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Main Aim of This Presentation
 Use of FGM concept for improving dynamic, stability

and aero-elastic performance of typical aerospace
structures. The properties of the material of
construction are optimized using either continuous or
piecewise variations of the volume fractions in
predetermined directions .

 The major aim is to tailor the mass and stiffness
distributions so as to maximize a desired eigenvalue
without the penalty of increasing structural mass.

 Case studies include frequency optimization of box spar
beams, divergence of aircraft wings, whirling &
torsional buckling of spinning thin beams.

 The mathematical formulation is based on
dimensionless quantities, which leads to a naturally
scaled optimization models and valid analysis for
different configurations and sizes.



What is FGM ?

 FGMs may be defined as advanced
composite materials that fabricated to have
graded variation of the relative volume
fractions of the constituent materials.

 Example: A composite material made from a
mixture of ceramic and metal. Ceramic
provides high temperature resistance
because of its low thermal conductivity
while metal secures the necessary strength
and stiffness.



Material Grading
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Advantages of Fabricating Aerospace 
Structures from Composites

 Higher stiffness-to-weight ratio.

 Superior fatigue characteristics.

 Corrosion resistant.

 Material anisotropy provides direct 
bending-axial-torsion elastic coupling.

 Use of aeroelastic tailoring to improve 
structural design.



 The eigenvalues of free vibration, critical buckling load, critical

flow velocity, have been used widely as a performance measure of

aerospace structures.

 The maximization problem of the minimal eigenvalue (E) of a

structure under mass and side constraints may be cast in the

following:

Maximize:     E(X)

Subject to mass constraint:     M(X) = Mo

and side constraints:     XL ≤ X ≤ XU

Eigenvalue Maximization

 E(X) : Fundamental natural frequency; Critical buckling load;

Divergence and Flutter speeds; …….

 Optimization is performed with respect to a known baseline design

that is conservative regarding other structural and aerodynamic

requirements.



Design Variables



Determination of Material Properties

A variety of approaches have been developed to predict the

mechanical properties of fibrous composite materials. The common

approaches fall into the following general categories:

1. Mechanics of materials 

2. Numerical methods 

3.   Variational approach 

4.    Semi-empirical 

5.    Experimental 

Semi-empirical relationships have been developed to avoid the

difficulties with the above theoretical approaches and to

facilitate computations. The so-called Halpin-Tsai relationships

have consistent forms for all properties of fibrous composite

materials.



Halpin-Tsai Semi-empirical relations 



Case Study (I) 

Frequency Optimization of Thin-Walled Box Beam

Karam Y. Maalawi, “Dynamic Optimization of Functionally Graded Thin-Walled Box 

Beams,” International Journal of Structural Stability and Dynamics, Vol. 17, No.9, 2017

 Natural frequencies are the most representative of the overall
Stiffness/mass level of a structure,
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CUS-”Helical” Lay-up

(Carbon -AS4 / Epoxy-3501-6)

(axial/twisting coupling)



Continuous Grading





Piecewise Grading

(Gain= 10.1 %)

(No longer restricted with power law)



Case Study (II) 

Optimization of Aircraft Wings against Divergence

Forward-swept wings can have some aerodynamic and stability advantageous over the back-swept

wings. In addition, the rearward location of the main spar would lead to a more efficient interior

arrangement with more usable space inside the passenger cabin. However, the large structural weights

required to preclude aeroelastic divergence of forward-swept wings are unfavorable when compared to

similar swept back designs. Thus, proper aeroelastic tailoring is necessary to lessen the severity of the

aeroelastic divergence problem of such wing configuration.



1- Basic Model: Unswept Slender Wing

Chord distribution:   C(x) = Cr (1-βcx),     c = (1-c)

Trapezoidal wing planform and cross section geometry

Same lay-up [0o / 90o / 45o]s  „Quasi-isotropic material)

The various parameters and variables are normalized with respect to known baseline

design, which is constructed from the same material with Vf=Vm=50%. Optimized wing

designs, shall have the same wing area, airfoil, span, and total mass.





Unswept Wing



Two-panel Wing with Combined Material and Thickness Grading

Optimum solution:  (VfH, b)i=1,2 =(0.7, 1.0662, 0.725), (0.3, 0.5, 0.275)                
Vdiv=2.76725  (i.e. 40.13% gain over 1.9747)



2- Bending Divergence of Swept Forward 
Rectangular Wing



Swept Forward Wing



Swept Forward Wing















When the rotational speed coincides with the
natural frequency of bending vibration, the
beam tends to bow out with large amplitude.
Such a resonance situation should be avoided in
actual practice.

Whirling







CONCLUSIONS

Efficient models for enhancing dynamics & aeroelastic stability
of composite wings using the concept of FGM have been
formulated. Optimization against torsional buckling and whirling
of rotating beams have been also addressed.

Exact solutions have been given analytically using differential
equation and power series methods.

The model formulation is independent on structural geometry
and type of material.

Cross-ply lay-up is efficient in both bending and torsion modes.

 The attained solutions using continuous FGM depend entirely
upon the form of the power-law expression, which represents an
additional constraint on the proposed optimization model. The
problem of determining the actual optimal distribution of the
volume fraction may be treated using advanced optimal control
theories.

 Coupled bending-torsion divergence of slender wings is
currently investigated. Extension of this work shall consider
optimization against flutter using grading in both wall thickness
and span directions
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