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Abstract. The ram air inlets flaps are used in some aircraft to modulate the amount of ram
air cooling the Environmental Control System. The current flap design features two metallic
plates connected with a hinge. The present work studies an alternative design that replaces the
metallic plates with a single composite laminate with morphing capabilities. An optimization
framework is proposed to define the thickness distribution of the laminate taking into account
the desired operational shapes, manufacturing guidelines and maximum allowable strains. This
framework combines linear and nonlinear simulations to account for the large deflections while
limiting the computational cost of the optimization. The results of the optimization framework
are discussed at the end of the paper and next steps are formulated.

1 INTRODUCTION

The ram air inlet flap is a system used to modulate the amount of ambient ram air, which
is required to cool the main and primary heat exchanger of the Environmental Control System
(ECS) on board of transport category aircraft [1]. An example of the system mounted at the
lower side of the fuselage of the A380 is presented in Figure 1 [2], showing that the flap is
composed of two metallic plates connected by a hinge. Furthermore, the assembly is moved by
an actuator, which changes the vertical displacement of the plates, resulting in the opening and
closing of the ram air inlet (RAI).

Internal Airbus studies showed that a redesign of the flap assembly could result in better
performance, leading to smaller RAI systems and hence a weight reduction in future aircraft.
For this reason, an alternative design is being considered. Similarly to the idea presented by
Daynes and Weaver [3], it is proposed to replace the metallic plates with a single variable
thickness laminate with morphing capabilities such that the RAI can operate as desired.

Therefore, this study presents the optimization framework used to design the morphing sur-
face. The framework uses a combination of geometrically linear and nonlinear simulations to
obtain the shapes of the flap and accounts for the desired flap shapes at different flight conditions,
the geometry of the RAI, manufacturing guidelines and a maximum allowable strain.
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Figure 1: Cross-sectional side-view of a Airbus A380 ram air inlet. Retrieved and edited from
Menga et al. [2].

2 OPTIMIZATION FRAMEWORK

The optimization framework is set up using the genetic algorithm (GA) from Matlab [4],
which is connected to simulations running in Simcenter Nastran [5]. The results are recovered
using pyNastran [6]. An overview of the different elements of the framework is presented in this
section.

2.1 Finite element model

The finite element model (FEM) used in the simulations within the optimization is built
in Simcenter 3D [7] to be solved using Simcenter Nastran [5]. The model is based on the
geometry of a commercial short range aircraft RAI and consists of the composite plate and the
aluminium parts that connect the plate to the RAI and the actuator. Furthermore, the plate
and the aluminium supports are modelled as 2D SHELL elements and the hinges are modelled
as 1D PBUSH elements. Finally, the model, which was obtained using a convergence study, is
composed of a total of 28639 elements and is presented in the left-hand side figure of Figure 2.

Figure 2: FEM detail. Perspective view from bottom side (left) and vertical displacement after
Initial simulation normalised with duct length (right).

The flap is modelled as a flat plate that will later be deflected into the unloaded predeflected
shape. Therefore, a first simulation using the nonlinear SOL 402 is used to enforce the boundary
conditions at the hinge point (HP), which is defined by the air inlet geometry: the flap is clamped
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at the root and a displacement is enforced at HP. The result of this first simulation, referred to
as the Initial condition, can be visualized in the right-hand side figure of Figure 2.

Next, this result is used as starting point for the studied operational conditions. In these
simulations, the displacement is enforced at the actuator axis and the hinge point is fixed at
its position while allowed to rotate around the hinge axis. This step is conducted with the
linear solver SOL 101. As further explained in Section 2.7, the linear solver is used to limit
the computational cost of the optimization but will require a post-processing step to check the
nonlinear results.

2.2 Flight conditions

The optimization procedure considers three operational conditions: Open, Cruise and Closed.
On the one hand, Open and Closed correspond to taxiing and stand-still conditions, in which the
RAI is completely open and closed, respectively. Given the reduced airspeed, the aerodynamic
loads in these conditions are considered negligible. On the other hand, the RAI is partially closed
in the Cruise condition. In this case, the aerodynamic loads cannot be neglected. However, a
sensitivity analysis showed that the impact of the loads on the deflection is limited, so the
aerodynamic loads are kept constant during deformation to simplify the problem. Therefore, in
the Cruise condition, aerodynamic loads obtained from Airbus internal CFD studies are applied
to the laminate.

2.3 Objectives

The purpose of the optimization is to obtain the thickness distribution that allows the flap
to match the desired objective shapes at each of the flight conditions. Therefore, as shown in
Figure 3, a different objective shape is considered for each flight condition. Notice that there
is an element at the normalised horizontal position, Y ≈ 0.7, with which contact has to be
avoided when deflecting the flap. Therefore, the Cruise and Closed objective shapes account for
a certain offset distance to this internal element.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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-0.5

0

0.5

Open Cruise Closed Initial Wall Actuator position

Figure 3: Comparison of objective shapes between the different flight conditions. Normalised
with duct length and downstream duct height.
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2.4 Constraints

The design space is constrained by the manufacturing guidelines provided by GKN, who
provided input to ensure the manufacturability of the design. Furthermore, the material used
is a carbon fibre PPS 5-harness weave fabric [8]. From these guidelines, it is important to (i)
keep the laminate as balanced as possible, (ii) drop plies in the mid-plane instead of the outer
surfaces, (iii) drop the plies far from support edges and (iv) keep a ratio between ply thickness
and the distance between ply drop-offs of at least 1:20.

As a result of these guidelines, it is decided to limit the directions of the plies to 0◦/90◦ and
±45◦ to facilitate the laminate being balanced (i). Therefore, the stacking sequence is limited
to alternating 0◦/90◦ and ±45◦ plies and is forced to be symmetric about the mid-plane (i).
The plies are dropped at the mid-plane (ii). In addition, the laminate is discretised in the
longitudinal direction (y − ĵ direction in Figure 4) in 110 elements, Ej , of constant thickness,
such that the distance between ply drop-offs is adequate (iv). These elements are represented
in blue in Figure 4.

Finally, the minimum thickness of the laminate is limited to 6 plies to be able to use aerospace
standard bolts [9], which show an adequate fatigue behaviour as per internal studies from GKN.
In addition, based on these studies, GKN proposes a maximum allowable strain of 4000 µε,
which is also included in the optimization. However, the worst principal strains are averaged
and only evaluated at the regions, Rj,i, presented in Figure 4, as it is known from previous
experimental work that the most critical strains occur at the regions near the attachment holes.
This way, it is possible to reduce the impact of local strain concentrations on the optimization
output while still considering the critical strain regions.

Figure 4: Detail of the longitudinal discretisation of the plate and the regions where the strains
are evaluated.

2.5 Optimization problem

For the optimization problem, each design considered by the algorithm is defined by 5 regions
of thickness ni and length li, where ni defines the number of plies in that region and li defines
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the number of discrete longitudinal elements, Ej , in the region. In addition, each operative
condition (Open, Cruise and Closed) has an extra design variable, ai, that defines the actuator
displacement. Therefore, the array of variables defining each design would be:

x = [n1, n2, n3, n4, n5, l1, l2, l3, l4, aopen, acruise, aclosed] (1)

Then the final optimization problem with g(x) as fitness function is defined as:

min
x

g(x) (2)

subject to 6 ≤ ni [plies] ≤ UB

1 ≤ li [elements] < 110∑i=4
i=1 li < 110

aopen,min ≤ aopen [mm] ≤ aopen,max

acruise,min ≤ acruise [mm] ≤ acruise,max

aclosed,min ≤ aclosed [mm] ≤ aclosed,max

where the boundaries for the actuator displacements are defined considering the initial deflec-
tion and the objective shapes, and the upper boundary (UB) for the laminate thickness is a
parameter studied in a sensitivity analysis. In addition, for practical reasons when setting up
the simulations, all the variables are defined such that they can only take integer values.

Finally, as can be seen in Equation 2, the maximum material allowable is not included as
a constraint. This is because, due to the architecture of Matlab optimization functions, it is
not efficient to evaluate the results of the simulation to compute both the fitness function and
the constraints. For this reason, the strain constraint is incorporated into the fitness function
as a soft constraint. Therefore, the final fitness function is a sum of objective shapes and the
maximum allowable strain constraint, which are presented in the following sections.

2.5.1 Objective shape

Three different positions of the flap are considered for the objectives, corresponding to the
previously mentioned flight conditions. For each of them, the shape taken by the flap for a given
laminate design is compared to the objective. At the midline of the flap, an error function,
ε(y), is defined as a function of the vertical deflection, z, and the objective vertical deflection,
zobjective:

ε(y) = z(y)− zobjective(y) (3)

Then, this error is included in a fitness function, fi, with a binary constant, M , that de-
termines in which region of the flap the function is active, and a constant, n, determining the
importance of a specific region:

fi(y) = M |ε(y)|n (4)
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where |ε(y)| is the absolute value of the error function, ε, at a longitudinal position, y.
Therefore, this function would allow giving more importance to the shape in specific regions,

such as close to the internal element shown in Figure 3, or less importance, such as the part that
is clamped at the leading edge. Finally, this function is evaluated at the nodes of the midline
(Nnodes) and normalised with Cn to obtain a total penalty, Fi:

Fi =

∑j=Nnodes
j=1 fi(yj)

Cn
(5)

where Cn is chosen to achieve similar orders of magnitude in the penalties of the objective shapes
and the penalties related to the strain constraints. Finally, this procedure is repeated for each
of the conditions to obtain the Open penalty, Fopen, Cruise penalty, Fcruise, and Closed penalty,
Fclosed.

2.5.2 Maximum allowable strain

The maximum allowable strain, introduced in Section 2.4 and evaluated in the regions from
Figure 4, is included in the fitness function using a binary approach: when the average strains
are above the desired threshold, a penalty is added to the objective function.

In addition, two strains are considered: the linear strains, those produced when deflecting
from the Initial shape to the given condition (strain increment), and the nonlinear strains, from
the flat flap shape to the given condition.

Finally, the penalty, Si, for each of the conditions is computed as the ratio between the
number of regions above the strain threshold and two times (linear and nonlinear) the number
of regions, Rn = 18:

Si =
Nrl +Nrnl

2Rn
0 ≤ Si ≤ 1 (6)

where Nrl and Nrnl are the number of regions above the strain allowable in the linear and
nonlinear case respectively.

2.5.3 Final implementation

The final objective function, g(x), is then a sum of the presented penalties. However, due to
the penalty definition within Matlab’s GA function, it is good practice to define the problem as
a minimization problem with a negative minimum. Therefore, g(x) is defined as:

g(x) = −6 + Fopen + Fcruise + Fclosed + Sopen + Scruise + Sclosed (7)

where the best result would be:

g(xbest) = −6 (8)
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Xavier Carrillo Córcoles, Jurij Sodja and Roeland De Breuker

2.6 Post-processing

As previously seen, the optimization provides a design with five regions of different thick-
nesses. However, a smooth transition between regions is not enforced. In addition, the ply-drop-
off can also occur close to the edge of a support, which would also violate the manufacturing
guidelines. Therefore, the first post-processing step is to manually modify the design to enforce
the design guidelines.

Next, the optimization procedure uses linear simulations to speed up the process. However,
large displacements occur between the Initial condition and the operational conditions, so the
linear assumption has to be considered carefully.

For this reason, for the final assessment of the results, the modified output of the optimization
is simulated using the nonlinear SOL 402. This time, not only the Initial condition is assessed
but also the operational conditions (ie. Open, Cruise, Closed).

Finally, the results from SOL 402 are used to evaluate the fitness function as presented in
Section 2.5. However, the strains require modifications. The “linear” strains are computed as
the difference between the strains in the operational conditions and the Initial condition. Then,
the nonlinear strains are those obtained directly from the respective simulation in Open, Cruise
and Closed conditions.

2.7 Final procedure

As introduced in previous sections, the optimization procedure consists of a combination of
linear and nonlinear simulations to make the procedure affordable in terms of computational
costs. While the time it takes to solve the linear simulations is in the order of seconds, the
nonlinear simulations take up to an hour. Therefore, since the objective is to include these
simulations in an optimizer, which will run thousands of simulations, the cost of using the
fully nonlinear model would be prohibitive. For this reason, linear simulations are used in the
optimization while nonlinear simulations are used in the pre- and post-processing steps. The
complete procedure is presented in the block diagram of Figure 5.

Figure 5: Block diagram of the optimization procedure.

First, a uniform thickness distribution of 8 plies is used as a reference to determine the
Initial condition, when the laminate is assembled in the RAI but no displacement is applied to
the actuator. This first step is conducted using the nonlinear solution, as explained in Section
2.1. Next, the linear optimization using the parameters presented in the previous sections is
conducted around this Initial condition. Finally, the output of the optimization is post-processed
following the steps from Section 2.6.
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3 RESULTS

The results of the optimization procedure are presented in this section. First, the linear
optimization is used to assess the sensitivity of the design to the maximum thickness constraint
and find trends in the thickness distribution. Next, the designs obtained from the linear opti-
mization, are evaluated again using the nonlinear solver. Finally, one of these designs is selected
for further refinement.

3.1 Linear optimization

The optimization is run with different values of the maximum thickness (UB) to assess the
sensitivity of the design. Table 1 presents the output for different values of UB, named UBXX
where XX is the maximum number of plies, and Figure 6 shows the respective thickness distri-
butions. In addition, a reference case with forced uniform thickness and an upper boundary of
26 plies is used to assess the maximum achievable fitness with a uniform laminate. The optimal
design resulting from this reference optimization is a 14-plies laminate.

Table 1: Optimization outputs for different upper boundary values (UB).

Laminate
Output design x

g(x)
n1 n2 n3 n4 n5 l1 l2 l3 l4

UB10 6 10 10 10 8 53 30 7 19 -2.6913
UB12 12 6 7 12 12 9 38 6 51 -4.0565
UB14 13 8 6 11 14 7 25 15 2 -4.3087
UB26 21 10 6 9 22 6 19 20 9 -4.3492

Reference 14 - - - - - - - - 0.0802
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Figure 6: Comparison of laminate thickness distribution of the different outputs of the linear
optimization. Longitudinal position normalised with laminate length.

Table 1 shows that increasing the UB provides an improvement in the fitness value. However,
the increase of the fitness between an UB14 and UB26 is of the order of 1%. Since such an
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increase in the number of plies would substantially increase the weight of the flap, the UB26
laminate will not be further considered. In addition, all the designs provide considerably better
fitness values than the Reference laminate.

There is a clear trend when looking at the thickness distribution: the thickness at the clamped
leading edge (Y ∗ = 0, being Y ∗ the longitudinal position normalised with laminate length) and
the trailing edge (Y ∗ > 0.5) are higher than in the central region, where the actuator is attached.

3.2 Nonlinear evaluation

Next, the designs from Table 1 are post-processed and simulated again in a nonlinear simu-
lation. Table 2 presents a summary of the fitness values and how they are distributed between
the different parameters presented in Section 2.5.

Table 2: Fitness results and penalty distribution for each of the optimization output laminates
after the ply drop-off smoothing post-processing step.

Laminate Fopen Fcruise Fclosed Sopen Scruise Sclosed g(x)

UB10 1.0794 0.9577 0.7155 0.0000 0.3333 0.1667 -2.7474
UB12 1.4225 0.0904 1.2657 0.0000 0.1667 0.2778 -2.7770
UB14 0.5291 0.0772 1.0486 0.0000 0.0000 0.1667 -4.1785

Reference 0.7028 0.2019 1.5489 0.3333 0.2778 0.7778 -2.1575

When looking at the shape penalties, UB12 and UB14 present low Fcruise penalties, which
indicate good agreement with the Cruise objective shape. However, Fopen for UB14 is approx-
imately 35% of the penalty for UB12, which shows UB14 is better when matching the Open
objective shape. Finally, Fclosed presents a high penalty for all the laminates.

As will be discussed in Section 3.3, the Closed shape does not completely close the RAI,
which is caused by a combination of a numerical and a design problem. The shapes used to
compute the penalties are obtained as the last step of the nonlinear simulation, which fails to
converge when applying higher displacements. The reason behind this convergence issue is that
the laminate is not sufficiently long to close the RAI. Therefore, the loads increase abruptly when
enforcing a displacement above a certain value due to the flap in-plane stiffness. Therefore, since
the convergence depends on the load variation, the simulation cannot converge.

When it comes to manufacturing allowables, UB14 presents the best results, showing strains
above the allowable threshold only in Closed condition. As can be seen in Figure 7, there is
a strain concentration around the holes to which the actuator is attached (R2,i and R5,i in
Figure 4). Furthermore, there is a negative strain concentration at Y ≈ 0.1, which coincides
with the first thickness transition. Therefore, since the strain concentration is outside of the
considered regions, it is not accounted for in the fitness function.

From these results, the UB14 laminate presents the best fitness value, which is approximately
30% better than the next best laminate, UB12. Therefore, UB14 is selected for further studies.
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Figure 7: Worst principal strain distribution in Closed condition for UB14 after post-processing.

3.3 Final design

The nonlinear results from the previous section present two problems: (i) the strain concen-
tration close to the leading edge due to the short transition from 14 plies to 8 plies and (ii) the
design not being able to close the RAI completely. For this reason, two modifications to the
design are proposed: (i) smoothing the thickness transition and (ii) increasing the length of the
hinge link, shown in Figure 2, to facilitate closing the RAI.

Therefore, Figure 8 presents the comparison of the design obtained from the linear optimiza-
tion, the design after the manual modification of the laminate thickness distribution, referred
to as ”refined”, and the final thickness distribution, in which the transition from 14 plies to 8
plies at the leading edge of the laminate has been smoothened. As mentioned in Section 2.6,
the optimization output laminate required smoothing the ply drop-offs as well as avoiding thick-
ness changes in the proximity of a support edge, which can be observed when comparing the
optimization output with the refined output.

Table 3: Comparison of fitness values and penalties before and after including the design modi-
fications to UB14 laminate.

Laminate Fopen Fcruise Fclosed Sopen Scruise Sclosed g(x)

Refined 0.5291 0.0772 1.0486 0.0000 0.0000 0.1667 -4.1785
Final 0.7125 0.0284 0.3534 0.0000 0.0000 0.2222 -4.6835

Finally, Figure 9 to 12 present the results of the final design. As shown in Table 3, the total
fitness value improves mainly due to the reduction of the shape penalty in the Closed condition,
Fclosed. With the hinge link modification, it is possible to close the RAI, as shown in Figure 11,
so the agreement with the objective increases substantially. Nevertheless, the shape penalty in
the Open condition, Fopen, increases. Since the link length has been increased to be able to close
the ram air inlet, the trailing edge position has changed, as shown in Figure 9. Therefore, given
that the objective has not been modified, the penalty after the design modification increases.
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Figure 8: Comparison of laminate thickness distribution of UB14 in the different steps of the
post-processing. Longitudinal position normalised with laminate length.

In addition, the shape of the trailing edge region in the open case has a reduced importance, so
the increase in penalty is not as important for the final design. To conclude with the shapes,
an almost negligible penalty is achieved in the Cruise condition, which shows good agreement
in this flight condition.

To conclude, the strain penalties, Sopen, Scruise and Sclosed, show that strains above the
maximum allowable are only achieved in the Closed condition. As can be seen in Figure 12, the
strain concentration in Closed condition due to the thickness change towards the leading edge
is better distributed than in Figure 7. However, the strains in R2 and R5 are still above the
allowable strain threshold. Since this is a local effect around the holes, this might be reduced
with a reinforcement of the holes. In addition, notice that there has been an increase in the
penalty, Sclosed, which is due to the increment in the final displacement, and hence the loads as
explained in Section 3.2, to achieve the Closed condition.
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Figure 9: Comparison of Open shape between objective, refined UB14 and final UB14. Nor-
malised with duct length and downstream duct height.
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Figure 10: Comparison of Cruise shape between objective, refined UB14 and final UB14. Nor-
malised with duct length and downstream duct height.
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Figure 11: Comparison of Closed shape between objective, refined UB14 and final UB14. Nor-
malised with duct length and downstream duct height.

Figure 12: Worst principal strain distribution for final UB14 laminate in the different studied
conditions: Initial (top left), Open (bottom left), Cruise (top right) and Closed (bottom right).
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4 CONCLUSIONS

This study considers a redesign of the ram air inlet flap assembly, which allows for regulating
the amount of ram air flowing into the Environmental Control System. A carbon fibre ther-
moplastic laminate with varying thickness is proposed to replace the current assembly, which
features two metallic plates connected with a hinge.

In order to design this laminate, this study proposes the development and use of an optimiza-
tion framework to obtain a thickness distribution that allows achieving the desired flap shapes
while fulfilling manufacturing guidelines and constraints.

The output of this procedure is a laminate that achieves very good agreement with the desired
operational shapes and only violates the maximum worst principal strain allowable locally at
the region where the actuator is attached. Nevertheless, it has been seen that it is necessary
to redesign the assembly, as the original dimensions did not allow closing the ram air inlet.
Therefore, it is necessary to increase the length of the hinged element connected to the trailing
edge of the laminate.

To conclude, this framework shows the possibility of optimizing the thickness distribution
of a laminate to achieve the desired shape for different operational conditions. Therefore, this
procedure has been demonstrated to be a good baseline for the design of laminates with large
morphing capabilities.
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