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AERODYNAMIC PRESSURE AND FLOW-VISUALIZATION MEASUREMENT
FROM A ROTATING WIND TURBINE BLADE

C.P. Butterfield

Solar Energy Research Institute
Golden, CO 80401

ABSTRACT 

Aerodynamic, load, flow-visualization, and inflow 
measurements have been made on a 10-m, three-bladed, 
downwind, horizontal-axis wind turbine ( HAWT). A video 
camera mounted on the rotor was used to record night
time and daytime video images of tufts attached to the 
low-pressure side of a constant-chord, zero-twist 
blade. Load measurements were made using strain gages 
mounted at every 10% of the blade 1 s span. Pressure 
measurements were made at 80% of the blade's span. 
Pressure taps were located at 32 chordwise positions, 
revealing pressure d i st ribut ions comparable with wind 
tunnel data. Inflow was measured using a vertical
plane array of eight propvane and five triaxial (U-V-W) 
prop-type anemometers located 10 m upwind in the 
predominant wind direction. 

One objective of this comprehensive research pro
gram was to study the effects of blade rotation on 
aerodynamic behavior below, near, and beyond stall. To 
this end, flow patterns are presented here that reveal 
the dynamic and steady behavior of flow conditions on 
the blade. Pressure distributions are compared to flow 
patterns and two-dimensional wind tunnel data. Separa
tion boundary locations are shown that change as a 
function of spanwise location, pitch angle, and wind 
speed. 

INTRODUCTION 

The analyses of HAWT aerodynamics assume that blade 
spanwise sections can be treated as independent air
foils operating in a two-dimensional, wind-tunnel-like 
flow condition. This assumption implies that there is 
no exchange of momentum in the spanwise direction. 
This has proven to be a reasonable assumption for HAWTs 
operating at medium to high tip-speed ratios. Even 
helicopters, which operate in a highly three
dimensional flow state, can be analyzed using two
dimensional airfoil data. 

However, when stall occurs on a rotating HAWT 
blade, analytical predictions break down. In high 
winds, HAWTs actually produce more power and experience 
higher loads than standard analyses would predict using 
two-dimensional wind tunnel data. This unexplained 
increase in performance appears to be a steady-state 

phenomenon that researchers have called "delayed 
stall." Dynamic blade loads measured on llAWTs have 
been larger than predicted using existing aeroelastic 
analysis. This problem may be caused by inaccurate 
modeling of complex inflow to the rotor. These analy
ses are typically capable of modeling simple wind shear 
and in some codes even complex steady-state wind shear. 
But even the complex model may not be accurate enough 
because it assumes a steady shear when actually the 
inflow is turbulent (i.e., constantly changing). · 

This may or may not be the explanation for the poor 
prediction of dynamic loads; certainly it is a contrib
utor, but there may be other contributors, such as dy
namic stall or spanwise flow. Both dynamic stall and 
spanwise flow have contributed to increasing loads on 
helicopter rotors. Engineers in the helicopter indus
try had to make detailed pressure measurements on 
blades and flow-visualization measurements before they 
were able to understand the complex fluid dynamic pro
cesses that caused these loads. The same is true for 
HAWTs. Results of this program will help determine (l) 
if aerodynamic forces are obeying two-dimensional air
foil characteristics, (2) how turbulent inflow must be 
transformed into a rotational frame of reference, and 
(3) if lift coefficients are reaching levels hi gher 
than those possible in two-dimensional flow. Pressure 
and flow-visualization measurements are the essential 
first step that must be taken before dynamic stall, 
spanwise flow, delayed stall, or other three
dimensional flow phenomena can be isolated. Once the 
dominant physical process is isolated, subsequent de
tailed test programs can focus on understanding and 
modifying it. 

The test program described in this report was 
funded by the Department of Energy ( DOE) and conducted 
by the Solar Energy Research Institute (SERI) at its 
Wind Energy Test Center (WETC) in Golden, Colo. This 
test, called the "Combined Experiment," includes all 
the essential physical measurements mentioned above. 
Flow patterns were recorded using a high-speed video 
camera mounted on the rotor to view small tufts mounted 
on the blade. Pressure transducers and angle-of-aLtack 
(AOA) probes were also used to measure lift coeffi
cients and corresponding angles of attack. l"inally, 
detailed, near-field inflow measurements and blade-load 
measurements were made simultaneously. These data will 
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provide researchers with a comprehensive picture of the 
inflow profile, how that inflow affects aerodynamic 
loads, and how these aerodynamic loads correlate �ith 
structural loads. Results shown in this report were 
produced by preliminary data analyses. The test is 
still in progress and is expected to continue through 
the spring of 1989. This report is intended to be an 
overview of preliminary data and not a comprehensive 
analysis of any results to date. li'uture reports will 
deal comprehensively with various topics. 

OBJECTIVES 

The major objectives of the test are to understand 
the complete, local flow field acting on a rotating 
wind turbine blade. Specific questions include the 
following: 
1. Do airfoil pressure distributions measured on a 

rotating blade differ from those measured in the 
wind tunnel at angles of attack (a) below stall and 
(b) above stall? 

2. Is there radial flow near or in the boundary layer 
of the airfoil that affects pressure distributions 
(a) below stall and (b) above stall? 

3. Is there evidence of dynamic stall that could re
sult in increased dynamic loads? 

4. Does the separation boundary location measured on 
the rotating blade agree with that measured in two
dimensional flow in the wind tunnel? 

The answers to these questions will result from a close 
examination of pressure distributions and flow direc
tion patterns measured on a rotating wind turbine, and 
from a comparison of these measurements with wind tun
nel data. The experiment will provide a "reference 
data set" for validation of aerodynamic, structural, 
and fatigue models by carefully measuring atmospheric 
pressure distributions on the airfoil and determining 
machine responses to these loads. 

TEST SETUP 

The Grumman Wind Stream 33 was used as the test 
turbine. li'igures 1 and 2 show the turbine's original 
characteristics. This turbine was an excellent test 
turbine for the Combined Experiment for the following 
reasons: 
1. The rigid, three-bladed hub reduced the possibility 

of blade motion affecting the data. 
2. A constant-chord, zero-twist, zero-thickness taper 

blade was used, thus reducing the effects of blade 
geometry on stalled flow (because stalled charac
teristics can be affected by twist and thickness 
taper). 

3. The Wind Stream 33 was a downwind machine. This 
allowed a camera to be mounted on a boom extending 
downwind and aimed at the low-pressure side of the 
blade, so that tufts mounted on the blade could be 

4. 
viewed easily. 
The machine and tower lent themselves to the modi
fications needed for the test, such as tilting the 
tower, mounting the transducer, and modifying the 

5. 
control system. 
The pitch control system allowed variations in
stall or AOA for any wind speed. 
Significant modifications were made to the blade. 

Although the original blade planform was maintained 
(constant-chord, zero-twist, zero-taper), a new airfoil 
was selected. There were no wind tunnel data for the 
production airfoil, and wind tunnel data are crucial 
for comparisons between two-dimensional and three
dimensional pressure distributions. . 

The airfoil chosen was an S809 developed by Air
foils, Inc. under contract to SER I (1). This airfoil 
is well documented, including two-dimensional pressure 

10.1 m 
(33.25 ft) �/ ....... - - ...... 

16.8 m 
(55 ft) 

45.7 em 
(18 in.) 

/
I 

Windstream 33 Characteristics
Induction generator rating 
Induction generator speed range 
Gearbox ratio 
Rotor speed 
Rotor diameter 
Rotor solidity 
Blade chord 
Power coefficient, Max (Cp MAx)
Tip speed ratio at Cp MAX
Wind speed at Cp MAX 
System efficiency at Cp MAX 
Output power at VW = 24 mph 
Rotor coning angle 
Razor /Nacelle assembly wt. 
Drive axis height 
Tower section 
Guy base 

*Predicted 

' ' 
'\ 

\ 
\ 
l
I

40. 6 em
(16 in .) 

20kW 
1800-1860 rpm 
25.1:1 
74.1 rpm 
33.25 ft 
0.0615 
1.5 ft 
0.38° 
5.25° 

17.0 mph 
83% 
15 kw· 
3-1/2° 
2,5891b: 
55ft 
16.0 in ./0 dia, 3/8 in . wall 
80ft 

Fig. 1. Characteristics of the Grumman WS33 wind
turbine 

distributions, separation boundary locations, drag 
data, and flow-visualization data. The blade material 
is fiberglass composite, and the blades are designed to 
be as stiff as possible to limit blade deflections. 
The dynamics of the blade are tailored to avoid coales
cence of rotor harmonics with flapwi se, edgewise, and 
torsional natural frequencies. To minimize the possi
bility of aeroelastic instabilities, the mass and elas
tic axes are aligned with the aerodynamic axis. The 
instrumented blade was painted black to contrast the 
white tufts. 

Strain gages were mounted at several spanwise loca
tions on the blade so that bending-moment distributions 
could be measured. An AOA transducer was mounted on a 
strut off the leading edge of the blade. A multitap 
pressure transducer was mounted inside the fiberglass 
blade (li'igure 3), and pressures were measured through 
32 tubes leading from the 32-tap pressure transducer to 
the surface of the blade. li'requency-dependent dis tor
t ions in the pressure measurements were corrected using 
the inverse transfer function (2). 
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Fig. 2. 

1 - Generator 
2 - Disc brake 
3 - H.S. shaft 
4- Pitch coni actuator 
5- Swivel 
6- Gear box
7 - Pillow block bearing 
8- Cowling
9 - Rotor shaft 

1 0 - Fig block bearing
11 - Thrust bearing 
12- Vertical shaft 
13- Tower 
14 - Strongback 
15 - Torque link 
16 - Redundant pitch cont actuator
17 - Redundant pitch actuator crank 

Schematic diagram of the Grumman WSJJ wind 
turbine 

1 mmiO 
stainless y Skin 

Fig. 3. 

0-spar 

Pressure 
transducer 

0-spar 
access port 

� Pressure taps

Skin 

Pressure transducer layout on the wind turbine 
blade 

A guyed-pole tower was used with a hinged base and 
g in pole for easy tilt-down. An electric winch was 
used to lower and raise the system to aid in instrumen
tation checks and c1Libration. Careful attention was 
paid to tower and foundation Loads when designing this 
system. 

Camera 

Main frame 

Fig. 4. Camera boom layout on the wind turbine 

Hub height 
(55ft) !"-

Vertical Plane Array Local Met
Power

Fig. 5. 

Item no.
1 
2 
3 
4 

20 
-(66ft)-

Description
U-V-W sonic anemometer 
Ruggedized TSI hot films 
U-V-W gill anemometers 
Prop vane anemometers 

Layout of the anemometers 

.,. 
0 
"' 
uo 
0 
M 
0 tJ 
4: "' 

. A camera boom was designed to hold the 10-lb, high
shutter-speed video camera and was hinged at the base 
so that a complete tilt-down of the tower could be 
accomplished easily. It also has a system fundamental 
frequency of ten per revolution (lOP). The boom was 
mounted on the hub and extended downw ind 10 Et on the 
axis of rotation. This boom length allowed a v iew 
angle of 30° at the tip of the blade and 45" at the 66% 
span. Add itional equipment was mounted on the boom, 
such as the data-acquisition system, the pressure sys
tem controller (PSC), and lighting for n ight test ing 
( Figure 4). 

A remote-controlled yaw lock was designed to allow 
various yaw positions to be set and released. Th is yaw 
retention system has a strain-gaged link to measure yaw 
moments. 

Two Rohn 45G guyed meteorological (met) towers were 
placed to the west-northwest (290" direct ion) of the 
test machine ( Figure 5). At the WETC, w inds histor i
cally come from this direction in the spr ing. The two 
towers support three cross booms, where 13 anemometers 
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were mounted in a vertical-plane array to measure the 
inflow. The R.M. Young U-V-W anemometers measure three 
components of wind speed, have a bandwidth of DC to 
approximately l Hz, an� were positioned one rotor diam
eter (lD) upwind of the turbine. Two TSI X-type hot
wire anemometers were placed near hub height on a third 
tower located just to the north of the vertical-plane 
array. The X-films provide measurements of horizontal 
and vertical wind velocity components at relatively 
high frequencies. Figure 5 shows the placement of 
these anemometers in a vertical-plane array, and also 
the placement of the two TSI X-wire anemometers and one 
triaxial sonic anemometer on the separate "local met 
tower .• " 

INSTRUMENTATION 

Tufts 

The tufts consisted of 100% polyester white thread 
measuring approximately 0.25 mm in diameter and 45 mm 
in length ("mini tufts"). They were attached to the 
downwind side of the blade with super glue. Each row 
of tufts was spaced 76 mm from the next row in the 
blade spanwise direction. Ten tufts were placed in 
each row in the chordwise direction. This spacing re
sulted in approximately one tuft for every 10% of the 
chord in the chordwise direction, and one tuft every 
1.5% of the span in the spanwise direction. The diam
eter of the tufts was chosen to minimize the effects on 
the boundary layer without making the tufts invisible 
to the video camera. Tufts that are large relative to 
the boundary layer thickness will cause transition and 
premature separation, which leads to a lower maximum 
lift coefficient (c ). This effect is documented l,max
in (3). 

Video Equipment 

A NISUS N-2000 video camera was installed on a 
boom, and a recorder and monitor were placed in the 
control house so that the test engineer could observe 
the blade-mounted tufts and adjust the test according 
to the flow condition desired. The camera uses a mech
anical shutter to freeze video frames in 1/625 of a 
second. Thirty video frames are recorded every second, 
which allows one frame to be recorded for every 11° of 
rotor azimuth position. The resolution of this system 
is limited by the standard 376 x 485 pixel density of 
the camera and recording system. For this reason, a 
close focus was needed to get a good angular measure
ment of the tufts. Various magnifications are used to 
maximize resolution and field of view. Information re
corded on video tape is processed using video-image 
computer processing techniques. 

Lighting 

Night testing was necessary to avoid strain-gage 
thermal drift caused by uneven heating of the blade in 
sunlight. This resulted in the need for lighting to 
illuminate the white tufts for the video camera. 
Eleven 120-V spotlights were distributed along the 
camera boom and aimed at the blade, and they were fo
cused along the outboard 50% of the blade span. The 
video pixel intensity of a tuft was 35 on a grey scale 
of 0 to 256, while the black background was 10 to 15; 
the contrast was great enough so that the tufts could 
be seen easily. Unfortunately, there was not enough 
Light to operate the camera shutter, so moving images 
were blurred on the video display. 

Angle-of-Attack Transducers 

An accurate measurement of the blade AOA would be 
very useful in correlating wind tunnel daLa, analytical 
data, and test data. Unfortunately, this is also one 
of the most difficult measurements to make. Local flow 
is affected by the blade-induced velocity, which dis
tarts measurements, Measuring the stagnation-point 
location has been used but has shown to produce errat ic 
results. In wind tunnel tests, a v1ind vane has been 
used (4) that would align itself with the flow and in
dicate AOA. The vane was mounted on a probe attached 
to the blade. This approach has proven to be accurate 
(after analytical corrections), but reliability is a 
question. Sandia National Laboratories (SNL) attempted 
pressure sensing of the AOA with marginal success, but 
unsteady effects appeared to cause problems. 

It was decided that the National Center for Atmos
pheric Research (NCAR) vane approach was best for the 
first attempt at measuring AOA. SERI developed a 
transducer based on the NCAR approach, with some 
improvements. This has been used during testing to 
measure AOA on the turbine blade with some success. 
Two problems have surfaced: 
1. The vane is influenced by the local induced 

velocity. 
2. The vane is slightly underdamped, causing a ring ing 

of the vane. 
In future testing, these problems will be corrected by 
1. Making wind tunnel measurements of the induced 

velocity corrections and applying them to the mea-
sured data 

2. Attempting analytical corrections of errors caused 
by induced velocity 

3. Using an inverse transfer function to correct for 
the dynamic characteristics of the vane. 

It is hoped that these corrections will improve the 
accuracy of the AOA measurements. 

Pressure Measurements 

Measuring pressure distributions on the r otating 
blade presented some problems. The pressures are typi

2cally less than 0.07 N/m , a bandwidth of 0-100 Hz was 
needed, and many channels must be measured in a small 
area of the blade surface without disturbing the sur
face contour. As mentioned earlier, the approach used 
was to mount a 32-tap ESP-32 pressure transducer inside 
the blade ( Figure 3). Stainless-steel tubes less than 
0.5 m in length were installed in the blade to carry 
surface pressures to the transducer. To document the 
dynamic effect of the tubes on measured pressures, 
transfer functions were measured between applied sur
face pressures and pressures measured by the trans
ducer. Minimal distortion occurs below 50 Hz, but sig
nificant amplification occurs from SO to 100 Hz. To 
compensate for this distortion, an· inverse transfer 
function was used to correct the high-frequency pres
sure measurements. This technique is described in (2). 

The ESP-32 pressure transducer made by PSI, Inc., 
was used because of its compact size and pressure sen
sitivity. Another advantage to using the ESP-32 pres
sure transducer is that it has a remote-control cal i
bration capability. This allows the transducer to be 
calibrated while the turbine is rotating. It also 
makes it convenient to calibrate frequently to document 
any zero drift, which is common 1n some solid-state 
pressure transducers. SERI developed a control s y stern 
for controlling the ESP-32 calibrations and condition
ing the output signal to achieve a sample rate of 
522 Hz per pressure tap. This system is used to per
form calibrations every 5 min of test operation. The 
frequent calibration has resulted in data accurate to 

22% (0.001 N/m ) of the expected dynamic pressure. 
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g The 32 pressure taps were located at 80% of full 
bl de span, where the Reynolds number is approximately 
10 • The taps were lined up along the chord ( insj:ead 
of being staggered) so that spanwise variations in 
pressure distributions would not distort measured 
chordwise distributions. The chordwise spacing of the 
pressure taps was approximately logarithmic. 

Anemometers 

A variety of anemometers was used. The primary 
near-field measurements were all taken from anemometers 
mounted on the vertical-plane array and the near-field 
met tower ( Figure 5). Additionally, far-field atmos
pheric stabi Lity measurements were taken at the test 
site 's 50-m north met tower. 

The vertical-plane array of R.M. Young three-axis 
prop anemometers provided low-frequency (0-1 Hz) wind
shear data, azimuthally varying wind data, and low
frequency inflow statistics. High-frequency (0-10 Hz) 
data were provided by a three-axis sonic anemometer 
mounted at hub height on the near-field met tower and 
two dual-axis hot-wire anemometers mounted 1.2 m below 
hub height. 

Far-field atmospheric data were recorded from the 
north met tower. Data for temperature �adient 
(Richardson number), wind shear up to 50 m, and wind 
directions at four different altitudes were recorded 
from this tower. 

Strain Gages 

Strain gages were used to measure blade, tower, 
rotor, and yaw Loads. Table 1 shows a complete list of 
the channels recorded. The rotor loads are listed 
under PCM-4 from channels 1 to 26. Blade flapwise and 
edgewise loads were measured at eight different span
wise locations. Pitching moment, or blade torsion, was 
measured at three spanwise locations. These load mea
surements were taken to establish reliable blade-load 
distributions to be used to confirm measured aero
dynamic (applied) loads. 

Each strain gage bridge was made up of four active 
gage elements mounted inside the fiberglass blade skin. 
The gages were located inside the skin instead of out
side to preserve the accurate airfoil shape and surface 
smoothness. 

Care was taken to position the strain gages to min
imize flapwise and edgewise crosstalk. However, mea
surable crosstalk was discovered during the blade pull 
and strain-gage calibration tests. To eliminate this 
error, the crosstalk calibration coefficients were mea
sured and used to correct the measured data. 

A problem surfaced after the blades were mounted 
and the turbine was erected. The flat-black blade 
caused significant differential heating between the 
sunny and shady sides of the blade, thus inducing both 
apparent and real thermal strain in the gages on the 
sunny side but not on the shady side. Many techniques 
were considered to solve this problem, but the easiest 
to implement was testing at night, when both sides of 
the blade are nearly the same temperature. This mini
mized the zero drift but complicated the video record
ing of blade-mounted tufts. The long-term solution to 
this problem is painting the blade gloss white, which 
will be done for future testing. 

WIND TUNNEL TESTS 

Two wind tunnel test programs were conducted on the 
S809 airfoil used in the Combined Experiment. The 
first one was conducted to confirm that the airfoil 
performed according to design specifications, because 

Table I. Instrumentation Channel Listing 

North Mel (PCM #5) 
Ch Parameter 
01 : 20 M Hoi FUm 
02: 18 M Sonic U 
03: 18 M Sonic V 
04 : 18 M Sonic W 
05:5MWD 
06:5MWS 
07:10 MWD 
08:10 MWS 
09:20MWD 
10:20MWS 
11:50MWD 
12:50MWS 
13: 5 M Nr Temperalure 
14 : Dena T emperalure 
15:5M DP 
111 : Bato Preuure 

VPA(PCM #2) 
Ch Parameter 
01 : VPAAnemometer W5-1 
02 : VPA Anemometer W5-2 
03 : VPA Anemometer WS-3 
04 : VPA Anemometer W5-4 
05 : VPA Anemometer ws-5 
06 : VPA Anemometer WS-6 
07 : VPA Anemometer WS-7 
08 : VPA Anemometer WS-8 
09 : VPA Anemometer W5-9U 
10: VPA Anemometer WS-9V 
11 :VPAAnemometerWS·10U 
12: VPAAnemometer WS-IOV 
13: VPAAnemometer W5-10W 
15 : VPA Anemometer W5-11 U 

VPA & Local Met (PCM #3) 
Ch Parameter 
01 : VPA Anemometer W5-11V 
02: VPAAnemometer W5-11W 
03 : VPA Anemometer W5-12U 
04 : VPA Anemometer W5-12V 
05: VPAAnemomeler W5-12W 
06 : VPA Anemometer WS-13U 
07 : VPA Anemometer W5-13V 
08 : VPA Anemometer W5-13W 
09: T SI X·Aim 1X 
10: TSI X-Aim 1V 
11: TSI X - Aim2 X 
12 : TSI X· Aim 2Y 
13 : Sonic Anemometer U-Axls 
14 : Sonic Anemometer V-Axls 
15: Soni<:AnemometerW-Axls 

Turbine (PCM #5) 
Ch Parameter 
01 : low Speed Shalt AZimuth Angle 
02 :Yaw Bonding Moment 
03 : Tower Bonding Nollh Dlr. 
04 : Tower Bonding Moment East Dlr. 
05: Yaw Angle 
06 : Generator Power 
07 : low Speed Shalt Speed 

RoCor (PCM #4) 
Ch Parameter 
01 : Flap Bonding 90% '1 FBM' 
02 : Flap Bonding 85% '2FBM' 
03: Flap Bonding 85% '3FBM' 
04 : Flap Bonding Aool '11 FMB '
05: Flap Bonding 75% '5FBM' 
06: Flap Bonding 75% '6FBM' 
07: Flap Bonding 60% '7FBM' 
08 : Flap Bonding 50% '8FBM' 
09: Flap Bonding ({)% '9FBM' 
10: Flap Bonding Aooi'IOFBM' 
11 : Flap Bonding 70% '12FBM' 
12: EdQe Bonding Momen190% '1 EBM' 
13: EdQe Bonding Momon185% '2EBM' 
14 : Edge Bonding Moment 75% '3EBM' 
15: Edge Bonding Momonl60% '4EOM' 
16 : EdQe Bonding Moment 50% '5EBM' 
17: EClge Bonding Momonl40% '6�
18: EdQe Bonding Moment Aool '7EBM' 
19: Edge Bonding Moment 70% '8EBM' 
20 : 8ledo TorsiOn 85% '1 BLDTO' 
21 : 8ledo TorsiOn 75% '3 BLDTQ' 
22: 8ledo TorsiOn Aool '5 BLDT0' 

23 : Low Speed Shalt TO<quo '1 LSSBM' 
24 : Low Speed Shalt Bonding X otr '2LSSDM' 
25: low Speed Shalt Bonding Z otr '3lSSTQ' 
26 : lOOd ceu ChanMl 
27 : Pressure # 1 100% chord span, tratllng 
28: Pressure #2 92% chO<d span, upper 
29 : Pressure 14 80% chOrd span, upper 
JO: Pressure 16 68% chord span, upper 
31 :Pressure #8 62% chO<d span, upper 
32: Pressure #10 44% chO<d span, upper 
33 : Pressure 1 11 36% chord span, upper 
34 : Pressure * 13 20% chord span, upper 
35: Pressure #14 14% chord span. upper 
36: Pressure #15 10% chO<d span, upper 
37 : Pressure # t 6 8% chO<d span. upper 
38 : Pressure # 17 6% chO<d span. upper 
38 : Pressure 1 18 4% chO<d span, upper 
40 : Pressure I 19 2% chO<d span, upper 

41 :Pressure #20 1% chO<d span, upper 
42: Pressure #20A .5% chor<lspan, loading 
43 : Pressure #21 0% chO<d spon, loading 
44: Pressure #21A chord spon, lOwer 
45: Pressure *22 1% cnotd span, lOwer 
46: Pressure #23 2% chO<<Ispan, lower 

47 : Pressure #24 4% chord span, k>'Mlr 
48: Pressure *25 6% chord span, k>wer 
49: Pressure 127 10% chord span, k>wor 
50: Pressure #28 14% chord span, k>wor 
51 :Pressure 129 20% chO<d span. lOwer 
52 : Pressure I 30 28% chO<<I span, lOwer 
53: Pressure *32 44% chord span, k>wer 
54 : Pressure 133 56% chO<d span, lower 
55 : Pressure #34 68% chord span, k>wer 
56: Pressure #35 80% chord span. lower 
57: Pressure #36 98% chO<d span, lower 
56: TOiat Pressure Prot>e 
59 : Catlbratton Pressure 
60 : Absoeute Reference Pressure 
61 : Pitch Angle 
62 : Angle ol AHaclc PrObe 

BM' 

. 
. 

.5% 

the airfoil was designed using a computer code. A very 
accurate and smooth test model was used with more than 
100 pressure taps. The Delft wind tunnel in Holland 
was used because of its extremely low turbulence level. 
The test matrix included steady-state data runs at 
Reynolds numbers from 1 to 3 million. Data from rough 
and smooth conditions were acquired, along with oi !
film flow-visualization tests. These test results are 
considered the reference two-dimensional airfoil data 
set. All future wind tunnel data and rotating, three
dimensional pressure data will be compared to this set. 

The second wind tunnel test was conducted at Ohio 
State University (OSU} in an open-circuit wind tunnel 
measuring 0.92 m x 1.53 m (3 ft x 5 ft). The objective 
of this test was to establish a credibility link be
tween the Delft data, the test airfoil, and SERI in
strumentation. At OSU, the wind tunnel test model used 
was fabricated in the same molds that were used to make 
the test blade. Pressure taps were located in exactly 
the same positions as those on the test blade, and the 
same pressure transducer was used in the rotating blade 
test and the wind tunnel. Data measured from the OS U 
wind tunnel were then compared with the data from the 
Delft wind tunnel. Some differences were found, as 
expected, and will be discussed in the following 
section. After the differences were documented, a 
credible basis was established for comparing three
dimensional pressure distributions with two-dimensional 
data. 
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Results 

rigu�es 6 and 7 compa�e lift coefficients (c1) with 
AOA ("Alpha" on the figu�es) for Delft wind tunnel <lata 
and OSU data. rigure 6 shows Delft data for the smooth 
condition. There is good agreement for Alpha less than 
7°. When Alpha is greater than 7°, the OSU lift coef
ficients are lower than Delft coefficients by as much 
as 10% at c1 max• 

This di fference could be caused by two factors. 
When pressure taps are 1 ined up along the chord, as
they were on the OSU model, the taps cause roughness, 
which in turn can cause premature transition of the 
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boundary layer, adverse pressure gradients, and p�e
matu�e separation. The end �esult is that C is 
lowe�. Another contributor could be the minima\ ·
of 

��;be� 
pressure taps used in the OSU tests. The field 

tests will be limited to 32 pressu�e taps, so only 32 
were used in the wind tunnel tests. 

As mentioned earlier, the Delft tests included 108 
pressure taps in staggered patterns. The p�essu�e dis
tributions are defined fa� mo�e accu�ately because of 
the higher tap density. ror example, rigure 8 shows 
comparable pressure distributions from Delft and OSU 
data. The laminar transition, which is well defined on 
upper and lower surfaces as a knee at 55% cho�d, is 
poorly defined by the sparsely dist�ibuted pressure 
taps on the OSU model. rigu�e 9 shows a ve�y sha�p 
pressure peak near the leading edge. The Delft model 
had 20 taps on upper and lower surfaces within the 
first 5% of the airfoil. The maximum numbe� of taps on 
the OSU model and test blade was 9, all within the 
fi�st 5% of the chord. Therefo�e, the Delft data 
indicate a more accurate definition of the p�essure 
peak. 
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An exact match was not expected. The goal of the 
comparison was to document these differences so that 
field data could be compared to Delft or OSU data, �nd 
rotational effects could easily be isoLated from test 
setup and instrumentation effects. This has been 
accomplished. 

There was good general agreement between lift curve 
slopes, a at c1 = 0, minimum coefficient of drag 
(C ) ( Figures 10 and 11), and pitching-moment d min
coe fficient ( Figures 12 and 13). The general shape of
the pressure distributions agrees also, with the 
exception of the effects of the taps (as described 
previously and shown in Figures 8 and 9). 
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PRELIM INARY FLOW V ISUAL IZATION RESULTS 

As mentioned earlier, "mini tufts" were used as the 
primary flow-visualization tool. Cooperative tests in
volving Sandia National Laboratories were also con
ducted using liquid crystals (5) to investigate the 
boundary-layer mechanics. However, these results are 
mentioned only briefly in this report. Future reports 
will address the liquid-crystal results in detail (6). 

Figures 14 through 17 were made by freezing a video 
frame using a Data Translation " Frame Grabber" to 
transfer the video image to a Compaq 386 computer, en
hancing the image, then printing the enhanced image on 
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Fig. 14. Outboard tufts at low AOA 

Fig. 15. Inboard tufts at low AOA

a laser printer. The videos were recorded at night, so 
the entire background was black. Because the blade it
self was flat black, the only illuminated objects are 
the tufts. The blade spanwise location numbers 
attached to the trailing edge are also visible at the 
left edge of the figures. A video time-code stamp is 
visible at the bottom of each figure. The first row of 
tufts is attached at the 5% chord and, therefore, iden
tifies the leading edge. The last row of tufts is 
trimmed flush with the trailing edge. 

Fig. 16. Outboard tufts at high AOA 

Fig. 17. Inboard tufts at high AOA 

These images are poor reproductions; therefore, it 
is useful to know that when a tuft is engulfed by lami
nar flow it remains steady and presents a clear image 
to the video camera. When a tuft is engulfed in separ
ated flow, it dances around rapidly and presents a 
blurred image, barely visible on the video recording. 
This problem was compounded by night testing because 
the darkness prevented using the camera's fa;t shutter. 
The shutter would normally freeze the image without 
blur, but it requires much more light than was avail-
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able during night tests. Viewing the videos in motion, 
it is far easier to see the angles of the tufts than it 
is when freezing the frame and displaying it on a hard 
copy. 

figure 14 shows the blade span from 75% (bottom of 
the figure) to 90% (top of the figure). The AOA is 
near zero in this case, and the tufts are all stead'/ 
and nearly aligned with the cl,urd. Centrifugal force 
causes a slight deflection of the tufts toward the tip. 
The fourth tuft from the left in the second row from 
the bottom is stuck against the blade surface and 
should be neglected. This figure indicates that no 
significant spanwise flow is affecting the tuft angles. 

figure 15 shows the 45%-55% blade span for the same 
operating condition (low AOA, 7 m/s winds). Again, the 
flow over the airfoil is attached and steady. A very 
slight increase in the tuft angles can be seen. This 
should be expected because the local chordwise flow 
velocity is 55% of that in Figure 14 because of its in
board location. So, Figures 14 and 15 show no surpris
ing or interesting results, except that no significant 
spanwise flow is detectable. 

figure 16 shows the same outboard blade section 
(78%-95%) at an AOA of 5°-10°. The flow from the lead
ing edge to approximately 55% chord is attached and 
steady. The flow from 50% chord to the trailing edge 
is separated except at the 86% span, where an instru
ment probe extends forward from the leading edge along 
the chord line. The narrow band of turbulence caused 
by flow over the probe causes the flow over the aft 
surface to remain attached. This is not a surprising 
result. Vortex generators have been shown to keep flow 
attached on an airfoil by energizing the boundary layer 
and inhibiting adverse pressure gradients. What is 
surprising is that on either side of this "aerodynamic 
fence" the separation boundary location appears to be 
unaffected; that is, at both the 85% and 88% span, the 
separation boundary is located at 55% chord. 

If the performance of spanwise sections were affec
ted �y neighboring sections, a deflection of the sepa
ration boundary, outboard of 86%, would have been ex
pected. If spanwise flow in the separation region were 
influencing the .location of the separation boundary 
location, attached flow behind the probe would have cut 
off this spanwise flow, and a discontinuity in the 
boundary location between 85% and 88% would have been 
visible. No such anomalies were visible. 

This implies that, at least for this operating con
dition, adjacent blade stations can be considered to 
operate independent.!:.r• This assumption is at the core 
of almost every liAWT performance and load analysis but 
has not been confirmed until now. Future tests will 
focus on this technique to confirm or disprove this 
basic assumption further. 

By panning the video camera, inboard flow patterns 
at a section in the 55%-65% span could be recorded. 
Figure 17 shows such an image 52 s after that of Fig
ure 16. The separation boundary at 65% span is still 
located at 55% chord, but inboard of the 60% span the 
boundary quickly sweeps toward the leading edge. Fig
ure 18 shows, schematically, the separation boundary 
location throughout the entire blade for this moderate 
AOA operating condition. 

Liquid crystals were used to visualize the 
boundary-layer surface shear-stress patterns on the 
airfoil as part of a cooperative program with Sandia 
National Laboratories. The purpose of these tests was 
to determine if the boundary-layer shear-stress pat
terns were modified by rotational effects. The S809 
airfoil has a laminar separation bubble located at 58% 
chord at AOA = oo, and it moves forward as AOA in
creases. figure 19 maps the location of this bubble 
during the Delft wind tunnel tests. Figure 20 shows a 
liquid-crystal color and rivulet pattern at AOA = 0°-5° 
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Fig. 20. Liquid crystal on the rotating blade 

that clearly identifies the location of this bubble at 
55%-60% chord and confirms Delft wind tunnel 
measurements. 

Figure 21 shows a similar test using liquid crys
tals, plus three protuberances mounted on the blade 
surface at AOA = 0°-5°. The first protuberance was a 
flat piece of aluminum, 6 mm wide and bent perpendicu
lar to the blade surface. This tab was mounted at 
approximately 91% span and 30% chord. The next was a 
vortex generator mounted at 94% span and 30% chord. 
The third protuberance was a moth impact that occurred 
shortly after the run began. It is located at 97% span 
and 35% chord. All these protuberances show turbulent 
wakes extending toward the t rai 1 ing edge. The turbu
lent wakes begin in the laminar flow region and extend 
straight through the bubble into the turbulent, 
atLached fl01< region near the trailing edge. These 
wakes appear to be uninfluenced by any spanwise flow; 
this further supports the conclusion that at low to 
moderate AOA the flow appears to behave in a two
dimensional fashion. 

PREl.fHTNARY PRESSURg HF.ASUREHENTS 

Pressure-distribution data recorded to date covers 
wind speeds from near 0 m/s to 12 m/s. During "zero" 
wind conditions, data were collected by motoring the 
turb ine. This technique was used to achieve nearly 
steady aerodynamic conditions for checking measurements 
with predictions. These comparisons will be used to 
validate the measurement procedure. After these com
parisons are complete, high-wind-speed steady data 
(approaching stall) will be analyzed. 

uSteadyu stall or peak power performance has always 
been difficult to predict using available computer 
analysis. 1�is op�rating condition is expected to 
yield the largest discrepancies between theory and test 
data. Unfortunately, no high-wind-speed/high-AOA data 

Fig. 21. Liquid crystal on the rotating blade with pro
tuberances 
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Fig. 22. Comparison of pressure distributions for the 
rotating blade and the wind tunnel 

are available at this time. Low- to moderate-wind
speed preliminary data are available and are discussed 
in the following text. 

Raw pressure tap data were normalized by measured 
dynamic pressure. A pressure probe, mounted on the 
blade and extending forward 0.68 m from the leading 
edge, was used to measure 

Hz 
dynamic pressure. The data 

were sampled at 522 per tap. No curve fitting has 
been performed on any of the data presented here, yet 
the distributions are relatively smooth. 

Figure 22 shows two pressure distriblltions. One 
was taken from the OSU wind tunnel data base; the other 
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was taken from the rotating wind turbine blade. The 
AOA for the OSU data is known to be 7.9•. The 
rotating-data AOA is not available yet, but it is 
assumed to be similar because the two distributions 
match fairly well. This sample was selected for a 
preliminary comparison only and does not reflect a 
complete comparison of all operating conditions; still, 
it does imply that for moderate winds (low AOA), rotat
ing airfoils perform much like they would in a wind 
tunnel. 

J:igure 23 shows a time sequence of upper surface 
pressures during a low-wind-speed condition. Each 
curve represents the average of two instantaneous sam
ples for an effective sample rate of 104 Hz. The en
tire sequence is 0.85 s long, slightly more than one 
rotor revolution. Near the leading edge, the familiar 
pressure peak is obvious, as is the knee in the pres-, 
sure recovery region near the 50% chord. This knee is 
obvious in both sets of wind tunnel data and is partic
ularly sharp at moderate AOA because of the laminar 
separation bubble at this point. As AOA increases, 
this knee tends to smooth out at the bubble, becomes 
thinner, and moves forward on the airfoil. 

Returning to the leading edge pressure peak, it is 
clear that the airfoil experiences dynamic AOA changes 
even in these moderate wind speeds. Levels of local 
pressure coefficients range from 1.0 to -3.0. A change 
in AOA from 3• to a• would be required to cause this 
range of pressure peak change (in local pressure 
coefficient, C ) in wind tunnel data. This change 
occurs over app�oximately 100 ms, toward the latter end 
of the sequence. 

The last distribution shown in the sequence coin
cides with the blade entering the tower wake. It is 
clear from this sequence, and most sequences studied to 
date, that the tower wake has a dramatic effect on the 
pressure distributions. When the blade enters the 
tower wake, the AOA drops and causes the drop in pres
sure peak shown in the last curve of rigure 23. As the 
blade emerges from the tower wake, the lift is reestab
lished as quickly as it drops off. This momentary drop 
in aerodynamic load causes a drop in structural load, 
which can be seen �in strain gage data (not shown in 
this report). 

FUTURE WORK 

Testing is not complete. High-wind-speed, high-AOA 
data are needed to study modifications to stall behav
ior on the rotating blade. A detailed analysis of 
pressure distributions and integrated aerodynamic force 
coefficients wi 11 be conducted. A very important area 
yet to be investigated is how these measured aerody
namic loads correlate with dynamic blade loads. This 
kind of investigation will help designers predict dam
aging fatigue loads more accurately. Studies will be 
conducted on how to reduce or avoid such loads. 

Fig. 23. Pressure distribution time sequence 

Pitch control versus stall control of wind turbine 
power will be studied to see if dynamic loads can be 
relieved through aerodynamic stall regulation. Yawed 
operation will be studied to investigate the source of 
high dynamic loads and yaw stability. 

In the area of inflow, vertical-plane-array data 
and atmospheric boundary layer data will be used to in
vestigate which atmospheric conditions are most damag
ing and which are most productive. This work will help 
wind prospectors differentiate between potentially dam
aging sites and productive sites. 

CONCLUSIONS 

More testing in higher-wind-speed conditions is 
needed before major conclusions can be drawn about the 
three-dimensional affects on the stall behavior of a 
rotating wind turbine blade. 

At low AOA, this S809 airfoil appears to behave 
much like it would in two-dimensional wind-tunnel-type 
flow. 

It appears that the aerodynamic environment, tn 
which the wind turbine blade operates, is unsteady. 
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