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IMPACT OF MATERIAL TYPE ON STRUCTURAL
ANALYSIS PERFORMED ON TWO WING CASES

Constantin Cristian ANDREI?, Constantin - Stelian STAN?, luliana STAN?

The purpose of this research is to determine which of the two alloys of
magnesium and aluminum is superior as a material for an ONERA M6 wing that
can be utilized during subsonic flight in a compressible regime. With this wing, CFD
numerical simulations were performed for a variety of angles of attack (AcA) and
the pressures that resulted from the simulations for each AoA were used to make a
static structural analysis. The results show that even though the Mg alloy has a
lower density than the Al alloy, the von Misses equivalent stress that occurs on an Al
alloy wing resulted from fluid-structure interaction does not exceed the
proportionality limit, in contrast to the case of the Mg alloy wing, which for high
A0A passes into the plastic domain of the material.
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1. Introduction

When it comes to the design process of a wing, the selection of the
material to be used is of the utmost importance. While designing the wing,
engineers need to make sure that the material that is used is not only lightweight
but also has a high level of resistance to twisting and bending. As a result, the aim
of this paper was to investigate two different cases of wing. The first case is a
wing made of 2024T3 aluminum alloy (Aluminum alloyed mostly with Copper
and Magnesium, heat treated), and the second is a WE43A-T6 magnesium alloy
wing (Magnesium alloyed with Neodymium and Ytterbium, heat treated) [1]. The
French national aerospace research institute ONERA (Office National d'Etudes et
de Recherches Aérospatiales) oversees the development of the experimental
model of the wing which is being simulated in both cases. This model is known as
the ONERA M6 [2], shown in Figure 1. The wing geometry was adopted from
AGARD AR-138 [3], whose data is shown in Table 1.
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Table 1
ONERA M6 wing geometry data [2]
Wing Semi Span, m 1.1963
Mean aerodynamic center, m 0.64607
Aspect ratio 3.8
Taper ratio 0.56
Leading edge sweep angle, deg 30
Trailing edge sweep angle, deg 15.8
Sweep angle at 25% chord, deg 26.7

Fig.1. ONERA M6 wing model [2]

The work is divided into three stages: the first stage consists of a material
analysis, in which are analyzed the wing materials used in this research, the
second stage represents a CFD analysis, which involves solving the flow problem
around the wing for a range of AoA from 0 to 16 degrees, and the third and final
stage consists of a static structural analysis, during which the maximum
deformation at the wing tip is determined using the pressures obtained in the CFD
analysis, as well as the maximum stress that occur at the wing root. The ANSYS
software was used to carry out the CFD and static structural numerical
simulations.

2. Work methodology

2.1.  Material analysis

Since low weight materials are widely used in aerospace industry, in this
research two different types of lightweight alloy wings are compared, to find out
which one is superior as a material for a wing that can be utilized in a
compressible subsonic flight regime. The materials used in this research are:
202473 aluminum alloy and WE43A-T6 magnesium alloy.
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2.1.1. 2024T3 aluminum alloy

2024T3 aluminum alloy is a 2024 aluminum alloy in the T3 temper, which
belongs to the AI-Cu-Mg alloy group. It widely consists of aluminum and is
alloyed with copper, as the primary alloying element, and other small amounts of
other elements, including magnesium and manganese, as shown in Table 2.
Copper is used as the main alloying element, due to the fact of providing strength
to the alloy, while other elements contribute to many other properties, including
corrosion resistance.
Table 2
2024T3 aluminum alloy composition [1]
Al Cu Mg Mn Si Fe Zn Zr Ti Cr | Residuals
) | (%) | (W) | (%) | (B) | () | (%) | (%) | (%) | (%)
90.7 | 38-|12-|03-{0- | 0-| 0- | 0- | 0-|0-|0-015
4.9 1.8 | 09 | 05| 05 | 025 02 |015 | 0.1

94.7

2024T3 aluminum alloy is part of 2000 series aluminum alloys, which are
characterized by good mechanical properties, good weldability and workability
and good corrosion resistance. As a result, they are widely used in the aerospace
industry, for structural components, including wing spars, aircraft skin, or other
critical parts, that are subject to mechanical stress or thermal shocks [4] [5] [6]
[12] - [15].

2.1.2. WE43A-T6 magnesium alloy

WE43A-T6 magnesium alloy is a magnesium alloy composed of
magnesium (Mg), yttrium (Y) and rare earth elements, as shown in Table 3. The
alloy is in the T6 temper, where the alloy is heat-treated and artificially aged.

Table 3
WE43A-T6 magnesium alloy composition [1]

Mg Y Zr Zn Li | Mn | Cu Si Fe Ni Other | Residuals
%) | %) | (%) | (%) | (%) | (%) | (%) | (%) | (%) | (%) rare
earths
(%)

895 (37-104-| 0- | 0O-| O-| O- | O- | O- 0- 2.4 - 0-0.3
4.3 1 02 | 02 |015| 0.03 | 0.01| 0.01 | 0.005 4.4

93.5

WE43A-T6 magnesium alloy is widely used in aerospace industry where
lightweight materials are required. It provides good corrosion resistance and is
suitable for applications where weight reduction is crucial.
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2.2. CFD analysis

The computational fluid dynamics (CFD) analysis is divided into three
stages: the first is to construct the geometry; the second is to generate the grid,;
and the third is to solve the flow problem. The geometry sketch was accomplished
using ANSY'S Design Modeler, which is included in ANSYS software. The fluid
domain that enclosures the wing was designed as a hemisphere after the wing had
been sketched out first (Fig. 2). The dimensions of the hemisphere were 10 chords
upstream and 10 chords downstream.

After that, another domain was designed downstream of the wing to get
more accurate data in the wake area, created as a result of the interaction between
the fluid and the wing structure. Then, the final geometry is imported into ANSYS
Meshing, to generate the grid. The boundary layer was built up from 30 layers
with a growth rate of 1.08 to provide more precise results in the area surrounding
the wing. After the construction of the grid, 1,400,000 cells and 240,000 nodes
were obtained. The grid is depicted in Fig. 3.

To find the solution of the flow problem, the resulted grid was imported
into ANSYS Fluent. The flow problem is based on solving the Navier-Stokes flow
equations and turbulence model equations [7].
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As a result of compressibility effects, density is time-dependent, leading to
the following flow equations:

%”w(p.v)zo )
%(p-V)—p‘f+V[—;+(p‘V)®V}=0 (2)
%(pE)+V(pHV):pr+qv+V(KVT+V;) 3)

, Where p is density, is V fluid volume, f is external force, o is stress tensor, E is
total energy, H is enthalpy, qv is heat source, x is thermic conductivity, T is
temperature, v is molecular kinematic viscosity and u is molecular dynamic
viscosity [7].

The one-equation Spalart — Allmaras turbulence model was chosen as it
involves the solution of only one transport equation, for kinematic turbulent
viscosity [7] [8]. The main advantage of using the Spalart — Allmaras turbulence
model is the lower computational effort compared to the widely used two-
equation turbulence models [9]. To solve the flow problem, initial and boundary
conditions were set, as following:

Table 4
Reference values in ANSYS Fluent for initial and boundary conditions
Area, m? 0.7532
Density, kg/m® 4.307524
Enthalpy, J/kg -6705.399
Length, m 0.64607
Pressure, Pa 3.1598e+5
Temperature, K 255.556
Velocity, m/s 268.9347
Viscosity, kg/ms 1.627716e-5
Ratio of Specific Heats 14
Y+ for Heat Transfer Coefficient 300

After setting up the turbulence model and the implementation of the initial
and boundary conditions, a convergence criterion of 10 was imposed. Following
the initialization of the flow problem, 500-time steps were set in order to compute
the final solution. After the convergence criterion was fulfilled, the pressures
measured on the wing were imported into ANSYS Static Structural to determine
the maximum amount of deformation that could take place at the wing tip as well
as the amount of stress that could occur during flight for each AoA.
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2.3.  Static structural analysis

Due to the non-stationary nature of the structural analysis performed in
this work, the response of the wing material to external stress is not time
dependent. The finite element method (FEM) approach was utilized in order to
design a grid, used to compute the maximum amount of deformation at the wing
tip. The main purpose of FEM is to investigate the structural behavior of a solid
domain under the applications of the loads [10][11]. The force vector, stiffness
matrix and mass matrix for each element are determined in the mesh generation.
The relationship between force and displacement, as well as inertia force and
acceleration for each element of the mesh can be computed using the following
relations:

(f,), =k.u (12)
(fl )e = meue (13)

, Where Ke is the stiffness matrix of the element, me is the mass matrix of the
element, ue is the displacement vector of the element and U is the acceleration
vector of the element.

The displacement for each element can be determined by using the fluid —
structure interaction equation [10][11], which is highlighted from the basic
governing equation of motion, as follows:

[M]{U}+[C{U}+[K]{U}=p(t) (14)

. where M is the structural mass matrix, U is the structural acceleration vector, C

is the structural dumping matrix, U is the structural velocity vector, K is the
structural stiffness matrix, U is the displacement vector and p(t) is the force vector
in a function of time.

To get more accurate results, it was necessary to build a fine grid of the
wing, represented in Fig. 4, with 80,000 elements.
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Fig. 4 Wing mesh for static structural analysis

Many numerical simulations were run for each AoA that was chosen, for
both wing cases, in which predefined material properties are represented in Table

5.

Material properties [4]

Table 5

Material type

2024T3 Aluminum alloy

WE43A-T6 Magnesium alloy

Density, kg/m® 3000 1900
Young’s Modulus, Pa 7.1e10 4.4e10
Poisson’s ratio 0.33 0.3
Tensile Ultimate Strength, Pa 4.8e8 2.5e8
Yield Strength, Pa 3.2e8 1.7¢8

The entire work scheme is highlighted below, in Fig. 5. As mentioned
before, it is divided into three stages: the first stage represents the material
analysis, in which material properties are set, the second stage consists of a CFD
analysis, which involves sketching the geometry of wing and fluid domain,
creating the mesh and solving the flow problem around the wing for a range of
AoA from 0 to 16 degrees, and the final stage is based on a static structural
analysis, which consists of solving the maximum deformation of the wing using
the pressure distribution on the wing, calculated in the first stage of CFD analysis,
for two material cases, whose properties are mentioned in Table 5.
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Fig. 5 Work Scheme

3. Results and conclusions

The increase of AoA will cause a pressure increase on the inner surface of
the wing. The growth of the pressure from the inner surface of the wing leads to
the increase of drag coefficient (Cd) and lift coefficient (CI) to a maximum point,
known as stall, beyond which the aircraft start to lose its control. The results of
the numerical simulation indicate that stalling phenomenon, when the aircraft has
a loss of responsiveness to control inputs, happens at an AoA of 14 degrees,
according to Table 6.

Table 6
CFD Results
A0A Cl Cd
0 0 0.0083
2 0.2068 0.0122
4 0.4129 0.0272
6 0.5858 0.0532
8 0.7353 0.0901
10 0.8755 0.1371
12 0.9858 0.195
14 1.0522 0.262
16 0.945 0.391
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It is also possible to observe that the increase of pressure that occurs as a
result of the rise of AoA implies a growth of the maximum deformation that
occurs at the wing tip (Fig. 6 — 8). Static structural results are highlighted in Table

7.

Static structural results

Table 7

A0A Maximum deformation (m) von Misses stress (Pa)
2024T3 Al WE43A-T6 202473 Al WE43A-T6
0 1.88e-5 1.36e-5 1.87¢e7 3.17e6
2 5.8e-3 9.09e-3 3.33e7 3.36e7
4 1.21e-2 1.9e-2 6.86e7 6.93e7
6 1.83e-2 2.87e-2 1.02e8 1.03e8
8 2.7e-2 4.24e-2 1.45e8 1.46e8
10 3.38e-2 5.16e-2 1.75e8 1.72e8
12 3.61e-2 5.67e-2 1.93e8 1.94e8
14 3.89e-2 6.11e-2 2.09e8 2.11e8
007
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The exact nature of this increase depends on the material that was utilized.
Due to the fact that Mg alloy has a lower density and a lower Young modulus than
Al alloy, the wing made of Mg alloy has a higher maximum wing tip deformation
per AoA than the wing made of Al alloy.

It is also possible to show that as AoA increases the von Misses equivalent
stress will increase too, as depicted in Fig. 9 — 10.

Moreover, when the AoA for the wing made of Mg alloy increases beyond
10 degrees, the von Misses equivalent stress rises above the yield point of the
material. As a result, the wing starts to begin to deform plastically.

As an important conclusion of this, even though WE43A-T6 magnesium
alloy has a lower density than 2024T6 aluminum alloy, it is not recommended to
use this type of alloy wing for high AoA, especially beyond 10 degrees as it enters
into the plastic domain state.

Fig. 7 Wing tip maximum deformation for Al alloy case for AoA = 14 deg

Fig. 8 Wing tip maximum deformation for Mg alloy case for AoA = 14 deg
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