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Abstract

The unsteady boundary layer transition on the pitching helicopter main rotor blade airfoil DSA-9A was experimentally
investigated by the use of hot film anemometry and unsteady pressure measurements. The unsteady flow characteristics
on the upper and the lower side of the airfoil were analyzed for steady test cases and dynamic cases with sinusoidal
pitching motion in attached flow conditions at M = 0.30 and Re = 1.8×106. The paper discusses the unsteady transition
characteristics in detail and presents the influence of the pitching frequency on the unsteady transition. The results
indicate that a large transition hysteresis exists on both sides of the airfoil, and that the hysteresis is much larger than can
be explained by the unsteadiness in lift. Significant transition zones exist on the airfoil with sizes of up to 55% chord.
The frequency influence is seen in an increase in the hysteresis and in a reduction of the size of the transition zone with
increasing frequency.

NOMENCLATURE

α Angle of attack, deg

α50 Angle of attack at 50% intermittency, deg

αend Angle of attack at the end of transition, deg

αonset Angle of attack at transition onset, deg

σU Standard deviation of voltage, V

c Chord, m

cL Lift coefficient

cP Pressure coefficient

f Frequency, Hz

k Reduced frequency, k = π f c
V∞

l Length of the transition region, m

M Mach number

N Number of samples

Re Reynolds number

s Skewness
∗Corresponding author. Email: kai.richter@dlr.de

T Period, s

t Time, s

Ui Voltage, V

U Voltage mean, V

V∞ Freestream velocity, m/s

x Coordinate in streamwise direction, m

(x/c)onset Dimensionless coordinate of transition onset

1 INTRODUCTION

Modern helicopters are developed to offer excellent aero-
dynamic performance in a variety of flight conditions. Low
power consumption is essential and all major rotorcraft
components are designed to have low drag. As the main
rotor makes an important contribution to the overall power
consumption of the helicopter, modern rotors are optimized
to have significant portions of laminar flow on the blades to
ensure low drag. Therefore, the laminar/turbulent bound-
ary layer transition plays an important role in the aerody-
namics of rotors and rotor blade airfoils, and the transition
characteristics have become an inherent part of the airfoil
design. State-of-the-art design methodologies try to take
the dynamic performance of the oscillating airfoil into ac-
count. However, due to a lack of detailed knowledge of



the unsteady transition on oscillating rotor blade airfoils
and due to the unavailability of reliable unsteady transition
prediction tools, the steady transition characteristics of the
static airfoil are still used in the design. Potential benefits
of taking the unsteady characteristics into account cannot
be employed.

Currently the only way to obtain information about the
unsteady transition behavior on rotor blades and rotor blade
airfoils is wind tunnel testing. The main measurement
technique established for unsteady transition detection is
the hot film anemometry. Since transition measurements
are complex, only few investigations have been under-
taken with respect to the dynamic transition characteristics.
Very few results were published for rotating blades or ro-
tors with cyclic blade motion: Sémézis & Beaumier [1]
measured the unsteady transition on the isolated 7A/7AD
model rotor in two radial stations r/R = 0.70 (OA213 air-
foil) and r/R = 0.90 (OA209 airfoil) for different forward
flight conditions. In each station, ten hot film sensors were
coarsely distributed over the upper and lower sides, provid-
ing the transition characteristics for these sections during
selected conditions. Raffel et al. [2] published transition
results measured on a BO105 model rotor as part of the
GOAHEAD helicopter configuration, with 40 sensors dis-
tributed over four sections at r/R ∈ [0.60,0.80,0.90,0.95]
(all NACA23012mod airfoil). Due to problems in the ex-
periment, the transition behavior could only be evaluated
for a few single sensors.

More investigations were undertaken for pitching air-
foils. Most of them dealt with the transition on symmet-
ric NACA airfoils (NACA0012, NACA0015) for incom-
pressible flow at low Reynolds numbers [3, 4, 5, 6, 7]. The
measurements had high spatial resolution due to large num-
bers of hot films sensors of up to 140 and revealed the ba-
sic hysteresis that occurs between upstroke and downstroke
motion, the basic frequency effect, and the basic Reynolds
number effect on the transition location. However, since
flow over a helicopter rotor blade is compressible and with
Reynolds numbers one order of magnitude higher than in
these investigations, the findings are rather of qualitative
than of quantitative nature for helicopter aerodynamics.

Investigations performed for high Reynolds numbers are
limited to the work of Lorber & Carta [8], Chandrasekhara
& Wilder [9] and the main authors of this paper, Richter et
al. [10, 11]. Lorber & Carta [8] measured the unsteady tran-
sition on the upper side of a finite-span wing using the SSC-
A09 rotor blade airfoil with 16 sensors coarsely distributed
over three sections, and discussed the upstroke/downstroke
hysteresis, the effects of Mach number, model sweep an-
gle, and pitch rate. Chandrasekhara & Wilder [9] per-
formed measurements on a NACA0012 airfoil with 148
sensors in one section, discussing the effects of pitch rate
and Mach number. Surprisingly, the data shows no up-
stroke/downstroke hysteresis. Richter et al. [10, 11] mea-
sured transition on the EDI-M109 rotor blade airfoil with
40 sensors in one section. In contrast to the work of the
other researchers, who describe the transition location by a

Figure 1: DSA-9A airfoil model in the Transonic Wind
Tunnel Goettingen.

single point only, Richter et al. resolve the transitional zone
by separating the beginning and the end of the transition
zone, and the point of maximum RMS (50% intermittency).
With this approach the hysteresis and the effects of pitch-
ing amplitude, mean angle of attack and Mach number are
discussed for the upper side transition behavior. Since the
analysis of the hot film sensor signals was complicated and
time consuming, previous publications are typically limited
to few test cases, and the number of test cases generally re-
duced when the number of sensors increased.

This paper presents results of a wind tunnel test studying
the unsteady transition on the upper and the lower sides of
a helicopter rotor blade airfoil at flight-relevant Reynolds
numbers performed in the DLR-project STELAR. With the
aid of a new automated transition detection method applied
to hot film data, the analysis of a large number of sensors
was possible for various test cases. This enabled the de-
tailed investigation of the transition characteristics on both
sides of the airfoil and of the influence of the pitching fre-
quency on the transition characteristics.

2 EXPERIMENTAL SETUP

A two-dimensional model of the rotor blade airfoil
DSA-9A was used. The carbon-fiber composite model had
a chord, c, of 300mm, a span of 997mm, and a maximum
thickness of 9% chord. The model was mounted horizon-
tally in the 1m×1m adaptive-wall test section of the Tran-
sonic Wind Tunnel Göttingen (DNW-TWG), as shown in
Fig. 1, and was driven via drive shafts through the side-
walls attached at the quarter-chord location. The adaptive
test section has a flexible ceiling and floor which were stat-
ically adapted based on the mean angle of attack of the
model to minimize the wall interferences. Hydraulic mo-
tors, located outside the test section, drove the model from
both sides. The model was fitted with 50 Kulite® XCQ-093
unsteady pressure sensors in a single section. The sensors
were situated to have a maximum discretization error of 1%
in the lift and pitching-moment coefficients evaluated from
the pressure taps.
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Figure 2: Layout of the top side (top) and bottom side (bot-
tom) hot film sensor arrays
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Figure 3: Distribution of hot film sensors and pressure sen-
sors in the DSA-9A cross section

The model was additionally equipped with 61 cus-
tomized Senflex® hot film sensors distributed on two
Upilex® S polyimide sheets on the upper and lower sur-
faces of the model. The sensor array layout, the arrange-
ment of the sheets on the model, and the electrical inte-
gration were designed to minimize disturbance of the mea-
surements and of the airfoil flow. The layouts of the sen-
sor arrays are shown in Fig. 2. The sensors were placed
on a line with an inclination of at least 15◦ to the main
flow direction to reduce the passage of a sensor’s wake
over other sensors. The upper-surface sheet was wrapped
around the model leading edge and contained 36 sensors
between x/c = 0.70 on the upper surface and x/c = 0.05
on the lower surface. The sensors had an increasing spac-
ing starting from ∆x/c = 0.01 around the leading edge and
reaching ∆x/c = 0.05 downstream of x/c = 0.55. The
lower-surface sheet was completely attached to the lower
model side and contained 25 sensors between x/c = 0.15
and x/c = 0.96 with a spacing between ∆x/c = 0.015 and
∆x/c = 0.05. The sheets were glued onto the model in
specially-prepared recesses, so that no thickness was added
to the model. The electrical wiring was installed inside of
the model. Figure 3 shows the distribution of the hot film
and pressure sensors in the model cross section. During the
measurements, a few hot film sensors failed: x/c = 0.24 on
the upper side, and x/c ∈ [0.20,0.60,0.78,0.80,0.96] on
the lower side.

The hot film sensor arrays consisted of nickel sensor el-
ements and copper leads. The sensor elements had a length
of 1.4mm, a width of 0.1mm and a height of 0.2 µm. The
nominal cold resistance was around 6Ω/mm, resulting in a
sensor-element resistance of approximately 9− 10Ω. The



copper leads had a width of 2mm, height of 5.1 µm, and
varying lengths due to the layout of the array. The nomi-
nal cold resistance of the leads was around 0.005Ω/mm,
leading to a maximum resistance of the longest lead of ap-
proximately 1.1Ω. The resistance ratio of sensor elements
to leads was greater than 9.2 for the entire array. The array
was operated in constant-temperature mode with an over-
heat ratio of 1.3. No calibration was performed since a
calibration for unsteady flows is very complicated and the
objective of this experiment was to investigate the qualita-
tive time-dependent behavior of the boundary-layer shear
stress characteristics and not the quantitative measurement
of the shear stress itself. Hot film data was sampled at a
rate of approximately f = 135kHz and synchronized with
the pressure measurements that were performed with 1024
samples per model pitching period. The pressure data was
recorded for 160 pitching periods, whereas the hot film data
was recorded only for the first 80 periods due to the huge
amount of data.

Measurements were conducted for a steady polar and
several dynamic test points at M = 0.30 and Re= 1.8×106.
Sinusoidal pitching motions around mean angles of attack
of 4◦ and 5◦ with amplitudes of 6◦ and 7◦ were performed
at frequencies 1.1Hz ≤ f ≤ 6.6Hz. The conditions of the
test points were chosen to have attached flow during the
entire motion.

3 TRANSITION DETECTION

The analysis of pitching airfoil hot film data for transi-
tion detection is usually based on the manual analysis of
the sensor voltage output. Using the phase-averaged (also
called ensemble-averaged in some publications) voltage
signal of an individual sensor, transition is detected by a
visual interpretation of the changes in voltage levels that
occur when the flow state changes between laminar and
turbulent, as shown by Lee & Basu [6] and Richter et al.
[11]. Such interpretation has to be performed by an expert
for each sensor of the hot film array, making the analysis
of the data rather complicated and very time consuming.
This explains why only few test cases were investigated
by each research group in the past, and why the number
of published test cases usually further reduced when large
numbers of sensors were used.

For the transition detection in this work, a new detection
method was developed which allows a computer-aided au-
tomated detection of the transition location. This method is
based on the skewness of the voltage s

s =
1
N

N

∑
i=1

(
Ui−U

σU

)3

(1)

computed with the sensor voltage Ui, the mean voltage U ,
the standard deviation of the voltage σU , and the number of
samples N. The skewness describes the degree of asymme-
try of the signal around its mean, and can be used to char-
acterize the boundary layer state in the intermittent flow
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Figure 4: Voltage signal (top) and skewness (bottom) for
the sensor at x/c = 0.07 on the upper side for α = 4◦±6◦,
f = 6.6Hz, M = 0.30, and Re = 1.8×106

region as shown by Tiedemann [12] based on the findings
of Tetýanko [13]. The skewness of the voltage is computed
in a sliding window.

Figure 4 shows the voltage (top) and the skewness (bot-
tom) distributions for a sensor at x/c = 0.07 on the upper
side of the pitching airfoil as an example. The graphs rep-
resent a part of the pitching cycle, with the minimum angle
of attack reached at t/T = 0 and t/T = 1, and the max-
imum angle of attack at t/T = 0.5. For purely laminar
flow in t/T ≤ 0.35 and t/T ≥ 0.69, and for purely turbu-
lent flow in 0.39≤ t/T ≤ 0.67, the voltage fluctuations are
nearly evenly distributed around the laminar or turbulent
mean voltages levels, respectively. The skewness is near
zero in both cases. Transition from laminar to turbulent oc-
curs within 0.35≤ t/T ≤ 0.39. In the first half of the tran-
sition process in 0.35≤ t/T ≤ 0.37, an increasing number
of random turbulent spots occurs in the laminar base flow,
leading to positive skewness. The start of transition can be
detected by the deviation of the skewness from zero. For
50% intermittency, when the flow is exactly between the
two flow states, the voltage signal changes equally between
the laminar and the turbulent levels, resulting in a skewness



of zero (x/c = 0.37). For further progressing transition in
0.37 ≤ t/T ≤ 0.39, the flow state is near turbulent with a
reducing number of random laminar spots, resulting in neg-
ative skewness. The end of transition can be detected when
the skewness is approaching zero again. For the relaminar-
ization occurring in 0.65≤ x/c≤ 0.69, the skewness distri-
bution develops vice versa with a positive peak following a
negative peak.

It was possible to automate the detection of the begin-
ning and the end of laminar and turbulent flow, and of 50%
intermittency during transition and relaminarization. As
long as the detection is applied to the skewness distribu-
tion derived from the voltage signal of a single pitching
cycle, the method is based on the physical interpretation of
the laminar/turbulent fluctuations in the boundary layer. If
a phase-averaged voltage signal is used, the method does
not allow a physical interpretation but provides very sim-
ilar results compared to when the single-cycle detections
are averaged afterwards. In this work, the detection was
performed for the individual cycles, enabling the quantifi-
cation of the scatter of the detected events. The results dis-
cussed in this work are the averaged values of 80 single
cycle detections.

4 DETAILED TRANSITION ANALYSIS FOR THE
PITCHING AIRFOIL

This section describes the detailed analysis of the unsteady
transition characteristics of the pitching DSA-9A airfoil in
subcritical flow. The transition movement can be well de-
scribed using a test case with α = 4◦± 6◦ and k = 0.060
( f = 6.6Hz) at M = 0.3 and Re = 1.8× 106. The Mach
and Reynolds numbers represent flow conditions existing
on the retreating blade during forward flight, and the pitch-
ing frequency is equal to the main rotor rotation frequency.
The combination of mean angle of attack and amplitude
is chosen so as to allow a transition movement completely
over the hot film sheets both on the upper and on the lower
model sides, enabling transition measurements with all hot
film sensors.

4.1 Unsteady transition movement

The unsteady transition movement on the upper and lower
sides of the airfoil is presented in Fig. 5. Figures 5a and
5b show the distributions of the lift coefficient and indi-
cate that the chosen test case has a sinusoidal lift curve
and, therefore, no flow separation. The transition charac-
teristics of the upper side are shown in Figs. 5c and 5d by
the transition location plotted over the nondimensional time
and the angle of attack, respectively. The characteristics
of the lower side are given in Figs. 5e and 5f in the same
manner. The symbols reflect the hot film sensor positions,
and closed and open symbols represent the upstroke and
the downstroke, respectively.

The transitions characteristics on the upper side, as
shown in Figs. 5c and 5d, confirm the basic trends shown

by other researchers [8, 6, 11]: the transition moves up-
stream with increasing angle of attack, and vice versa, de-
veloping a hysteresis between the upstroke and the down-
stroke, leading to enhanced laminar flow on the upstroke
compared to the downstroke. A transitional zone can be
identified on the upstroke and on the downstroke, since
the onset of transition, 50% intermittency, and the end of
transition are clearly separated events. A time delay can
be seen between the transition movement and the model
motion, with the transition movement following the model
motion.

Transition moves on the upper side between x/c = 0.01
and the end of the hot film sheet. The leading edge sensor at
x/c = 0.00 always showed laminar flow, whereas the sen-
sor at x/c = 0.01 measured laminar, intermittent and, for
a very short period, also turbulent flow. The most down-
stream clear indication of complete transition was found
at x/c = 0.65, whereas no laminar flow was present at
x/c = 0.70. This sensor signal was uncertain between in-
termittent and turbulent flow. The rate of the transition
movement is rather mild as the transition needs nearly
40% of the cycle to change its position from x/c = 0.65
to x/c = 0.01, and vice versa. As an example, the lo-
cation of 50% intermittency moves across this region in
∆t/T = 0.384 (∆α = 11.24◦) during the upstroke, and in
∆t/T = 0.350 (∆α =−10.51◦) on the way back during the
downstroke. Significant parts of the DSA-9A upper side
flow are in the intermittent flow state, similar to results
shown by Richter et al. [11, 10] for the EDI-M109 airfoil at
the same freestream conditions. The relations between the
three transition parameters and the time or the angle of at-
tack are also similar to results presented for EDI-M109 air-
foil, however, with more transition movement existing on
the DSA-9A airfoil, due to the different choice of test case.

The transition on the lower side can also be represented
by the three transition parameters, as shown in Figs. 5e and
5f. The transition movement is very different to that on
the upper side. It has the opposite direction, as expected,
and the rate of movement is significantly higher. The mo-
tion is dominated by a rapid jump between the leading edge
and the trailing edge regions. The movement covers almost
the entire lower surface as measured between x/c = 0.03
and the last operating sensor at x/c = 0.945. Upstream of
x/c = 0.03, the sensor signals could not be analyzed. As
for the upper side, a hysteresis develops between the up-
stroke and the downstroke, but on the lower side the hys-
teresis leads to reduced laminar flow on the upstroke com-
pared to the downstroke. Again, a time delay between the
transition movement and the model motion can be seen.
The rapid changes in the transition location take place near
the beginning and the end of the period, with 50% inter-
mittency moving from x/c = 0.05 to x/c = 0.86 in only
∆t/T = 0.127 (∆α = 3.55◦) on the upstroke and back on
the downstroke in ∆t/T = 0.081 (∆α = −1.50◦). During
the rest of the cycle, the locations change only slightly,
leading to laminar flow upstream of the tab on the lower
side for the largest part of the period.
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(c) Upper side: transition locations over time
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(d) Upper side: transition locations over angle of attack
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(e) Lower side: transition locations over time
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Figure 5: Unsteady lift coefficient and transition parameters for α = 4◦± 6◦, k = 0.060, M = 0.30, and Re = 1.8× 106

for upstroke (closed symbols) and downstroke (open symbols).
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Figure 6: Comparison of steady and unsteady transition characteristics for α = 4◦ ± 6◦, k = 0.060, M = 0.30, and
Re = 1.8×106

Figure 6 shows a comparison of the unsteady transi-
tion characteristics with the steady transition behavior. The
steady behavior was measured in continuous but very slow
angle of attack sweeps in order to allow the analysis of the
hot film data in the same way as for the unsteady data. A
pitch rate of dα/dt = 0.1◦/s was slow enough to ensure
quasi-steady flow around the model. Figures 6a and 6b
show the positions of transition onset, 50% intermittency
and transition end plotted over the angle of attack. The
curves of 50% intermittency and of the end of transition are
shifted horizontally by ∆α = 2◦ and ∆α = 4◦ (Fig. 6a), re-
spectively, for the upper side and by ∆α = 6◦ and ∆α = 12◦

(Fig. 6b), respectively, for the lower side to enhance the
readability of the plots.

The steady transition is found to lie within the hysteresis
loops of the unsteady transition both on the upper and on
the lower side as expected. However, no consistent trend
can be identified, which could have been helpful to trans-
fer a steady transition behavior to a pitching airfoil. On
the upper side, the steady onset of transition and steady
50% intermittency are both biased towards the upstroke.
In contrast to this, the steady behavior of the end of tran-
sition comes close to the downstroke behavior at medium
and high angles of attack. On the lower side, the trends are
again different, with the steady behavior of transition on-
set approximately in the center of the unsteady hysteresis,
but 50% intermittency and the end of transition are signifi-
cantly nearer at the upstroke characteristics.

4.2 Length of the transition region

Most previous steady and unsteady transition investigations
on airfoils, wings or rotor blades measured a single transi-
tion position. This gave a good estimation of the transition
location but did not allow a more detailed analysis of the

transition region. It is known that the definition of a sin-
gle transition point is not the correct physical interpretation
of the transition phenomenon. Instead, the boundary layer
progressively changes within a zone [14]. In the present
work, the separate detection of the beginning and of the
end of the transition process from a single hot film sen-
sor signal, see Fig. 4, was performed for a large number of
sensors. This allowed the determination of the size of the
transition zone. For this purpose, the curves of transition
onset and transition end shown in Figs. 5c to 5f were fitted
with splines and the length of the transition region l was
computed based on these splines. The results are shown
in Fig. 7 with l/c plotted over the angle of attack for both
sides and for the upstroke and the downstroke. In contrast
to all previous plots, the symbols in Fig. 7 do not corre-
spond to sensor positions, but only label the curves.

The results show that the transition zones on both sides
of the pitching airfoil have substantial lengths even though
the Reynolds number is high. Figure 7 indicates that the
length of the transition zone on the lower side is signif-
icantly larger than on the upper side, and l/c is seen to
change both with the angle of attack and with the motion of
the model on both sides. Since the flow conditions M = 0.3
and Re = 1.8×106 correspond to full scale conditions, it is
expected that comparable sizes of the transition zone will
also be reached when the DSA-9A airfoil is used on a rotor
blade (as long as the influence of the rotation is small).

On the upper side, the length of the transition zone re-
duces with increasing angle of attack when the transition
moves upstream towards the leading edge. The length
changes from l/c≈ 0.2 at angles below zero to a very small
size of l/c ≈ 0.01 at α ≈ 9◦. The direction of motion has
only small influence on l/c since the curves of upstroke
and downstroke are similar. However, the size of the tran-
sition region is approximately 1% of chord larger during
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Figure 7: Length of the transition zone for α = 4◦± 6◦,
k = 0.060, M = 0.30, and Re = 1.8×106

the upstroke than during the downstroke. Comparing the
two curves closely, one can see that they are almost identi-
cal but have a shift in the angle of attack of approximately
1◦. However, this α-shift cannot be found in the transition
locations shown in Fig. 5d.

The behavior of the transition zone length on the lower
side is dominated by the rapid jumps of the transition.
These cause much larger transition zones and a higher in-
fluence of the direction of motion than on the upper side.
While near the minimum angle of attack l/c is in the range
of 4% chord (upstroke) to 7% chord (downstroke), the
abrupt movements of the transition between the leading
edge and the trailing edge regions cause strong increases
in l/c, reaching maxima of l/c ≈ 0.43 (0.9◦ ≤ α ≤ 1.8◦)
during the upstroke and l/c = 0.55 (α =−1.2◦) during the
downstroke. On the upstroke, the transition movement is
found to be initiated by a sudden downstream displace-
ment of the end of the transition region, as can be seen
in Fig. 5e. The beginning of the transition region follows
with a small time delay, resulting in an extreme spreading
of the transition zone. When the end of the zone reaches the
region on the airfoil upstream of the tab, its further down-
stream motion is slowed down. Since the beginning of the
transition zone follows rapidly, the transition zone shortens
again. During the downstroke, the progression of the up-
stream transition zone movement happens opposite com-
pared to the upstroke. First the beginning of the transition
region starts its rapid movement from the trailing edge to
the leading edge, followed by the end of the transition zone.
Since the gradients of the movement d(x/c)/dt and dα/dt
are higher during the downstroke than during the upstroke
for this test case, see Fig. 5e, the transitional zone is spread
even more and a higher l/c-maximum is reached. After the
beginning of the transition zone reached the leading edge
region, l/c reduces significantly.

The size of the transition zone at steady flow conditions
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Figure 8: Length of the transition zone for α = 4◦± 6◦,
k = 0.060, M = 0.30, and Re = 1.8×106

is found to be similar to the unsteady behavior. Figure 7
also shows the steady l/c for both airfoil sides, indicating
that the size of the steady transition zone on the upper side
corresponds well to the unsteady behavior during the down-
stroke. In contrast to this, the steady size on the lower side
better matches the unsteady behavior during the upstroke.
However, a significantly lower (l/c)max is reached for the
steady case since the characteristics of the abrupt transition
movement on the lower side is slightly different between
the steady and the unsteady case.

Figure 8 shows l/c plotted over the onset position of the
transition zone (x/c)onset in order to discuss the size of the
transition region depending on where it starts on the air-
foil surface. The style of the curves is identical with the
one in Fig. 7, with the exception that the symbols repre-
sent sensors locations again. The results show that when
the transition occurs near the leading edge, a small but no-
ticeable transition zone develops both on the upper and on
the lower side. Starting from a length of approximately 1%
chord for a transition onset at x/c= 0.01, l/c increases with
increasing distance from the leading edge on both sides.
The rates of increase are significantly different between the
upper and the lower sides, and they are influenced by the
direction of the pitching motion on the lower side in addi-
tion.

On the upper side, the size of the transition zone in-
creases to approximately 18% chord for an onset at x/c =
0.39. The differences between the upstroke and the down-
stroke observed in Fig. 7 almost vanish in Fig. 8. This
means that the transition zone maintains the same charac-
teristics, regardless whether the transition moves upstream
or downstream during the downstroke or the upstroke, re-
spectively. Transition zones starting further downstream of
(x/c)onset = 0.39 could not be evaluated since the end of
the zones were outside of the hot film sensor array. The
detailed development of the transition zone in the leading



edge region shows a particularly interesting result: a de-
lay in the growth of the transition region occurs in 0.06 ≤
x/c ≤ 0.12, where l/c actually even reduces by 1% chord.
This behavior is confirmed by the measurements both on
the upstroke and on the downstroke. However, no reason
for this delay could be found.

On the lower side, the rate of the l/c-increase down-
stream of the leading edge is found to be much larger than
on the upper side. A strong dependency also occurs on
direction of motion as the increase is stronger during the
downstroke than during the upstroke. On the upstroke, a
maximum size of the transition zone on the order of 41%
to 44% chord is measured for 0.30≤ (x/c)onset ≤ 0.50, be-
fore l/c reduces further downstream. Combining this infor-
mation with the previous findings about the development
of the transition movement, it can be concluded that the
abrupt shift of the transition from the leading to the trailing
edge starts with a downstream spreading of the transition
zone until a physical limit of the length of the region is
reached at (x/c)onset ≈ 0.30. This is followed by a shift of
the transition zone maintaining an approximately constant
size until (x/c)onset ≈ 0.50. At this moment, the end of
the transition zone reaches the trailing edge region, and the
zone is shrinking with the beginning of the zone moving
towards the end.

Unlike on the upper side, the transition zone on the lower
side has a different behavior during its upstream movement
(downstroke) than during its downstream movement (up-
stroke). During the downstroke, the maximum of l/c in-
creases even further to ~53% chord reached with a transi-
tion onset position of x/c = 0.25. However, no constant
transition zone size was measured. Instead, the transition
zone is smaller for (x/c)onset > 0.4 during the downstroke
than during the upstroke and it is larger further upstream.

Comparing the size of the transition region for steady
and unsteady conditions in Fig. 8, a very similar behavior
occurs on the upper side but the size of the steady transi-
tion region is always slightly smaller than in the unsteady
case. This means that the unsteady airfoil motion leads
to a growth of the transition region compared to steady
flow, both during the upstroke and the downstroke. On the
lower side, very large differences between the steady and
unsteady results occur and a qualitative similarity is hard
to see. The steady l/c is always smaller than either one of
upstroke and downstroke, too, and it is significantly smaller
for transition onset upstream of 40% chord. Downstream,
the steady behavior approaches the one of the downstroke.

The absence of the influence of the upstroke/downstroke
motion on the upper side transition zone characteristics de-
serves some additional attention. Figure 9 shows the up-
per side pressure distributions for the angles of attack that
correspond to the transition onset positions of x/c = 0.12
and x/c = 0.39 on the upper side. The pressure distribu-
tions with a transition onset at x/c= 0.39 show a stagnation
point since the angle of attack is negative. The closed and
open symbols represent the upstroke and the downstroke,
respectively. It can be seen that, although there is no dif-
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Figure 9: Upper side pressure distributions for select tran-
sition onset positions for α = 4◦±6◦, k = 0.060, M = 0.30,
and Re = 1.8×106

ference in the transition region, the pressure distributions
of upstroke and downstroke are not identical. The upstroke
pressure distribution always has a much higher angle of at-
tack and, correspondingly, the distributions show changes
in the strength of the suction peak. Despite these changes,
the position and the size of the transition region is constant
as it can partly also be identified by the kinks in the pres-
sure distributions. The transition onset positions measured
by the hot film sensors are marked with arrows. Comparing
the pressure gradients dcP/d(x/c) upstream of the transi-
tion onset positions, it was found that the gradient is dif-
ferent for the selected angles of attack, too. It is therefore
assumed that the distributions shown have different bound-
ary layer profiles which counteract the different pressure
gradients, resulting in the same transition behavior.

4.3 Intermittent flow

The flow inside of the transition region is neither fully lam-
inar nor fully turbulent, thus, the boundary layer state of the
intermittent flow is undefined. The amount of intermittent
flow existing on the pitching airfoil is of special interest
since state-of-the-art numerical transition prediction tools
do not physically model this intermittent flow region. In-
stead, the boundary layer change is mostly defined by a sin-
gle transition point and a numerical transformation of the
boundary layer follows based on the turbulence production
of the CFD method. This kind of boundary layer change is
not related to the real physical development.

The discussion of the length of the transition zone al-
ready showed that significant intermittent flow zones exist
on both sides of the pitching DSA-9A airfoil. The hot film
data measured in this work can furthermore be used to ana-
lyze the time span in which a sensor is exposed to intermit-
tent flow as well as the change in angle of attack the airfoil
experiences during this time span. The results are shown in
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Figure 10 with the portion of the period ∆t/T of intermit-
tent flow plotted over the sensor location x/c in Fig. 10a.
The real time span ∆t is plotted on the second vertical axis
in addition. The results show that intermittent flow exists
for significant portions of the period and that ∆t/T depends
on the direction of the transition movement relative to the
flow direction as ∆t/T reduces when the transition move-
ment and the flow are in opposite directions.

On the upper side in Fig. 10a, the qualitative behavior
of ∆t/T is independent of the direction of the pitching mo-
tion. However, intermittent flow exists for a longer time
span on the downstroke at a given coordinate compared to
the upstroke. A roughly constant offset of ∆t/T = 0.007
(∆t ≈ 1ms) occurs, indicating that the transition needs
more time to pass during pitch down, when it moves with
the flow direction, than during pitch up, when it moves in
the opposite direction. The movement of the transition is
generally faster against the main flow direction, which cor-
responds to the gradients of the transition curves shown in
Fig. 5.

No uniform trend between ∆t/T and x/c can be seen
in Fig. 10a on the upper side. Starting from the shortest
time span ∆t/T ≈ 0.025 at the leading edge for both up-
stroke and downstroke, maxima are reached at x/c = 0.22
with ∆t/T = 0.057 and ∆t/T = 0.070, respectively. At
this position, intermittent flow exists for 5.7% of the pe-
riod during the upstroke and 7.0% during the downstroke,
leading to 12.7% during the entire period. In contrast to
this, a clear reduction of ∆t/T happens downstream be-
tween x/c = 0.22 and x/c = 0.46 although the size of the
transition zone increases in this part of the airfoil. Local
minima of ∆t/T are reached at x/c = 0.46 with values sim-
ilar to the ones existing for the very small transition zones
near the leading edge. The speed of the transition move-
ment enhances approximately by a factor of 3 in this re-
gion. Downstream of x/c = 0.46, ∆t/T increases again.

The data ends at x/c = 0.60 since this sensor was the most
downstream sensor at which the full development of tran-
sition and relaminarization could be measured.

On the lower side in Fig. 10a, the behavior is essentially
different since x/c only has a minor influence on ∆t/T for
the largest part of the airfoil and strong changes occur in
the trailing edge region. Upstream of x/c = 0.86, the time
spans are a little smaller than on the upper side. Almost
constant periods of intermittent flow of approximately 4%
and 2% of the period exist during the upstroke and the
downstroke, respectively. Thus, an almost constant offset
between pitch up and pitch down exists also on the lower
side, but with ∆t/T ≈ 0.018 (∆t ≈ 2.7ms) it is almost three
times as large as on the upper side. Since the transition
movement on the lower side happens in the opposite direc-
tion compared to the upper side, the transition movement
against the main flow direction (downstroke) is again faster
than in the same direction (upstroke). In the trailing edge
region, an exponential increase in ∆t/T occurs for the up-
stroke and downstroke in the same manner. The transition
movement slows down seriously, leading to significantly
higher periods of intermittent flow of up to ∆t/T = 0.25
(∆t ≈ 37.9ms) at the last sensor at x/c = 0.935. Therefore,
the rear part of the lower side happens to be in intermittent
flow between 25% and 50% of the entire oscillation period.

In Fig. 10b the duration of intermittent flow is converted
into the angle of attack change ∆α that occurs during the in-
termittent flow zone passes a sensor. The graph is certainly
similar to Fig. 10a but provides valuable information about
the unsteadiness of the flow at a specific position on the
airfoil compared to steady conditions. While of course no
change in α occurs during transition on static airfoils, |∆α|
is significant on a pitching airfoil. On the upper side, |∆α|
varies between |∆α| ≈ 0.4◦ and |∆α| ≈ 2.4◦. On the lower
side, chordwise differences are again less pronounced up-
stream of the trailing edge region, where slightly increas-
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Figure 11: Hysteresis between upstroke and downstroke
for α = 4◦±6◦, k = 0.060, M = 0.30, and Re = 1.8×106

ing values of up to |∆α| ≈ 1.5◦ occur. In the trailing edge
region, however, the α-change that occurs during intermit-
tent flow exists in this region increases to an extraordinary
|∆α| ≈ 7.7◦ for both the upstroke and the downstroke.

4.4 Hysteresis

The degree of unsteadiness of the transition becomes vis-
ible when the hysteresis between the upstroke and the
downstroke is analyzed, and when it is compared with
the unsteadiness of the lift coefficient. Figure 11 shows
the differences in the angles of attack at which transition
occur between the upstroke and the downstroke (∆α =
αupstroke−αdownstroke) plotted over the sensor position. In
addition, the maximum α-change of the lift coefficient
∆αmax(cL) = 0.7◦ is also plotted. The results show that
for the pitching frequency f = 6.6Hz (k = 0.060), which
represents a main rotor frequency of small helicopters very
well, the transition hysteresis is significant for both airfoil
sides and strongly depends on the chordwise position on
the airfoil. It is much larger than the maximum change
caused by the unsteadiness in lift, indicating that the un-
steady transition behavior is not just caused by the lift hys-
teresis. Keeping in mind that the performance prediction
of state-of-the-art helicopter aeromechanics codes [15] is
usually based on steady airfoil performance data (includ-
ing steady transition characteristics) with a correction for
pitching airfoils mostly after Theodorsen [16], no larger
hysteresis than the one of cL can be expected in the re-
sults of these codes. Thus, changes in the airfoil perfor-
mance due to significant unsteady transition characteristics
are currently not included.

Figue 11 shows that the hysteresis is larger on the lower
side than on the upper side. On the upper side, 50% inter-
mittency and the end of transition show a very similar be-
havior, with a strongly increasing ∆α between the leading
edge and x/c = 0.20, reaching a maximum of ∆α ≈ 1.8◦.
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Figure 12: Time delay between between the transition and
the model motion for α = 4◦± 6◦, k = 0.060, M = 0.30,
and Re = 1.8×106

This means that the end of transition occurs at 1.8◦ higher
angle of attack on the upstroke than on the downstroke at
this position. Further downstream, ∆α reduces and reaches
values near ∆α = 0.7◦ at the end of the analyzed region.
On the lower side, a linear increase of ∆α occurs over the
largest part of the airfoil, followed by a sharp drop of ∆α in
the trailing edge region. 50% intermittency and the end of
transition again show a very similar behavior. The hystere-
sis of the onset of transition has a higher sensitivity on both
sides of the airfoil. It reaches higher values of ∆α than the
other parameters, with ∆αmax = 2.1◦ on the upper side and
∆αmax = 3.2◦ on the lower side.

4.5 Time delay

Previous investigations of Richter et al. [10, 11] on the up-
per side of the EDI-M109 airfoil indicated that a time de-
lay occurs between the temporal transition movement and
the motion of the model. The delay ∆t/T seemed to be
constant for several test cases with constant pitching fre-
quency but different combinations of mean angles of attack
and amplitudes. The movement of the transition was found
to be approximately symmetric for the upstroke and the
downstroke when plotted over the time, and the time delay
was calculated from the data measured at the most down-
stream transition position. For the same pitching frequency
as in this work, the delay was determined to ∆t/T = 0.024.

The data measured in this work allowed a more detailed
investigation of the time delay. The delay was calculated
for the three transition parameters at each sensor position:

∆t/T =
(t/T )upstroke +(t/T )downstroke

2
− 1

2
(2)

The results are plotted in Fig. 12 with the same style of
the curves as in Fig.11. The results show that no constant
time delay exists over the airfoil chord. Therefore, the up-



stroke/downstroke transition movement is not symmetric,
although especially Fig. 5c leaves this impression at the
first glance. The time delay has a significant linear increase
over the largest part of the airfoil both for the upper and for
the lower side, and the sensitivity of the onset of transition
of x/c is again larger than those of the other two transition
parameters.

At the leading edge, a small time delay of approximately
∆t/T = 0.017 occurs equally on both sides of the airfoil
and for both the upstroke and the downstroke. The time
delays calculated for 50% intermittency and for the end
of transition increase almost identical to maximum val-
ues of ∆t/T ≈ 0.035 at x/c = 0.55 on the upper side and
∆t/T ≈ 0.043 at x/c = 0.75 on the lower side. The onset of
transition again reaches higher maximum values, instead,
with ∆t/T ≈ 0.037 on the upper side and ∆t/T ≈ 0.052
on the lower side. Evaluating ∆t/T at the most down-
stream transition location on the upper side as it was done
in [10, 11], a time delay of ∆t/T ≈ 0.026 occurs for this
test case. This is very similar to the delay measured for the
EDI-M109 airfoil.

The time delay was also computed for the unsteady lift
coefficient and the maximum (∆t/T )max(cL) = 0.009 is ad-
ditionally shown in Fig. 12. Similar to the hysteresis in
Fig. 11, the time delay due to the unsteadiness of the tran-
sition is much larger than the maximum time delay caused
by the unsteadiness in lift.

4.6 Unsteadiness

On a pitching airfoil, the transition location constantly
moves over the airfoil for the largest part of the pitching cy-
cle. This means that the transition zone moves even while
a fluid element goes through it. The degree of unsteadi-
ness of the transition mechanism can be examined if the
movement of the transition zone is related to the motion of
a fluid element during it travels through the transition zone
with freestream velocity. Figure 13 shows the displacement
∆x/c of the transition region on the airfoil during the pas-
sage of this fluid element plotted over the onset position
of the transition (x/c)onset . In this approach, the varying
sizes of the transition zone as well as the varying speeds
of the transition movement over the airfoil are respected.
The use of the freestream velocity is a simplification that is
done since the consideration of the local flow speed is too
complicated.

The results in Fig. 13 show that the movement of the
transition zone on the upper side is quasi steady compared
to the motion of the fluid element and there is no difference
between the upstroke and the downstroke. The displace-
ment is very close to zero (~0.1% chord) near the leading
edge and increases slightly with an increasing (x/c)onset to
a maximum of ∆x/c ≈ 0.007 at (x/c)onset = 0.39. This
means that the transition zone starting at this position on
the upper side moves only 0.7% chord while the fluid el-
ement goes through it. Thus, a quasi-steady transition be-
havior can be assumed on the upper side, which allows the
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Figure 13: Displacement of the transition zone during
passage of a fluid element for α = 4◦ ± 6◦, k = 0.060,
M = 0.30, and Re = 1.8×106

use of quasi-steady transition prediction tools in a numeri-
cal simulation. On the lower side, much more unsteadiness
is revealed. Since the transition movement happens much
faster, much higher values of ∆x/c occur and differences
between the upstroke and the downstroke become visible
in addition. During the passage of the fluid element, the
transition zone moves by a maximum of as much as 13%
of chord on the downstroke. On the upstroke, significantly
lower values are reached but still a maximum of 5.2% chord
occurs. Thus, the transition behavior on the lower side is
seen to be really unsteady, and we can expect that quasi-
steady transition prediction will encounter problems here.

5 INFLUENCE OF THE PITCHING FREQUENCY

The influence of the pitching frequency on the un-
steady transition was investigated for a model motion of
α = 5◦±7◦ at M = 0.3 and Re = 1.8×106. The frequency
was varied in 0.010≤ k≤ 0.060 (1.1Hz≤ f ≤ 6.6Hz) with
steps of ∆k = 0.010 (∆ f = 1.1Hz). The frequency effect
will be discussed with respect to changes in the unsteady
transition movement, the size of the transition region, the
intermittent flow, and the time delay between the transition
movement and the model motion.

5.1 Unsteady transition movement

The influence of the pitching frequency is shown in Fig. 14
by the locations of the onset and the end of the transition
zone plotted over the angle of attack for both sides of the
airfoil, and for the six reduced frequencies investigated.
The steady transition behavior is shown in addition. The
results indicate that the frequency has a large effect on the
transition characteristics in general, leading to an increase
in the hysteresis between the upstroke and the downstroke
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Figure 14: Transition parameters for a frequency sweep with α = 5◦± 7◦, M = 0.30 and Re = 1.8× 106 for upstroke
(closed symbols) and downstroke (open symbols).

on both sides of the airfoil. These findings confirm and ex-
pand the findings of previous studies [6, 8] in which the
frequency effect on a single transition point was discussed
for the upper side of pitching airfoils.

On the upper side of the DSA-9A airfoil, the frequency
effect is different for the onset and the end of transition,
and it depends on the direction of the movement in addi-
tion. The transition onset shows a very similar behavior
for all frequencies during the upstroke, shown in Fig. 14a.
An increasing ∆α is caused by the increasing frequency,
leading to a delay of the transition onset to higher angles
of attack. The α-offset is slightly larger in the front part
of the airfoil than in the central part. For the highest fre-
quency k = 0.060, ∆α ≈ 0.7◦−0.8◦ exists compared to the
lowest frequency k = 0.010. Analogously, the frequency
effect results in a reduction of the onset angle of attack
on the downstroke, i.e. transition happens earlier. With

a maximum of only ∆α ≈ −0.3◦ between k = 0.010 and
k = 0.060, this effect is smaller than the frequency effect
during the upstroke and it vanishes near the leading edge.

The end of transition, shown in Fig. 14b, exhibits a fre-
quency effect similar to the one of the onset of transition.
On the upstroke, an α-offset occurs nearly independent of
x/c, delaying the end of transition to higher angles of at-
tack, with ∆α ≈ 0.7◦ for k = 0.060. On the downstroke,
the influence on the end of transition is larger than the ef-
fect on the onset. ∆α ≈ −0.9◦ is reached for k = 0.060 in
the central part of the upper side, and the influence does
not vanish near the leading edge. Instead, a small offset
of ∆α ≈ −0.2◦ remains for the highest frequency investi-
gated.

On the lower side, the influence of the frequency is again
similar, shifting the onset and the end of transition to higher
α on the upstroke and to lower α on the downstroke. How-
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Figure 15: Frequency effect on the size of the transition zone for α = 5◦±7◦, M = 0.30, and Re = 1.8×106 for upstroke
(closed symbols) and downstroke (open symbols)

ever, the effect is generally larger than on the upper side
and shows a clear dependency of x/c as ∆α increases sig-
nificantly from the leading edge to the trailing edge. The
onset of transition has no frequency effect near the lead-
ing edge during the upstroke, as shown in Fig. 14c, and
∆α increases almost linearly with x/c. In the trailing edge
region at x/c = 0.86, a maximum of ∆α ≈ 1.1◦ is reached
between k = 0.010 and k = 0.060, whereas ∆α reduces fur-
ther downstream. On the downstroke, a small frequency ef-
fect on the onset of transition of ∆α ≈−0.4◦ persists near
the leading edge. ∆α again increases with increasing x/c
and reaches ∆α ≈−1.6◦ at x/c = 0.86. For the end of tran-
sition, shown in Fig. 14d, the influence of the frequency on
the upstroke and on the downstroke is very similar, start-
ing from a small ∆α at the leading edge and reaching ap-
proximately ∆α =−1◦ between the highest and the lowest
frequency at x/c = 0.86.

5.2 Length of the transition zone

The main influence of the pitching frequency on the length
of the transition zone is seen in a shortening of the zone
with increasing frequency. This happens on the upper side,
and on the lower side during the upstroke, and the effect on
the lower side is larger than on the upper side. Figure 15
shows the transition zone size l/c plotted over the onset
position of the transition (x/c)onset . For better readability,
only three reduced frequencies k ∈ [0.010,0.030,0.050] are
shown.

On the upper side, shown in Fig. 15a, hardly any influ-
ence of the frequency can be seen in the front part of the
airfoil in (x/c)onset ≤ 0.16. Further downstream, a nearly
constant small reduction in the length of ∆l/c = 0.01 oc-
curs between the k = 0.010 and k = 0.050 during the up-
stroke. During the downstroke, a larger frequency effect

occurs. The length of the transition zone reduces both with
frequency and with the onset position, leading to a signif-
icant reduction in the maximum sizes from l/c = 0.28 to
l/c = 0.17.

On the lower side, shown in Fig. 15b, the influence of
the frequency is more complex. While the influence van-
ishes near the leading and the trailing edges, both the max-
imum length of the zone and the onset position at which
this zone starts clearly change with k. With increasing fre-
quency during the downstroke, the maximum size reduces
and the onset position of (l/c)max is shifted downstream.
For the lowest frequency, the transition zone has a maxi-
mum length of ~53% chord with an onset position in the
range of 0.15≤ (x/c)onset ≤ 0.40. Increasing to k = 0.050
leads to a reduction of (l/c)max to ~44% chord, and the
maximum only occurs at (x/c)onset = 0.40. On the down-
stroke, the maximum length increases from 44% to 50%
chord with increasing k, and the onset position moves up-
stream. The frequency effect reduces further downstream
of (x/c)onset = 0.4, and a small but almost constant reduc-
tion of l/c occurs with increasing frequency.

For slowed rotor concepts of new helicopters, which use
a reduced rotation rate in order to exploit benefits with re-
spect to the rotor aeroacoustics, the results of this work in-
dicate that the amount of transitional flow can increase on
both the upper and the lower sides of the blades due to the
reduced rotation frequency.

5.3 Intermittent flow

Due to changes in the transition zone length and in the
rate of the transition movement with varying pitching fre-
quency, the part of the period in which intermittent flow
occurs at a selected position is also affected. The main ef-
fect can be seen in a consistent reduction of ∆t/T on both
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Figure 16: Frequency effect on the time span of intermittent flow for α = 5◦± 7◦, M = 0.30, and Re = 1.8× 106 for
upstroke (closed symbols) and downstroke (open symbols)

airfoil sides and for both the upstroke and the downstroke,
although the unsteadiness of the flow increases with in-
creasing frequency. This is caused by a reduction of the
size of the transition zone primarily on the upper side, on
the one hand. On the other hand, the additional increase
in the speed of the transition movement, especially on the
lower side, leads to a reduction of ∆t/T even though the
transition zone increases in some conditions.

Figure 16 shows the behavior of ∆t/T over x/c for the
same selected reduced frequencies as discussed before.
Similar to the length of the transition zone in Fig. 15,
the ∆t/T shows hardly any frequency effect upstream of
x/c = 0.18 on the upper side, whereas significant changes
occur downstream. The effect is largest during the down-
stroke on the upper side with a reduction of the (∆t/T )max
by approximately 25% when the frequency is increased
from k = 0.010 to k = 0.050. The effects on the upper
side during the upstroke and on the lower side in general
are found to be in the same order of magnitude. In the
trailing edge region on the lower side, the influence of the
frequency vanishes again.

5.4 Time delay

The influence of the frequency on the time delay between
the transition movement and the model motion is shown
in Fig. 17 based on the results obtained for 50% intermit-
tency. All six investigated frequencies are shown. Simi-
lar to the findings presented in section 4.5, the curves ex-
tracted for the different test cases show an approximately
linear behavior for both sides of the airfoil and regardless
of the pitching frequency. The frequency effect is found
to consist of both an increasing shift ∆t/T to higher time
delays with increasing k, and of an increasing slope of the
curves. This leads to an exaggerated increase of the time
delay both with increasing frequency and with increasing

coordinate on the airfoil. As an example, for k = 0.010 an
increase in the time delay by 0.3% of the period occurs be-
tween x/c = 0.02 an x/c = 0.51 on the upper side, whereas
it is 1.9% for k = 0.060. The same behavior exists on the
lower side, where an increase of 0.4% of the period occurs
between x/c = 0.03 and x/c = 0.82 for k = 0.010, whereas
it is 3.6% for k = 0.060.

The assumption that a constant time delay between the
transition movement and the model motion might exist for
a given frequency stated in [10] cannot be confirmed by the
results of this work. The only frequency reaching a nearly
constant time delay is the lowest frequency investigated be-
cause the flow is close to steady conditions, as shown in
Fig. 14. A really constant time delay is probably only ex-
isting for the borderline case with k = 0, and in this case
the time delay is zero since it is the steady case.

6 CONCLUSIONS

The unsteady boundary layer transition on the pitching ro-
tor blade airfoil DSA-9A was experimentally investigated
at M = 0.30 and Re = 1.8× 106 by the use of hot film
anemometry and high speed pressure measurements. Re-
sults were presented for the upper and the lower side of
the airfoil for a static polar and dynamic test cases with si-
nusoidal pitching motion in attached flow conditions. Au-
tomated transition detection was applied, allowing the de-
tailed analysis of the onset and the end of the transition
zone as well as of 50% intermittency.

The results showed that a significant transition move-
ment exists on both sides of the airfoil for a motion of
α = 4◦ ± 6◦ and k = 0.060. On the upper side, a slow
continuous movement of the transition occurs, which is in
qualitative agreement with the results of other researchers.
A much faster and rather discontinuous movement in the
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Figure 17: Frequency effect on the time delay between between 50% intermittency and the model motion for α = 5◦±7◦,
M = 0.30, and Re = 1.8×106

opposite direction exists over the entire lower side, provid-
ing laminar flow upstream of the tab during a large part
of the pitching cycle. A significant hysteresis between the
upstroke and the downstroke transition locations exists on
both sides that are each much larger than the hysteresis in
lift. The steady transition behavior lies within the unsteady
hysteresis but no consistent trend could be identified.

Significant transition zones exist on the airfoil with vary-
ing sizes depending on the angle of attack or the onset posi-
tion of the transition. Small zones appear near the leading
edge and the length increases downstream. On the lower
side, much larger transition zones (up to 55% chord) than
on the upper side (up to 20% chord) occur and a strong
effect of the direction of the pitching motion was found.
Compared to the steady conditions, slightly larger zones
exist on the pitching airfoil.

Due to the movement of the transition zones over the
airfoil, different positions on the airfoil are exposed to in-
termittent flow for varying time spans. In general, the time
spans are in the same order of magnitude on the largest part
of both airfoil sides and reach up to 13% of the cycle. In
the trailing edge region of the lower side, however, time
spans of up to 50% of the cycle occur. The time spans were
found to depend on the relative motion between the transi-
tion movement and the flow. The time spans are smaller,
i.e. the transition moves faster, when the transition moves
against the main flow direction.

An assessment of the unsteadiness of the transition
movement revealed that the movement on the upper side
is quasi-steady, whereas a real unsteady behavior is seen
on the lower side. On the upper side, the transition zone is
estimated to shift by less than 1% chord during a fluid el-
ement passes the zone, while up to 13% chord are reached
on the lower side.

The influence of the variation of the pitching frequency

for α = 5◦±7◦ from k = 0.010 to k = 0.060 was seen in a
significant increase in the hysteresis between the upstroke
and the downstroke. Both the onset and the end of tran-
sition are shifted to higher angles of attack during the up-
stroke, and to lower angles of attack during the downstroke.
The effect is larger on the lower side than on the upper side,
is different between the onset and the end of the transition,
and depends on the upstroke/downstroke motion.

The size of the transition zone mainly reduces with
increasing pitching frequency, and a similar effect was
found for the period of intermittent flow during the pitch-
ing cycle. The time delay between the transition move-
ment and the model motion increases with the pitching fre-
quency, and depends on the chordwise position and the up-
stroke/downstroke motion.
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