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Abstract - Aircraft is a highly complex flying structure which undergoes various stresses during operation. Generally
transport aircraft undergoes nominal manoeuvring flights. During take-off and landing, wing produces maximum lift
and it undergoes highest bending moment. The bending moment will be maximum at the root of the wing. The bending
moment and shear loads from the wing are transferred to the fuselage through the attachment joints. This paper deals
with stress analysis of wing spar joint. The stress analysis was carried out for wing-spar joint using Finite Element
Method (FEM). Prediction of the fatigue life of wing-spar joint in a transport aircraft was precisely made. The proposed
aircraft structure uses materials such as Heat Treated AISI-4340 for T section joint and Aluminum Alloy— 2024-T351
for I-section wing spar and rivet joints. Fatigue life calculation was carried out for typical service loading condition using
constant amplitude S-N data for various stress ratios and local stress at various stress concentration. In this work
estimation of fatigue life for crack initiation of spar joint structure were carried out at maximum stress location.

Keywords - Finite element approach, stress analysis, C clamp joint structure, static analysis, fatigue analysis.

1. INTRODUCTION

Now a days the stress analysis and fatigue lifell prediction for spar joint in an aircraft wing using finite element method.
The use of finite element method (FEM) for the estimation of fatigue life has been proved as a good alternative to the
experimental method ™M The main function of the wings in aircraft is to provide lift. The wings have been classified as two
essential parts, the internal wing structure consists of spars, ribs, stringers, and the external wing structure consists of skin. Spar
is a heavy beam in which different transverse shear load and shear bending is acting on the spar beam. It usually consists of thin
panel (web) with a cap or flange at the top and bottom. Ribs are also used in the span wise distribution. The work undertaken at
present incorporates the outline and investigation of the flight part utilizing the variable loads located on the spar. Normally, in
aircraft the outline is done by dividing the spars into two sections. The investigation is done by utilizing the FEM packages MSC
NASTRAN and MSC PATRAN. AL2024-T351 material is used in this analysis. It is found that the maximum stress is induced
are within allowable limits. Additionally in the basic part the fatigue failure is generated due to high tensile stress acting on the
critical region, a necessary fatigue calculation is carried out on the maximum stress. The fatigue damage value is found within
the critical damage, thus assuring the validity of a design.
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Schematic diagram of two wing spar joint

2. METHODOLOGY

In this study the wing spar joint is considered for a detailed analysis. The C section joint is considered as a multi row riveted
joint under the action of tensile in plane load due to wing bending. Stress analysis of the joint is carried out to compute the
stresses at rivet holes due to by-pass load and bearing load. The objective of the present work is to design and analysis of wing
spar joint for a Transport Aircraft Structure to compute the stresses at rivet holes due to tension with the help of MSC PATRAN
and MSC NASTRAN. The flow chart is shown in bellow figure
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Flow chart of a static load analysis
3. GEOMETRICAL CONFIGARATION

The spar is modeled in CATIA as shown in bellow figure. It consists of different structures. , spar is considered as one of the
major component in the wing. Usually spar is used as a lifting capacity of the aircraft. Majority of the weight is acting on the
spar usually spar is attached to the ring and one end of the spar is connected to the fuselage and other end is act as a free edge,

S0 an obtained spar is a cantilever beam. Each part is modeled in CATIA software. The wing spar joint with finite element
properties is shown in bellow figure.

Design of uniform spar

The spar is modeled in CATIA as shown in Fig.6. It consists of different structures. , spar is considered as one of the major
component in the wing. Usually spar is used as a lifting capacity of the aircraft. Majority of the weight is acting on the spar
usually spar is attached to the ring and one end of the spar is connected to the fuselage and other end is act as a free edge, so an

obtained spar is a cantilever beam. Each part is modeled in CATIA software. The wing spar joint with finite element
properties is shown in bellow figure.

Geometric models for 1D analysis
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Finite element model of spar joint
3.1. Chemical Composition
The Al 2024-T351 is used in current spar joint due to high strength and fatigue resistance properties. The chemical composition
of Aluminium (Al) alloy and the physical properties of Al alloy are shown in Table.1 and Table.2.

Table 1 Chemical composition of Al alloy

COMPONENT Wt. %
Al 90.7-94.7
Cr Max 0.1
Cu 3.8-4.9
Fe Max 0.5
Mg 1.2-1.8
Mn 0.3-0.9
Other, each Max 0.05
Other, total Max 0.15
Si Max 0.5
Ti Max 0.15

Table 2 Physical properties of Al alloy

Young’s Modulus 7000 kg/mm?
Poisson’s Ratio 0.3
Density 2800 kg/mm?
Yield strength 28 kg/mm?
Ultimate strength 47kg/mm?

4. LOADS ON THE WING BOX

Uniformly varying load was applied at tip side of the spar joint and other end is fixed which is called the root side of the spar
joint. A two dimensional linear static stress analysis is carried out using finite element analysis software PATRAN and MSC
NASTRAN. Mesh independent stress magnitudes are obtained through iterative mesh refinement process. Aluminum 2024-
T351 alloy properties are given to the Pre-processor material properties. Load corresponding to the maximum lift load on the
spar is considered. The different variable loads at each section are shown in figure 4.2. Along with dimensions used for variable
load at each section along with different length are shown in table 3
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4.1. Load Calculation for Spar joint

267.90 5147156  335.0887 345.98605 13.23492 355.7753 3530627

Uﬂllﬂﬂﬂﬂ,l

2875 -I

ﬂ ——  Alldimensions in kg

——— —  Aldmensionsinmm

Span wise load distributions

Table 3 Span length and load distribution of spar joint

Stations Distance from root(mm) | Loadsoneachsection(kg)

4.2 Static analysis of spar beam using 1-D

Static analyses of spar joint by using 1D in N/mm?  Deformation of spar joint by using1D analysis.

The static analysis is carried out by using analysis software (MSC software). The maximum stress is found to be 356 N/mm?,
However, the tensile yield strength of the aluminum 2024-T351 is 362 MPa. The induced stress level is found to be less than
the allowable stress limit of the material used in the design of spar joint by using 1-D analysis. Hence, the static analysis of spar
joint is considered to be safe design. Table 4.2 details the result summary of the static analysis of the spar joint using 1-D
analysis.

4.3 Static analysis of spar beam using 2-D

Static analysis of spar beam using 2-D
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Deformation of spar beam by using 2D analysis
The maximum stress is found to be 339 N/mm?. However, the tensile yield strength of the aluminium 2024-T351 is 362 MPa.
The induced stress level is found to be less than the allowable stress limit of the material used in the design of spar joint by using
2-D analysis. Hence, the static analysis of spar joint is considered to be safe design. Table 4.3 details the result summary of the
static analysis of the spar joint using 2-D analysis.

4.4. Local Analysis Results

As in the case of global analysis, the particular area considered for local analysis undergoes tension in bottom skin. In order to
create the same surrounding, we constrain any one or two translation direction, hence we took two cases.

Case 1: With z translation constraint

Case 2: With x and z translation constraint
The directions are given to the rivets
The maximum stress is found at the one end of the rivet location, near to the bottom flange the obtained value is 327 N/mm?,
However, the tensile yield strength of the aluminium 2024-T351 is 362 MPa. The induced stress level is found to be less than
the allowable stress limit of the material used in the design of spar joint by using 2-D analysis. Hence, the static analysis of spar
joint is considered to be safe design.

Static analysis of spar joint using 2-D  Maximum stress is obtained at 1 end of the rivet location

The maximum stress is found at the one end of the rivet location, near to the bottom flange the obtained value is 327 N/mm?2,
However, the tensile yield strength of the aluminium 2024-T351 is 362 MPa. The induced stress level is found to be less than
the allowable stress limit of the material used in the design of spar joint by using 2-D analysis. Hence, the static analysis of spar
joint is considered to be safe design

4.5. Summary of Results for Iteration
Table 4 Result summary of the static analysis of the spar joint using 1-D analysis.
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station Stress (.\'/mm:)

0-1 356

12 350

23 334

343 339

4.5 333

5-6 327

6-7 321

7-8 315

89 309

9-10 303

10-11 297

11-12 291

12-13 286

13-14 280

14-15 274

15-20 268

Table 5 Result summary of the static analysis of the spar joint using 2-D analysis.

station stlres»s(’.\'/nnn2 )
0-1 339
1-2 294
2-3 249
34 204
4-5 158
5-6 113
6-7 68
7-8 228
89 224
9-10 -67.6
10-11 -113
11-12 -158
12-13 -203
13-14 -248
14-15 -294
15-16 -339

Table 6 Element and nodes used in C clamp joint

Parts of the
Number
spar joint Type of element Number of of Aspect
elements | nodes | ratio

Top flange  |Quadrilateral element 576 689 5
web Quadrilateral element 1920 2068 5
Bottom flange |Quadrilateral element 480 3729 5
rivet Bar 64 22 5

5. THEORETICAL CALCULATION
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It is the vital step towards the design of the aircraft wing, Calculating SFD and BMD is one of the bases of analyzing beams
and cantilever. Because of shear force diagram and bending moment diagram helps in design of every parameter namely spar
etc. figure 4.1 shows the span wise load distribution the table 4.1 shows the span length and load distribution which helps in
determining the maximum bending stress.

Table 6 Span length and load distribution of spar joint

L fromroot(mm) | Loadsoneachsection (kg)
0 0 0
1 128 26798
2 378 317162
3 [33] 339.0887
4 §75 3409382
3 ns 34598665
6 1373 34423402
7 1625 3457753
H 1875 3540627
9 2125 35423405
10 373 355.0903
1 2625 355.69993
12 2873 356.089715
13 313 3562548
14 3375 356.16575
15 3625 3557479
16 3875 3548163
17 4123 3529668
18 4375 3891718
19 4825 340.0066
20 4875 308.1522731

The following cantilever beam also indicates the different bending moment at different cross sections also the | sections
values are tabulated in table 7. The bending stress values for each stations is calculated bellow

Bending moment

BD*-bd¥12

Table 7 | section tabulated values for the spar section

jtation | Bending ty(mm) |te(mm) |B(mm) |D(mm) |bmm) |d(mm)
momen t(N-m)
0 1735486798 |6.65 59317 |64.16 114338 | 5751 102474
1 15852625.65 |6.225 5.545 64256 |112.713|57.031 |[101621
14280095.12 | 590682 |526185 | 614382 (10946355526 |989393
12752468.06 |5.58085 | 4972 59.60885( 106.213 | 54028 | 96.269

4 11296480.01 | 52365 46653 |57.7848 | 102963 | 52.5483 | 946324
221566846 (48789 |43461 |556909 [99.713 |[S51.182 |91.1208

e

[

(PN

6 8631980.708 | 4.5089 40162 341369 | 99463 49028 88.435
7 7429921302 [4.1284 4678 52313 94213 |48.1846 | 8585
g 6316625.0352 |4.7406 43323 50489 89963 | 46.7486 | 84.29!
9 5292867.121 |4.3464 29814 48 665 86.713 | 453186 | 80.75(
10 4359154.753 | 29491 265716 | 4684110/ 84463 | 44892 78.20!
1 3515815.29 |2.5505 22724 45017 80213 | 424665 | 75.66!

12 2763067.934 | 2.1551 1.9205 44193 76963 |41.1379 | 74.72.
13 2101075.371 | 1.76726 | 1.5745 4136925| 74.713 | 39.60194| 70.56:
14 1522940509 [ 1.53603 | 1.369 37.7212 | 67213 |37.7212 | 6721
13 1050992.454 | 1.3267 0.85705 | 373564 | 66563 | 373564 | 66.56.
16 661757.5125 |0.71424 [0.63635 | 358973 | 64963 |35.8973 | 64.96.

17 363436.5875 |0.4304 0384 34073 |60.713 [34073 60.71.
18 1515016.15 |0.1982 0.176905| 32249 57463 |32249 57.46.
19 334875 0.049 0.04365 | 304254 | 547213 | 304254 | 5421
20 0 0 0 286014 | 50963 |28.6014 | 50.96.
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From the table 4.3 we concluded that the analytical yield strength value of AL 2024 T351 material (350MPA), matches

theoretical yield strength value. So the obtained design is safe. The plot of shear force, bending moment versus span length
was shown bellow.

Shear Force Diagram
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6. FINITE ELEMENT ANALYSIS RESULTS

The FEM results show that the stress values which are calculated through software are given below, by taking average value of
stress values at a distance of 4875 mm from the applied load is 308.1522731Kkg.

TN | 1o
fe8H 17 178,

Maximum stress is obtained at 1 end of the rivet Ioctlon
The maximum stress is found at the one end of the rivet location, near to the bottom flange the obtained value is 327 N/mm?.
However, the tensile yield strength of the aluminium 2024-T351 is 362 MPa.

7. CONCLUSION

In the present work, the finite element analysis is carried out on the wing spar joint by considering light jet aircraft structure,
using MSC NASTRAN/PATRAN software. From the Static analysis, it'is found that for the 1-D analysis the maximum stress
obtained is 350 N/mm?, which is well within the allowable stress of the material so an obtained design is considered to be safest
design. From the Static analysis, it is found that for the 2-D analysis maximum stress obtained is 346 N/mm?2, which is well
within the allowable stress of the material so an obtained design is considered to be safest design. From the Static analysis, it is
found that the maximum stress obtained at one end of the rivet location is 327 N/mm?, so the maximum stress obtained is not
exactly the allowable stress of the material so obtained design is considered to be safest design.
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