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Robert E. Akins 
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Lexington, VA 24450 

Sandia Contract: 23-0836 

ABSTRACT 

This report describes measurements of surface pressures on a 

vertical-axis wind turbine using pressure transducers mounted at 
the equator of one blade of the rotor. These pressure 
transducers were monitored as a function of relative rotor 
position and incident wind speed to obtain the distribution of 
surface pressure. The measured pressure distributions are 
substantially different from wind-tunnel results. The surface 
pressures were integrated to obtain tangential and normal force 
coefficients as a function of rotor position relative to the 
incident wind. These measured force coefficients are compared 

, with wind-tunnel results for tip-speed ratios from 2.20 to 4.60. 
At low tip-speed ratios there is evidence of dynamic stall for 
the upwind portion of the rotation. 
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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. These forces affect both the power 

production of the turbine and the structural response of the 

rotor. Existing techniques for predicting aerodynamic 

performance and structural loads utilize two-dimensional airfoil 
section properties and an empirical model to include effects of 

dynamic stall. Prior efforts to validate these models have in 

all cases been based on the measurement of either a torque or a 

stress integrated over the entire turbine. The local pressures 

or forces acting on the blade of the wind turbine have not 

previously been investigated and will be of value in future model 

validation. 

An experimental program was designed and implemented to 

measure the surface pressures at a single location on a wind 

turbine. This program not only considered the pressure 

distribution at a single location on the rotor, but also the 

local forces obtained by integrating the pressures, and the 

variation of these forces as a function of rotor position and 

incident wind speed. Pressure transducers were installed in one 

blade of the DOE/Sandia 17M Oarrieus vertical-axis wind turbine 

(VAWT). The transducers were distributed along the chord of the 

blade at the equator of the turbine. Additional instrumentation 

was used to measure the incident flow field and the rotor 

position relative to the incident wind. These measurements were 



limited to a single rotor configuration and a single operating 

speed. The measurements will be used to verify existing 

aerodynamic models, to improve these models, and to provide 

guidance for future experiments and research. 

This report summarizes the experimental setup, the data 

acquisition and analysis, and the results of the study. Many 

problems were encountered during the program and the results 

discussed are of more qualitative than quantitative value. 



2. EXPERIMENT AND DATA ACQUISITION 

2.1 Turbine Configuration 

Measurements were obtained using the DOE/Sandia 17M research 

VAWT located at Sandia National Laboratories, Albuquerque, NM. 

The turbine used in this program, shown in Figure 1, has two 

blades and a height-to-diameter ratio of 1.0. The blades have 

NACA 0015 cross section with a chord of 0.612 m (2.0 ft) and are 

attached to the tower at the roots only; no struts are used in 

this particular design. The blades were bent to a straightline- 

circular arc-straightline troposkein approximation from a single 

extrusion and there were no blade-to-blade joints. Rotor radius 

is 8.36 m (27.3 ft), ground clearance is 4.88 m (10.0 ft), and 

swept area of the turbine is 187 m2 (2000 ft2) . Further details 

about the turbine are contained in Reference 1. The turbine 

operated at 38.7 rpm and 50.6 rpm for these tests, but only the 

results for 38.7 rpm are presented. Several key pressure 

transducers were inoperative at 50.6 rpm and there were not 

enough data to define the pressure distribution and associated 

forces. 

2.2 Instruments 

Flush-mounted pressure transducers were used to measure the 

surface pressures. These transducers were selected based on 

several criteria: adequate frequency response, minimal mechanical 

impact on the blade, insensitivity to acceleration and 

temperature, ability to measure very small pressures, ruggedness 

and weather resistance, and relatively small size to allow dense 



placement at a given spanwise location on the blade. Entran 

Model EPF 200-10 piezoresistive transducers were selected as the 

most appropriate choice available in late 1980. The transducers 

had a sealed reference pressure and as such were neither absolute 

nor differential. The sealed reference pressure was constant and 
* 

by electrically adjusting the reading to zero just prior to a 

test, the transducers were used in a differential manner with the 

reference pressure equal to ambient atmospheric. The zero 

reading was sensitive to ambient temperature and changes in 

atmospheric pressure. Anticipated pressures were at most 1% of 

10 psi full scale and therefore the transducers were used with 

amplifiers and were very sensitive to zero shift. The 

transducers have a circular sensing surface with a diameter of 

5mm (0.2 in). They were mounted in small machined recesses in 

the blade as described in section 2.3. 

Incident wind speed and direction were measured with a cup- 

vane anemometer system mounted on a tower extending from the top 

of the turbine along the axis of rotation. This installation 

arrangement was used in all past performance measurements for 

this turbine and the readings were not influenced by the 

operation of the wind turbine (2). The anemometer was a Teledyne 

Geotech Model 1564B with a distance constant of 1.5 m (5 ft) of 

air. The corresponding vane was a Teledyne Geotech Model 1656B 

with a distance constant of 0.5 m (1.6 ft) of air and a damping 

ratio of 0.2 at a 10 degree initial angle of attack. 
• 

The rotor position was monitored with a synchro system 



attached to the base of the rotor with a chain drive. A flow- 

angularity probe to measure local incident wind speed, angle of 

attack and yaw angle was mounted on the blade. The layout of 

this probe is shown in Figure 2. The details of the 

installation and calibration of the probe are described in 

Sections 2.3 and 2.4. 
A 64 channel PCM (pulsed code modulator) system was used to 

collect and transmit data from the rotating reference frame 

associated with the turbine to the ground. All analog signals 

were amplified as necessary and digitized using the PCM located 

on the rotor. A high-level digital pulse stream was sent via 

slip rings to the ground-based data acquisition system. 

Important ground-based signals such as rotor position and 

incident wind speed and direction were fed from the ground 

through the slip rings to the PCM so that all signals were 

digitized simultaneously. This arrangement allowed multiple 

channels of low-level signals to be amplified and passed through 

a single set of slip rings. A common amplifier was used in the 

PCM at a nominal gain of 2000 for the pressure signals. Other 

signals in the data stream did not require amplification. The 

analog-to-digital conversion of the PCM was at a fixed rate of 50 

samples per second. The digital pulse stream was sent to a 

computer and stored on disk in real time. 

2.3 Installation 
A wind-tunnel test was conducted to verify the installation 

and operation of the pressure transducers in a prototype section 

5 



of blade. In analyzing the results from this test, it was found 

that for the small pressures observed during wind turbine 

operation, convective cooling of the transducer diaphragm caused 

significant errors. In order to alleviate this problem, a system 

was devised which would thermally insulate the transducers from * 

this effect. Each transducer was placed in a separate mounting 

device and immersed in silicone to provide insulation prior to 

mounting in the blade. This mounting system reduced the 

frequency response of the transducers, but the measured 

frequency response was still greater than 50 hz. The sample rate 

of the PCM system set the upper limit of frequency response for 

the entire system at 25 hz. The devices containing the 

transducers were mounted in milled locations in the blade and 

covered with a thin sheet of Mylar with holes over the 

transducers. The Mylar was used to provide protection for the 

transducers from both dust and moisture. The arrangement is 

shown in Figure 3. This method of mounting provided adequate 

thermal insulation, was relatively easy to install, and provided 

some protection for the transducers from moisture and dust. The 

pressure transducers were located a distance of 0.25 of the chord 

below the equator of the turbine. The locations of the pressure 

transducers are listed in Table 1. 

The flow-angularity probe was mounted on the leading edge of 

the airfoil a distance of 0.25 of the chord above the equator. > 

The tip of the probe was 21.6 cm (8.5 in) in front of the leading 
• 

edge of the blade. Figure 4 shows the installation of both the 

6 



flow-angularity probe and the transducers in the blade of the 

turbine. 

2.4 Calibration 

The pressure transducers were calibrated in a laboratory 

environment prior to mounting in the blade. It was not possible 

to provide a known reference pressure to the blade and the 

transducers could therefore not be calibrated in place. The pre¬ 

test calibration was used for the duration of the test program, 

approximately 3 months. The common amplifier used with all of 

the pressure channels was electrically calibrated in place on the 

rotor. 
The flow-angularity probe was calibrated in an extensive wind- 

tunnel test. The probe calibration took into account effects due 

to angle of attack and interference caused by the blade. The 

differential taps used to measure angle of attack and yaw angle 

were also calibrated in the wind-tunnel test. The measured 

results for angle of attack and yaw angle proved to be 

unreliable in the test program, probably due to the unsteady 

conditions. In the data reduction, only the measurement of the 

local wind speed incident to the blade was used to calculate 

pressure coefficients. All angles of attack were computed as 

outlined in section 3.6. 

2.5 Data Acquisition 

The turbine was operated at 38.7 rpm over a two month period 

from March to April 1982. Data were collected on all channels 

simultaneously at 50 samples per second, corresponding to 77 

7 



samples per revolution of the rotor. Record length was 12 

minutes, limited by the capacity of the disk storage. Data were 

obtained at wind speeds spanning the entire range of operation of 

the turbine. 

Prior to and after each test segment, the zero readings of the 

pressure transducers were checked. A bucket truck was used to 

gain access to the blade and a foam cuff was placed over the 

instrumented portion of the blade. This cuff damped any effects 

due to the wind and exposed each transducer to ambient 

atmospheric pressure. Readings with the cuff in place were taken 

using the data acquisition system. Zero readings were corrected 

prior to each test run (the data acquisition system stored both a 

calibration factor and a zero for each channel). Post-run zero 

readings were compared with the pro-run readings. If a shift of 

greater than 5% of anticipated maximum pressure occurred during 

a run, the readings from that transducer were not used. Smaller 

changes were corrected in the data reduction to the average of 

the pre- and post-run values. In most instances the zero 

readings did not change substantially from run to run on a given 

day. 

The stored data files include a header with calibration 

factors and zero values for each channel and blocks of data for 

each sample time. The blocks consist of readings for each of 

the 64 channels of the PCM system. A 12 minute run consists of 

over 2 million numbers. 

8 



3. DATA REDUCTION 

3.1 Adjustments to Measured Data 

3.1.1 Pressure Transducers 

The average of the zero readings of the pressure transducers 

taken before and after each run was used to adjust the raw data 

prior to analysis. This modification was only made if the two 

values differed by less than 5% maximum absolute value of 

pressure expected in the run. When larger shifts were observed, 

the data were discarded. 

3.1.2 Rotor Position Indicator 

One of the key independent variables in the experiment was the 

rotor position relative to the incident wind. The synchro 

system provided a continuous analog indication of the absolute 

rotor position. Two major problems occurred which required 

corrections to the raw data. The synchro provided a sawtooth 

signal which reset each revolution, but the interval required for 

the signal to reset was greater than the sample interval. This 

difficulty caused several samples of rotor position to be in 

error each rotation. The data reduction algorithm searched for 

the reset of the syncro, forced the sawtooth to occur within a 

single time step, and checked to insure the correction did not 

alter the period of the turbine. 
A more significant problem was caused by slipping of the syncro 

relative to the rotor. This problem was caused by a chain 

jumping from a sprocket and was not apparent until after the test 

program was completed. To salvage as much data as possible, a 

9 



correction based on the angle of attack measured with the flow- 

angularity probe was developed. The sign of the angle of attack 

changed when the blade was in an upwind position, a relative 

rotor position of 0 degrees. Using this fact and the 

instantaneous reading of wind direction from the top of the 

turbine, a correction to the zero reading of the rotor position 

indicator was computed each rotation of the turbine. The routine 

was checked on some of the earlier runs where the synchro was 

operating properly and found to be accurate. A record of the 

correction for each run was examined, and if any anomalous 

behavior was noted, the record was not included in the composite 

data reduction. 

3.1.3 Reference Wind Speed 

Prior to any data reduction, the reference wind speed was 

corrected from the reference height to the turbine centerline 

using the average wind shear measured at the test location (3) . 

A power-law exponent of 0.1 was used and the measured wind speed 

was reduced by a factor of 0.91. Because the reference 

anemometer was located directly above the rotor, no corrections 

for lack of spatial correlation were applied. 

3.1.4 Density Corrections 

All pressure measurements were divided by the incident dynamic 

pressure measured with the flow-angularity probe at each time 

step to obtain a pressure coefficient. All subseguent data 

reduction was in terms of the pressure coefficients and was 

independent of any density effects. Therefore, no corrections 

10 



were made to any of the measured data for density effects. 

3.2 Sign Conventions, Coordinate System, and Coefficient 

Definitions 
A key independent variable in the data reduction and 

interpretation is the rotor position relative to the incoming 

wind as defined in Figure 5. The relative rotor position is a 

function of both the absolute rotor position and the incident 

wind direction measured above the turbine. Both of these 

quantities change as a function of time. A relative rotor 

position of 0 degrees corresponds to the instrumented blade 

heading directly into the incident wind. Relative rotor 

positions from 0 to 180 degrees correspond to the upwind half of 

the rotation of the rotor and 180 to 360 degrees correspond to 

the downwind half of the rotation. 

Pressure coefficients are defined by the following equation: 

- - ^ <1' CP - 
(f - po) 

where: 

CP = pressure coefficient 
P = absolute pressure measured on blade 
Pg = ambient static pressure 
p = density of ambient air 
V == incident wind speed measured at blade . 

A positive pressure coefficient corresponds to a stagnation 

region or pressure greater than atmospheric. A pressure 

coefficient of zero corresponds to ambient atmospheric pressure. 

The sign convention for the normal force coefficient, CN, and 

the tangential force coefficient, CT, is shown in Figure 6. CN 

is positive toward the center of rotation of the turbine and CT 

11 



is positive in the direction of rotation. The angle of attack is 

defined as positive when the resultant incident wind is coming 

from outside of the rotor. Angles of attack and CN will be 

positive for relative rotor positions from 0 to 180 degrees. 

CN and CT are defined as: 

CN = —FN-5- (2) 
O.SpVc 

' 

where: 

CN = normal force coefficient FN = normal force/unit span 
p = density of ambient air 
V = incident wind speed measured at blade 
C = blade chord. 

CT = —FT » (3) 
O.SpV-'C ' • 

where: 

j CT = tangential force coefficient FT = tangential force/unit span 
p = density of ambient air V = incident wind speed measured at blade I C = chord of blade. 

I 
| 3.3 Bins Approach 

Based on past experience with measurements on operating wind 

turbines, a data reduction technique based on the method of bins 

was used. Several references explain the method of bins and 

| variations (4,5,6). The data reduction scheme treated the local 

surface pressure as the dependent variable and the incident wind 

speed and the relative rotor position as the independent 

variables. The instantaneous values of pressure for a given wind 

speed and relative rotor position only repeat in an average 

sense. A statistical combination of the data was considered from 

the outset of the test program and a two-dimensional application 

I 12 



of the method of bins was employed. In performance measurements, 

the output torque is measured as a function of wind speed only, a 

one-dimensional application of the method of bins. 

The surface pressures were divided by the dynamic pressure 

measured with the flow-angularity probe as the first step in the 

data reduction. This normalization was done at each time step 

before any sorting as a function of wind speed or relative rotor 

position. At this point the pressures were all in terms of a 

pressure coefficient as defined by equation 1. The measured 

pressure coefficients for each location were separated as a 

function of instantaneous wind speed (corrected for shear) in 

0.447 m/s (1.0 mph) increments and relative rotor position in 6 

degree increments. The data reduction algorithm converted the 

instantaneous pressures to coefficient form, determined the wind 

speed and relative rotor position for the time step and then 

updated the number of readings, sum of the coefficients, and sum 

of the squares of the coefficients for each pressure transducer. 

For a particular run, the sum of the readings was divided by the 

number of readings to obtain the average value. 

The standard deviation associated with a combination of wind 

speed and relative rotor position is an indication of the range 

of values of pressure coefficient. The mean values of the 

pressure coefficient for different runs repeat with variations 

much less than the corresponding standard deviations. 

Because the surface pressures are a function of relative rotor 

position, the advantages gained by time averaging (5,6) could not 

13 



be utilized. This restriction also introduces some spreading of 

the data with respect to both wind speed and rotor position (5). 
A two-dimensional approach with no time averaging has been used 

successfully in the past to measure aerodynamic torques (7). 
The mean and standard deviation for each transducer location 

were examined for each run. The mean values for different runs 

at the same wind speeds were compared to find further evidence of 

zero shifts. The magnitude of the standard deviations in the 

combined results in some instances also indicated problems with 

the data. Typical results from a single record are shown in 

Figure 7a to 7d. Figures 7a and 7b are for the transducer at the 

nose of the blade at high and low tip-speed ratios respectively. 

Figures 7c and 7d are for the transducer at x/c = 0.05 on the 

inner surface for the same tip-speed ratios. 
The mean and standard deviation for the combined result from 

all records at the low tip-speed ratio are shown in Figures 8a 

and 8b. The band indicating plus or minus 1 standard deviation 

is wider than for the individual records in Figure 7. The mean 

values repeat from run to run with much less spread than the 

standard deviation. Effects of unsteady wind speed and 

direction contribute to the spread in the standard deviation. 

3.4 Fits to Data 

Several transducers were inoperative when the blade was 

mounted on the turbine so the full set listed in Table 1 was not 

available for the test. As the test program progressed several 

additional transducers failed, producing additional gaps in the 

14 



distribution of the taps along the blade. The final pressure 

transducer locations used in the data reduction are listed in 

Table 2. Pressure measurements at the same location on both 

sides of the blade were required to compute forces. The values 
« 

of pressure coefficient available for the combined records were 

< fit with a cubic spline on each side of the blade. The spline 

was evaluated at increments of x/c of 0.05 from the nose to the 

0.95 location and was used to interpolate only. Each case was 

visually compared with the raw data to insure no artificial 
variations were introduced by interpolation. A typical 

comparison between the measured values and the fit curve is shown 

in Figure 9. The symbols represent the raw data on the inner and 

outer surface and the lines are the fit data. 

3.5 CT/CN Calculation 

The normal and tangential force coefficients, CN and CT, were 

obtained by integrating the interpolated pressure distributions. 

All integrations were done with respect to a coordinate system 

aligned with the chord of the blade as shown in Figure 6. 

CN was calculated by taking the difference of the smoothed 

pressure coefficient values on either side of the blade and 

multiplying by the appropriate area. The pressure at the 

leading edge of the blade does not have a component in the normal 

direction and does not affect the normal force. CT was 
" 

calculated using the product of the pressure coefficient and the 

„ area associated with a particular location projected in the 

tangential direction. Skin friction was neglected with this 

15 



approach. Therefore, the measured values of CT will be larger 

than the actual values. The values of CN should not be 

significantly affected by ignoring skin friction. 

3.6 Angle of Attack 

Wind-tunnel data for lift and drag are generally reported as a 

function of angle of attack. A direct measurement of angle of 

attack would facilitate comparison of the present data with 

published lift and drag data. Initially it was planned to 

measure the local angle of attack with the flow-angularity probe, 

but reliable measurements were not obtained. Reference 8 

outlines some of the problems associated with the angle of attack 

measurements. The most reasonable approach seemed to be to base 

a calculation for angle of attack on the relative rotor position 

and incident wind speed measured with the flow-angularity probe. 

Two methods were considered, the first based strictly on 

geometry with no interference effects and the second based on a 

fixed wake aerodynamic model (9) incorporating both geometry and 

interference effects. The angles of attack computed using the 

fixed wake model agreed within one degree with those calculated 

with the vortex model, VDART, (10) and were the most convenient 

to use in the data reduction. All values of angle of attack used 

in the interpretation of the data were computed using the fixed 

wake model based on the measured relative rotor position and 

measured incident wind speed obtained using the flow-angularity 

probe. 
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4. RESULTS 

4.1 Pressure coefficients 

References 11 and 12 report pressure measurements for the NACA 

0015 airfoil in terms of a pressure coefficient as a function of 

chord position, x/c, for a given angle of attack. This format is 

the logical starting point for examining the results of this 

experiment. It is important to remember that all results from 

this experiment have been averaged for many realizations of the 

same combination of incident wind speed and relative rotor 

position. This was a key choice in the data reduction as 

discussed in Section 3. Unsteady phenomena will not be evident 

in this format. 

Pressure distributions for nominal angles of attack of 6, 8, 

and 12 degrees are shown in Figures 10 through 12, respectively. 

Each plot contains results for one side of the airfoil, either 

outer or inner. All angles of attack are positive, corresponding 

to the upwind half of the rotation. Data from two different tip- 
speed ratios were selected and compared with the predicted 

values obtained using the Eppler code (13). Results for the 

outer (pressure) surface are shown in Figure lOa for a nominal 

angle of attack of 6 degrees. A major difference between the 

measurements and predictions based on the Eppler code is evident 

from x/c of 0.1 to 0.3. The two sets of measurements at 

different tip-speed ratios are very similar. The stagnation 

point, indicated by the maximum positive pressure coefficient, is 

further back on the airfoil for the measurements than for the 

17 



predicted values. Aft of the stagnation point, the measured 

values indicate an acceleration of the flow (decrease in the 

pressure coefficient) and then a recovery or deceleration of the 

flow at an x/c of approximately 0.3. The symbols shown in these 

plots are for identification of the curves and are the 

interpolated values, not the actual data values. For the outer 

surface, transducers were located at x/c of 0.025, 0.05, 0.10, 

0.15, 0.20, 0.25, and 0.30 as well as several locations on the 

rear of the airfoil. These measurement points are adequate to 

define the pressure distribution. The pressure distributions for 

the inner (suction) surface are shown in Figure lob for the same 

angle of attack. The differences on this surface are not as 

great as those on the outer surface, but the agreement is still 
not exact. The measured pressure coefficient at the nose of the 

airfoil, x/c = 0.0, is less negative than the predictions, in 

,some instances by a factor of 2. While the two different sets of 

measurements agree well in both plots, the value of the pressure 

on the leading edge is different in both cases. 

Figures 11 and 12 show similar data for angles of attack of 8 

and 12 degrees. The 12 degree case represents conditions 

approaching static stall for this airfoil at the operating 

Reynolds number. In all cases the comparisons are similar: 

1. A local maximum in the distribution for the outer (pressure) 

surface between x/c of 0.1 and 0.3; 

2. Pressures on the leading edge less negative than predicted; 

3. Generally reasonable agreement on the inner (suction) 
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surface. 

All calculations of force coefficients are based on these 

distributions. The normal force coefficients are the areas 

under these distributions. Even though the measured and 

predicted distributions differ, these differences tend to cancel 

upon integration. There are several possible explanations for 

the differences between the measured and predicted pressure 

distributions. First, the differences could be caused by 

curvilinear effects in the flow which could cause the shift of 

the stagnation point away from the leading edge on the outer 

(pressure) side of the airfoil. 
Second, the transducers were covered with a thin Mylar film 

which was wrapped around the airfoil. While this film was 

mounted flush to the surface and very tight, there is a 

possibility that the film deformed during turbine operation. A 

slight bulge in the outer surface due to centrifugal forces 

could cause a variation in pressure on the outer surface observed 

in Figures 10-12. 
A third possible explanation is a systematic error in either 

the pressure transducers or the data reduction process. Any 

possible systematic errors caused by wiring errors, transducer 

malfunctions, or zero offsets were carefully considered and 

ruled out. 

The sequence of the data collection and the data reduction did 

not allow repeating the measurements for confirmation. No 

similar measurements on an operating vertical-axis wind turbine 
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are available for comparison. Many aspects of the measurements 

are very consistent, seem to be repeatable, and have very 

definite trends. However, the pressure distributions differ from 

two-dimensional airfoil data used in almost all aerodynamic and 

structural models. The remainder of the results and the 

conclusions should be considered in a qualitative as well as 

quantitative manner. 

A second way to consider the pressure coefficients is in a 

format of pressure coefficient at a particular location as a 

function of relative rotor position as presented in Figures 13- 

16. This format has some similarity to an actual time history, 

but the coefficients shown have all been averaged for 

corresponding values of incident wind speed and relative rotor 

position. Results are included for four tip-speed ratios (TSR); 

2.33, 3.09, 4.60, and 8.92. These were selected to illustrate 
the following conditions: 

TSR =2.33 stalled conditions 

TSR =3.09 high power output, very little stall 
TSR =4.60 low power output, no stall, near peak Cp 

TSR =8.92 no power production, rotor motoring. 

Pressure coefficients at eight locations on the first third of 

the airfoil are shown in Figures 13a and 13b for a tip-speed 

ratio of 2.33. Data for the inner and outer surfaces are again 

shown separately. The results for the leading edge are shown on 

both plots as a point of reference. The stagnation point is 

near the leading edge, x/c = 0.0, for a relative rotor position 
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of 0 degrees corresponding the to blade moving upwind. The 

stagnation point is considered to be the location with the 

largest positive pressure coefficient. The stagnation point 

moves back on the outer surface of the blade with increasing 

relative rotor position, and shifts to the inner surface for the 

downwind hzilf of the rotation (relative rotor positions from 180 

to 360 degrees). A clear loss of negative pressure is evident 

on the outer surface and leading edge at a relative rotor 

position of 220 degrees. This loss also is evident in the force 

coefficients (Figures 22 and 30). The loss of negative 

pressure may be caused by an interaction with the wake of prior 

blade passages. Both the computed angle of attack and measured 

CN values indicate that the loss of negative pressure does not 

correspond to stall of the airfoil . The reduction in negative 

pressure on the inner surface for relative rotor positions from 

70 to 90 degrees is evidence of stall and originates from the 

trailing edge of the airfoil. There is a definite recovery in 

the negative pressure near the leading edge for relative rotor 

positions between 120 and 170 degrees. 

Similar results are shown in Figures 14a and 14b for a tip- 
speed-ratio of 3.09. The negative pressures on the inner surface 

from relative rotor positions of 70 to 100 degrees indicate a 

decrease and subsequent recovery, perhaps an indication of the 

initiation of stall. The results at this tip-speed ratio show 

no evidence of wake interactions on the downwind portion of the 

rotation. Substantial upwind/downwind differences are evident in 
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the magnitude of the pressures. All pressure coefficients are 

based on the incident velocity measured on the blade. Therefore, 

the reduced negative pressure on the leading edge for the 

downwind portion of the rotation is caused by the reduced angle 
+' 

of attack, not reduced incident wind speed. 

Results at tip-speed ratios of 4.60 and 8.92 are shown in 

Figures 15 and 16. For a tip-speed ratio of 8.92, the stagnation 

point remains on the outer surface of the blade for the entire 

rotation and is well aft of the leading edge. 

These two formats for examining the surface pressures are 

combined into a three-dimensional format in Figures 17 to 20 for 

the same set of tip-speed ratios. These figures show the 

pressure coefficients as a function of both relative rotor 

position and chord location. Two view angles are shown for each 

case, and results are included for the outer surface, the inner 

surface, and the net or difference between these two surfaces. 

The integral of the net pressure coefficient as a function of x/c 

provides the normal force coefficient. These figures are useful 

for a qualitative interpretation of the data. The effects of 

stall in the region between 80 and 120 degrees relative rotor 

position and of the wake interaction near 220 degrees can be seen 

in the results for tip-speed ratio 2.33 as regions of decreased 

negative pressure. The local maximum in the pressure 
'• 

distributions (discussed in conjunction with Figures 10 and 11) 

as a function of x/c is clearly evident in all of the figures and ^ 

is a consistent feature of the results. 
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4.2 Force Coefficients 

All of the aerodynamic and structural models used to predict 

the performance or response of a wind turbine use airfoil section 

lift and drag data to calculate the forces acting on the blades. 

In most instances, these data come from wind-tunnel tests of two- 

dimensional sections. In order to compare the results of this 

experiment with two-dimensional section data, the averaged 

pressures were integrated to obtain normal and tangential force 

coefficients as defined by equations 2 and 3 and using the sign 

convention defined in Figure 6. In Figures 21-36, the measured 

values of force coefficient are compared with predicted values 

using (1) static airfoil data converted into tangential and 

normal format using the angle of attack based on the fixed-wake 

analysis and (2) a dynamic stall model based on the 

Gormont\Templin\Masse model (14,15). Each figure also includes 

the angle of attack calculated using the fixed wake analysis. 

Comparisons are made for more tip-speed ratios than were shown in 

the pressure distributions. 

Several aspects of these data should be kept in mind when 

considering the following plots. The force coefficients are 

based on a local incident velocity which is a function of 

relative rotor position. It appears in all cases that the wake 

interaction on the downwind portion of the rotation prevents the 

onset of dynamic stall or similar phenomena. Therefore, the 

dynamic stall model was applied only on the upwind half of the 

rotation. The measured data are in 6 degree increments, but 
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symbols were only shown every 30 degrees to improve the clarity 
of the figures. The variations of the curves between symbols are 

based on actual data values. 

Figures 21 to 28 present the comparison of the measured versus 

the predicted CN values for tip-speed ratios from 2.20 to 4.60. 

Figure 21 shows data at a tip-speed ratio of 2.20, well into 

stall for part of the rotation. For relative rotor positions 

from 0 to 90 degrees, the measured values and the predicted 

values using the dynamic stall model agree reasonably well. The 

measured CN increases up to a relative rotor position of 90 

degrees and a corresponding calculated angle of attack of over 20 

degrees. The agreement for the remainder of the rotation is not 

as good. The wake crossing in the range of relative rotor 

positions from 220 to 240 degrees is not predicted by either 

model. It is perhaps fortunate that even though the pressure 

distributions in this experiment differ significantly from the 

wind-tunnel measurements or analytical predictions, the 

integrated forces agree reasonably well. 

Three key features of the CN values for a tip-speed ratio of 

2.20 are: (1) the measured value of CN increases past the static 

stall value (1.09) and for angles of attack well beyond the 

static stall (this airfoil begins to stall at an angle of attack 

of 7 degrees for this Reynolds number); (2) the wake interaction 

on the downwind portion of the rotation substantially reduces the 

values of CN for negative angles of attack; (3) the post stall 

behavior in the range of relative rotor positions from 100 to 160 
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degrees differs substantially from the predictions. The 

increase in CN beyond static values is an indication that dynamic 

stall or a similar phenomena occurs. The maximum value of CN is 

less than that measured in wind-tunnel tests of dynamic stall. 
Nevertheless, for this situation CN increases beyond the static 

stall value and it increases for angles of attack well beyond 

static stall. 
The results for tip-speed ratio of 2.33 are shown in Figure 

22. These are similar to those for 2.20 except the downwind 

interaction is not as pronounced. At a tip speed ratio of 2.49, 

Figure 23, the downwind interaction is almost completely gone 

and the agreement between the measured and predicted values is 

better than for lower tip-speed ratios. At a tip-speed ratio of 

2.66, Figure 24, the measured values of CN for the upwind 

portion of the rotation begin to consistently fall below the 

predictions by 5 to 10%. This decrease could be caused by the 

density of pressure taps near the leading edge of the airfoil. 
The spacing used may not have been sufficient to locate the peak 

negative pressure near the leading edge and hence may produce a 

normal force coefficient slightly less than the actual value. 

The results for a tip-speed ratio of 2.86 in Figure 25 are 

consistent with the previous data. 

The wake interaction is no longer evident at a tip-speed ratio 

of 3.09, Figure 26. Some evidence of delay of stall is still 
evident on the upwind portion of the rotation. The post stall 
measurements in the range of relative rotor positions from 100 to 
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150 degrees are different from either set of predictions. At 

tip-speed ratios of 3.70 and 4.60, Figures 27 and 28, the 

measured results agree well with the predictions based on static 

stall for the entire rotation. Even though the CN agreement 

seems very good, keep in mind that the pressure distributions 

measured on the operating turbine are substantially different 

from wind-tunnel results or analytical predictions. 

Tangential force coefficients were also calculated from the 

measured pressure distributions. The component of the pressure 

force parallel to the chord was integrated .over the entire 

airfoil to obtain a tangential force coefficient. This 

coefficient was defined to be positive for a force in the 

direction of rotation. This sign convention is opposite to that 

used for drag force. The key pressure measurement location for 

the tangential force is on the leading edge; an error in this 

measurement will cause large errors in the calculated tangential 

force. This measurement location was not used in the calculation 

of the normal force coefficient. One of the major features of 

the measured pressure distributions was that the pressure on the 

leading edge was generally less negative in the measurements than 

the predictions. In addition, at a relative rotor position of 

180 degrees (the blade is moving directly downwind), the pressure 

on the leading edge remains negative, causing a positive 

contribution to the tangential force coefficient. 

The comparison of measured and predicted CT values are shown in 

Figures 29 to 36 for the same tip-speed ratios used for the CN 
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values. As with the CN comparisons, dynamic stall is only 

included on the upwind portion of the rotation. The results for 
a tip-speed ratio of 2.20 are shown in Figure 29. The measured 

and predicted values agree well up to a relative rotor position 

of 60 degrees. Beyond that point, the measured values of CT are 

substantially greater than predicted and the measured value of CT 

never returns to or even approaches zero when the blade is 

traveling directly downwind at a relative rotor position of 180 

degrees. The measured peak value of CT at this tip-speed ratio 

is between the value predicted by static stall and that predicted 

by dynamic stall. Larger measured than predicted CT values in 

the range of relative rotor positions from 100 to 160 degrees were 

also observed in the accelerometer measurements of the same case 

(7). The wake interactions observed in the CN data at this tip- 
speed ratio seem to have very little effect on the CT values. 

The results for tip-speed ratios 2.33 and 2.49, Figures 30 and 

31, are similar to those for a tip-speed ratio of 2.20. As the 

tip-speed ratio increases, the predictions on the upwind half of 

the rotation begin to change as the blade is no longer predicted 

to be in stall. The results for a tip-speed ratio of 2.66, 

Figure 32, exhibit reasonable agreement for the downwind portion 

of the rotation. The sharp drop in the predicted CT values is 

not evident in the range of relative rotor position from 100 to 

160 degrees and again the measured values of CT do not approach 

zero at a relative rotor position of 180 degrees. 

Results for a tip-speed ratio of 2.86 in Figure 33 show 
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improved agreement in the range of relative rotor positions from 

100 to 160 degrees and good agreement on the downwind portion of 

the rotation. The CT values still do not approach zero at a 

relative rotor position of 180 degrees. The data in Figure 34 

for a tip-speed ratio of 3.09 are similar to those for 2.86. 

The data for tip-speed ratios of 3.70 and 4.60 in Figures 35 

and 36 begin to show measured values of CT greater than 

predicted for the entire revolution. The shape of the curves 

agrees in a qualitative sense, but the measured values of CT 

again do not approach zero at a relative rotor position of 180 

degrees. This increase in CT appears to be caused by the 

negative pressure on the leading edge of the airfoil; a pressure 

which is larger in magnitude than reported for wind-tunnel 

measurements. This effect was more evident as the tip-speed 

ratio increased beyond 4.60. 

The data values shown in Figures 21 to 36 are tabulated in 

Tables 3 to 10. 
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5. CONCLUSIONS 

The interpretation of these measurements is affected by some 

of the decisions in the data reduction and the method of data 

acquisition. This was a very complicated and difficult 
experiment, and the only data available for comparison were wind- 

tunnel results for two-dimensional models or overall torque or 

power coefficients for an entire turbine. The measurements 

presented in this report are for a single location on a single 

turbine blade. The experiment was conducted on an operating 

wind turbine in a turbulent field environment. Hopefully, future 

work will provide confirmation of some of the key observations. 

Analysis of the pressure data from this test leads to the 

following conclusions: 

1. There is a definite increase in the normal force 

coefficients beyond those predicted by static airfoil data. This 

is an indication of either dynamic stall or a phenomena similar 

to dynamic stall. This increase was evident for tip-speed ratios 

from 2.20 to 3.09. 

2. The measured pressure distributions differ from two- 

dimensional section data. Substantial differences are evident 

between the pressure distributions on the inner and outer 

surfaces. 

3. At low tip-speed ratios downwind interference effects were 

observed. These effects momentarily reduce the normal force 

coefficient and may be caused by wake crossings. These effects 

were not observed for tip-speed ratios greater than 3.09. 
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4. Very clear upwind/downwind differences were found. All 

results were presented in terms of a pressure or force 

coefficient based on the incident velocity measured with the 

total velocity probe, so the reduction in the velocity for the 

downwind portion of the rotation was included in the 

coefficients. 

5. There was no evidence of any increase in normal force 

coefficient beyond that predicted by two-dimensional static 

section data for the downwind portion of the rotation of the 

turbine. 

Future experimental measurements should incorporate 

instrumentation to measure both the incident speed and angle of 

attack. Unsteady flow visualization should be used to aid in 

the interpretation of the pressure measurements. The density of 

the taps near the leading edge of the airfoil should be much 

greater than was used in this study. The shape of the airfoil 
section at the test location should be carefully verified with 

the blade mounted on the turbine. The most important thrust of 

any future work examining the pressure distribution on an 

operating vertical axis wind turbine should be to verify the 

anomalous pressure distributions observed in this study. 
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TABLE 1. Pressure transducer locations on the inner and outer 
surface of blade (as a fraction of chord). 

XZC 
0.000 
0.025 
0.050 
0.100 
0.150 
0.200 
0.250 
0.350 
0.400 
0.500 
0.600 
0.700 
0.800 
0.950 

TABLE 2. Transducer locations used in the data analysis. 
(All locations in x/c) 

INNER SURFACE 

0.000 
0.050 
0.100 
0.150 
0.250 
0.300 
0.500 
0.700 
0.950 

OUTER SURFACE 

0.000 
0.025 
0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.500 
0.700 
0.950 
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TABLE 3. CN and CT for Tip-speed ratio 2.20. 

RRP 

3. 
9. 

15. 
21. 
27. 
33. 
39. 
45. 
51. 
57. 
63. 
69. 
75. 
81. 
87. 
93. 
99. 

105. 
111. 
117. 
123. 
129. 
135. 
141. 
147. 
153. 
159. 
165. 
171. 
177. 

AO 

0. 
2. 
4. 
6. 
8. 
9. 

11. 
13. 
14. 
16. 
17. 
18. 
20. 
21. 
22. 
23. 
23. 
24. 
24. 
24. 
24. 
24. 
23. 
22. 
20. 
18. 
15. 
11. 

7. 
2. 

A 

9 

8 

6 

4 

1 

8 

5 

1 

6 

0 

4 

7 

0 

1 

1 

0 

7 

3 

6 

8 

7 

2 

4 

1 

4 

0 

0 

4 

2 

5 

0 

0 

0 

0 

0 

0 

0 

0 

1 

1 

1 

1 

1 

1 

1 

1 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

CN 

.047 

.225 

.370 

.459 

.629 

.755 

.846 

.950 

.040 

.115 

.146 

.195 

.184 

.066 

.120 

.144 

.010 

.964 

.920 

.949 

.959 

.992 

.983 

.770 

.658 

.575 

.434 

.329 

.111 

.134 

CT 

0.027 
0.037 
0.049 
0.076 
0.126 
0.168 
0.204 
0.230 
0.252 
0.271 
0.276 
0.271 
0.243 
0.204 
0.238 
0.211 
0.199 
0.153 
0.144 
0.161 
0.153 
0.153 
0.171 
0.155 
0.137 
0.125 
0.124 
0.127 
0.134 
0.140 

RRP 

183. 
189. 
195. 
201. 
207. 
213. 
219. 
225. 
231. 
237. 
243. 
249. 
255. 
261. 
267. 
273. 
279. 
285. 
291. 
297. 
303. 
309. 
315. 
321. 
327. 
333. 
339. 
345. 
351. 
357. 

AOA 

-2.4 
-6.9 

-10.6 
-13.6 
-16.0 
-17.8 
-19.0 
-19.9 
-20.4 
-20.6 
-20.7 
-20.5 
-20.2 
-19.8 
-19.2 
-18.6 
-17.9 
-17.1 
-16.2 
-15.2 
-14.2 
-13.1 
-11.9 
-10.6 
-9.2 
-7.7 
-6.1 
-4.5 
-2.7 
-0.9 

C 

-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

1. 
0. 
0. 

-0. 
-0. 
-0. 
-1. 
-0. 
-1. 
-1. 
-1. 
-1. 
-1. 
-1. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

N 

196 
467 
739 
740 
693 
766 
006 
080 
268 
526 
327 
336 
702 
060 
896 
004 
014 
127 
095 
056 
051 
957 
924 
869 
815 
730 
615 
516 
196 
082 

CT 

0.158 
0.186 
0.257 
0.254 
0.220 
0.276 
0.122 
0.117 
0.098 
0.079 
0.115 
0.067 
0.091 
0.135 
0.101 
0.136 
0.148 
0.177 
0.164 
0.172 
0.168 
0.158 
0.143 
0.129 
0.112 
0.093 
0.071 
0.052 
0.017 
0.018 
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TABLE 4. CN and CT for Tip-speed ratio 2.33. 

RRP 

3. 
9. 

15. 
21. 
27. 
33. 
39. 
45. 
51. 
57. 
63. 
69. 
75. 
81. 
87. 
93. 
99. 

105. 
111. 
117. 
123. 
129. 
135. 
141. 
147. 
153. 
159. 
165. 
171. 
177. 

A 

0 

2 

4 

6 

7 

9 

11 
12 
13 
15 
16 
17 
18 
19 
20 
21 
22 
22 
23 
23 
23 
22 
21 
20 
18 
16 
13 
10 

6 

2 

OA 

.9 

.7 

.4 

.1 

.8 

.4 

.0 

.5 

.9 

.3 

.6 

.8 

.9 

.9 

.9 

.7 

.3 

.8 

.1 

.2 

.0 

.5 

.6 

.4 

.7 

.5 

.7 

.3 

.5 

.2 

C 

-0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

;N 

031 
137 
304 
430 
630 
765 
812 
929 
972 
096 
146 
226 
218 
201 
208 
075 
094 
016 
012 
065 
162 
158 
074 
919 
859 
733 
550 
468 
335 
106 

C 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

T 

012 
016 
037 
060 
113 
156 
183 
212 
217 
251 
255 
268 
256 
259 
222 
187 
184 
156 
157 
166 
183 
175 
166 
150 
154 
146 
142 
146 
138 
144 

RRP 

183 
189 
195 
201 
207 
213 
219 
225 
231 
237 
243 
249 
255 
261 
267 
273 
279 
285 
291 
297 
303 
309 
315 
321 
327 
333 
339 
345 
351 
357 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

, 

• 

• 

• 

• 

• 

• 

• 

• 

AOA 

-2.2 
-6.2 
-9.6 

-12.4 
-14.6 
-16.2 
-17.4 
-18.2 
-18.7 
-19.0 
-19.0 
-18.9 
-18.7 
-18.3 
-17.9 
-17.3 
-16.7 
-16.0 
-15.2 
-14.3 
-13.4 
-12.3 
-11.2 
-10.0 
-8.7 
-7.3 
-5.8 
-4.3 
-2.6 
-0.9 

CN 

-0.119 
-0.380 
-0.467 
-0.681 
-0.653 
-0.268 
-0.580 
-0.458 
-0.562 
-0.708 
-0.776 
-0.932 
-1.008 
-0.977 
-1.064 
-1.052 
-1.075 
-1.141 
-1.009 
-0.996 
-0.905 
-0.870 
-0.837 
-0.773 
-0.684 
-0.589 
-0.506 
-0.351 
-0.296 
-0.157 

CT 

0.151 
0.167 
0.199 
0.244 
0.241 
0.191 
0.218 
0.164 
0.141 
0.134 
0.133 
0.141 
0.148 
0.131 
0.141 
0.162 
0.193 
0.189 
0.151 
0.149 
0.122 
0.118 
0.135 
0.116 
0.089 
0.066 
0.058 
0.031 
0.024 
0.017 
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TABLE 5. CN and CT for Tip-speed ratio 2.49. 

RRP 

3. 
9. 

15. 
21. 
27. 
33. 
39. 
45. 
51. 
57. 
63. 
69. 
75. 
81. 
87. 
93. 
99. 

105. 
111. 
117. 
123. 
129. 
135. 
141. 
147. 
153. 
159. 
165. 
171. 
177. 

AOA 

0.9 
2.5 
4.2 
5.8 
7.4 
8.9 

10.4 
11.8 
13.2 
14.4 
15.6 
16.7 
17.8 
18.7 
19.5 
20.2 
20.8 
21.2 
21.4 
21.4 
21.1 
20.6 
19.8 
18.6 
16.9 
14.9 
12.3 
9.3 
5.8 
2.0 

CN 

-0.002 
0.131 
0.296 
0.437 
0.559 
0.693 
0.809 
0.909 
0.975 
1.026 
1.084 
1.114 
1.193 
1.147 
1.137 
1.045 
0.986 
1.029 
1.045 
1.029 
1.030 
1.019 
0.972 
0.959 
0.901 
0.758 
0.619 
0.464 
0.295 
0.172 

C 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

T 

013 
019 
040 
061 
089 
132 
174 
217 
252 
261 
272 
277 
274 
241 
229 
209 
189 
184 
178 
168 
176 
183 
180 
173 
155 
143 
132 
132 
132 
128 

RRP 

183. 
189. 
195. 
201. 
207. 
213. 
219. 
225. 
231. 
237. 
243. 
249. 
255. 
261. 
267. 
273. 
279. 
285. 
291. 
297. 
303. 
309. 
315. 
321. 
327. 
333. 
339. 
345. 
351. 
357. 

AO 

-2. 
-5. 
-8. 

-11. 
-13. 
-14. 
-15. 
-16. 
-17. 
-17. 
-17. 
-17. 
-17. 
-16. 
-16. 
-15. 
-15. 
-14. 
-14. 
-13. 
-12. 
-11. 
-10. 
-9. 
-8. 
-6. 
-5. 
-4. 
-2. 
-0. 

A 

0 

5 

6 

1 

1 

6 

7 

5 

0 

2 

3 

2 

0 

7 

4 

9 

4 

8 

1 

3 

5 

5 

5 

4 

2 

9 

5 

1 
5 

9 

C 

-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-1. 
-1. 
-1. 
-1. 
-1. 
-1. 
-1. 
-1. 
-1. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

N 

004 
199 
428 
564 
757 
853 
838 
639 
869 
879 
889 
020 
036 
032 
017 
010 
089 
057 
027 
001 
934 
877 
849 
824 
739 
657 
543 
451 
280 
193 

C 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

T 

144 
159 
203 
213 
259 
274 
262 
229 
228 
177 
147 
142 
138 
143 
157 
158 
175 
161 
153 
151 
142 
130 
122 
116 
094 
074 
051 
037 
022 
014 
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TABLE 6. CN and CT for Tip-speed ratio 2.66. 

RRP 

3 

9 

15 
21 
27 
33 
39 
45 
51 
57 
63 
69 
75 
81 
87 
93 
99 

105 
111 
117 
123 
129 
135 
141 
147 
153 
159 
165 
171 
177 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

AOA 

0.8 
2.4 
4.0 
5.5 
7.0 
8.5 
9.9 

11.2 
12.4 
13.6 
14.7 
15.7 
16.7 
17.5 
18.2 
18.8 
19.3 
19.6 
19.8 
19.7 
19.5 
18.9 
18.1 
16.9 
15.4 
13.5 
11.1 
8.3 
5.2 
1.8 

C 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
0. 
0. 
0. 
0. 
0. 
0. 

;N 

018 
170 
344 
476 
591 
680 
767 
871 
907 
973 
036 
055 
091 
091 
052 
043 
044 
032 
015 
026 
060 
054 
026 
029 
924 
808 
698 
554 
412 
222 

CT 

0.019 
0.029 
0.049 
0.078 
0.110 
0.140 
0.174 
0.209 
0.231 
0.258 
0.272 
0.271 
0.272 
0.263 
0.244 
0.230 
0.215 
0.202 
0.188 
0.194 
0.199 
0.201 
0.195 
0.201 
0.195 
0.175 
0.169 
0.162 
0.150 
0.153 

RRP 

183. 
189. 
195. 
201. 
207. 
213. 
219. 
225. 
231. 
237. 
243. 
249. 
255. 
261. 
267. 
273. 
279. 
285. 
291. 
297. 
303. 
309. 
315. 
321. 
327. 
333. 
339. 
345. 
351. 
357. 

AOA 

-1.8 
-5.0 
-7.7 

-10.0 
-11.8 
-13.1 
-14.2 
-14.9 
-15.4 
-15.6 
-15.7 
-15.6 
-15.5 
-15.3 
-15.0 
-14.6 
-14.1 
-13.6 
-13.0 
-12.3 
-11.6 
-10.8 
-9.8 
-8.8 
-7.7 
-6.5 
-5.2 
-3.9 
-2.4 
-0.8 

1 

0 

-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-1 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 

CN 

.061 

.111 

.304 

.463 

.487 

.629 

.612 

.514 

.066 

.837 

.754 

.928 

.906 

.956 

.948 

.980 

.013 

.986 

.962 

.918 

.902 

.844 

.802 

.727 

.655 

.576 

.484 

.394 

.246 

.079 

C 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

T 

154 
154 
173 
197 
192 
217 
221 
211 
210 
234 
183 
200 
167 
174 
175 
179 
182 
176 
164 
147 
140 
125 
112 
095 
077 
060 
045 
032 
020 
015 
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TABLE 7. CN and CT for Tip-speed ratio 2.86. 

RRP 

3. 
9. 

15. 
21. 
27. 
33. 
39. 
45. 
51. 
57. 
63. 
69. 
75. 
81. 
87. 
93. 
99. 

105. 
111. 
117. 
123. 
129. 
135. 
141. 
147. 
153. 
159. 
165. 
171. 
177. 

AOA 

0.8 
2.3 
3.8 
5.2 
6.6 
8.0 
9.3 

10.5 
11.7 
12.7 
13.8 
14.7 
15.5 
16.3 
16.9 
17.4 
17.8 
18.1 
18.2 
18.1 
17.8 
17.2 
16.4 
15.3 
13.9 
12.1 
10.0 
7.5 
4.7 
1.6 

C 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
0. 
0. 
0. 
0. 
1. 
1. 
0. 
0. 
0. 
0. 
0. 
0. 

N 

034 
197 
365 
485 
612 
707 
795 
867 
917 
980 
015 
059 
080 
080 
100 
028 
055 
045 
978 
828 
668 
905 
028 
001 
941 
828 
760 
671 
531 
317 

C 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

T 

017 
031 
052 
079 
110 
142 
177 
208 
234 
259 
272 
282 
283 
274 
269 
245 
245 
238 
218 
202 
167 
203 
226 
225 
214 
201 
190 
190 
180 
160 

RRP 

183. 
189. 
195. 
201. 
207. 
213. 
219. 
225. 
231. 
237. 
243. 
249. 
255. 
261. 
267. 
273. 
279. 
285. 
291. 
297. 
303. 
309. 
315. 
321. 
327. 
333. 
339. 
345. 
351. 
357. 

AO 

-1. 
-4. 
-6. 
-8. 

-10. 
-11. 
-12. 
-13. 
-13. 
-14. 
-14. 
-14. 
-14. 
-13. 
-13. 
-13. 
-12. 
-12. 
-11. 
-11. 
-10. 
-9. 
-9. 
-8. 
-7. 
-6. 
-4. 
-3. 
-2. 
-0. 

A 

6 

4 

9 

9 

5 

7 

7 

3 

7 

0 

1 

1 

0 

8 

5 

2 

8 

4 

9 

3 

7 

9 

1 

2 

2 

1 

9 

6 

2 

8 

C 

0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-1. 
-1. 
-1. 
-1. 
-1. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

N 

116 
162 
321 
473 
592 
663 
772 
818 
860 
941 
987 
861 
620 
993 
009 
002 
023 
003 
002 
989 
921 
873 
821 
737 
660 
564 
479 
360 
226 
093 

CT 

0.157 
0.168 
0.176 
0.188 
0.207 
0.212 
0.234 
0.224 
0.233 
0.239 
0.230 
0.193 
0.126 
0.203 
0.197 
0.193 
0.193 
0.184 
0.176 
0.166 
0.150 
0.132 
0.116 
0.096 
0.079 
0.060 
0.046 
0.032 
0.022 
0.018 
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TABLE 8. CN and CT for Tip-speed ratio 3.09. 

KRP 

3 

9 

15 
21 
27 
33 
39 
45 
51 
57 
63 
69 
75 
81 
87 
93 
99 

105 
111 
117 
123 
129 
135 
141 
147 
153 
159 
165 
171 
177 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

AOA 

0.7 
2.2 
3.6 
4.9 
6.2 
7.5 
8.7 
9.8 

10.9 
11.9 
12.8 
13.6 
14.3 
15.0 
15.5 
16.0 
16.3 
16.5 
16.5 
16.4 
16.1 
15.6 
14.8 
13.8 
12.4 
10.8 
8.9 
6.7 
4.1 
1.4 

C 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
0. 
0. 
0. 
0. 
0. 
0. 

'N 

029 
199 
352 
492 
608 
714 
787 
855 
909 
956 
003 
037 
061 
091 
095 
079 
090 
084 
086 
089 
099 
079 
037 
019 
946 
887 
806 
658 
527 
326 

CT 

0.021 
0.032 
0.053 
0.081 
0.110 
0.148 
0.172 
0.201 
0.223 
0.246 
0.268 
0.281 
0.288 
0.290 
0.283 
0.271 
0.264 
0.254 
0.253 
0.252 
0.257 
0.253 
0.244 
0.246 
0.222 
0.209 
0.201 
0.174 
0.165 
0.153 

RRP 

183. 
189. 
195. 
201. 
207. 
213. 
219. 
225. 
231. 
237. 
243. 
249. 
255. 
261. 
267. 
273. 
279. 
285. 
291. 
297. 
303. 
309. 
315. 
321. 
327. 
333. 
339. 
345. 
351. 
357. 

AO 

-1. 
-3. 
-6. 
-7. 
-9. 

-10. 
-11. 
-11. 
-12. 
-12. 
-12. 
-12. 
-12. 
-12. 
-12. 
-11. 
-11. 
-11. 
-10. 
-10. 
-9. 
-9. 
-8. 
-7. 
-6. 
-5. 
-4. 
-3. 
-2. 
-0. 

A 

4 

9 

1 

9 

3 

4 

2 

8 

2 

4 

5 

5 

4 

3 

0 

8 

5 
1 

7 

3 

7 

1 
4 

6 

7 

7 

6 
4 

1 

7 

C 

0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

N 

146 
106 
307 
453 
589 
709 
773 
837 
901 
952 
968 
987 
972 
949 
946 
949 
946 
942 
924 
902 
850 
798 
735 
676 
605 
515 
433 
330 
214 
076 

CT 

0.145 
0.153 
0.167 
0.178 
0.190 
0.210 
0.224 
0.235 
0.243 
0.243 
0.236 
0.229 
0.209 
0.192 
0.183 
0.181 
0.174 
0.165 
0.157 
0.144 
0.129 
0.113 
0.095 
0.082 
0.066 
0.050 
0.038 
0.027 
0.021 
0.017 
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TABLE 9. CM and CT for Tip-speed ratio 3.70. 

RRP 

3 

9 

15 
21 
27 
33 
39 
45 
51 
57 
63 
69 
75 
81 
87 
93 
99 

105 
111 
117 
123 
129 
135 
141 
147 
153 
159 
165 
171 
177 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

, 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

, 

• 

• 

• 

• 

• 

• 

A< 

0 

1 

3 

4 

5 

6 

7 

8 

9 

9 

10 
11 
11 
12 
12 
13 
13 
13 
13 
13 
12 
12 
11 
10 

9 

8 
6 

5 

3 

1 

DA 

.6 

.9 

.1 

.2 

.3 

.4 

.4 

.3 

.2 

.9 

.7 

.3 

.8 

.3 

.7 

.0 

.2 

.3 

.3 

.1 

.8 

.3 

.7 

.8 

.7 

.4 

.9 

.1 

.2 

.1 

C 

-0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

N 

002 
141 
270 
368 
522 
617 
714 
774 
833 
879 
928 
969 
004 
037 
028 
062 
037 
048 
054 
027 
014 
993 
967 
913 
873 
792 
712 
638 
508 
321 

C 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

T 

025 
036 
050 
073 
104 
132 
164 
190 
213 
237 
257 
271 
285 
295 
300 
298 
295 
288 
282 
275 
270 
262 
246 
234 
219 
193 
173 
157 
143 
133 

RRP 

183. 
189. 
195. 
201. 
207. 
213. 
219. 
225. 
231. 
237. 
243. 
249. 
255. 
261. 
267. 
273. 
279. 
285. 
291. 
297. 
303. 
309. 
315. 
321. 
327. 
333. 
339. 
345. 
351. 
357. 

AOA 

-1.1 
-3.0 
-4.7 
-6.0 
-7.1 
-7.9 
-8.5 
-8.9 
-9.1 
-9.3 
-9.3 
-9.3 
-9.3 
-9.2 
-9.0 
-8.9 
-8.7 
-8.5 
-8.3 
-8.0 
-7.7 
-7.3 
-6.8 
-6.2 
-5.5 
-4.8 
-3.9 
-2.9 
-1.8 
-0.6 

C 

0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

N 

151 
058 
259 
407 
562 
651 
740 
788 
832 
864 
859 
874 
864 
865 
863 
848 
849 
834 
816 
775 
777 
734 
675 
630 
562 
482 
397 
308 
204 
086 

CT 

0.131 
0.137 
0.151 
0.164 
0.187 
0.199 
0.207 
0.207 
0.205 
0.202 
0.194 
0.184 
0.174 
0.164 
0.157 
0.149 
0.143 
0.133 
0.122 
0.112 
0.104 
0.095 
0.084 
0.069 
0.059 
0.045 
0.034 
0.025 
0.020 
0.020 
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TABLE 10. CN and CT for Tip-speed ratio 4.60. 

RRP 

3. 
9. 

15. 
21. 
27. 
33. 
39. 
45. 
51. 
57. 
63. 
69. 
75. 
81. 
87. 
93. 
99. 

105. 
111. 
117. 
123. 
129. 
135. 
141. 
147. 
153. 
159. 
165. 
171. 
177. 

AOA 

0.5 
1.6 
2.6 
3.5 
4.4 
5.2 
6.0 
6.7 
7.3 
7.9 
8.4 
8.9 
9.2 
9.6 
9.8 

10.0 
10.1 
10.1 
10.0 
9.9 
9.6 
9.2 
8.7 
8.1 
7.3 
6.3 
5.1 
3.8 
2.4 
0.8 

C 

-0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

'N 

028 
071 
187 
280 
411 
500 
580 
648 
722 
781 
820 
867 
893 
918 
929 
942 
951 
940 
946 
943 
907 
896 
862 
827 
776 
708 
621 
549 
417 
293 

C 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

T 

038 
045 
063 
080 
101 
122 
142 
163 
185 
208 
223 
245 
254 
261 
268 
272 
275 
271 
267 
263 
252 
241 
232 
217 
195 
181 
163 
148 
137 
133 

RRP 

183. 
189. 
195. 
201. 
207. 
213. 
219. 
225. 
231. 
237. 
243. 
249. 
255. 
261. 
267. 
273. 
279. 
285. 
291. 
297. 
303. 
309. 
315. 
321. 
327. 
333. 
339. 
345. 
351. 
357. 

AOA 

-0.8 
-2.2 
-3.4 
-4.4 
-5.1 
-5.6 
-5.9 
-6.2 
-6.3 
-6.3 
-6.3 
-6.3 
-6.2 
-6.1 
-6.1 
-6.0 
-5.9 
-5.9 
-5.8 
-5.7 
-5.5 
-5.3 
-5.1 
-4.7 
-4.3 
-3.8 
-3.1 
-2.4 
-1.5 
-0.5 

i 

0 

0 

-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 

CN 

.154 

.030 

.139 

.255 

.370 

.473 

.524 

.588 

.614 

.662 

.670 

.671 

.716 

.718 

.683 

.692 

.691 

.685 

.670 

.668 

.628 

.610 

.578 

.526 

.488 

.424 

.363 

.289 

.215 

.106 

CT 

0.131 
0.134 
0.138 
0.146 
0.152 
0.159 
0.157 
0.160 
0.155 
0.157 
0.148 
0.142 
0.139 
0.131 
0.122 
0.118 
0.109 
0.104 
0.101 
0.092 
0.084 
0.076 
0.068 
0.061 
0.054 
0.045 
0.041 
0.036 
0.033 
0.034 
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t 

•I 

Figure 1. Sandia/DOE Research Turbine, Albuquerque, NM. 

Leading Edge 
of Airfoil 

0.030" Diam. < 2X 0.065" 
Diam. < 2X Wall Thickness 

Diam, - 0.030" 

Figure 2. Flow-Angularity Probe used in the Test Program. 
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MOUNTING OF SURFACE PRESSURE TRANSDUCERS 

Figure 3. Pressure Transducer Mounting Arrangement. 

Figure 4. Pressure Transducers Installed on Turbine. 
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ROTOR VIEWED FROM TOP 

Figure 5. Nomenclature used in Defining Relative Rotor Position. 

INCIDENT WIND 

CENTER OF ROTATION 

Figure 6. Sign Convention used with Force Coefficients, 
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RELATIVE ROTOR POSITION (DEGREES) 

360 

Figure 7c. Variation in Pressure Coefficients Single Record: 
x/c = 0.05, Tip-speed ratio 7.98. 

360 

RELATIVE ROTOR POSITION (DEGREES) 

Figure 7d. Variation in Pressure Coefficients Single Record; 
x/c = 0.05, Tip-speed ratio 3.23. 

47 



120 180 240 300 360 

RELATIVE ROTOR POSITION (DEGREES) 

Figure 8a. Variation in Pressure Coefficients Combined Record: 
x/c = 0.00, Tip-speed ratio 3.09. 

RELATIVE ROTOR POSITION (DEGREES) 

Figure 8b. Variation in Pressure Coefficients Combined Record: 
x/c = 0.05, Tip-speed ratio 3.09. 
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Figure 9. Example of Curve Fit, Pressure Distributions. 
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y/c 
0=0.00 SJ 
o"0.05 T| 
*s 0.10 
+ « 0.15 
x=0.19 
»-0.2* 
»=0.29 - 

••0.34 ^ 
3(0.0 BO.O no.o 

RELATIVE ROTOR POSITION 

Figure 13a. Pressure Coefficients as a Function of Relative 
Rotor Position: Outer Surface, Tip-speed ratio 2.33. 

QO.O 180*0 240*0 
RELATIVE ROTOR POSITION 

Figure 13b. Pressure Coefficients as a Function of Relative Rotor 
Position: Inner Surface, Tip-speed ratio 2.33. 
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120*0 MO.O 240.0 
RELATIVE ROTOR POSITION 

MO.O 

Figure 14a. Pressure Coefficients as a Function of Relative 
Rotor Position: Outer Surface, Tip-speed ratio 3.09. 

00.0 MO.O 140.0 
RELATIVE ROTOR POSITION 

WO.O 

Figure 14b. Pressure Coefficients as a Function of Relative Rotor 
Position: Inner Surface, Tip-speed ratio 3.09. 
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00.0 MO.O 240.0 
RELATIVE ROTOR POSITION 

1(0.0 

Figure 15a. Pressure Coefficients as a Function of Relative 
Rotor Position: Outer Surface, Tip-speed ratio 4.60. 

Y/C 
0=0.00 9J 
o=0.05 N 
A = 0.10 
+=0.15 
x=0.19 
«• = 0.24 
»=0.29 
"=0.34 

360.0 120.0 180.0 240.0 
RELATIVE ROTOR POSITION 

Figure 15b. Pressure Coefficients as a Function of Relative Rotor 
Position: Inner Surface, Tip-speed ratio 4.60. 
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VC 
0=0.00 Sj 
0=0.05 T| 
A = 0.10 
+ = 0.15 
x=o.19 
»=0.24 
v=0.29 
•=0.34 «i 

S60.0 CO.O 180.0 240.0 
RELATIVE ROTOR POSITION 

Figure 16a. Pressure Coefficients as a Function of Relative 
Rotor Position: Outer Surface, Tip-speed'ratio 8.92. 

x/c 
a=0.00 3J 
0=0.05 T| 
A = 0.10 
+=0.15 
x=0.19 
o « 0.24 
'=0.29 - 

•=0.34 5 
s«o.o 120.0 MO.O 2*0.0 

RELATIVE ROTOR POSITION 

Figure 16b. Pressure Coefficients as a Function of Relative Rotor 
Position: Inner Surface, Tip-speed ratio 8.92. 
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Figure 17a. Surface Plot Pressure Coefficients 
Outer Surface, Tip-speed ratio 2.33. 
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Figure 17b. Surface Plot Pressure Coefficients; 
Inner Surface, Tip-speed ratio 2.33. 
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Figure 17c. Surface Plot Pressure Coefficients; 
Net Force, Tip-speed ratio 2.33. 
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Figure 18a. Surface Plot Pressure Coefficients: 
Outer Surface, Tip-speed ratio 3.09. 
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Figure 18b. Surface Plot Pressure Coefficients; 
Inner Surface, Tip-speed-ratio 3.09. 
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Figure 18c. Surface Plot Pressure Coefficients; 
Net Force, Tip-speed ratio 3.09. 
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Figure 19a. Surface Plot Pressure Coefficients; 
Outer Surface, Tip-speed ratio 4.60. 
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Figure 19b. Surface Plot Pressure Coefficients; 
Inner Surface, Tip-speed ratio 4.60. 
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Figure 19c. Surface Plot Pressure Coefficients; 
Net Force, Tip-speed ratio 4.60. 

65 



Figure 20a. Surface Plot Pressure Coefficients; 
Outer Surface, Tip-speed ratio 8.92. 
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Figure 2 Ob. Surface Plot Pressure Coefficients; 
Inner Surface, Tip-speed-ratio 8.92. 
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Figure 20c. Surface Plot Pressure Coefficients; 
Net Force, Tip-speed-ratio 8.92. 
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•0.0 MO.O 270.0 
RELATIVE ROTOR POSITION 

Figure 21. Normal Force Coefficients: Tip-speed ratio 2.20 

•0.0 MO.O 270.0 
RELATIVE ROTOR POSITION 

Figure 22. Normal Force Coefficients: Tip-speed ratio 2.33 
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180.0 
RELATIVE ROTOR POSITION 

Figure 23. Normal Force Coefficients: Tip-speed ratio 2.49, 

90.0 WO.O 270.0 
RELATIVE ROTOR POSITION 

Figure 24. Normal Force Coefficients: Tip-speed ratio 2.66 
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•0.0 UO.O 270.0 
RELATIVE ROTOR POSITION 

Figure 25. Normal Force Coefficients: Tip-speed ratio 2.86 

180.0 
RELATIVE ROTOR POSITION 

Figure 26. Normal Force Coefficients: Tip-speed ratio 3.09 
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MO.O 
RELATIVE ROTOR POSITION 

Figure 27. Normal Force Coefficients: Tip-speed ratio 3.70 

•0.0 180.0 270.0 
RELATIVE ROTOR POSITION 

Figure 28. Normal Force Coefficients; Tip-speed ratio 4.60. 
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•0.0 180.0 
RELATIVE ROTOR POSITION 

Figure 29. Tangential Force Coefficients: Tip-speed ratio 2.20. 

•0.0 UO.O 
RELATIVE ROTOR POSITION 

Figure 30. Tangential Force Coefficients: Tip-speed ratio 2.33, 

73 



•0.0 MO.O 270.0 
RELATIVE ROTOR POSITION 

Figure 31. Tangential Force Coefficients: Tip-speed ratio 2.49, 

•O.O MO.O 270.0 
RELATIVE ROTOR POSITION 

Figure 32. Tangential Force Coefficients: Tip-speed ratio 2.66, 
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80.0 MO.O 270.0 

RELATIVE ROTOR POSITION 

Figure 33. Tangential Force Coefficients: Tip-speed ratio 2.86, 

•O.O 180.0 270.0 
RELATIVE ROTOR POSITION 

Figure 34. Tangential Force Coefficients: Tip-speed ratio 3.09 
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•0.0 WO.O 270.0 
RELATIVE ROTOR POSITION 

Figure 35. Tangential Force Coefficients: Tip-speed-ratio 3.70, 

M.O MO.O 270.0 
RELATIVE ROTOR POSITION 

Figure 36. Tangential Force Coefficients: Tip-speed ratio 4.60 
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