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Abstract: Using heavy gases in wind tunnel tests can reduce model weight issues, which
have intensified with advancements in high-performance aircraft technology. This study
employs time-domain analysis to examine the flutter characteristics and correction methods
of a 2D airfoil under heavy gas conditions; it also examines how structural dynamic simi-
larity parameters influence wind tunnel flutter tests and the effect of structural parameters
on the flutter boundary of heavy gases. The results are as follows: 1. The same model
reaches the critical state in air, while its vibrations converge in heavy gas. Under consistent
temperature and pressure, structures in R134a exhibit harmonic vibrations with the natural
frequency reduced to 46~48% of that in air. 2. With the same incoming flow Mach numbers,
designing the R134a medium model based on reduced frequency similarity results in a
20% reduction in flutter pressure compared to air. Adjusting the Mach number for R134a
according to similarity parameter χ shows that its dimensionless flutter dynamic pressure
is about 10% lower than that of air. 3. We investigate the impact of specific heat ratio
variations on heavy gas flutter and establish a similarity law for heavy gas flutter based on
the similarity parameters χ and ψ. The similarity law for heavy gas flutter explains well the
flutter similarity between air and R134a at different mass ratios. However, correction errors
at low mass ratios and high reduced frequencies indicate that a more precise correction
method is still needed for further development.

Keywords: flutter; heavy gas; mass ratio; flutter similarity law in heavy gas

1. Introduction
The phenomenon of wing flutter has long been a central focus in studying aerodynamic

elasticity within aircraft design. Research on flutter began with the advent of powered flight
and has continued to evolve systematically and comprehensively. A critical requirement
in the aircraft design process is to ensure that no flutter occurs within the flight envelope
while maintaining a certain margin for flutter tolerance [1]. Using dynamic models in wind
tunnel experiments is an essential and effective method for studying the flutter issues of
wings [2]. Key similarity parameters related to flutter wind tunnel tests include the Mach
number, elastic scaling ratio, reduced frequency, and mass ratio [3].

Due to the limitations in wind tunnel dimensions, the geometric size of test models
is significantly smaller than that of actual aircraft. Consequently, achieving a similar
mass ratio becomes challenging, and issues related to overweight models are common.
Furthermore, modern aircraft increasingly incorporate lightweight composite materials [4],
while stealth-oriented combat aircraft frequently adopt a flying-wing configuration [5]. This
design necessitates comprehensive model testing for flying-wing vehicles. Consequently,
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these developmental trends exacerbate the challenges associated with overweight wind
tunnel test models.

Using heavy gases as the medium in wind tunnel experiments can effectively enhance
gas density, allowing for a higher mass of the test model and leveraging existing processing
technology, and designing and manufacturing elastic models that cannot be achieved with
air as the medium are possible. Furthermore, the introduction of heavy gas media has
resulted in a reduction in the flutter frequency, improving the signal-to-noise ratio of flutter
test data and contributing to the safety of the testing process.

The Transonic Dynamics Tunnel (TDT) at NASA Langley Research Center is currently
the only facility in the world capable of operating with heavy gas media [6]. The relevant
reports on TDT have previously published two cases of heavy gas flutter test data. Among
them, the flutter characteristics of a rigid wing (BSCW) in the heavy gas R12 medium exhibit
a slightly lower vibration pressure than those in the air [7]. In contrast, the flexible wing
with a 45◦ sweptback wing configuration (airfoil NACA65A004) demonstrates significantly
higher vibration pressure than that observed in the air [8]. Notably, the wind tunnel tests
conducted by TDT utilized models with identical mass and stiffness across different media.
This approach resulted in important parameters for wing flutter, such as the mass ratio and
reduced frequency, not satisfying similarity criteria. Furthermore, TDT has not established
a comprehensive method for correcting flutter data.

ZHA et al.’s [9] research focused on the characteristics of transonic flow over super-
critical airfoils in heavy-gas-medium environments through numerical simulations. LIU
et al. [10–12] have contributed significantly to understanding the isentropic flow charac-
teristics of heavy gas media, aerodynamic corrections, and methods for correcting wind
tunnel test data.

The present study employs a time-domain analysis method for fluid–structure interac-
tion to investigate the differences in flutter characteristics of the two-dimensional airfoil
NACA64A010 within a heavy gas medium and potential correction methods. The Euler
equations are utilized as the governing equations for flow control, while structural analysis
is conducted based on the modal superposition method. R134a is selected as the heavy
gas medium, and its thermodynamic properties are simulated using the Peng–Robinson
equation. This research explores how model mass and stiffness affect flutter characteristics
in a heavy gas environment. Through similarity transformations, it also considers essential
parameters related to flutter issues, such as the Mach number, reduced frequency, and mass
ratio. Based on transonic flow similarity laws and transonic flutter similarity laws, we
propose correction methods for flutter data pertaining to different mass ratios.

The work presented herein fills a gap in the research and analysis of flutter phenomena
in heavy gas environments. Furthermore, it supports engineering practices concerning
designing a wind tunnel test model and flutter data corrections involving heavy gases.

2. Flutter Analysis Method
2.1. Fluid Equations

The governing equations of the flow are the Euler equations [13,14]. The Euler equa-
tions in vector notation thus have the following components:

Conservation of mass:
∂ρ

∂t
+∇•[uρ] = 0 (1)

Conservation of momentum:

∂(ρu)
∂t

+∇•[u(ρu)] +∇p = 0 (2)
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Conservation of total energy:

∂(ρE)
∂t

+∇•[u(ρE)] +∇•[up] = 0 (3)

where ρ, u, p, and E are density, velocity, pressure, and total energy, respectively. ∇ is the
nabla vector operator, E = e +|u|2/2, where e is the specific internal energy in Equation (3).

2.2. Aeroelastic Model

The typical wing section using a two-dimensional model [15] is well established for
studying wing dynamical systems with two degrees of freedom. This model considers the
plunging (h) and pitching (α) motions about the elastic axis of the wing. The governing
equations of undamped motion are Equation (4) [16]:{

m
..
h + Sα

..
α + Khh = −L

Sα

..
h + Iα

..
α + Kαα = Mea

(4)

where m, Iα, and Sα are the aerofoil mass per unit length, cross-sectional moment of inertia
about the elastic axis per unit length, and static mass imbalance, respectively. Kh and Kα

are the bending and torsional spring stiffness, whereas L and Mea are the lift force (positive
up) and moment about the elastic axis (positive nose up). The plunging displacement
h is positive down, and the angle of attack α is positive nose up and is in radians. The
governing equation (Equation (4)) can now be reformulated in the following matrix form:

[M]
{ ..

q
}
+ [K]{q} = {F} (5)

where

[M] =

[
1 xα

xα r2
α

]
; [K] =

[
(ωh

ωα
)

2 0
0 r2

α

]
; {F} =

U2
∞

πµω2
αb2

{
−Cl

Cm

}
; {q} =

{
h
b
α

}
(6)

In Equation (5), [M] and [K] are the mass and stiffness matrices, and {F} and {q} are the
force and displacement vectors. The non-dimensional aerofoil mass ratio is µ = m/πρb2

where xα and rα are the static unbalance and the radius of gyration, respectively. The
uncoupled natural frequencies in plunging and pitching motion are ωh and ωα, respectively.
U∞ represents the incoming flow velocity, and b indicates the half-chord length of the wing.
Cl and Cm represent the lift and moment coefficients, which have the same sign convention
as the aerodynamic forces and moment L and M.

2.3. Modal Analysis

The governing equation (Equation (5)) is solved using the modal analysis methodology.
The central concept represents the system displacements as a linear combination of the
shape of the system’s free vibration mode through generalized coordinates. In general, if a
combination of the first few modes of free vibration, say N, is used, then according to the
modal approach, the displacement vector can be represented as

{q} = [ϕ]{η} (7)

where [φ] is the modal matrix where each column is an eigenvector of the free vibration
eigenproblem and {η} is the generalized coordinates. Premultiplying Equation (5) by [φ]T,
substituting using Equation (7), and applying the eigenvector orthogonality lead to a set of
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second-order ordinary differential equations in generalized coordinates. Each equation is
represented by its mode, say the ith mode, to give [17]

..
ηi + ω2

i ηi = Qi, (i = 1, 2, . . . , N) (8)

where
Qi = {ϕ}T

i {F}; ωT
i = {ϕ}T

i [K]{ϕ}i; 1 = {ϕ}T
i [M]{ϕ}i (9)

In this paper, the structural system is treated as an undamped system. The modes are
normalized so that the generalized mass matrix becomes an identity matrix. Determining
the first N modes to formulate the modal matrix [φ] can be accomplished by solving the
eigenproblem for the free vibration system. In time, the generalized displacement vector
{η} can be obtained by solving a second-order ordinary differential equation (ODE). The
system displacement vector could be calculated by matrix [φ] and vector {η}.

2.4. Fluid–Structure Coupling

This study considers closely coupled interaction; two coupling levels are required.
The first one is time coupling by integrating the aerodynamic forces over the aerofoil at
every time step to calculate the force vector {F}; the second level of interaction is coupling
between the structure displacements and the fluid solver. The aerofoil cross-section is
considered rigid (non-deformable), and the aerofoil position will be updated at every time
step according to the calculated Cl and Cm. By knowing h and α, the new location could
be obtained.

The Euler equation is spatially discretized using a finite volume method, and the
implicit Euler method is used for time discretization. The time advancement employs
the LU-SGS (Lower-Upper Symmetric Gauss–Seidel) implicit method, and the gradient
calculation is performed using the Green–Gauss Theorem. The flow field grid is rigidly
connected to the surface of the airfoil. The calculation of the airfoil surface employs
an inviscid boundary condition; in the far field, non-reflecting boundary conditions are
applied. The air is described using the ideal gas law.

3. Flutter of NACA64A010 Airfoil
The boundary of the wing flutter is calculated using the open-source CFD solver

SU2.7.5.1, initially developed by Stanford University. SU2 is a versatile multiphysics solver
capable of simulating flows from low-speed incompressible to high-speed compressible
conditions, utilizing flexible and efficient parallel algorithms suitable for various aerospace
and automotive engineering applications. The present study conducts numerical calcula-
tions using the NACA64A010 airfoil [18]. Table 1 gives the structural parameters; the 2D
wing structure does not incorporate damping.

Table 1. Structural parameters of NACA64A010.

Description Variable Value

Static unbalance xα 1.8
Uncoupled natural frequency in pitch/(rad/s) ωα 100

Uncoupled natural frequency in plunge/(rad/s) ωh 100
Squared radius of gyration rα

2 3.48
Airfoil mass ratio µ 60

Definition of dimensionless flutter velocity UF:

UF =
U∞

ωαb
√

µ
(10)
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The initial angle of attack is set at 1 degree, with the incoming static pressure main-
tained at 1 atm. The time step is defined as 0.001 s. The responses of the structure under
different dimensionless flutter velocities are presented in Figures 1 and 2. Due to an initial
angle of attack on the airfoil, it is assumed in the previous discussion that downward struc-
tural displacement is considered positive, resulting in an overall downward movement of
the structure. Under the condition of Ma = 0.85, it was observed that vibration converged
at UF = 0.40 and diverged at UF = 0.65. Multiple adjustments in calculations determined
that the dimensionless flutter velocity boundary for the airfoil at Ma = 0.85 is UF = 0.535.
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The dimensionless velocity boundary curves for the Mach number range of 0.6 to
0.95 were obtained using the same computational method, and a comparison with the
literature results is presented in Figure 3. The computational results presented in this
study align well with the findings reported in the literature by Xiangying Chen [19] and
Ferran Marti [20]. The curve UF~Ma exhibits an S-shaped profile, with a noticeable dip
near a Mach number of 0.85. The analysis presented in this paper suggests that the
computational method employed is suitable for investigating the flutter issues associated
with two-dimensional wings.
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4. The Peng–Robinson Equation
Heavy gases typically denote polymeric gases whose molecular weight is approxi-

mately thrice that of air [21]. Commonly employed heavy gas media encompass R12 (Freon,
CCl2F2), R134a (tetrafluoromethane, CH2FCF3), and so on. The present study primarily
utilizes R134a as the working medium to conduct calculations on heavy gas oscillations,
and its thermodynamic parameters are retrieved from the REFPROP9.1 software developed
by the National Institute of Standards and Technology (NIST). R134a is free of chlorine
atoms, which means it does not contribute to the depletion of the ozone layer. Additionally,
it exhibits excellent safety performance. As a typical non-ideal gas, R134a fails to com-
ply with the ideal gas equation of state. Instead, the Peng–Robinson equation typically
delineates its thermodynamic properties [22], as in Equation (11):

P =
RT

v − b
− ξ(T)

v(v + b) + b(v − b)
(11)

where P, R, and T denote the gas pressure, the gas constant, and the gas temperature; v
denote a specific volume; and the other parameters are elaborated in Equation (12).

b = 0.0778RTc
Pc

ξ(T) = 0.45725(RTc)
2

Pc
[1 + fw(1 −

√
Tr)]

fw = 0.37464 + 1.54226ω0 − 0.26992ω0
2

(12)

Among these parameters, Pc and Tc represent the gas’s critical pressure and critical
temperature. At the same time, Tr = T/Tc signifies the relative temperature, and ω0 refers
to the gas molecule’s acentric factor. Table 2 exhibits a detailed comparative assessment of
several thermodynamic parameters between the heavy gas medium and air (T = 273.15 K;
P = 1 atm).

Table 2. Thermodynamic parameters of heavy gas and air.

Description Air R12 R134a

Relative molecular mass 28.9586 120.9130 102.0320
Standard status density/(kg/m3) 1.2927 5.5352 4.6863

Specific heat ratio γ 1.4028 1.1498 1.1323
Viscosity coefficient 1.7257 × 10−5 1.0761 × 10−5 1.0831 × 10−5

Velocity of sound/(m/s) 331.4907 143.1769 154.152



Aerospace 2025, 12, 247 7 of 17

5. Flutter of Airfoil in Heavy Gas
5.1. Dynamic Similarity of Flutter

The Mach number, reduced frequency, and mass ratio are all critical similarity param-
eters in the wind tunnel testing of aircraft flutter:

Ma =
U
a

; k =
ωb
U

; µ =
m

πρb2 (13)

U is the flow velocity; a denotes the local sound speed; ρ signifies the fluid density
traversing through the structure; m refers to the mass per unit extension. b indicates
the half-chord length of the wing, and ω represents the natural frequency of the aircraft
structure. The Mach number reflects the compressibility of a gas; the reduced frequency is
defined as the ratio of the structural vibration velocity to the fluid flow velocity passing
through it. The Theodorsen function relates reduced frequency to harmonic oscillation
aerodynamic forces, demonstrating how reduced frequency characterizes the similarity of
unsteady aerodynamic forces [23].

The mass ratio refers to the structural mass ratio to the surrounding fluid’s mass;
variations in the mass ratio significantly influence dynamic responses. Altering the mass
ratio can affect both the magnitude of oscillation amplitudes and, on the other hand, modify
the interaction modes of vibrations. In systems characterized by structural and aerodynamic
damping, improper mass scaling may obscure genuinely unstable modal combinations
that exist, potentially exciting a different, inherently stable combination. As illustrated in
Figure 4, the relevant literature discusses the impact of the mass ratio parameter on the
boundary of flutter velocity [24]. The flutter velocity exhibits an almost linear increase with
the rise in mass ratio, indicating that the flutter boundary of aircraft is highly sensitive to
variations in this parameter. The mass ratio of different aircraft configurations varies and
is also influenced by atmospheric density and flight altitude [24]. The impact of the mass
ratio on the flutter boundary of aircraft and its characteristics with changes in atmospheric
density underscores the necessity for precise simulation of the mass ratio during wind
tunnel testing.
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It is essential to perform accurate dynamic similarity scaling of the model to conduct
flutter tests. Inaccurate dynamic scaling may lead to imprecise predictions of flutter
characteristics. An experiment on the F-16 rope-supported flutter model was conducted
at TDT in 2010. The model exhibited a combination of secondary bending and torsional
flutter modes during the testing process using air as the medium. However, this instability
was not observed during subsequent tests with R134a as the medium, nor did it occur in
actual flight tests. Given that both R134a and air mediums employed identical models and
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testing procedures, the test team concluded that the flutter instability observed in the air
directly resulted from improper dynamic scaling of the mode [25].

5.2. Structural Parameters

The present study utilizes R134a as the working medium for heavy gas calculations.
R134a’s density is approximately 3.5 to 3.7 times that of air, while its sound speed is about
half that of air. The relationship between the mass and frequency scale of the wind tunnel
test model is as follows:

λm= λρλ
3
L λω= λaλ

−1
L (14)

The parameters λm, λρ, λL, λω, and λa represent the mass scale factor, density scale
factor, geometric dimension scale factor, frequency scale factor, and sound velocity scale
factor, respectively. Employing a heavier gas with a greater density increases the model’s
mass according to the mass ratio scale. Figures 5–7 illustrate the response curves corre-
sponding to different mass ratios under identical inflow conditions (Ma = 0.8125, P = 1 atm,
T = 320 K) and consistent model stiffness (ωh = ωα =100 rad/s).
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The 2D wing model with a mass ratio of 60 exhibits critical flutter under the given
airflow conditions. In the R134a gas medium, although the model’s structural mass remains
identical, the response curves converge rapidly. Increasing the airfoil’s mass significantly
amplifies its vibration amplitude; however, it still fails to reach a harmonic state. The
dissimilarity in reduced frequency may be a primary reason for not satisfying structural
dynamic similarity.

The frequency scaling indicates that when using a heavier gas with lower sound speed
as the flow medium, it is necessary to appropriately reduce the structural stiffness to meet
the requirements for reduced frequency similarity. This approach allows for reasonably
determining the flutter boundary for airfoil configurations in a heavy gas environment.
Figure 8 illustrates the required structural natural frequency values for the 2D wing to
reach a critical flutter state under identical inflow conditions (P = 1 atm, T = 300 K) and
mass ratio (µ = 60). Compared to air, the structural natural frequency required in the R134a
medium is significantly lower, approximately 46% to 48% of those needed in air.
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5.3. Similar Parameters of Flow

The similarity of flow-related parameters is equally important for the issue of flutter.
Meeting the conditions of flow similarity allows for a more accurate and realistic repre-
sentation of analogous flow phenomena. The primary aspect of flow parameter similarity
is the Mach number similarity. The expressions for the flow dynamic pressure qF and the
dimensionless dynamic pressure qD are as follows:

qF =
1
2

ρ∞U2 (15)

qD =
1/2ρ∞U2

1/2mω2
α

=
U2

π2b2ω2
αµ

(16)

where ρ∞ is the density of incoming flow in Equations (15) and (16), and the Mach number
is a crucial parameter for characterizing flow characteristics. In this section, we compare
the flutter pressure of an airfoil in two different media, air and R134a gas, under identical
incoming Mach numbers. The mass ratio is 60, with ωα = ωh = 100 rad/s in air. For R134a,
the model’s natural frequency is dynamically scaled based on reduced frequency similar-
ity. Figure 9 illustrates the comparison between the two cases; it shows that, compared
to air, the flutter dynamic pressure boundary in the R134a medium has been reduced
by approximately 20%; the two entities generally exhibit a consistent trend of increase
and decrease.



Aerospace 2025, 12, 247 10 of 17
Aerospace 2025, 12, x FOR PEER REVIEW 10 of 17 
 

 

 

Figure 9. Comparison of flutter dynamic pressure boundary. 

In addition to the similarity in Mach numbers, related studies have also indicated 
that different families of airfoil shapes and varying specific heat ratios of the flow medium 
must satisfy certain similarity relationships when operating in the transonic regime. Von 
Karman [26], Guderley and Yoshihara [27], and Cole [28] derived the equation for the 
velocity potential function φ of small disturbances in transonic flow based on the small 
disturbance equations through a coordinate transformation approach: 

( )
2 2 2

1 2 1/3 2 1/3 21 0
( ) ( )c c

K
x x y z
ϕ ϕ ϕ ϕγ

δ δ
∂ ∂ ∂ ∂ − + + + = ∂ ∂ ∂ ∂   (17)

2 3

2

1
1

c

MaK
δ

−=
 (18)

The parameter δc represents the airfoil thickness ratio, while K1 denotes the similarity 
parameter for transonic flow. The similarity parameters for transonic flow are derived 
when the Mach number is approximately equal to 1. Spreiter and colleagues [29,30] con-
ducted extensive fitting and analysis of a substantial amount of transonic experimental 
data, providing similarity parameter χ that is applicable over a broader range of Mach 
numbers: 

( )

2

2 32

1

1 c

Ma

Ma
χ

γ δ
−=

 + 
 (19)

The following form of the subsonic small disturbance velocity potential function is 
2 2 2

2 1/3 2 1/3 2 0
( ) ( )c cx x y z

ϕ ϕ ϕ ϕχ
δ δ

∂ ∂ ∂ ∂ − + + = ∂ ∂ ∂ ∂ 
 (20)

Assuming that Ac represents the aspect ratio of the wing and αc denotes the angle of 
attack of the wing, we define 

( ) 1 321     /c c c c c cA Ma Aγ δ α α δ = + = 
 ；  (21)

The similarity criteria for aerodynamic coefficients in transonic flow are as follows: 

( )
( )

2 3

1/32
, ,

1
c

p p c cC C A
Ma

δ χ α
γ

=
 + 

  
 

(22)

( )
( )

2 3

1/32
, ,

1
c

L L c cC C A
Ma

δ χ α
γ

=
 + 

    
(23)

Figure 9. Comparison of flutter dynamic pressure boundary.

In addition to the similarity in Mach numbers, related studies have also indicated
that different families of airfoil shapes and varying specific heat ratios of the flow medium
must satisfy certain similarity relationships when operating in the transonic regime. Von
Karman [26], Guderley and Yoshihara [27], and Cole [28] derived the equation for the
velocity potential function φ of small disturbances in transonic flow based on the small
disturbance equations through a coordinate transformation approach:[

K1 − (γ + 1)
∂φ

∂x

]
∂2 φ

∂x2 +
∂2 φ

∂(δ1/3
c y)

2 +
∂2 φ

∂(δ1/3
c z)

2 = 0 (17)

K1 =
1 − Ma2

δ2/3
c

(18)

The parameter δc represents the airfoil thickness ratio, while K1 denotes the similarity
parameter for transonic flow. The similarity parameters for transonic flow are derived when
the Mach number is approximately equal to 1. Spreiter and colleagues [29,30] conducted
extensive fitting and analysis of a substantial amount of transonic experimental data,
providing similarity parameter χ that is applicable over a broader range of Mach numbers:

χ =
1 − Ma2

[(γ + 1)Ma2δc]
2/3 (19)

The following form of the subsonic small disturbance velocity potential function is[
χ − ∂φ

∂x

]
∂2 φ

∂x2 +
∂2 φ

∂(δ1/3
c y)

2 +
∂2 φ

∂(δ1/3
c z)

2 = 0 (20)

Assuming that Ac represents the aspect ratio of the wing and αc denotes the angle of
attack of the wing, we define

Ãc =
[
(γ + 1)Ma2δc

]1/3
Ac; α̃c = αc/δc (21)

The similarity criteria for aerodynamic coefficients in transonic flow are as follows:

Cp =
δ2/3

c

[(γ + 1)Ma2]
1/3 C̃p

(
χ, Ãc, α̃c

)
(22)

CL =
δ2/3

c

[(γ + 1)Ma2]
1/3 C̃L

(
χ, Ãc, α̃c

)
(23)
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CM =
δ2/3

c

[(γ + 1)Ma2]
1/3 C̃M

(
χ, Ãc, α̃c

)
(24)

CD =
δ2/3

c

[(γ + 1)Ma2]
1/3 C̃D

(
χ, Ãc, α̃c

)
(25)

The variables C̃p, C̃L, C̃M, and C̃D represent the similarity functions for the pressure
coefficient, lift coefficient, pitching moment coefficient, and drag coefficient, respectively.
The transonic flow similarity parameter χ is commonly employed to elucidate the flow
similarity of airfoil families with differing thickness ratios in an air medium. If two airfoils
exhibit the same similarity parameter χ in their surrounding flow, then these two flows can
be considered similar. In the context of heavy gas flutter issues, this parameter can also
describe the transonic flow similarity of models with identical thickness ratios in gaseous
media characterized by different specific heat ratio parameters.

The specific heat ratio of heavy gases is lower than that of air. Therefore, a higher Mach
number should be matched accordingly. The numerical results in Figure 10 indicate that
the incoming Mach number of the R134a medium is corrected based on the transonic flow
similarity parameter χ. Furthermore, a structural model stiffness redesign is conducted
using reduced frequency similarity. The resulting dimensionless flutter pressure curves
for air and R134a medium environments are illustrated in Figure 10. The results indicate
that, after adjusting the Mach number based on the similarity parameters of transonic flow,
the dimensionless flutter speed pressure for a 2D wing in the heavy gas R134a medium
is slightly lower than that in air, with a value of approximately 90% of that observed in
air. Across the analyzed Mach number range, both media show a consistent trend in the
variation in dimensionless flutter speed pressure for a 2D wing.
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5.4. Differences in Flutter Caused by Specific Heats

The heavy gas medium is a typical non-ideal gas, which differs from air in that its
specific heat ratio varies significantly with environmental factors, particularly temperature.
Table 3 presents the values of the specific heat ratios for air and the heavy gas R134a at
standard atmospheric pressure across different temperatures. The primary objective of
introducing heavy gas media is to address the issue of excessive weight in wind tunnel
test models, ensuring that the mass ratio closely resembles actual aircraft and real flight
environments. Considering the significant differences in flutter characteristics caused by
dissimilar specific heat ratios is essential.
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Table 3. Comparison of specific heat ratios under different temperatures.

Temperature
Specific Heat Ratio γ

Air R134a

−30 ◦C 1.4039 1.2728
−15 ◦C 1.4033 1.1430

0 ◦C 1.4028 1.1323
20 ◦C 1.402 1.1218
50 ◦C 1.4007 1.1101
100 ◦C 1.3979 1.0968
150 ◦C 1.3943 1.0455

The similarity parameters for transonic flow are derived when the Mach number is
approximately equal to 1. Spreiter and colleagues [29,30] conducted extensive fitting and
analysis of a substantial amount of transonic experimental data, providing a similarity
parameter χ applicable to a broader range of Mach numbers.

In the previous study on 2D airfoil flutter calculations, temperature was treated as
a variable. The inflow conditions, especially the inflow temperature, significantly affect
the specific heat ratio of the R134a medium. To discuss the impact of specific heat ratios of
heavy gas media on flutter characteristics, we fixed the air and R134a mediums at a flow
temperature and pressure (P = 1 atm, T = 300 K) to keep the specific heat ratio constant.
This study conducts a comparative analysis of the flutter characteristics of 2D airfoils at
different mass ratios (µ = 30, 60, 100). The flutter boundary is obtained by adjusting the
mass and stiffness of the structural model. Table 4 presents the dimensionless critical flutter
speeds under various mass ratios. The subscripts “Air” and “R134a” refer to conditions for
air and R134a, respectively (γAir = 1.4017, γR134a = 1.1187).

Table 4. Dimensionless flutter boundary under different mass ratios.

Mach Number
µ = 30 µ = 60 µ = 100

(UF)Air (UF)R134a (UF)Air (UF)R134a (UF)Air (UF)R134a

0.720 1.7737 1.8835 1.3231 1.4023 1.0002 1.0538
0.750 1.6259 1.7379 1.1596 1.2381 0.8540 0.8998
0.780 1.4233 1.5499 0.9715 1.0578 0.6772 0.7608
0.800 1.2924 1.3813 0.8342 0.9029 0.5899 0.6503
0.820 1.1555 1.2170 0.6577 0.7376 0.4612 0.5184
0.835 0.9878 1.0622 0.5827 0.6134 0.4143 0.4454
0.850 0.8799 0.9461 0.5330 0.5676 0.4016 0.4212
0.860 0.9051 0.8911 0.5271 0.5481 0.3879 0.4158
0.875 0.9692 0.9323 0.5374 0.5493 0.3798 0.3930

Under the same Mach number conditions, the dimensionless flutter velocity of a 2D
wing model in an R134a medium environment is slightly higher than that in air. The
Mach number of R134a is corrected based on the transonic flow similarity parameter χ,
resulting in the dimensionless flutter velocity boundary curve illustrated in Figure 11. The
dimensionless flutter velocity in a heavy gas environment is slightly lower than that in air.
The numerical results are consistent with the magnitude and trend in Figure 11.
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5.5. Flutter Similarity Law in Heavy Gas

Conducting practical experiments in a heavy gas wind tunnel can result in discrepan-
cies in test data due to differences in the gaseous media’s specific heat ratios. Therefore, it
is essential to establish a comprehensive and robust correction method.

In 1998, Bendiksen developed the similarity law for unsteady transonic flow using a
2D wing flutter model under quasi-steady conditions [31,32]. The similarity law governing
unsteady transonic flow is defined by the similarity parameter ψ associated with transonic
flutter, as presented in Equation (26).

ψ =
U2

F

πµ[(γ + 1)Ma2δc]
1/3 =

qD

[(γ + 1)Ma2δc]
1/3 (26)

The similarity law for transonic conditions is frequently employed in analyzing tran-
sonic flutter similarities across varying thickness ratios within homologous airfoils. Similar-
ity can be achieved by utilizing airfoils with identical thickness ratios to investigate heavy
gas flutter phenomena. The integration of transonic flow similarity laws with transonic
flutter similarity principles is shown as Equations (27) and (28):{

χa = χh

ψa = ψh
(27)


1−Ma2

a

[(1+ γa) Ma2
a]

2/3 =
1−Ma2

h

[(1+ γh) Ma2
h]

2/3

(qD)h
(qD)a

=

(
(γh+1)Ma2

h
(γa+1)Ma2

a

)1/3 (28)

In the above equations, the subscript “a” represents the corresponding parameter in
the air medium, whereas the subscript “h” denotes the corresponding parameter in the
heavy gas medium. The simultaneous satisfaction of Equations (27) and (28) in media with
different specific heat ratios indicates that their flutter characteristics are similar. Therefore,
the modified relationship can convert flutter boundaries across various media. Figure 12
shows the results of correcting computational data for 30, 60, and 100 mass ratios using the
heavy gas flutter correction method based on Equations (27) and (28).
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The correction method for heavy gas flutter established by Equations (27) and (28), as
illustrated in Figure 12, demonstrates a good explanation of the similarity in dimensionless
flutter dynamic pressures between wing models using R134a and air. The corrected results
of the flutter data in R134a align well with those obtained from air data. This method is
applicable for correcting flutter data of 2D rigid models involving heavy gases. However,
it is noteworthy that when considering smaller mass values, such as µ = 30, and a larger
reduced frequency, specifically for Mach numbers greater than 0.85, applying heavy gas
flutter similarity laws does not provide satisfactory explanations for the related issues;
possible reasons for this situation include the following:

1. The similarity parameter ψ, based on the quasi-steady (k → 0+) assumption, requires
further validation regarding its accuracy at a larger reduced frequency.

2. The reduced frequency at the critical flutter state is negatively correlated with the
product of mass ratio and dimensionless flutter velocity. A smaller mass ratio cor-
responds to a larger reduced frequency, which limits the applicability of correction
methods for flutter similarity laws in heavy gases.

Factors such as mass ratio and the magnitude of reduced frequency should be consid-
ered critical elements requiring correction. Consequently, a comprehensive and effective
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method for correcting heavy gas environment flutter data remains to be further developed
and researched.

5.6. The TDT Wind Tunnel Flutter Results

The introduction section of this article provides a brief overview of the experimental
data from the TDT wind tunnel. For a more detailed and specific analysis, readers should
refer to ZHA’s paper [33]. In order to compare with the numerical results presented in this
study, this section presents the flutter boundary for the TDT two-degree-of-freedom model
BSCW, as shown in Figure 13. Additionally, modifications based on the similarity laws
established in this paper are applied to the figure.
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The similarity law for heavy gases also demonstrates a favorable correction effect
for BSCW. However, it is noteworthy that BSCW employs a model with identical mass
and stiffness in both media, which results in the failure to satisfy structural dynamic
similarity. The numerical results presented in this paper are analogous to those of BSCW;
specifically, the flutter boundaries in a heavy gas environment are slightly lower than those
observed in conventional air flutter. After applying the similarity law corrections, certain
improvements have been achieved. In contrast to BSCW, this study has made adjustments
to the computational model’s structure to meet dynamic similarity criteria, representing an
advancement and further discussion of previous research.

6. Conclusions and Discussion
The present study utilizes a time-domain analysis method for fluid–structure interac-

tion to explore the flutter characteristics of the two-dimensional airfoil NACA64A010 in
heavy gas media and potential correction methods. It highlights the significant influence of
structural dynamic similarity parameters, especially the mass ratio, on wind tunnel flutter
tests. Building on this foundation, we investigate how structural parameters affect the
flutter boundary in heavy gases. The conclusions of this research are as follows:

Models with identical mass reach critical states in the air but exhibit convergent
responses in R134a. Under consistent inflow temperature and pressure, structures achieve
harmonic vibration in R134a, reducing their natural frequency to 46~48% of that observed in
air. With the same incoming flow Mach number, designing the R134a medium model based
on reduced frequency similarity results in a flutter pressure decrease of approximately
20% compared to air. By adjusting the incoming flow Mach number for heavy gas R134a
according to derived similarity laws for transonic flow, it is found that the dimensionless
flutter dynamic pressure of wings in R134a is about 10% lower than that in air. Numerical
calculations are used to discuss the differences in heavy gas flutter due to variations in the
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specific heat ratio. Additionally, a similarity law for heavy gas flutter is established based
on the transonic flow similarity parameter χ and the transonic flutter similarity parameter
ψ. The numerical results for mass ratios of 30, 60, and 100 have been corrected. The flutter
similarity law in heavy gases accounts for the differences in flutter behavior between binary
rigid wings in heavy gas and air due to varying specific heat ratios. This law aids in the
dimensional analysis and conversion of flutter dynamic pressure between the two media.
However, at lower mass ratios like µ = 30 and higher reduced frequencies corresponding to
Mach numbers above 0.85, the applicability of heavy gas flutter similarity laws diminishes.

The present study conducts a preliminary investigation into the issue of flutter in
heavy gas environments, providing valuable references for the design of models under
such conditions. By addressing the differences in aerodynamic flutter pressures between
air and heavy gases and proposing corresponding correction methods, this research aims
to support practical engineering applications.

The work presented in this paper still exhibits several limitations that need to be
addressed as future research objectives. This study employs the Euler equations as the
governing equations for flow control, neglecting the effects of viscosity-related phenomena
such as flow separation and turbulence on the flutter problem. Furthermore, calculations
are based on a 2D model; conducting research using a 3D aircraft model would provide
results closer to reality. The flutter correction method for heavy gases proposed in this paper
is only accurate within a limited range of conditions. To develop a more comprehensive and
precise correction method, further extensive research is required. Conducting wind tunnel
tests with heavy gases and integrating test data will effectively advance the development
of similarity law correction methods for heavy gas flutter.
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