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ABSTRACT
Local forcing of laminar separation bubbles has been

studied inside a low-speed water tunnel. Flow separation is
induced by a canonical pressure distribution along a smooth
ramp. Flow instabilities are excited by oscillating a thin
horizontal wire which is placed inside the boundary layer
upstream of separation. The diameter of the wire mea-
sures only 1/100 of the boundary layer thickness and its
Reynolds number remainsO(1). The spatial and temporal
evolution of the separated shear layer is analysed with high-
resolution visualisations using the electrolytic precipitation
technique. Time-resolved flow visualisations obtained with
the hydrogen bubble technique and PIV measurements are
used to analyse the reattachment zone of the laminar sepa-
ration bubble.

Using all these techniques the laminar separation bub-
bles are found to be highly sensitive to local forcing up-
stream of flow separations. Periodic oscillations of the wire
in the wall-normal direction produce significant changes in
the spatial and temporal evolution of the separation bubble.
In the upstream part of the separation bubble the beginning
growth of the most amplified mode can be precipitated close
to the separation line. At the same time the bubble length
can be reduced up to 50% by periodic forcing with the nat-
ural shedding frequency. All these results confirm previous
numerical studies of Rist & Augustin (2006) which predict
the possibility to control laminar separation bubbles by lo-
cal forcing upstream of flow separation. In the near future,
we shall apply this highly efficient and flexible technique to
perform closed-loop control of laminar separation bubbles
in combination with optical sensors.

INTRODUCTION
In recent years laminar separation bubbles (LSB) have

received increasing attention due to their impact on perfor-
mance losses in numerous aerodynamic applications. Ex-
amples range from wind turbines, unmanned aerial vehi-
cles (UAVs) to internal flows in turbomachinery. LSB oc-
cur when laminar flow is forced to detach from the wall,
giving rise to a newly-formed separated shear layer, which
penetrates into the flow domain. The development of flow
instabilities along this shear layer often leads to laminar-
turbulent transition and reattachment. To reduce the draw-
backs on lift and drag forces caused by LSB, there have
been many attempts to diminish the extensions of LSB by
exciting the Kelvin-Helmholtz instability (Dovgalet al.,
1994). According to Huerre & Rossi (1998) the separated
shear layer acts, like in the case of a mixing layer, as a noise

amplifier. Previous experimental studies employed loud-
speakers (Gaster, 1967), pulsating jets (Kiyaet al., 1993;
Sigurdson, 1995) or plasma actuators (Huanget al., 2003)
to force the flow. In numerical studies local periodic forcing
has been simulated by sources with time-dependent strength
(Chunget al., 1997). Although all these techniques had a
significant impact on the flow structure, the complex inter-
action of these actuators with the flow field and the at least
in the downstream part of the LSB highly nonlinear flow
behaviour, this did not yet allow to understand the control
mechanism. In particular, it has been recognized in recent
years that for efficient and flexible control of flow separation
it is necessary to design closed-loop control with a precisely
defined actuator signal in combination with feedback infor-
mation. Numerical studies of Rist & Augustin (2006) and
Diwan & Ramesh (2009) showed that two-dimensional and
three-dimensional perturbations, inside the boundary layer
upstream of separation, can be amplified, making them a
good candidate to excite the separated shear layer. Conse-
quently, they suggested to install wall mounted oscillating
disturbance strips upstream of flow separation to suppress
the formation of bubbles by periodic oscillations. To obtain
lowest drag penalties on airfoils they further proposed to ac-
tivate these actuators only when skin friction sensors detect
the existence of LSB. High frequencies ofO(103)Hz and
small dimensions ofO(10−3)mhindered so far experimen-
tal tests of such a control system.

The goal of this study is to elucidate the potential of us-
ing two-dimensional perturbations upstream of separation
for open- and closed-loop control of flow separation. To
this end, we took advantage of a low-speed water tunnel to
increase the characteristic time and length scales, thus facil-
itating the experimental investigation. A smooth ramp ge-
ometry was chosen to induce the natural formation of LSB
under controlled experimental conditions. In order to obtain
a highly flexible and simple flow excitation, a thin movable
wire was fixed parallel to wall inside the boundary layer up-
stream of separation. Complementary time-resolved flow
visualisations and PIV measurements are used to analyse
the impact of forced oscillations on vortex shedding and
bubble length. The results show, despite the small diameter
of the wire of about 1/100 of the boundary layer thickness
and despite its small Reynolds number ofO(1), a significant
impact on the spatial and temporal evolution of the separa-
tion bubbles. With periodic forcing the bubble length is re-
duced up to 50%. All these observations demonstrate that
LSB can be forced by the wire actuator efficiently. Based
on this actuator we plan in the near future to design closed-
loop control for LSB in combination with optical sensing
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Figure 1: Schematic of the canonical flow configura-
tion and the arrangement of the actuator wire.

of the flow state. Thereby the observed relaxation times of
O(1) seconds suggest that even low-cost hardware can be
sufficient to calculate the plant output in time.

EXPERIMENTAL SET-UP
The flow has been studied in a low-speed water tun-

nel to facilitate time-resolved flow visualisations and PIV
measurements. The test section with a free surface is 2.1m
long, 0.5mwide and 0.34mhigh. Fig. 1 shows a schematic
of the smooth ramp model and the arrangement of the actua-
tor wire. The leading edge of the model which is composed
of a sharp wedge with an angle of 15◦, divides the upstream
flow into the flow along the ramp and the flow beneath the
model.

Beginning from the leading edge a laminar zero pres-
sure gradient boundary layer develops along the flat plate of
lengthL = 100mm. Above the smooth ramp of heighth=
60mmand lengthl = 600mmthis boundary layer separates
under the influence of an adverse pressure gradient which is
fixed by the shape of the ramp. The ramp contour follows
a polynomial shape of order 7 for which Sommer (1965)
numerically determined the position of the LSB. The flow
model is 498mmwide and covers the whole width of the
test section with the exception of two 1mmwide gaps be-
tween the tunnel walls and the ramp. Downstream of the
ramp a horizontal plate prolongates the separation between
the upper and lower flow to reduce the impact of temporal
changes in the flow structure during forcing. The stagna-
tion point on the leading edge was controlled by adjustable
pressure losses at the outlet of the upper flow. The Reynolds
numberRe=U L/ν , based on free-stream velocityU , and
the kinematic viscosityν of water, varied betweenO(103)
andO(104).

In this study, locally-controlled forcing was enabled by
employing a stainless steel wire of 0.13±0.01mmin diame-
ter, which was supported by an oscillating holder. The wire
crossed the whole span of the model 90± 2.5mm down-
stream of the leading edge. To impose to the wire a vertical
sinusoidal motion we used either an electromagnetic vibra-
tor (Brüel & Kjoer, Power amplifier type 2706) in combi-
nation with a frequency generator (Stanford Research Sys-
tems, model DS 345) or a line servo (RS-2 modelcraft)
which was piloted by an Arduino-Due microprocessor. The
frequency ranged between 0.1 and 3Hz. The oscillation am-
plitude was smaller than 3± 1mm. In all experiments the
mean position was fixed at 3.5±0.5mm.

To analyse the flow we used complementary tech-

niques. The global velocity field was measured with a
commercial PIV system (LAVision) using JAI (1600×
1200pix) Cameras and a YAG laser. Typical spatial resolu-
tions were 0.239mmper pixel for the global flow field and
0.071mmper pixel to measure the velocity profile inside the
boundary layer. Flow visualisations obtained with the elec-
trolytic precipitation technique (Taneda & Tomonari, 1974)
were used to analyse the spatial and temporal growth of
the forced perturbations along the separated shear layer. A
solder wire, which is 0.08±0.01mmthick and 4±0.5mm
large, was fixed flash to the wall of the ramp 300± 5mm
downstream of the leading edge. White tracer particles,
which are transported with the flow, are released by apply-
ing a positive voltage in the range of 2 to 10 Volts between
this solder wire and a reference electrode placed at the end
of the test section. An Argon laser with 3W had been used to
illuminate these tracers in the middle plan of the test section
by expanding the light beam to a sheet of light. In this way,
the actual position of the separation line and of the separated
shear layer became visible. To study the reattachment zone
the hydrogen bubble technique (Schraubet al., 1965) turned
out to be more useful. For that purpose, a 0.050±0.005mm
thick stainless steel wire was deformed into a zigzag pat-
tern and fixed in the middle of the ramp at about 300±5mm
downstream of the leading edge. When applying a negative
potential, between 30 and 90 Volts, hydrogen bubbles were
produced at the wire and fed further downstream. A com-
puter controlled function generator allowed to trigger the
release of bubbles to obtain periodic timelines. These time-
lines mark vortical structures and patches of the reattaching
flow.

RESULTS
Figure 2 illustrates the effect of periodic forcing on

the laminar separation bubble. Both visualisations were
obtained with the electrolytic precipitation. Once released
on the wall by the solder wire, the white tracer is pushed
in the direction of the separation line by the wall shear
stress. Near the separation line diffusion becomes pre-
dominant and the tracer is diffused away from the wall to-
wards the interior of the flow domain. Finally, the tracer
is further entrained along the separating shear layer, where
the tracer remains visible as a sharp line, since inside the
flow domain the Schmidt number is high (Sc> 10000). In
Fig. 2 (a), without forcing, the white particles advance at
first along the upstream part of the bubble nearly horizon-
tally. Then, naturally growing instabilities deform the sep-
arated shear layer towards the downstream end of the bub-
ble, and finally, the roll-up of the tracer line marks the for-
mation of Kelvin-Helmholtz vortices. These highly two-
dimensional vortices become rapidly unstable with respect
to secondary instabilities as indicated by the blurring of
the tracer further downstream. In contrast periodic forc-
ing, shown in Fig. 2 (b), leads already in the upstream part
of the bubble to rapidly increasing vertical deformations of
the shear layer. At the same time the separated shear layer
gets closer to the wall and the position of flow separation
moves in the downstream direction fromxs,n = 268±2mm
to xs, f = 287±2mm. The curled tracer distributions at the
end of the bubble points to a reinforced periodic emission
of highly two-dimensional vortical structures. Clearly peri-
odic actuation has a major impact on the flow by reducing
the height and length of the laminar separation bubbles.

The hydrogen bubble technique gives indications on
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(a) (b)

Figure 2: Visualisation of the separated shear layer atRe= 7700 with the electrolytic precipitation technique: (a)
without excitation, and (b) with periodic forcing atfe= 0.56Hzand amplitude 3mm. Clearly vortex shedding sets
in earlier and reduces the length of the separation bubble.

(a) (b)

Figure 3: Visualisation of the reattachment region atRe= 7700 with the hydrogen bubble technique. The bubble
wire is located upstream of flow separation (a) without excitation, and (b) with periodic forcing atfe = 0.64Hz
and amplitude 3mm. In the forced case the hydrogen bubbles reveal that the vortices carry periodically fluid from
inside the flow domain towards the wall.

(a) (b)

Figure 4: Comparison of the instantaneous (above) and mean velocityfields (below) atRe= 7700 for two different
excitation frequencies (a)fe = 0.31 fn, and (b) fe = 2.46 fn. The excitation has a clear impact on the spatial and
temporal evolution of the shear layer and the surrounding mean velocity field.

the flow behaviour during the reattachment process at the
end of the separation bubbles. Figure 3 shows snapshots of
the hydrogen bubble distribution in the reattachment zone
with and without forcing. The hydrogen bubbles are re-
leased upstream of separation. Therefore, without forcing
no tracers are visible inside the upstream part of the sep-
aration zone in Fig. 3 (a). Further downstream Kelvin-
Helmholtz vortices carry the bubbles towards the wall with-
out reaching it. The entrainment of fluid from the main flow
towards the wall remains limited to the region where white
tracer particles are visible. In Fig. 3 (b) with forcing, the

more rapid formation of Kelvin-Helmholtz vortices leads to
patches of reattaching flow as indicated by periodic pres-
ence of hydrogen bubbles near the wall. The related in-
creased entrainment of fluid from the main flow leads to
shorter separation bubbles.

Quantitative information on the effect of local forcing
were obtained from PIV measurements. By using an in-
screased spatial resolution of 0.071mm per pixel the mo-
mentum thicknessΘ at separation was found to be about
1.6mmthick. Following Ho & Huerre (1984) this leads to
a natural shedding frequencyfn = 0.57Hz in good agree-
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Figure 5: Nondimensional bubble length versus non-
dimenisonal forcing frequencies. The smallest bubble
length is obtained in the vicinity of the natural shed-
ding frequency affe = fn.

ment with the shedding frequency evaluated from image se-
quences. Figure 4 compares the instantaneous and mean
velocity fields for two different excitation frequencies. For
the excitation frequencyfe= 0.31 fn the mean length of the
bubble becomes about 40% shorter and at the same time
the pressure recovery in the mean flow increases as indi-
cated by the rapid decrease of the mean velocities in the
downstream direction. In contrast, forfe= 2.46 fn the sepa-
rated shear layer, visible in the instantaneous velocity field,
is more stable. The bubble length decreases only slightly
leading to less pressure recovery. The bubble length was
determined more precisely by calculating the reverse flow
time fraction from PIV measurements over 55.6 periods of
the natural shedding frequency. Without excitation the bub-
ble lengthLn was found to be 325mm long. The evolution
of the nondimensional bubble lengthLb/Ln as a function of
the nondimensional excitation frequencyfe/ fn is shown in
Fig. 5. The most significant reduction ofLb/Ln of about
50% is achieved in the vicinity offe = fn.

In order to analyse the flow mechanisms generated by
the local periodic forcing in more detail we took advantage
of the sharp line which is characteristic for flow visualisa-
tions obtained with the electrolytic precipitation technique.
Similar to the PLIF technique used by Julienet al. (2003)
in the case of a wake flow, the deformations of the sharp
line are the consequence of the growth of the instabilities
along the separated shear layer. The temporal evolution
of the position of the sharp line at eachx position along
the separated shear layer was determined with routines im-
plemented in Matlab using the Signal Processing Toolbox.
These measurements were extracted from a sequence of 500
images which was taken at 15 frames per second. Exam-
plarly, Fig. 6 illustrates the highly periodic character of such
a signal in the actuated case atx/xs, f = 1.25.

The phase velocity of the most amplified mode is
measured employing a two-dimensional spatiotemporal di-
agram of the tracer height for the forced separated shear
layer as presented in Fig. 7. As indicated by the front of the
progressing wave crest the phase velocity achieves nearly
4.4cm/s.

Individual spatial growth rates of different modes are
determined by aligning the most significant amplitudes of
the Fourier decomposition of each of these local signals.

Figure 6: Oscillations of the forced separated shear
layer atx/xs, f = 1.25 forRe= 7700.

Figure 7: Spatiotemporal diagram of the tracer height
for the forced flow atRe= 7700.

However, this technique is only appropriate up to the posi-
tion where the roll-up by vortices leads to ambiguous dislo-
cations of the tracer. Figure 8 compares the spatial evolution
of the most amplified modes for unforced and periodically
forced flow atRe= 7700. All distances in thex direction are
measured with respect to the position of the separation line
of the respective shear layers. In the case of natural flow,
shown in Fig. 8 (a), only the most unstable mode begins to
grow significantly towards the end of the bubble. The same
mode is entrained much closer to the separation line in the
case of periodic forcing atfn as displayed in Fig. 8 (b). The
slope of its increasing amplitude indicates a spatial growth
rate of 0.049mm−1. Subharmonic entrainment is also visi-
ble.

All of these results confirm nicely the validity of the
linear instability theory in the upstream part of the separa-
tion bubble. As mentioned above this region is followed
by the roll-up of vortices which give the flow a nonlinear
dynamics which has to be analysed in more detail.

CONCLUSIONS
The experiments presented in this study demonstrate

that highly two-dimensional small perturbations upstream
of flow separation are sufficient to reduce the length of lam-
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(a) (b)

Figure 8: Comparison of the spatial evolution of the most amplified modes of (a) natural flow, and (b) flow forced
with fe = fn atRe= 7700.

inar separation bubbles up to 50%. For that purpose, the
newly developed oscillating wire arrangement turned out
to be a highly efficient and flexible actuator. All these re-
sults confirm previous numerical studies of Rist & Augustin
(2006) which predict the possibility to control laminar sep-
aration bubbles by local forcing upstream of flow separa-
tion. Although the upstream part of the separation bubble
showed a linear response to excitation, further investiga-
tions by pulsed oscillations are needed to clarify the con-
tributions of vortex formation and shedding to the global
flow response. By adjusting the frequency, phase and ampli-
tude of the excitation we plan to perform closed-loop phasor
control based on a reduced-order model of the flow, follow-
ing Pastooret al. (2006) and incorporating innovations of
Noacket al. (2011).
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