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Abstract The flow on the suction side of an SD7003 airfoil possesses at an angle of attack greater equal 4°
and at low Reynolds numbers, a locally confined flow separation with a turbulent reattachment. The laminar
boundary layer detaches due to an adverse pressure gradient and further downstream this separated shear
layer rolls up such that vortex structures evolve in the vicinity of the reattachment region. The vortical
structures move downstream and develop highly intricate flow patterns.
To capture the spatial and temporal evolution of the vortex dynamics at the downstream end of the separation
bubble, the scanning PIV technique is applied. This technique uses a moving light sheet to detect the velocity
distribution within a distinct volume. The scanning light sheet is generated by 5 laser diodes that can be
pulsed consecutively. Additionally, a stereo set-up with two CMOS high-speed cameras is used to detect the
three velocity components within one light sheet plane. The light-sheet thickness is approximately Δs= 0.5
mm and the distance between the light sheets is adjusted to Δz= 1 mm. The images are taken at a maximum
frame rate of 462 frames per second and a resolution of 1024×1024 pixels. Compared to the average velocity
in the flow region of interest, the scanning speed is extremely large and allows detecting a true volumetric
velocity distribution. The measurements were carried out in a Göttingen type water tunnel at Reynolds
numbers in the order of O(104)-O(105) based on the airfoil chord of c=200 mm.
In this paper the complex vortical structures that evolve on the upper surface of an airfoil at low Reynolds
numbers are analyzed using a time resolved detection of all three velocity components in a discrete volume.
The results obtained by the stereo scanning PIV technique show the dynamic and spatial mutual interaction
of the separation bubble and the vortex system emerging from this region of interest. The existence of cshape vortices as predicted in former measurements (Burgmann et al. 2006) is confirmed and distinct vortex
structures in agreement with the c-shape vortex type are discussed. The development of screwdriver vortices
as a prominent type of vortex structure is described in detail.

1. Introduction
The understanding of the behavior of unsteady flows is of major interest for many fluid dynamic
and aerodynamic applications. For aerodynamics, the flow separation on the suction side of an
airfoil is of major concern regarding the ongoing research on the development of unmanned air
vehicles (UAV). Flow separation degrades the performance of these UAV, e.g., the flight stability
(McMichael & Francis, 1997). Due to the small scale airfoils of UAV, these vehicles cruise at low
Reynolds numbers, where the tendency for flow separation is crucial. To avoid flow separation the
dynamics of the separated flow itself has to be understood. To fulfill this aim, time resolved and/or
three-dimensional experimental investigations are a must.
Flow separation on the suction side of an airfoil occurs due to an adverse pressure gradient that is
caused by the curvature of the airfoil surface. At low Reynolds numbers this separation takes place
in the laminar flow regime. Further downstream transition occurs, leading to a turbulent
reattachment of the separated shear layer and a formation of a so-called laminar separation bubble,
encompassing a recirculation region. This phenomenon has been observed by O’Meara & Mueller,
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1987. Kelvin-Helmholtz (KH) instabilities in the reattachment region cause a roll-up of the
separated shear layer, i.e., the formation of a relatively large vortex at the downstream end of the
recirculation region. This vortex separates from the main recirculation region and travels further
downstream, while another vortex is formed within the separation bubble, as has been observed in
previous studies (Burgmann et al., 2006). This process is repeating with a frequency that is
dependent on the mean flow conditions. The temporal and spatial behavior of the vortices and of the
vortex-formation is a strongly time dependent and complex process.
The phenomena that have been described in the previous section are similar to those that develop in
a separation bubble due to an artificial adverse pressure gradient on a flat plate. The evolution of the
traveling vortices in this case has been investigated numerically, e.g., by Pauley et al. (1990) and
experimentally, e.g., by Watmuff (1999). Considering the separated flow on the suction side of an
airfoil only few investigations have been published. There are, for instance, the papers by Ol et al.
(2005), Hain et al. (2005) and Burgmann et al. (2006). The latter publications indicate complex
unsteady three-dimensional vortical structures in the vicinity of the reattachment zone. Especially
Burgmann et al. (2006) could to depict these structures in time and space using scanning PIV.
Nevertheless, the spatial structure of the separation bubble on an airfoil is not completely
investigated and to fully understand the dynamic behavior of the laminar separation bubble on an
airfoil time-resolved and three-dimensional measurements are definitely required.
In this study we use scanning PIV (SPIV) (Brücker 1997) in a stereo set-up to capture all three
velocity components in a volume of interest at the downstream end of the separation bubble. The
scanning speed is sufficiently large to investigate the spatial and temporal evolution of the vortex
dynamics. Due to the small aspect-ratio and the high velocity gradients in the vicinity of the
reattachment region this experimental set-up is a straightforward task regarding the application of
PIV (Raffel et al. 1998).

2. Experimental method
The measurements are done in a Göttingen type water tunnel with a test section of
1,000×250×300 mm³. The side walls and the bottom of the test section are made of glass to have
optical access from three sides. The examined model is a rectangular SD7003 airfoil with a
transparent mid-section. Using this type of airfoil we are able to evaluate the temporal and spatial
behavior of a separation bubble over a broad range of angles of attack at Reynolds numbers below
100,000 (Selig et al. 1995). To avoid influences of wing tip vortices the airfoil is mounted between
the upper and lower wall of the test section (Bastedo and Mueller 1986). The following table shows
the investigated flow conditions (table 1). The Reynolds number is calculated based on the airfoil
chord length of c = 200mm.
angle of attack, α

4°, 6°, 8°

mean flow velocity, u∞ [m/s]
Reynolds number

0.1
20,000

Table 1: Investigated test cases

For these PIV measurements we choose a specially designed illumination system that consists of 10
laser diodes with a wave length of 805nm and a power of 50W each (Fig. 1). Each laser diode
belongs to an illumination package consisting of a laser diode itself, an anamorphic lens block, and
a 45° prism. All parts of these illumination packages can be positioned and adjusted independently.
The light sheets are generated by the anamorphic lens packages that allow focusing and spreading
the light sheet at the same time. The 45° prisms are used to reflect the laser beams towards the flow
region of interest. The laser diodes can be pulsed in any desired sequence or simultaneously,
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controlled by an electronic device. Pulse frequencies of 10,000 Hz are possible, while the pulse time
itself can last from 0.1 to 0.5 ms. The generation of one laser pulse is synchronized with the
acquisition of one image. The orientation of the light sheets with respect to the airfoil is given in
figure 2.

Figure 1 (top): Illumination system consisting of 5
laser diodes; packages with diodes, lens system, and
prisms
Figure 2 (right): Light sheet orientation for test
cases; detailed view (right top) and scanning in
reattachment region (right bottom)

Two Vosskühler HCC1000 high-speed cameras are used to record PIV images. These CMOS
cameras possess a maximum frame rate of 462 Hz at a resolution of 1,024×1,024 pixels. Using the
complete internal memory of 512 Megabyte we are able to record 512 images at maximum. For
stereo PIV measurements the two cameras are synchronized with the trigger signal generated by the
camera control software that triggers the laser diodes as well. Using a reset signal for the electronic
shutter of each camera, we are able to acquire images that are synchronal in time and pixel.
Measurements in water with a stereo PIV set-up require water filled prisms to minimize errors due
to the refraction on the glass/air and glass/water interfaces (Prasad et al. 1995). We use Plexiglas
prisms with a movable front plate to adjust the angle of the prisms for each investigated angle of
attack (Fig. 3).

Figure 3: Sketch of the
liquid prisms with movable
front plate for stereo PIV
measurements
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We use camera adapters with a movable mount for the focal lens to adjust the distance between the
CMOS chip plane and the lens and a pivotable platform on which the camera is mounted to adjust
an angle to fulfill the Scheimpflug condition (Prasad et al. 1995).
For PIV measurements tracer particles that scatter the illuminating laser light with a sufficient
efficiency are a must. We use polyamide particles that are a good choice in water flows, as to the
properties of light scattering and flow tracking. Since we investigate regions of interest of different
sizes, we apply particles with diameters of 11 and 22 µm, respectively, to achieve the required
particle size in pixels in the images that is 3-4 pixels (Keane et al. 1990).
A problem arises from the fact that the light intensity scattered by the particles is low. This requires
a wide open aperture, i.e., a small f-number. Using the minimum f-number, i.e., f = 1.8 in this case,
in addition to the viewing angle the depth of focus of the recording lens is strongly reduced. So, we
choose only 5 light sheet planes covering a distance of about 5 mm.
Because of the inclined airfoil, the measurement region, or in other words, the illuminated area, is
not parallel to the walls of the test section. To achieve viewing angles of 45° to better detect the outof-plane velocity component, the prisms have to possess different angles with respect to the test
section walls. Given an angle of approximately 11° between the light sheets and the walls for the
case α= 6° and u∞= 0.1 m/s (see figure 3), the left prism is fixed to 34°. Due to stronger distorted
particle images and darker particle patterns by the right camera, the maximum angle of the right
prism is adjusted to 45°. The stronger distortion of the particle images is caused by the needed
greater angle of the right prism (see Prasad et al. 1995). This distortion can not be eliminated
sufficiently by adjusting the Scheimpflug angle. In addition, due to the use of laser diodes of
805nm, scattered light is absorbed by the water, leading to darker images of the right camera, where
the optical path in water is longer.
Measurements at different light sheet orientation are carried out in the reattachment region (fig. 2).
Firstly, we detect the position and size of the separation bubble for the different flow conditions.
This means, we use a standard 2C- PIV set-up with a single light sheet rectangular to the airfoil
surface and in the flow direction. With the results we obtained from these measurements, we can
locate the reattachment region for each investigated case. Secondly, we position 5 parallel scanning
light sheets at a separation of Δz = 1 mm and a distance of Δzwall = 0.5 mm to the surface within the
reattachment region and adjust the position of the cameras and the water filled prisms to acquire
stereo images in that region. The scanning light sheets are generated consecutively, such that the
illuminated 2D-area moves through the measurement volume. After each cycle the sequence starts
with the first light sheet plane that is the wall nearest plane. With this stereo scanning set-up we are
able to perform a time-resolved detection of the velocity distribution within a volume of
40×60×5mm³.
PIV post processing is done using the commercial software VidPIV. We choose an adaptive crosscorrelation with window shifting and window deformation starting with interrogation windows of
64×64 pixels with 50% overlap. After perspective mapping this leads to an effective resolution of
16×16 pixels or 42×63 vectors per plane, respectively. Within the whole measurement volume we
get 13,230 vectors. The mapping of the images of the left and right camera is done using the Tsai
model that is based on the pinhole theory of perspective projection, which is integrated in the
VidPIV software.

3. Results
The following preliminary results are part of ongoing research concerning the application of the
scanning PIV-technique in separated flows. The present study is based the outcome of former
measurements published in Burgmann et al. (2006). As indicated in table 1, measurements are
carried out for a freestream velocity of u∞ = 0.1 m/s and angles of attack ranging from 4° to 8°. The
findings given below, concentrate on angles of attack of 4° and 6° since these results can clearly
-4-

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006
Paper no. 1228

evidence the formulated statements that are valid for all measured flow conditions. In the following,
the vortical structures in the vicinity of the reattachment region are described first focusing on the cshape vortex type. Then, secondary vortex structures that arise on the leeward side of a c-shape
vortex are discussed before the downstream motion of these vortices is analyzed.
Figure 4 which depicts a measurement plane perpendicular to the surface, a vortical structure in
the reattachment region for α = 6° is illustrated exemplarily via the velocity distribution on the
suction side of the SD7003 airfoil. The vortical structures evolving in the vicinity of the
reattachment region can be covered by the 5 light sheet planes parallel to the surface. The
reattachment point is detected by the mean velocity distribution (fig. 5). Regarding these results for
the reattachment point and the region of vortical structures we place the light sheet for the scanning
PIV measurements. Figure 6 shows the position of the selected region of interest for the three
scanning PIV test cases.

Figure 4: Example of vortical structures in the
reattachment region for α= 6°, u∞= 0.1 m/s;
position of light sheets for scanning PIV indicated
by white lines

Figure 5: Mean velocity distribution in the
reattachment region for α= 6°, u∞= 0.1 m/s;
streamlines indicate separation region

Figure 6: Location of
measurement volume
on the suction side of
the SD7003 airfoil for
the three selected test
cases

Regarding the results of former 2C-3D-scanning PIV measurements (Burgmann et al, 2006) the
vortical structures in the vicinity of the reattachment region show a complex behavior. Vortices of
different size and strength emerge. A common feature of these vortices is the formation of a c-like
shape and a drift downstream, while separating from the main recirculation area. Based on these
former results we have drawn a sketch to illustrate of the vortical structures (figure 7). As can be
seen in figure 8, these c-shape vortices can now be resolved via the 3C-3D-scanning PIV
measurements. In this figure, a c-shape vortex is shown exemplarily for α=6° and u∞= 0.1 m/s. The
vortex is marked via the calculated instantaneous streamlines that arise from the vector field. For
better visibility the streamlines are colored with the z-position. Only the streamlines that wrap
around the vortex and the velocity vectors in the lowest scan plane are drawn. The visualization by
streamlines is up to now the only way to depict the vortical structures in the reattachment region.
The vortex description via other quantities like vorticity or the λ2-criterion, fails due to the small re-5-
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Figure 7: sketch of vortical structure in the Figure 8: c-shape vortex in the vicinity of the
reattachment line; α=6° and u∞= 0.1 m/s; color
reattachment region (see Burgmann et al, 2006)
indicates z position

Figure 9: c-shape
vortex; α=6° and u∞=
0.1 m/s; vortex is
indicated via λ2isosurfaces (left) and
ωz-isosurfaces (right)

Figure 10: Example
of vortical structure in
the
reattachment
region for α= 6°, u∞=
0.1 m/s; vectors are
colored with the
normal component;
“footprint” in the
lowest scan plane is
indicated by white
lines

solution in the z-direction. Nonetheless, it can be stated that clearly delimited vortices can be
visualized by these variables, as can be seen in figure 9.
In the following, some typical vortex structures that emerge in the reattachment zone are shown.
Beside the c-shape vortices mentioned above, secondary vortex structures appear that will be
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described in detail. In the wall-nearest scan plane the c-shape vortices can be detected via a
“footprint” in the vector field (compare figure 7). This “footprint” appears as a region surrounded
by vectors with negative streamwise and positive normal velocity components, as can be seen in
figure 10. The vortex structure is marked by white lines and white vectors in the zoom region.
Next, the secondary vortex structures are discussed for this example (α=6° and u∞= 0.1 m/s). Note
that a c-shape vortex can be observed in the upstream part of the vector field (figure 11a). In this
figure, again only the instantaneous streamlines that wrap around the vortex are shown. The
entrainment of freestream fluid can be clearly detected in figure 11b. Fluid is drawn from the upper

Figure 11: Consecutive analysis
of vortex structures at(α= 6°,
u∞= 0.1 m/s):
a) streamlines indicate primary
vortex

b)
additional
streamlines
indicate entrainment

c) more streamlines indicate
entrainment tunnel, primary
vortex not shown
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part of the primary vortex towards the wall as indicated by the additional streamlines. This region of
vectors pointing into the downstream direction on the leeward side of the vortex will be called
“zone of sweep”. Rotating structures on the leeward side of the vortex become obvious in figure
11c. Apparently, the entrained fluid forms streaks close to the wall and is covered by fluid with a
strong transverse direction forming a “tunnel”. This phenomenon is governed by fluid that passes
through secondary vortex structures downstream of the primary vortex. On the spanwise end of the
secondary vortex, fluid does not roll up. The fluid keeps its initial transverse direction, i.e., is
breaking off the vortex, leading to an interaction with the streak forming the “tunnel”. A good
example of this type of vortex can be seen in figure 12. The secondary vortex downstream of the
primary vortex exhibits that fluid breaks off at the spanwise sides of the c-shape vortex. In figure12,
white vectors emphasize the break off of the fluid. The vortices are visualized via instantaneous
streamlines. The secondary vortex in this figure exhibits another phenomenon that seems to be
related to the fluid break-off. In the mid-section of the second vortex fluid from the outside flows
into the vortex, dividing it into two parts. It seems that this inflow of fluid pushes fluid in the
interior of the vortex towards the spanwise ends of the c-shape vortex leading to a stronger
transverse momentum on the fluid. The constriction of the vortex by entraining fluid can also be
observed in figure 11a and 11b. The primary vortex is thinner in the center region than at its
spanwise ends. The winding up of the entrained fluid at the spanwise ends of a c-shape vortex

Figure 12: Example of fluid
breaking off the spanwise end
of a c-shape vortex; α= 4°, u∞=
0.1 m/s

Figure 13: Example of screwdriver vortex downstream of a
c-shape vortex; α= 4°, u∞= 0.1
m/s
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sometimes leads to a strong twisting of fluid. A beautiful example of this phenomenon, which is
called screwdriver vortex, is shown in figure 13. This vortex pattern is located on the leeward side
of a c-shape vortex. Two vortices seem to be located on the left and right-hand side of the
pronounced entrainment region leading to the formation of an entrainment “tunnel” (left
screwdriver vortex) and further downstream to a strong twisting of fluid. This exemplary flow field
exhibits another vortex structure at the downstream end of the entrainment region. This structure
rises from the wall towards the freestream region and is rarely observed. It seems that this vortex is
a relict of a former vortex.
This assumption is corroborated by the evolution of vortices given in figures 14a-d. In these four
views of the flow field for α = 4°, u∞ = 0.1m/s the downstream motion of the c-shape vortices and
the redistribution of the vortical structures can be clearly seen. The time interval between each
image is approximately Δt = 270ms. Vortex no. 1 is constricted by entrainment fluid in the center
(figure 14a). On its way downstream this vortex is split into two parts forming two rotating
structures (figures 14b-c). Like the screwdriver vortices in figure 14d, it seems that these vortices
also are a relict of a split strong c-shape vortex. The rising vortex in figure 12 at the downstream
end of the selected region is obviously a rudiment of the right arm of vortex no.1 that is tracked in
the figures 14a-d.
a)

b)

c)

d)

Figure 14a-d: Evolution of vortical structures in the reattachment region (α= 4°, u∞= 0.1 m/s);
-9-

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006
Paper no. 1228

The results of former PIV measurements (Burgmann et al. 2006) evidenced the existence of
bursting vortices. This bursting was observed in single planes perpendicular to the airfoil surface as
an abrupt ejection of fluid way from the wall. A bursting of a complete vortex cannot be determined
by the current 3C-3D-PIV data. It may be that bursting is part of the constriction and split process
of vortices, where two strongly rotating vortex arms appear with an ejection of fluid away from the
wall as can be seen in figures 14b-c. A measurement plane perpendicular to the airfoil surface that
is located within one of these arms would indicate a strongly rotating structure with fluid ejection,
as observed in Burgmann et al. (2006).

Discussion and Conclusion
The aforementioned results showed the evolution of vortical structures in the reattachment zone of a
laminar separation bubble. The existence of c-shape vortices, as stated in former studied, is
confirmed via 3C-3D-scanning PIV measurements. Furthermore, this measurement technique
allows detecting vortical structures arising from the interaction of vortices within the separated
region and the freestream fluid. Typically, the c-shape vortices produce an entrainment of
freestream fluid due to the vortex rotation. Therefore, these vortices suffer from a constriction in the
region of strongest rotation, i.e., generally the center-section. Depending on the amount of entrained
fluid a splitting of the c-shape vortex can occur due to the constriction. This leads to a redistribution
of fluid within the vortex towards its spanwise ends and the formation of strongly rotating structures
that look like screwdriver vortices. Thus, the evolution of vortical structures in the reattachment
region of a laminar separation bubble is highly unstable due to interactions between the vortices
themselves and between vortices and entrainment of freestream fluid. Distinct types of vortical
structures like the c-shape vortex and the screwdriver vortex do regularly appear.
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