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Flutter speed, The presented paper investigates the flutter phenomenon in a rectangular-shaped plate in
Ultrasonic flow, supersonic air flow. First, the phenomenon of flutter and its identification method based on the
Piston theory, analysis of eigenvalues are presented. Then, using the assumptions of Kirchhoff plate, the plate
DQM numerical method, motion equation is derived and coupled with the first-order piston aerodynamic model. Next, the
CFCF boundary conditions. coupled structure-fluid equation is solved in matrix form using the differential quadrature method

(DQM). Using the DQM numerical method in matrix form provides advantages such as high
accuracy for solving the flutter problem. The obtained results show that the first phenomenon of
flutter in an aluminum plate with a length and width of 1 meter and a thickness of 5 mm with
clamped-free-clamped-free boundary conditions occurs in dimensionless dynamic pressure 617
(equivalent to Mach 3.395). The presented formulation can be used as a benchmark for solving
and calculating the flutter speed of various objects in the supersonic air flow.

Extended Abstract

1. Introduction

and can cause the airplane wing to break. If this phenomenon is not studied and analyzed, it will cause

instability and destruction of the structure in aerial structures which are considered light structures.
Therefore, the flutter analysis of aerial structures is one of the necessities of their studies and this analysis is always
investigated. According to the cause of its occurrence, the flutter phenomenon is divided into two categories: a)
the flutter phenomenon due to the coupling of the natural frequency of the structure with the air flow frequency
(such as the resonance phenomenon) and b) the flutter phenomenon due to the coupling of the structural
frequencies (discussed in this article). will be The flutter phenomenon due to the coupling of structural frequencies
occurs when two or more frequencies of the structure come close enough due to the application of aerodynamic
forces, and this proximity causes the coupling of these two frequencies of the structure at a certain speed of the air
flow so that in The result will cause instability in the structure. For example, in an airplane wing, the natural
frequencies of bending and twisting modes can interact with each other and lead to flapping or flutter, or the lateral
vibration mode of the bridge deck can be associated with its vertical vibration mode and cause instability in the
form of flutter.

T he flutter phenomenon is caused by the interaction of aerodynamic forces, elastic forces and inertial forces
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2. Mathematical Formulation

In this part, first, the equations of motion of the sheet and the boundary conditions of the rectangular sheet are
derived with Kirchhoff's assumptions, and then the aerodynamic model of the first-order coupled piston theory
and the coupled structure-fluid equation are created. Then, this equation enters the frequency domain using the
method of separation of variables, and after its non-dimensionalization, it is converted into the form of an
eigenvalue problem. Finally, using the DQM numerical method, the eigenvalue problem is written in matrix form.
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Figurel. View of rectangular sheet in supersonic air flow

The sheet motion equation is defined as follows based on Kirchhoff's assumptions:
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Boundary conditions for x=0 or x=Lx in different support modes are defined as follows:
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In this study, the first order piston theory is used. In this study, it is assumed that the flow only passes through
the sheet and on the other side of the sheet there is only static air pressure. With this assumption, the external
pressure on the sheet is expressed as the difference between dynamic and static air pressure. This theory is valid

for M, > /2. This external pressure is formulated as follows:

Gy t) = JA w M2 -2\ 1 ow v o—cm .
Py T i —t o \ M7 1)V, o) 0T el ©)

In the following, the equation of the final movement of the sheet is expressed as follows, assuming the use of
the first-order piston aerodynamic loading model under the title "coupled structure-fluid equation™:
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In the above equation, the parameters p, h, pa, Voo and Moo respectively represent sheet density, sheet thickness,
air flow density, air flow speed and air flow Mach number. In this regard, it is assumed that the air flow enters the
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sheet in the direction of x. To solve this equation in the frequency domain, the method of separation of variables
is used as follows. The variable of these equations is the same as the sheet spring variable. Isolation of this variable
is done as follows:

w(x,y,t) = W(x, y)e* @)
p(x,y,t) = P(x,y)e™* ®)
The following relations are used to make the above equation dimensionless:
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Using the above relationships, the coupled structure-fluid equation becomes dimensionless as follows (notice

that the imaginary term in the first-order piston equation is omitted):
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In the relation above, A and Pu are the dimensionless frequency of the sheet and the dimensionless dynamic
pressure of the air, respectively, which are defined as follows:
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DQM numerical method is used to solve this equation. Using the following relations, the coefficient matrices
needed to solve the system equation can be obtained.
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Using this solution method, the coupled structure-fluid equation is written in the following form:
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The rule for converting matrix-like to vector-like in an equation, using Kroniker multiplication, is done as
follows:

([l]mxm®[Dx]nxn)nmxnm{u}nmxl + ZQZ([By]mxm®[Bx]nxn)nmxnm{u}nmxl
+ (Z)4([Dy]mxm®[l]nxn)nmxnm{u}nmx1 + Pu([I]mxm®[AX]n><n)nmxnm{u}nmxl (22)
= 14([l]m><m®[I]n><n)nm><nm{u}nm><1

The boundary conditions of the problem are converted into a boundary condition matrix like the mentioned
method, and for the final solution of the problem, this boundary condition matrix must be integrated with equation
22.

3. Results and discussion

In this part, the flutter speed in an aluminum sheet with a Young's modulus of 70 GPa, a density of 2700 kg/m3
and a Poisson's ratio of 0.35 with a length and width of 1 m and a thickness of 5 mm in CFCF boundary conditions
and the atmospheric conditions of the open sea surface with an air flow density of 1.225 kg /m3 and the speed of
sound is 343 m/s.
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Figure 2. Damping diagram of the first 4 modes of the sheet in
terms of dimensionless dynamic pressure in CFCF boundary
conditions

Figure 3. Frequency diagram of 4 sheet modes in terms of
dimensionless dynamic pressure in CFCF boundary conditions

By looking at Figure 2, it can be concluded that the first flutter phenomenon occurred due to the coupling of
the third and fourth modes of the sheet at the frequency of 64.95 Hz and the dimensionless dynamic pressure of
617. According to this diagram, the damping of the structure in the sheet is created at the dimensionless dynamic
pressure of 614.4, which is a number close to 617. The above two graphs are drawn in terms of Mach number as
follows:
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Figure 5. Frequency diagram of 4 sheet modes according to according to the Mach number of the air flow in CFCF

Mach number of air flow in CFCF boundary conditions boundary conditions

According to Figure 4 and Figure 5, the first flutter phenomenon occurred at Mach 3.395. In this diagram,
Mach numbers below 2 are not shown because the piston theory is not defined for Mach below 2. According to
the investigations carried out on a sheet with the mentioned specifications, the first phenomenon of flutter occurs
at the dynamic pressure without dimension 6.17, which is equivalent to Mach 3.395.

4, Conclusion

According to the study conducted in this article, it can be concluded that:

1. The use of Kirchhoff sheet assumptions to derive the sheet motion equation and the use of the first-
order piston theory as an aerodynamic model brings good accuracy.

2. Using the DQM numerical method in matrix form provides advantages such as high accuracy and speed
in solving the flutter problem, provided that the appropriate number of layers is chosen for the boundary
points. So that by choosing two layers of boundary points to solve the equation, the frequencies
obtained from the MATLAB code using the DQM method are equal to the sheet analytical solution in
SSSS boundary conditions, and its error is almost zero for the first 4 frequencies.

3. According to the investigations, an aluminum sheet with the dimensions of length and width of 1 meter
and thickness of 5 mm, in open sea surface conditions and with CFCF boundary conditions, at a
dynamic dimensionless pressure of 615 (equivalent to Mach 3.395), with the first phenomenon Flutter
will be encountered.

From these results, it can be concluded that the use of Kirchhoff sheet hypothesis, first order piston theory and
DQM method along with the dimensions of the specified aluminum sheet is appropriate and accurate to investigate
the flutter phenomenon in the desired conditions.
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