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Abstract: This paper comprehensively reviews the progress of static aeroelastic effect prediction and
correction methods for aircraft, including the damage and protection of aeroelastic. It is significantly
important to determine the similarity conditions and static aeroelastic scaling modeling in wind
tunnel experiments to obtain accurate aerodynamic characteristics. Meanwhile, similar stiffness
distribution, manufacturing materials, and processing technology are strongly associated with the
simulation of aircraft structural dynamics. The structural layout of the static aeroelastic model,
including plate type, beam type, bearing skin type, and full structural similarity type, are described in
detail. Furthermore, the wind tunnel and test technique also play an important role in static aeroelastic
experiments. It is worth noting that computational fluid dynamics (CFD) and computational structure
dynamics (CSD) have attracted increasing attention from researchers for application in aeroelastic
analysis of the flow field. The research status and key technologies of aeroelastic numerical simulation
of aircraft are introduced in detail. Additionally, this paper briefly introduces the static aeroelastic
prediction and correction method, especially the widely practiced K-value method.
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1. Introduction

With the rapidly growing demand for aircraft in military and civil domains, the require-
ments for aircraft performance are constantly improving [1-4]. At present, the development
trend of aircraft includes high cruise speed, low fuel consumption, and high-performance
flight quality [5-7]. Therein, the prediction and correction of static aeroelasticity are very im-
portant for the safe flight of aircraft. The static aeroelasticity investigation is interdisciplinary,
combining aerodynamic, elastic, and inertial forces [8,9]. Static aeroelastic deformation has a
significant impact on the load distribution, control efficiency, static and dynamic stability
of aircraft [10]. In general, there are two typical static aeroelastic problems in conventional
aircraft. Firstly, the pressure distribution of the wing and its adjacent components are changed
by the wing elastic deformation, and even trigger the flow separation of the lift surface [11].
This leads to variation in the lift characteristics, drag characteristics, torque characteristics,
and static/dynamic stability of the whole aircraft. Secondly, the structural deformation
of the wing has a great impact on the efficiency of the control surface [12]. For example,
the efficiency of the rudder surface maybe decreased, slightly deformed and even cause
the rudder surface to stop working [13]. Therefore, it is increasingly important to focus on
static aeroelastic effects in aircraft design.

As early as the development of aircraft, aerodynamicists and aircraft designers have
been engaged in experimental research related to static aeroelasticity [14-16]. In 1899, the
Wright brothers improved the designed wing by controlling the bending/torsion of the
wing tip to achieve the purpose of enhancing roll control. This was the first experiment
to use the static aeroelastic effect of the wing. With the increasing complexity and costs of
aircraft, the danger of flight tests and the progress of wind tunnel test technology, researchers
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gradually began to use the similarity principle to reproduce the aeroelastic phenomenon
of aircraft in the wind tunnel [17,18]. To sum up, it is seriously important to establish a
complete set of aircraft static aeroelastic model designs, wind tunnel tests and numerical
simulation technologies to explore the correction measures of wind tunnel and flight data.
The research results can not only provide necessary basic data for aircraft design, but also
provide technical support for aerodynamic/structural optimization.

2. Literature Review
2.1. Challenges and Progress in Aeroelasticity

Compared with the traditional wing, a high-aspect-ratio wing produces more elastic
structural deformation under the excitation of aerodynamic and inertial forces. However,
the linear relationship between displacement and strain is no longer established due to
large elastic deformation, i.e., geometric nonlinearity [19,20]. In general, the lift line has
the highest slope and most significant change at transonic speed. Meanwhile, the fluid-
structure interaction is also the most sensitive, and even a slight change in the structure
may have a great impact on the aerodynamic characteristics of the aircraft [21]. Due to the
high efficiency of transonic flight, the cruising speed range of many large aircrafts lies in
this range. However, neither the theoretical analysis nor the numerical computation can
accurately reflect the flowing nature in the transonic range [22]. With the advancement of
aviation technology, the performance of large aircraft has also improved significantly. It
brings great difficulties to experimental model development, wind tunnel equipment, and
test technology, which leads to great costs in terms of both expenditure and test cycle. For
example, with repeated testing and modification of design parameters in the aircraft design
and development process, the resulting prolonged development cycle and increased costs
are unacceptable [23].

In the last decade, wind tunnel experiments, computational modeling, instrumenta-
tion, and flight testing have made significant progress in aerostatic analysis. For example,
in terms of wind tunnel experiments, Tang and Dowell [24] experimented with several
models and concluded some new perspectives to investigate the nonlinear aeroelastic
phenomena, flutter, and limit cycle oscillation. They used a “mirror” deflection technique
to measure the tip static aeroelastic deflections of the wings. As for computational mod-
eling, computational fluid dynamics has been widely used in the field of aerodynamics
with the improvement of computer performance and algorithms [25,26]. Drikakis et al.
concluded the current advanced technologies and existing challenges in reference [27],
including Reynolds averaged Navier-Stokes (RANS) modeling, turbulence modeling, and
multi-physics field modeling. Considering aerodynamic nonlinearity, large structural de-
formation, and the investigation of anisotropic material properties, more accurate test data
can be obtained by using deformation-measuring instrumentations, such as stress/strain
sensors, pressure sensors, etc. [28]. Therefore, high-precision wind tunnel test data can
be used to correct the results of theoretical analysis and numerical calculations. For flight
testing, Sundresan et al. [29] reviewed four testing techniques recently improved, includ-
ing aeroelasticity testing techniques, flutter analysis, flutter suppression techniques, and
non-linear aeroelasticity. Especially in aeroelasticity testing techniques, the measurement of
natural frequencies and mode shapes, steady state testing, and dynamic aeroelastic testing
were introduced in detail.

2.2. Static Aeroelastic Wind Tunnel Test

It has been proved that the effect of aerodynamic load on aircraft structure in flight is
difficult to be simulated only by the scaling model with similar rigid characteristics [30].
The error can potentially further affect the initial design results with the increase in aircraft
flight speed, which cannot accurately reflect the structural response characteristics of
the prototype aircraft. Consequently, the key technologies of the static aeroelastic wind
tunnel test are mainly in the determination of similarity conditions, model design and
test technology.



Actuators 2022, 11, 309

3 0f20

2.2.1. Determination of Similarity Conditions

The static aeroelastic wind tunnel test model is much smaller than the prototype
aircraft, and the wind tunnel flow field environment is quite different from the real flight
atmospheric conditions. To ensure that the wind tunnel test results obtained are consistent
with the real flight, it is necessary to follow similar theories such as geometric similarity [31],
stiffness similarity [32], and structural similarity [33,34]. For example, Molyneux [35] inves-
tigated the similarity conditions between aircraft and aeroelastic wind tunnel models as
early as 1964 and pointed out that dimensionless parameters representing aerodynamics,
structure, and their coupling can be used for matching. The dimensionless differential
equation for the scale-up analysis and the simplified method suitable for various flow
conditions were proposed in detail. Among them, the static aeroelastic wind tunnel test
was mainly used to determine the influence of the static aeroelastic effect on aerodynamic
performance, stability, and rudder effect. Therefore, the static aeroelastic model should
meet the conditions of similar stiffness distribution [36]. Roskam et al. [37] investigated the
wind tunnel test data without meeting the condition of mass distribution similarity. Ac-
cording to the static aeroelastic wind tunnel test data of the Boeing SST model, the specific
correction method of longitudinal aerodynamic derivative was given in detail. The classical
aeroelastic similarity theory was mainly aimed at the flutter wind tunnel test, which was
more suitable for static aeroelastic wind tunnel test research and convenient for static aeroe-
lastic wind tunnel model design. In recent years, Jennifer et al. [38] have systematically
studied the similarity parameters that needed to be attained, the static aeroelastic design
requirements, and the uncertainty factors that affect the flow field parameters of the wind
tunnel. The conclusions were as follows, firstly, the static stability parameters and control
derivatives obtained from the static aeroelastic wind tunnel experiments were more reliable
than those based on the theoretical analysis. Secondly, the deformation characteristics
under static load were similar to those of aircraft in the static aeroelastic similarity model.
Thirdly, in the process of testing static aeroelastic wind tunnel models, it was allowed to
ignore the similarity requirements of mass ratio, Reynolds number and Froude number
under specific circumstances. Finally, the ratio of stiffness to aerodynamic force was a
similarity ratio parameter that must be satisfied between the static aeroelastic model and
real aircraft.

According to the current status, it can be seen that scholars have systematically inves-
tigated the design criteria of static aeroelastic wind tunnel models, the physical parameters,
and the influence of similarity parameters on experiment data.

2.2.2. Static Aeroelastic Scaling Modeling Technology

A static aeroelastic model not only needs to simulate the aerodynamic shape of aircraft
with high fidelity but also accurately simulate the structural dynamic characteristics of
aircraft. Therefore, the static aeroelastic model must strictly maintain conditions similar to
the aerodynamic force and stiffness of the aircraft. However, the size of the scaling model
is much smaller than that of the real aircraft, which requires advanced manufacturing
materials and processing technology to design the static aeroelastic wind tunnel experiment
model. As shown in Figure 1, the early static aeroelastic experiment model usually used
metal materials to process the skeleton to meet the requirements of stiffness and strength [33].
The gap was filled with plastic, cork or silicone rubber, and the surface was covered with
a fiber cloth. However, there are two disadvantages of this design method. Firstly, it
leads to the distortion of stiffness simulation. For example, Dorothy et al. [39] used metal
aluminum and flexible steel sheets for the model fuselage and elastic wing, respectively,
and the shape was made of a glass cloth shape. Because the structural similarity theory
was not strictly followed, the real static aeroelastic effect of the wing could not be obtained
accurately. Secondly, it was difficult to design a model that met the requirements of stiffness
reduction and strength simultaneously for advanced high-aspect-ratio aircraft according
to the existing properties of metal materials. It can be seen in Table 1 that composite
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materials are widely used in aerospace, electronics and electrical fields because of their
unique properties, such as low density, fatigue resistance and corrosion resistance.
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Figure 1. Early static aeroelastic experiment model, Reproduced with permission from [33].

Table 1. Comparison of materials properties used in aeroelastic model manufacture.

Material Tensile Strength Tensile Modulus Strength Stiffness Density

(MPa) (GPa) (MPa-cm?3/g) (GPa-cm®/g) (g/cm®)
Aluminum 420 72 151.1 259 2.78
Steel (structural) 1200 206 152.9 26.3 7.85
Titanium alloy 1000 116.7 221.2 25.8 4.52
Glass fiber/polyester composite material 1245 48.2 623 241 2.0
High-strength carbon/epoxy resin 1471 137.3 1014 94.7 1.45
High modulus carbon/epoxy resin 1049 235 656 146.9 1.6
Aramid/epoxy resin 1373 78.4 981 56 14

Another major characteristic of composite material is the designability of laminates,
which enables the structural components of aircraft to produce the desired elastic defor-
mation under load conditions and greatly improves the structural efficiency. However,
there are also many damage forms of composite material, including the damage of fibers
and matrix, and the warpage in the case of asymmetry and disequilibrium. Therefore, it
is necessary to consider the failure criteria and the requirements of processing technol-
ogy in the optimization design and ply design. The design variables can be used in the
optimization design of composite materials according to the different laying forms. Mean-
while, the sensitivity-based optimization algorithm [40], the genetic algorithm [41], and
the genetic/sensitivity hybrid algorithm [42] can be applied to optimization. Among them,
the sensitivity algorithm belongs to a local algorithm. Although it has a fast convergence
speed, the optimization result depends heavily on the initial value of the design variables.
The genetic algorithm is a global algorithm. It has a wide search range but takes a long
time to calculate and requires high computing resources. The genetic/sensitivity hybrid
optimization algorithm combines the advantages of the previous two algorithms, which
has good application results in the optimization design of composite materials.

With the wide application of composite materials, some aerodynamic researchers have
introduced the forward swept wing layout into aircraft design for static aeroelastic wind
tunnel experiments. The above design mainly aimed at the effects of the ply direction of
composite materials and the wing sweep angle on the wing divergence characteristics. For
example, static aeroelastic wind tunnel tests were used to verify the new aerodynamic
layout in the transonic dynamics wind tunnel of NASA Langley Research Center [43].
The model was installed on the side wall of the wind tunnel in the form of half mold, as
shown in Figure 2. Experiments showed that the concept of forward swept wing layout and the
theoretical analysis tool were, respectively, reasonable and correct. Blair et al. [44] designed
a small aspect ratio elastic wing model of a full composite structure. They obtained the
relationship between the material fiber ply direction and the divergence dynamic pressure
of the wing. On this basis, William et al. [45] used similar material design to investigate
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the influence of material fiber ply direction on rudder surface reaction and verified some
theoretical analysis methods.

X0

Figure 2. Static aeroelastic wind tunnel test, Adapt with permission from [43].

Due to the large stiffness of the fuselage and external stores, in general, the deformation
of the above components can be ignored in the design process of the static aeroelastic model.
Therefore, these components only simulate the shape, not the dynamic characteristics, of
the structure to ensure that the stiffness and strength are large enough. According to the
current research status, the aeroelastic model design mainly adopts the following four
types of structural layout.

Firstly, the plate type structure layout, for different research purposes or physical pro-
totypes, is, respectively, divided into the multi-layer plate, the equal thickness plate, and the
dimensional plate layout. The multi-layer plate structure mainly uses the thickness change
of the plate to simulate the stiffness and mass characteristics. For example, Ostachowicz
and Kaczmarczyk [46] proposed a multi-layer composite plate with delamination subjected
to aerodynamics load, as shown in Figure 3, where the effect of delamination on the natural
frequencies was analyzed in detail. The equal thickness plate structure mainly simulates
the stiffness and mass distribution characteristics by opening holes, such as the design in
Figure 4 [47]. The dimensional plate layout is generally designed and manufactured with
composite materials, which has been commonly seen in the last two decades. The plate
structure layout is mainly used in situations where the stiffness and mass characteristics
change gently. Its main characteristics are simple structure modeling, easy processing,
fewer design variables, and easy optimization.

—
ol o

' V/ Delamination

Figure 3. Multi-layer composite plate with delamination, Adapt with permission from [46].
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Figure 4. Same thickness plate, Adapt with permission from [47].

Secondly, beam type structure layout. The layout can be divided into single beam type,
double beam type, and mesh type according to different design requirements. In detail,
the single beam structure can be realized by changing the section shape of the main beam,
adding flanges and adding ribs. The beam type structure layout is formed by covering or
filling light foam and high-strength fiber cloth on the outside and bearing pressure load. It
is not only suitable for wings with large or small aspect ratios but also for the design and
manufacture of elastic components such as fuselage. However, the structure and designable
variables of the beam-type structure layout are relatively complex; structural modeling
and optimization design are more difficult than that of plate structure layout. To meet the
requirements of accurate simulation of the strength and shape of the model, processing
technology is highly required. For example, Martin [48] used a single beam structure to
conduct low-speed static aeroelastic wind tunnel tests on a high-aspect-ratio swept wing,
as shown in Figure 5. The results showed that with the increase in wind speed, the lift
line slope and aileron efficiency of the wing were significantly reduced, and the wing had
obvious deformation along the spanwise direction. The double beam type can be realized
by changing the shape parameters of the main beam section and the torsional connecting
truss in the middle. Kreshock et al. [49] proposed a double beam wing to restrain the
freedom degrees of pitch and yaw. The mesh type can be realized by adjusting the layout
of the beam frame and optimizing the geometric parameters of the section.

Figure 5. Single beam of wind tunnel model, Adapt with permission from [48].

Thirdly, bearing a skin-type structural layout, the clearance can be eliminated by
filling the interior with lightweight materials to meet the requirements of the stiffness and
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strength design. Usually, the skins of the experiment model are designed and made of
composite materials. The specific manufacturing method is generally to lay high-strength
carbon fiber or other special materials in the pre-processed mold according to the design
requirements. The bearing skin type structure layout has developed with the emergency of
cutting design and processing technology of composite materials [28], as shown in Figure 6.
It is characterized by high requirements for material properties and great difficulty in
optimization. It is depicted in Figure 7 that Alenander et al. [50] proposed a hybrid metal-
composite rod elements structure to protect the system from impacts and the environment.
The numerical results showed that about 5% of the weight can be saved. However, the
process requirements are not convenient for test equipment embedding, and it is difficult
to remedy errors in the processing process, with high production costs.

-- Aileron

Leading Edge
Flaps

Fuselage Wing Beam Horizontal
Stabilator

Figure 6. Aerodynamic model of aircraft, Adapt with permission from [28].

Figure 7. Frame composite structure, Adapt with permission from [50].

Fourthly, full structural similarity type structure layout. The structure layout is com-
pletely based on the structural form of the physical prototype and is scaled down according
to the similarity theorem. Therefore, the geometric scale ratio must be significantly large,
resulting in only being suitable for large-scale wind tunnels. However, it was rarely used
in the actual aeroelastic test due to the complex process design and manufacturing pro-
cess. According to the previous description, the structural dynamic characteristics of the
aeroelastic model are needed to further optimize the structural layout of the preliminary
design in addition to the full structural similarity type structure layout. The previous
aeroelastic model design methods are mainly based on manual conversion, which mainly
depends on engineering experience to design the original structure. To obtain structural
shape similarity, researchers need to repeatedly adjust the design parameters. It is time-
consuming and labor-intensive to obtain satisfactory results. With the rapid development
of computer-aided optimization (CAO), the application of relevant optimization methods
in aircraft designs or static aeroelastic model designs can greatly improve the speed and
accuracy of structural refinement designs. For example, Mark et al. [51-53] investigated a
structural design optimization method for aeroelastic models of small aspect ratio airfoils,
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as shown in Figure 8. The method separated the optimization design of structural stiffness
and structural quality. The optimization variable was the thickness of the wing “cross” skele-
ton along the spanwise/chord direction. Vasily et al. [54,55] designed an aeroelastic model
optimization method considering both structural stiffness and structural mass characteristics.
The above two methods must be given the target value before optimization, which belongs
to the traditional deterministic optimization algorithm. However, some uncertain factors
such as model production cost are not considered in the above method, which leads to
conservative results and increases in model production cost. Brian et al. [56] investigated
the structural method of the aeroelastic model of a multi-objective platform combined with
NASTRAN, based on reliability optimization technology.

A 25.0 Aerodynamic Planform
Structural Planfi
ctural Planform 116.8
98.2
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L/; 139.2 = | EF
| o
20.69

Figure 8. Full-scale wing of aerodynamic, Adapt with permission from [51].

2.2.3. High-Speed Static Aeroelastic Wind Tunnel and Test Technology

To attain the similarity conditions and reduce the design difficulty of the test model,
the static aeroelastic test simulation has special requirements for the wind tunnel. Firstly,
a larger size wind tunnel test section is required to simulate the geometric shape and
structural dynamic characteristics of aircraft with high fidelity. Secondly, the wind tunnel
is required to have the ability of variable pressure to simulate the change in flight altitude.
Finally, the wind tunnel should be equipped with a lower boundary of the velocity pressure,
and the test velocity pressure and Mach number should be rapidly reduced in case of
dangerous situations. At present, the most suitable wind tunnel for aeroelastic tests in the
world is the 16-feet transonic dynamic wind tunnel at NASA Langley Research Center [57].
It has a wide range of variable pressure test capabilities. The wind tunnel is also equipped
with a bypass pressure relief valve to quickly reduce the test Mach number and velocity
pressure in case of reducing the load borne by the model. Since the wind tunnel was
upgraded in 1959 to better carry out aeroelastic test research, a large number of aeroelastic
tests have been successfully completed.

The technology required for a static aeroelastic wind tunnel test usually includes the
following aspects. Firstly, ground flexibility matrix measurement and modal test technology.
The early flexibility matrix measurement was manual measurement by weight loading [52]. At
present, this work can be completed quickly and efficiently by using the automatic flexibility
matrix loading system. The above system can carry out ground modal tests such as the
hammering method, random excitation method, and sinusoidal sweep frequency excitation
method according to different test model sizes and test requirements. Secondly, static force
and moment measurement test technology. The measurement technology is based on the
force measuring balance to predict the effect of static aeroelasticity on the aerodynamic per-
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formance, stability, and rudder efficiency of the model. Thirdly, pressure load measurement
test technology. By measuring the influence of static aeroelasticity on the pressure load distri-
bution, the location and separation characteristics of the wing shock wave are determined,
and the test data are also provided for verifying the numerical calculation method. The
measurement technology can be realized by the pressure sensor, digital scanning valve or
pressure sensitive coating technology. Fourthly, model deformation measurement technology.
Typical non-contact measurement techniques include the video model deformation method,
projection Moiré interferometry method, and optotrak™ method [58]. Fifthly, surface flow
pattern model and spatial flow field characteristics measurement technology. The main
purpose is to evaluate the influence of static aeroelasticity on the flow characteristics of the
model, which is generally applied in the field of flow mechanism analysis and numerical
calculation method verification.

As shown in Figure 9, Perry et al. [59-61] investigated the aeroelastic test using the half
mold sidewall support method, in which several strain gauges were arranged at the 2/3
half span of the wing to measure the wing bending and torsional strains. The deformation
and aerodynamic characteristics of the wing model during the combined deflection of the
rudder surface are obtained. In addition, the effects of linearization theory and pressure
distribution on the static stability of aircraft were verified and analyzed, respectively.
Burner et al. [62] introduced particle image velocimetry technology into the aeroelastic
wind tunnel test and obtained a more advanced and intuitive research method to analyze
the influence of structural elastic deformation on flow characteristics. Zheng et al. [63]
proposed a method to reverse the pressure distribution by using the deformation measured
by the elastic model in the wind tunnel test. Qian et al. [64] investigated the static aeroelastic
model design and wind tunnel test of low-speed high-aspect-ratio wings. As shown in
Figure 10, the strain balance was used to measure the aerodynamic force and torque of the
model with sufficient toughness and strength, in which the pressure taps were arranged on
the wing surface to measure the pressure distribution.

Figure 9. Photographs of model tests, Adapt with permission from [61].
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Figure 10. Low speed static aeroelastic test of high aspect ratio wing, Adapt with permission
from [64].

2.3. Static Aeroelastic Numerical Simulation

With the rapid development and improvement of computer performance and fluid
mechanics theory, researchers have gradually started to use high-precision CFD and CSD
coupling methods to analyze static aeroelastic problems [65]. The method for solving
nonlinear aeroelastic problems is developed with the coupling of CFD and CSD. It can
not only accurately simulate the aeroelastic effect of aircraft, but also develop into a new
aircraft design concept [66]. In the CFD and CSD coupling process of two physical fields
with different properties, even if their respective physical fields are linear, the coupling
uncertainty maybe also cause new nonlinear problems [67,68]. Therefore, the CFD and
CSD coupling system coupled with the continuity compatibility condition on the interface
is a highly nonlinear problem rather than a simple superposition of the two problems. At
present, the key technologies and research hotspots of aircraft static aeroelastic numerical
simulation mainly focus on the following aspects.

Firstly, aerodynamic solution. The difficulty of the static aeroelastic numerical simula-
tion problem is to accurately and efficiently solve the aerodynamic force under complex
boundary conditions, especially the transonic aerodynamic force. In 1934, Theodorsen [69]
established an unsteady aerodynamic model involving the influence of the trailing edge
wake vortex. The model realized the aeroelastic analysis of two-dimensional thin wings at
low-speed and small attack angles, which had high accuracy and efficiency for unsteady
aerodynamics. The three-dimensional linearized lift surface theory proposed later had a
wider range of applications than the Theodorsen model, which was widely used to solve
the subsonic/supersonic steady and unsteady aerodynamics of thin wings at small attack
angles [70]. The panel method developed based on the linearized potential flow theory in
the 1970s had been widely used in aeroelastic calculation of aircraft, which did not need to
generate spatial grids and has a fast calculation speed. From the 1980s to 1990s, various



Actuators 2022, 11, 309

11 of 20

shock capture schemes based on the Euler equation were applied to the aerodynamic
calculation of aircraft as well as the aeroelastic calculation of aircraft [71]. In the 1990s, the
aeroelastic numerical calculation method was effectively developed with an improvement
in the Navier-Stokes equation based on the Reynolds average method [72,73]. In recent
years, the large eddy simulation method and direct numerical simulation method with
higher accuracy have been widely investigated [74,75]. However, the above two methods
are only suitable for basic theoretical research because of the huge amount of calculation,
and they are not suitable for static aeroelastic numerical calculation under complex bound-
ary conditions. The detached eddy simulation method combining the RANS method and
LES method has been systematically studied and can better simulate the flow separation
characteristics at high attack angles [76,77].

Secondly, structural deformation solution. In the past ten years, the structural model-
ing technology of aircraft airfoil has been greatly developed. From the simple empirical
formula to the rough beam model, and then to the more complex equivalent plate model
and finite element model, the modeling ability and analysis accuracy have been gradually
improved. For example, the empirical formula model was relatively simple and mainly
used for conceptual design [78]. The dynamic stiffness matrix model did not need to use
many elements to improve the calculation accuracy and could obtain the modal natural
frequency with arbitrary accuracy, which required fewer degrees of freedom and design
variables [79]. However, the dynamic stiffness matrix method was not as general as the fi-
nite element method, which was suitable for the dynamic response analysis of long straight
airfoil structures with high-aspect-ratios [80,81]. According to the published literature, the
most widely used wing structure was the beam structure model based on the Rayleigh—Ritz
method [82-84], as shown in Figure 11. For specific problems such as metal airfoils with a
large aspect ratio, it can obtain more accurate results. However, it is not appropriate for
small aspect ratio airfoils or composite airfoils because it cannot describe the actual airfoil
geometry and material distribution. As for the integrated optimization design of airfoils,
explicit equivalent plate models based on physical properties and Ritz numerical analysis
techniques have been used in recent years [85,86]. For the overall structural responses such
as wing displacement, natural vibration characteristics, and aeroelasticity, the structural
analysis based on the equivalent plate model had high accuracy and calculation efficiency.
The finite element method divides the airfoil into a large number of structural elements.
Based on the principle of virtual displacement, the elastic response of each element was
considered while the stiffness matrix was calculated by using the variational method [87].
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Figure 11. Geometry of the swept-wing aircraft, Adapt with permission from [82].

Thirdly, the coupling method of static aeroelastic calculation. The CFD and CSD coupling
methods in static aeroelastic calculation are divided into full coupling (tight coupling) [88]
and loose coupling (weak coupling) [89]. Among them, the full coupling method is to solve
the fluid dynamics equations and structural mechanics equations simultaneously, and each
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internal time iteration step of the fluid solution will output aerodynamic force to the
structure. Due to the limitation of the solution method, the full coupling method consumed
too many computational resources, which can only be used for the aeroelastic simulation
of two-dimensional flow and simple three-dimensional small-scale flow [90]. The loose
coupling method is used to solve hydrodynamics equations and structural dynamics
equations separately and independently. Then, the data of the two physical fields are
exchanged through data interpolation technology. The loose coupling method is similar to
the parallel research of two independent disciplines. The advantage is that there is no direct
connection between the two except for the relevant data exchange. Therefore, if necessary,
different models can be replaced for comparative research.

Fourthly, the CFD mesh deformation method (dynamic mesh method). For the large
aircraft wing structure, it can result in the distortion of the flow field calculation grid and
make the flow field calculation unable to continue under some large loads. Therefore, mesh
deformation technology is significantly important for CFD analysis. To obtain better devel-
opment of the separation region and stall shape of the wing, more than 5.8 million structural
grids are required for the CFD numerical simulation of a single wing body configuration [91].
The resources consumed by regenerating the grid are too large and therefore unconducive to
solving practical engineering problems. The other method is to correct the deformation based
on the original mesh, which has high computational efficiency and can be realized by a variety
of methods. Due to the mesh needing to be updated constantly in the calculation process,
the mesh deformation method should not only ensure high accuracy and robustness but also
meet the requirements of fast calculation speed. The commonly used mesh deformation
methods are, respectively, the spring network balance method, transfinite interpolation
method, partial differential equation method, and boundary element method in the aeroe-
lastic calculation. The spring network balance method was first proposed by Batina [92]
as a dynamic mesh calculation model for unstructured meshes. Later, Robinson et al. [93]
extended it to the deformation calculation of structural grids. Cavallo et al. [94] improved the
problem of possible negative mesh volume by adding volume-related control parameters.
Furthermore, Martineau et al. [95] introduced the prediction correction step based on the
spring network balance method to increase the robustness of mesh deformation calculation.
Although the spring network balance method can deal with large mesh deformation, the
disadvantage calculation efficiency is too low, and it is not suitable for the calculation
of large-scale mesh deformation. Therefore, Liu et al. [96] proposed a mesh deformation
method based on simple background mesh algebraic interpolation, as shown in Figure 12,
which has the advantages of fast computing speed and is suitable for any element type of
unstructured mesh.

Figure 12. Original and moved meshes, Adapt with permission from [96].

Due to the simple background grid, it is impossible to ensure the correct generation of the
background grid when there are many object surfaces in three-dimensional complex problems.
Based on summarizing the previous methods, Zheng et al. [97] developed a mesh deformation
method based on multiple sets of unstructured background mesh algebraic interpolation. The
method had the advantages of fast speed and strong deformation ability, which can deal with
any element type of unstructured mesh. The partial differential equation method was to solve



Actuators 2022, 11, 309

13 of 20

the partial differential equation of the grid so as to obtain the correction [98]. In the process
of solving, the monitoring function was used to ensure the smoothness of the grid [99].
Wong et al. [100] proposed the arc length local mesh motion and the spring analogy corner
mesh motion algorithm based on trans-finite interpolation and used a smoother to correct
mesh points with large gradient changing. Potsdam et al. [101] used spline interpolation
and attenuated bending function to realize mesh motion, which obtained simple and high
mesh quality. However, the computational resources consumed in the calculation were
too large to be generalized to complex three-dimensional engineering problems such as
large aircraft. Therefore, Gao et al. [102] proposed a nonlinear elastic boundary element
method to realize mesh deformation. The method can be applied to unstructured meshes,
multi block structured meshes, nested meshes and other mesh systems. However, the
disadvantage was that the orthogonality of the mesh maybe poor near the object surface.

Fifthly, the data interpolation method of interface between flow field and structure.
Due to the loose coupling method, the hydrodynamics equations and structural dynamics
equations are solved separately. However, in general, the flow field does not match the
computational grid used by the structure at the interface. To ensure the conservation of
mass, momentum, and energy on the coupling interface, the interface data interpolation
technology must be introduced. For the interface data interpolation method of CFD/CSD
coupling computation, the surface assembly method and the surface tracking method
are two mature methods [66]. The former method calculates the surface spline function
through the known points and then interpolates to obtain the unknown points, such as the
infinite plate spline method. The latter method uses the shape function interpolation of the
local finite element to obtain the information of the unknown points, such as the constant-
volume tetrahedron method. In addition, Chen et al. [103,104] proposed a multi-block
boundary element interpolation method, which used a general spline matrix to convert
structural deformation and aerodynamic loads. However, the spline matrix needed to be
obtained by solving the boundary element equation, which was too expensive, while the
number of interpolation points largely. The above method is not suitable for the aeroelastic
computation of complex aircraft such as large aircraft.

The optimization design based on CFD has been widely used in high-aspect-ratio
aerodynamic optimization design [105]. However, fluid/structure multidisciplinary op-
timization based on CFD is still difficult to apply to aircraft design due to the long-time
consumption. Based on the above difficulties, Yang et al. [106] developed a high-efficiency
static aeroelastic aerodynamic optimization method; the RSM model replaced CFD-based
static aeroelastic computation. In terms of structure design, Zhao et al. [107] proposed mul-
tiple control surfaces to improve static aeroelastic and the results showed the efficiency and
accuracy of an aircraft wing with multiple control surfaces. Kontogiannis et al. [108] com-
pared and analyzed two multi-fidelity of aerodynamic optimization to shorten the design
cycle. Other aerodynamic optimization methods can be obtained in references [109-112].

Accordingly, static aeroelastic computation is a complex process that includes aero-
dynamic solution, structural deformation solution, mesh deformation calculation, fluid
mechanics coupling, and structural mechanics calculation. Therefore, the static aeroelastic
calculation is a typical solution process for fluid-structure coupling problems. It is worthy
of comprehensive, systematic, detailed, and in-depth investigation.

2.4. Static Aeroelastic Correction Method

Accurate aerodynamic performance prediction is the basis to ensure its high-performance
index, good flight quality, flight control, and structural strength design for large air-
craft [113]. Therefore, the wind tunnel test results must be reasonably corrected before being
used in actual flight conditions, otherwise it will lead to the deviation of flight performance
prediction and bring risks to the flight test. It is therefore important not only to compare
the wind tunnel test results with the flight results but also to analyze the differences in
physical conditions between the wind tunnel test model and the real aircraft in different
environments [114].
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In the area of aerodynamics investigation, data assimilation plays an increasingly
important role in numerical modeling and simulation, which is beneficial to improve the
accuracy of aerodynamic prediction [115,116]. For example, Barakos et al. [117] found that
there was an improvement in numerical solution by experiment data assimilation. At the
same time, they concluded that the pressure force significantly improved the numerical
prediction in the transonic range. Zhang et al. [118] proposed an assimilation algorithm
to connect numerical simulation with experimental measurement, which can improve
the breadth of experimental measurement and the accuracy of numerical simulation. In
addition, Liu et al. [119] investigated a POD-Inversion data assimilation method to recover
turbulent mean flow fields at a high Reynolds numbers according to the experimental
pressure coefficients. The other methods of data assimilation of aerodynamic prediction
can be seen in references [120-122].

Compared with real aircraft, the structural elastic deformation and its influence on
the conventional rigid body were the main factors of the experiment model in the wind
tunnel [123]. Due to the effect of aerodynamic load, the elastic deformation of the wing
leads to the redistribution of aerodynamic load and a change in aerodynamic character-
istics. Therefore, the static aeroelastic effect is one of the most important factors affecting
the correlation between wind tunnel and flight. When using wind tunnel experiment
data for flight prediction, the influence of elastic deformation of aircraft structure and
the corresponding static aeroelastic influence correction must be considered and carried
out, respectively. At present, the K-value method is widely applied to correct the static
aeroelastic influence of aircraft aerodynamic wind tunnel test data [124,125]. The method
is an engineering concept proposed for static aeroelastic analysis, which is convenient for
correction calculation, especially for the correction of a large number of wind tunnel test
data. Furthermore, researchers proposed an incremental method. For example, Gobal and
Granghi [126] constructed the Heaviside function to adjust the bandwidth of the transition
region by changing the K-value. The numerical results showed that higher values of K made
the transition region narrower. Eldred et al. [127] proposed two methods: the complex
higher-order eigenpair perturbation method and the complex cross-orthogonality check
method, respectively, to eliminate difficulties caused by mode switching. The K-value was
performed for each incremental to achieve the above goal. In the area of modeling uncertainty,
Riley et al. [128] investigated an unsteady aeroelastic problem by Bayesian model averaging
and the adjustment factors approach for the quantification of modeling uncertainty. During
the simulation, they approximated the Theodorsen function as the K value, where K was
the reduced frequency of the system. Furthermore, Abel et al. [129] concluded that the
incremental method was better than the K-value method based on theoretical calcula-
tion to correct the influence of static aeroelasticity on the efficiency of the rudder surface.
Wau et al. [130] concluded that although the theoretical analysis was reasonable, whether it
is suitable for various situations needs to be further verified. At present, researchers mainly
use the K-value method for static aeroelastic correction of wind tunnel test data.

3. Discussion

Aeroelasticity investigation of modeling and experiments aims to obtain advanced
knowledge and promote engineering applications. For example, the accurate and efficient
solution of aerodynamic forces under complex boundary conditions, especially transonic
aerodynamic forces, is the key to solving static aeroelastic numerical simulation problems.
Thus, a large number of scholars developed various fluid-structure coupling simulation
methods according to above review, such as CFD optimization algorithm. As for wind
tunnel experiments, wind tunnels with different dimensions and cross sections have been
developed in the last 30 years and the stress/strain sensors and pressure sensors have
been widely used in experiments, which improve the accuracy of experimental data.
The continuous improvement in the above numerical and experimental technologies and
the development of advanced detection technologies have promoted the engineering
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application design of aeroelasticity, especially in optimizing aerodynamic load distribution
and improving the aerodynamic performance of wings.

4. Conclusions

This paper reviews the progress of static aeroelastic prediction and correction in the
past half-century, which has seen great improvement in regard to aircraft safety flight. The
aerodynamic characteristics of aircraft are significantly affected by static aeroelastic, espe-
cially aerodynamic load distribution and flight efficiency. With the increasing performance
requirement of aircraft, composite materials are widely used in aircraft manufacturing,
which improves the carrying capacity. However, the static aeroelastic problems of compos-
ite materials with high proportions are more prominent. Therefore, the scaling model wind
tunnel test and CFD/CSD numerical simulation are proposed by many scholars. To ensure
the correctness of the experimental data at the scaling model test, it must strictly abide the
similar aerodynamics and stiffness conditions of aircraft. In terms of model design and
optimization, four types of structural layouts can be selected according to the current re-
search status. In addition, the wind tunnel standards and test technique are also important
to the high-speed static aeroelastic experiment, especially the range of Mach number and
dynamic pressure of wind tunnel. The different test methods must be confirmed by the
model size and test requirements. The correction method of the static aeroelastic effect is
another important review of this paper, in which the K-value is widely used in the static
aeroelastic correction of wind tunnel test data at present.
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