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EXECUTIVE SUMMARY 

INTRODUCTION 

The successful development of reliable, cost competitive horizontal axis, 
propeller-type wind energy conversion systems (WECS) is strongly dependent 
on the availability of advanced technology for each of the system components. 
Past experience and current studies of this type of wind energy conversion 
system have shown that the wind turbine subsystem most significantly affects 
the system's cost effectiveness and performance capability. Thus, adequate 
technology bases are essential for all elements of the wind turbine design. 
Accordingly, in recognition of this need, ERDA sponsored the analytical and 
experimental research program on wind turbine aerodynamics conducted by 
Hamilton Standard under ERDA Contract E(11-1)-2615 and reported herein. 

This aerodynamic research program was aimed at providing a reliable, com
prehensive data base on a series of wind turbine models covering a broad 
range of the prime aerodynamic and geometric variables. Such data obtained 
under controlled laboratory conditions on turbines designed by the same 
method, of the same size, and tested in the same wind tunnel had not been 
available in the literature. Moreover, this research program was further 
aimed at providing a basis for evaluating the adequacy of existing wind 
turbine aerodynamic design and performance methodology, for assessing the 
potential of recent advanced theories and for providing a basis for further 
method development and refinement. 

In order to achieve these goals, the program reported herein included several 
tasks which are discussed in detail in the text. Although not all of the 
goals were accomplished because the program was abbreviated due to a testing 
accident, the work completed provides a comprehensive treatise of wind tur
bine aerodynamic design and performance characteristics for the practical 
range of operation. A summary of the work accomplished is presented below. 

PARAMETRIC STUDY 

The first part of this program was an analytical parametric study of the 
important wind turbine geometric parameters. In order to accomplish this 
study, a suitable aerodynamic design and performance prediction method 
needed to be selected. In this connection several rotor theories were re
viewed and discussed. These programs included the Goldstein Propeller 
Method, the Prescribed Wake Program, the Rotor Wake Geometry Program and 
the Skewed Wake Program. Each of these programs was reviewed for imme-
diate application to this study. In view of its mature status and many years 
in basic propeller design analysis, the Hamilton Standard Propeller Method 
(based on the Goldstein theory) was modified for energy extraction rather 
than energy input to the fluid medium and utilized as the basic analytical 
tool for this study and, later, for the aerodynamic design of the test 
wind turbine models. The method incorporates two-dimensional performance 
data on several airfoil families, including the effect of Reynolds number and 
surface roughness. Thus the method permits the thorough study of all geomet
ric parameters as well as scale effects and blade surface conditions. 

In addition to this method, another existing program, called the Transition 
Program, was modified and used for computing the performance of the wind 
turbine in inclined flow. Finally, the new Prescribed Wake and Free Wake 
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Programs were modified for wind turbine application to permit their evalua
tion against test data. 

The parametric study of the prime blade geometric parameters included activity 
factor, number of blades, planform, thickness and twist distributions, airfoil 
section, Reynolds number, blade root cut-off, and airfoil surface condition. 
The results of this study are summarized in Table 1. The effect of the para
meters mentioned above on annual energy output is presented as percent change 
relative to the basic 2 blade/57.9m (190 ft) diameter/30 AF/trapezoidal plan
form/NACA 230XX airfoil wind turbine. The table indicates that only increasing 
number of blades and airfoil type resulted in an improvement in annual energy 
output over the reference wind turbine. Large deviations from the optimum blade 
shape in planform, thickness distribution, and twist distribution will result in 
significant losses. Root cut-off beyond 15% will also result in large losses. 
The model test data are expected to show lower performance than that predicted 
for full scale wind turbines because of limitations in test Reynolds number. 
Figure 1 presents a plot of power ratio at the design velocity ratio as a func
tion of Reynolds number. Further, calculations indicate significant losses due 
to surface roughness and waviness. 

Thus, on the basis of this parametric study, the blade shape parameters deemed 
most significant and which require experimental confirmation were established 
as activity factor, number of blades, airfoil section and surface condition. 

MODEL WIND TURBINE TEST PROGRAM 

The second part of this program covered the wind tunnel testing of 2.44m (8 ft) 
diameter model wind turbines, the analysis of the measured performance, and the 
comparison with predicted performance. In pursuit of these objectives, six wind 
turbine models were designed and manufactured. As mentioned previously, the 
shape characteristics of the test models were selected based on the parametric 
study reviewed above. An optimum aerodynamic trapezoidal planform was incor
porated in each of the models. The other important shape parameters for the 
six models are listed below. 

MODEL ACTIVITY FACTOR NO. BLADES AIRFOIL SECTION 

1 15 2 230XX 
2* 30 2 230XX 
3 30 3 230XX 
4 30 1 230XX 
5 60 2 230XX 
6 60 2 L14XX 

* REFERENCE MODEL 

The predicted full scale peak power ratio of each model at the design velocity 
ratio is presented in Figure 2. A photograph of the reference model is shown 
in Figure 3 and the corresponding shape characteristics are shown in Figure 4. 
The other models are of the same family, differing in basic parameters as 
indicated in the above table. 

A thorough mechanical design evaluation of each blade shape was made prior to 
manufacture of the blade. This evaluation considered such factors as strength, 
critical speed, and stall-flutter. Based on this evaluation, it was necessary 
to tailor the thickness ratio distribution of each blade design to avoid 
critical speed and strength problems. 
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Each of the listed models was to be tested in the United Technologies Re
search Center's subsonic, 5.48m (18 ft) diameter wind tunnel on a specially 
designed test rig. The test rig incorporated a wind turbine loading system 
and torque and rpm sensors. All other components of turbine force were 
measured on the main tunnel six-component balance. The rig was designed so 
that by varying the frequency of the loading motor, the turbine speed (rpm) 
could be controlled. Figure 5 presents a photograph of the reference model 
installed on the test rig in the wind tunnel. 

Each model was tested over a range of tip speeds and tunnel velocities 
sufficient to completely define the performance from the velocity ratio of 
zero power output to that for stalled operation. Such data were obtained 
for several pitch settings representative of variable pitch capability. The 
data are presented in the familiar terms of power ratio (PR) and thrust (drag) 
ratio (TR) as a function of velocity ratio (VR) for a range of pitch settings. 
The primary performance data were automatically recorded and reduced on-line 
to allow continuous perusal of the results. In addition, all measurements 
were recorded off-line for later reduction and analysis. 

Unfortunately, testing was terminated due to a blade separation before all of 
the models had been tested. A discussion of the blade accident is covered in 
the main report. At the time of the separation only three of the models had 
been completely tested. These were: Model 1 (15 activity factor, two-bladed 
turbine), Model 2 (30 activity factor, two-bladed turbine) and Model 3 (30 
activity factor, three-bladed turbine) each incorporating the 230XX airfoil 
sections. 

Excellent test results were obtained on each of the models. These results 
generally substantiate the predicted trends in performance with changes in 
solidity and number of blades. The performance map for the reference model 
is shown in Figure 6 as a plot of PR versus VR. Similar data on the other 
models together with the corresponding axial force data are presented in the 
main report. The data are considered to be reliable except at tunnel velo
cities below lOrn/sec where small measurement errors cause large variations 
in power ratio because of the velocity cubed effect on this parameter. 

The test results were compared with the predicted performance and generally 
showed good correlation in trends. Figure 7 compares the measured and pre
dicted performance for the reference model 2. The plot shows the predicted 
performance based on model Reynolds number is similar but significantly lower 
in level compared to the corresponding test data. Similar relationships were 
observed for the other test models. It is believed that the relatively high 
turbulence level of the tunnel may have resulted in a turbulent boundary layer 
on the model. Thus the measurements may have simulated full scale Reynolds 
numbers. However, the unexpected sharp drop in performance as the velocity 
ratio is decreased below the peak where the model tip speed was reduced may 
be a Reynolds number effect. Thus for future tests, it is recommended that 
the models be run at constant tip speed, thereby holding Reynolds number 
essentially constant. Figure 8 shows that the comparative performance of 
the test models is essentially as predicted except for the levels, as men
tioned previously. A study of Figure 9 indicates that several available aero
dynamic methods utilizing airfoil data at model Reynolds number predict 
essentially the same performance for model 2, each showing power ratio levels 
below the test. Similar calculations utilizing airfoil data at full scale RN 
match test data in level but overestimate performance where the sharp fall-off 
occurs and at high velocity ratios near zero power ratio. This comparison 
tends to confirm the belief that the measured performance is representative 

.of full scale over the important operating range around peak power ratio. 
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In conclusion, this wind turbine test program generally confirms the pre
dicted performance trends with the prime blade shape parameters. Moreover, 
model wind turbine testing provides an accurate measure of full scale wind 
turbine performance provided that Reynolds numbers of at least 3.5Xl05 are 
achieved and that tunnel velocities can be within ±.5 percent. 
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TABLE 1 

EFFECT OF BLADE SHAPE PARAMETERS ON 
ANNUAL ENERGY OUTPUT 

Reference Wind Turbine: 2 Blades/57.9 m (190 ft.) Diameter/30AF/Trapezoidal 
Plan/NACA 230XX Airfoils 

PARAMETER 

Activity Factor 

No. of Blades 

Planform 
Distribution 

Thickness 
Distribution 

Twist 
Distribution 

Airfoil Section 

Reynolds No. 

Waviness 

Root Cut-off 

VARIATION % CHANGE IN POWER OUTPUT 

15 to 60 None - Operating RPM Changes With AF 

1 
2 
3 
4 

Trapezoidal 
Semi-Trap 

Rectangular 

.12 

.18 
• 24 

Twist 
Partial Twist 

No. Twist 

NACA-23012 
NACA-4412 
NASA-GA(W)-2 

6.0 million 
3.0 million 
0. 7 million 

Not Assessed (See text) 

10% 
15% 
20% 
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SMOOTH 
Ref. 
+1.0 
-2.0 

SMOOTH 
+1.2 
Ref. 
-9.0 

-30.0 
Ref. 
+3.0 
+4.0 

Ref. 
-1.0 
-13.0 

Ref. 
-3.0 
-10.0 

Ref. 
-2.0 
-8.0 

NACA ROUGHNESS 
Ref. 
+4.2 
+3.2 

NACA ROUGHNESS 
-7.0 

Ref. 
-3.0 
-8.0 

-10.0 
-20.0 
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FIGURE 5. 30AF MODEL NO. 2 IN 5.48 METER (18 FOOT) TUNNEL 
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SECTION 1 

INTRODUCTION 

Wind energy conversion systems have long been utilized throughout the 
world to lighten man's burdens. All through history wind turbines 
have developed the power to mill grain, pump water and to generate 
electricity. These wind machines have ranged from the crude designs 
of ancient times and primitive people to the sophisticated configu
rations of the post World War II era. In the USA, wind turbine power 
generators reached maximum popularity and usage during the 1800's and 
early 1900's in farming areas throughout the country. However, with 
the coming of low cost electricity through rural electrification of 
the 1930's, the wind turbine virtually disappeared except in rare 
instances where they have been operated for useful work and as 
picturesque reminders of earlier times. 

Recently, with the petroleum-fuel shortages in the industrialized 
countries of the world and in recognition of the limited petroleum 
reserves, renewed interest has been given to the wind turbine power 
generator as a possible source of energy to supplement fossil fuel and 
nuclear energy systems. 

The successful development of reliable, cost competitive, horizontal 
axis, propeller-type wind energy conversion systems, (WECS), is strongly 
dependent on the availability of advanced technology for each of the 
system components. Past experience and recent studies of this type of 
WECS have shown that the wind turbine subsystem most significantly 
effects the systems cost effectiveness and performance capability. Thus 
adequate technolpgy bases are essential for all aspects of the wind 
turbine design. 

In this connection, proven aerodynamic design criteria for the wind 
turbine rotor are urgently needed. Accordingly, in recognition of 
this need the Energy Research and Development Administration, ERDA, 
has sponsored the experimental and analytical research programs on 
wind turbine aerodynamics conducted and reported herein by Hamilton 
Standard, Division of the United Technologies Corporation under ERDA 
Contract E(ll-1)-2615o 

Specifically, the analytical effort includes, (1) the conversion of 
existing propeller aerodynamic programs for the performance prediction 
and design of wind turbines, (2) the undertaking of a parametric study 
to investigate the effects of the prime aerodynamic and geometric wind 
turbine variables on performance, (3) on the basis of this study, the 
selection of a series of wind turbine configurations for a wind tunnel 
test, (4) the conduct of a literature search to acquire additional data 
to supplement the test data obtained in the test phase and (5) the 
calculation of the complete performance of each test configuration to 
compare with the measured performance. 

The experimental effort includes, (1) the design and manufacture of the 
test model wind turbines, (2) the planning and conducting of the wind 
tunnel test program, (3) the analysis of the test results and (4) the 
identification of additional needed research. 
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SECTION 2 

PROGRAM DESCRIPTION 

2.1 PROGRAM GOALS 

In undertaking to establish sound aerodynamic design criteria for wind 
turbine blading, this aerodynamic research program was aimed at providing 
a reliable, comprehensive data bank on a series of wind turbines covering 
a broad range of prime geometric and aerodynamic variables. Such data 
obtained under controlled laboratory conditions on model wind turbines 
designed by the same methods, of the same size and tested over the same 
operating conditions and Reynolds number range in the same wind tunnel had 
not been available in the literature. Furthermore, this research program 
was aimed at providing a basis for evaluating the adequacy of existing 
wind turbine aerodynamic design and performance prediction methodology and 
for refining them as required, for assessing the potential application of 
recent, advanced rotor theories, and for indicating areas requiring further 
research. 

2.2 PROGRAM OUTLINE 

The program included several specific tasks directed at accomplishing 
the goals set forth above. Each task is briefly described in the 
following text. 

Task 1 - Aerodynamic Design and Performance Methodology 

The initial task was to refine the existing Hamilton Standard computer 
programs for the aerodynamic design and performance prediction methods for 
wind turbines based on the widely used Goldstein propeller vortex theory 
and on a non-axial inflow method called the Skewed Wake Program developed 
within the United Technologies Corporation (UTC). In addition, two new 
advanced rotor performance methods b·ased on more accurate definitions of the 
wakealso developed within UTC were adapted for wind turbine application. 
The first of these new methods incorporates a wake shape defined by flow 
visualization data and the second method incorporates a free wake which is 
analytically defined. Unfortunately, as will be discussed later, the flow 
visualiz'ation wake data were not obtained as originally planned. However, 
that concept is reviewed in Section 3. the free wake program is described and 
the predicted wind turbine performance compared to that predicted by the 
modified Goldstein theory. 

For the aerodynamic design of the test wind turbine models, existing 
Hamilton Standard propeller programs were adapted for wind turbine 
application as discussed in detail later into the text. Moreover, 
additional two-dimensional (2-D) data on several airfoil families 
suitable for wind turbines were added to the existing airfoil data bank. 

To analyze conditions where the wind direction is inclined to the tur
bine plane; i.e. during wind shift and tower turning, the inflow 
program mentioned above was adapted for application to wind turbines. 
The required modifications to allow for energy extraction effects 
on the wake shape and position were derived and the computer program 
revised accordingly. Finally the new Prescribed Wake and Free Wake 
Programs were modified for wind turbine application and checked out. 
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Task 2 - Wind Turbine Parametric Performance Study 

In the second task, a wind turbine parametric performance study was 
conducted to investigate the effects of aerodynamic and geometric wind 
turbine variables on performance. Aerodynamically optimum turbines were 
considered as well as effects of off-optimum geometric variations of 
thickness distributions, planform shape, twist distributions and hub-to
tip ratio on performance. Variation of blade number, solidity, airfoil 
type, Reynolds number and blade surface conditions of performance 
were investigated. This study incorporated the envelope of operating 
conditions consistent with acceptable performance and practical, cost 
effective blade structures. The resulting data are presented in terms 
of output power coefficient versus the ratio of turbine tip speed to wind 
velocity. These parametric performance data provided a basis for selecting 
the wind turbine configurations ·included in this wind tunnel program. 

Task 3 - Literature Search for Experimental Data 

In support of the analytical effort to establish the spectra of 
aerodynamic and geometric parameters on optimum turbines conducted 
under the previous task, a brief review of the literature was undertaken 
to acquire available experimental data on horizontal axis wind energy 
conversion systems. The purpose of this effort was to supplement the 
parametric study with experimental data on full scale and model wind 
turbines including performance, structural, and operational character
istics and other observations which could be useful in aiding in the 
selection of the test models. }fureover, some of these data were in
cluded with the wind tunnel test data on the limited number of models 
in this program for evaluating and correlating with the analytical wind 
turbine aerodynamic methodology. 

Task 4 - Selection of Model Wind Turbine Configurations 

A series of four basic ~vind turbine configurations were defined 
utilizing the results of the parametric study and the literature 
search. These 2.44m (8 ft.) diameter models incorporated the geometric 
variables which have been shown to have the largest effects on performance 
and on structural design. 

Task 5 - Structural Design of Wind Turbine Models 

The structural design of the selected model blades was based on the use 
of the most appropriate materials, a retention configuration compatible 
with existing model propeller hubs, and a structure adequate for testing 
in the wind tunnel environment. In view of possible structural design 
constraints, some modification of the blade geometry established on 
aerodynamic considerations was required. Four different blade configurations 
were designed plus a counterweight for the one-bladed versions of two 
blade designs. Blade frequencies were calculated and design iteration 
undertaken to control placement of restricted operating zones due to 
critical frequencies which occurred within the test operating range. Each 
model was designed to minimize operating restrictions due to stall flutter. 
Detail drawings and templates suitable for manufacturing were prepared. 

Task 6 - Predicted Performance of Selected Wind Turbine Configuration~ 

The complete performance spectrum corresponding to the planned test 
points was calculated for each model test configuration utilizing the 
appropriate analytical method to permit an exact comparison of predicted and 
measured performance. 
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Task 7 - Manufacture of the Wind Turbine }fodels 

In consideration of estimated costs and delivery dates, a qualified vendor 
was selected to manufacture the model wind turbine blades. Liaison was 
maintained with the vendor to assure adequate drawing definition and to 
incorporate practical modifications which were indicated by the manufac
turing process. Vendors were monitored to insure compliance with tech
nical, schedule, and cost requirements. 

A total of nine model turbine blades were manufactured to provide three 
wind turbine models of two blades each, one model each of three, two, 
and one blade with the same blade configuration, plus a counterweight. 
This combination provided six configurations for the test program. 

Task 8 - Wind Tunnel Test Program 

The wind tunnel test program was conducted in the United Technologies 
Research Center's 5.49m (18 ft.) throat subsonic wind tunnel. A special test 
rig and tower was provided for mounting the test turbines. The rig incorpora1 
a turbine loading system mounted on the six-component main tunnel balance. 
The testing covered the complete operating envelope of each model turbine 
from no load to maximum power output or stall flutter limit with variations 
in blade angle and tip speed. The wind velocity was varied to show the 
effect of Reynolds number on performance. 

This testing was accomplished on three models as discussed in Section 10 
below. In addition, the original plan called for further testing 
which was not completed when the program was terminated as the result of a bl~ 
separation accident in the wind tunnel. It is appropriate to mention these 
planned tests since the corresponding analytical phase was accomplished and 
included in this report. The terminated portion of the program included, (1) 
testing the three blade, 30AF model with the plane of the turbine yawed 
over a series of angles to the wind velocity to establish the effect of 
wind direction on performance and on the resulting force and moment 
components, (2) investigating the effect of airfoil type on wind turbine 
performance using the two-blade, 60AF models with NACA 230XX airfoils and 
with NACA 44XX airfoils, respectively, (3) investigating the effect of 
surface roughness and waviness on the performance of the two-blade, 60AF 
model with NACA 230XX airfoils, and (4) defining the wake geometry of the 
two-blade, 30AF model by flow visualization photograph of the wake under 
strobe-light. The test results from the first two items were to be com
pared to the corresponding predicted data presented in Section 9. The 
wake geometry was to have been incorporated into the prescribed wake 
program as discussed in Section 3. 

Task 9 - Data Analyses and Evaluation 

The experimental dataarepresented in the same wind turbine parameters 
and formats as the calculated data to permit a direct comparison for 
evaluating the Hamilton Standard and Skewed Wake Program adapted for 
application to wind turbines. 

The test data on the three models tested are presented in Section 10 and 
compared with the corresponding predicted data in Section 11. In addition 
to the data acquired in this program, similar data from two other organizations 
have been included in the comparisions. 
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Finally, the effect of number of blades, blade solidity and' Reynolds number 
on performance as established by the testing is presented in wind turbine 
performance parameters. 

Task 10 - Identify Areas of Future Research 

As the final task, areas where additional research and development effort 
could provide further technological refinements have been identified. 

The work undertaken to accomplish these tasks is discussed in the following 
text. 
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SECTION 3 

AERODYNAMIC DESIGN AND PERFORMANCE METHODOLOGY 

3.1 INTRODUCTION 

Derivation of wind turbine aerodynamics can be traced to the early theoretical 
work on propellers with recognition of the so-called "windmill" regime of 
operation. Many of the published theories deal with the case of energy 
extraction from the fluid medium as a logical extension of the well defined 
propeller case where shaft energy is absorbed to produce thrust. The 
accepted wind turbine aerodynamic design and performance prediction 
methods have been derived from some form of the propeller vortex theories. 
In these theories, the induced V3locities are computed by summing the 
tangential and the axial velocity increments resulting from the bound and 
trailing vortex system developed on the blading as a function of input power. 
Then, with appropriate two dimensional airfoil data, the aerodynamic forces 
acting on a series of radial elements are calculated and integrated over 
the blade radius to establish the total forces. 

It is the intent in this program to select appropriate, existing propeller 
and rotor theories for modification to wind turbine application. These 
programs include the Goldstein Propeller Method, the Prescribed Wake Program, 
the Rotor Wake Geometry Program and the Skewed Wake Program. The Goldstein 
method had previously been adapted for wind turbine aerodynamic design and 
performance prediction. However, additional refinement was accomplished 
under this program. This program has been utilized for the design of the 
model wind turbines and to compute the performance trends in the parametric 
study discussed below. This same program has been extended to cover variations 
in Reynolds number to predict the complete performance of the test models as 
tested in the wind tunnel. The Skewed Wake Program will be utilized to 
predict the forces and moments generated on a model wind turbine when operating 
with the axis of rotation yawed over a range of angles to the wind stream. 
The two vortex wake programs are 'relatively new developments and have not 
been utilized on a routine basis as has the Goldstein method. However, both 
represent an advancement in rotor aerodynamic modeling. Thus these methods 
have been included to assess their applicability to wind turbine design. 

A brief description of each of these four aerodynamic programs and the 
modifications required to adapt each for wind turbine application is 
presented in the following text. 

3.2 GOLDSTEIN PROPELLER METHOD 

The Goldstein propeller design method is widely used throughout the propeller 
industry and is based on the work of Goldstein (ref. 1) and Locke (ref. 2). 
Goldstein obtained the exact solution for the velocity field around an 
optimum, lightly loaded propeller with a finite number of blades. His model 
consisted of a rigid wake moving with a constant velocity. Locke applied 
the work of Goldstein to formulate a propeller vortex theory which includes 
the components of the induced velocity. Also, Locke suggested that the 
Goldstein method be applied without the limiting assumptions. This method 
when utilized with Hamilton Standard two dimensional airfoil data, shows 
good agreement with test data over the complete operating spectrum of 
propellers in forward flight. 
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For application to wind turbine design, this same basic method has been 
modified to account for energy extraction rather than energy input to the 
fluid medium. Hutter (ref. 3) has shown that the expanding wake of the 
wind turbine compared to the contracting wake of the propeller results in 
considerably less drop-off in circulation at the tips with a finite number 
of blades. This effect could result in blade loadings somewhat different 
from those based on Goldstein. However, from a comparison of the wind tur
bine performance data calculated by the Goldstein method and that in reference 
3, it is apparent that both results are similar and indicate that the wake 
expansion effect may be only secondary and can be neglected when using the 
Goldstein non-contracting wake m~thod. However, further refinement of the 
method may be required when more experimental data have been obtained from 
this test program to compare with predicted performance. This empirical 
approach to method development and refinement has been applied throughout 
the history of propellers. Aerodynamic research at Hamilton Standard has 
effectively combined refinements of theory with experimental investigation 
to continually improve the aerodynamic design and performance prediction 
methodology. 

The current method has been programmed on a high speed computer to permit 
extensive design analysis of each propulsor application in a brief time 
period. The applicability of the modified Hamilton Standard propeller 
strip analysis method to wind turbines has been substantiated by comparison 
with limited experimental data on wind turbines and ram air turbines. The 
calculated data generally agree with the experimental data in predicting the 
effects of variation in geometric and aerodynamic parameters on performance. 
An example of these comparisons is shown in figures 3-1 and 3-2. Performance 
is plotted in terms of power ratio versus velocity ratio for a range of 
blade angles on figure 3-1, with the corresponding rotor thrust (drag) 
presented as thrust ratio on figure 3-2 for a four bladed, 1.0 meter 
(3.25 ft.) diameter wind turbine at wind velocities between 8 m/s (18 MPH) 
and 20m/s (45 MPH). The experimental data were obtained from the work of 
Iwasaki presented in reference 4. 

Power ratio is defined as the ratio' of output power to the wind power in a 
stream tube equal to the rotor diameter for a given wind velocity; i.e., 
PR =Power Output/(l/2p(rrD2/4)V3). Velocity ratio is the ratio of turbine 
tip speed to the wind velocity (VR = TS/V). Similarly, thrust ratio is the 
ratio of the negative thrust or drag developed by the turbine divided by 
the wind dynamic force on the area swept by the turbine diameter; i.e., 
TR = Thrust/(l/2p(rrD2/4)V2). 

The comparisons presented in figures 3-1 and 3-2 are for relatively low 
velocity ratios and large numbers of blades. These characteristics are 
generally not compatible with large wind energy conversion systems (WECS). As 
will be discussed later, these large systems operate at velocity ratios 
above 6 and incorporate only two or three blades for improved efficiency 
and cost effectiveness. The testing conducted under this program encompassed 
the maximum velocity ratio consistent with practical blade geometry (see 
Section 4). The resulting data will permit the modified Goldstein method 
to be evaluated for geometric and aerodynamic parameters associated with 
large WECS. 
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This method has been utilized for the aerodynamic design and performance 
prediction of the wind turbines incorporated in the WECS study by General 
Electric and Hamilton Standard (ref. 5) and in a paper (ref. 6) on the 
performance of aerodynamically optimum wind turbines. 

Under this contract effort, the computer program of the Goldstein method 
has been further refined for improved operation. An iterative technique 
was revised to alleviate a functional problem and the two-dimensional 
airfoil test data packages for the NACA 230XX, the NACA 44XX and the new 
general aviation, GA(W)-2 airfoil series were extended to include Reynolds 
numbers ranging from those corresponding to full-scale, large wind turbines to 
the 2. 44 m (8· ft.) diameter models of this program. This extension was required 
for the parametric study (Section 4) and for predicting the performance of 
each model over the complete test range. 

It should be pointed out that two operating conditions may be encountered 
which cannot be handled rigorously by the methodology developed to date. 
These are the vortex ring state of flow and vortex interference. The 
vortex ring state of flow is ~ssociated with an unstable, oscillatory type 
of flow caused by air interaction between freestream and wind turbine 
induced velocities. It occurs only when the freestream and induced velocities 
are of similar magnitude and opposed, as in the case of a helicopter in 
vertical descent. Second, the vortex interference occurs when the tip 
vortex of 0ne blade passes close to the vortex of the following blade. It 
is expected that both of these conditions may occur near start-up. If 
possible, the wind tunnel program will investigate this region to establish 
the effect on start-up characteristics and to indicate the need for modifi
cation to the method. 

3.3 ROTOR VORTEX WAKE METHODS 

In order to improve method accuracy by eliminating the need for the fixed 
rigid wake geometry of the Goldstein theory, arbitrary wake geometries can 
be introduced through the use of finite filament vortex theory. Whereas 
the Goldstein theory, through the use of simplifying assumptions, is a 
closed form mathematical solution, the finite filament vortex theory utilizes 
a numerical form of a solution. 

The basic element in vortex theory is the vortex filament. Its effect on 
the induced velocity at an arbitrary point in space, the field point (A), 
is calculated by the classical Biot-Savart law, which relates induced 
velocity, VA, to the filament circulation strength, r, and geometry as 
shown below. 

A 

() lg 
VORTEX FILAMENT 

r 
VA = 471' H r COS €- COS {j] BlOT - SAVART 
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This methodology was first used successfully in aerodynamics many years ago 
in the development of wing horseshoe vortex theory and its associated induced 
inflow correction. 

In the last five years vortex wake theory has been applied to helicopter 
rotors, references 7,.8, 9, VTOL propellers, reference 10, and now wind 
turbines. 

The basic concepts can most easily be understood by applying vortex theory 
to the simplest case, a wing with constant circulation. If the wing is 
replaced by a lifting line on which the bound circulation and calculated 
velocities are located, all of the induced downwash velocity is caused by 
the tip trailing vortices. 

WING LIFTING LINE WITH 

CONSTANT A 

BOUND CIRCULATION 

T 
STARTING) VORTEX 

T 

C) 
z 
J ~ 
c( ... 
It It 
... 0 
II. > 
j: 

Referring to the above·figure, it is noted that the bound circulation does 
not contribute to the induced velocity since the lifting line passes through 
its center. The starting vortex moves far enough downstream to where its 
effect is zero. For a numerical solution, the trailing vortex is then 
broken up into N filament segments of equal circulation, r, one such filament 
being shown in the figure above. The Biot-Savart equation is then applied 
to each filament segment and summed for each field point (blade station). 

One added complication occurs since the calculated induced flow changes the 
velocity vector diagram and the wing angle of attack. When using two dimen
sional airfoil data there is an iteration between circulation and induced 
velocity that must be satisfied using both the Biot-Savart equation and the 
Kutta-Joukowski equation below: 

r = CHORD CL W 
2 

where CL = f (Angle of Attack) 
W = f (VA, V0 ) 

When vortex theory is applied to rotors, propellers or wind turbines, there are, 
as expected, many added complexities, especially where the induced velocities 
are large with respect to freestream velocity. Such is the case for hovering 
rotors, static or low speed propellers and wind turbines. The major problem 
occurs in determining the wake shape or the proper location of the trailing 
vortex segments. For example, the tip vortex is t~e major contributor to 

-23-



inflow since its circulation is proportional to dr/dr which is usually maximum 
at the rotor tip. However, its precise location in space is difficult to 
establish by analysis. For a static propeller the tip vortex does not move 
straight back but in a contracted helical path of varying pitch; conversely 
the tip vortex path of a wind turbine expands outward. 

Thus for helicopter rotors and aircraft propellers, two approaches to defining 
the wake shape have been developed. The first utilizes flow visualization 
of the wake from which generalized wake parameters have been derived for 
incorporation in the basic vortex method. In the second approach, the wake 
shape is analytically defined. Both definitions have been adapted for the 
expanding wake of a wind turbine. 

As pointed out previously, three methods based on the vortex filament wake 
definition are being investigated in this program. The Skewed Wake Program 
for inclined flow, and the Prescribed Wake Program utilizing the empirically 
defined wake shape and the analytically defined rotor wake shape for normal 
operation are discussed below. 

3.4 SKEWED WAKE PROGRAM 

This method calculates the performance of a rotor when the freestream velocity 
is at an angle to the rotor shaft centerline. The method was originally 
developed as a helicopter rotor performance method by United Technologies 
Research Center (UTRC) and later converted to a VTOL propeller method by. 
Hamilton Standard. 

The wake shape utilized in the program is a constant diameter helix skewed 
at an angle to the rotor centerline. The pitch of the wake is independent 
of blade radius and advances at a velocity equal to the vector sum of the 
freestream and average momentum velocities. Once the wake is formed and 
located, by use of the Biot-Savart equation, the axial induced velocities 
are computed as a function of the azimuthal and radial location of the blade. 
A momentum balance is achieved between the wake position and the thrust by 
iterative adjustments of wake position. Once the iteration is successful 
and the induced velocities calculated, six component rotor forces and moments 
are then calculated. 

3.5 PRESCRIBED WAKE PROGRAM 

The Prescribed Wake Program requires as input the actual wake shape of the 
rotor which can be obtained in one of two ways. 

1. By an analytical method (see 3.6 below). 
2. From flow visualization test data. 

Approach 2 was done successfully in reference 10 by using smoke rakes and 
measuring wake shapes from photographs. A successful static propeller per
formance prediction method evolved from the generalization of smoke picture 
wake geometry inputted into the Prescribed Wake Program. This flow visuaiiza
tion technique will be attempted for wind turbines during the test program. 

The Prescribed Wake Program developed by UTRC as a hovering helicopter rotor 
method, has been extended by Hamilton Standard to propellers and wind turbines 
including the effect of wind velocity. The program is described in detail in 
reference 10. 
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Briefly, the program incorporates a wake consisting of a finite number of trailing 
vortex filaments of inputted position. The Kutta-Joukowski and Biot-Savart 
relations are solved in a matrix solution which yields the blade circulation 
and corresponding induced velocities. The blade velocity diagram is then 
constructed and with the use of two-dimensional airfoil data, the loading 
distribution is obtained. The total thrust and horsepower are then established 
through integration. 

3.6 ROTOR WAKE GEOMETRY PROGRAM 

This method, developed by UTRC will calculate the wake shape of a rotor by 
iterative techniques. Initial inputsto the program are circulation distri
bution and an assumed wake shape. 

By the use of the Biot-Savart law induced, velocities are calculated in the 
wake. These velocities are integrated over a small increment in time to 
define a new wake shape. A converged wake shape is obtained when it remains 
unchanged. The wake shape is then inputted into the Prescribed Wake Program 
(described above) yielding a new circulation distribution. The above steps 
are repeated until a compatible wake geometry and circulation distribution 
is obtained. The method has been recently adapted to calculate wind turbine 
wake shapes. The first converged wake shape has been calculated and awaits 
the first calculation of the circulation using the Prescribed Wake Program. 
The initial wake geometry calculation is described in detail below. 

The conversion and checkout of the UTRC rotor wake geometry analysis for 
application to wind turbines was completed. A modification to the computer 
program for the handling of program mass storage completed the conversion 
to the UNIVAC 1110 computer system. A check case, based on a Hamilton Standard 
wind turbinP. design and a blade wake circulation distribution from the prescribed 
wake propeller program has been run to compute the tip vortex geometry. 
Although experimental data are not available for correlation, the results 
appear reasonable considering that the cylindrical coordinates of the tip 
vortices from both blades converged to an identical time-independent solution 
and the wake is predicted to smoothly expand. For the check case a wake 
expansion of nine percent of the wind turbine diameter is predicted at a 
distance of one radial length from the plane of rotation (two wake revolutions). 
At a distance of two radial lengths the predicted wake expansion is twelve 
percent,which is approximately its limiting value. 

DESCRIPTION OF CHECK CASE AND RESULTS 

The wind turbine investigated in the check case had the basic design and 
operating parameters listed below: 

Number of blades 2 Wind Speed 6.7 m/s (13 kt) 

Diameter 30.5 m (100 ft.) Tip Speed 67.1 m/s (219.8 fps)(42 rpm) 

Airfoil HSD Series 16 Velocity Ratio = 10 

Planform Early HSD Design 

-25-



The UTRC rotor wake geometry analysis as adapted for the wind turbine was 
applied to compute the tip vortex geometry. The basic approach of this 
analysis involves the following procedure. First, an undistorted wake 
model is defined along with the distribution of circulation strengths of 
the various vortex elements used to represent the wake. The circulation 
strengths are obtained from the blade circulation distribution previously 
calculated using the HSD/UTRC Prescribed Wake Program which has 
also been adapted for the wind turbine. The Biot-Savart law is then applied 
to determine the velocities induced by each vortex element at the end points 
of all vortex elements. These distorting velocities are then numerically 
integrated over a small time increment to obtain new wake element positions. 
The process of alternately computing new velocities and positions is continued 
as the blades rotate to equally spaced azimuth positions. The final time 
step is reached when a converged distorted wake geometry is attained. 

Front and top views of the tip vortex geometry calculated in the check case 
are presented in figure 3-3. For clarity, the tip vortex of only one blade 
is shown (the vortex of the second blade is identical except for the 180 
degree phase shift), The straight vortex elements used to represent the 
rolled up tip vortex filament are shown rather than the actual curved 
elements which can be easily perceived by mentally fairing through the 
element end points. The undistorted tip vortex geometry used to define 
the initial tip vortex coordinates in the wake geometry analysis are 
included in figure 3-3 for comparison. The predicted tip vortex geometry 
defines a wake boundary which is shown to smoothly expand from the cylin
drical boundary of the undistorted wake. A predicted expansion of the wake 
is consistent with what is expected for the unpowered wind turbine. 

The tip vortex coordinates are cross plotted in figure 3-4. The wake 
boundary is depicted by the radial versus axial coordinate plot. For the 
wind turbine design and velocity ratio of the check case, a wake expansion 
of nine percent is predicted at a distance of one radial length from the 
plane of rotation, At a distance of two radial lengths, the wake expansion 
is twelve percent, It appears that the wake expansion is asymptotically 
approaching a limiting value of approximately thirteen percent. The axial 
coordinate is shown to linearly vary with tip vortex azimuth, This differs 
from the characteristic tip vortex feature of a powered propeller or rotor 
which is the increase ln the slope of the axial coordinate - azimuth curve 
following the passage of the following blade. Since the tip vortex of the 
wind turbine does not pass under the following blade, an axial acceleration 
produced by that blade is not predicted. 

It is noted that an iteration between the Prescribed W~ke Program 
and the wake geometry analysis remains to be conducted to compute the wind 
turbine power generated based on the predicted wake geometry and insure the 
consistency of the performance and wake solutions. However, based on the 
predicted wake geometry results, the influence of tip vortex distortions 
relative to the undistorted helical geometry on performance (generated power) 
is anticipated to be small due to the following reasons: 

1. The wind positions the tip vortices sufficiently behind the wind turbine 
to make the distortion of each point on a tip vortex small relative to 
its distance to the wind turbine blades. 
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2. The distortions are in a direction away from the wind turbine. This is 
opposite to the tip vortex distortions for a powered propeller or rotor 
where the tip vortex is distorted toward the blade which can lead to 
large aerodynamic interference effects where the tip vortex of one blade 
passes close to the following blade. 

3. Since the wake expands rather than contracts as for a powered propeller 
or rotor, the tip vortices do not pass directly under the blades. This 
eliminates the strong velocity gradient near the blade tip associated 
with opposite directions of the axial component of induced velocity on 
opposite sides of a near tip vortex. This wake expansion should result 
in a smoother blade axial velocity distribution and a lesser influence 
on power. 
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SECTION 4 

WIND TURBINE PARAMETRIC PERFORMANCE STUDY 

4.1 INTRODUCTION 

The parametric performance study was undertaken to investigate the effects 
of the prime wind turbine aerodynamic and geometric variables on performance 
covering the operating spectrum permitted by practical blade geometry and 
consistant with cost effective WECS concepts. The results of this analy
tical study would then serve to provide a basis for selecting the model 
wind turbines incorporating those variables deemed most significant and in 
need of experimental investigation. 

Prior to discussing the results of this study it is appropriate to first 
review the aerodynamics of wind turbines with particular focus on the 
interrelationships of the aerodynamic and turbine geometric variables as 
influenced by operating requirements of the complete system. 

4.2 AERODYNAMICS OF WIND TURBINES 

The performance of any turbine can be completely defined in terms of the 
two basic parameters defined in the previous Section, i.e., power ratio 
and velocity ratio. In terms of these parameters, Glauert (ref. 11) has 
defined the variation of ideal envelope performance of wind turbines with 
velocity ratio and has shown that power ratio approaches a maximum value 
of 0.592 at high values of velocity ratio as shown in figure 4-1. 

The velocity ratio combines the two most important variables affecting the 
rotor design, the diameter and the wind velocity, as well as the most 
important drive train variable, the shaft rpm. This latter variable is 
particularly important when the wind power rotors are applied to the gene
ration of a.c. electrical systems. Thus the primary aerodynamic and geometric 
parameters as well as power output can be plotted versus velocity ratio. The 
blade geometry parameters having the greatest effect on performance and tur
bine costs are number of blades and airfoil section as expressed by design 
lift to drag ratio, L/D. The effect of these parameters on peak rotor 
performance has been derined (ref. 5 and 6) for a matrix of optimum rotors 
and a range of velocity ratios using the Goldstein propeller method. The 
resulting performance envelope for dragless wind turbines, one to four 
blades are shown in figure 4-1. This figure indicates that the performance 
of these wind turbines increases with velocity ratio and with number of 
blades. It should be noted that the theoretical performance of the one 
bladed wind turbine has not been well defined. At high velocity ratios the 
performance of the two to four bladed wind turbines approaches to within 
two to four percent of the Glauert ideal. Figure 4-2 presents the effect 
of airfoil operating lift to drag ratio (L/D) on the performance of optimum 
two bladed turbines for the velocity ratio range investigated. The curve 
shows a very strong adverse effect of decreasing L/D on performance which 
becomes more severe with increasing velocity ratio. Thus the need to design 
for L/D levels above 80 is obvious from a study of this figure. Similar 
trends with L/D can be shown for other blade numbers. 
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The corresponding trend in blade width distribution with velocity ratio is 
presented for the matrix of optimum wind turbines in terms of a solidity 
parameter, Activity Factor (AF), for a range of operating lift coefficients 
and number of blades in figure 4-3. AF is a blade area weighted solidity 
term which accounts for the radial distribution of chord width. Thus: 

tip 
AF 100,000 ! b/D(r/R)3 u(r/R) 

16 hub 

where b is the section chord, D is the wind turbine diameter, r is the local 
radius and R is the radius of the wind turbine. In general, increasing AF 
means wider blades as depicted by the blade sketches in figure 4-7. Thus, 
this parameter significantly affects structural design and cost as well as 
performance. 

The design point performance and blade geometry for optimum turbines may be 
selected from these basic charts for any design wind velocity and wind turbine 
tip speed as functions of number of blades and design L/D. From a study of 
figures 4-3, it is observed that as the design velocity ratio increases for 
a given wind turbine diameter, solidity decreases to remain optimum. Since 
the corresponding blade structural design and construction techniques may 
become more difficult as blade chord becomes extremely narrow, a trade-off 
between performance and costs is implied as the options of reduced number 
of blades or non-optimum configurations are considered. Preliminary structural 
design analysis has indicated a minimum AF of 15 as shown in figure 4-3. Moreover, 
the step-up gearing required for the generation of a.c. electrical power 
becomes less of a design problem and cost item with increased design velocity 
ratio which further favors higher tip speed, lower solidity turbines. It 
should be pointed out that the transmission requirement may not be a big 
factor in other wind power gene~~tor applications. 

With the low AF structural limit of 15, the trends in figure 4-3 show that 
to design for velocity ratios above 12 in order to minimize gearing size, 
weight and costs, operating lift coefficients (CL) less than 1.5 are required. 
Moreover, the number of blades needs to be the minimum consistent with 
acceptable performance to avoid impractically low activity factor blades. 
From these considerations, the selection of practical optimum turbines can 
now be simplified by defining performance and blade geometry boundaries on 
the operating envelopes of figures 4-1 and 4-2. 

At both ends of the power ratio/velocity ratio spectrum, limitations can be 
defined which place bounds on the useful range of design velocity ratio. 
The low velocity ratio is bounded by rapidly reduced performance and high 
rotor solidity, while the high velocity ratio is bounded by structural 
limitations on low AF and reduced performance. 

As mentioned previously, the curves in figure 4-3 i.ndicate a trade-off in 
number of blades, operating CL and design velocity ratio in view of a low 
limit on AF. This trade-off can be somewhat resolved by consideration of 
the data in figure 4-4 (ref. 12, 13, 14 and 15). Here the airfoil section 
lift to drag ratio trend with operating lift coefficient is presented for 
a variety of airfoil types. The data is for 3 million Reynolds number which 
is representative for 22.9-45.7 meter (75-150 ft) diameter wind turbines 
and mean wind velocities 5.4-6.7 mls (12-15 MPH) range. 
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The selection of airfoil type is strongly influenced by operating lift coeffi
cient and design Reynolds number. Although performance improves with high 
values of L/D, the corresponding high values of operating C1 rapidly reduce 
solidity below the limits established in figure 4-3. Thus the selection of 
the airfoil type must be based on the maximum L/D consistent with practical 
blade geometries and performance levels. As previously pointed out, cost 
considerations of the step-up gear lead to high values of velocity ratio 
which require low AF blades. Thus from figure 4-3 an operating lift coeffi
cient of 1.0 appears to be a good choice for two bladed wind turbines. For 
higher blade numbers the operating C1 would need to be reduced. A one blade 
wind turbine appears to be required for an operating CL of 1.50. As indicated 
in figure 4-4, conventional airfoils like the NACA 230XX series, the NACA 
44XX and the NACA 6 Series show L/D in the 100-120 range at an operating CL 
of 1.0. Advanced airfoils like the Wortmann and Liebeck designs show L/D's 
above 150 at an operating CL of 1.50, whereas sail type airfoil data indicate 
unacceptably low L/D's (below 20). 

On the basis of the data shown in figure 4-4, limitations on the maximum 
value of velocity ratio for each number of blades due to the activity factor 
limit of 15 is shown in figure 4-5 for a range of operating C1's. From an 
inspection of this figure, it should be noted that the highest values of 
velocity .ratio are obtained with low operating CL's with lower values of 
this parameter as number of blades are increased. Since the maximum L/D 
values are associated with the higher values of operating CL, it is apparent 
that there is a trade-off between design velocity ratio and 1/D. 

Accordingly, the minimum 15 AF constraint on velocity ratio for the operating 
C1 range from 0.5 to 1.5 as shown in figure 4-6 along with a lower velocity 
ratio limit of 6 for two blade wind turbines. The high velocity ratio 
boundary indicates the performance level associated with the 1/D level at 
each operating CL. Thus the highest value of velocity ratio corresponds to 
a low 1/D with low performance while the highest performance corresponds to 
a lower value of velocity ratio. At this point, the optimum trade-off appears 
to be an operating envelope for practical turbines between a low velocity 
ratio of 6 and the 15 AF boundary at high velocity ratios. 

The variables can be further reduced by the selection of an airfoil type. 
Although the high 1/D Wortmann section warrants further study and research, 
the limited experience with these airfoils and their reported sensitivity 
to surface conditions as well as the limitation on velocity ratio at the 
required high operating C1 would lead to the conclusion that these airfoils 
should not be utilized for first generation wind rotors. On the other hand, 
well proven NACA airfoils including the 230XX and 44XX series show 1/D's at 
the 120 level, resulting in high wind turbine power ratios and design velocity 
ratios as high as 16. Moreover, these airfoils (ref. 12) have demonstrated 
high 1/D over a wide range of lift coefficients at Reynolds numbers appropriate 
to large wind turbines. Thus either of·these NASA airfoil series may be 
selected for high performance and minimum risk. It should be pointed out 
that the 1/D levels for all airfoils are significantly reduced by surface 
roughness. 

Thus it is seen from a review of figure 4-6 and the foregoing discussion on 
airfoils that the spectrum for peak performance for horizontal axis, propeller
type wind turbines lay in a rather narrow band bounded by velocity ratios of 
6 and 18 and by airfoil lift to drag ratios of 80 and 160. Up to this point, 
the discussion has dealt only with the design point for a matrix of optimum 
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wind turbines. Of course, under actual operation the wind turbine will be 
operating at peak efficiency only occasionally, particularly for systems 
generating electricity with synchronous generators,du~ to the variation 
in wind velocity. Thus the off-design performanc~particularly in wind 
velocities below the rated valu~ has a strong influence on the yearly 
output power of the system. Accordingly, in the parametric performance 
study discussed below, the complete performance characteristics of the 
wind turbine as influenced by aerodynamic and geometric variables has 
been investigated. Moreover, in establishing the most cost effective 
blade configuration, it is necessary to consider that the optimum shape 
for structurally adequate designs and minimum cost fabrication techniques 
may differ from the aerodynamic optimum shapes. Thus non-optimum wind 
turbines were also investigated. 

4.3 WIND TURBINE PARAMETRIC PERFORMANCE STUDY 

In the foregoing general discussion of wind turbine aerodynamics, the 
relationships of the aerodynamic and the geometric variables were brought 
into proper perspective. With this picture in mind, it is now appropriate 
to discuss the results of the parametric performance study. As indicated 
above, the analysis based on the Hamilton Standard wind turbine performance 
method (Goldstein) covered the full operating range from start-up to blade 
stall for each geometric parameter investigated. Both optimum and non
optimum aerodynamic configurations were considered. The results are 
presented in terms of aerodynamic parameters, i.e., power ratio versus 
velocity ratio and, for a typical annual wind regime in terms of the annual 
energy output. This latter presentation is perhaps the most meaningful 
measure of the effect of turbine geometry since it is the real end product 
of the system. 

Following considerable preliminary review of previous aerodynamic studies, 
available literature and structural requirements, the following parameters 
were investigated. 

•Blade Activity Factor 
•Number of Blades 
•Blade Planform Distribution 
•Blade Thickness Distribution 
•Blade Twist Distribution 

•Blade Airfoil Section 
•Reynolds Number 
•Roughness 
•Waviness 
•Blade Root Cut-Off 

~~~y, several of these same variables were investigated under the 
contract of reference 5. Accordingly, where appropriate, the results of 
this reference study were used to supplement the parametric study being 
discussed herein. However, the focus of the current study is on a family 
of near-optimum wind turbines, whereas the reference study covered somewhat 
random configurations which varied from the optimum as a broad spectrum of 
structural and fabrication concepts were investigated. It should be pointed 
out that on the basis of the reference 5 program findings, the filament 
winding fabrication process will require no significant compromise to 
optimum blade geometry. Thus basing this program on near-optimum geometry 
is entirely consistent with current concepts for cost effective designs. 
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A discussion of variations in each of the prime parameters listed above on 
wind turbine performance and operation is presented below. 

4.3.1 Blade Activity Factor 

On the basis of the operating envelope and solidities established above, a 
series of near-optimum two bladed wind turbines of 15 to 60 AF were designed 
to span a range of velocity ratios. The 15 AF turbine was selected as the 
low AF limit because of structural limitations as previously discussed and 
the 60 AF was selected as the high AF limit because it corresponds to the 
minimum velocity ratio on figure 4-6. These blades were designed utilizing 
the Hamilton Standard propeller method modified to account for energy 
extraction rather than energy input to the fluid medium as discussed in 
Section 3. The distributions of planform (fig. 4-7), thickness (fig, 4-8), 
and twist shape (fig. 4-9) are optimum with deviations from the optimum in 
the shank region to represent more realistic distributions for structural 
reasons. The planforms with the associated AF and design velocity ratio 
for peak power ratio are shown in figure 4-7. AF is reduced with increased 
design velocity ratio as predicted in figure 4-3. As AF is increased, the 
amount of twist required is also increased as is shown in figure 4-9. The 
well proven NASA Series 230XX airfoil family was selected because these 
airfoil sections have demonstrated high L/D over a wide range of lift 
coefficients at Reynolds numbers appropriate to large wind turbines. The 
airfoil selection is further discussed under the section on airfoils. 

For these near-optimum wind turbines, the power ratios for the design blade 
angle were plotted versus velocity ratio in figure 4-10. As previously 
stated the peak power ratio is essentially constant over the entire AF 
range. 

The data in figure 4-10 were tabulated for use in a computer program to 
investigate the annual wind turbine energy output for a representative 
yearly wind spectrum (fig. 4-11) and a range of mean velocities from 
3.35 m/s (7.5 MPH) to 11,8 rn/s (25 MPH), The data of figure 4-11 was 
compiled by NASA Lewis Research Center. This curve shows that for a 
given mean value, the wind velocity attains high values only a relatively 
few hours out of a year compared to the mean velocity, This presentation 
·was included to show the effect of design velocity ratio and rpm on the 
annual energy output of the family of wind turbines. 

Based on the preliminary design analysis presented in reference 5, a 57.9 
meter (190 ft) diameter turbine with a 15 meter (50 ft) ground tip clearance 
was selected as a reference size for this investigation into the effect of AF 
on performance. By interpolation, an 8,0 m/s (18 MPH) mean wind duration curve 
(fig. 4-11) was used with a rated velocity of 10.3 m/s (23 MPH). These 
velocities are based on measured values at 9.1 meters (30 ft) above the 
ground and were reflected to a velocity at the turbine shaft by the 
following equation: 

(% + K \167 
V(shaft) = V~ Kz ~~ 
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where K1 
K2 

V(shaft) 
v 

15m (SO ft) 
9m (30 ft) 
m/s (MPH) 

= m/s (MPH) at 9m (30 ft) 

The velocity at the turbine shaft was used for the study to represent a mean 
value of the wind shear over the wind turbine diameter since it was shown in 
reference 5 that the wind shear has a small effect on performance. 

The variations of power output for a one year time period were computed. 
An example is presented on figure 4-12. The assumption was made that these 
were zero friction systems. Moreover, once rated velocity is reached, the 
power output remains constant by spilling power with variable pitch blading 
or by tower turning. 

The annual energy output is obtained by integrating the curve (fig. 4-12) 
of power versus hours. The kilowatts corresponding to the rated velocity 
and the corresponding kilowatt hours/year are plotted for a range of rpm's 
on figure 4-13. 

It may be noted, that the maximum annual output and rated kilowatts are 
independent of AF, i.e., the 15 AF through 60 AF wind turbines produce 
almost identical yearly output and rated kilowatts although different rpm's 
are required, This is clearly shown in figure 4-13. Thus it appears that, 
the selection of a rotor AF for a given WECS installation should be made 
for minimum cost per unit of power rather than overall performance. This 
selection process must consider gearing and transmission effectiveness as 
well as turbine performance. 

The 30 AF wind turbine was used to investigate the effects of the other 
parameter variations. Thus, it is referred to as the ''basic turbine", 

4.3.2 Number of Blades 

The study discussed above for AF variations was repeated for the basic 30 AF 
turbine for a range of number of blades from 1 to 4. The effect of varying 
the number of blades of the "basic turbine" is shown as a function of power 
coefficient and velocity ratio in figure 4-14. The calculation for the one 
bladed turbine is shown as a dashed line because of the uncertainty in the 
calculation procedure. As was previously predicted, the peak power ratio 
increased with increase in number of blades. The rated kilowatts and annual 
output powers are plotted in figure 4-15. As for the peak power ratio, the 
rated kilowatts and annual output are a direct function of number of blades, 
decreasing as number of blades is reduced. Again the curve for the one 
bladed turbine is dashed because of the uncertainty of the calculation. It 
is apparent from figure 4-15 that the performance gains of 3 and 4 bladed 
wind turbines over the 2-blades are only 3 and 4%, respectively. This 
performance increase can be reflected as a diameter reduction of 1 and 2%, 
respectively, for the same performance as the 2-bladed wind turbine. The 
performance of the one bladed turbine is approximated as 30% lower. Since 
the calculated performance may be inaccurate due to the uncertainty of the 
analytical model, the one bladed wind turbine will be included in the test 
program. By increasin~ the diameter, the annual energy output of 
the one-bladed wind turbine can be increased and may still be economically 
competitive with a turbine of more blades since the blades are the major 
cost element of the wind energy conversion system. 
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4.3.3 Planform Distribution 

The effect of blade chord distribution on performance has been evaluated 
for rectangular blades and semi-trapezoidal blades as defined on figure 
4-16. The semi-trapezoidal blades are similar to the basic blades over 
the outer 50% of the radius. It can be seen from figure 4-17 that there 
is a slight reduction in peak power ratio for the semi-trapezoidal and a 
large reduction plus a shift to a higher velocity ratio for the rectangular 
planform. This can be reflected as a 1% reduction in annual energy output 
due to the semi-trapezoidal planform and a 13% reduction in annual energy 
output due to a rectangular planform as shown in figure 4-18. Thus it can 
be concluded that deviations from the optimum planform over the inner 50% 
of the blade span cause only small reductions in performance. 

The study of reference 5 indicates that the performance penalty in deviating 
from the optimum planform to the rectangular planform is much reduced as the 
AF is increased from 30 to 60. Thus, it can be concluded that the higher 
the design velocity ratio and consequently reduced AF, the greater is the 
performance penalty for deviating from the optimum trapezoidal planform. 

4.3.4 Blade Thickness Distribution 

The effect on power ratio of successively increasing the thickness ratio 
distribution in the manner shown in figure 4-19 is presented in figure 
4-20 and on the annual energy output is shown in figure 4-21. It can be 
seen that the annual energy output is reduced 3% by increasing the h/b to 
.18 and 10% by increasing the h/b to .24. For structural considerations 
and or cost reduction, the thickness ratio can be varied slightly in the 
tip region and to a greater extent in the mid-portion as shown in figure 
4-19. It can be seen from figures 4-20 and 4-21 that the annual power 
output is reduced 2%. Thus, the general trend is to reduce performance with 

increasing thickness. However, thickness is a powerful factor in reducing the 
weight and cost of hollow blade structures. 

4.3.5 Blade Twist Distributions 

The twist distributions shown in figure 4-22 were studied. Variations 1 
and 2 incorporate changes in shank twist only. Version 3 eliminates the 
twist in the tip region and version 4 has no twist. It can be seen from 
figure 4-23 that the twist changes do affect the power ratio versus velocity 
ratio with the no-twist version being the poorest performer. It is shown in 
figure 4-24 that the large twist change in the inner 50% of the blades 
reduces annual energy output 2%. Eliminating the tip twist also reduces 
annual energy output 2%. However, there is a 7% loss in annual energy output 
with no twist. Thus, twist has a significant effect on performance. 

As for the planform variation, in the study of reference 5, it was found 
that at 60 AF, the reduction in annual output due to no twist was signifi
cantly less than that shown at 30 AF. Thus, as AF is reduced, the need to 
incorporate twist becomes essential for high performance. 

4.3.6 Airfoil Sections 

As was shown in figure 4-2, wind turbine performance is 
drag ratio, L/D, is increased. The magnitude of L/D is 
section and operating lift, CL, as shown on figure 4-4. 
figure, increases in L/D are obtained by increasing CL. 
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like the NASA 230XX Series (ref. 12), the NACA 44XX (ref. 12) and the NACA 
6 (ref. 12) Series show L/D's in the 100-120 range at an operating CL of 
1.0. Advanced airfoils like the Wortmann (ref. 13) and Liebeck (ref. 14) 
designs show L/D's above 150 at an operating CL of 150, and the Whitcomb 
GA(W) Series (ref. 15) airfoils show 85 to 90 L/D's for .8 to 1.0 CL, 
whereas sail type airfoil data indicate ~nacceptably low L/D's. 

As previously stated, the selection of airfoil type is strongly influenced 
by the desired operating lift coefficient. Although wind turbine performance 
improves with high values of L/D, the corresponding high values of operating 
CL rapidly reduces the required AF as shown on figure 4-3. Moreover, cost 
considerations of the transmission system lead to high design velocity 
ratios which require blades of low AF. Accordingly, the selection of the 
airfoil type must be based on the maximum L/D consistent with practical 
blade geometries and high performance levels as discussed above in Section 4-2. 
From that discussion and a review of figures 4-3, an operating lift coeffi
cient of 1.0 appears to be a good choice for two bladed wind turbines. 
Thus, in consideration of this operating CL level, the NACA 230XX, the 
NACA 44XX and the GA(W)-2 airfoil series were chosen for the parametric 
study. The NACA 230XX Series (ref. 12) was selected as the basic design 
because of the high L/D levels extending cover a wide range of lift 
coefficients at Reynolds numbers appropriate to large wind turbines. 
Moreover, the section profiles incorporate no concavity which significantly 
eases fabrication when the very attractive, cost effective filament winding 
process is utilized, Nearly all of the other candidate airfoils exhibit 
concavity on the pressure surface. As a point of clarification, earlier 
data (ref. 16) for the NACA 230XX airfoil series used in some wind turbine 
analysis indicated reduced performance (fig. 4-25). The two sets of data 
presented in figure 4-25, were tested in different wind tunnel facilities. 
The data of reference 16 were obtained in an airfoil test facility which 
required corrections for: 1) conversion to free-air, 2) conversion to 
infinite aspect ratio, 3) support interference, 4) allowance for the flow 
at the tip of the rectangular airfoil, and 5) a correction to an effective 
Reynolds number. On the other hand, the data of reference 12 were obtained 
in a facility that required corrections for wall effect and constraint only. 
The reference 12 measurements are the more accurate and are generally 
recognized as being the standard against which other airfoils are compared. 

It should also be noted that the stall characteristics of the NACA 230XX 
are more abrupt than those of the NACA 44XX and the GA(W) Series. However, 
aerodynamic analyses have shown that between start-up and rated wind velocities, 
wind turbines are designed to operate at angles of attack up to values well 
below the stall angle. For velocities greater than the rated, with 
variable pitch capability, the blade angle will be increased to maintain 
a constant output power and angles of attack will be below stall. Only atshut
down,when the blades are driven to the feather position

1
is stall encountered. 

However, in this case the effect of stall is unimportant. 

The NACA 44XX airfoil series was included because it provides a higher 
L/D and is less sensitive to surface roughness than the NACA 230XX Series. 
The Whitcomb GA(W) Series was included because of its relative insensitivity 
to surface roughness over the Reynolds number range for large wind turbines. 
Although the Wortmann and Liebeck airfoils show very high L/D's at high 
operating lift coefficients, these airfoils were not included in this study 
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since it was judged that their true effectiveness could not have been 
demonstrated in the low scale of the test models. 

From the power ratio plots presented in figure 4-26 the annual output power 
curves (figure 4-27) were derived. A study of these data indicates that at 
maximum performance, the annualenergyoutput is increased 1.0% over the 
basic wind turbine by incorporating the NACA 44XX sections and reduced 
2.0% by utilizing the Whitcomb GA(W) sections. 

The wind turbine performance study described above is based on 3 million 
Reynolds number and smooth airfoil sections. The parametric variations 
discussed previously, with the exception of airfoil sections, are essen
tially independent of Reynolds number and roughness. Thus it is now appro
priate to investigate the effect of Reynolds number and surface finish on wind 
turbines to complete the airfoil study. The effect of these parameters 
will be covered in the following text. 

4.3.7 Reynolds Number 

The wind turbine performance study described above is based on 3 million 
Reynolds number (RN) and smooth airfoil sections. For the RN range of 3 
to 11 million which is representative of large wind turbines in the 30.5-
61 meters (100-200 ft) diameter range, the parametric variations discussed 
previously are essentially independent of RN. 

Since the test models cannot be tested at full scale RN, a study was made 
to determine the effect of RN for smooth sections on performance. The 
summary of the power ratio for the basic turbine is presented on figure 
4-28 for a RN range of 0.7 to 6 million. It can be seen from figure 4-28 
that the effect of RN above 3 million is negligible. Below this value, 
the power ratio decreases with increasing rate as RN is reduced to the 
minimum value. Consequently, the annualenergyoutput and the rated 
kilowatts are correspondingly reduced with decreasing RN as shown in 
figure 4-29. A similar study was made for the basic wind turbine incor
porating NACA 4412 sections and incorporating Whitcomb GA-W(2) sections. 
The corresponding percentage changes in annual energy output from the 
basic wind turbine with NACA 23012 sections are shown on figure 4-30. 

As previously shown for 3 million RN, figure 4-30 indicates that over the 
complete range of RN investigated, wind turbine performances increases 
slightly with the NACA 4412 section and decreases slightly with the Whitcomb 
GA(W) sections compared to that for the basic wind turbine incorporating 
NACA 23012 sections. 

A 2.44 meter (8 ft) diameter was chosen for the model wind turbines because 
it is the largest diameter compatible with existing test hardware and the 
UTRC 5.5 m (18 ft) wind tunnel. The test RN variation with blade activity factor, 
number of blades, tip speed and velocity is shown on figure 4-31. The 
models have been designed for a maximum tip speed of 700 fps to avoid 
compressibility losses. The test RN range will be from .1 to 1.1 million 
as is shown on figure 4-31. Therefore, the performance of the model wind 
turbines is expected to be significantly less than that of full scale wind 
turbines where RN range from 3 to 9 million representative of 23-61M (75-200 
ft) diameters. The expected performance levels of the models will be 
calculated later in this program as discussed in Section 9. 
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4.3.8 Roughness 

The effects of blade surface roughness on performance has always been of 
concern for propellers and helicopter rotors. NACA (ref. 12) had established 
a procedure for simulating roughness by applying number 60 grit Nrapped 
the leading edge on both surfaces back to 0.08 chord. More recently NASA 
has revised the roughness tests according to reference 17. Now, commercial 
grit number 120 is applied at 6 million RN and grit number 60 at 3 million 
in transition strips 0.25 em (0.10 in) wide. The roughness is sparsely 
spaced and attached to the airfoil surface with lacquer. The more recently 
adapted NASA roughness criteria is less severe than the one previously used 
by NACA. 

For the airfoil variation discussed previously, a roughness study was made 
based on the NACA criteria because of available airfoil data. The reductions 
in performance due to roughness are shown for the basic turbine (NACA 23012 
sections) in figure 4-32 showing the effect on power ratio and figure 4-33 
shows the effect on the rated kilowatts and annual energy output. From figure 
4-33 it can be shown that roughness reduces the performance of the basic 
turbine with NACA 23012 sections approximately 10% below that of the smooth 
section over the entire Reynolds number range. For the turbine with NACA 4412 
sections, the roughness redu~ed performance 6% over the corresponding smooth 
sections while the similar number of the Whitcomb G.A(W)-2 is 4%. However, 
although the roughness effect is the least with the GA(W)-2 airfoil sections, 
the performance of the turbines with the NACA 4412 sections is slightly le~s. 
These conclusions are summarized in figure 4-30. 

The roughness criteria discussed above is based upon propeller and helicopter 
rotor experience where most surface erosion is due to stone and gravel 
damage picked up from the ground during take-off. Since most large wind 
turbines will be placed relatively high above the ground where the stone 
and gravel pick up will be negligible, it is safe to conclude that the 
erosion damage will be less severe than that considered above. In this 
regard it is interesting to note that Professor HUtter indicated that his 
blades showed no deterioration in performance after many hours of running. 

4.3.9 Waviness 

Since surface waviness may be encountered in the manufacturing of turbine 
blades, its effect on performance should be considered. Waviness, if 
sufficiently large to effect the chordwise pressure distribution such 
that laminar separation occurs, may result in premature transition with a 
deteriorating effect on airfoil performance characteristics. 

An example of the effect of waviness on airfoil performance characteristics 
is presented in reference 18. Waviness was simulated by skin wrinkles on a 
NACA 66, 1-115 and a NACA 23015 airfoil sections. The wave had a height/ 
chord ratio of .0011 and a length/chord ratio of .06. Although the normal 
force (lift) and the pitching moment were not appreciable changed, the L/D 
was reduced approximately thirty percent from that for a smooth section. 
As a point of reference, the L/D was reduced approximately fifty percent 
for a NACA 23015 section with NACA roughness. Thus the simulated waviness 
incorporated in the above mentioned airfoils have less adverse effect on 
wind turbine performance than that predicted for NACA roughness. It is 
expected that if waviness is eliminated over approximately twenty-five 
percent of the leading edge, the effect on drag should become negligible. 
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The wave height, shape and number per unit length must be considered in 
evaluating the effect on performance. Due to insufficient experimental 
data, it was not possible to include the effect of waviness on wind turbine 
performance in this study. However in view of possible waviness 
occuring on the blade surface within realistic tolerances of the more 
cost effective, candidate fabrication techniques, its effect on performance 
will be investigated as part of the wind tunnel program. 

4.3.10 Blade Root Cut-off 

Blade root cut-off is of interest as a potential for reducing costs since 
a spar is less costly than blading. Therefore, the effect on performance 
of progressively reducing blading as shown on figure 4-34 was investigated. 
The reduction in power ratio is due to losses associated with the reduced blade 
area and the drag of the exposed spar. The power ratio data is shown in figure 
4-35 and the annual output in figure 4-36. It can be seen from figure 4-36 
that the reductions in annual energy output are as follows: 

Blade Root Cut-off 

10% (Reference) 
25% 
35% 
50% 

% Reduction Performance 

0% 
8% 

19% 
42% 

Thus it can be seen that there is a significant penalty in performance when 
the blade root cut~off is increased. 

4.3.11 Summary 

In summary, it is pertinent to briefly summarize the results of the parameter 
study in Table 4-1. The effect of the parameters discussed previously on annual 
energy output is presented in Table 4-1 in terms of percent change in annual 
energy output relative to the basix 2 blade/57.9 m (190 ft.) diameter/30AF/ 
trapezoidal planform/NACA 230XX airfoils wind turbine. 

It is interesting to note that only increasing number of blades and airfoil 
type resulted in an improvement in annual energy output over the reference 
wind turbine. It is predicted that the largest losses will occur for a 
one bladed turbine. Large deviations from the optimum configurations in 
planform distribution, ~hickness distribution, and twist distribution will 
result is significant losses. Root cut-off beyond 15% will also result in 
large losses. The model wind turbine test data are expected to show 
lower performance than that predicted for full scale wind turbines because 
of the limitations in test RN. Although the calculations indicate that 
losses due to roughness may be significant, as indicated previously, it 
is expected that these results are pessimistic. Similarly, waviness is 
expected to have some adverse effect on performance. However, because of 
insufficient data, it was not possible to analytically evaluate this effect. 
Accordingly, the effects on wind turbine performance of RN, surface roughness 
and waviness will be investigated in the wind tunnel as well as the prime, 
geometric parameters discussed in Section 6.0. 
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TABLE 4-1 

EFFECT OF BLADE SHAPE PARAMETERS ON 
ANNUAL ENERGY OUTPUT 

Reference Wind Turbine: 2 B1ades/57.9 m (190 ft.) Diameter/30AF/Trapezoidal 
Plan/NACA 230XX Airfoils 

PARAMETER 

Activity Factor 

No. of Blades 

P1anform 
Distribution 

Thickness 
Distribution 

Twist 
Distribution 

Airfoil Section 

Reynolds No. 

Waviness 

Root Cut-off 

VARIATION 

15 to 60 None 

1 
2 
3 
4 

Trapezoidal 
Semi-Trap 

Rectangular 

.12 

.18 

.24 

Twist 
Partial Twist 

No. Twist 

NACA-23012 
NACA-4412 
NASA-GA(W)-2 

6.0 million 
3.0 million 
0.7 million 

Not Assessed (See text) 

10% 
15% 
20% 
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% CHANGE IN POWER OUTPUT 

- Operating RPM Changes With AF 

-30.0 
Ref. 
+3.0 
+4.0 

Ref. 
-1.0 
-13.0 

Ref. 
-3.0 
-10.0 

Ref. 
-2.0 
-8.0 

SMOOTH NACA ROUGHNESS 
Ref. Ref. 
+1.0 +4.2 
-2.0 +3.2 

SMOOTH NACA ROUGHNESS 
+1.2 -7.0 
Ref. -10.0 
-9.0 -20.0 

Ref. 
-3.0 
-8.0 
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SECTION 5 

LITERATURE SEARCH FOR EXPERIMENTAL DATA 

In support of the analytical and experimental effort to establish 
the prime aerodynamic and geometric parameters for wind turbines and 
to supplement the experimental data obtained from the wind tunnel 
testing, a continuing review of available literature was undertaken. 
The focus of this effort was to gather pertinent experimental data on 
full scale and model wind turbines. These data include aerodynamic 
performance, general operating characteristics and any special 
observations which could supplement the parametric study and later, the 
experimental data obtained on the limited number of test configurations 
included in this program. 

The most useful data for this purpose is that obtained under controlled, 
laboratory conditions covering systematic variations of the aerodynamic 
and geometric wind turbine parameters and accurately measured per
formance data on full scale, operating WECS in a ~atural wind environment. 
To this end, the available bibliographies from industry, ERDA and other 
government agencies on wind energy have been searched for such experi
mental data. Although these bibliographies includes hundreds of 
references on many categories pertaining to wind energy, only a relatively 
few contain fully documented experimental data including a description 
of the test configurations, the test conditions, instrumentation and a 
complete listing of the test data. Even fewer reports involve systematic 
testing of the prime variables. Moreover, in some cases, the data are 
presented without a description of the blade shape characteristics. 
Thus it is apparent that very little wind turbine performance data of the 
kind obtained in this test program are available in the literature. Those 
reports which contain some experimental data are listed in the following 
bibliography. In addition to these references, some unpublished data 
have been obtained for use in this program. 

Of particular interest in connection with this test program are the 
data published in items 10 and 15 listed in the bibliography at the end 
of this section. Moreover they are listed as references 20 and 21, 
respectively. In these reports the geometric characteristics of the 
model tested turbines as well as their performance are presented. 
Accordingly, these references have been included along with the corres
ponding data from the models tested in this program and are discussed in 
Section 11. 
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SECTION 6 

SELECTION OF MODEL WIND TURBINE CONF~GUPATIONS 

The objectives of this program include the establishment of the performance 
trends of a series of optimum rotors incorporating variations of the prime 
geometric parameters, the evaluation of the wind turbine design and per-
formance prediction methods and the assessment of two advance aerodynamic methods. 

In consideration o£ these objectives, the results of the parametric study 
discussed in Section 4 were carefully analyzed on the basis of establishing 
the wind turbine models to be tested in the wind tunnel. The blade shape 
parameters deemed most significant in fulfilling the program objectives 
and which represent those most requiring experimental confirmation were 
selected after careful deliberation. As pointed out in the parametric 
study discussion,the 2 bladed/30 AF/Trapezoidal Planform/NACA 230XX airfoils 
is an optimum design and has been designated the reference or basic configu
ration. Moreover, this design is essentially the same as that established 
in the study conducted by General Electric and Hamilton Standard on large 
WECS (ref. 5). Accordingly, this configuration has been selected as the 
reference model wind turbine. 

From a review of Table 4-1 from Section 4, it is noted that only increasing 
number of blades and airfoil type resulted in an improvement in annual 
power output over the reference wind turbine. Large deviations from the 
reference design in twist distribution, thickness ratio distribution and 
planform distribution could reduce output power from 7 to 13 percent, 
while blade root cut-offs greater than 15 percent of the radius rapidly 
reduce performance. However, design and manufacturing studies do not 
indicate any significant cost advantage in deviating grossly from the optimum 
blade shape characteristics with the exception that thickness 
ratio distribution is usually dictated by structural and cost requirements. 
Thus, in view of the limited number of models, it has been judged that these 
latter parameters should not be investigated in this test program. 

Accordingly, in addition to the basic model wind turbine selected above, 
three additional models incorporating the optimum trapezoidal planform with 
activity factors per blade of 15 and 60 and NACA Series 230XX airfoil sections 
and of 60 AF with NACA 44XX airfoils were selected for wind tunnel testing. 
With these models many of the prime variables studied in the parametric study 
can be experimentally investigated. These include number of blades, activity 
factor, airfoil type, Reynolds number, and blade surface roughness and wavi
ness. Moreover, these models encompass the practical range of design velo
city ratio. The blade characteristics for these optimum model wind turbines 
are shown in figures 6-1, 6-2, and 6-3 and summarized in the following table. 

MODEL 
1 
2* 
3 

Model Configurations 

ACTIVITY FACTOR 
15 
30 
30 

NO. BLADES 
2 
2 
3 
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230XX 
230XX 
230XX 



MODEL 

4 
5 
6 

ACTIVITY FACTOR 

30 
60 
60 

* REFERENCE MODEL 

NO. BLADES 
1 
2 
2 

AIRFOIL SECTION 

230XX 
230XX 

44XX 

Each model incorporates the twist distribution required for optimum loading. 
The thickness ratio distribution for all models is that corresponding to 
practical structure consistent with cost effective fabrication and materials. 

It should be pointed out, that some modification to these blade shape charac
teristics have been required to provide structurally sound models. These 
modifications are not expected to compromise the objectives of the program 
and are discussed later in Section 7. 

The curves in figure 6-4 present the peak performance spectrum of a family 
of optimum wind turbines in terms of power coefficient versus velocity ratio 
for a range of turbine blade number. The points noted on the curves indi
cate the design points for the test models. 

As indicated above in Section 4, the reliability of the performance analysis 
for the one-bladed wind turbine is considered to be questionable. The 
literature shows a wide variation in the predicted performance level of this 
wind turbine. Thus, at least one model one-bladed wind turbine has been 
included in the testing. 

The three bladed model has been included because of the high predicted 
performance and low sensitivity to tower interaction albeit a less cost 
effective configuration. 

It has been shown that as design velocity ratio is increased, the wind 
turbine AF must be decreased. This, together with the increasing tendency 
of the blade wakes to interfere with the flow through the rotating blading 
as velocity ratio increases makes the selection of the 15 AF model of prime 
importance in pinning down the maximum practical design velocity ratio. 

The well proven NACA 230XX airfoil series was selected as the basic airfoil 
for the wind turbine models because of the demonstrated high lift to·drag 
ratios over a wide range of lift coefficients at RN appropriate to large 
WECS. It is recognized that the forward loading of this airfoil series 
makes it more sensitive to surface roughness than one with more uniformly 
distributed chordwise loading. Thus the NACA 44XX airfoil series and the 
new Whitcomb, GA(W)-2 airfoils were investigated as reported in the para-
meteric study. In view of the available experimental data on the NACA 44XX series 
at low RN and its attractive performance characteristics, this airfoil was 
included as a test variable. The 60 AF model will be tested with both 
NACA 230XX and NACA 44XX airfoil sections since this model will permit 
the comparison of airfoil types to be made at the highest test RN. 

Since wind tunnel testing of practical wind turbine model sizes cannot 
attain full scale RN, it is important that the largest diameter models 
be tested to minimize RN effects (fig. 4-30). Therefore, for this test 
program, a 2.44 m (8 ft.) diameter was chosen for the models; the largest 
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diameter compatible with the wind tunnel test section and existing test 
hardware. In this connection, figure 6-6 shows the variation of RN 
with tip speed, AF, number of blades and wind velocity. Inasmuch as in
creased AF provides the highest value of RN for a given operating condi
tion, the 60 AF models were considered important configurations for the 
test program. 

Both blade surface roughness and waviness were included on the 60 
AF model in consideration of manufacturing tolerances due to cost effective 
blade fabrication processes and possible erosion under severe environmental 
conditions which could have a deleterious effect on performance. 

Thus, the experimental data produced on these four different blade designs 
(providing six or seven test configurations) will establish a comparison 
with predicted performance of each test configuration and fulfill the 
program objectives stated above. 

Because of the large number of variables in wind turbine geometry as dis
cussed in Section 4 and other installation variables not considered in this 
program, the selection of the four blade designs described herein required 
considerable deliberation to best assure that the objectives of the program 
would be accomplished. Thus it may be appropriate to investigate several 
other of these parameters as additional models to this program or in later 
programs. 
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SECTION 7 

DESIGN OF MODELS 

7.1 PHILOSOPHY 

The design of the model blades has been exercised so as to achieve blade 
configurations which provide as closely as possible the aerodynamic charac
teristics desired. Compromises which allow for safe use, increased operating 
envelopes, and economical manufacture have affected the final configurations. 

Initial studies at Hamilton Standard of wind turbine blading dealt with the 
30.5 meter (100 ft) diameter size. The NASA/G.E./H.S. (ref. 5) study program 
expanded these studies up to 61 meter (200 ft) size. These study blades 
included hollow construction of monocoque, semi-monocoque, and spar/shell 
concepts, It was from this study work that the model blade shapes were 
derived. 

7.2 30 ACTIVITY FACTOR BLADE 

When work was initiated on the model configurations, the 30 AF blade utilizing 
the thickness and planform characteristics developed in the NASA/G.E./H.S. 
study was selected as the first model blade. 

This blade was scaled down from 59.1 meters (194 ft) to 2.44 meters (8 ft) 
diameter, changed from hollow construction to solid aluminum and permitted 
to operate at tip speeds up to 213 m/s (700 ft/sec) in order to achieve 
relevant Reynolds numbers. The aluminum model blade had ample stTengths 
for operation at a wind velocity of 35.8 m/s (80 MPH), 213 m/s (700ft/sec) 
tip speed and with inflow distortion up to 45° yaw. Figure 7-1 shows the 
stress relative to material allowables for this operating condition at the 
maximum stress point in the airfoil. 

Modifications to the blade were necessary to place bending and torsional 
frequencies properly. Because the model blade is of solid construction, 
frequency modification can only be accomplished by chord and thickness 
changes. This contrasts to the full scale blade construction using a 
hollow structural spar and thin airfoil shell where spar and shell wall 
thickness can be varied as an additional strong parameter influencing 
blade stiffness. In order to maintain AF and blade planform shape, 
thickness was chosen rather than chord as the parameter to iterate in 
obtaining proper frequency placements. Composite reinforcement could 
have been used but this approach was judged too costly. 

Figure 7-2 indicates the extent of thickness modifications necessary in 
the placement of blade frequencies. Figure 7-3 shows the final frequency 
placements for the 30 AF blade. The two-per-revolution excited first 
bending mode is placed 10 percent above the maximum operating speed. The 
three-per-revolution excited first mode bending limits operation over a small 
band in the lower speed range. It will probably only be excited in the 
three-bladed version. Higher order excitations and more complex mode shaped 
responses are basically out of the testing envelope. The four-per-revolution 
second mode is in the corner of the envelope but judged as too weak an 
excitation to cause operating limitations. Blade rocking may be experienced 
below 400 RPM. 

-89-



7.3 15 ACTIVITY FACTOR BLADE 

The 15 AF model blade was the second blade design. The first configuration 
investigated utilized thickness distribution identical to the final configu
ration of the 30 AF model blade. A first approximation of frequency place
ment can be established by scaling from the 30 AF blade. Here blade length 
1.22 meters (4 ft) will be identical for each blade. Chord will be approxi
mately 1/2 due to the 30 AF to 15 AF requirement and thickness 1/2 for the 
same t/b distribution. 

Blade bending frequency f [~r2 
= f [chord (thickness) 3] l/ 

2 

L<chord)(thickness) 

= f [thickness] 

From this it is readily apparent that the 15 AF blade must operate above its 
first bending critical if it is to be of solid aluminum construction and 
have no composite reinforcement. Super-critical operation of model and full 
scale blades has been accomplished successfully with Hamilton Standard pro
pellers on several occasions in the past and was judged quite acceptable 
for this use. Figure 7-4 shows the final critical speed placements. 

The next consideration is that of stresses. Here a simplified approximation 
of scaling stresses from the 30 AF blade of the same length indicates unacceptable 
results. 

stress = frbending moment ] 
Lsection modulus 

f [(chord) l 
[(chord)(thickness)~ 

= f[ 1 J 
Lthickness~ 

Since the desired thickness of the 15 AF blade is 1/2 that of the 30 AF blade, 
stress could be expected to be four times that of the 30 AF blade. This 
stress condition would be completely unacceptable. An important factor 
relative to blade air load bending capacity not accounted f~r in the above 
simplification is the negating effect of centrifugal restoring moment. 

As the air load flexes the blad·e down wind, this displacement produces an 
offset of the mass of the blade. This mass under the rotational centrifugal 
effect tends to straighten the blade radially. In this manner portions of 
the air loads are supported by centrifugal load rather than bending in the 
blade itself. 

The effectiveness of the centrifugal restoration was evident when the 15 AF 
blade was run in the detail design programs. Steady blade stressing did not 
increase over that of the 30 AF blade design. This result initiated additional 
study of the sensitivity of these blades to centritugal restoring loads. 
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Theoretical blades of zero mass were programmed. From these calculations 
it was found that at the maximum stress blade stations, 3/4 of the air load 
bending moment was centrifugally supported on the 30 AF blade and on the 15 
AF blade 9/10 of the air load was centrifugally supported. 

It should be pointed out that this 2.44 meter (8 ft) diameter model rotor 
does not have coning built in. Thus, centrifugal restoration is solely the 
result of air load blade deflection. Because these blades are relatively 
heavy (solid aluminum) and the tip speed is high,appreciable restoring 
moments are generated with reasonable tip amplitude displacements of 5.1 
em (2 in.) for the 30 AF blade and 10.2 em (4 in.) for the 15 AF blade for 
the load case with 35.2 m/sec (80 MPH) wind velocity and 213 m/s (700 ft 
per sec) tip speed. 

From the above study it is apparent blade stressing is very sensitive to 
centrifugal reaction. Other possible blade loading cases were examined 
where tip speeds may be held down, with centrifugal restoration reduced 
by the square of rotor RPM and air loading maintained at high levels. A 
review of blade air loading for these wind turbines shows that blade lift 
is generated predominately by tip speed rather than the wind velocities. 
Thus, as tip speed drops off, air loading decreases essentially as a 
squared effect. The centrifugal restoration will also decrease by the 
square of tip speed. Blade stressing as shown on figure 7-1 was judged 
acceptable for the 15 AF blade. It should be noted that cyclic stressing 
of the blade is not alleviated by centrifugal restoration. If this blade 
were to be run with skewed inflow, which is not scheduled in the test 
program, significant stressing can be expected. 

In the design of full scale wind turbine blading, light weight blade construc
tion is being considered. Here, since blade mass and tip speed are down, 
centrifugal restoration is enhanced by building in coning. As in the case 
of the model blade, at least for the higher velocity ratio configurations, 
it appears improbable that low tip speed high lift load cases will damage 
the blades. However, the converse case should be discussed. If the wind 
turbine load were lost and the rotor went to free running speed (approxi
mately twice design speed) blade lift loads would not be able to cancel the 
centrifugal restoration loads. The blade may be overstressed as the centri
fugal effect tends to reduce the built-in cone angle. 

From simplified relations the torsional frequency of the 15 AF relative to 
the 30 AF blade of equal length and one half chord and thickness is: 

w = f ~ 4]1/2 
Ip = f 
w 

w = f [thicknes~ 

1/2 
[(thickriess) 3 (chord)] 
L<chord)(thickness) 

Thus the scaled 15 AF blade of equal length would be expected to have 1/2 
the torsional frequency of the 30 AF blade. 

When this frequency is applied to the classical torsional stall flutter 
relations and compared to empirical data from full scale propeller blade 
designs, the 15 AF blade as scaled from the 30 AF is inadequate. Conse
quently, the blade thickness parameters were extensivoly modified to 
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increase the blade torsional frequency and simultaneously maintain a low 
bending frequency. 

A series of these iterations and their resultant effect on torsional and 
bending frequencies is shown below. The more interesting variations in 
thickness distribution are shown in figure 7-5. 

RPM at 
2 Per Rev. 

First Flat- Torsional 
wise Bending Stall Flutter 

Run Description Mode Crossover Parameter 

1 Base blade 30 AF thick/chord 869 .386 
distribution 

2 10% thickened in mid sections 955 .421 

3 20% thickened in mid sections 963 .447 

4 50% inc. at .8 sta. + run (3) 943 .451 

5 50% inc. at .6 sta. + run (3) 1005 .468 

6 50% inc. at .4 sta. + run (3) 1038 .452 

7 Thickened tip on run (1) 790 • 386 

8 NASA Mod. 0 thickness/chord ratio 922 .458 

9 NASA Mod. 0 thinned tip 1017 .467 

10 NASA Mod. 0 thinned tip & .4 sta. 980 .461 

11 Thinned NASA Mod. 0 918 .458 

The final thickness distribution is shown on figure 7-2. Again it should 
be pointed out in the full scale spar shell blade construction these 
parameters can be iterated against shell and spar thickness as well as 
airfoil thickness. Also in filament wound blading, fiber orientation can 
be varied in adjusting bending and torsional frequency placement. 

The configuration as defined by run (11) was finally selected as the best 
configuration for the 15 AF blade. The bending frequency has been properly 
placed and the stall flutter parameter has been increased to the maximum 
value within blade thickness ratio restraints. Figure 7-6 defines operating 
envelope restrictions imposed on the 15 AF blade resulting from the torsional 
stall flutter parameter of .46. This potential operating boundary is based 
on empirical data on full scale propeller blades operating near the stall 
region. These data have been collected over many years of propeller testing. 
There is a degree of question as to whether propeller derived stall flutter 
parameters can be used to Droperly establish wind turbine design configura
tions. This becomes particularly pressing in the solid model configurations 
where the fundamental blade bending modes and the torsional mode are lower 
with respect to the operating speed than has been experienced on full size 
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hollow construction. The other factor of major influence is the high tip 
speed dictated by the aerodynamic test objectives. 

Full scale hollow blades will have inherently higher bending and torsional 
frequencies, equivalent mode separation, and lower tip speeds. Stability 
analysis conducted during the NASA/G.E./H.S. study program and during the 
design of the NASA Mod. 0 blades confirm that full-scale turbine blades 
can be made stable within acceptable weight and geometry restrictions. 

The wind turbine model program was run without strain gage monitoring on 
the blades in order to reduce costs. Thus, the existence of flutter and 
the extent of possible resulting blade damage was not experimentally 
evaluated. To assure a successful aerodynamic test program conservative 
interpretations and limitations were placed on the test envelope for the 
15 AF blade (fig. 7-7). 

This figure combines operating limitations resulting from blade bending 
mode frequency placement and those of the blade, flutter. Two questions 
obviously arise; 1) Can sufficient test data be collected within the 
operational limitations to justify testing of this blade? and the second 
question of, 2) Why push the mechanical blade design to such an extreme? 

By testing at fixed freestream velocities and varying the rpm, the complete 
performance spectrum of the blade can be developed. This is shown in figure 
7-8 where the effect of testing of two different freestream velocities is 
shown. Thus, the mechanical limitations imposed on this blade design will 
not inhibit the acquisition of the full performance spectrum of this blade 
design. 

It is recognized that by selecting the 15 AF blade design structural require
ments have been extended to the extreme. However, aerodynamic performance 
data for the low end of practical rotor solidity is of major importance in 
establishing trends for optimum full-scale wind turbine selection. 

7.4 60 ACTIVITY FACTOR BLADE 

The initially selected width/diameter distribution for this blade was the 
same as the other two blades. However, when assessing manufacturing costs, 
it became apparent that a significant increase in material and fabrication 
costs would result due to the wide inboard sections. At that time solid 
aluminum was also being considered for this blade. A change was made to 
the planform to provide a constant width inboard section while maintaining 
the AF level so that the blade could be made from available 20.4 em (8 in.) 
bar stock. Subsequently, manufacturing cost considerations resulted in the 
selection of an aluminum spar with a wood build up for this blade. 

The blade thickness ratio is shown on figure 7-2 and the blade width distribu
tion is shown in figure 7-9. Here, the root, from 40 percent station inward, 
has been increased in chord length over the 30 activity factor blade. This 
increased chord length allows for the insertion of the spar member which 
contains the blade-to-hub attachment. Blade loads are transferred from the 
wood laminate airfoil sections into the aluminum spar through a fitted taper 
bonded joint. A backup cross-pin is supplied to prevent blade throwing in 
a bond failure condition. 
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The taper bond joint has been shaped to reduce "tab ending" load buildup 
conditions at the bond ends. Bond stressing has been kept well under 
allowables. 

Maximum blade bending stresses, figure 7-10, occur in the blade at the 90 
percent station. Here, they are well below the yield allowables but not 
sufficiently to allow cyclic accumulation at skewed inflow operation. 
Aluminum spar stresses are low in that spar sizing is primarily a result 
of bond area and load transfer distribution requirements. 

The 60 activity factor 230XX and 44XX airfoil blades, which are constructed 
of wood laminate with aluminum spars, have critical speed placements of 
two-per-revolution and three-per-revolution first flatwise modes above the 
operational range (figure 7-11). This mode placement results from the 
stiffness of the thick root sections in the blade. 

Following the structural design of these models the drafting activity was 
undertaken to provide detailed data for manufacturing of the blades. The 
major portion of this activity was accomplished on Hamilton Standard's 
I.D.S. (Interactive Design System). This computer controlled system 
receives the design definition of airfoils at discrete locations along 
the blade and automatically splines (fairs) them chordwise and spanwise 
and also stacks them to the design specification. In the case of these 
model blades the sections are stacked on the section centers of gravity. 
The stacked views of the 15, 30, and 60 AF blades are shown in figures 7-12 
and 7-13. The system also scribes aluminum plates for the making of blade 
templates and draws airfoil E.M.D.'s (Engineering Master Drawings) on Mylar 
for use in checking the finished templates. 

In the design of the model blades, consideration was given to full scale 
applications. One cost effective method of making full scale blades is 
a filament winding process utilizing a reusable mandrel. The blade stacking 
shown in figures 7-12 and 7-13 indicates that a mandrel could be utilized 
in fabricating this blade design configuration and can be withdrawn. This 
is a result of carefully tailoring blade twist, chord, and thickness para
meters on the inboard section. This tailoring has allowed for mandrel 
removal with minor effect on performance of blade inboard sections. 
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SECTION 8 

MANUFACTURE OF MODELS 

It was originally planned that the model blades would be solid metal, probably 
aluminum, and that they would be machined by a copy mill type process. This 
process is used by several vendors who are equipped to machine several blades 
at a time to low dimensional tolerances. This process has been used in the 
past for making small scale propeller models as well as blades for certain 
full scale flight hardware. 

When the model blades were aerodynamically defined and the model diameter 
selected, preliminary drawings were made and vendors contacted for manufac
turing estimates. It was found that the large diameter of the model (2.4m; 
8 ft) eliminated several vendors who could not machine blades over .61m 
(2ft) in length, Those who could machine this length blade could do so on 
only one blade at a time. Furthermore, the planform and thickness of the 
blades resulted in large flexibility which required special support and 
machining techniqueso The cost and schedule estimates received were far 
in excess of the original estimate. 

Consideration was given to reducing the model diameter and it was concluded 
that if the diameter were reduced to the point where the costs were signi
ficantly reduced the usefulness of the aerodynamic data obtained would be 
seriously impaired. 

Accordingly, other materials and fabrication processes were explored. This 
investigation included blades of metal, all wood layup and molded fiberglass 
on a metallic spar, and wood layup on a metallic spar. Several sources were 
investigated for hand machining of the blades. The all wood blades were 
ruled out because of inadequate torsional stiffness. The fiberglass layup 
and molding proved too expensive particularly for tooling. The result of 
this investigation was a decision to make the 15 AF and 30 AF blades of 
solid aluminum and the larger 60 AF blade of laminated wood laid up on an 
aluminum spar. All blades will be hand-machined to final shape. This 
approach resulted in a significant reduction in costs compared to the 
copy mill type process estimates but still higher cost than that originally 
estimated. 

Consideration was also given to making only two sets of model blades which, 
after testing, would be reworked to the second two sets of blades• This 
option requires two separate test periods to allow time for the rework 
operations. However, in this case, the wind tunnel setup costs for the 
second test period nearly offset the cost savings in model manufacture. 
Moreover, the initial models would not be available for possible rerunning 
later in the program to check questionable data or future testing which 
ERDA may want ~o undertake in the UTRC wind tunnel or in other test 
facilities. 
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SECTION 9 

PREDICTED PERFORMANCE OF THE SELECTED WIND TURBINE'CONFIGURATIONS 

9.1 PREDICTED AERODYNAMIC PERFORMANCE 

The aerodynamic performance of each of six wind turbine models was 
computed for the complete operating spectrumo The data are presented 
in the terms of power ratio, P,R,., and thrust ratio, T.R., over a 
velocity ratio, V.R., range from start-up to shutdown and covering a 
range of blade angles appropriate for variable pitch power regulation 
required for the generation of electric a.c. power with synchronous 
generator. The performance data presented herein was computed for the 
same matrix of wind velocities, model rpm's and blade angles as were 
to be covered in the wind tunnel test. 

The modified Goldstein propeller method described in Reference 1 has 
been utilized to calculate the performance. Thus the test data would 
provide a check on the accuracy of this method. In this connection it 
should be pointed out, that while the 2.4m (BoO ft.) diameter wind 
turbines appear to be large wind tunnel models, they are in fact small 
scale relative to the 30-60m (100-200 ft.) diameter range for full 
scale wind turbines currently being considered economically viable 
machines. Thus while the full scale wind turbines operate in the 
3-8 million Reynolds number range, the models in this test program 
were to be operated in the 0.1 to 1.1 million RoN. range. As shown 
in Figure 9-1, for full scale wind turbines, R.N. has only a small 
effect on performance whereas for model wind turbines the effect of 
R.N. is significant. Moreover, the variation in R.N. due to differences 
in activity factor (chord) of several models could result in misleading 
trends of this parameter when related to full scale wind turbines. 
Therefore, the test results for this program cannot be used as full 
scale performance. Rather the results can be utilized to check out 
the methodology which may then be used to predict full scale performance. 

Thus to investigate the effect of the blade geometric parameters, it 
was intended that each model be tested at the wind velocity required 
to achieve the same Reynolds number at the velocity ratio for peak 
performance. The predicted performance was computed for the same 
conditions. 

Although for the generation of a.c. electric power with synchronous 
generators, the rotor rpm is ccnstant which implies essentially 
constant Reynolds number, the wind tunnel testing technique will be 
to set a blade angle and tunnel velocity and vary rpm by loading the 
turbine. This procedure results in a variation in R.N. as rpm is 
changed. Accordingly, the calculated performance has been based on 
conditions identical to the test including a Reynolds number variation 
over the velocity ratio range to permit a direct comparison with the 
test data. 

The test schedule on each model was set up to cover several tunnel 
velocities to define the performance over the entire velocity ratio 
range and to achieve maximum R.N. at peak power ratio. Three velocities 
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were selected for the design blade angle. The first velocity was 
selected such that the maximum allowable tip speed for 213 m/S (700 
FPS) be at the free running speed to define the performance over the 
entire velocity ratio range. The second velocity was selected such 
that the maximum allowable tip speed occurs at peak P.R. to achieve 
maximum R.N. at peak power ratio. A third velocity was selected 
between the first two. Similarly, for off design blade angles, one 
velocity was selected on the basis of free running speed and another 
for peak P.R., provided that this velocity did not exceed the velocity 
limit due to blade structure. The foregoing discussion may best be 
understood by studying the predicted performance packages for each of 
the six models included in the test program. These packages incorporate 
the wind turbine blade shape characteristics, a photograph, and the 
predicted performance in terms of power ratio and thrust ratio variation 
with velocity ratio for several blade angles and at several tunnel 
velocities. Figures 9-2a through 9-2d covers the 2 blade/15 AF blade 
model, figures 9-3a through 9-3d the 2 blade/30 AF model, figures 9-4a 
through 9-4d the 3 blade/30 AF model, figures 9-5a through 9-5c the 
1 blade/30 AF model, figures 9-6a through 9-6d the 2 blade/60 AF/230XX 
model and figures 9-7a through 9-7d the 2 blade/60 AF/44XX model. 

9.2 EFFECT OF INFLOW ON PERFORMANCE 

The 2 blade/30 AF model, considered to be the basic or reference model, 
will be tested at the design blade angle with the plane of the turbine 
yawed over a range of angles to the tunnel flow. At each yaw angle the 
six components of moments and forces will be measured. The definition 
of these forces and moments are presented in figure 9-Sa. The corres
ponding predicted data are presented in figures 9-Sb through 9-Sg. The 
power ratio and thrust ratio data were calculated by the Goldstein 
program for several wind velocities as described previously. The 
remaining components caused by the inflow were calculated with the 
Skewed Wake Program. An examination of the figures indicates rather 
irregular trends in some cases which may be due to the variation in 
the airfoil data with the very low values of R.N. However, no expe
rimental data has been available to correlate with the predicted values. 
Thus the test data from this test will provide a check on the validity 
of these predictions. 

9.3 EFFECT OF REYNOLDS NUMBER ON THE PERFORMANCE OF THE 2 BLADE/30 ACTIVITY 
FACTOR MODEL 

The large effect of Reynolds number on the performance levels of the 
test models has been discussed previously. As was pointed out, this 
parameter will have a dominant influence on the performance of each 
model and on the effect of the geometric parameters. Thus the perfor
mance of each model has been calculated using airfoil data for the 
appropriate R.N. at each radial station along the blade with variation 
in wind velocity and rpm corresponding to the testing procedure discussed 
in Section 10. As an example, the Reynolds number at the blade 75 percent 
radius for the 2 blade/30 AF model can be selected from figure 9-9a as 
a function of velocity ratio and wind velocity with a model blade 
structural limiting tip speed of 213 m/S (700'/sec.). Figure 9-9b 
shows a plot of power ratio at the design blade angle for an extended 
t·ange of wind velocities to further establish the effect of Reynolds 
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number on model performance. Figure 9-9c shows how the power ratio at 
the design velocity ratio of the 2 blade/15 AF, 30 AF and 60 AF models 
are expected to vary as a function of R.N. compared to full scale models 
of these same geometries. This plot again demonstrates the predicted 
powerful effect of R.N. on the performance of the test models. 

9.4 EFFECT OF GEOMETRIC VARIABLES ON PREDICTED PERFORMANCE 

Utilizing the performance packages described in figures 9-2 through 9-8 
the effects of number of blades, activity factor and airfoil section on 
power ratio at the design blade angle for the test models are shown in 
figures 9-10, 9-11 and 9-12, respectively. Figure 9-10 shows that peak 
performance decreases and design velocity ratio increases as number of 
blades is decreased. The corresponding full scale wind turbine predicted 
performance has been superimposed to show the increased performance level 
expected with full scale R.N. Figure 9-11 shows similar trends as 
activity factor is varied from 60 to 15. However, in this case the 
reduction in power ratio level is primarily due. to the large reduction 
in R.N. associated with reduced AF, i.e., the R.N. for the 15 AF model 
is approximately one fourth of that for the 60 AF model. The superimposed 
full scale performance indicates very little change in peak power ratio 
as activity factor is varied. 

An examination of figure 9-12 indicates a rather small effect of airfoil 
section on performance. However, the NACA 44XX airfoil appears to be 
a slightly better aerodynamic section that the NACA 230XX airfoilo 
According to the figure, this section improves performance near peak 
power ratio and at lower velocity ratios. However, since most wind 
power machines are rated at velocity ratios slightly below that for 
peak P.R., the advantage of the NACA 44XX airfoil is less than implied 
by the figure. Moreover, the aft location of maximum camber reduces 
susceptability to surface roughness. 

9.5 EFFECT OF SURFACE ROUGHNESS ON PERFORMANCE 

The effect of surface roughness on wind turbine performance is very 
important since to compete with other power producing systems, the 
wind turbines must be fabricated at minimum cost and have long operating 
lives in all kinds of atmospheric environmentso Thus the tolerances on 
airfoil shape may need to be relaxed from those required for aircraft 
application. Moreover, some erosion of the surface may occur with time. 
The resulting surface roughness will have a degrading effect on perfor
mance as shown typically in figure 9-13 for the 2 bladed/60 AF/230XX 
airfoil model. Again it should be pointed out that this figure is 
based on model Reynolds number where the impact of roughness is greater 
than would be expected in full scale wind turbines. However, this effect 
will be established by incorporating NASA standard roughness on both 
60 AF models with NACA 230XX and NACA 44XX airfoils. 
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SECTION 10 

WIND TUNNEL TEST PROGRAM 

10.1 INTRODUCTION 

The primary objectives of this test program were to 1) establish the 
performance spectrum of each wind turbine model over the entire 
operating range of interest within structural and operational 
constraints, 2) to investigate the effects of geometric and aero
dynamic parameters on performance and to compare to theory as discussed 
in Section 9, and 3) to conduct flow visualization on the wake charac
teristics of one model for use in a new performance prediction methodo 

It was planned that the test data would cover the same range of operating 
conditions as included in the calculated performance presented in the 
previous section; thus permitting a direct comparison of test measure
ments and predicted perfo.rmance. A complete discussion of the original 
wind tunnel test plan is presented in Appendix A. 

The wind tunnel test program was conducted in the 5.44m (18 fto) throat 
of the United Technologies Research Center (UTRC) subsonic wind tunnel. 
A special test rig and tower were· provided for mounting the model wind 
turbines. The rig incorporated a wind turbine loading system and utilized 
the main tunnel six component balance for measuring the forces and moments. 
The primary performance data were automatically recorded and reduced on 
line to allow continuous perusal of the results. In addition, all 
measurements were recorded off-line for later reduction and analysis. 
Unfortunately, all of the original test plan as described in Appendix A 
was not accomplished due to the loss of one wooden, 60 AF blade during 
the initial testing of Model 5, resulting in the destruction of the test 
rig. 

This section presents a description of the wind tunnel test facility and 
a discussion of the test data reduction and accuracy and of the resulting 
experimental model turbine performance package derived from the test data 
acquired prior to loss of the rig. 

10.2 WIND TUNNEL TEST FACILITY 

10.2.1 Wind Tunnel 

The testing was conducted in the United Technologies large subsonic wind 
tunnel shown in figure 10-1. The tunnel is a single-return, closed 
throat facility with two interchangeable test sections. The tunnel main 
drive system consists of a 6711 kw (9000 hp) synchronous motor and a 
variable-speed coupling driving an 8.0m (26 ft.) diameter 20 bladed fan. 
The basic 5.48m (18 ft.) test section used in this test can attain speeds 
up to 89 m/s (200 mph). Tunnel stagnation pressure equals atmospheric 
pressure, and the stagnation temperature of the airstream is held constant 
in the 15 to 60°C (60 to 140°F) range by means of air exchange valves. 

A 25 channel static data system is linked to the digital computers of the 
United Technologies Research Center to provide data reduction. On line 
data reduction is done with a PDP-6 computer on a terminal located in the 
control room. Data are also recorded on magnetic tape for more extensive 
off line reduction on a UNIVAC 110 computer. 
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A large six-component electro-mechanical balance is located in the 
balance chamber beneath the test section floor. The six-component 
balance loads, model altitude and test parameters were displayed in 
the control room and automatically processed with a PDP-6 digital 
computer. The maximum permissible component loads on the balance are 
well above those developed by the models included in this program. 

10.2.2 Test Rig 

A new test rig was built for this test mainly from components already 
in existence in the United Technologies Research Center inventory. 
As concepted, the rig was constructed around existing three and four
blade propeller hubs, had an integral torque measurement system and 
the capability to load the wind turbine. The general arrangement of 
this rig is shown in figure 10-2. 

The test rig consisted of the following major components: 

1. A turbine drive shaft 

2. A sixty toothed wheel and magnetic pickup 

3. A 3.51 planetary gear-reducer 

4. A 67 kw (90 hp) Task electric motor 

5. A 227 kg (500 lb.) Baldwin strain gage load cell for torque measurement 

6. An aluminum mounting pad 

7. A fairing enclosing the drive system 

The Task electric motor rated at 67 kw (90 hp) at 9000 RPM is a three 
phase, synchronous, induction type motor with a constant torque 
capacity over a 9000 RPM speed range. Since the motor speed is a 
function of supply frequency and not power, at any given speed, the 
motor could perform as either a motor or a dynamometer depending on the 
loads supplied by the turbine. The planetary gear-reducer was installed 
on the motor to increase the peak torque potential of the system to 
about 305 N-m (225 lbs.-ft.) and to increase the operational motor RPM 
range by a factor of 3.5 providing a higher power capacity at a given 
rotor speed. 

The test rig was mounted on a support strut which, in turn, was attached 
to the turn-table of the 5.48m (18 ft.) tunnelo With this arrangement, 
it was possible to yaw the rig up to 90° while using the main tunnel 
six component balance to measure the forces generated by the wind turbine. 
An airfoil shape fairing enclosed the strut and was grounded to the 
tunnel's turn-table and retained by a following system which maintained 
the fairing's alignment with respect to the airflow while the strut yawed 
within. As a result, the aerodynamic tares on the strut are small and 
independent of the strut's yaw angle. Figure 10-3 shows a photograph of the 
test rig mounted in the 5.48m (18-ft.) winrl tunnel. 
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10.2.3 Test Measurements 

All of the forces generated by the wind turbine were measured on the 
main wind tunnel six component balance. The forces were translated 
from the balance resolving center to the model axes. In this manner all 
six components of force could be measured simultaneously. 

Prior to the start of testing it was necessary to establish the aero
dynamic tares on the fairing enclosing the drive system. This was done 
by testing at various test rig yaw angles and tunnel velocities. Lift, 
drag and moment tares were then developed as a function of tunnel 
velocity and yaw angle. These were incorporated in the data reduction 
system and automatically processed during the data acquisition and 
reduction procedure. 

The primary reading used in this test from the six components measured 
was the drag on the balance. Once the aerodynamic tares of the fairing 
are removed, this is a direct measure of the wind turbine thrust. The 
drag or thrust loads measured were well within the capacity of the 
system. 

Although the torque produced by the wind turbine could have been deduced 
from the rolling moment of the six component balance reading, a separate 
measurement was made of this most important parameter. By floating the 
entire drive/motor system the reactive torque of the turbine on the drive 
system could be measured through a simple load cell. This was done by 
attaching one end of an arm to the outer housing of the motor and by 
fixing the other end to ground through a Baldwin load cell. With 
this arrangement, the torque could be measured whether the motor was 
driven by or was driving the wind turbine. A special dead weight 
calibration of this system was performed prior to the start of the test. 

Wind tunnel test conditions were set by measuring tunnel ambient conditions. 
Stagnation temperature and pressure were both measured in the upstream 
settling chamber of the tunnel circuit. The test section dynamic pressure 
was measured by four manifolded wall static orifices at the constant area 
approach of the 5.48m (18 ft.) approximately 7m (21.6 ft.) forward of the 
rotor. This wall static pressure was applied to one side of a 703.1 kg/m2 
(1 psi) calibrated differential transducers while the tunnel's stagnation 
pressure was applied to the other side. 

10o2.4 List of Instrumentation 

Measurement 

Turbine RPM (N) 

Turbine Torque (y) 

Turbine thrust (D) 

Side Force 
Pitch Moment 
Roll Moment 

Yawing Moment 

(Y) 
(PM) 
(RM) 
(YM) 

Location 

Rotor Shaft 

Gearbox output 

Below test section 
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Equipment 

60 Toothed gear/magnetic 
pickup 

Baldwin 227 kg (500#) load cell 

6-component null seeking 
balance 



Measurement Location 

Stagnation temperature (T0 ) Upstream settling chamber 

Stagnation pressure (PTo) II " II 

Equipment 

Thermocouple/encoder 

Kiel probe/Barometer 
encoder 

Static pressure (H-P) Test section 12m (39.4 ft.) Wall static orifices 
forward of rotor plus upstream total/ 

transducer 

10.2.5 List of Models 

Activity Factor No. of Blades 

15 2 
30 2 
30 3 
30 1 
60 2 
60 2 

10.2.6 Test Schedule 

Airfoil Sections 

230XX 
230XX 
230XX 
230XX 
230XX 

44XX 

Designation 

Model No. 1 
Model No. 2 
Model No. 3 
Model No. 4 
Model No. 5 
Model No. 6 

The run schedule for the models of this program is shown in Table 10-1. 
A significant portion of the entire test program as defined in Appendix A 
was not completed due to a blade fracture early in the testing of the 
first 60 AF wind turbine, Model No. 5. The blade fracture, reported in 
Appendix B resulted in the complete destruction of the test rig and in 
significantly curtailing the test program. This included the curtailment 
of the testing of the one blade, 30 activity factor turbine, Model No. 4; 
the two bladed, 60 activity factor, 230XX airfoil turbine, Model No. 5; 
the two bladed, 60 ~ctivity factor 44XX airfoil turbine, Model No. 6; and 
the surface roughness, flow visualization and inflow testing of Model No. 
2. Since this test program was conceived as an entity, the objectives 
could not be fulfilled. Moreover, the remaining tests are important to 
the aerodynamics and structural design of wind turbines and should be 
completed at some future time. 

10.2.7 Test Procedure 

Prior to the start of testing, tare runs were made covering the range of 
velocities to be investigated. The purpose of the tare runs was to 
eliminate the forces and moments acting on the nacelle fairing and support 
strut from the six-component balance readings. These tares were included 
in the data reduction program and were eliminated during the on-line data 
reduction procedure. 

After the tare values had been established, performance testing of each 
wind turbine was initiated. The procedure was as follows: 

1. A blade angle was set. 

2. A tunnel velocity was set. The turbine RPM was monitored as the 
tunnel velocity was increased to assure that the maximum tip 
speed limit was not exceeded. Load was applied to reduce RPM as 
required. 

3. The first data point was taken at the maximum RPM point. 
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4. Increments of load were then applied to define the power ratio 
versus velocity ratio curve. 

5. After all the load increments had been applied, a new velocity 
was set and increments of load again applied. 

6. The above process was repeated until all the desired velocities 
at that blade angle had been covered. 

7. At the conclusion of the above step, a new blade angle was set 
and steps one through six repeated until all desired combinations 
of blade angle had been tested. 

10.2.8 Test Observation 

In addition to the recorded data, several interesting observations were 
made during the course of the testing pertaining to model behavior and 
data quality. These observations are presented herein to provide the 
reader with additional insight regarding the operating characteristics of 
the model wind turbines and in assessing the quality of the measured data. 

A. General Observations 

Testing of model wind turbines can be accomplished with good results if 
care is taken to obtain highly accurate velocity maasurements. In addition, 
since Power Ratio (PR) is the prime measurement, particular care should be 
taken to assure that the wind turbine torque measurement is accurate and 
repeatable. It is also desirable to utilize models as large as feasible and 
have blade flow transition fixed near the leading edge to minimize Reynolds 
number effects. Specific observations are presented below for test models. 

B. Model 2 (2 way/230XX Airfoils/30AF) 

This was the initial model of the test program and as such problems were 
encountered in the initial running. The initial data obtained with this 
turbine showed unexpected trends with velocity ratio and variations in 
free-stream velocity. The problem was traced to a very small leak in the 
static pressure sensing system which manifested itself as an inaccurate 
velocity measurement. It was found that velocity measurement errors as 
small as .3048 (1 fps) caused large changes in power ratio, particularly at 
low tunnel velocities. This finding highlights the need for a very sensitive 
velocity setting system for wind turbine testing. 

The start-up capabilities were briefly investigated with this wind turbine. 
The wind turbine was set at a blade angle of +20 degrees. The tunnel velocity 
was then gradually increased until the turbine started to rotate. It was 
observed that rotation occurred at a velocity ratio well below design. This 
demonstrated that a variable pitch wind turbine could be started in relatively 
light winds. 

C. Model 1 (2 way/230XX airfoils/15AF) 

This was the second of the wind turbines tested, the lowest activity factor 
and thus was very narrow and thin as shown in figure 9-2B. Because of its 
unique shape characteristics, these blades exhibited unusual blade dynamic 
responses while being tested. Preliminary aero structural analyses indicated 
that stall-flutter could occur if specified operational limits were exceeded. 
Indeed, several times during the running, there were audible indications that 
a flutter boundary had been reached. A noise similar to an operating jack 
hammer was heard in the tunnel which disappeared as the turbine rpm was 
lowered. Thus, this noise was utilized as a blade flutter indicator for 
subsequent testing. 
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In view of its unusual operating characteristics, discussed later in the text 
in Section 10.4.1, a strobe light was used to observe the blade deflections. 
Under a stroboscopic light, it was noted that the blades were severely bowed 
at all operating conditions except low rpm and tunnel velocity. At one time, 
it appeared that one of the two blades was also flapping. Because of the 
extremely narrow chord of the blade it was not possible to determine if 
there was any torsional deflection. 

Because of its small chord, this blade also operated at the lowest Reynold's 
number of the blades tested. To see what effect tripping the boundary layer 
had on performance, a strip of carborundum dust was applied to the upper 
surface of both blades near the leading edge. The results are discussed in 
Section 10.4.1. 

D. Model 3 (3 way/230XX airfoils/30AF) 

The initial running of this model led to performance levels higher than the 
ideal values for this turbine configuration at low velocities. It was found 
that the test "end-zero" point did not repeat. Ideally, the end zero point 
(the last test point taken after the rig and tunnel have been completely 
shut-down) should agree in reading counts with the start zero point (the 
first test point taken before the rig and tunnel are started up). Agreement 
between these two readings assures that the metric system balances have not 
shifted during the run. Thus, it was necessary to institute a new procedure 
for obtaining end zeros which consisted mainly of accurately determining that 
the flow in the tunnel had completely stopped (zero velocity) before the 
reading was taken. 

E. Model 5 (2 way/230XX airfoils/60AF) 

This turbine was made of a wood laminate and was the most difficult to 
balance, requiring the most weight to bring into balance. It was found that 
not only did the two blades have slightly different twists, but the tips of 
the turbine were out of track by almost 0.127m (0.5 inches). Nevertheless, 
by adjusting the blade pitch setting and careful balancing, it ran very 
smoothly before a blade separation occurred due to a manufacturing flaw. 
(Described in Appendix C) 

10.3 DATA REDUCTION AND ACCURACY 

10.3.1 General 

The data acquired, automatically, by the STADAS data system were converted 
to engineering units and coefficient form and displayed on-line via the 
PDP-6 computer for immediate data evaluation. In addition, these raw data 
were written onto a magnetic tape fo.r more comprehensive off-line reductions. 
These off-line data were corrected for solid body and model wake blockage 
by the method of reference 19. The corrections used are p~esented in 
Appendix c. A sample of the off-line data printout is shown in figures 
10-4A, 10-4B, and 10-4C. Such a printout is available for each test point. 

A detailed analysis of the end zero test points and a statistical analysis 
of the test runs were performed to determine the measurement accuracy of 
the data. Based on the results of this analysis, the system accuracies 
are presented in Table 10-2. 

10.3.2 Data Reduction 

The equations used to reduce the data are contained in Appendix C. Basically, 
two sets of equations are used in the reduction of the data. The first set 
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is used to determine the tunnel flow conditions, the second to determ1ne ~ne 
model performance. The first set of equations used to establish the flow 
conditions are the standard equations used in all wind tunnels. The 
velocities calculated at this point are not corrected for wake or solid body 
blockage. 

The second set of equations, designated "Model Load Conditions" accomplish 
two tasks. The first is to transfer the forces and moments from the 
balances resolving center (BRC) to the model resolving center (MRC). After 
the forces and moments are .transferred, the second task is to transform 
each component into coefficient form. All six components of force are shown 
in Appendix C and were calculated in anticipation of yawed inflow testing. 
Theoretically, at zero inflow the NR, SR, MR and YR coefficients should be 
zero. In reality, some very small values were noted for each of these 
terms as can be seen in figure 10-4C. This indicates that there may have 
been some small pitch or yaw on the rig in the tunnel possibly due to some 
asymmetry in the tunnel v~locity. However, these small flow angles have 
only a negligible effect on the primary parameters of PR, TR and VR 
presented in this report. 

All of the turbine performance parameters used herein are affected by 
velocity (i.e. VR, TR, YR, etc.). The power ratio (PR) is effected as 
the cube of velocity and is therefore most sensitive to velocity inaccuracies. 
This is clearly shown in Table lQ-.3. Velocity itself is subject to 
residual error in primarily the differential static pressure measurement 
and thus the percentage velocity error increases at low speeds. The per
centage error in power ratio caused by an inaccuracy in velocity is 
thus greatest at low velocities. To elaborate on this point, velocity is 
the result of stagnation pressure and temperature and a differential 
pressure measurement. A small differential pressure residual error results 
in a large velocity error at low mean velocities. An error of only .345 N/m2 
(.0005 PSID) in the differential pressure measurement, results in a .366m/sec 
(1.2 fps) error at a nominal 7.62 m/sec (25 fps); while this pressure 
inaccuracy results in only a .122m/sec (.4 fps) error at 21.366 m/sec 
(70 fps). The nominal 7.62 m/sec case with a .366m/sec reading error would 
result in a. power ratio error of 15%; while the .122m/sec error at 21.386 
m/sec would result in a power ratio error of only 1.8%. This effect for a 
range of velocities is shown in Table lQ-3. 

In addition to the errors generated at low velocities due to velocity 
measurement residual inaccuracies, other factors deteriorate with de
creasing velocity (i.e. the absolute values of torque and thrust decrease 
as the square of velocity). Fixed residual inaccuracies in thru'st and 
torque for this test can result in errors at peak power ratio as indicated 
in Tables 10-4 and 10-5. These inaccuracies result in much larger errors 
in power and thrust ratios when the absolute lack of thrust and torque are 
lower than those corresponding to peak power ratio. The reduced d?ta, for 
both reasons specified above, become more accurate with increasing tunnel 
velocity as the size of measurement inaccuracies decreases relative to 
absolute levels. 

10.3.3 Blockage Corrections 

As with all propeller and wind turbine testing, the measured velocity 
must be adjusted for the presence of the model support and the operation of 
the model itself. The corrections used are shown in Appendix B. These 
corrections were developed by Pope in his book "Low Speed Wind Tunnel 
Testing" (Ref. 19). 
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Basically, two blockage corrections are involved in the adjustment of the 
velocityo These are the solid body blockages of the support and drive 
systems and the wake blockage of the wind turbine and support system. 

By far the largest of these corrections is for the turbine wake blockageo 
This correction amounts to almost 5% of the thrust ratio and becomes 
larger as the thrust ratio increases. 

10.4 EXPERIMENTAL DATA PACKAGE 

The measured wind turbine performance data are presented as a data package 
in figures 10-5 through 10-7K. These figures include test data for the 
three wind turbine models tested, i.e. Model 1 (the 2 blade/15 AF/230XX 
airfoil), Model 2 (the 2 blade/30 AF/230XX airfoil) and Model 3 (the 3 blade/ 
30 AF/230XX airfoil) wind turbines. In order to permit a direct comparison 
with the predicted performance, these experimental data are plotted in the 
same format as that shown in Section 9. Since no inflow testing was accom
plished prior to the aforementioned destruction of the test rig, only curves 
of power ratio and thrust ratio as a function of velocity ratio are 
presentedo On each figure, the test points have been plotted and a 
curve faired through the points. The model wind turbine is designated 
along with the run number, blade angle (G 3/4R) and the tunnel velocity. 
Each test point was carefully reviewed for consistency and accuracy of 
measurements. Those points which scattered outside of the measurement 
tolerance were indicated and generally have not been included in the 
analysis procedure. All of the test data except for tare runs, and 
where instrumentation problems occurred are presented in this section. 
The discussion at this point will be limited to an evaluation of the test 
data. The data analysis and correlation with calculations will be 
covered in Section 11. 

10.4.1 Model 1 

A photograph of Model 1 (2 blade/15 AF) as mounted in the wind tunnel 
is shown in figure 10-SA. The measured performance data is shown in figures 
10-SB through 10-SE. For the design blade angle of -1.0°, G 3/4R, the 
variation of power ratio with velocity ratio is plotted in figure 10-SB for 
three tunnel velocities. For runs number 15 and 18 the data were adjusted 
manually to account for a start-zero shift in dynamic pressure, H-P, 
corresponding to -.345 N/m2 (-.0005 PSIG) and -.138 N/m2 (-.0002 PSIG) 
respectively. These shifts in the H-P start-zero are believed to be 
caused by residual airflow in the test section while start-zeroes were 
being acquired which would cause velocity readings to be lower than actual 
test conditions for all data points during these runs. As can be seen 
from an inspection of figure lQ-SB, there is little scatter of the test 
points within a run. The same general observations can be made for the 
corresponding thrust ratio data shown in figure lo-Se. For no established 
reason, the thrust data of run #15 appears to be out of line with respect to 
the other datao As discussed previously in Section 9, the tests were run 
at several different velocities to achieve maximum R.N. at peak P.R. and 
to cover the complete V.R. range at one velocityo Since RoN. is a function 
of velocity and increases with velocity increase, it can be seen that the 
measured data show a variation with R.N. In the higher V.R. region, the 
P.R. increased with decreasing R.N. (i.e. velocity). This trend is in
consistent with the corresponding calculated data presented in Section 9 
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and with the well established effects of Reynolds number in flu~d dynamics. 
Probably the trend is due to the previously discussed measurement in
accuracies which nearly always result in the actual velocity being greater than 
the recorded values. Moreover, the difference between recorded and actual 
velocity increases as the recorded velocity is decreased. Thus, it is 
obvious that the associated power ratio and thrust ratio levels will show 
the observed trend. Furthermore, as indicated in Section 9, the predicted 
R.N. effect on performance for the small spread in tunnel velocity is small 
and generally would be observed within the data accuracy band. In the 
lower V.R. region the measured data show a trend with R.N. as predicted in 
Section 9. In this case the observed trend with velocity is probably due 
to a stronger R.N. effect than predicted. Since the stall angle of attack 
of an airfoil section decreases as R.N. decreases, there is an abrupt fall 
off in performance as the R.N. is decreased. To better understand this 
situation, a cursory attempt was made to apply roughness to the leading 
edge rad~us in an attempt to simulate full scale R.N. A~cordingly a number 
360 grit was applied to a band approximately .032 meter (.125 inch) wide 
at 5% chord on the suction side of the leading edge. It can be seen 
from run #21 that although the leading edge roughness significantly 
reduced performance at the higher V.R. range, it did alleviate the 
abrupt fall-off in power ratio (R.N. effect) at the low V.R. range. 
Thus while the grit apparently did increase the blade stall angle-of-
attack it is implied that the grit was applied too thickly and introduced 
grit drag which reduced performance. Nevertheless, the experiment does 
indicate that there is a potential of simulating full scale R.N. in small 
scale tests with proper definition of grit size and location on the 
leading edge. 

Data for the blade angle range tested to define variable pitch charac
teristics are shown on figures 10-SD and 10-SE. Run #18 from figures 
10-SB and 10-SC was selected as the design blade angle. Similar trends 
with R.N. (i.e. velocity) are seen for the .5° blade angle as for the 
design angle. The drop-off in P.R. level with increases in blade angle 
is shown to be as predicted in Section 9. 

It was observed when running the 2 blade/15 AFmodel that the blades 
bowed significantly due to the thrust loading. Therefore, a strobe light 
was used to better observe the phenomena. It was seen that flatwise bending 
.and flapping were encountered at some combinations of velocity and RPM on 
one blade with steady bending of the other blade. This bending decreased 
with increasing blade angle and in general as loading decreased. In view 
of the observed blade deflection, the reliability of these data is question
able, particularly at the design angle where slight variation in blade 
twist distribution could cause a large change in performance, particularly 
near the free running velocity ratio. 

10.4.2 Model 2 

Model 2 (the 2 blade/30 AF) is shown as mounted in the wind tunnel in 
figure 10-6A and the measured data is presented in figure 10-6B through 
10-6E. For the R.N. variation investigation, the 1° blade angle was 
selected over the -.5° predicted design blade angle because it shows better 
performance over a wider V.R. range (figure 10-6D) albeit with a slight 
penalty at peak P.R. The test data for a range of velocities is shown in 
figures 10-6B and 10-6C. As was seen with model 1, scatter within a run 
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is slight and the same R.N. trends as discussed for model 1 were also seen 
for model 2. Again, as previously discussed, the validity of P.R. and 
T.R. plots are suspect due to the sensitivity to small errors in velocity 
measurement. 

The complete blade angle range is shown as figure 10-6D and 10-6E. The 
11 m/S (37 FPS) 1° blade angle curve was repeated on these figures. It is 
of interest to note that for the 5° and 10° blade angles there are two 
runs each at high velocities which show a slight increase in peak P.R. with 
R.N. (i.e. increase in velocity) as predicted. As previously discussed, 
the accuracy of measuring improves as velocity increases. Moreover, the 
effect of R.N. at the lower V.R. r.ange is considerably less than that 
observed at the 1° blade angle runs corresponding to lower velocities and 
consequently lower R.N., a further indication that the spread in P.R. at 
the lower V.R. range is due to R.N. 

10.4.3 Model 3 

More data were obtained for Model 3 (the 3 blade/30 AF) than the other 
two models. The configuration as mounted in the wind tunnel is shown 
on figure 1Q-7A. For 1° blade angle, several runs were made at three 
velocities. The P.R. and T.R. data are presented in figures 1Q-7B and 
10-7C respectively for 8 m/s (26 FPS) for four runs. Again, as pointed 
out for the other two models, the scatter within a run is small except 
for run #29. Moreover, an examination of the test data indicates that a 
transducer problem was encountered in run #29 which resulted in erroneous 
performance data. Thus this run should be ignored. Run #28 appears to 
be incorrect. In this run there was an indication that the tunnel fan 
RPM was higher than for any other 8 m/s (26 FPS) run and thus lends 
credence to suspecting its accuracy. For a velocity of 14 m/s (46 FPS) 
the data for three runs are shown in figure 10-7D for P.R. and 10-7E 
for T.R. with similar data being plotted in figures 1Q-7F and 10-7G for 
22 m/s (73 FPS). It should be noted that for each velocity, the spread 
in the P.R. and T.R. plots for the run becomes smaller as velocity is 
increased and is well within the accuracy bands as previously defined. 

The average P.R. and T.R. of the runs at each velocity for the 1° blade 
angle are shown in figures 1Q-7H and 10-7I. It can be seen from these 
figures, that the averaged data tends to offset the measurement inaccuracies 
previously noted. 

The variable pitch data are presented in figures 10-7J and 10-7K for P.R. 
and T.R. respectively. The 1° blade angle is represented on these figures 
by the 14 m/s (46 FPS) average from figures 10-7H and 10-7I. As for 
model 2, at 5° and 10° blade angles, peak P.R. increased with increased 
R.N. and the drop-off at the ·lower V.R. is less severe than at the lower 
blade angles run at lower velocities. 

In summary, the measured data of model 3 has a high degree of reliability 
because the many reruns permitted fairing the data which tends to average 
out the measurement inaccuracies previously noted. Although there were 
no reruns for model 2, most of the data were taken at velocities where 
the inaccuracies are small and except at the lowest velocity, these data 
are considered to be quite reliable. Model 1 data are the least reliable 
because of the blade instabilities noted during the testing and discussed 
above. 

-160-



10.5 SUPPLEMENTAL TEST DATA 

In view of the limited number of model wind turbine configurations tested 
in this program due to the previously reported accident, the inclusion of 
supplemental test data on model wind turbines from other programs becomes 
important in achieving the objectives of this program, Thus, the literature 
search discussed in Section 5 becomes im~ortant in providing this supplemental 
data. As pointed out in Section 5, very little experimental data on model 
wind turbines comparable to the models included in this test program are 
available. However, the test data presented in references 20 and 21 have 
been selected to supplement the.test data from this program. 

Reference 20 contains performance data on a series of .9 and 1.2 
meter (3 and 4 ft.) wind turbine models tested in the New York 
University wind tunnel. Reference 21 contains unpublished data in 
several 1.8 meter (6 ft.) diameter wind turbine rotors. Both of these test 
programs are described in more detail below. 

10.5.1 New York University Data 

In reference 20, 2-bladed rotors of .9 meter (3 ft.) and 1.2 meter 
(4 ft.) were tested in the 2 x 3 meter (7 x 10 ft.) tunnel at N.Y.U. 
on a special test rig. The rig was mounted in the center of the 
tunnel and consisted of a spinner, hub and motor-generator mounted in 
a streamlined fairing. The motor-generator was a shunt-wound D.C. 
motor of 2.2 KW (3 H.P.) (nominal) and was rigged to permit use either 
as a motor to drive the model wind turbines or as a generator to absorb 
the power produced by the wind turbines. 

Four sets of wooden blades were available for testing on this rig. 
The first set of blades was designated Model A. This rectangular 97 AF 
blade was a scale model of the Smith-Putnam wind turbine and represented 
a .9 meter (3 ft.) model of that wind turbine. The second set of blades 
was a 50 AF rectangular set designated Model B. The third and fourth 
models incorporated tapered blades of 34 AF, and were identical in all 
respects except for twist. These models were designated C-1 and C-2 
respectively with the C-2 blade design having the more optimum twist 
distribution. Models B, C-1 and C-2 resulted in wind turbines of 1.2 
meter (4 ft.) diameter. 

Of these four model wind turbines, only two received extensive testing 
due to manufacturing and structural problems encountered with the 
small wooden blades. The testing of model B was limited due to a severe 
flutter problem encountered under operating conditions. Model C-1 blade 
had less than optimum twist in the critical inboard regions and there-
fore received only minimal testing. Models A and C-2 received more 
extensive testing, covering a range of tip speeds, forward velocities and 
blade angles. However, prior to the test, it was discovered that the 
two C-2 blades had different twist distributions. These blades were 
acceptable from the hub to the .457 meter (18 inch) radius but the remaining 
.15 meter (6 inch) of the blades were quite badly warped, the tip of one 
blade having 3° 6ver twist and the other one having 6° under twist due to 
warpage after manufacturing. In spite of this twist mis-match, the C-2 
wind turbine was tested over a range of blade angles, forward velocities 
and tip speeds. 

-161-



A representative sample of the data from this test is shown in figures 10-8, 
10-9, and 10-10. Figure 10-8 shows the variation of power ratio with 
changes in freestream velocity for Model A. The trends shown here are 
similar to those observed in the present test; i~e. the more abrupt fall-off 
in power ratio at lower velocity ratios with decreasing velocity. The 
data shown in this figure are for the same blade angle. However, similar 
data at other blade angles show the same trend. 

Figure 10-9 shows the variation of power ratio with blade angle for Model 
C-2. Again these trends are similar to those observed during the present 
test. 

A summary of the performance of all four model wind turbines tested at 
N.Y.U. is shown in figure 10-10. This figure presents the peak 
performance of all four models. The rather poor performance of Models 
B, C-1 and C-2 compared to Model A, is immediately apparent. As will 
be recalled, Model B had severe flutter problems, Model C-1 had less than 
optimum twist while Model c-2 had blades with mis-matched twists. More
over, all of these models were tested at Reynolds of approximately .300Xlo6 
which may have contributed to the low performance levels. The data are 
included with the test data acquired in this test program and described 
in Section 11. 

10.5.2 Sulzer Unpublished Data 

Recently, P. Sulzer (ref. 21) tested several 1.83 meter (6 ft.) diameter 
wind turbine models on his test rig. This rig is unique in that a motor 
boat is used to propel the wind turbine models over the water at a constant 
11 m/s (37 fps). The model is mounted on a motor generator .9 meter (3 
ft.) in front and 1.52 meter (5 ft.) above the bow of the boat. In making 
a test run, the boat is operated at a constant wind speed of 11 m/s 
(37 fps) as indicated by an anemometer located 1.52 meters (5 ft.) in front 
of the wind turbine model. The model is started with a 12 volt starter 
motor that can then be mechanically disengaged from the drive shaft. The 
model is then adjusted to the desired RPM with a Varicon-controlled load. 
At that point, the load power and RPM are recorded. This procedure is 
repeated until all blade angles have been investigated. 

The wind turbine models tested on this rig are 1.83 meters (6 ft.) in 
diameter. Turbines with rectangular and tapered planforma have been tested 
with most of the turbines utilizing the GA(W)-1 airfoil. A constant blade 
thickness ratio of 17 percent is used regardless of the blade planform. 
A total of nine wind turbines have been tested on this rig. The results 
of the six most appropriate turbine tests are presented herein. 

The data from this rig are shown in figures 10-11 and lQ-12. In figure 
10-11, the performance of 47 and 77 AF tapered blade models are compared. 
Also included is one test point for a wind turbine with 74 AF rectangular 
blade. In figure lD-12, the performance of one and two bladed, 47 AF 
wind turbines is shown. Superimposed is the performance of a 46 AF 
rectangular one bladed wind turbine. Recalling the previous figure, the 
trapezoid planform blades show higher performance. 

All of these data will be discussed and compared with the results of the 
present program in Section 11. 
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TABLE 10-1 

RUN SCHEDULE 

Run Tape 
Noo No. 

Blade 
Angle 

Blading Degs. 
Velocity 

m./s (ft/sec.) 

Turbine 
Speed 

RPM Remarks 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
37 
38 
39 

4428 

4437 

4433 

4431 

Model 2 -.5 
-.5 
+1 
+1 
+1 
+5 
+10 
+10 
+20 
+20 
+2.5 
+2.5 

Model 1 -1 
+.5 
+.5 
-1 
+5 
+10 
-1 

Model 3 -1.5 
-1.5 
-1.5 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+5 
+5 
+10 
+10 
+20 
+2.5 

Model 6 +1.5 

0-1700 Torque tares 
7.6,15.2,35.4(25,50,116) Aero. tares 

10.7(35) Schedule 1 N.G. leak in H-P 
10.7(35) OK 

10.7,21.4(35,70) OK 
4.9(16) OK 

18.2,7.6(50,25) OK 
15.2,25o(50,82) Schedule 2 OK 
25.,35.4(82,116) Torque beam open 

35o4(116) OK 
35.4(116) Schedule 3 OK 

0(0+) 0+ Measured start torq. 
11.3(37) Schedule 1 OK 
11.3{37) OK Repeat of run 13 

7.3(24) OK 
7.3(24) 

10.4,14.3(34,47) 
10.7,7.1,14.3(35,23.4,47) 

12.2(40) 
12.2(40) 
10.7(35) 
13.4(44) 
13.4 (44) 
21.9 (72) 
21.3(70) 
13.4(44) 

7.6,13.4(25,44) 
7.6,13.4,21.3(25,44,70) 

7.6(25) 
7.6(25) 

13.4(44) 
15.5(51) 
30.4(100) 
25.9(85) 
35o4(116) 
35.4 (116) 
lL 9(39) 

13.4(44) 

OK With L.E.R. 
OK 

Schedule 1 OK 
OK Repeat data 
OK 

Schedule 1 OK 

Schedule 2 
Schedule 1 Note: Two runs 37 

0-1200 Vibration survey 
Q-1200 Same 

Schedule 1 Blade fractured 
at 3rd point 

Turbine Speed Variation Schedules 
Schedule 1 1671, 1433, 1194, 955, 716, 475 

2 1671, 1433, 1194, 955, 716, 400 
3 1194, 954, 716, 475, 400 
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Lift, L, 

Drag, D, 

Pitching Moment, PM, 

Yawing Moment, YM, 

Rolling Moment, RM, 

Side Force, SF, 

Torque, •, 

TABLE 10-2 

Statement of Accuracies 

+ 6.8 N (1.54 1bs) 

+ 2.6 N (.58 1bs) 

± 1.4 N-m (1.06 1b-ft) 

+ 4.9 N-m (3.60 lb-ft) 

+ 14.6 N-m (10.8 1b-ft) 

± .5 N (.12 1b) 

± .31 N-m (.23 1b-ft) 

Dynamic pressure, H-P + .145 N/m2 (.0005 PSID) 
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TABLE 10-3 

Effect of Velocity Measurement Accuracy on Power Ratio 

Nominal Velocity 

m/s (FPS) 
35 (116) 
21 (70) 
14 (45) 

8 (25) 
5 (17) 

Accuracy 

m/s (FPS) 
±0.1 (0.3) 
±o.1 (0.4) 
±0.2 (0.6) 
±o. 4 (1. 2) 
±0.6 (2.0) 

TABLE 10-4 

Effect on PR 

% 
±1 
±2 
±4 
±15 
±40 

Effect of Power Measurement Accuracy on Power Ratio 
± (. 31 N-m (. 23 lb-.;::t)l 

Nominal Velocity 

m/s (FPS) 
14 (45) 
8 (25) 
5 (17) 

Effect on Peak PR 

TABLE 10-5 

% 
±1 
±5 
±8 

Effect of Thrust Measurement Accuracy on Thrust Ratio 
± ( 2. 6 N (. 58 1 bs ) ) 

Nominal Velocity 

m/s (FPS) 
14 (45) 

8 (25) 
5 (17) 

Effect on TR 
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CHANN£LS 

1 

DC~? = 

S f A 0 A S T E M P E R A T U R E A N D 0 R E S S lJ R E 

(Ten torque readings in system units; ft-lbs/ it units) 
f'iHl~T !) 

SCANS 
1 2 3 4 5 (;. 7 

795. 79'i. sol. 801· 79'S. 794. 792. 

-.01010, ZERO = .;;oooc 

FIGURE 10-4A RAW TORQUE INPUTS 

B A S E P R 0 G R A H 

s 9 10 

7SS. 791. 788. 



I ..... 
-....! 
0 
I 

GAGE ENGINEERING UNITS 

I<U'l s POINT s (Ten torque readings corrected to ft-lbs) 

CNAI.~e:l.~ sc.F:~ 
1 2 

12.111795 

J 

u.uosa 
It 

u.uosa 
s 

12.16'<011 

(;, 7 

1 1-2.16404 l2.147Q5 12.11577 

?t.RAHETER BOARD (Run constants input) 
1 0 0 0 0 

0 1 0 0 1 
9 0 2 2 2 

0 0 1 0 0 1 0 0 

0 9 0 3 1 0 1 0 9 0 
6 o o o a o & o o a 

z 0 3 0 0 1 3 2 0 G 

0 0 1 0 0 
0 3 z 9 4 

8 1 6 8 <,1 
3 o o o a 

Q 0 0 

COMPUTED DATA (Uncorrected torque, average of 10 readings, ft-lbs) 
iOROU 
12.14151 

RUt• CONSTANTS (Balance and transducer calibrations, slopes and distances) 

OATSL O~F LSF Sfc·F PRI"TL DCLP HO TTUN 
1.00000 loOGODO l.JQOO.J 1*00000 I.o:moo -.01010 l~.rlG5D 7&.50000 

PP~ R RO xo YO ZJ Xl Zl 
953.00000 11.00000 3.0000~1 -2.63540 .ooooo .caooo .ooor.o .ooooo 

SPMP SRMM SRMO s«;~p PMM PHG Pe'P RMM 
9.00000 a.ooooo .ooOGJ 9.00000 168.90000 l.C0GC0 310.70080 329.40000 

TS 6 A. XI. TTAR~ THETA TAR£ PSI 
.00000 z.oocoo 30.0000-::J .16700 -.soooo 1.u:uuo l.LQJGD .aoooo 

B 

12oC03H 

PCAL .cocoa 
PHI 

.ooooo 
RI~Q 

9 

12o09C/6$ 

PCll 
.ooooo 

PSIC 
30.00000 

PMP 
6.u0000 i22ob0000 

Al?HA 
l.Z.OOOO 

ENCODER DATA (Six component balance readings, lift and drag in lbs~ ~oments in ft. lbs.) 
hLPHA YAW LIFT DRAG PH 2~ YH Sf 

.~DO .000 .27 62.26 .38 -&.0 2.~ o22 

FIGURE 10-4B RAW BALANCE INPUTS 

10 

1Zo0Sl'+l 

PCL2 .oo:1oo 
SPMM 
s.ooooo 

XKO 
1.ooooo 

PCL3 
.~~<r"iCOO 

SP:O 
9.GOOCO 

PC 
.coo::; 
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HSO WIND TURBINE TEST 

RUN 5 
PTO 

!lA • ilfpSO 

RPt-1 
953. 

PT 5 DATE 10257 
f'DIJ "tT 

l!hl"WO'Ill 7C>~5 

HV 
12.911 

HP 
2.35 

***BALANCE RESOLVING CENTER 
l D PM 

.27 61.67 .38 

***SOuY AXIS 
L D PH 

.27 61.67 1.10 

TR NR SR 
-.757 .043 • 00 3 

ALP4A B AF VTIP 
loO 2 30 3<;9.19 

RHOU= .QQ2376 

0 
~Qt 

P""S.P'i\1 .co 
Y~·~ 

2.91 

'fM 
::;.~0 

MR 
-.nu 

M v r:(;~ rr. 
.ou n.,.l .. tl t 'I'~ d4;1!lfib~06 

~11SMV PSI 
eOO aO 

RM SF 
-6.02 • 22 

RM 5'F 
-6.02 • 22 

YR \IR p>o 
e003 lO.cOS .'129 

FIGURE 10-4C FINAL DATA OUTPUT 

(Terms defined in List of Symbols) 



FIGURE 10-5A. 15AF MODEL NO. liN 5.48 METER (18 FOOT) TUNNEL 
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FIGURE 10-6A. 30AF MODEL NO.2 IN 5.48 METER (18 FOOT) TUNNEL 
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FIGURE 10-7 A. 30AF MODEL NO.3 IN 5.48 METER (18 FOOT) TUNNEL 
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SECTION 11 

DATA ANALYSIS AND EVALUATION 

11.1 INTRODUCTION 

The predicted performance data for each of the t8st models were 
presented in Section 9. The measured performance data for the 
three models tested in this program and some supplemental test data 
from two other sources were presented in Section 10. In this section, 
performance comparisons of calculation and test will be made to 
evaluate the methodology. Moreover, the effect of Reynolds number, 
number of blades, and blade solidity as established by the testing 
will be presented. 

11.2 METHOD VALIDATION 

The calculations of Section 9 are compared with the measured data of 
Section 10 for the three test configurations as shown in figures 
11-lA through ll-3B. The power ratio and thrust ratio variations for 
a range of blade angles for Model 1 are shown in figures ll-6A and ll-6B, 
respectively. Since these calculations were made, an internal structure 
process in the computer program has been improved which effects the 
calculated performance characteristics at the high velocity ratio range 
and low blade angles. This revision changed the power ratio curve at 
high velocity ratios for Model 1 set at -1° blade angle as shown in 
figure 11-lA such that it now more closely follows the test trend. A 
similar comparison is shown in figures ll-2A and ll-2B 'for Model 2. 
Again, with the revised computer program, calculations show an improved 
correlation with test data for -.5° blade angle in the high velocity 
ratio range. For Model 3, the comparisons of calculations and test 
are shown in figures ll-3A and ll-3B. The performance for the 1° blade 
angle was calculated after the test and includes the revision in the 
computer program. For all three models, it can be noted that the cal
culations predict the shapes of the power ratio and thrust ratio test 
curves quite well. However, the predicted levels are generally lower 
than the test levels. Moreover, the test data show a sharper drop-off 
in performance at the low velocity ratio range than predicted by 
calculations. 

To study more carefully the difference between test and calculations, 
power ratios were plotted versus velocity ratio in figures 11-4 and 
11-5 for the three models at design blade angle. In figure 11-4, the 
corresponding variations in Reynolds number are shown in the upper 
set of curves. Since Model 3 was tested at a higher velocity than 
Model 2, the Reynolds numbers for Model 3 are higher than those for 
Model 2. The Reynolds numbers for Model 1 are lower than those of 
Model 2 because the blade chords ar.e smaller. Figure 11-5 compares 
test and calculations based on a 6Xl06 Reynolds number which is more 
representative of full scale. From an inspection of these two 
figures, it is noted that for Models 2 and 3 the calculation based 
on 6Xlo6 Reynolds number more closely match the test data in the 
vicinity of the peak power ratio than do the calculations based on the 
model Reynolds number. However, for Model 3 the test performance 
is more closely predicted by calculation using model Reynolds number. 
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An explanation for these observations is that the steep drop-off 
in peak power ratio may occur at a significantly lower Reynolds 
number than predicted in figure 9-9C. In the low velocity ratio 
range where the angles-of-attack on the wind turbine blades 
approach stall, neither model or full scale Reynolds number calcu
lations match the test data. Thus the airfoil data generalization 
incorporated in the computer program may not properly represent 
the entire test Reynolds number range. 

In view of the foregoing, it is appropriate to discuss the methodology 
and the airfoil generalizations as the basis for better understanding 
the discrepancies between calculated and measured performance. 

11.2.1 Methodology 

The calculations for the test models were made using the Goldstein 
method together with a generalization of 2-dimensional airfoil data 
spanning a large Reynolds number range as discussed in Section 3. 
A comparison was made of calculations based on this method with 
calculation based on the wind turbine computer program (ref. 22) 
developed at Oregon State University as part of a study supported by 
the National Science Foundation, Research Applied to National Needs 
(RANN), under Grant No. GI-41840. This strip analysis method utilizes 
the same airfoil section, NACA 23018, all along the blade. Thus, 
although blade chord and twist are included in the computation, the 
thickness ratio is constant along the blade. Calculations were made 
using this program. For a direct comparison, the Hamilton Standard 
calculations were rerun using Hamilton Standard airfoil data for a 
NACA 23018 rough section for 6Xlo6 Reynolds number. Therefore, both 
programs were run using comparable airfoil data. Both sets of calcu
lations are shown in figure 11-6. It can be seen that both calcu
lations compare well, thus indicating a consistency between the two 
programs. 

As the last phase of the test program, it was planned to obtain flow 
visualization data for assessing the Prescribed Wake and the Rotor 
Wake Geometry programs described in Section 3. Due to the termination 
of the test program, these data were not obtained; however, to 
assess the effect of a wind turbine wake on performance, the computed 
free wake data described in Section 3.6 was used in the Prescribed 
Wake Program to compute one performance point for Model 2. The calcu
lation was made using the airfoil data for model Reynolds number so 
that a direct comparison could be made with the predicted model per
formance. From figure 11-6, it can be seen that the calculation based 
on this wake definition would indicate a higher performance level than 
that predicted by Goldstein and could account for one-third of the 
difference between calculation and test. It is apparent that sufficient 
flow visualization data of the wake should be obtained to permit·a 
thorough evaluation of the importance of wind turbine wake characteristics 
in predicting wind turbine performance. 

11.2.2 Airfoil Data Generalization 

The 2-dimensional airfoil data generalization included in the compu
tational procedure was dereived from published, 2-dimensional test 
data on the NACA 230XX airfoil series. The test airfoils include a 
thickness ratio range from 12 through 24 percent. The testing covered 
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a Reynolds number range from 3 to 9Xl06 and an angle-of-attack 
range of ±zoo. In addition only limited data for these airfoils 
have been published for thinner sections and for the low Reynolds 
number range of this test program; i.e. 75Xl05-loZX106. Therefore, 
in order to derive the airfoil data generalization for the design and 
performance prediction of both full scale and model wind turbine, it 
was necessary to extrapolate the published airfoil data. Through 
the extrapolation process, the Z-dimensional airfoil data has been 
extended to cover a family of airfoils from 6 to 40 percent thick, 
operating over an angle-of-attack range of ±zoo and a Reynolds 
number range from 75Xl06 through 9Xlo6. Thus this airfoil data 
generalization is suitable for calculating the performance of the test 
models of this program as well as full scale wind turbines. 

However, it should be pointed out that a study of the airfoil data 
for the thick sections, undertaken after the design of the test 
wind turbine models, indicates that the extrapolated drag data in 
the generalization may be pessimistic. 

Thus, the performance predicted for the inner half of the blade 
radius, where the airfoil sections are above Z5% thick, may be 
unrealistically low. To evaluate the importance of the inner half 
of the blade, computations were made for the Model Z assuming a 
maximum thickness of Z5%. The calculations were plotted on figure 11-7. 
At peak power ratio, it can be seen that the calculations predict a 
5% drop in performance due to the thick sections, thus indicating that 
the drop-off shown should be somewhat less and in the direction to 
lessen the discrepancy between calculations and test. 

As noted, the airfoil data generalization is based primarily on airfoil 
test data most of which are for 3 to 6Xl06 Reynolds number. There
fore, the extension of the airfoil generalization to the low Reynolds 
numbers corresponding to those encountered in the test was based on 
very limited data. Calculations based on 6Xl06 Reynolds number more 
closely match the test data at peak power ratio as shown in figure 
11-7. This would indicate that the increase in drag due to R.N. may 
not be as severe as the generalizations predict. 

As was stated previously, the sharp drop-off in the test performance 
at the low V.R. range may be attributed to an earlier stall due to low 
Reynolds number. In the high angle-of-attack range, the extrapolation 
of the drag generalization is particularly uncertain. The present 
drag generalization consists of a minimum drag which is a function of 
thickness ratio and Reynolds number, a drag due to lift which is a 
function of lift coefficient and maximum lift coefficient for the 
section (also function of R.N.) and a drag extrapolation for the high 
angle-of-attack range. An attempt at improving the drag revision was 
made by revising the latter portion of the generalization to be a 
function of stall angle for the R.N. As shown in figure 11-lZ, the 
revision resulted in a trend similar to the test trends. 

Thus, it can be concluded that a large porti·on of the discrepancy 
between calculations and test could be attributed to the inadequacy of 
the airfoil generalization in the low R.N. range corresponding to 
these tests. 
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11.3 EFFECT OF PRIME PARAMETERS 

From the test data of Section 10, plots of the pertinent experimental 
data were made to show the effects on performance of Reynolds number 
(fig. 11-8) and the geometric parameters of number of blades (fig. 11-9) 
and activity factor (fig. 11-10 and 11-11). The experimental trends 
with these parameters and their comparison with predicted trends are 
discussed in the following text. 

11.3.1 Effect of Reynolds Number 

Figure 11-8 presents a plot of peak power ratios versus the corresponding 
Reynolds number at 3/4 radius for the 2 blade Hamilton Standard test 
models and for the 2 blade supplemental models of references 20 and 21. 
As can be seen in this figur~ the measured data verify the predicted 
sharp drop-off in the low Reynolds number range. However, this drop-off 
occurs at .35Xl06 Reynolds number which is significantly below the pre
dicted value of approximately l.OX106 Reynolds number shown in figure 9-9C. 
However, the test data do not confirm the increasing peak power ratio level 
with increasing activity factor at a given Reynolds number predicted in 
figure 9-9C. This effect may have been obscured since the test data are 
from various sources which introduce different measurement accuracies 
among the test facilities as well as differences in model size, finish and 
in the details of the shape characteristics. Unfortunately, Models 
5 and 6 with the 60 AF blades were not tested. The higher Reynolds number 
level of these models would have provided key data on similar models from 
the same test facility. Thus a more complete and consistent story on the 
Reynolds number effect could have been achieved. 

In connection with the problem of dealing with low Reynolds number effects 
when testing scale models in the wind tunnel, it is recalled that a cursory 
attempt at flow transition control was made by applying an arbitrary 
density of grit to the leading edge radius on Model 1 (2 blade/ 15 AF). 
As previously reported, this was done in an attempt to investigate the 
abrupt fall-off in power ratio at low velocity ratios during the initial 
testing of this model. Although the performance level was reduced signifi
cantly over'the higher velocity ratio range, the abrupt fall-off in power 
ratio was alleviated in the low velocity ratio range where angles-of-attack 
on the blades approach stall and the Reynolds number is reduced. Thus 
it would appear that with careful control of the grit size and distribution 
on the model blade~ the potential exists in simulating full scale Reynolds 
number performance on the model wind turbines included in this test program 
reported herein. 

11.3.2 Effect of Geometric Variables 

The measured number of blade variation is shown in figures 11-9 for 1, 2 
and 3-bladed models. The 30 activity factor model was tested as a 2 and 
a 3-bladed configuration. The data of reference 21 includes 47 and 77 
activity factor models, tested both as 1 and 2-blade configurations. 
From an inspection of this figure it is noted that the peak power ratio 
increases at a decreasing ratio as number of blades is increased. For 
the 30 AF model of this program, the comparison of predicted and 
measurements peak performance are shown in the following table: 
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Peak Performances 

PREDICTED (Fig. 9-11) MEASURED 

% % 
# Blades V.R. P.R. CHANGE V.R. P.R. CHANGE 

3 9.0 .410 9.0 .45 
6% 6% 

2 11.0 .385 11.0 .425 
19% 

1 16.0 .325 

It is shown in the above table that for both 3 and 2 blades, the velocity 
ratio corresponding to peak power ratio was well defined. Moreover, 
although the predicted peak power ratio level was lower than measured, the 
percentage change due to increase in number of blades was predicted. This 
comparison cannot be made with the 1 blade model since it was not tested 
prior to the accident. Although a similar comparison cannot be made for 
the other 47 and 77 AF configurations from reference 21, it is of interest 
to note that there is a measured 12 percent reduction in performance between 
2 and 1 blades for the 47 AF model and for the 77 AF a measured reduction of 
21 percent which spans the 19 percent reduction predicted for the 30 AF 
model. Moreover the peak power ratio levels for both the 1 and 2 blade 
models are within experimental error. 

The measured activity factor variation is shown on figure 11-10 for the 2 
blade configurations and on figure 11-9 for the 1 blade configurations. To 
compare the measured data with the predicted data of figure 9-11, peak 
power ratio and the corresponding velocity ratios for the 2 blade models 
are plotted on figure 11-11. From an inspection of figure 11-11, it can 
be seen that the trend of peak power ratio variation is well predicted. 
The 37 AF model is probably out of line because, as noted previously, it 
had different twist distributions on each blade and moreover was tested at 
low Reynolds number. The velocity ratio corresponding to the peak power 
ratio are well predicted as shown in figure 11-11. For the two 1 blade 
models, the measured performance (fig. 11-9) is essentially the same and 
thus demonstrates the same trend as the 2 blade models. 

Included in the testing in reference 21, were two 2 blade configurations of 
approximately 75 activity factor. One configuration is a near optimum 
design and the other configuration has a rectangular planform with no twist. 
From figure 10-11, it can be shown that the performance is reduced 9 percent 
by these deviations from the optimum configuration. These same deviations 
were investigated for the 1 blade configurations with 46 activity factor 
and correspondingly there was a 28 percent reduction (fig. 10-12) in per
formance. It should be recalled that these same effects were individually 
analytically investigated for a 2 blade/30 AF optimum configuration 
predicting a total reduction of 21 percent (Table 4-1). Moreover, the study 
of reference 5 indicated that the performance penalty in deviating from the 
optimum planform and optimum twist are much reduced as the activity factor 
is increased from 30 to 60 which is substantiated by the 2 blade/75 AF data • 

. This effect of deviation from the optimum design can also be related to a 
velocity ratio; i.e. this effect is increased with increasing velocity ratio. 
This would then account for the higher reduction in the peak power ratio for 
the 1 blade/46 AF models because then peak velocity ratio is higher than that 
for the 2 blade/JDAF. 
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It should be pointed out that the models of reference 21 incorporated 
the GA(W)-1 airfoil section which could have had some effect on the 
comparisons discussed above since the models of this program incorporated 
the NACA 230XX section. However, because of the probable differences in 
measurement accuracies between the two test facilities as well as model 
differences, no effect of airfoil section on performance could be identified. 
Again the importance of conducting parametric investigations on similar 
models and in the same test facility must be emphasized. Thus the planned 
tests on the two 2 blade/60 AF models with NACA 230XX and 44XX airfoils, 
respectively, would have provided valuable information on the effect of 
airfoil section on wind turbine performance. 

11.4 SUMMARY 

From the foregoing discussion, it was shown that the test data generally 
substantiate the variations in geometric parameters and Reynolds number 
predicted by the existing aerodynamic methodology. However, the predicted 
performance levels are lower than the test levels. In this connection, 
it was noted in the discussion that possible methodology and airfoil data 
generalization deficiencies could have contributed to the lower computed 
levels. Moreover, the wind tunnel turbulence level is in the order of 2%, 
which may be sufficient to produce a turbulent boundary layer on the leading 
edge of the model blades indicative of full-scale Reynolds number. Thus, 
the full-scale test program, as originally planned, is required to better 
define the effect of geometric and aerodynamic parameters on wind turbine 
performance and to establish the need for more refined methodology. Addi
tional efforts in this connedtion are discussed in Section 12, Identifica
tion of Aerodynamic Technology·Needs. 
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SECTION 12 

IDENTIFICATION OF AERODYNAMIC TECHNOLOGY NEEDS 

12.1 INTRODUCTION 

The design of practical, cost effective wind energy conversion systems requires 
reliable technology in several disciplines related to the various components of 
the system including the aerodynamics of the wind turbine. Since the kinetic 
energy per unit volume of air at prevailing wind velocities throughout the world 
is relatively small, it follows that to produce practical levels of power, wind 
turbines are relatively large machines. For this reason, it is essential that 
the aerodynamic efficiency be as high as possible in order to minimize wind tur
bine dimensions and cost. Thus, there is a need to establish reliable aerody
namic technology for wind turbines. Towards this end, the Energy Research and 
Development Administration, ERDA, has undertaken a broad program to provide the 
required technology for the design of cost effective wind energy conversion 
systems ranging from the large sizes required for utility companies to the small 
sizes suited for private usage. 

The experimental and analytical research program reported herein was sponsored 
by ERDA as one of the first steps toward the development of reliable aerodynamic 
technology, 

The objectives of this program were to investigate, (1) the prime geometric vari
ables of wind turbines operating over the practical range of velocity ratios, 
(2} the effect of inflow on wind turbine forces and moments, (3) the effect of 
Reynolds number of wind turbine performance, (4) the correlation of test measure
ments with calculated performance, (5) the potential application of new rotor 
aerodynamic methodology and (6) to. establish from the results of this initial 
program, other areas of needed research, 

While significant progress towards these objectives was achieved in this program 
as reported herein, the unfortunate early termination of the experimental phase 
caused by the model blade separation, prohibited much of the planned research 
from being accomplished, Moreover, the work which T.ras completed and the problems 
encountered as well as the aerodynamic analyses per ~rmed in connection with other 
programs including the full scale design of the MOD-O and MOD-1 wind turbines 
have indicated several new areas of needed aerodynamic research and technology, 

Accordingly, a recommended, follow-on research and technology program, aimed at 
accomplishing the original objectives presented above and including the new areas 
of required aerodynamic technology identified by this contractor since this progr~ 
was initiated in 1975, is outlined below. 

12.2 CONTINUATION OF MODEL WIND TURBINE TEST PROGRAM 

The wind tunnel test reported herein has shown that model testing of wind 
turbines is feasible provided that large models are used to obtain Reynolds 
numbers of at least 3.5 X 105 and that testing is carefully controlled, 
particularly the tunnel velocity setting and the .measuring systems are 
accurately calibrated to assure reliable data with a minimum of scatter. 
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Accordingly, in view of the important testing to be accomplished to achieve 
the objectives listed above, it is recommended that the test program as 
originally planned be completed and that additional testing be included as 
outlined below with particular attention and importance being given to the 
added testing relating to simulation of full scale Reynolds number testing. 

12.2. 1 Performance Test 

The performance testing should be continued to complete the program described 
in this report. The models include the 1 blade/30AF/230XX airfoils, the 
2 blade/60AF/230XX airfoils and the 2 blade/60AF/44XX airfoils design. 
Thus with performance data on these models and the performance data 
acquired on the three models reported herein, the solidity, number of blades 
and airfoil investigations as originally planned would be accomplished. 
In addition to these data the start-up characteristics of each model should 
be measured. 

12.2.2 Inflow Tests 

The effect of angular wind inflow on performance and on the resulting force 
and moment components is important in the design of the blades and the tower. 
Accordingly, both the 2 and 3 blade/30AF/230XX airfoil models should be tested 
with the plane of the turbine yawed over a range of angular from 15 . 
to 60 degrees at the design blade angle and covering the velocity ratio range 
from start-up to shut-down. 

12.2.3 Simulation of Full Scale Reynolds Number 

A Reynolds number simulation test is recommended on the 2 blade/15 AF, 30 AF 
and 60 AF/230XX models by applying various coverages of grit on the leading edges 
in an attempt to simulate full scale Reynolds number on these models. If success
ful, this technique would permit wind tunnel investigations of blade geometry on 
relatively small, cost effective models to establish improved rotor performance 
for application to full scale wind turbine designs. 

This same approach should be utilized to investigate the effect on performance 
of blade roughness due to manufacturing technique and service erosion. 

12.2.4 Flow Visualization Investigation 

The flow visualization test to define the wake characteristics of the 2 blade/ 
30 AF/230XX model should include a series of stroboscopic photographs of the wake 
covering both design and off~design operation, utilizing a multiple smoke jet 
rake to identify the tip vortex and inboard vortex sheet. This wake shape data 
would be utilized to assess the prescribed wake and free wake rotor programs and 
to determine if the expanding wake shape should be incorporated in the existing 
methodology which currently incorporates a non-expanding wake. 

12. 3 WIND TURBINE PERFORMANCE COMPUTER PROGRAM 

The need exists for a reliable, complete aerodynamic design and performance 
prediction method which may be utilized by an emerging wind energy industry as 
a standard for selecting horizontal axis wind turbines. Accordingly, it is 
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recommended that a computer deck be derived based on existing theory and including 
airfoil data packages containing generalized performance of the NACA 230XX and 
NACA 44XX airfoil families covering a range of Reynolds number pertinent to wind 
turbine application. The program would be structured to permit the incorporation 
of wind shear, tower shadow and yawed inflow to more accurately represent the true 
environment. Moreover, the program would permit inputting any time~dependent, 
radial and circumferential, variation of the wind velocity. Thus the effect of 
wind variability on performance could be studied on a quasi-steady state basis. 

Such a general aerodynamic performance program is not currently available and would 
add significantly to wind turbine design technology. 

12.4 WIND TURBINE AIRFOIL DATA 

The selection of optimum airfoil type for wind turbine blades is difficult to 
make in view of the limited data on thick airfoils. Very little data exists 
for thickness ratios above 25%, although the structural design requirements lead 
to airfoil thickness ratios as high as 40% over the inner half of

6
the blade. 

Moreover, the available data usually does not extend below 1 X 10 Reynolds 
number. Thus experiments on model wind turbine cannot be adequately correlated 
with test data. Furthermore, because of these limited data, it is currently not 
possible to make direct comparisons of the various candidate airfoil types. 
Accordingly, two-dimensional wind tunnel tests should be conducted on airfoils 
such as the NACA 230XX, NACA 44XX and the new GA (W) general aviation airfoil 
families over an angle of attack range from ~4 to +20°, a M~ch number range from 
0.2 to 0.7 and a Reynolds number range from .25 X 106 to 6! 106. Each airfoil 
family shouid include a thicknes.s ratio variation from 8% to 40%. The effect of 
surface roughness should be established. The matrix of airfoils should be selected 
such that existing data need not be duplicated. These data would then be presented 
in generalized data packages for incorporation in wind turbine aerodynamic 
methodologies. 

12.5 ENVIRONMENTAL STUDIES 

Recent aerodyn~illic design analyses of large wind turbine rotors have indicated 
a significant effect of wind shear and tower shadow on the aerodynamic peformance. 
The effect has been to increase the diameters required to achieve a specified 
rated power output. Since the rotor diameter impacts heavily on wind turbine 
costs, it is essential that these environmental factors be investigated to 
accurately establish their effects on performance. To this end, it is recommended 
that the 2 and 3 bladed/30 AF/230XX models be tested in the wind tunnel in the 
presence of a simulated tower shadow and wind shear. The test data including 
both performance and stress measurements would be compared to the corresponding 
calculated data to assess the validity of the methodologies. 
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SECTION 13 

CONCLUSIONS 

The analytical and experimental research on wind turbines accomplished 
in this program provides an initial insight into the correlation of 
existing aerodynamic methodologies with experimental performance data 
and into the problems associated with wind tunnel tests on model wind 
turbines. 

The reliability of existing theories has been briefly investigated. 
The calculated performance characteristics of wind turbines and the 
effect of the prime geometric and aerodynamic parameters have been 
generally confirmed by the test results. Finall~ the need for developing 
very carefully controlled testing techniques on model wind turbines was 
clearly demonstrated. 

These general conclusions are presented more specifically and succinctly 
in the following statements covering the salient results of this program. 

1. The parametric study results showed that a 2 bladed/30 AF/Trapezoidal 
Planform/NACA 230XX airfoils is close to an optimum configuration 
from both aerodynamic and structural considerations. 

2. The prime blade shape parameters most affecting wind turbine per
formance and requiring experimental confirmation include number of 
blades, activity factor (solidity) and airfoil type. The prime 
aerodynamic parameters are Reynolds number and blade surface roughness 
and waviness. 

3. The predicted performance of the six, 2.44m (8-ft) diameter wind 
turbine models showed a strong effect of Reynolds number, particularly 
for the lowest activity factor model and for all models at low 
velocity ratios. 

4. Reductions in calculated power output of the model wind turbines 
increased significantly with increases in inflow angles. Some of the 
trends with velocity ratio of the six force and moment components were 
somewhat irregular which may be associated with the airfoil performance 
at low Reynolds number. 

5. The effect of low Reynolds number on the measured wind turbine model 
performance shows an abrupt drop-off in performance at low velocity 
ratios where the blade sections approach the maximum lift coefficient •. 

6. The experimental data indicate that essentially full scale peak 
power ratio levels are achieved at Reynolds numbers down to about 
.35Xlo6 compared to the predicted value of approximately 1Xlo6. 

7. The measured performance characteristics of the model wind turbines 
are generally as predicted. However, the reduction in power ratio 
level with decreasing Reynolds numbers above 3.5Xl05 is not as 
severe as predicted while the abrupt drop-off in power ratio at low 
velocity ratios is not predicted. 
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8. Within the limits of the test data, the measured effects of activity 
factor and number of blades on performance is essentially as pre
dicted, i.e. a 6 percent reduction in peak power ratio in going from 
3 to 2 blades due to induced effects and a reduction in peak power 
ratio as activity factor falls below 30 due to Reynolds number effects. 
Analysis indicates no reduction in performance with activity factor 
below 60 at full scale Reynolds numbers. 

9. The wind tunnel test demonstrated that model wind turbine testing 
provides an accurate measure of full scale wind turbine performance 
provided that Reynolds number of at least 3.5X10-5 are achieved and 
that test wind velocities can be held within ±.5 percent. 

10. A significant portion of the discrepancy between calculation and 
test may be attributed to the inadequacy of the airfoil data generali
zation in the low Reynolds number range associated with this test 
program. 

11. A single point evaluation of the Prescribed Wake Program incorporating 
a calculated, expanding, free wake for the energy extraction process 
improved the correlation with the test data indicating that the 
modified propeller theory may need further refinement. 

12. The published method developed by Oregon State University yielded 
essentially the same performance levels as the modified Hamilton 
Standard method when the same airfoil data were utilized for both 
methods. 

13. The potential for simulating full scale Reynolds numbers in tests on 
model wind turbines was indicated by use of a blade leading edge 
roughness strip to trip the boundary layer. 

14. Further research should be conducted on an extensive family of model 
wind turbines in the wind tunnel with improved testing techniques to 
more completely evaluate the effect of geometric and aerodynamic · 
parameters on performance and to fully explore the design veloc~ty 
ratio range pertinent to full scale wind turbines. The program on 
flow visualization to define the wind turbine wake characteristics 
should be expanded to permit the derivation of wake geometry parameters 
for the Prescribed Wake Program. 
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AF -

b -

D -

h-

L/D -

MR-

NR-

PR -

r -

R-

R.N. -

S R -

TR -

T.S -

v -

YR-

l1 -

p -

SECTION i6 

SYMBOLS 

blade activity 
tip 

factor= lOO,OOQ~ 
16 ) . 

hub 

blade section chord, m (ft) 

lift coefficient 

wind turbine diameter, m (ft) 

blade section thickness, m (ft) 

ratio of lift/drag 

Horizontal Plane Moment/ (p/2.~n2.v2.n ) 
4 2 

Inplane Horizontal Force/ (p/2.~n2.v2 ) 
4 

Power/ (p/2.~n2.v3 ) 
4 

local blade section radius, m (ft) 

blade tip radius, m (ft) 

Reynolds number, p ~ b 
l1 

Inplane Vertical Force/ (p/2·~D2.v2.n2 
4 4 

Thrust/ (p/2.~n2.v2) 

Wind Turbine Tip speed, m/s (fps) 

Wind velocity, m/s (fps) 

Blade sectional resultant velocity, m/s (fps) 

Velocity ratio = TS/V 

Vertical Plane Moment (p/2 .~n2 .v2 .n ) 
4 2 

Viscosity of air N-sec/m2 (lb-sec/ft2) 

Density of air N-sec2fm4 (lb-sec2/ft4) 

Abbreviations: 

GA(W)-1 General Aviation (Whitcomb) - number 1 
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G.E. 

HS 

UTRC 

N.Y.U. 

General Electric 

Hamilton Standard 

United Technologies Research Center 

New York University 

Definition of Symbols of Figure 10-46 

PTO 

POU 

TT 

Q 

M 

v 

VCOR 

RN 

TAU 

HP 

PMSV 

RMSV 

PSI 

L,D,SF 

- Tunnel Total Pressure, psi 

- Tunnel Static Pressure, psi 

- Tunnel Total Temperature, °F 

- Tunnel q, Lbs/Ft2 

- Tunnel Mach Number 

- Tunnel Uncorrected Velocity, fps 

- Tunnel Corrected Velocity, fps 

- Reynolds Number, 3/4 Radius 

- Torque in Ft-Lbs. 

- Horsepower 

- Pitching Moment Variation 

- Rolling Moment Variation 

- Yaw Angle 

- Lift, Drag and Side Force, Lbs. 

PM,YM,RM- Pitching, Yawing and Rolling Moments, Ft-Lbs. 

TR, NR ,SR,MR, YR, VR,PR - Wind Turbine Parameters 

ALPHA - Blade Angle 

B - Number of Blades 

AF - Activity Factor 

VTIP - Tip Speed, fps 

RHOU - Tunnel Density, Lbs-Sec2/Ft4 
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APPENDIX A 

ORIGINAL TEST SCHEDULE 

Al GENERAL DESCRIPTION OF TEST PROGRAM 

In order to accomplish the objectives of this program, four 
separate two-bladed wind turbine models have been designed and 
fabricated. One of these models will also be tested in one and 
three-bladed configurations. Thus, a total of six separate wind 
turbine configurations will be examined. These are: 

Activity Factor 

15 
30 
30 
30 
60 
60 

No. of Blades 

2 
2 
1 
3 
2 
2 

Airfoil Section 

230XX 
230XX 
230XX 
230XX 
230XX 
44XX 

Each of these models will be tested over a tip speed, blade angle 
and freestream velocity range. The ranges are: 

Velocity 
Tip Speed 
Blade Angle 

35 to 5 m/s 
213 to 61 m/s 

(116 to 16 fps) 
(700 to 200 fps) 
Design to +200 

Specific increments of each of these operating variables have been 
selected so that the complete performance of each turbine can be 
defined within structural limits. 

In addition to obtaining the basic performance of each turbine other 
specific areas of operation will also be investigated. With the 30 
activity factor, 2 bladed wind turbine inflow angles of 15, 30, 45 
and 60 degress will be tested while all the forces acting on the turbine 
are measured. 

With the 60 activity factor blades, the effect of roughness will be 
investigated. This will be done by sprinkling very fine carborundum 
dust near the leading edge of both 60 activity factor blades and noting 
the change in performance. Since different airfoils are used on these 
models, the effect of roughness on airfoil performance can be evaluated. 
As a final step, flow visualization photographs will be taken of the two
bladed, 30 activity factor turbine while it is operating near its design 
operating condition. At this condition, a series of photographs will 
be taken to define the path of the tip vortex and the inboard vortex 
sheet. This will be done by the use of a multiple smoke jet rake located 
upstream of the wind turbine and stroboscopic lighting. 

All of this testing will be conducted in the 5.5m (18 ft.) throat of the 
United Technologies Research Laboratories (UTRC) subsonic wind tunnel. 
A special test rig (shown in figures A-1 and ~2) and support pylon will 
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be provided for mounting the test turbines. The rig will incorporate 
a turbine loading system, utilize the main tunnel six component balance 
for measuring moments and forces and is capable of being yawed. In 
this facility, the data can be automatically recorded and reduced on
line so that the performance of each wind turbine can be monitored as 
it is being obtained. 

Briefly, the test program will consist of the following: 

a) Basic Test 

30 AF/230XX airfoil turbine, tested as 1, 2 and 3 blades 
15 AF/230XX airfoil turbine, tested as 2 blades 
60 AF/230XX airfoil turbine, tested as 2 blades 
60 AF/44XX airfoil turbine, tested as 2 blades 

Thus, a total of six configurations will be investigated. Each 
configuration will be tested over a range of velocities and blade 
angles to completely define its performance. A total of 43 runs 
will be made in this test. 

b) Reynolds Number Effect 

30 AF/230XX airfoil turbine, tested as 2 blades 

The total number of runs specified during the Basic Test will allow 
the assessment of the basic effect of Reynolds number on turbine 
performance. A more detailed study will be made by testing the 
above configuration at three additional velocities for a total of 
3 runs. 

c) Inflow Variation 

30 AF/230XX airfoil turbine, tested as 2 blades 

This configuration will be tested at four inflow angles, design 
blade angle, and two tunnel velocities. Thus, a total of 8 runs 
will be made to determine the effect of inflow. 

d) Roughness Effect 

60 AF/230XX airfoil turbine, tested as 2 blades 
60 AF/44XX airfoil turbine, tested as 2 blades 

A2 TEST SCHEDULE 

Each of the models will be tested over the range of blade angles, P~M's 
and velocities shown in the tables below. These velocities and angles 
have been carefully selected to provide as much test coverage as possible 
while considering such parameters as Reynolds number and critical speeds. 
In each case, an overlapping test coverage, as shown in figure A-3, has 
been provided. This will allow the complete performance of each model 
to be established. 
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:Slade Angle 

Design Angle 

TABLE I 

Activity Factor = 15, 2 Blades 

Velocity, m/s (fps) 

7.13, 10.4, 14.3 (23.4, 34, 47) 

14.3 (47) 

14.3 (47) 

Avoid continuous running between 955 and 716 RPM. 

Activity Factor F 30, 2 Blades 

RPM 

1671 
1433 
1194 

955 
716 
400 

1671 
1433 
1194 

955 
716 
400 

955 
716 
400 

Blade Angle Velocity, m/s (fps) RPM 

Design Angle 4.9, 7.5, 10.7, 15.2, 21.3 (16, 25, 35, 50, 70) 1671 
1433 
1194 

955 
716 
477 

5° 14.3 (47) 1671 
1433 
1194 

955 
716 
400 

10° 24.4, 35.4 (82, 116) 1671 
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Blade Angle 

20° 

Velocity> ro/s (fps) 

35.4 (116) 

Continuous running between 955 and 716 RPM is to be avdided. 

Blade Angle 

Design Angle 

Activity Factor = 30, 3 Blades 

Velocity, ro/s (fps) 

13.4, 21.9, 30.5 (44, 72, 100) 

15.5, 30.5 (51, 100) 

25.9, 35.4 (85, 116) 

35.4 (116) 

Continuous running between 955 and 716 RPM is to be avoided. 

Blade Angle 

Design Angle 

30 Activ.ity Factor, 1 Blade 

Velocity, ro/s (fps) 

8. 8 (29) 

Avoid continuous running between 955 and 716 RPM. 
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1194 
955 
716 
477 

RPM 

1671 
1433 
1194 

955 
716 
477 

1671 
1433 
1194 

955 
716 
477 

1671 
1433 
1194 

955 
716 
477 

1671 
1433 
1194 

955 
716 

RPM 

1671 
1433 
1194 

955 
716 
400 



60 Activity Factor, 2 Blades 

Blade Angle Velocity, m/s (fps) 

Design Angle 13.4, 21.9, 27.4, 35.4 (44~ 72, 90, 116) 

1)0 15.5, 27.4, 35.4 (51, 90, 116) 

25o6, 35.4 (84, 116) 

35.4 (116) 

Continuous running below 477 RPM is to be avoided. 

RPM 

1671 
1433 
1194 

955 
716 
477 

1671 
1433 
1194 

955 
716 
477 

1671 
1433 
1194 

955 
716 
477 

1194 
955 
716 
477 

The above tables represent the run schedule for the performance 
portion of this test program. As test data are accumulated, it may 
be necessary to adjust the above schedules to provide the best 
test coverage. 

In addition to the basic performance tests listed .above, the basic 
30 activity factor model of this program will be tested at inflow 
angles of 15, 30, 45 and 60 degre~s over the same range of tip speeds 
as the performance tests and two forward velocities at the design blade 
angle. During this testing all the forces and moments acting on the 
wind turbine will be measured on the six-component balance. Here 
again, as in the case of. the performance testing, the experimental 
data will be superimposed on the calculated results to compare trends. 

In order to fully explore the effect of Reynolds number, the 30 
activity factor, 2 bladed wind turbine will be tested over an extended 
range of velocities. It can be noted from the previous tables that 
this model will be tested at five velocities at the design angle. 
This will allow the test data to be extrapolated and interpolated over 
a&~ wide a range as possible. 

To investigate the effect of leading edge roughness and fixed transition 
on performance, the two 60 activity factor wind turbines will be tested 
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with fixed leading edge transition. In order to do this, .0025 inch 
or larger carborundum grains will be applied to the first eight per
cent of the upper and lower surface of the blade leading edge. The 
grains will be spread to cover 5 to 10 percent of this area. It is 
felt that this roughness is considerably more severe than that caused 
by the usual manufacturing irregularities or deterioration in service. 

In order to investigate this effect, the testing of the two 60 activity 
factor turbines will be repeated at the design angle and the previously 
run tip speeds and velocities. In this manner, the effect of roughness 
on overall performance can be evaluated. Since these two turbines incor
porate different airfoil sections, the effect of roughness in airfoil 
section will also be evaluated. 

A2.1 Flow Visualization 

As the last phase of the test program, flow visualization data will be 
obtained for assessing the Prescribed Wake Program and Rotor Wake 
Geometry Program. For this testing a multiple jet smoke rake will be 
used to define the tip vortex and inboard sheet path of the basic 30 
activity factor wind turbine model. Based on the results of the per
formance testing, several selected operating conditions near the peak 
power ratio point will be investigated. 

The technnique to be used will be to deploy a multiple jet smoke rake 
near the wind turbine. 'The rake consists of multiple probes for 
mixing jets of anhidrous ammonia and sulphur dioxide to produce a thin 
smoke filament. The rake will be positioned to define the path of 
the tip and inboard sheet vortices simultaneously. By stroboscopic 
photography the path of each vortex may be accurately defined by actual 
measurements of the vortex displacements on the photographs. A typical 
photograph of a propeller tip vortex is shown in figure A-4. Photo
graphs are usually taken at various azimuthal positions of one blade 
for one revolution of the propeller. In this program, photographs will 
be taken at every 30 degrees of azimuth. 

Roughness will be applied to each configuration in the form of carborundum 
dust. Each configuration will be tested at one blade angle and two velo
cities for a total of 4 runs. 

e) Flow Visualization 

30 AF/230XX airfoil turbine, tested as 2 blades 

Flow visualization will be used to establish the tip and inboard 
vortex filaments. 
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AIRFLOWO 

SCALE t/2" = 1' 

FIGURE A-2 TOP VIEW OF TEST RIG 
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FIGURE A-3 TYPICAL DATA PRESENTATION PLOTS 
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FIGURE A-4. FLOW VISUALIZATION TIP VORTEX 
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APPENDIX B 

INVESTIGATION OF THE SEPARAT~ON OF A BLADE 
FROM A WIND TURBINE MODEL DURING 

WIND TUNNEL TESTING 

Bl BACKG:gOUND 

A test program on a series of wind turbine models was in progress at 
the United Technologies Research Center wind tunnel when on the night 
of July 27, 1976, a blade separated from one of the models and the 
test pod separated from the pylon which supported the pod and turbine 
on the tunnel balance system. 

The overall test program included four types of turbine blade configu
rations; 15 Activity Factor (AFr), 30 AF, and 60 AF with 230XX airfoils 
and 60 AF with 44XX airfoils. The 15 and 30 AF blades were manufactured 
from solid aluminum. The two ~ets of 60 AF blades were fabricated with 
a part span aluminum spar which included the blade retentiQn area and 
to which was attached a laminated wood structure which for~ed the entir~ 
airfoil section of the blade. The 15 AF blades were tested in a two
bladed turbine and the 30 AF blades were tested in both two and three 
bladed turbines. During the initial testing of the first of the 60 AF 
blade designs (Fig. B-1) the wo0d section of one of the blades separated 
from the alumi~um spar and the resulting turbine unbalance caused the 
pod eontaining the gearbox and ,generator as well as the hub and remaining 
blade to separate from the support pylon (Fig. B-2). 

B2 EVENTS PRECEDING INCIDENT 

On the initial run-up of the two-bladed 60 AF turbine excessive rig 
vibratory amplitude was noted from the rig vibration pickup in the 900 
to 1100 RPM range. The rig was shut down for examination which revealed 
that the two blade tips differed in track by approximately .13m (.5") 
and the two blades were at different angles. The turbine was removed 
from the rig to check static mass balance which was satisfactory. The 
turbine was reinstalled on the rig and the blades adjusted to the same 
angle (1.5 deg.). On the subsequent run-up the peak rig motion was 
noted at 1100 RPM and, although higher than encountered with the previous 
models, was considered acceptable at ±.004m(.015"). At the maximum test 
RPH of 1671 the motion was ±.002(.0065"). 

The test procedure used was the same as that with the previous models. 
The turbine was powered up to the maximum design tip speed of 213 m/s 
(700 fps) at 1671 RPM. The tunnel air speed was then brought up to the 
test value of 13 m/s (44 fps) at which time the drive motor has converted 
to generator and is absorbing power. Data was obtained at the first test 
point. The load was then increased to reduce RPM to 1540 and data obtained 
at that point. While changing to the next point, 1433 RPM, and without 
any other indication, a thump was heard and it was noted that the test rig 
had disappeared from the observation window. At this point the turbine 
was producing approximately loS KW (2 HP) with 445 N (100 lbs.) of drag 
which is well below the design values of 54 KW (73 HP) and 2362 N (531 
lbs.) of drag. 
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B3 INVESTIGATION 

Inspection in ~pe tunnel revealed that the test pod and turbine had 
separated at the top of the pylon and was hanging by the instrumenta
tion and lubrication lines. One blade was still in the hub and was 
wedged under the trolley rail. The other blade spar was still in the 
hub with no wood structure attached. Various size pieces of the 
separated wood structure were scattered in the tunnel (Fig. B-3, B-4). 

Subsequent inspection indicated that the aluminum plate attaching the 
pod to the pylon had fractured in three places due to severe overload. 
There were no indications of fa~igue damage. 

Examination of the separated blade and associated hardware as well as 
the other previously tested blades revealed several items which may 
have been contributory to the separat~on. These were: 

1) There appeared to be a poor band between the aluminum spar and 
the laminated wood structure. 

2) There was incomplete engagement in the wood of an aluminum pin 
which provided a redundant retention of the wood to th~ spar. 

3) Masking tape had been used to hold the wood laminate butt joints 
in line during the assembly and bonding process which resulted 
in bands of unhanded surfaces in the completed assembly. Un
fortunately, a series of these bands passed directly through 
the position of the redundant pin resulting in reduced strength 
at that point. 

4) Markings on the blade retention fillet area indicated that there 
was not a good fit between the blade and hub or that the blade · 
was not fully seated in the hub under operating conditions. 
Additional markings on the shank at the position of the hub out
side diameter indicated that in-plane blade vibration had occurred 
of sufficient amplitude to result in contact with the hub. 

It was concluded that the .separation started at the spar bond inter
face which transfer the load to the pin. Because of the unbonded 
areas near the pin and the incomplete engagement of tbe pin, the 
laminates separated in shear tearing out a section of wood and releasing 
the remaining wood structure. 

The markings on the blade shanks cause a suspicion that an unanticipated 
blade vibration condition, possibly involving a blade/rig interaction, 
may have been encountered which could have increased the total loadings 
on the wood to spar interfaces. 

B4 RECOMMENDATIONS 

Before addi~ional testing is done the blades should be reworked or 
rebuilt to eliminate the noted discrepancies, particularly with respect 
to the spar bond and the location of the pin with respect to the laminate 
butt joints. In addition, future running should be done with strain 
gages installed on the blades to permit stress and frequency monitoring. 
Also, the rig vibration pickup readouts should be modified to permit 
indication of frequency. 
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MODEL NO.5 

60 ACTIVITY FACTOR 

NACA 230XX AIRFOIL SECTIONS 

2.4M (S.OFT) DIAMETER 

FIGURE 8-1. BLADE SHAPE 
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APPENDIX C 

C1 DATA REDUCTION EQUATIONS 

All of the measurements obtained during the course of the testing were recorded on 
magnetic tape. A computer program for rapid reduction of these data was developed. 
The equations used in this computer program are given in this section. 

Cl. 1 Tunnel Flow Conditions 

Pou = H + (Pou - H) 

TTORAN = TTO + 459. 7 

Mu = 5 + -- -5 
[ ( 

PTO)'Y-
1 Jlf2 

Pou 

[ (
'Y-1) 2]-1 Tou = 1 + 2 Mu TTORAN 

I [ I ]1;. au= gRTou 2 

p = [ 1 + (Y;1) Mu2 ]-( f-r t 
r( TTORAN)5] 

1
/2 [( ) ( )] -1 Jl = 1. 36 x 102 510 PTO x 144 0. 555 TTORAN + 120 

RNu =XL [eT~:Roy + (vu cos¢ rt v-1 
PVu2 

Qou=~ 
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Cl. 2 Model Load Conditions 

T = (CHANNEL 1 (R) - CHANNEL 1 (0)] K1 - TTARE 

Correcting Balance Readings for Start Zeros 

I 

p MBRC = PMR - PMO 

I 

y MBRC = YMR - YMO 

I 

R MBRC = RMR - RMo 

I 

y BRC = YR- Yo 

Transfer of Moments from the Balance to the Model Resolving Center 
1j. 

X= (x1 + (X0
2 + z0

2 ) 2 cos((/)- a)] cos 1/J+ Yo sin 1/J 

Y =- [x1 + (Xo2 + z0
2) 

1
12 cos (¢- a)] sin 1/1 +Yo cos 1/J 

z = z + (Xo2 + z0
2 /12 sin (¢- a) 

I I I I 

p MMRC = p MBRC + L X - D Z 

I I I I 

y MBRC = y MBRC + y X - D Y 

I I I I 

R MMRC = R MBRC + L Y - y Z 

Aerodynamic Tare Corrections 

---- ~~-

I 
D = D - DT Qou where: LT = PMT = YMT = RMT = O. 0 

I 
PM = P MMRC - PMT Qou 

I 

YM = Y MMRC - YMT Qou 

I 

RM = R MMRC - RMT Qou 
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Conversion of Forces and Moments to Parameter Form 

TR = -~ 
2 

= THRUST RATIO 
1j

2 
p R 7r Vo 

NR = ~ 
2 

= INPLANE VERTICAL FORCE COEFF. 
1!2 p R ·rr v0 

SR = ~ 
2 

= INPLANE HORIZONTAL FORCE COEFF. 
1;2 p R 7r Vo 

_YM 
MR = 

3 2 
= HORIZONTAL PLANE MOMENT COEFF. 

lj2 p R rr v0 

YR = p~ 
2 

= VERTICAL PLANE MOMENT COEFF. 
1j2 p R 1r v0 

2 N R 
VR = 6 ~ V O = VELOCITY RATIO 

PR = 7 2 
7r N = POWER RATIO 

1f2pR2 nv0
3 x 60 

Cl. 3 Wake ·and Solid Body Blockage Corrections 

a) Solid Body Blockage 

1. Support Strut Fairing 

k1 = 1. 0; T1 = 0. 9; Volume = 6. 3; S = 267. 

ESBF = 0. 0013 
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2. Drive System Pylon 

k3 = o. 96; 7"1 = 0. 8; Volume = 9. 0; S = 267 

€SBp = 0. 003 

3. Total Solid Body Blockage 

= 0.0043 

b) Turbine Wake Blockage 

ACn 
EWB = 48 

where, 

D 
Cn = QA 

hence, 

or 

D 
EWB- ~~-

- 4 s Qou 

thus, 

EWB = 0. 04707 TR 

c) Support System Wake Blockage 

1. Support Strut Fairing 

A Cn 
€ WB F = ""'4"8 

A = 18; en = o. 01; s = 267 
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d) Total Blockage Correction 

E = .E E SB + .E E WB 

V 0 = V Ou ( 1 + E ) 

or 

Vo = Vou [1 + 0. 00485 + 0. 04707 TR) 
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Cl.4 SYMBOLS FOR DATA REDUCTION EQUATIONS 

A 

a 

c 

D 

g 

H 

Model area 

Model pitch angle (a=O deg) 

Speed of sound 

Blade chord 

Turbine drag 

Turbine drag tare 

Gravitational constant 9.8/ m/sec2 
(32.2 ft/sec2) 

Test section stagnation pressure 

Torque load cell calibration factor 

k1 Fairing shape factor; k1=1.0 

k3 Pylon shape factor; k3=.96 

L Turbine vertical force 

Turbine vertical force tare; Lr=O 

M Mach number 

N Turbine speed 

Pou Test section static pressure 

Test section stagnation pressure 

Model pitching moment 

Q Dynamic pressure 

R Blade radius; R=l.2192m (4.0 ft) 

Turbine rolling moment 

Blade 3/4 radius; RQ=.9144m (3.0 ft) 

p Air densiey 

Rl Universal gas constant 

s 

T 

Test section cross-sectional area; 
24.81 m2 (267 ft2) 

Turbine thrust; T=-D 
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deg 

m/s 

m 

N 

258 N 
N/m2 

m/sec2 

N-m/su 

N 

N 

N-m 

m 

N-m 

m 

N 

(ft2) 

(deg) 

(fps) 

(ft) 

(lbs) 

(58 lbs) 
PSI 

ft/sec 2 

(lb-ft/su) 

(lbs) 

(lbs) 

(PSIA) 

(PSIA) 

(lb-ft) 

(PSID) 

(ft) 

(lb-ft) 

(ft) 

(lb-sec2) 
ft4 

(lbs) 



Vou 

X 

XL 

y 

y 

Yo 

z 

y 

e 

Subscripts 

u 

0 

Test section stagnation temperature 

Tunnel velocity corrected for blockage 

Tunnel velocity uncorrected 

Longitudinal distance from the 
balance to the model resolving center 

Longitudinal distance from axis of pitch 
motion to model resolving center, at 
zero pitch and yaw 

Longitudinal distance, at zero yaw and 
pitch, from balance resolving center 
to-axis of pitch motion; X1=0 

Reference length (Chord at 3/4 span) 

Horizontal lateral in-plane force 

Lateral distance from the balance to 
the model resolving center; y=O.O 

Lateral distance, at zero pitch and 
yaw, from the axis of yaw motion to 
the model resolving center 

Yawing moment 

Vertical distance from the Model to 
the balance resolving center; Z=O 

Vertical distance, at zero yaw and 
pitch, from the balance resolving 
center to the axis of pitch motion; 
z=O.O 

Turbine blade angle 

Ratio of specific heats, 1.4 

Arctan z/X0 

Wind inflow angle 

Uncorrected for solid body and wake 
blockage 

Stagnation conditions 

m/sec 

m/sec 

m 

m 

m 

m 

N 

m 

m 

N-m 

m 

m 

degs 

degs 

degs 

(ft/sec) 

(ft/sec) 

(ft) 

(ft) 

(ft) 

(ft) 

(lbs) 

(ft) 

(ft) 

(lb-ft) 

(ft) 

(ft) 

U.S. GOVEHNMENT PH!NTING OI•'I•'ICE: 1~80-640-258/1675 
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