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Highlights
* This paper focuses on vibration analysis of an aircraft structure in terms of crash
« A mathematical model of an aircraft structure subjected to a crush loading is
» Effects of a crush load on the vibration characteristics of an aircraft structu
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affected by many factors i@uding the cross-section of the aircraft structure, boundary conditions

of the aircraft structure, and @pplied crush loading to the aircraft structure. The aim of this study

Keywords is to contribute to thelliteratufg on improving the design of aircraft structures in order to increase
Crush loading the energy abs rties of the aircraft structures and therefore support the
Vibration analysis crashworthiness capability 0 ructures by performing vibration analysis. In this context, after
Energy principle deriving thg governing equation aircraft structure exposed to an axial crush loading, three
Differential transform differen lications are conductgl to investigate the effects of the axial crush loading on the
method dynantic cteristics ofthe aircraft structure. The findings of the study concluded that vibration
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Global airlines consume more than 3.5 million tones of oil per day, causing carbon dioxide (C0,) emitted
from aircraft engines to reach alarming levels [1]. Moreover, C0O, emanating from commercial and military
aircraft is expected to reach more than twice as much as the current levels by 2050 [2]. As a precaution
against this situation, some modern aircraft configurations, for instance aircrafts flying-V shape, are
projected to achieve more than 20% fuel savings when compared to conventional configurations. However,
these newly implemented design-type aircraft configurations present some challenges with the design,
including the crashworthiness of wing-fuselage structures that have an oval-shaped cross-section leading
to a significant reduction in the area under the cabin floor [3]. The design of aircraft structures for
crashworthiness (i.e., crashworthiness design) needs ensuring the structural integrity of the structures [4],
reducing crash cost for the structures repair [5], and providing the safety of passengers [6], which is the
most important one, in the event of a collision. Thus, the crashworthiness design is considered as important
as the durability and fatigue [7] of aircraft structures.
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Considering the certification standards established by aviation regulatory agencies, modern aircraft
manufacturers have used a variety of protection systems regarding the crashworthiness of aircraft structures
[8]. The primary goal for protecting the fuselage and structures is the performance [9] and hence
crashworthiness of the aircraft structures. On the other hand, at the component level, various energy
absorbers have been proposed to evaluate the crashworthiness response of the aircraft structures [10]. Due
to their excellent energy absorption characteristic, thin-walled structures (e.g., beams, columns or frames)
have been widely used in the fields of the crashworthiness analysis of aircraft structures [11]. Especially
thin-walled beams, which have a superior feature in terms of light weight and utilized as reinforcement
components in the body of vehicles, have been mostly exploited to investigate the deflection behavior and
mechanical properties of the aircraft structures under static and dynamic cush loadings [12]. Moreover,
given that evaluating the feasibility of design of an aircraft in the preliminary stage ig indispensable
importance to preventing cost overruns and minimizing the need for significant design

of using simpler models in the preliminary design phase of the strycture,
of thin-walled beams should be improved.

it aso reveals that the design

In the literature, researchers have conducted numerous studies design of thin-walled structures to
improve and optimize the crashworthiness abilijflof aircraft structures. Regarding the effects of the design
on the energy absorption capacity, Mou et al§ [10] researched the damage and energy absorption
mechanisms for the lightweight and cras thin@ss design of hybrid open-section thin-walled columns.
They conducted an experimental study to ¢ e the mechanical responses and failure morphologies
of the structure, and then validated the experimenta with a numerical simulation model. The results
of the study showed that open-segfion thin-walled colgmns provide a new structural configuration to meet
the crashworthiness properties an tness neéds of aircrafts, which are vital in aviation and space-related
applications. Liang et al. i

element model for differ hEConligitations. The analysis showed superiority of multi-material hybrid
structure over g gmponent. Xue et al. [16] studied the efficiency of the struts and then
compared the e

crashwo i ircraft structures with various strut configurations, which were based on aluminum thin
jth varied cross sections, by using the finite element approach. Patil and Pangavhane [20]
introduced a lew square cross-section thin-walled column to increase the crashworthiness of an aircraft
structure under axial loading by performing a numerical study via ABAQUS software and then validated
the results with an experimental and analytical test. The study indicated that variable thickness square thin-
walled column provides better performance than uniform thickness square thin-walled column. Tang et al.
[12] examined the bending behaviors of several simple-section thin-walled beams exposed to lateral impact
using analytical and numerical methods. In order to determine the effects of geometric shapes of the thin-
walled beams on the crashworthiness of the structure, the bending performance was evaluated depending
on some design parameters, such as length ratio of rectangular section, height, etc. The study concluded
that the beam cross-sectional area affected the bending resistance performance of the thin-walled beams
under lateral impact in different ranges. In terms of static load response of the structures, Moas et al. [21]
proposed an analytical model including a semicircular graphite epoxy specimen, which models a generic
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aircraft frame exposed to a quasi-static load, to investigate the load response and damage behavior of the
aircraft frame. In the analysis, the mathematical model of a semicircular frame subjected to a concentrated
force was solved, and then they applied the finite element solution to confirm the results of the model.
Woodson et al. [22] presented an optimum design of a composite body frame subjected to a static crush
loading to improve the crashworthy response of the frame. The fuselage frame was considered as a thin-
walled, I-section, and graphite-epoxy frame; and then the analysis was carried out by using a genetic
algorithm. In terms of the type of the joining (i.e., boundary condition) of the structure, Collins and Johnson
[23] developed a numerical model, called a beam finite element, based on finite element methodology to
evaluate the dynamic and static response of thin-walled and open section frames that are common in
fuselage construction. In this context, they determined the dynamic characteristics of | shape frames, semi-
circular frames, and channel section frames. The authors showed that the cross-sectiogfand boundary
condition of the structure affect the crashworthiness response of the structure. Perez et al. developed a
numerical model to optimize open section curved composite frames subjected to a sigti loading to
improve energy absorption. They examined a semicircle and | shape frames in t nges; and

then the results were obtained for clamped and hinged boundary conditions of t a generic
algorithm. Garofano et al. [9] investigated dynamic response of a regional f obtain
an optimized skin configuration in a vertical drop test for the crashworthi i the structure

by using finite element method. In the construction of an aircraft fusel joints, and supports were
used to connect the cross beams in the cabin floor to the frames a i
cabin floor to the reinforcement supports were modeled as beam
minor damage was noted to the cabin floor beams via newly j i on design of the skin.
In terms of damage behavior of the structure, Zhang et al. [25] ication to investigate the

in a box structure were modelled as I-beam. Numerical results that during the distributed pressure
load, the leading edge of the wing was damagedlapproximately 70 cr, but the front spar broke the birch
into two parts.

s, the design of th& aircraft structures need to be improved to avoid or
resist severe environments inclddi ing. The aim of this study is to contribute to the literature
in order to improve the degi ures in a way that will increase the energy absorption
support the crashworthiness ability of the structures by
performing vibration &
account. Considering th

8d literature, the present study investigates the crashworthiness
ie., thin-walled beam) depending on: (i) the change of the boundary

Differential Pfansform Method (DTM) is used for the solution of the design problem considered in the
present study. DTM is a technique for solving a wide variety of differential equations both analytically and
numerically [27- 29]. Furthermore, given that crash experiments are extremely difficult and expensive to
perform, the application of DTM to such a design problem is another contribution to the literature because
DTM is suitable both for solving uncomplicated design problems manually and calculating them
analytically, and for solving complicated design problems numerically through parallel programming with
powerful computers. A flow chart that summarizes the stages of the present study is given in Figure 1.
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[30]. For this reason, bea
in examining the resistaf

structure which is subjecte® loading because some complete plane and space frames can be

represented wit y as ensembles of interconnected axially loaded coupled bending-
torsion beams [3§) ce aluminum alloys have been the main material of structural parts of
aircrafts ears due to their known performance, well-established design techniques,
manu iable Inspection methods [34], it is estimated that the active use of aluminum in

ontinue in today's technological developments. Thus, in the establishment of a
matheNgati oT an aircraft structure that is exposed to an axial crush loading, a uniform axially
loaded ¢ ing-torsion thin-walled beam made of an aluminum alloy is considered. A coupled
bending-tor in-walled beam having airfoil cross section with length L is shown in Figure 2. In Figure
2 (a), u(x, t) is bending translation and ¥ (x, t) is torsional rotation of the beam. Further, an axial load P,
that represents an axial crush loading, is assumed to act along the center of gravity (i.e., center of mass) of
the cross-section of the beam. When P is an axial compressive load, the sign is considered positive (i.e.,
direction of load inward), as shown in Figure 2 (a). On the other hand, when P is an axial tensile load, the
sign is considered negative (i.e., direction of load outward). Additionally, in Figure 2 (a), the mass axis and
elastic axis of the beam present respectively the loci of the centroid and shear center of the beam. In Figure
2 (b), f(x,t) and g(x,t) are respectively the distributed external forces and torques, where x denotes
distance from the origin and t denotes time.
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Mass axis

Elastic axis

(a) (b)

Figure 2. (a) a uniform axially loaded coupled bending-torsion beam on the co
distributed external forces and torques applied to the b

The total potential energy Upg, Kinetic energy Tk, and vir
bending torsion beam are respectively stated as:

1)
)
®3)
are respectively the linear viscous damping terms of per unit length of the
prsional deformation. (") and (*) denote differentiations with respect to

Hamilton’s principle, when Lgp = Txg — Upg + Wy, here Lgp is Kinetic
is evaluated for any arbitrary intervals of time (e.g. t4, t, ) is stable for a dynamic

6 f (TKE - UPE + WE)dt =0. (4)

Substituting Equations (1)-(3) into Equation (4) and then performing the related integral operations yields
the governing differential equations and boundary conditions of the axially loaded uniform coupled-
bending torsion thin-walled beam as follows:

(a) The governing differential equations

El" + P(u' — xp"") + ¢ (0t — xo9) + m(ih — x,P) = f(x, 1) ®)
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G]ll)” - P({Ia/m}lp” - x(xu”) - Cz‘[’ + XU + mxgil — Ialrb =g(x,t) (6)
with

0 =1u' (Bending rotation) (7

M = —Elu"” (Bending moment) (8)

S=EN"+P —x,9") (Shear force) 9)

T =GJY' —{Pl,/m}p" + Px,u’ (Torque) (10)

(b) The boundary conditions (BCs) for different end conditions are:

Clamped-Free (C-F): u=60=y =0, S (1)
Clamped-Clamped (C-C): u=6 =9y =0, (12)
Simply Supported-Simply Supported (S-S): u (13)
2.2. Solution of the Model
For free vibration analysis with undamped case, the dynamic char a‘unfform axially loaded
coupled bendingtorsion thin-walled beam can be found by equa e f(x,t), external
torque g(x,t), and damping coefficients c¢; and ¢, to zero. Tjgn, t e equations given in
Equations (5) — (6) are assumed to be of the form
(14)
(15)
where U, (x) and W,,(x) are vibration mo the vibration frequency, ¢,, is phase angles, and n =

1,2,3 ...
Substituting Equations (14) — (1
differential equations with associa oundary gonditions to ordinary differential equations with associated
boundary conditions as follgus:
n) = mwi(Uy — x¥y) =0 (16)
Un" = 1,%,") — wrzz(mxaUn — W) =0 (17)

¥e Equations (16) — (17) with the related boundary condions. According to the
analytical function f (x) is expanded to a power series with the center x, in domain

dk
= (29)

(18)

=Xq

folil = ) (x = x)*Fylk] (19
k=0

There are some differential transformation rules regarding the application of DTM. These rules vary
depending on type of the function in differential equations and boundary conditions. The differential
transformation rules of DTM for various functions and opertions are given in reference [36]. Taking these
rules into account, each function in the differential equations and boundary conditions is represented in a
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new form. Thus, by applying the related differential transformation rules given in [36] to both the ordinary
differential equations given in Equations (16) — (17) and boundary conditions given in Equations (11) —
(13), a set of algebraic equations is obtained as follows:

alk + 1)(k +2)Up [k +2] + b(k + Dk + Wk + 2] + cUp[k] + dWp[k] (50

Uplke +4] = (k+ Dk +2)k+3)(k+4)
ek + Dk + 2)Uplk + 2] + f(k + Dk + 2)¥plk + 2] + gUp[k] + R¥p[K]  (pq
¥olk +2] = (k + D(k + 2) o
with
N
k] =) kUp[k]LF! (22)
N
- Z k(k — 1)Up [k]L*~2 (23)
N
[k] = Z k(k — 1)(k — 2)Up [k]LE=3 — az KU, [l p k-1 (24)
Tpk] = KILE=Y — £y kWp e N\ kUp[KLF1 (25)
D kz Z D D
where
— P —
“TTE 0T (26)
Px, ,
=% T = ma = 27)

and Up[k] and ¥, [k] are
and Tp[k] are thg
Moreover, in EqQUg
and the value of

nsform of U, (x) and W¥,,(x), respectively; ©p[k], Mp[k], Splk],
sform of the natural boundary conditions given in Equations (7) — (10).

N
U,(x) = Y Uplk]x¥ (28)
Y (x) = ) Wplk]xk. (29)

The pseudocode related with application of DTM to solve the Equations (20) — (21) with the boundary
conditions given in Equations (22) — (25) is presented in Algorithm 1. The Equations (28) — (29) are
conjuction with the boundary conditions stated in Equations (11) — (13).
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Step 1. Read the data EI, GJ,m, I, x..L,P.

Step 2. Compute coefficientsa, b, c,d, e, f, g, h.

Step3.SetUyfi]l =a, Upli+1] =6, Wlil=y.i=0,1,2,3.
Fork=0,...N

Compute Upl[k + 4]
Compute Wylk + 2]

End

Fork=0,..,N
Compute BC1
Compute BC2
Compute BC3

End

Step 4. Solve the following system of equations:
MY (w)a + M3 (@) + M5 (w)y =0, j=1,2,3.
Step 5. Check the convergence of the solution of the system given in Step 4. \

(n) _  (n-1)
w; w; = £

where w}.("): the jth estimated vibration frequency corresponding to n,

w}("d): the jth estimated vibration frequency correspondington — 1.

If iterative refinement is needed, go back to Step 5.

Step 6. Select the real parts of the vibration frequencies obtained in Step 5 as the resulting
vibration frequencies.

Step 7. Compute the vibration mode shapes U,,(x) and i, (x) by using inverse transformation
functions.

Algorithm 1. The pseudocode of DTM (e: is a toIN, BC: boundary condition)

3. RESULTS AND DISCUSSION

solution of the equations, three applications, which
ies, were considered in this study. The profiles and
1, respectively.

To verify the derived governing equati
include three thin-walled beams with different geo
properties of the beams were give‘m Figure3and T

\
x x
z4 Elastic axis - Z 4 Elastic axis Xa
-------., N o Aty ”1
\\ Y
'l
Mass axis Mass axis
\\ A
, N
4 AN
H \ i
H 7 . ! 4 - >
0 o1mi | 4 Y 0 0.76 mil ’M":&: y
v v
- >
ey 0.76 m 0.003m
0.058m 0.00125m 4.0 mm
(a) Channel section (b) Semi circle beam () Open box beam
beam

YFigure 3. Profiles of three thin-walled beams with different geometries

Table 1. Material properties of three thin-walled beams with different geometries
El, GJ m Iy
(Nm?) (Nm?) | (kg/m) | (kg »m)

0.974 x 105 | 11.21 2.095 0.00725 | 0.03771 | 1.28

Thin-walled beams xXg(m) | L(m)

Channel cross-section beam
[37, 38]

Semi-circle cross-saction 6380.14 | 43.46 | 0835 |0.000501| 0.0155 | 0.82
beam [38, 39]

Open box cross-section beam
(with an axial slit) [40, 41]

5.8 x 10* 78.3 2.45 0.02 0.08 5.0
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The graphics and tables related with the results of the applications were obtained in Mathematica
environment with the codes developed by the user. For each application, the followings were realized for
the C-F, C-C, and S-S boundary conditions: (i) Convergence tests were performed for vibration frequencies:
The first six convergent vibration frequencies are obtained, and the effect of the axial crush loading on the
convergent vibration frequencies are determined, (ii) Convergent vibration frequencies are verified: The
convergent vibration frequencies obtained in the first stage are verified with the similar studies borrowed
from the available literature. Then, relationships between an axial crush loading P and geometric coupling
property of the structure x, are examined in terms of the vibration frequencies, and (iii) Vibration mode
shapes are verified: The vibration mode shapes associated with the convergent vibration frequencies are
obtained and then compared with similar studies from existing literature when comparison is possible.
Moreover, the effects of an axial crush loading, including ultimate axial compressive andgensile load, on
the vibration mode shapes are determined.

3.1. Convergence Tests to Obtain Convergent Vibration Frequencies

achieved). Moreover, for each application, compared {0 frequencies in the case of absence of
the axial crush loading, when the axial cush loading acts in com n (P < 0), the vibration frequencies
of the aircraft structures decrease, but when it a8is in tension (P > 0), the vibration frequencies increase.
Furthermore, as seen in Figures 4-6, it was obServed that to attain the first six convergent vibration
frequencies of the aircraft structures for t bolndary condition, the channel, semi-circle, and open box
cross-section thin-walled beams require respe he first sixty, thirty, and forty terms in DTM. On the
other hand, for the C-C and S-S boupndary conditions, esented in Figures 7-12, the channel, semi-circle,
and open box cross-section thinaf@lled beams requir@’respectively the first fifty, forty, and fifty terms in
DTM.

0] Convergence fgsifor cl ed-frg® (C-F) boundary condition

(a) Channel Section Beam
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Figure 4. Convergence test for the aircraft structure with channel cross-section for C-F boundary
condition
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Figure 6. Convergence test for the aircraft structure with open box cross-section for C-F boundary

condition
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(i) Convergence test for clamped-clamped (C-C) boundary condition
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(b) Semi Circle Beam
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Figure 12. Convergence test for the aircraft structure with open box cross-section for S - S boundary

Condition
3.2. Verification of Convergent Vibration Frequencies

To verify the convergent vibration frequencies and then examine the relations between an axial crush
loading and geometric coupling property of an aircraft structure depending on the boundary conditions,
cross-section of the aircraft structure, and the direction of the axial crush loading, the vibration frequencies
of the aircraft structure were obtained by including 100 terms in DTM, and then the results were presented
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in Table 2 — Table 4. As indicated in these tables, in the Coupled case (Coupled) (i.e., x, # 0), the vibration
frequencies of the aircraft structure were found to be good agreement with the results of the studies in
reference [37] and reference [38] for the channel cross-section thin-walled beam, in reference [38] for the
semi-circle cross-section thin-walled beam, and in reference [39] for the open box cross-section thin-walled
beam in terms of relative error &,.,; for the C-F, C-C, and S-S boundary conditions. Additionally, regarding
the relations between an axial crush loading and geometric couplig property of the aircraft structure
depending on the boundary condition and direction of the axial crush loading, it was found that (i) regardless
of the direction of the axial crush loading, the geometric coupling term has a reduce effect for the C-F
boundary condition and almost no effect for the C-C and S-S boundary conditions for the channel cross-
section thin-walled beam (when compered the vibration frequencies in Coupled case with the vibration
frequencies in Uncoupled (UnC.) (i.e., x, = 0) case) and (ii) irrespective of the direction

term on the vibration frequencies of the semi-circle and open box cross-section thi
C-F, C-C, and S-S boundary conditions.

P=0N —2560 N
i (Tension)

uncC. Coupled

uncC. Coupled

B NF Ref. Erel Ref.
[37] | (%) | [38]
w, | 768 | 766 | 7.66 | 0.00| 7.66
w, | 23.04 | 22,99 | 22.99 | 0.00 | 22.99
C-| wz | 3840 | 38.38 | 38.38 | 0.00 | 38.38

DTM DTM

10.28 10.26
30.83 30.79
51.38 51.37
71.93 71.91
74.24 92.45
92.48 96.83
20.55 20.55
41.10 41.10
61.65 61.65
82.20 82.20
102.76 | 102.76
123.31 | 12331
20.54 20.54
41.10 41.10
61.65 61.65
82.21 82.21
102.76 | 102.76
123.31 | 12331

Iimilar studies in the literature where comparison was possible) and determine the effects
of an axial ¢ loading on the vibration mode shapes of an aircraft structure (i.e., a thin-walled beam)
depending ori the boundary conditions, cross-section of an aircraft structure, and direction of the axial crush
loading, the vibration mode shapes were plotted and given in Figure 13 — Figure 30. It should be noted that,
in these figures, the torsional rotation i times coupling term x, was plotted for the torsional displacement,
so that at any cross-section along the length of the structure, the displacement of the center of gravity due
to the torsional effect alone (yx, ) can be directly compared to the bending displacement. In this context,
for each application: (i) The vibration mode shapes of the aircraft structure with the C-F boundary condition
in the absence and presence (including its direction) of the axial crush loading were drawn, and then the
results were compared with similar studies in the literature to verify the application of DTM. Then, using
the same DTM codes developed, the changes in the vibration mode shapes were investigated for the C-C
and S-S boundary conditions in the absence and presence (including its direction) of the axial crush loading
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and (ii) According to the safety factor used in the design of aerospace structures, the limit (i.e., ultimate)
loads that the structure can carry are determined depending on the cross-sectional area of the structure for
the aluminum alloy AL2024 T351 (This material is the most used in aviation and aircraft structures and has
very strong strength [34]). Then, under these ultimate loads, the vibration mode shapes of the structure at
different boundary conditions are determined with respect to cross-sectional area of the structure and the
direction of the axial crush loading.

Table 3. Vibration frequencies of the aircraft structure with semi-circle cross-section

P=0N P=1790N P=-1790N
(Compression) (Tension)
unC. Coupled uncC. Coupled UpC. Coupled
NF Ref. Erel Ref.
BC (H2) DTM DTM [38] (%) DTM DTM [38] X
wy, | 712.74 62.60 62.60 0.00 | 70.10 60.23 60.23
w, | 89.79 130.18 | 130.18 | 0.00 | 88.67 128.42 | 128.42
C-F w; | 269.38 | 261.15 | 261.15 | 0.00 | 266.03 | 257.96 | 257.
w, | 448.97 | 421.36 | 421.36 | 0.00 | 443.39
ws | 455.89 | 612.09 | 612.09 | 0.00 | 453.01
we | 62856 | 655.86 | - - 620.75
w; | 17959 | 17408 | 174.08 | 0.00 | 177.35
w, |359.18 | 353.58 | 353.58 | 0.00 | 354.71
c-C w; | 462,90 | 522.20 | 522.20 | 0.00 | 461.83
w, |538.77 |630.19 | 630.19 | 0.00 | 532.
ws | 71836 | 71212 | 712.12 | 0.00 | 70&°
we | 897.95 | 89388 | - - 886.78
wy | 179.59 | 14890 | 148.90 | 0.0@f| 177.35
w, | 20420 | 318.06 | 318.06 | O. 202.24
s5-s w5 | 359.18 | 34455 | 344.55 4 0.00§ 354.71
w, | 538.77 | 529.27 | 529. 532.07
ws | 71836 | 711.30 | 711.30
we | 816.81 | 892.33

ircraft st@ucture with open box cross-section

P =2500N P =-2500N
(Compression) (Tension)
uncC. Coupled uncC. Coupled
Erel
(%) DTM DTM DTM DTM
0.00 2.63 1.55 3.51 2.95
0.00 2.69 5.67 4.06 8.29
0.00 8.07 11.25 10.54 12.32
0.00 13.45 12.73 17.56 16.93
0.05 18.83 18.47 22.34 24.26
0.00 20.79 23.72 24.59 31.21
0.00 5.38 5.16 7.03 6.86
0.00 10.76 10.53 14.05 13.87
0.00 16.14 15.78 21.08 20.79
0.00 21.52 21.27 22.20 27.91
0.00 21.62 26.66 28.10 34.93
. 0.00 26.90 32.10 35.13 42.01
[oN 6.26 5.38 6.21 13.37 5.38 4.33 7.03 6.26
W, 9.67 12.02 10.82 11.09 9.12 10.18 10.18 13.61
S-S w3 12.51 18.43 18.27 0.88 10.76 15.75 14.05 20.78
Wy 18.77 22.19 22.31 8.43 16.14 21.22 21.08 24.40
Wsg 25.03 26.77 26.39 6.14 21.52 23.97 28.10 27.87
We 31.29 31.08 30.95 0.42 26.90 26.66 35.13 34.94
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3.1.1. Vibration mode shapes of aircraft structures

(i)  Vibration mode shapes depending on cross section, boundary conditions, and an axial crush
loading (including its direction)

(@)

(b)

The first four vibration mode shapes of the aircraft structure with the channel cross-section for the
C-F boundary condition were drawn in the absence and presence of the axial crush loading and
then the results were given in Figure 13. When the vibration modes (mode shapes) in the case of
the axial compressive load (Figure 13 (e)-(h)) were compared with the vibration modes with the
same data in reference [38], a very high agreement was found between the studies. This shows that
the DTM codes developed provide quite accurate results in calculating the vibratigh modes of the
channel cross-section aircraft structure under the axial compressive crush loadin (when P =
2560 N). Moreover, as seen in Figure 13, it has been observed that, compas€d to tRg absence of

the vibration modes for a load of P = 2560 N. Furthermore, the vibraj
S-S boundary conditions were obtained in the absence and prese d (taking into
account the sign-dependent condition) and then given in Figure i ectively. As
can be seen from these figures, as in the C-F boundary condig as no any change in the

vibration mode shapes (including the sign) in the presence red to the absence
of axial load (when P = 2560 N). In addition, the re f the displacement
between bending motion and torsional motion indica d vibration modes, the

boundary conditions.
For the C-F boundary condition, the first fourvi
the semi-circle cross-section were plotted, in the absenc presence of the axial crush loading,
and then the results were presented in Jgure 19. Compared the vibration mode shapes in Figure
19 (e)-(h) with the vibration modes with the same data in reference [38], it was found that there is
a very good agreement between die§ which proves that the DTM codes developed are quite
reliable. Moreover, for the C-C an dary conditions, the first four vibration mode shapes
of the structure with the semi-circle cross-S@ation were presented in the absence and presence
(including its direction) e axial crash loadfng in Figure 20 — Figure 21, respectively. As can be

e shapes of the aircraft structure with

seen from these figures, i observey that, compared to the absence of axial load, whether the
axial crush loadingd ile does not create a difference in the vibration modes for
an axial load ditionally, regarding the relative measurements of the
displacement gen PEnding ma#on and torsional motion, the generated vibration modes showed

that all vibration

ibration mode shapes in Figure 25 (a)-(d) with the vibration modes with the same
ence [40], it was observed that there is a very good agreement between the studies.

effecyof the axial crush loading P (when P = 2500 N) on the vibration mode shapes for the C-F,
C-C, and S-S boundary conditions, while the axial crush loading had a negligible effect on the
vibration modes in terms of amplitudes, it made a relatively significant change in terms of the form
of the resulting vibration mode shapes, as shown in Figure 25 — Figure 27. Furthermore, the
direction of the axial crush loading was also effective in this change. In addition, regarding the
relative measurements of the displacement between bending motion and torsional motion for the
C-F, C-C, and S-S boundary conditions, the all vibration modes generated were found to be in the
coupled mode for the first five modes.



(ii)

(@)

(b)

(©
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Vibration mode shapes under ultimate axial compression load Py;.;4 and ultimate axial
tensile load Py.ysi1e depending on boundary conditions

In general engineering practice, the structures are designed for a factor of security (FOS) times the
ultimate load [42]. The FOS is at leats 1.5 in aerospace structures [42]. On the other hand, using
the data in reference [37], the cross-sectional area A of the aircraft structure with the channel cross-
section was found to be 2.6688e — 04 m?. According to mechanical propertis of aerospace
aluminium alloy AL 2024-T351 given in [34], the yielding strength 0,4 and ultimate tensile

strength ¢ensire are 324 MPa and 428 MPa, respectively. Thus the ultimate axial compression

load Py;e1q (i, (M) x A) and the ultimate axial tensile load Pyepgje (i.€., %) x A) at

FOS
which the aircraft structure can operate safely were nearly found as 5.76 + 04 N and
7.6148e + 04 N, respectively. Under these ultimate axial loads, the vibratio the channel
cross-section aircraft structure were obtained depending on the boundary
results were presented in Figure 20 — Figure 23. As can be seen from t

the material of the aircraft structure deteriorated much faster under

Using the data in reference [39], the cross-sectional area t strugfure with the semi-
circle cross-section was found to be 3.08 x 10™* m?2, megManical propertis of
aerospace aluminium alloy AL 2024-T351 [34] and ctures [42], as in the
channel cross-section aircraft structure, the ultimate a ioYload P4 and ultimate

ultimate axial compressive load
boundary conditions.

ultimate axial crush loadings, the vibration modes of the open box

04 N, respectively.
i re were obtained depending on the boundary conditions and then the

aircraft S8
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Figure 14. First four consecutive vibration mode shapes of an aircraft structure with channel cross-
section for C-C boundary condition (blue: bending, red: torsion), (a)-(d) when P = 0 N, (e)-(h) when
P = 2560 N, and (i)-(I) when P = —2560 N
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Figure 16. First four consecutive vibration mode shapes of an aircraft structure with channel cross-
section for C-F boundary condition (blue: bending, red: torsion), (a)-(d) when P = 5.7645e + 04 N(i.e.,
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Figure 18. First four consecutive vibration mode shapes of an aircraft structure with channel cross-
section for S-S boundary condition (blue: bending, red: torsion), (a)-(d) when P = 5.7645e + 04 N(i.e.,
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Figure 20. First four consecutive vibration mode shapes of an aircraft structure with semi-circle cross-
section for C-C boundary condition (blue: bending, red: torsion), (a)-(d) when P = 0 N, (e)-(h) when
P =1790 N, and (i)-(I) when P = —1790 N



Aysun SOYSAL, Ibrahim OZKOL, Erol UZAL/ GU J Sci, 37(4): x-x (2024)

0.006 -~ 0.006 -~ 0.008 &

@ . & @ S @ . =

- . 3 . .~ o an taa, &

5 oooaf e ea? S o004 e et B o.004] = -

= - e = R Rt = = .

o - o4 = o = .o o - & .

. 5 - - R = 5 -
E o002 - o £ ooz - - £ o002 - o
T 0 — . 0.000 [ e aee - 0.000 @ wwaaar o aae e =
o 0.2 0.4 0.5 0.8 oo 0.2 04 os o8 0 0.2 0.4 06 08
Length Length Length
0.000 BRRRIERIIIIN It e 0.000 . o.o00 R LT
-0.005 Tea, e, —ooosf  Tre el —0.005 oo, Tteel,

= . T~ = Se, fea = Tes, e

Z ~ooio A =S -0.010 . S -0.010 ..

E— -0.015 .'._ S -001s5 .. S -0.015 Te
-0.025 Y _0.025 - —0.025 ..
—0.020 "u] _0.030 i —-0.030 K

o 0.2 0.4 0.6 0.8 o 0.2 0.4 0.6 0.8 0 0.2 0.4 06 0.8
Length Length Length
Py A\
0.004 - 0.004 - 0.004) o
- - L

@ 0.003 e » 0003 e @ 0003 -

= -t = -t k=] RS

= o002 e, et 2 o000z RELLLTI e 2 o002 JPCTTT I et

= - el aet = R - e = o . RO

£ o001 - BT -~ g 0001 - et R £ 0001 K as=" R

=< o e eanamn==" . - BT T S < < ST s o Gl

0.000 s 5. & = 0.000 == = - 0.000 == = <
-0.001 RN - —0.001 RS —0.001 .‘-._"_.v‘
o 0.2 0.4 0.8 0.8 .0 02 0.4 0.5 0.8 0.0 02 04 0.6 08
Length Length Length
0.004fF -] 0.004 " 0.004| -
0.003F -~ 0.003 - 0.002 ~
= o % -~ = &
S ooozf LAt S o002 . S o002 =t
= st =] 2T =] St
= .. R - = . o - am . o -
2 oo01f o~ e aemn > g o001 o e mmeen v £ ooof .- e mmenn o
= - e amammmm - = - RSP L %5 E - RO "3
0.000 ==enl = 0.000 TELL = 0.000 - - —
—o.001f RCTUIPE -0.001 RO g —0.001 APt Ay
0.0 o0z 0.4 06 CE) 0.0 0.z X 06 L) o 0z 0.4 05 08
Length Length Length

ft structure with semi-circle cross-
, red: torsion), (a)~) when P = 0 N, (e)-(h) when P =
) when P = —1790 N

o.oozf PR o.0o0s5f ___.‘----""'
- - tmammt
8 s ™ 8 wesctt
3 o.oozf = - - = 0.000 fe S awa g
= = - = s P e
£ ooo1f 7 . ameEEmmaa, = e F  TTmeell
== = ™ %, << -ooosf .
- - - - -
- - " - -
0000 e e e e ww e = = e
. e .
== —o.o1of, hd
o0 o= o 0.5 CE) 0.0 0.2 0.4 0.6 0.8
Length (a) Length (e)
0.04
0.010 o] -
o.00s -~ o
@ oo0n & o.ozf -
g - =
£ ooosfp L emes s £ oozf -t
g— omozf 0 ae==" -~ E‘ .........
<€  opooof=3s% e A - < coaf et ammenT
PR S
e
000fmnsnun®®

0.0 0.2 0.4 0.6 0.8

(b) Length (f)

_________________
0.000 s SRR L el
., en
o —000S5F - .
- e .y
£ —ooof ., S
= S - -
g -oo01s -
<€ _o.ozo0f -
=y
—o.025F -
-0.030
0.0 0.2 0.4 0.6 0.8
© ©
- 0.002FT T e
0.003 :’ ‘._ ',o‘ _._:‘.’ ......
- - 0.000 fa% mm= T Tl
= 0.002 - - % e '.' .........
- . - = -o.oozf i
2 ooof .. B LELTL CIUN 2 o -
= - - - - - R = heS
E  0.ooofe P > - = E -o.oo4f .,
= . = = 7 = -,
—0.004 -, - - - —o.oos F ‘.‘
aw L .,
—o.0ozk T=" _0.008 -]
0.0 0.2 0.4 0.6 0.5 0.0 0.2 0.4 0.6 0.8
Length (d) Length (h)

Figure 22. First four consecutive vibration mode shapes of an aircraft structure with semi-circle cross-
section for C-F boundary condition (blue: bending, red: torsion), (a)-(d) when P = 6.6528e + 04 N(i.e.,
the ultimate axial compression load), (e)-(h) when P = —8.7883¢e + 04 N (i.e., the ultimate axial tensile

load)
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Figure 26. First four consecutive vibration mode shapes of an aircraft structure with open box cross-
section for C-C boundary condition (blue: bending, red: torsion), (a)-(d) when P = 0 N, (e)-(h) when
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Figure 28. First four consecutive vibration mode shapes of an aircraft structure with open box cross-
section for C-F boundary condition (blue: bending, red: torsion), (a)-(d) when P = 18.9216e +
04 N(i.e., the ultimate axial compression load), (e)-(h) when P = —24.9952¢ + 04 N (i.e., the ultimate
axial tensile load)
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Figure 30. First four consecutive vibration mode shapes of an aircraft structure with open box cross-
section for S-S boundary condition (blue: bending, red: torsion), (a)-(d) when P = 18.9216e + 04 N(i.e.,
the ultimate axial compression load), €-(h) when P = —24.9952¢ + 04 N (i.e., the ultimate axial tensile
load)
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4. CONCLUSION

Terminologically, crashworthiness refers to the capacity of a structural system subjected to a crush loading
to dissipate kinetic impact energy on its own through a controlled and predictable deformation. In the
aviation industry, structural components of an aircraft exposed to a crush loading play a leading role in the
distribution of the kinetic energy and absorption of impact energy. In this study, vibration analysis of an
aircraft structure exposed to an axial crush loading was dealt with in terms of crashworthiness of the aircraft
structure. For this purpose, firstly, a mathematical model of an aircraft structure subjected to an axial crush
loading was derived by using the extended Hamilton principle. Subsequently, the mathematical model
derived was solved by using differential transform method for various boundary conditions of the aircraft
structure. Then, three different applications were carried out to determine the vibration

structure.

Depending on the findings that were obtained in this study, the results of the s
= In order to attain the first six convergent vibration frequencies of an ai

structure.
= Regardless of the direction of the axial crush loading, the geo
for the C-F boundary condition and almost no effect for the

modes are in coupled mode in
" FortheCF C-C, and

gS apprOX|mater the same amount under the ultimate axial
he ultlmate axial tensile load.

1al of the aircraft structure, magnitude of an axial crush loading applied to the
direction of the axial load plays significant role in the change of vibration

spar, strut, or support on an aircraft wing. For this reason, the thin-walled beam that represents an aircraft
structure in this study was not customized as a specific aircraft structure but evaluated the vibration analysis
of the thin-walled beam with respect to various parameters making up the structure in terms of the
crashworthiness of the structure. Thus, we left the customization of the aircraft structure (i.e., the thin-
walled beam considered in the study) within the scope that can be integrated according to the problem of
researchers doing research on this subject.
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