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Abstract

FEM-based preliminary structural sizing has been successfully carried out for a typical single-aisle wing
box structure using MSC Nastran, by considering various load cases representing typical aircraft
manoeuvres, engine loads, landing and ground handling conditions. The strength, buckling and fatigue
criteria have been applied as the design constraints for sizing. The resultant total mass and the structural
(static and modal) behaviour of the sized wing box model have been verified against a validated high-
fidelity wing box model. A sensitivity analysis has been performed to evaluate the influence of the
number of design fields and the selected design inputs (i.e. load cases and design constraints) on the
accuracy of sizing and mass estimation of the wing box. This sensitivity analysis has also been extended
to the static and modal behaviour of the wing box structure obtained from sizing. It provides an insight
into the significance of considering the buckling and fatigue constraints, aircraft rolling loads, engine
loads and landing loads in sizing, in addition to the commonly-applied 2.5g aircraft pull-up loads under
the strength constraint. The findings of this study highlight the trade-off between the sizing efficiency

and accuracy of a civil aircraft wing for modelling purposes.
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1. Introduction

1.1 Classification of wing structural sizing

The structural design of a wing is usually determined by multidisciplinary criteria (e.g. strength, fatigue,
buckling, flutter, etc.). The sizing design is expected to find an optimum solution (e.g. minimum weight
or cost) satisfying numerous requirements being associated with the criteria under critical load cases.
This is done by adjusting the thickness distribution of each structural component of the wing (i.e. top

& bottom skins with attached stringers, front & rear spars and ribs) for a given structural layout [1].
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The conventional sizing and the associated mass estimation of a civil aircraft wing can be classified
into three stages — rapid, preliminary and detailed sizing, which are linked to the three main phases of

aircraft design (i.e. conceptual, preliminary and detailed design) [2, 3].

Rapid sizing is usually involved in the aircraft conceptual design phase, which focuses on the global
aircraft behaviour and the corresponding stiffness requirements in cooperation with flight physics. The
word “rapid” refers to its spirit of keeping but speeding up the sizing optimisation process compared to
the preliminary and detailed sizing. During rapid sizing, a global FE model, typically beam elements
only, is usually applied to represent the real wing [4, 5]. Simple stress sizing (based on simplified
engineering equations) can be carried out for the beam cross section geometry to provide sizing and
global mass distribution without necessarily implementing detailed stress analysis. Multidisciplinary
optimisation (e.g. the stress and flutter optimisation chain) can be efficiently conducted at this design
phase to provide multidisciplinary analysis on the trade-offs, due to high computing efficiency of the
beam model [3-5].

Preliminary sizing is the subsequent sizing process with higher fidelity, which is usually carried out at
the aircraft preliminary design phase, based on a more realistic FE model displaying the explicit
structural layout of the wing box, but with some detailed structural features being omitted (e.g. stiffeners,
cutouts, joints, etc.) [3, 6]. More advanced sizing criteria (e.g. more explicit strength and buckling
criteria) are applied at this stage to address the redistribution of internal loads, and to consolidate the
sizing before finer studies, providing more accurate mass estimation than the first stage [2]. However,
the updated sizing results are rarely fed back to the first stage in the conventional procedure, which
impedes optimal design target satisfying stiffness and stress requirements simultaneously. To overcome
this limitation, the recent trend is integrating the rapid and preliminary sizing stages with iterations
allowed between them [2, 4, 7-9], such as the COMBOX tool applied by Airbus in A350 design [2].
Another recent trend is to combine the sizing process with topology optimisation to further explore the
potential in weight saving[10, 11]. Stanford et al. [12, 13] proposed a two-level optimisation algorithm
to improve the efficiency of optimisation, where structural layout and panel thickness distributions are

optimised in the first and second level respectively.

At the phase of aircraft detailed design, detailed sizing of each part is conducted with fixed external
loads (at the part level) determined from preliminary design, dealing with detailed design of all
structural parts down to system brackets for example. Locally refined FE models containing all relevant
details of the design are usually required at this phase. Some particular local design criteria (e.g.
reparability and damage tolerance) may also need to be considered for detailed sizing. Load
redistribution within the part is usually allowed to ensure that the structural sizing requirements are

satisfied both globally and locally.

1.2. Design load cases and constraints applied in wing structural sizing



To obtain reasonable sizing results, the considered load cases need to sufficiently represent the most
critical loading conditions experienced during flight. The aerodynamic loads being associated with the
2.5g symmetric pull-up manoeuvre are normally regarded as the most critical load case for a civil
aircraft wing in terms of the load factor, hence have been considered as the dominant load case in most
of the published sizing work [4, 5, 7, 14-21]. However, some other manoeuvres may result in localised
higher loads which are not covered by the 2.5g loads mentioned above. Therefore, various other load
cases representing the aerodynamic loads for cruise flight [7, 16], push-down manoeuvre [15, 16, 19,
20, 22], rolling manoeuvre [4, 5, 12], landing (with flaps in landing configuration) [16], gust [5, 16, 23-
25], etc. have also been considered as design load cases in some studies. In addition to aerodynamic
loads, localised load cases such as engine manoeuvre loads, landing gear loads, hydrostatic fuel loads,
etc. have been taken into account in [11, 16, 25, 26] to increase the fidelity of the driving load cases for
sizing.

Design constraint is also a key factor affecting the reliability of the sizing results. For a wing box
structure, the predominant constraints are strength and buckling requirements based on stress analysis,
which is performed at each structural component to ensure the structural integrity under the given design
load cases [3-5, 7, 8, 14, 15, 19, 20, 23]. Fatigue constraint is also necessary for sizing the bottom skin
considering the cyclic tensile load experienced during flight [3, 27, 28]. Another type of constraints that
has been applied in some publications is the aeroelastic requirements regarding aileron effectiveness
and flutter speed, which is beyond the scope of stress analysis and normally requires significant
additional efforts to find feasible solutions [3, 4, 12, 23, 29]. In addition, some manufacturing
requirements have also been applied as design constraints, such as the minimum stringer thickness to
height ratio [3], and stacking sequence rules for composite parts [8, 13, 15, 19, 20, 25].

1.3. Recent development of wing structural sizing methods

Grihon et al. [2, 30] provided a review of the sizing methods that have been applied in Airbus,
representing the typical development of the structural sizing of wing. During the early years, wing sizing
was implemented mainly using iterative resizing loops, which was guided by engineer experience. This
approach is still being used today to provide quick initial sizing. Building on this approach, the
numerical optimisations minimising the total structural mass was developed, relying on gradient-based
optimisation methods. To facilitate the sizing process, the optimisation capabilities have been built into
some in-house and commercial FE packages, among which Nastran SOL200 is the most widely used
one, where the structural responses from FE or engineering equations can be conveniently used during
the optimisation [3, 4, 17, 20, 31]. In addition, some more complex analytical (semi-analytical) stress
tools, with running times much less than FE calculation, were also developed [32]. These tools usually
contain a long list of chained equations that are too complex to be integrated in Nastran SOL200, but
can be linked with some open optimisation frameworks to improve the optimisation efficiency. A



typical example is the weight saving campaign made for A380, where some stiffened panels were
optimised using the integrated stress tools in BOSS Quattro [2, 33].

There has also been a trend to use parametric CAD/CAE models in preliminary sizing to achieve an
automatic high-fidelity design process, which has been particularly beneficial for improving the sizing
efficiency [8, 9, 14, 16, 17, 21, 27, 29, 31, 34, 35]. Each component of the wing is discretised into
numerous patches according to the given structural layout, where local sizing can then be carried out.
Bindolino et al. [4] and Dababneh et al. [36] investigated the influence of the fidelity level of the applied
wing box FE model on the sizing and mass estimation results. They recommended that a wing box
model containing variables describing the skin thickness, spar thickness and stringer cross section
separately tended to be the most reliable one for sizing. Hirlimann et al. [7] added representative
pylon/engine and landing gear systems in the wing box model to allow the definition of engine and land
gear loads. Dorbath et al. [16] further extended the structural modelling beyond the main wing box
structure by including flaps and the wing-mounted flap tracks, allowing performing the sizing of flaps.
Furthermore, to facilitate the load definition in FE models, Hirlimann et al. [26] compared the effects
of load introduction methods on the sizing results. It was found that the switch from defining the
aerodynamic loads using the high-fidelity nodal-based method to the low-fidelity SMT (i.e. shear,
moment and torsion) method had negligible influence on the mass of the wing box. However, defining
the fuel loads, engine loads and the loads for landing gear using the SMT method instead of the node-
based method resulted in a 4% lighter wing. This difference is mainly attributed to the strengthening
requirements caused by local stress concentration which cannot be specifically reflected when using the
SMT methods.

1.4. Objectives of the present study

The up-to-date wing sizing methods and results that have been published vary significantly in terms of
the applied design inputs (i.e. load cases, design constraints, modelling features, etc.). To the best of the
authors’ knowledge, there has been a lack of sufficient validations of the reported sizing results against
real aircraft data, leading to uncertainties in the fidelity level of the reported sizing results. In addition,
there have been few publications investigating the effects of different design inputs on the accuracy of
preliminary sizing or summarising the key design inputs required by an accurate preliminary sizing of
the wing box structure. Filling this gap would be beneficial for improving the accuracy and efficiency
of preliminary sizing and mass estimation with simplified (but sufficient) design conditions, especially

for research purposes.

In this paper, key design inputs for preliminary sizing based on a typical single-aisle civil aircraft wing
are identified. Parametric wing box FE models describing the structural layout have been automatically
generated and applied in this study, with typical load cases (representing flight manoeuvres, engine
loads and landing & ground handling conditions) being defined in accordance with CS25 [37]. The



sizing process has been achieved using Nastran SOL200 based on gradient-based optimisation
algorithms. The mass of the wing box resulting from sizing has been verified against a high-fidelity
model, which was developed and validated based on a real wing box structure of the selected aircraft.
A sensitivity analysis has been subsequently carried out to conclude the main factors affecting the
accuracy of structural sizing and mass estimation. The influence of these factors on the static and modal

behaviour of the sized wing structure has also been investigated.

2. Wing box models
2.1. High-fidelity baseline model

The high-fidelity wing box model (CAD), which is shown in Fig. 1 (a) and Fig. 1 (b), was reconstructed
based on a real wing box, which is located at the Aerospace Integration Research Centre (AIRC) of
Cranfield University. It was dissembled from an ex-service aircraft belonging to a type of classical
single-aisle civil airliner, with its maximum take-off weight (MTOW) and wing span being around 78
t and 34 m respectively. Detailed information including the overall dimensions, the structural layout
and local dimensions (e.g. panel thickness and stringer cross sections) of the selected wing box was
obtained by manual measurements on the real structure and was reflected in the high-fidelity model. In
addition to the key components such as top and bottom skins, front and rear spars and ribs, this model
contains structural details such as cutouts on ribs, stiffeners on ribs and spars, and stringers attached on
the skins, but excludes the secondary structures such as the leading edge (LE) and trailing edge (TE).
An FE model was generated by meshing the CAD model using 75950 shell (i.e. CQUAD4) and 14983
beam (i.e. CBEAM) elements available in MSC Nastran (a de facto standard for the aerospace industry),
considering the variation of panel thickness (for skins, spars and ribs) and stringer cross sections. The
generated FE model is shown in Fig. 1 (c) with its zoom-in view within the wing box shown in Fig. 1
(d), where the lines on panels highlight the beam elements representing stiffeners or stringers. The
connection between different components in the FE model was achieved by ensuring coincident nodes
at the boundaries. The materials applied to each component and the associated properties are listed in
Table 1.

Modal testing was carried out on the wing box structure at the AIRC, with the root of the wing box
being constrained on the rig specifically designed for this test. The modal shapes and frequencies
obtained from this test were used to validate the FE modal analysis results, which was obtained using
the baseline wing box model with the root being constrained using RBE2 and CBUSH elements
representing the test condition. The validation results are shown in Fig. 2. It can be seen that good
match between test and FE analysis is obtained in terms of not only the modal frequencies, but also the
modal shapes; modal assurance criterion (MAC) is a good statistic indicator and a degree of consistency
between mode shapes (MAC = 1 represents completely consistent modal shapes). Therefore, it is
reliable to apply this high-fidelity model as the baseline model in the present study for sizing validations.
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Fig. 1. High-fidelity baseline wing box model: (a) the CAD model, (b) the internal structural layout,
(c) the FE model and (d) its zoom-in view.

Table 1. Materials applied to each component of the wing box.
Component Material E(GPa) |v p (g/cm?) Oyieta (MPQ)
Bottom skin/stringers Al 2024-T351 73.1 0.33 2.78 330
Top skin/stringers Al 7150-T651 71.7 0.33 2.83 570
Spars & ribs Al 7010-T76 717 0.32 2.82 490




Fig. 2. Comparison between the modal responses obtained from modal testing on a real wing box
structure and its high-fidelity FE model, in terms of modal frequency comparison and the modal
assurance criterion (MAC).

2.2. Models used for sizing

The FE models used for preliminary sizing were generated by applying a TCL code developed for
generating generic wing box models in Hypermesh, following the format of MSC Nastran input deck;
TCL code is a coding language supported in Hypermesh, allowing a user to carry out modelling based
on command lines. The configuration and structural layout of the investigated wing box were used as
the input data of this code, being consistent with the high-fidelity baseline model shown in Fig. 1. It is
noted that structural details such as cutouts and stiffeners on ribs and spars are excluded from this model,
which are usually not considered until the detailed design stage. The same materials as the high-fidelity
baseline model were applied to each component, as listed in Table 1.

The top skin, bottom skin, front spar and rear spar of the wing box model are divided into 13 sizing
sections (one sizing section defined between every other ribs) to allow the spanwise variation of the
panel thickness to be determined by the sizing process, as shown in Fig. 3(a). The ribs are also organised
into 13 sizing groups in terms of their spanwise locations; ribs within the same group share a single
panel thickness variable. The stringers attached on skins were modelled using CBEAM elements with
their cross-section dimensions varying in the spanwise direction, based on actual measurements on the
real wing. In order to reduce the complexity of sizing optimisation, the number of stringer distribution
and their cross sectional spanwise variation were fixed to simplify the sizing process to only focus on
panel thickness variations. In addition, the mass breakdown of the secondary structures was estimated
using an empirical method introduced in [38], listed in Table 2. The mass distribution was then
estimated based on the projected area of the secondary structures and was implemented in the FE model
in terms of lumped masses distributed along the front and rear spars using CONM2 and RBE3 elements,

as shown in Fig. 3(b).



To understand the effects of the number of sizing panels on the sizing results, a 26-section model, which
allowed greater variation of panel thickness in the spanwise direction, was also generated, as illustrated
in Fig. 3(c). In addition, a refined 26-section model shown in Fig. 3(d) was also generated by further
refining the sizing patches in the chordwise direction, allowing chordwise skin thickness variance to be
determined from sizing. The secondary structural mass listed in Table 2 were also added to these two

models during the sizing process.

Table 2. Mass breakdown (in percentage) of the estimated secondary structure.

Weight Fixed Fixed Leading-edge | Trailing-edge
g leading trailing high-lift high-lift Ailerons | Spoilers | Total
chapter . .
edge edge devices devices
Mass (%) | 17.4 10.7 20.0 414 3.4 7.1 100
(a) (b)
(c) (d)

Fig. 3. (a) 13-section model, (b) 13-section model with lumped mass, (c) 26-section model and (d)
refined 26-section model used for sizing of the wing box. The distribution of sizing panels is illustrated
in terms of colour variance.

3. Sizing of the wing box
3.1. Load cases

In the design of a real aircraft, hundreds of load cases are considered to ensure each structural
component is sufficiently strong to sustain the design loads. At the preliminary sizing stage, fewer load
cases are required than detailed sizing since it mainly focuses on determining the internal load
path/distribution between the main components, rather than performing precise sizing for details of each
structure. Therefore, 11 load cases representing typical aircraft manoeuvres, engine loads, and landing
and ground handling conditions were selected as the limit design loads for sizing in this study, listed in
Table 3.



2.5g symmetric pull-up, -1.0g push-down, 2.0g flap down (by 40°) at landing and aircraft rolling (with
ailerons deflected by 25°) have been selected as the typical aircraft manoeuvres used for wing box sizing.
1.0g cruise was also included in order to consider the fatigue criterion as introduced in Section 3.2. The
aerodynamic loads associated with each aircraft manoeuvre were estimated using the vortex lattice
method (VLM). It was developed based on the standard vortex lattice theory derived from the potential
flow theory [39]; the wing is represented as a surface of discretised grids where the vortices are
superimposed. It is noted that the aero-structural coupling effects were not considered in the load
calculation applied in this study. To facilitate load introduction in the FE model, the obtained pressure
distribution was converted into a list of lift forces and twist moments defined at 26 nodes (one node
between every two adjacent ribs) distributed along the ¥ chord line [26]. Load transfer from the loading
nodes to the structure is achieved using the RBE3 element, as illustrated in Fig. 4. It is noted that
although the structure of the LE, flaps and ailerons were not included in the FE model, the lift generated
by them were calculated using VLM and was equivalently distributed to the wing box using the above
method. In addition, inertial effects resulting from the mass of the wing box and secondary structures

were also applied in the model together with each aircraft manoeuvre load case.

Table 3. Load cases applied for wing box sizing.

ID Load type Description Details
1 Symmetric pull-up 2.5g symmetric pull-up, VD
2 Aircraft Cruise 1.0g symmetric, VC
manoeuvre . -
3 (aerodynamic) Symmetric push-down -1.0g symmetric, VC
4 loads Flap down at landing 2.0g flap down 40 degrees, VFE
5 Aircraft rolling Aileron +/- 25 degrees, VD
6.5g vertical + 1.5*max cruise thrust
6 Engine max load at cruise
-3.5g vertical + 1.0*max cruise thrust
. Engine loads Engine max load at take- 3.0g vertical + 3.0*max take-off thrust
off 3.0g vertical + 3.0*reverse thrust
8 Engine max side loads +/- 3.0g side
9 Critical level landing 0.75 peak GRFz (vertical) + 0.3 V peak
Landing and | condition GRFz (drag) + 0.1875 peak GRFz (side)
10 ground Critical side load condition | 0.5 peak GRFz (vertical) + 0.4 peak GRFz
handling (lateral drift) (side)
1 loads Braked roll condition 0.6 peak GRFz (vertical) + 0.48 peak GRFz

(drag)

* VD: design dive speed; VC: design cruise speed; VFE: maximum flap-extended speed; GRFz:
maximum vertical ground reaction force.




To investigate the effects of engine loads on wing box sizing, three load cases representing the critical
thrust and inertial loading conditions of the engine were selected [40]. CFM56-5B7 was selected as the
reference engine and its thrust specifications were used to calculate the engine loads applied in sizing;
the max take-off and cruise thrust of CFM56-5B7 is 120 kN and 26 kN respectively. In the FE model,
the engine loads were defined at the engine CG (i.e. centre of gravity), where a point mass of 3,751 kg
was also defined to represent the mass of the engine. To accurately transfer the engine loads into the
wing box structure, a truss-based pylon/engine representation structure shown in Fig. 5 was created in
the model using CBEAM elements, with the pylon-wing connection fittings defined using RBE3
elements. To ensure a determinate mounting system, the front fittings take vertical (z) loads only, the

thrust link takes thrust (x) and side (y) loads, and the rear fitting takes vertical (z) and side (y) loads.

Fig. 4. Hlustration of the application of aerodynamic loads to the wing box (with top skin being
hided).
Critical landing and ground handling loads were also included in the sizing load cases. The selected
load cases include the critical level landing, lateral drift and braked roll conditions with corresponding
load factors defined according to CS-25 [37]. The maximum vertical ground reaction force (peak GRFz)
designed for the landing of the investigated single-aisle civil aircraft is estimated to be 1.2 MLW
(maximum landing weight: 64,450 kg) [40]. In the FE model, a truss-based structure (using CBEAM
elements) representing the landing gear system was created to ensure that the defined landing loads
were appropriately transferred to the wing box structure, as shown in Fig. 6; the connection between

the landing gear system and the wing box structure was defined using RBE3 elements.



Fig. 5. Pylon and engine representation with typical engine loads.

Fig. 6. Landing gear system representation with typical landing loads.

3.2. Structural sizing criteria

The sizing process was realised using Nastran SOL200 based on a gradient-based optimisation
algorithm, aiming at minimising the structural mass. The objective, design variables and constraints of
the optimisation were defined in the Nastran input file. The design variables refer to the thickness value
of the panel for each section of the wing box component; the thickness value can be adjusted to meet
the target of minimum mass while ensuring that all the constraint conditions are satisfied. The 13-
section wing box model contains 13 design variables for each component (i.e. top skin, bottom skin,
front spar, rear spar and ribs) and hence 65 variables in total. By contrast, the 26-section and the refined
26-section models contain 130 and 590 design variables respectively.

Both strength and buckling criteria were used as design constraints of sizing for each component. The

strength criterion required the von Mises stress not exceeding oy,;.;4 at the limit load with a reserve



factor of 1.0. This criterion was satisfied by monitoring the peak stress value within each sizing panel.
The buckling criterion required the structure to be free from buckling at the limit load with a reserve
factor of 1.0. This was realised by constraining the first 20 buckling modes obtained from the FE
analysis; the eigenvalue /4 for each mode was constrained to be not lower than 1.0. It’s noted that the
effects of imperfections on buckling response of the whole wing box were not considered at this stage,
but should be incorporated into the part model at the stage of detailed design. In addition, fatigue
criterion was also applied for the bottom skin design. The 1.0g cruise load case multiplied by a factor
of 1.3 was chosen as the fatigue design loads to account for gust effects during flight [27]. A critical
fatigue stress value of 100 N/mm? was used in the applied fatigue criterion. This value is lower than the
fatigue resistance of Al 2024-T351 (i.e. 138 N/mm?) and was regarded as a reasonable value during

aircraft preliminary design due to the imperfections in the structure (e.g. manholes or rivets) [27].
3.3. Sizing results

Structural sizing was carried out using the 13-section, 26-section and refined 26-section models (as
shown in Fig. 3) respectively based on the defined load cases and sizing criteria mentioned above. The
sizing results for skins, spars and ribs obtained from each model are compared in Fig. 7 in terms of the
spanwise (from wing root to the tip) thickness distribution for each component. Fig. 7 shows that similar
trends of thickness distribution can be obtained using models with different discretised sections,
particularly the *peaks’ representing local strengthening required by the attached landing gear system,
pylon & engine structures and aircraft rolling loads. Fig. 7 also displays that the variation of local
thickness distribution becomes greater when the applied number of design fields increases. In addition,
compared to the 13- and 26-section models, chordwise skin thickness variation can be captured by the
refined 26-section model, as shown in Fig. 7(a) and (b): front, middle and rear in the legend represent
the chordwise location on the skin, as illustrated in Fig. 7(f). This difference in skin thickness
distribution resulting from sizing using the three models are further illustrated by the contour plots

shown in Fig. 8.

It is also noteworthy that the thickness distribution on real aircraft wings are a result of a more
complicated detailed sizing process, where a higher fidelity analysis is implemented with more accurate
load cases and models than preliminary sizing stage. Considering that the purpose of this study is to
identify the key inputs affecting the preliminary sizing results rather than carrying out detailed sizing
meeting the flight requirements, the sizing results displayed in Fig. 7 and Fig. 8 are deemed acceptable

as long as the main effects of the typical loads are captured.

In addition to the thickness of each structural component, the mass of the resultant wing after sizing
was also calculated from the FE model. The total mass of the sized wing box models obtained in the
present study are compared to the high-fidelity baseline model, as listed in Table 4. It shows that by
increasing the number of design fields from the 13-section to the refined 26-section model, the mass



difference between the sized and the baseline models is reduced. The case with the most design fields
(i.e. the refined 26-section sizing) yields the best match with the baseline model; the estimated mass is
0.8% lower than the mass of the baseline model. However, it can be also expected that further refined

sizing sections (with more design fields) may lead to underestimation of the wing structural mass.

(@) (b)
(©) (d)
(e) (f)

Fig. 7. Comparison between the sizing results obtained using the 13-section, 26-section and refined 26-
section models: (a) top skin, (b) bottom skin, (c) front spar, (d) rear spar and (e) ribs. (f) Hlustration of
the locations of landing gear, pylon & engine and aileron relative to the wing box.

The mass breakdown of the corresponding wing box structure is shown in Fig. 9, comparing the mass
of each structural component obtained from the high-fidelity baseline and sized models, excluding the

mass of secondary structures. Similar trend with the comparison in total mass (Table 4) can be seen for



most components when the number of design fields is increased, particularly for the bottom
skin/stringers. This trend is due to the fact that a real wing design always requires reasonable thickness
variation to allow effective weight saving design. Limited number of design fields, however, may have
insufficient sizing flexibility to support the required thickness variation, hence tends to overestimate the
mass. By contrast, excessively number of design fields may lead to significant or irregular thickness
variance between adjacent sizing panels, making the associated manufacturing less practical. This,
inversely, tends to underestimate the mass of the manufacturable wing in reality. Therefore, appropriate
choice of the number of design fields is critical for an accurate mass estimation of the wing at the

preliminary design stage.

Fig. 8. Skin thickness distribution obtained from sizing using the 13-section, 26-section and refined 26-
section models.

Table 4. Mass difference between the wing box models obtained from sizing and the high-fidelity
baseline model (excluding the mass of secondary structures).

13-section model 26-section model Refined 26-section
model
Mass difference (compared 23 4% 15 2% -0.8%
to the baseline model)




Fig. 9. Mass breakdown of the investigated wing box structure obtained from the high-fidelity baseline
and sized models.

3.4. Structural behaviour of the designed wing box

The static and modal behaviours of the wing box models obtained from sizing were compared to the
high-fidelity baseline model. The purpose of this comparison is to investigate the effects of the accuracy
of sizing and mass estimation on the structural behaviour of the sized wing. The deflection and twist
angle profiles along the wing span under 2.5g static loads are displayed in Fig. 10. It can be seen that
the sized wing box models demonstrate similar static behaviour as the baseline model with the greatest
difference occurring at the wing tip. The comparison between the tip displacement and twist angle of
the sized and baseline models are listed in Table 5. It shows that the refined 26-section model generates
the most consistent static behaviour with the baseline model, with the difference in tip deflection and
twist angle being -10.9% and -5.9% respectively. By contrast, the 13-section and 26-section models
lead to greater difference (-11% to -24%), which is due to the overestimation of the wing box structure

stiffness by the sizing process.

Similar comparison has also been carried out for the modal behaviour. The comparison between the 1%
bending, 2" bending and 1% torsional modal frequencies of the sized and baseline models are listed in
Table 6. The sized models demonstrate good match (i.e. difference < 5%) with the baseline model
regardless of the number of design fields, except the 1% torsional mode obtained from the 13-section
sizing. Generally, the comparison in modal frequencies presented in Table 6 shows better consistency
than that in mass and static behaviour (stiffness), which is due to that the effects of the overestimated

mass and stiffness tend to be counteracted.



(@) (b)

Fig. 10. Comparison in the static wing behaviour (under 2.5g symmetric loads) between the sized and
the high-fidelity baseline wing box models: (a) deflection and (b) twist angle.

Table 5. Comparison of the static behaviour (deflection and twist angle at wing tip) between the sized
and the high-fidelity baseline wing box models.

. . Refined 26-section
13-section model 26-section model model
Difference in -23.2% 15.8% -10.9%
deflection at wing tip
Difference in twist -19.5% 11.4% 5.9%
angle at wing tip

Table 6. Comparison of the modal behaviour between the sized and the high-fidelity baseline wing box

models.
13- | 26 | Repned
section | section . Modal shape
model model section
model
1St
bending | -3.6% -1.5% 2.3%
mode
. 2nd
Difference | ponding | 2.5% | 2.9% | 4.4%
in modal
mode
frequency
1st
torsional | -6.2% -0.6% -0.3%
mode




4. Results and discussions

Section 3 demonstrates that sensible sizing and mass estimation results can be obtained for preliminary
design of the wing by applying the strength, buckling and fatigue constraints with the design load cases
listed in Table 3. Understanding the role of these load cases and constraints in sizing and mass
estimation would be helpful to identify the key design inputs that are essential for an accurate and
efficient sizing process of the wing box structure. To achieve this, a sensitivity analysis on the effects
of the applied loads/constraints on the mass and structural behaviour of the designed wing was carried
out. As shown in Table 7, this analysis comprises of 10 steps. The simplest case, also the most
commonly applied design inputs (i.e. 2.5g symmetric pull-up loads + strength constraint), is applied in
Step 1. In subsequent steps, the complexity of the applied design inputs is gradually increased by adding
more load cases or design constraints. The sequence of loads/constraints may produce different

sensitivity outputs, therefore careful selection of these sequence was made based on two principles:

a. Add the common or frequent applied loads/constraints (according to references and general
practice) prior to those less frequently adopted in wing box design.

b. Place global loads/constraints earlier in the sequence relative to local ones.

This came up with the applied design inputs for each step of the sensitivity analysis, as shown in Table
7. The buckling constraint, as the most commonly applied global design constraint in addition to
strength, was introduced in Step 2. Another two frequently applied global design inputs, the inertial
force resulting from the wing box and secondary structures (i.e. LE & TE), were introduced in Step 3
and 4 respectively. The fatigue constraint was then added in Step 5, which mainly affected the sizing of
the bottom skin. In addition, the effects of specific aircraft manoeuvre loads (i.e. push-down, flap down
and aircraft rolling) were included from Step 6 onwards. With 2.5g loads being considered, the influence
of these load cases on sizing tend to be localised. Finally, more local load cases, critical engine loads
and landing & ground handling loads, were taken into account in Step 9 and 10 respectively. Both the
13-section and 26-section wing box models were applied in this sensitivity analysis; the refined 26-
section model was not applied due to its low computing efficiency for this analysis. It is noteworthy
that the models used in Step 10 correspond to the ones applied in Section 3.

Table 7. The design load cases and constraints (i.e. sizing inputs) applied in each step of the sensitivity
analysis.

Step Load cases ID and description Design constraints
1 1 (2.5g symmetric pull-up, no inertial loads) Strength
2 1 (2.5g symmetric pull-up, no inertial loads) Strength and buckling

1 (2.5g symmetric pull-up, wing box inertial
loads added)

1 (2.5g symmetric pull-up, wing box and LE
& TE inertial loads added)

3 Strength and buckling

Strength and buckling




5 io;ftr(:iftga?é?g;etric loads and fatigue Strength, buckling and fatigue
6 1 -3 (-1.0g symmetric loads added) Strength, buckling and fatigue
7 1 -4 (2.0g flap down loads added) Strength, buckling and fatigue
8 1 -5 (aircraft rolling loads added) Strength, buckling and fatigue
9 1 — 8 (critical engine loads added) Strength, buckling and fatigue
10 Elld—dg;)(landing & ground handling loads Strength, buckling and fatigue

* The ID of the load cases refers to Table 3.

It is noted that although neglecting the aero-structural coupling effects tends to affect the accuracy of
aerodynamic load calculation, the sensitivity analysis based on Table 7 is still expected to provide useful
information on the relative importance of the listed design loads and constraints, particularly for those
local concentrated design loads (i.e. engine loads, landing loads, etc.), which hardly depends on the

aero-structural coupling effects.
4.1.  The effects of the design inputs applied in sizing on mass estimation

The masses of the sized wing box structure resulting from each step of the sensitivity analysis are
summarised in Fig. 11. The presented mass change is defined by Eq.1, where AM represents the
increased/decreased mass between adjacent steps by updating the design inputs of sizing according to
Table 7, My is the total mass of the high-fidelity baseline model. Greater mass change indicates higher
importance of considering the added sizing input in improving the accuracy of mass estimation. Eq.1
can also be used to similar analysis for static and modal behaviour of the wing by replacing the mass
value in Eqg.1 with deflection (or twist angle) and modal frequency respectively, which will be applied
in Section 4.2.

Mass change (%) = i—M x 100 Q)
B



Fig. 11. The mass of the wing box structure obtained at each step of the sensitivity analysis using the
13- and 26-section models, together with the mass change by enriching the sizing inputs in each step.

According to Fig. 11, similar trends can be obtained by applying the 13- and 26-section sizing. For
brevity, the following discussion is based on the 26-section sizing results unless stated otherwise. It can
be seen that simply applying the 2.5g symmetric loads and the strength constraint in Step 1 results in a
wing box mass of ~0.4 (normalised value), implying a ~50% underestimation compared to the mass
obtained in Step 10. The estimated mass gradually increases by enriching the designed load

cases/constraints from Step 1 to 10.

According to Fig. 11, the buckling and fatigue constraints, the aircraft rolling loads, the engine loads
and the landing & ground handling loads are regarded as the five inputs that most significantly affect
the mass of the sized wing box, with a resultant mass increase of 23.0%, 10.0%, 8.2%, 7.8% and 10.1%
respectively. The mass increase is attributed to the local strengthening requirements when these inputs
are considered in sizing, which are illustrated in Fig. 12 by comparing the panel thickness distribution

resulting from different steps of the sensitivity analysis.

By contrast, the inertial forces arising from both the wing box and the secondary structural masses, the
-1.0g push-down loads and the 2.0g flap down loads have relatively small effects (< 5%) on the overall
mass of the designed wing box structure. It is noted that the reported mass change values caused by
introducing these small-influencing features have limited practical meaning since they are
predominantly affected by the numerical errors of sizing calculation rather than the design conditions.
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Fig. 12. The effects of the considered design constraints/load cases in sizing (using the 26-section model)
on panel thickness distribution: (a) buckling constraint by comparing Step 1 and 2; (b) fatigue constraint
by comparing Step 4 and 5; (c) aircraft rolling loads by comparing Step 7 and 8; (d) engine loads by
comparing Step 8 and 9; (c) landing & ground handling loads by comparing Step 9 and 10.

4.2.  The effects of the design inputs applied in sizing on the structural behaviour of the

designed wing

The structural behaviour of the sized wing box models resulting from each step of the sensitivity
analysis listed in Table 7 were also investigated, using the 13- and 26-section models. The purpose is
to figure out the design inputs (i.e. load cases and constraints) applied in sizing that are most critical to
the overall structural performance of the designed wing; some design inputs might be necessary for

localised structural design but may have negligible effects on the overall structural behaviour.

Similar to Section 3.4, 2.5g symmetric loads were applied to the models. The resultant deflection and
twist angle of each model are illustrated in Fig. 13, demonstrating that the bending and torsional
stiffness of the designed wing box structure increases (i.e. decreasing deflection and twist angle) when
more design inputs are considered in sizing. To facilitate the comparison, the deflection and twist angle
at the wing tip are summarised in Fig. 14, together with their changes in each step compared to the high-
fidelity model; the definitions of these changes are similar with that for mass as expressed by Eqg. 1.
Similar with the mass analysis in Section 4.1, consistent trends are obtained from the 13- and 26-section
sizing, hence for brevity, the following discussions are based on the 26-section sizing results unless

stated otherwise.

It can be seen that the most significant stiffness improvement of the designed wing arises from applying
the buckling constraint in sizing: by 32.5% and 56.1% in bending and torsional stiffness respectively.
Fig. 12(a) illustrates that it is attributed to the significant increase of the thickness of top skin and spars
when the buckling constraint is considered in sizing. Another key design input is the fatigue constraint,
which leads to a 14.8% (bending) and 10.7% (torsion) stiffer wing by strengthening the bottom skin

panels (Fig. 12(b)). In addition, considering the aircraft rolling loads in sizing also improves the wing



box stiffness by 10.0% (bending) and 16.9% (torsion) via strengthening the top skin of the outboard
wing ((Fig. 12(c)).

It is also noted that considering the critical engine loads and landing & ground handling conditions in
sizing exert limited influence (< 5%) on the static performance of the sized wing box, being contrast to
their influence on mass estimation. The reason accounting for this discrepancy is that the structural
strengthening required by sustaining the engine and landing loads is localised (Fig. 12(d) and (e)), which
has limited influence on the overall bending and torsional stiffness distribution of the wing box. In
addition, considering the inertial forces, the -1.0g push-down and the 2.0g flap down loads are also

deemed less critical for sizing a wing in terms of the static behaviour of the designed structure.

(a)

(b)

Fig. 13. (a) Deflection and (b) twist angle (under 2.5g static loading) of the designed wing box structure
obtained at each step of the sensitivity analysis using the 26-section model.
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Fig. 14. (a) Deflection and (b) twist angle (under 2.5g static loading) at the tip of the wing box structure
obtained at each step of the sensitivity analysis using the 13- and 26-section models, together with their
changes by enriching the sizing inputs in each step.

In addition to the static performance, the sensitivity analysis was also implemented for the modal
behaviour of the wing. Similar to Section 3.4, the 1% bending, 2" bending and 1% torsional modes were
chosen for this analysis. The corresponding modal frequencies of the wing box model obtained from
each step of the sensitivity analysis using the 13- and 26-section models are illustrated in Fig. 15. The
modal frequency changes in each step (compared to the high-fidelity baseline model) are also included
in this figure, with similar definition as the mass change expressed by Eq. 1.



Being different with the mass and static (stiffness) analysis of the wing, the modal analysis demonstrates
a fluctuated change in modal frequencies when the design inputs get enriched, as shown in Fig. 15; the
modal frequency varies irregularly from Step 1 to 10, varying with modes. This less ‘monotonic’ trend
is due to the competition between the mass and stiffness of the designed structure; the change in a
specific modal frequency not only depends on the amount of the overall mass and stiffness changes, but
also on their distributions. Therefore, a reliable way to obtain reasonable modal frequencies of the
designed wing is to size it considering all the design inputs that are critical to both the mass (Fig. 11)

and stiffness (Fig. 14) evaluation.

(a)

(b)



(c)
Fig. 15. Modal frequencies of the wing box structure obtained at each step of the sensitivity analysis,
together with their changes by enriching the sizing inputs in each step: (a) 1% bending, (b) 2" bending
and (c) 1% torsional modes.

5. Conclusions

Preliminary sizing of the wing box structure of a single-aisle civil aircraft was successfully carried out
using Nastran SOL200, based on a parametric wing box model. Some load cases including typical
aircraft manoeuvres, engine loads, landing and ground handling conditions were considered as the load
cases for sizing. The sizing results were verified against a validated high-fidelity wing box model which

was developed based on the real wing.

The effects of the number of design fields were investigated by comparing the sizing results obtained
using the 13-section, 26-section and refined 26-section wing box models. In this study, applying the
refined 26-section model (with the most design fields) was found to result in the most accurate mass
estimation and static behaviour compared to the real wing. However, it was also concluded that although
more design fields allowed more flexibility of sizing in terms of the thickness variations within a
component, it might result in an underestimation of the overall structural mass since the obtained

thickness variation might be too restrictive to be manufactured.

A sensitivity analysis was also carried out to identify the critical design inputs (i.e. load cases and
constraints) that are required to be considered for a reasonable preliminary design of a wing. It was
found that in addition to the baseline design condition (i.e. 2.5g symmetric loads with strength
constraint), the buckling and fatigue constraints, the aircraft rolling loads, the engine loads and landing
& ground handling loads were the most critical design inputs for the overall mass of the sized wing,
with a positive influence ranging between 7-24%.



Considering the buckling constraint, the fatigue constraint and aircraft rolling loads in sizing was also
found to increase the stiffness (bending and torsional) of the designed wing by 32-57%, 10-15% and
10-17% respectively. The engine loads, landing and ground handling loads, by contrast, were deemed
not as critical as their influence on mass estimation (within 5%), which is due to that the associated
structural strengthening is mainly localised such that the overall stiffness of the wing is marginally
affected.

In addition, it was also concluded that it was difficult to directly summarise the key design inputs for
sizing that are critical to the modal behaviour of the designed wing. This is because that the modal
frequency is largely dependent on the competition between the mass and stiffness distribution of the

designed wing.
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