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In the Cluster of Excellence SE*A — Sustainable and Energy Efficient Aviation — at the TU Braunschweig, the
feasibility of an electrically powered regional aircraft was examined [1]. Such a regional aircraft is to carry 70
passengers over a distance of 926 km with electric propellers powered by batteries, Fig. 1 The regional aircraft,
powered by batteries, developed within the Cluster SE?A [1]. Aft-mounted propellers are chosen in order to maintain
a clean wing and avoid disturbances impeding laminar flow around the airfoil. The top-level requirements have been
derived from an ATR-72 aircraft. The aircraft is designed for a cruise Mach number of 0.42. In order to enable this
flight performance, weight savings of 19% compared to a metallic structure, laminar flow transition location at 70%

I. Nomenclature

Area of suction on the wing

Lift coefficient

Pressure coefficient

Local suction velocity coefficient

Pressure losses through internal core

Pressure losses through perforated skin

Pressure losses through throttling hole

Adiabatic gas constant

Efficiency of compressor

Efficiency of electrical system driving the compressor
Shear flux

Force flux in wing span direction

Stagnation pressure and temperature

Static atmospheric pressure at cruise altitude
Plenum pressure of the suction system

Pressure ratio of the compressor

Overall power requirement of suction system
Total suction power calculated from pressure drop through suction system
Suction flow rate

Density

Velocity component in X-direction

Flight velocity

Velocity component in Y-direction

Average suction velocity (Suction flow rate/Area)
Velocity through a hole on perforated skin

Isentropic specific energy of compressor

II. Introduction

on the wing and load reduction from 2,5 g to 1,5 g on maximum wing loading are necessary.

=V/Uc
[Pa]
[Pa]
[Pa]



In principle, drag reductions between 40% and 50% by laminar flow control have been proven to be feasible as
well as weight reductions of the primary structure between 15% and 20%, taking into account all technologies known
today [2]. Active suction to support laminar flow control has been extensively studied in recent years: an Airbus A320

Fig. 1 The regional aircraft, powered by batteries, developed within the Cluster SE2A [1]

vertical stabilizer with active suction has been designed, build and tested in flight [3]. Moreover, requirements for the
suction feature have been elaborated, and methods to predict drag reduction due to suction are available [4]. Another
design for a horizontal stabilizer has been developed and analyzed in ground tests in Clean Sky 2 [5]. All these tests
revealed remarkable drag reduction but with certain impacts on weight.

This paper describes an aerodynamic and structural suction panel concept for a maximum extended hybrid
laminar flow control (XHLFC) on the wings of such a regional aircraft. Fig. 2 shows the suction system position for
the xHLFC wing. Suction region is approximated as rectangular sections of 5 m length in the spanwise direction.
Suction region extends from 50% to 80% at each of these sections.

Fig. 2 Schematic suction panels arrangement on the wing upper surface

The fundamental question to be answered is whether it is possible to design and construct such an xHLFC system
that meets the requirements as largely weight-neutral as possible.

First, the aerodynamic requirements for the suction on the wing are defined and the weight of the compressors
required is estimated. A wing construction is then proposed, which enables the integration of the required suction
panels. The construction of the suction panels itself consists of a load-bearing backbone structure, a suitable core
material through which air is extracted and a perforated wing skin. In order to build the backbone structure as light as
possible, the potential of thin ply laminates with regard to static loads as well as fatigue and damage growth is
examined. For the construction of an air-permeable core structure in the suction panel, possibilities of plastic 3D



printing and joining technologies to backbone structure and skin are being investigated. This paper describes the
current state of research and provides initial results.

III.  The aerodynamic design

Methodology
The aerodynamic design follows a two-step approach to practically achieve the XHLFC suction system. In the
first step, the airfoil for a given flight condition is optimized using genetic algorithm techniques coupled between
airfoil shape and suction velocity profile. The objectives are 79 % laminarization of the chord length on the upper
surface and suction onset of at least 50% of chord behind the wing box. The airfoil is designed for a Reynolds number
of 16 Million and a Mach number of 0.4. It was integrated into the multidisciplinary optimization for a design lift
coefficient of 0.42 [6]. Fig. 3 shows the optimized airfoil shape and the suction velocity profile.
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Fig. 3 Optimized subsonic xHLFC airfoil and target suction velocity
profile for Re=16 Million, M=0.4, Ci=0.4, adapted from [6]

In the second step, the suction system and the inner structure underneath the wing are designed to achieve the
target suction profile. The perforated skin of the suction system through which the air is sucked from the airfoil
boundary layer is — in this aerodynamic model — supported by straight stringers as shown in Fig. 4. The suction system
has to fulfill two requirements from the aerodynamic perspective: 1) to support the perforated skin so that the airfoil
shape is maintained in the suction region and 2) to generate defined pressure losses below the perforated skin to enable
controlled suction from the air above the airfoil. The inner structure used in the this aerodynamic model utilizes a cell-
based architecture in which holes are provided on the stringers to control the static pressure. The holes vary in diameter
based on the pressure distribution on the airfoil and suction velocity profile. For the current study, the hole diameter
decreases in the chordwise direction. The diameter is varied so as to control the static pressure below the perforated
sheet to achieve the target suction velocity profile. A MATLAB-based numerical tool called Actual Suction and Power
Calculation Tool (ASPeCT) [7] was used to calculate the diameter of the holes on the stringer walls. The hole diameter



is optimized based on the measured pressure characteristics of the perforated skin and the ,,3D-printed internal core
structure samples, ref. section VII, to match the target suction velocity required.

Perforated skin

Internal core —
cell
arrangement

‘\\

Compressor

Fig. 4 Schematic of the suction system internal layout [7]

Aerodynamic requirements for xHLFC suction system
The suction system comprises suction panel and the throttling hole outlet to the plenum. The suction panel
consists of the load-bearing lower backbone structure, the internal air-permeable core and the perforated outer skin.
Fig. 5 shows the 3D schematic of the suction system structure inside the wing. The main specification of the internal
core structure includes the distance between the straight stringers (cell width), wall thickness, and the hole spacing in
the spanwise direction. From the plenum the air is assumed to be ejected out back to the atmosphere at flight velocity,
such sink drag can be neglected at this stage of design.

Perforated skin

Front spar

Mid spar

Internal core
Rear spar

Plenum

Backbone structure

Fig. 5 CAD of the internal core structure inside the wing

The choice of the perforated skin is made based on the pressure drop characteristics and on the ability of the
perforation to keep the flow laminar on the surface of the airfoil. Hole diameter and spacing on the perforated skin
were chosen based on the Pfenninger stability criteria for suction via small holes [8]. 120 um perforated skin was
chosen with a hole spacing of ten times the diameter following the Pfenninger criteria. The porosity coefficients



measured using a flow bench experimental setup are used in ASPeCT for further optimization of hole diameter in the
internal core [9]. To study the effect of the cell width of the internal core, the wall thickness and spanwise hole spacing
is kept constant at 2 mm and 25 mm respectively. The cell width is then varied from 25 mm to 100 mm with an
interval of 25 mm. From an aerodynamic perspective, the minimum cell width of 25 mm considered here provide an
actual suction velocity distribution close to the target suction.

Based on accuracy with which the suction velocity profile is captured, a base configuration with cell width of
25 mm is used for this analysis. Fig. 6 shows the optimized internal core layout of the base configuration. The
maximum hole diameter required in the internal structure for the given specifications is approximately 17 mm.
Therefore, for cell width of 25 mm an overall thickness of approximately 58 mm is needed for the internal core
structure to maintain the shape of the airfoil in the suction region.

Doin =2.91 mm

Dax = 16.94 mm

Fig. 6 Internal core layout calculated for cell width of 25 mm (Ci = 0.4 and dps = 120 um)

The current study utilizes a conventional straight stringer-based cell arrangement of the internal core mainly
because of its simplicity and to establish the numerical tool to correlate the static pressure required below the
perforated sheet to the pressure characteristics of the internal structure. With the advancement in the manufacturing
techniques, it is also possible to extend the internal core geometry to complex 3D-printed shapes like Triply Periodic
Minimal Surface Structure (TPMS), ref. section VII, which may offer additional benefits in terms of structural weight.
The level of control in the static pressure of these complex structures is not known at this point and needs to be assessed
using flow-bench measurements.

Suction power and system weight estimation
The actual suction power includes additional components to compensate the energy losses through the suction
panel and the throttling hole. The suction power required is estimated based on the pressure drop through the perforated
skin and the inner structure as well as the energy required to eject the sucked air back into atmospheric conditions at
cruise altitude of 8.000 m. ASPeCT calculates the total suction power (Ptotat) using Equation 1.

1
Pt = [Apps + Apic + Apthr + (patm - pple) + E,DUEO] QsAs (1)

The total suction power based on ASPeCT calculation is 5.9 kW/m . For the current wing design of half span
approximately 15 m, the total suction power is 88.5 kW at cruise conditions. The energy required to increase the
energy of the sucked air back to freestream condition dominated the overall power with a contribution of
approximately 83%. The rest is accounted by the pressure drop through the perforated sheet and the internal core
structure. The final power requirement should also include the efficiency of the system. For the current study, a
compressor efficiency (7c) of 0.7 is assumed. The compressor is assumed to be powered electrically with an efficiency
(ne) of 0.95. Equation 2 can be used to calculate the overall power requirement for the suction system.
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To calculate the compressor mass, an approximation based on the work conducted by Srinivasan et al. [10] is
adopted. The design parameters important from the aerodynamic system are the plenum pressure and the pressure
ratio of the compressor. ASPeCT calculates the pressure difference inside the internal core based on the suction flow
rate requirement. The minimum static pressure inside the internal core is considered for this. The minimum static
pressure occurs in the cell near the 50% of the chord where the air enters the plenum through the throttling hole. The
plenum pressure required for the current study based on the calculation using ASPeCT is 31806 Pa for a mass flow
rate per unit span of 315 g/ms. At the flight altitude the compressor should increase the pressure from 31806 Pa to
atmospheric pressure of 35650 Pa which means a pressure ratio of approximately 1.12. Based on the study findings
considering various layouts for the HLFC compressor, a system architecture where the compressor is kept close to the
suction region is the best suited owing to the least ducting mass requirement [10]. Table 1 shows the mass flow
requirement of suction chambers, ref. Fig. 2. The mass flow rate was calculated for each suction chamber in the
spanwise direction considering the change in Reynolds number. The chord length decreases and hence the suction
flow rate reduces for the same flight velocity due to lesser suction area. The compressor design methodology and mass
estimation are based on the mass flow requirement at the mean sea level. The impeller diameter is set based on the
space constraints from the CAD geometry of the wing. For the current study, the impeller diameter (D2) is considered
as 250 mm. The specific diameter and speed of the compressors can be calculated from this using Equation 3.

Suction panel | Mass flow rate at 8000 m [kg/s] | Mass flow rate at mean sea level [kg/s]
1 110 311
2 105 295
3 77.8 219

Table 1 Suction mass flow requirement along span at cruise altitude and mean sea level
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The specific diameter for the current study was estimated to be 7.4 and the choice of compressor is made based
on the Cordier diagram [11] for a specific speed of 0.15. Therefore, radial compressors are suited owing to their high
rpm and low space requirement. Length of the compressor is considered as half of the impeller diameter. Assuming a
steel impeller, the mass was estimated as 39.8 kg. Similarly, the mass of the casing of the compressor was calculated
to 2.43 kg. Finally, the approximate mass of motor needed for the compressor can be estimated according [10] as
4.9 kg. The total mass of the compressors assuming three compressors per wing is the summation of this masses. The
major contribution to the suction system weight is from the compressor. For the current study, the total compressor
weight sums up to 283 kg for the aircraft.

Drag benefits vs. system weight increase
In order to operate the compressor of the HLFC system, the power needed is taken from the batteries of the short
range electrical aircraft. Based on the multidisciplinary optimization, the xHLFC system enables 45.5% drag reduction
[12]. However, this comes with an additional penalty of mass of the battery needed for the aircraft. The extra mass
required for the xHLFC system can be calculated by assuming a battery energy density (E) of 700 Wh/kg. Equation
4 can be used to calculate the additional battery weight for the XHLFC system for 3 hours of flight time.
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For the current study, the additional battery weight is 1.140 kg for the overall system power of 266 kW. Together
with the additional system mass the weigth increase sums up to 1.423 kg. This corresponds to 3,81% of the Maximum
Take of Weight (MTOW) of 37.300 kg of the regional aircraft [1]. This give rise to huge benefits in terms of drag of
the overall aircraft.



IV.  The global structural non-swept wing design

The global wing design is directly linked to the overall aircraft concept of the all-electric short-range aircraft
investigated in the cluster SE?A, which is shown in Fig. 1. For the extended Hybrid Laminar Flow Control (xHLFC)
system (ref. section III), the rear part of the wing box on the upper side of the wing must be provided with suction
panels that meet the aerodynamic requirements.

The integration of such suction panels distinguishes the wing structure from conventional designs and raises
several questions. Considering typical rear spar positions at about 60% chord length [13], it is not feasible to avoid
interference between the load carrying wing box and the suction panel even under the assumption of 40% to 50%
natural laminar flow (NLF). In order to ensure maneuverability and good handling qualities, turbulent flow is desirable
on control surfaces. Therefore, the suction panel ends at the rear spar. Fig. 7 shows the wing including the area, in
which suction is applied.

N l U Front spar
[ Mid spar

: Rear spar
! T e ————

Suction panel area

b=17,96 m

Fig. 7 Top view on wing including the spar positions and the area in which suction is applied

The extent and depth of the suction panel influence the structural behavior at the global wing level. Lowering of
the load carrying backbone structure reduces the area moment of inertia in the rear part of the wing. This has to be
considered especially regarding maneuver loads at the control surfaces to ensure high effectiveness of the control
surfaces. Additionally, the torsional stiffness decreases with increasing suction panel thickness due to the reduced
cross-sectional area, which can be problematic with respect to static torsional divergence. Special consideration is also
necessary since the aircraft uses batteries as energy storage. According to the preliminary aircraft design, these are
located in the fuselage and in turn do not unload the wing in comparison to conventional wing-located fuel tanks.

Due to the small thickness and perforation of the upper suction panel, skin detachment in the panel area must be
prevented. It is assumed that the suction surface and core structure cannot contribute significantly to carry the flight
loads and that the rear structure — the backbone structure — has to carry most of them. Further measures in the wing
structure design, e.g., the usage of an auxiliary spar in order to re-route stresses and unload the suction panel, need to
be considered. Clearly, structural weight penalties of an auxiliary spar need to be put into perspective with the benefits.

A parametric finite element (FE) model has been developed in order to derive design rules for wing structures
applying xHLFC. Conventional stress criteria according to Puck et al. [14] are used for sizing of composites in a fully
stressed design (FSD) approach. Buckling is checked by linear stability FE calculations. Quadratic shell elements are
used to model thin-walled surfaces, while quadratic beam elements are used to model stiffeners such as stringers, spar
caps and rib caps.

In order to assess the weight added by a mid spar, the wing has been sized both with and without mid spar. At
the current stage the suction panel is not modelled explicitly. A set of 8 load cases has been taken into account. Without
mid spar, the total mass of the wing box is 1.105 kg after 24 Iterations of the FSD. The corresponding total mass of



the model with mid spar after 24 iterations is 1.208 kg. Fig. 8 exemplarily shows the compression force flux ny in the
upper wing cover of the wing with mid spar in a 2 g load case.
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Fig. 8 Force flux ny of the wing in a 2g load case at Mach 0.45, MTOW and 25.000 ft altitude

The mid spar reduces the compressive force fluxes ny in the upper wing skin, as can be seen in the cross sections
at relative spanwise coordinates n=0.75 (ref. Fig. 9). The mid spar also reduces the shear flux in the front part of the
wing box. Due to two-celled design, the shear flux behind the mid spar increases on the other hand, more and more
becoming a sizing factor for the backbone structure.
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Fig. 9 Cross sectional distribution of force flux ny and shear flux nyy at relative coordinate n=0.75

The design of the suction panel structure is characterized by the fact that an asymmetrical sandwich is created,
resulting in high flexural-membrane coupling effects which have to be taken into account in the structural design and
sizing. Additionally, lowering the backbone structure results in a double kink in the transition area from NLF and
laminar flow control (LFC). The functional components of the suction panel schematically shown in Fig. 10 are
described in more detail in section VII.



perforated sheet

core

double kink —
backbone structure

midspar

Fig. 10 Wing concept and components of the xHLFC suction panel

The effect of the double kink in the backbone structure and of the highly asymmetric sandwich structure can be
shown already using a simplified model of a stiffened skin panel featuring a double kink. The dimensions taken here
are 400 mm x 200 mm x 2 mm and the height of the double kink equals 10 mm, as an example of a panel between
two ribs and two adjacent stringers. The panel consists of a quasi-isotropic layup of a T700 carbon fiber epoxy
composite with a layer thickness of 0.125 mm. The loading and boundary conditions (BC) are shown in Fig. 11.
Along the short edges, translational (U) and rotational (UR) degrees of freedom are restricted in order to model the
influence of ribs. Along the longitudinal edges, only translational degrees of freedom are restricted in order to represent
stringer stiffeners. For this example the structure is loaded purely by compressive force flow of 150 N/mm in a static
analysis, where geometric non-linearity is taken into account. The applied load is slightly lower than critical buckling
loads obtained from linear stability analysis.

BC1
BC1:U,,,=UR,,, =0 Undeformed
BC2:U,,,=0 —_—
BC3: U1,3 = URiz23 = 0
n,: 150 N/mm
4 BC2 BC2 Deformed
.
y z l
“ X T 4 X

BC3, n,

Fig. 11 Top view on simplified stiffened panel including loading, boundary conditions (left) and
schematic rotation of double kink (right)

Due to the eccentricity caused by the double kink, lower and upper part of the panel show out-of-plane
deformations in opposite directions right from the beginning. This is schematically shown on the right-hand side in
Fig. 11. The out-of-plane deformations induce a rotation around the kink. Obviously, the model is simplified with
respect to the wing skin curvature, as well as to the loading and boundary conditions. However, it demonstrates effects
caused by the eccentricity, which are studied in more depth and need to be considered in the design, especially as
composites are intended to be used for the backbone structure and delamination has to be prevented.
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In order to compensate for masses added by the suction system and additional structural components, to avoid
damage to the backbone structure and to improve the fatigue behavior in the complex area of the double kink, advanced
materials such as thin ply composites are being investigated (ref. section V and VI).

V. Thin Plies

Structural challenges of suction panel

As discussed above, the suction panel is introduced to extend the laminar flow of the airfoil. As shown in the
previous section the backbone structure of the suction panel is predominantly loaded by shear due to torsional wing
loading. From a mechanical point of view, the wing cross section as a closed structure is optimal to carry the shear
flow. Fig. 5 shows the suction panel, where the backbone structure is supposed to carry the structural loads. The
backbone structure is not straight and it has kinks to accommodate the internal structure of the suction panel inside
the wingbox. There are holes to allow air to be drawn into the plenum from the suction panel. The stress concentration
is high around the holes and in the kink area, which may lead to different types of failure, as shown in Fig. 12.

The failure mechanism would be largely delamination in the kink area (as shown in Fig. 12 a) and fiber and
inter-fiber failure around the holes (as shown in Fig. 12 c).

(a) Stress concentration in the bends (b) Backbone structure

Fig. 12 Failure mechanism in high stress-concentrated areas of the backbone structure

Thin plies
What are thin plies?

To cope with the above mentioned problems and to compensate for the additional weight of the wing (due to
third spar and the suction panel components) the use of thin ply laminates is a promising solution. If the individual
ply thickness is below 100 um the layers are frequently called thin plies (TP).

Different variations of CFRP laminates are considered for the backbone structure. The ply-thickness was varied
to search for the optimum composite material. The used unidirectional (UD) TP pre-impregnated carbon fiber material
had a thickness of 50 pm and the other ply thicknesses were created by laying up two, three or four 50 um UD layers
in the same direction, referred to as ply block scaling. Fig. 13 shows microsections of laminates with the listed four
layers thicknesses.
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Fig. 13 Microsections of laminates with layer thicknesses of (a) 50 pm, (b) 100 pm, (c), 150 pm and
(d) 200 pm.

The key advantage of the material

TP offer several advantages when compared to normal or standard thick layers. These advantages are especially
helpful when used in the suction panel. As described before the failure of the suction panel will probably be due to
compressive stresses at the corners of the kink and at the holes. The use of thin plies increases the compression and
open hole compression (OHC) strength of laminates and therefore of the kink structure.

Thin plies suppress microcracks effectively. This behavior is explained by the in-situ effect. The effect implies,
for thinner layers, an increasingly strong suppression of microcracks to the point where they are completely suppressed
and no matrix cracking or delamination occurs before complete failure. Thus, the in-situ effect leads to a quasi-brittle
fracture behavior of TP laminates without damage until complete failure. In contrast, standard layers fail in a
progressive manner as a result of transverse matrix crack and delamination propagation up to final failure [15].

Many studies showed significantly improved mechanical properties of TP laminates. Consistent findings show an
increased tension strength between 9% [16] and 32% [17]. Compression strength increases between 16% [18] and
36% [17]. The open hole compression strength (OHC) also increases between 8% [17] and 18% [15].

Despite the improvement of many strength values, the open hole tensile (OHT) strength decreases. This has also
been shown in many studies [19, 20] and ranges from -10% [21] to -30% [15]. The reason for the decrease in strength
is due to the effective suppression of microcracks, especially around the hole. For standard layers, the microcracks
lead to stress relief in the heavily stressed hole area and thus to an overall increase of the ultimate load. But if the
decisive criterion is the prevention of damage to the laminate, then it is better to choose TPs since they allow higher
stress values without any damage.

In addition to the mechanical advantages, TP offer an additional degree of design freedom. If layers with 50 pm
instead of 150 um are used, 3 times more layers are needed to achieve a laminate of the same thickness and this offers
a whole variety of new possibilities. The laminate can be adjusted more precisely to the specific load case by slighter
stiffness, resp. layer angel changes. Especially if the given constraints allow not only the classical £45°, 0° and 90°
directions, angles in between these directions could be used. Furthermore, TP offer advantages especially for very thin
lamina: a higher variety of fiber angles can be covered per total laminate thickness which may improve design and
mechanical performance according to the load case.

Quasi-static testing campaign
To analyze the influence of the ply thickness, a comprehensive quasi-static test campaign was carried out with
different ply thicknesses. The layup and laminate thickness are shown in Table 2. The variation in total laminate
thickness is due to the layup of the laminates. To produce the quasi-isotropic laminate such a lay-up was considered
which produces the similar total laminate thickness. The tests were conducted according to the ASTM standards, as
shown in Table 3.
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Ply-thickness [pum] Lay-up thi%;::;;a[:fm] Ply number
50 [45/0/-45/90]ss 3.15 63
100 [452/02/-452/902]4s 3.10 31
150 [453/03/-453/903]3 3.45 23
200 [454/04/—454/904]25 3.00 15

Table 2 The lay-up used for the quasi-static test campaign

Tensile test Compression test Og;:;—il;zle Open-hole compression
Standard ASTM D3039 ASTM D6641 ASTM D5766 ASTM D6484
Geometry
(length x width) 250 x 25 140x 12 200 x 36 300 x 36
[mm x mm]

Table 3 Standards used for the quasi-static test campaign

Tensile and compressive tests without hole

The average tensile strength increased considerably with decreasing layer-thickness by 39% as shown in Fig.
14 (a). The delamination-dominated failure increases significantly as the thickness of the ply increases and this trend
is shown in Fig. 15 (a). It can be concluded that in quasi-static tensile tests, laminates with thinner plies have superior
mechanical performance than the laminate with thicker plies.

The results of the compressive test also show the increase in the compressive strength in relation to the thickness
by 23%. But the change in strength is smaller than for the tensile strength. With the increase in ply-thickness, the
compressive strength decreases, as shown inFig. 14 (a). The delamination is hindered by the successive layers in
different orientations, as shown in Fig. 15 (b). However, the 150 um laminate shows a higher compressive strength
than the laminate with a ply-thickness of 100 pm. In this case the increase in compressive strength is due to greater
total laminate thickness and the related buckling load increase.
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Fig. 14 Tensile and compressive strengths for ply-thicknesses of 50 pm, 100 pm, 150 pm, and 200 pm
(a) coupon specimens, (b) open hole specimens

13




A~

50 pm 100 um

50 ym 100 ym 150 pm 200 ym 150 ym 200 pm

(a) (b)
50 um 100 um 50 um 100 um
150 um 200 ym 150 ym 200 pym

(c) (d)
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Open-hole tensile and compression tests

The results of OHT tests show that the change in tensile strength is small compared to tensile strength without a
hole, as shown in Fig. 14 (b). This is due to the change in damage mechanics. The stress concentrates at the hole and
does not relax due to early matrix cracks at the TP laminates. There is no significant delamination, the damage is
brittle, and the crack propagates perpendicular to the load direction. However, there is considerable delamination in
thick ply laminates, as shown in Fig. 15 (¢). The delamination in laminates with thicker plies is due to pre-damages.
The pre-damages were also noticed during the acoustic measurements. The pre-damages in OHT relax the stress-peak
near the hole and as a result, the strength of laminates with thicker plies do not reduce. Similar results are also discussed
by Shin [21] and Kétter [22].

In OHC, the average strength of specimens was increased by 18.9% when moving from thicker to thinner plies,
as shown in Fig. 14 (b). The failure in TP laminates is due to shear failure and the delamination is not very significant
in TP laminates, as shown in Fig. 15 (d). On the other hand, once the thickness increases, the localized pre-damage
starts to initiate during the loading before the final damage. As the localized pre-damage around the hole increases,
the shear failure in the laminate also increases and — as a result — reduces the total strength. The pre-damages can be
monitored by acoustic emissions of the cracks produced during the loading. Fig. 16 shows the acoustic emissions of
the OHC specimens for each laminate (as mentioned in Table 2). The local crack or pre-damage is represented by the
sound velocity of the specimen’s surface perpendicular to the load. When the ply-thickness is 50 pm, there is almost
no pre-damage. The failure is brittle as it did not show any damage until failure. When the thickness is
100 pm, 150 pm, and 200 pum, the pre-damage increases significantly, which is evident by the vibration in the plots
inFig. 16. Pre-damage behavior was quite consistent of the performed tests.
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Fig. 16 Stress and Acoustic measurement for OHC tests, (a) 50 pm, (b) 100 pm, (c¢) 150 pm and (d) 200 pm

TP application to series production today

The test campaign shows significant advantages of TP, especially under compression and open-hole-
compression, compared to conventional ply thicknesses. The question is why the good properties have not yet led to
widespread use of TP in aircraft design? It's the cost: The production of a laminate of a given thickness requires at
least twice the time because the layer thickness is (more than) halved. As a rule, the thickness of the laminate cannot
simply be reduced, since buckling loads, for example, require a minimum thickness. Doubling the costs makes TP
uneconomical for many applications without further improvements to the fully automated processing. The technically
and economically most sensible compromise between layer thickness and processing time are therefore laminates in
the range of 125 um layer thickness, which are currently used in the aerospace industry.

VI.  Influence of the layer thickness on fatigue

Fatigue testing campaign

Based on the observations of the quasi-static material behavior, investigations on the transferability of the
findings from Section V to the fatigue behavior of TP laminates are conducted. For this purpose, fatigue tests are
carried out on quasi-isotropic coupon and open hole specimens. Analogous to the quasi-static investigations,
specimens with different layer thicknesses are considered. The aim is to investigate the relationship between layer
thickness and lifetime, respectively the number of load cycles to failure. In this context, by reducing the layer
thickness, the local interlaminar stress components are specifically reduced, which ensures that early initiation of
(micro crack induced) delamination is suppressed (ref. Fig. 15). In order to evaluate whether these properties can be
directly transferred from the static to the fatigue behavior, the respective fracture patterns of the fatigued specimens
are also compared with the statically failed specimens. Furthermore, acoustic emission measurements are carried out
in parallel to the fatigue tests to gain a detailed understanding of local cracking processes in the specimens. The fatigue
tests are performed for different stress ratios, load levels and load orientations in order to derive a general fatigue
behavior of TP laminates. The results are utilized in a number of different ways.

First, constant life diagrams and generalized damage evolution laws are derived, which can be used for structural
pre-dimensioning. Furthermore, crack initiation, onset and propagation curves are determined from static and cyclic
fracture toughness tests for different layer thicknesses and orientations. The obtained relationships are defined based
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on energy release rates G or stress intensity factors, respectively. Fig. 17 shows typical relationships of the
delamination behavior of FRP laminates based on the layer thickness. Fig. 17 (a) visualizes the higher loading capacity
and the related increase of the critical energy release rate under static loading by decreasing layer thickness. Fig. 17
(b) and (c) show the correlations to the initiation and propagation behavior of fatigue-driven delaminations taking into
account the layer thickness. An improved structural performance can be achieved under cyclic loading when the
critical energy release rate is increased (by reducing the layer thickness). On the one hand, it is possible to apply
significantly higher fatigue loads to the component without reaching the crack initiation state and the number of load
cycles to failure are increased at comparable load levels. Taking these properties into account, weight savings can be
achieved on the suction panel without a loss of structural integrity by using TP laminates for the backbone structure.

Second, a comprehensive database is generated that contains information on local cracking behavior as well as
correlation matrices for different factors influencing the lifetime. Last, the test results serve as a basis for the
development as well as for validation purposes of the progressive fatigue damage model, which is to be applied in the
design of the backbone structure.
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Fig. 17 Schematic representation of typical (a) static load-displacement, (b) cyclic crack onset and (c) cyclic
propagation curves for interlaminar delamination behavior in FRP based on the layer thickness.

FE-based fatigue damage model for thin plies

The use of TP laminates as the basic material for the backbone structure opens up new design possibilities for
the structural layout. However, the fatigue damage behavior of CFRP laminates is complex compared to homogeneous
materials [23]. In particular, the initiation and propagation of damage causes stress redistributions into neighboring
(undamaged) plies, which must be precisely captured in the component development process. For this purpose, a FE-
based damage prediction model is currently being developed that takes into account the typical failure characteristics
for TP laminates under static and cyclic loading conditions. In contrast to traditional FRP laminates, the fatigue
damage behavior of TP laminates is defined not by progressive damage evolution, but by a small number of individual
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damage events close to the final failure. As a result microcracks and microcrack-induced delaminations only occurs
at very high load levels (ref. Fig. 16), which increases the fatigue life compared to conventional laminates under the
same loading conditions. In addition, fatigue-specific factors that affect the component lifetime under realistic loading
must be considered in the overall backbone structure design. These factors include among others stress ratio and load
sequence effects, and alternating loading orientations.
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Fig. 18 Modeling- and validation strategy for applying the TP-FDM for
fatigue verification of the backbone structure.

To establish a reliable, and numerically robust fatigue damage model (FDM) for TP laminates (referred to as TP-
FDM) for the design of the backbone structure, the modeling and validation strategy shown in Fig. 18 is currently
realized. In this context, the basic framework is a progressive FDM recently developed for conventional CFRP
(referred to as FRP-FDM) [24], which has been validated for various use cases [25-27]. The special feature of the
FRP-FDM is its underlying energy hypothesis. This hypothesis states that the energy dissipated in damage and in
plastic deformation (in short dissipated energy) under static and cyclic loading becomes comparable if the amount of
dissipated energy is identical (under static and cyclic loading). By applying this energy metric, it is possible to partially
transfer the knowledge gained by quasi-static loading to fatigue investigations. However, the disadvantage of the FRP-
FDM is that only intralaminar damage can be considered. As shown from the investigations in section V, delamination
have a decisive impact on the failure behavior of TP laminates. To compensate this limitation, it is intended to couple
the FRP-FDM with a cohesive zone model (CZM) [28, 29] to map also initiation and propagation of interlaminar
delamination. The significant challenge in developing the TP-FDM is to accurately incorporate the static and fatigue
characteristics of TP laminates into the model. This includes especially the effects of ply thicknesses on the general
damage behavior as well as the incorporation of the previously mentioned fatigue-specific influence factors on the
damage evolution under realistic loading profiles. The TP-FDM will be implemented in the commercial FE software
Abaqus as a user subroutine (based on UMAT and UINTER definitions).

For calibration of the TP-FDM, basic TP material properties (e.g. stiffness and strength properties, fracture
toughness, SN curves, Paris laws and material-depended damage evolution curves) are required, which are determined
from standardized static and cyclic characterization tests. After implementation of the experimentally determined
characteristic values and adjusting model-specific parameters, fatigue simulations are performed on unidirectional
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coupon specimens, allowing the TP-FDM to be verified by means of the basic static and cyclic characterization tests.
Following this, the calibrated and verified model will be validated for fatigue analysis on quasi-isotropic TP coupon
and open hole specimens considering different layer thicknesses and loading characteristics. It is important to ensure
that the TP-specific fatigue effects are accurately and reliably reproduced by the TP-FDM.

The overall objective is to apply the extended and validated TP-FDM for numerical fatigue analysis on the
backbone structure under realistic loading conditions. In particular, the TP-FDM will be applied to identify local
structural weakening points under complex stress states, and to use them for the development of a fatigue-resistant
structural design that is compliant with lightweight construction and safety requirements.

The outlined investigations into the layer thickness can lead to an increase in the permissible design limits and a
significant reduction in weight in many aircraft applications.

VII.  Structural design of the suction elements

Structural design of the suction panel
Fig. 19 shows the cross section of a XHLFC suction panel as defined by Traub et al. [30]. The suction panel
consists of a perforated suction skin (A) supported by a core structure (C) and the backbone structure (E). The core
structure is simultaneously used as a duct for the drawn in air and to support the suction skin. Both interfaces (B, D)
combine the single components into a lightweight sandwich structure, the suction panel. The main functions of the
panel are: (1) a continuous suction in order to stabilize the disturbed boundary layer, (2) maintaining the aerofoil’s
shape under structural and aerodynamic loads and (3) supporting the wing skin against stability failure.

Fig. 19 Cross section of an xXHLFC suction panel: (A) suction skin, (B) skin-core
interface, (C) core structure, (D) panel interface and (E) backbone structure

Within the suction panel design, the task is to minimize the area of contact between skin and core in order to
reduce hole blockage, to realize a core structure that is efficient from an aerodynamic and structural point of view,
and to make the best possible use of the material with respect to weight savings. Additive manufacturing (AM)
technologies offers huge potential regarding function integration and integral part design. Therefore, the focus of this
section is to exploit the possibilities of AM in the suction panel design.

A generic design approach allows to compare and asses different design solutions for suction panels. Fig. 20
shows the design space for xHLFC suction panels including solutions only feasible using AM. The design space is
created by the individual solutions for the suction panel components. The five components of the structure are porous
skin, skin-core interface, core structure, panel interface and backup structure. The partial solutions include design,
material (e.g. thin plies) and manufacturing process. A suction panel design can be obtained by combining partial
solutions for each suction panel component. Therefore, this approach contains more than 2500 design solutions
including existing solutions for HLFC and LFC suction panels.
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Fig. 20 Generic design space for an active suction panel including partial solutions for AM

Novel AM design for suction panel

In previous projects, various suction panels were developed using conventional designs and manufacturing
processes (ECHO [31] [32], TSSD [33], ALTTA [34]). AM technology has the ability to produce highly complex,
integral structures with closed-up hollow systems in a one-shot manner. Several concepts are investigated within the
Cluster of excellence SE?A [35], however, only one novel AM-driven design concept, the “minimal surface concept”
is described in this paper. The minimal surface concept is defined in Fig. 20 by the combination A6, B6, C6, D1, E1.
The core is a TPMS, which consists of small, recurrent volume elements with 3D surfaces with zero mean
curvature at every point. Therefore, the TMPS’s surfaces are free of lateral forces and act mechanically as membranes.
Typical TPMS structures like Gyroid or Schwarz Primitive are promising approaches for core structures, since they
provide both, a lightweight but dense structure [36] as well as a channel system enabling internal air flow. Complex,
integral structures like TPMS can only be realized with AM in terms of production technology and cost-effectiveness.
The outer suction surface as well as the TPMS core are manufactured integrally by AM-technology, without
any assembly. This element is bonded to the load-carrying backup structure, which is made from TP laminate. This
way, a lightweight structure resilient to stability failure is generated. The minimal surface concept suction panel can
be printed on various 3D printing systems. Selective laser melting (SLM) printers allow to use engineering materials
such as stainless steel or titanium creating structures resistant to most environmental impacts, e.g. UV radiation or
corrosive media. However, stereolithography (SLA) and selective laser sintering (SLS) are a lightweight alternative
to SLM, producing high quality thermoset and thermoplastic parts. Fig. 21 shows an SLA printed xHLFC suction

panel demonstrator with printed perforated skin and a gyroid core structure.
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Fig. 21 Additive manufactured suction panel demonstrator (Gyroid, skin porosity 1%)

Currently, this concept is under investigation for its mechanical and aerodynamic performance. Aim of the
investigation is the achievable surface quality, shape retention and reproducibility of the suction holes. The perforated
suction skin is evaluated by flow meter tests, the TMPS are evaluated by flow bench tests in comparison to the
corrugated cores. The structural performance of the TPMS is also investigated and the limits of the AM technology in
terms of manufacturing parameters such as minimum wall thicknesses are determined in order to realize efficient
lightweight structures.

VIII. Conclusion

The present study indicates that the additional weight due to auxiliary structural elements like the mid-spar and
the elements of the suction panels, the compressors and the additional battery weight can be compensated for by the
higher structural performance of thin plies. The better fiber-based static allowable of the thin plies compared to thick
CFRP laminates indicate less matrix-dominated fatigue and damage behavior. For the core of a suction panel, thanks
to 3D printing, there is the possibility of realizing very light structures that meet the requirements of aerodynamics.
Overall, it can be said that there are realistic options for constructing and designing an xHLFC system with 45,5%
drag reduction in such a way that the additional expenditure in terms of weight can be compensated for.

In aircraft construction, the disciplines of aerodynamics and structure have always worked closely together. But
the joint development of this suction panel has brought a new quality to the cooperation. If the requirements of
aerodynamics previously concerned the global geometry, they now also affect the internal structure. As a consequence,
a much deeper mutual understanding of the design tools of both disciplines is necessary. The granularity of the
calculations of aerodynamics and structure varies and compromises between performance and weight are necessary.
In this respect, in addition to the scientific work on this topic, the process and the quality of the collaboration are of
particular importance. The possibility of realizing a fully electric regional aircraft with the features mentioned at the
beginning is technically given if the cooperation between the disciplines in development works.
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