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Abstract
A chamberless HLFC leading edge segment featuring an outer skin with variable porosity has been designed, manufactured 
and wind tunnel tested under flight Reynolds-number conditions. The aerodynamic design involved the extention of current 
HLFC design routines to variable pressure loss characteristics of the outer skin. Advanced options for structural design and 
manufacturing solutions with focus on industrialization, arising from the avoidance of aerodynamically driven chamber-
ing, are explored. The leading edge segment has been installed on an existing vertical tail-plane model and tested at the 
large low-speed wind-tunnel facility DNW-LLF. The design process and some results of the successful verification of the 
chamberless design are presented herein.

Keywords  Hybrid laminar flow control (HLFC) · Experimental aerodynamics · Manufacturing

List of symbols
A	� Pressure loss coefficient (N×s/m3)
B	� Pressure loss coefficient (N×s2/m4)
cQ	� Suction rate wS/U∞
cP	� Pressure coefficient
P	� Porosity
U∞	� Freestream velocity (m/s)
wS	� Suction velocity (m/s)
x/cTr	� Relative transition location
β	� Angle of sideslip (deg)
δr	� Ruder deflection (deg)
ΔpSC	� Pressure loss across suction skin (Pa)

1  Introduction

The ambitious goal of zero net carbon emissions in aviation 
until 2050, specified in the “European Green Deal”, sets a 
highly challenging scene for the development of efficient 
and environmentally friendly future air transport vehicles. 

Low-carbon kerosene alternatives, such as sustainable avia-
tion fuels (SAF), liquified hydrogen or electrification, are 
emerging, yet offer less energy density and are currently 
much more cost intensive in production, storage and opera-
tion [1]. A significant reduction in energy consumption is, 
therefore, essential for the economical application of low-
carbon fuels to decarbonize aviation.

While there are multiple options to enhance energy effi-
ciency in aviation, such as enhanced air traffic management 
and new propulsion concepts, laminar flow technology holds 
a large potential to reduce the aerodynamic friction drag by 
shifting the laminar–turbulent boundary layer transition fur-
ther downstream and, thus, significantly reduces energy con-
sumption during flight. Hybrid laminar flow control (HLFC) 
achieves the transition shift by both airfoil shape design as 
well as suction through a porous surface near the leading 
edge. The potential of the HLFC technology to realize a 
low-drag aircraft has been demonstrated on a large scale 
in the 1990s by heavily instrumented flight test campaigns 
featuring an Airbus A320 with a HLFC leading edge seg-
ment on the vertical tail plane [2] (Fig. 2) and also a Boeing 
757 wing [3].

In the scope of the EU-funded project ALTTA (“Appli-
cation of Laminar flow Technology on Transport Aircraft”, 
2000–2003), this concept has been further developed with 
regard to an increase of efficiency and a reduction of system 
complexity [4]. One major simplification of the so-called 
ALTTA concept, sketched in Fig. 1, is the introduction of 
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one common suction duct. Rather than a formerly used 
complex multiple valve setup, which was far too heavy and 
occupied a large portion of the rear fuselage, the pressure 
within each suction chamber placed underneath the surface 
and the corresponding local mass flow is now adjusted by 
a combination of a constant surface porosity and throttle 
orifices, connecting it to this duct. This eliminates the neces-
sity of active valves and most of the ducting and enhances 
the system’s fail save operation capabilities. This systems 
functionality has been verified in the scope of the German 
LuFo (“Luftfahrtforschung”) project versus (“Verifikation 
eines vereinfachten Absaugsystems”, 2010–2015) by a wind-
tunnel campaign at flight Reynolds numbers [5] as well 
as a recent flight test featuring an A320 HLFC fin within 
the European Union’s 7th Framework Program project 
AFLoNext [6] (see Fig.  2). The acquired database proves 
the applicability of the large-scale wind tunnel results to 
flight conditions.

The ALTTA concept relies heavily on the variation of 
pressure levels across the chambers, making the complex 
task of sealing the chamber boundaries a vital necessity. 
To further increase the technology readiness level of HLFC 
and allow for an economical integration in an industrial 

environment, a chamberless or single-chamber HLFC 
design has been investigated in the scope of the LuFo funded 
project OptiHyL (“Optimization of Hybrid Laminarity”, 
2016–2019) amongst the partners DLR and Airbus. This 
novel design concept features an outer skin with areas of 
different porosity to achieve a desired suction velocity dis-
tribution without the use of chambers, as sketched in Fig. 1. 
It is expected to further lower the system complexity, manu-
facturing cost and quality management requirements. The 
DLR work-share was embedded in the project VarPorHyL 
(“Variable Porosität für Hybrid-Laminarisierung”). The 
goals are to design and manufacture an HLFC leading edge 
segment making use of a variable porous suction skin and 
to demonstrate its functionality in a large-scale wind-tunnel 
test, using vertical tail-plane model identical to the test per-
formed in versus. In addition, fundamental and performance 
investigations of passive suction flaps for HLFC applications 
are to be performed.

In the scope of a UK nationally funded research project 
ARA has also recently wind-tunnel tested a small-scale 
HLFC wing with a suction skin of variable porosity. While 
the HLFC design concept and scientific goals were some-
what different here, the documented observations in [7] con-
firm the beneficial application of variable against constant 
porosity for HLFC suction skins.

2 � Aerodynamic design of a chamberless 
suction panel

The aim of the aerodynamic design is to optimize a weighted 
cost function of laminar drag benefit (e.g., laminar extent) 
and required suction power, taking also structural require-
ments (see Sect. 3) into account. The vertical tail-plane 
(VTP) geometry used for this design is identical to the one 
used in versus [5]. A more detailed model description can be 
found in Sect. 5.1.The suction rates shall be in close coher-
ence to allow for a direct comparison of design concepts.

Fig. 1   Schematic view of the ALTTA and the chamberless HLFC 
concept [6]

Fig. 2   Airbus’ HLFC fin flight test (left) [4], the ALTTA system verification flight test within AFLoNext (middle) [6] and a wind-tunnel test of a 
VTP model at the DNW-LLF within VER2SUS (right) [5]
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2.1 � Adaption of HLFC design process to variable 
porosity

The DLR tool chain TASG [8] has been applied, which 
integrates the boundary layer analysis and transition pre-
diction methods COCO [9] and LILO [10], as well as the 
suction chamber design program SCDP [11] by Schrauf 
into a semi-automated HLFC design and optimization 
process. While the boundary layer analysis and transition 
prediction routines of LILO were used without changes, 
the HLFC analysis of SCDP has been extended to suit the 
requirement of a variable pressure loss characteristic of 
the outer suction skin.

The quadratic relation between pressure loss ΔpSC and 
suction mean suction velocity wS through the porous skin 
is described by the following equation and sketched in 
Fig. 3.

with the pressure loss coefficients A and B being a func-
tion of the fluidic properties density and viscosity as well 
as the individual hole diameter, conicity, pitch and skin 
thickness.

While the ALTTA design uses only one curve, requir-
ing a change of chamber pressure for suction velocity 
adaption, variable porosity allows for a plurality of curve 
parameters and with that a tailored relation between a 
global inner pressure and suction velocity.

Thus, for the chamberless concept, the suction chamber 
design is now replaced by a design of surface porosity to 
achieve the desired local suction rates at a given pressure 
drop over the suction skin applying Eq. 1.

(1)ΔpSC = A × wS + B × w2

S
,

2.2 � Results of aerodynamic design

The conditions for design were given at a freestream veloc-
ity of U∞ = 100 m/s and a mean chord Reynolds number 
of 23.3 Mio. The angle of sideslip β as well as rudder 
deflection δr range from + 2° to −2°. The micro-perfora-
tion diameter was set to 55 µm, which is known to be the 
lower stable limit of the applied drilling process. To avoid 
adverse interaction of vortices, emanating from suction 
holes, the pitch needs to be larger than 10 times this diam-
eter [12]. The upper pitch limit was chosen to 1300 µm, 
an order of magnitude below the expected blockage due to 
structural stiffeners, to avoid premature transition, should 
several holes in local flow direction be blocked. Further-
more, choking and additional aerodynamic roughness due 
to the over-suction phenomenon, introduced by Pfenninger 
[13], had to be avoided.

Simulation results for the chamberless (“VarPorHyL”) 
and ALTTA (“VER2SUS”) design in Fig.  4 show the 
Tollmien–Schlichting (TS) and cross-flow (CF) amplifica-
tion rates N along with the pressure distribution and the 
non-dimensionalized suction velocity CQ = Ws

/

U∞
 for a 

reference airfoil section at an angle of sideslip of 0°. The 
suction distributions include areas of blockage caused by 
stiffener elements attached to the surface. While those 
small no-suction areas as well as step changes in suction 
rate introduced by porosity changes do have a theoretical 
effect on the amplification rates, there has been no detri-
mental effects noticed in former unpublished studies up to 
a blocking length of 10 mm in streamwise direction. Yet 
special attention needs to be put on the design near the 
attachment line, to avoid attachment line transition (ALT) 
or strong undamped cross-flow amplifications.

Fig. 3   Pressure loss characteristics curves

Fig. 4   Chord-wise suction and amplification rates from TASG simu-
lations comparing the chamberless (upper, “VarPorHyL”) to the 
ALTTA concept (lower, “VER2SUS”)
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For better comparison, Fig. 5 shows an enlarged com-
parison of the suction rates of both designs. Small devia-
tions in suction level especially towards the rear do not 
significantly affect the amplifications. The advantage of 
the chamberless approach becomes apparent near the lead-
ing edge, where the ALTTA design requires a much closer 
staggering of chamber boundaries to realize the targeted 
suction rates at high outside pressure gradients. Amplifica-
tions are sufficiently damped by the applied suction and 
transition locations are in close coherence, which was one 
of the mayor design objectives.

2.3 � Structural design of suction segment

As descripted above, the variable porosity of the outer 
skin leads to a partial separation of the structural and the 
aerodynamic dependence. To take advantage of the gained 
structural degree of freedom, some preliminary studies to 
optimize the inner structure were carried out. The goals 
of these studies were to simplify the manufacturing pro-
cess and to reduce the weight penalty as much as possi-
ble, while maintaining the aerodynamic requirements. The 
very conservative surface waviness criteria by Carmichael 
[14] are the most important aspect to be considered here 
(Fig. 6).

The first study aimed at the general setup of stiffener 
elements on the inner side of the suction skin. Since there 
is no internal chambering, these elements may be regarded 
as simple spacers between outer skin and load carrying 
inner structure. The goal was to determine the setup with 
the best ratio of outer skin deformation to weight of the 
spacer. Thus, a simplified structure model, consisting 
of outer skin and variable spacer configuration, was set 
up. The considered load cases represent the envelope of 
expected HLFC operation. The following spacer setups 
were investigated, while the number of the spacers was 
also subject to variation:

•	 ribs, arranged in flow direction
•	 ribs, arranged perpendicular to leading edge

•	 stringers, radially arranged

Figure 7 summarizes the studied stiffener setups. The 
number of stiffeners increases from left to right. Surfaces 
are color coded by deformation, with non-blue areas indi-
cating medium to high deformations. In conclusion, all 
spacer concepts investigated here can successfully limit 
the skin deformation and, thus, fulfill the waviness criteria. 
Yet, the stringer setup shows the best ratio of deformation 
to number of spacers and was, therefore, chosen for the 
detailed design of the leading edge. It is also the one with 
the least suction blockage in line of flight, which is impor-
tant for the successful damping of amplification rates in 
the flow (Table 1).

A second study to determine the most favorable shape 
of the inner structure was performed. For this study, five 
different designs were assessed similar to the spacer study:

Fig. 5   Suction rates over chord for ALTTA and chamberless concept

Fig. 6   Investigated spacer setups. Ribs in flow direction (left) and 
perpendicular to front spar (middle) and radial stringers (right)

Fig. 7   Surface deformation of spacer variations. Color coding: blue 
(low) to red (over-critical)
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•	 sharp splitter shape for advanced bird strike integrity [15]
•	 folded splitter shape to reduce stringer height
•	 folded splitter shape for maximum reduction of stringer 

height
•	 equidistant inner shape with small offset
•	 equidistant inner shape with large offset

Conclusively, the sharp splitter leads to the smallest 
deformation and weight values. But as mentioned before, 
beside the structural behavior also industrialization aspects 
will be taken into consideration. Finally, the design with 
an equidistant shape and an offset of 20 mm was chosen, 
because its structural behavior is similar to the splitter’s 
performance, but it offers the possibility to simplify the 
manufacturing by the use of common parts for the string-
ers. Furthermore, the use of stringers allows for the fixa-
tion onto the flat outer skin before forming the skin into the 
final leading edge shape. This simplifies the production and 
quality management process, since bonding can be easily 

controlled and excessive micro-perforation blockage can be 
avoided (Fig. 8).

2.4 � Manufacturing of leading edge segment

This chapter will give an overview over the leading edge 
manufacturing process with focus on the large, variable 
porous metallic sheets as well as a manufacturing quality 
assessment.

With the results of the preliminary studies and the men-
tioned simplifications for manufacturing, the following 
manufacturing process was developed:

2.5 � Micro‑perforation of outer skin

For the wind tunnel test, stainless steel was set as the mate-
rial for the outer skin. However, the described process may 
be adapted to titanium for any in service applications. Fur-
thermore, a single pulse laser drill process [5] was used for 
the micro-perforation.

To meet the requirements of a variable porous outer sur-
face, the drill process was adapted to generate perforated 
surfaces with variable distances of the drill holes to real-
ize defined pressure drop characteristics. Figure 9 shows a 

Table 1   Variations of inner 
structure geometry

Fig. 8   Leading edge manufacturing process

Fig. 9   Typical porosity variation
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typical interface of areas with different bore hole distances 
(pitch) and, thus, pressure drops.

Since the chamberless concept implies, that the suc-
tion distribution along the leading edge is defined solely 
by the pressure drop of each perforation area and cannot 
be adjusted afterwards (e.g., by throttle holes), a meticu-
lous quality management is mandatory. To determine the 
characteristics of the porous surface, a combination of pres-
sure drop measurements and optical measurements seems 
to be suited best: the pressure drop measurement gives 
direct evidence about the most important property of the 
porous surface. The optical measurement using reflected and 
transmitted light microscopy is an important addition and 
delivers information about the uniformity of the drill hole 
distances, the degree of blockage of single drill holes and 
their geometrical properties (drill diameter laser entry/exit 
side, roundness).

DLR’s laminar flow meter LFM [16] was used to meas-
ure the pressure loss characteristics of micro-perforated 
samples as well as the final skin with a very high accuracy. 
The results on coupon level depicted in Fig. 10 show the 
expected relation between porosity and pressure loss ΔP at 
a range of mean suction velocities ws. The repeatability of 
results for three coupons per pitch (symbols) is generally 
high with the exception of one sample at a pitch of 700 µm, 
where the deburring process was slightly altered. This high-
lights the necessity for a stable, well-defined and constantly 
monitored micro-perforation process.

The general observations from optical measurements, 
using a Keyence VHX-7000 microscope, are in good accord-
ance to the pressure loss results. Very little spread in bore 
hole distances in the order of  ± 1 µm and also an accept-
able variation in hole diameter of under 5% are observed. 
Only the above-mentioned sample, produced with an altered 
deburring process, has an increased mean hole diameter and 

also shows larger variation within the sample. This coincides 
with the lower pressure loss measured by the LFM.

2.6 � Leading edge assembly

The detailed structural design of the leading edge was per-
formed based on the results of the mentioned aerodynamic 
and structural studies as well as experiences from VER2SUS. 
The final assembly can be seen in Fig. 11 and consists of the 
metallic outer skin, the stringers, the inner structure and the 
sealing membrane. The inner structure is made of carbon 
fiber-reinforced plastic and designed as an integral struc-
ture. Beside its load carrying function, the inner structure 
builds the single chamber of the leading edge. The sealing 

Fig. 10   Pressure drop measurements of samples with variable poros-
ity. Three coupons per pitch (symbols)

Fig. 11   Assembly of leading edge segment

Fig. 12   Manufacturing process of the outer skin, the inner structure 
and the sealing membrane
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membrane closes the evacuated volume and is equipped with 
the suction exhaust, sensor ducts and service openings.

The manufacturing of the wind-tunnel demonstrator, 
shown in Fig. 12, was done with proven tools and devices 
of the VER2SUS project [5], which were adapted to the 
new leading edge design. The stringers are bonded to the 
outer skin, which is then formed into its final shape and 
inserted into a mould. Inner structure and sealing mem-
brane are then subsequently bonded.

To verify the manufactured leading edge segment, the 
finalized part was 3D-scanned in build-in condition and 
compared to the CAD shape (Fig. 13).

The deviations of the leading edge segment with a 
length of 2.0 m are in a range of  ± 0.20 mm and local 
waviness is below the limits by Carmichael. In conclu-
sion, the manufacturing process leads, notwithstanding to 
some fundamental simplifications, to a high geometrical 
accuracy and is, thus, suitable for laminar applications.

2.7 � Wind‑tunnel test setup

The large low-speed facility (LLF), operated by the Ger-
man–Dutch Wind-Tunnels Foundation DNW, is an atmos-
pheric closed return circuit wind tunnel for industrial aer-
odynamic and aero-acoustic testing of complete aircraft 
configurations or its components. It can be operated with 
several interchangeable open and closed test sections. Due 
to the model size and Reynolds-number requirements the 6 
× 8 m closed test section was used with the model attached 

to a rotatable platform balance underneath the test section 
floor (Fig. 14).

2.8 � The VER2SUS replacement fin with chamberless 
HLFC leading edge segment

The model of a vertical tail plane was originally designed 
and manufactured in the scope of the project VER2SUS [5]. 
The geometry is closely derived from an Airbus A320 fin. 
The span has been cropped to 4.5 m to minimize test section 
blockage and the airfoil geometry is redesigned to match the 
pressure distribution of the full size fin in transonic cruise 
conditions. Special focus was put on the pressure gradient 
across the rear end of the suction panel, which largely affects 
the amplification of flow instabilities and with it the transi-
tion location. The model’s leading edge sweep is at 40.38°.

Fig. 13   Surface measurement of wind-tunnel demonstrator

Fig. 14   DNW-LLF 6 × 8 m closed test section including VTP model

Fig. 15   Model setup inside the test section and instrumentation over-
view
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Figure 15 gives an overview of the instrumentation. 
The model is equipped with 510 surface pressure taps 
distributed along six rows (DV1-6). 10 hot-film sensors 
at the leading edge detect attachment line transition 
(ALT) above and below the HLFC panel. For the test-
points discussed herein, an anti-contamination device 
was installed to avoid just this mode of transition. Infra-
red thermography was used to measure surface tempera-
tures behind the HLFC panel and in an additional NLF 
(natural laminar flow) area, visualizing the transition 
from laminar to turbulent boundary layer state. Four 
infrared cameras and surface-embedded heat mats are 
used for that purpose. The surface flow topology was 
visualized using tufts.

The suction nose itself is also highly instrumented with 
multiple sensors distributed along the interior structure 
measuring static pressure, temperature, humidity as well 
as pressure fluctuations (Fig. 16).

2.9 � Redesigned passive suction flap

A passive suction flap deflecting from the surface and con-
nected to the HLFC segment via internal ducts may aid or 
even replace a compressor, making the system more lean 
and efficient. Its working principle is based on a combina-
tion of placement inside a low pressure region and a nozzle 
effect through the flow passing over it.

In the 2014 test campaign, a passive suction flap was 
integrated at the VTP tip. It was mainly designed by DLR 
to explore the possibility to passively operate an HLFC 
system. The results shall also serve as validation database 
for CFD-aided simulation tools. However, spatial restric-
tions at the tip and long piping limited the performance 
of this flap.

In the scope of the project AFLoNext, a more advanced 
flap placed near the leading edge underneath the suc-
tion panel has been designed [17] and flight tested [6]. 
Although this flap is designed for high subsonic Mach 
numbers, the general principle of operation does not 

change to low speed, only the flaps efficiency increases 
[18]. The same flap geometry was, therefore, also inte-
grated into the VER2SUS VTP model.

2.10 � Results of wind‑tunnel test

The results presented hereafter are a short summary of the 
extensive database created during 7 days of wind-tunnel 
measurements. The main focus of this work is to demon-
strate the HLFC capabilities of the chamberless concept, 
including active (compressor) and passive (suction flap) 
operation.

To assure a profound and meaningful comparison of 
HLFC capabilities of the chamberless to the reference 
design, a long-term repeatability study between the two 
test campaigns in 2014 and 2018 was performed. Figure 17 
shows a good match of surface pressure distributions at two 
sections along the span at two angles of sideslip 0° and 2°. 
A comparison of the two concepts based on the measured 
values may, therefore, be regarded as justified.

2.11 � Active HLFC operation with compressor 
system

Having established the reproducibility of aerodynamic flow 
conditions across test entries, comparisons of the chamber-
less to the ALTTA concept may be drawn from the laminar 
extend under HLFC operation. A visualization of laminar 
extent using infrared thermography with and without HLFC 
operation is shown in Fig. 18. Tickmarks on the surface 
allow for the determination of the chord-wise transition 
location. While the conditions are fully turbulent without 
suction, both concepts show a very similar laminar extent. 
The spiky transition line indicates a coupled cross-flow and 
Tollmien–Schlichting waves induced transition, in accord-
ance with the simulations. Turbulent wedges result from sur-
face imperfections upstream on the HLFC panel or at the 
interface to the wing-box. The maximum achieved laminar 
extends are shown, limited by the geometrical airfoil shape 

Fig. 16   Passive suction flaps of 2014 (left) and 2018 (right) test

Fig. 17   Comparison of surface pressure at two airfoil sections below 
(left) and above (right) the HLFC panel between the wind-tunnel test 
in 2014 and 2018
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and not further extendable by suction increase. This satura-
tion becomes apparent from the decreasing drag reduction 
gradient at higher suction levels. Figure 19 shows a linear 
relationship between suction mass flow and the relative duct 
pressure ΔPDuct = PDuct − Pinf , while the drag reduction lev-
els out at around 5% of the total model drag. This correlates 
with the state of maximum laminar extent in the infrared 
images. Due to turbulent wedges caused by surface imper-
fections, the relative drag reduction level is reduced. This 
also explains the offset between the two design concepts.

The duct pressure levels to reach the depicted state in 
Fig. 18 are in close coherence for both design concepts, 
which leads to the conclusion, that they share a similar net 
HLFC performance. Differences in mass flow levels are 
due to a slightly more conservative suction design for the 

ALTTA concept and are not an inherent advantage of the 
chamberless design.

The observed transition locations are in very good agree-
ment to the simulation results (Fig. 4). The marginal offsets 
visible for both designs are known to be in the order of the 
systematic uncertainties of the applied measurement tech-
niques and simulation tools. This may serve as a valida-
tion of the performed adaptation of the TASG tool chain to 
HLFC design including variable pressure loss characteristics 
of the outer suction skin.

2.12 � Passive HLFC operation with suction flap

Figure  20 shows the relation between suction f lap 
deflection, relative duct pressure and overall drag force. 
As learned from Fig. 19, there is a mostly linear rela-
tion between duct pressure and suction mass f low. 

Fig. 18   Boundary layer state (laminar/turbulent) visualization with and without HLFC operation comparing the chamberless (“VarPoHyL”) to 
the ALTTA (“VER2SUS”) concept. Flow direction from left to right

Fig. 19   Mass flow through HLFC system, relative duct pressure and 
drag reduction for active HLFC operation. Comparison of ALTTA 
and chamberless design

Fig. 20   Relative duct pressure and drag reduction for passive HLFC 
operation
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Growing flow separations downstream of the flap notice-
ably decrease its effectiveness towards higher deflection 
angles. At the same time, the deflection-related drag con-
tinuously increases, leading to an efficiency peak and sen-
sible point of operation at around 8° of deflection. Accord-
ing to the achieved duct pressure levels, the transition shift 
is comparable to the one with active HLFC operation. The 
difference in drag reduction relative to an active opera-
tion is caused by the deflection-related drag, while a com-
pressor power drag equivalent is not considered yet. The 
refinement of the drag breakdown for active and passive 
HLFC operation is part of an ongoing research activity.

2.13 � Summary and outlook

A chamberless HLFC leading edge segment featuring an 
outer skin with variable porosity has been designed, man-
ufactured and wind tunnel tested under flight Reynolds-
number conditions.

The aerodynamic design process has successfully been 
adapted to variable pressure loss characteristics of the 
outer skin. The chamberless concept provides additional 
structural design options, which have been explored. A 
combination of an equidistant inner shape and stringers 
has proven to be the most advantageous option regarding 
structural integrity, deformation and industrialization.

The design was verified in a large-scale wind-tunnel 
test. Laminar extent, drag reduction and power consump-
tion are comparable to the state-of-the-art ALTTA design. 
The HLFC system may also be equally operated using a 
newly designed passive suction flap, with a slightly low-
ered drag benefit due to flap deflection drag. For a more 
thorough comparison of active and passive HLFC opera-
tion, a more detailed drag assessment of both concepts 
has to be performed, which is part of an ongoing research 
activity.

Due to the lack of throttle holes for final suction adjust-
ments, even more focus has to be put on the manufacturing 
quality of the micro-perforated sheets. Key to a performant 
chamberless HLFC system is, therefore, a stable and repro-
ducible process for micro-perforation including deburring 
and in-the-loop quality monitoring. There are currently 
some efforts made to industrialize this process [19].

Further ongoing research activities in Clean Sky 2 focus 
on the development and demonstration of other variable 
porosity suction surface concepts using innovative skin 
layouts like TSSD (tailored skin single duct). The TSSD 
concept is based on a multi-layered tailored outer skin 
with an intrinsic pressure drop distribution [20, 21], which 
may help to circumvent some of the quality management 
issues currently linked to the micro-perforation process.
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permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.
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