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ABSTRACT
The active control of laminar and turbulent flows with dynamic actuators is of great scientific and technological interest in nearly any field of fluid mechanics. Today, most of the well established actuator concepts are based on pneumatic and micro-mechanic basis. However, owing to their limited dynamic range their potential seems to be limited
from the present point of view [1]. Recently, it could be successfully demonstrated that a boundary layer flow can be
efficiently controlled by using an optical actuator concept that allows to excite the flow non-intrusively with nearly any
pulse-width and repetition-rate by heating the surface of a model with a short focused laser pulse [2]. The drawback of
the proposed and examined method was the gradual ablation of the model surface. To avoid this problem the excitation is performed 6 mm above the surface in this investigation. The dynamic effect on a laminar and turbulent boundary layer will be examined here with the phased locked stereoscopic PIV and Schlieren technique and the significance
of this method for basic and applied fluid mechanics will be outlined.
1. INTRODUCTION
The control of flow phenomena by transferring thermal energy into the flow has been considered for many years. However, the generation of the heating by using a focussed laser pulse was first performed in 1996 by Tretyakov et.al. [4].
The aim of the investigation was the modification of the shock structure around a cylindrical model with 60-deg angle
cone at Mach 2 in argon. Therefore, they have applied a 2.5-100 kHz CO2. laser-pulse upstream of the model. In 2002
another group has successfully demonstrated that the height of the Mach stem effect can be shortly reduced by using a
single pulsed laser beam [5] and in [6] the effect of this method on the local modification of the shock structure is
investigated. In the low-speed range this method was first applied in 2003. In this investigation, the heating was
performed on the model surface of a flat plate and an airfoil at 14 m/s free stream velocity [2]. It could be demonstrated that turbulent flow structures can be generated when the energy of the pulsed laser is sufficiently high, and it
was shown that the intensity of these structures is well suited to delay flow separation for example. The main drawback of the investigation was the local ablation of the model material due to the generation of the plasma. To avoid
this problem the generation of the plasma is performed 6 mm above a flat plate in the present contribution. Beside the
investigation of the effect on the boundary layer structure along a flat plate, the generation of the flow disturbance due
to the interaction of the plasma with the fluid was of primary interest. Plasma denotes a state of matter in which neutral atoms, ions and free electrons coexist with a certain number and energy whereby the total volume of the plasma is
neutral. This state can be achieved when sufficient power is feed either to a solid, a fluid or a gas by using electrical
continuity, electro-magnetic radiation, mechanical compression and finally chemical or nuclear reactions such that the
electrons start to separate from the neutral atoms. The properties of plasmas, like their electrical and thermal conductivity, their viscosity and diffusion differs strongly from the properties of other states of matter due to the existence of
free charges and their energy strong energy contents. The motion of the individual particles for example is correlated
with the motion of the others due to the Coulomb forces. This is in strong contrast to the properties of an ideal gas
were usually only pairs of particles interact for a short time during a scattering process. A detailed understanding of
plasma requires the results of hydrodynamics, electrodynamics, thermodynamic, physics of atoms and nucleons and
statistical mechanics [3]. However, in the following only the effect of the generated plasma on the fluid will be considered in detail and not the properties of the plasma itself.
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2. EXPERIMENTAL ARANGEMENT
The experiment was performed in the small wind-tunnel of the Institute of Fluid Mechanics located at the Technical
University of Braunschweig. This facility has an open test section, 940 mm in length, with a circular nozzle, 500 mm
in diameter, and a 4:1 contraction ratio. A 470 mm long, 248 mm wide and 10 mm thick Perspex plate with an elliptical leading edge (6:1 aspect ratio) and a blunt trailing edge was horizontally installed between two transparent sideplates with a slightly divergent orientation.

Figure 1. Plate with the lens system for the focussing of the laser pulse at the position of the focal point (plasma). The
rectangle indicate the position and size of the field of view for the PIV measurements in the xy-plane.
300 mm behind the leading edge of the plate a round glass plate, 2 mm in thickness and 30 mm in diameter, was flush
installed, as indicated in figure 1, and an optical mount with one converging lens. By changing the distance of this
lens relative to the plate it is possible to align continuously the location of the focal point. For the generation of the
disturbance a frequency doubled Nd:YAG laser (Quantel Brillant) was applied with the following properties: Pulse
energy 150 mJ at λ=532 nm; Beam-pointing stability ±5 %; Beam-divergence 0.43 mrad; Direction stability <100
µrad; Pulse-width 4.2 ns. The diameter of the focal point was approximately 0.2 mm and the maximum energy-density
about 3.5 J/mm3. The analysis of the acoustical and thermal disturbance was performed with a conventional Schlieren
setup because the Background Oriented Schlieren method is less suited for such investigations [2]. For the illumination of the flow field a powerful light projector (Storz Techno Light 270) was applied and for the recording of the
Schlieren images a high-speed CMOS camera (LaVision HSS4) with 1K × 1K resolution and 2kHz recording frequency at full resolution. Due to the relatively long integration time of this camera type (8.3 µs) it was required to
study the acoustical and thermal phenomena in addition with a Peltier cooled CCD camera (LaVision FM3S) with
1280 × 1024 pixel resolution. Due to the short integration time of 200 ns in single frame mode also the fast processes
could be resolved properly. This camera type was also applied for the phase-locked stereoscopic PIV measurements but
in double frame mode. The flow field investigations were performed with another pair of frequency doubled Nd:YAG
lasers (Quantel Brillant) with the same properties listed above. The laser beam was formed into a light-sheet, < 0.5
mm in thickness, to illuminate the tracer particles which were generated with a 12-hole-nozzle atomiser. The light
scattered by the particles was recorded from two different viewing directions with Tamron SP AF 180/3.5 XR Di
macro lenses. The field of view was 28.87 × 21.56 mm2 for the investigation in the xy-plane (stream-wise wallnormal) and 36.18 × 24.28 mm2 for the investigation in the yz-plane (wall-normal span-wise). The evaluation of the
recordings was achieved with a commercial 2nd order accurate multi-grid method, developed by LaVision, with 32 ×
32 pixel interrogation windows and 50 % overlap. The corresponding resolution was 0.37 × 0.37 mm2 in physical
space for the xy-investigation and 0.5 × 0.5 mm2 for yz-study. Based on the assumption that the resolution of the
evaluation method is around 0.05 pixel, the ratio between the largest displacement to the measurement error is about
140. This implies that velocity fluctuations with a magnitude of 0.07 m/s can be resolved at 10 m/s free-stream velocity. The synchronisation of the components was realised with a 16 channel sequencer-card with integrated phaseshifter (Hardsoft PTU 8). This system allows to acquire a PIV recording at an arbitrary time after the delivery of the
laser-pulse for the excitation. In a previous experiment the flow quality along the flat plate was examined and compared with the Blasius-solution, see [2] for details.
3. ACOUSTICAL AND THERMAL EFFECTS
Figure 2 shows the Schlieren results measured 3, 6, 11 and 16 µs after the laser induced breakdown in a flow at rest.
The bright overexposed region indicates the location of the focal point of the lens installed below the plate. Although
the electronic shutter of the camera lowers the sensitivity of the CCD sensor by a factor of 1/2000 it is impossible to
obtain information about the decay of the plasma due to the fact that the storage domain is exposed before the acquisi-
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tion of the data takes place. Clearly visible is the propagation of the spherical wave from the focal point and the heated
domain in the surrounding area of the disturbance. In the upper left image the spherical wave is not well separated
from the heated region because of the similar propagation speed. However, with increasing time the clear separation
takes place as can be seen in the other images. The lower left image reveals the reflection of the acoustical wave at the
model surface and the lower right image shows the interaction of the reflected wave with the hot region around the
plasma. This interaction results in a deformation of the wave front and a decrease of the amplitude and propagation
velocity of the wave. Figure 3 shows the propagation velocity and radius of the spherical wave with increasing time

Figure 2. Propagation of a spherical wave from the focal point and separation of the wave from the heated region
after the optical beak-down. It can be seen that the propagation velocity is much higher than the speed of sound.
Figure 4 indicates that the focal length of the lens has only a very little effect on the shape of the acoustical wave. Only
a slight deviation of the spherical shape can be observed for increasing focal length. However, when the effect on the
heated region is considered it turns out that the focal length has a significant impact on the geometrical structure of
the heated region. This is illustrated in figure 4 for f = 5, 20, 40 and 60 mm. For small focal length lenses the heated
region is well separated from the wall and the extent in wall normal direction is relatively large compared to the case
were f = 20 mm for example. When the other cases are considered the main part of the disturbance around the focal
point is quite similar to the f = 5 mm case but here the structure is connected with the wall and the extended region in
wall normal direction is missing. This result can be explained by the fact that the energy required for optical
breakdown can be reached earlier with a short focal length
lens because of the higher energy density. After the breakdown the optical properties of the gas change and the following radiation is absorbet to a large extend and contribute
to a rapid growing of the plasma region. When the focal
length is large, the breakdown occurs after a large part of
the radiation has already passed the focal point without generating a plasma. As this energy is lost, the process of
plasma generation is less efficient. The extend of the heated
region towards the wall is due to the fact that energy density
increases in this region with increasing focal length because
of the small diameter of the converging beam.
Figure 3. Velocity and radius of the spherical wave
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Figure 4. Effect of the focal length of the lens on the geometry of the acoustical wave.

Figure 5. Effect of the focal length of the lens on the geometrical structure of the heated region.
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The results displayed in figure 2-4 do not include the effect due to the boundary layer flow because the air was at rest.
Figure 5 on the other reveals the deformation of the heated region due to the action of the boundary layer flow along
the flat plate for different times after the delivery of the initial laser pulse for the generation of the plasma. Due to the
small thickness of the boundary layer (δ ≅ 3.5 mm) at this measurement location, the mushroom like structure at large
wall distances moves straight away from the wall without being affected by the flow gradients. The other parts on the
other hand are deformed and it is visible that the complexity of the internal structure increases with increasing separation of the generated flow structure from focal point. This implies that a turbulent flow structure is generated in the
laminar boundary layer flow.

Figure 6. Effect of the laminar boundary layer flow on the geometrical structure of the heated region.

4. FLOW FIELD INVESTIGATION
To examine the structure of the generated turbulent flow structure in more detail the stereoscopic PIV technique was
applied. Due to the three dimensionality of the structure and its rapid temporal development, phased locked measure-

Figure 7. Superposition of the thermal disturbance shown in figure 6 with the corresponding velocity field
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ments were performed in orthogonal planes at x = 30 mm and 50 mm behind the focal point. Figure 7 shows a superposition of the velocity field with the thermal disturbance displayed in figure 6. The close relation between the thermal
and the flow field indicates that the heated region is more important for the generation of the flow structure than the
acoustic wave displayed in figure 3 and 4. Figure 8 shows the temporal development of the flow structure measured in
the stream-wise wall-normal (xy) plane at x = 30 mm for two time instants after the laser induced beak-down (top: 1.6
ms, bottom: 4.8 ms). Outside the boundary layer only a decay of the structure is visible due to the viscosity and the
absence of flow gradients. In the boundary layer on the other hand it can be seen that the structure is strongly stretched
and the amplitude of the disturbance remains very large all over the field of view in stream-wise direction.

t = 1.6 ms

t = 3.2 ms

t = 4.8 ms

Figure 8. Velocity difference relative to the undisturbed flow for three time delays after the optical beak-down
Figure 9 displays the corresponding result measured in span-wise wall-normal (yz) plane at x = 28 mm and 48 mm
(measured from the location of the focal point). The green and red colours indicate that the mean out-of-plane component is up to 40 % larger than the natural flow velocity in the boundary layer. This implies the efficiency of the
method and demonstrates clearly the power of the method for active flow control in the future. In addition this method
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may serve for fundamental flow research when the interaction of coherent flow structures is of interest or in the aeroacoustical domain, the non-intrusive generation of a spherical sound wave with reproducible properties may be help to
find the best position for noisy devices, such as engines on airplanes for example.

t=3.2ms

t=4.8ms

δ˜ 3.2mm

y

Figure 9. Out-of-plane velocity
difference relative to the undisturbed flow
x
CONCLUSION
The present investigation demonstrates clearly that an artificial turbulent flow structure with characteristic properties
can be non-intrusively generated with a focused pulse-laser beam by direct dissociation and ionisation of a gas. The
excitation is possible with nearly any pulse-length and repetition rates and the shape can be both point- or line-like but
also 2D excitation areas are possible with sufficient laser power. The investigation with the Schlieren technique displays that the thermal excitation is associated with the generation of an acoustical wave of spherical shape that propagates from the focal point. The initial velocity is very large right after the laser pulse but decreases to the speed of
sound when the decoupling between the spherical wave and the heated region in the neighbourhood of the plasma
takes place. The structure of the heated region depends strongly on the boundary conditions and can be manipulated
easily by changing the geometry of the focal point for instance. This is important because this region is mainly responsible for the generation of a turbulent flow structure. The fluid mechanical investigation of the generated flow structure indicates that this actuation method is swell suited to increase the momentum in the near wall region to a large
extent. Thus this method may help to prevent separation in transparent fluids for example but it may also serve to generate a well defined acoustical wave of spherical shape for aero-acoustic experiments for instance. Finally, it is possible to generate different coherent flow structures for fundamental research.
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