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Abstract

Unsteady boundary layer transition on a pitching OA209 airfoil in a wind tunnel was detected by using pressure fluctuation measure-
ment at different oscillation frequency. Thirty Kulite dynamic pressure transducers flush-mounted on the airfoil surface recorded pressure
signatures, and root mean square of pressure signatures were calculated. Results indicated that the criterion of transition for static airfoil
defined as the peak of root mean square of pressure fluctuation was still suitable for detection of transition on a pitching airfoil. Fixed
transition experiment for pitching airfoil was performed to validate the conclusion. Effect of oscillation frequency on transition was in-
vestigated. For small reduced frequency, the hysteresis loop is larger near leading edge. With increasing in the oscillation frequencies, the

transition was promoted and relaminarization was enhanced.
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1. Introduction

Helicopter rotor blades, wind turbines, jet engine compres-
sor blades, and aircraft maneuverability and so on generally
involve aerodynamic characteristics of pitching airfoil. The
aerodynamic unsteadiness of pitching oscillation airfoil should
be carefully investigated. However, today's airfoil design
methodologies still rely on steady computations and design
criteria [1].

Some calculations about pitching airfoil or axial pump flow
do not consider the effect of unsteady boundary layer events
on performance [2, 3]. It is necessary to further take into ac-
count unsteady aerodynamic effects and characteristics of the
airfoil in the design process.

However, unsteady boundary layer properties, such as
laminar boundary layer separation, laminar reattachment, tran-
sition, relaminarization, and turbulent boundary layer separa-
tion, are rather complicated, and to a great extent depend on
experimental measurements. Among the unsteady boundary
layer properties, boundary layer transition/relaminarization
gets more attention. Boundary layer transition generally re-
sults from a series of events, including instable waves, inter-
mittent turbulent eddies, continuous turbulent eddies accom-
panied by increase in intermittency, sharp increase and rapid
drop in turbulent intensity, and finally followed by fully-
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developed turbulence. In the meantime, increases in boundary
layer thickness, surface temperature, wall shear stress and total
pressure become observable. Because the exact location of
transition is somewhat ambiguous, it is often convenient to
define the peak of root mean square of temperature or pressure
as indication of flow transition. Based on the transition charac-
teristics, a variety of experimental techniques have been de-
veloped to detect the flow transition location.

Conventional hot-wire indirectly measures the heat transfer,
and therefore the flow velocity, from a sensing element. Hot
wire method has been widely applied for detection of transi-
tion. Early in the 1970s, Knapp et al. [4] and Lagraff [5] util-
ized the hot wire method to investigate subsonic and hyper-
sonic boundary layer transition.

The method of Temperature sensitive paints (TSP) is an ef-
fective optical technique for measuring non-intrusively the
surface temperature. The technique is based on the quenching
of luminescent molecules that are sensitive to the local tem-
perature. Costantini et al. [6] investigated the effects of non-
adiabatic surface on transition measurements using tempera-
ture-sensitive paints. Fey et al. [7] using TSP detected transi-
tion at high Reynolds number in cryogenic wind tunnels.
Borovoy et al. [8] studied boundary layer transition in short-
duration wind tunnels by TSP method.

Infrared thermography that records infrared energy emitted
from the model, and therefore temperature distribution on the
model, can be used to determine the Stanton number in differ-
ent surface regions (low level for laminar flow and high level
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for turbulent flow). Giepman et al. [9] measured boundary-
layer transition front in supersonic flow by the method. An
alternative based on infrared thermography is differential in-
frared thermography, which records the surface temperature’s
difference between regions of laminar and turbulent boundary
layer flow, and therefore determines the transition location.
Raffel et al. [10, 11] and Merz et al. [12] applied the method
to detect the boundary layer transition on pitching NACA0012
airfoil.

Hot-film technique recognizes the state of boundary layer
by measuring variation of heat transfer or voltage out level of
hot-film sensors. Hodson et al. [13] and Zhang et al. [14] fur-
ther defined the quasi-wall-shear stress by relation of output
voltage of hot-film to wall shear stress. Lee et al. [15, 16] in-
vestigated the characteristic of unsteady boundary layer and
stall events on an oscillating NACA 0012 airfoil by using
closely spaced multiple hot-film sensor. Richter et al. [17]
studied the unsteady transition characteristics of airfoil EDI-
M109 by hot film technique. Kim et al. [18] investigated Rey-
nolds number effects on unsteady boundary layer for oscillat-
ing NACAO0O012 airfoil with the aid of hot film and smoke-
wire visualization. Haghiri et al. [19] studied the compressible
influence on unsteady boundary layer using hot-film sensors.

Flow visualization methods, such as oil film interferometry
[20] and smoke-wire method [21], are often rather useful for
transition detection with combination of the aforementioned
techniques.

Even so, it is still necessary to seek a convenient, effective
and practical transition detection method for unsteady aerody-
namics. Hot wire anemometry is intrusive and provides only
point-wise flow information. Temperature sensitive paints
should coat the model before experiment. Infrared thermogra-
phy and hot film sensors seem too complicated. But above all,
these techniques are not convenient for flight tests or practical
flow control.

Compared with the above experimental techniques, it is
more convenient and practical for pressure transducers to de-
tect the boundary layer transition. Heller [22] using acoustic
technique detected flow transition on hypersonic re-entry ve-
hicles. Lewis and Banner [23], by using surface-pressure-
fluctuation measurements, investigated the boundary layer
transition on the X-15 vertical fin. With the progress of tech-
nology of pressure transducer manufacture, the transducer
rapid response and miniaturization have been improved great-
ly. The pressure transducer measurement technique for steady
flow transition detection has now been applied to a wide ve-
locity range from low-speed flow to hypersonic in wind tunnel
experiment.

In general for static airfoil experiment, if there are laminar,
transition and turbulent flow zones, the position of peak of
Root-mean-square (RMS) of pressure is thought of as the zone
of transition. However, little investigation is available of un-
steady boundary transition on a pitching airfoil by using pres-
sure signature. Because of its successful application to static
airfoil, it is fairly straightforward to reasonably consider ap-
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Fig. 1. Slider-crank oscillation system.

plying pressure transducer measure technique to pitching os-
cillation airfoil. In the present paper, we performed an ex-
periment on transition for pitching airfoil to demonstrate the
feasibility, and it would be helpful for understanding unsteady
flow transition and other unsteady boundary layer events.

2. Arrangement of experiment

The testing was carried out in the NF-3 open-return type of
low speed wind tunnel at Northwestern Polytechnical Univer-
sity, Xi’an, China. The NF-3 wind tunnel has three inter-
changeable test sections. The test section for airfoil testing is
8.0 m long and its cross section is rectangle, 1.60 m width by
3.0 m height. The maximum wind speed is 130 m/s and turbu-
lence intensity is 0.045% in NF-3 wind tunnel.

The test model of airfoil OA209 used in the experiment was
vertically installed between two turntables to adjust angle of
attack. The test model was made of wood with steel skeleton
inside, 600 mm chord length, 1600 mm span and 9% relative
thickness. The airfoil pitch axis was located at 1/4—chord
throughout experiment. Nominal angle of attack angle was
measured by angle sensor mounted on the pitch axis. The
angle sensor was produced by HEIDENHAIN, Germany, with
resolution of +5". The model was driven by slider-crank
mechanism as displayed in Fig. 1 in a sinusoidal motion of
a =10°sin(2x ft) , where f'is oscillation frequency.

Thirty dynamic differential pressure transducers (XCQ-093)
produced by Kulite, Inc, America, were arranged on the upper
and lower side of the airfoil as displayed in Fig. 2. The diame-
ter of the cylindrical probe of the sensor was 2.4 mm. These
transducers were embedded in the test model, and the surface
of the pressure probe was flush with the model surface. Num-
bering these transducers was in clockwise direction from 1 to
30, starting at the leading edge. Before being installed, these
transducers were calibrated on the ground by using Mensor
CPC 6000 pressure controller.
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Fig. 2. Position and number of pressure transducers flush-mounted on
the airfoil of OA209.
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Fig. 3. ZZR type transition trip. The height was 0.35 mm.

Agilent VXI system with 32 phases (E8401A) accom-
plished the dynamic data acquisition. The acquisition speed
was 100 KHz/phase, acquisition frequency was 0~20 kHz,
acquisition accuracy was 0.1%, and the preset cut-off fre-
quency of acquisition system was 20 kHz, which filters the
frequency higher than 20 kHz.

Both static and oscillating airfoil experiments were per-
formed for detection of transition. In the case of static airfoil,
the experimental wind speeds were V = 20, 25, 30, 35, 40 m/s,
the angle of attack was fixed at 4° and the corresponding Rey-
nolds numbers were Re = 0.8, 1.0, 1.2, 1.4, 1.6 X 106, respec-
tively. For the purpose of comparison, another static test was
conducted at o.= 0°, 1°, 2°, 3° and 4° with fixed wind speed 30
my/s. In the case of oscillating airfoil, the wind speed was 30
my/s, the mean angle of attack was o= 0°, oscillation amplitude
was 10°, oscillation frequencies were /= 0.1, 0.2, 0.5 Hz, and
the corresponding reduced frequencies k=2xfc/V were
0.013, 0.025, 0.063. Free transition experiment in wind tunnel
was carried out for both the static and oscillating airfoil. To
further validate the results on free transition in dynamic test,
an extra fixed transition test was performed. Throughout the
fixed transition wind tunnel experiment, a zigzag transition
trip of type ZZR (Fig. 3) was adhered to the upper surface of
airfoil at x/c = 0.05. The trip was 0.35 mm high.

3. Results and discussion

3.1 Static airfoil

In the case of the static airfoil test, the VXI system acquired
the real-time signals of these 30 transducers with the acquisi-
tion frequency of 10 kHz and the acquisition time of 20 s. And
then, the signals of each transducer at the same angle of attack
were averaged to obtain corresponding pressure distribution
on the airfoil surface.

Fig. 4 presents the pressure distributions at « =4° for dif-
ferent wind speeds and Fig. 5 displays the pressure distribu-
tion at 30 m/s wind speed for different angles of attack. Both
pressure distributions demonstrate the flow on the upper sur-
face is attached.
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Fig. 4. Pressure distributions at different wind speeds.
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Fig. 5. Pressure distributions at different angles of attack.

The Root-mean-square (RMS) value of pressure fluctuation
can be used to detect the transition location. Although the
pressure fluctuation in the turbulent flow is larger than that in
the laminar flow, the maximum of pressure fluctuation occurs
in transition flow, which is called the transition peak. Based
on the knowledge, the root-mean-square value of pressure
fluctuation on the upper surface was applied to detect the posi-
tion of the transition peak, therefore the transition position.
The normalized RMS of surface pressure fluctuation for dif-
ferent wind speed at fixed angle of attack of 4° is shown in Fig.
6. The transition position moves forward with increasing wind
speed. At a wind speed of 20 m/s and 25 m/s, the transition
position is located at x/c = 0.2 and moves forward to x/c =
0.125 at wind speed of 30 m/s, 35 m/s and 40 m/s, which is in
accord with the observation that the increasing Reynolds
number brings the transition forward. However, the sparse
distribution of transducers cannot distinguish the subtle and
sensitive transition variations between wind speeds of 30 m/s,
35 m/s and 40 m/s.

Fig. 7 displays the variation of transition position with angle
of attack at fixed wind speed of 30 m/s. At a = 0°, 1°, 2°, the
position of normalized RMS peak value is x/c = 0.3, then
moves forward to x/c = 0.2 at o = 3°, and further forward to x/c
=0.125 at o. = 4°. Within static stall angle, the higher the angle
of attack is, the more forward the transition position moves.

The detailed surface pressure fluctuations at locations x/c =
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Fig. 6. Normalized RMS of surface pressure fluctuation at different
wind speeds for static airfoil.
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Fig. 7. Normalized RMS of surface pressure fluctuation at different
angles of attack for static airfoil.

0.125 (A), 0.2 (B) and 0.3(C) for static airfoil at o =3° are
displayed in Fig. 8. The location B corresponds to the position
of transition peak. The location A is within the laminar region
and location C is within the turbulent region. The signature at
A, B and C reflects the relative intensity of pressure fluctua-
tion. The fluctuation intensity at location B reaches the maxi-
mum level, which indicates transition event occurs in the sur-
face flow.

Fig. 9 shows power spectral density for pressure fluctua-
tions at the three locations. The power spectral density tells the
difference more clearly. At transition region x/c = 0.2, higher
frequencies are activated. Moreover, Fig. 9 indicates that the
fluctuation intensity behind transition (x/c = 0.3) drops to a
still significant level but higher than the fluctuation intensity
before transition (x/c = 0.125).

Variation of transition position with angle of attack and
wind speed are displayed in Figs. 10 and 11. For the purpose
of comparison, XFOIL is used to calculate the transition posi-
tion at the same conditions. XFOIL was first developed by
Prof. Mark Drela at MIT as a design tool for the MIT Daeda-
lus project in the 1980s. It can predict the transition by €
method. Here, N = 8 was taken. Increasing in either wind
speed or angle of attack leads to the forward movement of
transition position, which complies with the general knowl-
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Fig. 8. Surface pressure fluctuations at locations A (x/c = 0.125), B(x/c
=0.2) and C(x/c = 0.3) for static airfoil at « =3°.
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Fig. 9. Power spectral density for pressure fluctuation at locations A, B
and C.

edge of boundary transition, though the not-closely-spaced
distribution of dynamic pressure transducers at leading edge in
the present testing cannot accurately detect the variation of
transition point at smaller angle of attack. The result from
static airfoil indicates that the operation of the wind tunnel,
model, transducers and apparatuses in this experiment was
well-conditioned and has established the foundation of pro-
ceeding with the oscillating airfoil experiment.

3.2 Oscillating airfoil

3.2.1 Data processing
The wind speed in the case of oscillating airfoil was 30 m/s,
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Fig. 11. Variation of transition position with angle of attack.

acquisition frequency was 500 Hz, oscillation frequencies of the
model were /= 0.1, 0.2, and 0.5 Hz, respectively, and the corre-
sponding acquisition times were 1280 s, 1280 s, and 1024 s.

Phase-averaged method is often applied in the processing
data from pitching airfoil. Data with the same phase is used to
calculate the variation of average value and root mean square
of signature with phase. Large amount of data is needed for
accurate statistic values. It is important for phase-averaged
method to keep the strict periodicity of oscillation system.
However, as a result of the clearance error between mechani-
cal part and motor driven system, the points of data acquired
during different oscillation period are not strictly identical
(e.g., while oscillation frequency was 0.1 Hz, 5077 data points
were in the 1st period, but 5012 data points in the 2nd with 65
points missing, and as well the similar situation existed in the
latter period), and thus the data statistic of each period accord-
ing to the acquisition points or time became rather complex.
Furthermore, due to the inertia, when the airfoil pitched to the
maximum amplitude, the angle of attack would have slight
fluctuation and the measured angles were irregular. If large
storage capacity of acquisition system is available, one can
pick up the data with the same phase or angle to get accurate
statistic result. However, practical limitation of storage capac-
ity made it more difficult to process imperfectly sampled dy-
namic data.
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Fig. 12. Variation of RMS with number of sample periods for phase
averaged method. Sampling position was located at x/c = 0.3. The
RMS peak gradually emerged with the increase in number of sampling
periods.

A fitted phase-averaged method was put forward in the pre-
sent paper to obtain the reliable statistical values. First, the
ascending 0° point was labeled as the initial point, and the
time between two consecutive ascending 0° points was re-
garded as a period. Then, the same number of data were ob-
tained from every period by first-order interpolation. Finally,
the fitted data with the same phase were collected together to
calculate the mean value and Root mean square (RMS) in a
normalized period as the following:

1 & —\2
RMS(t,) ZJ;Z(p(t, +kT)-p,) , )
where
_ o1&
D, :;Zp(a +kT), ()

was phase-averaged pressure, T was oscillation period, and »
the number of sampling periods.

In the present study, the number of interpolation points in a
period was 3000. As mentioned, the RMS peak of pressure
signature determined the transition position, and therefore it
was key to find a sharp RMS peak. However, as far as the
phase-averaged method is concerned, the sharp RMS peak
depended on the number of sampling periods. Fig. 12 displays
the variation of RMS of pressure signature at x/c = 0.3 with
number of sampling periods, while oscillating frequency was
0.2 Hz. Too few sampling periods, e.g., 20 periods, could not
clearly tell the RMS peak. With the increase in the number of
sampling periods, the RMS peak gradually emerged. We
adopted 120 sampling periods to find the sharp RMS peak.
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Fig. 13. Free transition case: RMS value of pressure fluctuation on
oscillating OA209 airfoil at x/c = 0.05, 0.125, 0.2, 0.3.

3.2.2 Oscillation at frequency 0.2 Hz,

The RMS value of pressure fluctuation for free transition at
oscillation frequency 0.2 Hz is presented in Fig. 13. The tran-
sition peaks in Fig. 13 are obvious. The transition peak first
occurs at x/c = 0.3 at a =0°. And then pitching up motion
moves the transition peak to x/c = 0.2 at « ~1.9°. Further
pitching up shifts the transition peak forward to x/c = 0.125 at
a~44°. At a~6.6°, the location of transition peak ap-
proaches x/c = 0.05, almost at the leading edge. The RMS
level behind transition peak is higher than before the transition
peak, which means flow in the turbulent state. In the motion of
pitching down, there occurs another RMS peak, which indi-
cates flow relaminarization. Relaminarization first occurs at
x/c = 0.05, and further pitching down moves the relaminariza-
tion downstream.

At the bottom of Fig. 13, the labels A, B and C represent
three different flow states. The original pressures signatures
corresponding to the flow states A, B and C are presented in
Fig. 14. Fig. 14(a) displays the pressure fluctuation in the
laminar flow, Fig. 14(b) in the transitional flow, and Fig. 14(c)
in the turbulent flow. As in the case of static airfoil, Fig. 14
indicates that pressure fluctuation in transition state is still
maximum for pitching airfoil, and thus the transition peak is
easy to identify. By a comparison of the results in static ex-
periments with that in pitching airfoil experiments, one can
draw the conclusion that the transition peak detected from
RMS value of pressure fluctuation can determine the transi-
tion position both for static and pitching airfoil.

The variation of transition and relaminarization position
with angle of attack is presented in Fig. 15, which only dis-
plays the transition or relaminarization positions detected by
pressure transducers at x/c = 0.05, 0.125, 0.2, 0.3 and 0.4 on
the upper airfoil surface. Beyond x/c = 0.4, the flow is always
turbulent. The reduced frequency & =0.013 is so low that the
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Fig. 14. Variation of pressure fluctuation with time at x/c = 0.3.
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Fig. 15. Transition and relaminarization position on the upper surface
for pitching OA209 airfoil at wind speed of 30 m/s and oscillation
frequency of 0.2 Hz.

hysteresis loop is small. At «=~-1°, the upstroke curve
(laminar flow transition) and downstroke curve (turbulent
flow relaminarization) cross. At angles of attack above
a ~—1°, as far as fixed chord position is concerned, e.g., x/c
= 0.2, the relaminarization angle is larger than the transition
angle; thus downstroke motion is favorable for flow relami-
narization. While angle of attack is below o ~—1°, the up-
stroke motion causes the enhancement of laminarity. However,
for small oscillation frequency, e.g., 0.2 Hz, one can roughly
say that transition during upstroke and relaminarization during
downstroke almost occur at the same angle of attack.

To further verify the feasibility of pressure RMS method for
pitching airfoil, a fixed transition experiment, in which transi-
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tion trip was fixed at x/c = 0.05, was performed. Fig. 6 dis-
plays RMS value of pressure fluctuation at x/c = 0.05, 0.125,
0.2, and 0.3 in the fixed transition case. The transition peaks
evident in the free transition case, as shown in Fig. 13, how-
ever, were only recognized at x/c = 0.05 (before transition
trip) in the fixed transition case. As for at x/c = 0.125 and the
latter positions, no transition peak of RMS occurred, i.e., the
boundary-layer flow already had changed to turbulence. The
fixed transition experiment for oscillation airfoil further dem-
onstrated that occurrence of the transition peak was a charac-
teristic feature of flow transition no matter whether static or
pitching airfoil experiment was performed.

3.2.3 Effect of oscillation frequency on transition peak

The effect of oscillation frequency on transition peak was
investigated in the present paper. The investigation was car-
ried out at V = 30 m/s and oscillation frequency of 0.1, 0.2,
and 0.5 Hz. Fig. 17 presents RMS value of pressure fluctua-
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Fig. 18. Hysteresis loops for transition peak at oscillation frequencies
of 0.2 and 0.5 Hz.

tion at x/c = 0.3 for different oscillation frequency. During the
upstroke motion, the transition angle at x/c = 0.3 is 0.47° for
oscillation frequency of 0.1 Hz, 0.065° for 0.2 Hz and -1.39°
for 0.5 Hz. During the downstroke motion, the relaminariza-
tion angle at x/c = 0.3 is 0.46° for frequency of 0.1 Hz, 0.37°
for 0.2 Hz and 1.56° for 0.5 Hz. With the increase in oscilla-
tion frequency, the transition is promoted and relaminarization
is enhanced.

The hysteresis loops for transition peak at oscillation fre-
quencies of 0.2 Hz and 0.5 Hz are presented in Fig. 18. With
increasing in oscillation frequency, the hysteresis loop is lar-
ger near the leading edge and basically encircles the small
hysteresis loop. Note that in the present study the oscillation
frequency is lower and in the case of higher oscillation fre-
quency the hysteresis loop for transition peak is larger at the
most downstream position [17].

4. Conclusions

Experiments on transition detection by using RMS peak of
surface pressure fluctuation were performed for static and
pitching OA209 airfoil in wind tunnel. The RMS peak was
manifest for either static or pitching airfoil. Results indicated
that transition position on pitching airfoil could be detected by
finding RMS peak of fluctuated pressure signature. Experi-
ments on fixed transition for pitching airfoil demonstrated the
conclusion. Moreover, effect of low oscillation frequency on
transition peak has been investigated especially. At low oscil-
lation frequency, e.g., k = 0.013, the hysteresis loop for the
transition peak was small. With increasing in oscillation fre-
quency, the hysteresis loop became larger and encircled the
small hysteresis loop. In contrast to higher frequency pitching,
upstroke motion at low frequency promoted the laminar flow
transition, and downstroke motion at low frequency enhanced
turbulent flow relaminarization.
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Nomenclature

G, : Pressure coefficient
P; : Pressure

PSD  : Power spectral density
RMS  : Root mean square
Vv : Wind velocity

a : Angle of attack
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