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SUMMARY

A general analysis capable of predicting performance
characteristics of vertical axis windmills (VAW) has been
developed. This analysis includes the effects of airfoil
geometry, support struts, blade aspect ratio, windmill solidity,
blade interference and curved flow. The results from the
analysis are compared with available wind tunnel results for
a catenary blade shape. A theoretical performance curve for
an aerodynamically efficient straight blade configuration is
also presented. In addition, a linearized amalytical solution
applicable for straight blade configurations is Qeveloped.

This analysis is useful for parameter studies when the
aerodynamic characteristics of the airfoil can be assumed

to behave linearly with angle of attack. The errors introduced
by this assumption are demonstrated by comparing numerical
with analytical results. A listing of the computer program
developed for numerical soclutions of the general performance

equat.ons is included in che appendix.
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SYMBOLS

aspect ratio

swept or projected area in vertical plane
1ift curve slope for two dimensional airfoil
drag coefficient

1ift coefficient

moment coefficient

coefficient of the average moment produced during
one revolution of the windmill

power coefficient
pressure coefficient

pressure coefficient - lower surface

pressure coefficient - upper surface

thrust coefficient
chord length
drag

chordwise distance from airfoil leading edge to
center of pressure

height of windmill

1ift curve slope including aspect ratio and downwash
corrections

life
length

moment
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SYMBOLS CONTINUED

normal force

number of blades

power

total wind stream power
dynamic pressure

tip speed to wind speed ratio
Reynolds number

distance from axis of rotat?on to half chord point of
blade element

distance from axis of rotation to amy particular point
along blade chord line

spanwise distance

thrust

- wind speed at windmill

wind speed relative to blades

wind speed in free stream

chordwise distance from leading edge

vertical distance

angle of actack

local blade slope angle

angle in plane of rotation between r and r' directions
angle of rotation from wind direction

chordwise distance from half chord point forward

air density

rotational speed



SYMBOLS CONTINUED

Subscripts:
a average

m, max waximum

3 relative

T total

0 reference

« free stream
Superscripts:

-_ nondimensional

. time derivative



INTRODUCTION

As a consequence of the current shortages of fossil fuels
interest is being revived in alternate sources of energy. Ome
means for converting solar energy to a more useful form is
through the use of windmills. Windmills may take many forms
from drag devices to those which utilize the efficiency of
airfoil shapes. An interesting survey of various types of
windmills is given in reference 1. The most common windmill
using airfoil shapes is the conventional multibladed horizontal
axis type. These range from two blades to as high as twenty-seven
blades depending on application, and the blades may range from
propeller type to flexible sails. Analyses of horizontal axis
windmills are well documented. |

Another category of windmill is the vertical axis (VAW) or
Darrieus windmill. The primary attraction of a VAW is the
eimplicity of manufacture compared to a HAW, and the manner in
which the loeds developed during operation are resisted by the
structure. These differences indicate that if the efficiency
of a VAW is equal to or not much less than a conventional
wiudmill, use of a VAW might result in a more economical
energy conversion system.

In recent years a small body of data has been published on
the vertical axis windmill., Some of these reports present the
results from tests of the vertical axis concept, ref. 2 and 3,

while others present various analyses, structural, aerodynamic,



and economic, of vertical axis windmills, references 4 through 7.
This report presents a general analysis of vertical axis
windmills. Airfoil theory is used to determine the torque
generated by the blades about the axis of rotation, and
monentum theory is used to determine the effective wind velocity
at the blades, These yield a set of integral equations which
require an iterative abproach for their solution. The nonlinear
characteristics of the blac~ airfoils are accounted for in the
general analysis. A more simplified analysis assuming linear

aerodynaﬁics and applicable to straight blade configuration
is also presénted.

The results of this amalysis in addition to being in giied
agreement with available test data on one VAW concept indicate
that the VAW can be designed such that their efficiency is com-
parable to the best horizontal axis designs.

This report presents the details of the general nonlinear
analysis and the linearizod amalytical solutions for the straight
blade concept. The result produced from the general analysis
are compared with existiung test Jata, The resulta from a
parameter study of VAW's using tne general analysis and the
linearized solutions are compared and limitation of the linear
analysis are identified. One straight blade configuration having
significantly improved aerodynamic performance while maintaining
the saﬁe structural capability of the tested configuration is also

analyzed and the results are presented. Also included in the Appendix of



this report is a listing, of a computer program for gemneral snalyses
of vertical axis windmills along with input and results for a sample

case.



GENERAL THEORY

In this section, gemeral nondimensional equations for
aerodynamic torque and average windmill thrust are developed by
use of actuator disk theory and blade element aerodynamics. Real
effects such as aspect ratio, dowmwash and flow curvature are
accounted for. An average nondimensional power coefficient is
defined and its relation to wind speed and average windmill

torque is given.

.

Defining Equations

The basic elements of the vertical axis windmill are
shown on figure 1. It is composed of an arbitrary number of
blades (the figures are shown with two) attached to a rotating
shaft which is nominally perpendicular to free stream velocity
vector, The blades shown in the figure are straight; however,
this is not a requirement, The blade cross section must be
such that when subjected to an angle of attack a 1ift éorce
i8 generated. The performance of the windmill is directly
related to the ratio of this 11ft force to the blade drag.
Since the angle of attack which the blades experience is cyclic
the blade cross sections are restricted to symmetric shapes.

The coordinate system used in this analysis is shown in figure 2.
The origin is located at the midpoint of the rotor with the y axis
corresponﬁing to the spin axis. The wind velocity is arbitrarily
assumed to be directed along the x-axis. The rotor position as given

by the angle O is measured from the x-axis. The local radius is measured



from the y-axis and the local slope, B , is measured with respect to the
radius vector.

The determination of local lift and drag characteristics of ﬁ blade
element represents an unsteady flow problem, However, it has been assumed
that the static serodynamic data for the subject airfoil section is
applicable.

Consider an arbitrary blade section as shown in figure 3. For a
blade element the incremental forces acting in radial and tangential
directions are derived as follows. The total velocity at any location

on a blade 1is,
V2 ( 2 2
. = (rw - V sin 0)° + (V cos 9) (1)

The angle of attack is given by

V cos © sin B
rw -V sin ©

(2)

tan O =

The incremental forces developed as a consequence of the angle of
attack are defined as, dL, in the direction normal to the relative
velocity vector, and dD, in the direction of the relative velocity.
These fcic.s act to produce a moment about the axis of rotation given by

d = dL sina - dD cos ) r + (dL cos a + dD sin @) sin B(% -d) (3)

The elemental 1lift and drag force can be written as
dL = C, q cds (4a)
and

dD = bD q cds (4b)
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where the element length, ds, is given by ds = dy/sin 8.
Substituting eq. (4) into eq. (3) yields

M = (C, q c(dy/sin B)sin a - C q c(dy/sin B) cos O)r '

+ (CL q c(dy/sin B)cos o + ¢, a c(dy/sin B) sin a) sin B (52i -d), (5

where q = %'9» Vi .

Integrating over y yields the total mom.nt due to the bladz as a

function of the angle O.

h/2
M) = [ (¢, sin a - C; cos a) ngag%
~h/2
h/2
+ ] (CL cos o + Cp sin o) qc (%-- d) dy (6)
-h/2

The following nondimensionalization scheme i3 used; all velocities
are nondimensionalized using the free stream velocity, V_, and all
lengths are nondimensionaglized using the maximum radius of the

windmill blades rmax' The nondimensional variables are denoted

by a ber, 1.2, V = V/Vw. With this notation equation (6) becomes,

h/2 === 2

1 2 3 eV dy
MO =5 Py Vo, (ry,) { (C, sin 0 - C; cos a) “eia B
~h /2
h/2 -
1 -2 3 =2 =, =\ 4=
+5 P v, (tmax) (CL cos a + Cp sin a) v, c(i - d) dy ¢))



If a moment coefficient, CH’ is defined as

- M
¢ = (8)
1 2 3 <
2 Py Vo Y pax As
wvhere Ks is the area swept out by the windmill then eq. (7) becomes
h/2 _
1 r
€, (®) I\ [ (¢, sina - C, cos S e
8 /2
C =iy -==2 -
+ (CL cos a+CDsincx) (2 - d)] cV. ' dy
This can be rewritten as
, Moz’
CH(6)=§ ] m [(CLSinCl-CDCOSQ)
S o0
+ :c-(i - E) egin B (C, cos a + sin a)] dy 9)
S22 4 % y
Equation (9) holds for one blade, if there are n blades in the
configuration the contribution for each blade can be obtained
br replacing O in equations (1) and (2) by @ + (£ - 1) AO and
rc-evaluating equation (9).
Doing this the total moment coefficient can be written
i=n
CMI' ©) = L CH (© + (i-1) 2A0) (10)
4
i=1 -
wvhere A0 = 271 .

n
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The integral of the total moment through one revolution of the windmill

is given by
2n/n
=n [ © a0 (11)
CHN o QHT
The average morment is then given by
CHN 2n/a
W m Twm Gy @ © @z
a
o
The average power developed by the windmill is given by
2r/n
wn
P = [ wm @ @ (13)
o

Defining a power coefficient CP as

c P
P P,
where
1 ¢ 2 3
Po=mnV, =50, AV,

represents the total kinetic energy available per unit time in the

stream tube. Using the definition of eq. (8), eq. (13} can be

written in terms of the average moment coefficient as



p=to, DA, G, () s

chereby giving

P v

¢ = Coax V) Cy
a

or
cC =R s
p cua ]
where
R = (rmu)
vcu
In nondimensional form equations (1) and (2) become
¥2=@®7-Tsin 0)2 + 72 cos’ @ 16)
and

cos O sin B
R-Vsin ©

tan G = 17

i<t



uonﬁtm Loss and Windmill Thrust

The thrust acting on any device extracting energy from the wind

1s directly related to the change in momentum which occurs in the
wind siream. Using momentum theory, reference 8 gives

= < 2
T, =20,V (L-TV)A ¥

oo

(18)
or
G =4VQA-V)
a
where CT is an average thrust coefficient and is defined as
a
T
G = h (19)
a 1 2
2 Px V, A

In terms of the elemental forces acting on a blade section the average

thrust coefficient can be written

Wiz = 2
- n ’ ZE vr [ . ) s O si B
S T3p ! - J Sin B (CLcosa + C; sin @) cos O sin
a A -
o s ~-h/2

+ (C, sin a - G, cos a) sin © 1dy 40 (20)

The determinaticn of C, and V for specified values of V_ requires
a

an iterative procedure,
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Real Effects

Although determining the flow field around a rotating w}ndﬂill airfoil
congstitutes a 3 dimensional unsteady flow problem, the assumption has
been made in this analysis that the flow is steady and that a two
dimensional analysis can be used. However, a number of other effects
including aspect ratio, downwash and curved flow can influence the
rotor performance and some attempt has been made to evaluate these.

Aspect Ratio. - During a rotation through 360 degrees a blade
section will experience large angles of: attack as the ratio of
rw/V_ becomes small. When this occurs blade stall will result and
to account for stall effects, it is necessary to use experimental
data on section lift, drag and moment coefficients. These data
are generally presented for infinite aspect ratio wings with
appropriate espect ratio correction being required. From reference
9 using Prandtl’'s lifting line theory, aspect ratio correction

can be written as

[s)
CL = CLO /] (L + - AR) (21a)
and
CL2
=% *Tar (21b)

where CL & CD represents the lift and drag coefficient for an
o o

infinite aspect ratio wing, and AR = h/c.
Downwash. ~ For a multibladed configuration each blade is in the

downwash from the preceding blade thus the angle of atiack is reduced by
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this downwash angle. Again using the approach outlined in reference 9
the effect of downwash can be accounted for by using an aspect ratio
correction. This yields

1- aol T AR

S S TVAL I (22

Flow Curvature. - Since the airfoil is traveling in a circular arc

the angle of attack varies along the length of the chord. The effect of
flow curvature is a function of the spin rate and the chord to radius
ratio. This effect can be evaluated by consideriug the flow over

a flat plate. The force distribution on a plate of unit width in a

uniform stream of velocity V,_, is given by

% =q(c, -¢c,) (23)
L Py

For a flat plate the velocity ratio at angle of attack is given

by reference 10 as

v c ~ X
v =cosa 3 sina ( - ), (24)

o«

where the (+) and (~) signs refer to the upper and lower surfaces,

respectively, Now the relatiom between V/V_ and Cp is

c, = 1- v,y (25)
Substituting yields

-, 4 q cos a sin a (-9-—;-—5) (26)

dx
Since the blade is actually moving along a curved path, the local

angle of attack will vary. Referring to figure 4 the local angle of attack
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can be written as

r'w cos € - V_ sin ©

- o
COLA= V. coe6-rweine

or
w -V, ein®
cot @ = V,cos O-Ew
or
cotq= Bo5in® @n
cos 6-ER '

where R = rmlvw .

.In terms of the coordinate X measured from the leading edge of

the plate this becomes

cot a = 2= sin © . (28)

cos O+ R(x - ¢/2)

In terms of the lift distribution on the plate eq. (26) becomes

= 4 q cos’ o sin @ = — 5. (29)
x

o

In the limiting case ¢ + o and the expression for angle of attack becomes

R - sin ©
cos O

cot ao =

Defining a reference lift distribution as

C"X)

D) =4 q cos’ o sin o ¢
-0 o o -
dx x
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the effect of curvature can be displayed as a function of the ratio of

1ift distributions, with end without curvature effects. That is

(dL/dx) - (:os2 o sin a

= 5 (30)
(dL/dx) cos” ¢ sin a
() o
o
The ratio of 1lift with and without curvature effects can be written
_ _ {
c 2 - c 2 -
| cos® asinadx [ cos“ a einadx
-;-"-:-— = ° = 00 (31)
o - 2 -
c 2 - cos @ sin a, ¢
f cos a sin a dx
o ()
o
The numerator can be integrated giving
R - gin O
L = (cos @, ~ cos uz) (32)
L 2 _
° cos a s8sin a c
o o
where
-1 cos O
ao tan (R - s8in @ )
cos ®© -Re
-1 2
Ol1 tan ¢ R -s8in 6 )
-1 Gos O+ 3—2-9-
= A Y
0, = tan ¢ R-s8in 0/

This correction term has been applied to account for flow curvature
effects. For most typical configurations the correction is less than

one percent. However, if ¢ becomes large this effect would become

more important,
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VERIFICATION OF GENERAL THEORY

In this section, the difficulties of modeling windmill
performance using airfoil data with courrections for three
dimensional flow effects are discussed. Theoretical results

are compared to test data.

Reynolds Rumber, Roughness and Crossflow

As indicated in reference 11 the NACA 0012 airfoil falls into
the category which experiences either l.eading edge or trailing edge
stall depending on Reynolds Number. :

Furthermore, the section characteristi_cs are very dependent on
surface roughnzss. When these effects are combined with the three
dimensional nature of the flow over the windmill blades it becomes
apparent _tbat using two dimensional data at a fixed Reynolds Number
repregents a significant approximation.

Fortunately, use of two dimensional data yields a good
spproximation to the actual performance of a windwill; however,
differences between measured and computed performance can easily
be explained within the framework of these aerodynamics uacertainties.
The data used in this analysis come from reference 12, however,
some cases are presented in which these data have been modified to

simulate leading edge stall and surface roughness.

Comparison with Test Data
The results predicted by the analysis for a two blade con-

figuration (n » 2) were compared with test data from references
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3 and 4. The blade shape is a catenary with maximum radius of 2.13 m
(7 ft) and a height of 4.27 m (14 ft). The shape of the upper half
of a blade is represented by the curve shown on figure 5. The test
Reynolds number was about 0.3 x 106 consequently low Reynolds number
data were used for the NACA 0012 airfoil. The airfoil data were
obtained from reference 12, and a tabulation of lift and drag
coelficient and center of pressure versus angle of attack is presented
in table 1. These data are for a Reynolds Number of 0.5 x 106.
From the theoretical curve it is seen that the catenary VAW
does not begin to produce sufficient p;;er to overcome the drag
due to stall until a velocity ratio of about 2.5 is reached. At
this point the power coefficient increases with spin rate until
a peak value of about .37 is reached. The power coefficient then
decreases until at a velocity ratio of R ~ 10 it reaches zero.
This detefmines the no load spin rate at which the windmill would operate.
The test data follows the same trends; however, there are
differences between these results. The test data‘se;m to indicate
that stall occurred at a higher velocity ratio and more abruptly
than predicted, possibly indicating leading edge stall. Also,
the no load velocity ratio reached in the tests was slightly greater
than 8 indicating the zero 1ift drag was greater than predicted by
smooth airfoil data. To demonstrate the effect of these variations
on the predicted performance curve a computation was made using a

zero lift drag coefficient representative of a rough surface.
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Increasing CD reduces the peak efficiency somewhat and causes the
o

no load tip speed ratio to drop to a value of about 8.5, To

demonstrate the effect of leading edge stall at low Reynolds number

the 1lift and drag coefficient data were modified to reflect a

sudden stall at an angle of attack of 10 degrees. These changes

cause the peak value of power coefficient to be reduced slightly,

and to occur at a higher tip speed ratio. Also, the no load point

drops to about 8.6. For the catenary configuration the angle of

attack variation along the blade is shownson figure 7 for R = 4

and R = 5, and at one angular location O = 0. As can be seen the

angle of attack is almost constant over the majority of the blade and

doesn't increase appreciable until the last 15 percent of the blade

is reached. However, the contribution of this part of the blade to

the total power production is small. Shown on figure 8 is the

variation of peak angle of attack with R at the maximum radius.

From this it can be seen that at values of R < 4.5 the peak angle of

attack exceeds 10° consequently stall begins to set in. Since the

angle of attack is essentially constant over the major part of the

blade the whole blade stalls at about the same time thus causing

ths rapid reduction in the power coefficient curve as shown in figure 6.
if a system could be built with no losses other than aerodynamic

its starting characteristics would consist of an initial rotation

caused by the differential drag on the two blades. However, the angles

of attack experienced would be higher than the stall angle and limiting

spin rate would be reached where the moment generated by the 1lift force
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would just balance that generated by the drag force. To get the wind-
uill over this point some energy must be added to the system. Once
the apin rate attains a value high enough such that the net térqu;

due to lift is greater than that due to drag the system will spin up
to the velocity ratio corresponding to no load condition.

The computed results for the case n = 2 are also snown plotted on
figure 9 versus the induced velocity at the blades V. Included on this
figure is a plot of the theoretical maximum curve obtained by setting
the drag coefficient of the airfoil to zero.

As indicated previously no power is.available until R reaches a
value of about 2.5. As the spin rate increases the power curve
follows the trend of the theoretical maximum curve although it is
displaced somewhat. As the spin rate increases to valucs greater than
about 6 the drag losses become more important since the angles of
attack are decreasing and the contribution of the lift forces to the
turaing woment become of the same order as the retarding effects of
the drag forces. Consequently the actual curve depart; from the

theoretical maximum by a large amount.
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LINEAR THEORY FOR STRAIGHT BLADE CONFISURATIONS

By restricting *he possible windmill configurations to
those with straight blades and by agsuming that the blade
aerodynamic coefficients vary linearly with angle of attack,
closed form analytical expressions for windmill performance
parameters are obtained. These expressions are ugsed to study
the effects on windmill performance of variations in aspect ratio

and solidicy.

Reduction to Analytical Form
Consider the special case of a straight blade configuration where
T = 1,0 and B = 90°, both constant with respect to y. From figure 3
we have

sin o = V cos @ (33a)

<i1

and

Vr cos @ = R - V gin O (331)

Also, 1f only small angles of attack are considered

C, = K, sin @ (34a)

CD = cDO (34b)

With these approximations the trust coefficient for one blade becomes

CT(G) - %5{(K1 sin & cos o cos O + Kl sinz o sin 0]

+ CD [sin o cos © - cos o sin O]} Vrz
o

(35)
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Substituting for Vr yields

2

CT(G)--% {K1 [ V(®R-7Vsin 0) cos 6+'\72cosz‘esin®]

+V_ <y [V - R sin 0]} (36)
° o

and integrating over O an average thrust coefficient CT for n blades
a
is obtained,

ne = nc - 2
CT - 7 KlVR+-E1-T- I [(R -V gin 0)
a
<]
2}35

+ (V cos 0) (V - R 8in 0) ¢, d© (37)

o

Simplifying by assuming (R - V sin 0)>> ¥ cos © this becomes

nc K, VR nc CDO

CT: }, * = [ R-Vsin @) (V~-Rsin ) d 0
8 9
or
Gp = TRET+33° VR (38)
a o

From momenium theory we have

Cp =4F 1-0
a

therefore, equating these yields an expression for V, the nondimensional

velocity at the blade

c L
Ve=1l- = (K, +3 CDo) (39)
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Using eq. (9) with T = 1 and B = 90°, the moment coefficient Cy(6)

can be written as

Cy(®) = = Evr [(c, sin a - G cos a)

A
8

+ ¢(.5 - d/¢) (CL cos a + C sin a)l (40)

but for a straight blade configuration Ks =2 h

Using the relationships between Vr ¢ V in equation (33)

yi.e].ds .

!

=2
Cy(® = —5— [ ¥

cos2 O+ ¢ (.5 -3d/¢) V cos O (R - V sin 0)]

+
(X1 ])

(R - ¥ stn 6)% + 72 cos® O [ (.5 - 3/2) C, ¥ cos®
[+ ]

=Gy (R - V gin 9)] (41)
(o]

Restricting this analysis to cases in which R - V sin © >> V cos ©

equation 41 can be integrated over O to yield the average moment

CM as
a -
nc Ky, e CDo 2 . =2
Cy = ’ v° - 7 (2R" + V9) (42)
a

The power coefficient CP is given by CP = R CHa,

substituting yields
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< -
Cp= R :1 (1-“{6‘ (1(1+:~H:D))2
[+]

nc CD _
-2 (2 -2R 43 cno’)zl (43

vhere
1- aol'lr AR
K, =»a

1 o [1 + aol'l AR]

Now for a straight blade

= 2ogC ] (44)
therefore,
1-a e/t h
K, =a ¢ —) (45)
1- a c/mh

-

Equation (43) can be used to evaluate the effects of nc, h,

and CD on performance of windmills. For the case where CD =0
o o

the windmills performance reaches the theoretical maximum. This

case along with a case using a representative value of CD are
o

showr in figure 10. Both Cp and R are shown as a function of
velocity ratio V. Also shown on this figure are the results

of the numerical analysis using nonlinear aerodynamics. As would
be expected the linear and nonlinear results are in fairly good
agteemen.t at the higher spin rates; however, comparing these with

the limiting value given by the CD = 0 curve indicates that
o



significant improvements in performance could be realized if the

airfoil drag could be reduced. For low spim rates the analytical

and numerical results are in poor agreement due to the stall effects.

The use of linear aerodynamics in the analytical solution causes
the drag term to appear erroneously small so that the analytical
results approach the theoretical maximm for low spin rates. This
is due to the fact that the airfoil experiences high angles of

attack and the contribution of the lift force is orders of

27

magnitude greater than the retarding effect of the zero lift drag force.

Parameter Study

The analytical solutions can be used to evaluate the
effects of solidity, and windmill aspect ratio on power coefficient.
For small values of solidity, which is proportional to nc, and for
high tip speed ratios these results are adequate to identify trends;
however, at low tip speed retios the effects of nonlinear airfoil
characteristics become dominant and the analytical results are
inaccurate. Figure 11 shows the analytical results as a function
of solidi+y at a fixed aspect ratio. Power coefficient is plotted
versus tip speed ratio and as indicated on the figure peak
zfficiency increases as solidity increases; however, the peak
value occurs at a lower tip speed ratio and the range of tip
speed ratios at which power can be supplied by the windmill varies
inversely with solidity. Figure 12 shows the variation of power
coefficient with h as tip speed ratio varies. As can be seen h

does not have a major effect on windmill performance for the range



of values cited. In gemeral as h incresses the aspect ratio of
each blade incresses consequently its performance improves. However,
due to structural consideratiocuns it ie desirable to design a
windmill with as small a value of h as possible without drastically and
impairing performance.

When a numerical analysis based on the general theory is used
to determine the effect of solidity on performance a major difference
occurs for small values of tip speed ratio. These results are
shown on figure 13. Since in this enalysis the occurrence of
airfoil stall is not depemdent on solidity the minimm speed ratio
at which power is produced is essentially the same for all
configurations. Using the aerodynamic data for the NACA 0012
airfoil this value of tip speed ratio is about 2.5. The efficiency
increases rapidly as tip speed ratio increases from this minimum
value. However, for some values of solidity the peak efficiency
weuld occur at tip speed ratios less than this minimm value were
it not for stall effects. Consequently, with stall effects
included, these peak values are never achieved. If a windmill could
be designed using a blade which did not stail or stalled at a
higher angle of attack it might be possible to achieved the higher
performance indicated by the analytical solution. However, it
remains questionable if one would want a design which responded

so radically to changes in wind velocity.



LJRFIGURATION EFFECTS ON AERODYNAMIC EFFICIERCY

Considering only aerodynamic efficiency the optimm VAW design
as depicted in figure l4a would consist of straight blades Qttached
to the center shaft by low drag struts., The windmill aspect ratio
must be large enough to minimize losses due to blade aspect ratio.
Unfortunately such a design leads to severe structural limitations
due to the high bending loads which develop in the blade. It is for
this reason that curved blades have been selected for designs currently
in operation. With a curved blade the ‘bending loads are greatly
reduced and the centrifugal loads are reacted as almost pure tension
loads in the blades. However, it is possible to designr a straight
bladed VAW which has the same structural capability as & curved blade
VAW. This can be accomplished by supporting the blade at appropriate
intervals as shown in figure l4c. Secondly, by placing the support
struts at an angle other than 90 degrees from the axis of rotation
they will produce enough lift force such that their lift induced torque
is greater than the drag induced torque aid they in effect contribute
to the performance of the windmill,

The results of such a design are shown in figure 15 along with a
comparison of the catenary VAW performance. For this configuration
the support struts and the primary blade are an NACA 0012 airfoil. The
strut to blade chord ratio is 1/2. As the data indicates the peak
power coefficient for the chevron design is about .43 compared to the
value of .37 for the catenary. However, the catenary can produce

power over a wider range of spin ratios than the chevron.



No attempt has been made to optimize the chevron design and one
would expect that for higher values of h/r some improvement in
performance could be expected. Also, the higher the angle of the
support struts the greater will be their contribution. It is also
possible to select a support strut angle such that the angle of

attack at some point on the strut is the same as the angle of attack

at the blade.






CONCLUSIONS

The results from the analysis presented herein indicate that a
numerical solution using non-linear aerodynamic data and assuming a
uniform induced velocity over the complete volume swept by the windmill
can be used to predict performance of vertical axis windmi{lls. The
major parameters affecting windmill performance are the blade shape,
blade aspect ratio and downwash effects. The effects of curved flow
are insignificant providing the ratio of blade chord to diameter is small.
The use of linear aerodynamics allows the defining torque equation to be
integrated; however, these analytic solutions are incorrect at lower values
of spin parameter where the aerodynamics are nonlinear. They are useful
for assessing trends at higher spin parameter values. The performance of a
VAW can be improved by using straight rather than curved blades provided
the blade is supported in the pr;per manner, However, optimization of
any VAW design will ultimately be based on the costs per installed unit of
power consequently not only aerodynamic but also structural considerations

must be tzken into account.
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APPENDIX

WINDMILL PERFORMANCE PREDICTION COMPUTER PROGRAM

Order of Input
1. Header Card, Columns 1 through 80,

2, Namelist S$NAM1 including:

Fortran Engineering

Symbol Symbol Definition

AR AR Aspect ratio of blade

ARS ARS Aspect ratio of lifting struts

AZ a Section 1ift curve slope

BETA(I) B Array of local slope of blade
for each YBAR(I)

BETS Bs Angle of lifting struts

CBAR c Nondimensional blade chord

CBARS ES Chord of lifting and nonlifting
struts

CcD(1) CD Array of Section drag coefficient
of blade and struts for each GAM(I)

Cpl CD Zero lift drag oefficient of

1 nonlifting struts

X1 CK1 Number of nonlifting struts

CL(I} ¢ Array of Section 1lift coefficient
of blade and struts for each GAM(I)

CMC4{I) CM Quarter chord pitching moment

c/b coefficient

DY DY Increment used to calculate y
coordinate array for blade, from
YMIN to YMAX.

DYS DYs Increment used to calculate Y

coordinate array for struts from
YSMIN to YSMAX,

GAM(I) Y Array of angle of attack,
where I = 1, NGAM.



Fortran

Symbol
ITHPRNT

NS
NTHETA
NVR

NY
RBAR(I)
TC
THETA(I)
THPRNT (I)

VRRY(I)

YBAR(I)

YMIN
YSMAX

YSMIN

APPENDIX - CONTINUED

Engineering
Symbol

"

<!

L]

min

)]

smax

w1

smin

Definition

Total number of THPRNT values,
maximm {is 10.

Number of blades

Total number of GAM values,
maximm isg 100,

Number of lifting struts,
if none set = 0.

Total number in THETA
array, maximum is 200,

Total number in VRRY
array, maximum is 10,

Total number in YBAR array,
maximum {s 50.

Array of windmill blade radius
for each YBAR(I).

Blade airfoil thickness ratio.

Array of windmill angular
coordinate, degrees, where I = 1,
NTHETA.

Array of THETA values at which
the 1lift, drag' and moment values
can be printed, where I = 1, ITHPRNT.

Array of specified velocity ratios
at which the windmill is to be
analyzed, where 1 = 1, NVR,

Array of cocrdinates along the
axis of rotation of the windmill,
where I = 1, NY.

Maximum Y coordinate of blade.
Minimum Y coordinate of blade.
Maximum y coordinate of lifting struts

Minimum y coordinate of lifting struts



Qutput
Symbol

BARCT

CM(THETA)

cMC4

CMS (THETA)

CMIS

CPA

CPL

CPN

D/C

APPENDIX - CONTINUED

Output Parameters

Engineering
Symbol

G

a

Definition

Windmill thrust coefficient averaged
over a revolution

Airfoil section drag coefficient
Airfoil section 1ift coefficient

Blade moment coefficient for angular
slocation ©

Average windmill moment coefficient

Average moment coefficient due to struts

Airfoil section quarter chord moment
coefficient

Strut moment coefficient for
angular location ©

Total moment coefficient for n blades
at angular location ©

Total moment coefficient for all
struts at angular location ©

Power coefficient due to lifting
blades and struts

Power coefficient loss due to
nonlifting struts

Net power coefficient

Location of center of pressure
measured chordwise from the airfoil
leading edge in fractions of the
chord length



APPENDIX - CONTINUED

Output Engineering
Symbol Symbol
DEL CM ACM
GAMMA Y

OMEGA w

RMAX T nax
SBAR S

THETA ©

VINF Vo

VR v

Definition

Incremental moment coefficient due
to a blade element

Local blade angle of attack
Windmill rotational speed
Maximum windmill radius

Nondimensional windmill projected area
in a vertical plane

Angle of windmill rotation measured
from the free wind direction

Wind stream speed at a large distance
from the windmill

Wind stream speed at the windmill



APPENDIX -~ CONTINUED-
PROGRAM FLOW DIAGRAM

READ
INPUT

SET UP
WINDMILL COORDINATE
ARRAYS: vy, r

CALCULATE WINDMILL
SWEPT AREA

_ ymax
s = 4.frdy

ymin

DEFINE STRUT COORDINATE
ARRAYS: y_, r_

WHERE r_ = ys/TAN(BS)




APPENDIX - CONTINUED

CHANGE BETA
ARRAY TO RADIANS

DO @ FOR ALL VELOCITY RATIO
VALUES, VRRY(I), COMPUTE WINDMILL
CHARACTERISTICS

CALCULATE FIRST ESTIMATE
OF VR, VELOCITY AT WINDMILL

DO (:) FOR ALL WINDMILL ANGULAR
COORDINATES, THETA (T), COMPUTE

MOMENTUM SOLUTTON FOR THRUST COEFFICIENT
CT aND VELOCITY VR. '

CHANGE THETA(I)
TO RADIANS

L

CALCULATE
. CT FOR
STRUTS

e




APPENDIX - CONTINUED

CALCULATE CT
FOR BLADES

W ©

PRINT
CHARACTERISTICS

_—
1

|
'

CALCULATE
AVERAGE TOTAL
THRUST

!
|
ﬁ

Y

DETERMINE VELOCITY
AT BLADES




APPENDIX - CONTINUED

F
PRINT ZRROR

NO CONVERGENCE

PRINT THRUST
F COEFFICIENTS
{ AND VELOCITY

IF
ITERATIONS

ALTER VR
INCREMENT
ITERATION

)

CHANGE SEARCH
DIRECTION
FOR VR

FOR ALL WINDMILL ANGULAR

0,
COORDINATES, THETA(I), COMPUTE WINDMILL

PERFORMANCE .




APPENDIX - CONTINUED

COMPUTE STRUT SET STRUT
LIFT AND DRAG TORQUE = 0
|
ALLOV FOR COMPUTE COMPUTE BLADE{
L} DOWNWASH, ASPECT |-—@mi TORQUE FOR LIFT AND DRAG]
RATIO, AND CURVED [ Smurs
FLOW CORRECTION e

ALLOW FOR DOWNWASH,

ASPECT RATIO, AND CURVED
FLOW CORRECTION

COMPUTE TORQUE
DUE TO BLADES

SO



APPENDIX - CONTINUED

COMPUTE AVERAGE TORQUE
AND POWER COEFFICIENT CPA

COMPUTE POWER LOSS DUE
TO NON LIFTING STRUTS, CPL

-
i
i

'

v

COMPUTE NET POWER
COEFFICIENT, CPN=CPA-CPL

S—

(= OO

END
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FIGURE 2 -

Coordinate System,
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Figure 3. - Velocity and force vector components.



FIGURE 4, - Local Coordinates for Flow Curvature
Analysis.
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FIGURE 7 - Variation of Angle of Attack Along
the Blade - Catenary VAW.
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FIGURE 8 - Maximum Angle of Attack Envelope for

the Catenary VAW as a Function of R.
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FIGURE 9 - Performance Characteristics of the
Catenary Windmiil,



=3

Analytic Solution Numerical Solution

fn = .008

— == — Exp. Aerodynamics

C, =0 =—=—=n

FIGURE 10 -

Performance Characteristics of a
Straight Blade VAW.
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FIGURE 13

Effect of Solidity on Performance for
a Straight Blade Configuration -
Numerical Results.
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FIGURE 14 - Straight and Curved Blade VAW Designs.
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