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Abstract In this contribution an experimental and numerical study about moving airfoils at low Reynolds
numbers (Re=60000) is presented. Two different motion patterns were investigated: pure sinusoidal heaving
motion and sinusoidal heaving motion with free pitching motion induced by inertia, gravity and aerodynamic
forces. To get first insight into the flow structures a flow solver was adapted for free pitching motion and
numerical calculations were carried out. For the experiments in a low noise windtunnel a motion apparatus
was developed which allows sinusoidal heaving and pitching motion up to a frequency of 10Hz and
amplitudes of 100mm. For watertunnel investigations a second motion apparatus was used. Standard and
stereoscopic PIV as well as stereoscopic single pixel resolution PIV was used to measure the flow field near
the surface. For pure heaving motion the laminar separation moves according to the effective angle of attack.
The comparison of calculations and measurements for the free pitching case show good agreement.

1. Introduction

y

At low Reynolds numbers (Re=60000) and at steady flow conditions most airfoils show
laminar separation bubbles. Their position and extent on a specific airfoil depends mostly on the
turbulence level and the angle of attack. In many cases there is no steady flow condition. Examples
are flights through rough air and bird (flapping) flight. In those cases a quasisteady theory is only
valid for very slow changing flow conditions. A characteristic parameter in this case is the reduced
frequency k which is defined as k=πfc/U∞. Thereby c is a reference length, f the motion frequency
and U∞ the free stream velocity. It describes the time ratio between the time a fluid element needs to
travel from the leading to the trailing edge and the time which is needed for one period. The smaller
the reduced frequency the more inapplicable is the quasisteady theory. Flying animals do operate in
a range of k≈0.1-1.0 whereby insects operate in the upper part and huge birds in the lower part of
the interval. In the shown experiments the reduced frequency was chosen to be k=0.5 and k =0.7. At
those reduced frequencies unsteady effects have to be considered.
The behavior of lift, drag and pitching moment is strongly influenced by the behavior of the laminar
separation bubble. Therefore it is from huge interest to understand the flow structures forming on an
airfoil in motion. Due to the inherent complexity of three dimensional flows only nearly two
dimensional flows were investigated. For two dimensional flows a motion pattern can be described
by a translation and a rotation whereby only heaving and pitching motion are from interest in this
paper. In general the motion pattern under investigation is predefined and in most cases selected to
be sinusoidal for the heaving as well as for the pitching motion. An airfoil heaving and pitching is
shown in figure 1. The phase angles are chosen with respect to the sin function.
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Fig. 1: airfoil heaving and pitching
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In the nature wings are elastic and their torsion can not fully be controlled by muscles. This
behavior leads to heaving motion combined with free pitching motion. The pitching motion is
thereby governed by aerodynamic, inertia, gravity, spring and damping forces. Hereby the phase
angle is mostly determined by the spring and damping forces and can therefore be adjusted to be in
the range of around 90° phase difference where for example [Neef] showed that this leads to good
efficiency.

2. Motion apparatus
Base of all experiments is an apparatus for realizing the different combinations of heaving and
pitching motion for the airfoil. Therefore two motion apparatus have been designed. The motion
apparatus for the watertunnel is only designed for heaving motion with different amplitudes up to
40mm and will not be described further. The apparatus for the windtunnel has following
characteristics:
In a first mode of operation it is able to generate a sinusoidal heaving motion. This was realized by
a vertically moving heaving carriage, which is driven by a rotating disc with an eccentric bolt. The
bolt is connected to a horizontally installed carriage of a ball monorail guidance system and the
monorail to the heaving carriage. When the disc is rotating only the vertical motion of the bolt is
used to drive the carriage. Therefore the heaving carriage moves nearly perfectly sinusoidal.
In a second mode of operation combined heaving and pitching motion is possible. The pitching
motion is realized by the same concept as it was used for the heaving motion. In addition the linear
motion is converted into rotational motion by a rod. Thus the pitch angle motion is only
approximately sinusoidal. It is also possible to drive the heaving and pitching motion
independently. The phase angle between pitching and heaving motion and the mean angle of attack
can be adjusted continuously.
In the third mode of operation the airfoil can rotate freely about the c/4-line. In this case the pitch
angle depends only on the reacting moments due to inertia, friction, gravity, elasticity (spring) and
pressure (aerodynamic loads).
The apparatus has been designed to operate at a maximum frequency of 10Hz and a maximum
heaving amplitude of 100mm. The pitch angle is limited to ±20°. By operating at these maximum
values the maximum acting load factor is 41g. Therefore all moving components of the machine
undergoing translatory motion had to be designed as lightweight components (e.g. the mass of
airfoil is only 180g) but are still stiff enough. The airfoil deviates for instance only 0.5mm at half
span under maximum load. On the other hand the moment of inertia for all rotationally moving
parts has been maximized to obtain the most exact sinusoidal motion.
For fitting the experiment into the windtunnel two slits had to be cut into the tunnel sidewalls
resulting in a flow of slightly higher pressure air into the slightly lower pressure closed test section.
Since a simple slit seal would course high friction forces that would influence free pitching motion
the whole machine was sealed airtight.
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Fig. 2: motion apparatus as CAD model (left) and fitted into the windtunnel (right)

2. Airfoil motion
Due to the fact that the forces during upstroke and downstroke are different the motion of the
heaving airfoil might not be sinusoidal. To determine this effect the position of the airfoil was
measured by means of image processing. Each 10° phasing an image was recorded and the position
of the airfoil insight the picture was determined using an image processing technique. The small
field of view of the camera compared to the amplitude of the motion necessitated the up and down
movement camera by means of an electrical traverse to have each recording a part of the reflection
in the image. With this traverse it is possible to move the camera in 12.5 µm steps. The position was
therefore calculated from the traverse position plus the position of the line of reflection in the image
corrected by the magnification factor.
To retrieve the exact position of the airfoil trailing edge a Hough transformation based curve
detection algorithm was used. The Hough transformation is an algorithm for finding lines. For the
determination of the airfoil position the reflection of the lightsheet on the surface was used which
are curved. Therefore the curves have first to be transformed into lines. This is done by selecting
control points for a reference curve by hand. Since the curve remains its shape and changes from
image to image only its position the reference curve has to be created once.
The Hough transformation is based upon the Hessian normal form representation of a line.
r = x cos(ϕ ) + y sin(ϕ )

(1)

where the two parameters used to define the line are the radius r and the angle φ (see figure 3).
By using a set of lines running through the same point in space gives a set of parameter pairs r, φ.
When only points in space which belong presumably to the searched line are used to calculate the
parameters one pair of parameter will turn out to appear most. This is the searched pair of
parameters for the line.
For applying the Hough transformation a criterion has to be applied which selects only points
belonging to the curve. For the used line of reflection this can be a simple threshold filter. Using
equation 1 with the found parameters at a specific position x gives the position in the transformed
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space and after back transformation the correct position.
With small modifications this algorithm can also be used to mask regions.
Figure 4 shows the measurement taken at a frequency of 2Hz. As expected the agreement is good.
The small deviations are due to fabrication tolerances and a missing counterweight which could
have compensated the mass of the heaving carriage and the airfoil.
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Fig. 3:principal of the Hough transformation
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Fig. 4: measurement of the motion pattern

3. Single Pixel Stereo PIV
Due to the small flow structures a very high spatial resolution is required, which can be obtained by
using the single pixel resolution approach. Unfortunately this method is not applicable for the
current measurement setup for the windtunnel. The design of motion apparatus allows only
stereoscopic PIV. Therefore the method had to be extended to a stereoscopic version.
To calculate the three velocity components different approaches are used in the literature. Many
implementations use the approach to map the original images from the camera frame of reference to
the physical frame of reference via the mapping function. Afterwards the images are correlated and
the three velocity components are calculated from the displacements with help of the viewing
angles. In this paper a different approach was used. The displacements are calculated directly with
single pixel resolution PIV method [Westerweel, Billy] from the original images and are then
mapped into physical space. Finally the three velocity components are calculated.
To validate the method three cases will be shown. The aim of the first case is to validate the
mapping module itself. The second demonstrates the accuracy of the approach and in the third case
a real PIV measurement evaluation is discussed.
As mentioned before the single pixel resolution PIV evaluation and the mapping are different
modules which are executed in sequence. That is the reason why they can be tested independently.
The first test case is therefore only designed to test the mapping with theoretically calculated
displacement fields. As simplest case constant velocities in each direction are used for the flow
field. The velocity vector has been chosen to be (200m/s, 300m/s, 400m/s). All displacements were
calculated with an analytical pinhole camera model.
In Figure 5 the probability density functions of the deviations to the exact values for all velocity
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components are shown. It can be clearly seen that the deviations have utmost 0.25% relative error.
This caused by the fourth order mapping polynomial as can be seen in Figure 6.

Fig. 5: probability density functions of a

Fig. 6: x-component of the velocity field

constant flow
For the second test case 2 × 1024 simulated double frame images were created with an in-house
artificial PIV image generator and evaluated by the single pixel method. Flow type was a Rankine
vortex in the x-y plane with core radius 0.01m and a circulation of 0.00005m2/s. Additionally a
constant velocity of 0.2mm/s was set for the z-component. The measurement volume was 0.12m ×
0.12m × 0.01m in size and the time delay between the frames 1s.
Figure 7/8 show the absolute values of the in plane velocity components. Additionally streamtraces
have been added. For testing the accuracy of the single pixel method the flow field has been
calculated with first and second order accuracy whereby second order accuracy is achieved by
placing the calculated vector in the mid of the displacement.
In Figure 7 it can be clearly seen that the streamtraces for the first order calculation do not form a
closed circle whereas the streamtraces for the second order data are closed. To show the influence
of the velocity components on each other the z-component of the velocity vector is shown in figure
9. The data differ only slightly from the exact uniform flow. A vortex like structure cannot be
recognized but some fragments. In the mid of the plot two semicircles are visible which are a result
of the Rankine vortex. The cross like structure of two diagonals is unlikely result of the Rankine
vortex but more likely due to the mapping function. All deviations are in the range of ±0.005mm/s.

Fig. 7: first order field of a Rankine vortex

Fig. 8: second order field of a Rankine vortex
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Fig. 9: z-component of the velocity of a flow with a Rankine vortex
To demonstrated the capabilities of single pixel stereo PIV a case from the measurements of the
heaving and free pitching SD7003 airfoil was selected. The evaluation shown was recorded near the
trailing edge at a phase angle of 90°. A more comprehensive description of the experiment can be
found in section 5. At that phase angle the boundary layer is definitely turbulent but remains still
attached.
In order to get statistically firm data 3000 image pairs were recorded. Figure 10 and 11 show the
result of that computation. In figure 10 the absolute value of the x- and y- component of the velocity
are shown. As can be seen the single pixel resolution method is able to resolve the flow field with
some limitations in the regions with high temporal (turbulent) fluctuations. Here the condition of
nearly laminar flow is not fulfilled at all which can be recognized on the varying “flow field” which
is unreliable. To quantify that behavior at position 0 a vertical velocity profile was taken and is
shown in figure 11. As can be seen the velocity is resolved with very high spatial resolution and
shows for the x-component a smooth behavior except the highly turbulent region near the surface.
The unreliable highly turbulent region can also be detected in the z-component of the velocity in
Figure 11. The z-component is nearly zero until the boundary layer begins and shows than high
fluctuation indicating spurious vectors.
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Fig. 10: stereo single pixel resolution PIV

Fig. 11: velocity profiles

4. Numerical Investigations
In order to select the right parameters for the experiment numerical calculations were carried out. In
the past only steady flows with transition prediction (e.g. XFOIL) could be investigated with
numerical design and analysis tools. Direct Numerical Simulation principally solves such problems
but with the drawback of high computational effort. In [Windte] a 2D transition prediction method
based on linear stability theory has been developed and implemented into the Navier Stokes solver
FLOWer which is able to calculate time accurately transition with the eN-method. This
implementation is extended and used for the reported numerical analysis for free pitching motion.
The solver uses a finite volume approach based on the Reynolds Averaged Navier-Stokes
equations. Time accurate calculations are performed with a second-order accurate implicit dual time
stepping scheme. The convergence behavior and accuracy of calculations at low Mach numbers is
improved by preconditioning. FLOWer is also capable for rigid body motions calculations of the
airfoil. In Figure 12 the geometrical proportions used for the calculations are shown.
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Fig. 12: geometrical proportions
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For the investigations of free pitching motion the following equation of motion was applied:

I

d 2ϕ
dϕ
+D
+ Cϕ = M aero (cx , c y , cm ) + M acc + M gravity
2
dt
dt

where I is the angular momentum, D the damping constant and C the spring constant. The total
acting moment consists of the aerodynamic moment Maero, the acceleration moment Macc and the
gravitational moment Mgravity. The acceleration and gravity moment result from the displaced center
of gravity in relation to the point of rotation as can be seen from Fig. 12
Solution of this second order ordinary differential equation is done with a 4th order Runge Kutta
scheme.
For coupling a staggered time step integration approach with extrapolation was used (see figure 13).
A full timestep consists of fluid motion step a structure motion step. At first the fluid motion step is
performed and calculates the aerodynamic coefficients which are passed to the structure step. To
enhance the accuracy of the staggered scheme the aerodynamic coefficients cx, cy, cm are
extrapolated with second order accuracy. The structure step then calculates the new pitch angle φ
which is transferred to fluid motion step.

Fn-1

Fn

6

Fn+1

analytical model
FLOWer

fluid
second order
extrapolation

3

cx, cy, cm
structure

Sn-1

Sn

Sn+1

ϕ [°]

0

-3

-6

-9

-12

Fig. 13: coupling scheme for the numerical
simulations
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Calculations for forced pitching and heaving motion show that 3 periods are sufficient to get a
nearly periodic flow field, whereas for the calculations of the forced heaving and free pitching
motion 6 periods are needed. This is due to the influence of the initial values used for the
computations of the pitch equation of motion.
The verification of the described method was done be comparison with a simplified analytical
model. The aerodynamic forces and the moment are calculated by 2D potential theory with constant
drag and moment and linear varying lift depending on the angle of attack. In figure 14 a result is
shown for the case of a SD7003 airfoil with a reduced frequency of k=0.3. Spring and damping
coefficient were tuned to generate a phase leg of 84° and pitch amplitude of 8°. The phase leg of
84° has been selected to produce maximum efficiency according to [Neef]. It can be seen that the
qualitative results are quite good for this simple model. However the amplitude is not determined
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correctly.
Results for the validation of the combined heaving and pitching motion will be not shown here.
They can be found e.g. in [Windte].
To demonstrate the ability of the method to compute the behavior of moving transition the same
case as above is shown in figure 15. The figure shows the airfoil at the phase angles of 0°, 90°, 180°
and 270°. The false color representation shows the normalized Reynolds shear stresses. Negative
values of Reynolds shear stresses show regions of turbulence production. As can be seen from the
figure the regions of turbulence production move along the surface during one period. At 90° and
180° they are fixed to the trailing edge by design of the model when no amplification is found. They
move along the upper surface in the remaining cases.

Fig. 15: airfoil pitching free at k=0.3

4. Experimental Setup
Parts of the experiments were conducted in the low turbulence Eiffel-type wind tunnel (LNB) at the
Technical University of Braunschweig. Its rectangular inlet nozzle is equipped with a 30mm-thick
fleece mat. The air passes through that mat a 14mm-thick aluminum honeycomb straightener and a
fine-mesh woven screen. After passing the Boerger-type nozzle with a contraction ratio of 16:1 the
air enters the test section with a turbulence level of 0.1% (measured in the mid at a speed of 10m/s).
The test section is 400mm wide 600mm high and 1500mm long. Care was taken to have optical
access to the test section by using glass plates as walls. The tunnel is driven by a 4 kW motor which
generates stable velocities of 5-20m/s in the test section. To reduce disturbances due to acoustic
waves care was taken to promote quiet flow in the facility, using open-celled acoustic foam attached
to the ceiling and an acoustically encapsulated motor
The watertunnel has a test section which is 250mm wide 400mm high and 1200mm long. At
maximum 3m/s can be reached in the test section. Due to a smaller contraction ratio the tunnel has a
turbulence level of 1% at 1m/s. Optically the test section can be accessed from three sides.
Most of the measurements were conducted mid chord of the airfoil in a stream wise, wall normal
plane. Due to the design of the motion apparatus for the windtunnel only stereo PIV measurements
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were possible in that case. The stereo PIV setup is shown in figure 16 whereas the standard PIV
setup for the watertunnel will not be shown. For illumination of the flow a Quantel Brilliant Twins
Nd:YAG laser was used. Each of the two cavities generates laser pulses of 150mJ output energy.
The beam diameter is approximately 4mm at the laser output.
The beam was aligned with the windtunnel/watertunnel longitudinal axis by reflection on a 45°
mirror (see figure 16). An electric traverse/travese was also aligned with the
windtunnel/watertunnel longitudinal axis and was adjusted horizontally. Due to the small field of
view the cameras had to be shifted in order to cover the whole upper surface. Thus the lightsheet
optics was attached to the traverse carriage which could move along the windtunnel/watertunnel
longitudinal axis. Conducting measurements for the moving airfoil required the cameras to move up
and down in order to record the flow near the surface. This was realised by attaching a cantilever to
the vertically moving carriage of the traverse which spanned the test section (windtunnel). At both
sides of the tunnel the cameras were then fastened to that cantilever (see figure 16). With that setup
the whole stream wise, wall normal plane at the mid chord position could be measured calibrating
the PIV system only once. The thickness of the lightsheet was estimated to 0.5mm in the
measurement volume.
When not otherwise noted the data were evaluated with DaVis 7.1. For the evaluation a multigrid
algorithm with end interrogation window size of 32×32px and 50% overlap was used. To enhance
the accuracy Whittaker reconstruction was used for the multigrid steps.
moving directions
of the traverse

flow direction
camera
laser

lightsheet

camera

airfoil
Fig. 16: stereo PIV setup
Triggering was done in both cases by means of a phase shifted light barrier signal. The light barrier
was fitted on the flywheel of the motion apparatus and emitted a signal of 5V which has been used
by a triggerable frequency generator. When the frequency generator was running at the same
frequency as the motion apparatus the needed phase shift of ∆φ could be tuned in directly. The
shifted signal was then used to trigger the PIV system, see figure 17. Normally the frequency
generator has to operate at a smaller frequency because small disturbances in the motion of the
flywheel can cause the light barrier to emit its signal a little bit earlier. At that moment the
frequency generator has not ended one period and is therefore by design not able to react to the
trigger signal. Accordingly one period is left out. Unfortunately some lasers do not accept such a
change in frequency and do turn themselves of. Letting the frequency generator operate a slightly
smaller frequency the problem can be circumvented. The phase shift which has to be tuned in is
then:
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∆ϕ frequency generator =
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Fig. 17: Triggering

5. Results
To show that the laminar separation bubble is nearly two-dimensional a wall streamlines
visualization has been carried out. In figure 18 the visualization is shown. It can be clearly seen that
the bubble fulfils nearly the requirement of two-dimensionality.
flow direction

laminar separation bubble

trailing edge

Fig. 18: wall streamlines visualization of the laminar separation bubble
At first the flow field for pure heaving motion has been investigated. Therefore a case has been
selected where the flow field is subject to a varying effective angle of attack of 0° to 8° with a mean
angle of attack of 4°. Due to the mean angle of attack the airfoil still produces lift. The reduced
frequency was selected to be k=0.7 at a Reynolds number of 60000. The measurements were taken
in the afore mentioned watertunnel with standard PIV. Evaluation was done by means of a
multigrid algorithm with final interrogation window size of 16×16px with 50% overlap. The spatial
resolution was 0.26 mm/vector and the dynamic range 0 to 15.2 px. Figure 19 shows the flow field
on the upper surface of the airfoil for four phase angles of 0°, 90°, 180° and 270° which are the
mean values of 1000 measurements. The false color representation shows the absolute velocity
normalized by the free stream velocity. At the phase angles of 0° and 90° no laminar separation
bubble is visible on the upper surface due to the small effective angles of attack.
For 180° the airfoil is in the downstroke and reaches maximum heaving speed. As expected a
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laminar separation bubble forms between 20% and 39% chord length. Behind the turbulent
reattachment point some wavy like structures are visible which indicate vortex shedding. This
phenomenon is more clearly visible in figure 20 where the fluctuations are shown. Due to the
periodic motion pattern vortex shedding occurs at the same phase and position and is therewith not
cancelled out by building the mean as it would be for turbulent vortices. When the airfoil reaches
the down position the effective angle of attack has been decreased and a separation bubble without
vortex shedding is visible.

Fig. 19: normalized velocity field for pure heaving motion at k=0.7 and Re 60000
2

2

u'v' [m /s ]

y [mm]

15

10

5
30

40

50
x [mm]

60

70

0.001
0
-0.001
-0.002
-0.003
-0.004
-0.005
-0.006
-0.007
-0.008
-0.009
-0.01

Fig. 20: Reynolds stresses for phase angle 180°
For the comparison of the numerical and experimental results the case k=0.3 at Re 60000 for free
pitching motion was chosen. In figure 21 only the trailing edge flows are shown because no laminar
separation bubble forms on the airfoil at phase angles of 0°, 90°, 180° and 270°. As can be seen
from figure 21 in comparison with figure 15 the agreement of the calculation and the experiment is
qualitative good except at 180°. This leads also to flow separations at that phase angle that are not
expected but are due to the high effective angles of attack. The other three phase angles show not
only the expected behaviour of the pitching angle but also the flow structures behave as expected.
At 0° and 90° phase there is no sign of separation whereas at 270° separation occurs.
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Different velocity values at the airfoil surface are due to reference system which is not moving with
the airfoil.

Fig. 21: flow field at the trailing edge of the SD7003 airfoil in heaving and free pitching motion

6. Conclusions
As shown in [Windte] the presented numerical scheme is able to estimate the position and size of
the separation bubble. Comparison shows good agreement at the separation point. The turbulence
model instead has a huge influence on the size and reattachment point of the bubble. As shown in
this paper for the free pitching motion case with highly varying angles of attack the numerical
procedure is also in that case able to predict the behaviour correct.
Further measurements and calculations have to show if the numerical procedure is also reliable for a
wide range of Reynolds numbers and reduced frequency to predict the flow field correctly.
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