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BACKGROUND

In the unsteady flow environment experienced by wind turbine blades, large excursions in local angle of attack
and significant three-dimensional flows arise that complicate the prediction of stall onset and unsteady loading.
Accurate predictions of the dynamic loads are critical to the pursuit of lightweight, reliable structures to lower the
cost of wind energy (Ref. 1). To this end, diagnostic measurement tools capable of fine spatial resolution and high
frequency response are important for better understanding unsteady aerodynamic effects on blade pressure
distribution.

The sparseness of conventional pressure transducers has historically provided motivation for the development
of pressure-sensitive paint (PSP), an optical surface pressure measurement technique with inherently fine spatial
resolution. Within the last decade, the bandwidth of certain paint formulations has been significantly increased to
resolve unsteady flows; a flat frequency response on the order of several kHz is now readily achievable (Ref. 2).
PSP consists of luminescent molecules adhered to the test surface by a thin binder layer, typically on the order of 10
microns. The luminophore responds to the local partial pressure of oxygen, which is directly proportional to
absolute air pressure. An illumination source such as a light-emitting diode or expanded laser beam excites the
luminophore, and the emitted light intensity captured by a scientific-grade camera is converted to absolute pressure
via calibration. Each point on the painted surface thus responds as a molecular-sized transducer, with spatial
resolution limited by the camera pixel size.

Recent advancements in unsteady PSP data acquisition and processing techniques have been developed for
rotating blades to account for errors caused by model movement and deformation in nonuniform illumination fields.
The single-shot lifetime technique (Ref. 3) and motion capturing technique (Ref. 4) are two methods which have
arisen. Due to its straightforward procedure and commonality of required hardware, the single-shot technique has
been used across a range of small test facilities (Ref. 5, 6) and large-scale wind tunnels (Ref. 7).

PSP measurements have been historically limited to the compressible flow regime to achieve sufficient signal-
to-noise ratio in the data images (Ref. 8, 9). Recent wind tunnel testing with unsteady PSP has been geared toward
helicopter applications (Ref. 10, 11), although temperature error due to compressibility effects has been noted.
Under isothermal conditions or with an accurate temperature correction available, laser-based excitation and highly
reflective paints can enable instantaneous PSP measurements at Mach numbers near M =~ 0.15, corresponding to
dynamic pressures of approximately 1.5 kPa (Ref. 6, 12). Unsteady aerodynamic effects can result in even larger
pressure differences, considering that peak suction levels on oscillating airfoils can reach factors of the free stream
dynamic pressure (Ref. 13). With the present availability of suitable paints, the above considerations present an
opportunity for PSP to be deployed as a measurement tool for resolving the global pressure distribution on wind
turbine blades.

DESCRIPTION OF WORK

The work to be discussed has the objective of demonstrating PSP as a viable tool for measuring global surface
pressure on wind turbine blades. To our knowledge, this work represents the first application of PSP to a low-speed
airfoil undergoing pitch oscillation used to mimic unsteady changes in incidence angle. While much of the dynamic
stall literature has focused on relatively thin airfoils for helicopter applications, the current effort will use the single-
shot PSP technique to investigate the unsteady stalling behavior of a thick airfoil section (Delft DU97-W-300)
representative of wind turbine blades. In the talk, aspects of the data collection method will be presented along with
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sample results demonstrating the capabilities of the measurement technique. Results to be presented will consist of
global pressure maps obtained during dynamic stall development, including a controlled case with vortex generator
tabs applied.

SUMMARY OF RESULTS

PSP experiments were performed in the University of Wyoming subsonic wind tunnel, an open-circuit facility.
Flow conditions were Mach number M=0.13, chord Reynolds number Re=224,000, and reduced frequency £=0.106
based on semichord. The pitch schedule was given by a=15.7°+11.2°sin(93.5¢), with the measured lift hysteresis
loop shown in Figure 1.

The static lift curve of the DU-97-W-300
airfoil was measured with and without PSP
applied to the wing. The middle third of the
airfoil span was painted with porous
polymer/ceramic PSP basecoat doped with
platinum tetra(pentafluorophenyl) porphyrin
(PtTFPP) luminophore. Typical pressure
sensitivity for this paint formulation is up to
0.6% per kPa at atmospheric pressure, and
bandwidth up to 6 kHz — more than sufficient to
capture the fundamental airfoil oscillation
frequency of 15 Hz. An in-situ pressure
calibration of the paint signal was performed
with a set of 12 pressure taps situated near
midspan on the upper airfoil surface. Phase-
locking of the PSP system to a shaft encoder
4 Upstroke PSP cases allowed the instantaneous surface pressure to be
. ‘ v Downstroke PSP cascs captured over a sweep of phase angles, as
5 10 15 20 25 denoted on the lift coefficient (Cr) hysteresis

o loop in Figure 1. PSP data were acquired
Figure 1: Phase positions for unsteady PSP data collection approximately once every fourth oscillation
(k=0.106, M=0.13, Re=224,000). cycle, which was a limitation of the camera

frame rate (Cooke Corp. PCO.1600).
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In Figure 2, phase-averaged surface pressure maps measured by PSP (average of 64 cycles) are shown for
selected phases of the oscillation in terms of pressure coefficient (Cp). The data were spatially filtered using a
13x13 pixel (4.2% chord) median filter to attenuate shot noise effects. At 0=6.2° rising (Figure 2a), the flow is
reattaching and three-dimensionality in the spanwise direction is apparent. Trailing-edge stall progresses as the
angle of attack increases (Figure 2b-e). Leading-edge suction (C, ~ -5) begins to collapse at the lift stall angle,
which occurs near 0=24° (Figure 2f). PSP indicates a complex breakdown of the flow in Figure 2f, with an isolated
zone of increased suction developing on the aft part of the airfoil. Just beyond lift stall, the primary separation
vortex grows stronger in Figure 2g-h, an observation also noted from the planar velocity field measurements of Ref.
13. The pressure signature of the vortex appears to show a mild degree of three-dimensionality. In the post-stall
flow, the leading-edge suction zone entirely collapses and the aft region shows a flat pressure profile representing a
fully stalled condition (Figure 2j-1). Surface maps such as these can provide powerful complementary insight to the
flow field measurements of Ref. 13 which were previously conducted with the same test article.

A controlled case featuring several vortex generator (VG) tabs applied to half of the painted region was
acquired to demonstrate detection of 3-D patterns on the oscillating airfoil using PSP. The particular way in which
VGs interact with the flow is extremely challenging to glean from a sparse set of pressure transducers. Therefore,
this was a desirable case to demonstrate wherein PSP measurements could be used for direct validation of
computational models desired by industry. A sample result of the measured flow pattern is shown in Figure 3, with
the location of VGs labeled. The VG design was not optimized for the boundary layer flow in the test; this appears
to be evident in the region of stagnant flow behind the tabs and the higher C, levels ahead of them at the leading
edge compared to the other side of midspan (y/b = 0).
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Figure 2: Phase-averaged PSP images of oscillating DU97-W-300 airfoil at selected phase positions. Flow is from bottom
to top in each image; arrows indicate upstroke/downstroke directions.
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Figure 3: PSP image of flow pattern on oscillating airfoil with vortex generators installed (¢=22.1°, upstroke).

CONCLUSIONS

The PSP tests were viewed as successfully demonstrating application of the technique to a low-speed flow with
unsteady surface motion, a test condition historically outside the capabilities of conventional PSP systems. Pressure
fields were obtained with strong signal-to-noise ratio by minimizing the effect of temperature error through test
procedure, and the single-shot lifetime method cancelled the effects of surface movement and nonuniform
illumination which otherwise introduce significant error to the measurement. Moreover, the fast frequency response
of the paint appeared to capture unsteady pressure topologies tracking with oscillation phase.
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