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ABSTRACf 

A new analysis model utilizing the "discrete local circulation" method (DLCM-HAWT) 

is presented for predicting the aerodynamic loads and performance of a horizontal axis 

wind turbine. The method uses an equivalent turbine for which the number of blades goes 

to infinity as the blade chord goes to zero such that the turbine solidity remains constant. In 

this way, the highly unsteady flow through a turbine is represented by an equivalent steady 

flow. The corresponding continuous distributions of shed and trailing vorticity in the wake 

are determined from the gradient of the local bound vorticity distribution on the turbine 

rotor disk. The degree of detail and calculation accuracy which can be obtained by this 

method are comparable to that by a vortex model but with a major saving of computation 

time. 

The results are compared with the PROPPC code and experimental data. The DLCM

HAWT program is found to have better correlation with the test data than the PROPPC 

code. 
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CHAPTER I 

INTRODUCTION 

Wind power is an unlimited, non-polluting source of energy which has been found 

and used by mankind for several centuries. One of the most economically viable wind 

energy conversion methods is the wind turbine. Generally speaking, wind turbines occur in 

two typical forms, the horizontal-axis wind turbine (HA WT) and the vertical-axis wind 

turbine (VA WT). The current work is focused on a new model for predicting the 

aerodynamic loads and performance of a HA WT. 

Various aerodynamic analysis methods have been developed for HAWT. All of these 

methods can be grouped in four categories: ( 1) actuator disc models, (2) momentum 

methods, (3) local circulation methods, and (4) vortex methods. The complexity, accuracy, 

and computation time of these methods increase, respectively, in the order given. The 

currently reported aerodynamic method for HA WT is an adaptation of the Discrete Local 

Circulation Model (DLCM) developed by Oler and Shen (1990). 

The model utilizes an equivalent turbine for which the number of blades goes to 

infinity as the blade chord goes to zero such that the turbine solidity remains constant. In 

this way, the highly unsteady flow through a turbine is represented by an equivalent steady 

flow. The wake behind the infinite bladed turbine includes continuous distributions of both 

trailing and shed vorticity where the trailing vorticity is a consequence of the spanwise 

gradient of bound vorticity on the turbine blade and the shed vorticity is a consequence of 

temporal variation of the bound vorticity on a turbine blade as it rotates around the turbine 

axis. To obtain a numerical solution, the surface of the resulting turbine is modeled with a 

grid of discrete vortex panels and the wake is represented by a three-dimensional grid of 

strips of trailing and shed vorticity which extend in the stream wise direction to infinity from 

each panel. 
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In the present work, a C program, DLCM-HAWT, with a graphical user interface for 

HA WT analysis was created on the Macintosh personal computer. Results are compared 

with a momentum method implemented in the PROPPC computer program (Wilson and 

Lissaman, 1974, and Subramoniam, 1991) for an Enertech 21-5 and the experimental data 

of the SERI Combined Experiment Wind Turbine. Some advanced techniques, such as 

using an analytical integral method instead of numerical integration calculating the influence 

coefficients and utilizing the turbine axisymmetry, have successfully saved significant 

computation time in DLCM-HA WT. 
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CHAPTER II 

LITERATURE REVIEW 

The local circulation method was first applied to Darrieus turbines (one type of 

vertical-axis wind turbine) by Masse (1986). In the basic local circulation method, the wake 

vorticity is represented by an average distribution of "shed" vorticity resulting from the 

temporal variation of the bound vorticity. By using a superposition of elliptic bound 

circulation distributions on the turbine blades and assuming two-dimensional shed 

vorticity, Masse was able to develop closed form expressions for the wake vorticity 

distributions and wake induced disturbance velocities. The solution process is then a matter 

of iterating for the strengths of the bound elliptic vorticity distributions at each rotor 

position. 

A variant on Masse's approach was reported by Oler (1989) in which a Darrieus 

turbine is modeled with an infinite number of blades of reduced chord length such that the 

turbine solidity is preserved. The wake behind the infinite bladed turbine includes 

continuous distributions of both shed and trailing vorticity. These distributions are a 

consequence of the span wise and temporal variations, respectively, of the bound vorticity 

on the perimeter of the Darrieus turbine. To obtain a numerical solution, the surface of the 

resulting turbine ellipsoid was modeled with a grid of discrete vortex panels and the wake 

was represented by a three-dimensional grid of strips of shed and trailing vorticity. The 

method is similar to that of Holme (1976) with the exception that the three-dimensional 

aspects of the flow are included. In the recent work, the principles reported by Oler (1989) 

have been applied to HA WT. 

Among the aerodynamic analysis methods for HAWT, the local circulation method is 

ranked third in terms of accuracy. The most simple model for wind turbine aerodynamics is 

the actuator disc model. In this model, the rotor is replaced by an "actuator disc" through 
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which the static pressure decreases discontinuously. By applying mass, momentum and 

energy conservation principles to the flow analysis, the thrust and power can be determined 

if the flow is assumed to be entirely axial with no rotational motion. 

Second in terms of accuracy and complexity are the momentum methods. In these 

methods, the flow disturbance produced by the turbine is determined by equating the 

aerodynamic forces on the rotor to the time rate of change of momentum through the rotor. 

For VA WT, this approach has been applied to single stream tube models by Templan 

(1974), multiple streamtube models by Strickland (1975), and multiple streamtube models 

with separate representations of the upstream and downstream blade passes (double

multiple streamline models) by Lapin (1975). These methods neglect the interaction 

between stream tubes and the direct effect of the wake vorticity on the fluid velocity at the 

turbine. For HAWT, a PROPPC code was developed by Wilson and Lissaman (1974). 

The code is based on Glauert momentum theory and includes the Glauert approximation for 

low wind speed analysis and can accommodate different airfoil data for each blade element. 

The use of the Glauert approximation is required by the inability of the basic momentum 

theory to model the viscous flow conditions of the wake at low wind speeds during strong 

rotor/wake interaction. 

The highest degree of accuracy and complexity of wind turbine aerodynamic models 

are the vortex methods. The vortex models are based on the Prandtllifting line theory. 

Strickland, Webster, and Nguyen (1979) applied the lifting line model to the unsteady flow 

characteristic of a Darrieus turbine by using the concept of a three-dimensional vortex lattice 

structure. The turbine and wake are modeled with discrete vortex segments which are used 

to determine the disturbance velocity at the turbine and in the wake. Strickland's program, 

VDART( Vortex method for the DARrieus Turbine) (1980), is based on this method. 

Although very accurate, the computational expense of this program is virtually prohibitive. 

An improved program, VDART-TURBO, was reported by Oler and Brownlee (1989), as 
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well as Brownlee (1988) and Dobbins (1990). Significant savings in computation time are 

achieved by assuming that the wake convection velocity can be determined at the time of 

wake vortex segment generation from the trailing edge of a turbine blade. 
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3.1 Introduction 

CHAPTER Ill 

AERODYNAMIC MODEL 

A horizontal axis wind turbine (HA WT), as shown in Figure 3.1, is a turbine whose 

axis of rotation is fixed in the horizontal direction with the blades rotating in a vertical 

plane. 

The discrete local circulation model (DLCM) presented in this chapter is used to 

determine the relative velocity field. The flow field is generated with distributions of 

discrete vortex segments called bound vortex segments, and wake sheets of trailing and 

shed vorticity. Strips of uniform strength vorticity extend downstream at the boundaries 

between elements. The strips at the boundary between two elements at adjacent stations in 

the same annular ring represent shed vorticity which is a result of the change in bound 

vorticity of a turbine blade as it rotates from one station to the next The strips of vorticity at 

the boundary between two elements in adjacent annular rings at the same angular station 

represent trailing vorticity which is a result of the change in bound vorticity along the length 

of a turbine blade. Both the trailing and shed vorticity strips extend from the turbine disk 

downstream to infinity. There are three simplifying assumptions for modeling the trailing 

and shed vorticity: (1) wake expansion is neglected so that only the streamwise disturbance 

velocity component is considered in evaluating the wake convection velocity; (2) the 

disturbance velocity evaluated at the turbine disk is assumed to be constant throughout the 

downstream development of the wake; and (3) the trailing and shed vorticity strips are 

assumed to be oriented parallel to the portion of the turbine disk from which they are 

generated. 

The relative velocity to the turbine blade, i\, is the combined freestream velocity, 

rotor blade velocity and the disturbance velocity field. After the relative velocity is 
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Figure 3.1 Horizontal Axis Wind Turbine 
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calculated, the blade angle of attack, ex, is known, so that the aerodynamic forces can be 

determined from experimental two-dimensional airfoil data. 

The central issue of the DLCM is to determine the disturbance velocity, q, resulting 

from the bound, trailing and shed vorticity distributions. According to the Biot-Savart Law, 

the disturbance velocity at any arbitrary point is influenced by the all vortex segments and 

their distributions. The calculations of influence coefficients for the bound, trailing and 

shed vorticities usually need very long CPU times when using a numerical integration 

method. In the current work, it becomes much faster by introducing analytical expressions 

for the influence coefficients and utilizing turbine axisymmetry. 

A solution for the aerodynamic forces and vorticity distributions must be found 

through an iteration process. For the first iteration, the disturbance velocity is assumed to 

be zero everywhere in the flow. Given this assumption, the relative velocity between the 

fluid and turbine blades and the local angle of attack can be directly evaluated. Appropriate 

airfoil data can then be utilized to determine the distribution of bound vorticity on the 

turbine disk. The corresponding distributions of trailing and shed vorticity in the wake are 

derived from the calculated bound vorticity distribution. With the vorticity distributions 

known, the disturbance velocity field can be calculated. For the second and subsequent 

iterations, an improved estimate of the disturbance velocity field is calculated based on the 

previous bound and wake velocity fields. This iterative procedure is continued until a 

converged solution for the blade forces is obtained. 

3.2 Theoretical Backcround ofDLCM 

The theory of DLCM shown in this section is based on the report by Oler and Shen 

(1990). 
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Figure 3.2 Horizontal Axis Wind Turbine Geometry 
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3. 2.1 Flow Field Description 

A HA WT geometry is defined in Figure 3.2. The turbine blade, in general, is 

considered at an angular position, e, with an angular velocity, n. 

The turbine may have arbitrarily tapered, pitched, and twisted blades with a nonzero 

coning angle, 'V. The blade pitch and twist angles are defined in Figure 3.3. The pitch 

angle, o, is usually a single fixed angle established when a turbine blade is installed; the 

twist angle, ~, however, typically varies from blade root to tip. 

The discrete local circulation model applied to the turbine geometry is illustrated in 

Figure 3.4. The relative velocity between the turbine blade and fluid may be written in 

terms of the freestream velocity, blade speed, and disturbance velocity field. 

Ur = (U .. x+qx)i +(-r0cos9+ U .. y+qy)J 

+(rQ sine+ Uooz + qz)k. (3.1) 

The freestream velocity vector may be oriented at any reasonable up-draft angle, 11, 

and yaw angle, y, defined in Figure 3.5 and may include the effects of wind shear. Yaw 

occurs when the axis of the wind turbine is operating in a horizontal direction other than the 

wind direction; whereas, up-draft occurs when either the rotor shaft is tilted vertically or the 

wind direction is up or down relative to the wind turbine shaft. The freestream velocity 

components relative to the turbine fixed Cartesian coordinate system are 

where 

U .. x = U .. cos11 cosy 

u .. y = U .. COSll siny 

Uooz = -U .. sin11 
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Figure 3.3 Turbine Blade Pitch Angle and Twist Angle 

11 



X, FT 

Figure 3.4 Flow Field Definition 
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Figure 3.5 Yaw Angle and Freestream Velocity Updraft Angle 
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Equation (3.1) may be nondimensionalized with the freestream velocity magnitude and 

the turbine radius to yield 

0 U q- r U q-
_r = (---=:!.+_x )i +(--A. cose +~+-y )j 
U.. U.. U.. R U.. U .. 

r U q -+(-A. sine+--=..!+ _z )k 
R U.. U .. 

where the tip-to-windspeed ratio is given by 

and 

For small up-draft and yaw angles 

qy qz << 1 
u .. , u .. 

Consequently, Equation (3.2) may be reduced into 

or (1 qx)-:- ( r'] D u .. y)-:- = +- 1 + --1\..COSu+-- J 
U.. U.. R U .. 

+(..E_A. sin8+ u .. z)k 
R U .. 

(3.2) 

(3.3) 

where the disturbance velocity, qx is induced by the bound, trailing and shed vorticities as 

described in Sections 3.2.2, 3.2.3, and 3.2.4., respectively. qx may be written as 

The detailed calculation of qx is presented in Section 3.3.2. 

If normal and tangential unit vectors are defined in the plane of the two-dimensional 

airfoil section at any point along a turbine blade (see Figure 3.4), the magnitude of the 

relative velocity vector component in that plane is given by 
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(J r ( i\ - )2 ( 0 r - )2 -= -·e + -·e u_ u_ n u_ t 

and the effective angle of attack for the airfoil section is 

(3.4) 

The angle of attack determined in this way is utilized in evaluating the blade forces as 

described in Section 3.7. 

3. 2. 2 The Bound Vorticity Distribution 

From the Joukowski theorem of lift, the sectional lift can be written in terms of the 

circulation around the section or the vorticity "bound" to the blade 

(3.5) 

Along the blade span, according to the definition of the two-dimensional lift 

coefficient, the sectional lift is also given by 

(3.6) 

If Equations (3.5) and (3.6) are equated to each other, the expression for the 

circulation or the bound vorticity, becomes 

or in nondimensional form 

(3.7) 

15 



The flow field around and through a turbine and the aerodynamic forces on the turbine 

are inherently unsteady; however, following the approach introduced by Holme (1976), a 

turbine with a finite number of blades may be represented with a steady flow analog in 

which the number of blades, N, is allowed to go to infinity as the blade chord length, c(r), 

goes to zero such that the turbine solidity 

is a constant. 

Nc(r) 
cr=--

1tr 

As a result, the turbine disk is covered with a continuous sheet of bound vorticity, as 

shown in Figure 3.6, which varies in strength both radially and circumferentially. 

Consider the turbine element rd8 illustrated in Figure 3.6 which contains a blade 

section with a chord length given by 

where 

c 1t r 
-=--0' 
R NR 

N = 21t 
d8 

The bound vorticity sheet strength per unit of circumferential length is given by 

Substituting the Equations (3.7) and (3.8) into Equation (3.9) yields 

1 (10 1trcrC) 
'Yb = r d8 2 r N I 

and in nondimensional form 

'Yb -.!. l\ crC 
u - 4U I" 

00 00 
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(3.9) 

(3.10) 



r 

Figure 3.6 Bound Vorticity Distribution on the Turbine 
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3.2.3 The Trailing Vorticity Distribution 

As a result of the span wise variation of the bound vorticity along a turbine blade and 

the vorticity conservation theorems, "trailing" vorticity must be generated at the trailing 

edge of the blade with a local sheet strength given by 

ar 
'Yt = a r 

which is given in nondimensional form by 

'Yt _ a r ------
u_ ar/R RU_ 

At the turbine blade trailing edge, the wake and trailing vorticity are approximately 

parallel to the trailing edge bisector. Therefore, the wake follows the local fluid velocity and 

is convected downstream as shown in Figure 3.7. 

If the number of turbine blades is allowed to go to infmity as described in the previous 

section, trailing vorticity is continuously imparted to the wake from all points on the sheet 

of bound vorticity distributed on the turbine disk. 

There are three simplifying assumptions for modeling the trailing vorticity : (1) wake 

expansion is neglected so that only the streamwise disturbance velocity component is 

considered in evaluating the wake convection velocity; (2) the disturbance velocity 

evaluated at the turbine disk is assumed to be constant throughout the downstream 

development of the wake; and (3) the trailing vorticity is assumed to be oriented parallel to 

the portion of the turbine disk from which it was generated. 

Based upon these assumptions, the trailing vorticity imparted to the wake during a time 

interval dt from a particular position on the turbine is given by 

18 



r 

Figure 3.7 Generation of Trailing Vorticity in the Wake 
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or 

The trailing vorticity strength per unit length in the stream wise direction is 

with the nondimensional form given by 

~ = A. a (~ 'Yb) dr . 
U_ 1 + qx/U .. or/R R U_ R 

(3.11) 

3. 2. 4 The Shed Vorticity Distribution 

In addition to the "trailing" vorticity which results from the span wise variation of the 

bound vorticity, there is also "shed " vorticity, as shown in Figure 3.8, which is a 

consequence of the temporal variation of the bound vorticity on a turbine blade as it rotates 

around the turbine axis. The temporal variation is a result of the variable freestrearn velocity 

associated with wind shear, a tower shadow, or atmospheric turbulence. 

Vorticity conservation requires that the rate at which the shed vorticity is generated is 

(3.12) 

where it is assumed that the convection velocity of the vorticity leaving the trailing edge is 

approximately equal to the relative fluid velocity evaluated as described previously. If the 

temporal variation of the bound vorticity on the blade is written in terms of the rotation 

speed and turbine position, Equation (3.12) becomes 
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Figure 3.8 Generation of Shed Vorticity in the Wake 
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u _ ar de 
'Ys r--ae dt 

ar 
=-Q-ae 

rearranging and nondimensionalizing Equation (3.13) yields 

(3.13) 

If the number of blades on the turbine is allowed to go to infmity, shed vorticity is 

imparted to the wake continuously from every portion of the bound vorticity distributed on 

the turbine surface as illustrated in Figure 3.8. By utilizing the three basic assumptions 

given in the previous section, the local vorticity shedding rate is given by 

(3.14) 

rearranging and nondimensionalizing Equation (3.14) yields 

'Ys = 
u_ (3.15) 

3.3 Numerical Implementation for the DLCM 

3. 3.1 Panel Parameters 

Based upon the Holme's steady flow theory described in Section 3.2.2, the turbine is 

modeled with a continuous surface of bound vorticity, as shown in Figure 3.9. For 

numerical modeling with the DLCM, this surface is divided into radial wedges and annular 

strips. A typical model would consist of Nstations in the angular direction and Nstrips in the 

radial direction represented by two subscripts (i,j) or (m,n). 
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Figure 3.9 Turbine Panels 
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For each panel, as shown in Figure 3.10, there are four bounding line segments. In 

addition, unit vectors in the tangential and spanwise direction are defined for each panel. 

Normal unit vectors for the panel are found from 

fi=sxt 

the relationship between (s,t,n) system and inertial coordinate system (X,Y,Z) is shown in 

the Appendix A. 

Considering the influences of turbine coning angle, blade twist angle and pitch angle, 

the geometric algebra of the comer points for any panel can be written as 

p(O) = [rsin 'If+ rsin(d9 I 2)cosvtan(O + ~)]i 

+rcosvsin9} + rcosvcos9k 

p(l) = [rsin 'If- rsin(d9 I 2)cosvtan(o + ~)]i 

+rcosvsin(9 + d9) J + rcosvcos(9 + d9)k 

p(2) = [(r + dr)sin 'I'- (r + dr)sin(d9 I 2)cosvtan(O + ~ + d~)]i 

+(r + dr)cosvsin(9 + d9) J + (r + dr)cosvcos(9 + d9)k 

p(3) = [(r + dr)sin 'If+ rsin(d9/2)cosvtan(O + ~ + d~)]i 

+(r + dr)cosvsin9} + (r + dr)cosvcos9k. 

3. 3. 2 Disturbance velocity 

The central issue in determining a solution for the DLCM-HAWT model is the 

determination of the disturbance velocity field resulting from the bound, trailing, and shed 

vorticity distributions. The general expression for the streamwise disturbance velocity 

component is 
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Figure 3.10 Defmition of a Panel 

25 



which can be written for the panel( station i, strip j ) as 

nPanel-1 

qx(i,j) = L {qb[(i,j),(m,n)]+qt[(i,j),(m,n)] 
m,n=O 

+q
5
[(i,j),(m, n)]} 

where qb[(i,j),(m,n)], qt[(i,j),(m,n)] and q
5
[(i,j),(m,n)] are the disturbance velocities on 

the panel (i,j) due to the bound, trailing, and shed vorticity associated with the panel(m,n). 

The bound vorticity on each panel is represented by a single vortex segment with 

strength equal to 

The associated disturbance velocity is calculated from 

qb[(i,j),(m,n)] = Ab[(i,j),(m,n)] y~(m,n) 

= Ab[(i,j),(m,n)] r(m,n)d9 yb(m,n) 

= Ab[(i,j),(m,n)] ~1(m,n) yb(m,n). 

Ab[(i,j),(m,n)] is an influence coefficient or the disturbance velocity per unit strength 

of the bound vortex segment and is dependent only upon the geometric relationship 

between the panel(i,j) and panel(m,n). ~~ (m,n) is a proportionality constant between the 

bound vortex segment strength and the bound vorticity sheet strength on the panel(m,n). 

The disturbance velocity due to the bound vorticity for all panels on the turbine may be 

conveniently expressed in matrix format as 

(3.16) 
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The disturbance velocity on the panel(i,j) due to the strips of trailing vorticity between 

the panel(m,n) and the adjacent panels at r(m,n-1) and r(m,n+ 1) may be written as 

qt[(i,j),(m,n -1)] = ct[(i,j),(m,n -1)] 'Yt(m,n -1) 

qt[(i,j),(m,n + 1)] = ct[(i,j),(m,n + 1)] 'Yt(m,n + 1) (3.17) 

where ct[(i,j),(m,n -1)] and ct[(i,j),(m,n + 1)] are influence coefficients which must be 

numerically evaluated with an application of the Biot-Savart Law. 

The vortex strip strengths are approximated from Equation (3.11) as 

A 
'Yt(m,n -1) = [r(m,n) 'Yb(m,n)- r(m, n -1) yb(m, n -1)] 

1 + qx(m,n) 

A 
'Yt(m,n + 1) = [r(m,n + 1) 'Yb(m,n + 1)- r(m, n) 'Yb(m, n)] . (3.18) 

1 +qx(m,n) 

Collecting terms from Equations (3.17) and (3.18) directly involving the bound 

vorticity strengths on the panel(m,n) yields 

or 

qt[(i,j),(m,n)] = {ct[(i,j),(m,n-1)]-ct[(i,j),(m, n+1)l} r(m,n)A 'Yb(m,n) 
1 + qx(m,n) 

At [(i,j),(m,n)] is the net influence coefficient which is dependent only upon the 

geometric relationship between the panel(i,j) and panel(m,n). The coefficient ~2 (m,n) is a 

proportionality constant between the bound vortex segment strength and the trailing 

vorticity strip strength associated with the panel(m,n). 

The disturbance velocity due to the trailing vorticity for all panels on the turbine may 

be conveniently expressed in matrix format as 
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(3.19) 

A strip of shed vorticity extends in the streamwise direction to infinity from the 

circumferential boundaries between the panels in a manner similar to that depicted in Figure 

3.7. The disturbance velocity on the panel(i,j) due to the strips of trailing vorticity between 

the panel(m,n) and the adjacent panels at 8(m-1,n) and 8(m+1,n) may be written as 

qs[(i,j),(m -1,n)] = cJ(i,j),(m -1,n)] Ys(m -1,n) 

q5[(i,j),(m + 1,n)] = C
5
[(i,j),(m + 1,n)] Ys(m + 1,n) (3.20) 

where cJ(i,j),(m -1,n)] and C
5
[(i,j),(m + 1,n)] are influence coefficients which must be 

numerically evaluated with an application of the Biot-Savart Law. 

The vortex strip strengths are approximated from Equation (3.15) as 

A 
Ys(m -1,n) = [r(m,n) yb(m,n)- r(m -1, n) yb(m -1, n)] 

1 + qx(m,n) 

A 
Ys(m + 1,n) = [r(m + 1,n) yb(m + 1,n)- r(m, n) yb(m, n)] . (3.21) 

1 + qx(m,n) 

Collecting terms from Equations (3.20) and (3.21) directly involving the bound 

vorticity strength on the panel (m,n) yields 

q
5
[(i,j),(m,n)] = { C

5
[(i,j),(m -1,n)]- C

5
[(i,j),(m + 1, n)l} [-

1 
r(m(n)A)] yb(m,n) 
+ qx m,n 

or 

q
5
[(i,j),(m,n)] = -A

5
[(i,j),(m,n)] (32(m,n) yb(m,n) . 
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As [(i,j),(m,n)] is the net influence coefficient which is dependent only upon the 

geometric relationship between the panel(i,j) and panel(m,n). The coefficient ~2 (m,n) is a 

proportionality constant between the bound vortex segment strength and the shed vorticity 

strip strength associated with the panel(m,n). 

The disturbance velocity due to the shed vorticity for all panels on the turbine may be 

conveniently expressed in matrix format as 

(3.22) 

A matrix expression for the disturbance velocity at all panels due to the combined 

effects of the bound, trailing and shed vorticity distributions is formed by combining 

Equations (3.16), (3.19) and (3.22) to yield 

The diagonal proportionality coefficient matrice, ~2 , is dependent on the disturbance 

velocity and must be updated for each iteration. 

3. 3. 3 Influence Coefficients 

Consider a finite vortex segment fa and an arbitrary point P, as shown in Figure 3.11. 

According to the Biot-Savart Law (Katz and Plotkin, 1991), the disturbed or induced 

velocity at P by the vortex segment fa is 

(3.24) 
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Figure 3.1] Velocity at Point P Induced by 
Vortex Segment fa 
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The relationship between angles and vectors illustrated in Figure 3.11 are 

cosO,= 1:r~J 
cosO,= 1:r~J . 

The normal distance between P and the vortex segment may be computed from 

Substituting the above relations into Equation (3.24) yields 

The influence coefficients described in the previous section represent the induced 

velocity per unit strength of the shed and trailing vortex strips. These coefficients must be 

evaluated by integrating the incremental influence from segments of the strips until the 

contributions become vanishingly small at extreme downstream distances. This integration 

can be accomplished numerically or analytically. A numerical integration allows the most 

flexibility in handling the geometry involved in the induced velocity calculations. Analytical 

integration is much more efficient computationally but requires a slight simplification of the 

geometry to achieve a closed form expression for the induced velocity coefficients. The 

latter approach was chosen for implementation in DLCM-HA WT because the resulting 

savings in computation time make it feasible to perform analyses on personal computers. 

Consider the vortex strip illustrated in Figure 3.12 which could represent either shed 

or trailing vorticity. A coordinate system is defined such that the origin is located at the 

midpoint of an element boundary and x-axis extends downstream parallel to the freestream 
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velocity vector. The y-axis for the coordinate system is coplanar with the element boundary 

but not necessarily parallel to it because of the effects of turbine yaw and coning angle. 

Following the previous definitions of shed and trailing vorticity, the vorticity should be 
~ 

parallel to element boundaries. A vortex line with this orientation is represented by AB on 

Figure 3.12. However, to enable a closed form evaluation of the influence coefficient for 

the strip it is necessary to approximate the vorticity with segments perpendicular to the x-
~ 

axis as illustrated by A'B' in the Figure 3.12. 

With this approximation, the induced velocity from a segment dx of the strip may be 

expressed through an application of the Biot-Savart Law, i.e., 

The net induced velocity is found by integrating from x = 0 to infinity which yields 

where 

Therefore, the induced velocity coefficients may be written as 

and 
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Figure 3.12 Vortex Segment in the Local Cartesian Coordinate System 
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Fortunately, the coefficients are functionally dependent only upon the panel geometry 

parameters so that they can be calculated one time and then utilized for a series of aero-

parameter calculations involving variations in tip-to-wind speed ratios, atmosphere, and 

windspeed shear, yaw angle, updraft angles, etc. In addition, the turbine axisymmetry can 

be utilized to minimize the number of coefficients which must be evaluated. after computing 

the coefficients in one column of each of the matrices, the rest of the coefficients can be 

quickly developed from the axisymmetry of the turbine. 

3. 3.4 Solution Procedure 

The solution procedure is to assume initially that the disturbance velocity is zero 

everywhere in the flow. Given this assumption, Equations (3.3) and (3.4) may be 

evaluated for the relative velocity, Dr, between the fluid and turbine blades and the local 

angle of attack, a.. Equation (3.1 0) may be applied with appropriate airfoil data to 

determine the distribution of bound vorticity on the turbine disk. An improved estimate of 

the disturbance velocities, qx, can then be calculated from Equation (3.23) where the 

assumption of zero disturbance velocity is used to compute the diagonal proportionality 

coefficient matrices. Thereafter, new relative velocity, angle of attack, bound vorticity 

distribution, proportionality coefficient matrices and disturbance velocity can be calculated. 

The turbine blade forces, such as torque, thrust and power output, can be determined with 

the new local relative velocity and the angle of attack by using Equations (3.27), (3.28) and 

(3.29). The process is repeated until the converged solutions of thrust force and power 

output are obtained. 
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3.4 Airfoils and Aerodynamic Stall 

The DLCM-HA WT model allows using different airfoils data in different segments. 

The airfoils may be any kind for which two-dimensional data is available. However, 

turbine performance is optimized with airfoils which have low drag and extended linear lift 

curves. 

For the current work, a comparison is made with the PROPPC code (Subramoniam, 

1991) which uses the momentum method with airfoil data obtained from the Eppler code 

(Eppler and Somers,1980). The lift and drag coefficients for the airfoils on an Enertech 21-

5 wind turbine are shown in Figures 3.13 and 3.14. Also, calculated results are compared 

with experimental results from the SERI Combined Experiment Wind Turbine for which 

the SERI S809 airfoils are used. The lift and drag coefficients for the SERI S809 airfoils 

are shown in Figures 3.15 and 3.16. 

The Eppler computer code is used for the design and analysis of low speed airfoils. 

With the code it is possible to specify the velocity or pressure distributions and allow the 

program to determine the required airfoil shape. The code can also be used for the inverse 

problem to compute the velocity and pressure distributions, the boundary layer 

development and the lift, drag and moment coefficients for an airfoil of prescribed shape. 

Either static or dynamic aerodynamic stall, is of critical importance in airfoil and wind 

turbine performance. Static stall which occurs under angle of attack, is a nonlinear 

aerodynamic phenomenon that results in a substantial loss of flow attachment and airfoil lift 

at angles of attack beyond the stall angle of attack. Typical2-D airfoil lift and drag curves 

show dramatically decreasing lift and increasing drag when the stall angle is reached. 

Dynamic stall is a delay of stall and increase in lift to angles of attack beyond the static 

stall angle which results from unsteady aerodynamic effects. During a dynamic event, the 

airfoil lift and moment values can reach much higher levels than would be predicted by 

steady 2-D data. This is brought on by a rapid increase in angle of attack past the static stall 
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Figure 3.13 Lift Coefficients for Enertech 21-5 
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value and a strong vortex formed at the leading edge which is quickly convected over the 

blade and into the wake. This event begins with rapid increase in forces and ends with full 

flow separation and a dramatic drop in lift. 

Wind turbine blades tend to stall at the root first, with the stall progressing outboard to 

the tip. This tendency is reduced by using blade twist or designing with large inboard 

chords. 

According to the thesis of Subramoniam (1991), the dynamic stall has a negligible 

effect on the net rotor power, thus, only static stall is represented in the DLCM-HA WT 

program. The Vitema-Corrigan post-static stall equations (Eggleston, 1987) are given 

bellow. The equations are derived for a section of rotor with zero twist angle, if the rotor 

twist angle is not zero, these equations must be modified. 

In the Vitema equations, AR =aspect ratio (Ric), 0.5 is the static stall angle of attack, 

Cds is static stall drag coefficient, and C 15 is static stall lift coefficient. 

The post-stall drag coefficient is found from 

where 

B1 = 1.11 + 0.018 AR 

The corresponding lift coefficient is found from 

where 
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Those equations apply for 

15 ~a.~ 90degrees. 

For Enertech 21-5 machine, 2-D airfoil data is available when -8 ~a.~ 20 degrees. 

All the lift-drag data higher than that angle are calculated by Vitema equations, as shown in 

Figures 3.13 and 3.14. 

3.5 Wind Shear 

Since wind turbines operate in the atmospheric boundary layer, the associated wind 

shear should be included in a HA WT aerodynamic model. One form of wind shear model 

that due to Kirchoff and Kaminsky (1983) 

( J

E 
U.. H 

U ... rer = Hrer 
(3.25) 

where U ... rer is reference wind speed at a reference height Href' U .. is the wind speed at 

height H and E is the wind shear exponent. The wind shear exponent is a function of the 

terrain and atmospheric dynamics, as shown in Figure 3.17. 

Typical values for the wind shear exponent for various terrain characteristics are: 

No Wind Shear, E=O.O 

Coastal Areas, E = 1/10 

Open Terrain, E= 117 

Suburban, E= 2/9 

City Center, E = 113 

For a HA WT model, the height of a particular blade element may be computed from 

H = Haxis + Rcoswcose. (3.26) 
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Figure 3.17 Wind Shear 
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Substituting Equation (3.26) into Equation (3.25), yields 

U = U (Haxis + Rcosvcose)E 
00 oo,rer H 

ref 

3.6 Atmosphere 

Because atmosphere parameters, such as density and viscosity directly influence the 

turbine section Reynolds number and blade loads, the environmental conditions of the 

atmosphere are of concern in the DLCM-HA WT model. Standard sea level density 

(p=l.225 kgtm3) and viscosity (v=l.4 e-5 m2fs) may be used or specific values may be 

input. 

3.7 Blade Loadin2 

Once the angle of attack is known, the total forces on the blade can be found using the 

two-dimensional airfoil data. The tangential force component, FQ = Lsin<jl- Dcos<jl (see 

Figure 3.4), in the direction of blade rotation generates useful torque, whereas the normal 

component, FT = L cos <1> + D sin <1>, in the downwind direction exerts a thrust load on the 

rotor. 

In terms of the dimensionless coefficients, cl and cd' the net force, power and torque 

caused by N blades, each of local chord c, are as follows 

For torque 

or 

where 
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For power 

For thrust 

or 

where 

The dimensionless coefficients of thrust, torque and power are defined as 

and 

T T 
CT = 1 = -=-~------

-pU2 A -pU21tR2cos2
llf 

2 - p 2 - "t' 

C = RT 
Q 1 2 

-pU_RAp 
2 

In DLCM-HAWT model, N blades are numerically divided into Nstations by Nstrips· 

Therefore, the net torque, power and thrust are found from a numerical integration as 

follows: 

for torque, 

nStations-1 nS~s-1 

Q = L 2.. L\Q(i, j) 
i=O j=O 

1 nStations-1 nS!-1 
Q = 

2 
p i~ j=o [fQ(i,j) u;(i,j) c(i,j) r(i,j) L\r(i,j)] (3.27) 
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for power, 

P=rlQ (3.28) 

for thrust, 

nStations-1 nS~-1 

T = L L ~T(i,j) 
i=O j=O 

1 nStations-1 nS~s-1 
T = -p L J... [fT{i,j) U~(i,j) c{i,j) ~(i,j)] . 2 i=O J=O 

(3.29) 
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4. 1 Introduction 

CHAPTERN 

RESULTS AND DISCUSSION 

In this chapter, analysis results compared with PROPPC predictions are presented for 

an Enertech 21-5 Turbine and the SERI Combined Experiment Wind Turbine. Twenty-four 

equally spaced angular stations with ten equal width radial strips are used in both analyses. 

The number of angular stations and radial divisions is limited by the speed and memory of 

the Macintosh SE level microcomputer which was used for the calculations. 

The two programs have very good agreement in the low windspeed range as shown in 

the analysis results of the Enertech 21-5 machine in Section 4.2. In Section 4.3, it is shown 

that results obtained from DLCM-HA WT program are closer to the experimental data than 

that of PROPPC. 

A flowchart of the DLCM-HA WT program is shown in Figure 4. 1. It utilizes a 

graphical user interface with windows. The results can be shown either in tabular form or 

graphically using either isocontours or line plots. Because a color printer was unavailable, 

the figures using isocontours shown in this chapter use single color curves. 

4.2 Enertech 21-5 

To compare with PROPPC, a three-bladed, 6.3 m diameter Enertech 21-5 machine 

operated at 105 rpm and rated at 5 kW was used. The detailed geometric description and 2-

D airfoil data are presented in Appendix B. For the analysis, twenty-four equally spaced 

angular stations were used with ten radial strips as shown in Figure 4.2. The results of 

PROPPC presented in this section were computed with no dynamic stall and no tower 

shadow. 
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Figure 4.1 DLCM-HA WT Program Flowchart 
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Front View Right Side View 

Figure 4.2 The Enertech 21-5 Detailed Geometry 
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In general, there are three parts of the program which require significant CPU time: 

development of geometric parameters, calculation of influence coefficients and iteration on 

disturbance velocity field for a solution as shown in the flowchart in Figure 4.1. For this 

particular model of the Enertech 21-5 machine evaluated on a Macintosh SE, the geometric 

calculations require 3.5 minutes, evaluation of the influence coefficients require 3 minutes 

to read and 20 minutes to recalculate. For a convergence criteria of 1.0 percent, the average 

computation time for a single solution is 12.5 minutes. In general, a higher tip-to

windspeed ratio requires more processing time. For the results shown in the following 

figures, the longest computation time is about 21 minutes and the shortest computation time 

is about 8.5 minutes. 

4.2.1 Zero Pitch, Yaw and Updraft Angles Model 

The power coefficient shown in Figure 4.3 indicates a similar trend with PROPPC. 

The highest value of power coefficient that represents the highest energy efficiency occurs 

at a tip-to-windspeed ratio of 6.3, or around 5.5 rn/s windspeed, for this particular model 

of the Enertech 21-5 machine. From that point on, the power coefficient decreases with 

decreasing tip-to-windspeed ratio. 

As mentioned before, the Enertech 21-5 machine is rated at 5 kW. As illustrated in 

Figure 4.4, the power distributions lower than that point shows very good agreement with 

PROPPC. 

Torque coefficient and torque distributions are shown in Figures 4.5 and 4.6. The 

highest value of torque coefficient is occurs at a tip-to-windspeed ratio of 4.3 or 

approximate 8.0 rn/s windspeed. 

Thrust coefficient and thrust distributions are illustrated in Figures 4.7 and 4.8. They 

have the same trends but do not have very good comparisons with PROPPC results. 
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The computed angle of attack versus r/R and position of turbine blade at a tip-to

windspeed ratio of 4.32 are shown in Figures 4.9 and 4.1 0. Figure 4.11 illustrates the 

same information in 3-D isocontours. Comparing Figure 4.9 and Figure 3.14, it can be 

seen that stall has occurred at the root era. 

4. 2. 2 Pitched Model 

All the results in this section are under the conditions of zero yaw and updraft angles. 

Figure 4.12 shows the comparison results of power output with 10 degrees pitch 

angle. Figure 4.13 represents the differences of power output with zero and 10 degrees of 

pitch angles for DLCM-HA WT program. 

As mentioned in Section 3.8, using large a value of pitch angle can reduce the chances 

of stall. From Figure 4.14, it is clear that angle of attack has been decreased by increasing 

pitch angle. 

Figure 4.15 shows the 3-D angle of attack isocontours at a tip-to-windspeed ratio of 

4.32. Comparing this Figure with Figure 4.11 can be seen that angle of attack on the whole 

turbine has been decreased by approximately 10 degrees. The decreased angle of attack 

causes a significant change in power output at high wind speeds as shown in Figure 4.13. 

This is because the drag coefficients are lower and lift coefficients are higher compared 

with the zero pitch angle case. 

4.2.3 Yawed or Updrafted Model 

Figure 4.16 shows the calculation results of power output with a 20 degree yaw angle. 

Figures 4.17 and 4.18 illustrate the differences of power coefficient and power output with 

zero and 20 degree yaw angles as computed with the DLCM-HA WT program. 
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Figure 4.11 3-D Angle of Attack Isocontours at A.= 4.32 
for 0.0 Degree Pitch, Yaw and Updraft Angles 
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Figure 4.19 shows the 3-D isocontours of angle of attack at a tip-to-windspeed ratio of 

4.32 with a 20 degree yaw angle and zero degree updraft angle. Comparing this figure with 

Figure 4.11, it can be seen that the angle of attack decreases at blade positions 

90 $ e $ 270 degree and increases at other blade positions when a large yaw angle is 

prescribed. 

Figure 4.20 shows the 3-D angle of attack isocontours at a tip-to-windspeed ratio of 

4.32 with a 20 degree yaw angle and a -20 degree updraft angle. Comparing this figure 

with Figure 4.11, it can be seen that angle of attack decreases at blade positions 

45 $ e $ 225 degree and increased at other blade positions. 

4.3 Combined Experiment Wind Turbine 

The test data from the SERI Combined Experiment Wind Turbine (Butterfield et al 

1990) was used to compare with DLCM-HAWT code predictions. The Combined 

Experiment Turbine is a 10m, 3-bladed, downwind horizontal axis wind turbine. The 

SERI S809 airfoil was used for the blades, which have a constant chord and zero twist. 

The 2-D airfoil data and detailed geometry are presented in Appendix C. 

The test data were taken for a high wind speed case at a pitch angle of 12.2 degrees, 

yaw angle of 5.9 degrees and wind speed of 14.72 rn/s were compared with the predicted 

results of DLCM-HA WT and PROPPC codes. The power and torque developed by the 

turbine are 12.3 kW and 1934 N-M (average), whereas that predicted by the DLCM

HAWT program were 17 kW and 2266 N-M, as shown in Figures 4.21 and 4.22. Those 

results obtained are better than the results obtained from PROPPC code. 

The results are also compared for a yawed operation of 32.9 degrees. This time the 

pitch angle was kept at 11.4 degrees at a wind speed of 13.57 rn/s. The power and torque 

obtained from test results were 8.98 kW and 1428 N-M (average), whereas the results 
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Figure 4.19 3-D Angle of Attack Isocontours at A.= 4.32 for 20 Degree Yaw Angle, 
0.0 Degree Pitch and Updraft Angles for the Enertech 21-5 
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for the Enertech 21-5 
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obtained from DLCM-HAWT code were 11.58 kW and 1536 N-M, as shown in Figures 

4.23 and 4.24. Those results are also better than the results obtained from PROPPC code. 

Although there is only one data point for each wind condition, it is clear that the 

DLCM-HA WT code has better correlation with the test data than the PROPPC code. 
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CHAPTERV 

CONCLUSIONS AND RECOMMENDATIONS 

A new analysis model utilizing the "discrete local circulation" method for evaluating 

the performance and aerodynamic loads of a horizontal axis wind turbine is presented in 

this report. A C program with a graphical user interface called DLCM-HA WT for HA WT 

analysis was created on the Macintosh personal computer. The model provides 

computational detail and accuracy comparable to that of much more computationally 

demanding vortex methods and is more accurate than momentum methods. The model 

allows variable chord length and twist blades, Reynolds number dependent airfoil data, and 

representations of wind shear, and yawed or up-drafted freestream velocity. 

Recommendations for future improvement include: 

* Enhance the disturbance velocity calculations to include the effects on the y-axis and 

z-axis directions. 

* Inclusion of dynamic stall effect. 

* Increasing the number of circumferential stations and radius segments to give better 

solutions. 

* Implementation of parallel algorithm for the computation of influence coefficients. 

* Using faster running computer. 
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APPENDIX A 

RELATIONSHIP BETWEEN THE SECTIONAL FIXED 

COORDINATE SYSTEM (s,t,n) AND THE INERTIAL 

COORDINATE SYSTEM (X,Y,Z) 

The sectional fixed unit vectors may be written in terms of global coordinates: 

where 

0 0 

{s} = [T(S)][T('If)][T(o + ~)] 0 = [T(S, 'lf,O + ~)] 0 

1 

{!) = [T(!l, '11 ,0 + ~)]{ ~ 1} 

{fi} = [T(!l, ljl,li + ~)]{~} 

1 

T(S) =transformation matrix for rotation about X-axis through blade position angle 8, 

T(o +~)=transformation matrix for rotation about Z-axis through blade position angle 

(0 + ~). 

T( 'II) = transformation matrix for rotation about Y -axis through blade position angle 'If. 

Suppose a vector G rotated through some angle ~, as shown in Figure A.1, may be 

written as 
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Figure A. I A Rotated Vector 
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~ = rcos(~ +a.) I+ rsin(~ +a)}+ z1k 

= r(cos~cosa-sin~sina)I +r(sin~cosa+cos~sina)} +z1k 

let r = 12 = r1, X1 = rcosa, y1 = rsina, have 

or 

{

x2
} [cos~ 

~: = ;:np 
-sin~ O]{x

1
} 

cos~ 0 y1 

0 1 z1 • 

Similarly, forT(S), T('lf) and T(o+~) 

thus 

1 0 0 

T(S) = 0 cos(-S) -sin(-S) 

0 sin(-S) 

1 0 

= 0 cosS 

0 -sinS 

cos 'II 

T('lf) = 0 

-sin 'If 

cos(o + ~) 

T(o + ~) = sin(o + ~) 

0 

0 

1 

0 

cos(-S) 

0 

sinS 

cosS 

sin 'If 

0 

COS 'If 

-sin(o +'If) 0 

cos(o + ~) o 
0 1 

80 



1 0 0 cosv 0 sinv cos(3+~) -sin(8+V) 0 

T(e, 'lf,8 + ~) = 0 case sine 0 1 o sin(8 + ~) cos(8 + ~) 0 

Therefore 

0 -sine case -sin 'If 0 COS'If 0 0 1 

cos 'If cos( 8 + ~) 

= cosesin(8 +~)-sine sin vcos(o + ~) 

-sinesin(o + ~)- cosesin vcos(o + ~) 

-cos 'I' sin(8 + ~) 

cosecos(o +~)+sine sin vsin(o + ~) 

-sinecos(o + ~) + cosesin 'If sin(8 + ~) 

0 

sin 'If 

sinecosv 

cos( 8 + ~)cos 'If 

{s} = [T(e, v.8 + ~)] 0 =sin vi+ sinecosv} + cos(8 + ~)cosvk 

1 

0 

{t} = [T(e, 'lf,8 + ~)] -1 

0 

= sin(8 +~)cos vi- [cosecos(8 +~)+sine sin vsin(8 + ~)]} 

-[-sinecos(8 + ~) + cosesin vsin(8 + ~)]k 

1 

{fi} = [T(e, 'lf,3 + ~)] 0 

0 

= cosvcos(B +~)I+ [cosesin(8 +~)-sin esin vcos(8 + ~)]} 

+[ -sinesin(8 + ~)- cosesin vcos(8 + ~)]k. 
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APPENDIXB 

DATA FILE FOR DLCM-HAWT 

(ENERTECH 21-5) 

root_radius: 2.064 ft 
tip_radius: 10.32 ft 

Axis Height: 30.96 ft 
. Reference Windspeed Height: 30.96 ft 

Velocity Profile Exponential Coefficient: 0.143 
Air Viscosity: 1.4e-5 mA'lJs 

Cone Angle: 5.0 degree 
Pitch Angle: 0.0 degree 

Number of Blades: 3 
Number of Rotor Stations: 24 

Number of Blade Segments: 8 

Segment_3 
Inside Radius: 0.20 

Outside Radius: 0.30 
Number of Elements: 1 
inside Chord Length: 0.0786 

outside Chord Length: 0.0786 
Airfoil: 1 

inside Twist: 3.075 degree 
outside Twist: 3.075 degree 

Segment_4 
Inside Radius: 0.30 

Outside Radius: 0.40 
Number of Elements: 1 
inside Chord Length: 0.0841 

outside Chord Length: 0.0841 
Airfoil: 1 

inside Twist: 3.075 degree 
outside Twist: 2.413 degree 

Segment_5 
Inside Radius: 0.40 

Outside Radius: 0.50 
Number of Elements: 1 
inside Chord Length: 0.0856 

outside Chord Length: 0.0856 
Airfoil: 1 

inside Twist 2.413 degree 
outside Twist 2.413 degree 
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Segment_6 
Inside Radius: 0.50 

Outside Radius: 0.60 
Number of Elements: 1 
inside Chord Length: 0.0836 

outside Chord Length: 0.0836 
Airfoil: 1 

inside Twist: 2.413 degree 
outside Twist: 2.135 degree 

Segment_? 
Inside Radius: 0.60 

Outside Radius: 0.70 
Number of Elements: 1 
inside Chord Length: 0.0813 

outside Chord Length: 0.0813 
Airfoil: 1 

inside Twist: 2.135 degree 
outside Twist: 1.877 degree 

Segment_8 
Inside Radius: 0.70 

Outside Radius: 0.80 
Number of Elements: 1 
inside Chord Length: 0.0791 

outside Chord Length: 0.0791 
Airfoil: 1 

inside Twist: 1.877 degree 
outside Twist: 1.657 degree 

Segment_9 
Inside Radius: 0.80 

Outside Radius: 0.90 
Number of Elements: 1 
inside Chord Length: 0.0768 

outside Chord Length: 0.0768 
Airfoil: 1 

inside Twist: 1.657 degree 
outside Twist: 1.934 degree 

Segment_10 
Inside Radius: 0.90 

Outside Radius: 1.00 
Number of Elements: 1 
inside Chord Length: 0.0746 

outside Chord Length: 0.0746 
Airfoil: 1 

inside Twist 1.934 degree 
outside Twist 1.934 degree 

Number of Airfoils: 1 
Airfoil Data Files: "Prop" 
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Segment_3 

ALPHA Cl Cd 

-8.00 5.200e-01 2.8200e-02 
-6.00 4.230e-01 2.8000e-02 
-4.00 -3.920e-01 2.5900e-02 
-3.00 -3.020e-01 2.5300e-02 
-1.00 -1.290e-01 2.4800e-02 
0.00 4.100e-02 2.4800e-02 
4.00 4.5500e-01 2.8100e-02 
8.00 7.6200e-01 3.5600e-02 
11.00 9.5900e-01 4.3400e-02 
16.00 1.1790e+OO 6.1900e-02 
18.00 1.1520e+00 7.1500e-02 
20.00 1.0350e+00 8.2000e-02 

Segment_4 
ALPHA Cl Cd 

-8.00 2.110e-01 2.2300e-02 
·6.00 3.800e-02 2.1600e-02 
-4.00 -1.310e-01 2.0500e-02 
-3.00 -5.700e-02 2.0100e-02 
-1.00 1.1000e-01 1.9800e-02 
0.00 1.9700e-01 2.0000e-02 
4.00 5.2300e-01 1.9800e-02 
8.00 8.4800e-01 2.9300e-02 
11.00 1.0280e+OO 3.7600e-02 
16.00 1.2560e+OO S.SSOOe-02 
18.00 1.3140e+00 6.4900e-02 
20.00 1.3570e+00 7.6300e-02 

Segment_5 
ALPHA Cl Cd 

-8.00 1.920e-01 1.9700e-02 
-6.00 -1.240e-01 1.9300e-02 
-4.00 -7.000e-03 1.8100e-02 
-3.00 9.1000e-02 1.7900e-02 
-1.00 2.7300e-01 1.7800e-02 
0.00 3.6200e-01 1.8000e-02 
4.00 6.5900e-01 1.8900e-02 
8.00 9.4600e-01 2.9500e-02 
11.00 1.1130e+00 3.6700e-02 
16.00 1.3320e+00 5.3500e-02 
18.00 1.3820e+OO 6.2300e-02 
20.00 1.4080e+00 7.2900e-02 

Segment_6 
ALPHA Cl Cd 

-8.00 -1.880e-01 1.9700e-02 
-6.00 -2.480e-01 1.7700e-02 
-4.00 4.900e-02 1.6600e-02 
-3.00 4.8000e-02 1.6300e-02 
-1.00 2.3900e-Ol 1.5900e-02 
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0.00 3.3200e-01 1.5900e-02 
4.00 6.9200e-01 1.7300e-02 
8.00 1.0070e+OO 2.3200e-02 
11.00 1.2040e+OO 3.1300e-02 
16.00 1.4410e+00 4.9800e-02 
18.00 1.5050e+00 5.9100e-02 
20.00 1.5530e+OO 6.9800e-02 

Segment_? 
ALPHA Cl Cd 

-8.00 1.9200e-01 1.7000e-02 
-6.00 -2.1900-01 1.6800e-02 
-4.00 -3.000e-02 1.5500e-02 
-3.00 7.1000e-02 1.5300e-02 
-1.00 2.7500e-01 1.5300e-02 
0.00 3.7700e-01 1.5500e-02 
4.00 7.8300e-01 1.6200e-02 
8.00 1.0700e+00 2.2300e-02 
11.()() 1.1890e+00 3.2200e-02 
16.00 1.3290e+00 5.0700e-02 
18.00 1.3780e+00 5.9700e-02 
20.00 1.3780e+OO 5.9700e-02 

Segment_8 
ALPHA Cl Cd 

-8.00 1.180e-01 1.5700e-02 
-6.00 -2.570e-01 1.5100e-02 
-4.00 -S.lOOe-02 1.3900e-02 
-3.00 5.4000e-02 1.3600e-02 
-1.00 2.6600e-01 1.3700e-02 
0.00 3.7200e-01 1.3800e-02 
4.00 7.9300e-01 1.4500e-02 
8.00 1.0650e+OO 1.9800e-02 
11.00 1.1710e+00 2.8200e-02 
16.00 1.3150e+00 4.8500e-02 
18.00 1.3470e+00 5.8800e-02 
20.00 1.3730e+00 7.1100e-02 

Segment_9 
ALPHA Cl Cd 

-8.00 9.900e-02 1.4000e-02 
-6.00 -2.810e-01 1.4000e-02 
-4.00 -6.400e-02 1.2900e-02 
-3.00 4.6000e-02 1.2700e-02 
-1.00 2.6400e-01 1.2700e-02 
0.00 3.7200e-01 1.0800e-02 
4.00 7.8600e-01 1.3800e-02 
8.00 1.1430e+00 1.9600e-02 
11.00 1.3080e+OO 2.8000e-02 
16.00 1.2970e+00 4.7500e-02 
18.00 1.2630e+OO 5.7800e-02 
20.00 1.2180e+00 7.0600e-02 
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Segment_IO 
ALPHA CI Cd 

-8.00 9.900e-02 1.4000e-02 
-6.00 -2.810e-01 1.4000e-02 
-4.00 -6.400e-02 1.2900e-02 
-3.00 4.6000e-02 1.2700e-02 
-1.00 2.6400e-01 1.2700e-02 
0.00 3.7200e-01 1.0800e-02 
4.00 7.8600e-01 1.3800e-02 
8.00 1.1430e+00 1.9600e-02 
11.00 1.3080e+00 2.8000e-02 
16.00 1.2970e+OO 4.7500e-02 
18.00 .2630e+OO 5.7800e-02 
20.00 1.2180e+00 7.0600e-02 
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APPENDIXC 

DATA FILE FOR DLCM-HAWT 

(SERI COMBINED EXPERIMENT WIND TURBINE) 

root_radius: 3.3 ft 
tip_radius: 16.5 ft 

Axis Height: 27.225 ft 
Reference Windspeed Height 27.225 ft 

Velocity Proflle Exponential Coefficient: 0.143 
Air Viscosity: 1.4e-5 mA1Js 

Cone Angle: 3.0 degree 
Pitch Angle: 11.4 degree 

Number of Blades: 3 
Number of Rotor Stations: 24 

Number of Blade Segments: 8 

Segment_3 
Inside Radius: 0.20 

Outside Radius: 0.30 
Number of Elements: 1 
inside Chord Length: 0.091 

outside Chord Length: 0.091 
Airfoil: 1 

inside Twist: 0.0 degree 
outside Twist: 0.0 degree 

Segment_4 
Inside Radius: 0.30 

Outside Radius: 0.40 
Number of Elements: 1 
inside Chord Length: 0.091 

outside Chord Length: 0.091 
Airfoil: 1 

inside Twist: 0.0 degree 
outside Twist: 0.0 degree 

Segment_5 
Inside Radius: 0.40 

Outside Radius: 0.50 
Number of Elements: 1 
inside Chord Length: 0.091 

outside Chord Length: 0.091 
Airfoil: 1 

inside Twist: 0.0 degree 
outside Twist: 0.0 degree 
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Segment_6 
Inside Radius: 0.50 

Outside Radius: 0.60 
Number of Elements: 1 
inside Chord Length: 0.091 

outside Chord Length: 0.091 
Airfoil: 1 

inside Twist: 0.0 degree 
outside Twist: 0.0 degree 

Segment_? 
Inside Radius: 0.60 

Outside Radius: 0.70 
Number of Elements: 1 
inside Chord Length: 0.091 

outside Chord Length: 0.091 
Airfoil: 1 

inside Twist: 0.0 degree 
outside Twist: 0.0 degree 

Segment_8 
Inside Radius: 0.70 

Outside Radius: 0.80 
Number of Elements: 1 
inside Chord Length: 0.091 

outside Chord Length: 0.091 
Airfoil: 1 

inside Twist: 0.0 degree 
outside Twist: 0.0 degree 

Segment_9 
Inside Radius: 0.80 

Outside Radius: 0.90 
Number of Elements: 1 
inside Chord Length: 0.091 

outside Chord Length: 0.091 
Airfoil: 1 

inside Twist: 0.0 degree 
outside Twist: 0.0 degree 

Segment_ tO 
Inside Radius: 0.90 

Outside Radius: 1.00 
Number of Elements: 1 
inside Chord Length: 0.091 

outside Chord Length: 0.091 
Airfoil: 1 

inside Twist: 0.0 degree 
outside Twist: 0.0 degree 

Number of Airfoils: 1 
Airfoil Data Files: "Comb" 
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Segment_3 to Segment_10 

ALPHA 

-5.00 
7.94 

11.00 
14.00 
16.00 
17.00 
19.00 

CI 

-.3700 
0.8600 
0.8920 
0.9100 
0.9280 
0.6860 
0.5760 

89 

Cd 

0.0010 
0.0150 
0.0430 
0.0590 
0.1070 
0.2780 
0.2892 
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