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Abstract— The Composite plate is taken as a fuselage of Boeing
787 passenger aircraft. The fuselage of any passenger aircraft is
considered as a shell with a large radius of curvature and having
multiple openings like doors and windows. The presence of such
cut-outs in the shell structure causes perturbations in the original
stress system, resulting in an increase in the local stress levels.
Almost all the major failures during the service of an aircraft
occur due to initiation of cracks in the region of maximum stress.
Thus, Study and evaluation of maximum stress concentration is
vital. VVarious methods are presented in the literature to find
Stress Concentrations around various geometries, but for
Rectangular cut outs with Circular radius in an Anisotropic
Plate.

The report deals with the stresses and stress concentration
phenomenon around the doors and windows of Boeing 787TM
aircraft. As the diameter of fuselage is very large compared to
the dimensions of doors and windows, the problem have been
modelled as an Infinite Plane with Multiple Openings under
Biaxial Loading. The Analytical solution of the stress
concentrations is found by Finite Element Analysis  using
ANSYS.

Keywords— Boeing 787, Complex Stress Functions, SCF,
Anisotropic Elasticity, Biaxial Loading.

I. INTRODUCTION

Many engineering structures are primarily designed to
transmit force, and it is of great importance for the designer to
know how the forces will be transmitted in terms of stress
distribution within particular components. Otherwise, the
component may fail to serve the purpose for which it is
designed. The determination of the state of stress at all points
within a component is called as stress analysis.

Stress analysis helps in finding out the magnitudes and
directions of stresses at various points in the structure as well
as locating the weak spots where maximum stress
concentration occurs. This localization of stresses is known as
stress concentration. Stress concentration is measured using
Stress Concentration Factor, defined as the ratio of maximum
stress to the nominal stress and is given by:

K = Pmx And g — Zmax for normal and shear stresses
t S
O T

min min

respectively.
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The aircraft Fuselage consists of multiple openings such as
passenger doors, emergency exit doors and windows. These
openings of cut-outs in the shell structure causes a
perturbation in the original stress system, so that in the
original region of the cut-outs the local stress level in the sheet
may be increased many times. There is a possibility of crack
initiation from the location having maximum stress
concentration. Crack flaws cannot be neglected in engineering
analysis; even microscopic crack flaws can grow over time,
ultimately resulting in fractured components. Structures that
may have been blindly deemed “safe” could fail disastrously,

causing injuries to its users, or in the grimmest of cases,
causing the loss of life.

There are various numerical techniques to solve for stress
concentration across various geometrical cut outs in Isotropic
and anisotropic cases. Systematic use of complex variable
theory in plane elasticity to find different values of stress at
different points was proposed by Kolosov-Muskhelishvili’s
[1] complex variable approach, Savin [2] and Lekhnitskii [3]
found stress concentrations around circular, elliptical,
triangular and square holes, mainly in isotropic media. The
analytic solutions for stress analysis of infinite anisotropic
plate with irregular holes are presented by Ukadgaonker and
Rao [4], [5] and Ukadgaonker and Kakhandki [6]. In this
paper variation of stress concentration factor along the cut-out
is observed and effect of change in dimensions along with the
presence of 2 cut-outs nearby and its effect on Stress
concentration are observed.

Il. BOEING 787 PASSENGER AIRCRAFT

The Boeing787 Dreamliner is a midsized, wide-body, twin-
engine jet airliner currently under development by Boeing
Commercial Airplanes. Its maximum seating capacity in a
one-class configuration is between 290 to 330passengers
depending on the variant. Boeing states that it will be more
fuel-efficient than earlier Boeing airliners and will be the first
major airliner to use the composite materials for most of its
construction. Boeing’s development of the 787 has involved a
large-scale collaborative with numerous suppliers [7].
Following figures shows the Technical Factsheet of Boeing
787 and Material Distribution.
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BOEING 787 DREAMLINER
CUMULATIVE FIRM ORDERS TOP TEN AIRLINE ORDERS
Total orders for 787-8 . i
and 787-9 784 6216821  ANNipRONAlNAYS 55 P
variants 701750 o wm Qantas 50 y
e Lol United-Continental 50
o ——1 J Air Canada 37
for the yea i Japan Airlines 35
Etihad Airways +
27
. . Qatar Airways
52 . Air India =

. LAN Airlines 26
'04 05 06 07 08 09 10 '11 British Airways 24

KEY FEATURES

» 50% of the primary
structure - including the
fuselage and wing - will be

made of lightweight *LP
composite materials »Passengers
Cione fuel can expect cabins with
20% more fuel- higher humidity, increased
efficient than similarly comfort and convenience
sized planes
787-8 Dreamliner 787-9 Dreamliner
Seating 210 - 250 250 - 290 Fig. 2 Arbitrary Biaxial Loading Condition
Range 14,200 - 15,200 km 14,800 - 15,750 km
Configuration Twin aisle Twin aisle .. . . . .
Cross section 574 cm 574 cm The Boundary conditions for in plane loading condition is as
Wing span 60 m 60 m .
o b follows:
Height 17m 17m
Cruise speed Mach 0.85, 920 kmh Mach 0.85, 920 kmh c” = AP, O';,X) =P, T;‘;/, = 0 at |z| >
Max. takeoff weight 227,930 kg 247,208 kg x
Cargo volume 4,400 cubic feet 5,400 cubic feet .13

Where, o7, o) are stresses applied about x, y axes at

Fig. 1 Showing Technical Fact Sheet of Boeing Dreamliner[7] Yo Y. . . . .
infinity respectively. By applying stress invariance into
Materials used in 787 body otal material sed above boundary conditions, boundary conditions about
i i 'otal materials us: .
B A% Corbonsondwic comport By weh XOY can be written as:

Other

stel % Composites
50%

Aluminum/steel/titanium

o, = g[(,l +1)+(A-1)cos 24 |

Aluminum
20%

o, = ;[(,1 +1)—(A-1)cos24]
.14

By comparison, the 777 uses 12 percent
camposites and 50 percent aluminum.

Ty = 2[(1 ~1)sin23]

Fig. 2 Showing Material Distribution of Boeing 787[7] Where. 1 = % &B=0 for current study
’ - 72 - Y .

V. STRESS ANALYSIS
1. INTRODUCTION

I11. ARBITRARY BIAXIAL LOADING CONDITIONS

In order to consider several cases of in-plane or bending loads
the arbitrary biaxial loading condition is introduced into the
boundary conditions. This condition has been adopted from
Ukadgaonkar and Rao[4] solution for an triangular hole. By
means of these conditions, solutions for biaxial loading can be
obtained without the need of superposition of the solutions of
the uniaxial loading. This is achieved by merely introducing
the biaxial loading factor A and the orientation angle B into the
boundary conditions at infinity. An infinite plane with an
arbitrary shape of hole subjected to in-plane loading under
arbitrary biaxial loading condition is shown in Figure

The finite element analysis (FEA) is a numerical
technique for finding approximate solutions of partial
differential equations (PDE), as well as integral
equations. The solution approach is based ether on
eliminating the differential equation completely (steady
state problems), or rendering the PDE into an
approximating system of ordinary differential equations,
which are then numerically integrated using standard
techniques such as Euler’s method, Runge-Kutta, etc.

For Stress Analysis we do FEA using ANSYS as a
platform in which an Anisotropic Plate containing a hole
is subjected to remotely applied load at its outer edge
while the edges of hole are free from loading. Following
are the steps that we need to follow,
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2. ANSYS[ref: ANSYS Help]:

ANSYS is commercial finite element analysis software
with the compatibility to analyse a wide range of different
problems. It can handle problems from structural to
electromagnetic fields. It can also handle both simple
linear, non-linear, transient ones. A typical ANSYS
analysis involves three steps.

1. Pre-processing: In this step using PREP7 processor
providing input data such as element type, geometry
dimensions, material properties, and material
constants to the program.

2. Solution: Using solution processor defining the type
of analysis, setting boundary conditions, apply loads
and initiate finite element solution.

3. Post processing: Using POST1 or POST27 extract
the results through graphic display and tabular
listings.

A. Pre-Processing:

For Material Properties we select Orthotropic thin plate
with Plane Strain condition. The Young’s modulus (E) and
Modulus of Rigidity (G) for plate material are taken as

E;=139.3GPa, E,=11.3GPa, G,,=6GPa
The Poisson’s ratio is taken as v»;=0.3, v53=0.4
The external dimensions of the plate are taken as large
enough to satisfy the condition of infinite plate.

For PLATE,
Length: 1000 in Width: 1000 in

For DOOR,

Length, a=42 in
Width, b=74 in

Corner radius, r=7.0 in

For WINDOW,
Length, a=10.74 in
Width, b=18.44 in
Corner radius, r=5.0 in

Distance between Door and Window 58.95 in

|

4
&
18ja4

B,

Fig. 3 Showing Dimensions of PLATE having DOOR and WINDOW

results for mixed (quadrilateral-triangular) automatic
meshes and can tolerate irregular shapes without as much
loss of accuracy. The 8-node elements have compatible
displacement shapes and are well suited to model curved
boundaries. The 8-node element is defined by eight nodes
having 2 degrees of freedom at each node. The element
may be used as a plane element or as an axis symmetric
element. The element has plasticity, creep, swelling, stress
stiffening, large deflection, and large strain capabilities.

L
®
K K L0
y ®
{or audal) @
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Fig. 4 PLANE 82 Element Type

Next the Area formed is Meshed according to the Element
Type. Following are the Meshed Model Door and
Window,

ANSYS

Fig. 4 Meshed Model of Door

ANSYS

Next is to define the Element Type, which is taken as Fig. 5 Meshed Model of Window
PLANES2. It is a higher order version of the 2-D, four

node element (PLANE42). It provides more accurate
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ANSYS NODAL SOLUTION FALN, > 1,
FEB 14 2014
16:14:56

Fig. 6 Meshed Model of Door and Window

B. Solution and Post-Processing

Following Figure shows the final plots from ANSYS
showing variation of Stress Concentration along the
Rectangular cut-outs,

NODAL SOLUTIZN
= . JJTEB 14 2014
15:51:22

5 14
SME =8112.52

455.04

8335.57

g 3932.95 5604 ki
3052.43 813, 6574.52

Fig. 9 Final Plot of DOOR and WINDOW together

Following were the results Observed from the Plots,

. [ SCF
A Geometry -
Min Max
Fig. 7 Final Plot of DOOR DOOR 0.677 8.112
WINDOW 1.338 5.91
0.41
DOOR & | Door gii Door
WINDOW 1.29 Window
Window

V. CONCLUSIONS

AFollowing are the conclusions deciphered from the results
obtained by Finite ElementAnalysis,

1. The present method of study helps to analyse stress
concentration around a Rectangular Hole with circular
corners, which can be further utilised to study for other
geometry as well.
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2. Maximum Stress Concentration occurs at the corner
locations.

3. Window has a lower value of maximum stress
concentration factor as comparedto door because of more
curved corners.

4. When Door and Window are analysed together there is a
significant change in the Max Stress Concentration around
window than around Door, as there is some interaction effect
between the two which can be further analysed.

4. The value of SCF does not depend on the amount of
Load Applied as for different loads it remains the same.

5. The Stress Concentration around a given shape of hole
depends on combination of different parameters related to the
material of laminate, shape of hole, type ofloading.
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