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With the growing interest in wind energy, the vertical-axis

.
ana T

‘wind turbine which is relatively cheap and is insensitive to
wind direction is becoming increasingly pdpular. The

A feasibility of using sailwings instead of rigid blades has
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already been\esEablished experimentally. In this study,
two-dimensional tests of the sail aerofoil are.presented. .
The results are related to the charactéristics;of sailwings

and two-dimensionairsails. A theory for the wind turbine is /
outiined and extensione areﬂdeveloped for turbines of high !
solidity. A’ computer progrem for this theory is used to

1
determine the relative merit of various shapes of sail

aerofoils when applied to“ a vertical-axis wind turbine. The

. present knowledge indicates that a three—bladed vertioal- )

axis wind turbine usiﬁg/dacron sailwings with a leading edge \
to chord ratio of 108 would be close to an optimum design if

operated with a solidity of about 1.0. "
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. Etant donné 1l'intérét crgissant que suscite l'&nergie 4 i ‘
. , >
€olienne, la turbine & vent 3 axe vertical, de par son o

faiblé cofit initial et son insensibilité 3 la direction
{ . du vent, monte en popularité. Il a dé&jx &t& démontré
exp8rimentalement par le passé qu'il est possible

g d'utiliser des "aile-voiles" plut8t que des pales
%

rigides. " Cette &tude comprend des tests du "profil-
Lo
voile" en deux dimensions. Les résultats sont comparés ‘ *

A

avec les charactéristiques des "aile-voile" et des voiles

& deux dimensions. Une théorie des turbines 3 vent est
décrite et est-modifée quelque peu pour tenir compte
o
des turbines ayant une grande surface de sqales par rap- N

port & la surface balayée;y’W? programme d'ordinateur

pour cette th&€orie permet dé comparer le rendement de \ \
‘ différéntgs sections de "profil-voile" dans une turbine

3 axe vertical. Jusqu 'a ﬁrésent il semble que la meilleure

configuration pour une telle turbine comprend trois "aile-

Goiles" faites de dacron avec un bord d'attaque ayant un

diam3tre de 10% de la corde et une somme des cordes des

pales environ égaie au rayon lorsque mesur&s au plan de "

symé&trie de la turbine.
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Frontal area of the wind turbine.

Chord | - “ /

* . N s~ //’
Mean chord: ared/span of a wing. / v
Maximum chord of the sail aerof011 [
(fabric just taut). /
Drag coefficient of, a wing or aerofoil.) -

~_ !

Wind turblne drag coefficient based on r
ambient windspeed. '

+

Wind turbine drag coefflcient based on
disc velocity. |

Theoretical drag coefficiént of a "fully
solid"” wind turbine.

1

| T
Lift coefficient; ’ :

Coefficient of moment about the quérter- %
chord point. :

A ’

i

Normal force coefficient.

vow @ i
Power coefficient of the wind turbine.
Ideal power coefficient. {
\
Maximum power coefficient. . ‘ :
N ’ ’ y{% ’ ) i , o
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Torque coefficient of the wind turbine. '

Thrust coefficient. » *j -

Leading edge diameter.

§
Drag of the ‘wind turbine.

Tunnel width.

"Height of the wind turbine. ;

i

Length of a blade.” /
Lift to drag ratio. j

Number of blades of a wind turbine.

Solidity of the wind turbine at the plane
of symmetry y = 0.

Static pressure measured inside the sail
aerofoil. ’

Static pressure at a reference hole in
the wind tunnel wall.

Pressure far away.
Power of a wind turbine.
Power of an ideal wind turbine.

Local radius at a given height in the
wind turbine.

»

Maximum radius of the wind turbine.

Reynolds number based on a characteristic
dimension (dim).

Wind turbine Reynolds number based on
the diameter. ,

Local Reynolds number of a wind turbine
blade. . 3)

-Tﬁickness of a wing or aerofoil.
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X-tension

Y-tension

" Air density.

Alr viscosity.

ix

Ambient windspeed,

Local windspeed.relative to a blade.
Disc velocity (veloc1ty at the actuator
disc location).

Velocity in the test section.

Angular velocity of the turbine.

Tip speed.ratio.’

Exponent in the theory allowing for
high solidity.

Force on the trailing edge of the vail-
aerofoil in a direction parallel to the
chord line.

Force on the trailing edge of the sail

aerofoil in a direction perpendicular

to the surface of the aerofoil.

Vertical position within the wind turbine

measured from the plane of symmetry. i
il

Local angle of attack of the wind relative

to a blade. .
Blade tilt angle with respect to the axis
of the wind turbine.

Solid blockage correction for wind tunnel
measurements.

Wake blockage correction for wind tunnel
measurements. - .

Betz efficiency. o

Angular position of a blade within the
wind turbine. \
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1. INTRODUCTION

For a long time, man has been try;ng to harness wind energy.

The first windmills'apéagently appeared about 2000 years ago,
eqﬁapped with primitivé saiis.ﬂ The 18th‘century saw the lar-
gest number of these, mostly for milling f£lour or pumping W
water, a fqmiliar example being the Dutch windmill. With

the advent of the steam engine in the 19th century, theynQere
‘slowly abandoned. Then, electricity came into tﬁe picture q
in the 20th century and wind machines, like the ‘American /

multibladed type, regained popularity by generating electri-

city in remote places. .
b ' ’ 3

Most windmills had a,hogazontal axis; those with a‘vertical-‘ '
axis, of the drag type, being considered inefficient and slow.
More recently, the National Research Council of Canada deQeloped
a yertical-axis wind turbine thch was very efficient when
operating at a high tig speed ratio (Figure 1) . Tests were

made by South and Rangi (1971, 1972). The design was simgle

and suitable mostly for large préduction. An attempt was made
at McGill (Robert 1975) to design a cheap wind turbine with .
sails thch would be suitable for the third world, and that
would still retain-one of the maj?r advantages of vertical-

axis turbines,‘namely that they are insensitive to the wind

direction. a ‘
\ ¥
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Since the drag of the blades is of prime importance, it was .
1

decided that sailwings, developed by Sweeney (1961) §t

Princeton Univgrsity, would p}obably be more suitable than
conventional sails for that application. A sailwing con-
sists of fabric wrapped around a leading edge, usuallf'
circular in cross-section, and pulled taut to form a sort of
flexible hollow wing (Figure 2). Models of vertical-axis
wind turbines using sailwinés were built and tested (Robert
1975). It was seen that the leading edge should/not be too
flexible. ‘'The model shown in Figure 3 was fﬁlly self-
starting and featured a low tip speed ratio of around unity.
Its low power coefficient of 0.02 was attributgd to the use
of a porous fabric (parachute silk). A subsequent model
reached a power coefficient of 0.16 and'hadinon-Porous
sailwings made of caléndered dacréﬂ, mounted parallel to the
rotafing axis (Figure 4). The efficiency of various types

of turbines is shown in Figure 5.

The behaviour of sailwings is difficult to predict owing to

the aifficulty of controlling all the parameters charac-
!
terizing it (Figure 2). For instance, the chord must narrow

Q

down near the middle of the span in order that tension be

maintained everywhere along the trailing edge. That tension

has components in three perpendicular directions and;}s dif-

4 .
ficult to analyze. The sailwing, when loaded, becomes twisted

- \

towards mid-span. The camber may or may not be constant along .

»
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the span. Also, the thickness (that is leading edge diameteri
to chord ratio varies since the chord length changes along the
span. A better understanding of sailwings was therefore
desirable before procee&ing,furthér with the testing of
particular sailwing wind turbines.

1 -

This thesis is devoted to the study of the sail aerofoil,

whicﬁ is the two-dimensional version of the sailding with a
rigid trailing edge, and should help to understand ;etter
the behaviour of sailwings by testiﬁg tﬁe effect of changing
only one §arameter aé a time. It was found necessary to”use
a rigid trailing edge (Figure 6) for testing the sail aero-
foilw.in 6rder to obtain constant chord, camber and tension
along?the'span, and to avoid twisting. This rigid trailing"
edgé was hinged about a longitudinal axis passing through
the trailing‘edge‘thereb; simulating the tensioning wire or
seam normally foﬁnd in .a sailwing. Endplates were added to
preserve two~dimensionality. \ _

Wind tunnel testing of the sail éerqfoil was performed for 5‘
full range of angles of attack 0° to 180° and the Reynolds

numbers varied from 9 X 104 4 4

to 18 X 10* (up to 30 x 10* at
small angles of attack). Different geometries gsted\\\\ﬁylj
by varying the distance between the leading edgge and the

’/‘:Lraifing edge, thus changing the camber and the\tension in
7 ;
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’ the fabric. , Three leading edge diameters were tested,
C . giving a thickness to chord ratio of 6.4%, 9.7% and 13%.
Measuremenﬁé were taken of the 1lift, the drag, tﬁe two

7 components of the force exerted by the trailing edge to.

balance the tension in the fabric, and the static pressure

[y £y

inside the sail aerofoil. Comparisons are made with sail-

i
Ed - A

wings, sails and rigid aerofoils.

'
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The data on lift and drag were inserted in a computer pro-

7Y

gram to evaluate the performance of a two-dimensional
i o

. l , v e, -
. . vertical-axis' wind turbine, in an attempt to give a pre-

(

et

liminary assessment of theioptimqm design. The Betz-Glauert

theory is used to determine'the air speed at the plane of .

\

the turbine and is extended to allow for"wind turbines of a ,

v}

high solidity. An attembt is also made to modify the theory T

to account also for the interference between the upstream

and downstream blades, ‘ - .
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2. WIND TURBINE THEORY

'

2.1 Introduction
-

The performance of a wind turbine can be predicted from.a
knowledge of the aerodynamic characteristics of its blades.
By vectorial addition of the wvelocity of the blade and of
the wind passing tﬁrough the turbine, it is possible to :
determine the'local windspeed and angle of attack on an

element of a blade in’ a given position. . By summing up the

. torque contributions of the 1ift and drag as the blade

\

revolves, the complete torque of the turbine can be deter-
mined. ) it

]

In the above theory, a}lowance must be made for the re-
duction of speed as thé flow abproaches the turbine (outflow
factor). Following Templin, this diiF velocity Vb is ‘
estimatéd using theories which relate it to %he drag D

of the turbine itself:

.

l

2.2 Betz-Glauert Theory - °

1

i

In this theory reported by Glauert (Durand 1963) and Fales
(Marks 1967), the wind turbine is represented by an actuator
disc through which the velocity is uniform. The streamline

pattern shown in illustration 1%is assumed.

-¥ ' i
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Bernoulli's equation is applied in the steady flow from

1 to'2 and from 3 to 4:

P_ + $pv% = p% + }pVD2 , /

2 _ 2
Ps + V" = p, + doV,

S
[

The momentum equation is used from 1 to 4 for a large

1

control volume with sides cqomposed of streamlines far

4 o

“

‘D=pAVD (V-V4) \

Noticing that: ,

\

D = (p2 - p3)A

the disc velocity becomes:

’

vai (v+v4)‘

That is, the disc velocity is’ the arithmetic mean between V
and V4; The wéke velocity V4 has values between 0 and V.
This imposes the limitation that Vp lies between the ambient
windspeed and half of it. °
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Cp 4 5 1 ) )
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Notice it has values between 0 and 1. This equation is

plotted in Figure 7.

The required relationship between the disc velocity and
| . A"
the drag coefficient correctly giving —%-= 1 when Cj = 0

is then: ) ' /J '
vD * /l
=%+ /1 - Cp

¥
b

;
/

The theory can also be used to predict the‘poﬁer output
A
of an ideal wind turbine by ass§§:ng that all of the

turbine drag is converted to shaft power:

1 K p
And the power coefficient is: / ‘
/ ‘;

- /

. DY v, /
C = = C — ) ‘
Pia ipav? PV ,
////
— //‘ é
// ' ’
/ %
K

2,2-2

!
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Using the drag expression 2,2-1

#

v . V.
= ._..D.. 2 - ._.r'l ' -
| —
This ideal power will reach a maximum of: ' ‘ »
Vv,
CP = %ﬁ (or 59.3%) at —%-= % |
max ! \ )

>

in which case, the drag coefficient is:

_ '8
=73

"
This theory has an importaﬁt limitation. It is possible
to conceive a wind turbine that would have such\a high
solidity that the disc velocity wole become less than
half the ambient windspeéd and the wake would become | ) \
theoretically infinite in extent, or there would be

backflow in the wake. The actuator disc theory cannot

handle that case. \ p

2.3 , Extension. of Betz—Giauert Theory to Allow for High SolidiEy
‘t CN._/
" . . ’
The. Betz-Glauert theory is extended to cases with high ‘
solidity and low disc velocity.. Let us assume that the
disc velocity ratio depends on the ratio of the actual
drag of the wind turbine to the drag of a "fully solid"
'wind turbine:

>




! \ .
/ .
*
. Y_Q = f (EE___ . l
v S,
PL ‘ . \
N Where: C, = drag coefficient of a "fully solid" wind
PL, turbine (i.e. drag of a circular plate in
- the case of a{,ﬁporizontal axis turbine).
A o
) 1
There are two limiting conditions: when the wind turbine
j‘ has zero solidity (i.e. there are no blades, Cp = 0), the
disc velocity ratio should be unity, and when it is fully '
: 4
i ‘ . solid (€, =.C; ), the disc velocity ratio should be zero:
E::' PL i
y . {
L] v
=+ 2 =1
L Cp = 0 = 1.0 | ‘
g .
v » %
<3 D M 1 2y
C = C = e = () {
B’ 13
3 | D Dy, v ‘. . |
A simple function that satisfies (*) the above conditions is:.

T

] f -

. "VD CD % ' , -
— TR ( 1 L ) @ A .
v Cp
PL W . -

=y S SR I
.

Where: x is a constant exponent which will be determined.

K4

c ¥
(*) 1 - (_Q____)x was also tried but did not match Glauert's
theory nearly so well.

L - N
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This relation may be inverted to isolate Ch: ¢ -
1 [
D, x ‘ \
C,h=2¢C (L - (=) ‘ .
D "Dy, v o S /

Using equation (2.2-3), the ideal power coefficient becomes :

)l 1
v V. =

D D, X

c =C —- (1 - (=%
Piag DPpp V Ve

And the maximum ideal power coefficient is now:

. C
! DPL f

- ( X )x
“x + 1 ‘x + 1

And occurs at:

ZE =\( X ¥
v X + 1

-

and x can be adjusted so as to,

PL
obtain the same maximum ideal power coefficient as in the

Now, the two constants CD

Glauert theory, and at the same disc velocity ratio:

i

/ CP = %; at
max

<lo®
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In this case, the values of the two constants are:

CD = 1.11467 and x = 0.254
PL

/
;

. //
yielding the final form of the relation allowing for ‘high

solidities: i 2 \

v c ' -
‘o _ 1. D 0.254 : | .
V ’I.IIIEi )

-

A ‘'graph of this e?pation is shown in Figure 7 and of the
4
ideal power coefficient in Figure 8. It is encouraging

that the computed value of C is of the right order for

Dpr,

a bluff body.

.

i
o

i

// I

2.4 Extenéion of Betz-Glauert Theoxry to Allow for Wake
Interference :

/ i

Another problem specific to vertical-axis wind turbines, is
that the wind passes twice through the area swept by the
blades. The interference of the upwind b;ades on the down-
wind blades can be treated by crudely representing the
turbine by two actuator discs in tandem. The second disc
velocity is then lower than the first. The streamline

pattern is shown in Illustration 2.

/
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The Bernoulli's equation is applied:’

. 2
l1+2: p,+ 2pV® = P2 + ipv;1 2.4-1
3+7 : pa+ RV =, + 2ovi ) 2.4-2 :
3+ 4 4+ oV = 2. \ ) Y
: Pa pVD], = pn.‘ + ipVD2 2.4-3 Z
56 : ps+ 4oV =p, + bpvi 2.4-4

The momentum equation is used for a large control volume with
|

the sides composed of streamlines far away:

)

PRV, (V-Ve) + p(A-Ap) Vp (V=Vs) - (D1 + Dg) =0 2.4-5,

»

The'qomentum equation is also used for a 'smaller control i
volume with sides composed of the streamlines a - a. It

is assumed that the drag of the aréa AD-of the first disc

is simply: ﬁ% Di. A justification of the use of p; and

P, in the following momentum equation is given in the next

i
paragraph. : g
| o , .
¢ Ay- | '
1+3: pAV"D2 (verl) + (p, = P3) Aj -&abh - 0 2.4-6
, )
346 : pAVp, (Vp Ve) + (p, = Ps) A-Dz =0 2.4-7
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iﬁ Finally{ the drag of the two discs is: o : %
D; = (pz2 - pPa)A ) " 2.4-8 - i
Yy .
D2 = (py - pPs)A 2.4-9 |
I ) o
! ‘ L

When applying the momentum equation to the innermost control l
volume, the pressures must be carefuli’ estimate?. By as-

- suming p_ from 1 to 2, a positive thrust is neglected, the

_pressure being actuaily larger than p_. By assuming §3 from
3 to 4, a positive thrust‘is neglected, the pressure being .
actually larger khan ps. By assuming p_ from 5 to 6, a nega--,
N tive thruét is neglected, the pressure being actually less
“ than p_ . As‘can be seen from the sketch of the brqssure pro-
file, (p2 - p_) is likely to be less than (p_ - ps). Thus,
the positive thrust 1 to 2 is smaller than the negative thrust

Pl
5 to 6. Also, in the mid-section, the positive thrust 3 to 4

is small because it is applicable to a small area (A-A.).

T N T T W T gy T TR T AR R T TR TR TR T R e TR e oo e
Y

Hopefully, the negative thrust 3 to 4 compensates' the two

- 'smaller positive thrusts and the momentum equations are justified.

In the previous 9 equations, there are 11 unknowns: AD,"VDI,

-

EO TGy X ST

szr VG r’ V7;9 P2, P3:, P4s Pso» Dll Dz- ‘Thusl it is possible to

bt Wil

solve in terms of 2 of the unknowns: D, and D,.

Combining 2.4-1, 2.4-2 and 2.4-8, we gbtain:

v D -

- »
"\

Y - Vi T o —  2.4-10

] 0

T
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Using this result with 2.4-2, 2.4-3, 2.4-4 and 2.4%9, we

have:
{\
3 &
Ve _ — - .
V- vl CDl CDz 2,4~11
Those two results together with 2.4-2 and 2.4-~7 yield:
VD; + Ve . |
Vp, =7 2.4-12

This means that the second disc velocity is the'average
between the first disc velocity and ;pe inner wake velocity.

Making use of equation 2.4-6, the area ratio is found to be:

2.4-13

!
i
\

gombining all the equations into 2.4-5, we finally obtain

the first disc velocity ratio (%lotted in Figure 7):‘ ,'

°

\'4 . . |
Dl - - - - - « -
~ = Y3 2 /I—:-T.:' cD] + Y1l ch 'Al , 2.4 14 -

Notice that the first disc velocity ratio is a function of

. . \ )
the drag of the first disc only, and does not depend on the

Y
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1
- ] .
4

. drag of the second disc. The maximum CDl is 1.0 at VD;/V =

vZ - 1, that is :4142.

—

y

.

Using 2.4-11 and 2.4—12, we get the second disc velocity =

' (plotted in Figure 7 for three differen; values of VD;): ~

: -~ . v
2 v \'4 ;
D, _1 "D, 1 — — -
v v tyr vl Cp, ~ Sp, ' 2.4-15

\ ! - 1
4 .

The maximum theoretical value of Cj (i.e..Cy +Cp ) is

1.0. Thesr relatioﬁs can be {2yerted to give the drag
A
coefficients as functions of the disc velocity ratios:
1 9
(1 - 8%) (8f + 48, - 1).
48t

D1—

- - . - - 2

- ] AR T A
~

' - Vb VD
! Where: B8 = —5- and B8, = —*

v
w

'The ideal power coefficient is obtained by letting all the

drag do useful work:

'

D, V. D, V T :
CP = _-—D!- + _____P_Z_ , . -
ia  ipav? joav? Y \
L] - } K\A
L AN
E
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. o Vb, ‘e Vb, , ,
P.qg D1 ¥ "°D, TV . .

The maximum ideal power coefficient is calculated by trial

and error: | | ]

= ,60662 at

C v .
P _- D, =
max -—V—- .873
] v - )
- D2 _
and 7 = ,580

4 °

For computer applications, it is sometimes desirable to
use the drag coefficient CDDl based on the disc velocity

., rather than the ambient windspeed:

-

C Vo= Dl = CDI '
DD, 2 Vv

f’/ﬁﬁ hat coefficient has the advéntage that, whénever the blade
characteristics are available at only a single value of the \
Reynoldé number, it is not necessary to iterate to find the ¢
proper drag and disc velocity of the wind turbine. It is

given by:
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-

(,' cD - 1 - B}) (B} + 48, - 1) ‘ o * ¢
D1 4p!
Where: By = VDx
\ f V . o 7

1
1

It is usually necessary to’ invert this relation to obtain

the disc lvelocity ratio as an explicit function of oo, *

Owing to the difficulty of inverting the relation, a least-

- squares curve-fitting of sewveral functions was made and the

best one chosen. The accuracy of the fit was better than +

.4% at any point.

~ . - s

Yo, . 1, 43142 s
v T 1e9m " e+ 0.39019 :

DD,

.
a

Table 1 summarizes_t%e three theories previously described.

1 et w3 e
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vV

Theory:

' Sketch:

Disc Velocity
Ratio:

Lowest Disc
Velocity Ratio

D

v .
Maximum cD

Maximum cDD

‘Maximum C

- Pid

Iterative Technique
Required for Single
Re blade character-
istics

Betz—Glaueré
Actuator Disc

4
.16/27 = .593

No

v
D _ D ,0.254
B2 v 5 14
0.0
1.115
) -

Theory for

High Solidity

LS

16/27 = .593

No

Double Disc Theory

for Wake Interference

-

-~

5.828
.607

Yes

TABLE { : Summary of the Wind Turbine Theory and its Extensions

0¢
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2.5 Blade Element Analysis

The purpose of the blade element analysis is to calculate
the torque and power. output of a wind turbine at a given

h
rotational s%eed in a given ambient windspeed. Note that

there are two unknown quantities which are dependent on
each other: the disc velocity and the drag of the tur-
bine. The method for solving this problem usually con-
sists of the fol}owing three steps. Firsé, a disc velocity
is assumed and the drag of the turbine is found by inte-
‘grating the contribution of each blagé element as the blade
revolves using thg known bléde charaé;eristics: Seepndly,
by uéing a theory similar to the theories previously ex-
plained, the dise velocity ratio associated with that drag
is calculated, and is compared with the disc velocity |
éssumed\in the first step. The correct disc velocity can
then either be directiy found, if the blade characteristics
are available at only a single Reynolds number, or by
iteration between the first and the second step. Thirdly,
once the disc velocity is established, the torque output

of the turbine can be found by ihtegrating the contribution
of each blade element as the blade revolves, using again )

‘ a
the blade characteristics. The power output is finally

v

found bf multiplying the torque output by the rotational

speed,

HARK'S on Clory
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The integration;of the torque or drag contributions of a
blade element requires the determination of the }ocal
velocity Va|and local angle of attack a of the relative
wind on a blade élement, at any given angular position

8 and angular speed wr. The velocity diagram is shown
in Illustration 3 for the case of a blade tilted at an
angle § with respect to the vertical axis of a wind tur-
bine. Notice that Va is in the plane of tﬁe aerofoil

cross-section. ,
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ILLUSTRATwION 3: Velocity Diagram of a Blade E‘:ié\x\nent
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From this velocity diagram, it is seen that:

V; = (V, siné cosé)? + (v, cosd + wr) 2 2.5-1 -
v AN .
_ -1 'D sin® cosé
a = tan e vbcose | 2.5-2
/ ]
\ ’\
wind |
—_—
—

' l
ILLUSTRATION 4: Force Diagram‘of a Blade Element

L.




The contribution ACD of- a blade element to the total drag 5

coefficient CD of the turbine is found from the thrust and

normal force characteristics of the aerofoil.' According

4

4

J . .g

to the\ﬁorce diagram of Illustration 4, it is: )
3

ACD = Cy cos§ siné - Cop cosf ’

The drag coefficient CD of the ;u;bine must not be confused

with the drag coefficient Cq of the aerofoil., ' If the charac-
teristics of the aerofoil are expressed as lift and drag,

they can be converted to thrust and normal force according /
to equatioﬂs 3.2-1 and 3.2-2., The contributionqﬂto the -
turbine drag are averaged through a revolution and are in-. c o
tegrated along the length of the, blades. Since the wind T - o
turbine is symmetrical about the equatorial plane and its

drag is the same from the upstream and downstream surfaces

swept by the blades (except if wake interference is allowed),

the integration,of the elements of drag can ushally be limited
to a quarter of the surface generated by the,rotating blades:

, $pVicdl

(cN 8in6 .cosf - cT cos6)de ;;3?;‘"

0
"
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\

Since dl1 = dy/cosé, we can rewrite-this in a more appro-

priate dimensionless form: .

V ‘ R
o o S _ cose) 4o d( ¥ )

_ 2
p =7 N T” ()% £ (cy sine

i
o

c

Where local incidence and velocity are rewritten non-

1 'dimensionally from 2,5-1 and 2,5-2: ; s
| '</////,/,,¢//
| v A ‘ v o
' ayv2 _ __ 2 _2 WR .
| (—v) ( sinb cos?d)”® + ( cose + VR
' _.4-~\"’/_ _//’ VD
T — 8in® cos§
g & = tan"t —V
@ LA
: V R — cosf 4 ‘
% 7 :

1

The thrust and normal coefficients are those at the local

. incidence o and at the following Reynolds number:

1
: * v
_ ac -
Rey; = Reyy % 7R ,

where: 'Rewd = wind turbine Reynolds number based ,
y » on the diameter }
\Rebl = local Reynolds number of a blade

element based on its chord.




‘E | The torque output of the turbine is obtained by averaging
the contributions to torque of a blade.element as it re- ’
volves and integrating them over the length af the blade.

: - The torque contribution of a'blgde element is simply the
thrust multiplied by the local radius arm and the torque
coeffiéient is then: ’

~ L/2 ™ " 4pVicdl

d8 —m— ' -
o o 1pV3A(2R)

)
]

s E{ih’
z
~—y
—
|
@]

\ -
v

‘Rewriting in a dimensionless form:

- v C
_1 HR [/S a2 ¢cr T
Co=7Y 73 0o P’ § & 5057 40 dlghy)

g
2 ss npp g nper
-

The efficiency of’ﬁhe turbine is defined as the ratio of the
actual power to tﬁﬁ_maxlmum theoretical power from an ideal

actuator-disc turbine of area A. According to the Betz- .

Glauert theory, this is:

P Cp
= 4
.= 18737 1I/2pAVS 16727

AL A TR T NN



attack and Reynolds numbers.
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2.6 Computer Program

1

| ; T
The computer program listed in Appendix A is a modification

A

to the more ‘) general program and was used to predict the

performances of a "two-dimensional" vertical-axis wind

turbine (that is, infinite in height’ and having sail aero-

foils parallel to the axis) using the theory allowing for
. o .

high solidity. A description of the program and the nota-

e

tion are also included in Appendix A.

The main objective of the program is to calculate éhe torque
and power output of a vertical-axis wind turbine at chosen
values of the rotational speed and ambient wind'speed. The
data used to run the program are the thrust and normal
coefficients of the sail aerofoil at various angles of

However, it is still possible

to run the program using blade characteristics at a single

Reynolds number. )

- -

[

r

The main program can be divided in three steps, applicable

to each tip speed ratio at which performanceé are calculated.

A\

1, Assume a disc velocity and numerically integrate the
drag of the turbine (that is, the force that tends to

capsize the turbine). "

L

A
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( ' 2, By :Jsing the theory allowing for high solidity, cal-

culate-the disc velocity corresponding to the drag of

the turbine.

Compare the calculated disc velocity with the assumed

‘ a value. If they do not match closely enough, a new

suitable assumption’ for the disc velocity is made.

Steps 1 to 3 are repeated until there is agreement

4
between the assumed and the calculated disc veloc:.ty.

3. Once the disc velocity is established',\ the torque
2

output can be numerically integrated, and the power

output calculated £rom the torque.

A sample of data cards required to run the program is shown

in Appendix B, together with a printout and some explanato’ry
notes. The experimental data shown are those of a slllightly
loose nylon sail aerofoil having a leading edge of 0.25 inch;
The output results were used to draw the third’curve; shown' |
in Figure 72, (solidity of 0.15). Notice the progran: did

not terminate on its own but was manually interrupted after
the calculatiops for a tip speed ratio of 4.6 were prinéed:
;further printing was found:to be useless since a negative
torque was ,alrea;iy attained at that tip speed ratio.

A
’
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3.1 Aggaratué - ,

WA

'

The McGill 3 ft. X 2 ft. closed-working-section, open- .

3
i3
5
£,
i

Feturn, low~s§éed wind tunnel (Wygnanski and Newman 1961)

wés used for testing the sail aerofoil. The-maximum?speed )
is’about'170 ft./sec. and the turbulerice level is'about .4%.
A two-component balance  was available fotnmeasuring lift and
~drag. I£.featured a double flexure table whose displaQemgnt'
was ﬁetected with two variabie reluctance trgnsdugers.

’ /

The breadth of the tunnel being 3 ft., a maximum sail aero%f
foil chord of Z iﬁ. could be used in order to maintain wake
bldckage corrections on the aerodynamic forces below 5% for
the most useful #ange of angles of attack (<30%) ." with

such[; chord, Eﬁé Reynolds number can attain about® 35 X 104,

A little analysis on"the trailing ed%e of the sail aerofoil
4 i = o

showed that the bending would be exgcessive if the span would
equal the tunnel height. Therefore, it was decided to"

, divide the tunnel into two one-foot halves by using a plate.

~

A sail aerofogl‘was mounted on the balance in the bottom
N ~

half. 'To ensugé uniformity in speed, another sail aérofoil,

! oy
was mounted.at the, same angle of attack in the top half, and

]

; o :
it was used,aé the same time for measurement of the tension
. ‘ "o ) - @ ‘. l

'/{ . '-r-&,_,"_‘
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\
"E ’ forces Ecting on the trailing edge. Such information is
' needed to design a wind turbine using sails with a ten-
sioning wire at the trailing edge.

7

~

A
Drawings of the apparatus are Shown im Figures 9, 10 and 1l.

’

) Besides the dividing plat?, other plates were added on the

floor and on the .roof of the tunnel. These would permit

,.;-

flush mounting of the sail aerofoil eﬁdplates, thereby/

2

reducing the'%are drag. The two struts required to rigidly

-

connect the endplates of the bottom sail aerofoil were

TR R TR TSR T g ST

L

- shielded to further reduce the tare drag. Dummy shields
‘ ;

were also mounted behind‘ﬁhe top sail aerofoil to ensure

. similarity of the two halves of the tumnnel, and hence pre-

SEC AR el i 320

serve the flow calib;ation. Each.end of the trailing edges
terminated in a-pin which-was freely pivoted in a slide

that allowed adjustment of the chord length. An exception
: was the top pin of the upper sail aerofoil which was some-

. 3
. what longer, protruded through the tunnel roof, and was

e it

centered in a larger hole by adjusting extension springs

1 ‘ hooked to the pin (Figure 10). This provi@ed a null method
of measurement of the forkes on the trailing edge in two

. horizontal directions: perpendicular and parallel to the

1 ghbrd of the sail aefofoil.,.Tﬁeastatic pressure was mea-

sured Ynside the sail aerofoil, just behind the leading

3

edge.,

‘




3.2 Data Reduction K -

* ]~

wind Tunnel Interference

Since the experiments were performed in a closed working
section, corrections must be applied so that-the results are

A

gsimilar to those found in free air. There are four main
corrections: solid b19ckage, wake blockage, 1lift effect and
pressure gradient.

The proporfional increase in velocity at the aerofoil, due

to solid blockage, is given by Batchelor (1944) using ideal

flow‘theory:

2 -
(1 + 3 sec? E% (r? - X__g_l b? cos 2a)

m(')

]
x s
qqha

Where a is the offset of the aerofoil from the tunnel centre-
line (in these tests, a = 0), x and b are parameters used in
the Joukowski transformation of the theoretical derivation.

This can be rewritten (without restriction on the value of

1

“a) e , §~;

"2

- t
€g = 17 2 (H{z

Where: A = Ao + k; sin?u

“r
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8
kv =3 &* -1 &7

A practical value of A can be extracted from Pankhurst

and Holder (1952) with the restriction ‘that a is small:

/

N

= ’ c 2 _2
A=0.5+0.42 1 0.47 (t) o

\

Then, with no restriction on o, the solid blockage is assumed

\

to be:

.

2

=“ .t_2 E 9.2'2
Fs 17 (h) (0.5 + 0.42 £ 0.47 (t) sin‘a)
Notice the solid blockage is estimated by using ideal flow
theory, and is certainly not accurate for large angles of
attack, where the flow is separated. But the correcéions
are quite small, less than 1%,
The wake blockage also causes an increase in velocity, as

given by Pankhurst and Holder (1952):

)

N - :
where the subscript T refers to the coefficient as measured

in the tunnel.

'

[} '
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The 1ift and/drag were corrected for the so-called lift
effect. ‘The very small corrections on the anéle of attack
were neglected, since they did not justify the additional
complex;ty. Pankhurgt and Holder (1952) give the following

lift effect corrections:

-T C -
C, -C =—=(3)C
LF LT 8 'h LT
T C,2
C, -C, = (x°¢C (C, + 4C_ )
dF dTw 96 'h LT LT lilT

Where the subscript F refers to -the value™of the coefficients
in free air. Since the moment coefficient was unknown, it

was left out of the corrections. !

The pressure gradient due to the wake of the aerofoil, added
. to the pressure gradient of ~.0007 per inch due to boundary
' layer growth in the tunnel, incur a correction on the drag

(Suoyancy) as givén by Pankhurst and Holder (1952).

s * dc .
o £2
C - C = = )\ — a \
Where ;EE =TS ¢. - .0007 (per inch) !
«dx 6 h? *

dy

The corrections are summarized in Table 2, where C is

force
any force coefficient other than lift and drag coefficient,

-/ and were applied to all the data presented in this thesis.

okt LT Wemmk et —
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‘{ P prr— D B i —_ e btan S t———— - — ———— —_— e e - r———— ———
; Solia Wake TotaIOCorrectiog Tota% COrrectiOB
1 Blockage Blockage Lift Bffect Pregsure Gradient for 07 < a < 20 for 0 < a < 180
2 ~
Ca, C—— -ac
—E = 1.0 -2¢ -2¢ + . &2 -% . t? 1 . : a
1 CdT 8 w 96 ‘h DT . 13 A e (T“E)q'r— < .3% B < 14%
< 1% < 12% L
A < .1% < .58%-
E - - - -2 g -
E;T- 1.0 25, Zew }B‘ (%)2 < 3% < 13% —
o< 1w < 128
< ,3% .
Re,, i
o = 1.0 +e +e < 1.5% < 7%
T .
f : < .5% < 6%
crorcer . £
g = 1.0 -2¢ -2€ < 3% < 13%
Force,, - 8 w
g
TABLE 2: Corrections for Wind Tunnel Interference
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( Calibration Curves ’ E
§ A pitot-static traverse was made at the sail-aerofoil loca-
- ; | | '
K ‘ tion at different tunnel speeds. The velocity in the ap- “}

v

; paratus (without the sail aerofoil) was calibrated versus a ! ]

reference gauge pressure (p_ - pr) at the upstream static

holes in the tunnel wall. The contraction produced by the

three plates of the apparatus caused an increase of 9 to 11%

-a

in velocity as compared with the empty tunnel. This is
.consistent with the 11% geometric area reduction.
The coefficient of drag of the end plates was found to be

from ,005 to .006, decreasing slightly with the Reynolds

number. These figures are consistent fo; turbulent flow ! ,ﬂ:
past a smooth flét plate. A smooth cyliﬁder52 inches in |
diémeter was tested to check the accuracy of the apparatus
Its drag coefficient was found to be abou£ 1.2 at a Reynolds .

. number between 3 X 104 and 10 X 104 and corregponds to

accepted values (Schlichting 1968) for infinitely long

cylinders.
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Since the calculations were performed on a computer, equa-
|

tiqns were fitted to the calibration curves of the drag of
thé endplates and the velocity in the upper ahd lower test
sections. Notice that the calibration actually varies with
the Reynolds number although, for convenience, the variation

is expressed as a function of the reference pressure, assuming

a standard room temperature of 68°F and standard pressure.

" dpVg 02189
‘ = 1.076 (p_~-p.)" upper section
PoP , © r
. l
ipvz : , 0
TS, / .1836 .
= 1,151 - lower section
PuPp (pm—pr) + 2.067 '
.358 S A=3
c = (5.102 + — ) X 10
dendplaﬁﬂ) (P,-p.) X 1.08

_Where: 1 mb < (Py=p,) < 11 mb

The upper and lower velocities would normally be equal but
differed slightly. The helical tension springs required fé;”
méasufing the force on the trailing edge of the sail-aerofoil,
showed a definite threshold load to initiate extension,
followed by a constant spring rate. Different springs were
used, the stiffer being 'used for measuring large forces.

Each spring was characterized by two cénstants K and Ko' the

equation being: ﬁ
| \

F= Ko + K (X - Xo)
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Where: F =. Load
Ko = Threshold load to‘initiaie\extension.
K = Spring rate.
xo = Initial length.
X = Meruéed length.

V

Since the trailing edge may sometimes produce a force Fy,
perpendicular to the‘;ail-aerofoil, which is- less than the
threshold lodﬁﬂof‘the‘softest spring, it was ﬁecessary to
have “another épring pulling sufficiently in the oppositeé

direction to take up the threshold load.

J

However, the trailing edge force Fx, parallel to the sail-

aerofoil, was always larger than the spring threshold load,

thus requiring onl& one spring.

r ¥

The calibration of the balance was linear.
. e

Evaluation of the Coefficients

1e
-

The coefficients of lift and drag were ?valuated in the
usual manner, after subtraction of the tare drag of the

endﬁlates in the latter case. The thrust and normal co-

efficients could then be calculated according to:
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. done easily, mainly because the tunnel interference correc-

39

N
1]

CL sin a - Cd cos o . . 3.2-1
" | :

CN = CL cos a + Cd sin a 3.2-2 .

1

. A o
Since the springs for measuring the force on the trailing
N
edge were connected to the hinge pin some distance above
! ' ?
the end of the trailing edge, the coefficient of the force

on the trailing edge was obtained by multiplying the mea-
;
sured coefficient by the leverage ratio, assuming that the

force on the whole trailing edge acts at the ﬁid—point.
| .

{ - »

In order to compare one set of results with another, it is

usually desirable to perform the experiments at some chosen

values of the Reynolds number. In practice, this cannot be

tions vary with the angle of attack. However, by suitable ) \

interpolation, all the coefficients could be brought back to

some flixed values of the Reynolds number.

v

The pressure coefficient inside the sail aerofoil® is defined

’

as:

f o

and was rewritten more conveniently:

i
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- c _ (Pp = Ppg) - (Pp = Py,) ' : " '
(1' Pin %p Vés

FAWEs A e T,

g
\

R

is the static pressure inside the sailwing.

sty

Ppg is the static pxessufé'in the free stream of
the test section.

‘

e

: S

P, is the reference pressure at the static hole
g " of the tunnel. N

TS is the velocity in the test.section.

-

\ \ : ‘
The value (pr - pin) was measured during the tests, whilst

o EEAN e e R P x

the static pressure drop (pr - pTS) was determined from the
| -

previous calibration of the test section.

3.3 Experimental Procedure

At each angle of attack, three to five wind tunnel speeds
ﬁere used, in a decreasing order. Once the speed had set-

tled down, the springs for measuring the trailing edge force . . ;.

were adjusted until the top pin of the trailing edge was
#Fentred in its hole. The voltages from the lift and drag
- balance were then recorded, as well as the manometer readings

for the tunnel speed and for the pressure inside the sail

aerofoil. The spring displacements were measured with a ]

i
i

vernier-caliper. The shape taken by the sail was observed

through the plexiglass window at the top.




A B = b A

. ( ‘ The electrﬂcal balance consists of a plate, ?eld by flat

springs, to which is attached variable reluctance displace-

e

ment transducers in two perpendicular directions. Thus, -
with no force exerted on the balance, the voltage readings
are not necessarily zero. After completing a test at three

~.
to five different windspeeds ag\a- iven angle of attack,

TR W Y e A e T

the tunnel was stopped and the zero-lift and . zero-drag vol-
tages were recorded. Since the balance had a tendency to
stick slightly in the absence of vibrations, as when the

- tunnel was off, a small electric; motor was run continuously
on top of the tunnel in order to cause small vibrations. The
wind-off réadings could then be taken with a sufficient

'
degree of confidence.

The camber was varied by changing the chord length, thereby E,’
changing also the slacknegs of the fabric. For each leading

|
edge diameter, the largest chord }ength tested was Cqr

attained when the fabric was just taut, with the wind off # «
Different leading edge diameters were tested. Since the

.fabric width was constant a smaller value of co was chosen

-

for a larger leading edge in order to produce a comparab%é

tautness of the sail.
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3.4 Tests Performed

The Reynolds number chosen for the tests on sail'aerofojls
4

chosen to match approximately the highest local velocity

? \

expected to be found in a 12 ft. diameter vertical-axis wind -

ranged from 9 X 10 to 30 X 1d4. The highest values’ were

turbine with 3 sail aerofoils Having a chord of 25% the radius
of the tqrbihe, in a 12 mph wind. Hére, the optimum tip speed
ratio was ésﬁumed to be 1.0, as obsfined in previous tests on

a model (Robert, 1975)...

Re

. _ wWR wd c _ ﬂ 4
#?axlmum Reblade = (—v-+ 1) 5 & —’34 X 10
= VD - 4
W?ere‘ Re 15 v 135 X 10

A

Most of the tests were performed using a sail made of un-
calendered nylon of 1;2 oz./sq. yd., but in one test, cal-

W
endered dacron of 1.6 0z./sq. ydf was used. The dacron was

stiffer and non-porous. The nylon was very slightly porous.
Measurements of the porosity were made én circular piekes
of nylon 1.5 inch in diameter, using a displacement flow-

meter. The mean velocity through the fabric was proportional

‘to the pressure drop across it, the constant varying from
\ . - U




y +

A .

( 4 " .032 to .048 ft(s/mb,Cdepending on ﬁhe specimen. The prés-

sure drop was varied from 0 to 1l mb, corresponding somewhat

to the range expected in the present tests on sail aerofoils,
assuming a maximum pressure drop coefficient across the’ ;

fabric of 1.0: .

CAP =<_A_g2__ ='<-1_0 ,
. . ) }pVTS

S

[

0 .

Since the dacron cloth was much stiffer, and had less ten-

dency to,camber, the value of c, was deliberately, chosen

smaller than for the nylon in order to attain a comparable
3
camber, the two fabrics being cut to ideptical sizes.

t
- - PN .

The’tests are summarized in Table 3.

‘
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14 * A A (o) 3 a
2 Pabric - o (] B'— o] - IGURE NUMBER
: o 2 ; . ‘ . ©
i Taut Nylon 0.250- 6.4% | 3.910 -100% 12 19 28 35 42 47 52 - 180°
¥« | slightly Loose 0.250° 6:4% | 3.850 98.5% ] 13 20 29 %386 -~ - 53 - 180°
| < Nylon b~ , )
- - LT .
Loose Nyloh M 0.250 6.4% | 3.790 9% | 14 21 30 37 ‘43 48 - 54 - 180°
Taut Dacron ,0.375 9.7% | 3,845 99,2%] 15 22 31 38 .44 49 55 59 20°
‘ Taut Nylon —-| 0.375 9.7% | 3.875 100% 16 23 32 39 45 50 56 60 | 180°
; \\ngoég\uylo? 0.375 9.7% |.3.755 96.9% | 17 24 33 40 - - 57 61 f 180°
i Taut Nyloxé‘ "~ o0.500 13% 3.840 100% 18 25 34 41 46 51 58 62 ] 180°
TABLE. 3: Summary of Tests on Sail Aerofoils - -
) . B . 4
'
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4. DISCUSSION . \

%

4.1 Experimental Observations ; \ — K

|
surprisingly no flapping of the sail aerofoil wa's observed
during the tests even when the fabric was loose. This is

an indiqation that the flapping observed on three-dimensional

_ sailwings (Robergﬁig} " is due only to the freedom of the

trailing edge to move. sideways, and not to the 'flexibility
of the safl. There was no zeré-lift condition when the sail
aerofoil was facing the wind: at 0° angle of attack, depen-
ding on the initial state; the sail aerofoil would either
assume a positive or a negative, camber, thus p;oducing a
positive or a negative lift. .By external action, the sail
could be ﬁade to flip from one side to the other and be
stable in each position. ’ p

\
The. lower sail aerofoil, mounted on the balance plate,
strongly vibrated at angles of attack between 420 and l40°,
thereby .limiting the maximum safe tunnel'sﬁeedaat‘these
éngles. This must be attribqted to the %argely sgbgrated
flow. The unsteady forces wefe not dampéd by the balance or

by the cantilevered arrangement on top of it. Some vibra-.,

tions of the top trailing edge, especially the uppermost

.
y

e
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\ i

spring-held portion, wergjglso observed, but were much less

o VeIt St

than- the lower sail aerofoil, The tunnel speéd itself was
unstable at those angles of attack, oscillating about +5%

with a period of roughly 10 seconds.

The shape taken by the sail could be observed through the

transparent indexing plate at the top. The camberkfncreaséd
with the windspeed at small angles of attack, in the case of
a tight sail aerofoil., At larger anq%fs or for a loose *
sail, the camber increased only slightf; with the windspeed.

In general, the camber increased from 0? to 90° and then !f§ |

decreased from 90° to 1800. This can be attributed to the

normal force." The”following model shown in Illustration 5

approximates very roughly a_se?tion of the sail aerofoil.
L%

4

unloaded (wind off)

Illustration 5: Crude Model of a Sail Aerofoil Section o

| .
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/
Where: N = normal force (concentrated at the middle of
the sail)

i

= tension in the fabric

°

angle of the two springs modelling the fabric

spring rate

amount of camber

& R oA
"

L
(o]
]

init@al camber (winmd off)

intrease in camber & = (¥ - Y‘Q)

.8 = length of fabric

w0
it

initial length of fabric (fabric just taut)
If the following assumpﬁions are made:

€ << Y (change in camber small compared to thévcamber)/

<< e (extension of the fabric small compared to
increase in camber)

w3

Y << C (camber ratio is small) ,

then one obtains the following result:

€1 . (4pv?) | -
E & = c PRI S A [
" 8K "N ¥ ) _—
0o !
/
L

This very crude analysis shows that the change in camber iS.y

proportiongl to the square of the wiﬂdspeed, and the effect

-

1
N I
,
. /




is more pronounced in the case of a small initial camber

ratio, that is a taut sail aerofoil. The chénge in camber
is also pfoportional tq\the nérmgl coefficient, which in-

creases from 0° to 90o and decreases from 90o to 180°.

This agrees somewhat with the observations.
. ) ~

|
The thickness measured at the point of maximum camber re-

duced as the windspeed increased. At a given windspeed,
the thickness of taut sail aerofoils was nearly constant
through the range of angles of attack.. In the case of
loose, sail aerofoils, some ballooning was observed at small
surface angles, that is 0° to 20° and 160° to 180°. >This

. -

phenomenon clearly depends partly on the internal pressure

within the aerofoil. ’

¥ ~

e

The distance from the point of maximum camber to the leading

edge, given as a percentage of theé cho&d, moved gradually

t from 40% to 50% as the angle of attack increased from 0°

"

Clk about 160

to 180°.

The stretéhab%}ity of the uncalendered nylon was found to

1b./in.
in./in.

A e

o
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4.2 Experimental Results !

Lift (Figures 12 to 18) - {
‘ L:

The lift curve slope is in general very high at small angles

of attack. In Figure 12, it reaches 1.6 (27) between 2.5°

and §°. This high value can be attributed to the change in
camber: as the angle of attack increases from 0° to the. v
stall, the sail aerofoil becomes more cambered, causing a

large increase in lift.

Between Oo'and 200, the lift coefficient increases markedly

with‘the Reynolds numbgr in the éase of a taut sail aerofoil,
but is rather unaffecfed in the case of a loose sail aerofoil.
This can be expfaisfd aléo by the camber. As shown in the
previous Section 4.i}\the camber of a taut sail aerofoil shows

more increase with the windspeed than the camber of a loose

sail aerofoil. To be precise, this increase in 1lift is not
actually a Reynolds number effect, but strictly a wind pres-

gure (4pV?) effect. Notice that a Reynoigé number of 18 X

4

10" corresponds to a dynamic pressure of about 4.5 mb. Since

»

the dacron fabric did not stretch appreciably under tension,
its camber was probably not affected much by the wind pres;
sure and explains why its lift coefficient does not vary

i

with the Reynolds number (Figure 15).
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The lift coefficient increases with the slackness of the
sail. With a 1/4" leading édge, the maximum lift coefficignt
before the stall is 1.35 for a taut sail, 1.70 and 1.80 for
slightly loose and loose sail,\respectively (Figures 12,

13 and 14). The stalling angle also increases with the
slackness of the sail aerofoil.

The lift coefficient is not much affected by the leading
\ »
edge diamete;. .

The stalling angle of the dacron sail aerofoil is larger
than that of theinylon sail aerofoil and reaches a higher
value of 1lift coefficient before the stall occurs (Figures

15 and 16). /

‘ N

As mentioned earlier, there is no zero-lift condition even

at an angle of attack of 0°. Notice that if the curve of

the lift coefficient would be drawn for negative angles of)
attack, itowould start with a negative lift coefficient at
0°. Actually, it is possible to obtain either negative or
positive 1lift for a certain range gf small angles of aftack,
perhaps -1° to +1°. 1t is algo interesting to note that

the maximum negative lift nearll70o is usﬁally/as high as

the positive value near 10° but does not appear so much

affected by the Reynolds number.
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Drag (Figures 19 to 25; a printout for small angles of

\
attack 0° to 20° is given in Figures 26 and 27).

The drag at an angle of attack of 0° increases with the
leading edge diameter: the drag coefficient of taut nylon
sail aerofoils is 0.03, 0.05 and 0.06 for leading edge
diameters of 0.25, 0.375 and 0.5 inch respectively (Fitjures
26 and 27). This can be attributed to a more adverse
pressure gradient over the rear portion of the aerofoil
as the diameter of the leading edge increases.

» ‘ .
In general, the drag coefficient at angles of attack below
the stall decreases slightly with the Reynolds number.
For example, the drag coefficient of a taut nylon sail

aerofoil with a leading edge of 0.25 in. is 0.09 for Re =

9 x 10% andf¥s 0.05 for re = 30 x 10%, at an angle -of

attack of 5° \(Figure 26).

4 l
/ ¥
The stalling angle is somewhat affected by the Reynolds

number, as can be seen in Figure 13: it is 13° at low
Reynolds number and 15°’&@ high Reynolds number. The

stall is characterized by an increase in drag and is caused
by separation of the flow from the back of the aerofoil,

At large Reynolds numbers, there is less tendency for the
flow to separate since a greater proportion of the boundary
layer is turbulent, and thus the stall occurs at a larger

angle of attack. |

/

/
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The drag coefficient is. greatly affected by the tautness
of the sail aerofoil and by the leading edge diameter,

&
especially at small angles of attack from 0° until the
stall. At -larger angles of attack, say past 200, the drag
coefficient is more or less similar for all cases of taut-
ness and leading edge’ size. The drag at 0° increases
with the leading edgé diameter and with the looseness of
the sail aerofoil. From 0° until the stall, no such general
comment can be made énd each case deserves special attention.
For the sakeness of clarity, four cases are drawn: t&o
leading edge diameters, each with a taut or a |loose fabric,

as shown in Illustration 6. v

N 1 1<4

. ] 1
-7 —DRAG COEFFICIENT at RE—18 %107 ——
™ M ™ T | B .

R0 e —: y s .
~ ISmall-leading-edge -f-———+—— ..arge~leadmg-edge——/
1 | ISERRENE & S y/n
401—d=0:25ir— — €=0:375n-
; — o 1 ) T/ T
——t sott ' . 1 T i

A=t 1+

- 3%/1[ -

_\—.. -
N
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A
o
e
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N g — i
17 “‘“Ttaut - “"’ N i
| I +
1) 10° 20°
/

Illustration 6: Drag Coefficient, of ’Fo\ur Shapes of Sail
Aerofq?l
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F)

In the fi;st case, a taut sail aerofoil with a small leading
edge, the stall is‘egrly andlsmooth, suggesting a premature
turbulent separation\around the small radius of the -leading
edge, followed by a re-attachment and a progressive turbulent

/

separation on the back of the aerofoil. /
The second case, a loose sail aerofoil with a small leading
gdge, shows a high initial drag followed by a low drag

curve sloperand finally a late and abrupt stall. It is

very possible that, because of the large camber, some
separation occurs on the concave surf?ce of the aerofoil

at low a, just behind the leading edge, explaining the high
initial drag. At larger anéles of attack, there is less and
less tendency for this separ;tion to occur as the stagnatioh
point moves downward around the leading edge, and the drag
remains nearly constant. The abrupt stall suggest§ that a

laminar separation occurs later ‘on top of the aerofoil.
- )

The third case, a taut sail aerofoil with a large leading o
edge, shows an eaély and abrupt stall, characteristic of [
a laminar separation. This is reasonable in- V¥iew of the

leading edge diaméter which is larger Ehaﬁ in the first

case. ) i
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\

The fourth case, a loose sail aerofoil with a large leading

L

| : edge, is characterized by a large initial drag foilowed by

e
VN

| a low drag curve slope and a smooth stall. The large ini- .

tial drag and the small drag curve slope may be due to

| 3 separation underneath the aerofoil, as explained in the
- i
second case. The smooth stall may indicate that the leading

' ) edge radius was large enough to cause a transition from a
laminar to a turbulent boundary layer before separation
occurred. It is not known why this did not seem to occur

in the third case.

~

The drag coefficient of the dacron sail aerofoil (Figure 22)

is much less than that of a comparable sail aerofoil made
of nylon (Figure 23). At an angle of attack of 0°, it is
about 40% less. Also, the stalling angle is larger, 18°

compared with 10°. .

v

Thrust (Figures 28 to 34)

The thrust coefficient is calculated from the lift and drag:

L Sina -‘Cd cosa. The value

of the thrust coefficient is rather small in general and

coefficients accordingnto CT = C

- ' r- -
does not exceed 0.3. Since it is calculated by taking the
difference between two relatively large coefficients, the \
’ S
percentage of error can become quite large and may explain

why the graphs show some fluctuations.
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At small angles of attéqk, the thrust coefficient of taut
nylon sail aerofdils d;astically decreases 'at low ﬁeynolds
numbers. This is consistent with the decrease in lift of‘
the taut nylon sail aerofoi at low Reynolds numbers. Iq
the“case.of the loose nylon jor faut dagron aerofoils, there

is not such a decrease.

t

1

The slackness of the sail indreases the maximum thrust
available and also increases the angle of attack at which
this maximum occurs, 8° to 18 , when the leading edge is
0.25 in.  The 0.375 in (9.7% of éhe chord) leading edge
diameter seems to give better|thrust for taut sail aerofoils
than~the two other diameters tested. (Figures 28, 32 and

34.) _ \

The sail aerofoil made of dacron has a substantially better

thrust than a comparable nylon sail aerofoil (Figures 31,
I &fy !

and 32).

Normal Force (Figures 35 to 4])

|

‘ 4 S
. Phe normal coefficient is calgulated from the lift and drag

coéfficient accofding to CN = CL cosa + Cd sina. At small\

angles of attack, say between 0° and 20°, the curves of the

(
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2

normal coefficient are very similar to the ‘curves of 1lift

*

coefficient, and the same comments apply.

At larger angles of attack, especially around 900, the ’
normal coefficie;'xt decreases with increasing leading edge
diameter. This is most probably due to the reduced size

of the wake\for the larger leading edge radius to which

the: flow remained attached longer. With a small diameter
leading edgg, the normal coefficient reaches a value of
1.90-2.00 (Figures 35, 36, and 37), which is consistent with
thé accepted valqe of 2.0 for an infinitely long flat i)late

held perpendicular to the stream.

X-tension (Fiqures 42 to 46),

The coefficient of X-tension, defined as the force on the o
trailing edge in the plane of- the sail aerofoil" t‘m a direc-
tion parallel to the tc\h<ord line, shows very large random
variations in the first set of e;cpe;&)j;ﬁents using taut nyloﬁ
and a 0.25 4in. leacﬁng edge (Figure 42), especially at )
angles of attack less than 40°. These fluctuations should
be,considered~as resglts of experimental inexper.:ience and °
ﬂave no meaning./ With increasing faﬁ}iliar"ity, it was pos-
sible to get more consistent ;esults, as shown in the next

| ‘ '

four figures.

i s Ak
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In geheral, the X-tension coefficient has a very high value,
. %

from 1 up to 6, as cox/npkg;:ed with the other force coefficients

that do not i@occeed 2 in most cases. \

-

-

& " .
When the sail aerofoil is held taut, the X-tension coeffi-

cient clearly decfeases as the Reynolds, number goes up.
Assumirg that ‘the tension. in the fabric ggpends Arectly on
the normal force, one would not expect any dec;ease in the
X-tension coefficient, since thelnormal coefficient is
either \constant or increaseé with the Reynolds number. It
is thought that the camber, which increases with the dynamic
pressure, is responsible for lowering the fabric ténsion
require’d to ’balancoze the normal force. Using again the
cru;ie model outlined at the beginning of the discussion,

we h.;:ﬁre: . .\\

-

-

T = N cosB
X 2 sinf

4
and approximately:

8




e, sevpears o= oweTt

« .
When the windspeed increases, the cambet in?reases and so \
b

does the angle B8, thereby reducing CT . As explained earlier
¢

X ' .

in the discussiﬂp, the incrgase in camber with the windspeed

is larger when the sail is taut, thus explaining that the

X-tension coefflicient does not‘vary sofmuch in the case ofi’
: ! ,

a loose sail aerofoil, (Figure 43). Also, since .the camber .

El

is larger in the case of a loose sail aerofoi}, the X-tension

A

coefficient is then smaller, in the range 1 to 2.5.
7

< ’ r
.In general, the leading edﬁg diameter does rot seem to

/ ’
4ﬁ<} affect the X-tension very much. ‘ .

‘ -

' Y-tension (Figures j\ to 51) s ‘ ° P

A ; . <
l’ ' . l , . I "
The qoefficient of Y-tension, defined as the tension in the
, . s

trailing edge in a direction perpendicular to the chord plane'
y I's

of the sail aerofoil, is generally low, from 0 to 1.3, as

compared with the X-tension coefficient. "Its value wonld .

. . ' C .C :
be expected to lie between ~%,and _E' depending on the

p051t10n of the center of pressure which normally llesébe— -

g. The test results seem to confirm this, \

LN . v

‘5 “tween — and
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Lift to Drag Ratio (Figures 52 to 58) >
v A £ . '
| v A ’

' The lift to drag ratio increases greatly with the Reynolds

Y UUT '
number when the sail aerofoil is taut and has a small leading

edge! but not so much'when it is loose or has a larger

, | ;
““‘“ieading\nge. This is to be mostly attributed to the in-

¢ »

crease in 'lift- as the Reynolds number increases, and partly

to the decrease in drag. u . . %

4

, Y

Ty

Although the 1ift increases significantly with the slackness

'/ of & fabric, the maximum lift to drag ratio,diminishes Lot

*

v '
because of the additional drag. Thi; is just ¢pposite to
- ity
the behaviour of the maximum thrust coefficient. One would

ormally tend to associate a high thrust to a high 1lift to

drag ratio.- The reason for. this apparent contradiction is

that the two maximuims do not occur at the same angle of

attack. For instance, the“maximumfﬁhrﬁst coefficient occurs
}

in the range 8°'to 18°, close to the stalling angle, and in
that range, thé/lift coeffféient increases with the slack-
ness ofithe fabric but the drag Tremains rather unaffected.-
On the other hand, the maximum 1ift to drag ratio‘occurs in .

the range 4° to 8°, where the drag increases faster than the

1ift as the sail aerofoil tension is diminished. '

-
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‘ In /t;.?e case of taut sail aerofoils, the leading edge 0.375 ]
in. in‘'diameter (9.7% of the cord) gives a higher maximum

3 lift to drag ratio to the sail aerofoiy/than the dihe;ﬂtwo

diameters tested (0.25 and 0.5 incﬁ)f‘

4 '
A @ \

The maximum lift to drag ratio of &he dacron sail aerofoil

¥

is roughly equal to that of the nylon sail aerofoil at high
Reynolds number, but does not diminish so much as the -
Reynolds number decreases.

Pressure Inside the ‘Sail Aerofoil (Figures 59 to 62)

\

‘Th tatic pressure wa ured inside oﬁﬁgggrsail

aerofoils, just behind the leading edge, in order to get a

rough idea of its value. It is found to be usually less

than the ambienht static pressure. This is understandable if
. :

one assumes that the pressure inside the sail aerofoil N

. settles down at a valuf midway between the external mean
pressure on the concave surface and the mean external
pressure on the convex surface. .It is thought that the rate
of flow in 'and out of the inside cavity in the sail aerofoil
depends on the porosity of the fabric and the size of the

’ endgap‘%etween the edge of the fabric and the endplate,
with the latter probably more important for the fabric
tested here. If the gegﬁétry’is such that the gap is the

A

same for the concave and the convex surface, then the flow
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in sh7uld equal the\%low out, the same porosity applying to
both surfaces. 1In general, the static pressure coefficient
inside the sail aerofoil diminishes with increasing Rey-
nolds nquer. There is no apparent reason for this, al-

though it may be due to unequal distortion of the end gaps.

The pressure inside the dacron sail aerofoil is higher than’

inside the nylon sail ;erofoil, and can even become larger

than the ambient static pressure. Since the dacron is non-
porous, this suggested a defect in the geometry of the edge
of the fabric such that the endgap is larger at the edge of

the concave surface than at the edge of the convex surface.

<

. 4.3 Comparison Between Various Aerofoils and Wings

The lafge number of data on sail aerofoils becomes more

meaningful when they are related to some other types of

Maerofoils and wings. Usually, a direct comparison is

very difficult to make and one cannot conclude that one
type is better than another. In the following discussion,
some data on sailwings from various sources are presented

. |
together with data on two-dimensional sails.

~ d

ey —— e ———
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. McGill Sailwing v g )

A three-dimensional sailwing was tested in previous work =~

(Robert 1975). The data were obtained in the samf wind

tunnel, but the set-up was different. The sailwing was -

Bl et A it L e N

mounted with its sﬁan parallel to a pivoting shaft and

the torque on the shaft was measured. A first set of ‘ .

experimeﬁts was made witg the chord of the sailwing }n
\R a tangential position with resbect to the pivoting shaft

and yielded the thrust coefficient shogn in Figure 63.

A second set of experimeﬁts with the chord of t?e sajil-
. |
wing in a radial position yielded the normal coefficient
) shown in Figure 64. The lift and drag coefficients obtained
by calculations are shown in Figures 65 and 66.
¥

The sailwing was 9 in. long with a mean chord of 3 in. The

chord actually varied from 3.5 in. at the edges to 2.5 in.

at mid-span. The leading edge diameter was 0.25 in.,
that is 8.3% of the mean c?ord. The calendered dacron
of 1.6 oz./sq. yd. was held taut. A sketch of that sail-

wing is shown in Figure 2.
b

f ,

The data on this sailwing are not too reliable, especially
the drag coefficient which dropped to zero at an angle of ;f

<
/" attack of 0°. This is understandable since small errors in

the measurement of the thrust and normal coefficients can

i/

i

- 0 - 2 -
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thrust and normal force were measured,

63 | ‘

cause large variations in the calculated drag coefficient at
small angles of attack. 'Notice that the procedure was op-

posite to that used with the sail aerofoil, in that -the

and .the 1lift and drag

b 0

derived frd& these.

1

Although it is rather unusual to establish a comparison

between a finité'aspect Fatio wing and a two—dimensional )
aerofoil without applying some corrections fo:;tip vortices,

it will be done here since it is thought-that thése cor-

rections would be small compared to discrepancies arising

from other three-~dimensional characteristics of the sail-

[

wing, such as twist and trailing edge fleiibilityl

* '

The sail aerofoil which resembles the sailwing the most : -
# .
closely is the taut dacron sail aerofoil but since its

characteristics are available only from 0° to 20°, it is

\

necessa;y to use the taut nylon sail data from 20° to 1800.
Both of these have a leading edge diameter of 0.375 inch,.
that is 9.7% of the chord.

! 2,
The\lift of the sailw%ng was zero.at 0° (Figure 65) since
the sa}lwing flpttereﬁ when facing the y}ng. The sail

aerofoil does not flutter and produces either a positive or

L
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a negative 1lift (Figure 15). The lift of the sailwing 8

increased markedly with the Reynolds number and this was
attributed to an,increase in wind preséure that préduced

more camber. Notice the increase in camber was probably not
i

due to the stretching of the fabric, since dacron was used,
but was achieved through a reduction in chord length allowed
by the flexible trailing edge. The lift of the éacron saill
aerofoil does not depend on the free stream dynamic pressure\\
because the trailing edge js restrained and the dacron doeg

not stretch appreciably, so that the camber change is minimal.

t

4 N
The sailwing stalled later than the sail aerofoil, mostiy

because' of the twist which reduced the local angle of attack /
near mid-span. To be exact, the sailwing probably stalled
4, . C’?‘

«arly near the edges, while the ﬁié-span haq not yet reached ’

maximum 1lift. This probably explains why the maximum 1ift

coefficient‘was low and the sggll w§s smooth, when compared
tg the sail aerofoil. Another poséible effect of the twist
is 4he positive lift of the sailwing at an angle of aftack e
of 900, in conérast with the sail aerofoil which exhibits
nearly zero lift at this angle of attagk.l,

At 0°, the drag coefficient of the sailwing was .06 to .08
(Figure 66% as compared to .03 for the sail aerofoil (Figure
22). The larger vaiue‘was probably attr%butable to the

't /
:
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»

flutterinq. With increasing angle of attackﬁ the drag

c?efficient of the sailwing did not rise so sharply as that
£

of the sailfaerofoil (Figure 23), probably because of the

¥

twist. Near 90°, éhe maximum drag coefficient of the
sailwing does not éxceed 1.3, compared to 1.9 for the sail
aerofoil, This is certainly another effect of the twist
which allows air to "escapé" sidewayé thereby reducing the
average pressure in front of the sailwing. The drag)co-
efficient of the sailwing generally decreased with the
Réynolds numb;r although this is not apparent from the
limited set of data given in Figure 66.

l
The ﬁhrust coefficients of sail aérofoils’ and sailwings are
much different. In the range of angles of attack from 0°
to 20°, the thrust coefficient of the sailwing was very

-

dependent on the Reynolds number (Figure 63). The thrust
AN

coefficient of the 55#1 aerofoil does not vary much when &
E S
dacron fabric is used, but varies widely when nylon is used
(Figures 31 ‘and 32).
Y
Another chzfacteristic of the sailwing is thgt the thrust

coefficient remained positive and relatively high at all

7

angles of attack except below 52 or 7°. The thrust coef-
ficient of the sail aerofoil is also nggativeabelow 4° and

the rises rapidlyfﬁntil it reaches the stall angle, at which

¢
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incidence it drops sharply to negative values, and ﬁhen
fluctuates at low positive values for larger angles. From
the stall ‘angle until about 80°, the éailwing has a larger
thrust than the sail aerofoil probably because the twist
tends to increase the lift and decrease the drag in that

g&g?e.
]

\
i

The lift to drag ratio of the sailwing, although important,

is not discussed here in view of the unreliability of the

drag data.

Princeton Sailwing

Some research on sailyings was undertaken at Princeton
. .

University by éweeney (1961), for applicqtion to low—speed\
flight. Wind tunnel tests were made on“a sailwing having
an aspecﬁ ratio of 6, a taper ratio of 0.33 and a leading
edge of 12% of the mean chord (Figurd 67). The aat; were
available for a limited range of angles of Fttack ag two
Reynolds numbers. Cotton duck sails. were u%fd' untreated
at first, and then impregnated with light wax in order td
reduce porosity. No menﬁion was mdde of thé amount of
tension, although it appears from some of the pictures
that the, fabric was very taut. The drag was not corrected

for tares.

E——————]
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The maximum lift coefficient was 0.86 at Re = 15 X 104

and
compares to 1.25 for the McGill sailwing (Figure 65) at
Re = 17.7 X 164. The lift curve slope was somewhat less
too. Both sailwings show an increase.in 1lift with the
Reynolds number. qTreating the Princeton sailwing with
wax surprisingly reduced the lift and Sweeney attributed

this to an increase in stiffness which limited the camber

change.

The drag coefficient of the Princeton sailwing was 0.05 at .

o]

0~ (Figure 67) and was feported to be actually less, perhaps

half (see next paragraph), because the data were not cor-
¥ s

rected %orﬂ}éres. Thg\ang coefficient of the McGill
sailwing was higher, 0.06 at 0° (Figure 66), although the
tﬁgckness to chord ratio was smaller. Since the dra§ at 0°
was sensitive to the tension in the fabric, this would

suggest that the Princeton sailwing was more taut. Sur-

prisingly, the drag of the Princeton sailwing increased

with the Reynolds number and the author attributed this to a

.

greater leaﬁage through the porgus fabf;c. This explanation
is acceptable in vie& of the following argument: flow
through the tiny holes of a porous fabric is probably
laminar and proportional Fo the pressure drop across the

- ~

fabric, that is, propértional to the windspeed squared.

1

- s iirmane =




.q . Then the ratio of the . flow through the fabric tc\)\ the flow
,} near the surface of the sailwing would increase with th?
| Re&nolds number, thicken the boundary layer and usually
increase the drag. » - '

3
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;
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‘; . The 1lift éo.drag ratio of the untreated Princeton gailwing
shown in Figure 67 does hot‘éorrgsﬁond to the curves of lift \
J and drag simply because the drag was corrected for tares in
this-case. These values of lift to drag ratio suggest that
the cor£eqted drag coefficient was about half of the mea-
surea value. The maximum iift to drag.ratio was about 11 at
an angle of attack of 4°. A sail aerofoil With'a similar
leading edge and at a Reynolds number of 13 X 104 has a
maximum lift to drag ratio of 12 at an angle of 5° (Figure

58). The 1lift to drag ratio of the Princeton sailwing would

be expected to rise to about 16 for the treated sailwing

assuming that the same corrections would apply to the drag

coefficient. )

«~ The NASA ,Sailwing

l R

f N

A complete full-scale model of an airplane using the sailwing

concept was tested by the NASA 'in the Langley full-scale

tunnel and is reported by Fink (1967). The wind had an
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adpect ratio of 11.5 and a taper ratio of 0.4. The lea&ing
edge was a D-spar drooped 8° (Figdfe 68) , its thickness
being about 13% of the chérd. The Reynolds number was

85 Xf104, which is high compared to'the other tests pre-
viously mentioned. The lift and drag of the sailwing ‘alone

were determined by subtracting the measured characteristics

of ;he fuselage alone and are shown in Figure 68,

- \
The maximum lift coefficient of 1.5 of the NASA sailwing|
is quite high when compared to the other sailwings and can
perhaps be attributed to the higher ﬁeynolds number. At
an angle of attack of do’ the drag coefficient is very
low, only 0.025, as compared to aboﬁt .06 for khe McGill
sailwing.. This low value can be attributed partly to the
high Reynolds number, partly to the efficienp D-spar
leading edge which may well redpce flow separation and
partly toath? highe;)aspect ratio. The lift to drag ratio"

is very high, around 28.

|

\

The 2-D Sail : . .

It is. possible that the.sailwing fnay be used on sailboats"
with some advantage. Since comparisons beétween the sailwing

and the ordinary sail is rather difficult, owing to the

number of parameters to be controlled, the comparison is

* ®
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made between two-dimensional sails and sail aerofdils: Some
\w \
tests on sails were reported by.Chapleo (1968) and the

characteristics are reproduced in Figure 69. The tests
) ' ) ‘

were made to study the effect of a gap between the mast

and the sail and were comparatlve; thus, insufficient

rattention was paid to controlling or measuring the spanwise

variation %n camber and twist and the sails were probably
not truly two-dimensional in\the sense defined in this
study (that is, no variation along the span). The mast .-

»

was of commercial "pear shaped" section with a ratio of
magt th%pkness/mastchord of 0.77. The compariéon wili
be establiéhéd between that sail and the slightly loose
nylon sail aerofoil with a leading edge of 0.25 in.
Thelmaximum Lift of the sail was 1.7 and is equal to that
of the sajl aerofoil at a similar Reynolds number (Figure
13). Thé minimum drag coefficient of the sail was 0.065

and comBareS‘with 0.068 for the sail aerofoil (Figures 20

and 26). In general, the lift and drag curves of the sail

.were similar in shape to those of the sail aerofoil., [The

maximum lift to drag ratio of the sail aeroféil 13116“
(Figure 53), compared to 14 for Epe saif\ It is possible
that a comparison with the'dacron sail aerofoil may Vﬁe more
appropriate, although the leading edge was larger. The
dgeron aerofoil had a maximum lift to drag ratio of 18,

l '

4
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( i a minimum drag coefficient of .025 and a ma;iﬁum lift

coe%ficient of 1.4 at an appropriate value of the Reynolds

\ A numbgr. ) ~

)

g _ Hang-Glider Sailwing: ‘ ) ‘ '

é ‘ .

1 . , Mgt .
. Some data on sailwings are g%%en by Stong-(1974). The

. Vo i ) } i

sailwing was uséd in a hang-glider, an ultralight glider

from which the piloﬁ is suspenaed by a harness. Apparently

r %, N
the sailwing had a Span of 34 feet, an area of 158 sguare

\ .
feet and an aspect ratio of 7.25:1. It had a qing taper

of 0.33. The coefficient of lift is reproduced in Figure 70.

The windspeed, although not stated, was probably in tfie
’ \ , . ﬁ\ .

+ range .20 to 40 mph:s This would mean a Reynolds number, based -

on a mg&q chord of 4.7 ft., '6f about 90 k 104,to 180 X 104.

' The maximum lift coefficient was 2.0 and is higher than

Py s

that of the'NASA«sailwing!yhich was 1.5 at a Réyholdé number
. .

710°. Some ‘comparative ‘tests coulé establish Whether
[ .

\ .-
the ' D-spar leading edge of the NASA sailwing is -actually more

/efficient atl%e;tain angles. The maximum lift to'drag ratio

‘Qasfigpoited\go be about 14. A ' .
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. Summary .
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] ¢ [
_ A summary of the main characteristics of the various 'aero-
N ;J ‘ ¢ [} _7’ .
feils and wfngs presented“in this section is given in
i *‘Table 4. Some data on the NACA 00£2,\a rigid symmetrical

® T

v

.
<
M3

-aifofoil currently in cuse*in yertical—axis'wind turbines
_(Templin 1974), are included.
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*Thickness/Chord 9.7% *'9.7% 8.3% 123 138 4.7%  12% 12%
" At the Stall 1.2 1.4 1.% 0.9 1.5 1.7% 2.0 /1.25
ch Higher Re More ~Same More  More ° - - - 4//S§me
- Lift Lift Lift Lift .. 77 Lift
“at 0° .047 .028 .08 - 0.025 0.07 -  , 0.015
at s° .063 .054 .09 - '0.060 0.065 - 0.015
c -
"2 | At the stall =.10 .15 10 ¢+ - 0.20 0.30 - 0.075
Higher Re ) Less Less Less More - - - Less
Drag Drag Drag Drag Drag
E
Maximum Lift/Drag 15 16 - =16 28 14 14 60
) - \
Maximum Thrust ° 0.06 0.22 0.33 - - - - 0.30 °
Reyfiolds Number x 10% 18 18 18 15 85 23 90-180 180

-
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Summary of Aerofoils and Wings Characteristics
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(,3 4.4 Computer Simulation of Wind Turbines-

»
3 uA

» " ¥ -

In assessing the relative merit of various shapes of sail

‘aerofoils for application to a vertical-axis turbine, it

is readily seen that a single characteristic curve may not

be a :fair basis for comparison. For instance, one might

assume that the sail aerofoil with the highest’ thfgét co-
efficient may yield the best wind turbine performances,

but the normal coefficient should also be takén into account.

A
A high value of the latter may cause the disc velocity through

Q

the turbine to become low enough to impair the perforhance.
The approach taken here is to insert the curves of the thrust

and normal coefficient in the computer program simulating a

LY
vertical-axis wind turbln%.

Q
A wind turbine will operate best at a certain sblidity,
{

which ‘will vary depending onthe shag:ﬁbf the aerofoil.
in

So, it was found necessary 'to determ the optimum
e

solidity for each shape of sail aerofoil in order to com-
pare.the performances. In a realistic wind turbine with

the blades tilted with reépect to the axis, the solidity

and the iocal blade Reynolds hﬁmbgr will vary along the

span of the blades, thus leading to many possible com-
{
binations of the parameters. To avoid this difficulty,

E

# ’
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it was decided to simulate a two-dimensional -turbine having
constant-chord blades fiounted parallel to the axis., The
- v

number of blades is held constant while the qhord is varied.

!

l‘ ]
The computer program was run in the past (Robemt’1975) and

duplicated very accurately the predictions of Fhe perfor-
mances of the NRC wind turbine (Templin 1974). ~However,
when it was used to péedict the performances of a wind
turbine model with sailwings, such as the model shown in
Figure 4, it yielded a power coefficient curve that coin-
cided with the experimenLal curve only in‘the low tiﬁ.speed )
region. The maximum predicted power coefficieﬁt«was\about
twicé the measured value and occurred at a tip speed.aboﬁf”
50% higher than in the experiments. There are various rea-
éons for this discrepancy among‘which'a;e the highef ﬁoli-
dity encountered in sa%lwing wind turbines, the flapping of
the sailwing as the°cambaf chafiges in each rotation and the
possible inaccufacy of the data on the thrust and normal .
coefficien? of the sailwing. However, the proéiém seemed to

be useful for comparative purposes since it qualitat$¥ely

repro@uced the measured effect of a change in solidity — -

t

* or Reynolds number (Robert 1975). o

X
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( The computer simulations of a two-dimensional wind turbine
using the sail aerofoil data available are shown in Figures
71.to 77. In each case, the optimum splidity may be ideh-

tified. 1In some instances, such as in igure 71, the per-

formance curve of the higher solidity cases could not be

completed since the disc velocity was readily falling to ° ’
zero. The best performances were achieved by the dacyen
sail agrofoil (Figure 74). BAmong theﬂfemaining sail aerd— |

. ¥

foils, all made of nylon, the slighuiy loose case with a

¥
x
¢
H
%
’
. " N
i
4
M
i
{

[«]
leading edge of 0.25 in. gave the best results (Figure 72).

o

The effec% of varying the turbine Reynolds number was simu-

lated (Figure 78) and the power coefficient was pot much

affected. Notice the program made the necessary inter-
polation in the input data for thrust and normal coeffi- . -
cients over the available range of Reynolds number. Thé

[
value at the limit of the range was assumed to extentl out- *

side that range,- .

» P o o - »ﬁ».
Great care must be used when interpgéting thefforego%ng
computer simulations. The curves should be*used for com- ﬂ
parative purposes only. The maximum péwef coefficient has

no meaning in itself for two reasons: first, the program

has not yet proven fgliable when predicting perform?nces of Co

. . ‘

s
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sailwing or sail aerofoil wind turbines and second, the
simulation is very unrealistic since an actual wind tur-

bine would be fitted with sailwings and not sail aerofoils.
Also, the optimum solidity and tip speed ratio shown in the
curves may have no direct application to a realistic sail-
wing turbine. It is thought that such-a turbine would

operate at a lower tip speed ratio, and would consequently ;
perform best with a higher solidity, because the sailwing”
has more drag £han the sail’aerofoil and, moreover, the
blade drag of an actual fully rigged turbine is usually

higher than in theory, as reported by Templin (1974).

"

.
- -

The theory allowing for "high solidity was used tﬁroughout

the foregoing computer simulation. It was shown in previous

" work (Robert 1975) that, for 1ow\so}idities, it duplicated \

faithfully the predictions made witﬁ the Betz-Glauert
theory, but it could deal with higher solidities, where a
lower disc velocapy ratio is likely to occur. The-double
disc turbine theory was also tried and gave a maximum power
coeffic;ént about 5% less than with the Betz-Glauert theory
in the case of the NRC wind turbiﬁésﬂ It cannot handle high
solidities and is therefore nof‘;sually applicable to-fail:

turbines. The modified computef program for this theory is

} 3
therefore not presented. : b
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@ 5. concrusions -
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4 1

' Thgﬁmain aerodynamic characteristics of the sail aerofoil
: ' :
s have been obtained experimentally and helped to provide 1
° somey insight into the behaviour of sailwings. The tension

in the trailing edge is seen to.be a very important parameter
and deserves much attention if further experimentation is to
be undertaken. Generally, an increase in looseness of the”

sail increased the camber and with it the lift and the drag,

but d@creaséd the lift-to~drag ratio. The properties of the

v °

. fabric are also critical. The porosity, should be minimal °

. for low drag but it is difficult to study its effect alone
since a reduced porosity is usuallx accompanied by a larger
stiffness. The leading edge diametef should be about 10% of
LN
the chord for good thrust and lift-to-drag ratio.
ﬁ ~
‘\_ The tests revealed that the most distinctive feature of the

sailw;ﬂg &gs the twist,"whichgis due to the spanwise flexi-
bilif; of the trailing edge. This is seen to cause fluttering
anq largely inc&eases‘the drag at an angle of attack of oo:~
At large angles of iﬁcidence, the twist reduces tﬁe local
BT anglefof'attack~near7mid-sp;n,~thereby decreaSing*fhe drag

1 and resulting in a 1ift with a lower maximum value spreéd

over a.much smoother’sféll. Despite the low aspect ratio

|
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.in model tests.

A

(3.0) of the sailwing, it generally had better thrust
i Lo LN
chracteristics than the sail aerofoil, especially at large

angles of’f attack, but thgse are seen to deteriorate at low

Reynolds numbers.

N, ¥

The characteristics of the sail aerofoil are seen tow

-
¥

slightly better but similar to tho§e of a two-dimensional

sail. Generally, the lift to drag ratio of sailwinds and
~ ™
sails is below 30 while it may exceed 60 for rigid wings,
owing to their lower drag.
The computer program was found to predict well the perfor- -~

mance of.low solidity, high speed, vertical-axis wind turbines
using the Betz-Glauert theory. An ex%&sion to that -theory
was used in the program to trea:. the case of 'the sailwing |
wind turbine, operating at a hiéher solidity, and the pre-
dicted power output wafs about twice as high as that found
Another modification to the theory was made *
to agcount for wake interference, but intx:yoduced additional
complexity and coulfi not handle cases of hi'éh solidity.’ The
program, includiné the exéension for high solidity, can

)] .
hopefully reproduce the relative effect of changing somée

»

to | . s as
of the parameters for sailwing turbines, such as the solidity,;

the Reyno°1ds number anc{ the characteristics of the sails." ‘
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The&data collected on the sail aerofoil were inserted for

combératiVe purposes into the computer program for simu-

v ) .
lating a two-dimensional vertical-axis wind turbine and the

-

;o taut dacron sail aerofoil with a leading edge to chord ratio

Dt s s o et

of 9.3% was seen to péfﬁbrﬁ best.

rd

[S——L

{
Tests so far on the vertical-axis sailwing wind turbine

i

y 9 ©
tndicate that the optiﬁum tip speed ratio is low and the
. ~

turbine is not highly efficient, butl it is self-starting,

1 ‘ -

cheap and probably suitable for third-world technology.

It is suggested that the following /parameters would be

close to the optimum design: ) ]
" S G

‘ [
1. Solidjity close to 1.0 e

5 1

2. Sailwing: chord to radius ratio 10%

taper ratioqz:l

calendered dacron (or other impervious fabric)

"

a

. t ‘%
3.° Three sailwings for positive starting torqué in any
‘ . '
position.

‘ !
4. Tilt angle of the sailwings from the axis:- 30°. i
5. Provision for high tensioning of the sailwing. o

¥
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Upper Sail RAerofoil Assembly

Side View of the Set-up for Testing the Sail Aerofoil

Bottdm Sail Aerofoil Assembly ,
SAIL AEROFOIL DATA FABRIC / LEADING EBGE
Lift Coefficient. Taut Nylon 0.25 in.
Lift Coefficient Slightly Loose 0.25 in., -

Nylon :
Lift,Coefficient' Loose Nylon 0.25 in. ‘
Lift Coeﬂficien; . Taut Dacron 0.375 in,
“pift Coefficient Taut D;cron 0.375 in. !
Lif£ Coefficient Loose Nylon 0.375 ini
Lift Coefficient ' Taut Nylon 0.5 in.
Drag Coeffiqient Taut Nqun. 0.25 in.
Drag Cogfficient Slightly Loose  0.25 in.

. Nylon N i

Di'ag Coefficient Loose ’!‘iylon 0.25‘in.
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( ot ' SAIL AEROFOIL DATA - ' FABRIC. LEADING EDGE
- ‘ \ [‘ . ] A
22 Drag Coefficient Taut Dacron 0.375 in.
v . . .
23 Drag Coefficient Taut Nylon 0.375 in.{." )
24 Drag Coefficient ' Loose Nylon 0.375 in.
¥
25 Drag Coefficient " Taut Nylon s 0.5 in.

¥ ‘

26 Sail Rerofoil Drag Coefficient from 0° to 20°: printout.

“

27 'Sail Aerofoil Drag Coefficient from 0° to 20°:

- ¢ printout continued. .
‘ SAIL AEROFOIL DATA FABRIC LEADING EDGE ’ e
q 28 Thrust Coefficient . Taut Nylon ' 0.25 in.
: 29 ¢ Thrust Coefficient 0Slightly Loos;» 0.25 in, B
'n ‘ Nylon ’ g
30 Thrust Coefficient Loose Nylon . ' 0.25 in.
. ‘ Bi Thrust Coefficient - lTaut Dacron 0;3%5 iﬁ; '
; 32 - Thrust Coefficient Taut Nylon 0.375 in. : 3t 
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| ﬁ N “ , Nylon _ S,
N b37 \ Normal gpeffibiept; _ Loose Nylon 0.25 in.
- 38 ) Normal Coe?ficient Taut Dacron 0.375 inj\ : ‘
'“j; . 39 Normal Co;fficient Taut Nylon 0.375 in. \ LT ‘
B 40 Normal Coefficient . Loose Nylon 0.375 in./
41 Normal Cpefficient " Taut Nylon 0.5 iﬁ@ ;
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. 65 Sailwing Lift Coefficient . %

66 Sailwing Drag Coefficient
, 67 The Princeton Sailwing (Sweeney 1961)
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Leading Edge 0.25 in.

Sail Aerofoil Data
Chord 3.910 in.

Taut Nylon
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1 Aerofoil Data

Slightly Loose Nylon
Leading Edge 0.25 in.
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Leading Edge 0.375 in.
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Sail Aerofoil Dpata

Taut Nylon
Leading Edge 0.5
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FIGURE 26: Sail Aerofoil Drag Coefficient from 0° to 20°
~ Taut Nylon- . Leading Edge 0.25 in. - Chord 3.910 in. i
- ' x 3

() a Re = 9 13 18 . - 24 30 x 10t

o 0.0 0. 036 0. 030 0. 023 0,031 0. 0x7 |
2.0 0. 047 0. 035 0. 042 0. 040 oEd34
S. 0 0. 071 0. 086 0. 073 0. 045 0. 054
’ 7.5 0. 145 0. 134 0. 125 0. 103 0 080

10. G 0. 184 Q. 193 0. 205 0 195 0178 °
12 5 0. 229 0. 241 0. 254 0. 247 0. 2&5
" 15. 0 0. 270 0. 279 0. 295 0 327 0. 337
' 17.5 0. 327 0. 33 ’ 0. 346 0. 359 0. 379
20. 0 0. 409 O 412 0. 417 0 421 O 44%7
‘ Slightly Loose Nylon Leading Edge 0.25 in. Chord 3.850 in.

/ o a Re = 9, 13 18 24 30 x10*
, 0.0 0 058 0. 07A 0. 049 0. 070 0. 044
2.5 - ~ 0, 097 0. 079 0. 073 0. 045 0. Q&7
5.0 0. 101 0. 089 0. 052 0. 082 0. 032
7.5 0. 109 0. 103 0. 105 0. 104 0. 107
10.0 0. 132 0. 120 0. 124 0. 132 0. 137
12,5 0. 180 0. 171 0. 158 0. 164 0.174
15. 0 0. 356 0. 354 0. 219, 0. 195 o~zig
17.5 0. 415 0. 406 0. 404 0. 399 0. 3&4
20. 0 0. 484 0. 474 0. 447 0. 443 0. 457

J

Loose Nylon Leading Edge 0.25 in. Chord 3.790 in,

q Re = 9 13 18 24 30 x 10t
0.0 0. 133 0. 114 0. 102 0. 09= 0. 097
2.5 | 0. 124 0. 110, 0. 101 0. 074 0. 074
5.0 0. 144 0. 125 0. 114 0. 109 0. 114
7.5 0. 147 0. 125 0. 121 0. 125 0. 144
10.0 0. 156 0. 147 0.148 * 0.152z [ 0. 167
12.5 0. 192 0. 189 0.187 . 0. g? 0. 203
4 45,0 0. 222 0. 218 0. 213 0. ®o 0. 242 .
: 7.5 0. 436 0. 383 0. 250 0. 26& 0. zaa
d ®o. 0 0. 487 0. 435 0. 431 0. 448 0. 454
AR
. TauL Dacron Leading Edge 0.375 in. Chord 3.845 in.
a Re = 9 13 18 24 30 x 10

0. G 0. 026 0.030 ° 0.023 -  0.024 0. 020 -

2.5 0. 047 0. 041 0. 034 0. 031 0. 023

5.0° 0. 043 0. 058 0. 054 0. 047 0. 040
\ - 7.5 0. 072 0.068 - 0.064 0. 058 0. 052

O 10. 0 0.090 0,087 0081 0077 ° 0.071.

12.5 0. 121 0. 125 0.118 0. 112 0. 109

: : 15.0 0.127 . 0. 156 0. 153 0. 146 0. 141
17.5 0. 354 . 0. 365 0. 350 0. 318 0. 168
20. 0 0. 433 0. 430 . 0. 408 0. 405 0. 422

5
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Figure 27 - Sail AReroroil Drag Coeffici

o

r

ent from 0° tq 20° .

(continued) " /
Taut Nylon Leading Edge 0.375 in. Chord 3.875 in.
Q Re = 9 13 18 24 30 x 10t
0. 0 0. 043 0. 046 0. 047 0. 051 0. 049 -
2.5 0. 040 0. 055 0. 053 0. 050 0. 046
5.0 0. 064 0. 064 0. 065 0. 055 0. 050
7.5 0. 147 0. 137 0. 02 1o. 074 0. 047
10. 0 0. 195 0. 211 0. 217 0.190 . 0. 094
12. 5 0. 253 0. 251 0. 279 0. 286 0. 277
15. ¢ 0. F0& 0 317 0. 316 0. 323 0. 327
17.5 0. 408 0. 415 0. 413 0. 406 0. 40z
20 0 0. 474 0. 434 0. 491 0. 457 0. 475
Loose Nylon Leading Edge 0.375 in. Chord 3.755 in. N
o Re = 9 13 18 24 30 x 10t
0.0 0. 145 0. 141 0. 129 0. 120 0. 117
2.5 - 0. 150 0. 147 0. 121 0. 120 0. 115
5.0 0. 152 0. 141 0. 134 0. 129 0. 127
7.5 0. 176 0. 164 0. 157 0. 156 0. 168
10. 0 0. 193 0. 130 0. 169 0. 177 0. 191
12. 5 0. 249 0. 221 0. 204 0.213 0. 223
15. 0 0. 336 0. 311 0. 266 0. 252 0. 277
17.5 . 0. 3&1 0.3931  0.392 0. 365 0. 371
20. 0 0. S01 0. 455 0. 485 0 435 0. 454
.- Taut Nylon Leading Edge 0.5 in. Chord 3.840 in. |
a Re=9 . 13 18 24 30° x 10
0.0 0.056 ~  0.060  0.062 0. 063 0. 061
2.5 0. 0bL 0. 077 0.072 - 0.073 . 0.0&9
5.0 0. 080 0, 053 0. 080 0. 075 0. 071
7.5 0. 190 0. 200 0. 174 0. 035 6. 090
10. 0 0. 225 0. 235 0. 745 0. 254 0. 250
12 5 0. 2465 0. 253 0. 292 0. 308 0. 305
15. 0 0. 335 0. 354 0. 355 0. 368 0. 373
17. 5 0. 401 0. 410 0. 407 0. 413 0. 418
20. 0 0. 4463 0. 472 0. 465 0. 464 0. 444
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€ PERFORMANCE OF THE WINDMILL -

. __PROGRAM LISTING .

IND TURBINE WED, 1S SEFP., 197 &

JOB, START=10205 . .

JOE, REMOVE, JRTURE ) .
JOB, COMFILE, JRTURE, NOLIST

C UTILITY CARDS

EXTERNAL F1V, F2V
COMMON/ET/REYNCT( 10 ), ALFCT( 30 ), CTV( 30, 10 ), NCT, NCTR
COMMON/BN/REYNCNC £0 3, ALFCNC 30 ), CNVC 30, 10 3, NCN, NCNR
COMMON/ECR / CRR

COMMON/ WD/F1, WRV, REYNWD, VOV

DIMENSION Y(25), VOVYX( 25 ), EFFIC(25 ), CO( 25 )

DIMENSION VPWR( Z5), VDVX( 25 ), WRVX( 5).ca(25tdf9(25)ﬁ%?
LOGICAL ISSW —> IsswW(5) dam i

PI=3 141592 -

HR2A=0 25 % ]
READ (5,38 ) REYNWD

~
FORMAT (F10 2) ° P ta Qg. o The Tonbone
k4 i B

READ( 5, 37 ) WRVA, WRVB, NWRV y
FORMAT( ZF5 1,15) ™
READ( S, 44 ) N, CRR
FORMAT( 15, F5 2) J
READING CT AND CN .
READ( 5, 31 INCT, NCTR R

NCTR2Z = NCTR - 2 - -1’

REALIN 5, 42 X REYNCT(J ), J=1, NCTR) .

READ( S, 43 X ALFCT( T ) (CTV( I, J ) J=1, NCTR ), I=1, 11)
READ(S, 44 X ALFCTCT L (CTV( I, J )5 J=1,NCTRZ )s I=12, NCT )
READ( 5, 31 INCN, NCNK

NCNRZ = NCNR ~ 2

READ( S, 42 X REYNCN( ot ), J=1, NCNR )

READ( S, 43 X ALFCNC( 1), (CNV( I, J ) J=1, NCNR ), I=1, 11)
READ(CS, 44 X ALFCNC I ), ( CNVL E,°J), J=1, NCNRZ ), 1=12, NCN )
FORMAT( Z13) ’

FORMAT( 10X, 5F10 3) \){

FORMAT( &F10 3)

3

F=4

A S e e 20 N

VW( 25)

progpom. (bee (s 72)

FORMART(4F10 3)

EXPN=0 254
CDPL=1, 11467
NX=10 Cormatonts Mummj

NY=0 &M& dmeJfamonuv

NMAX=15
WRVX( 1 URVA — Ronting mbue &P Mm

EPS=0 02
WRITE (&, 123)

FORMAT( 1H1, SON TIP SPEED ca EFF D vosv o,

1 15H Cb 1T 7/7).
.00 20 IW=1,NWRV1
INFIX=1W

TFONWRV. NE, 0 JWRVX( IW )=WRVA+FLOAT( IW~1 1 WRVB-WRVA )/FLOAT( NWRV )

L formantimg the ip ot

SPILLAGE EFFECT + AMBIENT WIND V

PO

P

y



.

{ A2

IND TURBINE WED, 15 1976

. SEI\”.

n

Y
N

boS 1 HRY=URVK( IW
. ] h052 VDVX( 1) = wmu:Q &mc_ n:ﬁ |
K D053 vDvX(2) = T antromie P 0.0ad lO.
HOS4 VDVYX( 1) 2 ’ u
’ < b0S5 v = vougr } mW.&m oent (otighatad
D056 | CALL 5(0 PL O 1 5 NXi NYS FLV, C) Wb
b0S7 €BC LW 1=FLORT(N /P Tv2 *HRZARC vy ,‘g‘“ weloc
h058 BA=CD( IW 1/CDFL
‘ H059 IFCBA. GE 1. 0 WDVY=0 } Mm taorg used fo caledote
l H060 IFCBA LT 1 OWDVY=(1 —BA I**EXPN VDYY
; DO61 VDVYX(2Z) = VDVY -VDVX(2) , : ~
N NO&2Z DO 22 1V=3, NMAX g M"\JQ&(}F Wﬁ NMAX .
,. D043 IVFIX=1V oY
| D064 CALL TERFL1(VDVYX, VDVX, IV=1,0.0, VDV) ~ <— Dﬂ"tﬁg&f‘m“ rovy
DOSS VDVX( IV )=vDV D 14 by
H066 CALL SIMFSCO, P10 ,1 ,NX, NV, FiV, C) e—L thnpoeatm
i D067 CDC TW)=FLOAT(N )/P1#2. ¥HR2ZAXC  ° ’ T‘ﬁ"
H068 BA=CD( IW )/CDPL ] ﬁh Ot asSad VDV,
D06T IFCBA. GE 1. 0 )VDVY=0 3
D070 IFCBA. LT 1 0)VDVY=(1 =BA MSEXPN
- bo71 VDVYX( IV )=VDVY=VDVX( IV)  § g‘“‘*““ #5 fo inlanud &*P“ﬁ"“'“‘
\ Q72 | LFC IV, NE. NMAX. AND. . NOT ISSW(5)) GO TO 23 :
b073 MWRITE( 6, 28 WRV, VDVX( IV ), VDVYX( IV ), GD( IW ), TVFIX
bo74 24 _FORMAT(1H , 8X, SHWR/V , 9X, SHVDVX  , 9X, SHVDVYX , 9X, ZHCD, 7X, 1HN/ :
D075 1 4F14.6,13) . ,
' b076 60 70 27 &hintions 4t “'\8““ Al "
DO77 23 IF( ABS( VDVYX( IV ) )-EPS 125, 25,22 <€— MWHQP dide mebocetion anse. ,
\po7s 22 CONT INUE / )
, pO79 25 VDV=YDV+0. S#VDVYX( IVFIX) W trough. v
: b08O VDVW( IW }=VDV . . ¥y
 bos1 CALL SIMPS(0., P10 » 1., NX NV, F2v, &) <~  Sudigalion of Hetbrgen L
H082 COU TW )=FLOAT( N )/PT#HR2AL A
) v Po83 CPC IW)=CR( TWI*WRV#Z. # 100 o :
. ' DOS4 EFFIC( TW =CP( TW M 27. /16 ) o
"~ | POBS WRITE( &, 124 WRVX( IW ), C&X W), CPC TW ), EFFICC IW ), VDVWC 11 ), CDC TW ), TVFIX
/p086 128 FORMAT(1H ,F10. 2;F10. 4, 2F10 3, 2F10 4, I3)’ L.Pms'&wmu&s
. POB7 20 CONTINUE €~ SLpapuld ]
‘ poss 27 ¥ CONTINUE omdl procedluns mpealid] .
|po89  C PRINTING THE CONSTANTS : x
‘ D090 WRITE( &) 114 JREVNWD, HR2A, N, NX, NY, EPS : .
: 1DO91 116  FORMAT( 1HO/21HWINDMILL REVNOLDS NO. ,F8 1/SHHR/2A ,F10.3/ |
posz 1 13HNO. OF BLADES , I7/23HNO OF ANGLE INCREMENTS , 17/
' * DO93 2 24HND. OF HEIGHT INCREMENTS , 17/9HPRECISION ,F10. 3/
‘ (bo9a 3 12HCHORD/RADIUS /17HBLADE TILT, DELTA /12HRADIUS RATIO /
’ - D095 4 37HNO. OF FOINTS FOR ANGLE INTERPOLATION /14X,
|po9s § 23HFOR SPEED INTERPOLATION /14HZERO-LIFT DRAG /11HDATA\SOURCE )
. 1pO97 WRITE( &, 117 JCDPL, EXPN
: D098 117 FORMAT( L1H * 15HCD OF¢ THE PLATE , F10. 3/11HTHEORY USED 7
- D099 1 16HEXPONENT FOR B/A ,F10.2) . - .
, D300 STOP -
” N L o .
“ [ *
N 0 s T P [ T T s e e w**wr-: - —wh*ﬂvwv " "
v o : ! ©x : L0
) ' ~ g e N o -'v' "’y |
! \ !3 % ' ‘\ ’ 4 : x' » *
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WINDO TUREINE WED. 15 SEF, 1976
[ Y .
b101 END g
D102 C \GHAPE OF WINIMILL
b103 FUNCTION RR(YR) _
.b104 RR=1. 0 <« Zﬁt’wﬂw natio w/R b difimedl] 03 a Gunchion of heughb
D10S RETURN Hm otw MM
0106 END
. P107 FUNCTION DEL(YR) ,
b108 DEL=0 0 - m%é} &C;% msaﬂa oony el e hught
. D109 RETURN Nare £ i .
P110 END . . .
0111 FUNCTION CR( vﬁb)
b112 COMMON, BCR/CRR _ ‘
D113 - CR = CRR % Cao”& Ait‘.o /‘"\aj N'a)«:)w\,mml. &Aﬂw
b114 RETURN ™ Now ot i
D115 END-
p116  C FINDING CT
D117 FUNCTION CT(ALF, REYNEL )
D118 COMMON/BT/REYNCT{ 10 ), ALFCT( 30 ), CTV( 30, 10 )wcr, NCTR
D119 o MM=4
D120 ' NN=3 (Zhis nudrosdine or W ,
b121 NTR = NCTR ok and) ﬂﬁ : , ,
_p122 REYN=REYNBL "3 (R" : stoud..)
D123 . IFCALF. 6T ALFCT(10)) NTR = NCTR — 2
b124 IF(REYNBL LT REVNCT( 1))REYN =REYNCT(19
D125 IF(REYNBL. GT REYNCT(NTR)) REYN = REYNCT(NTR), + O. 01
126 CALL TERPLZLALFET, REYNCT, CTV, NCT, NTR, MM, NN, ALF, REYN, CT ) «
ib127 RETURN
1b123 END ‘ v : . -
: . C FINDING CN . . )
D13 . FUNCTION CN¢ALF, REYNEL ) ). o .
nE'31 - CCOMMON/BN/REYNCN( 10 ), ALFCN( 30 )» CNV( 30, 10 ), NCN, NCNR
D132 MM=4 «
D133 NN=3 ({%‘b Ma&:“-tﬂm Ur\t*ogaﬁb tﬂ" ("WY\QQ u\cguuut ’
D134 NNR “= NCNR _ omy Ot and « from Mo Jafle sford). .
p13s5. REYN=REYNEL .
p136 IFCALF GT."ALFCN( 10 )9 NNR = NCNR - 2
1p137, IFCREYNBL. LT. REYNCNC'L ) )REYN =REYNCN( 1)
. p138 IF( REYNBL. GT<REYNCN( NNR)) REYN = REYNCN(NNRK),+ O. Ol
pize CALL TERPLZ{ ALFCN, REYNCN, CNV, NCN» NNR, MM, NN, ALF, REYN, CN )
D14 RETURN
D14 END : T
‘D14z C DRAG COEFFICIENT BASED ON ‘AMBIENT WIND V
ib143 . FUNCTION F1V(TE, YR) e
1 b14a, COMMON/WD/P'1, WRV, REYNWD, VDV Lhis fuumetion wawﬂallia the unﬁg andd
' D145 X=RR( YR J#WRV+VDV#COS( TE ) ‘
'pras Y=VDV#SIN( TE »C05( DEL( YR) ) °6&‘ ""‘""‘"‘“‘Q ”‘té"“t"’“‘ of tﬂ‘-
D147 ALF=ABRS( ATANZ( Y, X )/PI#180. ) a'hag W
D148 VAVS=X#X+Y#Y . )
D149 REYNBL=SGRT( VAVS 40, S#CR( YR J#REYNWD a
D150 »  F1UsVAVS*CR( YR 1#( CN( ALF, REYNBL >»s INCTE »-CT¢ ALF, REYNBL ICOS( TE )
e : . “) ’
. . ry N ad
L3 o # 7
. . \ . : i
’ ( ! - *
~r e ".w o - W*Mr—*-—‘ -l-ﬂr TP TTNT S aprp——m
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e P

.
o

N

D151
D15
D153

D155
D156
0157
0158

~ P159

‘P160

D161
D162
0163
D164
D165
D166
D167
D168
D169
0170
D171
0172

. P173

D174
D175
0176
PL77
0178
D179
D180
D181

‘pis

D183
D184
D185
D136
h187
D188
D189
D190
D191
D192
b193
D194
D95
D¥;b
D197
0198
0199
D200

D154

c

50

c

10
11

12

o

13

TORGUE COEFFTCIENT EASED ON AMBIENT WIND V

I'4

WIND TUREBINE ,’

1

"/C0OS( DEL( YR ) ))

RETURN .
END 5 /

‘REYNBL=ZQART( VAVS )#0 S*CR(YR)*REYNND
F2V=VAVS*LR( YR )*RR({ YR »*CT( ALF, REYNBL)/CDS(DEL(YR)) ’

FUNCTION F2V(TE, YR)

COMMON/WD/F 1, WRY, REYNWD, VOV

X=RR( YR 1#WRV+VDV# 03 TE)

. Y=VDVASINC TE )#Ci05( DELC YR))
ALF=ABS{ ATANZ( Y, X )/PI#180 )

VAVS=X#X+Y#Y

RETURN
END

INTERFOLATION FOR ONE DIMENSION NIfHOUT SEEKING THE REGION ’
SUBROUTINE TERFLI (X, Z,M A, C)

DIMENSION- X(25).2(25)

.L=0, -~
DD 50 I=1, M
P=i
Do 51 J=1, M i

. IF(J. EG. I)GO TO 51

.

/

« PEPRCA=XCJ ) IOXCT I=XEd D)

.CONT INUE
" C=C+P#Z(1)

© RETURN

INTERFOLATION IN 2 DIMENSIONS ARD SEARCH FOR THE REGION
SUBROUT INE TERPLZ( X, Y, Z, M, N, MM, NN, A, B, C)' t )
DfNENSIUN X(30) Y(10), 4(30, 10)

END.

DIMENSION F(5) G(5),W(5 5) .

DO 10 I=1.M '

IF(A. GT X(L)) GO TO 10

KK=1-2
G0 TO 11
CONTINUE
KK =/ KK=(MM/4)
IF(KK. LE. =1) KK=0

*IFCKK+MM. GT. M) KK=M-MM

[

DO 12 I=t1.N

IFKKB GT. Y(I)) GO TO 12

LL=1-2
+ G0 TO 13
CONTINUE ¢
LL=LL~( NN/4& )
IFC(LL. LE. 1) LL=0O
IF(LL+NN. GT. N) LL=N~NN
Do 14 I=1,M
DO 14 J=1, NN
KKIsKK+I

T

|

»

.

o %Mm«:@u C- §(re)

¥

WELD, 15 SEFR. 1974 “,

‘f

~ . ’
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VIR

~ ‘ : A5 __
cWIND TUREINE . WED., 15 SEF, 1976
201 LLd=LL+J
. 202 c WL J)=ZUKRKIL LLY) ZR“ mt“cg@tﬁt sufoutime focalia
203 FOI)SX(KKI) % Pwawv. ool
204 14, G(J)=Y(LLJ) . 1
205 L%-O i i
206 DO 20 I=1,MM l ;(Ra5 °6 mw i
207 ' =0, o 0,
208 DO 21 J=1, NN acianﬂl% : &W '
209 p=i. ‘ it i,
‘D210 DO 22 K=1,NN
211 IF(K.EQ J) GO TO 22 !
212 =P#{ B-G( K ) )/¢ Gl J )=B( K ) ) )
, 213 22 CONTINUE %
; 214 21 \ H=H+P*W( I, J)
215 P=1, . .
216 DO 23.L=1, MM . ‘ ' ’
, b217 s IF (L.E@ I) GO TO 23 , o
218 P=P#( A=F(L ) I/(FCI)=F(L))
“; 219 23 CONTINUE ,
_p220 20 CaC+P#H , N
“p221° 'RETURN . !
222 , END .- :
T p223 C ' NUMERICAL INTEGRATION = SIMPSON S RULE
» | p224 SUBROUTINE SIMPS (A, B, c, D, NX, N Fs §) -
225 JMX = 2uNX - »
| 0226 " MYS2#NY+1 : .
o p227 IFONX. NE. 0 )DX=C B-A )/FLOAT( NX 3/2,
. p228 IF(NY. NE. 0)DY=( D-C )/FLOAT(NY »/2. v
.b229 IF(NX. EQ 0)DX=3.
230 . LF(NY. EQ 0)DY=3. ( Nmariel "“ﬁf' t,,
2 ) . ¥Y=C
Jb23% . se0 Y oo M)
) 233 - DO 40_IV=1, MY g
g 4 © X=A ) ,
. pz sbn=o. ) : .
. v D236 DO 41 IX=1,MX : "
1 p237 MULT = 4-2#MODC IX,2) , '
D238 IFC IX. EQ. 1. OR] IX. EQ. MX MULT=1 a
D239 , SUM=SUM+FLOAT( MULT MF( X, Y ) N
Ipza0 a1 X=X+DX .
| b2a1 ) SUW = SUM*DX/3. e .
» . b24az b MULT=4-2#MODC 1V, 2) « )
| p243 IF(IY. EQ 1. OR. 1Y EQ. MY MULT=1
( D244 S=S+FLOAT( MULT J#SUM
i p2as 40 Yay+DY , .
| p246 S=S*DY/3 ] e
D247 RETURN ) ) b
. . p2as ‘ END o C e o
v 1p249 JOB, RELEASE, JRTURB . L . , * .
;ozso JOB, END g { a :
L4 « % f
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NOTATION IN THE PROGRAM
L

A Dt 4 Ay e M W Ao 4N

; ;o \ Name in the Meant
: \ A / . Program Notation . . Description i - -
. . . ’ ( . ,.
. tu ) ALF - a Local angle of aktack of a blade (degrees). - g
»
b ALFCN(I} a Angles of attack in the data array of normal coefficients
1 S (degrees). v
’ L}
E i ALPCT(I) e, . - Angles of attack in the data array of thrust coefficients ,
‘ % ’ CT (degrees). i
L4
g 4 BA . B/A . Ratio of the drag of the wind turbine to the drag of a "solid" P
i ' turbine as used in the theory allowing high solidity. %
; "‘ BCR o Block ¢/R Common block contﬂning the value of c/R when it is constant '
} ) along the height of the turb . {
E ’ BN Block N Common block containing information pertaining to the data
» o array of normal coefficients.
t
v ' BT Block T ;f&mon block containing information pertaining to the dat’a
9 . 2 array of thrust coefficients.
. . .
i " [ ’ : Temporary variable: crude result of a numerical integration.
\ CD (1w) . Cp Drag coefficient of the wind turbine.
CDPL N * D of a "solid® turbine as used in tha theory allowing
- \ o \ c”puu hfgh/bondtty.
CN(ALF,REYNBL) cN(u'R"blade) Function finding the normal coefficient from the datid array.
CNV(I,J) Data array of normal coefficients.
values
CP(IW) cp Y _ Power coefficient. . R
s Q
CQ(IwW) CQ Torque coefficient. !
» 3
. CR(YR) c¢/R (E;I) Chord to radius ratio as a function of height.
CRR ¢/R Chord t@ radius ratio when it is constant along the height ‘
> ’ - of tha turbine. s K
CT(ALPF,REYNBL) c’r("'m’blade) Function finding the thrust coefficient from the data 'ar‘r—ay. )
CTV(I,J) Cp values ! Data array of thrust coefficients.

DEL(YR) - 8 (ﬁr) Tilt angle of the blades from the vertical as a function of!
height (radians). . ¢

&

BFFIC(IW) . n Turbine efficiency (Betz) (= :{% Cp)
0 , v
. EPS ‘¢ (epsilon) Precision margin allowed when finding the sc vgplocity ratio.
I - 3

s j . BXPN . ! Bxpémontx Exponent in the thaory allowing high solidity®

'Enﬁ :». FLV(TE,¥R) /?1(8,!/}1) Integrand in the numerical integration of the turbine drag.

B 5 FIV(TE,YR) £218,3/R) Integrand in the numerical integration of the turbine torque.
?- '. HR2A - % Dimns.lonlou shaée factor of the turbine.

o - ’ s’ N \
A3 ISSW (%) Switch Logical variable whose truth-depends on the position of the

K N external switch no. 5 on tha computer console (special

4 i - feature of the computer usad).

g. - f " IV o N - Incremental index for the it:nr:atj.bnl required to find the

> ' diso veloclity ratio. ' .
" . A IVRIX Ve ved Current value of IV. May be used outside €he iteration loop.
¥ .

o N / Incremental index for tip speed ratio.

. . IWeIX Myired Current value of IW. May be used citside the logp.

s > . ‘

| .




Nm in the Meant
Program Notation
[ gre—s; . I
ey MM
| .
Co i |
X N . N
% L]
. NCN No. of cN
- NCNR No, of Rac
N
& ]
@ NCNR2 = NCNR-2
NCT No. of Cy
« NCTR No, of Rac
T
5 ) NCTR2 = NCTR-2
! NMAX Moo
I . )
N S
] \\ , .
NNR
NTR
. NWRV No. of ﬂ‘;
i
| ' NWRV1 NWRV + 1
I b Nx nx ‘
=~ I3
L ‘e ’ ]
3 ' PI L
'
E REYN Re
REYNBL R‘blade “p
§ * REYNCN (J) n-cN
SRR L REYNCT () Reg
' T
~
] DR 'ﬂ ,m (WD Rewind turbine’
3 ¢ R 4
1 N " . !! RR(YR) r/R(E;I)

i . SIHPS(A,B,C.D,NX,NY,F,S)
- .| . . .
! ) TB o

’ \
t TERPLY (X,2,M,A,C)
|

i TERPL2 (X, Y, 2,4, N, M4, NN, A, B,C)
¥ 2 B b
VAV (!%)2
vOv - - .
v
VDVW(IW) g
Vp
VDVX(IV) (;v)x .
VDY (V) Py
v vy
1 VDVYX(IV) Ty = P
WD Block WD
v 1 , !
4 -

“w avara.

e L

.3.141592

A7

Description

Number of points to be used in the angle interpolation of
the data array.

'

Number of blade;\?on the turbine.
Number of angles in the data array of normal coefficients.

Number of Reynolds numbers in the data array of normal
coafficients.

. )

Number of angles in ‘the data array of thrust coefﬂcim?‘.s.

Number of Reynolds numbets in the data array of thrust
coefficients.
N - ¥
3 .

Desired maximum number of iterations allowed to find the
disc velocity ratio.

R4
Number of points to be used for the Reynolds number inter-"

polation in the data array.

s

AN
Temporary variable for NCTR or NCTR2. k
Temporary variable for NCNR or NCNRZ.
Number of tip speed ratios at which performance are evaluated.
Half the number of intervals for numerical integration in
the ¢ direction. | N
Half the number of jntervals for numerical intagration in
height. R .

Qq v

'remporary variable for the Ruynolds }umber of the blade (/10 ).
Blade Reynolds number (/10 ).

Reynolds numbers (/10 ) in the data array of normal
coefficients.

L)
Raynolds numbers (/10 ) in the dau arrxay of thrust
coefficients.

: 3

Turbine Reynolds.number based on the diameter.

Radius ratio, as a function ot height.
-~
Numerical integration s‘ fff.(x,y) dx dy using '2NX ‘and 2NY
o v

intervals 1n x and ¥y (stmpson'a rule).

Anqlc in the horizontal plane, with respect to the poaitiohs
of a turbine blade facing' the wind (radians).

¥
Interpolation in an array Z = £{x) of the value C = £(a) <
using M points.

Intexpolation in an MxN array Z = f(x,y) of the value ¢ = £(A,B)

using MM by NN points,

Ratio of the horizontal local
to the ambient wind velocity.

windspeed relative to a blade

Disc velocity ratio. -

Disc vcloﬁ:'fey ratio. ' .

Assungd disc velocity ratio, ' f
Calculated disc velocity ratio ualn‘g the turbine theory.
biffarence between calculated and dssumed disc velocity ratios,
Common block containing 1n!o:1u:ion ©on thé wind éurbins.

o

0
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Name in the
Program

WRV

WRVA
WRVB

WRVX (IW)

Y(I)

. Meant
Notation

wR
-

L)

vVia

wR
b
!g \
N v

¥
X (as used in F1V and F2v)

i ) \Y (as used in F1lv and F2v)

Description

Tip speed ratio._

LY

Lowest tip speed ratio at which performances are evaluated,

Largest tip speed ratio at which performances are evaluated. .
2

Tip speed ratio, ) }

. . .
Tangential component of the local windspeed Va relative to a
turbine blade.

Radial component (in a horizontal plane) of the local windspeed
Va relative to a turbine blade. °

Not used in this version of the program.
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APPENDIX B a -
- [ ’ ¢
.

) .
!

- ' ' N
» o “sample of _Dat‘:q.,.c;aﬁds"
. 1 \ Explanation l;lote for the Data Cards '«
L4 ) § i .
) Sample Output of the Program
- ! !
: Explanatiori/Note for:the Output N ¢
> AN . N
L J <
L4 . . » . \
- \
‘ ;{ . . , / ) .
| . 'y N ’ .
N ’ , , , B B N
» v ! l \ '

N ‘ . * ; . \

EREY. ot |

- ‘ -t \ -‘
R ’ d

" "‘ s 8 N ~ ‘




\‘
/

Y » . N Fa 3
i ~ i §
| ( W . SAMPLE OF DATA CARDS B1 {
B j \ ' 4 ;
g . ¢ IND TURBINE , WED, 15 sSeEF. 14
, o - Yo |
f v D001 JOB, START=10205 !
Lo .+ . ==~ D002 & JOB, JRTURB,
y \ - POOS 150,
] Ny b004,! 0.0 60 30 .
: . - hoOS 3005
\ - hoos 28 5 ‘
A o DOO7 Y 9.0 13 0 18.0 24.0 30 0
S hooR 00 -0.088 -0 076 ~-0.089 =0.070 =0 046
{ " hOOT 25 -0,033  -0.026 -0.022 =0.020 =0 023
; S h010 5.0 0 024 0 034 0. 037 0. 031 0 025 |
, ho11" 7.5 0. 094 0. 098 0. 091 0. 083 0. 073
o . - D012 10. 0 0. 147 0 149. 0. 152 0. 133 0. 121
f N b013 12.5 0. 191 0. 197 0. 206 0. 184 0. 168,
ho14 15. 0 0 008 0. 038 0 096 0. 227 0. 200
ho15 17.5 -0 026 0 003 0. 028 0 057 0079
§ € D016 20 O -0.020 -0 011 0. 005 0 035 0. 055
- p017 250 -0.037 -0 002 0.009 _ 0.010 0. 022
P . E&T10018 30. 0, 0. 004 0,019 0. 021 0. 026 0. 035
/ O D019 40.0- ¢ 0. 028 0.042 0. 049,
h020 50. 0- 0.024 _ 0. 041 0. 047 >
( H021 60. 0 -0. 030 0.013 0, 016 .
 © Bpo2z , 700  -0.009 -0007 O 004
- bo#3 80. 0 -0.021 -0 007  -0. 003 -
h024 50. O 0. 008 0.014 0. 021
@ b025 100. 0 0.040 0. 051 0. 053
[=1po26 . 110.0 0. 078 0. 075 0. 078 w
A " dbo27 2 1200 -0 075 0. 044 0. 081
. O 0028 130 0 0,017 0. 047 0. 068
-~ og,g 140. 0 0. 039 0. 048 0. 045
. 150 © 0. 014 0. 030 0: 031 B
s @ ho31 140. 0 -0. 004 0. 002 0. 002 4
Kl § 11 po32 165 0 -0. 006  -0.004 0.0 q-
* P D033 170. 0 -0. 136 -0. 101 -0.0 N
O § D034, 175. 0 -0 030  ~0.050  -0. 059
"~ ¥4 bo3s 1180. 0 0. 072 0. 071 0. 081.
JZ] D036 28 S
. @ h0o37 9-0} 130 18.0 § 24.0 30. 0
3 DO33 oo | osf 0. 836 0 789 0.748 & 0.696
( ho39 2.5 1. 472 1. 223 1. 168 1. 083 0. 996
1 @ D040 5.0 1 438 1. 408 1. 368 1. 299 1. 227
] D041 7.5 1.547. ,1.529. 1.493 - 1. 432 1. 378
‘. h042 10. 0 1.600 f1.592 1. 578 1. 514 1.473
;@ p043 p12.5 1. 693 1.678 1658 1. 599 1. 561
b b044 15. 0 1. 405 1.518 1. 389 1. 403 1. 588
<p04s 17.5 1. 297 1. 361 1. 432 1. 507 1. 527
| @ P04s6 20.0 o 1 364 1. 356 1. 378 1. 448 1. 493
S D047 25.0 1. 575 1.577 1. 569 1. 563 1.573.
o D048 30. 0 1. 826 1. 851 1. 832 1. 833 1. 797
4 @ h049 40.0 2. 040 2,057 2. 067
A hoS0 0. 0 2. 120 2)099 2. 089
3 ® . N
\)g -
| @ / J
¢ N ’ ~N i
H
, @ i [}
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PRE -

A

l ~ ‘

WIND TUREINE WED, 1S SEFP. 1

N g o ‘\ l \

DOS 1 60. 0 ‘1. 874 1. 749 1. 734

D052 70.0 1. 888 1 888 1-846

D053 80. 0 1. 974 1.976 1. 941

h054 90. 0 2. 009 1.971 * - 1. 958

D0SS 100.0 1. 983 1 979 1. 973 i

H056 110.0 1. 932 1 945 1. 940

HOS7 120. 0 2. 141 2. 024 1. 879

DOSS 130. 0 '2. 189 2. 183 2. 188

0059 140. 0 2. 156 2.154 . 2. 162

P00 150 0 1 854 1. 874 1. 870 R

PO61 180. 0 1. 425 1. 434 1. 420

0062 145. 0 1. 499 1 456 1. 436

063 170. 0 1. S48 1. 521 1. 483

D064 175 0 1. 243 1 301 1. 351 .

Y D065 180 0 0. 736 0. 681 0. 599 .
DOLS JOB, END
}
E4
\
// ‘ \ r
- N
. ,g *
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P

B

Line Number

0003
0004 '
0005
0006
0007
0008-0018
0019-0035
0036

f\\
0037
0038-0048

004?-0065

Explanation flote for the Data Cards

.

X

1 4
Variables Read

' .

REYNWD row

WRVA, WRVB
NWRV

N
CRR

NCT
NCTR

REYNCT
ALFCT, CTV
ALFCT, CTV

NCN
N@NR

REYNCN
ALFCN, CNV

ALFCN, CNV

o

Explanation

=]

Turbinerg%ynolds Number (/104)

Tip Speed Ratio Range
Number of Runs Within this Range

Number of Blades
Chord to Radius Ratio

Number of Angles of Attack for CT
Number of Reynolds Numbers for Cj

5 Reynolds Numbers for T

Angle + 5 Values bf C (0%<a<30°)

Angle + 3 Values of C (400;9;;800)

-t

T
Number of Angles of Attack for C
Number of Reynolds' Numbers for CN

.5 RéYnclds Numbers for CN
.Angle + 5 Values of Cy (0%<a<30°)

Angle + 3 Values of Cy (400595;800)

WP PR
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"“L%T SAMPLE QUTPUT OF THE PROGRAM B4
TIP SPEED ca cP EFF vD/v cop 1T
0. 00 0. 0001 0. 000 0. 000 0. 9790 0 oeeé 3
0 20 0 0003 0 Ot1 0 018 0. 9784 0 0910 3
0. 40 0. 0006 0. 052 0. 08% 0 9743 0. 0994 3
-~ D.60 0. 0005 0. 064 0. 108 0. 9727 0 1143 3
0 80 0. 0007 - 0 107 0. 181 0.9674 / 0 1355 3
1 00 0. 0017 0 343 0. 579 0 9603 0. 1618 3
1 20 0 0025 0 599 1. 010 09526 - O 1941 3
1. 40 0. 0025 0 703 1 194 0 9434 0.2277 3
1.60 ° 0 0028 0 903 1. 524 0 9339 0 2642 3
"1 80 0. 0029 1. 044 1. 762 0. 9234 0. 3013 3
2. 00 0. 0038 1 501 2. 533 0.9122 0. 3400 / 3
2. 20 0 005§ 2 531 4 270 0 8994 0 3852 3
2. 40 0 0083 3 976 6. 710 0 8838 0 4394 3
2 60 0.0147 6. 062 10 229 0. 8643 0. 5048 3
2,80 0. 0166 9. 290 15 677 0.8277 0 5876 4
3. 00 0. 0270 16 229 27.386 7 0 7803 0 7002 4
3. 20 0. 0396 25 354 42. 735 0 7169 0 5147 4
3 40 0. 0373 25. 360 42.795 .0 455 08338 5
3 &0 0. 0302 21 737 36. 681 0 6069 0.9573 5
3. 80 0. 0206 15. 669 26. 441 0 5298 1 0199 4 .
4. 00 0. 0082 6 527 11. 014 0. 4836 1. 06467 5
4 20 -0 0065 -5. 441 -9 182 0 3487 1 0961 7
4 40 -0.0214 -18 874  -31. 849 0. 2592 1.1091 8
\ 4. 60 =0.0337 -=3170146 “=52. 339 p. 1923 11129 11
WR/V VDVX VDVYX cD N
4. 799983 0. 119019 0. 273983 - 1. 084472 12
NDMILL REYNOLDS NO 150, 0.
/20 0. 250 S
OF BLADES 3
OF ANGLE INCREMENTS 10
OF HEIGHT INCREMENTS o .
ECISION 0. 020f
ORD/RADIUS ©.0S
ADE TILT, DELTA ©0°
DIUS RATIO 1.0 *
OF POINTS FOR ANGLE INTERPOLATION ¢
i FOR SPEED #INTERFOLATION .3
ERO-L.IFT, DRAG ——
pTA SOURCE zﬁ-e&’rﬂﬁ (oose &~ 0.5 im.
ED OF THE PLATE 1 11
HEORY USED  Extimuion for R.gk J.&Jb .
KPONENT FOR B/A e .
11S705 OP—1S—7 & JOE,. END
tc 1 S SECONDS
115707 09—15-—75( JOE. HALT
Y oo
. :
P
0 ‘ 3
N -
.l

4
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g TIP SPEED
; ca
}; . @ \
b EFF
. vD/V
} cp
. A IT P
{
- “' 2
1 l’ -
@ ’ -
t
\ ™~
|}
- I
;
)
o
i \
i
X o A
Ly
' A-‘ »~
{ O :
; | Lo
4
-:L; b ) ‘

. - L
- ok
] , s -
Explanation Note fr the Qutpit -
- J a
’ 6
Tip Speed Ratio !
- ] -
\ Torque Coefficient .
¥ . Power Coefficient
L
o ! Turbine Effi{gj:iency .
. br
Disc Velocity Ratio .
) . Turbine Drag Coefficient S
' * +  Number of Iterations .
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