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Abstract

Numerical simulations employing the dynamic mesh method were performed to investigate
the unsteady aerodynamics of variable-sweep wings during morphing. Quasi-steady and
unsteady aerodynamic characteristics were compared, and the effects of key operating
conditions (freestream velocity, angle of attack, morphing period, wingspan, chord length)
on unsteady aerodynamics were analyzed. To enable the rapid prediction of unsteady
aerodynamics, a Kriging surrogate model was established and validated against high-
fidelity CFD results. The results indicate that unsteady effects manifest as hysteresis
loops in aerodynamic coefficients within the morphing cycle. The wing morphing period,
angle of attack, freestream velocity, and wingspan have a pronounced impact on the
unsteady aerodynamic characteristics, whereas the effect of chord length is negligible.
Reduced morphing periods, increased angles of attack, and increased wingspans amplify
the hysteresis loop size and enhance the unsteady effects. An increase in the freestream
velocity intensifies unsteady effects in the subsonic flow, while it attenuates unsteady
effects in the supersonic flow. Compared to direct CFD simulations, the Kriging model for
unsteady aerodynamic characteristics prediction achieves a 97% improvement in overall
computational efficiency, while its predicted hysteresis loops are in good agreement with
CFD results in both trend and magnitude, with an average prediction error below 4% and
a maximum error of less than 6%. The Kriging surrogate model developed in this study
offers substantial practical value for engineering applications by meeting the demand for
rapid aerodynamic computation in the concept design phase for morphing aircraft.

Keywords: variable-sweep wings; unsteady aerodynamic characteristics; Kriging model; CFD

1. Introduction
Morphing aircraft enhance flight efficiency and economic viability across diverse

flight phases by adaptively altering fuselage or wing configurations to achieve a global
aerodynamic optimum [1]. Common wing morphing strategies include leading/trailing
edge morphing, variable camber, wing extension/retraction, folding, and variable sweep.
Among these, variable sweep is particularly significant. However, the traditional me-
chanical rigid-body variable-sweep wing design inevitably introduces additional mass,
conflicting with the trend of lightweight aircraft design. Recent advances in smart mate-
rials fand morphing skins have enabled the realization of flexible variable-sweep wing
concepts [2–4].
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The study of aerodynamic characteristics is fundamental to aircraft structural de-
sign [5–7], layout optimization, and flight control. For vasriable-sweep wings, quasi-steady
aerodynamic data alone is insufficient. A comprehensive understanding of unsteady
aerodynamic characteristics and their influencing factors during the morphing process
is essential.

Research into the unsteady aerodynamics of morphing wings has provided valuable
insights. Chen et al. [8,9] proposed that the formation mechanism of unsteady aerodynamic
characteristics during the continuous morphing of variable-sweep aircraft can be attributed
to three physical effects: the flow-field hysteresis effect, the additional velocity effect, and
the wall implication effect. They further reported that the shearing variable-sweep wing
exhibited more favorable characteristics compared with the rotating variable-sweep wing.
Han et al. [10] demonstrated notable discrepancies between quasi-steady and unsteady
aerodynamic forces on variable-sweep UAVs via numerical simulations. Yao et al. [11] ana-
lyzed the flow mechanism of the designed spanwise morphing wing via CFD simulations,
and the results demonstrated that the proposed configuration can effectively mitigate the
gust effect during flight. Xu et al. [12] numerically investigated the unsteady aerodynamic
characteristics of folding wings during morphing using CFD, revealing that airfoil thick-
ness exerts a pronounced impact on the aerodynamic load distribution and hinge moment
characteristics of folding-wing aircraft. Guo et al. [13] identified pronounced nonlinear
aerodynamic effects during morphing using CFD simulation coupled with a flight control
system. Gu and Hong [14] found through CFD simulations that the wingspan variation of
rectangular wings has a negligible effect on the lift-to-drag ratio but a significant impact on
lift performance. Rana et al. [15] conducted an aerodynamic analysis of a morphing wing
under cruise conditions via CFD, and proposed the optimal geometric configuration for its
shape morphing. Kabir et al. [16] investigated the aerodynamic performance of trailing-
edge morphing wing configurations using CFD simulations, and put forward the most
effective configurations for different flight phases. Zeng et al. [17] employed an overset
mesh to obtain the unsteady aerodynamic characteristics during the varying sweep process.
The results showed that the additional velocity induced by wing sweep variation alters
the lateral flow and effective angle of attack. The additional velocity was identified as the
primary factor contributing to the differences between steady and unsteady aerodynamics.
By contrast, Si et al. [18], studying a variable-sweep UAV, emphasized flow-field hysteresis
as the dominant cause of these discrepancies.

While these studies provide a valuable foundation, critical gaps persist, particularly
concerning flexible variable-sweep wings. Detailed analyses of simulation methodologies
and parametric studies on influences on unsteady aerodynamics remain scarce. More-
over, conventional high-fidelity CFD simulations for unsteady flows are prohibitively
time-consuming, hindering their practical utility for rapid iteration during preliminary
design phases in engineering applications. To address these limitations, this paper develops
a rapid prediction framework for the unsteady aerodynamics of flexible variable-sweep
wings based on a Kriging surrogate model [19]. Currently, most research efforts dedi-
cated to constructing surrogate models for aerodynamic characteristics are focused on the
aerodynamic shape optimization of airfoils. For instance, Raul et al. [20] carried out the
aerodynamic shape optimization design of airfoils using the Kriging model. The optimized
airfoils demonstrated a notable reduction in the fluctuation of the pitching moment coeffi-
cient when compared to the original ones. Shen et al. [21] achieved a 4.03% increase in the
lift-to-drag ratio of the optimized airfoil through the Kriging model. Wang et al. [22] and
Phiboon et al. [23] obtained respectively optimized airfoils with favorable aerodynamic
characteristics by integrating the Kriging model with different algorithms. Cairns et al. [24]
established an aerodynamic optimization framework for airfoils by integrating the Kriging

https://doi.org/10.3390/aerospace13040305

https://doi.org/10.3390/aerospace13040305


Aerospace 2026, 13, 305 3 of 18

model, the genetic algorithm, and CFD simulations, and the maximum drag coefficient
of the optimized airfoil was reduced by 13.17% compared with the baseline airfoil. Wang
et al. [25] optimized airfoils by combining the Kriging surrogate model with CFD simula-
tions, and the maximum drag coefficient of the optimized airfoils was reduced by 82.3%.
Liu et al. [26] and Gong and Ma [27] proposed Kriging model-based aerodynamic opti-
mization frameworks applicable to aircraft aerodynamic design, yet these frameworks
are limited to the analysis of steady-state aerodynamic characteristics. Previous studies
using a CFD–Kriging coupling model have primarily focused on optimizing airfoils and
enhancing steady-state aerodynamic characteristics. The application of surrogate mod-
els for predicting unsteady aerodynamic characteristics during the dynamic morphing
of flexible variable-sweep wings remains unexplored. Such a systematic and parametric
rapid prediction framework of aerodynamics is precisely what is most needed in the early
concept design phase for morphing aircraft.

This study focuses on the unsteady aerodynamic characteristics of flexible variable-
sweep wings and their influencing factors. Utilizing dynamic mesh techniques with time-
varying node position updates, numerical simulations of the sweep variation process are
conducted. The objectives are twofold: (1) to elucidate the disparities between quasi-steady
and unsteady aerodynamic characteristics, and (2) to identify the influence mechanisms
of key flight condition parameters on unsteady aerodynamics. Furthermore, a Kriging
model is developed to enable efficient and accurate prediction of unsteady aerodynamics
for morphing aircraft design.

2. Theoretical Basis
2.1. Numerical Solution Approaches and Validation

The three-dimensional unsteady Navier–Stokes equations are solved numerically. The
governing equation takes the following form:

∂
∂t

∫
Ω(t) WdV +

∮
∂Ω(t)

(
F(W)− vgnw

)
dS =

∮
∂Ω(t) FvdS (1)

In the equation, dV and dS denote the volume and surface area elements, respectively,
F(W) and Fv represent the inviscid flux and the viscous flux, Ω(t) is the control volume
at an arbitrary instant, W is the conserved quantity, and vgn is the normal velocity of the
control-volume surface.

To resolve unsteady aerodynamics during wing morphing, spatial discretization em-
ploys the finite volume method (FVM). Temporal integration is performed via a first-order
implicit Runge–Kutta method. The Spalart–Allmaras model is selected for turbulence calcu-
lation [28]. Pressure–velocity coupling is handled by the Pressure Implicit with Splitting of
Operators (PISO) algorithm [29], which achieves strong coupling via a ‘prediction-double
correction’ strategy and is ideal for efficient transient simulations. Its core logic is concisely
captured by Equations (2) and (3). Equation (2) shows the velocity field evolution in the
prediction-correction: {

ρ(U∗−Un)
∆t + L(U) = −∇pn

Un+1 = U∗ − ∆t
ρ ∇(p′ + p′′ )

(2)

where U is the velocity vector, Un is the velocity at tn, U∗ is the predicted velocity (from
the prediction step), Un+1 is the final velocity at tn+1, p is the pressure at tn, p′ and p′′

are the first and second pressure correction term, respectively, ∇ is the gradient operator,
ρ is the fluid density, and L(U) is the combined convection–diffusion operator. The mass
conservation constraint for pressure corrections is shown in Equation (3):

∇2(p′ + p′′ ) =
ρ

∆t
∇ · U∗ (3)
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Building upon the unified governing equations and baseline numerical framework,
this study adopts a regime-specific strategy that respects the distinct physical characteristics
of subsonic, transonic, and supersonic flows. This ensures that the CFD simulations capture
correct flow physics across the entire Mach number range. The following details how the
physical essence of each regime is manifested in the governing equations and translated
into specific solver settings.

In the subsonic regime, the flow is nearly incompressible and dominated by viscous
effects, with no shocks present. The compressible Navier–Stokes equations become stiff
at low Mach numbers due to the large disparity between acoustic and convective speeds,
and the elliptic nature of pressure propagation governs the flow. To address this, low Mach
number preconditioning [30] is activated in the pressure-based solver, with second-order
upwind discretization and the PISO algorithm for pressure–velocity coupling.

For transonic flows, the coexisting subsonic/supersonic regions generate shocks and
strong shock–boundary layer interactions—key to unsteady aerodynamics. The mixed
elliptic–hyperbolic equations require special treatment: the density-based solver is activated
with the Roe flux-difference splitting scheme (Roe-FDS) and the second-order upwind total
variation diminishing (TVD) limiter [31] to capture shocks without oscillations. The Spalart–
Allmaras model includes compressibility correction for shock-induced turbulence effects.

In the supersonic regime, flow is fully supersonic with shocks and expansion fans;
the purely hyperbolic equations demand high-precision shock capture. The density-based
solver is retained, and the Roe-FDS scheme with a second-order upwind TVD limiter is
employed for its excellent shock-capturing capability. By solving the Riemann problem
at each cell interface [32], this scheme accurately resolves the discontinuous jumps across
shocks. The Spalart–Allmaras model again applies compressibility correction for accurate
turbulent mixing layer prediction.

The numerical simulations are carried out using the commercial CFD software, ANSYS
Fluent 2022 R1. To validate the accuracy of the unsteady flow solver, the pitching oscillation
process of a NACA0012 airfoil is selected for numerical simulation and comparison against
the experimental data [33]. The airfoil undergoes pitching oscillation about the quarter-
chord position, and the variation law of the angle of attack follows Equation (4):

α = αm + α0 sin ωt (4)

where αm is the mean angle of attack, which is specified as a constant 2.89◦ in this validation
case, α0 is the airfoil pitching oscillation amplitude, with a fixed value of 2.41◦, and ω is the
angular frequency of the airfoil pitching oscillation. The dimensionless reduced frequency
is defined as follows:

K =
ωC
2V∞

(5)

where V∞ is the freestream velocity for Ma = 0.6, C is the airfoil chord length = 0.3434 m,
and K is the dimensionless reduced frequency = 0.0808.

For the above pitching oscillation validation simulation, a C-type computational
domain is adopted, with the far-field boundary set 20 times the chord length C from the
airfoil to eliminate far-field interference on the flow around the airfoil. A hybrid structured–
unstructured mesh is used for the domain, with a total of 1.25 × 105 cells, as illustrated in
Figure 1. The boundary layer on the airfoil surface is resolved with no less than 10 mesh
layers, and the wall y+ is maintained at approximately 1, which fully satisfies the solution
requirements of the Spalart–Allmaras turbulence model.

As shown in Figure 2, the calculated lift coefficient (CL) is in good agreement with the
experimental data, which indicates that the core unsteady solution framework adopted in
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this study has good solution accuracy and can meet the calculation requirements of the
unsteady aerodynamic characteristics of variable-sweep wings.

   
(a) (b) (c) 

Figure 1. Meshing of NACA 0012 airfoil: (a) Local zoom-in of the leading edge; (b) Overall view;
(c) Local zoom-in of the trailing edge.
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Figure 2. CL comparison between CFD calculation and the experimental values.

2.2. Description of the Motion During the Variable-Sweep Process

During unsteady simulations of variable-sweep wings, continuous boundary motion
induces mesh distortion on the wing surfaces and within the flow field. Under large
sweep variations, excessive grid morphing may cause significant numerical errors or
computational failure. To address this, the dynamic mesh technique is employed to adapt
the flow-field grid throughout the morphing process. This study focuses on flexible variable-
sweep wings with large-scale morphing. Tetrahedral meshes are adopted, with mesh
updating using smoothing and local remeshing. This strategy maintains grid quality
during full morphing cycles, ensuring computational accuracy.

Figure 3 depicts the flexible variable-sweep process of a wing in UAVs. The dashed
line portion represents the wing at a specific instant during the morphing process. The
sweep angle of the wing at this instant is denoted as λ. Define an arbitrary point on the
surface of the wing with a 0◦ sweep angle as B0, whose coordinates are (x0, y0). After time
t, B0 translates to position B(x,y) with velocity VB. This velocity vector has components Vx

and Vy in the xy-plane (with Vz = 0).
Let λ1 and λ2 denote the minimum and maximum sweep angles during morphing,

respectively. T is the total morphing period. The time-varying sweep angle λ(t) can be
derived by Equation (6):

λ =
1
2
(λ1 − λ2) cos

2π

T
t +

1
2
(λ1 + λ2) (6)
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Then the angular velocity can be expressed as follows:

ω =
(λ2 − λ1)π

T
sin

2π

T
t (7)

Based on the y-coordinates of point A and point B, the straight line distance between
A and B can be calculated as follows:

AB =
yB − yA

cos λ
(8)

By combining Equations (5) and (6), the velocity at point B can be determined
as follows:

VB = AB · ω (9)

The velocity components at point B in the x and y directions are given by Equation (10):

Vx = VB cos λ

Vy = VB sin λ
(10)

Consequently, the coordinates of point B at time t can be expressed as follows:

x = x0 + Vxt
y = y0 + Vyt

(11)

The above derivation focuses on a representative point B on the wing surface. Crucially,
Equation (9) governs the updated position of all wing surface nodes after duration time t of
varying sweep. To operationalize this motion, a user-defined function (UDF) is developed
to prescribe the node displacements during morphing. This compiled UDF drives the
dynamic mesh updates in Fluent.

Figure 3. Wing variable-sweep process.

2.3. Efficient Prediction Framework for Unsteady Aerodynamic Characteristics Based on Kriging
Surrogate Model

The Kriging surrogate model is a stochastic interpolation technique that offers superior
global convergence and higher predictive accuracy compared to other surrogate approaches.
It expresses the predicted response as a weighted linear combination of sample values
as follows:

ŷ(x) =
n

∑
i=1

w(i)y(i) (12)

Once the weighting coefficients ω = [ω(1) ω(2) · · · ω(n)] are determined, any pre-
dicted value within the design space can be obtained. The Kriging model calculates the
weighting coefficients by introducing statistical assumptions and treating the unknown
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function as a specific realization of a Gaussian stationary random process. The mathematical
expression of the unknown function Y(x) can be formulated as follows:

Y(x) = β + Z(x) (13)

where β represents the mathematical expectation value of Y(x), and Z(x) is a stationary
Gaussian random process with a mean of 0 and a variance of σ2. For different x, the
covariance of Z(x) can be expressed as follows:

Cov[Z(x), Z(x′)] = σ2R(x, x′) (14)

where R(x, x′) is the correlation function.
Under this framework, the Kriging model seeks the optimal weighting coefficients to

minimize the mean square error and satisfy the following interpolation conditions:

E

[
n

∑
i=1

w(i)Y(x(i))

]
= E[Y(x)] (15)

where i = 1, 2, . . ., n.
Figure 4 illustrates the framework for the efficient prediction of unsteady aerodynamics

in flexible variable-sweep wings using a Kriging surrogate model. LHS [34] is adopted to
generate 50 sample points within the five-dimensional design space spanning: freestream
velocity, angle of attack, morphing period, wingspan, and chord length. High-fidelity
CFD simulations compute unsteady aerodynamic characteristics at each sample point. The
resultant force data are fitted with fourth-order polynomials (Poly4). A Kriging model is
then constructed using sample points and the corresponding Poly4 coefficients. For unseen
flight conditions, the model predicts the Poly4 coefficients to construct aerodynamic curves.
Validation is performed by comparing the Kriging predictions against the independent
CFD results.

 

Figure 4. Framework for efficient prediction of unsteady aerodynamics.
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3. Case Study
A flexible variable-sweep wing using the NACA0012 classic symmetric airfoil is

studied in this research. The original wing model has a span length of 1 m and a chord
length of 0.15 m. One sweep motion cycle of the wing is defined as the process in which
the wing sweep angle changes from 0◦ to 45◦ and then reverts from 45◦ to 0◦.

3.1. Mesh Independence and Time Step Independence

To validate the mesh independence, three mesh resolutions are compared, including
a coarse mesh (3.81 × 106 cells), a medium mesh (7.25 × 108 cells), and a fine mesh
(1.53 × 109 cells), as shown in Figure 5. The simulated drag coefficients (CD) of the medium
mesh and the fine mesh agree well, while the results of the coarse mesh deviate from the
other two. In order to reduce the calculation time, the medium mesh size is chosen.

0 5 10 15 20 25 30 35 40 45

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

 Coarse mesh (3.81×106)
 Medium mesh (7.25×108)
 Fine mesh (1.53×109)

C
D

λ (°)

Sweep
backword

Sweep
forword

Figure 5. Mesh independence validation.

The unsteady time step is important in the unsteady simulation. Figure 6 shows
the simulated CL of the variable-sweep wing under four different unsteady time steps,
dt = 0.0002, 0.0005, 0.001, and 0.005 s. Compared to the time step of 0.005 s, the results for
the time steps of 0.0002 s, 0.0005 s, and 0.001 s are nearly identical. Considering both the
computational efficiency and accuracy, the time step dt = 0.001 s is selected.

0 5 10 15 20 25 30 35 40 45
0.1

0.2

0.3

0.4

0.5

0.6

20 220.50

0.52C L

λ (°)

 dt=0.0002s
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 dt=0.001s
 dt=0.005s

Sweep
backword
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forword

1

Figure 6. Time step independence validation.
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3.2. Comparative Analysis of Quasi-Steady and Unsteady Aerodynamic Characteristics

As shown in Figure 7, the scatter points represent quasi-steady aerodynamic character-
istics during wing morphing. Three loops represent the unsteady aerodynamic characteris-
tics under three distinct morphing cycles. The fixed parameters remain constant for angle
of attack (10◦), freestream Mach number (0.5), chord length (0.15 m), and wingspan (1 m).
During wing morphing, increasing the sweep angle progressively reduces CL and CD, while
decreasing the sweep angle elevates both coefficients. This variation creates hysteresis
loops around the quasi-steady values. Specifically, in the sweep backward process, CL and
CD lie below the quasi-steady values; in the sweep forward process, CL and CD exceed
the quasi-steady values. Shorter morphing periods (higher sweep rates) amplify the loop
dimensions, and the unsteady aerodynamic effect becomes more prominent.

  
(a) (b) 

0 5 10 15 20 25 30 35 40 45
0.15
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0.65

C
L

λ (°)

  T= 1 s
  T= 0.5 s
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Sweep
forword
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backword

Sweep
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  T= 0.5 s
  Quasi-steady

  T= 2 s

Figure 7. Comparison between quasi-steady and unsteady results: (a) Lift coefficients; (b) Drag coefficients.

Figure 8 illustrates the mesh of the variable-sweep wing at a 15◦ sweep angle. Since
the present study adopts a combination of the smoothing method and the local remeshing
method for dynamic mesh updating, meshes with excessive morphing during the wing’s
variable-sweep motion are reconstructed into new meshes. Thus, the mesh quality is
maintained at a high level throughout the entire variable-sweep motion, as shown in
Figure 8b.

  
(a) (b) 

Figure 8. Variable-sweep wing mesh at 15◦: (a) Overall view; (b) Local zoom-in.

Figure 9 compares the quasi-steady and unsteady pressure coefficient (CP) distri-
butions at a wing cross-section 0.3 m from the root with a 15◦ sweep, under subsonic
(Ma = 0.6), transonic (Ma = 1.0), and supersonic (Ma = 1.3) freestream flow conditions. For
all three flow regimes, the discrepancies between the quasi-steady and unsteady CP con-
tours are primarily concentrated near the leading edge and along the upper surface—the
regions that dominate lift and drag generation.
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(a) (b) (c) 

Figure 9. Comparison of quasi-steady and unsteady CP contours of the wing cross-section: (a) Sub-
sonic flow at Ma = 0.5; (b) Transonic flow at Ma = 1.0; (c) Supersonic flow at Ma = 1.3.

Taking the subsonic condition at Ma = 0.6 as a representative case for a detailed
analysis, the qualitative trend of the discrepancy in CP between quasi-steady and unsteady
results is fully consistent across both transonic and supersonic flow conditions. Compared
to quasi-steady results, the unsteady sweep-backward phase exhibits a narrower positive-
pressure region at the leading edge and a reduced suction strength on the upper surface,
resulting in lower CL and CD. Conversely, during the unsteady sweep-forward phase, the
leading edge positive pressure region expands and the upper-surface suction strengthens,
yielding higher CL and CD than the quasi-steady values. This opposite trend of aerodynamic
deviation between the sweep-backward and sweep-forward motions holds for all subsonic,
transonic, and supersonic conditions investigated, demonstrating the persistent nature of
the unsteady hysteresis effect across the entire Mach number range.

3.3. Influencing Factors of Unsteady Effects in the Variable-Sweep Process

Figure 10 illustrates the influence of freestream velocity on unsteady aerodynamics
during wing morphing. The fixed parameters are angle of attack (10◦), morphing period
(1 s), chord length (0.15 m), and wingspan (1 m). In the subsonic regime, the CL, CD, and
hysteresis loop are maximum at Mach 0.85 and minimum at Mach 0.2. In the supersonic
regime, CL and CD decrease with the increasing Mach number.
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Figure 10. Effects of freestream velocity: (a) Lift coefficients; (b) Drag coefficients.
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Figure 11 illustrates the influence of the angle of attack on unsteady CL and CD during
continuous wing morphing. The fixed parameters remain constant for freestream velocity
(Ma = 0.4), morphing period (1 s), chord length (0.15 m), and wingspan (1 m). The increase
in the angle of attack raises the magnitudes of both CL and CD and enlarges the hysteresis
loops during the morphing process. The enhanced discrepancies between sweep-backward
and sweep-forward phases indicate stronger unsteady effects at higher angles.
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Figure 11. Effects of flight angle of attack: (a) Lift coefficients; (b) Drag coefficients.

Figure 12 illustrates the influence of wingspan on unsteady aerodynamics during wing
morphing. The fixed parameters are freestream velocity (Ma = 0.4), angle of attack (10◦),
morphing period (1 s), and chord length (0.15 m). An increase in the wingspan amplifies
the unsteady aerodynamic effects, resulting in higher CL and CD values, larger hysteresis
loops, and more pronounced discrepancies between the sweep phases.

  
(a) (b) 

0 5 10 15 20 25 30 35 40 45
0.1

0.2
0.3

0.4

0.5
0.6

0.7

0.8
0.9

1.0

C L

λ (°)

  S= 1.0 m
  S= 1.2 m
  S= 1.4 m
  S= 1.6 m

  S= 0.8 m

0 5 10 15 20 25 30 35 40 45

0.02

0.04

0.06

0.08

0.10

0.12

0.14

7.5 8.0
0.051

0.052

C D

λ (°)

  S= 1.6 m
  S= 1.4 m
  S= 1.2 m
  S= 1.0 m
  S= 0.8 m

Figure 12. Effects of wing span: (a) Lift coefficients; (b) Drag coefficients.

Figure 13 shows the influence of the chord length on unsteady CL and CD during
continuous wing morphing. The fixed parameters are freestream velocity (Ma = 0.4),
morphing period (1 s), angle of attack (10◦), and wingspan (1 m). An increased chord
length elevates the CL and CD magnitudes during morphing, while the hysteresis loop
dimensions remain essentially unchanged. The fact that the hysteresis loop dimensions
remain unchanged demonstrates that the chord length has a negligible influence on the
unsteady effects.
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Figure 13. Effects of wing chord length: (a) Lift coefficients; (b) Drag coefficients.

Figures 7 and 10–13 present the effects of wing morphing period, freestream velocity,
angle of attack, wingspan, and chord length on unsteady aerodynamics. Based on these
results, the unsteady factor K is defined to quantify the magnitude of unsteady effects, as
shown in Equation (14):

K = AVα
T Ma < 1

K = Aα
VT Ma > 1

(16)

where A is the projected area of the wing and V is the freestream velocity.

3.4. Efficient Predictions of Unsteady Aerodynamic Characteristics

Having established the influence of various parameters on unsteady aerodynamics
during morphing, a Kriging surrogate model is developed to realize the efficient prediction
of unsteady aerodynamic characteristics for aircraft design applications.

Prior to constructing the Kriging model, a high-fidelity CFD dataset was generated
via standardized simulations. The input variables cover the design space of variable-sweep
wings: wingspan 0.8–1.6 m, chord length 0.1–0.3 m, Mach number 0.1–1.5, angle of attack
0–25◦, and morphing period 0.2–2 s. To ensure data reliability, a rigorous quality protocol
was applied. All simulations used the validated mesh and time step from Section 3.1. Con-
vergence required residuals below 10−6 and stable periodic aerodynamic coefficients over
the full morphing cycle. To verify data sufficiency, a sample size convergence analysis was
performed. LHS ensured uniform five-dimensional coverage. Prediction errors stabilized
after 35–40 training samples, confirming that 50 samples provide an adequate dataset for
constructing a reliable surrogate model.

Fifty sample points were generated in the five-dimensional design space via LHS; their
distribution in the design space is presented in Figure 14. The unsteady aerodynamic force
coefficient curves corresponding to these sample points were fitted using a fourth-order
polynomial (Poly4) function as follows:

y = A0 + A1x + A2x2 + A3x3 + A4x4 (17)

This polynomial demonstrates a good fitting performance (R2 > 0.99) for all cases.
Figure 15 shows the fitting quality for CL at a random sample case with freestream
velocity = 0.27 Ma, angle of attack = 12.64◦, morphing period = 0.51 s, wingspan = 0.91 m,
and chord length = 0.142 m.
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Figure 14. The sampled data in the design space.

Figure 15. Poly4 fit of CL.

The Kriging model is constructed using a training dataset comprising sampled cases
and associated polynomial coefficients. Subsequently, the established model can be em-
ployed to predict unsteady aerodynamic results under unknown operating conditions, as
shown in Figure 16.

 

Figure 16. Relationship between operating conditions and unsteady results.

The predictive accuracy of the Kriging model is assessed by comparing its results
with high-fidelity CFD simulation results. Figures 17 and 18 present the comparative
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unsteady aerodynamics characteristics between the CFD and the Kriging model predictions
for four randomly selected operating conditions (Table 1).
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Figure 17. Comparison of CL under operating conditions 1 and 2.
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Figure 18. Comparison of CL under operating conditions 3 and 4.

Table 1. Operating condition parameters.

Variable Ma T/(s) α/(◦) S/(m) C/(m)

1 0.88 0.69 7.16 1.35 0.13
2 1.22 1.68 12.4 0.81 0.27
3 0.43 0.33 16.2 1.47 0.22
4 0.27 1.3 21.6 1.08 0.16

Figures 17 and 18 demonstrate that the Kriging model successfully predicts aerody-
namic hysteresis loops. While the predicted CL and CD exhibit trends consistent with the
CFD simulations, quantitative discrepancies exist in magnitude. To precisely quantify these
errors, Table 2 presents the average and maximum errors of the Kriging model predictions
relative to the CFD results under the four operating conditions.

As shown in Table 2, the Kriging model predictions of unsteady CL and CD exhibit
average errors no more than 5% and maximum errors not exceeding 9%. The time required
for the aerodynamic prediction of each case does not exceed four minutes.

To further improve prediction accuracy, 30 additional operating conditions are sampled
within the design space. The corresponding function parameters for these new conditions
are obtained following the established procedure. Integrated with the original 50 samples,
this formed an expanded dataset of 80 samples. Subsequently, the Kriging model is
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reconstructed using this expanded dataset and employed to predict the unsteady CL and
CD for the four operating conditions listed in Table 1. The resulting prediction errors
are presented in Table 3. The results show that, with the expanded dataset, the average
prediction error falls below 4% and the maximum error falls below 6%. Moreover, the
computational efficiency of obtaining unsteady aerodynamic characteristics using the
Kriging model remains 97% higher than that of the direct CFD simulations. The data in
Tables 2 and 3 show that the predictive accuracy of the surrogate model is improved by
employing a larger number of sample data points.

Table 2. The prediction errors of the Kriging model based on 50 operating conditions.

Operating Conditions CL CD Average Error [%] Maximum Error [%] Prediction Time [min]

1
CL 3.17 4.78 2.52
CD 1.84 3 2.75

2
CL 2.71 5.35 2.6
CD 4.02 8.23 2.3

3
CL 3.44 6.27 2.5
CD 4.23 7.43 2.82

4
CL 2.23 4.19 3.17
CD 2.57 5.03 2.5

Table 3. The prediction errors of the Kriging model based on 80 operating conditions.

Operating Conditions CL CD Average Error [%] Maximum Error [%] Prediction Time [min]

1
CL 2.57 4.19 2.43
CD 1.32 2.86 3.15

2
CL 2.19 4.01 3.08
CD 3.61 5.25 2.47

3
CL 2.62 5.41 2.75
CD 2.32 4.03 2.7

4
CL 1.84 3.19 2.6
CD 2.14 4.03 2.56

4. Conclusions
This study focused on the unsteady effects that arise in the aerodynamic characteristics

of a flexible variable-sweep wing during morphing. The key factors governing the unsteady
effects were clarified. The results demonstrated that wing morphing induces pronounced
departures from quasi-steady behavior. Specifically, the aerodynamic coefficients during the
sweep-backward phase were consistently lower than the quasi-steady values, whereas the
sweep-forward phase yielded higher values. This clear phase dependence led to a distinct
aerodynamic hysteresis loop within a single morphing cycle, providing direct evidence
that the aerodynamic response is strongly history-dependent during sweep variation.

A parametric analysis further identified the dominant drivers of this unsteady be-
havior. The morphing period, angle of attack, freestream velocity, and wingspan exerted
significant influence on both the magnitude and the shape of the hysteresis loops. Shorter
morphing periods, higher angles of attack, and longer wingspans increased the loop area
and intensified the unsteady effects, indicating stronger lag between aerodynamic response
and geometric change. The role of freestream velocity was found to be regime-dependent:
in subsonic flow, higher velocity enhanced the unsteady effects, while in supersonic flow,
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increasing velocity weakened them. By contrast, the chord length showed a negligible
influence on the unsteady aerodynamic characteristics within the investigated range.

To enable the efficient prediction of unsteady aerodynamics for flexible variable-sweep
wings during morphing, a Kriging-based surrogate model was established. Case studies
demonstrated a 97% improvement in computational efficiency compared to direct CFD
simulations, while maintaining average prediction errors below 5% and maximum errors
under 9% across 50 operating conditions. By expanding the sample dataset, the accuracy
of the Kriging model was further enhanced, reducing the average prediction error to
below 4%. This prediction framework provides a powerful tool for rapid and accurate
aerodynamic predictions, offering significant practical value for the conceptual design
phase of morphing aircraft.

Despite the good prediction performance of the proposed framework, it still has
limitations, which mainly come from the inherent characteristics of the CFD–Kriging
coupling method and the boundary constraints of the simulation parameters adopted
in this study. The specific limitations are as follows: first, the prediction framework is
restricted by applicable boundary constraints, its high-precision prediction range is limited
to the aforementioned five-dimensional design space; second, the computational efficiency
improvement of the framework over direct high-fidelity CFD simulations is dependent
on precomputed sample data, while achieving higher prediction accuracy necessitates
additional computational time for the generation of the required CFD sample datasets.

While the current conclusions and data are only applicable to variable-sweep wings of
the same type, the overall CFD–Kriging model framework is universally applicable to the
practical engineering applications of variable-sweep wings.
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Roe-FDS Roe Flux-Difference Splitting Scheme
TVD Total Variation Diminishing
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