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Abstract- This research paper presents a numerical
methodology and analysis to study the aeroelastic effect of
flutter, which is a self-exciting oscillation that can occur on
wings at high speeds; particularly referred to as the twist
along its axis of stiffness. The focus of this study is to
understand the interaction between aerodynamic forces and
the structural flexibility of the wing, which can lead to the
flutter effect, extensively visible in unsteady aerodynamics.
After conducting a detailed study, it is clear that the flutter, an
unstable aeroelastic phenomenon, can occur even under
steady aerodynamic conditions similar to the conventional
results shown by unsteady aerodynamics. This phenomenon is
possible if the wing is designed to correspond with the thin
airfoil theory, which involves a minimal thickness of the wing.
To investigate this phenomenon, two wings of feasible
dimensions were designed with standard airfoils, including the
DAVIS BASIC B-24 WING Airfoil and a customized diamond
wedge airfoil. High-precision Computational fluid dynamic
simulations were conducted using ANSYS (FLUID FLOW
FLUENT) to analyse the effects of lift and drag for various
angles of attack, flowlines, vortices and shock wave
propagation. STATIC STRUCTURAL and SYSTEM
COUPLING methods were also performed to observe the
static deformation of the sheet metal design due to the
aerodynamic loading (Fluid-Structure interaction) under
supersonic conditions, neglecting the effect of gravity. The
findings of this study provide insights into the flutter effect and
its impact on wing design at high speeds.

Keywords- Flutter  effect, Aeroelasticity, Steady

Aerodynamics, Computational Fluid dynamics, Supersonic
speed conditions, Fluid-Structure interaction.
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1. INTRODUCTION

For any aircraft structure, aerodynamic loading in
correspondence with Elastic deformation induced by various
stresses leads to the fluttering of that particular structure.
Fluttering usually occurs at the expense of inertial loads
(Dynamic conditions). The flutter effect is an Aeroelastic
effect that occurs at high-speed manoeuvring, rotations and
unavoidable stalls, predominantly on the aircraft wings which
are not able to withstand the air penetrations. Because of this,
the self-excitation of the wing is vividly seen in the waving
movement of the wing. Generally, flutter is caused by the
detrimental interaction between elastic structural dynamics
and unsteady aerodynamics to be precise. There is no wonder
that steady aerodynamics provide these astonishing flutter
effects provided the thickness of the aircraft wing is negligible
relative to the span of the wing. Flutter occurs when the
natural frequency of the structure matches the frequency of the
aerodynamic forces acting on it. This causes the structure to
vibrate, and the vibration generates more aerodynamic forces
that further excite the vibration, leading to an unstable
feedback loop that can cause the structure to fail if left
unchecked. Steady aerodynamics refers to the study of the
behaviour of fluids when the velocity and direction of the flow
remain constant over time. This type of flow can be analysed
using the principles of statics, where the forces and pressures
acting on an object in the flow are in equilibrium. In steady
flow, the properties of fluid such as density, viscosity, and
pressure are assumed to be constant throughout the flow field,
and the flow is typically analysed using simplified
mathematical models.

The Navier-Stokes equations provide the basic explanation
of energy associated with the flow behaviour. The Unsteady
aerodynamic models account for flow hysteresis, including
unsteady attached flow, trailing edge flow separation, dynamic
stall and flow reattachment.
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Fig. 1: Representation of fluid at rest relative to the airfoil

F=N+T=0

Fig. 2: Representation of forced fluid leading to the
formation of vortices at the trailing edge [1]

[The above images are posted with a copyright mention from the content
of the Massachusetts Institute of Technology. Any further reference from
the source has been mentioned appropriately]

The angle of attack is the angle used to describe this
orientation. When looking at the two-dimensional flow around
an airfoil, as above, aerodynamicists define it is the angle
between the main direction of the airflow, v and the chord c of
the airfoil.

Static aeroelasticity deals with steady fluid—structure
interaction problems where coupling effects act in both
directions, i.e., the airflow generates distortions of an elastic
body in the airstream, and the distortions change the airstream
parameters, resulting in the closed loop of loads and
deformations.[7]

A. Drag analysis under supersonic conditions[8]

At supersonic speeds, aircraft drag is composed of

1. the skin-friction drag,

2. the wave-drag-due-to-thickness (or volume), also known as
the zero-lift wave drag, and

3. the drag-due-to-lift
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Fig. 3: Representation of types of drag [14]

B. Aircraft Materials

The metals used in the aircraft manufacturing
industry include steel, aluminium, titanium and their alloys.
Aluminium alloys are characterised by having lower density
values compared to steel alloys (around one-third), with good
corrosion resistance properties. Thus, Aluminium alloy has
been incorporated into this design and analysis.

1. GOVERNING EQUATIONS AND THEOREMS

Non-Linear dynamics have been inculcated here since the
deformations on the wings are complex because we intend to
understand the effects of aerodynamic loading on the sheet
metal design to study the excitation/vibration as soon as the
wing reaches the resonant frequency of the penetrated air
layers. As per ANSYS CFD, Linear models assume that the
relationship between inputs and outputs is linear, meaning that
the changes in the output are proportional to the corresponding
changes in the input, which is not agreeable under this
analysis. Even though the fluid flow is considered to be ideal,
the vortices created and shockwave propagation necessarily
changes the result/output on any further varied input. Thus, we
consider Non-Linear dynamics.

A. The Navier-Stokes equation

To understand how fluids move in a computational
fluid dynamics (CFD) model, it's essential to grasp flow
parameters and behaviours. The Navier-Stokes energy
equations serve as the foundation for this understanding,
simplifying the analysis of flow behaviour in different fluid
systems. When dealing with complex systems, using a
numerical approach with these equations is crucial for
ensuring accurate simulations. Think of the Navier-Stokes
equations as the mathematical tool that helps us make sense of
how viscous, incompressible fluids flow. They are derived
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from the basic principles of mass, momentum, and energy
conservation, which govern how fluids move. These equations
aren't just theoretical concepts; they have real-world
applications in fields like vehicle design, pipe flow modelling,
airfoil design, and more. So, by following the principles of
mass, momentum, and energy conservation, the Navier-Stokes
equations provide a valuable framework for understanding
fluid motion in various practical scenarios.

1. Continuity equation

Within a controlled volume, the mass of the flow
remains constant with time. This is the law of conservation of
mass and can be expressed as:

g (oV) =
gt [pl} 0 )

V is the velocity and p is the density.

2. Newton’s second law of motion (F=ma) or the momentum
equation The change of momentum over time is equal to the
sum of forces acting on the system. This Navier-Stokes
equation is reflective of the law of conservation of
momentum. The momentum equation can be expressed as:

d Y L. = AT I m.=4 - F
s (PV)+V- (V@ V)= —Vp+V -T+pf

T is the viscous stress and f represents the force per
unit mass. Since we are not focussing on the thermal aspect of
the wing at supersonic conditions, we might neglect the
thermodynamic relation with Navier-Stokes equations.

B. Lift and drag

In ANSYS, the lift and drag forces are typically
obtained by integrating the pressure and shear stress
distributions over the body surface using numerical methods
such as the finite volume method. Using these forces, the lift
and drag coefficients are calculated as follows:

e Lift coefficient calculation

1 =
e Drag Coefficient calculation
L1 .z
D—Epv Sper Ca 4

Page | 96

ISSN [ONLINE]: 2395-1052

Substituting all the known values, Cr and Ca are

calculated [1]

Since we focus on the calculation of lift and drag

forces, the ) and Ca values’ formulations are mentioned
here as they might pave the way for newer numerically
formulated results on topics of similar interests shortly.

C. Kutta-Joukowski Theorem [16]

The Kutta-Joukowski theorem states that the force
experienced by a body in a uniform stream is equal to the
product of the fluid density, stream velocity, and circulation
and has a direction perpendicular to the stream velocity. In
order to find the force on a body that is submerged in a
streaming fluid (or, equivalently, on a body moving through a
stationary fluid), it is necessary to know the value of the
circulation. However, the theory indicates that the geometry of
the body and the stream velocity does not determine the
circulation.

Even though it was initially used for spinning
cylinders, these results were extended to airfoils as the
curvature of the airfoil and its angle made it possible to rotate
the flow around the body.

The lift per unit span of an airfoil is given by:
L'=p.Ve. F(5)

D. Thin airfoil theory

Thin airfoil theory is a simple theory of airfoils that relates
AOA to lift for incompressible, Inviscid flows.

ASSUMPTION:

1) AOA is small
2) Infinite span of wing and negligible thickness

To correspond with the assumption; Here in this
paper, a sheet metal design of wings with a thickness of 1 mm
which is relatively very small compared to the span of the
wing has been taken into study.

The lift only depends on the mean angle of attack,
whereas the drag splits into three components. Namely, a drag
due to thickness, a drag due to lift, and a drag due to camber.
All these results are formulated by the shock expansion
theory.
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E. Shock expansion theory [15]

The shock-expansion theory general method for computing
the pressure variations on a supersonic diamond-wedged
airfoil, and is applicable as long as the flow is incompressible
to subsonic speeds, and the shock waves remain attached to
the airfoil. However, the results of this theory cannot generally
be expressed in a concise analytic form. The theory is mostly
used to obtain numerical solutions. However, if the airfoil is
thin, and the angle of attack is small. In this situation, shock-
expansion theory can be considerably simplified by using
approximate expressions for weak shocks:

o (208

, )ﬂ.E.'rl
P VMa'-1

(6)

It is convenient to define a dimensionless quantity known as
the pressure coefficient:

. =B"%
B Ty (7)

where 1 = (L‘rzj plwlz

Given that the upstream sound speed is €1 = v ¥P1 /P1 | and
Ma; = wy/c; , we obtain

C = 2 p-py
P oyMs p, (8)
The above equation can be simplified and expressed in terms

of 1 as follows:

281
Cp—

hgad s
\JI'Q"IE]_ 1 (9)

Mal

Fig. 4: Geometric representation of diamond wedge airfoil
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I1l. METHODOLOGY
A. Design Approach

This paper reads a comparative study of the flutter
effect on 2 wings that were designed 3-dimensionally with
presumed dimensions using CATIA V5R21. The design of
this wing is of no practical significance as it deals with a sheet
metal design providing a thickness of 1 mm for both wings but
this may widen out the advancement in research approach
towards analyses. Both these wings have been designed using
solid modelling and a suitable pocket is made.

In this regard, a symmetric diamond wedge airfoil/wing has
been designed with the following considerations:

1) airfoil angle = 20°

2) distance between leading and trailing edge at wing root =
375 mm

3) distance between leading and trailing edge at wing tip =
93.75mm

4) Shortest distance between wing root to tip = 675 mm

5) Sweptangle = 18.13"

Fig. 5: Dimensional representation of Diamond wedged
airfoil
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Having named the other wing as WING 2, the dimensions read
as follows:

1) distance between leading and trailing edge at wing root =
500mm

2) distance between leading and trailing edge at wing tip =
331mm

3) Shortest distance between wing root to wing tip = 685.5
mm

4) Swept angle = 43.165

Fig. 6: Dimensional representation of Wing 2
B. CFD Methodology

ANSYS 2022 R1 has been used here to solve the
problem upheld,numerically and through simulations to better
understand the flow over the wings being designed.
Computational fluid dynamics solve both linear and non-linear
dynamic cases using partial differential equations provided by
the Navier-Stokes theorem. Even though the flow of ideal
fluid is laminar and steady but it is no doubt that the
production of vortices and propagation of shock waves leads
to turbulence in the flow thus bringing non-linear dynamic
equations into account.

B.1 Fluid Flow (Fluent) Setup
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The Fluid Flow (Fluent) is an Analysis system in
ANSYS Workbench, which is a valuable tool for studying the
flow of fluid around an object of interest. To initiate the
analysis process, the corresponding geometry is imported in
.igs format, followed by the creation of an appropriate fluid
domain. The shape of the fluid domain plays a crucial role in
defining the flow of fluid from the far field towards the target
object. A fluid domain is used to define a region of the
computational domain occupied by a vacuum or by a fluid
specified by its material properties.

Followed by domain creation is Meshing. Mesh
generation is the process of producing a two-dimensional and
three-dimensional grid, which is then performed. It involves
dividing complex geometries into elements that can be used to
discretize the domain. Meshing ensures precision in the
results, and a good quality finer mesh is the key.

Once the Meshing is done, Boundary conditions as
per the analyser’s requirement are been fed to the fluent
through “Setup”.Boundary conditions are then fed to the
Fluent through the "Setup" process, which specifies the
behaviour of fluid flow at the boundaries of the computational
domain. In this research paper, a pressure-based approach was
used to focus on the study of aeroelasticity. The fed boundary
conditions serve as inputs for the calculation of flow results.
Once all the boundary conditions are fed, the calculations are
run, and the results are fully converged suitably up to a certain
number of iterations. The required contours, plots, and other
results are then available for analysis.In summary, the Fluid
Flow (Fluent) system in ANSYS Workbench is an effective
tool for studying fluid flow, and this paper highlights the
crucial steps involved in the process, such as geometry import,
fluid domain creation, meshing, boundary condition setup, and
calculation of flow results.
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Fig. 7: Schematic representation of the FLUENT approach
B.2 Static Structural Coupling Analysis

ANSYS Static Structural is a finite element analysis
tool that is used to analyse and solve static and quasi-static
structural problems. This tool is used to analyse the behaviour
of solid structures under various load conditions. Material
selection from the Engineering data book serves to be the
primary step to assign a material to the object of interest.The
geometry of the structure is imported as a .igs file into the
software as done previously in FLUENT. Even though the
mesh is already generated for Fluid flow (FLUENT), another
mesh is demanded by Static structural as the software uses the
finite element method (FEM) to discretize the structure into
small elements so as to provide precise results on deformation,
stress, strain and so on. Then, the boundary conditions are
applied to the structure as per the requirement. Once the
boundary conditions are defined in the “Setup”, The behaviour
of each element is then analysed, and the resulting behaviour
of the entire structure is computed. This computation here
isperformed only after the SYSTEMCOUPLING of both the
Fluid flow fluent and Static structural Analysis system is
completed.

System Coupling works by integrating different
solvers that are specialized in specific physics domains. These
solvers are coupled through a common interface, allowing
them to exchange information and communicate during the
simulation. This allows for the solution of complex problems
that involve the interaction of multiple physical domains. This
exchange of information is enabled by suitably enabling a
proper way of data transfer by defining the source and target,
here in this case as FLUENT and Static structural respectively.
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After the successful coupling of both solvers. The software
provides the results in terms of stress, deformation, and other
relevant quantities, which can be used to optimize and validate
the design of the structure.

MATERIAL

SELECTION

GEOMETRY VESHING
IMPORT

N SYSTEM SETUP

C FSIJ COUPLING

COUPLED

RESULT

Fig. 8: Schematic representation of STATIC
STRUCTURAL and Coupling approach

IV. SIMULATIONS AND RESULTS OBTAINED

The results obtained are formulated below in a
tabular format along with relevant pictures to support the
data.Due to its lightweight nature, the wing has been analyzed
using an Aluminium alloy as the chosen material. The
designed wing has been tested for four different angles of
attack and the corresponding contours, plots and picturization
of vortices along with Total deformation, VVon-mis Stress, and
Strain are shown.

0
A. Fluent Analysis of Diamond wedged wing at an AOA 1

High precision Fluid flow -Fluent analysis has been
performed based on the above-tabulated conditions on the
diamond wedged wing with an AOA of 1 degree and the
results are formulated below. Required Solver settings and a
detailed method of approach can be accessed by using the
accompanying Research datasheet. [17]
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Table I: Representation of primary Parameters and
Settings used in the analysis

[+ LW R °Y iy pd o

10

Fig. A.1: Orthogonal Quality chart showing excellent mesh

Parameters
Typsof Solver
Enarzy Equation
Wizoous Nodsl

Fluid hadinm
Crparating Altituda
Crperating Prsssuns
COpetating
Tampsaratis

Frzz Stream
Valocity
Eoundary
Condition

Amngle ofattack

Seftimgs

Prazzure-Bazad Solvar

Cm

Two Equations, Standard k-E
Turbulant hlodsl

Aidf s Tdeal Gas

1500m

24643 Pascal

2784 K {Com=spond to the Altiteds).

hiach2.0.
a Inlat = Pressurs Far-Fisld,

b Crutlat gz Prazsurs Far-Fisld,
1 Dizpras

Table I1: Representation of Mesh size

Caell:

Faces N e

1337130 2712652 | 243010

Table I11: Representation of Mesh Quality

Mim Oribhogonal Quality Aax Aspect Eatio

0.0013133841
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Table IV: Report definitions (Lift and Drag)

lift 316486561
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Fig. A.2: Representation of Residual plot

lterations

Fig. A.4: Representation of Lift plot
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Fig. A.5: Representation of Static pressure contours
The maximum Static pressure value has been found

to be 2.68e+05 Pa The minimum Static pressure value has
been found to be -2.22e+04 Pa

confour-1
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The distribution of velocity magnitude across the
wing is clear by the cross-sectional contour view provided by
Fig A.7. It shows that the circumferential area of the wing has
a maximum velocity of 707 m/s and the hollow region in the
inside is where the minimum velocity of fluid flow is obtained
with 0 m/s

Fig. A.6: Representation of Velocity-Mach contours

The range at which the wing exhibits Mach value lies
between 1.7 to 2.31 with 2.31 being the maximum value
specifically at the surface of immediate contact with the
penetrating air.

Fig. A.8: Representation of shockwaves on a plane
perpendicular to the direction of flow of fluid (Mach
contour)

Fig. A.7: Representation of shockwaves on a plane
perpendicular to the direction of fluid flow (Velocity
Magnitude contour)
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Fig. A:11: Representation of pathlines indicating the
vortices

The swirling movement of considerable path lines
indicates the vortex generation with Higher Mach as
represented which in turn induces the practical phenomenon of
instability and thus leads to flutter/Self-excited oscillation.

B. Structural Analysis of Diamond wedged wing at an

o
AOA of 1
UNITS
Unit System | Metric (m, kg, N, 5, V, A) Degrees rad/s Celsius

__ Angle Degrees
Fig. A.9: Representation of propagation of filled/unfilled Rotational Velocity rads
shockwaves around the Diamond wedge airfoil (Static :
pressure contour) Temperature Celsius

Fig. B.1: Representation of units

000 0250 0500(m) z/k X
]

0125 07

Fig. A.10: Representation of shockwaves on a plane
perpendicular to the direction of flow of fluid (Static
pressure contour)
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Fig. B.3: Representation of Equivalent stress

The maximum value of VVon-mises stress is found to
be 4.2674e08 Pa whereas the minimum value is found to be
8758.7 Pa

o 0350 0.700(m)
(413 0525 '
Fig. B.2: Representation of total deformation 4
.
The maximum value of Total deformation was found o 0 os0(n) ‘
to be 0.011279 m and is vividly seen in the wing tip as the o v

wing tip acts as the free end of a supposed cantilever beam for
instance which is more susceptible to deformation. The
minimum value of Total deformation is 0 m at the fixed part
of the wing

000 0400 0800(r) zl/Li X

[ S——— S—
0200 0600

Fig. B.4: Representation of Equivalent elastic strain

- - i ; The maximum value of Strain is found to be
o i F 0.00604064 and the minimum value is in the order of e-7 with
a precise value of 3.731e-7
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o
C. Fluent Analysis of Diamond wedged wing at an AOA 2 Table IV: Report definitions (Lift and Drag)

High precision Fluid flow -Fluent analysis has been drag 4998 463 N
performed based on the above-tabulated conditions on the
diamond wedged wing with an AOA of 2 degrees and the lift 6376.365 N

results are formulated below. Required Solver settings and a
detailed method of approach can be accessed by using the
accompanying Research datasheet.

Table I: Representation of primary Parameters and
Settings used in the analysis

No. Parameters Seftings
1 TypaofSolver Przzsure-Basad Solver
1 Ensrgy Eguation Om
3 Wiscous hodsl Two Eguations, 5tandand k - E Turbul et
Wlodial
4 Fluid hJadivzm Adras Idas] Gas
5 Operating Altiteds  1500m
& Operafing Pressurs B4843 Pascal
T Opsrating 2TE.4 K {Comaspond to the Altiteda).
Tamparstie
8 FieaStrasm Mach 2.0, 0
Valocity lterations
? Em ;ﬁ:&:iigpuia;;ﬁf_k Fig. C.2: Representation of Residual plot
10 Anglsof attack 1 Dappaas

Table I1: Representation of Mesh size
Cells Faces Nodes
1337130 | 2712652 243010

Table I11: Representation of Mesh Quality
Name Type  Min Orthogonal Max Aspect Ratio
Quality
farfield Tet Cell 0.0013133841 463.98002

Fig. C.3: Representation of Drag plot

Fig. C.4: Representation of Lift plot

Fig. C.1: Orthogonal Quality chart showing excellent mesh
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Fig. C.5: Representation of Static pressure contour
The maximum Static pressure value has been found

to be 2.87e+05 Pa The minimum Static pressure value has
been found to be -2.55e+04 Pa

coniour-1
Mach Numkber
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Fig. C.6: Representation of Velocity-Mach contours

The range at which the wing exhibits Mach value lies
between 1.8 to 2.35 with 2.35 being the maximum value
specifically at the surface of immediate contact with the
penetrating air.
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Fig. C.7: Representation of shockwaves on a plane
perpendicular to the direction of fluid flow (Velocity
Magnitude contour)

The distribution of velocity magnitude across the
wing is clear by the cross-sectional contour view provided by
Fig C.7. It shows that the circumferential area of the wing has
a maximum velocity of 711 m/s and the hollow region in the
inside is where the minimum velocity of fluid flow is obtained
with 0 m/s

Fig. C.8: Representation of pathlines indicating the
vortices

The swirling movement of considerable pathlines
indicates the vortex generation with Higher Mach as
represented which in turn induces the practical phenomenon of
instability and thus leads to flutter/Self-excited oscillation.
The vortices induced here are of higher intensity with the
swirling movement covering larger regions as compared to the
vortices induced in the same wing with AOA 1 degree.
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Fig. C.10: Representation of shockwaves on a plane
perpendicular to the direction of fluid flow (Velocity-Mach
contour)

Fig. C.9: Representation of propagation of filled/unfilled
shockwaves around the Diamond wedge airfoil (Static
pressure contour)

Fig. C.11: Representation of shockwaves on a plane
perpendicular to the direction of flow of fluid (Static
pressure contour)
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D. Structural Analysis of Diamond wedged wing at an

o
AOCA 2
UNITS

Unit System| Metric (m, kg, N, s, V, A) Degrees rad/s Celsius

Angle Degrees

Rotational Velocity rad/s
Temperature Celsius
Fig. D1: Representation of units = - P [T"

Fig. D.3: Representation of total deformation

The maximum value of Total deformation was found
to be 0.024254 m and is vividly seen in the wing tip as the
wing tip acts as the free end of a supposed cantilever beam for
instance which is more susceptible to deformation. The
minimum value of Total deformation is 0 m at the fixed part
of the wing

000 0200

LAl 0300

Fig. D.2: Representation of Mesh

0400(m)

0 s l?:mm)
0o 025

Fig. D.4: Representation of Equivalent stress

The maximum value of VVon-mises stress is found to
; be 5.9283e08 Pa whereas the minimum value is found to be
¢ 12365 Pa

0.000 0400 0.800(m)
=]

0200 0600
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Figure 3

Type: Equivalent Elastic Strin
Unit: mim

Timez 15

204203 0941

0.0083902 Max
00074361
00065259
00055937
Q0046615
0007293
oo0ren
00018649
000093275
5.6065¢-7 Min

000 30 0.600(m)
]

0150 0450

Figure
Uit mim

Time:15
13-04-203 0941

0.0083902 Max
00074581
00065259
0.0055%7
00046615

0.0037293
0.0027971
00018649
000093275
5.6065e-7 Min

000 0250 0500(m) ‘ .

Fig. D.5: Representation of Equivalent elastic strain

0125 0375

The maximum value of Strain is found to be
0.0083902 and the minimum value is in the order of e-7 with a
precise value of 5.6065e-7

0
E. Fluent Analysis of wing 2 at an AOA 1

High precision Fluid flow -Fluent analysis has been
performed based on the above-tabulated conditions on the
Customised wing 2 with an AOA of 1 degree and the results
are formulated below. Required Solver settings and a detailed
method of approach can be accessed by using the
accompanying Research datasheet.

Page | 110

ISSN [ONLINE]: 2395-1052

Table I: Representation of primary Parameters and
Settings used in the analysis

KNo. Parameters Seftings

1 TypeofSolver Przzzure-Basad Solver

2  Enerey Equation Cmn

3 Wizcous Modal Two Equations, Standard k - E

Turbulant hiodal

4 Fluid hlsdivm Aras Tdeal Gas

5 Opemating Altiteds | 1500 m

§ Operating Prezsws 846435 Pascal

T  Operating 278.4 K {Comespond to the Altitwda).
Tampsaraturs

g Frea Stream Nach 2.0,
Valocity

o Boundary & Imlet a= Pressure Far-Fisld.
Condition b Crxtlat 2z Prassure Far-Fiald

10 Anele of attack 1 Diagrea

Table I1: Representation of Mesh size

Cells Face: Nod es

1717046

Table I11: Representation of Mesh Quality

Kame Type MAim Orthogonal
Quality

farfisld TatCall 0.0D0SE5RESTT

Max Aspect Ratio

466.67040

0 C

Orthogonal Quality

Fig.E.1: Orthogonal Quality chart showing excellent mesh

Table 1V: Report definitions (Lift and Drag)
drag 137R0.8TH

Lift 4313.587W
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—continuity
—energy

k
epsilon

T
20 30 40

Iterations
Fig.E.2: Representation of Residual plot
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12000.0000

annn nnnn =
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Fig.E.3: Representation of Drag plot e
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Fig.E.4: Representation of Lift plot
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Fig.E.5: Representation of Static pressure contours
The maximum Static pressure value has been found

to be 7.57e+05 Pa. The minimum Static pressure value has
been found to be -4.19e+04 Pa
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Fig.E.6: Representation of Velocity-Mach contours

The range at which the wing exhibits Mach value lies
between 1.2 to 2.53 with 2.53 being the maximum value
specifically at the surface of immediate contact with the
penetrating air.

pathlines-1
Mach Number

Fig.E.7: Representation of pathlines
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Fig.E.8: Representation of shockwaves on a plane
perpendicular to the direction of fluid flow (Velocity Mach
contour)

Fig.E.9: Representation of shockwaves on a plane
perpendicular to the direction of fluid flow (Velocity
Magnitude contour)
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The distribution of velocity magnitude across the
wing is clear by the cross-sectional contour view provided by
Fig E.9. It shows that the circumferential area of the wing has
a maximum velocity of 707 m/s and the hollow region in the
inside is where the minimum velocity of fluid flow is obtained
with 0 m/s

Fig. E.10: Representation of shockwaves on a plane
perpendicular to the direction of fluid flow (Static
Pressure contour)
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o
F. Structural Analysis of wing 2 atan AOA 1

UNITS
Unit System Metric (m, kg, N, 5, V, A) Degrees rad/s Celsius

Angle Degrees
Rotational Velocity rad/s
Temperature Celsius

Fig.F.1: Representation of units

0.000 0350 0.700(m) .
| SE—— SS—)
0175 0525

Fig.F.2: Representation of geometry

Fig.E.11: Representation of propagation of filled/unfilled
shockwaves around the airfoil (Static pressure contour)

Fig.E:12: Representation of propagation of unfilled
shockwaves around the airfoil (Velocity-Mach contour)

000 0 0400(m)
]

010 00

Fig.F.3: Representation of Mesh
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Q150 0450

000 0350 Q700(m)

X,
‘j _ws:—ms:
" . Y Fig.F.5: Representation of Equivalent elastic strain

Fig.F.4: Representation of Equivalent stress

The maximum value of Strain is found to be
The maximum value of Von-mises stress is found to  0.012949 and the minimum value is in the order of e-7 with a
be 9.0949e08 Pa whereas the minimum value is found to be  precise value of 2.4305e-7
72325 Pa

V A
* 000 030 0.600(m) z X
N
000 0450 0900 (m) z X

— — a1s0 [ F

ig. F.6: Representation of total deformation

The maximum value of Total deformation was found to be
0.057155 m and is vividly seen in the wing tip as the wing tip
acts as the free end of a supposed cantilever beam for instance
which is more susceptible to deformation. The minimum value
of Total deformation is 0 m at the fixed part of the wing.
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o
G. Fluent Analysis of wing 2 at an AOA 2

High precision Fluid flow -Fluent analysis has been performed
based on the above-tabulated conditions on the Customised
wing 2 with an AOA of 2 degrees and the results are
formulated below. Required Solver settings and a detailed
method of approach can be accessed by using the
accompanying Research datasheet.

Table I: Representation of primary Parameters and
Settings used in the analysis

No. Parameters Seffings

1 Typ=ofSolvar Przzsurz-Easad Solver

2 Ensrry Eguation COm

3 Vizoous hlodsl Two Eguations, Standardk -E

Turbulant hlodsl

4 Fluid Madinm Aviras Idsal Gas

5  Opomating Altitnds | 1500 m

§ {Operating Prassure B44843 Pascal

T Opoating 278 .4 K {Comespond to the Altitnda).
Tamparaturs

% Frzalteam hlach 2.0,
Welority

2 Boundary 2 Imlst as Presswre Far-Fisld.
Condition b, Crutlst 3z Prezswrs Far-Fiald,

10 Angle of attack

1 Damrasz

Table I1: Representation of Mesh size

Cell:

Faces Nodes

1717046 3483859 | 312346

Table I11: Representation of Mesh Quality

Name Type  Aln Orthogonal Qualityhiax Aspect Ratio

farfiald TetCall OQUODDSDSRESTT 46667040

Fig.G.1: Orthogonal Quality chart showing excellent mesh
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Table IV: Report definitions (Lift and Drag)
Lft B494.002N

drar 13741041

40

Iterations

Fig.G.2: Representation of Residual plot

40
Iterations

40
[terations

Fig.G.4: Representation of Drag plot

www.ijsart.com



IJSART - Volume 10 Issue 2 - FEBRUARY 2024 ISSN [ONLINE]: 2395-1052

Fig.G.6: Representation of Velocity-Mach contours

The range at which the wing exhibits Mach value lies
between 1.8 to 2.58 with 2.58 being the maximum value
specifically at the surface of immediate contact with the
penetrating air.

Fig.G.5: Representation of Static pressure contours

The maximum Static pressure value has been found
to be 7.51e+05 Pa. The minimum Static pressure value has
been found to be -4.61e+04 Pa
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Representation of pathlines

Fig.G.9: Representation of shockwaves on a plane
perpendicular to the direction of flow of fluid (Static
pressure contour)

Fig.G.8: Representation of propagation of filled/unfilled
shockwaves around the airfoil (Static pressure contour)
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Fig.G.10: Representation of shockwaves on a plane
perpendicular to the direction of flow of fluid (Velocity
Magnitude contour)

The distribution of velocity magnitude across the
wing is clear by the cross-sectional contour view provided by
Fig G.10. It shows that the circumferential area of the wing
has a maximum velocity of 757 m/s and the hollow region in
the inside is where the minimum velocity of fluid flow is
obtained with 0 m/s
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Fig.G.11: Representation of shockwaves on a plane
perpendicular to the direction of fluid flow (Velocity-Mach
contour)

Fig.G.12: Representation of propagation of unfilled
shockwaves around the airfoil (Velocity-Mach contour)

o
H. Structural Analysis of wing 2 at an AOA 2

units
Unit System | Metric (m, kg, N, s, V, A) Degrees rad/s Celsius

Angle Degrees
Rotational Velocity rad/s
Temperature Celsius

Fig.H.1: Representation of units
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000 040 0800(rm) z)\ X
]

0200 0600

Fig.H.3: Representation of Equivalent elastic strain

The maximum value of Strain is found to be
0.016527 and the minimum value is in the order of e-7 with a
precise value of 2.4236e-7

Fig.H.2: Representation of Equivalent stress /L‘
i X

0000 0300 0.600(m)
[ S—— SS—
0150 0450

The maximum value of VVon-mises stress is found to
be 1.1734e09 Pa whereas the minimum value is found to be
8167.4 Pa

Y
0000 0450 0800(m) .
[ S—— S
0225 0675

Fig.H.4: Representation of total deformation

The maximum value of Total deformation was found
to be 0.071336 m and is vividly seen in the wing tip as the
wing tip acts as the free end of a supposed cantilever beam for
instance which is more susceptible to deformation. The
minimum value of Total deformation is 0 m at the fixed part
of the wing
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I. Comparison of Plots

1.1 AOA VS Total Deformation
DIAMOND WEDGE

Total deformation {m)

Total deformation (m)

Total deformation (m)

0.02

0.051937

AOA (degrees)

Fig.1.1.1: Plot with AOA on abscissa and Total
deformation on the ordinate axis for Diamond wedged

0.12

0.1

0.08

0.06

0.04

0.02

wing
Wing 2

0.09397

0.085301
0.071336

0.057155

1 2 3 4
ADA (degrees)

Fig.1.1.2: Plot with AOA on abscissa and Total
deformation on the ordinate axis for wing 2
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Combined plot

0.024254

AOA (Degrees)

Fig.1.1.3: Combined Plot of both the wings with AOA on
the abscissa and Total deformation on the ordinate axis
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1.2 AOA VS Stress

1208409

1008409

8.00E+08

6.00E+08

4.00E408

Max Von-mises stress (Pa)

200E+08

0.00E+00

DIAMOND WEDGE

L05E+09

5.93E+08

4.27E+08

1 2 3 4
AOA (degrees)

Fig.1.2.1: Plot with AOA on abscissa and Max Von mises
stress on the ordinate axis for Diamond wedged wing

2.50E+09

2.00E+09

1.50E+09

Max Von-mises stress (Pa)

1.00E+09

5.00E+08

0.00E+00

Wing 2

2.05E+09

9.09E+08

AOA (Degrees)

Fig.1.2.2: Plot with AOA on abscissa and Max Von mises
stress on the ordinate axis for wing 2

3.50E+05

2.00E+05

1.50E+0%

1.00E+05

Max Von-mises stress (Pa)

5.00

0.00E+00

Combined plot

AOA (degrees)

Fig.1.1.3: Combined Plot of both the wings with AOA on
abscissa and VVon mises stress on the ordinate axis
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V. CONCLUSION

The present study has demonstrated that the sheet
metal design of an Impractical supersonic wing is susceptible
to self-exciting oscillations or flutter effects, not only under
Unsteady and Nonlinear aerodynamic conditions but also
under Steady and Nonlinear conditions in a similar fashion.
Through the use of coupled analysis of fluid flow in Fluent
and static structural analysis, the study sheds light on the
intricate interplay between aerodynamic forces and structural
dynamics, which can lead to complex and potentially
catastrophic behaviours. The findings underscore the
importance of considering both steady and unsteady
aerodynamic conditions in the design and analysis of
supersonic wings, as well as the critical role of structural
design in mitigating flutter effects. These insights can inform
future research and development efforts aimed at enhancing
the safety and performance of supersonic aircraft.
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