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Abstract

Preliminary composite wing sizing requires early identification of the load cases and structural constraints that
govern mass, stiffness, and aeroelastic behaviour. Although detailed aircraft design requires the assessment of
many manoeuvre, gust, ground, landing, and localised loading conditions, such an exhaustive load set is not
practical during early multidisciplinary design optimisation. This paper presents a rapid methodology for
identifying critical load cases and governing constraints for preliminary composite wing sizing using the
Structural Layout Tool and Structural Analysis Tool framework. The approach is demonstrated using a
composite wing-box model based on the NASA Common Research Model. A reduced set of representative
aerodynamic, gust, and engine-induced load cases is defined, including cruise, symmetric pull-up, push-down,
flap-down, rolling manoeuvre, discrete gust, and engine loading conditions. Structural sizing is performed using
coarse 7-section and refined 33-section spanwise discretisation to assess the influence of model resolution.
The resulting wing models are compared in terms of structural mass, spanwise thickness distribution, static
deflection, elastic twist, gust response, modal behaviour, and flutter speed. Sensitivity studies are used to
quantify the influence of strength, buckling, fatigue, secondary-structure and fuel inertia, and engine effects on
the final sized structure. The results show that sizing based only on a conventional 2.5 g symmetric pull-up
strength case is insufficient for reliable preliminary composite wing design. Buckling constraints strongly
influence panel sizing, stiffness, and flutter margin, while fatigue and inertial effects modify local sizing and
structural response. Engine-induced loads are locally important near the pylon attachment region, whereas
lumped engine mass has a significant effect on modal characteristics and flutter speed. The refined 33-section
model improves the representation of local load paths and torsional stiffness variation, while the 7-section model
remains useful for rapid global screening. The proposed methodology provides a practical basis for reducing
preliminary sizing load sets while retaining the dominant structural and aeroelastic design drivers.

Keywords: preliminary aircraft design; composite wing sizing; load-case criticality; structural optimisation;
aeroelasticity; multidisciplinary design optimisation.

1 Introduction
The development of next-generation aircraft requires structural design methodologies that can
support rapid decision-making while maintaining sufficient physical fidelity. Increasing pressure to
reduce fuel burn, emissions, and operating cost has led to greater emphasis on lightweight airframe
structures, higher-aspect-ratio wings, advanced composite materials, and multidisciplinary design
optimisation (MDO) [1], [2]. These developments increase the coupling between aerodynamic
loading, structural stiffness, mass distribution, and aeroelastic stability, making the early identification
of governing design drivers essential during preliminary design.
Aircraft wing sizing is traditionally driven by a combination of strength, stiffness, fatigue, and
aeroelastic requirements. In detailed design and certification, a large number of load cases must be
assessed, including manoeuvre loads, gust loads, ground loads, landing loads, engine loads, and
localised structural loads [3], [4]. However, the direct use of extensive certification-style load sets
during preliminary design is computationally inefficient and can obscure the key design drivers that
determine the structural layout. At the same time, relying on a small number of conventional load
cases, such as the 2.5 g symmetric pull-up manoeuvre, may result in an incomplete assessment of
governing constraints and may lead either to under-designed or overly conservative preliminary
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structures.
Preliminary MDO therefore requires a balanced approach. The load set must be small enough to
allow rapid iteration across many candidate designs, but sufficiently representative to capture the
internal load paths, structural constraints, and aeroelastic effects that influence final sizing. This
requirement is particularly important for composite wings, where stiffness tailoring, laminate
thickness, buckling resistance, and aeroelastic response are strongly coupled [5], [6], [7]. A
systematic method is therefore needed to identify which load cases and constraints are critical at the
early design stage, and how their inclusion affects structural mass, stiffness, deformation, and flutter
characteristics.
Recent work has demonstrated rapid preliminary wing sizing using the Structural Layout Tool (SLoT)
and Structural Analysis Tool (SAIT), including metallic and composite wing-box sizing, aeroelastic
assessment, sensitivity analysis, and data-driven MDO applications [8]. The present paper builds on
that broader framework but addresses a narrower and more practically focused question: how can
critical load cases and active structural constraints be identified and prioritised for preliminary
composite wing sizing?
The methodology is demonstrated using a composite wing based on the NASA Common Research
Model (CRM), which provides a representative long-range transport aircraft configuration and has
been widely used for aerodynamic verification, validation, and aerostructural studies [9], [10], [11]. A
reduced set of representative load cases is defined, including cruise, buffet, symmetric pull-up,
symmetric push-down, flap-down landing, rolling manoeuvre, discrete gust, and engine-induced
loading conditions. These cases are used to size and assess parametric composite wing-box models
within the SLoT-SAIT environment.
The influence of spanwise model resolution is examined by comparing a coarse 7-section
representation with a refined 33-section wing-box model. The sized models are assessed in terms
of mass distribution, component thickness, static deformation, elastic twist, gust response, modal
behaviour, and flutter speed. Sensitivity studies are then used to determine how the inclusion of
buckling, fatigue, secondary structural mass, fuel mass, engine loading, and lumped engine mass
representation changes the predicted structural and aeroelastic behaviour.
The main contribution of this paper is the formulation and demonstration of a practical criticality-
identification process for preliminary composite wing sizing. Rather than presenting a general rapid
sizing framework, the paper focuses on how structural mass, stiffness, and aeroelastic margins
change as additional load cases and constraints are progressively introduced. This enables the
governing design drivers to be identified and provides guidance on which load cases and constraints
should be retained during early-stage MDO studies.
The specific objectives of this work are to:

1. define a representative reduced load-case set for preliminary composite wing sizing;

2. assess the effect of model discretisation on mass, stiffness, and aeroelastic predictions;

3. quantify the influence of buckling, fatigue, secondary structural components, fuel, and engine-

related effects on the sized wing;
4. identify the load cases and constraints that govern structural mass, static deformation, and
flutter behaviour; and

5. provide recommendations for using rapid design tools in preliminary MDO workflows.
The remainder of the paper is organised as follows. Section 2 describes the rapid structural and
aeroelastic sizing framework and introduces the CRM composite wing model used in the study.
Section 3 defines the selected load cases, sizing constraints, and criticality-identification process.
Section 4 presents and discusses the sizing results, including the effects of model resolution, load
cases, and constraints on structural mass, static response, gust response, and flutter behaviour.
Finally, Section 5 presents the conclusions and outlines future work.

2 Rapid Structural and Aeroelastic Sizing Framework
The present study uses the Structural Layout Tool (SLoT) and Structural Analysis Tool (SAIT)
framework for rapid preliminary structural and aeroelastic assessment of wing-box configurations.
The full development of the toolset, including the structural idealisation, sizing procedure,
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optimisation workflow, and aeroelastic analysis capability, has been described previously [8], [12].
Therefore, only a brief overview is provided here, with emphasis on how the framework is used in
this paper to identify critical load cases and governing constraints.

Figure 1 illustrates the overall SLoT-SAIT workflow used for preliminary aerostructural sizing,
facilitating the conceptional design to the detail design. The process begins with aircraft-level design
inputs, including wing geometry, mass properties, material system, secondary structural
components, and selected flight or engine load cases. Aerodynamic load analysis is then performed
to generate spanwise lift, shear force, bending moment, and torque distributions. These loads are
passed to the structural sizing modules, where the wing box is represented using stiffened skin-
stringer panels, spars, ribs, and equivalent laminate properties for composite components.

The sizing process seeks a minimum-mass wing-box design while satisfying structural and
aeroelastic constraints. These include strength, buckling, fatigue, stiffness, divergence, and flutter
requirements. The sized structure is subsequently assessed in terms of mass distribution,
component thickness, static deflection, elastic twist, modal characteristics, gust response, and flutter
speed. This enables different load cases and constraint combinations to be compared on a
consistent basis.

Conceptional Design Phase Initial Sizing and Preliminary Design Phase Detail Design Phase

1. Loading data 2.SLoT and SAIT 3. FEM-based optimisation
Module 1 Module 3 Module 5
Configuration, Dimensions, ( h
Initial Mass Distribution Low Fidelity Model High Fidelity FE Model for
(primary structure, systems, (beam elements) Detailed Design and Analysis
\_ payload, etc.) ) =k )
v - v v
Module 2 = Module 4 = Module 6
( i in Fli h i ideli a N
Acrodynamic Loads in Flight Medium Fidelity Model and
Cases, and Most Critical Shear Analysis Build-in Optimis
Force, Bending Moment, Torque (structure layout, initial sizing, stress. LA BT
\ Diagrams y buckling, aeroelastic analysis) \ y
Ripad aerodynamic solvers: Structural solvers: [Engineering software interfaces:
*  Strip theory *  SLoT-1. Skin-stringer panel sizing and buckling *  Patran/Nastran
* ESDUpac A95010 *  SLoT-2. Wing box idealisation *  Ansys
~* Cranficld VFP *  SLoT-3. Laminate equivalent Ey, Ey, Gy, *  Matlab optimiscrs
W% AVL *  SLoT-4. Wing box stress A

~+ SAIT-1. Wing box stiffness

Figure 1. Schematic of the SLoT-SAIT workflow used for rapid preliminary wing sizing and aeroelastic
assessment. The workflow links aerodynamic load generation, structural sizing, constraint evaluation,
and aeroelastic analysis within an iterative preliminary de design environment. Full details of the tool
development and validation are given in Ref [8].

In this paper, the SLoT-SAIT framework is used as a criticality-identification tool rather than as the
main research contribution itself. A baseline structural sizing case is first established using a
conventional 2.5 g symmetric pull-up manoeuvre. Additional design inputs are then introduced
progressively, including buckling constraints, aeroelastic requirements, wing-box inertial loads,
secondary structural masses, fuel mass, fatigue loading, push-down manoeuvres, flap-down landing
loads, rolling manoeuvres, and engine-induced loads.

For each sizing step, the resulting wing model is evaluated using the same set of structural and
aeroelastic metrics. The effect of each additional load case or constraint is quantified by comparing the
resulting mass, stiffness, static deformation, twist, gust response, modal behaviour, and flutter speed
with the baseline case. In this way, the methodology identifies not only the load cases producing the
largest applied loads on the wing, but also those that most strongly influence the final sized structure.
This distinction is important for preliminary multidisciplinary design optimisation. Some load cases may
be globally critical because they increase total structural mass or reduce aeroelastic margins. Others
may be locally critical because they drive reinforcement in specific regions, such as the engine
attachment or high-lift-device regions. The proposed approach therefore supports the selection of a
reduced but representative set of load cases for early-stage composite wing sizing, avoiding both
excessive certification-level load enumeration and overly simplified sizing based on a single manoeuvre
condition.

3 CRM Wing Case Study and Structural Model
https://doi.org/10.71945/icas2026 0628
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3.1 Reference aircraft configuration

The methodology is demonstrated using a wing model based on the NASA Common Research Model
(CRM). The CRM represents a long-range, twin-aisle transport aircraft configuration and has been
widely used as a reference geometry for aerodynamic verification, validation, and aerostructural studies
[13], [14] . The configuration includes the fuselage, wing, horizontal tailplane, engine nacelles, and
pylons. In the present study, the focus is placed on the structural sizing and aeroelastic assessment of
the wing-box structure. The main aircraft and wing parameters are summarised in Table 1, with
selected parameters referenced from the Boeing 777-200ER due to its similarity to the CRM
configuration [15].

Table 1 CRM specifications.

Parameter Value Parameter Value

Wing aspect ratio 9 Maximum take-off weight MTOW, kg) | 297500

Wing reference surface area (m?) 383.69 Maximum landing weight (MLW, kg) 213180

Wing semi-span (m) 29.38 | Maximum zero fuel weight  MZFW, kg) | 195040

Mean aerodynamic chord (m) 7.01 Operational empty weight (OEW, kg) 138100

Quarter-chord sweep angle (°) 35 Reserve fuel (kg) 15000
Cruise Mach number 0.85 Engine mass (kg) 7320
Cruise lift coefficient 0.5 Take-off Thrust (kN) 417

Initial cruise altitude (ft) 37000 Maximum cruise thrust (kN) 95

3.2 Wing structural model

The structural model consists of the inner and outer wing-box regions, which form the primary load-
carrying structure of the wing. The wing box is bounded by the front and rear spars and is divided
spanwise according to the rib locations. The outer wing is represented by two-spar wing-box sections,
while the inner wing includes an additional middle spar to account for the structural arrangement near
the inboard region and engine/pylon location.

The primary structural components include the upper and lower skin covers, front and rear spar webs,
rib webs, spar caps, stringers, rib flanges, and web stiffeners. The engine and pylon are located near
the wing kink region, where localised engine-induced loads are introduced in the load-case analysis.
Cut-outs, manholes, and detailed local structural features are not included, since the objective of the
study is preliminary sizing and critical load-case identification rather than detailed component-level
stress assessment.
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Figure 2. Aircraft outer shape and wing structural layout.

3.3 Spanwise discretisation for sizing

Two levels of spanwise structural discretisation are considered to assess the effect of model resolution
on the identification of critical load cases and constraints, shown in Figure 3. The refined model divides
the wing into 33 rib-bounded wing-box sections from tip to root. In this representation, each section
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can be sized independently, allowing local load variations and stiffness changes to be captured with
greater resolution. A coarser 7-section model is also considered. In this model, several adjacent wing-
box sections are grouped into larger design regions, and uniform panel thicknesses and stringer
dimensions are applied within each region. This reduces the number of sizing variables and improves
computational efficiency, but it may also introduce conservative sizing where a large region is governed
by a local critical condition. The comparison between the 7-section and 33-section models is used to
determine whether a coarse model is sufficient for preliminary load-case screening, and when a refined
model becomes necessary to represent localised effects such as engine loading, high-lift-device
loading, and spanwise stiffness variation.

Rib

(a) 33 — Section (b) 7 - section
Figure 3. Spanwise discretisation of the CRM wing-box model. The 7-section model groups multiple
rib-bounded boxes into larger sizing regions, whereas the 33-section model sizes each rib-bounded
section independently.

3.4 Structural idealisation and inertial modelling

The present study focuses on the composite CRM wing configuration. The structural idealisation
follows the SLoT—SAIT modelling approach described in detail in [8]. In summary, the skin covers, spar
webs, and rib webs are represented using an intermediate-modulus carbon/epoxy composite laminate,
while the spar caps, stringers, rib flanges, and web stiffeners are modelled using aluminium-alloy T-
section idealisations. This representation provides an efficient preliminary model of the stiffened semi-
monocoque wing box while retaining the main load-carrying and stiffness characteristics required for
structural and aeroelastic assessment. During sizing, the skin and web thicknesses, stringer
dimensions, and stringer pitch are adjusted to minimise structural mass while satisfying the strength,
buckling, fatigue, and aeroelastic constraints defined in Section 3.3. The resulting spanwise mass and
stiffness distributions are then used for static deformation, gust-response, modal, and flutter analyses.

Secondary structural masses, fuel, and engine effects are included to improve the representativeness
of the preliminary model, as shown in Figure 4. The secondary structures include leading-edge and
trailing-edge devices, control surfaces, and associated non-primary components. These are estimated
using empirical mass methods and distributed along the span. Fuel is represented as a distributed
inertial mass in the wing tanks, while engine effects are included both as localised structural loads and,
for aeroelastic analysis, as a lumped mass at the pylon location. This distinction allows the local sizing
influence of engine loads to be separated from the global aeroelastic influence of engine mass.

https://doi.org/10.71945/icas2026 0628

Page 5 of 14


https://urldefense.com/v3/__https:/doi.org/10.71945/icas2026_0628__;!!PUsiunheXUSRyw!cde0Bya77_PUy0dhz3CroaQnHUGOb60jnH7zUL1JRDiAe4vgJGcd8y75ViP6k-YUPsWetoJrSAdfWfzUUNIDmcm25J4aIf3iIsi-F3X1$

Leading-edge s

high-lift devices ,@

A
.

Aileron

Centre tank
X

(a) Schematic layout of secondary structures and fuel tanks.
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(b) Mass breakdown of the wing structure.
Figure 4. Representation of secondary structural components, fuel distribution, and engine/pylon
location used in the preliminary sizing and aeroelastic assessment [8].

4 Load-Case and Constraint Definition

4.1 Load case definition
A reduced set of representative load cases was selected to support preliminary composite wing sizing
and criticality assessment. In detailed aircraft design, a large number of manoeuvres, gust, ground,
landing, and localised loading conditions must be considered. However, such an exhaustive load set
is not practical for early multidisciplinary design optimisation, where many structural configurations may
need to be assessed rapidly. The aim here is therefore not to reproduce a full certification load analysis,
but to identify a compact set of cases that captures the dominant internal load paths and governing
structural constraints.
Fifteen representative load cases were defined for the CRM wing, as summarised in Table 2. These
include cruise, buffet, symmetric pull-up, symmetric push-down, flap-down, rolling manoeuvre, discrete
gust, and engine-induced loading conditions. The aerodynamic cases were selected with reference to
typical transport-aircraft manoeuvre and gust envelopes, consistent with preliminary interpretation of
CS-25/FAR Part 25 requirements. Ground and landing-gear-related cases were not included because
the current wing-box model does not include a landing-gear structural representation. The selected
aerodynamic load cases include cruise flight, critical manoeuvres (e.g., pull-up, push-over, and roll),
landing scenarios (particularly with flaps deployed), and gust conditions, based on the typical flight and
gust envelopes illustrated in Figure 5. The red points in the figure indicate the selected design load
cases listed in Table 2. As shown in the gust envelope, the maximum gust load factor occurs at the
cruising speed, VC.
Table 2. Load cases applied for structural sizing of the wing (VC is design cruise speed; VD is design
dive speed; VFE is maximum flap-extended speed).

Load o .
Case ID Load type Description Details
1 Aerodynamic Cruise 37000 ft, 1.0 g symmetric, VC
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2 loads Buffet 37000 ft, buffet (reference Ma = 0.89 [16])
3 Cruise Sea level, 1.0 g symmetric, VC
4 Symmetric pull-up Sea level, 2.5 g symmetric pull-up, VD
5 Symmetric pull-up Sea level, 2.5 ET’\/[SZIEIE)I%T&I)BT)I up (reference
6 Symmetric push-down Sea level, -1.0 g symmetric push-down, VC
7 Flap down at landing Sea level, 2.0 g flap down 40 degrees, VFE
8 Rolling manoeuvres Sea level, Aileron +/-25 degrees, VD
9 Discrete gust Sea level, VC
10 37000 ft, VC
11 Engine max load at cruise 6.5 g vertical + 1.5*max cruise thrust
12 -3.5 g vertical + 1.0*max cruise thrust
13 Engine loads . 3.0 g vertical + 3.0*max take-off thrust
14 Engine max load at take-off 3.0 g vertical + 3.0*reverse thrust
15 Engine max side loads +/- 3.0g side
FLAPS UP ——0___ A D.D, Stalling curve !
+ Cv MAX L b al
2 =7 —® Ay U C
FLAPS Dowi\:t i g,\ ; o D 2 - ~§
g7 i | i ) i i 3 IR 2|
5 o (& e g % 3 s
3 : 3 S| kS ’ Flight
=il ” _0, ~Us [ D speed

-Cny MAX
TFiLAPS UP

(a) Typical Part 25 load cases and standard
transport V-N diagram of FAR25.33.
Figure 5. Flight and gust envelopes with selected design load cases (from CRM website) [17].

For the aerodynamic load cases, spanwise loading was calculated using the aerodynamic tools
available within the SLoT framework. The ESDUpac A95010 lifting-surface method was used as the
primary aerodynamic tool, supported by comparison with strip-theory estimates and higher-fidelity or
alternative methods, including Cranfield VFP and AVL. The aerodynamic loads were generated under

(b) Typical gust envelope.

a rigid-wing assumption and then integrated along the span to obtain shear force, bending moment,
and torque distributions for structural sizing.

The initial load-envelope assessment showed that the symmetric pull-up cases produced the largest
positive shear, bending moment, and torque demands, while the push-down case provided the
dominant negative loading condition. These internal load distributions formed the basis for the
subsequent composite wing-box sizing and sensitivity study.

Life(ki/m)

R : ¢

Figure 6. Spanwise aerodynamic and internal load envelopes obtained from the selected manoeuvre
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cases.

4.2 Sizing criteria and constraint definition

The structural sizing process enforces strength and buckling requirements as the primary design
constraints. Strength constraints are evaluated using the maximum stress criterion and the Tsai—\Wu
failure criterion, applied with a reserve factor of 0.8. Compliance is assessed by monitoring the peak
stresses in each composite panel during the sizing process. Damage strain tolerance is also imposed
by requiring that the critical strain under ultimate loads does not exceed 3500 ue. For buckling, the
structure must remain stable at the limit load with a buckling factor greater than 1.2. Buckling analysis
of the stiffened composite skin panels is performed using the finite strip method described in ESDU
03001 [18], supplemented by the practical design guidelines of Niu [19].

In accordance with CS-25 airworthiness requirements, the aeroelastic constraint specifies that the
flutter speed V; must exceed 1.15 times the dive speed V},. A fatigue criterion is also applied to the skin
design. The 1.0g cruise load case is scaled by a factor of 1.3 to account for gust effects, forming the
basis of the fatigue design loads. For the CFRP model, a critical fatigue stress threshold of 1000 N/mm?
is adopted, based on fatigue strength tests [20], [21].

4.3 Criticality-identification process

To identify the most influential load cases and constraints, a structured sensitivity sequence was
applied, as shown in Table 3. Sensitivity steps used for load-case and constraint criticality
identification.. The baseline case used the conventional 2.5 g symmetric pull-up manoeuvre with
strength constraints only. Additional constraints and load effects were then introduced progressively,
including buckling, aeroelastic constraints, wing-box inertial loads, secondary structural mass, fuel
mass, fatigue, push-down loading, flap-down loading, rolling manoeuvres, and engine-induced loads.

Table 3. Sensitivity steps used for load-case and constraint criticality identification.

Step No. Load Case and Description Design constraints
1 Load Case ID-5 (2.5 g, without inertial loads) Strength (stress-based)
2 Load Case ID-5 (2.5 g, without inertial loads) Strength + buckling + aeroelastic
3 Load Case ID-5 (2.5 g, add wing box inertial loads) Strength + buckling
4 II:EZ(LIT(]JE;TSESID;S nl(jS g, add inertial loads of wing box, Strength + buckling
5 Load Case ID-3 (1.0 g with 1.3 load factor for fatigue) | Strength + buckling + fatigue
6 Load Case ID-6 (-1.0 g) Strength + buckling
7 Load Case ID-7 (2.0 g, flap-down loads) Strength + buckling
8 Load Case ID-8 (rolling manoeuvre loads) Strength + buckling
9 Load Case ID-13 (critical engine loads) Strength + buckling + aeroelastic

Each step generated a new sized wing model. The resulting models were compared in terms of
structural mass, spanwise thickness distribution, wingtip deflection, elastic twist, modal behaviour, gust
response, and flutter speed. A load case or constraint was considered globally critical if it significantly
affected total mass, global stiffness, deformation, or flutter margin. It was considered locally critical if it
drove reinforcement in a specific wing region, such as near the engine/pylon attachment or high-lift-
device region.

This approach allows the criticality of each load case to be judged by its effect on the final sized
structure, rather than by nominal load magnitude alone. The outcome is a prioritised set of governing
load cases and constraints suitable for preliminary MDO sizing.
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5 Results and Discussion

5.1 Baseline sizing and effect of model resolution

The baseline sizing study was first conducted using the 2.5 g symmetric pull-up condition. Both the 7-
section and 33-section composite wing-box models were sized under the same loading and constraint
assumptions to assess the effect of spanwise discretisation on preliminary mass and stiffness
prediction. As shown in Figure 7, the resulting total masses of the two models were close, with the 7-
section and 33-section models giving approximately 8172 kg and 8088 kg, respectively. This difference
of about 1% indicates that both models capture the dominant global load-carrying behaviour of the
wing under the baseline manoeuvre case.

Although the total mass predictions are similar, Figure 7 also shows important differences in the
spanwise sizing distributions. The 7-section model produces stepwise thickness distributions because
several rib-bounded wing boxes are grouped into larger design regions. In contrast, the 33-section
model allows each wing-box segment to be sized independently, giving a more refined representation
of local thickness and stiffness variation.
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Figure 7. Comparison of spanwise thickness and mass distributions for the 7-section and 33-section
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composite wing-box models under the baseline 2.5 g sizing condition.

The static response under the same load case is shown in Figure 8. Both models predict similar global
bending behaviour, with comparable wingtip deflections. However, the predicted elastic twist differs
more noticeably, indicating that torsional stiffness is more sensitive to spanwise discretisation than
bending stiffness. This suggests that the coarse 7-section model is useful for rapid global mass
estimation, while the refined 33-section model is more appropriate when local stiffness distribution,
twist prediction, and load-path interpretation are important.
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Figure 8. Comparison of the static behaviour along the wingspan of the 7-section and 33-section
composite models under a 2.5g load.

5.2 Effect of load cases and constraints on structural mass

The sensitivity study was then used to determine how the inclusion of additional constraints and load
cases affects the predicted structural mass. Figure 9 compares the mass variation across the
sensitivity-study steps for spanwise discretisation. The baseline strength-only case provides the
lightest structure, but it does not include the stability and aeroelastic requirements needed for a realistic
preliminary design. When buckling and aeroelastic constraints are introduced, the required panel
thickness and stiffness increase. This confirms that strength-only sizing is insufficient for composite
wing-box design, where thin-walled panel stability can be a governing requirement.

As shown in Figure 9, the inclusion of wing-box inertial loads, secondary structural masses, and fuel
mass further modifies the sizing. These effects increase the realism of the preliminary model by
representing the distributed inertia associated with the wing structure, high-lift devices, control
surfaces, and fuel tanks. Although the corresponding mass increase is moderate, the resulting structure
provides improved stiffness and aeroelastic margins.

Figure 9 also shows that the lower-load manoeuvre cases, including the 1.0 g fatigue case, the -1.0 g
push-down case, the flap-down case, and the rolling case, affect the sized structure differently. The
fatigue case is important because it introduces a repeated-loading constraint that can increase local
panel thickness. The flap-down case is more bending-dominated, while the rolling case produces a
stronger torsional response. These cases therefore influence different aspects of the structural design,
even when they do not produce the largest total wing mass.

Engine-induced loads represent a more localised design driver. As seen in Figure 9, when critical
engine loads are applied under the 2.5 g condition, the 7-section model shows a more noticeable mass
increase because the coarse design regions force reinforcement over a wider spanwise extent. By
contrast, the 33-section model captures the local nature of the engine load path more effectively,
limiting reinforcement to the affected region. This demonstrates the importance of refined discretisation
when assessing localised load cases.

https://doi.org/10.71945/icas2026 0628

Page 10 of 14


https://urldefense.com/v3/__https:/doi.org/10.71945/icas2026_0628__;!!PUsiunheXUSRyw!cde0Bya77_PUy0dhz3CroaQnHUGOb60jnH7zUL1JRDiAe4vgJGcd8y75ViP6k-YUPsWetoJrSAdfWfzUUNIDmcm25J4aIf3iIsi-F3X1$

10000

——— 7-section composite
— 33-section composite

8000 = /

6000

Wing mass (kg)

4000 |-

2000 VT NS N N ) TS N SO TS NS
0

Step No.

Figure 9. Wing mass variation across the sensitivity-study steps for the 7-section and 33-section
composite wing-box models.

5.3 Effect on static, gust, and aeroelastic response

The structural response of each sized model was assessed using spanwise deflection and elastic twist.
Figure 10 shows the variation in wingtip deflection and elastic twist across the sensitivity-study steps.
As additional constraints are introduced, particularly buckling and inertial effects, both deflection and
twist generally decrease. This indicates that the added constraints drive an increase in bending and
torsional stiffness. The most significant stiffness increase occurs when buckling is included under the
2.5 g load condition, confirming that buckling is a dominant design constraint for the composite wing-
box structure.

The comparison in Figure 10 also shows that different load cases govern different response quantities.
The flap-down load case produces a primarily bending-driven response, while the rolling manoeuvre
generates the largest elastic twist. Engine loads have comparatively limited influence on global static
deformation, since their effect is concentrated around the engine/pylon region. Therefore, engine loads
are locally important for structural reinforcement but do not strongly alter the overall bending and twist
response of the wing.
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Figure 10. Wingtip deflection and elastic twist variation across the sensitivity-study steps.
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Gust-response analysis was performed to assess the dynamic deformation of the sized wing under
representative discrete gust inputs. The gust-response results, shown in Figure 11, indicate that the 7-
section and 33-section models produce similar wingtip response trends, suggesting that the global
bending response is reasonably well captured by both discretisation. The largest dynamic wingtip
deflection occurs at sea level for the longest gust-gradient case considered. Although the gust-induced
deformation does not govern the present baseline sizing, Figure 11 shows that gust response remains
an important consideration for future applications involving higher-aspect-ratio or more flexible wing
configurations.
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Figure 11. Dynamic wingtip response under selected discrete gust inputs.

Flutter analysis provides a clearer distinction between structural loading effects and mass-distribution
effects. Figure 12 shows the flutter speed variation across the sensitivity-study steps. Including
buckling, inertial loading, secondary components, and fuel effects generally increases structural
stiffness and improves flutter margin. However, the inclusion of engine lumped mass has the opposite
effect. Although the engine structural loads have limited influence on global static deformation, Figure
12 shows that the concentrated engine mass significantly changes the modal characteristics and
reduces the predicted flutter speed. This demonstrates that engine mass and location must be
represented explicitly in preliminary aeroelastic sizing.
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Figure 12. Flutter speed variation across the sensitivity-study steps, showing the influence of
buckling, inertial effects, and engine mass representation.

5.4 Critical load-case and constraint interpretation

The results in Figure 7—Figure 12 show that the criticality of a load case cannot be judged from load
magnitude alone. The conventional 2.5 g symmetric pull-up case remains important because it defines
the dominant positive bending and torsional load envelope. However, the comparison in Figure 9 shows
that a strength-only application of this case does not provide a sufficiently representative preliminary
design. Buckling must be included because it strongly affects composite panel thickness, global
stiffness, and flutter margin. Fatigue also contributes to local panel sizing and should be retained in the
preliminary constraint set.

The engine-related cases are critical in a different way. Figure 9 shows that engine structural loads
mainly affect local reinforcement around the engine/pylon region and are therefore sensitive to model
resolution. Figure 10 shows that the lumped engine mass is globally important for aeroelastic behaviour
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because it changes the modal characteristics and reduces flutter speed. This distinction highlights the
need to separate local structural criticality from global aeroelastic criticality.

The comparison between the 7-section and 33-section models in Figure 7—Figure 10 indicates that the
coarse model is adequate for rapid screening of global trends such as total mass and overall bending
behaviour. However, the refined model is preferable for identifying local load-driven reinforcement,
torsional stiffness variation, and aeroelastic sensitivity. For preliminary MDO, a practical approach is
therefore to use the coarse model for early structural layout exploration and the refined model for load-
case screening, constraint ranking, and verification of candidate sizing designs.

Overall, the governing design inputs for the present composite CRM wing are the 2.5 g pull-up
manoeuvre, buckling constraints, fatigue loading, secondary and fuel inertia, and engine mass
representation. The flap-down and rolling cases are important for checking bending- and torsion-
dominated responses, respectively, while gust response should be retained for future studies involving
more flexible or higher-aspect-ratio wings.

6 Conclusion

This paper presented a methodology for identifying critical load cases and governing constraints for
preliminary composite wing sizing using rapid structural and aeroelastic design tools. The approach
was demonstrated using a composite wing-box model based on the NASA Common Research Model,
with both coarse 7-section and refined 33-section spanwise discretisation considered.

A representative set of aerodynamic, gust, and engine-induced load cases was defined to support
preliminary sizing. Rather than treating load criticality purely in terms of applied load magnitude, the
proposed approach assessed each case according to its effect on the final sized structure. The
resulting models were compared in terms of structural mass, spanwise sizing distribution, static
deflection, elastic twist, gust response, modal behaviour, and flutter speed.

The results show that sizing based only on a conventional 2.5 g symmetric pull-up strength case is
insufficient for reliable preliminary composite wing design. Buckling constraint become the most critical
for strength requirement, leading to thicker sizing parameters and increased structural mass.
Secondary structure and fuel inertia primarily affect stiffness behaviour and aeroelastic response.
Engine structural loads mainly act as local sizing drivers, whereas the lumped engine mass has a
significant influence on modal characteristics and flutter speed. Therefore, engine mass and location
should be represented explicitly when assessing aeroelastic stability. The proposed criticality-
identification process provides a practical route for reducing the load-case set used in preliminary
multidisciplinary design optimisation while retaining the main structural and aeroelastic design drivers.
Future work will extend the methodology to more flexible and higher-aspect-ratio wing configurations,
where gust response and aeroelastic effects are expected to become more critical. The approach will
also support the development of reduced load-case sets for rapid MDO studies involving broader
planform, power system and installation, material, and structural-layout variations.
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