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Abstract

This paper describes the results of experimen-
tal investigations on the characterisation of tran-
sition and flow separation on a slat of an in-
dustrial high-lift configuration by means of ad-
vanced flush-mounted surface sensors. Passive
vortex generators and active devices were ap-
plied on the leading edge in order to control the
flow separation. The wind tunnel tests were per-
formed in the DNW-NWB low-speed wind tun-
nel in Braunschweig using a three-element 2D
model in a take-off configuration at Mach num-
bers M∞ = 0.1 (Re = 1.5 ·106) and M∞ = 0.2
(Re = 3 ·106). The results presented charac-
terise the flow conditions using surface arrays of
hot-wire sensors as well as miniaturised MEMS
sensors developed during the European Project
Aeromems II. For the base flow, the sensor sig-
nals indicate a range of boundary layer transition
at low angles of attack α, whereas at higher α

flow separation takes place. The application of
flow control devices delays the turbulent separa-
tion and improves the post-stall behaviour.

1 Nomenclature

α angle of attack
η deflection angle
cl lift coefficient
ĉpmax normalized pressure coefficient
M Mach number
max maximum
pchamber pressure measured in actuator chamber
Re chord Reynolds number
Stcslat Strouhal number (slat chord)

2 General Introduction

The aerodynamic design of state-of-the-art trans-
port aircraft requires a thorough optimisation of
the high-lift configuration in order to realise the
necessary take-off and landing lift. The result-
ing geometry with large angles of attack causes
a flow with an adverse pressure gradient at the
risk of flow separation. On a slat in particular,
even a laminar separation bubble may occur [1].
The usage of dedicated high-lift devices, such as
a slat or a flap, increases the maximum lift but
also the drag, the weight and the system com-
plexity. Vortex generators, turbulators and pas-
sive transpiration are widely used today to sup-
press a laminar separation bubble and delay flow
separation. A new approach to gain the benefits
of an effective high-lift system without a massive
weight and maintenance penalty is the applica-
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tion of flow control devices [7, 6]. This allows
the simplification of the high-lift devices and the
reduction of the airframe-noise during approach.
Moreover, this potentially makes it possible to
design heavier and more stretched variations of
existing aircraft using the same high-lift system.

In order to control the separated flow, the
leading edge of the investigated high-lift con-
figuration was equipped with both passive vor-
tex generators and active devices to avoid flow
separation by forcing the laminar-turbulent tran-
sition to intensify the turbulent mixing. Robust
and sensitive sensors are required to monitor the
flow for in-flight applications and to identify the
relevant large coherent structures [9]. Therefore,
the present investigations mainly focused on the
characterisation of flow regimes on an industrial
high-lift configuration using advanced surface
sensors. The application of signal analysis meth-
ods allowed the detection of laminar-turbulent
transition and separation on the leading edge slat.
A 2D model was fitted with surface-mounted hot-
wires and new miniaturised MEMS flow sensors
developed during the Aeromems II project. The
MEMS devices were validated by comparing si-
multaneous measurements carried out using hot-
wire sensors and pressure taps. The angle of at-
tack was varied between−4◦ ≤ α≤+21◦. From
results of former experimental investigations on
the characterisation of the base flow it is kown
that a laminar separation bubble occurred at mod-
erate angles of attack, while a turbulent trailing
edge separation emerged after reaching the max-
imum lift [3].

3 Set-up

The measurements were carried out in the DNW-
NWB low-speed wind tunnel in Braunschweig
on a slat of the H8Y high-lift configuration (Air-
bus Germany, Fig. 1). The 2D model con-
sists of a slat, a main wing and a flap, and
has a wingspan of 2.8 m and a chord length
of c = 0.75 m in high-lift configuration (clean
chord length of 0.6 m). All tests were carried
out at Mach numbers M∞ = 0.1 (u∞ = 34 m/s)
and M∞ = 0.2 (u∞ = 68 m/s), Re = 1.5 ·106 and

Re = 3 ·106 respectively, in take-off configu-
ration (ηSlat = 20◦,ηFlap = 25.36◦). For each
Mach number the angle of attack of the
main wing was varied between −4◦ ≤ α≤+21◦

(∆α = 1◦).

upper

lower

segment

MEMS
hot-film
sensors

pressure
taps

surface
hot-wire

array

Fig. 1 Set-up of wind-tunnel test at NWB

The suction side was equipped with a
span-wise MEMS hot-film sensor array at
x/cSlat = 0.78 and a stream-wise array of 32 sur-
face hot-wire sensors (0.24≤ x/cSlat ≤ 0.88) to
monitor the flow conditions. The sensor sig-
nals were recorded and reduced using a high-
speed 14-bit multi-channel data-acquisition sys-
tem, which allows a simultaneous conversion of
static and dynamic signals.

Two different nose-inserts were deployed
during the wind-tunnel test, one for passive vor-
tex generators and one for an active blowing de-
vice consisting of a small air chamber and drilled
holes. Since each insert had a distinctive posi-
tion it was fabricated for, the equipped slat cuts
into two areas. The MEMS-sensors as well as
the pressure taps were placed downstream of the
upper nose-inserts segment, whereas the surface
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hot-wire array was applied downstream of the
lower segment (Fig. 1).

3.1 Flow sensors

In order to minimise sensor-induced surface
roughness and curvature modifications, the sen-
sor arrays were flush-mounted into a cavity ma-
chined into the upper surface of the slat.

MEMS hot-film sensors: Prototype MEMS
hot-film sensors were developed and manufac-
tured by BAE Systems Advanced Technology
Centre. The sensors consisted of 280 nm thick
tungsten film sensing elements of 1 mm length
(or 500 µm length; not used during the test cam-
paign) and a 10:1 aspect ratio with a nominal re-
sistance of 6−7 Ω. These sensing elements were
fabricated on a silicon oxide/polyimide/silicon
oxide membrane, which provides mechanical
support and thermal insulation from the silicon
substrate. Electrical connections to the sensor
were made by a novel through-wafer via tech-
nique, which allowed electrical connections to
be placed at the rear of the device resulting
in a clean, flat-top surface, to minimise distur-
bance to the flow examined. Advanced fabri-

Fig. 2 Ten individual sensors are incorporated
on each chip. Views of MEMS sensor ’chip’:
a) Front view: sensor 1 to 10 (from the left to the
right), b) Rear view

cation techniques were developed to allow the
parasitic resistance of the electrical connections
to be reduced to less than 0.5 Ω. Ten devices
were placed on each device ’chip’ permitting
both multiple measurements and redundancy in
the event of failure. These devices were placed

on 1.35 mm centres with chip dimensions of
13.5 mm x 1.5 mm x 250 µm. When packaged,

Fig. 3 Close up of single hot-film sensor: a) Top
surface, sense element, b) Lower surface showing
rear side electrical connections and sense element
through transparent membrane.

the chips fitted into a cut-out section of the test
piece so that it was possible to achieve a con-
tinuous surface with no steps or gaps. The de-
vices had a measured frequency response in the
range 20-30 kHz depending on the configuration
of the sense element. The efficiency of the de-
vices was a priority during the design phase, as
multiple sensors might be required for an inte-
grated flow control system. Thermal manage-
ment features incorporated into the design of the
sensor increased the amount of energy convected
to the airflow from around 1% of the total in-
put for early device iterations to around 20-30%
of the total input for the final iteration used in
the tests discussed here. At an overheat ratio of
1.3, power consumption for each device was ap-
proximately 85 mW at 0 m/s. At an overheat ra-
tio of 1.5, power consumption at 0 m/s was ap-
proximately 145 mW rising to around 340 mW
at 240 m/s.
The MEMS hot-film sensor array was applied at
the chord-wise position x/cSlat = 0.78. The elec-
trical connections to the sensors were laid along
the lower surface of the slat and were connected
to micro-coax-cables. The sensors were oper-
ated in constant temperature mode using a multi-
channel anemometer (M-CTA).

Surface hot-wire sensors: The surface hot-
wire sensors consist of a platinum-coated tung-
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sten wire (d = 5 µm) welded over a narrow cav-
ity (w≈ 80 µm) in order to reduce the heat flux
into the wall [8].
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Fig. 4 Array of 32 surface hot-wire sensors

The sensor array was applied into a cavity
machined into the surface of the slat. A vacuum-
gluing method assured the flush-mounting of
the array consisting of 32 chord-wise sen-
sors (stream-wise spacing s = 2.5 mm, coverage
0.24≤ x/cSlat ≤ 0.88). Micro-coax-cables were
laid along the shroud of the slat close to the trail-
ing edge for connection to the M-CTA to mini-
mize the influence on the flow field.

Signal analysis: In order to characterise the
different flow properties, the dynamic signals
measured were analysed using different statis-
tical quantities. For the non-calibrated sensors
used, the DC-values represent relative levels of
the quasi wall-shear stress. During the laminar-
turbulent transition, the wall-shear stress levels
increase significantly [2]. Within the separation
region, the wall-shear stress drops and reaches
negative values (backflow) [5], but the hot-wire
sensor signals are always non-directional abso-
lute values. Zones of increased fluctuation can
be identified by analysing the AC-values. In-
creased AC-values indicate regions of high local
fluctuations, such as the laminar-turbulent tran-
sition range or the recirculation zone which are
characterised by highly oscillating flow condi-
tions [4]. The RMS (Root Mean Square) value
was calculated in order to obtain information on
the mean fluctuation amplitude in certain areas

of the slat. Increased RMS-values indicate re-
gions with high levels of local fluctuations, e.g.
a transition area. Furthermore, a region of sep-
arated flow with highly oscillating flow and in-
creased intermittency values is characterised by a
high RMS-level [1].

3.2 Flow control devices

In order to attenuate the flow separation both pas-
sive vortex generators (VG’s) [5] and active de-
vices [6] were deployed at the leading edge of the
slat in front of the sensor arrays. Both of them
cause longitudinal vortices and increase the mo-
mentum transfer. There were two different nose-
inserts, one with changeable passive vortex gen-
erators and another one containing an active air
distributor (Fig. 5).

active
actuation

passive
actuation

actuator
insert

air distributor

actuator chamber

vortex
generators

Fig. 5 Scheme of the nose-inserts

Whilst passive vortex generators are known
to be effective in controlling separation and are
simple to apply, they often incur a penalty in
terms of increased drag when not in use, a fac-
tor that is especially relevant for commercial rea-
sons, when the aircraft is cruising. Active flow
control devices, on the other hand, do not incur
such a drag penalty as they can be de-activated
during this part of the flight envelope. Conse-
quently, in addition to vortex generators, tests
were carried out to study the effect of pulsed ac-
tuation. The former were a Kapton foil device
(VG1, height of h = 0.08 mm, Fig. 6a), deliv-
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ered by the EADS - Corporate Research Cen-
tre (CRC Munich). Furthermore, a self-adhesive
aluminium tape with an embossed line of pyra-
mids (VG2, height of h = 0.3 mm, Fig. 6b) was
tested.

Fig. 6 Passive vortex generators: a) VG1, b) VG2

For the latter, a fast magnetic valve, which
was connected to a pressurised air supply and
mounted on a slat track, generated a pulsed air
flow at the leading edge of the slat. The air
distributor in the nose insert linked the pres-
sure chamber with the drilled holes (d = 0.5 mm,
spacing t = 5 mm), resulting in an air jet.

4 Results

A characterisation of the base flow was per-
formed in order to validate the new MEMS-
sensors and to study the influence of the differ-
ent passive and active flow control devices on the
slat flow. Therefore the vortex generators were
removed from the nose-insert for passive actua-
tion providing a clean nose and it was changed
between the upper and the lower segment.

4.1 Base flow

The RMS values of all span-wise staggered
MEMS-sensors obtained at M∞ = 0.2 without
flow control devices are shown in Fig. 7. The
low RMS-levels for low angles of attack (α≤ 4◦)
clearly indicate an attached laminar flow at the
sensor position of the suction side. The transi-
tion apparently occurs downstream of the sen-
sor position. Increasing the angle of attack up to

α = 5◦ results in an upstream shift of the laminar-
turbulent boundary layer transition, which passes
the sensor position. The rapid growth of the RMS
values between 4◦ < α < 5◦ and their nearly con-
stant levels up to α≤ 10◦ characterise the fully
turbulent flow at the sensor position.
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Fig. 7 RMS-values, MEMS-sensors, M∞ = 0.2

A further increase in the angle of attack
causes a step-up of the adverse pressure gradient,
leading to a pressure-induced turbulent trailing-
edge separation. The separation induces mas-
sively increased RMS-levels for α≥ 11◦ (Fig. 7).
The corresponding occurrence of laminar and tur-
bulent flow as well as flow separation at all span-
wise staggered sensors demonstrates the basi-
cally 2D character of the flow.
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Fig. 8 Time-traces of one representative MEMS-
sensor, M∞ = 0.2
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In addition, Fig. 8 shows time-traces (AC-
values) of one representative MEMS hot-film
sensor (angles of attack increases from top to
bottom). In accordance to the RMS, low AC-
levels show the presence of attached laminar flow
for α≤ 4◦. In downward direction, an increas-
ing angle of attack causes the boundary layer
transition in the range 4◦ < α < 5◦ and leads to
a fully turbulent flow up to angles of attack of
α≤ 10◦ characterised by increased fluctuation
amplitudes. Moreover, a significant rise in the
dynamic signal amplitudes is detected for angles
of attack of α≥ 11◦ since the flow separates due
to the adverse pressure gradient.

4.2 Passive actuation

Two kinds of vortex generators (Fig. 6) were ap-
plied at the leading edge of the slat to delay the
flow separation. The influence of the passive de-
vices on both transition and flow separation in
comparison with the corresponding base flow is
shown in Fig. 9. The RMS-levels clearly identify
the forced laminar-turbulent transition induced
by the passive devices. Additionally, such de-
vices also intensify the momentum transfer and
can decrease flow separation at the trailing edge
of the slat.
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For the flow conditions illustrated
(M∞ = 0.2), flow separation is suppressed

with the aid of VG1 and VG2 devices and higher
angles of attack are reached. The RMS values
clearly indicate the turbulent attached flow at
3◦ ≤ α≤ 11◦ for VG1, whereas the VG2 nose
can delay the separation up to α > 16◦. Con-
sequently, a further delay of flow separation is
achieved with the larger vortex generator (VG2)
because the shape of this passive device induces
increased mixing.

The delay of flow separation using the pas-
sive devices was validated by the distribution
of the pressure coefficients ĉpmax on the suction
side as illustrated in Fig. 10. The maximum
normalized pressure coefficient, which indicates
a pre-separation state of the boundary layer, is
shifted to α = 12◦ with a corresponding delta
in maximum of ∆ĉpmax ≈ 0.12 for VG1. More-
over, the maximum angle of attack is increased to
αmax = 14◦ in comparison with the base flow for
the VG2 vortex generator with an advantage of
the maximum pressure coefficient ∆ĉpmax ≈ 0.21.
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Fig. 10 ĉpmax : corresponding base flow, VG1,
VG2, M∞ = 0.2

Results of the flow affected by VG2 ob-
tained with the high spatial resolution surface
hot-wire array at the lower segment for the same
free stream velocity (M∞ = 0.2) are presented in
Fig. 11. Since each insert had a segment it was
manufactured for, slight modifications of the slat
contour were visible when changing the inserts
between the two segments resulting in differing
flow characteristics. Consequently, the turbu-
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Fig. 11 RMS-values of surface hot-wire array,
VG2, M∞ = 0.2

lent attached flow without passive actuation is
characterised by the dotted line in the range of
4◦ ≤ α≤ 12◦. It is shown, that the boundary
layer transition is forced to 2◦ < α < 3◦ due to
the influence of the VG2. Just like the corre-
sponding base flow, the transition propagates up-
stream along the sensor array for x/cSlat = 0.88
up to x/cSlat = 0.24 at a variation of the angle of
attack of ∆α = 1◦. Moreover, the positive influ-
ence of the forcing momentum induced by VG2
on flow separation is again clearly visible.
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Since the transition occurs very rapidly along
the surface hot-wire array for ∆α = 1◦, mean val-
ues of the sensor signals for selected angles of at-
tack with a variation of ∆α = 0.2◦ are illustrated

in Fig. 12. The low mean values for α = 3.2◦ rep-
resenting low shear stress levels are evidence for
the presence of laminar flow. An increase in the
angle of attack leads to a rise of the mean values
at the trailing edge region that drops upstream.
As the wall shear stress level in the turbulent flow
is significantly higher than in the laminar one,
this behaviour characterises the beginning of the
boundary layer transition from the trailing edge.
The transition propagates upstream for a further
increase of the angle of attack and results in a
fully turbulent flow for α≥ 3.8◦ along the sensor
region.

4.3 Active actuation

A common feature of separated flows is the de-
velopment of large scale vortex structures in con-
junction with the typical vortex shedding. This
highly dynamic process causes a mixture of fluid
and a momentum transfer between the free flow
and the recirculation area. For the investigation
in hand, a fast magnetic valve was connected
to a pressurised air supply system to generate a
pulsed air flow at the leading edge of the slat
(Fig. 1). This pulsed actuation at a chosen fre-
quency of f = 110 Hz (StcSlat = 0.2−0.39) re-
duces the necessary perturbation momentum.
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The RMS values for a single representa-
tive MEMS hot-film sensor at different actua-
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tor chamber pressures and a free stream Mach
number of M∞ = 0.1 are presented in Fig. 13.
The transition is forced to lower angles of at-
tack with increasing chamber pressures due to
the increased momentum transfer. The rise of
the RMS-values is also shifted to lower angles
of attack indicating an accelerated onset of flow
separation. However, the gradient of the RMS-
distribution in the separation region is signif-
icantly reduced at an increased excitation rate
compared to the corresponding base flow. The re-
sulting improvement of the post-stall behaviour,
characterised by the smooth rise of the RMS-
level, is clearly confirmed by the distribution of
the normalised maximum pressure coefficients
ĉpmax in Fig. 14.
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Fig. 14 ĉpmax : corresponding base flow vs. dif-
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For the presented chamber pressures the max-
imum angles of attack are lower than the refer-
ence pressure coefficient distribution for the cor-
responding base flow. However, the decrease in
the pressure coefficients at higher angles of at-
tack for pulsed actuation at different chamber
pressures (pchamber = 11.7−17.0 kPa) is signif-
icantly smoother when compared to the corre-
sponding base flow and validates the benefit in
post-stall behaviour.

5 Summary

Measurements of an instrumented high-lift slat
configuration at two different Mach numbers
were performed using a stream-wise surface hot-
wire array as well as a span-wise MEMS hot-film
sensor array. As the boundary layer close to the
leading edge of the slat was very thin, a cavity
was machined into the slat to allow the sensor ar-
rays to be flush-mounted so that disturbance to
the flow by surface irregularities was minimised.

The results show that there is flow separation
at high angles of attack on the high-lift device in-
vestigated. Additionally, laminar-turbulent tran-
sition takes place in the upstream section of the
slat close to the leading edge for moderate an-
gles of attack. The applied surface hot-wire tech-
nique is clearly capable of measuring the above-
mentioned physical effects. Moreover, the newly
designed MEMS hot-film sensors are also able to
characterise these physical properties.

Both passive and active devices were used to
control the separated flow. The two types of pas-
sive vortex generators investigated were shown to
delay flow separation, with the VG2 type having
a significantly greater effect than that obtained
using the VG1. Furthermore, active devices were
installed in the nose area in order to affect the
flow by pulsed actuation. It was shown that
whilst the devices did not delay separation, the
post-stall behaviour was improved. In addition,
the newly developed MEMS device proved to be
a reliable and appropriate sensor for transition
and separation detection. Even when placed in
a single stream-wise position they reliably mon-
itored both the laminar and turbulent boundary
layer as well as the trailing edge separation.
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