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CHAPTER 1
INTRODUCTION

In recent years an upsurge of interest in wind energy systems has
occurred due to the depletion of conventional energy supplies. For the
most part this interest has centered on the development of very large
turbines (30 m in diameter and greater) which produce power in the 100
kw-1 Mw range. However, there has been growing interest in the smaller
turbines suitable for individual homes or farm work. Extensive research
in this area of small turbines has been conducted at Oklahoma State Uni-
versity since the early 1970s. Recent effort has centered on the
development ofi? practical wind turbine and electrical generator cou-
pling. This wiﬁa turbine application is an offshoot of the Field Modu-
lated Generator (FMG) research at Oklahoma State University. The unique
feature of this generator is that it produces constant frequency a-c
power although the input is of variable RPM. Hence, this generator is
well suited for operation with simple wind turbines which do not have
control of the RPM. Details of the FMG design and operation can be
found in publications by Allison, Ramakumar, and Hughes (1) (2).

The wind turbines used in the Oklahoma State University research
effort are of the "spoked wheel" type designed and built by the American
Wind Turbine Company (Figure 1). As the name suggests, these turbines
are constructed in a way very similar to a bicycle wheel. Stainless

steel wires serve as the spokes which support the aluminum airfoils on



one side of the 15' diameter wheel while providing structural support

on the other side. The turbine has proven to be fairly simple and inex-
pensive to build while studieé are now being conducted at Oklahoma State
University to determine (and improve upon) its operational reliability.
If its dependability is proven, the spoked wheel wind turbine has the
potential of being a substantial improvement over the old American farm
windmill. Furthermore, the spoked wheel wind turbine may prove to be

an efficient producer of small amounts of electrical power for domestic
uses.

The spoked wheel wind turbine was originally designed by Tom Chalk
of the American Wind Turbine Company. Several models with variations
in the number of blades and in the blade pitch were tested by Chalk.

The resulting design was marketed by the American Wind Turbine Company
and several were used by Oklahoma Staté University in the wind energy
field facility. This "Chalk" turbine seemed to operate with surprising-
1y good efficiency. Because of this, interest in a complete aerodynamic
analysis of the turbine developed.

Further inducement for an aerodynamic analysis of the Chalk wind
turbine came from a preliminary study of the major 1literature on wind
turbines. Work by Glauert (3) and Hutter (4) (5) indicated that a low
efficiency should be expected from a wind turbine with Tow tip speed
ratio (the ratio of the tip velocity of the turbine to the wind veloc-
ity). Consequently most, if not all, significant research has concen-
trated on high tip speed ratio wind turbines. Therefore, if the Chalk
turbine, which inherently operates at low tip speed ratio, was indeed

achieving high efficiency, it was desirable to find the reason why.



The first significant work on wind turbine theory was performed by
two specialists in propeller theory. Betz (6) (7) and Glauert (3)
developed a basic analysis of wind turbines along lines very similar to
propeller theory in the late 1920s. Glauert established design para-
meters for an ideal turbine operating at optimum conditions. Although
his technique for an ideal wind turbine were of limited use for design-
ing an actual turbihe, the basic analysis he developed is the foundation
upon which the following work has been built.

In the early 1960s Hutter (4) presented a procedure for designing
the airfoil twist on high tip speed ratio wind turbines. Although the
technique is somewhat complicated and time consuming, it represents the
first practical method of designing wind turbines for optimal perform-
ance. Recently Wilson and Lissaman (8) (12) have developed a computer
program which solves the complex system of equations associated with the
wind turbine model. The program incorporates an extension‘of Glauert's
basic mathematical model and uses an iterative solution technique well
suited for the computer. Also included are corrections for tip losses,
hub losses, and blade coning. Using the basic physical parameters
(number and width of blades, twist, airfoil characteristics, RPM, and
windspeed) the program determines the operational characteristics of
both the turbine and the air flowing through the turbine. Wilson's
program has formed the basis for the computer programs to be presented
in this study.

When initially studying the Chalk turbine the validity of the
theory contained in Wilson's computer program was questioned at the Tow
tip speed ratios being examined. In Glauert's basic theory for axial

flow wind turbines it is assumed that the rotation of the wake behind



the turbine does not significantly influence the final translational
velocity behind the turbine. This pfob]em has not concerned most re-
searchers in wind energy since they have been trying to develop high
speed turbines. However, when working with low speed wind turbines,
this assumption must be examined in greater detail.

At the outset of performing an aerodynamic analysis of "spoked
wheel" type wind turbines there were three major objectives.

1. Obtain experimental data on the operational characteristics of
the existing Chalk turbine for comparison with the theoretical predic-
tion. More specifically, measure the power coefficient, Cp, of the
Chalk turbine over a range of tip speed ratios and compare these with
values predicted by the Wilson computer program.

2. Use modified versions of Wilson's program to investigate the
various parameters affecting wind turbine operation. The effect of each
parameter on the wind turbine performance can be evaluated more or less
independent of the effects of other parameters. From this examination
a realization of the parameters critical for efficient turbine operation
would be obtained. Although optimum values for many of these parameters
might be found from a theoretical Standpoint, in designing a turbine it
is important to know how deviations from these optimum values will
affect turbine efficiency. Furthermore, the study would give additional
support to theoretically determined optimum values for design parameters.

3. Design a new "spoked wheel" type wind turbine using the inform-
ation obtained in the first part of this study. A 15' diameter turbine
of this new design would then be built and tested at the Oklahoma State

University wind energy field facility. The tests on the new turbine



would not only prove out the design procedure used, but would provide
further support for the mathematical model used in the Wilson computer

>program.



CHAPTER II
AERODYNAMIC MODEL

As discussed in the Introduction the basic theory for the axial
flow wind turbine was developed by Glauert (3) and has been followed by
several other investigators including Wilson (8) (12). A summary of
the essential details of this analysis is presented here together with
the extension worked out at Oklahoma State University to more accurately
model the Tow speed wind turbine.

The analysis of the wind turbine uses both a control volume
approach, for determining the momentum flux of the air passing through
the turbine, and aerodynamically derived 1ift and drag forces on the
blades of the turbine. The momentum equations are applied to the con-
trol volume as shown in Figure 2. As is suggested by this figure, it
is assumed that there is a well defined slipstream passing through the
turbine disc which has negligible influence on the air passing around
the turbine. In the case of the Chalk turbine it is also assumed that
the slipstream through the blades does not significantly affect the
flow of the air through the center hole of the turbine. The validity
of these assumptions will be discussed in more detail later.

It is further assumed that the static pressure of the slipstream
far in front of and far behind the turbine is equal to the free-stream
static pressure. In reality there is a centrifugal force in the far

wake due to the rotation of the flow. This centrifugal force must be



.- balanced by a pressure gradient which, however, is small in the far
wake. The momentum equation applied to the control volume of Figure 2

is simply:

D=m(V -V, =p AUV -V,). (2.1)

In analyzing the wind turbine further it is necessary to introduce
the blade element or strip theory. The blade element theory is frequent-
1y used in theoretical studies of propellers and helicopter rotors as
discussed in papers by Glauert (3) and Wiesner (9). Wilson (8) (12)
incorporated the blade element technique in his wind turbine analysis,

a brief explanation of which will be presented here.

The blade element concept is depicted in Figure 3. Instead of an
analysis being performed on the full disc area of the turbine, a small
étrip of width Ar is studied. Each strip is characterized by a distinct
radius, local tip speed ratio, blade twist, etc. It is assumed that
each strip is independent of the other strips. This assumption is well
founded if there is 1little change in the thrust loading along the radius
of the wind turbine disc. Experimental support for this assumption when
applied to propellers was demonstrated in wind tunnel tests performed
by Lock (10).

An aerodynamic analysis is performed on an element of blade of
length Ar within each strip. The aerodynamic forces thus found are
multiplied by the number of blades in the turbine for the total aero-
dynamic force acting on the strip in question. These forces are then
equivalent with the forces due to the momentum flux as derived from the

control volume analysis. The performance of the entire turbine is found



as a summation of the values obtained for the strips from the root to
the tip of the blades.

The aerodynamic analysis of a blade element has been well presented
by Wilson (8), Glauert (3), and Mcpormick (11) and will not be repeated
in great detail here. The basic concept can be visualized with the help
of Figure 4. In this diagram the axial interference factor "a" and the

angular interference factor "a'" are defined as:

_ U
a:]-v:. (2.2)

1t

a' = 5=
The aXia] interference factor is a measure of how much the air flow
normal to the turbine disc is slowed down relative to the free stream
velocity. As the axial interference factor increases the air velocity
at the blades decreases. Similarly the angular interference factor is
a measure of the amount of angular velocity, or rotation, imparted to
the wake relative to the angular velocity of the turbine. As the angular
interference factor increases the amount of rotation in the wake
increases.

Using trigonometry and basic equations for 1ift and drag on an

airfoil, the coefficients of force in the x and y directions are:

o
1

CL sin ¢ - CD coS ¢. (2.4)

(]
i

CL cos ¢ + Cp sin ¢. (2.5)

From these coefficients the differential equations for drag and torque

on the wind turbine are determined to be:



1 2
dD 7BCp W Cy dr

L (2.6)

2 »
(yBco W C) v dr . (2.7)

dQ

In the above equations W is the air velocity relative to the blades of
the turbine. From Figure 4 it can be seen that the magnitude and direc-’
tion of W is dependent on a and a'. The angle of attack o is determined
by the direction of W and therefore o, CD and CL are also dépendent on

a and a'. Thus, Equations (2.6) and (2.7) alone are insoluble since the
axial and angular interference factors are unknown.

Two more equations for drag and torque can be found from the

momentum analysis. The differential drag quantity is derived from Equa-

tion (2.1) for a circular strip of width dr (see Figure 3).

dD = 27 rL e U (v - V2)dr (2.8)

o0

L

In Glauert's basic analysis the rotation of the wake is now neglected

in order to obtain an expression for V2 in terms of V, and a. At this
point the conventional analysis will be extended in an attempt to more
accurately model the low speed turbine. If one assumes no significant
rotation in the flow until the turbine blades are encountered,
Bernoulli's equation from far in front of the turbine to a point immedi-

ately in front of the blades becomes:
(2.9)

Bernoulli's equation from a point directly behind the blades to a posi-

tion in the far wake of the turbine is:



10

-, 1 2 2y _ 1 2 2
p tmo (UT+U)=p +50 (V5 +Vs5). (2.10)
Combining the two above equations:
+ -_1 2 1 2 2 1 2
P eV ge Vgt (o Uy Vg (2.11)

However, the drag on the turbine can also be expressed in terms of this

pressure difference across the blades, i.e.:

dD = (p+ -p ) 2n rL er. (2.12)

Substituting Equation (2.11) for the pressure difference term in Equa-

tion (2.12), the differential drag is found to be:

_ ] 2 1 2 . (1 2 1 2
dD—{-Z—p Vm—sz2+(2pUe-2pV26)} (anLer).
(2.13)
In the above equation VZ’ Ue’ and V26 are dependent on a and a'. It is

desirable to express the differential drag of the turbine as a more con-
cise function of a and a'. This will facilitate the combining of equa-
tions for the turbine drag derived from the momentum analysis and from
the aerodynamic analysis. This combination will yield a soluble equa-
tion for the axial interference factor a.

The following manipulations with equations is performed in order
to reduce Equation (2.8) into a more concise function of a and a'. Com-
bining Equations (2.8) and (2.13):

oo

V) = o 2 w2 (i - V). (2.14)
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Rearranging the above:

2 2
2 Ue B V29

V o+
=t ACRER R
w Vo

U = (2.15)

The tangential velocities Ve and VZe in the above equation can be ex-

pressed in terms of the angular velocities w s Wyl

(2.16)

V =

26 ° ro w,. (2.17)

Because of conservation of angular momentum the angular velocity of
the air behind the blades, W and the angular velocity in the far wake,

w,, are related by the equation:
(2.18)

Using Equations (2.16), (2.17) and (2.18) the tangential velocities in
Equation (2.15) can be expressed in terms of the angular velocity wp
and the radial Tlengths rL and ro:

2 r 2
i Voo + V2 (rL wL) [1 = (G) ]

U= 5 + 7V - Vz) (2.19)

Now a new axial interference factor for the far wake will be defined

as follows:

£V . (2.20)

Expressing Equation (2.19) in terms of the axial interference factors:
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"L
e w17 )]
2(]"a) = (]+f) + ( Vm ) (-l_f) . (2.2])
From continuity it can be shown that:
. 2 V2 v,
(FEJ = v = f/0-a). (2.22)
Also, defining the local tip speed ratio as:
r. 9
X = - _ (2.23)

Substituting Equations (2.3) and (2.23) into Equation (2.21):

2(1-a) (1-f) = 1-f2

+ 2n [1-f/(1-a)] (2.24)
where

(2.25)

Equation (2.24) is a quadratic with respect to the far wake interference

factor "f" and its solution is found to be:

2 5 1/2
f=[(1-a) - n/(1-a)] - [(1%) + a”] (2.26)

A simplification can be accomplished by introducing the variable y de-

fined as:

_ (1-a) - F
v = s (2.21)
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Substituting into Equation (2.24):

2(1—a)v= 1T+ f+2ny (2.28)
and therefore:

f=1-2a-2ny. (2.29)

It should be noted that Equation (2.29) is an implicit equation since
vy is a function of the far wake interference factor f. However, this
is not particularly troublesome sihce the equation can easily be solved
by an iterative process on the computer.

Returning to the momentum equation for drag, Equation (2.8), it
is now pos§1b1e to express the differential drag quantity as a function
of the axial interference factor a. Equation (2.8) expressed in terms

of the axial interference factors a and f is found to be:

2

dD = 2n rL o (1-a) (1-F) Vg er (2.30)
or, substituting Equation (2.29) for f:
dD = 4n r_ o (1-a) (atny) V2 dr, . (2.31)

It is interesting to compare this with the momentum equation for drag
as developed by Wilson while neglecting rotation in the wake. The

Wilson equation for drag is:
dD = 4n v, o (1-a) (a) V2 dr,. | (2.32)

The two equations differ only in the "ny" term which is present in the

analysis in which rotational effects were taken into account. If one
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assumes that a' is equal to zero, analogous to neg]eéting the rotdtion
in the wake, the quantity "ny" becomes zero and Equation (2.31) becomes
identical to that derived by Wilson. In effect, the quantity "iy" is a
measure of how much the rotation of the wake effects the axial velocity
of the air. Consequently, the "ny" term is a function of not only a
but of a'.

. 'The two equations for turbine drag as obtained from the momentum

‘iana1ysis and from the aerodynamic analysis will yield a single equation

for the axial interference factor a. Expressing the aerodynamic drag,

Equation (2.6), in terms of the axial interference factor a:

= Lpc, 122 ¢ g (2.33)
2 .2, oy L
S1R "¢ :
where from Figure 4: 3
W= (1-a) V_/sin 6. (2.34)

Combining the aerodynamic (2.33) and the momentum (2.31) equations for

the drag on the wind turbine, it is found that:

_ 1 (1-a
4n I"L (a + ny) = 'Z—BC;—;]'Z—?E Cy (2.35)

?%his can be reduced to:

2

a = (o C, - 8ny sinZ 4)/(8 sinZ ¢ + o, C) (2.36)

Yy

where

- Be (2.37)




15

An equation for determining a' is now required to complete the
mathematical model. This equation can be obtained in much the same way
as was done for a. In this case two equations for the torque produced
by the turbine are developed from the momentum and from the aerodynamic
analyses. When these equations are combined, a single equation for the
angular interference factor a' will be attained. The torque equation

as developed from momentum principles is found to be:

dq = di (U, r) = 2n rE o U w dr,. (2.38)

Wilson has shown that combining this with the aerodynamic equation for
torque, Equation (2.7), leads to an expression for the angular inter-

ference factor "a'":

a' = o Cx/(8 sine cos¢ - o c.). (2.39)

X

Equations (2.36) and (2.39) for the axial and angular interference
factors are implicit since the values of CX, Cy, ns v, and ¢ are all
dependent on "a" and "a'". Still these equations are easily solved
using a computer iterative process which will be described shortly.
Once the interference factors are known, all other physical parameters
can easily be calculated. Specifically, the torque and drag on the
turbine disc can be found from Equations (2.25), (2.27), (2.31), and
(2.38).

It should be noted that blade coning and tip loss effects have not
been taken into account in the foregoing derivation. This was mainly
because these effects can be shbwn to be negligible for the Tow speed

"spoked wheel" wind turbine. Wilson has done extensive work on these
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coning and tip loss corréctions and should be referred to in cases
where such corrections might be significant. It should also be men-
tioned that an analysis including the effect of wake rotation on the
axial velocity was performed by Nilberg (13) in the early 1950s. In
his analysis, however, Nilberg has assumed that the tangential velocity
is constant as the air moves from the blades to the far wake. This
differs from the assumption of conservation of angular momentum used in
the analysis presented in this study (see Equation (2.16)). If the
angular momentum is relatively constant as the flow moves downstream of
the turbine, the tangential velocity of the flow must necessarily de-
crease substantially.

The computer iteration technique used to solve Equations (2.36)
and (2.39) for the axial and angular interference factors, respectively,
is as follows:

1. Assume a and a'.

2. Calculate ¢:

1

o = tan = [(1-a)/(1+a') x].

3. Calculate n:

n=2(a' x)2.

4. Calculate f:

2 1/2
f=[(1-a) - 751 - [({%) +a°]

5. Calculate y:



6. Calculate a:
o =¢ -0

7. Determine CL, CD'
8. Calculate CX, Cy.
9. Calculate a:

a = (o C, - 8y sin’)/(8 sine + o C).

10. Calculate a':

a' = oL Cx/(8$1n¢ cos¢ - o C ).

X

11. Compare a and a' values with assumed values; if not within a

specified tolerance, repeat with a and a' values just calculated.

17



CHAPTER III
DESIGN LIMITS ON OPERATIONAL PARAMETERS

One of the most significant revelations from Glauert's basic analy-
sis of the ideal wind turbine is the optimum value for the axial inter-
ference factor a. Glauert (3) demonstrated that the 1dea1‘turbine
(i.e., a turbine with no aerodynamic losses) has a maximum power output
when the axial interference factor is equal to 1/3. In his analysis of
high speed wind turbines, Hutter (4) came to essentially the same con-
clusion. For tip speed ratios greater than 2.5, Hutter found that the
optimum value of £ (& = V2/Vw) was approximately 1/3. It can be shown
that this corresponds to a value of 1/3 for a.

Both Glauert and Hutter have suggested that high fip speed ratio
wind turbines should be more efficient than low tip speed ratio tur-
bines. This was generally accepted since it was felt that the large
amount of rotation induced into the wake at Tow speeds constituted a
large loss. Experimental support for the theory was provided by the
" American farm windmill which generally operates at about a tip speed
ratio of 1. However, the data from this turbineare misleading since,
as will be shown later, the inefficiency of the American windmill is
due to inefficient airfoils.

Hutter has also stated that greatest efficiency can be expected
from airfoils operating at the maximum 1ift over drag ratio (L/D).

Using blade element theory Glauert (3) presented a proof of this in

18
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the case of propellers. In his analysis Glauert defines the efficiency
of the propeller as the work done by the blades in providing thrust

divided by the power input to the blades. However, this definition has
little meaning for wind turbines where maximum power output is important ‘

regardless of the drag applied by the turbine on the air flow.
Determining Optimum Parameters

As a preliminary step in this study, a mathematical derivation of
optimum airfoil operation was performed. In the following analysis the
optimum angle of attack (a) for an airfoil on a wind turbine will be
determined. Following the format of Figure 4, the force in the y direc-
tion (Fy) is the drag on the turbine and the force in the x direction
(Fx) is responsible for the torque on the turbine. These forces can be

found from the equations:

1 2
Fo=gBcoWC (3.1)
=1 2 (9
F,=5BcoW C (3.2)

where C  and Cy are found from Equations (2.4) and (2.5). For any

given tip speed ratio (X) and axial interference factor, the optimum a
is that for which the power output of the turbine is maximum. The

power output is found as the product of the torque produced by the tur-
bine and the angular velocity of the turbine. At a given X, the angular
velocity of the turbine is constant for a given wind speed. Therefore,
to maximize the power output, the torque force (Fx) must bé as large as

possible.
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For any given value of "a" there is a corresponding value for Fy.
Hence, when "a" 1is constant, Fy is constant and maximum Fx occurs at
the same point as the maximum ratio Fx/Fy’ This ratio is found by com-

bining Equations (3.1) and (3.2):

F/Fy = 6 JC,. (3.3)

The angle o for which Fx/Fy is maximum can be determined by finding o

for maximum Cx/Cy' From Equations (2.4) and (2.5) the ratio CX/Cy is

found to be:
Cx _ (sing¢) CL - (cos¢) CD (3.4)
Cy (cos¢) CL + (sing) CD : :

In the above equation ¢ is constant with respect to o since it is a
function of X and a only. Differentiating Equation (3.4) with respect
to o and setting it equal to zero, the following relationship is found

for maximum CX/Cy:

o

CD C

d ¢,

(3.5)

()
— |O

This can easily be shown to occur at maximum CL/CD. Thus the optimum
angle of attack o occurs at the maximum Tift over drag ratio. This
confirms what Hutter (4) had indicated in his work on design of high
tip speed ratio wind turbines.

It should be noted that, when determining the maximum L/D, the
drag on supporting structures on the turbine wheel (such as the wire
spokes on a "spoked wheel" wind turbine) should be taken into account.

The importance of this can be seen in Figure 5 where a turbine with
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Clark Y airfoils has maximum efficiency at o equal to 1°. When wire
spokeﬁ‘are added, the optimum o is at the angle for maximum L/D for the
airfoil and wire combination.

Although theoretical optimum values have been determined for the
axial interference factor and the angle of attack of the airfoils, for
design purposes it is important to know how much one can deviate from
these values and still have acceptable performance. To answer this
question a systematic evaluation of the effect of o, a, and X on the
power output of the wind turbine was performed using variations of
Wilson's computer program. The effect of each of these parameters on
the power output was determined while holding the remaining parameters
constant. In order to obtain specified conditions for axial inter-
ference factor, tip speed ratio, and L/D, the solidity of the turbine
was allowed to vary.

The basic computer program used in this study is a simplified form
of a program written by Wilson (12). The major simplification involved
the removal of tip loss and hub loss correction techniques. In doing
this much computer time was saved while only a small error was intro-
duced, since tip and hub losses are minimal on a "spoked wheel" wind
turbine. A block diagram of the program is shown in Table I and a list-
ing is given in Table II (see Appendix B). The only other major change
in the program is the calculation which uses the rotational analysis as
mentioned earlier.

The program is written in FORTRAN and was used on the Oklahoma
State University IBM 360/65 computer in this study. The inputs to the
program are shown in Table III; the output format of the program, shown

in Tables IV and V, lists important parameters for each blade element
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at a given tip speed ratio (see Appendix B). The tables are arranged
so that a complete picture of the operating characteristics of the en-
tire blade can be seen. The powerAcoefficient (Cp) in Table V is

defined as the power output of the turbine divided by the total power

in the wind. That is:

3

1
Co = Plzp AV, (3.6)

The program is ordinarily used to determine the operational charac-
teristics of a wind turbine of a given design. However, by modifying
the subroutine "CALC" (Table VI), the program can be made to alter the
design of the turbine until specified operational characteristics are
achieved. Design parameters that are altered in this process are blade
number, chord width, or angle of attack. Since the optimum angle of
attack is usually set at the maximum L/D, the optimum axial interference
factor is obtained by varying either the number of blades or the chord
width. The product of these latter two parameters determine the solid-
ity of the turbine.

In order to find the optimum axial interference factor the program
was used to study a single blade element under varying conditions. The
local coefficient of power (CpL) found for this blade element is then
-applicable to any part of the blade so Tong as it has the same local
tip speed ratio and L/D. In the first analysis the L/D was set at 7
which approximated the maximum L/D for the Chalk airfoils plus the wire
spokes. The local power coefficient was determined over a range of "a"
values for tip speed ratios from 0.8 to 2.8. The results from this

analysis can be seen in Figure 6. As this figure indicates the optimum
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"a" is found to vary from a value of 0.31 to 0.25 as the tip speed
ratio goes from 0.8 to 2.8. Before concluding that the optimum "a" is
dependent on tip speed ratio, one must determine the effect of changing
the airfoil characteristics.

The same analysis described above was performed for L/D ratios of
25 and 50 with the results shown in Figures 7 and 8. Comparing these
figures with Figure 6, it can be seen that as the airfoil characteris-
tics become more efficient the optimum "a" comes closer to the ideal
wind turbine optimum of 0.33. When aerodynamic losses occur, the opti-
mum "a" becomes smaller than the "ideal a" and progressively decreases
as the losses become greater. Apparently as the tip speed ratio in-
creases the aerodynamic losses becbme greater and the optimum "a"
decreases.

In studying Figures 6, 7, and 8 it is apparent that, although a
definite optimum "a" occurs, the CpL does not usually vary much in the
range of "a" values from 0.25 to 0.40. The exception to this rule is
for very poor airfoils at relatively high tip speed ratio in which case
"a" should be kept around 0.25 or Tower. It can be concluded from this
analysis that, when designing a wind turbine, the axial interference
factor should be kept around 0.3 for optimum performance. However,
there is a considerable range from 0.25 to 0.4 within which the power
coefficient is not highly affected. Hence, this allows for some free-
dom of choosing an "a" value and possibly permitting operation of the
airfoils at more efficient angles of attack.

The next computer analysis was performed to verify the theoretical

optimum o value and determine how strongly the CpL is influenced by

changing o. Figure 5 shows that the computer analysis does agree with
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the tHeoretica] optimum o at the maximum L/D. It can also be seen that,
for the airfoil examined, the CpL is not highly affected if a is kept
within about 4° of the optimum o.

The last parameter to be examined with the computer analysis was
the tip speed ratio X. Tip speed ratios were studied from 1 to 5 over
a full range of "a" values and with L/D ratios from « to 7. Tip speed
ratios much less than 1 could not be studied since the flow in the wake
of the turbine would reverse and the momentum analysis used would become
invalid. Operation at tip speed ratios smaller than 1 also required
prohibitively large $o1idities in which cése losses from airfoil cascade
effects would predominate.

The analysis of an airfoil with L/D equal to « corresponded to the
analysis of an ideal wind turbine. The computer program was run using
both the new "model" which includes effects of wake rotation on the
axial velocity and the standard Wilson method. From Figure 9 it can be
seen that there is little difference between the two methods at tip
speed ratios above 2. This is to be expected since rotation in the
wake becomes smaller at higher tip speed ratios due to a decrease in
the torque on the blades. The analysis using both methods asymptotes
toward a CpL equal to 0.593 which is the theoretical maximum when ignor-
ing the rotation of the wake. However, when using the new method, the

C., tends to increase at lower tip speed ratios while the Wilson method

L
izdicates a decreasing CpL' The validity of both methods is in doubt
due to the unknown influence of a pressure gradient on the stream tube
going through the turbine disc. Thss problem, which becomes more acute
at very Tow tip speed ratios, was first pointed out by Goorjian (14).

At tip speed ratios above 1, the two methods differ only slightly in
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predicted power output. As can be seen in Figure 10 for the Chalk tur-
bine, the predictions for turbine performance by the two methods are
very close. Since the Chalk turbine is representative of low tip speed
ratio wind turbines and since predictions by the two methods become
even closer at higher tip speed ratios, one can conclude that the rota-
tion of the wake induced by the wind turbine does not significantly
affect the turbine performance.

Figure 9 also shows the characteristics of non-ideal wind turbines
with L/D ratios from 50 to 7. It is seen that turbines with poor air-
foils (L/D < 20) can gain a significant increase in maximum CpL if they
are designed to run at lower tip speed ratios. It should be remembered
that the design should avoid local tip speed ratios less than 1. If
the airfoils have a L/D over 50 (which can easily be achieved in most
cases, see Figure 11), then the drop in CpL becomes very small with in-
creasing tip speed ratio. Hence, the fact that there is a drastic
decrease in the required solidity of the turbine at higher tip speed

ratios becomes an important factor.
Design of the Wind Turbine

Having completed the above analysis of the important operational
parameters for wind turbines, the next step was to design a turbine to
operate at maximum efficiency. The design of the new "spoked wheel"
wind turbine was undertaken with two constraints due to economic and
structural considerations. These constraints were that the turbine
must still have 48 blades and that the blades must be of the same pro-
file as previously used. However, although the aerodynamic characteris-

tics of the blades could not be altered, the overall aerodynamics of the
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turbine could be improved by changing the wire spokes.

The 1/16" wire spokes wh{ch lie opposite to the blades on the
"spoked wheel" turbine are a source of considerable aerodynamic drag.
Emphasis is brought to this point when it is realized that the maximum
L/D of the airfoils is reduced from 29 to 7 when the wires are taken
into account. Referring to Figure 9 it can be seen that the maximum
possible efficiency is seriously reduced by the presence of the wires.
In order to reduce drag from the wires the number of wires was reduced
from 96 to 24 and the diameter of each wire was increased to approxi-
mately 1/8". Accordingly the drag from the wires was cut in half while
the total strength remained about the same. The maximum L/D ratio for
the blade and wire combination was thus increased to 14.

With the number of blades and the airfoil characteristics set, the
next step was to determine the optimum tip speed ratio at which to
operate the turbine. This was done by running the version of the com-
puter program in which the axial interference factor is kept constant
by adjustihg the angle of attack of the airfoils. The axial interfer-
ence factor was specified to be about 0.3 and the program was run to
determine the operational characteristics at various tip speed ratios.
From this analysis it was found that the wind turbine could be run at
a tip speed ratio of about 2.2 with "a" at optimum and with o at optimum
near the tip of the blades. Running at a lower tip speed ratio resulted
in highly inefficient values of o for inner portions of the blade.
Hence, the optimum tip speed ratio for the 48-blade configuration was
set at 2.2.

The twist distribution for the new turbine was calculated from the

values of o and ¢ at the optimum tip speed ratio in the above program.
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From Figure 4 the equation for twist is found to be:
6= ¢ - a. (3.7)

Since the structural design of the "spoked wheel" turbine constrains
the twist to be linear along the blade, the optimum values of 6 were
approximated by 14.5° at the tip increasing linearly to a twist of 31°
at the base of the blade.

With the design complete, the configuration of the new turbine was
analyzed using the main computer program to determine its characteris-
tics over a range of tip speed ratios. The result of this analysis is
shown in Figure 12. Also shown in this figure is the performance curve
for the original Chalk turbine. The maximum power coefficient for the
new design is over 39% as compared with 23% for the Chalk turbine. This
represents an increase of 70% in power output from the wind turbine.

The reason for this drastic increase in power can be found in
studying the operational characteristics of the two turbines shown in
Tables IV and V. The Chalk turbine, when operating at its optimum tip
speed ratio of about 2.0, has values of "a" far above the optimum value
of 0.3. This is caused by the small twist (7° at the tip of 18° at the
base of the blades) incorporated in the Chalk turbine which, in turn,
causes a large value for a and thus high 1ift on the blades. The large
1ift on the blades drastically slows down the wind resulting in very
inefficient operation. The new turbine, however, is seen to be operat-
ing within acceptable ranges of "a" and o all along the blades. It
should be noted that larger values of a are needed as one moves toward

the base of the blades so that optimum "a" can be maintained. This is
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found to be beneficial from an operational standpoint since the whole
blade will not stall at the same time ifbthere is sudden change in wind

velocity.



CHAPTER IV

EXPERIMENTAL EVALUATION OF WIND
TURBINE PERFORMANCE

Experiments were performed on both the Chalk turbine and the
Oklahoma State University designed wind turbine to determine the power
coefficient at various fip speed ratios. The tests were conducted on
15' diameter models at the Oklahoma State University wind energy field
facility. The main purpose of the experiments was to evaluate the
theoretical aerodynamic model developed by Wilson and used in this
study. Unfortunately the experimental data obtained was not as defini-
tive as hoped. The main reason for this, as will be explained later,
was the difficulty encountered in testing the wind turbines in an
atmospheric environment.

Determination of the experimental power coefficient of any wind
turbine requires the simultaneous measurement of wind velocity, turbine
(or dynamometer) RPM and dynamometer torque.

The experimental procedure used on the Chalk turbine is Tisted
below. This procedure was improved before testing the Oklahoma State
University turbine in an effort to obtain more accurate data.

1. Wind Velocity. Ball-cup anemometers with a calibrated d-c
voltage output Tinearly proportional to the wind velocity were used.
One anemometer was placed approximately 100 ft directly upwind of the

turbine and at the same height as the center of the turbine. This
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anemometer indicated the free stream ve]oéity of the wind acting on the
wind turbine.

2. Dynamometer RPM. The transducer pickup of a magnet imbedded
in the dynamometer shaft was fed into a digital counter. The turbine
RPM, used in tip speed ratio calculations, is directly proportional to
the dynamometer RPM.

3. Dynamometer Torque. A hydraulic piston connected to a pressure
gauge was calibrated to measure the torque on the dynamometer housing.
This was used in conjunction with the dynamometer RPM to determine the
power output of the wind turbine.

Simultaneous measurements of the three noted quantities were made
at five second intervals for periods of about ten minutes. From these
measurements the power coefficient (Equation (3.6)) and the correspond-
ing tip speed ratio can be determined. The power output of the turbine
is simply the product of the angular velocity and the torque applied to
the dynamometer.

In analyzing this data it was found that the turbine was rarely
in steady state operation. This was due to the large fluctuation in
wind speeds that are typically encountered. Since the turbine effi-
ciency is a function of the wind power which, in turn, is a function
of the wind velocity cubed, any discrepancy between the turbine power
output and the corresponding wind velocity can cause large errors. A
criterion was therefore established in an attempt to distinguish data
points occurring during steady state operation. This criterion was
that the wind velocity should not fluctuate by more than 15% ten seconds
before and five seconds after the measurements. Also, the tip speed

ratio was required to fluctuate less than 10% five seconds before and
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after the measurement. On]y‘data meeting these conditions were con-
sidered valid.

Before any comparison between experiment and computer prediction
can be made, accurate input data for the computer analysis is needed.
For the most part simple measurements of the physical structure of the
turbine sufficed for this data. However, the aerodynamic characteris-
tics of the airfoils used on the Chalk wind turbine constituted an un-
known factor since the profile of the blades did not exactly conform
to any standard airfoil profile. Since the exact aerodynamic charac-
teristics of the blades are of prime importance in the computer
analysis, wind tunnel tests on an airfoil section were undertaken. The
tests were run at a Reynolds number of about 75,000 which corresponds
to the average value at which the wind turbine operates. Corrections
were applied to the data according to procedures described by Pope and
Harper (15). The resulting sectional coefficients of life and drag are
shown in Figure 13. These data were entered into the computer program
in tabular form. |

The experimental data from the Chalk turbine and the theoretical
performance curve are shown in Figure 10. Each individual experimental
point on this graph represents the average of several measurements made
in the individual ranges of tip speed ratio. A plot of the raw data
from which these averages are taken is shown in Figure 14. There is a
large amount of scatter in the data despite efforts to distinguish mea-
surements taken during steady state operation. However, the scatter of
experimental measurements seems to be distributed about the curve pre-
dicted by the theoretical analysis. Some support for the analysis is

therefore given by the experimental data, although the margin of error
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on the peak power output is somewhat large. Note should be made that
there are four data points derived from a brief experiment made using

a prony brake instead of the dynamometer. The prony brake system proved
to be highly unstable and therefore was not used extensively.

Before tests were conducted on the new Oklahoma State University
wind turbine, the experimental procedure used was completely automated.
Continuous analog signals for the wind velocity, dynamometer RPM, and
dynamometer torque were simultaneously recorded on a strip chart re-
corder. It was hoped that a better determination of when the turbine
was in steady state operation could be obtained from the analysis of a
continuous chart recording.

In order to obtain an analog voltage output for the dynamometer
RPM, the signal from the magnetic transducer was fed into a frequency
to voltage converter. A strain gauge transducer connected to the dyna-
mometer housing (Figure 15) provided a voltage output proportional to
the torque on the housing. The voltage output from the ball-cup anemo-
meter was fed directly into the strip chart recorder. Figure 16 is a
typical tracing of two minutes of actual data obtained from the Oklahoma
State University wind turbine. The resulting traces were analyzed and
portions of the record were marked where the wind velocity and dyna-
mometer RPM were reasonably steady. The same criterion for steady
state operation that was used on the data from the Chalk turbine was
applied to the strip chart data.

Figure 17 shows the resulting experimental data and the theoretical
performance curve for the new Oklahoma State University wind turbine.

As can be seen, the experimental data did not agree with the predicted

performance curve and further investigation was warranted. Since the
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airfoils used on the second turbine were slightly different in shape
than those on the original Chalk turbine, the 1ift and drag performance
of the new airfoils was measured in the same way as described earlier.
The resulting airfoil characteristics for the new turbine are shown in
Figure 18. Although the shape of the new airfoils was little changed,
the angle of attack corresponding tolzero 1ift shifted by almost 4°.
When the new airfoil data were entered into the computer program, a
very different power production curve was predicted. This revised
curve is also shown in Figure 17.

Although the testing of the new turbine was performed under better
controlled conditions than used for the Chalk turbine, the experimental
data still contained an excessive amount of scatter. The predicted
performance curve shown in Figure 17 is well above the averaged experi-
mental data at tip speed ratios greater than 2.0. However, the averaged
unloaded tip speed ratio is quite close to the theoretita]]y predicted
value. This is significant since the turbine shaft bearings are the
only source of friction loss when making this measurement and therefore
the experimental error is minimized. Whether the discrepancy at high

tip speed ratio is due to the experiment or the theory is unresolved.



CHAPTER V
CONCLUSIONS

During the initial part of this study of "“spoked wheel" wind tur-
bines it was found that the existing aerodynamic theory was geared for
high tip speed ratio wind turbines. In the analysis of high tip speéd
ratio wind turbines it was assumed that the rotation of the wake behind-
the turbine has negligible effect on the axial velocity of the air.
Since this assumption was questionable at the low tip speed ratios
characteristic of the "spoked wheel" wind turbine, an analysis which
includes the effects due to wake rotation was developed. However, when
this new analysis was applied to the Chalk turbine, the performance
curve predicted was not substantially different from that predicted by
the Wilson analysis (Figure 10). The effects due to the rotation of
the wake can therefore be considered negligible at tip speed ratios as
low as 1.

In developing a design procedure for wind turbines it was found
that five basic parameters can be optimized. In brief these are:

1. Axial Interference Factor "a". This was found to have an
optimum value around 0.3 in most cases. The range of acceptable values,
however, is relatively large; i.e., 0.25 < a < 0.40.

2. Angle of Attack a. The optimum value is found to be at the
angle of maximum L/D. A range of acceptable values is plus or minus

4° from the optimum value for a.
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3. Airfoil Characteristics. Airfoils should be selected to have
highest L/D ratio under given operating conditions.

4. Tip Speed Ratio X. This parameter is not crucial except for
turbines with poor airfoil chanactéristics. In this case the turbine
should be designed for low tip/speed ratios in the range from 1 to 2.

5. Solidity. This va]uebis‘set so that the above optimum para-
meters can be achieved. However, the solidity may often be determined
by structural or economic considerations. In this case the tip speed
ratio can be adjusted to maintain optimum operation.

One of the most interesting results from the analysis of optimum
parameters is that an increase in efficiency can be expected by operat-
ing at Tower tip speed ratios. This is especially the case when
operating with poor airfoils where the tip speed ratio has a significant
effect. However, when operating with reasonably good airfoils, the tip
speed ratio does not have much effect on the maximum power coefficient
for the wind turbine. Thus, the inefficiency of the American farm wind-
mill can be attributed to the poor airfoil characteristics rather than
the Tow tip speed ratio. It should be pointed out, however, that the
American farm windmill has a very high starting torque and thus may be
well suited for some applications such as deep well mechanical pumping.

There is also a close coupling between the tip speed ratio of the
turbine and the solidity. At Tow tip speed ratios a high solidity is
required while conversely at high tip speed ratios a low solidity is
required. Thus the popular two- and three-bladed modern wind turbines
must necessarily operate at high tip speed ratios due to the low solid-

ity. However, a high solidity wind turbine, such as "spoked wheel"
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turbines, should be able to operate very efficiently at Tow tip speed
ratios when built with reasonably efficient airfoils.

The design of the new Oklahoma State University wihd turbine
followed basically a trial and error procedure. With the solidity and
airfoil characteristics set, the "constant a" version of the computer
program was run to determine at which tip speed ratio the axial inter-
ference factor and the angle of attack of the airfoils are both at
optimum. Once each section of the blade is brought within the optimum
ranges as mentioned earlier, very little improvement can be accomplished
by further adjustments. ‘

Difficulties still exist in modeling wind turbine operation at
local tip speed ratios less than 1. The basic theory used in the wind
turbine analysis becomes suspect at very low tip speed ratios due to
the large amount of rotation induced into the wake. The physics of
this situation should probably be described from wind tunnel experiments
so that an accurate model can be developed. The necessity for this,
however, may prove minimal since preliminary experiments by Sweeney
et al. (16) have shown that greater efficiency can be achieved by re-
placing the low speed inner portion of the blades with a large hub.
The physics of this flow remain to be mathematically described so that
the effect of the hub can be incorporated in the basic wind turbine
theory.

The experimental measurements performed on the wind turbines in
order to give support for the theoretical model were not as conclusive
as hoped. However, qualitative support for the theory was gained, al-
though a discrepancy occurred at the high tip speed ratios on the new

Oklahoma State University wind turbine. The source of this discrepancy
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is unknown due to uncertainty in the wind tunnel tests on the airfoils,
the friction losses in the dynamometer at high speeds, and the effects
of highly turbulent atmospheric conditions.

At this point it seems tﬁét the use of experimentally derived Cp
versus X curves for comparison with theoretical predictions remains
questionable. There are far too many intermediate quantities, such as
the velocity of the air as it flows through the blades, the velocity
of the air in the far wake, and the drag on the turbine disc, which
remain unknown. Measurement of these intermediate quantities would
provide much stronger support for theoretical predictions while the
data would be invaluable for developing a new aerodynamic model if
necessary. Although many of these measurements might be made in wind
tunnel tests, measurements in a true field situation would be particu-
larly useful in determining the effects of turbulent atmospheric condi-

tions.
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43

wedabeLg 403297 OLweulpousy

J._GA_U+_V

>

/RMMllnll ﬁ

R

* @u4nbl4

©A(D-1)=n



44

POWER COEFFICIENT CpL

NO WIRES
// /
WIRES INCLUDED

1 | ] | ] |

0 2 4 5 8 10 B %

ANGLE OF ATTACK a

NO WIRES

A
/ WIRES INCLUDED

| ] 1 | | ]

2 7 6 8 ) B 1%
ANGLE OF ATTACK «

Figure 5. Optimum Angle of Attack



POWER COEFFICIENT CpL

0.6A

0.5k L/D=7
/Mcnximum CpL
04
0.3
02
O.l+
| | | | >
@) 0.1 0.2 0.3 04 0.5

AXIAL INTERFERENCE FACTOR
Figure 6. Optimuma, L/D =7



POWER COEFFICIENT CpL

o.6a

05

o
D
T

o
o
L

O
N
T

O

46

:VIaximum CpL

L/D=25

| | | L >
0.1 0.2 0.3 0.4 0.5
AXIAL INTERFERENCE FACTOR a
Figure 7. Optimum a, L/D = 25



POWER COEFFICIENT CpL

O.GA

0.5

o4

0.3

0.2

O.IF

47

Maximum CpL

L/D=50

| >
O.l 0.2 0.3 04 05
AXIAL INTERFERENCE FACTOR a

Figure 8. Optimum a, L/D = 50



0.6

0.5

o
D

POWER COEFFICIENT Cp_
O
ol

O .
N
1 __

0.1

48

—— NEW THEORY
——— WILSON THEORY

1 | ] ] >

00

1.0 20 3.0 4.0 5.0
TIP SPEED RATIO X

Figure 9. Optimum Tip Speed Ratio



POWER COEFFICIENT, Cp

0.3

O
N

o

UNCERTAINTY
ESTIMATE

o MODIFIED
/~ THEORY

WILSON
THEORY

Figure 10.

TIP SPEED RATIO, X

Chalk Turbine; Averaged Experimental Data Compared With
Theoretical Models

4.0

oY



L/D RATIO

200

150

100

50

NACA Wl&f
NACA 6436I8
NACA 64,612 /?/

NACA 44i2
GEDSER PLANT NACA 4312 7/
NACA 23 0I2
SCHMITZ 4l7a
SCHMITZ N60
] | | | ] ]
5 105 2 5 06 2 5 107

REYNOLDS NUMBER Re

Figure 11. Maximum L/D Ratios Over Range of Reynolds Number

09




POWER COEFFICIENT Cp

05 l " . , T . l
0.4} 0.S.U. DESIGN ]
0.3 CHALK DESIGN .
0.2 i
0.1 _
O'%.o 1.0 20 30 4;0

Figure 12.

TIP SPEED RATIO X

Comparison of Theoretical Power Coefficient of Chalk
Turbine With Redesigned Version

LG



DRAG COEFFICIENT, Cq

0.3

O
(\)

O

LIFT COEFFICIENT

:C,e

©)
@

Q

52

Re = 75,000

DRAG
COEFFICIENT

| |

1 | | -
40 80 12.0 160 200

ANGLE OF ATTACK, a
Figure 13. Airfoil Data, Chalk I



POWER COEFFICIENT Cp

0.3 T T T ' ' ' '
o DYNAMOMETER o
A PRONY BRAKE To o
" 0 NO LOAD(DRIVE LOSSES) o 0o
0.2} )
o.l} i
F pu—
0.0 '
0.0 1.0 2.0 3.0

TIP SPEED RATIO X

Figure 14. Experimental Power Coefficient Values Compared With the
Theoretical Prediction

4.0



M BELT
%RANSDUCER
-——-- r |
-
CIQBEDDED
MAGNET
MAIN
PULLEY

BEARINGS

COUPLING

)

7

WATER
BRAKE

WATER
NTAKE

WATER

OUTLET

STRAIN GAUGE
MODULE

Figure 15. Schematic of Dynamometer

1]



DYNAMOMETER, RPS

TORQUE, N-m

WIND SPEED, m/SEC

55

100

9.0r

6.0

L]

30

10.0

5.0

1

|

Figure 16.

20

Strip-Chart Readings of Wind Velocity, Torque,

40

60

80

TIME, SECONDS

and Dynamometer RPS

|
100

120



POWER COEFFICIENT, Cp

1 ] ! 1

OSU OPTIMUM
TURBINE PREDICTION

PREDICTION FOR
PRESENT TURBINE

pu—

! I ¥
O AVERAGED DYNAMOMETER
MEASUREMENTS

O AVERAGED UNLOADED
TIP SPEED RATIO

UNCERTAINTY
ESTIMATE

1.0 2.0 30 2.0
TIP SPEED RATIO, X

Figure 17. Averaged Experimental Data From the New Oklahoma State University

Turbine Compared With Theoretical Predictions

99



DRAG COEFFICIENT, Cq4

57

0.3 1.2
Re = 75,000
« LIFT
O COEFFICIENT
0.2 E o8t
w
O
™
™ I
i
o
O
ol I oaf
3
DRAG
COEFFICIENT
Q / 1 1 1 ] | ’
-40 1O 40 8.0 12.0 16.0 200
ANGLE OF ATTACK, a

Figure 18.

Airfoil Data, Chalk II



APPENDIX B

TABLES

58



59

TABLE I
MAIN PROGRAM FLOW DIAGRAM

START

[i Input design [*

parameters
" Subroutine "SOLIDT"

calculates solidity

Subroutine "TITLES"
Print program
operating conditions /

»

4

Initializations and
calculate constant
parameters

ol
i 4

Calculate Tocal power Subroutine "CALC"
coefficient and sum calculates "a" and
values for each "a'" and parameters

blade element dependent on "a"

Print operating 533;8&%}99

characteristics for determines
blade element C

L and CD

Has
complete blade
been analyzed?

Print Cp vs. X
data

Have
all X
values been
analyzed?
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TABLE II
MAIN COMPUTER PROGRAM

$J03 TIME=30

[# O«SeUs REVISED APRILV1976

E ceseses MAIN PROGRAM ccecse

é INPUT PARAMETERS:

E eeeoR-=—RADIUS OF BLADE - FT

g ose o DR-=INCREMENTAL PCRCENTAGE

E eeesHo——HU3 RADIUS - TF

t eee«HH--ALTITUDE OF HUB ABOVE GROUND LEVEL - FT

g esesH=—ALTITUDE OF HUB ABOVE SEA LEVEL - FT

E ees JB=—NUMBER OF BLAULES

é ees s V-=WIND VELOCITY ~ MPH

E eeesX==TIP SPEED RATIO

% ee s JAMOD—=-AXIAL lNTERFERéNCE MODFL CODE

C eseeessaes 0——BOGARD

C esecsceens L —— WILSON

2 eeeaXI(~=-TIP SPEED RATIO [NCREMENT

E ene dAMAX,AMIN--RANGE OF ACCEPTABLE "A'™ VALUES

g ees cALPHA--ANGLE OF ATTACK

E eee oSI-—CONING ANGLE - DEGREES

g eeeosMFS——NUMEER OF ROWS IN TABLE OF CD AND CL VALUES
g eeeoNF=—NUMBER OF INPUTED STATIONS FOR BLAUE GEOMETRY
E eoeNK——NUMBER OF TIP SPEED RATIOS TO BE ANALYZED
g eseoRR{I)--PERCENT RADIUS FOR STATIQONS

g eeeaCI(I)~=CHORD FOR STATIONS - FT

E eee o THET{I}=-TWIST ANGLE FOR STATIUNS - DEGREES

g veesCLT(I)—-CDEF. OF LIFT DATA

% eenolDT(IN--COEF. OF DRAG DATA

E ees sAAT(I)-—ANGLE OF ATTACK - DEGREES

C

DIMENSION RR{25), CL(25), THETI{(25)y, AAT(25)y CLT(25), CDT(25),
IXT{ 25),TCPY{25}),.TCTY(25)

COMMON RyDRyHBs B9V eXs THETP 3 AMOD s Hy S19 Gy OMEGA,RHO s VI SyedL 3P 1 4R Xy
1W o NPROF s APF sTL1+T2+T343T4sT54T64TT74T8, TEST+XETAyHH)AMAX, AMIN

ceeseceeeREAD INPUT DATAcscsncsea

[aNeNel

60



17
18
19
20
21
22
23
2%
25
206
217
28
29
30
31
32
33
34H
35

oo o0

o000

TABLE IL (Continued)

REAC(5¢ 15)R¢DR ¢ HB s HH o H
REAC{5,10)B8,V,X,AMOD
READ(5415) XIC s AMAX JAMINYALPHA ST

REAC(5+4 INFS o NF,NK _
REAC(5 ¢20) (RR(T}+CI{I),THETI(1}+1=1,NF)
READ(S o5) (AAT(I), CLT(I), CDTUI), I=1,NFS)
FORMAT (314)

FORNAT(3F10.5)

FURMAT(4F10.3)

FORMAT (5F10.3)

FORMAT(F5.1+5X4F10.5,F10.5)

PI=3.1415926536

CALL SOLIDT(KR,CIy+NF,B,R,PI,SOLD}

eesseces PRINT INPUT AND TITLES FOR OQUTPUT .eeecee.
CALL TITLES{RR,CI,THETI,NF,SCLD)
easeees INITYALIZATION AND CONSTANT PARAMETER CALCULATIONS ceeees

C=0.28%6

TH=0.124

TiP=R :

V=V*5280./3600.

SI=SI*%*PI/180.
RHD=0.0023769199%EXP{~-0.,297%H/10000.)
VIS=0.,0000003719 - 0.00000000204%H/1000.
NN={R—-H13) /DR +1l.

RX=R

RLB=(1.-DR)*RX

ORO=DR

R=R*CJS(SI}

HB=HB*COS(SI)

DO 200 K=14NK

MEGA=V*%X/R

WRITE(6s6)X

FORMAT(/// 420X, 'TIP SPEED RATID =%4F6.34/)
WP ITE(Oy 754)

FORMAT(/ o LLIX s "RADIUS "y 5X VAT, Xy "AP  y TXs "FWI ' 95X,y *PHIY 45X, P ALPHA',
LaXa tOXY g TX ' CYT 40X g " CXACY " 45Xy PCT y TXy"CP ' o IXy "XL 'y TXy 'CPL Y /)
DR=(RX-RLi)*CUS(SI)

WX=U«0

TX=0.0

FXXPLl=N,0

FYXP1=0.0

JY=C.0

TY=C.0

PY=0.0

ASTCP=0.0

A=0.0

C AP=C.0

DR2=DR/2.0

RL=R-DR2

CAT=0.0

DO 100 L=1s8N

1F( (RL-HB).GEL.DR2) GO TO 311
ASTCP=ASTOP+1.
[F{ASTOP.GEL2.) GO TC 93
RL=RL+DR2

DP=(RL-HB)



56
57
58
59

34
85

36
87

a8
89

91
G2

93
94
95
96

311

[« K2R

97

e XaNe]

755

100
93

200

Doo0

[alaEeKe}

25

62

TABLE II (Continued)

RL=RL=-DR /2.0

CUONTINUE |

CALL SEARCH(RLRRyCITHETT,NFyCy THET)

CALL CALCURL$CyTHEToFXY FYYy XMXXP y XMYXP,QXP,TXP,REZPHIR,CLy

1CD s CX9CY s AyAPy KLr AK ¢ ALPHA, Fo CLF o CATS AAT,CLT,COT o NFS,SOLD »TH,FWI)

eeseess CALCULATION OF TOTAL AND LUCAL PUWER COEFFICIENTS

TYL=TXP*DR
PYL=0MEGA #QXP *DR

TY=TY+TYL

PY=PY+PYL

CTY=TY/( o SHRHO*VHE2%P] ¥R X% %2)

CPY =PY/ ( JH*RHU®V #%3%P ] #R X¥%2 )

CTYL=CTY®*TYL/TY

CPYL=CPY*PYL/PY

CPYLA=PY L/ (o5 #RHO®V #%3 %P [#( (RL#DR/ 2. ) #%2~(RL-DR /2. ) ¥%2) )
TP=PY/737.6

PHIC=PHIR*18C./P]

ALPHA=ALPHA*160.4/P 1

PR=RL /(K X*COS{SI))

RCXCY=CX/CY

seeeses PRINT OPERATICNAL CHARACTERISTICS OF THE TURBINE

WRITE(G64 755 IRLsAS APy FW [y PHIOLALPHASCXoCYIRCXCYsCTYLSCPYLWXLCPYLA
FORMAT(/ 911X 9oF5e294X1F5e343XeF64393XsF62.314X1FaaloéXeF4aly3XyFba3y
L4X o F5e39 3% F6e304X1F5.343X9F64394X9F5.343X4F6.3)

RL=RL~DR

CONTINUE

CUNTINUE

XT{K)=X

TCPY(K}=CPY

TCTY(K)=CTY

X=X+X1C

CONTINUE

vesaees PRINT OQUTPUT eaeeee

WRITE(6,750)

FARMATL// v 14X,y "TIP SPEED RATIO"y4Xy "POAER COEFFICIEZNTY 35X ' THRUST
LCOEFFICTIENT? 4 /) :

WRITE(O 7L IXTLE) & TCPY(I)TCTY (1) 41 =14NK)

FORMAT (19X s Fo a2y 13Xy FTaD916XeFT.51)

sToP
END

SUBROUTINE TITLES(RRsCI»THETI+NF,SOLD)

eeases TITLES = PRINTS OUT INPUT DATA AND PROGRAM OPERATING
CUNDITIONS IN A DESCRIPTIVE FORM.

DIMENSION RR{(25),CI{25),THETI(25)

CCMMON RyDRyHBeB sV oX s THETP yAMDDyHyST GOy OMEGASRHOWV IS,y HLyP I4RXy
LWs NPROFyAPF s TLyT29T3,T4,T5,T64TTyTE,TESTyXETAYHH s AMAXyAMIN

WRITE(6 +25)

FCRMAT('1")

WKITE(6 +1)

FORMAT(' THEURETICAL RERFORMANCE 7F A PROPELLER TYPE WwIND TURBINE?®



97

9y
100
101
102
103
104
105
106
Lo7
108
109
110
111
112
113
114
115
116

118
119
120
121
122
123
124
125
126
127
126
129

130

131
132

133
134
135
136
137
138
139
140

141
142
143

TABLE II (Continued)

1
WRITE(G 49)

9 FNRMAT(///+5%,' BLADE DESIGN:')
WRITE(6,6901B

690 FORMAT(/415X,"' NO. OF BLADES ='»F5.1)

WRITE(6 +11) R

11 FURMAT(/ ¢15X,* TIP RADIUS = FT = ',F7.4)
WPITE(5 ,12) HB
12 FORMAT{/,15Xe" HUB RADIUS ~ FT = '",FT7.4)

WRITE(G,13)

13 FORMAT(/, 16X, *AIRFGIL PROFILE ¢ CHAULK

WRITE(L +15)

15 FORMAT(//410X,* CHORD AND TWIST DISTRIBUTICON')

WRITELSH 416)

16 FORMAT(//+16Xy* PERCENT RADIUS" 45Xy "CHORD-FT'y 10X+ ' TWIST-DEG")

SPECIAL 1

WRITE(6 +17) (RRUI}CI(I) THETI(I},I=1,NF)

17 FORMAT(/+20X+F5e198XeFLl0e5410X,F10.5)

WRITE(6 4138)

138 FORMAT(///7+5X+* PROGRAM OPERATING CONDITIONS:')

WRITELG +19)0R

19 FORNMAT(//+15x+ " INCREMENTAL PERCENTAGE =',fT7.4)

141 IF{AMOD.EQ.0.0) GO TC 390
WRITE(6 4310}
GO TO 340
301 WRITE(O6 ,320)
340 CONTINUE
657 WRITE(6 +659)
177 WRITELO6 +779)
310 FORMAT(//4+15X,?
320 FORNMATC/ /415X,
659 FOKMAT(//415Xx,*' NO TIP LOSS MOUDFL")
179 FORMAT(// 415X, "
RETURN
END

SUBRUUTINE CALC(RLCoTHETyFXFsFYF s XMFXFy XMFYF 4QF 9 TF,RE yPHIR,C L,
LCD v CX9CY s AyAPy X LsAKy ALPHAy Fy CLF+CATy AAT,CLT, CDTyNFS»SOLITH.FWI)

UPIJN THESE PARAMETERS.

OO0

UIMENSION AAT(25),CLT(25)+CDT(25)

COMMON Ry DRy HB9ByV Xy THETP yAMOD,Hy» ST 9GOy OMEGA,RHOs VI Sy HL P I,RX,
LWoNFPOF s APFsTL o T2, T3, T4sT59T69TT+T8yTESTXETA,HHyAMAX, AMIN

XL=RL*OMEGA/V
[F{A.GCT..5) AP=0.
[F(A.GT..5) A=0.
RH=HB
200 DO 10 J=1,100
BETA=A
DEL TA=AP
IF {(AP.LT..00L)GU TO 12

lakaNsXel

EWl=1.0-A
RE=2.0%{AP%XL ) *%2,0

FWI=(EWI-KF/EWII-((RF/ENT)*E24( Lo O-EWT)%%2)%%0.5

NO HUBLOSS MODEL USED")

WILSON AXIAL INTERFERENCE METHDD USED')
BOGARD AXIAL INTERFERENCE METHOD USED')

semssse CALC - ODETERMINES THE AXIAL AND ANGULAR INTERFERENCE
FACTORS AT A GIVEN PRADIUS AND DETERMINES FUNCTIONS DEPENDENT

(FWD)

63

evwasae s UETERMINATION OF THE BLADE INTERFERENCE FACTOR {(EWI) AND THE
FAR WAKE I[NTERFERENCE FACTOR



144
145
146
147
148
149
150
151
152
153
154
155
156

158
159
160
lol
162
163
164

165
166
167
168
169
170

171
172
173
174
175

176
1717
L7¢
179
180
151

182
183
14
145

186

13

e Xale!

Gl eNaNel

oo w

10

10

TABLE 11 (Continued)

WIR=(EWI~FWI)/(EWI-FWI*EWL)

GO TO 13 .

WIR=0.0

RF=0.0

PHI=ATAN((L.~AJ*COS(SI)/ (1. +AP)*XL))

PHI AA=ABS(PHI)

PHIR=PHI

ALPFA=PHI-THET
DOTC=ATANI(La=A)/(XL¥ (1a#2 .%AP) ) )=ATAN({L.~A}/XL)
DAL1=DDTC/ 4.
DA2=((4./15.)%(SOLD*THI/ XD/ LAL o/ XI¥¥24(RL/R) ¥%2)
DALPHA=DAL+DA2

AL PHA=AL PHA-DAL PHA

eswees CALCULATION OF SECTIONAL LIFT AND DRAG CODEFFICIENTS
CALL NACATTURLyRX¢SIyALPHA,CL,COsWsAATHCLT,CDOT,NFS,S0OLD)

F=1.0
CX=CL*SINIPHIL}-CO*COS(PHI)
CY= CL*CCS(PHII+CDXSIN(PHI)
CXX=CX

CYy=CYy

SIG=(3%C) /(PI*RL}
[F(AMODLEW.U.) GO TO 575

eeeese o WILSCN AXIAL INTERFERENCE METHOD

VBR=((125%STIGRCYY)#{COS(ST)*%2) )/ (SINIPHI)*%2)
VAR={0a4125*SIG*CXX)/{FASIN(PHI }*COS{PHI))
CAN=F*F+4 . #VBR¥*F2( 1.-F)

A=( 24 *VBR+F~SQRT{CAN) ) /(2. *{VBR+F*F))
AP=VAR/(1le.-VAR)

GO TO 580

aee0essBOGARD AXIAL INTERFERENCE METHOD

VER=0.125%SIG*CYY*(CUS(ST)*%2)

VAR=0.125%5IG*CXX

A= (SIG*CY~B. 0*RF*WIR%XSIN(PHT ) %%2)/(8+ O*SINI{PHI ) **2+SIG*CY)
AP=VAR/(F%SIN(PHI)*COS(PHI J-VAR)

PCR=RL/(RXXCOS(SII)

eeecess DAMPENING OF AXIAL AND ANGULAR INTERFERENCE FACTOR
ITERATIONS.

IF(J=-4) 30,40,90
IF(J=-10) 30,40,110
IF(J-15) 30,40,30
A=(A+BETA) *.5
AP=(AP+DELTA)*.5
CONTINUE

ceasese [EST FOR CONVERGENCE eceeee
[F{AP.EQ.0V.U) GO TO 70
[F{ABS((AP-DELTA)/AP).LE..Q001) GO TO 70
G0 T0 10

JECABSIIA-BETA) /A)oLE..Q00L1) GO TQ 50

CUNTINUE
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187
188
189
190

191
192
193
194
195
196
1917

198
1996

200

201
202
2N3
204
205
206
207
208
209
210
211
212

224

226
2?27
228
226
230
231
232
233
254

402

[sEeaNeXa]

20
10

100

40

20
10

" TABLE II (Continued)

WRITE(6+T56)RL

FORMAT(/ ¢11XeF5.2910Xs*'NO CONVERGENCE")
CONTINUE

PCCR=RL/RX

eeaosss CALCULATION OF FUNCTIONS UEPENDENT UPON AXLAL AND
ANGULAR INTERFERENCE FACTORS.

W=SQRTI{(1.—-A)*VHCOS({SI) ) *%#2+( (1 .+AP) *RL¥OMEGA) *x*2)
CONST=(045%RHO* (W¥*2)%*()

FXF=CONST*CX

FYF=CONST*CY

CTL=(05%RHN*B*C I* (W *d)

QF=CT1*RL*CX

TF=CT1*CY*(OSLST)

RETURN
END

SUBROUTTINE NACATT{RLsRXyST+ALPHAJCL,CDyW,AAT,CLT,CDT,NFS,S0LD)

eeeese NACATT — IS AN INTERPOLATING SUBROUTINE TO INTERPOLATE
AIRFOIL DATA INPUTED IN TABLE FORM.

DIMENSION AAT(25),CLT(25)+CDTL25)
A=ALPHA%*180./3.141593

0N 20 I=1NFS

IF(ALLELAAT(1)) GO TO 100
IF(A.LE.AATLI)) GO TC 10
[F{T.EJ.NFS) GO TO 30

CONTINUE

J=1+1
PER=(A-AAT(J-1))/CAATL{J=-2)}=AAT(J-1))
CL=PER®[CLT(J=2)~CLT{J-1))+CLT(J-1)
CD=PER*(COT{J-2)-CDT(J=1))1+CDT(J-1)
GO TO 40

CL=CLT{NFS)

CO=CDT(NFS)

GN TCQ 40

CL=CLT(1)

CuU=CDT(1)
CU=(CD*3.475+Le2%.124)/3 44175

RETURN

END

SUBRDUTINE SEARCHIRLRRyCIsTHETI4NFyCoTHET)

DIMENSLON RR(25),C1025),THETI(25) .

CIIMMON RyDRyHU, 29V e Xe THETP yAMOD ¢ Hy STy GO,OMEGARHO 3 VISeHLWPI4RX,
LWeNPROF yAPF ¢ TL T2, T34T4,T54T6+TT9TBsTESTyXETAyHHyAMAX, AMIN
DO 20 I=1.NF

RRV=RL/{RX*COS(S51))*100.

IF{RREV.EQ.RR{L)}) GO TO 59

IF{RRV.GE.RR{I}} GO TO 10

IF(l.EQ.NF} GO TO 30

CONTINUE

J=1+1

PER=(RRV=RR(J=1I )/ (RREJ-2)-RR(J=-1)}
C=PERX(CL(J=2)-CI{J-1))+CI(J-1)
THET=PER¥{THETI(J=-2)~-THETI(J=1))+THETL{J-1)

GO 10 40
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235
236
237
238
239
240
241
242

243

244
245
246
247
248
249
250
251
252
253

TABLE II (Continued)

30 C=CI(NF)
THET=THET I (NF)
© GU TO 40
50 C=CI{1)
THET=THETI(1)

40 THET=THET#P]/138).

RETURN

END

SUBRUUTINE SOLIODT(RR CI¢NFB4KRyPI,SOLD)
C
C eeess SOLIDTY — DETERMINES THE TOTAL SOLIDITY OF THE WIND
C TURBINE DESIGN.
C

DIMENSION RR{25),CI(25)

NF X=NF-1

S1=C.

DO 20 I=1.NFX
SOL=0(CILTI+1)+CI(1))/2.)%(RRUI)-RR{I+1})}*R/100.
$1=51+50L ‘

20 CUNTINUE
SOLD=B*S1/(PI*R*¥2)
RETURN
END

EENTRY
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TABLE III
PROGRAM INPUTS

Input Format

Columns
Cards 1-10 11-20 21-30 31-40 41-50
1 R DR HB HH H
2 B v X AMOD SI
3 XIC AMAX AMIN ALPHA
1-4 | 5-8 | 9-12
4 NFS NF NK
}
5 PR(I) CI(I) THETI(I)
} | | I
4 + NF 4 | v ¥
5 + NF AAT(I) CLT(I) CDT(1)
f [ [
4 + NF + NFS Y Y Y

L9



TABLE IV
CHALK TURBINE

THSGRETICAL PERFIRMANCE OF & P<CPELLER TYPE WING TURBINE

BLADE DcSlGN:
N2. 0OF 3LADES = 43.0
TIP RADIUS - FT = 7.6250
HU8 RAVIUS - FT = 22,6250

AIRFOIL PRSFILE : CHAULK SPECIAL 1

CHIRD ANC TalST OSISTRIBUTIAON

PERCENT RaA0luUS CHORD-FT TwIST-DEG
130.0 0.28960 7.00000
4.4 0. 28960 18.00000

PROGRAM TJPERATING CONCITIONS!

INCREMENTAL PEZRCENTAGE = 0.0700 -

BUGARD AXIAL INTERFERENCE METHOD USED

NO T{P LCSS MODEL

NG FUBLOSS MCOEL USED

TIP SPEED RATIO = 2.000

RADIUS A a4 Fwl PHI ALPHA <X cy cx/Ccy
7.36 0.525 12.030 -0.065 13.4 5.7 0,086 0.805 0.107
6.82 Q.484 J.038 0.015 15.5 6.7 0.115 0. B45 0.136
6.29 Ue454 Je 40 0.071 17.6 7.6 0.145 0. 880 0.165
5.76 0.431 2. C57 Cell2 19.6 8.6 0.177 0.917 N.193
5.22 7 0.4l4 0.065 3.139. 21.8 9.7 0.212 0. 956 0.221
4.69 Ce395 J.283 2.175 2404 11.2 0.245 0.989 0.248
4.16 0.391 0.104 0.175 26.9 12.7 0.285 1.039 0.274
102 0.311 velZl 0.338 32.7 17.8 Q0.322 0.929 0.346
3.09 0.1306 JeNMTL 7.378 38.6 21.7 0.181 0.976 0.186

2472 Je30% Jed62 2.355 42.5 2446 Q.143 0.995 0.144

[}

0.137
0.127
Q.117
0.107
0.097
0.086
0.077
d.061
0.049

0.0l6

ce

0.02s
0.331
9.032
0.031
0.029
0.026
0.023
0.020
0.007

0.002

XL

1.930
1.790
1.650
1.510
1.370
1.230
1.090
0.950
N.810

0.714

CPL

0.210
0.248
0.276
0.294
0.306
N0.304
0.301
0.300
0.130

0.088

89



TABLE V

NEW TURBINE DESIGN

THECRETICAL PERFLRMANCE F A PROPELLER TYPE WIND TURBINE

BLADE DESIGN:

NO. OF SLAUES = 4d.0

TIP RAJIUS -~ FT =  T.0250
AU3 RADIUS - FT = 2.6250
AIRFUIL PROFILE : CHAULK SPECIAL 1

CHORU ANU TwWIST QISTHRIGUTIIN

PERCENT RADIUS CHORD-FT
100.0 0.28960
34,4 0. 28960

PROGRAM OPERATING CONDITIONS:

INCREMENTAL PERCENTAGE = 0.0700

30GARD AXIAL INTERFERENCE METHOD USED

NG TIP L0OSS MODEL

ND HUBLOSS MODEL USED

TIP SPZEL RATIO = 2.000

PADIUS A AP FWl
7.36 9.351 2.042 0.317
6.32 0.306 Je Q48 2.366
©.29 V2806 J.056 0,404
S.T6 2T “. Y05 432
5.22 0.256 2.077 J. 44y
4469 J.253 J. 394 Qe456
4.16 0.251 2.118 0e451
.62 Ge253 Jeld4 Ja 430
3.0 2e26"7 Y2209 Q.391

2.72 2.267 D.204 7.353

PHI

29.0
3le6
34.32
37.1

39.1

TWIST-DEG

14.50000

31.00000

0.162
n.185
J.211
0.240
0.272
0.310
0.355
U« 406
0404

0.503

cy

J.676
N.678

0. 683

0. 1706

0.727

0.755

0.792

0.835

0. 864

cxsey

0.239
0.273
0.309
Ca346
0.385
0.426
0.470
0.513
0.555

0.582

ce

J.057
N.054
0.050
0.040
0.041
0.037
0.032
J.028
0.023

0.007

XL

1.930
1.790
1.650
L.510
1.370
1.230
1.090
J.950
0.310

0.714

cPL

0.422
3.430
0.434
0e436
0.430
Q0.427
0.422
G.414
0.405

D394
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130

131
132

133
134
135
136
137
138
139
140
lal

142
143

144
145
146
147

15z
154
155
156
157
158
159

160
161
l6?
1o
164
165

a0 0

200

oo

13

[aR: el Ne!

e

e EaNe)

70

TABLE VI
MODIFLED "CONSTANT a“ SUBROUTINE

SUBROUTINE CALCARLyCoTHETFXFoFYF o XMFXF y XMFYF 4 QF o TF,RE,PHIR,CL,
LCDy CX 9 CY y Ay APy XLy AKy ALPHAy Fo CLF 9 CATyAAT,CLT4COTyNFSySOLD yTH,FWI)

seasess CALC - DETERMINES THE AXIAL AND ANGULAR INTERFLCRENCE
FACTORS AT A GIVEN RADIUS AND DETERMINES FUNCTIONS NDEPENDENT
UPON THESE PARAMETERS.

DIMENSION AAT{25),CLT(25),CDT(25)

COMMON RyNDR¢yHB ¢BaV o Xy THETP yAMODsHy STy 604 DMEGA, RHOW VIS, HL P I,RX,
LWeNPROF APF T1oT2,T3,T4sT5:TOsTTyT8yTESTyXETASHH»AMAX,AMIN
ALPHA=0.0

XL=RL*UMEGA/V

[F{2.GT..5) AP=0.

IF{A.GT..5) A=0.

RH=HB

00 10 J=1.,100

BETA=A

DEL TA=AP

IF (AP.LT..00L1)GO TO 12

eeeeee s DETEKMINATION OF THE BLADE INTERFERENCE FACTOR (EWI) AND THE
FAR WAKE INTERFERENCE FACTOR (FwWl)

EWI=1.0-A
RF=2.0%( AP*XL ) %%x2.0

Fell ={EWI—RF/EWT )~ ((RF/EWI) %22+ (1 V—FEW [)%x%2 ) %%x2 .5
WIR=(ENI-FWI)/{EWNI=F WI*EWI)

GO T2 13

WIR=0.,0

RF=0.0

PAT=ATANC(1.—A)=COS(ST I/ {{1.+AP)=XL)

PHT AA=ABS (PHI) ) -

PHIR=PHI

eseeas CALTULATION UF SECTIDNAL LIFT AND DRAG CUEFFICIENTS
CALL NACATT(RL RXySToALPHACLyCOyWsAAT,CLTCOT,NFS,S0LD)

F=1.7
CX=CL*SINEPHT)=CORCUSIPHI)
CY= CL*CUS(PHII+COXSIN(PHI)
CXX=CX

CYyys=cy

SIG={B%L)/{PT*RL)
[F(AMODLEQ.N.) GO TO 575

eeevaacdd ILSON AXTAL INTERFERENCE METHOD

VBR=({,125%51G*LYY)H(CUS(ST)*%2) )/ {STN{PHI )%*2)
VAR=(De125%S LGXCXX )/ (FESIN(PHL)*COS(PHI))
CAN=F #F+4 . 2 VBR¥EFE{ 1 ,~F )

A= (2. %VBR+F=SURT(CAND) /( 2. %( VBR+F#F))
AP=VAR/(1l.-VAR)
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166
167
168
169
170

171
172

174
175
176

177
178
179
180

131
182
133
1u4

135
186
187

188
159
190
191
192
193

194
195
196
197
198
199
200

201
2n2

OO0

402

TABLE VI (Continued)

eeesess BOGARD AXIAL INTERFERENCE METHOD

VBR=0.125%SIG*CYY*(COS(SI)*%2)

VAR=0.125%51G*CXX

A= (SIGHCY=84 0%RFEWIFE®S IN{PHI )%%2) / (8. O%SIN{PHI ) %%2+S1G*CY)
AP=VAR/ (F*SIN(PHI ) *COS (PHI }-VAR)

PCR=RL/ {RX*COS(SI))

ceesess DAMPENING OF AXIAL AND ANGULAR INTERFERENCE FACTOR
ITERATIUNS .

[F{J-4) 30,40,90
1F(J-10) 30,40,110
IF(J-15) 30,40,30
A={A+BETA)*.5

AP= (AP+DELTA)*.5
CONTINUE

essoceses TEST FUGR CONVZRGENCE ssecee

IF(AP.EQ.N.C) GO TC 70
1IF(ABS((AP=DELTA)/AP).LE..0001) GU TO 70
Gy TO 10

IF(ABSI(A-BETA)/A).LE..Q0N1) GO TOQ 50

CONTINUFE

WRITE(H, T56IRL

FORMAT (/4 L1X,F5.2,10X, "NO CONVERGENCE ")
IF(ALPHA.GT..28)G0 TO 18

eseeeoa CHECK THE VALUE QF "A™

IFCALLTLAMINIGO TO 16
IF{A.GT LAMAX)GO T 17
GU TO 18

seeeese INCREMENT THE NUMBER OF BLADES TO INJREASE SOLIOITY IF
TGO SMALL; DECREASE SOLIDITY IF “A"™ [S TNO LARGE

B=08+41.0

G0N 10 200
3=8-0.8

60 1O 200
CAONTINUE
PLCR=RL/RX

eeeseee CALCULATION 0F FUNCTIONS ODEPENDENT UPOGN AXTIAL AND
ANGULAR INTERFERENCE FACTORS.

W=SQRTU((1a~A) % V2COS(SI) I %2+ ( (1 .+AP ) *RL*0OMEGA) **2)
CONST=(0.5%RHO* (W**2)*C)

FXF=CONST*CX

FYF=CONSTXCY

CTI=(0.9%RHO*B*C ) *(W*w)

QF=CTL*RL*CX

TE=CT1*CY*COS(SI)

RETURN
END

IUA it
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