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Aerodynamic Benefits of Camber Morphing Technology for
Strut-Braced Wing Configurations

Tlias Tsatsas*, Emanuele Sticchi®, Xavier Carrillo Cércoles?, Roeland De Breuker® and Jurij Sodja‘ﬂ
Delft University of Technology, Faculty of Aerospace Engineering, Kluyverweg 1, Delft, 2629 HS, The Netherlands

This study investigates the aerodynamic benefits of integrating trailing edge camber morphing
on the strut of a regional strut-braced wing aircraft designed to cruise at Mach number of
0.5. Strut-braced wings are recognized for their weight advantages in high aspect ratio designs
compared to the equivalent cantilever wings since the strut decreases the main wing’s bending
moment. Hence, the induced drag component can be reduced due to the high aspect ratio
without increasing the weight of the main wing. However, the strut increases the parasite drag
component highlighting the need for innovative methods to improve the strut-braced wing
overall aerodynamic efficiency. Recent studies have shown the significance of strut shape in
the overall drag reduction and the necessity of maintaining high aerodynamic efficiency in
off-design conditions. In this work, a genetic algorithm was utilized in conjunction with a
mid-fidelity aerodynamic model to optimize the morphing strut trailing edge geometry across a
range of climb and cruise conditions. The optimization objective was the minimization of drag
and the design variables were the equivalent trailing edge deflection angles in seven sections of
the strut. The results demonstrate a drag reduction of 0.5% to 3% both in climb and cruise.
For lift coefficients below 0.8, the drag reduction is mainly attributed to the redistribution of the
loading and the induced drag component reduction. In contrast, at lift coefficients above 0.8,
the parasite drag component decreases due to the increased region of laminar flow over the
upper wing surface.

I. Nomenclature
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A = sweep angle

a = angle of attack

oTe = equivalent trailing edge deflection angle
Cp, global (strut and wing) induced drag coefficient
Cp, = global parasite drag coefficient

Cy = friction drag coeflicient

Cr = global lift coefficient

C, = pressure coeflicient

M = Mach number

S wing surface

b wing span

ca, = sectional profile drag coefficient

o d strut sectional lift coefficient

¢/’ = wing sectional lift coefficient

Cl = sectional lift coefficient
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I1. Introduction

HE Truss-Braced Wing (TBW) layout is currently considered one of the most feasible candidate for increasing

medium-range commercial aircraft efficiency among other unconventional aircraft configurations including blended-
wing-body, twin fuselage, and flying-V [l 2]. A full-scale demonstrator with the TBW configuration, known as X-66, is
scheduled for its maiden flight in 2028 by NASA and Boeing [3]. TBW is a variant of the joint-wing concept, in which
the wing is usually connected to the upper part of the fuselage and the strut starts at the lower part of the fuselage and
ends around the wing’s half-span. Sometimes, smaller jury struts connect the wing and the strut [4]. If no jury struts are
implemented, the layout is called Strut-Braced Wing (SBW).

The primary purpose of the TBW concept is to enable slender high-aspect-ratio wings (HARW) with an extended
span, which contributes to reduce lift-induced drag [2]], without significantly adding weight to the wing structure.
Pfenninger [S]] was the first to introduce the idea of SBW in the wider context of Laminar Flow Control (LFC). He
envisioned that the strut support could reduce the thickness of the main wing, and therefore reduce the wave drag in high
speeds [l6]. As a result, the sweep angle could be reduced and when combined with the smaller chord of an HARW, this
design could lower the Reynolds number and offer a more suitable planform for LFC [5]]. However, the strut generates
both its own viscous drag and interference drag with the main wing, hence, a laminarized strut was perceived as the only
solution to overcome these drag penalties during the 1980s [7]]. Further studies on interference drag in the transonic
regime, revealed that it is primarily influenced by the junction angle and the strut’s thickness-to-chord ratio [8,9]. At
the time, the SBW was also considered less productive than the CTW due to its expected higher manufacturing costs
and lower cruise speeds [[10].

The presence of the strut decreases the wing root bending moment compared to the traditional Cantilever Wing
(CTW) [6]. However, its weight is added to the total weight and due to its tendency to buckle at -1.0g and -2.0g loads,
its weight can increase significantly [L1]]. To address this problem, Gern et al. [1]] performed a Multidisciplinary Design
Optimization (MDO) of a SBW long-range transport aircraft, proposing a telescoping strut with a damping mechanism
to reduce strain under negative loads, thereby avoiding the strut’s weight increase. More recent studies at Virginia Tech
have also shown that SBW design can increase the efficiency of military cargo [12] and medium-range transport aircraft
[6]], even with a non-telescopic strut. NASA extended the research on SBW through the SUGAR project [13]], where the
aerodynamic analysis was initially performed with the Vortex Lattice Method (VLM)[14].

High-fidelity tools have also been used to perform the aerodynamic optimization of SBW configuration [[15]. First,
Secco and Martins [16] applied Computational Fluid Dynamics (CFD) with an overset mesh and Reynolds-Averaged
Navier-Stokes (RANS) models, finding that drag reduction was more effectively achieved by altering the strut’s shape
rather than the main wing’s shape. Second, Chau and Zingg [17]] similarly implemented RANS-based optimization and
noticed that the SBW may operate more efficiently in cruise conditions characterized by a higher lift coefficient, hence,
at higher cruise altitude than the typical, in order to balance levels of induced and parasite drag. Their main findings
were that strut shape should change from positive lift near the root to negative near the junction and that fuel savings are
higher when operating over long ranges in high wing loading conditions. Consequently, they proposed investigating
performance changes across a range of cruise and climb conditions [17].

Given the requirements for strut shape changes and the increase of the SBW efficiency across a range of conditions,
the morphing technology application to the strut is examined in this paper. According to Li et al. [18], the main
goal of the morphing concept is to provide structures that are able to change their shape (“morphi” in Greek) in a
continuous and seamless manner [19]. The continuous smooth change in the camber of a morphed trailing edge (TE)
improves significantly (50%) the lift to drag ratio when compared to hinged flaps deflected at high angles (15°- 20°) as
shown in the results of Rivero et al., since it prevents the development of the bluff body-like vortex sheet [20]. The
seamless transition prevents tip vortex formation at the edges of the conventionally hinged deflected surfaces, thus,
the aerodynamic efficiency increases via a rise in the pressure coefficient and a drop in the friction coeflicient [21]].
Moreover, the absence of recirculation areas around these gaps promotes the laminarity of the flow [22].

Therefore, this paper examines the potential benefits that the integration of the morphing technology to the TE of
the strut could have on the overall aerodynamic efficiency of a SBW configuration. Section [[II| presents the morphing
concept realization, the aerodynamic model and the optimization algorithm that were used to find the optimum strut TE
shapes in each condition. Then, Section [[V]presents the optimization results and the associated drag benefits. Finally,
the main conclusions are outlined in Section[V]
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II1. Methodology
This section begins with the description of the trailing edge morphing implementation. Next, the Quasi-Three-
Dimensional (Q3D) aerodynamic model used to assess the aerodynamic efficiency benefits of the morphing strut
is presented. Then, the optimization process is described including the objective function, the variables and their
constraints.

A. Morphing Strut Concept

Many morphing concepts have been recommended in the literature such as variable airfoil camber and thickness, as
well as variable wing twist, span and sweep [18]]. However, the susceptibility of the strut box to buckling under negative
loads [[L1] prevents the consideration of variable thickness mechanisms. In addition, the span and sweep variations
of the strut are constrained because it is connected to the wing. Hence, only the leading and trailing edge morphing
mechanisms can be examined. Moreover, the aerodynamic loads on the leading edge (LE) are expected to be higher due
to the suction peak in this region [23]], therefore, greater actuation forces would be required, which would increase the
volume of actuators in the already limited space of strut. Therefore, only the camber morphing through the trailing edge
(TE) deflection is investigated in this paper.

The camber morphing concept considered in this work is based on the Translation Induced Camber (TRIC) concept
that was developed at the TU Delft [24]. Initially, Vos et al. [25] proposed adding a discontinuity at the trailing edge to
reduce its torsional stiffness and a threaded rod to introduce relative spanwise movement between the upper and lower
skins, hence, twist. Then, Werter et al. [23] suggested the implementation of actuators in chordwise direction to enable
both bending if they move in the same direction and twist if they move differentially.

Next, Mkhoyan et al. [26] proposed a distributed philosophy of independent morphing, seamlessly connected with
elastomeric segments to simultaneously control the attitude (pitch, roll, yaw), the aeroelastic behavior (load alleviation,
flutter control) of the aircraft and enable continuous performance optimization in off-design conditions. This study now
explores the application of the TRIC concept distributed along the straight part of the strut (as highlighted in red in Fig.
[Ta) in order to reduce the drag of SBW configurations.

org = 8.00°
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0 0.2 0.4 0.6 0.8 1
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S = —8.00°
0.1 T T T
0.1 : : : :
1 0 0 0.2 0.4 0.6 0.8 1
y(7n) 20 2 .'I?/l",
(a) SBW geometry - morphing sections (red), passive (black) (b) Morphing shape and deflection angle limits

Fig.1 Morphing shapes geometry and location

In order to create and optimize the TE morphing shape, a parametrization method is needed. Derksen and Rogalsky
[27] propose a parametrization of airfoils with two 4M-order Bezier curves, one for the camber line and one for the
thickness distribution. Since only the strut’s TE shape optimization was considered in this study, a similar parametrization
was developed, in which the two 4"-order polynomials were used to describe the airfoil from the rear spar to the TE,
while the upstream section remained unchanged. Using these polynomials, the TE geometry was fully described by 10
parameters.

However, when the design constraints of the TRIC concept [24] were taken into account, such as the constant length
of the top skin, the smooth transition from the main airfoil to the morphing TE part and structural considerations like
curvature limits of the skin, the TE camber morphing could be fully defined by a single parameter, the equivalent trailing
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edge deflection angle, 67g. This angle, d7g, is defined as the angle formed between the undeformed chord line and the
line connecting the midpoint of the rear spar with the trailing edge (TE) point, as Fig. [Tb|indicates.

B. Aerodynamic Model

The objective of the aerodynamic analysis was to investigate the effect of a camber morphing strut on the overall
SBW aerodynamic efficiency across a typical mission, aiming to reduce the total fuel burn. Two main segments
were identified: climb and cruise. To make the optimization feasible from a computational cost perspective, a rapid
aerodynamic tool was required. Previous experience has shown that although Q3D methods often underpredict the
parasite drag compared to high-fidelity 3-D tools, they effectively capture the lift distribution and the induced drag
component. Therefore, they are sufficient for optimization purposes [28].

Hence, a Q3D solver incorporating Athena Vortex Lattice (AVL) [29] and MSES software [30], as established by
Mariens et al. [31]] and later modified for SBW applications by Sticchi et al. [32] was adopted and extended in this work
to include the camber morphing strut concept. The main goal was to minimize drag by optimizing the morphing shape
of the strut. To achieve this, specific 2-D sections of the strut were selected for optimization. The global lift distribution
and the induced drag were calculated by AVL, while MSES accounted for the 2-D sectional profile drag of the selected
sections.

Initially, the spanwise lift distribution of the whole SBW was calculated with AVL for a given total lift coefficient,
Cr. AVL assumes that the flow is inviscid, incompressible and irrotational [[14], hence, it should only be applied to thin
lifting surfaces at small angles of attack and sideslip. Moreover, compressibility effects are accounted for Mach<0.6 by
the Prandtl-Glauert (PG) correction factor [29]]. Therefore, AVL can be used to calculate the Cy and the induced drag
coefficient, Cp, of the SBW on cruise and climb conditions.

To verify this assumption, the Cp, versus a diagrams were produced for both climb and cruise using AVL and
compared against the CFD data of the same SBW with passive (non-morphing) strut that were available from [32].
Figure[2|shows that in the conditions of interest the Cy, — a curve is linear. As a result, the AVL outputs for C7, and Cp,
which mainly depends on lift distribution, can be considered reliable. However, AVL cannot capture the profile drag
components [14] comprising pressure (form) drag and skin friction drag [33]]. For this reason, the local or sectional lift
coefficients, c¢; corresponding to specific spanwise positions were calculated with AVL and then, fed into the MSES.
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Fig.2 AVL and CFD lift coefficient against angle of attack results verification

MSES calculates the 2-D sectional profile drag based on a method combining discrete inviscid Euler and boundary-
layer equations suitable for transonic conditions at low Reynolds numbers [34]. Moreover, MSES has also shown
good agreement with experimental results in high Reynolds number cases [35]], thus, it was considered suitable for the
conditions of this study. It should be mentioned that no sweep angle correction was applied since the maximum sweep
angle of the wing and the strut were lower than 3° and 5.5° respectively. Lastly, in the strut sections located between
the root and the junction, the sectional lift coefficient, ¢; was calculated by combining the wing’s lift coefficient, ¢}" with

I
the strut’s lift coefficient, c?t , normalized by the ratio of the strut chord, cs; to the wing chord, c,, as Eq. [l|indicates.
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clzc}v+c‘;’& (1)
Cw
Therefore, the sectional profile drag, ¢4, which includes both friction and form drag components was computed for
each section separately using the ¢; from AVL as input. It should be mentioned that the boundary layer transition point
was not fixed in the MSES simulations and that wave drag is included in the pressure drag output [31]]. Next, the total
parasite drag, Cp,, of the SBW using as reference the main wing’s surface, S and span, b was calculated by integrating
the product of the profile drag with the wing chord of each section along the half span (Eq[2).

S

Then, the total drag coefficient, Cp can be defined as the sum of the lift-induced drag coefficient, Cp,, calculated by
AVL and the total parasite drag, Cp,,, computed by MSES as qu shows.

2 %
Cp, = = /O ca, (Mew(y) dy ®)

Cp=Cp,+Cp, 3

The number of 2-D sections utilized in this study was determined through a sensitivity analysis, in which the number
of sections was gradually increased, and the Cp values were monitored for convergence. In the first iteration, four
sections were included: one at the root, one in the middle of the strut’s straight part (y ~ 8.5 m) and two sections in the
outer wing. During the second iteration, two additional sections were added on either side of the middle section. The
final configuration comprised the root section, seven sections from the strut’s kink (y ~ 4 m) to the junction, and two
sections in the outer wing.

The sensitivity analysis was conducted using the passive strut under all conditions of interest (Table[2). Two typical
cases are depicted in Fig. [3] where the total ACp % is plotted against the number of sections involved in the integration
of Eq. [2] The first iteration was used as reference to calculate the percentage change of Cp. For the climb condition, the
total Cp stabilized after eight sections, whereas in cruise the difference between eight and ten sections was less than
0.2%. Therefore, ten sections were used in the optimization process.

As expected, the Cp, remains constant since its value came from the AVL, whereas, the CDp which is computed by
integrating the sectional ¢4, values is affected by the number of sections since the vertical distance between the main
wing and the strut is changing along the span. A final remark regarding the aerodynamics methodology is that it cannot
capture the 3-D effects around the junction, however, the morphing region of the strut, which is the primary focus of this
study, starts 1.2 meters away from the junction. Therefore, a significant change in the results is not expected in the case
of using high-fidelity 3-D tools.
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Fig. 3 Sectional sensitivity analysis of the global drag coefficient
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C. Optimization Process

In order to find the aerodynamic shapes that provide the highest aerodynamic efficiency under certain conditions, an
optimization study is required [36]. Many optimization algorithms have been used previously in wing shape optimization
and are divided in two main categories: the gradient-based and the gradient-free. A well-known gradient-free algorithm
is the Genetic Algorithm (GA) which increases the possibility of reaching a global optimum in cases where there is no
previous knowledge of the design space. However, it requires significant computational resources compared to the
gradient-based algorithms [37].

The design space for this work was unknown, since there is no previous study on applying morphing to the strut of a
SBW. Moreover, the Q3D aerodynamic model is characterized by moderate computational demands and only one design
variable (67£) defines the TE morphing shape of each section as described in Section [[Il.A] Furthermore, no analytical
design sensitivities were available to enable the use of a gradient-based optimization algorithm. Hence, the use of a
relatively high-cost optimization algorithm was considered a reasonable option. Additionally, the computational time
can be reduced even further since the aerodynamic evaluation of a specific member of the population is independent of
the other members, allowing it to be conducted in parallel. Therefore, the GA algorithm was selected to perform the
optimization of the camber morphing shape of the strut’s TE.

The objective function of the optimization was to minimize Cp, with seven strut section d7g as design variables
(Fig. [T), bounded by the maximum deflection values in both directions, as shown in Table[I] The optimization was run
separately eight times one for each of the conditions presented in Table 2] These points were selected around the climb
and cruise design conditions to examine the aerodynamic benefits of the morphing strut in an off-design environment.

The optimization process is illustrated in Fig. 4 First, the number and the positions of the strut sections used for
morphing were determined to meet the minimum requirement of the drag sensitivity analysis (Section[[ILB]), to provide
a detailed representation of the TE shape and to account for practical considerations such as the curvature of the strut
near its connection points to the fuselage and the wing. Therefore, the regions near the strut root and the wing junction
were held undeformed (depicted in black in Fig. [Ta).

Table 1 Optimization inputs

Symbol Explanation
Objective Function min(Cp) Minimize Cp in the given conditions
Variables X = [01E,» OTE,» --» OTE, ] Equivalent TE deflection angle
Bounds [-8°, 8°] Minimum and maximum values of d7g

Second, the initial population of the design variables (67g) is randomly initialized by the GA within the design
space, which is limited between the bounds presented in Table[I] Each variable value is inserted to the morphing
function which generates the corresponding morphed strut geometry of each section. Third, the morphed and fixed
sections of the strut are combined with the fixed wing geometry for every member (SBW) of the population. Fourth, the
aerodynamic tool described in Section [[IL.B]is used to evaluate the objective function. Based on this evaluation the GA
creates the next generation of variables, until the convergence criterion (average relative change of objective function
equal to 107°) is met. In summary, the constructed framework permits the single-point optimization of morphing strut’s
TE shape for each flight condition of Table[2]

Table 2 Optimization conditions

Mach CL
Climb 034 [04,0.6,0.8,1.0]
Cruise 0.5 [0.4, 0.6, 0.8, 1.0]

IV. Results
The following section includes the GA output after running for 51 generations with 64 members each. The optimum
org for each strut section is presented across a range of C; numbers along with the corresponding drag reduction.
Moreover, the effect of the morphing strut on the lift distributions of both wing and strut is discussed. Additionally,
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Fig. 4 Optimization flow chart

selected sectional pressure and friction coefficients are depicted to support the explanation of the results.

A. Optimum Equivalent Deflection Angles

The optimized 67 values for each spanwise section in the eight different conditions of interest are presented in Fig.
[l The overall observation is that the deflection angle becomes more positive, as the section is located closer to the
junction with the wing, and as the lift coefficient increases. First, moving from the strut root towards its junction with
the wing, the morphing TE exhibits a more positive (clockwise) deflection. Second, there is a significant change in
deflection values when C, increases beyond 0.8. Although, for C < 0.8, the deflection values are close to each other
in all sections, at Cy, = 1.0 there is a strong shift to positive values across the entire strut TE.
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Fig. 5 Equivalent deflection angles along the strut’s span in different lift coefficients
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Additionally, the lower magnitude of deflections in both directions shown in cruise compared to climb conditions
could be explained by two reasons. First, the higher dynamic pressure in cruise conditions permits the same lift
generation with a lower camber change. Second, the SBW geometry with passive strut was optimized by Sticchi et al.
[32] for cruise conditions (M = 0.5, Cr, = 0.64), thus, the shape changes are less extensive in this case.

The above finding contradicts the conclusions of Chau et al.[17]] who found that a passive strut should generate
positive lift near the fuselage and negative lift near the junction. This difference can be attributed to the different
conditions of the two studies. Both studies focus on regional aircraft, however, the configuration in [[17] is jet driven
with a higher cruise Mach number (M = 0.78, Cy, = 0.68) and a greater sweep angle (A = 30°) compared to the current
study, in which the aircraft is propeller-driven with cruise conditions of M = 0.5 and C;, = 0.64 and sweep angle of
0° < A < 5.5°. Therefore, the compressibility effects near the junction are expected to be more prominent in [[17]] which
could influence the design of the strut shape. Further analysis of the possible factors that affect the current study’s
results is presented in the next section.

B. Drag Reduction and Spanwise Lift Redistribution

Initially, Fig. [6]indicates that in all examined conditions there is a drag benefit associated with the morphing strut
ranging from 0.5% to 3%. Similar to the deflection angles, the trend in Cp reduction between the climb and cruise is
comparable. The most distinctive feature is the significant reduction in Cp,, at Cr, = 1.0 in climb, where the entire strut
is positively loaded, as depicted in Fig. [7a] This leads to an increase in Cp, as the lift distribution deviates from the
elliptical.
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Fig. 6 Percentage of drag coefficient reduction in different lift coefficients

Nevertheless, this 7 distribution significantly delays the boundary layer transition on the upper surface of the
wing as Fig. shows, which reduces the friction drag coefficient, C , thereby decreasing the Cp,, sufficiently to
compensate for the Cp, increase. A similar behavior, though less pronounced, appears at Cz, = 1.0 in cruise. Therefore,
it is clear that the results of the right part of both diagrams at C;, = 1.0 are driven by the laminar-turbulent boundary
layer transition since the boundary layer transition location was not specified from the beginning but it was calculated in
the 2-D MSES software.

On the left hand side of Fig. [6a] at C;, = 0.4 both induced and parasite drag components are decreased. In this case,
the morphing TE contributes to a greater negative loading of the strut that leads to a lift distribution close to elliptical
(Fig. , hence, the Cp, is 3% lower compared to the passive strut configuration. Regarding the parasite drag, Cp,, is
also reduced by 1%, resulting in a total benefit of 2% in Cp.

To show the effect of morphing strut on both strut and wing pressure distribution in more detail, the pressure
coefficient C,, versus the normalized chord x/c at'y = 2.82 m is shown in Fig. Even in this spanwise location, where
the wing and the strut are farther apart, when the lift of the strut becomes negative it tends to reduce the velocity in the
region between the wing and the strut thereby causing an increase in the ¢}’ mainly by increasing the pressure on the

l
lower side of the wing as depicted in Fig. However, this effect is also amplified by the increase in the angle of attack
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of the morphing case. The simulations conducted by keeping the Cy, constant and for Cy, < 0.8 the morphing strut SBW
had a slightly higher « that the passive strut SBW as demonstrated in Fig. [J] This observation explains why there is also
a lower C, on the upper part of the wing in morphing part case in Fig. |'8_Bl The same reason causes the change in ¢;
even in the root of SBW where no morphing was implemented.

The findings of this study in this low lift coefficient region (Cz, = 0.4 ) align with the results of Secco et al. [16]],
even if they optimize their passive strut SBW at higher Mach number (M = 0.78). This alignment could be attributed to
the lower cruise lift coefficient of this study (Cr = 0.40) and the smaller sweep angle (A = 15°) compared to Chau et al.
[17] who identified a different optimum strut loading.
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Lastly in the region where 0.6 < Cp < 0.8, the GA outputs are closer to the C;, = 0.4 than to Cr = 1.0 which
means that the larger region of the morphing strut is negatively loaded and the drag reduction is dominated by the Cp,
decrease. However, there is a Cp,, penalty both in climb and cruise in these Cy, which restricts the drag benefits to
approximately 1%. The lower drag benefits at the middle Cy, values compared to the endpoints were anticipated since
the SBW with the passive strut was optimized for a condition closer to them (shown with an asterisk at Fig. [6b), leaving
less room for improvement under those conditions.
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V. Conclusion

This study explored the application of the camber morphing technology to the TE of the strut of a SBW in order to
improve its aerodynamic efficiency by reducing the drag across a range of conditions. This is important because the
SBW layout reduces the weight of high aspect ratio wing configurations which is beneficial from an induced drag point
of view but also comes with a parasite drag penalty due to the additional surface area of the strut and its interference
with the main wing.

In order to obtain the optimum morphing strut TE shapes, an optimization framework was constructed using the GA
with the objective of minimizing the drag and seven design variables, the equivalent deflection angle, 67 of each strut
section. The aerodynamic evaluation of each member of the population was conducted by a mid-fidelity Q3D model
until the convergence of the algorithm.

The results showed that the camber morphing strut can reduce the Cp from 0.5% to 3% in the examined conditions
(Cr =[0.4,1.0], M = [0.34,0.5]) compared to a passive strut. For C;, < 0.8 the morphing strut is more negatively
loaded than the passive strut, and the drag benefits are caused mainly by the decrease in Cp, , whereas for 0.8 < Cp, <1
the trend changes to positive strut loading and the reduction of Cp,, dominates the results.

The next stages of this work are to evaluate the morphing strut concept results at an aircraft level which will require
a high-fidelity aerodynamic model to account for complex 3-D flow phenomena near the junction and the connection to
the fuselage. Moreover, the final feasibility of the concept will be determined by the trade-off between aerodynamic
benefits and the weight penalty of morphing systems.
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