constraint
that the response of the machine to changes in wind direction
must be sufficiently rapid to track and capture the available

kinetic energy.

Another problem is the power-take-off. If the aim is to

generate electric enerqgy, there are 2 alternatives:

a/ Connecting the generator directly to the propeller at the
top of the tower,
b/ Locating it at ground level, with a suitable mechanism

providing the necessary connection with the propeller.

The lst choice needs a strong tower structure due to

vibracion problems induced by excessive load, high above

the ground; and the 2nd choice necessitates a complex

drive train. Both of the choices associated with cbupling the

generator to the rotor suffer from the inherent drawbacks
mentioned above, having remedies which will increase complexity
and cost, while the level of power generated will probably

not'compcnsate the expenses. (16)

The vertical-axis windmills (of-which the cup qnemOmeter
is a typical example; see fig below) on the other hand,

have some appealing inherent features, such as: -



_GENERATOR”

FIG.1.4.2 Simple verlical-axis rotators.

a/ No necesgity of a special tower structure; such machines
fixed by guy wires can serve as their own tower.

b/ Omnidirectional natufe} ie response to'wind pressure

re gardless' of wind direction, permitting the rotor to

extract the energy'of a given wind or gust instantaneoﬁsly

regardless of any rapid changes in direction.

c/ Power-take-off at ground level.

In general, there is a reduction in bdth.COmplexity and

maintenance by using such a structure.

The items bélow, inherent in horiZOntal axis designs are
thus avoided: !
a/ Excessive generator weight on the top of the supporting

tower necessisating a stronger tower or a complex drive

train.

b/ Efficiency drop (with respect to wind-tunnel test re-

sults) due to the fact that wind changes direction much



more rapidly than a horizontal-axis system:can.adjust
itself. This feature becomes more apparent in larger systems

of higher inertia.

c/ Yaw problems and yaw mechanisms related to thie:problem
(51) L '

The horizoﬁtal—axis machines were improved over the years
and recieved substantiall attention perhaps largely due to
the avallablllty and advance of propeller theory. However,
with the recent upsurge in wind energy, a number of pro;ects
were started to re-evaluate and develop the old ideas of

the rather inventive period of the 1920's.”

Two most out standing examples of vertical—axis windmills
(*)

under current investigation are the Darrieus and Savonius

rotors. They are introduced in the figures below:

-, . . . ’

DARRIEUS ROTOR BACKGROUND
PATENTED IN 1931 (US AND FRANCE)
CURRENTLY UNDER STUDY AT NATIONAL ABROVAUTICAL
ESTADLISHMENT, OTTAWA, CANADA -~

CHARACTERISTICS

' EFFICIENCY ~ 35% SO
TIP SPEED TO WIND SPEED~6 TO8 . -
POTENTIALLY LOW CAPITAL COST -
CURRENTLY NOT SELF STARTING -

Bacxcnouun
PATENTED IN 1929 (US AND qumn) BY S. J. SAVONIUS
CURRENTLY USED AS AN OCEAN CURRENT METER
OTHER APPLICATIONS SHOWN FEASIBLE. = = -

CHARACTERISTICS ‘
' ﬂPSPELDTO\WNDSPEED“.BTOI8
" EFFiCIENCY ~31% A R
SELF STARTING T

VERTICAL AX1IS ROTONRS OPERATE INDEPENDENTLY ©
OF WIND DIRECTION AMD THUS HAVE A~ PO'IENTU\L FOR
HiGH EFFICIENCY. IN CHANGING WINDS

'ﬁét'M‘? VERTICAL AXIS WIND ROTORS

[ U SN VU SPRIRVSPU Dl USSR PR

Source: W. Vance, PB-231 341, December 1973

(*)savonius rotors are-explained'in detail in’ chapter 3.



The Darrieus ﬁurbine was invented by G. J.M. Darrieus of
France; patend applications were filed in France and in

the United States in 1925 and 1926 respectlvely. It appears
that the Darrieus turbine conéept lay dormaht until the mid
1960's, when it was'independently ré—invented'by,the National
Aeronautical Establiéhment of the National Reseafch Counal
of Canada (NAE/NRC). Extensive wind tunnel test programs
have been undertaken since then by numerous research
laboratories such as, NRC, Canada (Catenary blades) (32),
Sandia, USA (Circular arc with straight ends) (36,40)

WVU, USA (Vertical straight blades) (33); BHEL, India
(Vertical blades with inclined ends) (34 ,35,38) ect.(l)

" The S shaped rotor was developed and patented by S.J.
Savonius in 1929. It has not attracted much research
attention due to the inherent high inertia and low speed

(2)

characteristics, which makes it infeasible for electric

power generation.

A=Y

(L) Theore tical as well as experlmental analysis of Darrieus
turbines can also be found in references (1), (3), (8),
(9), (10), (11) and (19).

' (2) various investigations on S rotors may be found in refe-
rences. (24), (23), (21)



1.4.2./ Speed of Rotation / 'Solidity Ratio:

(1) (2)

Windmills are often classed as low ‘or high speed
models. A low speed system is a very heavy affair but
it develops a high torque at start. It does make more
efficient use of light wind in theRCOnversion between
wind energy and mechanical enerqgy. Such an installation
can be adapted. for operation as awater pump, and can

be used in other devices that require a conver51on

between wind and some sort of mechanlcal'act1v1ty.

The reverse is valid in the case of a high speed or
high-rpm windmill. Despite the lower efficiencey
(especially in a low wind), it is more suitablé to

the conversion of wind energy to electrical energy.
b : {

(L) Tip speed ratio(3) not being more than 2.

(2) Tip speed ratio being more than 2 at the normal region
of operation. e
(3) Tip spegd ratio is the rotational tip ve1001ty ‘of the mill

to wind VPlOCltY

SPELD AT THP
i e

It is thus glven by,
wD

2vw
FIG. 1.4.4. Tip Speed

In fact, it is the ratio of the speed. of motion of the very
tip of table blade to wind speed. A typical figure might be 4.
Using this figure as an example, the tipspeed of a particular

blade when made active by a 12.mph wind would be 48(=12x4)mph.



Less weight‘is involved, and it presents a structure less
subject to damage from strong gusty winds. Its'high speed
of rotatiodgis more adaptable to low ratio geering of
electrical ‘generators, and in some installations, can

provide direct;drive of the generetor'axle (20).

For horizontal%axis‘ wind.machines, speed of rotation is
directly related to the number of blades. A 2 or 3 bladeg
rotor is a high speed (low torque, low solidity(l))device,
while a windmill having many blades 1s usually a low speed
(high torgque, high SOlldlty) system.

\

‘Among the vertlcal axis wind rotators. The Savonius and
‘Darrieus deslgns are examples of low speed (high solidity)

and hlgh speed (low solidity) extremes.

For a given rotor radius, a high-speed windmill has a much
higher tip speed than a lower-speed One(20). The derivation
of this and other dimensionless parameters'is submitted in

§2.7.

(1) The speed of rotation of a windmill is strongly dependent
on the area of the blades compared to the projected area
'erosed?to the wind. This leads to the definition of the

solidity ratio in the ultimate.

I

e
b

Solidity ratio.

A = Area projected against the wind.

T

tetal area of blades.




1.4.3./ Mounting of Blades

Mechanisms are designed so that the rotor blades adjust
themselves automotically as a precautién to the wind

Velocity exceeding a predéterminéd level, thus,

a/ undesired stresses at the blades due to overspeeding
are avoided.
b/ The safety of the coupled mechanism or device (such as a

generator) is guarenteed.

Suéh wind machines are referred to as-variable pitch blade
machines. These systems are commonly used in horizontal-axis
wind machines sjimply by using appropriate torsion springs

at the hub which bring the blades to feathering position in
case of wind gusts. Below is such a mechanism for a 4

bladed Savonius rotor.

(L ) B —— o

Vo

S Vsl

v Tyt

. O

e I h.L'MHU oy YCRTTRLS ;;ormcﬂ DES PALES PAH VENT (C)INSITION DES PALES PAR VENT PUSH:ION' [iES‘f"l'\L'IIZS"PAR' vt
7 i\:‘)?g{,& ! ' R N J -‘@MOJYEN_ R Ofum \EDI'RES FORT~TEMPEIE~ .

-

L ameerm e e emvLe b geeeea W SR P VR T e et

FIG. 1.4.5. Blade Positions for a Variable Pitch Biade 4-
cup savonius rotor. : :



1.4.4./ Scale : '3 
Naturally, the scale of power follows immediatel& upbn
demand analysis. However, there are some_limitationé to
match demands over a certain ievel,,mainly‘because the

low energy density (energy per unit_area) bf wind, and the
thegiretical restriction that only 59;3% of the energy

in the wind can be utilized. Due to these two facts; it~
is necessary to-use relatively‘large‘area installations

(1)

for capturihg of moderate levels of;power. In horizontal-

axis windmills, this can be achieved by increasing‘the blade
diameter. Since gower, is directly proportional to :
cross-sectional area, therefore the square of blade.diameter.
(recall, P = KAv3 ;7 > P = K'D2v3) Hovewer, the engineering
problems induced in the establishment of large horizantal-axis
units generally increase the cost of generation to un-economic

levels.

" The largestﬁand most outstanding WGS ever built was ;he
Smith~-Putnam machine installed in 1940's with 2220m swept
area by 2 blades, generalting 1-25 MW at 15.3m/sec wind velocity.(2
It ended up in,féilure like most large-scale installations

of its time.

The vertical-axis windmill technology>is not'atﬁa competing
level yet in generating large - scalepower (dver'l00 KW.)
Small (1-5 kw) and medium (5-100 kw) scale appliéétions have
been carried out with considerable success inknumerqus
'realizations(l). o o R

(l)Quantitative details can be found in § 2.3
(2)Scereferenqe ((8)) written by P.C. Putnam.
Detailed infbrmation and analysis about medium/large
Scale power production with horizontal-axis turbines can

be found in references. ((2)),(16),(6),(34),(39),(41).
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2/ GENERAL THEORETICAL CONSIDERATIONS

2-1/ Power in the Wind:

Computation of the power in the wind dérivesvin the ultimate
from the fundamental, physical equation for kinetic energy

per unit mass:

KE__L1 2 : L ' 2.1.1.
m 2

Recalling the equation of mass discharge ,

‘m = pAv . S ' 2.1.2.

The power (energy/time) expression is,

Pw = —é— Av3 from side by side product of 2.1.1 and 2;1.2. 2.1.3.
It is néturally not possible to harvest all béienefgy in the

wind. The maximum amount depends on the power<c0efficient Cé

¥ 0 <cC' <1
P
Thus, 2.1.3. can be written as, - o
1 3
1= . T
P Cp —5— pAV . » o ] 2.1.4.
or,
)
P = C!'! Pw.
P
where,

P'= power output of wind machine



Pw power in the wind, ( =—%— Av3)
'2.1.4. can be derived also from the energy equation of fluid

" mechanics as given by 2.5.3.

With the determination of Cp', an expression can be obtained
" to predict the fraction of the total amount which can be

ot
P

recovered.

2.2/ Amount of Power Recoverable From the Wind, Determination
of Cp' (THe Windmill Law): L '

A.Betz, of the Institute of Gottingen, in his studies of
the windmill publishedin 1927, applied the_simple momentum
theory, established by W.J.M. Rankine and W.E. Froude for
the ship 'S propeller, to the windmill. Hevtreated the

air as an ideal fiuid and assumed an idealized rotor
called an actuator disc. He neglected the angular momentum
of the air stream in the wake i.e. his theory is strictly
a linear momentum theory. Thevreeult of that investigation
~ shows that thedideal rotor (called an ideal windmill) can
extract 16/27 (59.3%) of the power from the;wind. This

theory is still used today by many known wind power researchers.

The figure below shows the Ve1001ty and pressure dlstrlbutlons
existing when an ideal rotor (actuator dlcc) extracts

energy from an air stream (2)

Some modifications have been done due to the different
objectives of a windmill and a propeller; As far asvthe
flow picture is concerned, the windmill is the reverse of
the propeller. In the W1ndmlll the sllpstream widens as it
passes the machine, and the pressure P

2
below figure) is greater than the pressure P

(referring to the

3



Ui

and Pressure Variation

l

The veloeity thru the w1ndm111 as thru the propeller may be

e e

shown to be the, numerlcal average of inlet and exit velocities

i

Namely,

v vy v )/2 This fact is used in the derivation of an
efficiency expre551on A step -by- step procedure developed

from te extension of the outlines in references ((3)) and

thru The Actuator Disc.

|

fAFIG' 2.2.1. Flow Plcture



S
({6)) is given below:

The force exerted on the windmill byﬂtheyflqw'isj"‘

F =*(p2—P3)A
A being the area of the windmill,
or, | 7 ERE AT By
F Vi Pp vlll Al Vg Py vfl A4 ,‘. {. | 2.2.2,
Aséuming incompxeésible flow, ié;‘
P1=P4=0 2.2.3.
also recalling the valumetric flow rote, .
Ql = Q4 =Q = VlAl= V4A4 = vA B 2.2.4.
2.2.3 and 2.2.4 — 2.,2.2,
.
=>F=vpo—vapQ N
=> F = pQ (v;-v,) S h2,2,5,
: i . Cemi o
l
Equating 2.2.1 and 2.2.5,

The energy principle between 1 2 ‘reads

: P 2 P P V4
T2 v _ Tl “ 1
(Wk) + losses + T +22 + 75 ~ Zl + 75

Neglecting the work, losses and the potential difference terms,

‘

2 2"
P, vV P, - Vv
2, 2 _:1 ., 1 2.2.7.
Y 29 Y 29



! - ‘ ,
Application of 'the principle of energy between 3 and 4,

2 2
y 29 vy 29 2.2.8
Adding 2.2.7 and 2.2.8 side by side, we havé}
2 2 2 2
P P v A P P v v
_2_. + __4. + _2_ + _il. = _;l_ + ._..:i + __l. + _3. 2.2.9.
Y oY 29 29y vy 29 29
We also have,. ‘
Vy = V4 ' 2.2.10.
and ; s
P, = P, R ) ' ' . 2.2.11.
2.2.10 and 2.2.11 —— 2.2.9,
2 2
- F27P3 V3 Yy
Y 29
P.-P, = == ( V2o
_ P 2 _ 2 , - PR
;QZ—PB = =3 ( vy j4) | ‘~ o . f; | 2.2.12.
2.2.12. >9.2.6,

P2 20 B
7 (Vv A = PQlvy-v,)

using 2.2.4,

1

2 20
—5— (vl—v4) A = vA(vl v4)
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5 (vl—v4)(vl + v4)A = vA(vl—v4

v = e = 2.2.13,

A

2,2,12, ——>2.2.1,

F

o 2.2
5 (vl v4)A

Power output of the windmill is,
0 2 2
| B = -
2 Fv 2(vl v4)Av.

using 2.2.4, ‘ : : . “;   .

Q (,2_ 2 | S .
v - X - ‘ . 1
P 5 (VI-vy) R - 2.2.14.

" We have assumed a frictionless machine, such that the power delivered

to the windmill;ﬁust be exactly that extracted from the air,

‘which in turn is represented by the decrease of the kinetic energy
of'the slipstream betyeen sections 1 and 4.

'y ' _ S
On the other hand, the theoretical available power in a streamtube

of cross-sectional area A and wind velocity v, was derived to be

1

3

1 (2.1.3.)2.2.15.

P'= —%— p Av

It is customary to define windmill efficiencies by the ratio
of this power output (=P') to the total power available (=Pw)

BOGAZIG ﬂmveasnss\i KBTUPH‘ANESX
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Q,.2 2
cpr= P - 2 (vy—vy)
P Pw 1.3
5 PAY,
From 2.2.4,
Q = vA i !
using 2.2.13,
Vo4V
- 174 ,
2.2.17 > 2.2.16,
v,V .
l““ 2
() a) L (vi-v])
->Cp' = - i 3 :
5~ PRV,
(v, + v, ) (v _Vz)
cot = 1 4’ V17V
=5 LP 5 3
Vi
v V2
vl(l+~é) vi (l———i
_ ! V2
2vi
v, v
Ja+2? - b
1 1
2vi
v ) v
- 2 ash? a- A
1 "1

2.2.16

2.2.17.

2.2.18.
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4%—(1 + X - x2 - x3)

The maximum theoretical efficiency is found by differeﬁtiating

Cp' with respect <o ¢;Zﬁ) and setting the result equal to
zero. Vi
= dcp' |4 L 3 /2
7 dx =0 2 X 2 X
f
2 : 1

. =>3X =2x -1 =0

-2+/4=(4) (3) (=1)

=>x. , X =
1772
(2) (3)
W =241 _-2-4 )
1 6 3" 72 6
v, 1 .
=3 is the value that maximizes Cp'
1
2.2.19 —>2.2.18,
(Ccp') _ 18 (corresponding to 59.3 percent)
| P max - 97 Po g 2. .pe cvn

Thug 2.21.4. becomes,

2

' —_— — .
P . 7 -5 A v | - 2.2.20



However, this thereotical efficiency is never realized in
practice due to friction and all kinds of othér‘losses.
Thus it is necessary to modify 2.2.20 ‘with an another
efficiency n, which probably changes with the Reynolds'
number for a particular wind turbine.

%g .—%—pAV3 ‘V, . 7 é.2.21.

P'= g
or,
P'.= nCp' Pw
where,

Cp & nCp'

I
|

2.3./ Power Density of Wind and Wind Machines:

Derivation of equations 2.1.3, 2.2.20 and 2.2.21 enables

us to visualize the magnitude op power that‘cén]be extracted
from a certain area. Defining the power density'as the
ratio of power to area of rotor, 2.1.3, 2.2.20 and 2.2.21

can be written as,

Pw 1 3 o 2.3.1.

"2 M
L]
P'oax —cpt 1 pvoo3 2.3.2.
A 2
1
Bl _nep' - oV | , - 2.3.3
A

Thus, we can plot the power density us wind VeIOCity of the
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three equations above on the. same axes for comparison. -

16 I

We recall that Cp'=z — and assume the density of air is
, 27 ‘ EERE . .
1.23 59% . (sea level value)»andﬂ n= 0.40 V RéD.

m

Expressing the velocity and power in»various,units, equations
2.3.1, 2.3.3 which are given in numerous forms in different

references may be tabulated as below:

1
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2.3.2

2.3.3

2,3.1
unit of power] 1/2pAve Cp -é-pAVm nCp EQAVoo |unit of wi :
density velocity.
o 6.2x10 %2 | 3.67x107 N3 | 1.a7x10743 m
m o sec
! — - : -
L3302, | 7.88x100702 | 35x1070D | B2
5.5x1077vD | 3.25%10 v | 1.30x10 v | - mi
\ e
| o )
ke 5.1x107% 1 3.020007%8 | 110782 mi
ft2 . hr
hp 8207l | a8ex0”h | 1Losxa0™3 m
; : ) sec
m
4.76x1077v2 | 1.04x1077v0 | 4.17x107 % km
’, “ hr
-5 3 5.3 | 1.74x10700° mi
7.33x10 “ve ¢ 4,34x10 Tvi . w Y
Y i
hp | 6.81x107%2 | 4.03x107%2 | 1.61x107 %> mi
ft ; ; ' hr

i
!
i

-

(1)

(ii)

(iii)

(iv)

W)

(vi)

(vii)

(viii)~

TABLE 2.3.1. Power Density Equations in Various Units of Power
and Velocity.

Plois of pertinent relations (iii) and (vii) will help to

visualize directly the electrical and mechanical power

obtainable from wind at various Velocities; Related tables

and their graphs

are as follows:
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203!3L b‘

2.3.1 2.3.2
v (mph) | 5.5x107%v° 3.25¢10 > 1.30x107%y
5 6.88x10 " 4.06x1073 1.63x107,
7 1.89x10"2 1.11x1072 4.46x1073
9 4x1072 2.37x1072 9.48x10>
11 7.32x10"° 4.33x10"2 1.73x10"2
13 1.21x1070 7.14x10 2 2.86x10 2
i L0
15 1.80x10 " 1.1x10+ 4.39x1x 2
17 2.7x107t 1.6x107% . ,5“6.39x10'2
| -1 o el e anr =2
19 3.77x10 | 2.23x10 8.92x10
f ; - : - S _
2, saxaot w07t 1.2xa07
23 | 6.69x107" | 3.95x107F '1.58x107
! | g .
_ f _ B R
25 8.50x10™* 5.07x10" 2.03x107
| ‘ -1 B |
_—y 1.08 6.39x10 12,5510
| - — T
9 1.34 - 7.93x107T 13.17x107
— . N g -
31 1.63 9.68x10 3.87x10
| 1
33 1.97 1.17 4.67x10
» . Gin B various wind speeds.
TABLE 2.3.2. Power Density Values (in =) for ~ s

m

iii
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. 1.55

v (mph) | 7.3%x107°v3 .34x107 v 17410753
5 9.16x107° 5.43x107° | 2.18x107>
7 2.51x10 2 1.49x1072 5.97x107 3
9 5.34x10 2 3.16x107 % 1.27x1072
11 9.76x10 2 5.78x10 % »2,32xlb'2
13 1.61x107* 9.53x1072 3.82x1072 -
15 2.47x107% 1.46x10° % 5.87x10 2
17 3_.6x10»"l 2.13x107t 8.55x10" 2
19 5.03x10™" 2.98x107 " 1.19x10° %
21 6.79x10" % 4.02x10° " 1.61x107 %
23 8.92x10° " | 5.28x107" 2.12x107%
" N B . . —l ' —l
25 1.15 6.78x10 2.72x107"
-1 R R
27 1.44 | 8.54x10 3.42x107%
29 1.79 1.06 “4.24x10" "
: ‘ 1
31 2.18 1.29 5.18x107 T
L —
33 2.63 6.25%10

. TABLE 2.3.3. Power Density Values (in

Speed.

5 :
i%) For Varius Wind

m

(vi:
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From these graphs, one can immediateiy:visualize;fheﬂpower
density of wind, of the ideal wihd-hachine,.and ostémé;~
Qindmill that produces 40% of the'péwer of the ideéi  3.
Qiﬁdmachineiv Re . - i | o

The argumentslof this section,weré based on two simplé
facts: |

1/ Thé power contained in a freely mqvihg wind stream cah be

computed by  taking the vproduct»of volumetric flow

rate, and kinetic energy per unit volume, namely,

2
P = (Av) (%)

pAv3

-1
2
2/ The ideal windmill can convert only about 59% at the

above power into shaft work.

| The results as presehted_in the form of graphs above indicaté
fhat,-the energy in the wind is quite small; thus, far to

bring forth another era of cheap energy.

Efforts of some wind power investigators claiming there is
more pdwer in the wind than due to that of kinetic energy
(implying a violation of the above facts) are briefly

mentioned in §2.5.



2.4. Wind Power Evaluation

Evaluation of wind power at a particular site( ) can be
made by an analysis using long'term weather bureau,statistics'

so0 as to construct the information in a matrix,

j=hours of day

i = days of year !

- 36 x 24
= 8760

Which can be used to plot the velocity versus time
characteristic of that région, denoting the number of
hours per year at which the wind velocity is equal to or'

greater than the abscissa value ((1)).

(*) A more involved approach than prescated here can be found

in ref. (37)
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—e— 02 km

surface R

S\ =~ Nours
9000 Sin
‘ year

FIG. 2.4.1. VeLoCity Duration curves‘(fbr jodhpur) (14)

This is called the wind velocity duration curve of the

porticular region of consideration.

It is interesting to note that, wind speed corresponding to
502 of time (ie, 4380 hours) 'is approximately equal. to

the annualayerage of the region.

. . ) ' » :
Using ec. 2.3.2, this curve may be converted to power. -

duration curve, denoting the number of hours per year at

which wind power is equal to or greater than the abscissa‘

value.
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.
(wind speed)et power

A

| surface.
i % ! ‘

—— 01 km.
— 02km.

gQmMhours in
' , ear o
FIG. 2.4.2. Power Duration curves (for jodhpur) (14). .- -

Velocity and power duration curves have typical shkapes for

all wind regimes.

Arelm generators always operate between a starting speed

Vg and a rated speed VR

measure of efficiency of collection of a ‘wind turbiné (4)

; the ratio vR/vS being a
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O padm o == =
| - ' |
i - — hours/year
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powér E
I
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| |
I L
! !
| ]
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// /l?v :
: 44§/ S I B | = <
A2 Z: e hours /year

FIG. 2.4.3. Illustration of Cut in/Rated velocity/ Power.

The energy available from wind may be_calculated by integrating

the area below wind power duration curve. That is ,
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t2 o R T :
WK- ‘Pw(tl)tl + tl Pw dt ’ o LT 2.4.
Where,
WI<= Annual wind énergy
Pw = Wind power function.
t = time -

tl;t2==duraction of period of interest.
Recalling eg. 2.1.3. namely,

B

w T V3}vinserting in eq. 2.4,1Q, the}wiﬁd.ehérgy

density based on area can be defined as, -

1 P 2 3 o SO
( 5 )= + 2 v? at L S 2.4.2.
. A 2g]_ tl i LE T

 (‘ER ) Wind energy density based on area.

gl‘? local gravitational'accelération ( = 9,8'm/Séczf.”

p* = weight density of air at sea level ( = 1.23 kéf/m3);

2.5. Vortex Augmentor Concept

Solar thermal energy diffuseness necéssisatesilargé“afea
collectors Hnless usg'is made of optical lenses Whiqh can
focus the rays of the sun into a smaller area. In the -
case of Wind energy conJersion, there is a similar problem
of a dilute eneréy supply which is revealed thru‘the power

density plots of §2.4. Devising a "lens for the wind"



which could focus the energy of‘the*Wiﬁd into a smaller area

is an achievewment of importance.

There are someiinstances in nature in which the wind is
concencrated to an awesome. extent: oné is the tornadb.
Necessary focusing effect of  tornado —:like}vorﬁiqial o
concencration of natural wind was realized by Suitably ‘

designed aerodynamic surfaces (17, 18);

. These surfaces are confiqured in such a way as to direct
the aeradynémic vortices to an appropriately designed’rotor

system for ﬁhe purpose of transforming the energy of the

!

wind to shaft work. Such a system constitutes the

vortex augmentor concept (29).

The augmentor amplifies the wind speed in the vortex
locality, so that, the swirling flow tends to concenrate
the low kinetic energy density wind from a large area into

a high kinetic energy density flow in a small vortex area.

Some wind power investigators claim that it is possible to
make use of the "pressure energy" of Wind by concencrating
the flow. This claim is based on the energy eguation of fluid
mechanics, which is derived thru mathematical manupulations

on the first law of thermodynamics. The derivation can be

found in texts ((4,5)). The energy equation réads,f
g._g _ dWS B} I | :
dt dt vtc.s epdv c.s(e p/p) v.dA
where, .
12



and,
gg% is the time rate of work for all_work except'flow'work.

Flow work 'is the work done at the bouhdary of the éystem by
normal and tangential stresses. Work donekat.thekboundary
of the system due to normal stresses (hydfostatic‘préssure)
is referred to as the flow work. This can be derivédrtoAbe

egqual to,

dwW

(¢!

- (p/p) v.dA ’ - | 2.5.2
C.S. ~ . v‘ .‘ ) . ’

flow wofk=

The energy equation states that,'the time rate of heat
added to the system minus the work done by the system

(other than flow work) is equal to the time rate of change of
stored energy in the control valume plus the net rate of
efflux of stored enerqgy and fiow work out of the control

volume.
Thus, the shaft power output of a flow system is”given,by,

Pt = cp ¢ (/0 + v2/2)py.dn. - 2.s.3.

where ,
Cp is the system efficiency.

The integration is carri=sd out over a control surface
enclosing the entire system, with flow passingvinto and

out of the system.

Notice that, taking p/p = 0 reduces 2.5.3. to the familiar

equation 2.2.21.



The claim stated before aims to éonéencrate théfincbming flow
sa as to accelerate it within the system continuously, and
let it slow down only after it exits from the sysﬁém. Thus,
in contrast to conventional wind turbines that use”only the.

wind kinetic energy XE it would be possible to use.the wind

pressure enerqgy p/p which in magnitude is 3000 times larger
than the wind kinetic energy for a wind of 15 mph, and more
than 750 times larger for 30 mph winds (5). In this wé&,-
it was planned to be freed from the classical 0.593 o
restriction of the conveniional wind turbines

where incoming wind is continuously slowed. Some figures

about proposedsdesigns are given below:



DIFFUSER

CONFINED VORTEX

DEFLECTOR

T -

FIG. 251, Proposed Systems to Concencrate Wind Energy 1



- 45 -

Among the most outstanding attempts in this field,isforza and
co-workers (29) tor example have placed rotationalAaxis of

a propeller type windmill coaxially with .the core of a vortex,
generated by a delta wing of ineidence'tb the‘wind;_éowthat
the turbine ingets the angular kinetic energy of the

upstream vortex. Yen (5) and others have deviseqhan-alternate

mode of vortex augmentation in which a confined vortex is

generated in a tower, and the low pressurecore is used as . a pump

for a propeller - type turbine flow to discharge 1nto. Both
approaches have yielded = enhanced power coeff1c1ents

(compared to Betz limit) based on the prope€ller disk area.

In contrast to vortex augmentation, is the concept of dlfquerV

augmented shrouded propeller type wind turbine, (28) which

has a potentlal energy concencrating factor of 3 to 4 at the
turbine. It suffers of course from the: usual gyroscopic loods
of horizontal agib machines, and in common\with all other
devices bdsed on augmentation by stationary structure, a potenti
problem with cost effectiveness. However, studies by Oman and
Foreman (30) indicate diffuser - augmented wind turbines 'may

be produced cost effectively.

~Recent studies by loth (27) and Wiley (26) indicate that when
"~ the prOJected area of the generatlng structure is used as a
reference, all vortex wind mechines have an efficiency below

that of a propeller with! the conventional Betz limit.

Thus it can be concluded that, the only merit of augmentea
systems is to concencrate the dilute engry of wind into

~a small area to produce usable power at wind speed much
lower than those required to operate,conventional«wind power
systems. Ceteris Paribus, the area below the powerevs,etime
plot of the place at which the system is installed will
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increase by the shifting of the cut—in—power-bdrder to the
right. o | | - |

power genergted ,

] !

———fours in year

9000

FIG. 2.5.2. Réduction in Power Loss Dere to cut-in

This may open up new possibilities of harnessing the wind in
those regions where winds are always blowing, but at -

generally low speeds.

2.6. Extension of the Windmill Law, the Power Envelope.

The relation between input wind velocity,‘power and anguiar
velocity is derived using the outline of ref.(2) so as to
see the ideal (*)windmill performance characteris£ics, which,
being the upper bound (envelope) may serve as a basis of
comparison with data gathered from variOué wind turbine

models or prototypes.



N

Consider the familiar actuator disk extracting enérgy from an

air streamnm:

Y

E— % 3 /

FIG. 2.6.1 Flow Thru the

- Actuator Disc.
Oy -

Y

—

In the derivation procedure of the windmill law, the energy
equation was written between (1) and (2) and also (3),énd
{(4) , plus the utilization of Newton's 2 nd law provided 3

equations, the solution of which yielded,

vl(l—a) ‘ 2.6.2

<
i

This constitutes a definition of the axial interference factor

"a" jntroduced by Glauert ((10))

The clementary thrust on the annular arca of- the actuator disk
is,
dF = 2 . (vy-v) v. 2ur dr. 2.6.3.

Putting 2.6.2 into 276.3,

(*) Air is treated as on lideal fluid, with no friction.
', :
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dr = 2p{vl—vl(l—a)}{vl(l—§)} 2qrdr,

dF = 4ﬂrpvi(l—a)a dr : f':' .‘ fi' . 2.6.4
where, T

A .

= local radius.
p 2 air density. (ideal. fluid assumed)
vlé wind velocity for upstream.

If we reglect the rotation of fluid in:the wake, the =

elementary power becomes, ' R
dpP = dr.v

»dP = 4nrpvi(l—a)2 a dr. ”f ‘j £w 2.6.5

Assuming the axial interference factor, (which can be obtained

from (1) and (2) as a =(v

-

1 - VJ/ 2v,) is independent of r,

(4) can be  ‘integrated for total power. For this CaSe,

-R

P = 4'npvi(l—a)2a 0"r dr
«>p = 2upvi(l—a)2 a»R2 . 0 2.6.6

where,

R 4 outer radius of disk.

Optimizatign of 2.6.6. with respect to "a" gives,

l
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ap _ 3 .2 N2 _ -0
e 2npvl R” {(l-a)"-2a(l-a)} ‘0

- 2ﬂpviR2(3a2—4a 1) = 0
. = (3a-1)(a-1) = 0

1

=a =3 or , a 1.
a —%—( ;>vl/vl = 1/3) is the required optimal value; since 2.
a = 1 makes the theory irrelevant.

B

Using 2.6.7,

!
3 1
(lf——— ) (_§—) R

>p = 2lrpVl 3
=P o= ~%~ .uRz.QVi
2 3, . :
=>p = 16 i WRTLpvy (=P max),_ : 2.6.8.
7 2 . .
P
where,
- 1 .2 3. . ,
P .- = R7. v in the circular aera of the actuator disk
wind 2 1 : A T : |

considered.

This is the theorem of Betz which says that on ideal machine

16

can extract no more than (59.3%) of the power in the wind.

N
~J

The elementary torque on an annular area 1is,

dT = {p(v-v) (v) 2wrdr}(r) o 2.6.9.
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Define the local angular velocity of theffluid'wwan

V) = w'r ' _;’kl‘v" . 2.6.10

Substitution of 2.6.10 in 2.6.9 yields,

(vl

ar = 2 ur3pvw!dr. | R 'i\fl,' 2.6.11.
Now, Let, |

W' = 2wa' - : ‘: ¥ 2.6.12
Where,

W being the rotor angular velocity.

Equation 2.6.12 constitutes the definition of the rototional

interference factor "a'", introduced by Glauert ((l7))}j
Upon substitution of 2.6.12 and 2.6.2 in’2.6.ll,':ff *>

dT = 4ﬂr3pV

w(l-a)a' dr. o 2.6.13

Elementary shaft power is,

dP = (dT) (w). | g | 2.6.14.

Substitution of 2.6.13. into 2.6.14 yields the elementary

power from the rotor as,

AP = 4wr pv.w’(l-a)a' dr | - 2.6.15.

1

The total bower is,
- 2 R 3 S .
P = 4wpv1w (; (l-a) a' r~ dr. , ' 2:6.16

To check the nature of dependence of the interference factors
on the radius, “we entertain the principle of energy at the

disk element, reading,
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Pé V§ PZ V;
(Wk) ,__ 4+ losses + —=+gz + - e
P N
Where,
Losses are reglected,
VoT V3= V;
22= Z3
Thus,
727 73 | | 2.6.17.
o ¥

2 73
per unit area from equation 2.6.4, while the elementary

The pressure difference P, -P, can be subtituted by thrust force

rotor power can be used on the right hand side, if consistency

of the units is provided as,

P, -P

- T2 P30 e
L e L PO : 2.6.18
Recalling,

‘hm =p vA © (2.1.2) 2.6.19

Using 2.6.2, and the expression of annular area element,

m = pv (l-a) 2rr dr. | ' . 2.6.20

Substitution of .2.6.20, 2.6.4 and 2.6.15 into 2.6.18 yields,

. | 2 ,
pvl(l—a)2nrdr 4nrpvl(l—a)a dr

t 5 Y l—3zar

} = 4nr3pvlw2(l—a)a'dr;
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=> vf(l—a)a - r%w?a .
' e
=> xza =(l-a)a, v %‘ ' R jﬁ,;?} _ 2.6.21
Where,_
x B gE ;, local tip-speed ratio.’.
1 S

2.6.21 can be obtained by equating - the elementary“pOWér«
expressions!'2.6.5 and 2.6.15, namely, ‘ '

4rrpvy (1-a) adr 5 4nrpviw’(l-a)a’ dr. R |

e 1

“sxlal = (1-a)a. : ” - 2.6.21,

From 2.6.21, it is understood that, the interferencé:factors
depend on the local tip speed ratio x. This necessisates a
change of the integration variable of 2.6.16 from r to x.

By definitign,
wr !

vy o : |

Po= o= x ' o T 206,22
v

ar= —% ax : T 20623
W i - )

Substitution of 2.6.22 and 2.6.23 into 2.6.16,

X v3 v
=>P = 4ﬂleW2(; (l-a)a’ —% x> Gl dx
; w
i R s
=>p = 4ﬂpviw—2(; (l-a)a" x3 dx. (=P') _ 2.6.24

i
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Where, j l
X = WR , tip speed ratio.
vy .

Dividing 2.6.24 by the power in the Wind. 

| 5 -2 (X, .3
p' ) 4ﬂonw o (l-a)a' x~ dx
P 1 2 3

Wl d -2-- TTR .le

'
] . ‘\
2L o8 X(i_aja' x3dx. S - . 2.6.25.

P . 2 o

wlnd X

Now, optimization can be achieved by solving 2.6.21,
its derivative, and the derivative of the integrand of
2.6.25. When these results are substituted back into

2.6.25, and the integration performed the desired result is

obtained as .shown (2). .

1

p' - 4
ﬁ_ = —— {2c

~57¢34+56502-2110c+ 960~ 2220

{C+ (1) 1n(1=c) }}

wind 540 (c-9) c?
Where,

2 L tan—lX—Zn . g R
c=3+6((X" 17 cos( ) : R 2.6.27.

: 3

>

optimized tip speed ratio.

The function (26) is indeterminate at both X=0 , and X =a,

Use of L' H6pitol's rule however enobles one to find that.

as, X —> 0 , ¢ — 0,

2.2.1
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and,

g
(o))

= g7 = 0.593..

as, X - , C—>1, . ,
wind A

|

These results can be seen in the plot of 2.6.26,‘given below:

[Power Ratio
(P/R,)

06

04

02

e

0 L g 12 16 20 X

w5

FIG. 2.6.2. Power Envelope of the Actuator Disc (WR/Vl)

This curve constitutes the extension of the windmill!iaw.
It can be interpreted as follows: .'The désign output»of';~
an ideal windmill increases mOnotonically with its optimized
tip speed ratio, beginning with zero and terminatingvat the
asymptotic value of 16/27 of the power in the wind,when’the
tip speed ratio approaches the limiting value of infinity.'

This illustrates the merit in using a high speed mill. It
also shows the reason why low speed mills are innefficent

albeit they possess other frequently desirable attributes.



It shows that when Betz neglected thevKinetic energy of
rotation in thg wake, he found just the asympﬁ:te, not the

envelope of all performance curves.

2.7. Modelling of a Vertical Axis Wind Machine

The variables associated with the 'performance' are, = -

power, diameter of rotor, length of rotor, area,faciﬁg the

fluid, viscosity, torque, and pressure drop on forward and

flow, revolutions per unit time, flow velocity, gensity’Of,
backward sides of a blade element (with respect to the =

coming wind). Thus, we have garameters in total.

From the high number of quantities, we;qfeel the necessity
of using Buckingham Pi theorem to serve'as a tool to
organise the wvariables involved into the smallest number of
51gn1flcantzdlmen51onless groupings, from which an equatlon

can be evaluated

Y

‘ 3
A dimensional layout of the variables involved yields,

Power,

p = m? o3 R 2.7.1
Diameter of rotor,
‘D =L. _ g R L 2.7.2

i
i}
v

Height of rotor, o
H =1L o ~ B - 2.7.3

area of rotor,

A =1 (=uD). o - 2.7.4
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Revolutions per, unit time,
_l *

wo=T ", o 2
Velocity of coming wind,

v = LTt SR 2.7

o

Density of fluid,

o= ML 2.7.7
Viscosity oﬁ fluid,

w =ML teTL | 2.7.8
Torque, f ’ o _ ‘ ‘
A R - S 2.7.9
Pressure drop,
ap = mp " tr? 2.7.10
2.7.2. — 2.7.4.

o 2 | , | . -
A =HD =D 2.7.11
A D
or, upon substitution of (3) —= (4),
A = HD = H2
AT D 2.7.12

2.7.11 or 2.7.12. is called 'rotor aspect ratio" ; this is one
of the dimensionless parameters that affects the performance

of a wind turbine.

2.7.2. = 2.7.7.

p= MD_3 , :
=> M =p D> o S 2.7.13
2.7.3 » 2.7.17 e

3 ' TR 2.7.14

$M=pH
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2.7.2. —> 2.7.6.

Cerl | Ve AT . 2.7.16.

2.7.5. —>il2.7.15.
:;Vm =‘wH ; | |
(5) = (10) 7 _
v wp o B 2.7.18
We know that it is eg. 2.7.18. that fits physical situations
not 2.7.17. ' ’ '

The true form of 2.7.18. is,

wD.

Ve = 7 (=WE) o _ ,‘  __f7 " 2.7.19.
Thus, ' - ”"7 ?“} }
L - 2070200

Tvew T 2V Vi

Ty is defined as the 'tip speed ratio' ; it is the ratio
of the tangential velocity of the Outer diameter of the rotor

to the wind velocity..

This dimensionless parameter is a measure of how. 'fost the

rotor is.
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2.7.13, 2.7.4 and 2.7.16 —>2. 7. 1.

=>l)

3 w 3
(pD7) (N (5”7
=>P = pA v | B T D31

The power contained in a cross-sectionel area A normal to a fluid

of density and flow velocity v was derived to be

P=32 ohv. 1 2722
Thus. o

_ A
P "ml“)v3 ~ B -.'

S

o’ which appears in literature as Cp is generaliy‘called‘
the power coefficient. HDvS is power in the pluid, while P

is the maximum power that a wind machine can extract.

2.7.13, 2.7.2 and 2.7.16 — 2.7.8

1 'ﬁ'j
) | ~ C

(D) (01 (ven”

=> M

=> u = pve

Thus, the dimensionless parameter associated with . the viscosity .
variable is, v

W = ~———- , or in well known form,

i vel)
T o= AARY ; vel) ' . ' '  ?"i;ié;7;24
U " . v AR |
Where,
A is the kinémaﬁic viscosity.

n generally appears in literature as,'ReD, which is the
S : o
abbreviated form of the term 'Reynold's number®.

i
il
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' 2.7.13, 2.7.14 and 3.9.16 >. 2.7.9.. -

C=r o= (0Y) (a) (B2

2
p DA v

Thus, the associated dimensionless coefficient for"the. toraue

o T T2 2 | L _'2'.7.25‘

2.7.13, 2.7.2 and 2.7.16 — 2.7.10.

3 v2
(pD )(A)(—%)
D

= AP

2
= pv

o

Thus  the term related to the pressure drop is,

29/

>
o
[\S)

. = AP 3 - | 2.7.26.

Recalling that AP is the pressure difference at the‘ffoﬂt and
back of a blade (with respect to the oncoming flow), and,
mﬁltiplying the denOminator by % (according as terms can -be
multiplied by any constant, or raised to any power.Without-

affecting their dimensionless status), we have,

B - 2 o R SN 2.7.27.
Which is called the 'pressure coefficient'.



We thus have six dimensionless grouplngs cOrrespondlng
to nine variables" analysed in equations 2. 7.1 to 2. 7 lO
We note that one of the three relations among 2. ﬂ 2. 7 3
and 2 7.4 is 'dummy'. Warranting the rule of thumb of dlmens1onal
analy51s that the number of dlmen51onless L terms is. the \
dlfference of the number of variables 1nvolved ( 9) and the,n

number of dimensions (= 3)

The complete set of dimensionless gropings or parameters

associated to a vertical-axis wind'turbine are cQllected below:

1- . =5 (2 aspect ratio) SRR 207012
A D : D - ; .
" ,
wD, A % . _ L v -
2—‘ Ty 20 (= tip speed ratio) | X ;,' / . 217.?0
P A _ R o .
3- =3 ( = power ratio) Cp : : 2.7.23
P yompv? - Sl | -
4- nu.=RX§—2——(— viscosity coefficient, or R@nmlds Iumber)
ReD“2'724
_ T . A . - DR : S
5- 1 = —5—3+— ( = Torque coefficient) . C o 2.7.25
T 2 2: A o
pHD V-
P - P, A ! e .
6- "p = B = Blade rear pressure coefficient 2.7.27.
Lov 2 relative to the free stream, or

just pressure coefficient
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i 4
vt

2.8. Theoretical Modelling for A Simplified Case.

Power equation,ié derived for a. rotor of belowfdf similar
geometric configuration. The results are valideijthe_
vertical-axis wind turbines of Lebost (22) aﬁd.Bakef (12,13j.
The Savonius rotor data was seen to have a co:relatiOn with

the outcame of the theory according to the limited: data

available.

- FIG. 2.8.1 Simple Shrouded
Wind Rotor.

N — :
Va = fv, ¥ flow concentration factor £ > 1. 2.8.1
PA V2
Vo = : :
ff* B 2.8.2
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2.8.1 — -2.8.2,

' 1 .2
PA é Pw+ 5 ﬁvw (l"‘fz) | 2.8.3
. _ } | S
B = flow deflecting factor F — BF ¥ v.
ar = BovA(vA_wr) H dr + (PA—PB).H‘dr“ ;}),{ ;,~~4 2.8.4.

Where, the tems on the right hand side are associated'with

blade force from momentum exchange and.net Pressﬁre_force an
blade. | ‘ R | |

x‘{’
dT = dF x r
dT =y r dF | 1is averaging factor>of'torque. - 2.8.5.
2.8.4 — 2.8.5.
dr = yr{prA(vA—wr) Hdr+~(PA—PB) Hdr?»}r :aL:14_~ w;  2.8.6.

2.8.3. — 2.8.6.
4T = | 12 2 o
T = yr{Bp V, (v -wr) HAr +[P_ + 5 pv_ (1-f )—PB]Hdr}" - 2.8.7.

2.8.1 — 2.8.7.

dT = ‘Y{(Pm.'PBH%pVi (l—f2)+Bpfv°;(.fV —wr)} Hr dr ) 2.8.8.
AT = y((P_-Py)+3pv? (1-£°)+8pE2v] -t wr} Hrdr
—aT = {(Pm—PB)+%pV2 (1—f2)+Bpf2vi}TthﬁprﬁQHr2dr | >2.8.9.
s Po “Pp ‘ o
Mo 2.8.10.



2.8.10 > 2.8.9.

aT = yH{Zm o V2 % ov2 (1-£2) +gp £2v2 Jrdr—yBpfv wHr™ dr.

= dr =3 YHpVi {‘nB+1—f2+2Bf_2} r dr - yRpf v w ,Hrz,,dr

3 vHov (14£%(28-1) wydr dr ~yBp £ v w Hr” dr

2
D/2 o R N
T = f T : ! \ : Tl

2.8.11. > 2.8.12.

D/2 : L
dyp 2.0 2 D/2 2
T = ! SYEPVE(L+E7(28-1)+mp} x dr ~ [ ygef v w HE” dr
1 2 ?{. 2 rz‘D/2 ; 3
=5 YHeV U A+E7(28-1)+ng} (S ) | = vBof vw H () |
o o .
1 2, 62 2 1 3
| = 1gY Hev { 1+£ (28-1)+m} D ‘—2-74—-yspf v W HD ‘ B »2.’.8.13.
ES CI(XO-X)
Where,
.“l
! .
C is a constant, D
Tip speed ratio under nd load, Xo & 2., ang,
. v
tip speed ratio under load X & %—Q .

o0



2.8.13. is re-arranged as, :
.. . 2 . ] ( ‘ : .
{L+£7(28-1) +m} S R

Bl WDy 208,14

_ 1 2 2.3
T = 'D-Yﬁpf Voo HD {71'.

1

=T = 733

yBp f Vozo HD2(XO—X) . R _,~;~f‘{'2.8.15

W -V

1 2.8.16

{1+f2(2e—1)+nB}
Xo_zm=z- Bf

(1+£° (26-1) +n5 ) . o
=>Wg = . aF - is' the angular velocity at no

;! : , ‘load.

Cp = ——5 => pvo HD = (F— ) . S 2.8.17
A HD T . . , Lo ‘

2.8.17. » 2.8.15.

T =L ypE(L) (Xe-X)

12 CT

e = XBE x4 | .. 2.8.18
T 12 O' . o '
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= — BE Xo(l—é ) where = & nOrmaiiZedkrbtatioh;rate,

12 X0 X5
et A . SR ek
Cp = X, = no rotation torque coefficient. .

On the other hand,

P = wT : RRISENE N vjyf' 
p HD v3 LHD v3 D o . \~‘ 2.8.19

[s0]

>
=

Cp

Using 2.8.17. and 2.8.19.,

Cp _ wT/4pHD vz : TR L | .

[o2]

T 2wT pHDZVg

T pHD Vi

2wD

Voo

=>Cp = 4XC, - | S 2.8.20

2.8.17 — 2.8.20.

Cp = 4X {%ﬁ X5 1-%)
i XO ]



* X : »
=Cp = 4X Cp (1-%) 2.8.21
Xq S
% , % comra
Cp = £(Xg) Xo=g(Re) 2 C, = flg ('Re‘)}qu_ 2.8.22
n RIS
2.8.22., — 2.8. 21.
C,= 4X flg(Re)}  (1-2) : o -~ 2.8.23

X0

\ -

To maximize:the power coefficient,
| .

!
X, af{gRe)}

P -4f(g(re) 1(1-% ) +ax1- &) L axf(g(Re) }(-2) = 0
3 X P Xo 2 X Xo
af{g(Re)}

: % ) '
= 0 since f {g(Re)} = Co is not X dependent.
9 X

The term

=>4f {g(Re)) X, -8 £ {g(Re) } X =0

4X,-8X = 0
> X = %O so that Cp is at maximum. - 2.8.24
W.= __  at maximum power. | , 2.8.25



2.8. 24 —» 2.8.23.

X X

(CP) 0y = 4 (=) £{g(Re)}(1- —2)
2 2X
. o
= X, f{g(Re)V I . 2.8.26
Cp = ———li——f—— = 4X fl{g(Re)} (l—K )
L omp V3 X5
2

Where, P' is the power‘available,

o

P' = 2f(g(Re) }pHD vi x (1-%2y T 2.8.27
X : L
- 2£(g(Re) JpHD v> ¥R (1 ¥B 2v=
2v_ 2v - wyD
= fig(Re) 1ptp?vE w (1- ¥ )  2.8.28
We : B
!
= Elg(re) Ipp*v2 ¥ (w_-w) ‘
| o . v
Ve w_D
~ Where, w_ = 2Xg V cand y = '0.
D . e 2%
P' _]; 4 -2 : . . . .
A f{g(Re) }pHD XO_ W oW (wo—w) : L , 238.29
At maximum power, wW = >
p! = L fig(Re)} XSZDHD4 w o o ; 2.8.30

2



3. SAVONIUS ROTOR

3.1. General Information

This rotor was invented by’'S.J. SaVonius in 1929; abplications
of which have included pumping water, driving an’eléctrical
generator, providing ventilation (attic and vehicular)7;and
aqitating water to keep stock pands ice-free during the»winter.
It is also commonly used as a meter to measure the speed -of -

ocean currents (21).

The construction of a Savoniﬁs rotor‘is essentially that’of
an S. shaped airfoil with a‘Shaft‘down the center of the S.
Oné can imagine the shapé of a‘SaVOﬁius rotor by thinking>
of a cylindrical body cﬁt_len@tﬁwise‘in'half and turﬁéd' 
ardund to create the letter S, such that there remalns a-

venting system bctwccn the two halves. ((l)).‘

An 1llueratJvc quure is prOVlde below to v1suallze the‘

conilguraLlon of blades and flow Pdttbrn.

"FIG. 3.1.1. Flow thru

a Savonius Rotor.



Air striking one of the convace sides "A"’of‘a:tWO'blade
arrangement is pressed thru the center went of the rotor

to the relatlvely convex side "B" ThlS act1v1ty sets up

the rotational pattern shown above. The. re51st1ng pressure
at the back side of the concave blade is released by

venting action and the rotor turns 1n the same Fense
(regardless of the incident flow dlrectlon) with a couple
effect. Thus, no vane assembly 1s needed to orient the ”d"
impeller into the wind. In general, there-is-a reductlon in
both complexity and malntenance by using such a ‘ .
structrure. Relatively hlgh eff1c1ency and steady output may -
be expected in a worklng field subject to gustlng and :
changing wind dlrectlons, since no time loss encounters for
reorientatipn by a vane to accomadate a change in wind v

direction.

There is every: 1nd1cat10n that the Savonlus has a hlgh =
starting torque. This means that in general application 1t
will beagin to rotate and generate energy at a low wind
speed of rotation is slower, but more‘power’can'be made
available. The slow speed does necessitate a higher gear_
ratio if the Savonius is to be used as a wind electriop

_ generator. However, the mechanical structure can be
51mp11f1ed because the generator can be mounted at, the base
by using a long vertlcaH axis. There is much to be learned
about the Savonius s-rotor. What is the most eff1C1ent and/or
effective aspect ratio (ratio of helght to d1ameter)°f»~
How do the shape, number of blades, and venting system -

affect operation? ((12))

The below figure, from ref ((13)) points out thevdevelopment

alternatives that should receive some attention from the
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S sour w.Vance, PB;ZJI 341,'DQCGmberml973

Phese points have provided the Lnitiative for'an,attempt‘to
predict the optimum design paramcters and practical serviceabilit

of a 1:] protolype.

A posumd trom previous invcsquuLlons'£orﬁsavonius-rotor

t .
development {is submitled below:

ega Aupect o

PThe tests poertormed on Lwo Savunius fotOr models of " the v
sace drametor and gap rgtio, but of differe nt lengths( ?;
The: models were toested iuhxlnst\a blower. 'The rotatlon t ‘A
rates woere measurced under some known rcsistance'loéd by
means ol an ascilldscope, and- wxnd velocities were: read from
a mechanical dHLmﬂmLLU.. Despite the relatively poor '
oxperimental condltlnns,‘rtbults were Satlsfactory to prove
Lthat the rotation r@Le of a Savonius rotor is Lndcpcndent,of

the aspect ratio. Re:ated plot, given below 1ndicates,log;x

-

+%) During the accompllshment of the graduatlon progect of
the author, (May 19/7) ‘ .



N
i

vs log Re . data belonging to distinct aspectxratiO'v .

D
models, fall on to the gamc straight line.

Thus, the conclusion of ref.(25) reading, 'Thé lafgé‘humber
of design parameters along with the unknown inflhéhée‘of '
Reynolds' number and aspeét ratio do not permitéthe_éxaét
determination of the optimum desiqgn parametersffibosés:ifsf

validity.

Experimental details, rough data and computational:. '
details are.given in SAPPENDIX AL and AZ2. '

: . " ' Dl
On the other hand, the aspect ratio;( ) as reported by -
Vance, has significant effect on accelerationL outpht tofque
‘and inertia of the rotor. Preliminary test results have

revealed the relations,
Torque output . AR
‘Rotor inertia . AR

Rotor acceleration ~ AR?

Under constant Wind velocity (31).

(*) Aspect ratio was taken by Vance as AR = H/D.
Experiments were carried out for constant height and varying

diameter models.
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FIG.3.2.1. Reynolds’ N;umb'ér‘Dependence of Tip
Speed Rc_ltio:-.,{f_o‘_r; Various Aspect Ratios.
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3.3. Number of Vanes
1

Con51derable résearch attentlon was devated by Sheldahl .
Blackwell and Feltz to compare two and- three bucket Savonlus
rotors. Their work(l) (21) 1nd1cates that, a tworqblade
rotor has a much higher power coefficient, in accordance
with sivasegaram (25) whose tests on-Several hundred:rotor
configurations gave the conclu51on that -the. two bladed
rotor is not only capable of. reachlng substantlally hlgher
performanceg( ) than three and more bladed rotors, but. also

more responsive to improvements in blade geometry ‘\gd_iiv

The geometry and performance'plot from ref :(leﬁis given

below:

(1) Tests were carried out with 1Im. dlameter'rotors in:a wind
tunnel; {the data were corrected to compensate the blockage
effect of the tunnel - RO

(2) In general, experlmental performance predlc tlon is done
by gatheri g data to plot Cp us X characterlstlc curve
of the rot : , : o
Three methods under controlled condltlons are dlstlnguzshed
as,
a/ Varying the load under constant ‘Reynolds' number
b/ Varying Reynolds' number under constant load, ' R
¢/ Varying load and Reynolds' number 51multaneously-i




SN
b

15331, Schematic of the 3-bucket Savoni'us
Rotor with 1560° Buckets.
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Re- 390x1o N" 4 L

E—r-_-—ozo
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2f .'015( = 0988 )

' FI6.3.3.2. Variation of Power Coefficient for 2and 3 Bucket
~ Rotors(from wind tunnel tests of - 1m C|IC1 model ). 12” |
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. . , ST e
The experimental work ) by Braasch reveals the same fact
that power coefficient of 3-bucket rotofoare}COns;derably

less than those with 2 vanes (33). =

Ce 4 ‘

o 7 m/sec.
03 ~@14m/sec
02 .

Qo 8‘35)8%8::% 9

0-] | © | =R B

®

9%

0 0o 0L 06 08 10 12 1 16 18

" FIG. 3.3.3. Varistion of Power Coeflicient under Various
: Reynolds' Numbers for 3-Bucket Savonius Rotors.

(%) The experiments were performed in a wind turnel
.with 0.5 m. Vane diameter; 1.5 m. high rotors.
The test hardware‘employed an air motor drive system.
The geometry of circular blades were exactly same as

those used in ref. (21).




3.4. Vane Gecmetry

Investigations are mostly devoted to the analy51s of the ! o

effect of blade shape on performance.

Among these, the most outstandlng are the works of Newman( )

(24), and Kenfleld (23), who tested modified de51gns of

the Savonlué rotor proposed by Bach.

The geometry‘of the modified design is suoh‘that, theﬂcurvature %

. of blades decrease in some pattern along the main dlameter

toward the center of the rotor. An illustrative flgure and?

performance characteristics are given below:

FIG.3.4.1. Modified savonius Rotor.

(*) The tests by Newman were performed w1th 1! dia. Models
in a wind tunnel. The torque, and hence the power output
was mecasured with a viscous dynamometer. No attempt was -

made for correction of data against blockage-effect;

St

£



*
The work reported by Kentfleld ¢ ) (23) descrlbes a’

preliminary experimental attempt to equip a modlfled Savonlus

wind turbine with aerodynamic devices to improve the,rotoro-*

performance, particularly at low velocity ratios. An’

ordinary Sa%onlus rotor of conventlonal de51gn was used -

to compare the results.
i I

The geometry of the conventional Savonius rotor, avaéll;aS~

as the modlfled versions, together with the results of ;

comparatlve trials are given below:

(¥*) The tests were carried out in a wind tunnel using
models of D = 5" with the rotor height equal to the

diameter. . The free stream velocity was measured at the . ..

model section without the model present, using both
'a micromanometer and also a D.C. type hot wire probe
anemengter. The power output of the wind turbine was

recorded by means of a simple, sp001ally constructed, L

hydraul ic dynamomcter. The rotor speed was

established from the use of a colibrated strobqscope..

‘No tunnel blackage correction was applied.
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3.5. Rotor Configuration

Optimum spacing between the circular blades is“iPVestigated

by various researchers. An illustrative figure: of the cross-—

section supplied with the necessary parameters 1s glven below-

FIG.

Eaa—

3.5.1. C;oss-Section of a Savonius
Parameters Illustrated.

Rotor with Necessary



Obviously, the relations between the parameteré;are},

= x + 2r : : - ' . 3'. 5 . l
= 2r-s R .. . 3.5.2
D = 4r-s R

The mojor factor to affect the output charactériétiéé'of’
a Savonius rotor is the amount of averlapping_bffthe circular
blades. Referring to the parameters in. the figuré;‘this;qan

be given either as PR S

E , OY % or —%? , all of which repreSenting the same;thing;

The conversion re¢lations are,

Drs EE 1+2 ‘ A
r_.  r - _ 4 _ (D+s) 2. _ 7D * °3.5.4
X  2r-s D+S _ 4 " (D-s) 1.8 I

5 s 2(1 5 )

i
S _ 2r=x _ 2(35)_1
D 2r+x 2(£)+l .

X

|
r _ (D+s) 2 _ (4r-s+s).2 _ 2(4r) - _ _r .
X 4 * (b-s) 4. (4r-s-z) 4 (4r-2s) 2r-s .
r 1
2r - 3 _ 1
2r S s , [
= - 2= — .5.6
2r 2r 1 2 2(1 2r 3
4. r
L 2(=)-1

S = 2I‘—X - X 3-5.7
2r 2r (r _
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Savonius (1930) recommended a gap rétio'%i= 0. 2 (correSpondlng
to E = 0.75) ((3)). However, no detalls are avallable on the

experimental procedure.

It was only in mid 70's that 1nvest1gators started to work

on the Savonius rotor.

(%)

Based an exper1mental work on W1nd tunnel models, Newman
(1978) suggests = = % (correspondlng to —5 0.6) (24)

Graphical results are submitted beloWi,

(¥) Experimental techniques were mentioned in §3.3.
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' N : T
Sheldahl, Blackwell and Feltz( )(1978) suggest a .~ ‘
dimensional gap width to be in rangezO;lus%;;5;0}15(which
corresponds to 0.56 < % < 0.59). (21). i
Comparative results of various configurations afé;takén

below:

!

T

(*) Experimental techniques were mentioned in §3.2.
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Independent of the above efforts, same pr'obl‘érr{v‘-',:Was analysed

in the graduation project ot the author (1977) .-‘_‘_,'T’VThe “j:;esults

" involving the relgtionship of two main dimensio'nl‘ess ‘parameters
- of various configurations are submitted here, wl-'x_:i}'le the

‘experimental details dogether with the rough data are given

in APPENDIX A 1.

P
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~ FI6.357. Power .oefficient vs Velocity Ratio to Determine the
. - Best Gap Ratio %., R |




It is seen that, gap ratios of arrengements (III) and (IV)
with = , 1 and 2 respectively show very poor parformance

characteristics when compared to modelsf(I).andu(II) (with
c R T ok K SR

= 0.67 and 0.8 respectively) . ' ' r"t ;l‘i o

Configuration (II) is more efficient at hlgh velorlty ratlos,
while no data were avallable for tlp speed ratlos,

less than 1 ; moreover, gap ratios less than 0 67 (recommended-
range according to more recent work), were not tested at all

In this work,_lt was concluded that £:§,OL8pls,the most
efficient ratio according to the available éxperiments;

vy

This experimental investigation which was subject to
numerous uncertainties (especially in the measurement of
power output) proves to be insufficient when compared to.

recent efforts of various researchers mentioned above.

'3.6. Conclusion Remarks About'Existing Literature

b
\ !

After the resume of the existing work on Savonlus wind

Turblne development, nowlcames to one' [S] mlnd the questlon

that the what extent are the results obtalned from experlmentatlon

of models can be trusted to make size and performance

. predlctlons over 1: 1 ratio prototypes?

Accordlng to the ex1st1ng work, a few5words‘ofICantion
should be added about comparing the reported performances

of wind turbines.

Sivasegaram points out that, most of the published data
are subject to substantial experimental uncertainty, and
tend to overestimate the performance of models. Tests performed

with the modelsaplaced inside the wind tunnel lead to an



overestlmatmon of the performance, and there is no

reliable. correctlon procedure available 25).

‘

In this respect, model,tests in a wind tunnel~canyonly represent
the relative,merits of the models under investigation.
The power coefficients obtained from such tests cannot be

generalized to l:1 ratio prototypes.

Newman, indicates that the full-scale performance of
Savonius rotors has not yet been determined with precision.
All model tests to data, including present ones, give ‘
only an approximate indication of . full-scale performance .

because,

a/ Correctioneffor wind-tunnel interference are too large.
be thrustworthy.

b/ The measurements indicate a significant scale effect,
the power coefficient incerasing with Reynolds! number

for the model scales sofar been tested (24).

In order to carry out the model experiments;Under'realistiC'
Reynolds' numbers,very high wind velocities 15-20 m/sec
were used to compensate small roitor diameters, whlch

resulted in unrealistic efflCLency predlctlons.

It is reported by Vermszulen that, an attempt to establish
the sensitivty of the models to a change of Reynolds' number
by varying the flow velocity produced little effect. "This
may be due to the relatively high inherent turbulénce level

in the wind tunnel (23).

Thus, our survey of the existing literature revealed the
conclusion that an effort claiming an advancement in the
investigation of the Savonius rotor should entertain

experimentation in field conditions with actual size

prototypes.



Although such tests were known to be’hampéred by the lock
of appropriate instrumentation . and ébsence'oﬁ'adequately
steady winds as well as construction, handling and

maintenance difficulties, an impeller ( of 1.236:m2

(1)

effective
area) was designed and realized to be erected to the

roof of the Engineering Building.

After some initial testing period in the operation zone, the
rotor was coupled to the necesséry instruments(z) to take
data of associated péraméteré for‘thé prediction df
performance characteristics of the'full scale. Savonius rotor
under real operation conditions._Related results are submitted

in the next chapter.

i
i ovided i PPENDIX A-3
(1) Necessary design details are pJ.OVld(,d 1n'§A N
and A-i. . .
point is explained in

e ——

§APPENDIX A-5
(2) This
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4. 'MANIFESTATION OF EXPERIMENTAL RESULTS .

This secton is‘composed of three ports::

1/ Torque and power delivered by the rotor are plotted against

wind speed and rotation rate both. Namely -

T vs Vv P vs v ‘ i”'i7.. S

( b y. - rand (vovs wW).o

T Vs w P 'vs w . ' ! o

2/ The quantities are formed into dimensionless parameters
(those derived in 2.7) and the relations‘between these
parameters are given as - o i

C.. VS Re C_ vs Re '

{T D} P D}

{
C vs X C wvs X e
T P

and (Re.

D vs X), as caunterparts

of the results of part 1. These are valld for all rotors of same

diameter D, and gap ratio r/x 1ndependent of helght( ).
Also, some data related with the no-load tip speed ratio at low
velocities are used to check the correlatlon with the simple

theory submitted ing 2.8.

3/ To test the practical serviceability, the,rotor‘was"connected f
to a car alternator to give electrical power at a cut in rpm of
1000 of the alternator. In’this part, related current and voltage

output of the system vs wind velocity is given.

A step - up transmission ratio of i = 3.94 was . used to,increase
the rotation rate of the rotor, which was‘coupledotoia'dynamic
torque transducer. Related data and experlmental detalls are

submitted 1n § A.8, A.5 and A.7 respectively.

The transmission ratio entertained in experimentation with the

alternator was, 17.25.The transmission system is explained in

% A.6.

’(?)This is proved in part 2 of this §.
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4:1. Evaluation of Results Associated With the Basic Variables

A combined equation of relating the output torque T'", or

power P' to wind velocity v and rotation rate w, - (derived

in part 2) can be stated as,

-

T 2 2
A = 0.07 pD~ wv + 0.27FDV ( =T
. _ kg . :
Taking p= 123 -3 and D 0397m as constants,
m
L}
T o( = %—)=— 0.08 wv + 0.32v°
Similarly for power , PG = Tw
, p! N
=>PG\ = A ) = - 0.07pD2 w2 v + 0.27 pDWVz‘_:v

bor, taking pand D constant,

Py = -0.08 w’v + 0.32 wv’

C4.2.4.1i

(1) reduces to

1.4.4.1ii

4.2.5.1.

4.2.5.iii.

In part 2, it is proved that equations 4.2.4 i-ii and

4.2.5 i-ii above are valid not only for this particular

- rotor, but for all Savonius wind turbines of the same

diameter (D =.0.97m) and gap ratio (r/x= 0.63)

independent of rotor height.

Torque and power relations vs wind speed and rotation rate

are given in the below figures.
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4.2. Evaluatlon of Results A55001ated w1th the Relatlons

Between Pertinent Dlmen31onless Parameters,

The main arguement related to the generality of'functional
relatlons between dlmen51onless parameters submltted 1n
this parttls based on: '

’ (*)
a constant D

X vs ReD relFtionship being the same ¥

o

i/ W VS V ‘ ’ ' 1q.”‘rlt'
> , , v I o -
ii/ C_wvs X P ‘ L

‘,( p ! ‘ IR

Power Delivered.
( o - ) vs Vv

m

:PG

=>all functional relations between dimensionless parameters

are valid for all aspect ratios of the same diameter.

The sensitivity of XéRe dependence, and ‘thus all other
relations to a change in the rotor: dlameter may be the

subject of an apother 1nvest1qatlon.

Cp vs X curve is supposed to fit the relation,

c, = - 0.54X% + 108 X. -

(*) Tip speed ratio X being 1ndependent of Reynolds number
ReD for constant dlameter( D) and gap ratlon(——), and
variable aspect ratio (=E) Savonius rotors . is.given 1in

Chapter 3. , and related 8A.2.
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From the definitions of power and torque coefficients, and
the power equation, P = Tw, ey '

C, = 4X Cp . T aL2.2,

Equating the right hand sides of 4.2.1 and 4.2.2 we obtain,

Cp = -0.14X + 0.27 T S N
as the CT vs X equation, which when plotted shows good
correlation with the experimental data verifying v

the validity of 4.2.1. Sy

If the definition‘of‘X‘(=¥%) is.introduced in 4.2.1 or 4.2.3,
with the equation for pdwer_(Pv= Tw) ; ‘we. obtain combined
equations relating the output: torque T or power P td" wind

velocity v and rotation rate w Namely,

T = -0.07pD% wv + 0.27 pD v2, - - 4.2.4
RS ' ' '
and
PG = - 0.07 pD2 w2V +  0.27 pD___ wv?. , 4.2.5
\ CP . -
The plot of equation G- Vs 4X gives a straight - line thru

the origin of slope T 0.82. Tdeally, the sldpe has to
be 1.00. This may indicate a systematic error namely,
either an Overestimation of the rotation rate, or an

underestimation of wind velocity or both.
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From Cp Vs Re “behavior of the systemn, one‘ observes that,

the power coeff1c1ent which is low at- very low W1nd speeds
rapidly increase to the peak value of 0. 53 at Reynolds'

numbers cOrresponding to. wind speeds 2- 2,60 m/sec-, then

' approach to the constant value of'about 0.32 for higher

values of ReD According to this behav1or, the turblne is

most effective in the low veloc1ty ‘range of about 2 2 60m/sec.
however, the efficiency at higher Reynolds numbers not
falling beyond a certain limit gives chance hlgher

design speeds(¥) ' : - : ’ ‘f*g;'?

This important feature of the system is groved by
1ntegratlon(2) of velocity duration curves of two regions
(taken from E.W. Golding of ref(15) ) with annual

averages of 10 mph and 15 mph..The“results (submittéd in
tabular form in A.8) are plotted as kw-hr/ YEA_R—m2 Vs
wind speed indicate that design Speed of the Savonius
turbine as well as the yearly output under constant torque

mode of operatlon, ‘strongly depends an the annual wind

(1) The design speed may be defined as the speed at or above
which the rotor 1s capable to give the constant de51red
torque at a maximum yearly work density.

kw- hr2 ) .hp- hr2‘).5‘

di or,
(measuredin 5opm 2 o YEAR-m

(2 ) The integration technique Is. LT

i/ chooﬁe a wind speed R S ’ ' 2.
1i/ Compute the corresponding power den51ty from P =0.47v
iii/ - FLnd total dura%lon in one year of that specd from -
velocity duration curve.

iv/ Multiply ‘the quantltles found 'in 11/ and iii/ to obtain

.kw hr/YEAR—mz. The locus of successive trlals indicate
a single maximum capacity . for a given wind regime
corresponding to the design spced.
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duration characteristic of the particular place where it

is planned to operate.

kw—hr'

The capacity is found to be about ZZlYﬁﬂﬁ:ﬁz at a design
speed of 16.16 mph at a region of 15 mph average, while
kw=hr

respective valu 5, XWZRL
P es are about 95YEAR—m

2 corresponding
to a design speed of 15.53 mph. at a region of 10 mph

average.

It can be found that, approximately 15 m2 area~ro£or must
be used for continuous production of lhp( 736 w) thru half
time of the year for constant torque mode of operation at

15 mph annual average.

Defining the yearly collection efficiency n as the ratio of
the work density of the turbine to that of wind at a
partidular wind velocity, it is seen from the nvs velocity

ratio plot for the two wind regimes that,

i/ The efficiency of collection decreases (although annual
capacity increases) probably to a constant value of about 20%

as speed reaches the design speed.

ii/ The efficiencies are identical for the two regimes under
consideration; indicating the independency  of work density
ratio of the turbine from the wind speed characteristic

of a region. = | |

CT Vs Reg dependence indicates that the torque coefficient
is highest at low wind speeds which is an advantage of

the Savonius rotor to overcome the statie friction

of the device to which it is coupled.The coefficient of torque

stabilizes @ at avalue of about 0.05 at higher Reynolds'

numbers. .
o P

"From X vs Rey plot, it is observed that the tip speed ratio
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+
|

increaseg at a decreasing rate to the pCSSible asymptote

value of 2, as wind speed increases.
§. )

At low Reynolds."l numbers where the power éoefficiént

reaches its maximum value, the itip speed.rétio X (= 1)

was found to be approximately half thejValue of no-load

tip speed ratio Xg. This result was predicted theoretically
for a simplified case, explained in §2.8. Unfbrtunately 1

. data over a‘wide range of Reﬁ to‘checkvcomplete ‘ |
correlationilof the case were unavailable. It was feared that,
excessive céntrifugal stresses would cause permanent '

harm in the rotor blades during no-load operation.

4
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4.3. Electric Power Generation With A Car Alternator

The practical serviceability of thévféfor'Was checked by
operating a car alternator to generate electric power. Mbst
of the power generated was dissipated_in £he tféhsmission'
system. (i = 17.25) It was observed thaf a éontinuous
operation was impossiblé in wind speeds below 4.5 m/sec .
The rotor stqps at the instant when the wind momentarily
stops, and does not start until a hlgh value of speed of
about 5- 5.5 m/sec is reached to overcoeme the static

resistance of the transmission system, and alternator shalt.

Therefore, a flywheel augmentation'tb the rotor shaft is
recommended together with a control bircuit which will cut
the load off when the rpm is not sufficient enough for

the system to overcome the energy given to the fieid of the

(*)

alternator rotor. Under these’pondltlons,'a lm2 rotor

is sure to charge a battery at wind speeds as low as
2- 2.5 m/sec. '

The circuitry and set-up details are giVeniih; APPENDIX A

The results are submitted in the below figure..' °

(*) An important feature of the alternator is that, it will
give power at relatively low rates of rotatlon (as ,
compared to a dynamo) however the field has to be charged.
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| | |
5. CONCLUDING REMARKS

It was mentioned in 1.3.4. that in\harveetingAtheeehergy
in the wind, meaningful results can be achieved by the.

combination of responses from two sources:

a/ Long term statistical treatment of wind data to find

out the power available.

b/ Investiébtions of the output potentialfof the wind machine

.in the full range of wind speeds.

These have also been revealed in chapter 3 that, the
aerodynamic design characteristics as well as the dimensions
of a particular wind turbine is a strong function of the

wind regime in which it is planned to operate.

Therefore, there is absolute necessity to start aneIYSee

of the frequency distribution end geographical variation

of wind speed all over the country to produce the
wind-energy map for Turkey. This information will serve:

ito predict the availability of wind energy between different
wind speeds for any location.The relevance of this}to-the
operation of an aerogenerator in determining itS'mean '
annual output and operating time is presented in this work

using foreign resources.

The experimental set-up and the method of evaluation of results

designed and entertained in testing the particular rotor
subject to this investigation is repeatable fOr any other

rotor to be tested. This investignation technique has to
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be extended to other rotor designs for comparison of
their relative merits. |

Thus upon the completion of such a programme, one will be
able to determine the rotor(s) best suited to various wind
regimes, in the aspect of functionalism and efficiency. Cost

effectiveness can then be assessed.

Within this perspéctive,Athis work providing a»reasonébly
reliable experimental treatment is only an initiative

attempt of a chain of investigations. -

The reliability of the data points can be improved by
avoiding human errors in reading the devices.‘ThiS can
be done by simultaneous instrumental recording oflthe
pertinent parameters namely, wind velocity, rpm of rotof'

and torque delivered.
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A.l. Experimental Details and Rough Data of Model Tests( )

for Determination of Ideal Blade Configuration.

4

Dimensionleé§ grouping of parameters‘that'déterminé the
relative performance of podels were chosen as,pr_and X
where, L ’

c A net power output of wind machine

p power of wind contained in the ' A.l.1.
area of rotor facing the wind. el
and,
wD I
x & 55 | : A.1.2.

Four models of different gap ratio were tésfed against a
blower. The mechanlcal power from the 1mpeller was converted
to electrical output by means of a small gonerator. The-
output of generator was discharged on a_re51stance load

of constant value. (equal to the internal resistance of

the generator to maximize the output ’p0wer); Thus, voltage
énd revolutions per unit time of the'rotoruCOrfesponding to
each velocity value were recorded respedtively by means
of a voltmeter and an ascilloscope. A schematic

illustration of the set-up is given below:

(¥) carried out as final year graduation project by S.Gézde
and E. Yazgag (1977).



>k 7
| H
.A/ A

FIG.A.1.1 Experimental Set—up'Enternainéd in Testing Models -

1l : Wind obtained from a blower; speed measured by an . .
anemometer and a stopwatch. -

rotor.

: electric generator
resistance load

:,voltmetef

S e WwWN

oscilloscope.

The analysis was not a constant load - varying Reynolds'
number tYpe as might be expected. This 1is due to the
pressence of friction at the bearings supporting the

rotor, and within the dynamo. The poWer'disSipated to friction

was estimated from,

P. = T_w. ' A.1.3
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Where, Tf was computed as the torque (welght multlplled

by the shaft radius)bulanced by a welght hang1 “from a
string wrapped around the shaft of the rotor,‘whose
constant velocity motion was,controlled by a mete; stick
and a stopwatch. Thus, a power_tefm (pfoport;onaltto the
speed of rotor) was used in~the-numeratore0fvA;i.l, reading
~'as, ‘ ‘ . L ‘

1

=V/R+ ('Ir w)g ‘ |
p 3 ’ ; S ‘ . |
0. ()2/\V00 ' : - A |

|

]

C

Where, wind power term is in watts in accordance with 2.3Ql—i
g is the gravitational acceleration constant to convert
Ka-m N-m

to - (=watts).
sec sec
w=2"¢2X3 ¢ peing the revolutions of rotor per minute.
6 | | | ‘

0 sec

The rough data given below, was put into equatlons

A;l.4 and A.1.2. to yield the curves submltted 1n Chapter 3.
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Central position | Applied Voltage ' Resistance | Revolutions -
diameter, . ’ : ‘ L ) ‘
w1?d generated Load * | per minute
area velocity e :
(metric units) (m/sec) (V01t5), (ohms) - (rpm)  f
X;=0.06 V,=6.06 | V,=2.4 R=14.31. . | 1200
D=0.14 V741 V32 1500
I —y T
Ve=11.11 | V.=6.8 3000 ﬂ§ =0.6
AI=0.0196 V4=14.26 : V4=8.8 : 4000 ' l
X1=0.05 V| V22 . 1000 ]
0 DII=Of13 V2=8.33 V2=4ﬁ0 ”: \1875 i vf
V,=10.00 | V,=6.2 2857 x 0.
\ = = '= . i ]
AII 0.0182 - V4 14.26 V4 9.6 4286 :
X11770-04 Vi=7.79 | 'V;=1.0 556
I DIII=0.11 V2=10.00 V2=2.6 . Lfi 1277
= = : = \ - :"f : }‘__
AIII—O,0154 V3—ll.76 ,V3—4.0 o ?J?,187$ fo-l
V4%13.33‘ V4=4.3 i 2000
XIV;OfOZH", V1=10.00 | V1=l.3 . }5,:714.

Iv:r DIV=OE;Q'L- V2=12.50 ' VZ?S,Z ol 1500 . :2
e Vs 0 | ugesas | v
Apy70.014 Va® Vym - ;

R , ]
‘L =0.14m r = 0. 04-m | Vmodels S
. Frlctlonal welpht =5 200 gr‘ radius of rotor shaft f_OQS cm.
ratio.

TABLE A 1.1. Rough Data Taken for Determlnatlon of

opﬁimum gap
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A.2. Determination of Data Points to show théwEffect of

Aspect Ratio on Rotation Rate of a Savonlus Rotor Under

Varloué|Reynolds Numbers

Below iis prOV1ded the experimental details of the log X
log ReD relatlonshlp given in Chapter 3.

*

vSs

‘ The layout of the set-up and rough data werefq1ven in A.1.

Two rotors were selected having identical geometrlc
parameters except the lengths, and the rough data was
prepared to group the 1nformat10n in two dlmen51onless

‘ parameters,dthe rotation rate X and Reynolds Number ‘Re

D’
Computatlonal details are given below: =
| N
Rotor 1/  x = 0.05m ; r = 0.04m ; D =0.13m; H= 0.14m.
test velocity(rb/sec) Reynolds' Number Re,) 7
v, = 7.14 (7.14) (0.13) 5 4
1 Re) = ——Tjﬁg—————-xlo 6.36x10
v, = 8.33 - (8.33) (0.13) 4
2 ‘ R.e2 T 15 X 10 7.42x10
v,= 10.00 .y (10.00) (0. 13) 4
3 ; Re; =~—7¢ 8.9x10
\ 14.26 ' (14 26) (0. l3) L4
4 | R.e4 1.4¢ 12.7x10
t '
!
Where,pvmD _VmD
ReD = ; 5




and,

; v » 2
v 81,46 x 107°
sSecC

The rotation rate was taken from théioscilléscope as revolutions
per unit of time. Denoting , o - S |

(£)= Soc |
and}

tW)=£%%'; then,

wo=2nf | S | CAL2.2
f values were computed in %%%'form. Thus, |
2. BT A
where,
..o _rad
(w)'— min °
”and,>
-y o rev
: Ff) min ° _
The rotation rates corresponding to the Velocities~afe,

21 104.72

¥ = =& (1000) =

'Qz =%% (1875) = 196.35

wy - %1’(2857) - 299.18

W, = £ (4286) = 448.83 g%%._
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The dimensionless tip speed ratlo was. derlved to be,
wD

Using the values of w., - w, in A.2.4,

_ (104.72)(0.13) _ .
1 ) (2. 14 ) = 0.95

(196.35) (0.13)

27 Ty TS

o - I

(- LR

For rotor#2

x =0.05m

r = 0,04 m . R

D=10.13m S e
‘0= 0.28 . o B

test veloclty (m/sec Reyhold's Number |

vy = 7.31 Re]> (7. iligo 13) x10°=. 5x104j ‘;;?
|y, = 8.33 o ke, (8. 3i)£g .13) ;05=7642X;94? 3

v, = 10.00, i; - | re, 20 goiéovis) 10528 9x104 =4

vy = 12.00 | f ? | Re,~02: gozgo‘;s) x105-10. 68X104
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The rotor speeds corresponding to tﬁejtest'vé1Qbities are,

i

|l\)

W = =5 (1846) = 193.3,
= 2_ (2308) = 241
Wy T so (2508) = 241.7,
We = 2= (3000) = 314.16
3 = G0 514.16,
w = __2__ (’5'3"5'6)= 349 0 I‘Ild'
4 = go OB 549.

sccC
"

(193.3)(0.13)

Xy = (Y (7.31) -7
X, = GALDWIY Ly g
X, - (31?é§%§8:38%j - 2.04
. (349)(0.15) 1.89

4 (2)(12.00)

Using the above values in A.2.4. Weffind

the

5

tip. speed ratios as

The velocity ratios (X):were plotted agaiﬁét}the Reynold's

Numbers (ReD) for both rotor models._The close correlation

among the data points of the two models indicates that,‘the

rotation rate of a Savonius rotor is a strong:fUnction of

the Reynold's Number based on the diameter of the rotor, not

the rotor height H.

Note: The resistance load was held éonStantfforﬂthe two models.
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A.3. Experimental Prototype Designrf'f

The choice of rotor and support structure de81gn was governed
by such factors as weight, strength, ease of fabrlcatlon and
cost. Among the various alternatlves con51dered (1nvolv1ng
fiber - glass materials) 0.30 mm. tthk sheet—‘steel rotor
structure, reinforced with steel chasses at thefend~plates

seemed to be the most convenient.

Rotor dimensions had to be 1arge enough te refleetrthe
performance characteristics of ‘the full scale prdtotype,

and small enough to be set up and maintained by an{individual.
For this purpose, ‘rotor blades were given a circular curvature
to take a radius of 270 mm (see fig. A.4.1). The centers were
spaced 430 mm. apart to allow a gap ratio % = 0.63;

slightly larger than the ideal proportion to count for the
rotor shaft thru the center. Thus, the major‘diameter'came
out to be 970 mm (eq. 3.4.1) Height of blades was erbitrarily
taken (according to previous research work outlined in A.2)

to be 637 mm. Total frontal area facing the wind beeeming
1.236 m2 ( = 2x0.637 mx0.97m) (see fig. A.4. 2). :

Four rotor blades were placed two by two between the end
plates such that there was a 90° anqlc bctween thelr

frontal planes to avoid the aerodynamlc dead pognt (see fig
A.4.7. and A.4.8.1i) Blade edges sub]ect to- centrlfugal

loads were reinforced by 10x10 aluminum square proflles as

well as double - folding of the sheet._(see,ﬁlg.:A.4.8,11)

The end plates (see fig. A.4.2) were reinforced against
bending due to the own weignt of rotor by chasses  that

also prOV1de housing and fixing exten51ons for the rotor

shaft (see fug A.4.3 and A.4.5.)
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The rotor together with shaft and reinforcing elements
weighs about 20 Kg, estimated to be lighter than a safe
fiber glass design of equal strength. ‘ '

For supporting structure 50 mm prbfiieTWas'chOSen'(see fig
A.4.9. A.4.10, A.4.11) The connections were made with M-16
bolts. The inverse U shape structure was stifféned byvguy
wires as depicted in fig. A.4.12, Referring to this figure,
the system was fixed to the sides of the penthouse at p01nts
B, A. I, H, G and D, from the upper corners Jand K of the
framework (see f;g. A.4.13). There were no direck connectlons
to the roof, in order not to give damage to insulation

layers.

The composite shaftAof4rotor inyoivinq a l"¢steel pipevdf
1400 mm«long,' was lengthened by the inserted 204 -solid
steel shafts from both ends,which prov1ded the necessary
elements for the embossing of bearings (sse fig. A.4. 6)7
deep groove ball bearing above .- - taper roller bearing below,
The rotor was fixed to the shaft by means of 4me6'screws‘

thru reinforcing elements of the end plates,’ e

Thus, the shaft plus rotor. system was inserted thru the
slotted carrylng elements,fixed to the supportlng frame by
a couple oﬁ;M -16 bolts each. (see flg. A.4.16, A.4.19 and
A.4.20.) The rotor was }ocked within the earrying elements
by the bolts thru them and the bearing cover plates.

(see fig. A.4.17. A.4.18 A.4.19 - and A.4.20).

This design allowed immediate setting — up and removal

of the rotor part as a whole from wthe supporting structure.

The system was planned to be completely portable. It could

be detactched or re-constructed within an hour.
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The forces affecting design dimensioné‘Wefe; 

a/ centrifugal force 'on blades, .. v

b/ gravitapﬁonal force on the rotor and base support,

c/ guy-wire tension on the structure,.

a/ aerodynaﬁic force debeloped by blades, and associated
cylic loads of vibration. | |

An exact analytical treatment involving all the forces so as
to adjust design dimensions accordingly was impossible,

and beyond the purpose of this work.

All forces were considered -to be made up of static and
dynamic components. Wind force was calculated as a static .
load assumﬁng the vertical cross - sectional area of the
rotor to be a flat plate subject to:a flow of magnitude

15 m/sec.
’ |

From ref. ((17)), the coefficient of drag was estimated to

be 1.l2, then from the equation,
2

F o= Cpoh T S A3
(1s5)°
Fo= (1.12)(1.23) (1.236) ~=5%
. 9.8
2 20 kpl. (= weight of rotor)

Wwhich is a very low value with respect to the strength of

elements involved. The load rating of bearings were for

example ‘
pes DYNAMIC | STATIC

DEEP GROOVE BALL BEARING 2360 Kgf. 1660 Kgf.
TAPER ROLLER BEARING © 2900 Kgf. . 2000 Kgf.
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Effects of centrifugal and gravitational loads were eliminated
by reinforcing-componcnts‘on rotor blade edges, and end—plates}
while for cyclic aerodynamic loads, the rigidity of the

system was increased by guy-wires over natural frequency of
all modes of vibrations.
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FIG.A.4.11. Supporting
Structure
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A. 5. Instrumentation -

Tests were carried out using two sets of apparatus-‘

i/ Experlments with a torque meter set to determlne the.e
torque and ! power output characteristics of the rotor,;u
it/ prerlmentatlon with a car alternatox set to generate

electric power, ‘aiming to :
4

Ai/ contribute to the prior‘investigations (carriedfout with
models in a wind tunnel) by plotting the pertiﬁeqtudimensionless.

parameters

ii/ determine the practical serviceability of;tﬁelfuilescale-

device.

]
¥ , . -
I/ The method of analysis nece551sated the below quantltles
f . o

to be measured

a/ Wind velocity, to determine the powertinfthefWiﬁd>thru the
effective rotor area; ‘ ey ' '

b/ Number of revolutions per unit‘timerof the:impeller{

c) Torque / power delivered by the impeller;

Numerous instrumentallfeatures.of the;Set—up are explained

below in detail:

a/ Wind'velocity was read by means of a self constructed
anemometer. This device consisted of a dual ranget"tacho"'
generator" of very .low re81st1ve torque, coupled to a -

vertlcal —axis. impeller of low 1nert1a. _
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Photographs above illustrate the device pribi;ﬁdfi

calibration and under running conditions. : ::

The output voltage (prbportional to the rpm Of‘thé impeiler,
which in turn is proportional to wind velocity)IWaS,readifrom

an analog voltmeter.

The anemometer set-up was calibrated with respect to*a:lf*
sensitive photoelectric transducer anemometer, available in

the department. Calibration data and curve are given below: .
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(x ' Y) *)
(Anemometer) (voltmeter)
1 0 o
2 0.40 . 1.20
3 3.00 ’ 5.20
4 3.40 " 6.00
5 6.80 ‘ 6.80
6 9.00 10.00
7 11.60 , 14.00
8 12.40 ' 18.00 _
9 16.00 22.00  TABLE A.5.1 Wind Speed .
Calibration*Data_
The least squarc line o R R

!

Approximates- the above set of points. Which'are ébserjéd_lf‘  ;i‘
to group along'a straight line from the scatter diaéfamlﬂfﬁﬂﬁu
The normdal equations giving the constants a_ and_aliaréigﬁyt“__ :f

L = 4 N+ a,% x
Ay o=

‘ 2
bX k'_ = ¢ ) (. (.l ’ ¥
Xy = a rx. X
(*) x=2x' ; y = 40 y' where x' y' denote the true readings S

in-m/scc and#volts frespcctivelg;jz»and 40lbeihg their
scale factors entertained in . plotting the scatter

diagram on the graph papef,



. : , " -~ 159 -

n X = 062.060
noxT= 092.28
vy = 83‘.2::_
5 y2= 1214.72
EXy = 910.32

1Thus, the normal equations read,

83.2 = 9 a + 02.06 g
0 ,
910.32 a + 692.28 a

1]
f
no

1

>a = 0.20 ; a = 1.20.

is the least square line. If x is con51dered as the ’
dependent vaviable and y as Lho 1ndependent varlable, the

cquation of thg least sqguarce line is,

Tox o= b N+ by v

Which read as,

Gl.0 = 9 b + 83.2 b

+ 1214.72 b

2
~
il
o
o
=

910,
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I
\Y
o .
[

0.075 ; b, = 0.74 ,
o] 1

1
v
b
1}

0.075 + 0.74 y

0
!

The graphs of the twolinks, y= 0.26+1.29 x ( A regressiOn,”.
line of y on x) and x = 0.075 + 0.74 y (é regresSion lihe

of X on y) giveh below are seen to be practically chndidehﬁ
for this case, which is an indication that the data 'are '
very well described by a linear relationship. The line

y = % x was taken as the calibration curve.

Recalling that x = 2x' and y = 40y' , The relationship

between wind velocity and voltmeter readings is, x's= 15y".



y:voltage
b

.

0 1 > 3 5 6 T8
- . x":wind speec
F(G.A.62 Wind Speed Calibration Curve. o
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b/ The rpm or the rotor was found ffom_théfﬁbffthé

torque neter shaft upon division of-itfbyfthéfstépfuP

ratio of the transmission system.

Révolutions per unit time of the torque - -meter shaftiwas'

measured by means of an analog voltmeter which was

connected to another tacho generator,cdupled to the testing

set.The calibration was performed by“aimechanical tachometer.

Related calibration informations arenpfovided below:

nyo= o, d/m
n = nl/i‘
= nzd/iD
Where
d = 31.8 mm

D= 219.9 mm

rotor

~|voltmeter
transmission| Jtorque tacho
system Titransducer— generator

(gear ratio=1)}

N,

‘tachometer

FIG. A.5.3.1i Calibraticn of a Voltmeter for Rotation
Rate Measurement of Wind Turbine.
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”f;fBraké

'7ﬁmptor shaft

“rotating

' Watinlvrpm

Scale reading

_.>-D-‘_

I’\2 rlom.

Volfmeﬁéf

~Connected
‘;. tc‘tacho
. S .‘Lyi.generator O

" pbrake motor

FIG. A.5.3. ii. Calibration of a»Voltmetef'for Rotation
Rate Measurement of Wind Turbine.
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(x , y )(*) '

tachometer y voltmeter)

0 0

4.20 3.20

6.00 A 4.00

19.80 b 6.40
10.40 : 7.20
12.35 0 8.00
14.10 ' 9.60
15.00 ~ 10.00 -
18.50 a 12.00

22.25 - 12.80

22.50 15.20 _ ,
24.00 : 15.60 ~ TABLE A.5.2. Rotation Rate

Calibration Data.
N : o .
|! ,
i | i
The least square line approximating the.above set of

points has the equation,

Where, the constants ao and a1 are determined by solving

simultameoustly the normal agqualions,

y = + X

INY% ao N‘ !al L X 5
; _ YA

Xy a, L X ay X x‘

From the above data,

(*) x= 0.05x' ; y = 40 y' where, x' and y' are the
true readings in rgm and volts, while 0.05 and 40
are the scale factors antertained as plotting the
scatter diagram of the data.



5x = 159.1
ry = 104
nxy= 1782.4
xx§= 2753.74

ry©= 1157.44

The condition of x = 0 % y =0 is imposéd“by;Setting ao= 0.

Then,

.
104 = 159.1 al
=?a1¥ 0.65
and,
1782.4 = 2753.74 %
=>al= 0.65

=>y = (.65 x.1s the regression‘of y on X.

Considering the regression of x on vy, namely'7:

X = bg-bly s

IX = blz Yy
' 2
TXy= blz y

=>159.1 =(b ) (104)
1782.4=(b;) (1157.44)

=>b

=>X

1.53 3 b1 = 1.54

1 :
1.53 y is the regression of x on y.

It

y = 0.65 x and x =1.53 y exactly coincidihg implies that

the linear relationship is perfect to express the data.



Hence y = 0.65x is

Recalling x = .0.05

between tachometer
x' = 1231 y!

Recalling A.5.1,
. nzd e
ip O’ 2

(1231 y) (31.8)

L ¢AN))

_ 1787 y!
1
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taken as the calibration line.

x' and y = 40 y' , the relationship

and voltmeter readings is,
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A.5.4. Rotation Rate Calibration Curve.
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c/ Tne ‘most important problem was to measure the output

power estimadet to be in the range 0= 400 watts.,er

The simplest mechanism would be a prony brake, as used by
"some of the wlnd power investigators. However 1naccuracy
inherent 1n 1ts over51mp%e constructlon was the major
drawback since very typical characteristics of the impeller

were expected under low and intermediate loadings, which

='_called sensitivity and accuracy in the resistive torque

st applylng element. Friction brake technlques fail greatly on

_this score. Severe snatch accurs as stalling point is _
approached, and it is difficult to maintain a steady small

load over a period without overheating ((21)).

’Another practical idea was to couple the rotor shaft to a car
*alternator. Tﬁis‘was found worth to realize. However, another
problem induced, related with the egﬁjgrquz ofvthe alternator.
It had to be determined as a function of the input power and
rpm, so that the net efficiency of" the impeller could be
determined.Instrumental facilities of the mechanical and
electrical departments were found to be insufficient to
realize this. Even,personal contacts with the manufacturers

in Bursa were resultless to. solve the problem.

Finally, a component of a generalized set for motor testing
involving an eddy current brake and a calibrated dynamometer

was adapted for coupling to the impeller.

. * ’ .
The photographs and circuitry (*) of the instrument are

given below :

(*) Full information can be obtained from the catologs ((13))
cand ((14)).



Analog wolimeter
calibrated to
measure wind spee

~,~_—f:::::j‘__ﬁ£:wm~h”hﬁ. Resiat-ance
. 1 -

—

S rourgue

adjuster

——t PR
Giatd L\)'
voltmeter
220 v. calibrate
eddv-current
TO
tach~brdke
\ . Hl A
generator casur
. Tpm

R FIG.A.5.5.1i The torque-mecter
K4 .
Set
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A.55.

ii Connections.

50 mm. profile

fcontéining slots

for belt tension

adjustment



P

\

- BRAKE MOTOR

FIG.A..S.G. Circuitry of the Brake “otor System.

RESISTANCE
LOAD
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The eddy current brake of‘thé‘inétrumént‘has thé great advantage
that it has got no slip rings or commutator to introduce
frictional losses. A further advantage‘df using an eddy

current brake is that, unlike a d.c. dynamometer which must

be désigned for a specific speed, thb'torque'developed |

for a given excitation is almost independéht of speéd.

The same dynamometer may be used for testing‘a high speed

rotor, or for toading a relatively low'speed one. The eddy
current dynamometer also aperates a littléjmore than a crawl,
and may therefore be used for studying "run-up" torque. It

can also load a rotor to its stalling point((lB))u

The only problem was that, the torque scale.dffthe:device had

a narrow range between 0- 2.4. Newton - meters.

Assuming 100 rpm of ‘the rotor under full def1ection_of the

torque scale, the power absorbtion capdcityiof_the;

device can be estimated as, ‘ T e

(100, 2% rady o4 Nem) = 25, 13 MM (= yatts).
60 sec ' )

0

ecC

on the other hand, from the power density curves of 42.3 , .
it was estimated that the impeller could generate power up
to in the order of 400 watts in wind velocitics of about 30

mph.

The gap had to be closed to analyse the behavior of the
impeller it the stalling point. This was accomplished by a

‘}‘-
high step -up ratio transmission system( ) so that,

(*) Dosign details of the transmission system is -given in the

next sccetion.
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assuming constant power thru the system,

1 2
a7 = 7
> rlwl 12W2
l,l ) W2
ér‘—"‘—wﬁ
2 1
Where,
P = power
= Torque “
= revolutions per unit time (EEQ) ;
sec

the subscripts 1 and 2 referring to the wind turbine and

- torque transducer shafts respectively ..

Thus, increasing the rpm of the torque transduceﬁ shaft
with a step-up transmission systém would'lower the brake

|
torque safely within the torque scale of the device.
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(I
Sy

torque scale

anemometer

tachometer- and anomencter

voltmeters

FIG. A.5.7. General View of set-up(I)
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" II/ In this, part means of charging. a battery'was searched
by coupllng ‘a car alternator to the rotor thru a transmission
system of stcp up ratio bf 17.25

‘Related voltage and current output characteristics are given
in Chapter 4. Photographs and circuitry of the set-up
are below. '

OTOK

A

—

PTG, A.5.9. Alternator Circuitry.



Power supnly

resltstance load

voltmeters ,

ammeter
e

calternator

FIG.A.5.10. General View o
Set - up IT.



ANEMOMETER WIND
IMPELLER TURBINE
v ¥ =)
. ron ' (67 e
TACHO TRANSMISSION| | ALTERNATOR
o~ b4 e ’ F_——_——-“
GENERATOR SYSTEM ’ (30 ,
P ¢ )
i (i 17.25) -
\[ —
M| RESISTANCE LOAD
(—) d T o (-‘-)\ LS
VOLTMETER VOLTMETER | AMMETER POWER SUPPLY' ' '
[ 2 4 ) R . i

FIG.A.5.11l. Schematie¢ Lay-out of the experimental szt-up for electric power generation
with a car alternator. ‘ *



A.6. Transmission System :

The no-load rpm vs wind velocity characteristic of the
prototype rotor (in accordance with the estimates carried'
out uéing the wind-tunnel test results of model rotors)
proved the ﬁecessity-of using a high ratio step—up
transmission system in order to measure ‘the output

torque with the transducer set-up, or to dgenerate electrlc

power with a car alternator,

A practical system was designzd and reélized involving a
two speed gear box (0f a hand braze) in combination with a

variable pulley single belt system.

The.step—up.ratio of the gear box was either 1:1.75, or,

1 : 3.00, Two pulleys of diameters 391 mm and 117 mm were
prepared to be fixed to the output shaft of the box to |

deliver the rotor power either to the dynamic torque transducer,

or car alternator, 5

' FIG.A.6.1 Car
Alternator and its
Pulley.
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at several step-up ratios, which had pulleys of dimaters

52 mm and 68 mm respectively.

~

Brake motor shaft Conmxﬂjon'Element '

MM FIG.A.6.2. Brake Motor
B Shaft and its Pulley

"

Thus, available step-up ratios are

1/ for dynamic torque transducer

1.75 ~ 3
( ) (M7 = 5,04 SRR WL R S
1 52 I 52 : _ i
(30 ) (117 ) = 0.75 g2y (2 2 9056,
! P , 1 52

2/ for the car alternator

LTSy Ty (175 38Ly < 10,06
1 68 7 1 68 :
L. B
3.0 ., " . 3. . |
22 (17 - 5.16 s f—g)(391)1’= 17.25

1 68 : 1 68
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Beiow are related photographs of the transmission

system at various step-up ratios.
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1/ In case of <coupling of the rotor to the torque
transducer, high transmission ratios were used aﬁ{high

wind velocity values so as to lower the rotor torque

by means of increasing to rpm, such’ that 2.4. N-m max imum
resistance capacity of the device was sufficient to

stop the rotor. The readings of torgue were later multiplied

by -the transmission ratios used.

2/ The car alternator was Operated at maximum transmission

ratio.

Computational details of belt and pulley designs, based

on reference ((15)) are submitted below:

Assume we use "o" type of belt with a= 10 mm; h = 6 mh
I - 0.47 cm%. Where the quantitieé respectively denote
the width héiqht and cross - sectional area. Other parameters
are ' ! | ‘ ' |
i = velocity ratio. ;

D1 8 giameter of smali pulley, 42

D, a diameter of larger pulley.

AO & center to center distance of pulleys.

u 8 humber of runs of the belt per second.

L A design length of belt,

LO A stvandard length of belt.

v & pelt velocity.

N é\*transm'i:,l'l'orl power.

p & peripheral belt force.

£ A coefficient accounting for the creep of the belt.
k £ allowable useful belt stress.
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kuO a limit useful stress.

Cl 4 correction factor accounting for the effect of the
angle of contact.

Cy A Velocity "concrection factor

C3 4 coefficient of operating conditions

z L number of belts to be used.

The problem was to design a drive means selecting‘a belt: of
standard profile and length, and to determine the number

of belts (Z) necessary to transmit the assigned powerN.

i= 7 was desired.
n1=63 mm. (diameter of the pulley fixed to torque transducer
‘ shaft).
D2=dl(l—e)1
=63 (1-0.02) 7

=432 mm.

Where, 0.0l < ¢ < 0.03.

Amin = 0.5 (Dl + !’)2 ) + 3h
= 0.5 (63 .+ 432) + 18
= 265.5. mm.

> A can be estimated as 300 mnm.

. (nz-l)l)z
L = 2A + (D, +h,) + —5%
172 .
2 : 4 A
1! (432 - 63)2
L = (2)(300) + 2=(63 + 432) + 2= =2

2 (1) (300)

n

1491 mm.,
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%'LO = 1600 mm. is the nearest greater standard length.

Agsume 300 rpm' (maximum rotation rate)_of driver, pulley.

. rey

sQuU

10 rug_

scC

mim

SCC

i
= 0.78 e

S0

Circumferential velocity of the driven,pulley is

i (6.78)
= 47.46 -0

seC
Satisfying the condition 5m/sec < v < 50 m/sec.

. S : v
Also number of runs per sccond at the driver pulley (= — )

: LO

Qf?S
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Satisfying the condition that v < 10 L

L sec
o _

Implying no need to increase A ; thus L.

_ ] 2 '
AQ— Al + (Al Az) |
Where, i
A = Lo v (0, +,) 1
/‘ QO 2 Z
= Lire00- % (634432)0

i
4 2
= 200 mm.

L2

" (Hz-lll)“
Ay = = -
- 8

(152-05)°

8

17020 wip.

A
, .
==A_=200 + (2067-17020)"

= 305 mm.

Assuming a power 0.5 Kw to be transmitted, the peripheral

force 1is,
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p oo (1000)(0.5)
6.78

113
~J
2
P

For the diameter of smaller pulley D =;63 mm, and "o" type .

_ 1
of belt, ku_ = i.35 N/’

It

Ll = Lz = LS = 7.
Thus,
ku = Ll Lz L3 k“o

2
= 1.35 N/um”~

])
:)Z// - —
Ku |1
o, IS5

(l.3§;(ﬂ7)

3> Zz 1.18, indicating that it is not convenient to use a

single "o" type of belt.

Going thru the same manupulations for an "A" type of belt,

a = L3, mm; h = Bun o= 0.81 cm2 y

b= 7 ”l = 05 mm.

;' ‘”l (I*n) 1

H
N
Y

i

63 (1-0.02) 7

1

432 wm.
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/\min = (.5 (”l+_l)2) + 3h
= 0.5 (03+432)+ 24
= 272 mm.
=/A = 300 mm-.
) ) i (11’57-(i3)2
L= (2)Y{300) + - ( 63+432) + —f—

2 (4) (300)

1491. mm.

=» Lo = 1000 mm,.

v = 6.78 m/scc

S (= L) o

Lo secC
2 ]
/\b < /\l + (/\l ~/\2)
Wherve,
A= L ionn - M 03320
l 4 2
= 2006. mm. .
)
/\,) = (ﬂ/l.::;,'.%:.(.).j.) -
- 8

17020 mm.
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2

‘=>Ao = 206 + (206° - ]7020)1/2
= 365 mm,
p 2 (1000)(0.5)
6.78 .
= 74 N

74 o R . '
7 2- - = (.07 =>usc "A" type of belt, and take

(1.35)(81) 7 = 1 -

A.7. Test Procedure and Method of Analysis

The voltage values proportional to the rotation rate of rotor
( =w) and wind speed (=v) were recorded for each value of
the torque delivered (= T'). Relations to obtain pertineént

values of the basic ®ariables recorded are :

v = 15V A7
n = _1_7._8_,_7__‘\./_ 4 A. 7 2

. 1

_2mn
W= . : . A.7.3.
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Where,

v = wind speed in m/sec.

n = rpm, '

i = step-up transmission ratio.

w = rotation rate (rad/sec).

T = torque deliwéred by rotor,

T!= torque from dynamometer.

V = voltage from anemometef or tachometer voltmeter.

Respective values of the quantities obtained from A.7.1,
A.7.2 and A.7.3. were used in the equations below to form
the table submitted in SAPPENDIX A8, from where the

plots giveniiin §3.4 and 3.5 are realized.

i

l

P! Tw _ , ‘
iy 2 1787V N

= (T 1)(
60 i
PC = R. = 0.47 Vz'48 for v>2.5 m/scc (seeSAPPENDIX A8) . A.
) A -
. 7 i ) . ~
P'w = —p A v’ = 0.7060 v3 (A=1.2306m " ,;p=123 h&%) AL
2 i v m
Pw = 0.0620 v’ A
! A.
c=
Popry
x =¥ o gags ¥ A
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TABLE A.8 .

‘1 SELECTED DATA AND RELATED RESULTS.

—_—

SLAAHS VIvd

"8°Y

WIND gmmmRmmmwa 'pmm g%f&%‘%ﬁ%gk %@%@ %&%mn? | \
SPEED - 1787, o TED TIP SPEED| Cr= —— . o
v=15 \ __‘.V=2171T‘)m/6.0 DENSITY . RAT%O ‘Re— — \\—HD- i‘LogPG Log v ('C_P') 4X
- V v o L—T—“ﬁ\ ‘:rpm W PG=1\~',/PG/m P\,\f=0'766\" Cp=PG/pw X=‘2L\7 '=0. 8>\10—\ =0.67 8— : T
£7040.200(3.001.000 |0.187 81.9918.908.90/1.20 [20.68.  10.430.  1.44  '2.04x10° [0.075  10.86 0.477 5.73| 7.20
(74)0.210(5.1511.320 |0.196 |89  9.32(10.44/8-44 |p3.04 0.436 1,43 2.14x10% 0,077 0.95 0.498 5.667.15
- (60Y0.220(5.50:1.220 10.206195.499.79 [11.94/9-66 [27.53 0.434 1.94  2.24x10% lo.076  0.0e 0.310 5.7117.20
; (10%0.300 4.50'1.700 10.295 1155.69121L'24.92/20,16 169.80 10,350 1,51 3.06x10° 0,057 1.51 0.655 6.14 | 7 55
_(62)0.1402.10{0.960_0.082 {37.24 5.90|5.74/ 5.08_.17.08 0.530 . 0,90 _ 1.43x10" 10,148 0.48 0.322 3.58 4.0
_(58)0.11511:7011.560 [0.032 14,52 1,50 11.35/1.09 5.7 0. 360 0.45  1.16x10° ‘0.211 0,038 0.250 1,71} 2.15
(73)0.25015.75 0.960 |0 232.103 0411.0014.96/12-11 40.40 0.570 7 1.42 . 2.55¥107 0.066 1.08 0.574 5.61 5.68
(27J0.15012.25 1.280 [0.101 '45.81°4.80 4.61/3-73 18.73 0.530 1,05 1.53x10% 0.129 0.57 0.352 4.11 5.15
(64)0-25013.45 0.900 [0.211 195.49 '10.0012.80/10.35 31.45 0.410 1,41, 2.35310°_ 10,070 1.02 0.538 5.86 7.05
(1790.12511.90 1,510 10.054 26.74 2.80|2.52/2.01 '5.25 0.280 0.71°  1.55x10° 10,169 0.31 0.279 2,84 ' 5.55
(25)0.277 4.15 1.800 [0.267 121.2812.7010.18/15-52 54.75 0.350 1.8 2.35x10" .0.060 1.1¢ 0.618 5,85 7.40
. (90J0.330.4.35 2.960 |0.347 157.5616.5029.70/2403 02.91 0.520 1,62 1.20x10" 0,050 1,38 0.695 .40 8.10
(85)0.4006.00 1,730 10.392 177.6218.6055.00/44.51 165.49  10.330 1.50  2.82x10% 0.056  1.65 0.778 5.89 7,30
(93)0.310 4,85 2.250 10.322 146.1015.3026.47/21.42 77.02 0.360 1,60 3.37x10" 0.054 1.35 0.667 5.30 8:00 .
(1030.360 5.90.2.800 0.3751169.9é17.8040.05/52.41;120.65 0.330 . 1.60 4.08x10° 0.052 1,51 0.732 5.3518.00 | .
(96)0.407 16.101.182 0.42 190.9420.0056.00/45/32 1173.87 _ 10.320 | 1.59 . 3.16x10" 10,051 1.66 0.785 6,27 .7.95
(76)0.160 |2.40 '1.187 |0.10 45.36(4.755.61/4.54  [10.58 10,530 | 0.96  3.67x10° 10.059  0.66 0.330 3.81 | 4.80
 (6910.1702.55 0.905 [0.12 [54.5615.70 l6.74/5.45. 112.69 [0.530 | 1.08 = a.15x10" l0.125 -~ 0.74 0407 4,31 '5.40
' (1 )0.183|2.75 1.576 [0.15 67.32]7.056.94/5.62 15.93 . 10.436 | 1.24  1.63x10 44JA{088, - 0.75.0.439 4,95 6.20 |
(82)0.307 |4.60 3.152 0.29 1131.5315.77421.71/17.57 [74.58 0.382 | 1.45 1.73x10% p.osi- - .25 0.6637.49 17,25 |
(84)0.390 |5.85 ~0.34 154.2116.1550.90/41.9 |153.35 . {0,332 ; 1.34 187 x1x" b 062 ”';,53;;oy767gs,35:1657pv;ﬁ
, , +— e
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