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Abstract 
This report describes measurements of aerodynamic torque on a vertical-axis 
wind turbine. Accelerometers mounted at  the equator of the rotor and a torque 
meter mounted a t  the base of the rotor were used to compute the net 
aerodynamic torque acting on the rotor. Assumptions concerning blade- 
response symmetry were required to achieve blade torque as a function of rotor 
position on each half of a revolution for a two-bladed rotor. Results are 
presented for tip-speed ratios from 2.5 to 8.0 for two turbine rotational speeds. 
Evidence of dynamic stall is observed a t  low tip-speed ratios. 
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Measurements and Calculations of 
Aerodynamic Torques for a 
Vertical-Axis Wind Turbine 

1 Introduction 

The ability to understand and accurately predict 
the aerodynamic forces acting on a wind turbine is an 
essential step in the design process. In the past ten 
years, substantial progress has been made in gaining a 
better understanding of the aerodynamics of vertical- 
axis wind turbines (VAWTs). In the past, the prime 
quantity against which the analytical models were 
verified and validated was the output power or torque 
averaged over an entire revolution of the rotor. This 
measure was initially a logical method of checking the 
accuracy of the model and its assumptions, but many 
of the advanced aspects of design require more infor- 
mation. Of particular importance are the variations of 
the torque or power during the rotor rotation. 

Considerable effort has been devoted to the devel- 
opment of enhanced capabilities to predict the effects 
of dynamic stall on VAWTs, but most data available 
to guide these efforts are based on an entire rotation. 
A torque or power that has been integrated over an 
entire rotation does not show the effects of a phenom- 
enon that occurs only for a small portion of the 
rotation. The effects of dynamic stall on the torque 
produced by the rotor are a function of rotor position, 
and these effects will be evident only for a portion of 
the rotation. In addition, the frequency content of the 
torque is a key element in the analysis of the structur- 
al dynamics of the rotor. Any variation in the aerody- 
namic torque during a rotation contributes to the 
frequencies affecting the response of the rotor. 

To measure the aerodynamic torque applied to a 
rotor, an experimental program was developed. The 
DOE/Sandia 17-m research VAWT located in Albu- 
querque, New Mexico, was instrumented with triaxial 
accelerometers a t  the equator of each blade. In addi- 
tion to these transducers, the net torque on the rotor, 
wind speed, wind direction, rotor position, and addi- 
tional relevant parameters were measured. The in- 
strumentation used did not allow the determination of 
the local force acting on a blade element. To calculate 
the applied aerodynamic torque, certain simplifying 
assumptions were required to account for the motion 
of the drivetrain and to isolate the rotor from the 
remainder of the wind turbine. The rotor is assumed 
to act as a rigid body and, therefore, to have the same 
acceleration over the entire rotor. Aerodynamic ef- 
fects are integrated over the length of the blade and 
summed up for all the blades (in this instance, two). 
With these assumptions, the accelerometer measure- 
ments were used to calculate the net aerodynamic 
torque applied to the VAWT as a function of rotor 
position. This approach will provide only the aerody- 
namic torque averaged over the entire rotor. 

Our major goal was to obtain a measurement of 
the applied aerodynamic torque for various operating 
conditions of the wind turbine. 
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2. Background 

A VAWT has a soft drive train, that is, the rotor is 
much stiffer in torsion than the low-speed shaft (the 
shaft that connects the rotor to the transmission or 
speed increaser). A soft system damps out torque 
variations at high frequencies. This feature results in a 
more uniform power output than that produced by a 
stiffer system, and also causes differences between the 
output power and the applied aerodynamic torques. 
Because the torsional stiffness of the rotor is much 
greater than that of the low-speed shaft, the rotor's 
torsional response may be assumed to be simple rigid- 
body motion. A free-body diagram of the rotor is 
shown in Figure 1. Using this diagram and summing 
moments about the vertical axis, the following equa- 
tion is obtained: 

where 

J,= the mass moment of inertia of the rotor 
(kg-m') 

T,(t) = the  aerodynamic forcing function (n-m) 
Tl(t) = the  measured torque on the low-speed shaft a t  

B(t) = the  rigid-body angular acceleration of the ro- 
the base of the rotor (n-m) 

tor (rad/sec*). 

For the configuration used in this study, e(t) was 
measured with the accelerometers, T,(t) was measured 
with a torque sensor mounted on the low-speed shaft, 
and J, was calculated for the 17-m rotor to be 40 620 
kg-m2. To obtain the angular acceleration with accel- 
erometers that measure a linear acceleration, it was 
necessary to divide the linear tangential acceleration 
by the radius of the turbine. This assumption was 
crucial to the data reduction used in the study. The 
rotor does deform somewhat during operation and is 
not a true rigid body. However, the magnitudes of the 
accelerations due to the deformation are substantially 
less than the accelerations due to the rigid-body mo- 
tion, and are therefore ignored in the data reduction. 
This assumption is a limitation in the quality and 
accuracy of the results. In addition, if Eq (1) is solved 
for T,(t), the resulting expression is the difference 
between two large numbers. Errors in the measure- 
ment of either T, or 8 will therefore have a large effect 

on the calculated value of T,. This approach was first 
used by McNerney' in a similar but less detailed 
study. 
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ROTOR VIEWED FROM TOP 

Figure 1. Free-body diagram of rotor used in rigid-body 
approximation 

With these assumptions, T,, the aerodynamic 
torque, was determined as a function of rotor position 
for any given wind speed or corresponding tip-speed 
ratio TSR (TSR = blade rotational velocity a t  
equatorlundisturbed wind speed). The aerodynamic 
models predict this torque locally and then integrate 
over the blade to obtain the total torque acting on the 
blade. The torque contributions from each blade are 
then added to get the total torque produced by the 
rotor. For the two-bladed VAWT configuration used 
in this study, the values obtained for T, repeat every 
180" of turbine rotation. Because of the rigid-body 
assumption, it is impossible to separate the upwind/ 
downwind differences in T,. This aspect of the mea- 
surements makes it difficult to interpret the results, 
particularly with respect to phenomena such as dy- 
namic stall that occur only for a small portion of the 
rotation. Nevertheless, the results provide an im- 
proved method of interpreting the tangential forces 
induced by the aerodynamic loads. 

To  compare the measurements with a t  least one 
version of the current aerodynamic models, the 
double-multiple stream-tube (DMS) model' currently 
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in use at Sandia National Laboratories was used to 
predict the total torque for the entire rotor. This 
model is based on the concept originally developed by 
Paraschi~oiu.~ The model and the parameters used in 
the calculations are discussed in greater detail in 
Section 4. 

All measurements were obtained using the DOE/ 
Sandia 17-m research VAWT. This turbine is shown 
in Figure 2 and is discussed in detail in J ~ h n s t o n . ~  The 

configuration used during these tests consisted of two 
blades with a height-to-diameter ratio of 1.0. The 
blades were NACA 0015 with a chord of 0.612 m (2.0 
ft)  and were attached to the tower at  the roots only; no 
struts were used in this particular design. The blades 
were bent from a single extrusion; there were no blade- 
to-blade joints. Ground clearance of the rotor was 4.88 
m (16.0 ft); maximum rotor radius was 8.36 m (27.3 ft)  
with a swept area of 187.1 m2 (2000 ft2). 

Figure 2. SANDIA/DOE 17-m research turbine, 
Albuquerque, New Mexico 
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3. Measurements and Data Reduction 

Any measurement on an operating wind turbine 
represents a difficult task, mainly because of the 
random nature of the wind and the general unsteady 
nature of the entire process. This program was no 
exception. Many difficulties were encountered in set- 
ting up the experiment, and more problems surfaced 
in the data reduction. Many of these difficulties are 
outlined in the following sections, but it is important 
to understand these problems in considering the data 
presented in Section 5. Values of aerodynamic torque 
or rotor position relative to the incident wind are 
subject to substantial uncertainty, but general trends 
that may be considered definitive are evident. The 
most important approximation is the measurement of 
wind speed and direction above the turbine, as these 
values are considered representative of the incident 
wind experienced by the entire rotor. The wind speed 
is corrected to a value a t  the center of the rotor using 
the average wind shear a t  the site. 

3.1 Instrumentation 
A brief description of all key components of the 

instrumentation is important in understanding and 
interpreting the results. Key instruments are summa- 
rized below, and important features are emphasized. 

3.1.1 Accelerometers 
Three accelerometers were mounted a t  the equa- 

tor or midheight point of each blade. A mounting 
bracket allowed all three to be mounted close to a 
common point. For one blade, the accelerometers were 
mounted inside the blade using access provided for 
another concurrent experiment. The accelerometers 
were mounted on the outside of the second blade, and 
were enclosed in a faired container to reduce the 
additional drag on the fixture. The accelerometers 
used were the Schaevitz SM series with tangential and 
vertical-component full-scale ranges of 2 g’s and 
radial-component full-scale values of 25 g’s (due to the 
centrifugal accelerations while the turbine is in opera- 
tion). The accelerometers were calibrated before in- 
stallation on the turbine. 

3.1.2 Wind Speed and Direction 
A cup-vane anemometer system was mounted on a 

tower extending from the top of the turbine. This 
system has been used in all past performance mea- 
surements on this wind turbine and has been extreme- 
ly useful. The transducers are not significantly influ- 
enced by the operation of the wind t ~ r b i n e . ~  The 
anemometer used was a Teledyne Geotech Model 
1564B, with a distance constant of 1.5 m (5 ft)  of air. 
The corresponding vane, Model 1565B, had a distance 
constant of 0.5 m (1.6 ft) of air and a damping ratio of 
0.2 a t  a 10’ initial angle of attack. The signal condi- 
tioning associated with the cup-vane systems was 
calibrated weekly during the test period. The total 
system was not calibrated in a wind tunnel but was 
replaced with new instrumentation when any prob- 
lems with bearings, cups, or vanes were noted. 

3.1.3 Rotor Position 
The rotor position was monitored with an ASTI 

SERVO Systems synchro system attached to the base 
of the rotor with a chain drive. The electrical signal 
was fed into the instrumentation system along with 
other signals. A synchro-to-dc converter was used to 
transform the information from a three-wire synchro 
source to a dc analog voltage proportional to the 
synchro shaft angle. 

3.1.4 Torque Transducer 
A Lebow torque transducer, consisting of a strain- 

gage bridge, a tachometer, and associated slip rings, 
was mounted in the low-speed shaft at the base of the 
rotor. The unit operates on an ac carrier and uses 
external signal conditioning to convert the signals into 
dc analog voltages. This unit was calibrated annually 
by removing it from the turbine and applying dead 
loads in a calibration fixture. The signal conditioning 
equipment was adjusted weekly, using calibration 
resistors. 
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3.1.5 Pulse Code Modulator System 
A 64-channel pulse code modulator (PCM) system 

is part of the standard instrumentation at  the VAWT 
test facility. The PCM system takes multiple analog 
data channels (i.e., accelerometers) and converts them 
into a single, high-level, serial data stream. This high- 
level data stream passes through slip rings a t  the base 
of the wind turbine and into the data acquisition 
system. The system results in a lower noise-to-signal 
ratio than would be the case were the low-level signals 
to pass through the slip rings. Important ground- 
based signals such as the rotor position, wind speed, 
and direction and torque at  the low-speed shaft were 
fed through slip rings into the PCM so that all impor- 
tant signals could be digitized simultaneously. 

3.2 Data Collection 
The turbine uses the frequency of the utility grid 

to operate the generator a t  a constant speed. The 
configuration of the system with a belt and pulley on 
the turbine high-speed shaft allows the rotor to oper- 
ate a t  several discrete speeds. For this experiment, the 
rotor operated a t  38.7 and 50.6 rpm. Data were collect- 
ed on all channels a t  a rate of 50 samples per second, 
which corresponds to a minimum of 59 samples per 
revolution at  the higher rotation rate. Data collection 
took place over a 9-month period. Conditions were 
selected to obtain records a t  wind speeds spanning the 
entire range of operation of the turbine. Data were 
collected in 12-minute records, limited by the capacity 
of the disk storage. A total of 22 records was collected 
at  38.7 rpm and 15 records a t  50.6 rpm. These records 
were stored on hard disks and later analyzed on a 
Hewlett-Packard 1000 minicomputer. Data-reduction 
techniques are outlined in Section 3.4. 

3.3 Corrections and Adjustments 
to Data 

Because of the nature of the test and operational 
difficulties with several of the transducers, several key 
data channels had to be adjusted or corrected as a part 
of the data reduction. Some of these corrections have 
important implications in the interpretation of the 
data, and are summarized in the following sections. 

3.3.1 Torque Measurements 
The torque measurements on the low-speed shaft 

were adjusted in two ways. In the first correction, a 
tare torque was added to account for the friction in the 
system. This value was determined by spinning the 
rotor with no blades, and represented (5% of the 

peak torque, even a t  low wind speeds. The second 
correction was to adjust the zero-rpm reading for drift 
of the transducer. Before and after each data run, a 
short record of all transducers was taken with the 
turbine parked. This gave the current value of the “no 
load” reading of the torque transducer, which repre- 
sented a t  most 5% of the peak torque reading. This 
value was used later in the data reduction to adjust the 
torque signal by a constant offset. The variation in the 
“no load” reading was due primarily to temperature 
variations at the test location. 

3.3.2 Accelerometer Alignment 
The accelerometers were mounted on an existing 

turbine in a field environment and exact alignment 
was not possible. Because the radial accelerations 
were much greater than the tangential accelerations, a 
small misalignment that would create only small rela- 
tive errors in the radial measurement could introduce 
substantial errors in the tangential measurement by 
adding a radial component. Since the rotor operated 
in a constant-speed mode, the tangential acceleration 
averaged over several rotor revolutions should be zero. 
For each blade, an average value of the tangential 
acceleration was computed, based on several records 
at  each operating rpm. These averages were constant 
for a given rpm and were independent of wind speed. 
Using the constant radial acceleration for each case, 
the average tangential acceleration was used to calcu- 
late a component due to the off-axis error in mounting 
the accelerometers. For the tangential accelerometers 
on the two blades, these errors were 1.07’ and 1.80’. 
These mounting errors were independent of rpm and 
very repeatable. A constant correction (a function of 
rpm only) was applied to the tangential accelerometer 
reading to account for these errors. 

3.3.3 Rotor Position Indicator 
One of the key independent variables in this ex- 

periment was the rotor position relative to the inci- 
dent wind. The synchro system provided a continuous 
analog indication of the absolute rotor position with a 
sawtooth signal that reset each revolution. Two major 
problems occurred that required corrections to the 
raw signal. The first problem was that the time inter- 
val for the synchro signal to reset was greater than the 
sample interval of 1/50 of a second. This caused 
several samples of rotor position to be in error for each 
rotation. The data reduction algorithm was modified 
to correct these errors and checked to ensure that the 
corrections did not alter the rotational period of the 
turbine. A more important problem was caused by 
slippage of the synchro relative to the rotor. Because 



the data were analyzed extensively only after comple- 
tion of the test, this difficulty was not apparent during 
data collection. To salvage as much data as possible, a 
correction was made based on the combination 
pitot-statidyaw probe located on the blade to mea- 
sure the relative angle of attack. As the blade moved 
directly into the wind, the angle of attack changed 
sign. This change in sign and the instantaneous read- 
ing of wind direction from the top of the turbine were 
used to determine when the rotor position indicator 
should have reset for each rotation of the turbine, and 
a rotor offset error was calculated. This routine was 
checked on some of the earlier runs, when the trans- 
ducer was operating properly, and found to be ade- 
quate. Using this technique, the zero reading or posi- 
tion-indicator offset was updated at  each rotor 
revolution. The variation of this correction for each 
12-minute data record was examined, and whenever 
anomalous behavior was noted the record was exclud- 
ed from the composite data reduction. 

Another check on the validity of these corrections 
was furnished by the periodicity of the data, i.e., the 
data repeating every 180' as the turbine rotated. As 
explained in Section 3.4, the data were sorted as a 
function of rotor position in 6" increments or bins. 
This wide band resulted in a large number of points in 
each bin and a good definition of the mean torque for 
each bin. The corrections were consistent and, a t  
most, would cause an error of t-1 rotor position 
increment (6"). 

3.4 Data Reduction 
Based on past experience with similar perfor- 

mance measurements, an approach based on the 
Method of Bins7-' was used to reduce the data. 

3.4.1 Bins Approach 
To determine the aerodynamic torque as a func- 

tion of both mean wind speed and rotor position, a 
two-dimensional application of the Method of Bins 
was required. As in performance measurements, the 
measured torques were separated by instantaneous 
wind speed into bins 0.447 mls (1.0 mph) wide. In 
reducing and reporting the data, these values were 
converted to a tip-speed ratio, a nondimensional pa- 
rameter that is the ratio of the speed of the blade a t  
the equator (tip) to the reference wind speed. 

Based on the higher operating speed (50.6 rpm) of 
the rotor and the corresponding 59 samples per rota- 
tion, a 6' increment in rotor position was selected for 
sorting (or "binsing") with respect to rotor position. 
This increment is the smallest justified by the sample 
rate, and it is sufficiently small to resolve behavior as a 
function of rotor position. Relative rotor position is 
defined in Figure 3. A relative rotor position of 0" 
corresponds to the reference blade heading into the 
incident wind. The relative rotor position is a function 
of the absolute rotor position and the incident wind 
direction measured above the turbine, both of which 
are changing as a function of time. 

3.3.4 Wind Shear 
The wind speed measured above the turbine was 

adjusted to an equivalent wind speed at  the turbine 
centerline, using the average wind shear measured at  
the test facility.6 A power-law exponent of 0.1 was 
used, reducing the measured wind speed by a factor of 
0.91 to obtain the equatorial wind speed. This adjust- 
ment was applied before data reduction. Because the 
reference anemometer was located directly above the 
rotor, no corrections for lack of spatial correlation of 
wind speed were used. 

3.3.5 Density Correction 
To account for density changes, both the mea- 

sured torque on the low-speed shaft and the torque 
derived from the accelerometer measurements were 
adjusted to a reference density of 1.00 kg/m3 (0.0625 
lbm/ft3) by,multiplying the actual torque by the ratio 
of that reference density to the actual density a t  the 
time of measurement. 

6 (ROTOR POSITION) -4++ 
\ 
\ 
\ 
\ 

/ 
/ 

/ 
/ 

/ 
/ '-t- 

ROTOR VIEWED FROM TOP 

Figure 3. Nomenclature used in defining relative rotor 
position 

12 



The general pattern of data reduction was based 
on an array dimensioned 3 x 36 x 50. The first dimen- 
sion was used for each combination of reference wind 
speed and relative rotor position to store three quanti- 
ties: (1) the number of readings for the combination, 
(2) the sum of the readings, and (3) the sum of the 
square of the readings. For each sample of data, the 
appropriate subscripts corresponding to the wind 
speed and relative rotor position were computed and 
these quantities updated to include the corresponding 
values for the sample. After a run, the sum of the 
readings for a given wind speed and rotor position was 
divided by the number of readings to obtain the 
average value. The sum of the squares was combined 
with the average value and the number of readings to 
obtain the standard deviation associated with the 
particular combination of wind speed and relative 
rotor position. This is the standard deviation of all 
instantaneous readings that fall into the correspond- 
ing range of wind speed and relative rotor position and 
is not indicative of the error of the measurements. The 
mean values computed using this technique repeat 
with variations less than the standard deviations of 
the readings in a particular bin. 

Because the measurements were required as a 
function of rotor position, none of the advantages 
gained by averaging as a function of time (outlined in 
Akins') were used. Consequently, considerable data 
from records with different mean wind speeds were 
collected and combined to obtain enough data for 
statistically valid results. This limitation also intro- 
duced some spreading of the data with respect to wind 
speed and rotor position.' 

3.4.2 Individual Records 
Initially, each data record was reduced separately. 

Both the measured torque on the low-speed shaft and 
the torque based on the tangential accelerometer 
readings were computed for each sample, and the 
aerodynamic torque was computed using Eq (1). Be- 
cause the rotor was assumed to be rigid body, the 
accelerometer on either blade should have provided 
the same reading. This assumption was checked on 
several runs and was found to be valid. Instead of 
taking one or the other of the blades as the primary 
reading, the readings from both tangential accelerom- 
eters were averaged and this average used in the 
calculation of the aerodynamic torques. As indicated 
in Section 3.3.4, the reference wind speed was correct- 
ed for the mean shear prior to  sorting the data as a 
function of wind speed and relative rotor position. 
The symmetry of the assumptions used in the data 
reduction will cause the results to repeat every 180". 

We expected the volume of data and the bins ap- 
proach to be adequate to define the aerodynamic 
torque as a function of rotor position. 

As stated in Section 3.3.5, both the low-speed 
torque and the torque calculated from the accelerom- 
eter readings were adjusted to a standard density 
before data reduction. Each record was reduced, and 
the summarized data stored on disk in a master file to 
be later retrieved and combined with other data. 

3.4.3 Combined Records 
After all data records at  a particular rpm were 

reduced, a second program combined the results into a 
composite record. The techniques for this combina- 
tion are outlined in Ref. 7. The data had already been 
corrected to a site-standard density, and no further 
corrections were made. Once this final compilation 
was obtained, data for the two operating rpms as a 
function of wind speed were available for analysis and 
comparison. Because of the wide range of wind speeds, 
none of the individual records was examined in detail. 
The number of data points in any particular bin for an 
individual record was not adequate to define the 
variation of torque with either rotor position or mean 
wind speed. 

To relate these measurements to previous mea- 
surements, the torques for the combined results were 
averaged for an entire revolution and used to compute 
a turbine performance coefficient, C,. This coefficient 
is defined as 

where 

T =the  average torque for a rotation 
o = the angular velocity of the rotor 
p = the density of air 
V = the incident wind speed 
A = the swept area of the rotor. 

3.4.4 Typical Results and 
Repeatability of Data 

Because sources of error are associated with the 
transducers, the corrections to the data, and the ran- 
dom nature of the process being studied, the reliabil- 
ity of the data is of concern. One empirical method of 
assessing the repeatability, if not the accuracy, of the 
data is to compare different measurements of the 
same quantities. This comparison does not allow the 
detection of any systematic errors in either measure- 
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ment or data reduction. I t  does, however, seem to be 
the best overall way to assess the accuracy of the 
resulh. 

Because of the symmetry of the data, one compar- 
ison is to examine data for each half of a rotation. 
These results are shown in Figures 4 and 5 for two 
different tip-speed ratios a t  an operating speed of 50.6 
rpm. Figure 4, for a tip-speed ratio of 2.87, corre- 
sponds to a high power output of the turbine. Data are 
shown for the first half of the rotation (0' to 180') and 
compared with the second half of the rotation (180' to 
360'). No substantial differences are evident in the 
two sets of data. The agreement in the range 20" to 
60" (200" to 240°), where there is a relatively steep 
slope in the curve, is a good indication that any 
corrections to the relative rotor position were consis- 
tent. If an incorrect offset were introduced, it would 
have been most evident in this portion of the curve. A 
second comparison of data a t  a higher tip-speed ratio 
and much lower power production is shown in Figure 
5. Again, no substantial differences are evident in the 
two sets of data. 

Another measure of the spread of data obtained 
using the Method of Bins is the standard deviation of 
the values in a particular bin. This bin standard 
deviation is usually much larger than the difference 
between two measurements such as was shown in 

Figures 4 and 5. The bin standard deviation is not an 
error band that might be measured in a deterministic 
measurement. The variability in the values in a bin is 
due to a combination of measurement errors and the 
random nature of the process being observed. One 
interpretation of the bin standard deviation is that it 
indicates a 66.7 76 probability that any instantaneous 
observation of a variable (for example, the torque) will 
fall within this value of the mean. Figure 6 shows the 
mean values (+'s) and one standard deviation greater 
than and less than the mean values (solid lines). These 
data are for a tip-speed ratio of 2.87 at  an operating 
rpm of 50.6. The data shown in Figure 4 on a similar 
scale have significantly less variation than that indi- 
cated by the bin standard deviation. A similar set of 
data for a tip-speed ratio of 5.08 and an operating rpm 
of 50.6 is shown in Figure 7. The mean values are 
substantially less than those in Figure 6, yet the bin 
standard deviations are comparable. 

Although it is not possible to make a definitive 
statement about the accuracy of the data, these two 
representations certainly provide an estimate of the 
repeatability, which is the best measure of the quality 
of the data. Based on these values, an estimate of 
accuracy of 10% of the reading or 5% of peak torque 
seems appropriate. 

50.6 RPM TSR 2.87 

3 
I 

Z 
v 

0 20 40 60 80 100 120 140 160 180 

ROTOR POSITION DEG 
0 0-180 + 160-360 

Figure 4. Comparison between relative rotor positions 0" to 180" and 180" to 360°, 50.6 
rpm, TSR 2.87 
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50.6 RPM TSR 5.08 

ROTOR POSITION DEG 
0 0-180 + 180-380 

Figure 5. Comparison between relative rotor positions 0' to 180" and 180" to 360°, 50.6 
rpm, TSR 5.08 
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50.6 RPM TSR 5.08 
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Figure 7 .  Standard deviations of aerodynamic torques in a bin, 50.6 rpm, TSR 5.08 
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4. Calculation of Aerodynamic Torque 

Sandia National Laboratories currently uses a 
double-multiple stream-tube model known as SIDIF 
(for SIne Distribution Interference Factor) to calcu- 
late the torque and power produced by VAWTs. 
Double-multiple stream-tube (DMS) techniques 
model the turbine as a number of independent stream 
tubes, each of which is modeled as two actuator disks: 
one for the upwind passage of the turbine blade and a 
second for the downwind passage of the blade. Conser- 
vation of momentum is applied to each actuator disk 
to determine the time-averaged forces on the turbine 
blades. This technique yields quite accurate perfor- 
mance estimates and detailed blade loadings. The 
models separate the upwind and downwind blade 
loadings, in contrast to the single-multiple stream- 
tube models, which only yield the sum of the upwind 
and downwind blade loads for each stream tube. Al- 
though the DMS models yield significantly more in- 
formation, the computation time is not much greater 
than for single-multiple stream-tube models. 

4.1 SlDlF Model 
The SIDIF code splits the turbine into a number 

of stream tubes rotationally (typically, into 5" incre- 
ments) and vertically (typically, into 21  equal-height 
increments). It models the velocity decrease that oc- 
curs as the incident wind passes through the upwind 
or downwind section of the VAWT as a sinusoidal 
function with the maximum velocity decrement occur- 
ring a t  relative angles of 90" and 270" (0" is defined as 
the reference blade pointing directly into the incident 
wind). This sinusoidal velocity decrement distribu- 
tion specifies the relative velocity distribution (and 
thus the relative blade loadings) horizontally across 
the stream tubes. The model estimates a nominal 
upwind velocity decrement a t  a given height and 
calculates the resultant forces acting on the upwind 
section of the turbine a t  that height. It also calculates 
the change in momentum that occurs as the incident 

wind passes through that upwind section of the tur- 
bine, and compares the change to the blade forces. If 
the two do not agree, a simple replacement iteration 
scheme determines the necessary velocity decrement 
(and, therefore, the blade loadings). A similar scheme 
determines the downstream velocity decrements and 
blade loadings. The blade loadings are integrated over 
the height of the turbine and are properly summed (to 
account for the number of turbine blades) to deter- 
mine the rotationally resolved rotor loadings. 

SIDIF incorporates the effects of the boundary 
layer of the incident wind, nonuniform velocity be- 
tween the upwind and downwind sections of the rotor, 
dynamic stall effects, and local blade Reynolds num- 
ber variations. More information on the code, includ- 
ing comparisons with experimental data, may be 
found in Berg,' who discusses a code called CODIF 
(for Cosine Distribution Interference Factor). SIDIF 
is simply CODIF rewritten for a reference rotational 
angle that is rotated 90" with respect to the incident 
wind. 

4.2 Dynamic Stall Model 
Dynamic stall is present on VAWT blades during 

high wind-speed and it must be included 
in the VAWT model if that model is to yield accurate 
results a t  maximum power conditions. The SIDIF 
code incorporates the Boeing-Vertol (or Gormont) 
model" developed for use on helicopters. In this meth- 
od, the lift-coefficient hysteresis and drag-coefficient 
shift observed in dynamic stall experiments are ap- 
proximated by combining static wind-tunnel airfoil- 
section data with an empirically derived stall-delay 
representation. This model has been modified as sug- 
gested by to cause the dynamic stall effects to 
diminish a t  large angles of attack, in agreement with 
experimental data. Berg discusses the implementation 
of this model in greater detail.' 



5. 

Data records obtained at  each of the rotor operat- 
ing speeds were reduced using the approach based on 
the Method of Bins and combined into a single set of 
data to obtain sufficient data to span the full operat- 
ing range of the turbine. In what follows, data are 
presented for half a revolution of the rotor. This range 
is indicated in all plots and tables by relative rotor 
positions from 0" to 180". A relative rotor position of 
0" corresponds to the incident wind normal to the 
plane of the rotor with one of the blades heading 
directly upwind and the second blade heading directly 
downwind. 

All results have been corrected to a common den- 
sity of 1.00 kg/m3 (0.0625 lbm/ft3), which was arbi- 
trarily selected as the standard for the location of the 
test. Reynolds numbers for the two operating rpms are 
960 000 for 38.7 rpm and 1 250 000 for 50.6 rpm. These 
Reynolds numbers are based on the chord and tip 
speed of the blade and are averages for a full rotation. 

5.1 Results for 38.7 rpm 
Because of the lower rotational speed, the results 

for this case yield more complete data a t  low tip-speed 
ratios (higher relative wind speed), in particular in the 
range 2.0 to 3.0. Figures 8 and 9 show the aerodynamic 
torque for 38.7 rpm (Reynolds number 960000) for 
tip-speed ratios of 2.20 to 7.98. The spacing of the 
plotted data indicates the trends with increasing tip- 
speed ratio. The data a t  a tip-speed ratio of 2.20 show 
a peak at  a relative rotor position of 50' and a second 
peak at  a relative rotor position of 125'. As tip-speed 
ratio increases (free-stream velocity decreases), the 
maximum torque decreases, the location of the peak 
torque moves to the right toward go', and the second- 
ary peak near 120' is no longer evident. The data 
shown in Figure 9 for tip-speed ratios of 3.89 to 7.98 
continue to show similar trends. A different scale was 
used for the torque in these two figures and the results 
for a tip-speed ratio of 3.89 have been shown on each 
figure to allow us to compare the two sets of data. The 
data are presented in tabular form in Table 1 for all 
tip-speed ratios plotted. The C, included at  the bot- 
tom of each column is based on the rotationally aver- 
aged torque. 

To illustrate the torque for low tip-speed ratios, 
data from each output bin were extracted. Figure 10 

shows the results a t  tip-speed ratios of 2.02 and 2.08. 
These two curves are similar, with the peak at  125" 
evident in both. There is more scatter in these curves 
than in Figures 8 and 9 as the number of data values in 
each bin is smaller because of a lack of high-wind data. 
Additional data a t  increasing tip-speed ratios are 
shown in Figures 11 to 13. As the tip-speed ratio 
increases, the magnitude of the peak at  125' de- 
creases, and there may be a slight shift of the peak to a 
smaller value of relative rotor position. In interpreting 
these data, it is important to remember that the 
results were sorted into bins 6" wide. The relative 
rotor position was also based on a wind direction 
measured above the rotor. A t  best, one could expect 
values to be accurate to within plus or minus one bin. 
The exact location of the secondary peak is therefore 
of less importance than its relative location and mag- 
nitude. This secondary peak has almost completely 
disappeared by a tip-speed ratio of 2.86 (Figure 8). 
This peak may be due to the presence of dynamic stall, 
a change in the lift and drag created on the airfoil due 
to unsteady effects, but these data are not extensive 
enough to conclusively support that hypothesis. Table 
2 contains the data shown in Figures 10 through 13. 

Comparisons between the measured aerodynamic 
torques and the predictions using the SIDIF double- 
multiple stream-tube model are shown in Figures 14 
through 20. These data were computed in increments 
of 0.5 in tip-speed ratio and are presented as such. 
Measurements were selected that were closest in tip- 
speed ratio to the computed value. Because of the 
width of the bin used in sorting as a function of wind 
speed, the calculated value would fall into the corre- 
sponding measurement bin in each case. The routine 
used to plot the calculated values drew straight line 
segments between data points, and the discontinuities 
in slope in the predictions are due to this feature and 
not the SIDIF model. In considering these compari- 
sons, the area under either of the curves is proportion- 
al to the output power of the rotor. If a comparison of 
measured and predicted power were made, only this 
area would be compared and the agreement would be 
quite good. Also, the scales on each plot were selected 
to fill the grid, and at  the larger tip-speed ratios (lower 
torques) the apparent large differences are only accen- 
tuated by the choice of scale. 
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Figure 8. Aerodynamic torque as a function of tip-speed ratio, 38.7 rpm, TSR 2.20 to 3.89 
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Figure 9. Aerodynamic torque as a function of tip-speed ratio, 38.7 rpm, TSR 3.89 to 7.98 

19 



Table 1. Aerodynamic torques in N-M, 38.7 rpm (Data correspond to Figures 8 and 9) 

Relative 
Rotor Tip-Speed Ratio 

Position 2.20 2.41 2.86 3.23 3.89 4.60 5.62 6.59 7.98 

0 
6 

12 
18 
24 
30 
36 
42 
48 
54 
60 
66 
72 
78 
84 
90 
96 

102 
108 
114 
120 
126 
132 
138 
144 
150 
156 
162 
168 
174 
180 

CP 

2530 
1267 
2493 
4189 
8312 

12597 
16803 
17554 
17574 
17752 
16604 
16663 
15464 
13543 
11565 
11115 
9114 
6474 
6286 
6593 
8295 
9469 
7520 
591 1 
4554 
3132 
2624 
2308 
3044 
3124 
3022 

0.040 

2318 
2555 
2160 
3549 
5920 

10319 
14364 
16564 
17785 
17542 
15992 
15315 
15365 
15351 
12873 
12156 
9805 
8158 
6126 
6957 
7086 
7516 
6963 
6203 
5078 
2512 
1888 
1666 
2540 
2075 
2536 

0.132 

2058 
2135 
2454 
3104 
5050 
7881 

10580 
13471 
15347 
15924 
16008 
16269 
16239 
15374 
14658 
13638 
11913 
10377 
9076 
7781 
7665 
7542 
6830 
5934 
4467 
2951 
1970 
1195 
1238 
1291 
1696 

0.217 

812 
1098 
1937 
2842 
4561 
6458 
8249 

10566 
11952 
13036 
13848 
13954 
14398 
14059 
13264 
12143 
11107 
9863 
8990 
7949 
7383 
6623 
5757 
4670 
3909 
2867 
2066 
1477 
1032 
884 
939 

0.272 

64 1 
913 

1375 
2297 
3272 
4574 
5865 
7465 
8332 
9458 

10058 
10761 
10810 
10777 
10472 
10061 
9334 
8392 
7874 
6898 
6509 
5696 
4941 
3970 
3004 
2447 
1832 
1310 
890 
373 
505 

0.373 

288 
455 
857 

1427 
2273 
2962 
3933 
4773 
5469 
5907 
6344 
6774 
7298 
7054 
6972 
6948 
6453 
5733 
5473 
4868 
4758 
3910 
3055 
2675 
2076 
1596 
1087 
843 
449 
25 1 
246 

0.409 

- 144 
- 97 
222 
489 

1201 
1729 
2075 
2414 
2879 
3212 
3504 
3755 
3941 
4232 
3861 
3754 
3600 
3585 
3280 
2874 
2432 
2116 
1764 
1363 
874 
695 
380 
210 

- 118 
- 103 
-217 

0.395 

- 317 
- 433 
- 159 

235 
438 
60 1 

1064 
1248 
1663 
1740 
2044 
2201 
2159 
2388 
2323 
2132 
2107 
1983 
2008 
1664 
1415 
1146 
638 
681 
201 
55 

- 12 
- 120 
- 166 
- 356 
- 327 

0.325 

- 577 
- 664 
- 278 
- 334 
- 52 
- 35 

95 
604 
464 
698 
733 
821 

1085 
93 1 
776 
825 
675 
66 1 
559 
479 
345 
229 

16 
- 239 
-481 
- 274 
- 469 
- 675 
- 407 
- 785 
- 616 

0.089 
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Figure 10. Aerodynamic torque as a function of tip-speed ratio, 38.7 rpm, TSR 2.02 and 
2.08 
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Figure 11. Aerodynamic torque as a function of tip-speed ratio, 38.7 rpm, TSR 2.14 and 
2.20 
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Figure 12. Aerodynamic torque as a function of tip-speed ratio, 38.7 rpm, TSR 2.26 and 
2.33 
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Figure 13. Aerodynamic torque as a function of tip-speed ratio, 38.7 rpm, TSR 2.41 and 
2.49 

22 



Table 2. 
presented in Figures 10 to 13) 

Aerodynamic torques in N-M, 38.7 rpm (Data for low tip-speed ratios 

Relative 
Rotor Tip-Speed Ratio 

Position 2.02 2.08 2.14 2.20 2.26 2.33 2.41 2.49 

0 
6 

12  
18 
24 
30 
36 
42 
48 
54 
60 
66 
72 
78 
84 
90 
96 

102 
108 
114 
120 
126 
132 
138 
144 
150 
156 
162 
168 
174 
180 

886 
577 

2908 
4408 
9418 

13380 
16204 
17857 
18351 
17713 
15700 
15948 
14845 
13313 
10001 
9612 
7449 
7097 
6609 
5907 
8219 
9412 
7615 
6743 
5889 
2286 
3364 
4365 
2103 
2883 
1301 

1767 
1827 
3263 
4674 
8892 

13260 
17611 
16498 
16454 
17856 
16551 
16652 
15122 
13781 
12217 
9969 
6203 
5689 
7015 
7490 
8845 
9471 
8769 
4779 
4121 
4298 
3780 
4314 
4049 
3095 
2839 

2829 
2213 
2314 
4637 

10488 
13536 
16719 
18012 
16948 
17661 
16204 
15758 
15761 
13384 
11704 
8976 
7809 
6744 
5751 
7904 
6617 
8889 
8703 
599 1 
4254 
3342 
2433 
2863 
3408 
2924 
2178 

2530 
1267 
2492 
4189 
8312 

12597 
16803 
17554 
17574 
17752 
16604 
16663 
15464 
13543 
11565 
11115 
9114 
6474 
6286 
6593 
8295 
9469 
7520 
5911 
4554 
3132 
2624 
2308 
3044 
3124 
3022 

3003 
2477 
2003 
4487 
7886 

12240 
15092 
16066 
16971 
17707 
15938 
15055 
14915 
14358 
12284 
10557 
8095 
6430 
5997 
6099 
8012 
7930 
7080 
6630 
4164 
2160 
1928 
1903 
2071 
3162 
1757 

2129 
2643 
1997 
4011 
6402 

10197 
14244 
16565 
18092 
17401 
16602 
15557 
15297 
14181 
13495 
11677 
8711 
7226 
5972 
5780 
6825 
7419 
7781 
6277 
3630 
2475 
1544 
1823 
2505 
2317 
2491 

2318 
2555 
2160 
3549 
5920 

10319 
14364 
16564 
17785 
17542 
15992 
15315 
15365 
15351 
12873 
12156 
9805 
8158 
6126 
6957 
7986 
7516 
6963 
6203 
5078 
2513 
1888 
1666 
2540 
2075 
2536 

2131 
2507 
2258 
2901 
6119 
9829 

13305 
16109 
17757 
16858 
16349 
15556 
14810 
14814 
14527 
12424 
10313 
7793 
6197 
7006 
6518 
7925 
8026 
6298 
4523 
3257 
1874 
1456 
2107 
2381 
2258 
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Figure 14. Comparison between measured and predicted aerodynamic torque, 38.7 rpm, 
TSR 2.5 
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Figure 15. Comparison between measured and predicted aerodynamic torque, 38.7 rpm, 
TSR 3.0 
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Figure 16. Comparison between measured and predicted aerodynamic torque, 38.7 rpm, 
TSR 3.5 
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Figure 17. Comparison between measured and predicted aerodynamic torque, 38.7 rpm, 
TSR 4.0 
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Figure 18. Comparison between measured and predicted aerodynamic torque, 38.7 rpm, 
TSR 4.5 
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Figure 19. Comparison between measured and predicted aerodynamic torque, 38.7 rpm, 
TSR 5.5 
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38.7 RPM TSR 6.5 
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Fiaure 20. Comparison between measured and predicted aerodynamic torque, 38.7 rpm, 
TSR 6.5 

The data for a tip-speed ratio of 2.5 shown in 
Figure 14 exhibit a tendency of the model to overpre- 
dict the torque a t  relative rotor positions of 60' to BO', 
and to underpredict the torque from 110' to 150'. 
These differences are probably due to the choice of the 
dynamic-stall model in the double-multiple stream- 
tube model. These differences are less evident at  a 
tip-speed ratio of 3.0 (Figure 15) and continue to 
decrease up to a tip-speed ratio of 5.5 (Figure 19). For 
these higher tip-speed ratios, the agreement between 
the measurements and predictions is excellent. Some 
of the differences evident for relative rotor positions 
between 90' and 150' may be due to the difficulties 
associated with the measurement of the rotor position. 
The only significant differences in this series of com- 
parisons are for the low tip-speed ratios where dynam- 
ic stall seems to be a factor. 

5.2 Results for 50.6 rpm 
A summary of the results for 50.6 rpm (Reynolds 

number 1 250 000) is shown in Figures 21 and 22 for 
tip-speed ratios of 2.87 to 7.93. These data are listed in 
Table 3. They are similar to those for 38.7 rpm except 
there is less evidence of the secondary peak near a 
relative rotor position of 120'. This difference could 
be caused by the lack of data at  the lower tip-speed 
ratios for this rpm. 

The comparisons between the measurements and 
the calculations using the double-multiple stream- 
tube model are shown in Figures 23 through 29. The 
differences at  a tip-speed ratio of 2.5 are very similar 
to those for 38.7 rpm (Figure 14). The measurements 
are less than the predictions in the range of relative 
rotor positions of 40' to 90", and the measurements 
are greater than the predictions in the range of 110' to 
150'. For all higher tip-speed ratios, the agreement is 
good. At  the highest tip-speed ratios, 6.5 and 7.5, the 
differences between the measurements and calcula- 
tions are of the order of the accuracy of the measure- 
ments. 
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Figure 21. Aerodynamic torque as a function of tip-speed ratio, 50.6 rpm, TSR 2.87 to 
4.61 
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Figure 22. Aerodynamic torque as a function of tip-speed ratio, 50.6 rpm, TSR 4.61 to 
7.93 

28 



Table 3. Aerodynamic torques in N-M, 50.6 rpm (Data correspond to Figures 21 and 22) 

Relative 

Position 2.87 3.15 3.36 3.89 4.61 5.08 5.66 6.40 7.93 
Rotor Tip-Speed Ratio 

0 
6 

12 
18 
24 
30 
36 
42 
48 
54 
60 
66 
72 
78 
84 
90 
96 

102 
108 
114 
120 
126 
132 
138 
144 
150 
156 
162 
168 
174 
180 

c rJ 

303 
1043 
4302 
6995 
9902 

14277 
18077 
20054 
23336 
24533 
26929 
27465 
27284 
264 12 
26310 
25686 
22576 
19402 
16756 
15602 
13039 
11410 
10528 
10407 
8872 
6349 
5417 
3838 
1484 
416 
968 

0.220 

753 
1032 
3381 
5921 
7775 

11204 
14840 
18014 
19810 
21444 
23342 
24885 
25285 
24996 
24880 
24239 
21417 
18344 
16762 
15445 
13523 
11770 
9923 
9199 
7492 
5896 
5336 
2685 
1539 
1276 
710 

0.267 

1107 
1327 
2628 
4560 
6128 
9228 

11647 
13863 
16006 
18347 
20146 
22189 
22217 
22357 
22537 
21236 
20433 
18467 
16944 
15398 
13997 
12084 
10642 
9152 
7218 
5681 
4477 
3145 
1303 
1085 
1623 

0.293 

1673 
1416 
2248 
2724 
3409 
4727 
7466 
8973 

10535 
12396 
13788 
14763 
15780 
15561 
15993 
16115 
16086 
14537 
13645 
12797 
11577 
11148 
9349 
8563 
6766 
5528 
3946 
2683 
2302 
1275 
1196 

0.342 

571 
836 
832 

1317 
2125 
2838 
4585 
5607 
6795 
7201 
8516 
9116 

10064 
10119 
10186 
10889 
10388 
9624 
8722 
8523 
7760 
6704 
6092 
5866 
4625 
3016 
2367 
1585 
473 
57 1 
437 

0.357 

- 107 
72 

898 
822 

1778 
2400 
3395 
4393 
5184 
6095 
6725 
6803 
7534 
7699 
7674 
7232 
7178 
6655 
6430 
5684 
5536 
5003 
4015 
3127 
2566 
1732 
1056 
845 
432 
- 66 

57 

0.338 

- 276 
-312 

267 
590 
427 

1506 
1996 
2982 
3651 
3982 
4474 
4806 
5198 
5043 
5146 
5509 
5235 
4790 
3630 
3869 
3226 
2970 
2271 
2141 
1449 
905 
- 97 

31 
- 224 
- 625 
- 439 

0.293 

- 1083 
- 283 
- 736 
- 65 
- 102 

866 
1285 
1743 
2194 
2994 
3064 
3730 
3412 
3248 
3384 
3393 
3657 
3119 
2472 
2541 
2079 
1538 
1394 
876 
390 
48 

-391 
- 435 
- 552 
-919 
- 726 

0.244 

- 1165 
- 926 
-917 
-716 
- 652 
- 254 

157 
433 
645 
902 
971 

1158 
1038 
1138 
1087 
977 
640 
769 
508 
614 
81 

221 
- 165 
- 467 
- 634 
-619 
- 839 
- 822 
- 1057 
- 1016 
- 1099 

0.012 
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Figure 23. Comparison between measured and predicted aerodynamic torque, 50.6 rpm, 
TSR 2.5 
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Figure 24. Comparison between measured and predicted aerodynamic torque, 50.6 rpm, 
TSR 3.0 
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Figure 25. Comparison between measured and predicted aerodynamic torque, 50.6 rpm, 
TSR 3.5 
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Figure 26. Comparison between measured and predicted aerodynamic torque, 50.6 rpm, 
TSR 4.0 
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Figure 27. Comparison between measured and predicted aerodynamic torque, 50.6 rpm, 
TSR 4.5 
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Figure 28. Comparison between measured and predicted aerodynamic torque, 50.6 rpm, 
TSR 5.5 
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Figure 29. Comparison between measured and predicted aerodynamic torque, 50.6 rpm, 
TSR 6.5 

5.3 Fourier Coefficients 
The frequency content of the torque signatures is 

important in the structural analysis of the wind tur- 
bine. The forced periodicity of the data (it must repeat 
every 180') results in Fourier coefficients a t  only even 
multiples of the rotation rate of the turbine. The 
Fourier coefficients of all torques were computed and 
normalized with the mean value of the torque. These 
coefficients are listed in Table 4 for the 38.7-rpm data 

and Table 5 for the 50.6 rpm data. Coefficients are 
listed up to a frequency of 8P, where P is the rotation 
rate of the turbine. The coefficients for 2P and 4P are 
shown in Figures 30 and 31. The coefficients at 4P 
decrease in magnitude and the 2P coefficients become 
dominant with increasing tip-speed ratio. The cosine 
coefficient is much larger than the sine coefficient a t  
high tip-speed ratios. The torque is closely approxi- 
mated by a cosine curve with a mean value and a 
period half that of the turbine rotation. 

Table 4. Fourier coefficients of torque, 38.7 rpm (Coefficients normalized with mean torque) 

Tip-Speed Ratio 
2.20 2.41 2.86 3.23 3.89 4.60 5.62 6.59 

OP SIN 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
OP cos 1 .oo 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
2P SIN 0.59 0.57 0.47 0.40 0.30 0.27 0.28 0.34 
2P cos -0.49 -0.59 -0.74 -0.80 -0.83 -0.85 -0.99 -1.27 
4P SIN -0.11 -0.15 -0.15 -0.13 -0.09 -0.05 -0.02 -0.02 
4P cos -0.37 -0.29 -0.16 -0.12 -0.08 -0.06 -0.07 -0.05 
6P SIN -0.05 -0.04 -0.00 -0.00 -0.00 -0.01 -0.01 -0.06 
6P COS 0.02 0.02 0.03 0.01 0.01 -0.00 -0.02 0.01 
8P SIN -0.15 -0.09 -0.01 -0.02 -0.01 -0.02 -0.03 -0.03 
8P cos 0.08 0.14 0.09 0.02 0.01 0.00 -0.02 -0.05 
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Table 5. Fourier coefficients of torque, 50.6 rpm (Coefficients normalized with mean torque) 

Tip-Speed Ratio 
2.87 3.15 3.36 3.89 4.61 5.08 5.66 6.40 

OP SIN 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
OP cos 1 .oo 1.00 1.00 1-00 1.00 1.00 1 .oo 1.00 
2P SIN 0.41 0.35 0.23 0.06 0.03 0.15 0.21 0.34 
2P cos -0.78 -0.82 -0.85 -0.82 -0.89 -0.94 -1.12 -1.51 
4P SIN -0.13 -0.12 -0.01 -0.06 -0.04 -0.04 -0.05 -0.08 
4P cos -0.13 -0.08 -0.06 -0.04 -0.04 -0.07 -0.05 -0.10 
6P SIN 0.00 0.00 0.01 0.01 0.05 0.01 0.02 -0.03 
6P COS -0.07 -0.05 -0.02 0.01 -0.02 0.02 -0.01 -0.04 
8P SIN 0.00 -0.01 -0.00 0.01 0.01 -0.01 0.03 0.04 
8P COS 0.00 0.01 -0.01 0.02 0.04 0.00 0.06 0.01 

FOURIER COEFFICIENTS OF TORQUE 
38.7 RPM 

-1.40 -j 
-1.60 

- 1 .eo 
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TIP-SPEED RATIO + 2P cos 0 4P SIN A 4P COS 2P SIN 

Figure 30. Fourier coefficients of torque, 38.7 rpm. These coefficients are normalized with 
the mean torque. 
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Figure 31. Fourier coefficients of torque, 50.6 rpm. These coefficients are normalized 
with the mean torque, 
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6. Conclusions 

Measurements of low-speed torque and tangential 
acceleration a t  the turbine equator were used to deter- 
mine the torque on a VAWT blade as a function of 
angle of rotation for a wide range of tip-speed ratios. 

A t  low wind speeds (high tip-speed ratios), the 
torque is closely approximated by a cosine curve with 
a rotational period half that of the rotor itself. As the 
tip-speed ratio decreases (wind speed increases), the 
torque curve assumes a skewed character and the peak 
shifts from 90" toward 50". At a tip-speed ratio of 
-2.9, a secondary peak appears near 125'. This sec- 
ondary peak grows in size as the tip-speed ratio drops 
further. 

Comparisons of these experimentally determined 
torques with those calculated with the SIDIF code 
indicate that although the code does a good job of 
predicting the power over a wide range of tip-speed 
ratios, it does not accurately predict the rotationally 
resolved torque at  lower tip-speed ratios-it over- 

predicts the torque for relative rotor positions 
between 50' and 90" (the primary torque peak) and 
underpredicts the torque between 110" and 150' (the 
secondary torque peak). This results in errors in the 
frequency content and magnitude of the predicted 
loads, and thus inaccuracies in structural dynamic 
analyses of the turbine. 

The major restrictions in the accuracy of the 
torques determined in this study were the assumption 
of rigid-body motion and the uncertainty in turbine 
rotational position. Additional studies to measure 
VAWT blade torque more accurately would be helpful 
in determining what areas of the aerodynamic load 
models are in error. Direct measurements of lift and 
drag (or their resultant torque) on a small blade 
section would be useful in this effort, because compar- 
ing observed and predicted values of lift and drag (or 
torque) over an entire blade tends to obscure the 
source of any observed differences. 
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