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Abstract

The present paper discusses the setup, data acquisition, some aspects of post-processing and exemplary data
from a large-scale wind tunnel entry conducted in the DNW-LLF facility. The goal of the test was to verify the
applicability of a novel, tailored skin, single duct (TSSD) suction system design for active laminar flow control.
The model is a 1:0.7 scaled vertical tail plane (VTP) with a height of 4.45 m. The most important measure-
ment methods are pressure scanning, mass flow metering and infrared imaging. The measured pressure is
combined with CFD-data in a data-fusion process to reconstruct the full 3D pressure on the VTP surface de-
spite the finite number of discrete pressure taps. This data in turn is used to predict the spatially resolved
suction velocity distribution on the surface of the suction panel. Both methods, the pressure reconstruction
and the suction velocity estimation, encompass a thorough uncertainty estimation and propagation. Also, the
total suction mass flow is measured with a custom-designed metering system with a final accuracy of ±0.1%
of the reading. The comparison with an integration of the suction velocity gives excellent agreement, raising
confidence in all these methods.
This process, and the accompanying results of the detection of the transition line with infrared imaging, will be
demonstrated for a symmetric flow case under reference conditions. A significant amount of laminar boundary
layer flow was retained, demonstrating the general feasibility of the TSSD system.
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1. INTRODUCTION

The reduction of viscous drag with active laminar flow
control (LFC) offers a very promising potential to in-
crease the efficiency of large transport aircraft, [1].
Recently, Karpuk et al. [2] published aircraft de-
sign studies based on multi-disciplinary optimization
(MDO) approaches, where they compared different
approaches that could contribute to significant reduc-
tions in CO2 emissions. On the level of MDO, they
designed each configuration for a balance between
equivalent CO2 emissions and Direct Operating Costs
(DOC). As based on their findings, LFC is expected
to become the largest contributor to reduce CO2

for future aircraft configurations, compared to e.g.
ultra-high bypass ratio engines, advanced materials
and structures and load alleviation.
LFC is being researched since several decades. The
review articles of Joslin [3] and Schrauf [4] summarize
the state-of-the-art of the 80s and 90s, the remaining
challenges and list large-scale tests that were done
until the turn of the century. An overview over the
more recent developments can be found e.g. in [5] or
in the comprehensive introduction of Beck et al. [1].

The very concept of LFC is to have a “suction plenum”
underneath the actual surface, which is then covered
with some sort of a micro-perforated surface. Gen-
erating a suitably low pressure in the plenum forces
a flow through the perforated surface from the outer
flow, i.e. from the lower regions of the boundary layer,
into the plenum. On boundary layer level, this flow ef-
fectively appears as a (typically negative) wall-normal
velocity at the wall. With this, the velocity profile of
a laminar boundary layer can be influenced actively,
which in turn allows to avoid unstable velocity pro-
files. Negative wall-normal velocities, or suction, re-
spectively, are usually beneficial to all kinds of laminar
boundary layer instabilities, e.g. Tollmien-Schlichting-
modes, crossflow-modes and attachment line transi-
tion. Since for an airfoil the static pressure of the
outer flow changes along chord, all LFC-systems re-
quire some way to either adjust the plenum pressure
to the outer pressure (e.g. by means of several, small
chambers in chordwise direction), or by varying the
effective pressure-loss characteristics of the skin it-
self.
Without much doubt, the efficient and economical pro-
duction of the micro-porous surface is one of the large
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challenges yet unsolved. For wind tunnel or flight test-
ing often micro-perforated metallic sheets produced
by laser drilling have been used, e.g. [6], [7], and
many others. However, laser drilling all suction panels
of a full-scale transport aircraft seems infeasible (or at
least uneconomical) and also suffers from other chal-
lenges, specifically the delicate reproducibility, which
is important, because the geometrical shape of the
holes and the associated pressure loss through the
porous sheet has a large influence on the local suc-
tion velocity. This is even more true if seen for the full
lifespan of a transport aircraft: The suction skin is a
sensible element and in order to maintain the effect
of the laminar flow control over the entire lifetime, the
suction skin must be maintainable.
One approach to cope these challenges is the Tai-
lored Skin Single Duct (TSSD) concept, originally
published in [8] and [9]. The TSSD-system consist
of a closed suction module, which in turn comprises
an inner structure, stiffener ribs and the suction skin
itself. A sketch of the elements for the TSSD-module
used herein is shown in the right part of Fig. 1. This
system in principle allows to mount/demount the
suction-box as one, integral module, that could be
maintained, repaired and calibrated without actually
being mounted on the aircraft.
The TSSD-skin also establishes a concept for an
economic fabrication, which can be industrialized
and transferred to a large scale. Some details of the
TSSD-skin are shown in the left part of Fig. 1. The
skin consists of different layers of coarse-meshed
metallic fabrics which are diffusion-welded to gen-
erate a porous, but self-supporting substrate. This
is then covered by a close-meshed metallic fabric,
which creates a desired–and designable–pressure
loss so as to adapt the desired suction distribution to
the outer pressure distribution. Finally, the metallic
fabrics are covered with a 50µm thick, metallic foil.
The foil is treated with fine etching to generate a
micro-perforation made of 50µm holes. The shape
of the holes is of high quality, e.g. with respect to the
sharpness of the edges and the consistency of the di-
ameter shape. Since the foil is thin, the pressure-loss

characteristics of the holes are reproducible. The fine
etching process is well established, industrialized,
and a high production rate is feasible. At the same
time, the surface quality is good enough to allow
laminar flow.
The different steps for the design, development and
verification of the TSSD-system have recently been
summarized in [10]. The present paper will specifi-
cally give an overview over the studies done in the
large-scale wind tunnel entry at the DNW-LLF facility.
We will explain the experimental setup, data acquisi-
tion and some post-processing and also give a brief
overview of the data that has been acquired. For one
case, the VTP at symmetric flow under reference con-
ditions, we will present all data required to rebuild the
case. The paper will however not go into great de-
tail with the interpretation of the data and discussion
of several different flow cases and conditions. A thor-
ough analysis and rebuilding of the cases will be a
matter of future projects.

2. EXPERIMENTAL SETUP

2.1. VTP-model and TSSD suction panel

The basic model to carry the TSSD suction system for
the wind tunnel test was an isolated vertical tail plane
(VTP) model that has been used in several other
wind tunnel entries for hybrid laminar flow control
related tests, e.g. [11], [12]. The model has a span
(i.e. height) of b = 4.45m. The chord at the root is
4.91 m the chord at the tip is 2.22 m, leading edge
sweep is ΦL/E = 40.4◦. The rudder hinge line is at
69 % of the local chord. Figure 2 shows a sketch of
the model.
The VTP model was specifically designed to deliver
boundary layer stability characteristics and boundary
layer Reynolds numbers typical for an A320 VTP in
cruise flight. To do so, the whole model is similar to
an A320 VTP, but in a 1:0.7 scale, such that Reynolds
number identity is achieved at a freestream velocity
of 100 m/s in the wind tunnel. The airfoil thickness

FIG 1. Concepts of the TSSD skin layout (left) and for the exchangeable suction module (right)
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FIG 2. Side view of the model, including the location of
the pressure taps. Four spanwise sections are
highlighted that will be used in Sec. 3.

distribution was redesigned to compensate the lack
of compressibility in the wind tunnel.
The suction panel for hybrid laminar flow control cov-
ers the region between η = 0.41 and η = 0.731 of rela-
tive span and reaches until x/c = 0.19 (in line-of-flight
direction). The whole TSSD-system is basically one
integral module that can be mounted into the lead-
ing edge. All transitions between the module and the
backbone VTP model where filled, sanded and pol-
ished in the preparation.
The TSSD concept is a single-chamber system, i.e.
only one single plenum exists underneath the micro-
porous suction skin. Therefore, the main control pa-
rameter for the HLFC system is the plenum pressure
coefficient cP,p. In the model, the plenum pressure is
measured in 36 different positions, 18 on both sides.
The standard deviation of the individual plenum pres-
sures is around σCP,p

= 3.4%. Their mean value is
used herein to quantify the strength of the suction.
However, in the calculation for the local suction ve-
locity, Sec. 2.3.2, the pressure distribution inside the
plenum was actually taken into account. The plenum
was also instrumented with temperature sensors to
determine the density of the sucked air.
It is worth to note that the suction distribution was de-
signed to maximize the laminar flow region, not taking
into account the power required to drive the suction
system. So the objective of this entry is not to operate
the system at maximum efficiency, but to validate the
feasibility of the TSSD skin.
To avoid attachment line transition from leading
edge contaminations a custom-designed anti-
contamination device (ACD) is mounted just below
the suction panel. It is worth to note that the leading
edge sweep Reynolds number is large enough to
trigger attachment line transition. Therefore, the
very leading edge region of the suction distribution
is designed to reduce the momentum loss thickness
of the attachment line boundary layer to Reθ < 100,
ref. [10].

FIG 3. The VTP model in the test section of DNW-LLF,
shown here with large sideslip angle for artistic
reasons (Photo credits: DNW-LLF)

The model is equipped with a large number of static
pressure taps in five different spanwise sections. The
pressure taps are highlighted in Fig. 2.

2.2. Wind Tunnel and Measurement Methods

The model was tested in the 8 m×6 m test section of
the large low-speed facility (LLF)1 of DNW in Mark-
nesse, the Netherlands. The majority of tests was
done at a freestream velocity u∞ = 100m/s, which
is the design case for the VTP.
The model was mounted on a rotation table which
in turn was connected to the six-component external
underfloor balance. All moments and forces were
recorded, however, since the focus of the entry was
more on the transition position and only some part
of the whole VTP is covered by the HLFC panel, the
integral forces are not of major importance within this
publication.
Beside scanning of static pressures the main mea-
surement method was thermographic imaging of the
model surface to measure transition positions. A total
of four infrared cameras were installed: Two to mon-
itor the port side and two for the starboard side. On
each side of the model one camera observed the re-
gion behind the suction panel and one camera ob-
served a region well upwards of the suction panel,
where the flow over the VTP surface is not influenced
by the suction. The latter region is the NLF-panel,
which is used to monitor symmetry of the transition
positions and to allow an exact N-factor calibration for
this specific wind tunnel entry (or for each test point,
if required). Fig. 4 provides an overview of the layout
for the IR cams.
The infrared imaging requires a temperature differ-
ence between the surrounding air flow and the model
structure, such that the different heat transfer coeffi-
cients of laminar and turbulent flow can lead to differ-
ent model surface temperatures, which are recorded
with the IR cams. The VTP model features in-built
surface heating mats on both sides behind the HLFC
panel and on the NLF-panel. In our case, however,

1https://www.dnw.aero/wind-tunnels/llf/
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FIG 4. Layout of the infrared cameras to oberserve the NLF- and the HLFC-panels on both sides of the VTP

the naturally occurring slow heating of the wind tunnel
flow was quite sufficient to produce an adequate tem-
perature gradient and thus well visible transition lines.
Therefore, the heating mats were effectively not used
in this measurement.
Also, the infrared imaging requires a surface with low
thermal conductivity, such that the surface tempera-
ture differences are reasonably sharp. The VTP body
is made of fibre reinforced plastics coated with gel-
coat, which gives a good contrast and, thus, allows
high-quality IR images. This is not given on the metal-
lic surface of the suction panel. As a consequence,
the transition position can only be measured, if it is
beyond the suction panel, i.e. xTr./c > 0.19.
The majority of test cases were dedicated to gener-
ate a database for different angles of sideslip in the
range β = ±2◦, different rudder angles in the range
δR = ±2◦, each with different strength of the HLFC
suction cp,P and also some cases with smaller flow
velocities. Most of these cases were also repeated
inversely, i.e. a case β = +2◦ and δR = −2◦ was
repeated as β = −2◦ and δR = +2◦ to identify asym-
metries and uncertainties. In the present paper we
will focus on the reference case, which is the one with
symmetric flow conditions, β = 0◦ and δR = 0◦ at
u∞ = 100m/s and Re = 22 · 106.

2.3. Mass Flow Metering and Suction Velocity
Distribution

The most important parameters of the BL suction sys-
tem are the total mass flow rate and the local suc-
tion velocity, both being related to each other. In the
present wind tunnel entry both quantities were deter-
mined independently with different approaches, also
including a thorough uncertainty quantification, [13],
[14].

2.3.1. Direct mass flow measurement

The total mass flow rate can, in principle, be mea-
sured straightforward with a mass flow meter. Several
physical principles to meter mass or volume flow rate
are known. The device ultimately used herein was
found in a comprehensive analysis and selection
process, where the properties of different meter-

ing concepts were compared against the specific
requirements of an HLFC wind tunnel test. The
considered metering concepts were: laminar flow
meters, rotary meters, turbine gas meters, ultrasonic
or Coriolis meters, vortex flow meters, critical nozzles
and calorimetric approaches. The selection was
guided by a formal multi-criteria decision making
method (weighted sum model), which finally gave the
following ranking:
• Most important: Accuracy
• Medium importance: low risk (e.g. being “foolproof”

and stable)
• Some relevance: Response time, practicability (e.g.

mobility, complexity of the handling, required instal-
lation time) and generation of disturbances

• Minor relevance: Price, pressure losses in the me-
ter, dynamic range, sensitivity to disturbances

The outcome of this process was finally that a combi-
nation of two rotary flow meters in a parallel arrange-
ment is the most accurate, yet practical and extremely
robust choice. Therefore, two identical rotary gas me-
ters of type “FMR G250” were used as the backbone
of the metering system.
The rotary flow meters require additional instrumenta-
tion to determine the density (pressure sensors Keller
30 PA A-33X and temperature sensors PT-100, class
A). The whole setup was analysed with an uncertainty
propagation method, which showed that the accuracy
of the additional sensors, and therefore the accuracy
of the density, is an order of magnitude better than the
precision of the rotary meters. In other words, the ac-
curacy of the system is dominated by the calibration
of the rotary meters. Therefore, as a finally step, the
whole system was calibrated against a calibration nor-
mal (critical nozzles) at the german national metrology
institute PTB2. The rotary flow meters featured small,
but measurable systematic deviations from the cali-
bration normal that were finally eliminated by a non-
linear calibration function.
The mass flow measured with this system will be de-
noted ṁm in the following. It has a final accuracy of
±0.1% of the reading.

2https://www.ptb.de/cms/en/ptb/fachabteilungen/abt1/

fb-14/ag-143.html
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(a) Probability distributions of the mass flow rates mea-
sured directly with the meter, ṁm, and as a result of
the vS -prediction method

(b) Mass flow for different plenum pressures cp,P for
the case Re = 22 · 106, β = 0◦, δR = 0◦

FIG 5. Comparison of the two different methods to determine suction mass flow rate

2.3.2. Suction velocity distribution

While for control purposes, both, the plenum pres-
sure cp,P and the mass flow rate are suitable, for a
re-building and deeper analysis the suction velocity
distribution vS(x, y) is usually required. This is a chal-
lenging problem, because the flow rate through the
micro porous sheet is basically a function of the pres-
sure difference between the surface pressure on the
outside cp and the plenum pressure cp,P . The surface
pressure cp however cannot be measured directly on
the suction skin, but only in the static pressure tap
sections below and above the suction panel. Further-
more, to determine the local suction velocity requires
detailed and exact knowledge about the (local) pres-
sure loss characteristics of the suction skin.
To solve this, a data-fusion approach was used in the
present setup, including a thorough uncertainty anal-
ysis. The details of this method are published in [13]
and [14], but will briefly be repeated:
The data fusion method is based on a Surrogate-
Modelling Aero-Data Toolbox (SMARTy), [15], to fuse
the experimental data (pressure distribution mea-
sured with several, but discrete and fixed pressure
taps) with RANS simulation results of the VTP. The
outcome of this process is the spatially resolved outer
surface pressure cp on the whole VTP, including the
suction panel.
The local suction velocity is then determined from the
pressure difference over the suction panel surface
with a Darcy-Forchheimer equation for flow through a
porous medium:

(1) vS =
A±

√
A2 + 4B (cp − cp,P ) · q∞

2B

In this equation, A and B are parameters that stem
from the Darcy and Forchheimer terms. These pa-
rameters were calibrated in a preparative bench-top
experiment with the actual TSSD-panel assembly, by
measuring the local flow rate through the suction skin

(for given plenum pressure cp,P ) with a probe, which
is not unlike a small plunger. All elements on the right
hand side of (1), except q∞, are actually local values
(x, y) coming from either the calibration step or the
data fusion.
Since all of these values are also subject to uncertain-
ties, the method is based on a probabilistic description
of all input parameters. This also includes the effect of
surface perturbations and the associated uncertainty
of the outer pressure that might come from waviness
or dents in the suction surface. The actual waviness
and the “true” outer shape of the TSSD-surface is
known from 3D laser scanning and is taken into ac-
count. Furthermore, the uncertainty of the data fusion
itself, and accuracies of all individual sensors used
during the process are included. The probabilities
were then propagated using a Monte-Carlo method.
The final outcome of this process is a pressure distri-
bution over the VTP and over the suction panel and a
distribution of the (estimated) suction velocity on the
panel, both including uncertainty bounds. Some re-
sults will be shown in Sec. 3.

2.3.3. Consistency of suction velocity and mass
flow measurement

The local suction rate vS can be integrated (includ-
ing uncertainties) and should then equal the mass
flow rate measured with the gas meters ṁm. The re-
sult of such a comparison is shown in Fig. 5(a). The
PDF visualizes the uncertainty range of the two meth-
ods. As discussed above, the direct measurement
has a narrow uncertainty band with a 95% credibility
of 1.96 ·σṁm

= 0.001, or 0.1% of ṁm, respectively. Al-
though the uncertainty range for the prediction based
on an integration of the local suction velocities is no-
ticeably wider, the expected accuracy is better than
1 %–which, even for some of the direct metering con-
cepts, would actually be quite a good accuracy. The
two methods agree within the uncertainty bounds of
the prediction, raising confidence that the local suc-
tion velocity distribution is reliable. Note that this level
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FIG 6. Result of the data fusion and vs-prediction method: spatially resolved data for cp and vs.
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FIG 7. Comparison between fused solution and direct

measurement in the lowermost pressure section

η = 0.167.

of agreement was persistent for all data points in the
whole wind tunnel entry. In general, the direct mea-
surement was slightly larger than the expected value
coming from the vS-prediction. This indicates that
there is some remaining, systematic influence. How-
ever, since the agreement is generally excellent we
did not pursue this further.
Fig. 5(b) visualizes the total suction mass flow as a
function of the plenum pressure cp,P , again for both
metering methods, for the symmetric flow case at
reference conditions. It is clear that smaller plenum
pressure gives more mass flow. Here, we label a
“suction mass flow” with a negative ṁ. Again, the
general agreement between the two methods is
excellent. From this plot it becomes evident that too
large plenum pressure actually generates a positive
mass flow. As will be shown later, the minimum
pressure on the outside of the suction panel is
cp = −0.21 for this case. So for all plenum pressures
cp,P > −0.21 we have to expect a local mass flux
from inside the plenum into the outer flow, i.e. a
“transpirating mass flow”. For cp,P > 0.1 not only
some local transpiration is evident, but the total mass
flow becomes positive. Of course, such cases are

x/clcl

c p

0 0.2 0.4 0.6 0.8 1

-0.4
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0

0.2

0.4

η=0.92

η=0.82

NLF-Panel:

HLFC-Panel:

η=0.58

η=0.47

FIG 8. Pressure distributions in different sections for

the reference case β = 0◦, δR = 0◦ at Re = 22·106.

of little interest for laminar flow control. However, it
gives even more confidence into the vS-prediction
that such cases with mixed suction and transpiration
seem to agree very well with the direct mass flow
measurement.

3. RESULTS

As said above, herein we will focus on the symmetric
flow case β = 0◦ and δR = 0◦ at reference conditions
u∞ = 100m/s and Re = 22 · 106.
The result from the data fusion and vs-prediction
method [14] is a spatially resolved cp-distribution on
the full VTP and also spatially resolved vs-distribution
on the suction panel. Such a result is shown in Fig. 6
as an example. The pressure distribution is relatively
smooth, because it basically stems from the smooth
results of a CFD simulation that has been fitted to
the data measured with the actual pressure taps. A
direct comparison between the fused data and the
actually measured data can be done in the pressure
sections, where the model is equipped with pressure
taps. For the sake of brevity we only show the results
of the lowermost pressure section, which is located at
η = 0.167, in Fig. 7. In general, the fused solution is

6



an excellent representation of the actually measured
data (not only in this section, but also for all others,
where it can be checked). The contour lines in Fig. 6
qualitatively show, that the pressure isolines are not
parallel to the leading edge. Hence, the results are
more detailed than what could be achieved with the
more straightforward approach to linearly interpolate
between neighbouring pressure sections.
Fig. 6 also shows the predicted vs-distribution on the
suction panel, merely to recall that also the suction
distribution is available on the whole surface, where
suction is actually applied. In contrast to the pres-
sure, the suction velocity distribution is less smooth.
This comes from the fact that the suction skin param-
eters A and B, eqn. (1), measured in the bench-top
experiment were a bit wavy and showed some inho-
mogeneity. It is worth to note that the parameters and
the resulting suction velocity in the bench-top experi-
ments were repeatable; it is therefore a deterministic
property of the skin and not an uncertainty or inaccu-
racy.
For a more quantitative analysis we will focus on four
different sections, that is η = 0.47 and 0.58 on the
HLFC-panel and η = 0.82 and 0.92 on the NLF-panel,
which are also indicated in Fig. 2. Furthermore, we
will focus on analysis in sections of constant span,
i.e. “line-of-flight” sections. The pressure distribution
in the four sections for the symmetric case at refer-
ence conditions is given in Fig. 8. To be very precise,
the data shown here is taken from the case with max-
imum suction rate, i.e. cp,P = −0.434. However, the
pressure distribution is effectively not influenced by
the suction rate. As can be seen, the two pressure
distributions on the HLFC-panel are mostly on top of
each other. Some minor deviations exist for x/c < 0.2,
which is actually the most important region. The sec-
tional pressure distributions on the NLF-panel are no-
tably different, which is mainly due to the finite span.
Each section in this plot is represented with two lines,
which is the port and the starboard side of the model.
Since this is a symmetric case with β = 0◦ and δR =
0◦, both sides should nominally have the same pres-

sure distribution. The figure shows that this is true for
all sections, except for the uppermost one η = 0.92.
This very small asymmetry towards the tip of the VTP
is basically a property of the backbone VTP model.
For future work these pressure distributions are now
readily available as an input for stability analysis
and transition prediction methods. Nevertheless, the
present paper will focus on the experiments and the
data processing and will therefore not cover such
data exploitation.
The effective suction velocity distribution vs on the
panel is shown in Fig. 9 for the two sections η = 0.47
and 0.58 and for different plenum pressures cp,P . The
lines represent the vs-distribution and the error bars
indicate the uncertainty of the vs-prediction process
that was outlined in Sec. 2.3.2. Again, two lines are
shown here for each case for both sides of the model.
The waviness that was already identified in Fig. 6 is
clearly visible and it also becomes clear that the wavi-
ness is not an uncertainty of the prediction, but a de-
terministic property. The two sections η = 0.47 and
0.58 are shown here in individual subfigures to avoid
too many, overlapping lines; a detailed comparison
between the two sections shows that the general dis-
tribution is very similar, but some deviations exist be-
tween the two sections which are basically a similar
order of magnitude as the deviations between the two
sides of the model.
It can be seen from Fig. 8 that the minimum pressure
on the suction panel is at the rear end, i.e. at x/c =
0.19, and is cp,��� ≈ 0.21. Hence, for the case cp,P =
−0.211 the underpressure in the plenum is basically
the same as in the outer flow, which leads to some
transpiration, i.e. positive vs-values, towards the rear
end of the suction panel. Data is not shown here,
but expectedly the transpiration becomes stronger if
the plenum pressure cp,P is further reduced. Such
cases are obviously not interesting for laminar flow
control, since the transpiration will quickly trigger tran-
sition. Therefore, for the symmetric flow case at ref-
erence conditions, cp,P = −0.21 is the minimum re-
quired plenum pressure.

x/c

v s/
u

∞
   

[%
]

0 0.05 0.1 0.15 0.2

-0.2

-0.15

-0.1

-0.05

0

0.05

         cp,P = -0.211

      cp,P = -0.281

   cp,P = -0.349

cp,P = -0.434

HLFC panel, η = 0.47

x/c

v s/
u

∞
   

[%
]

0 0.05 0.1 0.15 0.2

-0.2

-0.15

-0.1

-0.05

0

0.05

         cp,P = -0.211

      cp,P = -0.281

   cp,P = -0.349

cp,P = -0.434

HLFC panel, η = 0.58

FIG 9. Estimated suction distribution vs including uncertainty bounds σvs for two sections on the HLFC-panel for

the reference case β = 0◦, δR = 0◦ at Re = 22 · 106.
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After having discussed the exemplary outcome of the
cp data fusion and suction velocity prediction, the fol-
lowing paragraphs will discuss the transition detection
based on the infrared images.
First, Fig. 10 visualizes the process to evaluate the
IR-images for the NLF-panel as an example. The
raw image is shown here as-is, but for the analysis
it is dewarped and a spatial calibration is defined
as based on the tick marks. Then the transition
line is identified from the contrast between the dark
shaded areas (laminar region) and the brighter areas
(turbulent region). This results in a raw transition
line (xTr./c)(η), which is usually very rugged. The
characteristic wedges that are clearly visible in Fig. 10
are either due to surface imperfections or are a result
of a crossflow-dominated transition process. This
can only be distinguished manually by comparing
various images for e.g. different Re. For further
analysis all regions that are turbulent, but that either
do not respond to a change in the suction rate or
that are obviously a result of a surface disturbance
(turbulent wedge), are masked out and the remaining,
rugged transition line is then approximated with a
linear function. The lower part of Fig. 10 shows the
rugged, raw transition line, the linear approximation
and the 95 % confidence interval of the linear ap-
proximation. This approach finally gives a transition

position (xTr./c)(η), which is independent from the
exact appearance of the rugged transition line.
For the NLF panel, this process is relatively robust.
For the HLFC panel, the process requires some man-
ual, non-automatable tweaking, e.g. the masking of
some regions. This, to a certain degree, makes the
final results subjective.
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FIG 11. Transition positions for the reference case β =
0◦, δR = 0◦ at Re = 22 · 106; Error bars are the

95% confidence (1.96 ·σ) due to the rugged tran-

sition line

The outcome of the IR-Image analysis is highlighted
in Fig. 11, again for the symmetric case at reference
conditions. All lines in the lower region are the ones
measured on the NLF panel. The other lines are the
transition position downstream of the HLFC panel.
For the NLF panel it can be seen that neither the tran-
sition position nor the confidence interval changes
when the suction rate is varied. In fact, the IR images
on the NLF panel are almost identical for all of the
cases within a cp,P -variation. It is consistently the
case that the section η = 0.82 shows slightly earlier
transition xTr./c than the section η = 0.92. Between
these two section the pressure distribution is slightly
different (as shown in Fig. 8), but also the Reynolds
number of η = 0.92 is smaller due to the taper of
the VTP planform. Both effects can likely explain the
difference in the transition position.
For the transition positions downstream of the HLFC
panel, the variations cannot be explained with such
straightforward arguments. The pressure distribu-
tions are almost identical (ref. Fig. 8). The section
η = 0.58 effectively sees lesser Reynolds num-
ber, due to smaller local chord length, but on the
starboard side the transition (in a mean sense, ref.
Fig. 10) is some percent of chord length earlier than
at higher Re in η = 0.47. Herein, we have to interpret
this difference as an additional uncertainty. In a
thorough re-analysis of the cases with a transition
prediction toolbox these observations can eventually
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be explained with the local (small) differences in the
pressure and suction velocity distribution (ref. Fig. 9).
In the design of the suction system, [10], the effect
of the suction was expected to level off for suction
rates larger than cp,P ≈ −0.35, or ∆p ≈ −2000Pa,
respectively. This is also found in the present results.
By design the suction system should be able to delay
transition up to approximately xTr./c ≈ 0.47. In this
wind tunnel entry, a laminar extent of approximately
xTr./c ≈ 0.35 was actually achieved for these condi-
tions.

FIG 12. IR-images (port side, upper region of HLFC
panel) for a case with reduced Re, β = 0◦,
δR = 0◦ at Re = 18 · 106

To study the main sensitivities of the transition and
of the LFC, a Reynolds number variation was done.
While doing so, one interesting aspect was observed
which will be discussed in Fig. 12: The imaged part is
just behind the TSSD panel, at around η ≈ 0.6–refer
to Fig. 2 and 4 for better orientation. The TSSD panel
itself can be seen as a dark, structured surface on
the left side of the figures (the structures actually be-
ing the reflections of the wind tunnel side wall panels

on the metallic surface). Remember that the metallic
surface itself cannot be used to visualize the transition
line.
The figure shows a variation of the plenum pressure,
i.e. increasing suction strength from top to bottom,
for a symmetric flow case at a slightly lower Reynolds
number of Re = 18 · 106. For the first four images
(cp,P = −0.08 · · · − 0.34) it can nicely be seen that–
at first–increasing suction strength can increase the
laminar region. At cp,P = −0.34 the main transition
line lies around xTr./c ≈ 45%, which is larger than
what is shown in Fig. 11 due to the smaller Reynolds
number.
The interesting aspect is, that with further increasing
suction strength, cp,P = −0.40 and larger, some tur-
bulent wedges appear. In the specific area imaged
here, these wedges obviously emanate from the in-
terface between the TSSD panel and the plain VTP
surface. But in other locations, e.g. refer to [10],
they also have some origin on the TSSD panel it-
self. It seems to be the case that with increasing
suction, because the laminar boundary layer is fur-
ther reduced in thickness, it becomes more prone to
disturbances. In most cases we were able to trace the
disturbance source from the turbulent wedges, e.g. to
dents in the TSSD surface, imprints from the underly-
ing structure or other obvious imperfections. Cleaning
the disturbances however would have cost too much
time and they were thus left as-is. In some cases–
particularly on the interface between the TSSD-panel
and the VTP backbone surface–these disturbances
are rather small, e.g. small hair cracks in the putty
used to blend the surfaces together. It seems that the
combination of LFC and disturbances is still a chal-
lenging task.

4. SUMMARY AND OUTLOOK

A wind tunnel entry in DNW-LLF with a 4.45 m VTP
was presented. A so-called TSSD suction system for
laminar flow control was tested, which is a novel, tai-
lored skin, single duct design, that would solve some
of the practical problems yet existing with laminar flow
control systems.
A data-fusion method was used to expand the pres-
sure measured with discrete taps to the whole VTP
surface. Then, the suction velocity distribution is pre-
dicted from the outer pressure distribution, the plenum
pressure and a calibration of the pressure loss char-
acteristics of the skin. Also, the total suction mass
flow is measured with a high-accuracy mass flow me-
ter. The accuracy of all elements of these processes
was quantified and propagated. The mass flow me-
ter is finally able to measure the total suction mass
flow with an accuracy of ±0.1%, the integrated suc-
tion velocity distribution has an uncertainty of around
±0.9% and agrees with the directly measured mass
flow within approximately +0.5%.
For the analysis of the transition line from the infrared
images, herein we fitted a (piecewise) linear approx-
imation line to smooth out the rugged appearance.
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The “ruggedness” of the transition line, i.e. chordwise
variations along span, can be as much as 10% chord.
For the symmetric flow case the agreement of the fi-
nal transition position xTr./c between both (nominally
identical) sides is typically around 3% to 5%.
For the symmetric case under reference conditions a
laminar length of xTr./c ≈ 0.34 was achieved, while
the VTP without suction would be fully turbulent. The
required suction velocities, and plenum pressures, re-
spectively, agree good with the design data shown in
[10]. The laminar length is shorter than what was pre-
dicted under ideal conditions, nevertheless the sys-
tem is able to retain a significant amount of laminar
boundary layer flow over the VTP even at high Re.
The TSSD system therefore seems to be an interest-
ing approach to an exchangeable, large-scale man-
ufacturable suction system design. However, this ex-
periment has not yet fully succeeded in creating a sur-
face without disturbances and waviness, and this still
needs to be solved on the way to industrial applica-
tion.
The next step would be to re-analyse the measured
cases with a suitable transition prediction toolbox.
All necessary input data is available from the ex-
periments and the data fusion process: (i) Pressure
distributions that can be extracted in more-or-less
arbitrary sections, (ii) suction velocity distributions,
also in arbitrary sections, (iii) Transition position
downstream of the HLFC-Panel as well as on the
NLF reference panel. Each of these datasets not only
covers the mean data, but also standard deviations
and/or uncertainty bounds. Therefore, it would be
most consistent to also embed the transition predic-
tion into a suitable probability analysis environment,
such as a Monte-Carlo approach.
Speaking from the data analysis that we did so far,
one challenging part in such an approach will likely be
the transition position evaluation: Because of some
small disturbances, determining the transition position
requires manual masking, blanking and post process-
ing and is therefore to some extent subjective. This
might finally result in a rather broad range of critical
N-factors.
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