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Flutter speed This paper investigates the effect of aerodynamic damping on the flutter threshold of a rectangular
Ultrasonic flow aluminum sheet in supersonic flow. Using matrix form of DQM and the first-order piston theory,
Piston theory this paper increses the accuracy and speed of the solution. Using the difference of squares method
DQM numerical method (DQM), two different scenarios of the first-order piston theory are analyzed: a simplified case
CFCF boundary conditions without damping and a full case with damping. The results show that the flutter threshold occurs at

Mach 3.395 in both cases, indicating that aerodynamic damping has no effect on the flutter
velocity. This finding is confirmed by parametric sensitivity analysis. Accordingly, the simplified
formulation of the piston theory is proposed as a computational basis for future studies. This
method has computational advantages such as reduced computational time and is suitable for
practical applications in the design of aerospace panels.

Extended Abstract

1. Introduction

the failure of structures such as aircraft wings. If this phenomenon is not analyzed carefully, aerial structures, which

are usually lighter in weight, may become unstable and collapse. For this reason, flutter analysis is of particular
importance in the design and engineering of these structures. Flutter is classified into two general types: first, flutter
caused by the coupling of the natural frequency of the structure with frequencies caused by the airflow (such as
resonance), and second, flutter caused by the coupling of structural frequencies. The second case occurs when structural
frequencies under the influence of aerodynamic forces become so close to each other that they couple together at a
certain speed of the airflow, resulting in unstable behavior of the structure. For example, in aircraft wings, bending and
torsional frequencies can interact simultaneously, leading to flutter.

The Flutter is a combination of the interaction of aerodynamic forces, elastic forces, and inertial forces that can lead to

2. Mathematical Formulation

The equation of motion of the sheet and its boundary conditions are extracted from reference [18] based on the use of
Kirchhoff sheet assumptions and neutral wire assumptions and are written as follows:
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Figure 1:View of a rectangular sheet in a supersonic air flow.

In a freely supported edge (Free or F), the shear force and bending moment at the plate boundary points are zero, in a simply
supported edge (Simple or S), the plate deflection and bending moment at the plate boundary points are zero, and in a rigidly
supported edge (Simple or C), the plate deflection and slope at the plate boundary points are zero. These conditions are
written as:
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Piston theory, also known as linear potential flow theory, is a fundamental framework in aerodynamics that models airflow
around objects. In this theory, airflow is considered to be an inviscid and incompressible fluid, meaning that the air density
remains constant and pressure changes are only due to differences in velocity at different points on the surface. This theory
has an important place among aerodynamic theories due to its simplicity and computational speed, and is particularly useful
for optimizing design and solving complex aerodynamic problems. In this study, the first-order piston theory is used, and it is
assumed that the flow only passes over the sheet and that there is only static air pressure on the other side of the sheet. With
this assumption, the external pressure acting on the sheet is expressed as the difference between the dynamic and static air
pressures. This theory is valid for M,,>V2. This external pressure is formulated as:
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In the following, the final equation of motion of the plate, assuming the use of a first-order piston aerodynamic loading
model, is expressed as the "coupled structure-fluid equation™ as follows:

64W+2 o*w +64W N hazw (6)
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In the above equation, the parameters p, h, p,, Voo and M, represent the density of the sheet, the thickness of the sheet, the

density of the air flow, the speed of the air flow and the Mach number of the air flow, respectively. In this regard, it is
assumed that the air flow enters the sheet in the x direction. To solve this equation in the frequency domain, the method of
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separation of variables is used as follows. The variable of these equations is the sheet deflection variable. The separation of
this variable is done as follows:

w(x,y,t) = W(x,y)et @

And since the function p(x,y,t) in the first-order piston theory is written in terms of the function w(x,y,t), the separation of
variables in this function can be shown as follows:

p(x,y,t) = P(x,y)e't (8)
Now, using equations 7 and 8, the coupled equation of the fluid structure is separated as follows:
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The following relations are used to make the above equation dimensionless:
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The following relations are used to make the above equation dimensionless:
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Also, the first-order piston equation becomes dimensionless as follows:
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By defining the Mach number as follows, the first-order piston equation is rewritten as follows:
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The imaginary term in the above equation represents the damping effect of the sheet by the airflow. To evaluate the effect of
the damping parameter on the determination of the flutter speed, two scenarios for the first-order piston theory are
considered. In the first scenario, the imaginary term is removed from the theory, and in the second scenario, this term is
retained in the theory. The piston theory in these two cases is expressed as follows:

(15)
. . . Ca’My? oW
Piston theory in the first case: P, (x,y) = —Pata e 72
)¢
Ly ,Moo -1
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Piston theory in the second case: P,(x,y) = [ Lt ox + lw[ (1) w
Finally, the coupled structure-fluid equation is written as follows:
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In the above equation, @ and P, are the dimensionless frequency and dimensionless dynamic pressure of the air, respectively:
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According to the above equation, given the values of A, the values of the sheet frequency (w) are obtained as follows:
5 ( . )2 (20)
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Using the DQM solution method, the coupled structure-fluid equation is written in the following form:
T
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In this equation, the sheet deflection (W) is expressed in matrix form after applying the DQM numerical solution method, and

in order to factor the matrix [W](nxm) from the equation and write the equation in the form of a standard eigenvalue
problem, Kronecker multiplication must be used.
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Finally, the coupled structure-fluid equation is written in the following form:
([I]mxm®[Dx]nxn)nmxnm{u}nmxl (23)
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In Equation 23, ([I]mxm®@[1]axn)nmxnm=[1]. Then, Equation 23 is rewritten as follows by factoring {u},mx1:
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By observing the above relationship, it is clear that an eigenvalue problem has been formed. In this way:

[Z]nmxnm{u}nmxl = 14{u}nmxl (25)

[Z]nmxnm = [mxm®[D*]nxn + 2(Z)Z[By]mxm@[BX]nxn (26)
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The boundary conditions of the problem are also converted into a boundary condition matrix, as in the aforementioned
method, which must be integrated with Equation 34 to finally solve the problem.

3. Results and discussion

In this section, two different cases of the first-order piston theory are analyzed. In the first case, the damping term is not
considered in the aerodynamic model, while in the second case, the aerodynamic model is considered in its entirety with two
real and imaginary components, the imaginary component being related to the damping due to aerodynamic loading. In order
to more accurately evaluate the flutter velocity and the factors affecting it, some specifications for the sheet are defined. For
this purpose, an aluminum sheet with a Young's modulus of 70 GPa, a density of 2700 kg/m® and a Poisson's ratio of 0.35,
with dimensions of 1 m x 1 m and a thickness of 5 mm, is investigated under CFCF boundary conditions and free sea surface
atmospheric conditions with an air flow density of 1.225 kg/m® and a sound speed of 343 m/s. These specifications were
selected due to the easy availability of sheets with these characteristics in the market and the possibility of facilitating
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atmospheric conditions for flutter speed tests by other researchers. Assuming the selection of the aforementioned
specifications as the specifications of the sheet under study, the flutter boundary in terms of the dimensionless Mach number
for the first and second cases of the first-order piston theory is determined as follows:

80 : : 20 :
75 L / 15 - /
X423 | ]

70 / 10k / ]
<65 g 5t :
N X 3.395 X 4.236

jo2]
= £ Yo Yo
2 60 . g o0 ;
3 ©
g a
i 55 1 5F :

50 : 10 + .

45 B 15 F 4

40 . ‘ . ‘ . 20 \ ‘ : ‘ .

2 25 3 35 4 45 5 2 25 3 35 4 4.5 5
M M
Figure 3: Frequency diagram in terms of Mach number for the Figure 2:Damping diagram in terms of Mach number for the
first case of the first-order piston theory first case of the first-order piston theory
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Figure 5:Frequency diagram in terms of Mach number for the Figure 4:Damping diagram in terms of Mach number for the
second case of the first-order piston theory second case of the first-order piston theory

According to the presented graphs, it is clear that flutter occurs at Mach number 3.395 and this value is the same in both
cases of piston theory. Also, the results show that considering the damping due to aerodynamic loading does not affect the
value of flutter speed.

4. Conclusion

This research presents a new and comprehensive analysis of the flutter phenomenon in sheets. Using the matrix form in the
DQM method and the first-order piston theory, this study not only provides the accuracy and speed of the solution, but also
provides a better understanding of the flutter phenomenon. The motion equation of the sheet is based on Kirchhoff's
assumptions and the piston theory is used as the aerodynamic model. The results show that considering the damping of the
aerodynamic loading does not affect the flutter velocity. As a sheet with a size of 1 meter and a thickness of 5 mm, under free
sea surface conditions and CFCF boundary conditions, the first flutter phenomenon occurs at a dynamic pressure after 615
(equivalent to Mach 3.395). This research serves as a fundamental foundation for future research in this field, but also
provides an important step in advancing engineering knowledge in the analysis of aerodynamic phenomena by providing an
efficient and accurate.
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