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Abstract

Joined-wing aircraft form a spatial load-carrying system through the front wing, rear wing and end plates, and
therefore have potential advantages in reducing induced drag, improving structural efficiency and providing
multidirectional space for mission payload integration. However, this configuration involves strong aerodynamic
interference, structural static indeterminacy and aeroelastic coupling during conceptual and preliminary design.
Directly relying on high-fidelity Computational Fluid Dynamics (CFD), structural Finite Element Method (FEM)
and coupled simulations for parametric design and optimization would lead to prohibitive computational cost. To
address this issue, this paper develops a two-way coupled aerodynamic-structural rapid evaluation method for
the preliminary design of the main lifting surfaces of joined-wing configurations. The aerodynamic model is based
on the Vortex Lattice Method (VLM). A non-penetration boundary condition is imposed along the local normal
direction of the deformed lifting surface, so that sweep, camber, geometric twist and elastic deformation are
consistently included in the circulation solution. Meanwhile, two-dimensional lift-curve-slope correction, friction
drag, pressure drag, sweep-related drag correction and the Viterna-Corrigan post-stall model are introduced to
compensate for the inviscid and attached-flow assumptions of the conventional VLM. For structural analysis, an
Equivalent Plate Model is established to describe the two-dimensional stiffness contribution of the skin, spars,
ribs and flange strips in the wing box. The aerodynamic loads and structural deformation are transferred on a
shared mesh to form a quasi-static two-way coupling framework. The proposed rapid evaluation model is
validated against CFD data for a simplified single-wing model under different leading-edge sweep angles and
angles of attack, and against FEM results for structural deflection. The results show that the mean relative errors
of lift, drag and lift-to-drag ratio over 45 CFD comparison cases are 2.69%, 3.45% and 5.29%, respectively, while
the relative error of the maximum structural deflection is approximately 2.19%. These results indicate that the
model can provide sufficient accuracy for trend prediction and parameter screening in preliminary design. Based
on this model, an aerodynamic-structural multi-objective optimization framework using NSGA-Il is further
formulated, where the lift-to-drag ratio and structural weight are taken as the main objectives and high-fidelity
verification of representative Pareto solutions is considered.

Keywords: Joined-Wing Aircraft, Fluid-Structure Coupling, VLM, EPM, MDO

1. General Introduction

High-altitude long-endurance unmanned platforms impose integrated requirements on aerodynamic
efficiency, structural weight, mission-payload installation space and flight stability. Compared with
conventional aircraft layouts, the joined-wing configuration forms a three-dimensional spatial frame
through the front wing, rear wing and end plates, which can alleviate the stiffness deficiency of high-
aspect-ratio wings and reduce induced drag to some extent. Therefore, the joined-wing layout is
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regarded as a promising configuration for long-endurance reconnaissance, patrol and multi-mission
payload integration[1-2,15].

Nevertheless, the design of joined-wing aircraft is a typical multidisciplinary coupling problem.
Aerodynamically, the front wing, rear wing and end plates interact with each other, and the local load
distribution and wing-tip vortex structure differ from those of conventional aircraft. Structurally, the end
plates connecting the front and rear wings alter the load-transfer path and boundary constraints,
making bending, torsion and local deformation strongly coupled. During conceptual and preliminary
design, performing high-fidelity CFD, FEM or fluid-structure interaction simulations for every candidate
configuration would significantly reduce the efficiency of parametric design and multi-objective
optimization[2-3,16-171].

Low-order physics-based models are of great value in preliminary aircraft design. The vortex lattice
method can predict the circulation distribution, lift and induced-drag trends of finite lifting surfaces at
low computational cost[3-5]. The equivalent plate model can retain the two-dimensional stiffness
characteristics of a wing box with relatively few degrees of freedom[8]. However, the conventional VLM
is based on inviscid, incompressible potential-flow assumptions and cannot accurately describe skin-
friction drag, pressure drag and separated stall. In recent years, curved-surface VLM and unsteady
VLM have been widely used in static aeroelastic analysis of flexible and high-aspect-ratio wings. These
studies commonly apply the non-penetration boundary condition on the local normal direction of the
deformed aerodynamic surface, so that the fluid velocity is zero in the surface-normal direction[6-7,18-
19]. This indicates that, for wings with camber, sweep, twist and significant elastic deformation, a
complete local-normal boundary condition is more physically consistent than a simplified downwash
condition in the global z direction.

This paper aims to construct an aerodynamic-structural rapid evaluation model that supports two-way
fluid-structure coupling and can be embedded into an optimization process. Since a complete joined-
wing configuration would simultaneously introduce front/rear-wing interference, end-plate interference
drag and fuselage effects, this work first establishes a simplified wing model for the key load-carrying
lifting surface of the joined-wing aircraft, so as to verify the basic accuracy and correction strategy of
the rapid aerodynamic-structural evaluation model.

The main contributions of this paper are as follows: a quasi-three-dimensional VLM model is
established with hybrid cosine meshing, sweep, camber, elastic deformation and geometric twist; an
aerodynamic correction strategy combining VLM and strip theory is introduced; an equivalent plate
structural model is developed; a two-way coupled aerodynamic-structural rapid evaluation model is
built and validated against CFD data; and an NSGA-Il-based aerodynamic-structural multi-objective
optimization framework is formulated.

2. Research Object and Hierarchical Modelling Strategy

As shown in Figure 1, the joined-wing configuration features front/rear-wing connection and multiple
load paths. If a complete joined-wing rapid evaluation model is established before the component
models are sufficiently verified, aerodynamic-interference errors, structural-equivalence errors and
coupling-transfer errors would appear simultaneously, making it difficult to identify the dominant source
of error. Therefore, a simplified single-wing model is first established with reference to the front-wing
span, root chord, tip chord and leading-edge sweep angle of the target joined-wing aircraft. A
hierarchical modelling strategy is adopted. First, the simplified single-wing model is used to improve
the VLM aerodynamic prediction, equivalent plate structural representation and aerodynamic-
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structural coupling framework. Second, the model is extended to a simplified two-wing configuration
including the front and rear wings, so that the prediction accuracy of the main lifting surfaces can be
verified. Finally, fuselage effects, overall geometric constraints and mission-payload constraints will
be incorporated into the multidisciplinary optimization framework.

Figure 1 — Schematic of the integrated joined-wing aircraft

This hierarchical strategy does not weaken the engineering significance of the proposed model. On
the contrary, the simplified wing model provides a verified aerodynamic-structural rapid evaluation
module for the complete joined-wing model, and its correction strategy can be checked using CFD
data. In this paper, aerodynamic and structural validation is completed based on the simplified single-
wing model, while aerodynamic prediction for the simplified two-wing model is emphasized. The
aerodynamic interference, load distribution and system-level geometric constraints of the full joined-
wing configuration will be investigated in future work.

3. Establishment and Correction of the Aero-Structural Rapid Evaluation Model

3.1 Aerodynamic Rapid Evaluation Model

For the aerodynamic analysis, a VLM-based force prediction framework is first established for the
simplified single-wing model. The VLM is a low-to-medium-fidelity aerodynamic method based on
potential-flow theory. Its basic assumptions are that the perturbation flow around the wing is
incompressible, inviscid and irrotational within the attached-flow regime. In the VLM, the wing is
represented as a thin lifting surface and discretized into a set of vortex panels. Horseshoe vortices or
vortex rings are placed on the lifting surface, as illustrated in Figure 2, to model the aerodynamic effect
of the airfoil surface[3-5].
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Figure 2 — Principle of the vortex lattice method

Based on potential-flow theory, the perturbation velocity potential in the VLM satisfies the Laplace
equation, and the total velocity can be written as the sum of the freestream velocity and the
perturbation velocity:

V=0, V=V +V¢ (1)

The lifting surface is discretized into a finite number of vortex panels. For each panel, the bound vortex
is placed at the quarter-chord line, the control point is placed at the three-quarter-chord line, and the
trailing vortex extends downstream along the freestream direction. The induced velocity at a spatial
point P generated by a finite straight vortex segment AB can be written using the Biot-Savart law as

follows:
I' rxr 7 7
VAB(P):_I—zz ”0'(—1__2] (2)
4z [ K xr, | nl nl
where the vectors define the relative positions between the vortex-segment endpoints and the field

point. For a horseshoe vortex consisting of one bound vortex segment and two trailing vortex segments,
the induced velocity at control point P is the sum of the velocities induced by all vortex segments:

+ vtrail,R (3)

The VLM requires the non-penetration condition to be satisfied at the control points. In the conventional
formulation for a flat thin wing at small angles of attack, the non-penetration condition is usually
simplified as a downwash balance in the global z direction, that is, only the vertical component of the
induced velocity is used to cancel the vertical component of the freestream velocity:

V= vbound + vtmil,L

N
2Lw, ==V, sina,, (4)
=1

This formulation is simple and is suitable for rapid evaluation of approximately planar wings during
preliminary design. However, it implicitly assumes that the surface normal is approximately aligned
with the global z direction. When sweep, camber, geometric twist or structural deformation exists, the
actual panel normal can deviate significantly from the global z direction, and the simplified downwash
condition cannot properly retain the sensitivity to effective angle of attack, sweep and twist.
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In this paper, the complete local-normal boundary condition is adopted. Let the three-dimensional
induced velocity generated at the i control point by the ;" unit-circulation vortex element be denoted
by the corresponding influence coefficient, and let the local unit normal vector of the i panel be defined
on the deformed surface. The non-penetration condition can then be written as:

[Vw+ir_jvy}-ni20 (5)

A, =v;-n,  b=—f,(Vn), AC=b (6)

The local unit normal vector is obtained by taking the cross product of the local chordwise tangent
vector, including the camber-line slope, and the spanwise tangent vector:

l* ¢ dz ‘ P ‘ tc i x ts i (7)
=t .+ ¢ e, n, = —
c,i c,i dx i c,i z |tc’l- thﬂi |

By solving the linear system in Eq. (6), the circulation of all vortex elements can be obtained. The
aerodynamic force on each panel is then calculated using the Kutta-Joukowski theorem:

L=pVT (8)

For the /" bound vortex segment, the force can be written as:
dij =pl—‘j(l/local,jxdlj) (9)

where the velocity is the sum of the freestream and induced velocities at the midpoint of the vortex
segment, and the vector denotes the direction of the bound vortex segment. Projecting the
aerodynamic force onto the lift and drag directions in the wind-axis system gives the lift and drag of
the vortex panel:

L =dF, e, D, =dF, e, (10)

Summing over all panels yields the total lift and drag of the wing:

L=

N
L, D=

J

D, (11)

N
J=1

J=1
For grid generation, a hybrid cosine distribution is used in both the spanwise and chordwise directions.
The main part of the grid is based on uniform spacing, while cosine clustering is applied near the wing
tip, leading edge and trailing edge where circulation gradients are large. This strategy avoids the

excessive computational cost caused by globally dense grids. The general form of the cosine
distribution is:

s = [1-costm].  uefo (12)
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Figure 3 shows the wing mesh generated by the hybrid cosine grid.

Figure 3 — Schematic of wing mesh generation

According to the preliminary design parameters of the front wing of the target aircraft, the parameters
of the simplified single-wing model are set as shown in Table 1.

Table 1 — Aerodynamic design parameters

Parameter Value Parameter Value

Span 6.0m Root chord 0.56 m

Tip chord 0.254 m Leading-edge sweep angle 21.5°
Geometric twist angle -2° Maximum relative airfoil thickness 12%
Maximum airfoil camber 4% Position of maximum camber 0.4c

The NACA4412 airfoil is selected as the wing-section shape. As a four-digit NACA airfoil, NACA4412
has a maximum camber of 4%, a maximum-camber position at 40% chord and a maximum relative
thickness of 12%. The maximum camber, maximum-camber position and maximum relative thickness
are used as the parametric description of the airfoil shape.

3.2 Corrections and Improvements for the Limitations of the VLM

3.2.1 Viscous Correction of Lift-Curve Slope

The VLM is based on potential-flow theory. When it is reduced to an infinite-span straight thin wing,
the corresponding two-dimensional lift-curve slope differs from that of a real viscous airfoil. Therefore,
under the design condition considered in this paper, namely an altitude of 1 km, a flight speed of 35
m/s, a mean aerodynamic chord of 0.407 m and a Reynolds number of approximately 0.9 million, the
lift variation of the NACA4412 airfoil with angle of attack is calculated to obtain the viscous two-
dimensional lift-curve slope. A viscous lift-curve-slope correction factor is then introduced, and the
circulation equation becomes[5]:

AT = «b (13)

3.2.2 Drag Decomposition and Correction

The VLM can accurately predict circulation distribution, lift and induced drag, but it cannot directly
model boundary-layer friction, viscous effects, pressure drag or separated stall. For low-speed flight,
the total drag consists of induced drag and zero-lift drag[3,5]:

D,

total —

D +D

induced viscous ( 1 4)
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The induced drag is calculated from the circulation using the Kutta-Joukowski theorem. Since the VLM
cannot directly predict viscous drag and separation, a strip-theory correction is introduced to compute
the sectional zero-lift drag. The zero-lift drag is decomposed into friction drag, pressure drag and
separation drag:

Dviscous = z qutrip (Cd,f,3D + Cd,p,3D + Cd,sep,3D ) (1 5)
Strip
|
q= EPVOO (16)

The friction drag is estimated using a turbulent flat-plate approximation, and the Hoerner form factor
is used to account for airfoil-thickness effects:

0.074
€ =R an
t AN
FF:1+2—+60(—] (18)
C C
C,,=2C,FF (19)

where the parameter denotes the maximum airfoil thickness.

The pressure drag is represented by a combination of a quadratic term related to the local lift coefficient
and an incidence-dependent drag term:

k

Cd proﬁleC12 +K Sil’lz a: f;weep ’ j‘/bde (20)

2

The first term denotes the sectional profile-drag increment under lifting conditions: as lift increases,
the pressure distributions on the upper and lower surfaces become asymmetric, and the suction peak,
adverse pressure gradient and boundary-layer separation tendency are enhanced. Therefore, the two-
dimensional airfoil drag polar is often approximated by a parabolic form. The second term represents
incidence-related drag: as the angle of attack increases, the frontal projected area, leading-edge
suction peak, separation tendency and pressure-recovery loss all increase. When the incidence angle
is zero, this term vanishes. At small angles of attack it is approximately symmetric with respect to
positive and negative angles, whereas at large angles it increases rapidly and approaches the trend
of flat-plate pressure drag.

The zero-lift drag is calculated from sectional airfoil data and is therefore two-dimensional in nature.
When it is extended to a three-dimensional wing, three-dimensional effects must be considered. For
swept wings, the pressure distribution is influenced by spanwise flow. Therefore, pressure drag and
additional separation drag are corrected for sweep effects in this paper, whereas friction drag is not
corrected because it is less sensitive to sweep[10].

Cd.f 3D~ Cd,fric,ZD

_ 3
Capap =08 A-Cy op (21)
Cd,sep,3D =Cos A ) Cd,sep,ZD
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3.2.3 Stall and Post-Stall Correction

In the high-angle-of-attack separated-flow region, the conventional VLM continues to increase lift
linearly according to the potential-flow solution, which leads to overpredicted lift and underpredicted
drag. Although the optimization condition of the joined-wing aircraft in this study corresponds to a
relatively small angle of attack, a simple correction is introduced to improve the generality of the
aerodynamic rapid evaluation model. The Viterna-Corrigan post-stall polar is used to extrapolate
sectional lift and drag[9-10]:

2
Cy oy = 4 5IN(20) + 4, CS‘:I; (22)
C, oy =B sin” a + B, cosa (23)

The coefficients are determined from the lift and drag coefficients at stall and the equivalent drag
coefficient at a 90 deg angle of attack. To avoid discontinuities, a smooth blending function is used to
connect the pre-stall model with the post-stall model:

C=Choe +1(Cpo ~Chue)»  1=35"-25", s€[0,1] (24)

For the positive-angle post-stall region, a small residual lift-retention term is also introduced to
represent the weak vortex-lift retention that may exist after separation on swept wings:

AC,

1, vortex

=G, sin’ acosa (25)

3.3 Structural Rapid Evaluation Model

For structural rapid evaluation, an equivalent beam model mainly reduces the wing to spanwise
distributions of bending stiffness El and torsional stiffness GJ. This approach is suitable for rapidly
estimating the global bending deformation of high-aspect-ratio wings, but its structural degrees of
freedom are primarily distributed along the span. It is therefore difficult to describe the two-dimensional
stiffness distribution of the skin, spars, ribs and flange strips in the chordwise and spanwise directions,
or to accurately represent local torsion, multiple load paths in the wing box and changes in the
chordwise position of aerodynamic loads. In previous work, the equivalent beam model produced
deflection errors of approximately 10% for some cases. If the single-beam model were still used in
subsequent fluid-structure coupling and optimization, the structural approximation error would be
propagated into the aerodynamic loads and optimization results.

Therefore, this paper advances from the equivalent beam model to the equivalent plate model. The
wing box is treated as an orthotropic plate, and the contributions of the skin, spars, ribs and flange
strips are included in the bending stiffness matrix D and transverse shear stiffness matrix As through
stiffness equivalence. The equivalent plate model retains the two-dimensional stiffness characteristics
of the wing box with relatively few degrees of freedom and can be regarded as a rapid structural
analysis model between the equivalent beam model and high-fidelity shell/solid finite element
models[8].
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For the simplified single-wing model, the preliminary structural design parameters are selected as
shown in Table 2.

Table 2 — Structural design parameters

Design parameter Value Design parameter Value
Elastic modulus 71.7 GPa Poisson's ratio 0.33
Front spar position 0.25¢ Skin thickness 2 mm
Rear spar position 0.65¢ Rib thickness 2 mm
Flange-strip thickness 0.01m Rib spacing 0.2m

In the current model, the wing box is equivalent to an orthotropic plate. For each shared
aerodynamic/structural panel, the equivalent wing-box height H is first estimated according to the local
chord length, relative thickness and chordwise location. The stiffness contributions of the skin, ribs,
spars and flange strips are then assembled into the element bending stiffness matrix D and transverse
shear stiffness matrix As. The skin mainly contributes to bending stiffness and part of the
torsional/shear stiffness through the distance of the upper and lower skins from the neutral plane. The
ribs are converted into chordwise bending-stiffness contributions according to the rib spacing. The
spars and flange strips mainly carry spanwise bending moments, so their chordwise positions have
local effects on spanwise bending stiffness. This treatment preserves the explicit relationship between
the structural design variables and the stiffness matrices, making it convenient to use skin thickness,
rib spacing, rib thickness and flange-strip area as optimization variables. As shown in Figure 4, the
spars are shown in red, the ribs in green and the skin in blue; the equivalent plate model converts
these components into equivalent stiffness contributions.

Figure 4 — Schematic of the equivalent plate model

The structural solution is obtained using a four-node Mindlin plate element. Each node contains three
degrees of freedom: transverse deflection and rotations about the two in-plane axes. The Mindlin plate
theory retains transverse shear deformation and is suitable for wing-box structures where the
equivalent thickness is not negligible while computational efficiency must be maintained. The element
stiffness consists of bending and shear terms. A 2 x 2 Gauss integration scheme is used for the
bending term, and a 1 x 1 selective reduced integration scheme is used for the shear term to alleviate
shear locking of low-order Mindlin plate elements in the thin-plate limit. The global structural
equilibrium equation is[8]:

Ku, = f, (26)
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where the stiffness matrix denotes the equivalent plate structural stiffness matrix, the displacement
vector contains nodal deflections and rotations, and the load vector is obtained by mapping
aerodynamic panel forces to structural nodes.

3.4 Bidirectional Fluid-Structure Coupling

The studied joined-wing aircraft operates at an altitude of 1 km and a flight speed of 35 m/s, with a
Reynolds number of approximately 0.9 million. For the fluid-structure coupling problem, this condition
can be regarded as a static aeroelastic problem. A quasi-static two-way coupled aerodynamic-
structural rapid evaluation model is therefore constructed. To facilitate data transfer and reduce
interpolation error, the aerodynamic and structural modules share the same mesh. The aerodynamic
forces are obtained at the VLM control points, whereas the structural nodes are located at the four
corners of each quadrilateral panel. In each coupling iteration, the aerodynamic model is first solved
on the current deformed geometry to obtain panel forces. These aerodynamic loads are then mapped
to structural nodes using the idea of four-node panel shape functions. After the structural solver obtains
the deflection, the aerodynamic geometry is updated and the next aerodynamic solution is performed.
When the change in the maximum deflection between two consecutive iterations satisfies a prescribed
residual criterion, the two-way coupling is considered converged. The convergence criterion is:

max, [w —w < g (27)

At the fluid-solid coupling interface, the coupled variables such as displacement and stress must be
equal or conservative between the fluid and solid domains. The governing interface conditions are
therefore written as:

n-T,=n-t (28)

re =1 (29)

where the stress and displacement variables are defined on the coupling interface, the vector denotes
the outward unit normal, and the subscripts f and s denote the fluid and solid domains, respectively.
In this work, a shared mesh and equivalent nodal-force mapping are used to transfer data between
the aerodynamic and structural solvers[11].
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Figure 5 — Schematic of data transfer on the coupling interface

4. Hierarchical Validation of the Rapid Evaluation Model

4.1 Validation of Aerodynamic Predictions against CFD Data
The aerodynamic forces predicted by the two-way coupled aerodynamic-structural rapid evaluation
model are compared with CFD data for the simplified single-wing model. The leading-edge sweep

10
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angle is varied among 16.5 deg, 21.5 deg and 26.5 deg, and the angle of attack ranges from -10 deg
to 18 deg. The comparisons are conducted at an altitude of 1 km under standard atmospheric
conditions and a flight speed of 35 m/s, including lift, drag and lift-to-drag ratio.

Figure 6 shows the lift, drag and lift-to-drag-ratio curves of the simplified single-wing model with a 21.5
deg leading-edge sweep angle, comparing the rapid evaluation model with CFD data over the angle-
of-attack range. The rapid evaluation model achieves high fitting accuracy for lift and drag between -
10 deg and 10 deg. When the angle of attack exceeds 10 deg, the model still captures the trend of lift
peaking and drag increasing rapidly due to flow separation. The lift-to-drag-ratio curve also indicates
that the rapid evaluation model maintains high fitting accuracy and good robustness over different
angles of attack.

21.5°Leading-Edge Sweep Angle Model Lift 21.5°Leading-Edge Sweep Angle Model Drag

Lift/(N) Drag/(N)
2000+
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Figure 6 — Aerodynamic curves of the simplified single-wing model

Figure 7 presents the aerodynamic-error heat map of the simplified single-wing model for different
leading-edge sweep angles. A relatively large lift error appears at an angle of attack of -4 deg because
the lift is close to zero in this region. When the relative error is calculated, the small denominator
amplifies the otherwise small absolute error. The large relative error of the lift-to-drag ratio at -4 deg
originates from the same reason. The heat map clearly illustrates the error distribution between the
rapid evaluation model and CFD data over different operating conditions. The relative errors of lift,
drag and lift-to-drag ratio remain low in the angle-of-attack range from 0 deg to 8 deg, which satisfies
the requirements of optimization-oriented preliminary design.

11
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Figure 7 — Aerodynamic relative error heat map of the simplified single-wing model

4.2 Validation of Structural Deflection against FEM Data

The structural discipline is validated using the previously developed two-way coupled aerodynamic-
structural rapid evaluation model. The maximum wing deflection predicted by the rapid evaluation
model is compared with FEM simulation data. The comparison case is based on the simplified single-
wing model with a 21.5 deg leading-edge sweep angle and a 4 deg angle of attack. The input loads
for the FEM model are obtained from the wing-surface pressure files of the corresponding CFD
simulation.

12
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Figure 8 shows the maximum deflection and deformation predicted by the rapid evaluation model,
whereas Figure 9 shows the maximum deflection and deformation obtained from the FEM simulation.

Wing Deformation Comparison - Maximum Tip Deflection: 19.564 mm
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Figure 8 — Maximum deflection and deformation predicted by the rapid evaluation model

Figure 9 — Maximum deflection and deformation calculated by FEM

The maximum wing deflection predicted by the rapid evaluation model occurs at the wing tip and is
19.564 mm. The FEM simulation also indicates that the maximum deflection occurs at the wing tip,
with a value of 19.145 mm. The relative prediction error is 2.2%, and the two deformation patterns are
consistent. This demonstrates that the rapid two-way coupled aerodynamic-structural evaluation
model predicts structural deflection with sufficient accuracy for optimization-oriented design.

5. Aerodynamic-Structural Multiobjective Optimization Based on NSGA-II

5.1 NSGA-II Multi-Objective Algorithm

NSGA-Il is selected as the main algorithm for the subsequent aerodynamic-structural multi-objective
optimization. NSGA-Il is a multi-objective evolutionary algorithm based on non-dominated sorting,
crowding-distance preservation and elitism. It can obtain a set of approximate Pareto-optimal solutions
in a single optimization run without requiring the lift-to-drag ratio and structural weight to be artificially
combined into a single weighted objective. For preliminary joined-wing design, the improvement of lift-
to-drag ratio, reduction of structural weight, deformation control and geometric constraints are
inherently conflicting. In addition, the objective functions may be nonlinear, locally non-smooth and

13
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multimodal. Therefore, compared with gradient-based local optimization methods, NSGA-Il imposes
fewer requirements on differentiability and is more suitable for global exploration at the current
stage[12-13,20-22].

In the proposed framework, NSGA-Il is used only as an outer-loop optimizer that calls the rapid
evaluation model. Each individual corresponds to a set of aerodynamic and structural design variables.
The rapid evaluation model calculates responses such as lift, drag, lift-to-drag ratio, structural weight
and maximum deflection, and the optimizer retains non-dominated solutions according to the objective
functions and constraints. Since this paper focuses on the establishment and validation of the rapid
evaluation model, the algorithmic details of NSGA-Il are not expanded; the algorithm is used as an
engineering optimization tool for obtaining the Pareto front.

5.2 Design Variables and Area Constraint

The design variables are divided into aerodynamic and structural variables. The aerodynamic
variables include taper ratio, leading-edge sweep angle and geometric twist angle, which describe the
wing planform, three-dimensional sweep effect and wing-tip unloading. The structural variables include
skin thickness, rib spacing, rib thickness and flange-strip thickness, which control the bending stiffness,
torsional stiffness and structural weight of the wing box. To prevent the optimization result from being
dominated by lift increase due to a larger wing area, the wingspan and wing area are kept
approximately constant during optimization. The root and tip chords are therefore re-parameterized
using the taper ratio:

2Sref
c, —, c, = Ac, (30)
b(1+ A1)

Accordingly, the optimization-variable vector is written as:

T
X = I:ﬂ” ALE b etwi.vt > tskin b Lrib > trih s tﬂange] (31 )

The optimization variables and their ranges are listed in Table 3

Table 3 — Optimization design variables

Design parameter Value
Taper ratio [0.3, 1.0]
Leading-edge sweep angle / ° [10, 30]
Geometric twist angle / ° [0, 5]
Skin thickness / mm [1, 4]
Rib spacing / m [0.1, 0.5]
Rib thickness / mm [1, 4]
Flange-strip thickness / mm [5, 20]
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5.3 Objective Functions and Constraints

A bi-objective formulation is adopted: under the constraints of required lift and structural deformation,
the lift-to-drag ratio is maximized and structural weight is minimized. To allow a unified minimization
form in NSGA-II, the maximization of lift-to-drag ratio is transformed into the minimization of the
negative normalized lift-to-drag ratio:

_(L/D)x) Ws(x)}r (32)

minF(x)={ LD W
ref

ref
where the structural weight is estimated by the equivalent plate model, and the reference lift-to-drag
ratio and structural weight are taken from the baseline configuration. The main constraints include the
design-lift constraint, maximum-deflection constraint, area-preservation constraint and side
constraints on design variables:

L(x
gl(X)=1—QSO (33)
Lreq
o (x
gz(x):k()—lﬁo (34)
allow
S(x)-S,,,
g (x) =|———-&:<0 (35)
ref
xmin =x= xmax (36)

where the required lift is specified by the flight condition, the maximum deflection is obtained from the
coupled structural calculation, the allowable maximum deflection is prescribed by structural
requirements, and the area-preservation tolerance controls the variation in wing area. Individuals that
violate the constraints can be removed or penalized using a feasibility-first rule during optimization.

5.4 Pareto-Front Generation and High-Fidelity Verification

NSGA-II produces a set of Pareto non-dominated solutions rather than a single optimum. For the
aerodynamic-structural coupled optimization problem considered in this paper, the Pareto front
represents the trade-off between improving the lift-to-drag ratio and reducing structural weight.
Designs near the high-lift-to-drag side usually require stronger structural load-carrying capability and
stricter deformation control, whereas designs near the low-weight side may sacrifice part of the
aerodynamic efficiency or constraint margin. Representative solutions, including the maximum lift-to-
drag-ratio point, minimum-weight point and compromise point, can be selected according to mission
requirements. The compromise point can be identified using a knee-point criterion in the normalized
objective space:

xknee = arg minxeP F;wrm (x) - Edeal (37)

2

After the Pareto front is obtained, several representative design points should be selected for high-
fidelity verification. Aerodynamically, corresponding CFD models can be rebuilt to verify lift, drag, lift-
to-drag ratio and load distribution. Structurally, corresponding FEM models can be established to verify
maximum deflection, stress level and structural weight. If systematic discrepancies appear between
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the high-fidelity simulations and the rapid evaluation model, the discrepancies can be fed back into
the corresponding correction terms of the rapid model for further calibration. When high-fidelity
samples are expensive to obtain, surrogate models or multi-fidelity residual models can also be used
to improve the efficiency of design-space exploration[14,23].

6. Discussion and Future Work

The results indicate that the proposed two-way coupled aerodynamic-structural rapid evaluation model
can achieve high prediction accuracy with limited samples. However, its applicability boundaries still
need to be further clarified. First, the current validation object is a simplified single lifting surface and
does not yet include the wake interference between the front and rear wings, end-plate interference
or fuselage effects of the complete joined-wing configuration. Second, although the equivalent plate
model has stronger two-dimensional stiffness representation capability than the equivalent beam
model, its deflection and stiffness-equivalence accuracy should still be compared against FEM results
for different configurations.

Future work will proceed in two directions. First, the prediction accuracy of the aerodynamic and
structural disciplines should be validated for the simplified two-wing model and the complete joined-
wing aircraft, with emphasis on front/rear-wing load distribution and aerodynamic interference. Second,
aerodynamic-structural multi-objective optimization based on NSGA-II should be completed, and key
design points on the Pareto front should be verified using high-fidelity simulations.

7. Conclusions

This paper develops a two-way coupled rapid evaluation framework based on a corrected vortex lattice
method and an equivalent plate model to meet the demand for rapid and medium-fidelity aerodynamic-
structural assessment during the preliminary design of joined-wing aircraft. Aerodynamically, the
conventional VLM is extended by introducing a complete local-normal non-penetration boundary
condition, hybrid cosine meshing and three-dimensional deformed-geometry modelling. Two-
dimensional lift-curve-slope correction, drag decomposition, sweep-related drag correction and the
Viterna-Corrigan post-stall model are introduced to compensate for the limitations of potential-flow
methods in viscous drag and separation prediction. Structurally, the equivalent plate model is used to
describe the contributions of the skin, spars, ribs and flange strips to the two-dimensional stiffness of
the wing box, and quasi-static two-way coupling with aerodynamic loads is established. Validation
based on the simplified single-wing model shows that the mean relative errors of lift, drag and lift-to-
drag ratio over 45 CFD comparison cases are 2.69%, 3.45% and 5.29%, respectively, and the relative
error of the maximum structural deflection compared with FEM is approximately 2.19%. These results
demonstrate that the proposed model can satisfy the accuracy requirements for parameter screening
and trend prediction in preliminary design. On this basis, an NSGA-Il-based aerodynamic-structural
multi-objective optimization framework with lift-to-drag ratio and structural weight as the core
objectives is further constructed, providing a methodological basis for subsequent Pareto-front
generation, high-fidelity CFD/FEM verification and model recalibration for the complete joined-wing
configuration.
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