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SUMMARY

!

This study %s an extension of aﬁ'earlier one by J. Robert on
the feasibility of using sail blades onfertical®axis wind turbines. A
three bladed wind turbine 9 ft.mhigh by 6 ft. diameter *bs tested in a.
15 ft. d}ameter open jet vertical wind tunnel for ngno]ds'numbers
based on diameter.ranging from 5.6 x 10° t0 7.9 x 10°. The turbine
had a high so]iditx of 1.4 and as a result the operating range of
tip speed ratios was from 0 to about 2.5.

Two types of sail blades were tested. One consisted of

two layers of Dacron sail cloth wrapped around a circular leading it

edge dowel\while the other was a single Dacron sheet or jib with
the leading edge held by a taut braided wire. . The turbine when
fitted with double sail blades was found to be self-starting at low
trailing edge pre-tensions. Iﬁ both cases the maximum power output
was about half of thatanorma11y obtained with vertical axis wind
turbines fitted with solid aerofoil blades operating at tip speed
ratios ranging from 0 to 6.

Due to the simplicity of the design, it is anticipated
that the cost and know-how required to manufacture the turbine
would be low. As a result, the turbine wou]d,be‘ideal for use in
developing nations, Qhere it could have wide applications for

small jobs requifing a power of 1 kK.
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RESUME

4

Ll

Cette &tude est un développement d'une investigation
antérieure’de J. Robert portant sur la Possibi]ité d'employer deg
voiles comme pales dans les turbines a dir. Une turbine a trois
pales mgsurant 9 p. de longue et 6 p. de diamdtre a 6té testée dans
une soufflerie ouverte de 15 p. de diamdtre pour des nombres de

5 217.9 x 10°.

Reynolds basés sur la diamgtre allant de 5.6 x 10
la turbine avait une grande surface de pale par rapport a la surface
bqlgyée (rapport: 1.4) et, par canséquent, 1'&tendue des rapports
de vitesse aux extrémités varidit de 0 a environ 2.5.

. Deux types de voiles ont ététessayés. La premiére
était faite de deux couches de Dacfon entourant un goujon circulaire
périphérique alors qué la secoLde &tait constituée d'une seule
couche de Dacron (foc) dont un des bords était tendu par un fil
métallique tressé. Quand la Furbine avait pales doubles elle
&était autodébutante & des pré&-tensions de -traTne périphérique-peu
levées. Dans les deux cas, le rendement maximum &tait environ
Ta mgitié de celui normalement obtenu avec des turbines & axe
vertical, équippées de pales 3 voilure solide dont les rapports
de vitesse’ aux extrémftés variaient entre 0 et 6,

Did & la simplicité de la conception, on anticipe que le
colt et les connaissances requises pour manufacturer la turbine
seraient bas. Par conséquent, la turbine serait idéale pour les
pays en voie de développemenf ol elle pourrait connattre des

applications multiples pour de petits travaux nécessitant une

énergie de 1 kM.
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(Symbols not included in the Notation list are defined in the text.)

A
AS
b
Cc
A
— s
c = —2-5' '
R
D
C -
: D 2-pCV2
(= s
D > pAV2
c.
DpL
C. = M
M | 2.5
5 o0 R
p
C. =
P ]?pAV3

> pARV
C. =
T
7 oAV
@t
_ X
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Froqta] swept area of the wiﬁd turbine
Area of one sail blade

Length of, leading edge dowel

Chord of a blade or strut

Mean chord
Chord of blade at maximum radius R

Drag coefficient of strut section

Disc drag coefficient based on ambient wind

+

speed . v .

Drag- coefficient of a fully solid turbine

Moment coefficient of a rptating disc

Wind turbine power coefficient

-»

Maximum power coefficient

Wind turbine starting torque coefficient

Pre-tension coefficient

Coefficient of the aerodynamic force on the

blade in the direction of the chdrd
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SN CY,z T—X_"TT Coefficient of the aerodynamic force on the
,'-pCU 1
2 blade in the direction perpendicular to
J N
the chord P
d _ Diameter of leading edge dowel ;
D Drag o# wind turbine or strut i
e Force per unit width of the sail for each piece

of cloth required to produce unit strain in

the sail in the direction of the chord

' Eo ’ Force required to produce unit strain
o E Force required to produce unit strain in
. the luff |
ET Force required to produce unit strain in
” the leech "
EY Young's Modulus of the §haft
I . o Moment of inertia of shaft about a diameter
g 1 Length of the trailing edge of the blade
when wind loadéd .
2y L ~ “Unstretched Tength of the trailing edge of %
the blade - o
! ’ Length of the trai]iné edge after pre- |
. ﬂ tension with wind off )
L ' Length of the turbine shaft “
' m Mass of the ghaft per unit\length
w M » Moment of one side for a rotating disc
4 ‘ Me Concentrated mass at the centre of the shaft
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Number of blades o} struts /;xﬁ,

Wind turbine solidity

4

Wind turbine power output

z Wind turbine starting torque
Local radius of a strug for any azimuthal
position

Maximum radius of the wind turbine

Wind turbine Reynolds number -based

~on maximum diameter

Radius of curvature of trailify edge when
wind loaded

Tension force with wind load

Pre-tension force in the Tuff wire

for single sail'blades

. Pre—tepgion force in the legch line
Net air velocity relative Jzifhe\bfade
section .

Normal velocity through sgi] blade material
associated with a pressure -difference Ap
Ambient wind speed with solid|blockage

correction !

\

Actuator disc velocity

“ Tunnel speed without solid blockage

< correction
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Norg done against drag 6f onelstrut in A
~one revolution \ ;
Trailing edge Teech hothow with wind Toad
Origina] Teech hollow after pre-tensioning
without wind load - |
Chordw{se aerodynamic..force on the trailing
ﬁdge per unit span of sail J K
Aerodynamic force on the trailing edge
normal to the blade chord per unit span . |
of sai{ )
Ratio of local radius of strut to maximum
radius ‘ ,
Extension of the sail chordwise after pre-
tension with wind off.///// ) |
Loss of power coefficient associated Qith
the central disc
Pressure difference across a sail blade ‘
Changelin angle of attack when sail b]éde i
is wihd loaded , | ’
Solid blockage cowrectibn chtor for wind /
tunnel measurements L /

Angle as defined in Fig. A-2

~
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Azimutha] angle of strut l

Tip speed ratio of wind turbine \

4

Air viscosity - o : o .
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Subscripts .

Shape factor in the expression for solid
blockage correctioh y

Air density

Density of leading“edge dowel J
Ma;s of the éail c%oth per unit area

-

Ultimate stress of leading edge dowel

the tunnel and the nature of its boundar,
An angle as defined in Fig. A-1
Angular velocity of the wind turbine
First critical speed of shaft /
First critical speed due to a central;
concentrated mass on the shaft /

Resultant first critical speed of /

ﬂﬁe turLine /

. ;
Applies ®o pre-tension in the Tuff wire

Applies to pre-tension in the Jeech
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1. INTRODUCTION

The extravagant use of fossil fuels will eventually lead

. to a shortage.of energy and therefére renewable sources'are of

increasing importance. Research has thus been undertaken to find
alternative sources of energy. Windmills or wind tanékhes have

been used in most parts 6f the world. The earliest of these machines
were of the horizontal axis type and some of them like the ancient
Greek and Portuguese wind turbines used sails [1]. Although they are
simple to ?onstruct and’can be furled in high winds their effi;iencies
are low and if the wind changes direction they have'to be realigned
with the new wind direction. The 1atgr Dutch and English wind turbines
also used sail cloth on a wooden 1attice-to form more sophisticated

-

furlable blades. ,
The vertical axis machines of the Savonius and Darrieus
types have the advantage over the horizontﬁl machines in that they

>
are insensitive to the wind direction. The Savonius type is usually

impractical ;n sizes that produce power of about 1 kW, due to their
excessive use of material and high weight. fhey typicggly giyg about
0.1 kW [2]. The Darrieus wind turbine, as re-invented by Rangi and
South at the National Aeronautical Establishment in Canada,.was-
origiﬁa]]y patented by J.M. Darrieus in France in the 1920's. This
type of wind turbine has been buiit in large sizes to giye power
o;:tputs of up to 200 kW but thiw probably not the‘ Timiting powerq.
this type qf wind turbine can produce. The 200 kW Darrieus wind

turbine has been built in Canada on the Magdalene Islands in the

St. Lawrence Gulf [3, 4, 5].
|




Nevertheless in some of the developing countries due to

the level of prevailing technology even wind turbines have not been
used extensively. Parkes and van de Laak [6] note for instance that
’ in Tanzania, only thirty wind turbines have been found and most of
| "them are no longer in use notwithstanding the fact that wind speeds
;e average up to 16 mph in most parts of the country. Possibly what is: e
needed is a cheap machine which can be built and repaired at the Tocal
village 1ev21.
) . There are two distinct advantages o% the vertical axis wind

4 4
v - *  turbines over the horizontal axis ones, namely:

1) The vertical axis wind turbine is insensitive to the wind -
direction. The horizontal axis machine requires re-élignment

if the wind chipges direction. )

2) The vertical axis machine requires a smaller tower size to

support it because the top bearing may be supported by *

vid

guy wires’ '
" Efforts have been made at McGill University to develop the
) Darrieus type wind turbine‘to‘suit technO]ogies of the developing
nftions .of the world. Instead of solid metal blades, sail ¢loth

material was used. A model version of this wind turbine with sail

blades was tested by Robert [7]. In-his tests, Robert used a 9 in.
/

ool LA RN
<

high "two-dimensional" model with pafal]el blades supported between
two thin aluminum discs, 11.5 in. diameter. The blades were of
constant chord. Using computer simulation, Robert showed that the

following specifications.would give a design which could be close to '

~

'(L ’ the optimum: - o

m%w%aww“*“’ et L
.
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1) Imperviﬁus sail cloth such as Dacron should be used.
2) The solidity of the wind turbine shouldhbe.close to one.
. With a high solidity the turbine runs at low tip speéd ratios
: ) and high bending moment stresses in' the leading edge dowels
dué to centrifugal loads are hence reduced. ”
; ' . 3) Three sail b1ade§ Po obtain self-starting for any wind
direction. ? ‘
v The prgsent study involved testing two wind turbine models
> which were designed to meet the specifications for optimudgoutput
established by Robert. One was a smaller model 16 in. high and J1.5 in.
maximum diameter while thg 6thep was a much biggerfmodel 9 ft. high
and 6 ft. in diameter. The smaller model consisted of 3 blades
inclined at 30° to the vertical axis of rotation and was tesped in
i the McGill 3' x 2' wind tunnel with a closed working sectionL The
' tests on the smaller model were performed at a Reynolds number of
2.2 X 105 besed on the turbine maximum diameter and for constant
trailing edge tensions. Due to structural 1im1t;tions, this %ode]
. cpuld only be run at the low Reynolds number dﬂoted above. The wind
'/turbiﬁe was however self-starting. ‘
The biggfr wind turbine model was tested in Ottawa in a
15 ft. open jet vertical tunnel. It had three b]adeg inclined at

3

an ang]e‘of 30° to the axis of rotation. Two types of sail blade

L
weré tested Fith this model. One was a double sail formed by
wrapping thé sail around a circular wooden leading edge dowel;

ry A1
. while the second type of sail was & single flat sheet 5f sail‘cloth
C | | ~

>
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or simple jib. The leading edge of the single sail was kept vefy
‘taut, by a braided steel wire under high tension which kept the
I‘1ead1‘ng edge nearly straight under load. Tﬁe single sail had the
same overall dimensions as the double sail. | ’

z Tests on both the double sail and sinﬁ]e sail turbines .

- were preformed at wind turbine Reynolds nuibers based on the turbine

o B »
sail blades the trailing edge tension was varied and the trailing.

edge e]asticitf altered in some tests. For theisingle sail both the .

leading edge and trailing edge tensions were varied during the tests.
y,

&

(£
‘

& maximum diameter ranging from 5.6 x 105 to 7.9 x 105. For the double .




2. DESCRIPTION OF THE TEST TURBINE

The wind turbine design was based on the recommendations
of Robert [7]. Iés size was designed to be as large as possible for
a 15 ft. diameter open jet wind tunnel consistent with keeping the
wind tunnel interference corrections on the speed to about 1%. The
turbine was 9 ft. high and about 6 ft. central diameter. The central
shaft was an aluminum pipe 1.36 in. internal diameter and 1.66 in.
outside diameter. Aluminum was chosen to keep down the weight. The
central disc was made from plywood 0.7 in. thick and mounted on the
axis shaft by means of two small aluminum flanges (Fig. 1). The disc
was lightened by cut-outs in the Tightly syressed sections to reduce
its weight and the possibility of whirling at operating speeds. The
cut-outs were covered by doped cotton fabric. The end'discs were
made of plywood 0.7 in. thick qnd about 1 ft. diameter, mounted on
small threaded aluminum flanges. Pins were used to locate all the
flanges relative to the shaft at the appropriate azimuthal posi®jons.

The double sail blades were made of Dacron fabric of density
3 oz. per square yard wrapped round a wooden leading edge dowel of
diameter 1 3/8 in. The blades had symmetrical aerofoil cross-sections.
The dowels were inclined at an angle of §O° to the axis of rotation.
This angle would be suitable for supporting the top bearing by guy
wires in the case of a field application. The sails tapered from
16.5 in. at the equatorial diameter to 8.5 in. at each end, giving
a taper ratio of about 2 to 1~and an average thickness to chord ratio
of 11%. The chord line of the blades was in the direction of the

r
- ‘

-
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cloth warp. The trailihg‘edge of the sail blades was hollowed in
order to facilitate éensioning the sail. The ayerage maximum leech
line hollow of the b]ades was 1.95 in., which was 3% of the sail
length, and is a ratio conventionally used on yacht sails (Fig. 2)# .
The leech was a 3/32 in. diameter Dacron line running through a

seam in the sail at the trailing edge. For one set of tests, the
leech 1ine was sewn to the sail in the seam thereby effectlvely
decreasing the trailing edge elasticity. The app11cat10n of the
trailing edge tension was by means of a torque wrench which wound

each leech line on a small ratchet mounted drum. Each drum assemb]y
was madg from a ratchet socket wrench: an aluminum pulley of diameter
1.5 in. tight %itted to the outside of the socket and a bolt glued

to the 1inside was mounted-on a supporting bracket. The bracket wa
fixed on the outside of one end disc of the turbine (Fig. 3b). Th
cloth on the double sail blades was cut jn such a way that the b]%des B
were continuous on the outside while the inside was separated 1nt?

two parts at the largest radius of the turbinel¢ Each sail blade was

reinforced at its edges and ends. The outside part of the sail rested

tangentially on the central disc at the centre, and the inner, separated,

‘f

parts of the sail were laced together by a Dacron line which pass

through eyelets (grommets), in the sail and holes drilled in the I

central disc. The lacing was tight enough to eliminate creases o

the inside part of the sail. 1
h The single sail was a flat sheet of Dacron cloth. The

leading edge or luff was tensioned through a 3/32 in. diameter braided

i
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wire, the tensioning being done by a screw mechanfsm similar to that used
on cable brakes of bicyci@%ﬁ{Fig. 4b). The single sail had almost the
ﬁ; same overa%ﬂ dimensions of chord length, taper ratio and trailing edge
_geometry as the double sail blade (Fig. 2). The tensioning of thé

trailing edges was done in the same was as for the doub]e'sail (Fig. 4c).
The "single sail was made-in two parts with Ehg braided wire,running
£hroqgh a seam in the leading edge of both parts and the Dacron line
running through another seam in the trailing edge. The two parts
were laced through eyelets to holes in the central disc. Both the
trailing edge and the leading edge of the siqg]e(sai1 weie rkinforced. i
The whole turbine structure was mounted on two self-aligning
ball bearjngs. The bearings were fitted into rectangular metal blocks
which weré in turn attached to the tunnel mounting arms, so thit it
* was possible to swing the turbine 0fE>0f the tunnel stream to make

adjustments (Figs. 3a, 4a).

ESnd PR




3 3. DESCRIPTION OF THE ANCILLARY APPARATUS

‘
\ ‘
\ Establishment, Ottawa in the 15 ft. diameter open jet 'spinning'

\ tunnel. The tunnel has an upward flowing airstream and the turbinE

- N :
The experiment was performed at the National Aeronautical AT

\was therefore mounted horizontally in it. The tunnel is run by a
{ -

\@50 hp motor and the speed ranges from 0 to 89 ft/sec. The tunnel
‘peed was determined by measuring the reference pressure in the
settling chamber relative to the pre§sure in the working section,
wﬁvch was taken as atmospheric. *
\ The wind turbine angular velocity was determined by the use

ofnﬁn electronic counter and an instrumenticomposed of a photocell
and a light bulb. Cutting off the illumination from reaching the
photo;el] activated a pulse which could Pe picked up by the electronic
cbunter. A thin disc with 18 equally spéced*ho]es was mounted’on
the wind turbine shaft between one end disc and the bearing block
(Figs. 3b, 4c). The complete iﬁstrument was mounted on the bearfng
block. When the wind turbine rotated, the thin disc jnterrupted the
light beam and the pulses activated &y the photocell were recorded by
the electronic counter.

A putLgy én the wind turbine shafi connected it to a 1 hp
220 volts 1800 rpm 3 phase synchronous motor through.a v?e-be1t system
giving a speed increase of 6 to 1. The motor acted as a 16ad on the
turbine, and was run as a generator through a variable frequency

supply of a Ward Leonard system, driving a rotary transformer with

the secondary windings connected to the 60 Hz mains supply. It was a ‘

\\
A \
+

b
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power absorbing system which could operate at nearly fixed frequency

for each setting even at relatively low tip speeq’}atios. The

driven motor was fixed below the bearing block and can be seen in

Figs. 3b and 4c. . .
| To measure the output torque, the’turbine shaft was connected

to a 1/4 in. diameter 5 ft. long steel rod placed inside an equally

long outer tube about 2 in. outside diameter ana was‘firmly attached

to it at the far end. The outer tube was bolted to the pulley

(Figs. 3b, 4c). The torque output from the turbine was therefore

measured/as the relative rotafion between the shaft and the puliley

during the rotation of the wind turbine. A pointer indicated this

?e]qtive rotation on a scale mounted on top of the pulley and Qas

viewed using a‘synchroniged stroboscopic light. The output torque

was calculated from earlier static torque calibrations of the assembly

using dead weights. Both the speed counter and the dynamometer were
mounted on the same end of the shaft (Figs. 3b, and-4c).

A tension meter for measuring tension‘ip #1rcraft wires
and cables was used to measure fhe tension in the Tuff wire. The ‘_ *
instrumeni applied a cross-load to the wire and thé accompanying

deflection was measured.
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4. EXPERIMENTAL PROCEDURE

With thé turbine swung out of the tunnel, the required
tension in the leech line was applied before each test using the

torque wrench. When tensioning the Teech line it was necessary to

make sure that the applied tension was uniform throughout its length.

To facilitate this, the slot in the central disc througﬁ which the
leech line passed had to be waxed occasionally to reJuce friction.
The centrq] dis; was also oscillated back and forth manually to
equa]iééxlhe tension on both sides. For the single sail the luff
wire wﬁj also ten§ioned hefore each test.

A zero reading of the dynamometer was taken before eg;h
test. After setting the required tensions in the leech line (and
the 1uff wire in the case of the single sail), the wind turbine was
swung into the tunnel. The tunnel was run at a specified dynamic
pressure for each frequency setting of the moter which ran as a
generator for most of the readings, and was’a&justed to vary over.
the working range. The wind turbine torque and angular velocity
were measured for a variety of loads obtained by changing the -
freﬂuency settings of the motor gengrator 'supply'. The tunnel
reference pressure and ambient air pressure were also noted for each
test. The tests were repeated for other tunnel speeds and leading
and trai!ing edge tensions and e]asticities,,'The free-wheeling
tests were performed at zero load wjth the vee-belt removed from

.

the dynamometer, and were made for a wider ran%§ of tunnel speeds.

- , F O T LT PERTRT T RETRY ~ [CNC- PN R S
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o , 5. EXPERIMENTAL RESULTS - D :

5.1 -Identification of the Relevant Non-dimensional Coefficients

For a specific turbine geometry the following coefficients
. were identified as being sufffcient to define the opérating conditions |

of the wind turbine:

o

i Li]' The Reynoids number based on the maximym diameter of the wind

T

turbine. _— -

Re = gﬂu(%R) | ,¢

; ' < o . i
Y Lo W}her’e /

o is the density of air )
p] V is the tunnel speed corrected for solid blockage
R is the central radius of the turbine

ﬁ is the dynamic viscosity of air. |

Zlvf?he wind turbine tip-speed ratio

P4 N J L3
, , = OR

where ,
Q@ is the angular velocity of the wind turbine. -

>
-
I e

¢ * 3. A non-dimensidonal leech-line pre-tension coefficient,, b
\ T 1
3 C_ - T
1T
1 ovén
LA

where
‘ T7 is the pre-tension force in the leech-Tine

AS is the area of one complete sail blade.

[ —
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- 4, A gan-dimensional luff-wire pre-tension coéi%ifient,
C ::_..I_L.‘___
™
7 pV7A
where

, | ’
"TL is the pre-tension force in the Tuff-wire.
1;/)
For the single sail tests both CTT and CTL coefficients are
quoted. ‘

/

. A non-dimensional elasticity coefficient, defined as the

strain in the leech or Tuff produced by the pre-tension force:
T

E
whete

]

N
T is the pre-tension force
E

is the force required to produce unit strain,

///,’// that 1s the force idea]]y‘required to double

the length of the luff or leech.
The a@dition'o% subscripts T orf& to both T and E denotes
that the coefficient relates to ;he"trai]ing edge or leading
\_,/) edge respectively. The values-of E were determined
experimentally and found to be:
a) 0.78 x 103 1bs/strain fér the unsewn leech line
b) 1.86 x 103 1bs/strain for the gewn_tr;iling edge
¢) 150 x 107 1bs/strain for the luff wire.
Although quoiea to three significant figures, these values

are probably accurate to about +10%.

P
2
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‘ 6. A non-dimensional coéfficient,based on the elastic properties - ’

[+

; of the sail cloth and the leech lire: (?°
J o ec
% b’ . -E?
) ' .
i where

/ “ ¢ is the mean chord length of the turbine blades
. o A
def\ned as 75 s A being the turbine blade area
. and b being half the leading edge length of each

3 +  turbine blade. Substitution gives ¢ = 11.2 in. for

¢ " the doyble sail and 11.3 in. for the single sail.
' e is the force per unit width of the sail for each o zu;
piece of cloth required to produce unit strain in

the sail in the direction of the chord.

In determining e, four small wooden blocks:3 in. long by
- 3 1in. wide and 0.7 in. thick were used. Sand paper was glued \
on one face of eaéh b]ock to provide a better grip when the ‘ \
blocks were c]amped to the sail cloth. A length of 10 in.
‘ a]ong the warp of the sail fabric was measured and the wooden v
/ blocks were p]a%jg cro;;;w1se, two at each end of the measured

‘1ength‘and parallel ;to each other. .The sail was sandwiched

between the two blocks and then the blocks were clamped

tightly. The length of the blocks was taken as the test

! Lt/ A

o " width of the sail. One pair of blocks was he]d\in a vice
while the other pair hung free. Weights were added to it and

" the extension of the clambed length of the sail was measured

e,
;
'3
:
g'\:
i
;
S
X
%
T
.

(i" “ ) . by a dial gauge. It was therefore possible to detérmine e

“

e . o 3 -
o Pl .




_In relation to the sail blade geometry, the warp of the sail

where ’ .

and did not vary more than #1.4% during the tests.

14

o {
from the measured values of the extension and the weights.
H . ¢ -

The whole ﬁfocedure was repeated with the test length being
measured along the weft direction of the sail fabric. e was
found to be 10.5 x 10° 1bs/ft. -per strain of the sail for both |
the warp and weft dirégtions of the sail matérial. This value

is accurate to about *10%. . )

material was along the blade chord and the Qeft direction was

perpendicular to the chord. }

A non-dimensional density .coefficient of the sail cloth given
. ] 7Y ‘ ' )
by: - {

o

J
C "
.
.

©

‘
S -&’ .
o 1s the mass of the cloth per upit area.
o = 3 0z. per square yard. The average value of 9: was 0.30

pC

/
A non-dimensional poro§ity coefficient of the sail:

. ouv | , \
ApC
where ,
A v is the normal vg]ociiy through the cloth associated

with a pressure difference ap. ‘

The cloth was considered impervious, and as a result this

Tast number is‘efchtive1y zero.
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5.2 Wind Tunne] Interference ) i o |
Because the tests were performed in an open jet.tunne1, 3
" wind tunnel interference’corrections were only applied for solid ' ¥ §
blockage. Wake g}ockage was neglected. o . | j
Hence applying solid b]ocsgge correction to thf tunnel ,
A speed; | p
VAV (e / .
where ' ‘
. | - V is the tunnel speed after solid blockage correction
Vt is the tunnel speed without solid blockage correction - I
e is the so]iﬁ blockage %actor. /
. For an open jet tunnel, Lock (Pankhurst and Holder) [8],
gives the following relationship for thé solid blockage factor
for a body of revolution: - ‘ ) }
_'E i} (&aximum crossjséctional area of body V%
S cross~chtlonaT'area of tunnel
where d
v is a factor depending on the shape of the body which .
; has been taken as 1 for a rotating turbine
;- r is a factor depending on the ‘shape of the cross-
sectional area of the tunnel and the nature of its
‘ ' boundary. For a circular open jet tunnel, v = -0.206. , | |
After substitution, e, = -0.014 and the relationship between i
. cor}ected and uncorrectéd tunnel speeds becomes, V = 0.986 ;t‘

Hence after application of solid blockage interference corrections,
the tip speed ratios are increased by 1.4% and the power coefficients [

t s v o
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are increased by 4.2%. It is¢?nteresting to note that a very

similér value for solid blockage factor is obtained using Thom's
short-form equation for solid blockage for a three-dimensional
. body of revolution [9].
; , : ‘
5.3 *Evaluation ofORasults : . \ . -
] The outpuijpowér from the wind turbine was expressed in
the form of a non-dimensional power coefficient given by the
conventional relationship, ) ﬂj’
Cp = P

| S 3 on’
g where '
i » A is the frontal swept area of the turbine

4 ©
% P {s the power output from the wind turbine computed

from the shaft torque.

Cp was plotted against the tig speed ratio A = %B-for l "
each test run. The results are shown in Figs. 5 and 6 for the
turbine when fitted with double sails, for different Reynoids
numbers, pre-tension coefficient, CTT and trailing edge elasticity,

/ .
TT/ET‘ The letter S denotes tests where the leech 1ine was sewn’ ) -

W to .the trailing edge. Results of Cp plotted against A for the

single sail are shown in Figs. 10 and 11 for a range of Re,

cTT’ CTL and trailing and leading edge elasticities TT/ET and

TL/EL respectively. g
(l _ ' Due to the relatively high solidity of the wind turbine, .
» ) : N- . s

¥ - »

W&w AR IEE T
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|

,, - ]

, |

( & ’ s C. \

the tip speed ratios for positive power. were between 0 and 2.5. ,

]

|
The tests were performed at Reyyolds numbers ranging from 5.6 x 105 v

\

to 7.9 x 10 \ _
Free-wheeling results %or the double sail are plotted as

tip speed ratios, ( ) against &pe leech pre-tension coefficient,

CTT in Fig. 7 for a range of tunnS] speeds. Corresponding results

for the single sail are shown in ( L 12 ' ' ’

The double sail was found to be self-starting at lTow'
é . leech-1ine pre-tension, for values %f CTT < 3 §nd trailing edge °
elasticity, T/E > 10 or more. ?he start1ﬁ§ntorque was positive ‘

- ? < for all az1mutha1 pos1t1ons when the turblne was se]f—start1ng

: ~ ‘ The start1ng torque coeff%gifnt was given by the expression:

S N

\ % oARVZ

5

-

where Q is the average starting torque. CQ was found to be equal
to 0,03.
The single sail was not self-starting but required only

a small torque to start it in all cases.




—p et

—

v
~ pre-tension was therefore estimated. A small change in chord

| would indicate that %E-had'negligible effect on the turbine per-
T I

* the sail in the direction of the chord is &, then the equilibrium

18
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6. DISCUSSION OF RESULTS

6.1 Experimental Results S

Due to the very large number of parameters which are

}

required to specify the turbine performance it was not possible
to vary one parameter at a time while keeping all the others
constant. An approximate ahalytical theory was therefore
developed for sail distortion [10] (Appendix A). The theory | . 1
$ives approximate formulae for the change in blade chord and ] |
change in angle of attack due to the sail Histortion Wheg under

~

wind Toad. )

The elastic coefficient of the sail material, %E s Was
initially investigated as this had a direct bearing on the choice

of sail cloth.-- The change in blade chord due to the trailing-edge . .

Ty

“ formance. The analysis (Appendix A) shows that if the applied !

pre~tension force in the trailing edge is TT and the extension of

of the double sail blade in the direction of the chord per unit
length is:
c . : ) .

where ~}
e is the force per unit width of the sail for each piece of "

cloth required to produce unit strain in the sail in the

ﬂ\

direction of the chord

C is the mean chord of the blade \

s is the radius of curvature of the trailing edge of the séj1.

| *

4 ]

+
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From’ the geometry,,s‘= EE;‘
where
b is the length of half the sail ‘blade - )
X 1s the trailing edge hollow under pre-tensfﬁn ﬂ
‘without wind load.

Substituting for s and re-arranging we set,

Substituting typical numerical values, ec = 9.80 x 103 1bs/strain

- X
for the present sail c]oth, §-= 0.18, BI-= 0.03 and taking an average
value of T = 50 1bs: $-1.10x 10 -4 in. and § = 0.00] in. approximately .

c
for the double sail blade. For the-.single sail § = 0. 002 in. Theﬁefore

very 11t€#g change in chord occurs for both sails under typical leech
tensions and it can safely be concluded that %% did not have any

significant effect on the turbine performance: it could thus be

b

considered an unimportant parameter. This eliminates the necessity

of matching %E-for tests where a different sail material would be
T
used.! Only a very big decrease in e for the sail material would

affect the blade geométﬁ} under load and thus the turbine perfor-

_mance.

The effect of the trailing edge‘pre -tension coefficient,
CTT and the tra\llngaidge elasticity, T/E on the turbine perfor=
mance can be estimated by considering the change in angle of attack
and the change in chord due to sail distortion under wind load. J

The aerodynamic forces on the trailing edge causing distortion

can be resolved into components X per unit span along the chord

——
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and towards the leading edge, and Y per unit span perpendicular

to the,chord in the direction of positive 1if TheSe forces are }
expressed as non-dimensional coefficients based on the mean chord

c, Cy and CY'respect{vely. It is shown in Apéendix A, that the

change in aﬁg]e of attack of the sail when loaded by the wind is

é given approximately by the expression: , ,
: ' y € .
. X Y

) er=— - - (A.13)
5 . (C + XT) t_;_ . )
by where °
§ ‘ ¢ is the mean chord of the blade
% J
5 Cy is the trailing edge force coefficient along the

~ chord .
) Cy is the trailing edge force coefficient perpendicular
*‘JP "to the chord
X 1is the trailing edge hollow when the blade is aero-
dynamjcally Toaded. " '
N Xt is the trailing edge hollow after prée-tension

without wind load. *

The average chanée in blade chor& when the blade is under wind 1oad

is given by the relatiopship:

C
b 2 21X :
X - X 16x (] tzA ‘)C__'- 1
T _ T T A.2
b E X (A.27)
14T ) 16 *1
X T; 3 b
where . .
b is half the length of the leading edge of the blade
CTT {s the trailing.,edge pre-tension éoefficieﬁt
* .

ET is the force required to produce unit strain in the
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trailing edge
J T; is the trailing edge pre-tension force

A is the tip speed ratio.

X=X :
To evaluate ¢ and ~5;L,‘va]ues of Cx, CY and their associated change

in camber along the chord are used. These va]uegﬁéﬁiilbeen measured

by Rpbert [7] on two dimensional sail aerofoils fo¥ awariety of

"Reynolds numbers and angles of attack. The change in chord may be

X-X

expressed in a non-dimensional form as —:71 . For a very taut sail
X=X C
aerofoil, __T < 0.01, Cy ranged from 3-to 5 while Cy = 0.5, For
X=X c
—L=0.03, ¢, =2and ¢y = 1. _
C g )

. If we consider a case where there is negligible change in
camber along the)chord, equation (A.27) reches to:

, 5 L
,b( zz)x
1+72 = =-1=0
i6xT 5 CTT

TherLfore the value of CTT for negligible camber chanée depends on
gﬁe tip speed ratio squared and the pre-tension trailing edge hollow.
ésing the values of CX = 3 to 5 and noting that for the tgrbine
ﬁfadq %I-=‘0‘03, the above equation can be solved for a particutar
éip speed to give the range of CTT which is associated with negligible
camber change. Taking A = 1, the values of Crp lie between 9 and 15.
ft is worth noting that by increasing the tip speed ratio A to say
1.5, thg values of CTT for negligible camber change increase to 12
and 20. Wheq the change in camber {s negligible, the rorresponding
change in ang1a\of attack e ; 1° (equation A.14). Therefore with

a ve;& small change in angle of attack and negl&gib]e change in

chord and hence change in camber, the sail blade is effectively

'[%;

ok
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A

rigid. The turbine performance is then independent of CTT and
TT/ET‘

The relative effects of CTT and TT/ET on ohe turbine
performance can be compared for a particular change in chord using
equation (A.27). By taking the case when the change in chord

X= X
1072, the

— J 03 and a tip speed ratio A =1, if TT/ET
c

~ corresponding value of CTT = 5.4. On the other hand for the shme

change in chord and for the same tip sp?ed ratio, increasing T /ET

-1

twenty times to 2 x 10 ', only.modestly increases CTT to 5.8. }

Therefore a relatively small change in CTT is equivalent to a
proportionately much larger change in TT/E' in its effect on 5511
distortion and hence turbine performance If CTT is. increased
slightly the camber change decreases The same effect is achieved
by a much higher decrease of TT(ET. From this analysis therefore
CTT is the more important paraméﬁer. "

Power coefficient’results for the double sail are shown
in Fig. 5 for a constant Re = 5.6 x 105 The letter S in the
legend of the figure 1nd1cates tests in which the ]eech Tine was

sewn to the 'sail. Sewing the leech Tﬁne to the sail reduced the

elastic coefficient TT/ET, of the trailing edge by a factor of 7.4;

and tnis is theoretically equivalent”to a veryqsmall increasg7in
CTT‘ At Tow tip speed ratios, the power coefficient Cp is seen to
decrease when Crp and Tp/Ep are increased, At higher tip sneed
ratios, Cp increases as CTT increases to about 12. For values of
CTT between 12 and 15, the trend reverses at higher tlp speed

ratios until the performance becomes independent of C;p for values

15 e R

'
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@
of Cryr 2 15 approximate]y./ In Fig. 5, for a CTT = 11.7, sewing
the leech 1ine results in a reduction of ‘Cp at high tip speed ratios
which is contrary to the theory. .

Results for the double sail at higher Reynolds numbers
(7.1 x 105 to 7.9 x 105) %re shown in Fig. 6. For a given Reynolds
nbﬁber, Cp increases at low tip speed ratios when CTT’decreases,
while at higher tip speed ratios, Cp ‘increases when CTT’increasesl
In this case at Crr ¥ 3.4 2 decrease of T1/Ep due to sewing the

leech line to the sail, produces an effect equivalent to an increase

~ of Cyp in agreement with the theory.

Free-wheé]ing resu]ti (%iho for the double sail Jre plotted
against CTf in Fig. 7. The resutts do not seem to support the
coné1usion that the performance of the turbine becomes independent
of 7 when CTT is large enough and the blades are Eigid. To
determine if the deviation from the theory is a viscous effect,
thehfree-whee]ing results are re-plotted against the Reynolds.
number in Fig. 8. The numbers beside eacﬁ data point are the
values of Cpp. For &TT greater~than about 15 all results fall
onto a sing]e curve except perhaps ‘at the lower Reynolds numbers

4 . . . .
where there is scatter which may-be attributed to low dynamic

_ pressure. Thus although the tests have been made on a fairly

. |
s . g . . !
large scale model there are still scale eﬁ¥e€tsi This is seen

further in the values of .the power coefficient for C.. > 14 which

TT
aré/shown in\Fi?. 9. The power coefficient for three Reynolds
numbers is compared and significant improvement in performance
with an increase of Reynolds humber is clearly observed. The

7
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.Fig. 6 increasing CT to about 15, the value of A for positive Cp,

R R T P
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additional results for Re = 2.2 x 105 were performed on a smaller

wind turbine model of maximum radius R = 5.75 &n., height of 16.5 in.
NC ‘
and a solidity —§B-= 1.57. It was tested in a closed wind tunnel

with a 3 ft. x 2 ft. working section. Wind tunnel interference
corrections were however not applied to the results, and the values
of Cp in this case are higher than those which would be expected if

wind tunnel interference cgrrections had been applied.

The turbine when fitted with double sails was self-starting
for low values of Crr < 3 and Ty/E; > 0.01 or more. From equation
(A.27) this was a range of large camber changes. The maximum power ;

coefficient Cpmax obtained was 0.16 and'occurs when,CTT = 3.3,

' A

To/Ep = 0.02,% = 1.25 and Re = 7.8 x 10°. The range for positive |

power ‘output in this case extends to A = 2. Increasing CTT increases

) -

the range for positive power output but decreases Cpmax' Thus in

increases to 2.6. This increase is accompanied by a reduction of
ks N

!

Cp at lgw A and a 0.01 reduction in Cpmax'
The single sail has two extra‘c}iteriﬁfpf simjlarity, the

leading edge pre-tension coefficient CTL and the leading edge

efasticity coefficient TL/EL' Power coefficient results for the

single sail are shown in Figs. 10 and 11. In Fig. 10, the results

are shown for a constant Reynoids number and near constant CTT and
0 . ! . - » '
TT/ET’ while the Teading edge coefficients CTL and TL/EL are varied. \

Increasing Cy progressively increases the turbine performance and

Cp

max " However it is noted that the two curves foE‘CTL(equa] to 41.4

and 24.5 coincide at higher tip speed ratios. This is probably due

/




to the slight difference in CTT for the two curves. The graph

for ;) = 24.5 has a slightly higher Cyp = 6.3 compared to the
value Crp = 5.1 for the curve with C; = 41.4. As establisﬁea with
the dbuble sail ;esults, an increase of CTT produces an increase in
Cp and an increase also of the range for positive power output
at higher tip Speed ratios. {

In Fig. 11, TL/EL is kept constant while the Re, CTT’
TTYE} and CTL are varied. The performance increases with Reynolds
nuabers except at the higher tip speed ratios where the results
tend to coincide. For constant Reynolds number and CTL the results
for the single sail at low tip speed ratios behave in a similar
manner as those for the double sail. Cp increases at low tip speed
ratios as CTT is‘decreased. The maximum power coefficient for
the singlﬁ sail was 0.16 at & = 1.23 with Cpp = 3.1 and To/Ep = 0.02

at Re = 7.1 x 105. Maximum range for positive Cp was » = 1.95 when

|

[

Corr = 12{7. .

T
Free-wheeling results for the single sail are shown in
Fig. 12./ The-results do not resemble those obtained for the double
sail blﬁhes and apﬁear to be relatively 1nsens$tive to both CTT and
Re, Tht latter may be due to the comparative insensitivity of |
aerofoils with sharp leading edges at small incidence to changes

4 5

in Reynolds number for Reynolds numbers in the rangé 107 to 10°.

i
At small' incidences, sharp leading edges have A fixed separation
point and this does not change irrespective of changes in Reynolds

numbers whereas the laminar separation point on conventional aero-

foils tends to vary with Reynolds number over this range.
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The power coefficient for both the single sail and double

sail blades were of comparab]e magnitude. The, range of positive -, "
power output was however sma]ler’with the sing]e sail than with the

double sails. Ma§jmum power coefficient was obtained with almost

'Fhe same values of Cr and A, for both types of blades. Whereas

the double sail was self-starting for all azimuthal positions for &
low values of C1 (less than 3), the single sail was not self- -
starting for any values of CTT‘ However it might self-start in a

field application where the wind is turbulent and of a sc§1e which ‘

significantly varies the wind direction.

0

6.2 Comparison of Experimental Results with Simulated Results o

A fheory for vertical-axis wind turbines has been proposed

by Templin [4]. The induced velocity through the turbine, terméd

¢

the disc velocity, is related to the wind turbine drag using one
dimensional actuator disc theory. Using Blade Element theory, the
drag and torque of a blade element of the turbine can be determined

when the local blade characteristics are known. For given values

-~y

of the rotational speed and ambient wind speed, the turbine torque

. g, .,

*

. and power output are evaluated as follows:
1) A disc velocity, that is wind velocity at-the turbine is
assumed.

2) The turbine drag i$ then found by integrating the contributions

S m%_j}m« -
.

"of each blade element over the full height of the turbine and

(L over one complete revolution.

S

»

¢
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3) ' The disc velocity associated with this drag i calculated
using Actuator'Disc Theory [11].

/ 4) The new value of the djsc velocity is then used for a repeat
calculation and the iFeratiOn is continued until the chariges :
in disc velocity become small enough to be unimportanf. The
output torque and power are then computed.. \

5) The procedure is then repeated for a different rotational
speed.
The computer program used in the simulation of the turbine
pérformance wa$ written_by Robert [7] and only minor changes were

‘rquired to take into account the characteristics of the wind turbine

tested. The data useg in the prograﬁ were Robert's measurements

of thrust and normal forcgj;oefficjent for a two dimensional aero-

foil for<various angles of attack and Reynolds numbers. - ,

' From Actuator Disc Theory, the disc velocity can only

O

have a value lying between the aﬁbient wind speed and half the

amSient wind speed. For lower values of the disL velocity, the

wake &e]ocit& becomes negat&ve and the theory fai]s.‘ Turbines with
pigh solidity operate moretjn this Tow range of disc velocity. In
applying Templin's method for turbines with high solidity, the
relafﬁpnship'between the disc velocity and the turbine drag has

~
to be extended empirically. Three extensions are’presented in

In Fig. 13, the drag coefficient is plotted against the

disc velocity ratio,

+ -
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where )
Vp s the induced disc velocity ' -

V is the ambient wind speed.—

Curve No. 1 in the figure shows th# plot according to Actuator
R ’ a v ¢ - -
Disc Theory, and in the range 0 < VQ < 0.5, the theory does not

" work. Curve No. 2 shaws an-empirical representation by Robert [7]
v l
to cover the range-1 > VQ-> 0.5... The disc velocity ratio is

o

expressed in the form:

~ .l Y
ol Y%
V C

Dpr ]|

where
J CD is the drag coefficient

['s
C, s the drag coefficient of a fully solid wind

Dp,

turbine

V is the ambient wind speed
(

' VD is the induced disc velocity

y is an exponent,

By matching the same optimum conditions' as stipulated by

i

" the Actuaton Disc Theory, C; and y were determined. Robert's
’ ' PL
fing1 expression was:

v C 0.254
o , D = ] - D .
A <, TTTTIT>

4

From- this relationship, Cp clearly cannot exceed 1.1147. When
this relationship was used.in the program, it was found that for

" the solidity of the turbine tested, the value 'of Cy exceeded' 1.1147




for A > 1. Alternative expressions were therefore tried. Curve -

29

No. 3 in Fig. 13 is based on an expression where the disc §e10city

ratio is expressed in the form:

v Cnh \" |

\ ‘HQ = 1- (IE*EL') |
Dp,* :

where .

CD is the drag coefficient

C:

p is the drag coefficient of a fully soTﬂ@ wind turbing

pL
n is an exponent

{

V is the ambient wind velocity

V, is the induced disc velocity.

, D
By assuming again the same optimum values as given by the Actuator
disc theory, the exponents CD -and n were calculated. The final

PL
expression is:

Vo . CD 2
B T.539
Curve No. 4 in Fig. 13 is an empirical expression/in rough agreement

with data collected by Stoddard [12] for helicopter and wind turbine

!

rotors from references [13, 14].
Experimental results for the double sail blades with

Crp > 14 are compared with theoretical results based on the three

extensions to the Actuator Disc theory for Reynolds numbers 5.6 x 105

5

and 7.1 x 10° in Fig. 14. By comparing experimental values ‘with

CTT > 14, distortion of the sail blades did not have to be con-

4

sidered: two dimensional results for the taut condition were used.

/

©

3
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The results show very little difference between the three theorids

up to a tip speed ratio 1 =1, which is equal to a disc velocity

) ;
ratio Vg = 0.5, and further the theories are in good agreement with

‘the experimental values in this range. As i increases above 1,

v a
Vg-decreases below 0.5 falling jn the region in which Actuator Disc
[

theory fails, and the experimental and theoretical results show

marked”devi;tion. Stoddard [12] refers to this region in which

Actuatodr Disc th@ory breaks down as the "turbulent wake" region.

It is characterized by high turbulence, wake expansion and increased

drag. The variation between theory and experimental results is no

doubt broadly due to the one dimensional approach used in the theory.
There are also differences between the three pairs of

theoretical results (Fig. 14). The results based on Robert's

expression could only give positive power output up to » = 1 at

which point the turbine -drag coefficient, Cp = 1.1147, was the
maximum allowable by the expression. A cbmpqrison of the remaining
two expressions shows that from Fig. 13 for a}given CD value above
1.2, the disc velocity is higher for curve No. 4 than for curve
No. 3. As a result the power coefficient based on curve No. 4 ’
is higher than that based on curve No. 3 (Fig. 14). The difference
between experimental and theoretical results for » > 1 is probably
due to wake effects. The forward blade reduces the dynamic pressure
over the rear blade. In Fig. 14, at higher tip sbeed ratios, the
trend between experjmenfa]hand theoretical results reverses.
Experimental values of Cp are h{gher thén the~theoretica1 results at
large A3 Cp is then very high and perhaps the empirical expressions

used in the theory become unrealistic.

-~
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7. DISCUSSION OF THE FACTORS GOVERNING THE DESIGN

P
By designing the wind turbine with a high solidity,

Nc ’ 4

R 1.4, the wind turbine's tip speed ratios were low and as

R
a result the t#rbingdoperated over the complete range of angles
of attack, un]ike the small range typical with"solid b]adés
”ﬁiggﬁerating“at,higher tip speed ratios, Thus the design was less
efficient and the measured values of Cp were abéut half of those

e

normally associated with the-Darrieus turTines with solid blades.
s 14 ft. diameter

For example the National Research Council
Vertical Axis wind turbine with solid blades gave a maximum Cp
of 0.37 [15]. - | ' |
, Notwithstanding the Tow values of Cp, operation of the
turbine at low tip speed ratios has the fo]]owing advantages:
1) Excessive loads on the blades are avoided.
2) Se]f—étarting may be achieved. |
_ 0 3) Vibrations(qriginating from dynamic imbalance are reduced.
In this case the wind turbine was only balanced §fatica1]y
‘fﬁd not dynamically. IJ J
4) The power loss associated with the adverse torque of the
central supporting disc was reduced.
5) For the case of the double sail blades, the centrifugal
stresses in the leading edge dowels were reduced.

‘The first critical whirling speed for the wind turbine

was ana]xticql]y determined by summin& the separate effécts of a

concentrated mass representing the central disc and a distributed .

mass representing the wind turbine shaft. Since the turbine

N

Lo
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bearings were self aligning pin jointed ends were assumed.
Duﬁker]ey's method [16] was used to calculate the resultant

critical speed, as shown: ~

..l?: ‘|+_1.2.
/ % N )
s where . ' .
g. is the resultant critical speed according to Dunkerley

c

ay is the first critical speed for the shaft alone

is the first critical speed due td the central disc

\

2

mass ignoring the mass of the shaft. ﬁ'

Subst%tuting,ng]evant values for ol and 2 [R7], qbove we get:
- s om L |

1. i
N "E" §E‘E} T I@'E{‘T }
C .

where i )
Ey s the Young's Modulus of the shaft

o [ {s the moment of inertia of the crass-sectjon of tPe
shaft about a diameter “
L is the length of the shaft between the bearings
m‘is the distributed mass of the shaft per unit length
M. is the additional mass concentrated at the centré of
the shaft. ( , d
Substitution of numerical ‘values gave 2, = 340 rpm. This calculated
value for the whirling spéed is probably too low as no aliowance
has been made for the s;iffening effect of the frame due to the

leading edge dowels or due to the taut wire in the case of the

single sail. The turbine was run at speeds of 200 rpm or less,

L4

-
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that'is well below the ca]gulated critical speed, and the shaft
did not whirl.

Y A numerical analysis of the loading of the leading edge
dowels when the turbine is fitted with double sails, showed that
the maximum stresses iq the dowe1s due to centrifugai loads were '

proportional to: ©

2.
R eg XV T /
- \

where
b is the length of the leading edge dowel

d is its diameter

Pq is its density.
For a given turbine geometry, %Hfjs a anstant. Tperefore for a
specific wind speed V, the maximum stresses are proportional to
the density of the #owel and the tip speed ratio X squared. To
reduce these stresses entails a reductiof in tip speed ratio and
thus the advantages of running the turbine at low A is apparent.

Furthermore as a determinant of failure the significant parameter

s pd/oy. where oy is the ultimate stress. Wood is therefore as

good a choice as' any other materal.

The central.disc provided support for the leading edge
dowels or wires and the trailing edge Teech Tines. It was made
from a plywood disc of 6 ft. diametér and was lightened with cut-
oupé in the Tightly stresséd‘areas. The loss of pﬁwer ;or a
rotating disc of similar form to_the one used in the present,

design, is:
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acp = 23 %E-ecM

where CM is the moment coeffic;ent which is a function of the
rotational Reynolds number, 9%—8-°[18]. Assuming a wind speed of
22 ft/sec and a A =1, for the tests QEEQ-= 4.2 x ]05, and/frOm
reference [18], Cy = 0.01. Hence aCp = 0.003. ' / ,

A supporting stéucture consisting of a solid disc there-
fore results in an acceptable loss of power. However such an
arrangement'would probably be impractical due to structural reasons
in turbines producing about kW at 15 mph (22 ft/sec) which would
be about three times the size of tlie model tested. ‘

As a matter of comparison, an estimate of the power
absorbed ry N struts of constant chord ¢ and drag coefficient CD

is given in Appendix B. The loss of power in terms of the power

coefficient is given by the expression:

A

e () [ 12;{(1/-17)(1 +§.)} (013

where the last term in parentheses applies only when A > 1. °
For the present design, N =3, R %3, A = 2/3 Rz. c = 1.5 ft.
and taking A = 1; .

D"

Therefore to limit the loss of power to about ACp = 0.005, the

ACp = 0.20 C

' |
drag .coefficient of the individual struts mus4 be less than 0.025.

Thus the strgts must be well streamlined.
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From equation (B.13), it can be seen that at high tip
/ .

Y 3

speed ratios, the 1oss of power becomes proportional to A” and

may}lthereforerbecome verj large. Operating at low A therefore

IR

reduces the power ‘loss associgted withthe drag of the central

structure.

3
¥
§
b
P




WP 4o L TR I, e g A SRR i

36

(. . , | o
| . 8. CONCLUSIONS

;

. ' A9 ftJ}hiéh, 6 ft. diameter vertical axis wind furbine
. has been tested using two types of sail Blade. Due to its

relatively high solidity of 1.4, the turbine operates at low tip 7
speed ratios and produces coﬁparative]y Tow pSwer output vis a vis |
the Tow solidity Darrieus machines with solid aerofoil blades which

operate at tip speed rat{cd of about 6.

4 For low trailing edge pre-tension coefficient Crp <3 V !

and stiffness TT/ET'> 0.1, the turbine when fitted with double sail (
blades is found to be self-starting with a starting torque coefficient

CQ = 0.03.  Maximum power coefficient, CPpax = 0-16 was obtained

when Crr = 3.3, T/Ep = 0.02, at a tip speed ratio, A = 1.35 and

at a Reynolds numbér, Re = 7.8 x 105

. Posjtive power output is ¢
* obtained up to A =42,0 and by 1n€reasing CTT to"]5,~ Hhe positive

power output range may be increased to A = 2.6 at the expense

* of a Elight reduction of Cp . . A theoretical aﬁé]ysis of b]ade} ‘
distortion for the double sail when aerodynamically loaded has f

. been presented and found té compare fairly 3211 with.the experimental ;i>

observations. From the theory it has been shown that the turbine
performance is independent of the elastic properties of the sail

cloth, Eg-for the sail used in the tests. It has also been shown
T

that the turbine performance becomes independent of Cop and To/E;

AT TR 10 W .

when Cr 2 15. Theoretical results based on computer simulation

of blade element theory have been)cdmpared with experiments for

CTT > 14, Agréement was found to be satisfactorx at low A, but

o

o

Mmﬂmmﬁnﬁqm‘m‘«: iy
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for values of 2 > B; the Actuator Disc theory which was .used to

give the inflow factor (disc velocity ratio) becomes inaccurate.

Empirical modifications to extend the range of the theory have been ~

only partially ssbcessful. &
When fitted with single sail blades, the turbine was .
not self-starting. The maximum power coefficient obtained in this
case was 0.16 at Re = 7.1 x ]05 when the trailing edge pre-tension
kEgefficientHCTL > 25, tip speed ratio A = 1.23 and the trailing
edge stiffneséle/ET = 0.02, With the single sail blades,, positive

power output is obtained up to A = 1.9. The single sail performance

is again independent of CTT when CTT > 15.

§ '
The turbine performance, especially when fitted with

double sail blades would 1ikely increase with an increase in scale.
For a larger turbine it would probably be undesirable to use a
central disc to support the blades; instead separate arms might

be used but these would have to be well streamlined to avoid '
unacceptable 1045 of power, or even rémovgd complete]yl

. It is possibie to use wood fpr most parts of the wind ,
turbine and some other type of cloth such as cotton for the blades.
In such a case the mqferial should be made impervious, resistant
against decay and also 1ight enough to easily change camber during
rotation. However it wogld be unattractive to replace the metal
bearings with wooden bearings. This is particularly true for the.
Tower bearing which supports the weight of the turbine and there-

fore would have a higher frictional torque. The wind turbine should

wh .
be statically balanced, but dynamic balancing is probably unnecessary.

!

H




The critical whirling speed of the furbine should be checked and
the design modified to operate bgTow the critical speed.
: E,@ff ] ATthougﬂ producing comparatively Tow power coefficients,\
the vertical axis sail wind turbine may be useful when power out-

puts of about 1 kwlare required, especially in the developing

. countries of the world, % ’
, Finally one can arize the advantages of a sail

wind turbine producing a power output of about 1 kW when compared

to a similar size with solid blades:

P . Advantages (
1) It is cheaper and requires less sophisticated technology to

/

[ build it. It can therefore be ideal for use in developing

nations where the level of technology is low and the cost

:can be reduced by using local materials.

2) It can be self-starting and gives higher toéques at Tow
angular velocities. ’

3) It may be furled in hibh winds, which eliminates the use

of spoilers typical with designs using so11d aerofoil blades. .

Disadvantages - f

= 1) It is less efficient by a factor of over two. ,
i 2) It is less durable, as the sails are liable to ‘be affected
. - v

, \ by weather conditions and possibly ultra violet radiation
A

after some time.

3) It requires a central supporting structure which results in

b (:x // . some loss of power. |
b ;
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LIST OF FIGURES,

Figure 1 -

Figure 2

Figure 3

Figure 5 {

‘Side view of the wind turbine with the principal
' dimensions in inches. )
Plan  view of half sail blade with the average
dimensions forgthe doqple and single sails in
inches.
'a) Wind turbine with double sail blades mounted
" horizontally on arms in the vertical open jet

G

wind tunnel. '

b) CloSe up of the end qﬁsc showing the ratchet
mounted drums for tensioning the leech iine,
the small disc with equal spaced -holes used
for measuring the turbine angular velocity,
.the scalesfor measuring the torque mounted on
the pulley, the vee-belt and the motor generator.

Na)qwind turbine with single sail blades mounted
horizontally on arms in the wind tunnel.

" 'b) Close up of the end dis¢ showing the screw

' mechanism for tensioning the Tuff wire.

c) C]Sse-up of the other end disc showing similar
arrangement as in Fig. 3b.

Pduer coefficient plotted against tip speed ratio

for the double sail blades at Re = 5.6 x 10°.

. . 4 -
S in the legend indicates a sewn leech line. '
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Figure 7
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Eigure 9

Figure 10

‘Figure n

Figure 12

|

b

43

Power coefficient p]ptted aga{nst tip speed rafio
for the double sail blades at Re = 7.1 x 10°.
S indicates a sewn leech line.
Free-wheeling tip speed ratios (when Cp = 0) plotted
against the leech-line pre-tension coefficient for
the double sail blades. S indicates a sewn leech

" lirie. o ] ‘ |
Replot of Fig. 7 showing the vﬁriatioq of free-

. wheeling tip speed ratios with Reynolds numbers
for the double sail blades. The values of Crq
are shown for each data poijnt.

- Power coefficient plotted against tip speed ratios.
for the double sail blades for va]ueé of CTT > 14,
indicating the effect of va}ying\the ReynoﬁégixA"

number. v

Power coefficient plotted against tip speed ratios ¥

for the single sail blade, ;howing‘the'effect of
increasing the léading edge pre-tension coefficient.
Power coefficient plotted against tip speed r;;io
for the single sail blade, showing the effect of

ﬁvanyinﬁ the trailing edge pre-tension coefficient

) ‘and the Reynolds number.

Free-wheeling tip speed ratios (when Cp =‘0)
plotted against the trailing edge pre-tension-

coefficient for the single sail blades.
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| Figure 13 Drag coefficient plotted against disc velocity
ratio according to the Actuator Dis? theory and also
three extensions to the theory.

Figure 14 - Power coefficient plotted against tip speed

i S T

ratio for the double sail blades CTT > 14,
dompared with theoéetipa] results based on

extensions to the Actuator Disc theory at two

Reynolds numbers. ' \

Figure A-1 Sketch of a rectangular half-sail blade with -

hollow trailing edge.

e O TR NIRRT BT R .
.

_F{gure A-2 Plan view of a double sail blade showing

distortion when aerodynamically loaded.

e T

Figure B-1 Plan view of a rotating strut of constant

I

chord.
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Figure 1 Side viewJof the. wind turbine with the principal
dimensions in inches. '
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Figure 2 Plan view of half sail blade with the averége
dimensions for the double and single sails in
inches. . ‘
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WIND TURBINE FITTED WITH DOUBLE SAIL BLADLS

Figure 3a: Wind turbine with double sail blades mounted
hor1zontally on arms 1n the vertical open jet
wind tunnel.

Figure 3b: Close-up of the end disc showing the ratchet mounted
drums for tensioning the leech Tine, the small disc
used for measuring the turbine angular velocity, the
scale for measuring the torque mounted on the pulley,
the vee-belt and the motor generator.
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WIND TURBINE FITTED WITH SINGLE SAIL BLADES

( |

Figure 4a: Wind turbine with single sail blades mounted
horizontally on arms in the wind tunnel.

ql J Figure 4b: Close-up of the end disc showing the screw
mechanism for tensioning the Tuff wire.
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Figure 4c;:

49 4

Close-up of the other end disc showing the
ratchet moupted drums for tensioning the
leech Tine, the small disc for measuring
the turbine angular velocity, the scale for
measuring the torque mounted on the pulley,
the vee-belt and the motor generator.

&
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Figure 6 Power coefficient plotted
against tip speed ratio for
. the double sail blades at
Re = 7.1 x 109, S indicates
a sewn leech line. .
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3'0"‘ . Figure 7 Free-wheeling-tip_speed ratios

- ) (when Cp=0) plotted against the

. . - leech-1ine pre-tension ceefficient
— for the double sail blades. S

. ‘ , indicates a sewn leech line.
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Figure 8 Replot of Fig. 7 showing the variation of free-wheeling tip speed ratios with
’ Alidlf_yjn}ds numbers for the double sail blades. The value of Cyy is shown for each
ata point. - . . h
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- Figure 10 Power coefficient plotted

against tip speed ratios for
the single sail btade, showing
the effect of increasing the
leading edge pre-tension
coefficient.
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N ?igure 11 Power coefficient plotted
— " against tip speed ratio for
: : the single sail blade, showing
-the effect of varying the trailing
edge pre-tension coefficient and
the Reynolds number.
{\
1-1 .
1-7 &
. . .
«/56 |12:7414| 4.4 | 7-3
- + ] I~] *
A —0.1 aand ‘A ] * 7
- - v 4.4




3-0F ;‘ 12 F ' | ‘
) 4 _ Figure ree-wheeling tip speed ratios (when Cp= e
R // . :gii 2;;: z?ﬁs?‘;&;i: ?Sbiggg.;refténg?oncgog%fg;?gtd
" . ‘s \ —
- \
2.0 ]
Q| #* | s
V. | T Y Y /2 .=5
| \ Er <10 [ X10° Re(Cyy “x107)
" vl 11 7-3 . 10-3 »
| 1-0- x17 | 7.3 12-9
& . +1 2-1 2-0 14-3
Al 2:2 | 5-0 14-5
o 2-4 | 0-8 15-0
| ol 4.4 | 7-3 20-4
- o — ‘ —5— '
, " 10 20 c ‘80 40
. . / T -

LS




TR S agnstT o TFARTT Al g P . o R T JE S

2'4" Actuator disc theory does not —-—-l

- work
I

Reference 13

Reference 14

Jai
>
<>o4b o

Ch

D, :
O-8r .
0-4f _—

L 1 l 1 ! L. 1 ] I

07051 02 03 04 05 06 07 08 09.10
D

.V

Figure 13— Drag coefficient plotted, a’gainst disc velbqity,ratio according to
the Actuator Disc theory and also three extensions to the theory A
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APPENDIX A ~
{\ Analysis for Sail Distortion

e

A sail of rectangular shape with uniform chord c,

length b and a trailing edge hollow x iseconsidered for simplicity:

it is .shown below in Fig. A-1: U

Taking the trailing edge as a circular arc of length 2-and radius

of curvature s.

, From geometry:

2
¢ = (g—) + (s-x)2
n / ‘ /
2 _ b 2
s =z—ts - 25X + X ¢
4 ,
. - 2 \ 3
SRR / \ |

2
for small %. X * 5;
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J

Substituting (A.3) into (A.2) gives u

% - sintge) (A-4) ‘
Applying a sine expansion to equation (A.4) and ﬁpproximating to

2 ter’ﬁns .

#

C3
b _ 1 ]
mon-awEE e : 2

T PP ) e
©
(48]
-
b8
#

(A.5)

o=

= 1495 ) , o
: 3
Substituting for s from (A.1) into (A.5) and noting (ﬁ-) :1,

2
%’ =1+ % (%.) \(A.6)
If/a Te tension in the Teech, the chordwise force

" acting in the direction GO is T/s per unit length of sail.

The sail distortion under wind load in plan view is as

shown in Fig. A-2:
: o ]
: , \’ ? . L" |
g R /
'/ F is the original position of the traﬂ\ng edge after pre tensmn
' 45% . | and x; the orlg{nal value of the’ ieech hol‘iow. x amd Y-are chordmse 5
g ( } and normal components of the force on the traﬂing edge per unit’
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( 3
length of sail. The angles e and n are small.
Resolving'forces along the chord gives ' o
X = -I— cos(e+}1) (A.7)

For small ¢ and n equation (A.7} redutes to
x:% A o (A.8)
Resolving fprces perpendicular to the chord gives
Y =,-} sin(e+n) (A.9)
For small ¢ and’n, equation (A.9) reduces to .
V=1 (etn) e 7 (A10)
Combining (A.8) and (A.10)
\ ﬂ ’ }lun=% r o : ,(mnﬁ
Putting X = %'pUZCCx and Y = %’pUZCCY where C, and C, are force o

J coefficient§ and U is the net air velocity relative to blade sectiom -

. .
Fooor me = *(A12)
X 7
' ; . .
From Fig. A-2 ‘ .
® x sin(nte) = (c+xT)sin €
- cHx ) B
(o) = (L) -, (A13)
; /
Substituting for nte in (A.12) ’ .
' C
@ t:M'g(cixT) 'C')Y(' ) ° (R.14)

Equation (A.14)-gives-the change in incidence due to |

distortion.. -




If TT is the pre-tens1on forgz?ln the leech and ET is

- the force in the leech required to produce unit straln in it, then

s . m"

2, —z

. | . ET( T ) (A.15)
‘ %o

where |
, { % is the unstretched 1engfﬁ of the leech
' is the length of the leech after pre-tension
-T*is the tension in the leech with wind 1qad.
L+ 2. )
Then, T = ET( ) (A.16)
‘ .

Combining (A.15) and (A.16) to eliminate %, and re-afranging we get
™

= T 2 _
T=T+ (TT+ET)( = 1) e
Combining [(A.8) and (A.17) gives

© ox-=1 [TT + (TT+ET)(%? - 1)] (A.18)

a
Substituting for s from (A.1) into (A.18)

(A.19)

>
]
1
1
—
+
—~
- N
-+
“—‘ﬂ -
N’
N
s
1
s

Erom (A.6) we can write
, \ | 2 25 ' xt\2
Bered @ e a1 43(F)

Hence substituting for & and 2, into (A.19), we get

- 8x2
! E ]+3-<)
_ 8x T b
) X—FTT1+ ]+T_ >
XT)
(E77

-1 (A.20)

; ) : Vg8
4o o I
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By definition, . g
{: TE>= %-prcVZCTT '
and . | | ) N S
X = 5 oct?c, N : ({3

Uz,.onained from a vectorial addition of the velocity vectors on

the wind turbine blade section, is averaged over one complete

revolution of the turbine and the mean of the squares of the turbine

radii. Therefore,

T A 2 (ar)? 1 ey
Iy

where rmz is the méan of the squates of the wind' turbine radii.
Re-arranging equation (A.21) gives,
2

2 =02 4 (QR)Z(;n_m> , (a2

-

From the turbine geometry, (Fig.1);

i ' 2/
l"m' _ 2
- - 5
R 2
r
m

© Substituting the ratio = in equation (A.22), we get,
, R

B \ ) i T
u2=v2E+§x2] since & = 3 (A.23)

Substituting for X énd TT in (A+20) we now‘get

g

2 2 8x Er | E?
]+'5'A CX-L—Z-'ZbCTT 1+ ]1'7?[ ——-;(—-—2--]
’ ! 8/(°T
‘ 1
— : T\F. ]
" ees (AL28)
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Exp&nding (A. 2%&) gives

8 ' .
— (xtx) (x-x,)
Er: | 3p T T

(“%’"Z)Cx‘cn 1668 |1+ e —t| (A.25)

X1
1+ 3-(5—)

Y

X X=X
For small b—— and Tl equation (A.25) becomes

13

‘ E; (16 :
3 Az) Cy = Crp 16 ;1 [1 + {1 + TH{ : (x-xT)}] (A.26).

!

The approximate charge in chord of the sail becomes

1] .“ C

b 2 .2) X ®

X=Xy 16X <]+5')‘)f_']¢

T_ T TT . (A.27)
b ET) 'I6xT . '
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APPENDIX B

Power Absorbed®by Central pupporting Struts
I'4

Consider one strut of cohstant chord ¢ and length R

-as shown in Fig. B-1. Ignore any aerodynamic interference getween
! : , !

_ the struts. o o~

Assume ¢ << R. The drag coefficient CD of the stﬁLt

. section is taken to be constant and the drae dependent orfly on
the velocity normal to the leading edge. \ .
p

At radius r, the drag-per unit span on one strut in .

»

the direction of the normal velocity component

D = J pcty [Vsir/\e - ar]? »o ~(B.1/)
Hence work done against drag through a small angle de, for a strip
dr of the strut 1is

7

b di = - % pcCy [Vsine - ar]? rde-dr (8.2)
(- . \ ,
(/ _ Therefore work done through one revolution opposing rotation f ;
0 &
o
&
3y
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( o - ‘ N
- ) o L . ,
.- \ ; : W=- %—pccog g (Vsine - ar) |Vsine - ar| rde-dr *
g | ‘ ~ ,
g ‘ R .27
. \ ’ %— i[vzs'inze - 2Vsinegar + erz] rde-dr (B.3)
% - ., 2 y . »
- o \ ) v 0 0 ’ : ) ! (
# o d \\\ - ’ 7 I
¥ ' »,when ar > Vsine, W is positive. - ' ' lw
‘gff ) 7
- % ' Réiarranging (B.3) .gives o +
L . “. .
5% s ' \‘*. s R 21!' - ‘
R - g .1 2 (] ) i 2.2 .
g Co h\\ S0 WE=spcy t {V ( 2— cosZe 2VsineQr + @ ]arde dr
J \ p ‘! ‘ O 0 ¢ v { . o (B.4) /
i Because of the change of 51gn of the mtegrand the 1ntegrat1on

with respect to @ is done first and 1n two parts

4
-

3

R

R | 15,2 2 2.)%" -
\ W= 5 chD v 2— I sin2e ) + 2Vcosem‘ +-27r%8
Vo Jy 0
‘\‘ L 2dbe " o ' y 1
| o To- Z{Jg(% %ste) + 2Vcosear + erze} ] rdr
| ,. o
| - where | Vs g 3
oo sine, =%—t when ar < V y T
|y S ' *
| \ ="1 when gr-> ¥ \> ) , ‘

o ' B ‘ -

fter re-arranging

- R (_ . oo
S [('2-—4- Q- r ) 46-l - V sin26] + 8Vm'cose]] rdr s
0 , ) i ...(B. 5)

=) , gives 4
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2 2
) ¢ W= %‘PCCD SIV [{% A? (%)} j%] - 51n29] + BA(R-)cose] rdr-
] r |
k. Puttlng =g o.dr = Rdz
;El 1
o A
cy 1 2 1. .22 : ' '
? ) ; WHW= z-chDV gl:{éw Az 3491 - sinZe] + szcose]] Rz Rdz /)
. | : 0
f (

AZ  when

L

% when Az > 1

r

&
i

Az <1

1° 2.2 .
2—+A 2)49] - s1n261

*

Y ,
8Azcose] zdz

éw LB7)

LS

° Equation (B.7) is integrated in parts, ,
First Int:grglz ' =, \
- T /2
Ze]z dz = . s1ne] X cose]de»1 for \Z < 1
‘ 0 0,
1.
+ J‘nz dz for az > 1 ’*
1/a
- )2 oot pRs
= ']’2' Je]ste]de] [ %—] .
Cor A Jo . 1/x
' i ] a>1 :
* | I '
After-re-arranging. -~ . \
1 L
) _ T T 1 . :
f29]z dz —4—;2-+2-{] -7 } (3.8}
0 oA . \

the term in the parenthesis being applicable when ‘x > 1.
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Second Integral: : .

]

0 / g .
{ for’}ol
/2, .
L Toosinze - X sindo ] do. + m? {1 -+
Z 9 17 7SI 4 3L
0. . 2y - X)]

'~ /
7
'

After rearranging ‘and integrating we get
1. . - )
2. 3 b A 1
4)"9,27dz = —t {] - }
the last term in the parenthésis being applicable when A>1

Thi;d Integral:

>

1 ‘ /2 1

0 * ' 10 M1

1
- 1 1 ‘ .
= E;é-g(z -5 COS491) de-l. .,
0 .

S ' K—_‘/F" 7 . ’ ‘ o

5
s , 2 - ¢

Fourth Integral:
1 n/2 ,

. 2 s 1 2 ]
Ba’z cose]dz = 8 ~ sin 87056 ;cosa]de]
0 . . .

0 A]’ v

) 1 +S BAzzcos ’27» dz ©

\.:l/l )‘>]

. 1 4 . 1 . .
( Sz s1n291dz~= x s1ne151°n291 i—gose]de] + . Z Sinndz '
0

1 /2
2, 3, 21 3. 1"~ 213
4 elz dz—f%lx ;-gsm e]lcosg‘lde]+s‘]4x 7zdz
0 N
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/2
, =2 1] '
= ;?. g (2 . 7\cos4q]) gle]
Ari> 0 \
) . | | (B.11)
R ‘ ;;Z N \
\ | '
J Summing up) the results from eqyatfpns (8.8), (B.9), (B.10), and
! . - \ ' -
(B.11) \
& \
' \\ /
: 1 2,2 T 5w T T 1
W=7 pcC RV t— - + ) +{—(]- )

? 2 [(H 162 g;f 2\ 2 ;f }
4, ’ g
% \ "+ %—2— (] - -]74—\\ } H ) ;
’ i L . 2 A \ / . .
; where the terp in parenthesis is app]icaﬁ\e only when A > 1.

‘, ’ ’ \ . :

. Finally rearranging \\ . ;
( k ) \ ’*

R 122 18 q ) ” =
_— . w’*'prCDRV [:};;2-*.{“( -?)<] +§§(\)z] (B.]/Z)

] - \
#he last terin in parenthesis being applicable when x > 1.

© o NHa v
Power, P = for N struts. . ‘
| In j . 4
. NWa /
Hence, ACp = P - .’ /

Tov’A 3 oVA2e -

5 el B [;_27*-{(3 )0 E)] e

A

o bt g i g =« o %

%

the ladt term -in panentheﬁis being applicable when A > T.
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