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Abstract
Drag reduction technologies in aircraft design are the key enabler for reducing emissions and for sustainable growth of 
commercial aviation. Laminar wing technologies promise a significant benefit by drag reduction and are, therefore, under 
investigation in various European projects. However, of the established moveable concepts and high-lift systems thus far 
most do not cope with the requirements for natural laminar flow wings. To this aim, new leading edge high-lift systems have 
been the focus of research activities in the last 5 years. Such leading edge devices investigated in projects include a laminar 
flow-compatible Kruger flap (Schlipf (2011) Insect shielding Krüger—structural design for a laminar flow wing. In: DGLR 
Congress 2011, Bremen, pp 55–60) and the Droop Nose concept (Kintscher et al. Ground testof an enhanced adaptive droop 
nose device. In: European Congress on Computational Methods in Applied Sciences and Engineering, ECCOMAS 2016. 
ECCOMAS2016—VII European Congress on Computational Methods in Applied Sciences and Engineering, 5–10 June 
2016, Crete Island, Greece; Kintscher et al. Low speed wind tunnel test of a morphing leading edge. In: AIDAA—Italian 
Association of Aeronautics and Astronautics XXII Conference, 09–12 Sept. 2013. Neapel, Italien) and these can be consid-
ered as alternatives to the conventional slat. Hybrid laminar flow concepts are also under investigation at several research 
institutes in Europe (Fischer. Stepless and sustainable research for the aircraft of tomorrow—from AFloNext to Clean Sky 
2. In: 1st AFloNext Workshop Key Note Lecture No. 1, Delft, The Netherlands, 10 Sept 2015). Another challenge associated 
with laminar wings aside from the development of leading edge movables is the need to address the control of aerodynamic 
shocks and buffeting as laminar wings are sensitive to high flow speeds. Here, one possible method of decreasing the wave 
drag caused by the aerodynamic shock is through the use of shock control bumps (SCBs). The objective of SCBs is the 
conversion of a single strong shock into several smaller and weaker λ-shocks resulting in a drag benefit when deployed 
correctly. A particular desirable characteristic of SCBs is that they should be adaptable in position and height as the shock 
position changes with varying conditions such as speed, altitude, and angle of attack during the flight. However, as a fixed 
case, SCBs can also help to control laminar buffeting by fixing the shock into given positions at the SCBs location. In this 
paper, a structural concept for an adaptive shock control bump spoiler is presented. Based on a concept of a fixed bump SCB 
spoiler, a design for an adaptive spoiler with two conventional actuators is presented. Design drivers and interdependen-
cies of important design parameters are discussed. The presented design is simple and aims for a high TRL without adding 
much complexity to the spoiler. It is robust and able to form a bump with a height of 0.6% chord length which position can 
be adapted in a range of 10% chord. This paper is a follow-up of a previous publication (Kintscher and Monner, SAE Tech 
Paper 10.4271/2017-01-2164, 2017) with extending the focus by a validation of computational results by experimental tests.
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1  Introduction

For drag reduction, laminar flow and hybrid laminar flow 
technologies are currently under investigation in many 
European projects. In these projects great attention has 
been given to laminar compatible leading edge devices in 
the past 5 years. In the German Aerospace Center, the Kru-
ger Slat and Smart Droop Nose Devices have especially been 
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investigated as a replacement for the conventional slat. On 
the leading edge, a high-lift device with a continuous upper 
skin panel is mandatory as an enabler for laminar flow. The 
Kruger device is one promising candidate due to the fact 
that a shielding functionality can be integrated to avoid con-
tamination of the leading edge surface by insects. The smart 
droop nose has the disadvantage of decreased aerodynamic 
performance compared to a slat or Kruger device but offers a 
significant potential for noise reduction with moderate aero-
dynamic performance. However, the trailing edge devices 
play a role in drag reduction as well. With the advanced 
dropped hinge flap, Airbus introduced multifunctional move-
able devices in the A350 design to realize opportunities like 
active load control, variable camber for cruise performance 
and differential flap setting for optimization of load distri-
bution. With the advanced dropped hinge flap, the high-lift 
aerodynamic efficiency is optimized through the control of 
the spoiler–flap gap. Subsequently, the adaptive shock con-
trol bump spoiler is the next step towards high performance 
laminar wings [1–6].

The wave drag reduction potential of shock control bumps 
has been demonstrated widely [6–8] (Fig. 1).

The idea behind using shock control bumps is that they 
can control the shock to reduce wave drag and/or extend 
the flight envelope which often is limited by buffeting. The 
effect is based on a deceleration of the flow in a limited 
region of approximately 20–25% of the chord length [9]. 
On the upstream side of the bump, isentropic compression 
waves are created, leading to a series of shocks and to a 
decreasing Mach number in front of the main shock. This 
significantly decreases the shock in case of a well-shaped 
and positioned bump.

In [9], Sommerer et al. presented results of the numeri-
cal optimization of adaptive transonic airfoils with variable 

camber and shock bump control. The results give an encour-
aging potential for the application of SCBs on a transonic 
airfoil. For a specified off-design condition, Sommerer opti-
mized bump shapes and investigated the influence of various 
geometric bump representations. It is found that the detailed 
shape of the bump is of minor importance; while bump posi-
tion, i.e., the location of the bump crest, and height play a 
major role for the bump effectiveness. Therefore, the struc-
tural design of a shock control bump should be able to adapt 
the bump height and position to the off-design and flow con-
ditions to get the maximum drag reduction. Based on these 
findings, a generic geometry is used for the design of the 
position-adaptable SCB spoiler concept with consideration 
of the guidelines and recommendations for the SCB design 
given in Table 1 and Fig. 2.

A prerequisite for the SCB spoiler is laminarity since the 
shock is located at the trailing edge of the main wing at 
about 60–70% chord in the region where the spoilers are 
located for only this characteristic pressure distribution.

In [10], the envisaged bump height is given as approxi-
mately 0.1–0.5% of the chord length and the bump length 
is estimated as 15–20% chord. It is important to understand 
that for a large part of the wing span, this relates to the 
full spoiler chord length. The variation of the shock posi-
tion and, therefore, of the optimal bump crest position dur-
ing flight due to varying pressure distribution is assumed 
to be approximately 10% chord length. This corresponds 
to approximately half of the complete spoiler chord length. 
Investigations of Sommerer [9] show that there is a possibil-
ity to limit the shock chord length variation and to decrease 
the necessary bump height by a flap with variable camber 
functionality. However, in this study, the intention is to 
identify the extremal configurations and the corresponding 
design drivers and consequences for the design. The effect 
of a variable camber flap is not considered.

Fig. 1   Aerodynamic concept of shock control bumps from [9]

Table 1   Geometric definitions 
for the investigation of a 
position variable SCB

xc/c 0.60–0.70
lb/c 0.15–0.30
hb/c 0.001–0.005

Fig. 2   SCB geometry definition
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While many research groups have focused on the aerody-
namic design of SCBs and the corresponding drag reduction 
potential, only limited information is available regarding the 
structural design concepts and realization of such devices. 
The challenge in the structural design of an adaptive shock 
control bump device is the combination of structural stiff-
ness, actuation and available space. While the structure itself 
has to be flexible enough to provide the desired shape change 
by actuation, the actuation forces must be as low as possible 
since high actuation forces require large actuators. This is 
undesired due to the resulting weight penalty and the small 
design space available at high aspect ratio wings, especially 
at the outboard region of the wing.

Bein et al. [11] presented a concept for actuation of an 
adaptive SCB in 1998 using a tube spring. The concept is 
based on the tube spring actuator driven either by pressure or 
shape memory alloy (SMA). Both methods of actuation have 
been verified by experimental investigations. However, the 
integration into the spoiler body and a design of a flexible 
spoiler skin is not presented. Another actuator concept based 
on SMA was proposed by Campanile et al. in [12] with the 
“fish-mouth” actuator. It is developed at the German Aero-
space Center (DLR) in the framework of the Adaptive Wing 
project (ADIF). It is a compact hybrid actuator based on the 
interaction of a shape memory material and a composite 
flexible mechanism. 86 actuators were integrated into the 
trailing edge skin of a wind tunnel model with a glass fiber 
reinforced skin. With a maximum actuator stroke of two mil-
limeters only small displacements can be induced with this 
concept. Wadehn et al. [13] used this actuator concept for a 
combined aerodynamic and structural design process includ-
ing a control concept. The proposed combined design and 
control concept was tested in a model of an adaptive spoiler 
which was manufactured as a sandwich structure with inte-
grated Moonie kinematics actuated by shape memory actua-
tors. The concept showed desirable geometric accuracy and 
robustness against external disturbances whilst the actuator 
forces are only moderate. An integrated design concept is 
presented by the author in [14]. A spoiler body with pressur-
ized cells is designed for an adaptive SCB (Fig. 3).

The cells are integrated into the spoiler body and can pro-
vide different SCB shapes depending on the pressurization 
of the cells. The design is based on analytical formulations 
for a fast optimization process. A design process for prelimi-
nary design of the presented concept is proposed consider-
ing the generation of target shapes with consideration of 
mechanical boundary conditions.

A concept based on conventional technologies is pre-
sented by Kirn and Machunze [10, 11, 15]. The proposed 
concept of a position fixed SCB with variable height is based 
on a pre-shaping of the spoiler body. The spoiler skin and 
body is manufactured in a shape which is not equal to the 
clean cruise shape of the wing. Instead, the spoiler is pre-
shaped as depicted in Fig. 3 (Fig. 4).

The contact to the flap body and the conventional spoiler 
actuator can then be used to adjust the shape of the upper 
spoiler surface to a needed bump height or to the clean 
cruise shape. The bump position in chord is determined by 
the flexible region in the spoiler structure and is fixed. The 
idea is based on the assumption that the shock position at the 
wings trailing edge can be controlled by a variable camber 
flap.

2 � Structural concept

The position-adaptive SCB spoiler concept is based on the 
concept for a fixed SCB from Kirn and Machunze proposed 
[10, 11]. A second actuator is applied to the concept ena-
bling the control of a second bump position. The basic idea 
of a pre-shaped spoiler body is kept but extended to a maxi-
mum backward and a maximum forward bump position. In 
between these positions, an adaptive SCB can be actuated 
and positioned depending on the flow conditions. A second 
hinge position at the spoilers’ trailing edge is given by the 
end of a stiffened part of the spoiler body. The bump posi-
tion can then be controlled in the region between the chord 
position of the first and the second hinge depending on the 
stiffness tailoring and the actuator displacements.

The maximum chord variability of the SCB is then 
defined by the parameters:

•	 Actuator force limits

Fig. 3   Structural concept with pressurized cells for realization of a 
shock control bump spoiler by Sousa from [14]

Fig. 4   Structural concept for a shock control bump spoiler by pre-
shaping by Kirn and Machunze from [10]
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•	 Pre-shaping
•	 Local thickness
•	 Aerodynamic loading
•	 Required contact force to flap

A brief sketch of the concept with the main characterizing 
elements is given in Fig. 5.

Since the design proposal for the position-adaptive SCB 
focuses especially on the shock control for wings with natu-
ral laminar flow, the ‘flexible hinge’ concept for the attach-
ment of the spoiler to the wing box as presented by Kirn is 
adopted. However, since the flex-hinge technology is inde-
pendent of the SCB technology, it is used here as a design 
constraint only and not considered in detail by the author. 
For a sealing of the flap gap in cruise position, the spoiler 
needs to be in contact with the flap body. This requires a 
line contact of the spoiler trailing edge with the flap with a 
certain contact force.

2.1 � 2D concept and design load cases

To have a fast computational model for the structural analy-
sis and optimization of the concept, a 2D extruded FE model 
with a span of 200 mm is created. For the adaptation of the 
bump position, the model is parametrized with the following 
main design parameters:

1.	 End position of the first rigid part (d1)
2.	 Start and end position of the second rigid part (d2, d3)
3.	 Local thicknesses (tn)
4.	 Pre-shaping of the trailing edge (p1–p3)

For the definition of the pre-shaping a spline with three 
control points p1–p3 at the spoiler trailing edge is used 
(Fig. 6).

The objective of the 2D model is the investigation of 
achievable maximum forward and maximum backward 
bump positions and the identification of design drivers and 
limitations of the concept. Resulting parameters for a more 
detailed analysis and optimization in 3D are maximum 

forward/backward position b1/b2 with SCB heights bh1/bh2, 
and actuator forces f1 and f2.

For the best design solution, finally, the attachment points 
of the second actuator have to be optimized for a balanced 
design which combines robustness against (varying) aero-
dynamic loads and effective actuation with consideration 
of other constraints such as the contact force of the spoiler 
trailing edge to the flap body or design space for example.

Besides the characteristic design parameters, the adaptiv-
ity of the concept depends on the load cases considered in 
the design. Since the concept assumes a pre-shaping of the 
spoiler body which deviates from the optimal profile shape 
for clean cruise flight, this is one of the most important 
design load cases. Here, especially waviness and contour 
accuracy of the retracted SCB have to be checked carefully. 
For the overall deviation from the nominal profile, a limit of 
± 0.5 mm is assumed. The surface waviness is assumed as a 
local deformation to the ideal flight shape and, hence, will 
be assessed as an increment from the nominal wing surface 
profile as deflected in flight.

The maximum allowed wave amplitude is assumed with 
b = 3 mm. For the ratio of amplitude to half-wave length, 
a value of b/a ≤ 0.005 is used. Since waviness in the chord 
wise direction is significantly more critical than in span 
direction, the waviness is considered for this case only. 
Finally, the aerodynamic loading is considered as a combi-
nation of the pressures on the lower and upper side of the 
spoiler. As a worst case scenario, a defect sealing on the 
lower side is assumed. A uniform pressure of 4000 Pa is 
applied to the spoiler surface. To analyze the sensitivity of 
the adaptive SCB design the aerodynamic load is varied by 
about ± 10% to check the robustness of the pre-shaping. For 
the assessment of the actuator forces of the first actuator, the 
‘Airbrake’ load case is considered with a deployed spoiler 
of about 40° and a resulting estimated uniform pressure of 
5000 Pa on the upper spoiler surface. Since conventional 
CFRP material is assumed for the spoiler upper cover a 
strain limit of 5000 µstrains is used for the design.

Fig. 5   Sketch of the adaptive SCB-Spoiler (reference) concept with 
main contributing elements

Fig. 6   Sideview of the FE model of the adaptive SCB-Spoiler (refer-
ence configuration) concept with main design parameters
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2.2 � Reference design

A reference design is created as a starting point for the 
identification of design drivers of the here-presented con-
cept of a position-adaptive SCB. The main geometrical 
data, the reference maximum backward bump crest posi-
tion as well as the maximum forward bump crest position 
with corresponding actuator displacements are given in 
Table 2.

The maximum backward and forward positions of the 
bump are identified by adjustment of the actuator stroke u1 
and u2 of the first and second actuator while considering 
limitations and constraints mentioned before. Steps for the 
setup of the reference configuration are:

1.	 Definition of the max. trailing edge droop (p3)
2.	 Identification of parameters pn for optimal pre-shap-

ing to attain the clean cruise shape within the limit of 
± 0.5 mm

3.	 Identification of u1 and u2 for max. backward position
4.	 Identification of u1 and u2 for max. forward position.

It is assumed that a constant gradient of the rising and 
falling slope of the SCB is desired due to aerodynamic pur-
poses. Besides this the adjustment to the clean shape with an 
accuracy of about ± 0.5 mm has highest priority.

The resulting maximum forward and backward posi-
tion and SCB bump shape of the reference configuration is 
given in Fig. 7. The adjustment of the clean cruise shape is 

unproblematic and can be achieved using the control points 
p1–p3 as presented in Fig. 6. However, the variation of the 
vertical position of the spline control points can result in 
small waviness (Fig. 8).

Consequently, any deviations from the cruise target shape 
will naturally affect the forward and backward SCB shape. 
This can be avoided by a smoothing function in the spline 
generation.

2.3 � Identification of design drivers

The main design parameters for the structural design of a 
shock control bump are the maximum forward and backward 
position as well as the corresponding heights of the bump 
given by the aerodynamic analysis. Therefore, it is important 
to identify the design drivers.

For the forward position, the first actuator defines the 
ascending slope of the bump and the bump height; whilst, 
the second actuator controls the descending slope topology 
and the contact force to the flap body. The maximum forward 
position is positioned in between the positions of the reinforce-
ment structures d1 and d2. Naturally, this could be adjusted by 

Table 2   Reference configuration 
of the adaptive SCB spoiler Wing section chord (wc) 3330 mm

Skin spline length (Ls) 785 mm/800 mm/24%c
Spoiler length (L) 785 mm
Spoiler model span (s) 200 mm
Spoiler TE skin thickness (tnom) 3 mm
Spoiler skin layer orientation [45, 0, − 45, 0 s] in chord
TE pre-shape droop (p3) 95 mm
Reinforcement 1 (d1) 312 mm
Reinforcement 2 (d2/d3) 370 mm/500 mm
Max. backward SCB Crest pos./height 500 mm/9 mm (contact force ~ 0 N)
Max. forward SCB crest pos./height 345 mm/12.5 mm (limit strain 0.25%)
Max. backward actuator stroke 1/2 1.8 mm/0 mm
Max. forward actuator stroke 1/2 4 mm/− 4 mm

Fig. 7   Reference configuration for the position-adaptive shock control 
bump
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modification of the skin thickness by ply tapering between the 
reinforcements. In this context, the SCB height is variable and 
the maximum height is only limited by the maximum allow-
able strain in the skin material and/or the actuation force limit 
or size limit. The maximum SCB height is directly depend-
ent on the skin material and the skin thickness in between the 
positions d1 and d2. The descending slope can be realized with 
constant gradient or bi-linear gradient using the spoilers’ trail-
ing edge flexibility as depicted in Fig. 9. For the rearward posi-
tion of the bump, the first actuator defines the ascending slope 
of the bump; whilst the second actuator defines the rearward 
chord position, height and contact pressure to the flap body. 
The maximum backward position of the shock control bump is 
defined by the trailing edge reinforcements end position (d3).

At this position the out-of-plane bending stiffness is chang-
ing (assuming a constant trailing edge skin thickness) and most 
of the deformation occurs here. A design driver for the maxi-
mum backward position and maximum SCB height can be the 
required contact force of the spoiler trailing edge to the flap 
body. To guarantee a sealing function to seal the flap shroud, 
the contact force should not be less than zero to avoid any 
flow from the lower side to the upper side of the profile. When 
deploying the maximum backward position by actuation (just 
the first actuator deploys, the second actuator is locked), the 
spoiler is lifted and the contact force of the spoiler trailing edge 
to the flap body is decreasing. However, the contact force can 
be controlled by the length of the free spoiler trailing edge, the 
skin thickness and the maximum pre-shaping of the spoiler 
trailing edge (p3). The descending slope of the maximum back-
ward bump is defined by the pre-shaping.

For the study of variable SCB positions, the position and 
geometry of the first and second rigid part/reinforcements are 
varied. To fix the forward bump crest position, the second stiff-
ener is extended (geometric parameters d1, d2 and d3). For the 
objective for the SCB bump crest variation, it is assumed that the 
optimal bump crest position can vary in a range of about 10% 
chord length. For the selected 2D section, this means a range of 

the bump crest position of about 300 mm. For the attachment 
of the primary actuator for spoiler deployment for the airbrake 
functionality, the maximum forward position of the bump is 
assumed to be realized at about 300 mm of the spoiler length. 
For the maximum backward position, about 600 mm of the 
spoiler length is envisaged.

The extension of the trailing edge reinforcement in direc-
tion of the spoilers’ trailing edge (d3) leads to a smaller free 
unsupported length of the spoiler trailing edge and with this 
to a higher contact force of the spoiler trailing edge to the 
flap upper cover. In Fig. 10, the effect of an extension from 
500 to 590 mm end position of the trailing edge reinforce-
ment is presented. With identical actuation parameters (see 
Table 2), the bump crest position is shifted by 100 mm to the 
trailing edge resulting in a slightly increased bump height.

Due to the increased contact force to the flap, the bump 
height can be further increased by a larger actuator stroke of 
the first actuator so that a maximum bump height of about 
20.7 mm (~ 0.6% chord) can be achieved. The summary of 
the characteristic data for maximum backward position con-
figuration is given in Table 3.

Since the only limitation of the maximum forward bump 
height in this configuration is the strain in the skin structure, 
the bump height can be increased without any problems to 
be in similar magnitude as the backward SCB height (see 
Fig. 12).

The maximum forward position of the shock control bump is 
limited by the design space needed for a proper interface design 
of the actuator attachment. For a more forward position the 
size of the reinforcement at the spoilers’ leading edge must be 
reduced. Since high loads are expected from the airbrake func-
tionality, the interface design must consider the load transfer of 
the resulting aerodynamic loads from the spoiler into the rear 
spar/box structure for which a larger bracket design is beneficial.

Unfortunately, the elongation of the trailing edge rein-
forcement leads to a reduction in stiffness in this part. To 
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Fig. 9   Control of the descending slope gradient using the second 
actuator (dashed, black—reference configuration as in Fig. 7)
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match the cruise target shape, the structure must be stiff-
ened by extra plies or a honeycomb or foam core as depicted 
in Fig. 11 to support the structure against the aerodynamic 
loads. This leads to a plateau in the bump shape in inter-
mediate bump positions between the extremal forward and 
backward bump crest positions (see Fig. 12). Although the 
bump height is reduced in these transitional shapes, this 
could be controlled by adapting the actuator settings.

2.4 � Sensitivity

Since minor deviations from the desired cruise shape can 
easily jeopardize the benefit of the overall concept for wave 
drag reduction, the robustness against varying loads in cruise 
has to be checked. The waviness requirements, in particular, 
for regions in which the flow is intended to be laminar are 
very tight. For the position-adaptive shock control bump, 
therefore, the cruise shape for a variation of the assumed 
cruise pressure load of ± 10% is assessed.

As reference, the cruise shape of the presented “maximum 
backward” configuration with parameters in Table 3 is used. 
As given in Fig. 13, the impact of the varying pressure on the 
shape is very small (± 0.2 mm) and located in the trailing edge 
part of the spoiler. This is expected since the primary actuator is 
attached to the front spar and to the spoiler at about y = 160 mm 
so that between these positions, there is enough stiffness to 

Table 3   Maximum backward 
configuration of the adaptive 
SCB Spoiler

Wing section chord (Wc) 3330 mm
Skin spline length (Ls) 785 mm/800 mm/24%c
Spoiler length (L) 785 mm
Spoiler model span (s) 200 mm
Spoiler TE skin thickness (tnom) 3 mm
Spoiler skin layer orientation [45, 0, − 45, 0 s] in chord
TE pre-shape droop (p3) 95 mm
Reinforcement 1 (d1) 312 mm
Reinforcement 2 (d2/d3) 370 mm/590 mm
Max. backward SCB crest pos./height 586 mm/20.7 mm (Fc ~ 0 N)
Max. forward SCB Crest pos./height 354 mm/25.4 mm (εmax ~ 0.3%)
Max. backward position (actuator stroke 1/2) 4.6 mm/0 mm
Max. forward position (actuator stroke 1/2) 8.5 mm/− 9.5 mm
Airbrake (actuator stroke 1/2) 45 mm/8 mm

Fig. 11   Configuration for the maximum backward position with foam 
core in the leading and trailing edge reinforcement and definition of 
the actuation angle
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transfer the aerodynamic forces to the front spar. This may be 
different for larger spoilers at the wings inboard position. In the 
following, the impact of the actuator installation of the primary 
actuator is investigated to identify the impact of the attachment 
position on the actuator forces. This knowledge is crucial since 
the forces are sizing the actuator and there is only limited space 
available especially at outboard wing position. For this reason, 
the actuator is placed under 10°, 20° (reference) and 30° (with 
constant actuator length) as given in Fig. 11. The operational 
parameters of the actuators (i.e., stroke) in Table 3 are adapted in 
a way that the bump shapes given in Fig. 12 remain the same. As 
expected, the rapid descent with deployed airbrake is the sizing 
load case for the primary actuator. Furthermore, the installation 
situation of the first actuator does not influence the loads on the 
second actuator in the assessed domain.

While the first actuator has low tension loading for the 
load cases ‘Cruise Shape’, ‘Maximum Backward Bump’ and 
‘Maximum Forward Bump’, it is subjected to significantly 
higher compression loads in the ‘Airbrake’ load case. As 
given in Fig. 14, the maximum load depends strongly on 
the installation situation of the actuator. Even though higher 
installation angles result in reduced actuation forces, it has 
to be considered that the design space is small and higher 
installation angles will probably lead to conflicts with other 
system components such as actuators and sensors for the 
aileron and power supply at outboard wing positions.

The maximum forces on the second actuator for the 
forward bump deployment are comparably low. These 
forces can be reduced by a larger distance to the spoiler 
skin (h1 and h2) as well as by a tapered skin thickness in 
the forward bump hinge (tb1). However, the minimum skin 
thickness for this hinge is defined by the length of the 
hinge since the aerodynamic loads will cause an undesired 
deformation if the skin gets too thin.

3 � Full‑scale structural design

To assess the deformation and actuator forces on the full-
scale spoiler, the simulation is extended to a spoiler with a 
span of 1600 mm and a surface of approximately A = 1.2 m2. 
This corresponds to the size of a spoiler on commercial air-
planes like, e.g., an A320.

In the full-scale model, the design of the actuator attach-
ment points becomes more important. To achieve a 2D shape 
of the bump over the spoiler span and to guarantee the cruise 
shape of the spoiler, the design of the load introduction 
brackets and the substructure have been adapted for a better 
distribution of the loads to avoid undesired deformation or 
stress peaks. However, the analysis of the deformation of the 
spoiler panel indicates only minor deviations from the desired 
optimal cruise shape geometry. The typical lift-up problem of 
the spoiler trailing edge corners as for conventional spoilers 
is avoided by the pre-shaping of the spoilers trailing edge. 
So, the trailing edge is pre-stressed by the contact to the flap 
under cruise loading and, therefore, has additional stiffness 
that helps to generate the desired cruise shape.

For the assumed 40° airbrake functionality and the pre-
defined actuation parameters for forming the bump at extre-
mal positions, the required actuator forces are given below. 
The sizing and maximum compression actuator force is 
found to be the first actuator in the airbrake position with 
about 40 kN. Compared to existing spoiler actuators, this is 
not critical and in the same magnitude of maximum force 
for deployment. The maximum required force for airbrake 
deployment for the second actuator is found to be half of this 
value with about 20 kN. The maximum actuator forces for 
the holding the SCB positions or retracting is calculated in 
the range of 25–27 kN for both actuators (Fig. 15).

This is more challenging since the second actuator is in a 
position where only limited space is available. However, this 
issue could be solved by a ‘locked’ position of the actuator 
for compression loading since it is generally used for the 
deployment of the forward SCB position in tension mode.
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Finally, the structural strength is assessed for the full 
spoiler configuration with special attention given to the two 
hinges of the flexible hinge to the front spar and the bump 
hinge which forms the forward position of the SCB. As given 
in Fig. 16, the maximum principle strain can be found for the 
airbrake load case in the flexible hinge to the front spar with 
about �

1
 = 0.8%. This is assumed as a challenge especially 

under the perspective of fatigue loading of the hinge and envi-
ronmental impact on the structural strength. Furthermore, a 
double-curved state of stress as there will be for an appropri-
ate wing bending load case is not considered in this study.

However, the maximum strain in the hinge can be further 
reduced using the two parameters of skin thickness and the 
length of the hinge. Since the skin thickness is reduced here 
already to a minimum (1.5 mm), a modification of the hinge 
length is preferable; however, this will influence the position 
of the attachment of the first actuator since the reinforcement 
for the actuator attachment bracket is shifted more back-
wards to the spoiler trailing edge.

4 � Experimental validation

To validate the structural design and analysis, a functional 
demonstrator is developed. The 2D demonstrator is limited 
to a 200 mm span section with 800 mm in chord direction 
and design parameters as given in Sect. 2.1 (Fig. 17).

The demonstrator is manufactured from HexPly M21 pre-
preg material and Rohacel foam core. The guidings and fit-
tings are made from aluminum. For laboratory purposes, the 
skin thickness is reduced and stacking sequence is adapted to 
reduce actuator forces. Main objective for the experimental 
validation is the correlation of deformation for the maximum 
forward and backward bump position to identify and assess 
the plateau for intermediate position between max. forward 
and backward position. The measurements have been per-
formed using the optical GOM ATOS scanning system [16].

In Fig. 18, the experimental SCB shapes are given. The 
extreme positions in chord of backward as well as forward 
shape are achieved as predicted in the test. However, the 
maximum bump height of the backward bump could not be 
achieved. Analyzing the forward SCB shape and compar-
ing it with Fig. 12, it is obvious that the achieved shape 
in the experiment is not the predicted final shape but an 
intermediate shape.

It is expected that the reason for the deviation from the 
prediction is a misalignment of the support of the spoiler 
trailing edge.
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Fig. 16   Actuator forces for the 3D − 1600 mm span position adaptive 
spoiler with SCB functionality

Fig. 17   Movement overlay of functional demonstrator for validation 
of the structural design and analysis

Fig. 18   Experimental results of surface bump shape for max. back-
ward and max. forward SCB

Fig. 19   Experimental results of surface bump shape for a max. back-
ward SCB and b max. forward SCB
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In the end, Figs. 18 and 19 indicate a good, smooth 
shape of the rising edge of the bump and an exact position-
ing of the bump crest.

Further work will focus on the investigation of the 
impact of the plateau on the aerodynamic performance 
and on structural concepts to reduce the plateau if there is 
a major impact on the aerodynamic performance. Further-
more, the replacement of the second actuator by a mecha-
nism is important to reduce the complexity and weight of 
the technology.

5 � Summary

A concept for an adaptive spoiler shock control bump is pre-
sented. The design is based on a shock control bump spoiler 
concept with a pre-shaped spoiler body with fixed bump posi-
tion presented by Kirn and Machunze. With the introduction 
of a second actuator, a forward and a backward bump position 
can be realized. Depending on the structural design of the rein-
forcing structural elements, these extremal positions can be 
easily adapted to the aerodynamic needs. However, the design 
is limited by maximum strain limitations of the material espe-
cially to the flexible-hinge design to enable laminar flow on the 
spoiler. Furthermore, the design space which is needed for a 
proper design of the brackets for the actuator attachment for 
load introduction and transfer is limited. Since the structural 
design of the spoiler does not incorporate additional structural 
elements or new materials, the spoilers specific weight does not 
change significantly. The additional functionality of a position 
adaptive shock control bump is, therefore, bought through the 
weight and complexity of a second actuator. Especially for high 
aspect ratio low sweep wings with slim profiles, the integration 
of such a new device is a challenge due to the limited available 
space. Here, further work has to find a solution, e.g., to replace 
the additional actuator by a feasible mechanism which could be 
coupled to the standard spoiler actuator.
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